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Bacteria can adversely affect the quality of drainage released fromminewaste by catalyzing the oxidation of sul-
fide minerals and thereby accelerating the release of acidity and metals. However, the microbiological and geo-
chemical controls on drainage quality from unsaturated and geochemically heterogeneous waste rock remain
poorly understood. Here, we identified coexisting neutrophilic and acidophilic bacteria in different types of
waste rock, indicating that robust endemic consortia are sustainedwithin pore-scale microenvironments. Subse-
quently, natural weathering was simulated in laboratory column experimentswithwaste rock that contained ei-
ther in-situmicrobial consortia or suppressed populationswith up to 1000 times smaller abundance and reduced
phenotypic diversity after heating and drying. Drainage from waste rock with in-situ populations was up to two
pH units lower and contained up to 16 times more sulfate and heavy metals compared to drainage from waste
rock bearing treated populations, indicating significantly higher sulfide-oxidation rates. The drainage chemistry
was further affected by sorption and formation of secondary-mineral phases (e.g., gypsum and hydroxy-
carbonates). This study provides direct evidence for the existence of diverse microbial communities in waste
rock and their important catalytic role on weathering rates, and illustrates the mutual controls of microbiology
and geochemistry on waste-rock drainage quality.
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1. Introduction

Open-pit mining produces significant quantities of waste rock that
are typically deposited in large dumps that can reach up to several
100 s of meters in height. These mostly unsaturated piles constitute
complex systems that have highly heterogeneous physical, mineralogi-
cal, and geochemical properties (Amos et al., 2015) and consequently
contain many potential niche environments for microbes (Nordstrom
et al., 2015). The important role of lithoautotrophic prokaryotes on cat-
alyzing the oxidative dissolution of minerals has been established for
decades (Singer and Stumm, 1970; Baker and Banfield, 2003; Johnson
and Hallberg, 2003) and the biotic oxidation rate of sulfidic minerals
(e.g., pyrite, pyrrhotite) exceeds abiotic oxidation rates by orders of
magnitude (Singer and Stumm, 1970; Elberling et al., 2000). This catal-
ysis by acidophilic bacteriamainly stems from themicrobiallymediated
regeneration of ferric iron (Fe3+) and the oxidationof ferrous iron (Fe2+)
and reduced inorganic sulfur (S2−).(Johnson and Hallberg, 2003) Major
Fe- and S-oxidizing bacteria include Acidithiobacillus ferrooxidans,
A. thiooxidans, Leptospirillum ferriphilum, L. ferrooxidans, and Sulfobacillus
and Thiobacillus species (Schippers et al., 2010; Aliaga Goltsman et al.,
2009; Johnson et al., 2001; Korehi et al., 2014; Benner et al., 2000).

The abovementioned Fe- and S-oxidizing bacteria are ubiquitous
in acidic sulfide mineral-bearing environments, but have also been
identified in more neutral and even alkaline pH environments
(Nordstrom et al., 2015; Baker and Banfield, 2003; Dockrey et al.,
2014). Microenvironments may exist in the pore spaces of unsatu-
rated waste rock, which can protect microbes from unfavorable con-
ditions and sustain biodiversity (Benner et al., 2000; Mesa et al.,
2017; Blowes et al., 1995; Dockrey et al., 2014). For instance, acido-
philic bacteria have been identified in biofilms in acid-neutralizing
carbonate-rich waste rock that also harbored a robust consortium
of neutrophilic bacteria, indicating acidic microenvironments
protected these acidophiles (Dockrey et al., 2014). Generally, the mi-
crobial abundance and community diversity in (circum)neutral mine
waste is less studied compared to that of acidic mine-waste environ-
ments (Lottermoser, 2010). Furthermore, the majority of microbial
studies on mine wastes have focused on relatively homogeneous
and saturated tailing materials (Schippers et al., 2010; Silver, 1987;
Groudev and Groudeva, 1993) but acidic tailings have been shown
to harbor a relatively low genetic variability (Méndez-García et al.,
2015) and most open-pit mines produce significantly larger volumes
of waste rock compared to tailings (Amos et al., 2015; Lottermoser,
2010). Since waste-rock piles are typically unsaturated and more
heterogeneous than tailings, they also have the potential to host
more diverse microbial communities; yet, there are to date only a
few studies that have described the distributions, sizes, and diversity
of microbial populations in waste rock (Schippers et al., 2010;
Dockrey et al., 2014; Smith et al., 2013; Bailey et al., 2016; Bosecker
et al., 2004; Sand et al., 2007; Schippers et al., 1995; Selenska-
Pobell et al., 2001). In addition, the role of microbes on accelerating
weathering rates observed in waste rock under natural (field) condi-
tions remains poorly constrained. This paucity of knowledge ulti-
mately complicates the quantitative and timely prediction of the
quality of drainage from waste-rock piles.

Therefore, this study is aimed at: i) characterizing the in-situ micro-
bial abundance and community structures in acid-generating and non-
acid-generating waste-rock types, ii) discerning the role of microbes on
accelerating waste-rock weathering under natural conditions, and iii)
identifying a variety of major geochemical and microbial controls on
the drainage quality originating from waste rock. To do so, laboratory
column experiments and a combination of microbiological tools
(i.e., cell counting and pyrosequencing) and geochemical analyses
(i.e., XRD, XRF, and ICP-MS) were used to simultaneously study micro-
bial populations, primary and secondarymineralogy, as well as the geo-
chemical composition of the column drainage during waste-rock
weathering.
2. Materials and methods

2.1. Collection and characterization of waste rock

Waste rock was collected from the Antamina Mine, one of the
world's largest Cu-Zn mines, located in the Peruvian Andes, about
270 km north of Lima. The climate at Antamina shows a distinct mon-
soonal pattern with a wet season (October–April) accounting for ~80%
of the mean-annual precipitation (~1200 mm) (Blackmore et al.,
2014). Two end-member classes of waste rock were collected: class A,
acid-generating monzogranitic intrusive exoskarn assemblages and
class C, non-acid-generating carbonate-rich hornfels and marbles.
Class A was subdivided into classes A1 and A2, which were mined
from two distinct locations, but otherwise had comparable material
properties (Table S1). The class A and C waste rock was originally exca-
vated from the open pit as ~10 t blasts, from which representative
150 kg samples were collected, homogenized using the coning- and
quartering method, and subsequently stored on-site in bags for 2 to
4 years prior to experiment initiation. This storage permitted minor in-
gress of oxygen and moisture, thereby allowing for some waste-rock
weathering as well as survival of endemic microbial populations.

For geochemical and mineralogical characterization of the waste
rock, ~100 g subsamples were pulverized to b10 μm using a McCrone
micronizing mill. The major chemical composition of the waste rock
was analyzedwithX-rayfluorescence (XRF; PW-2400 fromPANalytical,
Almelo, The Netherlands), carbon- and sulfur concentrations were de-
termined using a LECO CNS-analyzer (NS-1000, LECO Corp., St. Joseph,
USA) and trace-element concentrations were determined after aqua-
regia digestion using inductively coupled plasma–mass spectrometry
(ICP-MS). The primary waste-rock mineralogy was characterized with
X-ray diffraction (XRD; Siemens D8000 Diffractometer) using a corun-
dum spike and Rietveld refinement. Spectra were qualitatively and
quantitatively referenced with EVA software and Topas v.3.0 software,
respectively, using the ICDD database (2016 version). Additional sam-
ples of secondary mineral precipitates were collected from the column
outflows after the weathering experiments and similarly analyzed
with XRD. Acid-base accounting was performed using the modified
Sobek method, using sulfide-S to determine acid-generating potential
and anHCl-digestion at ambient temperature to determine neutralizing
potential (Price, 2009; Dold, 2017). The mineralogical and geochemical
properties of the waste rock are given in Table S1. Particle size distribu-
tions (Fig. S1), soil-water characteristics curves (Fig. S2) and hydraulic
parameters of the waste rock (Table S2) were previously determined
(Blackmore et al., 2014).

2.2. Sample treatment and experimental design

Each of the collected 150 kgwaste-rock sampleswas thoroughly ho-
mogenized and split into equal halves. One half was heated and dried at
50 °C for 48 h in an oven to suppress the endemic microbial population,
whereas the other half was left untreated. This heating and drying treat-
ment was preferred over alternative and more effective sterilization
methods because for example autoclaving or irradiationwas impractical
for N1 m columns with N150 kg of waste rock, and because chemical
sterilization was deemed undesirable. The three different waste-rock
classes were stacked in layers in two identical experimental columns
that were different only in their microbiology: column 1 contained
treated waste rock with altered (‘suppressed’) microbial populations
whereas column 2 contained untreated waste rock with unaltered, in-
situ, populations (Fig. 1). The stacking sequence and relative quantities
of the different waste-rock classes were similar in both columns; both
columns contained a total of ~175 kg waste rock. After the waste rock
had been placed into the columns, 10 L of afilter-sterilized (0.45 μm)so-
lution was applied over 24 h to remove salts that had accumulated on
mineral surfaces during storage and to promote bacterial growth at
the start of the experiment. The solution was a salt solution reflecting
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Fig. 1. Schematic of the experimental columns. Columns 1 and 2were identical except thewaste rock in column 1was heated and dried (“suppressed”microbial population)whereas the
same waste rock in column 2 was untreated (original in-situ microbial population).
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the composition of 1:10-diluted growth media for A. ferrooxidans,
A. thiooxidans, and Thiobacillus spp. (Unz and Lundgren, 1961; Tuovinen
and Kelly, 1973) and contained 0.03 g (NH4)2SO4, 0.01 g KH2PO4, 0.04 g
MgSO4·7H2O and 0.023 g CaCl2 per liter of deionized water.

2.3. Column specifics and applied weathering conditions

The two identical experimental columns were constructed from
9 mm thick Plexiglas cylinders, measuring 0.45 m in diameter and
0.8 m in height. Each column was equipped with a basal lysimeter
that was constructed at a low angle slope and topped with a 5 cm silica
sand layer to ensure free drainage. Columndrainagewas conveyed via a
basal half-inch (1/2″) diameter NPT port into a tipping-bucket system
(Texas Instruments TR525-M with a CR1000 data logger) to record
flow rate. The tipping-bucket systems for both columns were calibrated
to at least a 0.1 mm precipitation per tip resolution and a maximum tip
rate of 20 tipsmin−1. Decagon 5TE sensorswere inserted into each layer
of waste rock to measure temperature, electrical conductivity, and vol-
umetric water content, which were recorded at 10-minute intervals
with Decagon EM50 data loggers. The sensors were surrounded by a
2:1 mixture of silica sand and sieved (b5 mm diameter) waste rock of
the corresponding layer to ensure pore-water contact with the sensor
tips. The columns were open at the top (i.e., allowing for atmospheric
gas exchange and evaporation).

To mimic weathering under the field conditions at the Antamina
mine, simulated rainfall was applied to the top of the columns using
an air-atomizing full-cone spray nozzle (Lechler Airmist, Series 136.2)
and filtered (b0.45 μm) tap water of pH 7.4, total dissolved solids
b 15 mg·L−1. Simulated rainfall was applied in daily events for five
days weekly at a constant rate of 0.6 mm·min−1 and the strongly
monsoonal or bimodal precipitation pattern at Antaminawas replicated
by applying ‘short’ 40 s precipitation events for the dry season (day 0 to
120) and ‘long’ 35min events for thewet season (day120 to 300). Eaves
were placed along the inner perimeters of both columns to avoid
channeling of precipitation along the column walls (Fig. 1). Eave-
catchment water was funneled to a collection bottle for volumetric
measurement to determine actual applied precipitation volumes. Evap-
oration ranged between 40%–45% of total precipitation, as calculated by
the difference between applied precipitation volumes and measured
discharge at the column base (Fig. S3). Laboratory air temperature
was maintained at ~20 °C for the 400-day duration of the experiment.

2.4. Analysis of the column drainage aqueous chemistry

Drainage samples were periodically collected from the column out-
flow and aliquoted in pre-cleaned 50 mL Falcon tubes and directly ana-
lyzed for pH using an Orion double junction electrode (model
9110DJWP). One unfiltered aliquot was used for alkalinity analysis
using a Hach digital titrator and 0.16 N H2SO4. Additional aliquots
were filtered with 0.45 μm cellulose-acetate filters, acidified to pH b 2
with trace-metal-grade HNO3 and stored at 4 °C in the dark until analy-
sis for dissolved Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, S, Sb,
Se, Si, Ti, and Zn using inductively coupled plasma-optical emission
spectroscopy (ICP-OES) and -mass spectrometry (ICP-MS). Element
loadings (i.e., mass discharged from the columns) were calculated
from measured aqueous concentrations and flow rates. Geochemical
equilibrium of the drainage samples was modeled with PHREEQC
(Parkhurst and Appelo, 1999) and an adapted WATEQ4F database
(Ball and Nordstrom, 1991) that included additional Mo phases
(Conlan et al., 2012), schwertmannite (Sánchez-España et al., 2011;

Image of Fig. 1
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Yu et al., 1999) and hydrozincite (Preis and Gamsjäger, 2001). All
models assumed: i) prevailing oxic conditions (pO2 = 0.21 atm), ii)
charge balance achievement through Cl, and iii) measured alkalinity
reflecting dissolved carbonates only.
2.5. Quantification of microbial population sizes

Microbial populations in the waste-rock samples (treated and
untreated) were quantified prior to placement in the experimental
columns, using enumeration with the Most Probable Number
(MPN) method (Cochran, 1950). Three major microbial pheno-
types were enumerated: acidophilic iron-oxidizing bacteria
(AFeOB), acidophilic sulfur-oxidizing bacteria (ASOB), and neutro-
philic thiosulfate-oxidizing bacteria (NSOB). Approximately 30 g of
finer grained (b5 mm diameter) waste rock of each class was col-
lected, of which ~2 g subsamples were placed in 178 mL of one of
three phenotype-specific growth media (compositions given in
Table S3). Serial dilutions were carried out by vortexing for 20 s
and aseptically transferring 0.5 mL aliquots into 4.5 mL of bacterial
growth medium. Maximum dilutions were [10−1–10−4] and
[10−1–10−6] for columns 1 and 2, respectively. A five-tube MPN
method was used, for which 500 μL of appropriate dilutions were
inoculated into sterile borosilicate (13 × 100 mm; Fisherbrand) ar-
rays and incubated for 6 weeks at 20 °C. Positive and negative tubes
were counted for each dilution, which equated to the “most proba-
ble number”, i.e., the microbial population in bacteria g−1.
2.6. Characterization of microbial diversity

Microbial diversity in the waste rock was assessed at the end of
the weathering experiments using pyrosequencing. For that, multi-
ple ~10 g samples were collected from different locations within
each individual column layer (i.e., totaling up to 9 samples/~90 g
waste rock per column) and stored at 4 °C in sterile 50 mL Nalgene
tubes prior to analysis. DNA was isolated using PowerMax Soil DNA
Isolation Kit (MoBio) and quantified using the Picrogreen assay
(Invitrogen). DNA quality was checked using agarose gel electropho-
resis by running 5 μL of each sample with 1 kb DNA ladder on 1% aga-
rose gels in 0.5× TBE buffer (2 h at 100 V). Total DNA concentrations
were quantified using the Picogreen® dsDNA quantitation assay. Fol-
lowing DNA isolation, the V6-V8 region of 16S ribosomal RNA (rRNA)
was PCR-amplified by using the 16S rRNA gene-targeted primers
926F (5′-AAA CTY AAA KGA ATT GAC GG-3′) and 1392R (5′-ACG
GGC GGT GTG TRC-3′). Reverse primer sequences were modified to
include the Roche 454 adaptor sequence and a 5 base-pair barcode
for multiplexing during sequencing. Reactions were run in duplicate
under the following PCR conditions: initial denaturation cycle at 95
°C for 3 min; 25 cycles of 95 °C for 30 s, primer annealing at 55 °C
for 45 s, and extension at 72 °C for 90 s; and a final extension cycle
at 72 °C for 10 min. Each 50 μL reaction contained: 1–10 ng template
DNA, 0.6 μL Taq polymerase (Bioshop Canada Inc., 5 U/μL), 5 μL 10×
reaction buffer, 4 mM MgCl2, 0.4 mM of each dNTP (Invitrogen),
200 nM each of forward and barcoded reverse primers, and 33.4 μL
nuclease free water (Fisher). Duplicate reactions were pooled and
purified using a QIAquick PCR Purification Kit (Qiagen) and quanti-
fied using the Picogreen assay (Invitrogen). Negative controls were
included with each reaction to ensure that no contamination of
DNA had occurred. Samples were diluted to 10 ng/μL and pooled in
equal concentrations. Amplicon pools were 454 pyrosequenced
using a Roche 454 GS FLX Titanium (454 Life Sciences, Branford, CT,
USA) and data processed using the Quantitative Insights Into
Microbial Ecology (QIIME, v.1.4.0) software (Caporaso et al., 2010).
The pyrosequencing data processing is described in the Supporting
Information.
3. Results and discussion

3.1. Bacteria are abundant in all waste-rock types

Phenotype-specific enumerations conducted at the beginning of the
column experiments (Table 1) demonstrate that the original, untreated
waste-rock materials (i.e., both the acid-generating as well as the
carbonate-rich, non-acid-generating waste rock) contained both acido-
philic and neutrophilic S-oxidizing bacteria. The observed total micro-
bial abundances in the original waste rock (up to 108 bacteria g−1) are
in the same order of magnitude as previously observed in Antamina
waste rock (Dockrey et al., 2014), or in waste rock (Schippers et al.,
2010; Bosecker et al., 2004; Sand et al., 2007; Schippers et al., 1995;
Selenska-Pobell et al., 2001) and tailings materials (Korehi et al., 2014;
Lindsay et al., 2009; Blowes et al., 1998; Korehi et al., 2013) from
other mine sites. The enumeration estimates further show that, as ex-
pected, the acid-generating waste rock of class A2 contained consider-
ably more acidophiles than neutrophiles (~10:1 in column 2), whereas
the non-acid-generating carbonate-rich class C waste rock contained
up to 5 orders of magnitude more neutrophiles than acidophiles. How-
ever, the enumeration estimates also suggest that theuntreated class A1
material counterintuitively contained less acidophilic than neutrophilic
bacteria (Table 1).

The acidophilic S-oxidizer populations in the treated waste rock
from column 1 were not significantly reduced compared to those in
the untreated column2materials, but a significant reduction in the pop-
ulations of acidophilic Fe-oxidizers and neutrophilic S-oxidizers (by
over four orders of magnitude compared to column 2, Table 1) was ob-
served upon waste-rock treatment. Various acidophilic Fe- and S-
oxidizing bacteria are known (moderate) thermophiles or at least
thermo-tolerants (Baker and Banfield, 2003; Johnson and Hallberg,
2003), so that the efficacy of the applied treatment method to suppress
microbial activity may have been related to desiccation rather than
heating of the waste rock (in fact, temperatures of 50 °C may be natu-
rally achieved from exothermic sulfide oxidation in waste-rock piles
(Amos et al., 2015)). Overall, the enumeration results indicate that, at
the start of the column experiments, the treated- versus untreated
waste-rock materials with otherwise geochemically and mineralogi-
cally similar properties (Table S1) had clearly distinctmicrobial popula-
tions, both in terms of phenotypic composition and in terms of size
(column 2 contained on average ~1000 times more bacteria g−1 waste
rock than column 1).
3.2. Waste rock hosts highly diverse microbial communities

Pyrosequencing analysis of the waste rock at the end of the column
experiments revealed 2131 unique operational taxonomic units (OTUs).
Diversity in the microbial populations was high, considering that out of
all identified sequences, 48%mapped to 13 abundant OTUs (a frequency
N 1% in at least one sample (Galand et al., 2009)), 26%mapped to 192 in-
termediate OTUs (a frequency of between 0.1% and 1% in at least one
sample), while 27% mapped to 1926 rare OTUs (a frequency b 0.1% in
all samples). Distribution analysis (Fig. 2) shows that samples from
waste-rock classes A1 and C containedmore unique OTUs than samples
fromwaste-rock class A2. Carbonate-rich waste rock (class C), with the
largest initial microbial population (Table 1), also hosted the highest
biodiversity, with 53% of unique OTUs. The acid-generating waste rock
of classes A1 and A2 together contained over 66% of the total identified
OTUs, but shared b5%. In contrast, 15% of unique OTUs were shared be-
tween non-acid-generating class C and acid-generating class A1 waste
rock. Approximately 0.8% of all OTUs was observed in all three waste-
rock classes. Column 1 materials contained up to 2.5 times less overall
biodiversity than column 2 materials (Fig. 2), which supports the enu-
meration results conducted at the start of the column experiments
(Table 1) that indicated that the suppression treatment (i.e., heating



Table 1
Microbial population sizes at the beginning of the column experiments.

Phenotype Waste
rock

Column 2 untreated waste rock (in-situ
microbial population)

Column 1 treated (heated and dried) waste rock (suppressed
microbial population)

Bacteria g−1 waste rock Bacteria g−1 waste rock

Acidophilic sulfur-oxidizers (ASOB) Class A1 0.1 × 102 3.4 × 102

Class A2 4.4 × 103 1.8 × 103

Class C 1.6 × 102 6.6 × 101

Acidophilic iron-oxidizers (AFeOB) Class A1 N.D. N.D.
Class A2 2.2 × 105 4.6 × 100

Class C 3.6 × 101 4.7 × 101

Neutrophilic thiosulfate-oxidizers (NSOB) Class A1 1.1 × 106 2.6 × 102

Class A2 2.2 × 104 N.D.
Class C 4.8 × 108 4.8 × 104

N.D. = not detected.
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and drying) not only reduced microbial abundance but also noticeably
disrupted community structure by reducing (overall) variability.

To better interpret microbial community structure, OTUs were an-
notated based on taxonomic affiliation using BLAST (see Supporting In-
formation and Fig. 3). In total, the identified OTUs in the investigated
waste rock affiliated with 36 phyla within the Bacterial (80%), Archaeal
(0.5%) and Eukaryotic (19%) domains of life. Chemolithoautotrophic
prokaryotes such as Acidiferrobacter, Ferritrophicum, Thiobacillus and
Acidithiobacillus were very abundant species in all investigated waste-
rock classes (Fig. 3), corroboratingprevious studies that have implicated
these bacterial species in the development of acidic pH conditions via Fe
and S oxidation inmine tailings and drainage (Baker and Banfield, 2003;
Benner et al., 2000; Blowes et al., 1998; Bernier and Warren, 2007;
Fowler et al., 1999; Hallberg et al., 2011; Auld et al., 2013; Johnson,
1998). Class A2 material harbored the fewest taxa of all investigated
waste rock and its species distribution was dominated by
Acidithiobacillus and Bacillales (each ~30% of indicator OTUs). Class
A1 and class C waste rock contained considerably more diversity
and were dominated by Chromatiales (Acidiferrobacter), Thiobacillus,
and Cytophagales (up to 19%, 16%, and 16% of indicator OTUs, respec-
tively). The presence of strict heterotrophic microorganisms at low
abundance levels (e.g., Acidiphilium; in Rhodospirillales) in all
waste-rock samples agrees with the typically low organic carbon
content of waste rock (Table S1) (Amos et al., 2015; Nordstrom
et al., 2015), whereas phototrophic acidophiles (e.g., cyanobacteria or
green nonsulfur bacteria) were slightly more abundant in the waste
rock in the (transparent) columns. Despite a substantial variation in
the microbial composition of the various waste-rock materials, no spe-
cies specific to only one waste-rock class were observed at significant
abundance levels.
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Both columns shared evenly distributed OTUs for neutrophilic Fe-
oxidizing bacteria (Hydrogenophilales, annotated as Thiobacillus and
Ferritrophicum), but column 1 materials harbored slightly more OTUs as-
sociated with Nitrosomonas and Actinobacteria, whereas column 2
contained relatively more OTUs affiliated with Acidithiobacillales and
Pseudomonadales (Fig. 3). The latter higher relative abundance of
Acidithiobacilalles in column 2 relative to column 1 (both Acidithiobacillus
and Acidiferrobacter associate within the genus Acidithiobacilalles) is con-
sistent with the microbial enumerations done at the start of the column
experiments, which indicated greater populations of AFeOB and ASOB
in column 2 compared to column 1 (Table 1). Similarly corroborating
the enumeration results is the observation that the microbial popu-
lations in class A1 and class C waste rock presented more similarities
to each other than to class A2 at the microbial community level
(compare Table 1 to Figs. 2 and 3). Considering that the pyrose-
quencing analyses, in contrast to the enumerations, were conducted
at the end of the weathering experiments, the highly dissimilar mi-
crobial compositions of the adjacent acid-producing waste-rock
classes A1 and A2 suggests that vertical translocation and mixing of
bacterial communities due to downward percolation of water
through the columns was negligible.

The abundance of several bacterial taxa differed more between
waste-rock classes (i.e., of different lithology and particle size) than
between the two columns (i.e., different waste-rock treatment): for
instance, Aciditihiobaccillales abundance varied up to 3 orders of
magnitude between waste-rock classes but only by up to a factor of
5 between the two columns (Fig. 3). Furthermore, the acid-
producing waste rock from classes A1 and A2 was geochemically
and mineralogically similar (Table S1) but hosted different microbial
populations, which suggests that strong alterations in their microbial
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dendrogram with complete linkage method (top), as well as an indicator species analysis bubble plot (bottom). Values shown in the dendrogram are the unbiased boot-strapped p-
values to describe statistical significance between the microbial communities associated with the waste-rock classes with- and without heating and drying treatment for columns 1
and 2, respectively.
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community structures may result from relatively small geochemical
gradients (Dockrey et al., 2014). However, no direct relation be-
tween, for instance, average waste-rock particle sizes (Fig. S1) and
microbial population sizes or community structures could be identi-
fied in the investigated samples. Therefore, the role of small-scale
lithogeochemical heterogeneities on sustaining microbial diversity
should be further investigated, e.g., by coupling microbial diversity
analyses to quantitative assessments of the pore-scale exposure or
occlusion ratios of host minerals using mineral liberation analysis
(Fandrich et al., 2007).

Image of Fig. 3
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The microbial populations in the waste rock showed a certain re-
sistance to the waste-rock treatment method (i.e., heating and dry-
ing), considering that up to 5 × 104 bacteria g−1 waste rock could
still be measured in the waste rock of column 1 after it was treated
at the start of the column experiments (see enumeration results in
Table 1). Yet, the different microbial populations observed in the
waste rock in both columns at the end of the weathering experi-
ments (Fig. 3), suggest that the microbial populations in the treated
waste rock from column 1 did not recover to pre-treatment levels
similar to those observed in column 2 within the experimental pe-
riod (400 days). The effects of the applied heating and drying treat-
ment on the microbial abundance and diversity in the waste rock
may principally be temporary, but the microbial community struc-
tures in waste rock with otherwise similar physical and geochemical
characteristics thus appeared to be remain different on significant
timescales (N1 yr) through possible hysteresis patterns and despite
a certain community resilience. In summary, the pyrosequencing re-
sults not only show that waste rock contains highly diversemicrobial
populations, but that their localization patterns depend on suppres-
sion treatment (i.e., heating and drying), as well as on the surround-
ing mineral assemblage. The weathering experiments with the two
experimental columns were thus conducted with clearly distinct mi-
crobial populations in the waste rock.

3.3. Column hydraulics during simulated weathering

The weathering experiments were run for 400 days, but applied
precipitation reached the base of the columns only in the simulated
wet season from day 120 to 300 and continued for ~2 months into
the dry season (Fig. S3), similar to observations from field-barrel ex-
periments at Antamina (Peterson, 2014). The drainage trends of both
columns were highly similar temporally: both showed a steady in-
crease in exfiltration rates during the simulated wet season, reaching
up to 2 L·d−1 at the height of the wet season, followed by a gradual
decline into the dry season. Approximately 1.0 m3·m−2 of outflow
(≈4.5 pore volumes), equaling 58% and 52% of the precipitation ap-
plied to columns 1 and 2, respectively, was recorded during the ex-
periments. The moisture content in the waste-rock layers was
comparable between waste-rock types and between both columns
(Fig. S4), with typical values between 0.05 and 0.10 m3·m−3 in the
dry season and between 0.10 and 0.25 m3·m−3 in the wet season.
Only waste rock class A2 exhibited slightly higher moisture content
in column 2 compared to column 1.

Average area-normalized fluxes (specific discharges) during thewet
season were estimated at 0.6 cm·d−1 and 0.5 cm·d−1, for columns 1
and 2, respectively, resulting in calculated flow velocities of approxi-
mately 3 cm·d−1 for both columns, based on column-averaged mois-
ture contents of 0.18 m3·m−3 for column 1 and 0.17 m3·m−3 for
column 2 (Fig. S4) during the wet season. In addition to their similar
physical and chemical characteristics (Table S1), both columns thus
showed highly similar hydrological behavior and responded as capillary
controlled porousmedia. Finally, all column thermistors recorded an in-
ternal average temperature of 21 ± 1.0 °C (data not shown), similar to
the laboratory temperature of 20 °C. This suggests negligible net column
heating due to exothermic reaction energy released from sulfide oxida-
tion reactions and little effect of temperature fluctuations on, for in-
stance, evaporation.

3.4. Temporal evolution of the column drainage chemistry

The drainage pH, volume and solute release rates of a selection of el-
ements are presented in Fig. 4 for the period between 120 d and 372 d,
i.e., during the simulated wet season and approximately two months
into the dry season when drain-down from the columns took place.
Daily solute release rates for additional (trace) elements and cumulative
element release plots are provided in Figs. S5 and S6, respectively. Over
the course of experiments, drainage pH from column 1 ranged from
slightly acidic to neutral, whereas column 2 drainage pH was moder-
ately acidic and consistently below 5. In both columns, drainage pH de-
creased slightly following the first month of drainage, corresponding to
the piston flow releasing acidic pore waters previously held in capillary
tension. The pH then stabilized for approximately 2 months and finally
increased formost of the remainingwet season (by 1 pH unit in column
1 and by b0.5 pH units in column 2), likely due to continued addition of
pH-neutral precipitation, depletion of the most reactive minerals, or
their occlusion by secondary precipitates.

The recorded element release rates (Fig. 4) were highly variable
and different for each of the investigated elements. Generally, initial
wash-out was followed by a gradual increase during the simulated
wet season, after which sharply decreasing release rates were ob-
served at the end of the wet season (N300 days), when column out-
flow began to diminish.

The temporal trends of daily SO4 and Ca release rates were sim-
ilar for both columns and appeared most strongly affected by the
discharge rates from the columns (Fig. 4). This is illustrated,
e.g., by the strong correlations between the observed Ca and SO4 re-
lease rates and drainage volumes (Fig. S7). However, whereas the
cumulative amount of Ca released during the experiment was quan-
titatively similar for both columns, column 2 released about 50%
more dissolved SO4 than column 1, indicative of a higher effective
sulfide oxidation rate (Fig. S6). Daily alkalinity release rates were
poorly correlated to column exfiltration rates and generally small
compared with SO4 and Ca release rates (approximately 1%). The re-
lease of elements commonly associated with aluminosilicate disso-
lution (Si, Na, Mg, and K) was considerably smaller (in the
μmol·kg−1·d−1 range) than that of SO4 and Ca and of heavy metals,
but showed similar trends with high initial loads, a period of re-
duced release from 170 to 240 d and a gradual increase later in the
wet season. Furthermore, the cumulative releases of Si, Na, Mg
and K, like that of SO4, were consistently higher in column 2 than
in column 1 (Fig. S6).

Dissolved-metal release rates of Cu and Zn were relatively small,
considering the substantial concentrations of chalcopyrite (CuFeS2)
and sphalerite ([Zn, Fe]S) in the waste rock (Table S1) (Dockrey
et al., 2014). Up to 8 timesmore Cu and Znwas cumulatively released
from column 2 than from column 1 (Figs. 4, S6), which is consistent
with the different drainage pH ranges that affect Cu- and Zn-
solubility, and with the higher apparent sulfide-oxidation rates in
column 2. The temporal evolution of Cu and Zn release appeared un-
related to column exfiltration or effective sulfide oxidation rates.
Negligible dissolved Fe and Al was observed in the drainage of col-
umn 1, whereas their concentrations were slightly more elevated
in column 2, again consistent with the prevailing pH conditions
that limit Fe- and Al-solubility. Finally, trace-element concentrations
in the column drainage were occasionally below their analytical de-
tection limits (Fig. S5), obscuring clear trends. The temporal trends
in the release of Cd, Co, Cr and Mn were similar to that of Zn, with a
gradual decrease over the experimental period and a systematically
higher (up to 16 times) cumulative load from column 2 than from
column 1. In contrast, release patterns of oxyanion-forming trace el-
ements (e.g., Sb, As, Se, Mo) were more erratic (Fig. S5) and usually
showed higher cumulative loads from column 1 than from column
2, consistent with pH conditions in the columns.

In summary, the experimental columns presented different ele-
ment release trends, but the loading rates of acidity, SO4 and major
primary ore metals like Fe, Cu, and Zn were substantially (i.e., up to
an order of magnitude) and systematically (i.e., over the entire ex-
perimental period) higher in column 2 relative to column 1. This
shows that the primarymineral weathering rates were clearly higher
in the waste rock with in-situ microbial populations compared to the
treated (i.e., heated and dried) waste rock with suppressedmicrobial
populations.
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3.5. Multiple geochemical controls on drainage chemistry

With waste-rock oxidation, the release of acidity may be
counteracted by a sequence of neutralizing reactions, namely through
the dissolution of carbonates, Fe- and Al-hydroxides, and silicates
(Amos et al., 2015). The occurrence of these neutralization reactions in
the experimental columns is implicated only to a minor extent, i.e., by
slightly higher release rates of Si, Na, K and Al (aluminosilicate dissolu-
tion) in column2 over column 1 (in fact, negligible dissolved Al could be
measured in column1 (Fig. 4), indicative of Al-precipitation under these
neutral pH conditions). However, as the basal layer in both columnswas
composed of acid-neutralizing waste rock (Class C) with N70% carbon-
ate content (Table S1), it may be expected that acidity is effectively neu-
tralized primarily by calcite dissolution (Amos et al., 2015; Nordstrom

Image of Fig. 4
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et al., 2015; Jamieson et al., 2015; Lindsay et al., 2015). This would con-
sequentially cause non-acidic pH and a higher Ca load in column 2 com-
pared to column1, but the observed lowpHvalues in column2 drainage
clearly do not reflect a carbonate-buffered system and the cumulative
Ca loads were surprisingly similar in both columns (Fig. S6). Instead,
the comparable Ca release rates observed in both columns are probably
the result of secondaryminerals controlling Ca solubility (Al et al., 2000;
Stockwell et al., 2006): gypsum formed in both columns upon calcite
dissolution, as indicated by the identification of crystalline gypsum in
secondary precipitates collected after the weathering experiments
(Table S5, Fig. S8) and by the virtually constant and near 0 saturation
index for gypsum over the entire experimental period (Fig. 5). Further-
more, gypsumhas previously been identified as an important secondary
mineral in waste rock from Antamina (Conlan et al., 2012). Dissolution
of gypsum releases Ca into the pore water up to its solubility limit,
which is relatively stable over a wide pH range and thus equal in both
columns, explaining the comparable Ca loadings.

Similar to the role of gypsum in affecting apparent Ca release, second-
ary hydroxy carbonate and hydroxy-sulfate minerals may have affected
the apparent release rates of Cu, Zn, and alkalinity: various Cu/Zn-
hydroxy-sulfates and -hydroxy-carbonates could be identified by XRD
in precipitates collected at the outflow of column 1 at the end of the ex-
periment (Table S5, Fig. S8), and the saturation indices for minerals
such as Cu2CO3(OH)2 (malachite) or Zn5(CO3)2(OH)6 (hydrozincite)
were consistently near 0 in column 1, and always higher in column 1
than in column 2 (Fig. 5). Various secondary Cu and Zn minerals
(e.g., malachite) have also been previously identified in waste rock
from Antamina (Conlan et al., 2012; Hirsche et al., 2017). The lower pH
in column 2 appears to enforce a strong limitation on the precipitation
of secondary Cu- and Zn- hydroxy carbonates, as no secondary carbonate
minerals could be detected byXRD in the outflowof column2 (Table S5):
this agrees with the lower alkalinity measured in the drainage of column
2 compared to column 1, and the higher apparent Cu and Zn release rates
in column 2 (Fig. 4). However, decreased alkalinity inputs in column 2
(i.e., through potential passivation of carbonate minerals by secondary
oxides (Amos et al., 2015; Dockrey et al., 2014; Peterson, 2014)) may
Fig. 5. Saturation indices of Cu-, Zn-, and Ca-sulfate (top) and carbonate (bottom) minerals c
microbial populations) and column 2 (untreated, original waste rock with in-situ microbial po
have also affected the observed apparent alkalinity release rates and
should be the focus of future investigation.

Equilibrium modeling further indicated high oversaturation for
(mixed) Cu-, Zn-, and Fe-(hydroxy)sulfates (e.g., jarosite, chalcanthite),
Fe- and Al-hydroxides (e.g., lepidocrocite, gibbsite) and various molyb-
date phases in both columns (data not shown). A significant precipitation
of secondary Fe-, Al-, andMo-phasesmay explain their disproportionally
small drainage concentrations relative to SO4 compared to the stoichiom-
etry of the primarywaste-rockmineralogy (Table S1). Indeed, the forma-
tion of secondaryMo-phases has been described in Antaminawaste rock
before (Hirsche et al., 2017; Skierszkan et al., 2017), and secondary Al-
and Fe-(oxy)hydroxide formation is relatively well-documented in
waste rock from other mine sites (Lindsay et al., 2015; Stockwell et al.,
2006).

In addition to being a direct (temporary) sink for elements, second-
ary minerals may reduce metal release by preventing additional sulfide
oxidation through passivation of primary minerals (Stott et al., 2000),
and by providing sorption sites for trace metals, exacerbated by their
amorphous nature. Indeed, XRD analyses of secondary mineral precipi-
tates collected after the experiments indicated substantial amorphicity
(Table S5). In the two experimental columns, the potential importance
of sorption is exemplified by the differing temporal release trends of
cationic metals versus those of oxyanion-forming elements. Elements
like Cd, Ni, Co, andMn showed higher release rates in column2 over col-
umn 1 (Fig. S6), due to lower pH values that decrease their sorption and
increase their mobility. In contrast, oxyanionic elements such as Sb, As,
Se, andMo all showed higher release rates in column1 compared to col-
umn 2 (Fig. S6), as higher pH values decrease their sorption and in-
crease their mobility, which likely outweighs the lesser extent of
primarymineral oxidation in column 1 relative to column 2 and the po-
tential formation of secondary Mo-phases (Hirsche et al., 2017;
Skierszkan et al., 2017). Unfortunately, a quantitative assessment of
the roles of sorption versus (co-)precipitation in secondary minerals is
complicated by the amorphous character of secondary mineral phases
that cannot be readily identified using conventional XRD and, in the
case of highly soluble secondary phases (e.g., gypsum), the poor
alculated from the drainage chemistry in column 1 (treated waste rock with suppressed
pulations) over the course of experiments.

Image of Fig. 5
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specificity of leaching tests. Future studies may therefore be specifically
focused on investigating the composition of amorphous secondarymin-
erals and on disentangling the quantitative contributions of sorption
processes versus directmetal attenuation by incorporation into second-
ary minerals.

3.6. Integration of microbiology and geochemistry and practical relevance

In the presented column experiments, metabolic activities of themi-
crobial populationsmay have varied over the course of the experiments
and led to variability in the column drainage chemistry: both primary
mineral oxidation and the accompanying secondary mineral formation
are typically microbially controlled (e.g., direct bacterial precipitation
of secondary Si (Fortin and Beveridge, 1997) or Fe-(oxy)hydroxides
(Konhauser, 1998)). Reciprocally, changes in column pore water chem-
istry may have caused shifts in themicrobial community structures and
caused competition effects (Zhang et al., 2017). For instance, the consis-
tently neutral pH (6 b pH b 7) of drainage from column 1 suggests non-
ideal conditions for acidophilic Fe- and S-oxidizers, whereas the high
Cu- and Zn-concentrations (~100 mg·L−1) in drainage from column 2
may be high enough to affect the bio-oxidation activity of selected aci-
dophilic microorganisms through (competitive) inhibition (Watkin
et al., 2008). It may thus be expected that in full-scale industrial
waste-rock piles, the composition and activity of natural microbial con-
sortia will change with progression of waste-rockweathering. This may
be confirmed with additional, time-resolved monitoring of biodiversity
in full-scale waste-rock piles. In addition, phenotypic abundance and
metabolic activity levels may be more accurately linked to specific geo-
chemical signals from column experiments as conducted in this study,
by similarly monitoring the temporal evolution of drainage quality
from individual waste-rock classes in conjunction with their microbial
community structures (e.g., by additional and synchronous time-
resolved MPN enumerations and pyrosequencing analyses).

The role of microbes in governing waste-rock weathering rates, and
ultimately drainage quality, iswidely acknowledgedbut often neglected
in the design of mine-waste treatment strategies. This study illustrates
that suppression of microbial growthmay decrease (and at least retard)
the production of poor-quality waste-rock drainage, but the used
heating and drying treatment will hardly be economically reasonable
for industrial dimensions. Instead, an improved understanding of the
microbiome in acid-generating and acid-neutralizing waste rock may
lead to the development of practice-relevant approaches to limit micro-
bial growth- and activity, e.g., by deliberately creating dry conditions, by
inducing toxicity effects from chemical bactericides or from toxic metal
(loid)s liberated from the waste rock, or by limiting substrate- and nu-
trient availability. Furthermore, an improved (mechanistic) under-
standing of the microbial controls on weathering rates may profit
reactive-transport modeling efforts aimed at extrapolating rate-
limitations from bacterial catalysis to macroscale systems. Finally, the
presented results illustrate that drainage chemistry is not only depen-
dent on microbial primary mineral weathering, but also on secondary
mineral precipitation and sorption reactions, all of which are variably
pH dependent. Therefore, intrinsic weathering rates in real-life, full-
scale waste-rock systems, and ultimately drainage quality, may be bet-
ter assessed by an integrative and quantitative review of the prevailing
porewater conditions and in-situ microbial diversity and activity.

4. Conclusions

The presented data demonstrates that a diverse range of robust mi-
crobial populations is sustained within various waste-rock types, with
neutrophilic and acidophilic taxa occurring concurrently in heteroge-
neous sulfide-rich (acid-generating) or carbonate-rich (acid-neutraliz-
ing) waste rock. The presence and distribution of the microbial
communities in thewaste rockwas related to the chemical composition
and mineralogy of the host waste rock as well as to the applied waste-
rock treatment (i.e., heating and drying). Although microbial resistance
to waste-rock treatment and to temporal changes in the chemical com-
position of the waste-rock porewater was observed, further study of
these resistive capabilities on a community level (e.g., through biofilm
formation (Dockrey et al., 2014)) and of the temporal changes of micro-
bial populations in relation to changing porewater chemistry is
required.

Under simulated natural weathering conditions, the oxidation rates
of primary sulfide minerals were systematically and substantially
higher with natural in-situ populations compared to suppressed micro-
bial populations with reduced abundance and diversity. As a conse-
quence, drainage from waste rock with natural populations had
significantly poorer quality, i.e., lower pH and higher SO4 and heavy
metal concentrations. Furthermore, the chemical composition of the
column drainage was partially decoupled from the waste rock primary
mineralogy through (temporary) retention of metals via sorption and
(microbially mediated) secondary mineral formation.

This study demonstrates that quantitative assessments of intrinsic
waste-rock weathering rates and the consequential drainage quality
can be improved when microbial dynamics are assessed in parallel
with the prevailing geochemistry and attenuation mechanisms. This
holds true not only for industrial mine waste-related settings, but also
bears importance for improving the efficacy of commercial bio-mining
operations (Rawlings and Johnson, 2007).
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