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Abstract
Oxidative weathering of pyrite plays an important role in the biogeochemical cycling 
of Fe and S in terrestrial environments. While the mechanism and occurrence of bi-
ologically accelerated pyrite oxidation under acidic conditions are well established, 
much less is known about microbially mediated pyrite oxidation at circumneutral pH. 
Recent work (Percak-Dennett et al., 2017, Geobiology, 15, 690) has demonstrated the 
ability of aerobic chemolithotrophic microorganisms to accelerate pyrite oxidation 
at circumneutral pH and proposed two mechanistic models by which this phenom-
enon might occur. Here, we assess the potential relevance of aerobic microbially cata-
lyzed circumneutral pH pyrite oxidation in relation to subsurface shale weathering at 
Susquehanna Shale Hills Critical Zone Observatory (SSHCZO) in Pennsylvania, USA. 
Specimen pyrite mixed with native shale was incubated in groundwater for 3 months 
at the inferred depth of in situ pyrite oxidation. The colonized materials were used as 
an inoculum for pyrite-oxidizing enrichment cultures. Microbial activity accelerated 
the release of sulfate across all conditions. 16S rRNA gene sequencing and metagen-
omic analysis revealed the dominance of a putative chemolithoautotrophic sulfur-
oxidizing bacterium from the genus Thiobacillus in the enrichment cultures. Previously 
proposed models for aerobic microbial pyrite oxidation were assessed in terms of 
physical constraints, enrichment culture geochemistry, and metagenomic analysis. 
Although we conclude that subsurface pyrite oxidation at SSCHZO is largely abiotic, 
this work nonetheless yields new insight into the potential pathways by which aerobic 
microorganisms may accelerate pyrite oxidation at circumneutral pH. We propose a 
new “direct sulfur oxidation” pathway, whereby sulfhydryl-bearing outer membrane 
proteins mediate oxidation of pyrite surfaces through a persulfide intermediate, anal-
ogous to previously proposed mechanisms for direct microbial oxidation of elemental 
sulfur. The action of this and other direct microbial pyrite oxidation pathways have 
major implications for controls on pyrite weathering rates in circumneutral pH sedi-
mentary environments where pore throat sizes permit widespread access of microor-
ganisms to pyrite surfaces.
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1  |  INTRODUC TION

Pyrite (FeS2) is commonly observed in sedimentary rocks, for exam-
ple shales, which comprise an estimated 25% of exposed continental 
rocks (Amiotte Suchet et al., 2003). Pyrite is also present in anoxic 
soils and in both freshwater and marine sedimentary environments 
where conditions are conducive for formation and preservation 
(Berner, 1984). As such, pyrite is the most abundant sulfide min-
eral in Earth's crust, and its formation and destruction play a critical 
role in modern iron and sulfur cycles (Raiswell & Canfield, 2012), as 
well as in modulation of Earth's O2 and CO2 budgets over geologic 
time (Berner, 2006). The oxidative weathering of pyrite is rapid in 
near surface environments due to the high reactivity of pyrite in the 
presence of molecular oxygen. An extensive body of literature exists 
on the oxidation of pyrite in anthropogenically disturbed systems, 
including those impacted by mining activities. The rapid exposure 
of sulfide-bearing rock to atmospheric oxygen results in the gen-
eration of large quantities of sulfuric acid, presenting significant 
environmental concerns including acid rock drainage and mobiliza-
tion of toxic metals (Blowes et al., 2003). Under acidic conditions, 
soluble ferric iron acts as dominant oxidant for pyrite, owing to the 
solubility of Fe(III) at low pH and the rapid reaction of Fe3+ ions with 
pyrite (Moses et al., 1987). It has long been recognized and is well 
established that microbial communities in acid mine drainage are key 
in mediating pyrite oxidation by virtue of their ability to aerobically 
oxidize Fe2+ ions released during pyrite oxidation back to Fe3+ (Baker 
& Banfield, 2003; Colmer & Hinkle, 1947). Chemolithotrophic iron 
and sulfur-oxidizing acidophiles such as Acidithiobacillus ferrooxidans 
and Acidithiobacillus thiooxidans can thus effectively accelerate the 
rate-limiting step of pyrite oxidation by several orders of magnitude 
at low pH (Singer & Stumm, 1970).

Though a volumetrically large reservoir of pyrite resides in un-
disturbed sedimentary rock below ground, the mechanism of oxi-
dation of subsurface pyrite is not well understood, particularly with 
regard to the potential role of microbial activity in oxidation. In such 
subsurface environments, the pH has the potential to remain largely 
circumneutral due to the buffering capacity of carbonate and sili-
cate minerals (Nicholson et al., 1988; Vear & Curtis, 1981). While 
there is a growing body of literature on the circumneutral chemo-
lithotrophic microbial oxidation of pyrite coupled to denitrification 
(Bosch & Meckenstock, 2012; Haaijer et al., 2007; Jørgensen et al., 
2009), fewer studies have examined aerobic oxidation of pyrite by 
neutrophilic chemolithotrophs. The growth of such organisms has 
been previously suggested in hydrothermal habitats (Edwards et al., 
2003; Wirsen et al., 1993) and subglacial ecosystems (Boyd et al., 
2014; Harrold et al., 2015). Only recently, however, has explicit evi-
dence for microbially accelerated aerobic pyrite oxidation at neutral 
pH been presented (Percak-Dennett et al., 2017). Percak-Dennett 
et al. (2017) demonstrated sustained enhancement of sulfate release 
in the presence of a live, natural inoculum over multiple generations 
in cultures grown on synthetic pyrite. Based upon genomic and geo-
chemical evidence, the authors proposed two potential mechanisms 
whereby chemolithotrophic microorganisms could accelerate pyrite 

oxidation. The first mechanism, termed the “sorbed Fe redox cy-
cling model,” is based on the model for abiotic oxidation of pyrite 
at circumneutral pH proposed by Moses and Herman (1991). Here, 
the cyclic oxidation and reduction of a surface-associated Fe phase 
couple the successive transfer of pyrite-S electrons to O2, resulting 
in the eventual liberation of sulfate. In this case, biological acceler-
ation of pyrite oxidation arises from mineral surface colonization by 
Fe(II)-oxidizing bacteria (FeOB) that promote the oxidation of sorbed 
Fe(II) by O2. An alternative, “polythionate intermediate model” was 
also proposed by Percak-Dennett et al. (2017), in which chemical 
reaction of O2 with pyrite generates partially oxidized sulfur species 
(e.g., thiosulfate), which are consumed by sulfur-oxidizing bacteria 
(SOB), thereby accelerating the overall oxidation via Le Chatelier ef-
fect. Notably, in the case of the polythionate intermediate model, 
direct cell-mineral contact is not necessarily required for oxidation 
of aqueous polythionates. The validity and potential environmental 
significance of these proposed mechanisms remain an open ques-
tion, particularly in nanoporous sedimentary materials such as shale 
where pyrite is commonly hosted.

In the absence of rapid exhumation, either by anthropogenic 
activity (i.e., mining) or by natural processes (e.g., glacial scouring), 
pyrite oxidation largely occurs at depth where the circulation of 
oxidant charged meteoric water leads to the establishment of sub-
surface reaction fronts. The oxidation of pyrite often occurs as the 
deepest reaction front in pyrite-bearing rocks (Bolton et al., 2006; 
Brantley et al., 2013; Littke et al., 1991). Recent work has further 
confirmed that under modern rates of erosion and atmospheric O2 
concentrations, the oxidation of pyrite in rocks largely occurs below 
the land surface (Gu, Heaney, et al., 2020). In their study of deep py-
rite oxidation at Susquehanna Shale Hills Critical Zone Observatory 
(SSHCZO), Gu, Heaney, et al. (2020) determined that pyrite oxida-
tion is likely to be transport limited, where diffusion of oxidant into 
the matrix limits the overall rate of oxidation. Although the nanopo-
rosity of the deep, unweathered Rose Hills Shale at SSHCZO (Jin 
et al., 2011) precludes direct microbial colonization of a large portion 
of the disseminated framboidal and euhedral pyrite, the protolith it-
self is fractured (Brantley et al., 2013). Pyrite oxidation was shown 
to largely occur within a length scale of centimeters from the frac-
tures in some locations (Gu, Heaney, et al., 2020) where microorgan-
isms could, in theory, reside. It is argued that this pyrite oxidation at 
depth could be rate limiting with respect to controlling stream inci-
sion into the valley (Sullivan, Hynek, et al., 2016). Similarly, previous 
studies have suggested that microbial pyrite oxidation along fracture 
planes in receding shale cliffs could contribute to rock weakening 
(Cockell et al., 2011). SSHCZO thus provides an excellent opportu-
nity to investigate the potential for microbially mediated oxidative 
weathering of pyrite in shales, and to advance our understanding 
of microbially catalyzed oxidation of pyrite at circumneutral pH in 
general. By superimposing the relevant geologic constraints of a 
fractured subsurface shale on the potential mechanisms of micro-
bially accelerated pyrite oxidation proposed by Percak-Dennett and 
colleagues (Figure 1), we sought to further test these ideas and as-
sess their potential relevance in situ. In order to allow for cultivation 
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of potentially novel organisms involved in circumneutral pH pyrite 
oxidation, a supply of specimen pyrite was provided as a growth 
substrate. In doing so, rather than supplying thiosulfate directly, we 
were able to interrogate the relevance of the indirect polythionate 
intermediate model by replicating the likely source of the substrate 
in situ.

2  |  MATERIAL S AND METHODS

2.1  |  Site description and field sampling

Located in Central Pennsylvania, SSHCZO is a small, forested catch-
ment underlain mostly by shale within the Rose Hill Formation 
with extensive geochemical and geomorphological data available 
(Brantley et al., 2013, 2018; Jin et al., 2010, 2014; Ma et al., 2011, 
2013; Sullivan, Hynek, et al., 2016; Sullivan, Ma, et al., 2016). Details 
relevant to this study are summarized briefly here. The Rose Hill 
Formation is comprised primarily of a tightly folded Silurian age, or-
ganic poor grey shale. Primary mineralogy of the protolith has been 
previously established and is composed of illite (41  wt%), quartz 
(36  wt%), and chlorite (15  wt%) with trace Fe oxides, pyrite, and 
carbonate minerals (ankerite and calcite) (Gu, Mavko, et al., 2020; 
Jin et al., 2010). Pyrite oxidation is observed to be the first reaction 
to occur in many locations, ca. 15–20 m below land surface under 
the ridge crests. Sulfuric acid generation from the reaction of down-
ward diffusing O2 with pyrite reacts with other mineral phases, the 
first of which is likely to be the carbonate phases. The carbonate 
reaction thus closely overlies the pyrite reaction front and provides 
buffering capacity for pyrite oxidation, at least under the northern 
ridge and near the outlet of the watershed (Brantley et al., 2013; Gu, 
Mavko, et al., 2020). Several wells have been installed throughout 

the catchment, including well DC0 on the northern ridge, which 
was drilled prior to the establishment of the CZO. In August 2017, 
groundwater from well DC0 (28.65 m depth) was sampled for aque-
ous chemistry and microbial community analysis. Prior to sampling, 
DC0 was purged for a total of 35 min as required to obtain 15 min 
of stable pH (within 0.2  standard units) and temperature (within 
0.2°C) Approximately 2.0  L of groundwater was pumped through 
sterile 0.22-µM filters in duplicate for DNA extraction. Filters were 
promptly frozen and shipped to UW-Madison on dry ice and stored 
at −80°C until extraction. Measurements of temperature, conduc-
tivity, pH, Eh, dissolved oxygen, and cation concentrations were 
made as previously described (Sullivan, Hynek, et al., 2016).

2.2  |  In situ microcosms

In situ microcosms were prepared with specimen pyrite purchased 
from Ward's Scientific. Pyrite was hand ground with a mortar and 
pestle and sieved to 45–106 µm. Ground pyrite was cleaned via ultra-
sonication and dilute HNO3 following previously established proto-
cols (McKibben & Barnes, 1986) to remove fine dust and any oxidation 
rind. In situ microcosms were prepared in ca. 4-inch squares of 23-
µm polyester mesh filter screening. A composite mixture of Rose Hill 
shale previously obtained from drill core was prepared using shale 
from the deepest sample from boreholes CZMW1-4 (Brantley et al., 
2013). Five g of >106 µm fragments of the composite Rose Hill shale 
and 5.0 g of pure quartz sand (Acros Chemicals, 140–381 µm) were 
added to each bag. For bags amended with pyrite, 1.0  g of pyrite 
was added. The bags were then tied closed with stainless steel jew-
elry wire and autoclaved. In the field, the bags were secured with 
a stainless-steel carabiner to a stainless-steel wire, which was then 
lowered down the well to the inferred depth of the pyrite oxidation 

F I G U R E  1  Proposed models for 
microbially mediated circumneutral 
pyrite oxidation in the shale matrix 
and fracture network at SSHZO. The 
indirect polythionate intermediate model 
(top) allows for microbial colonization 
of fracture spaces and consumption 
of abiotically generated polythionates 
diffusing through the matrix to the 
fractures. The direct oxidation model 
(bottom) requires cell–mineral contact and 
is thus restricted to the matrix–fracture 
interface
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front (ca. 23 m) and allowed to incubate in situ for 3 months. Upon 
removal, each bag was removed from the line and placed into a ster-
ile Whirl-pack bag. Two bags from each treatment (with or without 
pyrite) were placed on dry ice for DNA extraction and two bags on 
blue ice for enrichment culturing. Samples were shipped overnight 
to the University of Wisconsin and samples were placed at −80 and 
4°C prior to DNA extraction and culturing, respectively.

2.3  |  Enrichment culturing

Enrichment cultures were established using solid mineral substrates 
to enrich for chemolithotrophic microorganisms. Varying mineralog-
ical conditions were established using the previously prepared (see 
above) specimen pyrite (0.6 g) and/or 1.0 g of fragmented and sieved 
(<106  µM) Rose Hills Shale previously obtained from drill core, 
along with 5 g of quartz sand. Mineral treatments were as follows: 
Sand only (S), sand with pyrite (S + Py), sand with shale (S + Sh), and 
sand with pyrite and shale (S + Py + Sh). Shale Hills artificial ground 
water (SH-AGW) pH 7.0 was prepared based on measured ground-
water geochemistry in well DC0 (see Table S1), with final mM con-
centrations of 0.04 CaCl2·2H2O, 0.035 MgCl2·6H20, 0.01 KH2PO4, 
0.1 NaNO3, 0.002 Na2SiO3·9H20, 1.0 NaHCO3, with or without 10-
mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES) for buffered 
(B) and unbuffered (UB) reactors, respectively. The minerals were 
suspended in 50 ml of SH-AGW in 120-ml culture bottles to allow 
for a sufficiently large head space for gas exchange, bubbled with N2 
to prevent oxidation during sterilization, stoppered, and autoclaved. 
After sterilization, the headspace was flushed with sterile air and 
the cultures were inoculated with ca. 0.5 g of material from pyrite-
containing bags previously incubated in situ in well DC0. Abiotic 
controls were left uninoculated. All conditions (S-B, S-UB, S + Py-B, 
S + Py-UB, S + Sh-B, S + Sh-UB, S + Py + Sh-B, S + Py + Sh-UB) were 
performed in duplicate for live inoculated and uninoculated abiotic 
controls. Cultures were aseptically sampled at time zero and after 7, 
14, 21, 35, 49, 63, 77, 91, 105, 126, and 167 days using a syringe and 
needle. At each sampling time point, a volume of sterile air equal to 
the volume of culture removed was added to headspace (2 and 4 ml 
for time points without and with DNA extractions, respectively) to 
maintain aerobic conditions. Solids and aqueous phases were sepa-
rated via centrifugation (10,000 RCF, 10 min) for the analyses de-
scribed below.

2.4  |  Analytical procedures

2.4.1  |  Aqueous geochemistry

Samples for aqueous SO4
2− were diluted 1:5 for analysis by ion 

chromatography (IC, Dionex Model ICS-110). Total tetrathionate 
and thiosulfate were determined colorimetrically using the alkaline 
cyanolysis method described in (Nor & Tabatabai, 1975) scaled to 
accommodate a smaller volume of sample (1.0 ml). Aqueous phase 

samples were diluted 1:6 in 5 mM HNO3 and filtered (0.22 µm) prior 
to the determination of major cation (Ca, K, Mg, Na) concentrations 
via inductively coupled plasma optical emission spectrometry (ICP-
OES). Aqueous silicon was determined colorimetrically on 1:10 dilu-
tions using the heteropoly blue method (Clesceri et al., 1998).

2.4.2  |  Solid-phase geochemistry

Mineral solids were extracted for 24 h in 5.0 ml 0.5 M HCl on an 
orbital shaker. After extraction, the mixture was centrifuged and the 
concentration of Fe(II) was determined by the standard ferrozine 
assay (Stookey, 1970). Fe(Total) concentrations in the same extracts 
were similarly determined after the addition of hydroxylamine HCL.

2.4.3  |  ATP analysis

0.5 ml of whole culture (solid and aqueous) was placed into 0.25 ml 
of 20 mM ice cold EDTA, vortexed at maximum speed, and immedi-
ately frozen at −80°C. For analysis, samples were thawed, vortexed 
again, and centrifuged to recover the aqueous phase. ATP content 
was determined via luminescence using BacTiter-Glo (Promega) with 
calibration to a standard curve.

2.4.4  |  Microscopy

Whole culture aliquots from day 77 were stained using SYTO® Green 
and microbe–mineral interactions were examined using epifluores-
cence microscopy. For analysis of associated mineralogical changes, 
initial pyrite and mineral solids from the final time point (167 days) 
were dropped onto a carbon tape and carbon coated. Samples were 
imaged using a Hitachi S-3400 Scanning Electron Microscope (SEM) 
equipped with an Energy dispersive X-ray spectroscopy (EDS) detec-
tor. Transmission electron microscopy (TEM) analysis was conducted 
at the Material Science and Engineering Department in University 
of Wisconsin–Madison using a Tecnai T12 with a 120-kV accelera-
tion voltage. TEM imaging and selected area electron diffraction 
data were collected by a 4k Gatan Ultrascan CCD. Pyrite grains were 
manually selected from the cultured materials, suspended in ac-
etone, and cleaved in agate mortar. The cleaved samples were then 
dropped onto the carbon film 300 mesh copper grid. Compositions 
were measured by the Thermo Scientific X-ray energy dispersive 
spectroscopy (EDS).

2.5  |  DNA extraction, sequencing, and analysis

2.5.1  |  DNA extraction

DNA was extracted from in situ microcosms and enrichment culture 
solids for days 21, 77 and 167 according to previously described 
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SDS-based extraction protocols (Zhou et al., 1996). Due to low DNA 
yields from in situ bag material, 8 0.5 g aliquots were extracted to ob-
tain a sufficient mass of DNA for shotgun metagenomic sequencing. 
Replicate extracts were pooled and cleaned using Zymo Clean and 
Concentrator-5 (Zymo Research). Groundwater DNA was extracted 
from filters by slicing the filter into small pieces with a sterile razor, 
transferring the small pieces to a 2.0-ml screw-top microcentrifuge 
tube containing ca. 0.25 ml of 0.1-mm zirconium beads. 0.5 ml of ex-
traction buffer from Zhou et al. (1996) and 10 mg/ml of proteinase-K 
were added. Samples were incubated on a head block (37°C) with 
gentle agitation for 1 h. 0.5 ml of phenol-chloroform-isoamyl alco-
hol (25:24:1) was then added to digest the filter and the tube was 
bead beat for 1 min. DNA was then isolated following the standard 
phenol-chloroform-isoamyl alcohol (25:24:1) extraction and recov-
ered via precipitation at −20°C in two volumes of ethanol.

2.5.2  |  16S rRNA gene amplicon 
sequencing and analysis

DNA was submitted to the University of Wisconsin-Madison 
Biotechnology Center (UWBC) for Illumina MiSeq 2 ×  300 paired 
end sequencing of the V4 region of the 16S rRNA gene. Sequencing 
data were processed using The Quantitative Insights into Microbial 
Ecology (QIIME) pipeline version 1.9.1 (Caporaso, Kuczynski, et al., 
2010). Raw reads were quality filtered to remove low quality and 
ambiguous sequences using default QIIME parameters prior to as-
sembly of paired ends using fastq-join (Aronesty, 2013). Chimeric 
sequences were identified and discarded via de novo and reference-
based detection using USEARCH v. 6.1 (Edgar, 2010) and the SILVA 
ribosomal RNA database (Quast et al., 2013). Operational taxonomic 
units (OTUs) were identified by de novo clustering (0.97 threshold). 
Taxonomy was assigned to OTUs a via alignment against the SILVA 
database using PyNAST (Caporaso, Bittinger, et al., 2010).

2.5.3  |  Metagenomic assembly and annotation

Aliquots of DNA in situ mineral incubations and the final time point 
(167  days) of enrichment cultures were submitted to UWBC for 
metagenomic library preparation and 2 × 250 paired end sequencing 
on the Illumina HiSeq 2500 Rapid platform. A metagenomic library 
for a single-pooled sample of groundwater DNA was sequencing 
using MiSeq 2 × 250. Raw metagenomic reads from all samples were 
quality filtered using the default parameters of Trim-Galore prior 
to concatenation and coassembly using MegaHit (Li et al., 2015). 
Metagenome-assembled genomes (MAGs) were obtained from the 
coassembly using the Bin Refinement module within metaWRAP 
(Uritskiy et al., 2018) with initial binning output from MetaBAT2 
(Kang et al., 2019), MaxBin2 (Wu et al., 2015), and CONCOCT 
(Alneberg et al., 2014). The quality and completion of individual 
MAGs as well as putative taxonomy were assessed by CheckM (Parks 
et al., 2015). Relative abundance of each MAG across each sample 

in the coassembly was determined using the Bin Quantification 
module of metaWRAP. Open reading frames were predicted using 
Prodigal (Hyatt et al., 2010) and functionally annotated using Prokka 
(Seemann, 2014). Extracellular electron transfer and sulfur oxidation 
pathways were identified as previously described (He et al., 2017; 
Watanabe et al., 2019). Maximum likelihood phylogenetic trees in 
were constructed PhyML 3.0 (Guindon et al., 2010) with the LG sub-
stitution model (Le & Gascuel, 2008) for putative lithotroph MAGs 
using the concatenated alignments of conserved phylogenetic mark-
ers obtained from CheckM. All sequencing data generated in this 
study have been deposited in The National Center for Biotechnology 
Information under the BioProject Number PRJNA692452.

2.5.4  |  Searching for novel pathways for 
pyrite oxidation

The MAG (Thiobacillus related; see below) found to be most abun-
dant across pyrite oxidizing enrichment culture metagenomes was 
further interrogated to uncover novel potential mechanisms for the 
oxidation of pyrite, which may involve the extracellular metabolism 
of pyrite-S. The subcellular location of all MAG proteins was pre-
dicted using Cello (Yu et al., 2006). Proteins predicted to be outer 
membrane associated or extracellular were further examined for 
genomic proximity to known S-oxidation pathways. Potential ho-
mologs to the identified proteins of interest were found by a BLASTp 
search (Altschul et al., 1990) of the NCBI database of nonredun-
dant proteins. Homologous sequences were aligned using MUSCLE 
(Edgar, 2004) and conserved motifs visualized with WebLogo 3 
(Crooks et al., 2004). Putative structures of proteins of interest were 
modeled using Phyre2 (Kelley et al., 2015).

3  |  RESULTS

3.1  |  Groundwater geochemistry and microbial 
community composition

The geochemistry of groundwater at site DC0 and other locations 
at SSHCZO has been previously characterized (Sullivan, Hynek, 
et al., 2016; Sullivan, Ma, et al., 2016). Samples for groundwater 
geochemistry and microbial community composition were also 
collected in this study at the time of in situ mineral deployment 
in August 2017. The chemistry of the groundwater collected dur-
ing mineral deployment (Table S1) suggested that downhole fluids 
from a mixture of redox conditions were obtained during sam-
pling by peristaltic pump: the combination of low but measur-
able dissolved oxygen (0.035 mM), substantial levels of dissolved 
iron (0.029 mM), and Eh of −180 mV is highly suggestive of redox 
disequilibrium. These results are not surprising given that (i) an 
oxidation-reduction front is known to exist at SSHCZO based on 
prior aqueous and solid-phase geochemical distributions at vari-
ous locations within the watershed (Brantley et al., 2013; Sullivan, 
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Hynek, et al., 2016; Sullivan, Ma, et al., 2016); and (ii) the well cased 
at DC0 such that mixing of fluids from different depths likely took 
place during peristaltic pump sampling of the 7.6 cm-diameter well. 
The minerals were deployed 1–2 m below the groundwater surface, 
and we thus assume that they were exposed to some dissolved O2 
during the 3-month incubation period. Nevertheless, the microbial 
community in the groundwater sample and the in situ-incubated 
minerals (Tables S2 and S3, respectively) showed evidence of 
putative anaerobic heterotrophic taxa, notably Fe(III)-reducing 
Geobacteraceae as well as other organisms related to known an-
aerobic heterotrophic taxa (e.g., Thermodesulfovibrionaceae, 
Clostridiaceae, Commononaceae). The proliferation of Fe(III) reduc-
ers makes sense assuming Fe(II) oxidation (e.g., in the upper regions 
of the well) produces an ongoing supply of fresh Fe(III) oxides, which 
were visibly evident both on the mineral bags and in groundwater 
filters. In addition, the minerals were also colonized by organisms 
related to known microaerophilic, Fe(II)-oxidizing organisms from 
the genera Gallionella and Crenothrix (Emerson et al., 2010), which 
suggests that groundwater at DC0  supports the activity of both 
heterotrophic and chemolithotrophic microorganisms. Due to the 
well specific conditions of the in situ incubations (e.g., redox fluc-
tuations, steel casing, and potential organic matter entry from the 
well top), which are not representative of the Rose Hills unit as a 
whole, for the purposes of this paper, the colonized minerals simply 
served as an inoculum for pyrite-oxidizing enrichment cultures, and 
we make no attempt to explicitly link the organisms and activities 
that arose in those cultures to their absolute mineral weathering 
activity in situ.

3.2  |  Enrichment culture geochemistry

3.2.1  |  pH

Solution pH declined from ca. 7.0 to an average of 6.0 and 5.7 in the 
abiotic and live buffered sand + pyrite (S + Py-B) reactors, respec-
tively (Figure 2a). In the absence of buffer (S + Py-UB), pH declined 
rapidly from 7.8 to a final average values of 3.5 and 4.4 for abiotic 
and biotic sand plus pyrite reactors (Figure 2b). pH remained within 
0.5 units of the initial value in the buffered, shale-amended (S + Sh-
B, S + Py + Sh-B) reactors, declining slightly to 7.1 in the live pyrite 
system (Figure 2c). In the unbuffered shale-amended reactors, pH 
declined slightly in the presence of pyrite (S + Py + Sh-UB) and re-
mained unchanged at 7.5–7.8 in its absence (S + Sh-UB) (Figure 2d).

3.2.2  |  HCl-extractable Fe

Iron oxidation was observed in all reactors, with the Fe(II)/Fe(total) 
ratio declining across all treatments. However, no significant differ-
ences were observed in the Fe(II)/Fe(total) ratio between the live in-
oculated and sterile abiotic control reactors for each treatment over 
the course of the experiment (Figure S1).

3.2.3  |  Sulfate

Sulfate generation was enhanced in the presence of a live inoculum 
relative to sterile controls under all conditions tested (Figure 2e–h). 
Initial biotic rates of reaction (0–35 days) were 1.9–3.4-fold greater 
than abiotic rates in the four reaction systems, and total sulfate re-
lease over the 167-d incubation period was 1.2 to 4.7-fold higher in 
the biotic reactors (Table 1). Only small amounts of sulfate were gen-
erated from the oxidation of residual pyrite in the inoculum (“Live 
No Pyrite” in Figure 2), indicating that most of the sulfate release in 
the pyrite-amended reactors came from oxidation of the added (ca. 
200 mmol S L−1) pyrite. The entire range of sulfate release values cor-
respond to oxidation of 0.31–2.4% of the added pyrite-S.

3.2.4  |  ATP

The ATP content of the live reactors was maximal at the start of the 
incubation and declined over time in all reactors (Figure 2i–l); ATP 
was near to or below detection in the uninoculated controls. ATP 
levels were similar in the pyrite-containing and pyrite-free buffered 
reactors (Figure 2i,k), which suggests that any cell growth associ-
ated with biologically mediated pyrite oxidation in these reactors 
(Figure 2e,g) was insufficient to keep up with biomass loss upon 
addition of the inoculum to the reactors. ATP levels were generally 
lower in the unbuffered pyrite-containing versus pyrite-free reac-
tors (Figure 2j,l). In the case of the shale-free systems (Figure 2j), the 
rapid decline in ATP during the first few weeks of incubation can be 
explained by the precipitous drop in pH (Figure 2b) that took place in 
conjunction with pyrite oxidation.

3.2.5  |  Polythionates

Polythionates (sum of thiosulfate and tetrathionate; see Section 
2.4.1) accumulated in the abiotic pyrite-containing reactors 
(Figure 2m–p) but remained near or below detection in the pyrite-
free reactors. Polythionates were consistently low in the live S + Py 
reactors (Figure 2m–n) and consumed over time in the S + Sh + Py 
reactors (Figure 2o–p). The onset of polythionate accumulation in 
the live unbuffered S + Py reactors (Figure 2n) was associated with 
rapid decline in pH and ATP content (see above), signaling a shift 
from biotic + abiotic to abiotic-only pyrite oxidation.

3.2.6  |  Cations and silica

Accumulation of aqueous cations and silica were used as an in-
dicator of pyrite oxidation-driven dissolution of shale mineral 
phases, i.e., shale either present in the inoculum, or added sepa-
rately (in addition to the inoculum) to the reactors. Ca release 
in particular was assumed to primarily signal the dissolution of 
carbonate phases (ankerite + calcite) present in samples of Rose 
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Hill Shale from depth used to establish the enrichment cultures 
(Brantley et al., 2013; Jin et al., 2010). Mg release was likely in-
fluenced by dissolution of both carbonate and silicate phases, 
whereas Si and K (not present in carbonate minerals) were as-
sumed to be indicators of silicate dissolution. Ca release was 
stimulated dramatically by microbial activity in pyrite-amended 
reactors that did not receive additional shale (Figure 2q,r). Some 
of this increase could be attributed to biotic and/or abiotic oxi-
dation of pyrite in the inoculum (see Figure 2e,f), as there was a 
distinct increase (particularly in the buffered reactors) in Ca in the 
inoculated pyrite-free reactors. Ca levels were higher across the 
board in the buffered shale-amended reactors (Figure 2s), indicat-
ing dissolution of carbonate (i.e., by maintenance of near-neutral 

solution pH by the buffer) regardless of the presence of pyrite 
oxidation activity (i.e., elevated Ca levels are also observed in 
pyrite free reactors). Such dissolution thus masked the distinc-
tion between the effects of biotic versus abiotic pyrite oxidation, 
although final Ca levels were maximal in the buffered live pyrite-
amended reactors. In contrast, Ca release was stimulated in the, 
unbuffered, pyrite-containing shale-amended reactors relative to 
those lacking pyrite (Figure 2t), although here again some of this 
increase could be attributed to oxidation of pyrite in the inocu-
lum, as there was also an observable increase in Ca in the live no 
pyrite reactors. Mg and K showed patterns of release generally 
analogous to Ca (Figure S2A–H), whereas net Si release occurred 
only in the shale-free reactors (Figure S2I–L).

F I G U R E  2  Average pH (a–d), sulfate concentration (e–h), ATP content (i–l), total polythionate (m–p), and calcium concentration (q–t) in 
duplicate reactors for each experimental condition
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3.3  |  Microscopy and Mineralogical Alteration

Epifluorescence microscopic analysis from day 105 of the incu-
bation demonstrated a close association of microbial cells with 
pyrite surfaces. Cells appeared to preferentially colonize pyrite 
surfaces (opaque under light microscopy), as minimal fluores-
cence was observed on quartz surfaces (nonopaque) or in bulk 
solution (Figure 3). Under SEM, initial pyrite surfaces were clean, 

smooth, and free of any oxide coatings; EDS showed an average 
weight percent of 52.2% S and 47.8% Fe (Figure S3). Significant 
alteration of the pyrite surfaces as well as depletion in solid-phase 
S (final average 36.8% S) was observed after 167  days of both 
biotic and abiotic incubation. Morphological differences in the 
altered pyrite surfaces were observed across culturing condi-
tions. In the absence of shale, both buffered and unbuffered uni-
noculated control pyrite surfaces showed the presence of a lawn 
of porous, needle-like oxides with morphology consistent with 
goethite. In live unbuffered S + Py reactors, pyrite surfaces were 
coated with a smoother, apparently amorphous Fe-oxide coating 
(Figure 4) with only occasional goethite crystallites. TEM analy-
sis confirmed the presence of goethite on uninoculated control 
pyrite surfaces, and the presence of amorphous coatings on the 
biologically altered pyrite (Figure S3). When shale was present, 
the extensive covering of goethite-like needles was not observed 
under any experimental condition. Rather, the surfaces appear 
to be covered in smooth, amorphous coatings, less porous than 
the needle-like lawn observed under abiotic conditions in the ab-
sence of shale (Figure 5).

3.4  |  Microbial communities in enrichment cultures

16S rRNA gene amplicon analysis of microbial communities in the 
pyrite-containing enrichment cultures, both S + Py and S + Py + Sh, 
revealed a predominance of organisms from the genus Thiobacillus 
(Figure 6, medium blue). In the absence of a pyrite, the most domi-
nant genus was the Pseudomonas (Figure 6, brown), a well-known 
heterotrophic taxon (Moore et al., 2006) that was previously shown 
to extensively colonize minerals incubated in situ in groundwater 
(Converse et al., 2015). However, Thiobacillus was also observed at 
elevated abundance in one replicate of S-only and S + Sh reactors, 

TA B L E  1  Sulfate releases rate over the first 35 days of incubation

35-day sulfate release 
(mM day−1)a R2

Rate fold 
increase

Initial sulfate 
(mM)b

Final sulfate 
(mM)b

Total sulfate 
released (mM)b

Total release 
fold change

Sand only buffered

Live + Py 0.042 ± 0.001 0.9934 2.328 0.085 ± 0.0005 4.794 ± 1.523 4.709 ± 1.522 1.988

Control + Py 0.018 ± 0.0001 0.9798 0.098 ± 0.009 2.466 ± 0.128 2.369 ± 0.119

Sand only unbuffered

Live + Py 0.034 ± 0.041 0.9907 2.624 0.086 ± 0.004 3.502 ± 0.688 3.416 ± 0.692 1.203

Control + Py 0.013 ± 0.001 0.9877 0.084 ± 0.022 2.923 ± 1.012 2.839 ± 0.990

Sand + shale buffered

Live + Py 0.034 ± 0.001 0.9916 3.431 0.110 ± 0.013 2.929 ± 0.583 2.819 ± 0.596 4.657

Control + Py 0.001 ± 0.001 0.9481 0.117 ± 0.002 0.722 ± 0.156 0.605 ± 0.154

Sand + shale unbuffered

Live + Py 0.028 ± 0.001 0.9965 1.897 0.158 ± 0.054 1.630 ± 0.192 1.475 ± 0.138 1.853

Control + Py 0.015 ± 0.004 0.6793 0.125 ± 0.027 0.921 ± 0.810 0.796 ± 0.783

aFrom linear regression of sulfate concentrations over 35 days for individual reactors and error of the slope.
bAverage ± range of duplicate reactors.

F I G U R E  3  Composite (epifluorescence and light) image of 
SYTO stained microbially colonized pyrite grains after 77 days 
of incubation. Cells are preferentially adhered to pyrite surfaces 
rather than quartz grains or in background medium. Scale bar 
equals 20 µM



    |  9NAPIERALSKI et al.

which displayed some release of sulfate. These observations (small 
differences in sulfate release and differences in microbial communi-
ties between replicates of S and S + Sh reactors) are best explained 
by the oxidation of residual pyrite in the inoculum, which may have 
been more abundant in one replicate versus another despite our 
best attempts at homogenization prior to inoculation of duplicate 
reactors. The extent to which Thiobacillus dominated the S + Py and 
S + Py + Sh 16S rRNA gene amplicon libraries was variable among 
individual reactors and time, with the highest representation (92.7%) 
at day 77 in S +  Py-B reactors. Contrasting trends in the tempo-
ral abundance of Thiobacillus were observed in unbuffered and 

buffered reactors, with a decrease in abundance over time in the 
unbuffered reactors.

3.5  |  Metagenomic analysis of putative litho(auto)
trophic pathways

A total of 460 MAGs were obtained from the metagenomic coas-
sembly of the colonized minerals, ground water, and enrichment cul-
tures. Of the 460 MAGs obtained, 157 were determined via CheckM 
to be of high quality (>90% complete and <5% contamination). A full 

F I G U R E  4  SEM images of pyrite 
grains from S + Py reactors after abiotic 
incubation (a and c) and incubation with 
a live inoculum (B and D) for buffered (A 
and B) and unbuffered (c and d) reactors. 
Note the presence of discrete Fe oxide 
nanocrystals in the abiotic systems, which 
were much less abundance in the live 
cultures

(a) (b)

(c) (d)

F I G U R E  5  SEM images of pyrite grains 
from S + Py + Sh reactors after abiotic 
incubation (a and c) and incubation with 
a live inocula (b and d) for buffered (a 
and b) and unbuffered reactors. Note the 
difference in surface morphology and lack 
of crystalline phases in the abiotic control 
relative to S + Py reactors

(a) (b)

(c) (d)
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list of the 460 MAGs and associated quality metrics and contained 
taxonomy as determined via CheckM is provided in the supplemen-
tal files. Putative extracellular electron transfer (EET) pathways 
involved in Fe(II) oxidation were identified in 14 of the 460 MAGs. 
Homologs to the Cyc2-type iron oxidation pathway originally 

recognized in A.  ferrooxidans (Appia-Ayme et al., 1999) were iden-
tified in five of the putative FeOB MAGs. The outer membrane-
bound c-type monoheme cytochrome Cyc2 acts as a Fe(II) oxidase, 
transferring electrons to the inner membrane for energy genera-
tion via periplasmic electron carriers including Cyc1 (Castelle et al., 
2008). Cyc2-type EET systems have subsequently been shown to be 
widely distributed in the genomes of neutrophilic FeOB (He et al., 
2017), where its activity has been recently verified via meta-omics 
(McAllister et al., 2020) and implicated in the oxidative metabolism 
of solid-phase Fe minerals (Napieralski et al., 2019). The remaining 
nine putative FeOB MAGs contained homologs to the MtoABCD 
EET system (Emerson et al., 2013; Liu et al., 2012). The core pro-
teins of this pathway include the decaheme c-type cytochrome 
MtoA, which is inserted into the β-barrel porin MtoB, forming an 
outer membrane spanning electron conduit. Electrons are then de-
livered to the inner membrane cytochrome MtoC by the periplasmic 
cytochrome MtoD (He et al., 2017).

Of the 460  MAGs, 49 contained ORFs predicted to encode 
genes for three essential proteins of the widely distributed sulfur ox-
idation pathway Sox, including the heterodimeric c-type cytochrome 
SoxAX, the SoxXY carrier complex, and the sulfate thiohydrolase 
SoxB (Friedrich et al., 2001). During the oxidation of thiosulfate, 
SoxAX oxidatively links a thiosulfate molecule to a cysteine residue 
of SoxY. The sulfane sulfur is then hydrolyzed to sulfate by SoxB 
(Friedrich et al., 2001; Watanabe et al., 2019). The hydrolysis of 
SoxYZ by SoxB leaves cysteine persulfide on SoxY. The sulfur dehy-
drogenase SoxCD, necessary for the oxidation of the sulfane sulfur 
carried by SoxXY was identified in 36 of the 49 MAGs containing 
SoxXYAB. Alternatively, in some organisms lacking SoxCD, includ-
ing Thiobacillus denitrificans (Beller, Chain, et al., 2006; Beller, Letain, 
et al., 2006), a reversely operating sirohaem dissimilatory sulfite re-
ductase (DsrAB (Dahl et al., 2005; Pott & Dahl, 1998)) is employed. 
A complete reverse Dsr pathway (rDsrABCEFHJKLMNOPRS) was 
identified in seven of the MAGs containing SoxXYAB. Alternatively, 
a recently recognized heterodisulfide reductase (Hdr) pathway was 
identified (Koch & Dahl, 2018) in organisms lacking SoxCD and was 
identified in eight of the MAGs containing SoxXYAB. Both Dsr and 
Hdr pathways also require the presence of a membrane-bound sul-
fite oxidation enzyme, SoeABC (Dahl et al., 2013). SoeABC is con-
served in genomes of organisms employing Dsr and Hdr pathways 
(Watanabe et al., 2019), and accordingly present in all MAGs con-
taining Dsr and Hdr-based S-oxidation pathways.

F I G U R E  6  16S rRNA gene amplicon sequencing results showing 
the relative abundance of the dominant genera for each duplicate 
reactor after 21 (top), 77 (middle), and 167 (bottom) days of 
incubation for sand (S), sand + pyrite (S + Py), sand + shale (S + Sh), 
and sand + pyrite + shale (S + Py + Sh)-amended cultures. Buffered 
(B) and unbuffered (UB) reactors are delimited by a dashed line 
for each mineral treatment, with buffered reactors shaded in 
green. Genus or family (when lower taxonomic resolution was not 
available)-level classification is indicated by the color in the legend, 
with Thiobacillus appearing medium blue at the bottom of each 
stackD

ay 21
D

ay 77
D

ay 167
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Of the 63  MAGs that contained putative Fe or S oxida-
tion pathways, a further 28 of them also contained a complete 
set of genes for inorganic carbon fixation via the Calvin cycle, 
indicating an ability to grow chemolithoautotrophically. A sum-
mary of the distribution of chemolithoautotrophic pathways is 
provided in Figure 7 with abundances reported across metage-
nomes in log genome copies per million reads. The majority of 
the putative lithoautotrophs belong to the class β-proteobacteria, 
with only four falling within the α-proteobacteria. Both FeOB 
and SOB were detected across all samples. In the groundwater 
metagenome (DC0-GWb), two chemolithoautotrophic MAGs 
are particularly abundant: a putative Rhodocyclaceae with both 
MtoABCD and Sox-Hdr-Soe S-oxidation pathways, and a putative 
Comamonadaceae containing c-Sox, which are the third and sixth 

most abundant MAGs found in the groundwater, respectively. 
Chemolithoautotrophic MAGs across in situ mineral-colonized 
metagenomes (DC0-1 through DC0-6) are also well represented, 
though the most abundant MAGs across these samples tend to 
be anaerobic Fe and S-reducing taxa, particularly Geobacter and 
S-reducing Nitrospiraceae (Table S5). The differential abundance 
of the putative lithoautotrophs indicates a strong enrichment 
for SOB in all pyrite-oxidizing enrichment culture metagenomes, 
relative to both the groundwater and in situ microcosm metage-
nomes as evidenced by the high abundance of bins 449 and 12, 
which both contain Sox pathways. Particularly abundant across 
all pyrite-amended cultures is MAG 449 (bin 449, Figure 7), which 
is tentatively identified as belonging to the genus Thiobacillus and 
contains the Sox-Hdr-Soe pathway for S-oxidation.

F I G U R E  7  Heat map indicating the putative taxonomy and abundance (log genome copies per million reads) of chemolithoautotrophic 
MAGs obtained from the metagenomic coassembly across all samples in the coassembly (Groundwater; DC0-GwB, in situ mineral 
deployments; DC01-6 and enrichment cultures for which metagenomic library preparation was successful). The presence of each 
lithotrophic pathway for either S oxidation (c-Sox, Sox-Dsr-Soe, and Sox-Hdr-Soe) or Fe oxidation (Cyc2 and MtoABCD) in each MAG is 
indicated by a green square. For clarity, only MAGs containing either an Fe or S oxidation pathway as well as a full CO2 fixation pathway are 
shown
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3.5.1  |  Identification of potential novel pathways

As the most dominant MAG in pyrite-oxidizing enrichments, MAG 
449 was further interrogated to uncover potential mechanisms for 
pyrite oxidation, including the potential for utilization of extracel-
lular reduced sulfur. Of the 89 proteins predicted to be localized to 
the outer membrane (OM), two resided on the same contig as, and 
downstream from, the SoxXYZAB gene cluster (Figure 8). The first 
of these (OM19) was identified as having homology to (i) β-barrel se-
cretin, general secretion protein GspD, a central component of type 
II secretion system (T2SS), as well as (ii) the mannose-sensitive he-
magglutinin (MSHA)-type pilus assembly protein MshL, a type IV se-
cretion system (T4SS) secretin. The second OM-associated protein 
(OM20), seven genes downstream from the putative GspD/MshL, 
was unannotated by Prokka. A BLASTp search for potential ho-
mologs identified multiple hits to hypothetical proteins from known 
SOB, or MAGs from environmental samples where S-oxidation might 
be an important pathway (Table S5). The nearest hit, at 73.5% ID at 
99% query coverage, was a hypothetical protein (WP_124704254.1) 
from the SOB Sulfuriferula multivorans. Alignment of the recovered 
homologs revealed a conserved proline-cysteine-proline (PCP) motif 
near the C-terminus of the protein (Figure 9). Phyre2 prediction of 
protein structure identified Gsp pseudopilin GspG (20% ID, 98.2 
confidence) and the type IVa major pilin, PilA (25% ID, 96.4 confi-
dence) as the most appropriate template. Modeled structures and 
full Phyre2.0 results for OM20 are provided in the supplemental ma-
terial. Other genes in the gene cluster include a putative AAA family 
ATPase, a homolog to the inner membrane platform GspF, and sev-
eral hypothetical proteins unannotated by Prokka. The arrangement 
of the gene cluster shares remarkable similarity to other T2SS, with 
the location of several of the small, annotated genes suggesting that 
they may be type II pseudopilin or type IV pilin subunits. Included in 
these putative pilin-like subunits is a small protein predicted to be 
extracellular, located 1 gene downstream from OM20. The best hit 
from a BLASTp search of this protein was a type II secretion system 
protein (WP_124704253.1) also from S.  multivorans with a 73.7% 
identity and 99% query coverage. The alignment of the putative 
homologs (Table S6) again returned a conserved PCP as well as a 
conserved C residue at position 106 (Figure 9).

4  |  DISCUSSION

4.1  |  Enrichment culture geochemistry and 
mineralogy

The enhanced generation of sulfate in the presence of a live inocu-
lum under all conditions tested (Figure 2e–h) demonstrates the abil-
ity of microorganism from the SSHCZO subsurface to accelerate the 
oxidation of pyrite in vitro. Microbially enhanced pyrite oxidation 
was accompanied by scavenging of polythionates, which was oth-
erwise accumulated in abiotic reactors (Figure 2m–p); mechanistic 
and biogeochemical implication of these results is discussed below. 

It is important to note that the levels of polythionate accumulation 
in the abiotic reactors (≤0.097 mM) were ca. 15–62 fold lower than 
net sulfate release (see Table S7), a result consistent with previous 
short-term studies of abiotic pyrite oxidation at circumneutral pH 
(Moses & Herman, 1991). The kinetics of the abiotic reaction of thio-
sulfate with dissolved oxygen are notoriously slow (Durham, 1974) 
and our own observations indicate a loss rate of <1% per day in 
sterile 0.1 mM thiosulfate solutions (data not shown). These findings 
suggest that rapid turnover of the polythionate pool through abiotic 
reaction with oxygen was not the major mechanism for sulfate re-
lease in the uninoculated reactors. As described below, a key impli-
cation of this conclusion is that simple scavenging of polythionates 
via microbial activity cannot account for the observed stimulation of 
sulfate release in the biotic reactors.

The pH of cultures that were buffered, either by PIPES, shale, or 
both, remained largely circumneutral over the course of the exper-
iment (Figure 2a–d). The exception was the shale-free S + Py-B re-
actors, in which pH decreased to ca. 6 in conjunction with extensive 
pyrite oxidation (Figure 2a). The S + Py + Sh-UB reactors, which had 
an initial pH of 7.8, also exhibited biologically accelerated pyrite oxi-
dation (Figure 2h). Together, these results show that this process can 
occur over a fairly wide range of circumneutral pH. The unbuffered 
S + Py reactors underwent a precipitous drop in pH over the course 
of the experiment, and biological enhancement of sulfate generation 
stopped once the pH reached ca. 4. Concurrent with the decrease 
in pH were a rapid decrease in ATP (Figure 2j), decline in the abun-
dance of OTUs of the genus Thiobacillus (Figure 6), and accumulation 
of polythionates (Figure 2n). Together, these results suggest cellular 
death as a result of rapid acidification. Net microbial growth (i.e., 
increase in ATP) coupled to pyrite oxidation was not observed in any 
of the other inoculated reactor systems. The simplest explanation 
for this result is that heterotrophic organisms that had colonized the 
minerals (see Table S3) in situ declined in biomass when transferred 
to organics-free SH-AGW. These results preclude direct assessment 
of whether or not any chemolithoautotrophic growth took place in 
the inoculated reactors, although genomic evidence (see Section 
3.4.2) suggests that such growth could have taken place.

Marked differences were observed in the surface morphology 
and mineralogy of pyrite from the abiotic versus biotic shale-free 
reactors (Figure 4). The accumulation of goethite on pyrite surfaces 
under abiotic conditions is consistent with studies of the naturally 
weathered pyrites at SSHCZO (Gu, Heaney, et al., 2020), where ox-
idized pyrite grains show a sequential transition from poorly crys-
talline Fe oxides to goethite, with goethite more abundant at the 
outer rim. It is possible that microbially enhanced oxidation of pyrite 
resulted in a more rapid oxide precipitation, preventing the crys-
tallization to goethite at the pyrite surface (Pichler & Veizer, 1999). 
Additionally, bacterial cells have been shown to stabilize ferrihy-
drite, allowing the extended persistence of poorly crystalline phases 
(Kennedy et al., 2004).

In the presence of shale, both the biotic and abiotic oxidation 
of pyrite were repressed compared to identical conditions with no 
shale added (Figure 2e–h). It has previously been reported that the 
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formation of a silicate-stabilized passivation layer can greatly inhibit 
pyrite oxidation (Evangelou, 2001). As shale dissolution was ob-
served across all shale-amended reactors (demonstrated by an in-
crease in Ca and other cation concentrations; Figure 2q–t, Figure S1), 
it is likely that Si was released to solution during dissolution, and that 
the lower aqueous Si concentration in pyrite-amended shale reactors 
(S + Sh + Py) relative to nonpyrite-amended shale reactors (S + Sh) 
(see Figure S1K–L) is reflective of Si sorption. Si is strongly sorptive 
to Fe oxyhydroxides at near neutral pH (Swedlund & Webster, 1999), 
and the lack of goethite crystals in both buffered and unbuffered 
S + Py + Sh reactors (Figure 5) can be explained by the incorporation 
of Si into the Fe oxyhydroxide, preventing the further crystallization 

to crystalline phases such as goethite (Deng, 1997). Similar differ-
ences in morphologies between pyrite surface layers were observed 
during neutral pH (7.4) leaching with and without added Si in solu-
tion (Fan et al., 2017). Fan et al. (2017) demonstrated that without 
Si, pyrite surfaces displayed a needle like structure consistent with 
goethite; and that when Si was added to solution, Si was associ-
ated with an amorphous Fe-oxyhydroxide coating. The amorphous 
nature of the Si-Fe-oxyhydroxide coating was associated with de-
creased release of sulfate, a phenomenon attributed to the lower 
porosity of this layer when compared to layers of discrete goethite 
crystallites. These observations explain the overall suppression of 
both biotic and abiotic sulfate release in the presence of shale. When 

F I G U R E  8  Gene map of the Sox gene cluster (orange) from MAG 449, a putative Thiobacillus strain illustrating the genomic relationship to 
a putative T2SS system (Gsp, yellow). Predicted subcellular locations are provided. Hypothetical proteins and putative pseudopilin homologs 
are indicated

F I G U R E  9  Information content (in bits) of amino acid sequence alignments showing location of conserved motifs of the hypothetical 
sulfhydryl-containing outer membrane protein (top) and the adjacent pseudopilin (bottom) (see Figure 8) and homologs identified by 
BLASTPp (top) showing conserved regions, including cysteine residues. Stack height is indicative of degree of conservation with error bars 
representing the 95% confidence interval
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PIPES was not supplied as a buffer, live, inoculated reactors showed 
an even further suppression of sulfate release not observed under 
equivalent abiotic conditions (compare Figure 2g and h). We spec-
ulate that this effect could be attributable to a physiological effect 
related to the elevated pH of the unbuffered reactors (average 7.52) 
relative to buffered reactors (average (7.23).

4.2  |  Metabolic pathways and potential 
mechanisms for accelerated pyrite oxidation

Metagenome assembled genomes obtained from the pyrite enrich-
ment culture were investigated using metagenomics to gain insight 
into the potential chemolithotrophic pathways involved in pyrite 
oxidation. Percak-Dennett et al. (2017) proposed a sorbed Fe redox 
cycling model for microbially mediated pyrite oxidation, whereby 
microbial Fe(II) oxidation at the pyrite surface accelerates mineral 
dissolution. In this model, enzymatic Fe(II) oxidation promotes py-
rite oxidation through increased rates of sorbed Fe redox cycling 
coupled to conduction of electrons to the mineral surface (Moses & 
Herman, 1991; Percak-Dennett et al., 2017). Metagenomic sequence 
analysis showed that organisms in the Percak-Dennett et al. (2017) 
cultures contained extracellular electron transport (EET) pathways 
postulated to be involved in enzymatic Fe(II) oxidation by neutro-
philic FeOB (He et al., 2017). In contrast to those cultures, Fe(II) 
oxidation does not appear to be the dominant mechanism for ac-
celeration of pyrite oxidation in our experiments. Homologs to ei-
ther the MtoAB- or Cyc2-based pathways for aerobic Fe(II) oxidation 
(see He et al., 2017 for review) were found in 14  MAGs obtained 
from the metagenomic coassembly (Figure 7); however, the rela-
tively low abundance of these MAGs, coupled with the 16S rRNA 
gene community analysis from days 21 and 77 of the experiment 
(Figure 6), suggests that their contribution to pyrite oxidation was 
marginal. If microbially driven sorbed Fe redox cycling were the 
dominant mechanism, one might expect FeOB to be of higher abun-
dance than SOB, as well as differences to arise in the Fe(II)/Fe(total) 
ratio between live and control reactors over time, neither of which 
were observed under our experimental conditions (see Figures 6, 
7, and S1). While the low abundances of putative FeOB cannot en-
tirely preclude their potential contribution to enhanced pyrite oxi-
dation, our results nonetheless point to an important role for SOB, 
in contrast to the work of Percak-Dennett et al. (2017). Based on 
16S rRNA gene amplicon analysis of enrichment cultures, the most 
dominant organisms during times of high pyrite oxidation rates were 
related to the genus Thiobacillus. Two Thiobacillus-related MAGs 
were obtained from the metagenomic coassembly, neither of which 
contained the well-described MtoABCD- (Beckwith et al., 2015; Liu 
et al., 2012) or Cyc2 (Castelle et al., 2008; McAllister et al., 2020)-
type pathways for EET (see Figure 7). Nevertheless, the possibility 
remains for an alternative Fe(II) oxidation pathway. For example, a 
porin-periplasmic multicopper oxidase (MCO) of the PcoA and PcoB 
protein families has been hypothesized to be involved in chemolitho-
trophic Fe(II) oxidation (He et al., 2017), and homologs to PcoAB are 

present in the genome of the two Thiobacillus MAGs as well as the 
genome of T. denitrificans ATCC 25259. However, genomic analysis 
of potential nitrate-dependent Fe(II) oxidation pathways in T. denitri-
ficans ATCC 25259 did not indicate the upregulation of a MCO, and 
a screen of 20,000 random mutants did not yield an Fe(II)-oxidation 
defective mutant that would suggest a role for MCO (Beller et al., 
2013). The PcoAB-type MCO of T. denitrificans ATCC 25259 is found 
within a large gene cluster encoding other genes associated with 
metal resistance, including two heavy metal efflux systems and an 
Hg2+ resistance system (Beller, Chain, et al., 2006). These results 
suggest that PcoAB may, in fact, act as a conveyor of copper resist-
ance as opposed to an Fe(II)-oxidation pathway in T.  denitrificans. 
Furthermore, while T. denitrificans is purported to oxidize nanocrys-
talline pyrite coupled to nitrate reduction (Bosch et al., 2012), these 
results were not replicable with purely crystalline pyrite, and it has 
been suggested that the observed reduction of nitrate resulted from 
the chemolithotrophic oxidation of reduced sulfur species as impuri-
ties in the specimen pyrite or residual S from the initial inocula (Yan 
et al., 2019). As a caveat, the above-mentioned studies on T. denitrifi-
cans focus on nitrate-dependent iron or pyrite oxidation, in contrast 
to this study, where sterile air was supplied to the headspace and the 
cultures maintained aerobic conditions; however, studies reporting 
neutral pH aerobic pyrite oxidation are limited making direct com-
parisons difficult. Together, these findings suggest that Fe(II) oxi-
dation at the pyrite surface by Thiobacillus was not responsible for 
microbially enhanced sulfate release in our experiments.

The presence of the full Sox pathway in putative Thiobacillus 
MAGs is in accordance with the “indirect polythionate intermedi-
ate model” proposed by Percak-Dennett et al. (2017). In this model, 
surface associated SOB scavenge polythionate intermediates (e.g., 
thiosulfate) released from partial abiotic oxidation of pyrite. The 
supposition then is that consumption of polythionate intermediates 
increases the overall reaction rate via Le Chatelier effect. Although 
SOB have long been recognized to accelerate the oxidation of thio-
sulfate relative to strictly chemical oxidation (Tuttle & Jannasch, 
1976), it is unlikely that Le Chatelier's principle alone can be invoked 
to explain the enhanced release of sulfate to solution under biotic 
conditions. This mechanism would assume that the dominant prod-
uct released from the oxidation of pyrite is polythionates, and that 
the conversion of polythionates to sulfate is rate limiting. However, 
as discussed above, both our results and those of Moses and Herman 
(1991) and Moses et al. (1987) show that sulfate is the primary prod-
uct of abiotic pyrite oxidation at neutral pH, with the rate of polyth-
ionate generation being several-fold lower than sulfate generation. 
It has been demonstrated that in sterile, dilute thiosulfate solutions, 
the abiotic rate of thiosulfate reaction with oxygen is relatively slow, 
remaining stable for years (Durham, 1974). This would suggest that 
the measured thiosulfate concentrations in the abiotic reactors are 
a reasonable approximation of the actual thiosulfate generated. In 
addition, studies with the moderately acidophilic SOB Thiomonas 
intermedia, which has been shown to oxidize intermediate reduced 
S compounds formed by abiotic FeS2 oxidation (rather than FeS2 di-
rectly), demonstrated that rates of pyrite oxidation were not affected 
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by the presence of microbial activity (Arkesteyn, 1980; Schippers 
et al., 1996). This argument is further supported by thermodynamic 
calculations, which demonstrate that the free energy of the reaction 
is unaffected by the concentration of S2O3

2− (Percak-Dennett et al., 
2017). Regardless of whether or not polythionates were produced 
as intermediates in the biotic reactors, or if scavenging of chemically 
produced polythionates occurred, our data point to the need for an 
alternative model by which microorganisms can accelerate sulfate 
release from pyrite.

The lack of polythionate accumulation in biotic reactors could in 
fact point to an altogether different mechanism of pyrite oxidation 
in biotic reactors relative to simple consumption of polythionate in-
termediates by SOB. One intriguing possibility is the involvement 
of a dedicated outer membrane protein that interacts directly with 
the pyrite surface. Intracellularly, S transfer reactions often involve 
multiple transfers of persulfide moieties between enzymes contain-
ing sulfhydryl (thiol) functional groups (e.g., cysteine). Extracellularly, 
sulfhydryl containing outer membrane proteins (OMPs) have been 
proposed to mobilize elemental sulfur in acidiphilic S-oxidizing bac-
teria of the genus Acidithiobacillus. The OMP is postulated to form 
a persulfide bond between a cysteine residue and extracellular 
sulfur with the sulfane sulfur then serving as the substrate of the 
periplasmic sulfur dioxygenase (Rohwerder & Sand, 2003). Similar 
models have been described in Acidithiobacillus caldus (Chen et al., 
2012; Mangold et al., 2011) and A.  thiooxidans (Yin et al., 2014). 
Interestingly, thiol-containing OMPs have also been shown to be 
differentially expressed in phylogenetically distant mesoacidiphilic 
to extremely acidiphilic sulfur-oxidizing microorgansims grown on 
S0, including the firmicute Sulfobacillus thermosulfidooxidans and 
the Archeon Acidianus manzaensis (Liu et al., 2015). While the above 
studies are restricted to acidophilic taxa, a hypothetical OMP in 
the neutrophilic ε-proteobacterial SOB Sulfurimonas denitrificans 
was recently shown to be enriched in the proteome when the or-
ganism was grown on solid-phase cyclooctasulfur (S8) compared 
to thiosulfate (Gotz et al., 2019). While the function of this protein 
remains unknown, Gotz et al. (2019) identified homologs in other 
Campylobacteria species implicated in the oxidation of elemental sul-
fur and suggest that it may be involved in the activation of S8.

While no homologs to the hypothetical protein postulated to be 
involved in S8 oxidation were found in the Thiobacillus MAGs, the 
possibility remains of an analogous feature that could mediate direct 
oxidation of extracellular pyrite S. Although speculative, it is interest-
ing to note the presence of a gene cluster encoding a putative T2SS 
or T4SS protein secretion systems (see Section 3.4.3) downstream 
of the Sox operon in the most abundant Thiobacillus-related MAG 
(Figure 8). T2SS are widely distributed among the Proteobacteria and 
employed for a variety of purposes including virulence, adhesion, and 
nutrient acquisition (Cianciotto, 2005). While most T2SS-secreted 
proteins are soluble, diffusing away from the cell, T2SS is also known 
to secrete membrane-anchored proteins (Rondelet & Condemine, 
2013) including the lipoproteins MtrC and OmcA used in the res-
piration of insoluble Fe(III) oxide minerals by Shewanella oneidensis 
(DiChristina et al., 2002; Shi et al., 2008). Rather than for the export 

of an OM-anchored protein, another possible role of the putative 
secretory system could be the formation of a pilus-like structure that 
could interact directly with pyrite surfaces. While T2SS pseudopilins 
are largely confined to the periplasmic space, it has been shown that 
they are capable of forming full pilus-like structures extending to 
the cell surface (Durand et al., 2003; Sauvonnet et al., 2000). Two 
pseudopilin homologs in the Thiobacillus MAG are predicted to be 
extracellular (Figure 8), in addition to the outer membrane hypothet-
ical protein (OM20), which is predicted to be a pseudopilin based 
on structural analysis. The putative pseudopilin subunits contain 
multiple conserved cysteine residues (Figure 9), which could, in the-
ory, be used to transport extracellular persulfide groups to the peri-
plasm for oxidation via the Sox pathway. It remains possible that the 
conserved cysteine residues common among the putative (pseudo)
pilin proteins are of a structural nature, forming C-C disulfide bonds 
common to true T4SS pilins (Parge et al., 1995). However, protein 
family (Pfam) alignments of T2SS protein G (PF08334) and TSS2 
pseudopilin PulG (PF11773) do not contain any conserved cysteine 
residues, suggesting their role is not likely to be purely structural 
if they are, in fact, T2SS pseudopilins. Due to the high degree of 
similarity between T2SS and T4SS (Peabody et al., 2003) and their 
overall low similarity to the homologs of these proteins found in the 
Thiobacillus MAGs, it is difficult at this point to infer with certainty 
which class of secretory systems is constituted by the gene clus-
ter in Figure 8. Regardless, the fact that the nearest BLASTp hits to 
the above-described putative proteins identified in the Thiobacillus-
related MAG are SOB is thought-provoking, raising the question of 
their potential involvement in extracellular pyrite oxidation via a 
“direct sulfur oxidation” mechanism. A conceptual diagram for the 
proposed pathway in Thiobacillus MAG 449 is provided in Figure 10.

4.3  |  Environmental implications

The enhanced generation of sulfate in presence of a live inoculum 
under all conditions tested (Figure 2e–h) confirms the previously de-
scribed (Percak-Dennett et al., 2017) ability of microorganisms from 
subsurface pyrite weathering environments to accelerate aerobic 
oxidation of pyrite in vitro. The previous study (Percak-Dennett 
et al., 2017) was conducted with organisms from unconsolidated 
Miocene-age lacustrine deposits from the Hanford 300 Area site in 
eastern Washington (Peretyazhko et al., 2012) where geochemical 
data suggest that oxidation of pyrite is taking place in the vicinity of 
redox transition zone ca. 18 m below the ground surface (Lin et al., 
2012). Although this system differs fundamentally from the hydro-
geochemical environment at Shale Hills (see below), the fact that 
aerobic chemolithotrophic organisms from both environments are 
able to accelerate pyrite oxidation suggests that such organisms may 
be common in pyrite-bearing subsurface environments. This idea is 
supported by recent preliminary studies, which demonstrated the 
ability of aerobic groundwater microorganisms to accelerate oxida-
tion of native pyrite phases in sandstone aquifer sediments from 
Wisconsin (Haas et al., 2019).
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It is important to consider the physical and geological character-
istics of subsurface environments when evaluating what role chem-
olithotrophs may play in the oxidation of reduced Fe and S minerals 
in natural systems. To illustrate this idea, consider the subsurface ox-
idative weathering of Fe(II)-silicate minerals in granitic bedrock (Rio 
Blanco Quartz Diorite) from the Luquillo Critical Zone Observatory 
in Puerto Rico. In this system, chemolithotrophic FeOB resides in 
partially altered, fractured, rocky material termed the “rindlet zone” 
(Turner et al., 2003), where direct contact with mineral surfaces is 
feasible (Buss et al., 2005; Minyard et al., 2012). In the outer rindlet 
zone, the weathering of the Fe(II)-silicate mineral hornblende is rapid, 
becoming completely depleted over a scale of centimeters (Buss 
et al., 2005, 2008). We recently demonstrated in laboratory exper-
iments that chemolithotrophic FeOB can mediate the oxidation of 
the Fe(II)-silicate minerals biotite and hornblende in the Rio Blanco 
Quartz Diorite at substantial rates compared to zero rates of reac-
tion under abiotic conditions (Napieralski et al., 2019; Napieralski & 
Roden, 2020). Although translation of the laboratory results to in situ 
weathering rates is not yet possible, the presence of fractures and 
the existence of relatively fine-grained granitic fragments within the 
rindlet zone strongly suggest that microorganisms are likely to play 
a role in oxidative Fe(II)-silicate weathering. Similar conclusions were 
reached by Percak-Dennett et al. (2017) regarding the likely participa-
tion of chemolithotrophic microorganisms in pyrite oxidation within 
the redox transition zone at the Hanford 300 Area site.

In contrast to the Hanford 300 Area redox transition zone and 
Luquillo rindlet zone environments, oxidation of pyrite in the Rose 

Hill Shale at the SSHCZO occurs at a depth where very little sig-
nificant disaggregation of the nanoporous protolith is observed 
(Brantley et al., 2013; Gu, Heaney, et al., 2020). Thus, direct con-
tact of microbial cells with pyrite is without question limited by the 
nanoporosity of the Rose Hill Shale, with the potential exception of 
pyrite exposed on fracture surfaces (see illustration in Figure 1). In 
light of this reality, Gu, Heaney, et al. (2020) argued that it seems 
unlikely that any direct contact mechanism can be a large contrib-
utor to oxidative weathering of pyrite at SSHCZO. This precludes, 
therefore, either the previously proposed sorbed Fe redox cycling 
mechanism, or the newly proposed direct sulfur oxidation path-
way. In addition, in stark contrast to the total lack of abiotic Fe(II)-
silicate oxidation after ca. 2.4 years of abiotic incubation reported 
by Napieralski et al. (2019), our experiments show that significant 
pyrite oxidation proceeds under long-term abiotic incubation. As ev-
idenced by the careful analytical work of Gu, Heaney, et al. (2020), 
S is completely depleted during in situ pyrite weathering at the grain 
scale within the nanoporous matrix at SSHCZO. The lack of observ-
able S phases on the oxidized pyrite indicates complete S removal 
and suggests that diffusion of thiosulfate (or sulfate) is not limiting 
with regard to in situ oxidation. Hence, scavenging of polythionates 
via the “polythionate intermediate model” is also unlikely to lead to 
accelerated pyrite oxidation in situ. This assertion is in accordance 
with our experimental findings that thiosulfate consumption by SOB 
is unlikely to significantly accelerate pyrite oxidation in vitro (see 
Section 4.1). It thus seems unlikely that either FeOB or SOB can ef-
fectively accelerate pyrite oxidation at a large scale in the Rose Hill 
shale. In particular, as suggested by Gu, Heaney, et al. (2020), under 
most of the catchment, pyrite oxidation is occurring in the shale 
where nanopores are too small to allow access by micro-organisms, 
and so oxidation is likely to be abiotic. However, Gu, Heaney, et al. 
(2020) also suggested that biotic oxidation could be occurring along 
fracture walls where micro-organisms can gain access, or possibly 
under the valley of the Shale Hills watersheds where pore sizes 
are sometimes observed to be large even at depths near the pyrite 
oxidation front. Thus, on some fracture walls and under the valley 
where pyrite oxidation is thought to dictate the pace of incision, it is 
possible that microbial enhancement may occur.

Despite the assertion that pyrite oxidation at SSHCZO must 
largely proceed abiotically, this work provides new insight into the 
potential mechanisms by which microorganisms may accelerate py-
rite oxidation at circumneutral pH. In circumneutral environments 
where the geological setting is appropriate to allow for direct micro-
bial colonization of mineral surfaces, it is conceivable that microbially 
mediated pyrite oxidation may be an important, perhaps dominant, 
biogeochemical process. Studies in a wide range of such pyrite-
oxidizing environments have noted an abundance of organisms of 
the genus Thiobacillus, suggestive of a common functionality for 
this ubiquitous taxon. Investigations of black shale weathering have 
identified Thiobacillus related 16S rRNA gene sequences in an in situ 
incubation experiment (Zhu & Reinfelder, 2012) and in a study inves-
tigating black shale weathering profile developed near a roadcut in 
southwest China (Li et al., 2014). Additionally, it has been reported 

F I G U R E  1 0  Conceptual diagram of the proposed “direct 
sulfur oxidation” mechanism for microbial circumneutral pyrite 
oxidation by the putative Thiobacillus sp. MAG 449 via the Sox-
Hdr-Soe pathway. A putative sulfhydryl-bearing outer membrane 
(OM) protein (orange, see Figures 8 and 9 for details) mediates 
the transfer of pyrite sulfur (S) to components of the Sox sulfur 
oxidation components (green) in the periplasm. Further oxidation 
of the sulfone sulfur carried by SoxYZ is performed via the 
cytoplasmic heterodisulfide reductase (Hdr, blue) and the inner 
membrane bound sulfite oxidation enzyme (SoeABC, mustard)



    |  17NAPIERALSKI et al.

that pyrite exerts a strong mineralogical control on microbial com-
munity structure in subglacial environments (Mitchell et al., 2013) 
and lithoautotrophic oxidation of sulfide minerals in such environ-
ments, including by Thiobacillus (Harrold et al., 2015), is postulated 
to be a driver of subglacial primary productivity and mineral weath-
ering (Boyd et al., 2014; Montross et al., 2013; Skidmore et al., 2005). 
Rapid exposure of fresh pyrite in recent landslides (Emberson et al., 
2016) could also produce a habitat capable of supporting chemolith-
otrophic circumneutral pH pyrite oxidation activity. Similarly, micro-
bial circumneutral pyrite oxidation is likely to be of importance in the 
early stages of AMD generation where mining activity exposes fresh 
mineral surfaces for microbial colonization prior to the onset of rapid 
acidification. Investigations of mine tailings have shown that pH is 
an important driver of microbial community structure (Chen et al., 
2013, 2014) and Thiobacillus seems to be an important community 
member in mining waste (Blowes et al., 2003; Korehi et al., 2014; Liu 
et al., 2014; Schippers et al., 2010).

5  |  CONCLUSIONS

Pyrite-oxidizing enrichment cultures established using an inoculum 
from a natural subsurface pyrite weathering system demonstrated 
enhanced sulfate generation relative to uninoculated controls 
under circumneutral pH conditions. Whether artificially buffered 
with PIPES or naturally buffered by the native shale, rapid acidifi-
cation of the bulk culture media was prevented despite extensive 
pyrite oxidation, resulting in long-term circumneutral pH condi-
tions where organisms of the genus Thiobacillus dominated enrich-
ment cultures. Metagenomic analysis revealed that the dominant 
chemolithotrophic pathway in enrichment cultures was oxidation of 
reduced S. The most abundant chemolithotrophic MAG, a putative 
Thiobacillus species, contained a full reduced S oxidation pathway. 
Scavenging of polythionate intermediates is insufficient to explain 
the enhanced generation of sulfate from pyrite in the presence of 
SOB. We thus propose a new “direct sulfur oxidation” pathway to 
explain this phenomenon. While we conclude that the sorbed Fe 
redox model proposed by Percak-Dennett et al. (2017) is not likely 
to be the dominant mechanism of accelerated pyrite oxidation in our 
enrichment cultures, it can by no means be discounted as a poten-
tial pathway in all systems. The possibility remains that FeOB are 
capable of accelerating the circumneutral oxidation of pyrite and 
that our enrichment in SOB is unique to this study. In the context of 
subsurface shale weathering, the oxidation of pyrite in the Rose Hill 
Shale at SSHCZO largely proceeds abiotically, as physical contact 
between mineral surfaces and living cells, which is almost certainly 
required for biotic catalysis (either by the sorbed Fe redox cycling or 
the direct sulfur oxidation pathway), is likely not possible in the na-
noporous shale matrix. Only in certain locations, such as under the 
valley of the watershed, it is possible for pores to be large enough for 
microbial enhancement of weathering. Thus, our understanding of 
microbial chemolithotrophic oxidation of pyrite at circumneutral pH 
is still in its infancy, and further studies in the types of environments 

likely to be conducive to the process are needed to gain a fuller un-
derstanding of mechanistic underpinnings and biogeochemical sig-
nificance of this as yet poorly documented phenomenon.
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