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ated aerobic oxidation of trace
element-bearing pyrite in neutral-pH sandstone
aquifer sediments†

Lisa Haas,ab Matthew Ginder-Vogel, c James J. Zambito, IV,d David Hartb

and Eric E. Roden *a

Pyrite (FeS2) is the most abundant sulfide mineral on Earth and represents a significant reservoir of iron and sulfur in

modern and ancient sediments.Oxidation of pyrite in the terrestrial subsurface is commonly associatedwith lowering

of groundwater pH and release of constituent trace elements to solution. Although the central role of microbial

activity in pyrite oxidation is well understood in acid mine/rock drainage and other low-pH (e.g. pH < 2)

environments, the role of microorganisms in mediating pyrite oxidation under circumneutral pH conditions is not

well understood. Here we demonstrate the potential for aerobic microbial metabolism to promote circumneutral

pH oxidation of trace element-bearing pyrite in Cambrian-age sandstones from Trempealeau County, WI (USA).

Microbial activity accelerated ca. 2–5 fold the rate and extent of sulfate release (a direct measure of pyrite

oxidation) from reduced pyrite-bearing sediments. pH values dropped to 3 in biotic microcosms which contained

limited carbonate (dolomite) buffering capacity. The overall surface area-specific rate constant for pyrite oxidation

inferred from batch reaction modeling of these microcosms (10−7.8 mol m−2 s−1) was ca. 25-fold higher than for

the corresponding abiotic reactors (10−9.2 mol m−2 s−1). Calcium and magnesium were proportionally released to

solution with sulfate as a result of carbonate and/or Ca-aluminosilicate dissolution by acid generated from pyrite

oxidation. When the amount of acid from pyrite oxidation exceeded the system buffering capacity, metals were

selectively released from the geological material. No significant release of trace metals took place in abiotic

reactors, which showed much lower rates of pyrite oxidation. These findings suggest that groundwaters in

contact with pyrite-containing geological formations contain microorganisms capable of accelerating the

oxidation of native pyrite in those formations. Analysis of microbial community composition in the microcosms by

16S rRNA gene amplicon sequencing showed enrichment in organisms related to taxa associated with

chemolithotrophic metabolism (Candidatus Tenderia electrophaga, Thioprofundum lithophicum, and Thiobacillus

thioparus) from background levels (<2%) to up to 40% of total sequence reads. A reactive transport modeling

exercise demonstrated how microbial acceleration of pyrite oxidation could have a crucial, near-term (<10 years)

impact on pH decline and trace element release in response to influx of oxygenated groundwater into previously

reduced geological strata. Our results have key implications for controls on the onset of low-pH conditions and

associatedchanges in groundwater quality in drinkingwaterwells locatedwithinpyrite-bearinggeological formations.
Environmental signicance

Pyrite is a dominantmineral reservoir for iron and sulfur in sedimentary environments. Reaction of pyrite and othermetal suldes with oxygen results in lowering of
pH and the release of iron, sulfate, and trace elements to solution. Microorganisms are known to accelerate pyrite oxidation, particularly in acid mine drainage and
other low-pH environments. The potential for microorganisms to mediate pyrite oxidation under circumneutral pH conditions has also recently been recognized.
Microbial acceleration of neutral-pH pyrite oxidation has important implications for water quality in aquifers where pyrite-bearing geological strata are exposed to
oxygen as a result of human activities. This study demonstrates the ability of aerobic microbial metabolism to promote oxidation of native pyrite phases in
circumneutral-pH sandstone aquifer sediments from west-central Wisconsin, USA. Our results have key implications for controls on the onset of low-pH conditions
and associated changes in groundwater quality in private and municipal drinking water wells located within pyrite-bearing subsurface environments.
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Fig. 1 Water quality results from wells open to Tunnel City Group and
Wonewoc Formation strata (A) and from frac sand wash ponds in
West-Central Wisconsin. (B) Water quality data provided by D. John-
son, Wisconsin Department of Natural Resources (personal commu-
nication, 2016). Values plotted represent the ratio of measured
concentration to the either the NR140 enforceable standard or the
NR809 secondary standard for groundwater and drinking water
(Wisconsin-DNR, 2021).
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1. Introduction

Pyrite (FeS2) is the most abundant sulde mineral on Earth, and
its oxidation through biotic and abiotic pathways is a major
source of sulfate input to oceans both in modern1,2 and ancient
environments.3–5 Oxidative transformations of pyrite and other
metal suldes play a key role in terrestrial element partitioning
with broad impacts to contaminant mobility and the formation
of acid mine drainage systems.6 Microbial pyrite oxidation has
been extensively studied at low pH, mainly in the context of acid
mine/rock drainage. Under acidic conditions, microbial catalysis
greatly accelerates pyrite oxidation through aerobic oxidation of
soluble Fe2+, which produces Fe3+ ions that serve as an effective
chemical oxidant for FeS2.7 However, many soil and sediment
environments are not acidic but rather have a circumneutral pH,
where pyrite oxidation can occur abiotically through reaction
with atmospheric oxygen,8 or potentially through biologically
catalyzed pathways.While there is a growing body of literature on
circumneutral chemolithotrophic microbial oxidation of pyrite
coupled to denitrication,9–11 fewer studies have examined the
ability of aerobic microorganisms to accelerate pyrite oxidation
at circumneutral pH. The growth of such organisms has been
previously suggested in hydrothermal habitats12,13 and subglacial
ecosystems.14,15 Only recently, however, has explicit evidence for
microbially accelerated aerobic pyrite oxidation at neutral pH
been obtained.16,17 Percak-Dennett et al.16 demonstrated sus-
tained enhancement of sulfate release in the presence of a live,
natural inoculum overmultiple generations in cultures grown on
synthetic framboidal pyrite. Napieralski et al.17 demonstrated 2–5
fold accelerated oxidation of specimen pyrite by organisms that
had previously colonized pyrite incubated in situ in a pyrite-
bearing shale formation in central Pennsylvania.

Microbial acceleration of aerobic, neutral-pH pyrite oxidation
has important implications for low-temperature geochemistry in
modern environments, in particular subsurface metal sulde
weathering (e.g. in pyrite-bearing sedimentary rocks) and acid
mine/rock drainage systems. In such environments, acidication
linked to the formation and accumulation of ferric iron during
biotic and/or abiotic pyrite oxidation initiates a propagation
cycle that results in massive metal sulde leaching.6 Depending
on the buffering capacity of the local surcial environment, early
aerobic and/or nitrate-dependent pyrite oxidation could initiate
the process of acidication, thereby accelerating the eventual
development of acidic conditions.

Poor water quality conditions exist in many public (and
private) groundwater wells in west-central Wisconsin (WI), USA.
As illustrated by data from three municipal wells in Fig. 1A,
concentrations of iron, manganese, aluminum, various trace
metals/metalloids, and sulfate in these subneutral pH (4–4.5)
well waters exceed either enforceable or secondary standards by
factors of 4 to >1000. West-central WI, similar to the entirety of
central WI, is an area where the Cambrian–Ordovician regional
aquifer system (see Fig. S1† for map of WI geological units)
within sandstone formations (interbedded with shales and
carbonate strata) is a primary groundwater resource for
municipalities and private well owners. Well construction
834 | Environ. Sci.: Adv., 2024, 3, 833–849
reports indicate that each of the impacted wells shown in
Fig. 1A is open to the Cambrian-aged Tunnel City Group (TCG)
and Wonewoc Formation (WF; Elk Mound Group) geologic
units. The TCG, which contains variable abundance of
carbonate, quartz, feldspar, and the clay mineral glauconite,
stratigraphically overlays the quartz-dominated WF. North of
the impacted wells where the TCG and WF intersect the land
surface, the WF is of economic interest as it has been actively
mined for the friable sandstone which consists upwards of 97%
sand-sized, rounded quartz grains that is applied as a proppant
during hydraulic oil and gas fracturing (frac) operations. Frac
sand wash ponds where WF sediments are washed, sieved, and
settled out also show poor water quality (Fig. 1B), specically
high iron, manganese, and aluminum. Inltration of frac sand
wash pond uid into shallow groundwater (e.g. as a result of
both normal operations, e.g. unlined ponds, as well as acci-
dental sludge release, e.g. levee failures, to surface waterways)
represents a risk to local homeowner well water quality that has
received substantial public attention.18
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Zambito et al.19 suggested that oxidative dissolution of iron
sulde minerals (mainly pyrite) containing trace abundances of
divalent transition metals (Co, Cu, Ni, Pb, Zn) and arsenic (As)
could be responsible for generation of the low-pH, elevated dis-
solved metal conditions present in well water and frac sand pond
uids in west-central WI. This process is responsible for
contamination of groundwater in northeastern, WI, where intro-
duction of aerobic groundwater into pyrite-bearing secondary
cement horizons in the Sinnipee Group and St. Peter Sandstone
(Ancell Group) formations has led to dissolved As concentration
far above water quality standards.20,21 As in the case of the St. Peter
Sandstone, the pyrite identied in the TCG and WF units is
present as sub-cm-sized nodules or disseminated in rock pore
spaces as sub-mm-sized crystals and framboids (Fig. 2; see also
Fig. S3†). The origin of the pyrite in these units may include early
diagenetic authigenic phases (e.g. in Cambrian age marine
layers), as well as precipitation from later migrating uids.22–24

In light of recent studies that demonstrate microbial acceler-
ation of neutral-pH pyrite oxidation16,17 it seems possible that
microbial catalysis may be a factor these systems, as well as other
similar environments within (i.e. the Sinipee/St. Peter Sandstone)
Fig. 2 Rock core images of pre-processed Tunnel City Group (TCG) an
into sediment for reactor experiments. Green and red boxes show exam
shows a magnified image of a Tunnel City Group sample with pyrite lini
magnified image a Wonewoc formation sample with abundant well-roun
worm burrow, collected at 360 feet depth. See Fig. S2† for larger version
version of the same geological strata, in which virtually all pyrite has bee

© 2024 The Author(s). Published by the Royal Society of Chemistry
and beyond the state ofWI. Indeed, tracemetalmobilization from
suldes is a common groundwater quality concern. The sand-
stone aquifer settings in WI and the associated mechanisms for
trace metal mobilization differ from the alluvial sedimentary
environments in Asia and southeast Asia where groundwater As
contamination is major threat to human health.25 However,
oxidation of pyrite and other metal suldes is ultimately respon-
sible for the generation of iron oxide-associated As in alluvial
sediments,26 andmay contribute directly to net mobilization of As
to groundwaters in Bangladesh27 and other analogous systems.

This study examined the potential for aerobic microbial
metabolism to promote circumneutral pH pyrite oxidation in
subsurface sediments from the TCG and WF geological units.
The geologic materials used were specically chosen based on
their mineral composition representing two subsurface redox
endmembers (reduced vs. oxidized) with two pH buffering
endmember capacities (TCG with carbonate vs. WF without
carbonate). A private well owner provided a source of in situ
groundwater (with its native microbial community) from
geological strata in proximity to where the geologic materials
were collected. A unique aspect of this work is the use of
d Wonewoc Formation (WF) reduced and oxidized that was pulverized
ples of sub-mm sized disseminated pyrite crystals. Upper redox box

ng the inside of a vug, collected at 186 ft depth. Lower red box shows
ded quartz sand and pyrite nodules infilling a ca. 500 million year-old
s of the images in the red boxes. Images on the right illustrate oxidized
n replaced with iron oxides present as coatings on quartz sand.

Environ. Sci.: Adv., 2024, 3, 833–849 | 835

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00399j


Table 1 Solid-phase composition of reduced (Red) and oxidized (Ox)
Tunnel City Group (TCG) andWonewoc Formation (WF)materials used
in the microcosm experiments

Material Total reduced Sa (%) Total Feb (%) Ca (%) TICc (%) pHd

TCG-Red 0.66 2.55 10.7 8.21 8.5
TCG-Ox 0.0012 2.44 10.4 5.14 8.2
WF-Red 1.58 0.73 0.03 BDe 5.7
WF-Ox 0.0006 0.83 0.01 BDe 5.7

a Chromium reduction extraction (Fossing and Jorgensen, 1989) and
colorimetric S(−II) analysis (Cline, 1969). b Aqua regia digestion, ICP-
OES analysis (ALS Geochemistry Reno, NV). c Total inorganic carbon,
high temperature combustion (Shimadzu TOC-VCSH). d Aer 30
minutes suspension of 1 g dry material in 10 mL of 10 mM CaCl2.
e Below detection.
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naturally-occurring sedimentary pyrite phases, which to our
knowledge have never been examined for their susceptibility
microbially-accelerated aerobic oxidation at circumneutral pH.
Numerous studies have examined the potential for aerobic
microorganisms to obtain energy for growth and/or accelerate
pyrite oxidation at both acidic (reviewed in ref. 6) and neutral
pH,6,12,16,17,28–32 but virtually all of these studies (and all of the
circumneutral pH studies) have been conducted with specimen
minerals (arsenopyrite in the case of ref. 32), as opposed to
naturally-occurring phases.

We evaluated the hypothesis that microbial activity could
increase the rate and extent of sandstone pyrite oxidation by
conducting batch incubation experiments with native microbial
populations in WF groundwater. The response of the microbial
community was assessed through 16S rRNA gene amplicon
sequencing, which based on previous work16,17 was expected to
show a distinct response to controlled exposure to pyrite-
containing sediment. The impact of microbial activity on the
surface texture of sediment pyrite grains was assessed through
scanning electron microscopy. A one-dimensional, single-cell
reactive transport model, employing rate constants derived
from the batch experiments, was used to assess the potential for
microbially-accelerated pyrite oxidation to promote the onset of
low-pH conditions and release to trace metals to solution in
poorly-buffered WF aquifer sediments.

2. Materials and methods
2.1 Geological materials

Pyrite-containing reduced (Red) and pyrite-depleted oxidized
(Ox) end-member materials from the TCG and WF geologic
units were obtained from archived (WGNHS Core repository in
Mount Horeb, WI) borehole rock cores drilled by the Wisconsin
Geological and Natural History Survey (WGNHS) in 2015 and
2016. Fig. S2† shows the drill core locations in relation to the
regional stratigraphy and landscape relief. The sampled inter-
vals include TCG-Red from WGNHS Arcadia Quarry Core
62000166, TCG-Ox from WGNHS Lockington Quarry Core
62000213, WF-Red WGNHS Arcadia Quarry Core 62000166, and
WF-Ox Thompson Valley Core 62000218 (see Fig. 2 for photos of
sampled core intervals). All boreholes are within 3.5 km of each
other. The reduced TCG andWFmaterials contained ca. 0.7 and
1.6% by weight of pyrite-S, whereas the oxidized representatives
of the same lithologies contained 0.001% or lower pyrite-S by
weight (Table 1). The TCG lithologies are abundant in pH-
buffering carbonate minerals, whereas WF lithologies are not
(Table 1). The bulk solid-phase elemental composition of the
materials is provided in Tables S1 and S2.† The choice of these
materials allowed us examine (1) how exposure of reduced,
pyrite-bearing sediments to aerobic conditions could impact
groundwater geochemistry, in direct comparison with strati-
graphically equivalent oxidized, pyrite-depleted sediments; (2)
the inuence of sediment carbonate mineral abundance on the
geochemical response to native sediment pyrite oxidation.

Rock core section samples were crushed in a jaw crusher
then puck-and-bowl pulverized to produce a homogenized bulk
sample. The homogenized material was washed three times
836 | Environ. Sci.: Adv., 2024, 3, 833–849
with anoxic deionized (DI) water (1 : 2 solid–liquid ratio) to
remove any solid-associated sulfate (e.g. sulfate-bearing phases
derived from pyrite oxidation since exposed to the atmosphere
during core storage). The suspended material was shaken
vigorously and le to settle for 24 hours in an anaerobic
chamber. The sample was then centrifuged and the supernatant
was removed. This was repeated three times to remove virtually
all solid-associated sulfate.
2.2 Groundwater

Groundwater was collected from a homeowner's outdoor spigot
near Arcadia, WI and within 3.5 km of the borehole drill sites.
By reviewing the well construction report, the groundwater well
sampled for this study was known to be pumping water from 12
m below the stratigraphic contact between theWF and overlying
TCG. The well itself was not cased starting at 15 m above the
contact in the TCG and ending 18 m below the contact in the
WF. The static water level in the well in the year 2000 was 8 m
below the WF and TCG stratigraphic contact. The line was
ushed for 3 hours at 7.5 L per minute (ca. 1350 L through the
445 L well and 150 L storage tank) prior to sample collection.
The well water did not pass through a water soener or other
water treatment device or lter before reaching the outdoor
spigot where it was collected. pH wasmeasured onsite with a pH
test strip and immediately upon returning to the lab. Ground-
water was stored in 1 L Nalgene wide-mouth sample bottles
lled completely to minimize sample degassing. Samples were
transported and chilled in a cooler, then refrigerated at 4 °C
before microcosm preparation. Samples for groundwater DNA
analysis were obtained by passing ca. 2 L of uid through in-line
0.2 mm lter cartridges. The cartridges were transported with
the groundwater and frozen immediately upon return to the
laboratory. The major and trace element composition of the
groundwater is provided in Table S3.†
2.3 Microcosm reactors

A series of microcosm reactors were constructed with the
homogenized geological materials and freshly collected
groundwater (see Fig. S4† for experimental set-up). Five grams
of solids were suspended in 50 mL of groundwater in 120 mL
© 2024 The Author(s). Published by the Royal Society of Chemistry
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acid-washed glass serum bottles. The bottles were sealed
with an aluminum crimp-capped rubber stopper. For live
reactors, 5 mL of groundwater was mixed with the geologic
material and the bottles were autoclaved. Aer cooling to room
temperature, 45 mL of fresh groundwater was added to estab-
lish a live microbial community. Abiotic controls were auto-
claved immediately aer mixing 5 g of solids with 50 mL of
groundwater.

The reactors were sampled initially weekly, then bi-weekly,
then monthly over a 580 days period to monitor changes in
solid- and aqueous-phase geochemical conditions. Samples were
obtained using sterile disposable 18 gauge needles and 3 mL
plastic syringes. An equal volume of oxygenated, sterile air was
added prior to sample removal tomaintain atmospheric pressure
in the bottles. A 0.5mL portion ofmixed solid and aqueous phase
sample was stored with 0.25 mL 20 mM EDTA for ATP analysis.
Two 1 mL samples were centrifuged (13 000×g, 5 min) and the
supernatant was separated from the solids. The supernatants
were combined and stored for aqueous phase analysis (see
below). One of the solid phase samples was dried in a fume hood
with ethanol for later SEM imaging. Samples for DNA extraction
and sequencing were obtained at day 86 and processed as
described below. All samples, except those for SEM, were stored
in a −20 °C freezer until the assay was carried out.
2.4 Analytical procedures

Total carbon and total inorganic carbon content of the geolog-
ical materials were determined with a Shimadzu SSM-5000A
Solid Sample Combustion Unit equipped with a TOC-V
analyzer at the Wisconsin Energy Institute in Madison, WI.
Total reduced sulfur (TRS, mainly pyrite) was determined via
chromium reduction (Fossing and Jorgensen, 1989). Major and
trace elemental composition was determined by ICP-MS anal-
ysis performed by ALS Global (ME-MS61L Super Trace Lowest
270 DL 4A package) in Reno, Nevada, U.S.A. This method
involves the digestion of sample material by four acids
(perchloric, nitric, hydrouoric, and hydrochloric), and subse-
quent determination of ion concentration via ICP-MS. SEM
imaging of microcosm solid-phase samples was conducted
using a Hitachi S-3400 Scanning Electron Microscope (SEM)
equipped with electron dispersive spectroscopy (EDS), back-
scatter electron (BSE), and secondary electron (SE) detectors.

pH was measured with a Thermo Scientic Orion Micro-pH
Electrode at room temperature. Alkalinity was measured by
titrating fresh groundwater samples to a pH of 4.0 with 0.1 M
HCl. Sulfate was analyzed by ion chromatography (IC) with
suppressed conductivity detection (Dionex ICS-1000). Samples
were diluted with 1 : 5 with deionized water prior to analysis. For
aqueous-phase cations (Al, As, Ca, Co, Cu, Fe, Mg, Mn, Ni, Pb,
Si, Sr, Zn), supernatant samples (see above) were ltered (0.45
mm), diluted 1 : 10 or 1 : 5 in 5% trace-metal HNO3, and stored in
a 15 mL Falcon tube. We acknowledge the possibility that some
metals associated with colloidal size particles could have passed
through the 0.45 mm lter. The samples were analyzed on an
Agilent 5110 Inductively-Coupled Plasma Optical Emission
Spectrometer (ICP-OES) in the University of Wisconsin Water
© 2024 The Author(s). Published by the Royal Society of Chemistry
Sciences and Engineering Laboratory. Sample solutions of
microcosm duplicates (1 mL each) were combined prior to the
analysis. All elements were analyzed in axial position for about
1 min 40 seconds minutes per sample.

ATP was determined by the BacTiter-Glo™ Microbial Cell
Viability Assay from Promega Corporation and analyzed with
a TurnerBioSystems 20/20n Luminometer. DNA was extracted
from pelletized microcosm samples using Qiagen DNeasy®
PowerSoil® DNA Extraction Kits following manufacturer
instructions. Groundwater DNA was extracted from lters by
slicing the lter 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 sterilized 0.1 mm zirconia/silica beads.
DNA was extracted from the lters following Napieralski et al.17

16S ribosomal RNA (rRNA) genes in the DNA extracts were
amplied and sequenced via Illumina MiSeq 2 × 300 bp at the
University of Wisconsin–Madison Biotechnology Center. The
demultiplexed, paired-end sequences were imported into
QIIME2-2020.6 where primers were removed, and sequences
were trimmed, ltered, denoised, and chimeras were removed
using R version 3.5.1 (2018-07-02; package Rcpp) DADA2 1.10.0
(Rcpp 1.0.4.6/PcppParallel 5.0.0/), de novo operative taxonomical
unit (OTU) clustering with 99% or greater identity similarity with
qiime2-vsearch.33,34 Taxonomic matching databases were silva-
138-99-nb-classier.qza and gg-13-8-99-nb-classier.qza for
comparative bacterial identication.35–37 The BLAST search tool38

was used to identify organisms closely related to the most
abundant 16S rRNA gene sequences. This information was used
to assign tentative physiological properties to the organisms39 as
described previously.40
2.5 Reactive transport modeling

The PHREEQC geochemical modeling soware41 was used to
develop a simplied reactive transport model of microbially-
accelerated subsurface pyrite oxidation to assess the potential
inuence of this process on groundwater geochemistry in
pyrite-bearing sandstone aquifers. Although it was beyond the
scope of this work to develop a model specic to any particular
groundwater environment, we sought to create a framework
that could be used for testing purposes. The developed model
was restricted to simulation of a single hypothetical represen-
tative elementary volume (REV) of pyrite-containing sandstone
aquifer material receiving groundwater throughput.

PHREEQC was rst used to simulate the results of the biotic
and abiotic reduced WF Red microcosm experiments (Fig. 9).
Surface area-specic pyrite oxidation rate constants were esti-
mated by trial-and-error based on models described in Wil-
liamson and Ramstad42 andManning et al.43 (see ESI Text†). The
initial composition of the aqueous phase was dened by the
composition of the WF formation groundwater used in the
experiments (Table S4†). The abundance of pyrite was dened
based on the dry weight TRS content of the WF Red material
(1.6%, Table 1) and the mass of sediment added to the micro-
cosms (see Table S4†). The surface area of pyrite rhombs was
constrained to a value of 0.02 m2 g−1 based on the SEM imaging
results (see Fig. 7). Ni was included as a representative trace
Environ. Sci.: Adv., 2024, 3, 833–849 | 837

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00399j


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 5
:4

6:
38

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
element, which was released from pyrite in direct proportion to
its dry weight abundance (Table S2†) relative to pyrite. Fe(III)
produced during pyrite oxidation was assumed to precipitate to
equilibrium as a relatively “high surface area” (150 m2 g−1; ref.
44) goethite phase, consistent with nanoparticulate Fe(III) oxide
phases observed in oxidized WF Red sediments (data not
shown). Fe(III) oxide phases generated during pyrite oxidation
were assumed to engage in surface complexation reactions with
aqueous cations and anions according to the diffuse double
layer model,45 using the complexation constants included in the
MINTEQ thermodynamic database available in the PHREEQC
soware. Additional modeling details and parameter values are
provided in the ESI Text, Tables S5 and S6.†

The pyrite oxidation rate constants estimated for the batch
experiments were employed in a series of single-cell, ow-
through REV simulations using the 1-D uid transport capa-
bilities in PHREEQC. The abundance of pyrite (Table S4†) was
dened based on the dry weight TRS content of the WF Red
material scaled to an assumed in situ porosity of 30%. The
simulations were conducted using uid residence times
ranging from 10 to 100 days for the single-cell REV, corre-
sponding to groundwater ow rates of 1 to 10 cm per day
(3.65–36.5 m per year) for a 1 m3 REV in the direction of
groundwater ow. This range was chosen based on the
regional groundwater ow analysis of Hunt et al.,46 in which
the upper bedrock aquifer (which is dominated by the Wone-
woc Sandstone; see Fig. S2†) has been inferred to have
a geometric mean vertical hydraulic conductivity of ca. 70 cm
per day (a value well within the range of other studies47,48). A
hydraulic head of 0.01 cm cm−1 was calculated using (1) the
water level data from the Well Construction Report (WCR) for
the homeowner's well from which groundwater was collected,
which sits on a ridge ca. 0.4 km from where the core containing
the reduced WF material was obtained (Fig. S2†); and (2) the
WCR from a home next to a sand mine located in the adjacent
valley. Assuming an aquifer porosity of 30%, these values
predict a groundwater ow rate on the order of 2 cm per day.
The simulations were conducted for a period of 10 years to
assess the initial response to inux of aerobic groundwater
into pyrite-bearing strata.

3. Results
3.1 Sulfate, pH, and ATP

Experiments with reduced, pyrite-bearing TCG and WF mate-
rials showed that microbial activity increased the amount of
sulfate release 2.3 (TCG) and 4.5 (WF) fold compared to abiotic
controls over the 86 day time period during which both sets of
microcosms remained at circumneutral pH (Fig. 3A, D and
Table 2). The amount of sulfate released in biotic or abiotic
microcosms containing oxidized, pyrite-depleted sediments
was 10-fold higher than the bulk reduced S content of the
reactors (Table 2), which indicates release from phases other
than pyrite (e.g. gypsum). However, the amount of sulfate
released from the oxidized sediments was 2–5 fold lower than
rates of release in abiotic reactors containing reduced sedi-
ments, and were not inuenced by biological activity (Table 2).
838 | Environ. Sci.: Adv., 2024, 3, 833–849
These results indicate that release of sulfate from phases other
than pyrite did not confound the use of sulfate release as
a measure of pyrite oxidation in the reduced sediment reac-
tors. The fraction of total pyrite S oxidized at circumneutral pH
under biotic vs. abiotic conditions was 9.0% vs. 4.6% aer 580
days for TCG-Red, and 3.0% vs. 0.9% aer 86 days in WF-Red
(Table 2).

Enough pyrite was oxidized in the WF-Red live microcosms
aer 86 days to exceed the buffering capacity of the system and
they went acidic (Fig. 3E). In contrast, the WF-Red abiotic
controls remained circumneutral, as did the biotic and abiotic
WF-Ox microcosms. All the TCG microcosms remained circum-
neutral (Fig. 3B), which was not unexpected given the substantial
carbonate mineral content of these materials (Table 1).

ATP content was much higher in the biotic vs. abiotic
microcosms and was on average ca. 50% greater in the reduced
pyrite-containing microcosms compared to the oxidized pyrite-
depleted systems (Fig. 3C and F). These results provide evidence
for microbial growth coupled to oxidation of natural pyrite in
the reduced sediments.

3.2 Major cations

The reduced TCG and WF sediment reactors showed a steady
increase in aqueous-phase Ca (Fig. 4A and C) and Mg (Fig. 4B
andD). The enhanced release of Ca and Mg from the biotic WF-
Red and TCG-Red treatments is consistent with the greater
generation of sulfate compared to abiotic controls, indicating
carbonate mineral dissolution coupled to microbially-
accelerated pyrite oxidation and acid generation. In contrast
to the reduced sediments, Ca and Mg concentrations remained
more-or-less constant in both the live and abiotic oxidized
sediments. The reason for the higher Ca concentrations in the
WF-Ox reactors is unknown, but perhaps related to microbial
respiratory activity as indicated by the increase in ATP content
in the reactors (Fig. 3F).

There was no change in aqueous-phase Fe, Al, and Mn, and
minor Si generation in reactors that remained circumneutral
pH for all four treatments (Fig. 4 and 5). However, Fe, Al, and
Mn went into solution (Fig. 5D–F), and Si precipitated out of
solution (Fig. 4F), when pH dropped to below 5 aer day 86 in
the biotic WF-Red reactors. Approximately 12% of the Fe
content of the sedimentary pyrite was released to solution by the
end of the biotic WF-Red incubations; corresponding values for
Al and Mn were 2.5% and 60% respectively.

3.3 Trace metals

Trends in dissolved trace metal concentration were generally
similar to those for Fe, Al and Mn: Ni, Co, and Cu (Fig. 6D–F)
went into solution aer the biotic WF-Red reactors went acidic
(pH 3). The rest of the treatments, which remained circum-
neutral, demonstrated no increase in Ni, Co or Cu concentra-
tion (Fig. 6A–C). Aqueous-phase As and Pb remained low and
fairly constant throughout the experiments, including the biotic
WF-Red reactors (Fig. S5†). No signicant trends in Sr or Zn
were observed in any of the reactors (data not shown). Based on
the bulk trace metal content of the geological materials (Table
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Sulfate release in the biotic and abiotic microcosm experiments. Data represent the mean ± range of duplicate reactors

Treatment Sulfate released at 86 daysa (mM)
Biotic : abiotic
ratio

Sulfate released at
580 days (mM) Total reduced Sb (mmol L−1) % Reduced S oxidizedc

TCG-Red biotic 1.26 � 1.01 2.25 2.09 � 2.37 20.8 9.02 � 7.60
TCG-Red abiotic 0.559 � 0.005 0.792 � 0.020 20.8 4.55 � 0.36
WF-Red biotic 1.46 � 0.054 4.51 49.5 3.05 � 0.26
WF-Red abiotic 0.324 � 0.003 0.508 � 0.070 49.5 0.86 � 0.62
TCG-Ox biotic 0.220 � 0.001 1.05 0.275 � 0.017 0.038 NDd

TCG-Ox abiotic 0.210 � 0.011 0.253 � 0.007 0.038 ND
WF-Ox biotic 0.231 � 0.075 1.19 0.265 � 0.192 0.020 ND
WF-Ox abiotic 0.194 � 0.001 0.329 � 0.001 0.020 ND

a All reactors at circumneutral pH. b Bulk concentration calculated from mass of sediment and uid added to microcosms, and sediment total
reduced S content of the sediments (Table 1). c Based on sulfate released aer 580 days, except WF-Red biotic based on 86 days. Values are
corrected for uid removed from reactors during sampling over time. d Not determined; amount of sulfate release was greater than the bulk
reduced S content of the reactors containing oxidized sediment.

Fig. 3 Concentrations of sulfate (A and D), pH (B and E), and ATP (C and F) in the reduced and oxidized TCG and WF sediment incubations. The
plotted values represent the average of the duplicate microcosms; error bars show the range. Dotted lines in right-hand panels mark halfway
between the two time points when the WF Red live reactors went acidic.
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S2†), the extent of mobilization for those metals that showed
release in the biotic WF-Red reactors was 54% for Ni, 41% for
Co, and 35% for Cu.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.4 SEM imaging

SEM imaging was carried out on natural pyrite grains from the
incubated biotic and abiotic WF-Red sediments (Fig. 7).
Environ. Sci.: Adv., 2024, 3, 833–849 | 839
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Fig. 4 Changes in aqueous-phase Ca (A and D), Mg (B and E), and Si (C and F) in the reduced and oxidized TCG and WF sediment incubations.
The plotted values for biotic TCG-Red represent the average of the duplicate microcosms. All other data points are one sample of combined
aqueous-phase duplicates. Dotted lines in right-hand panels mark halfway between the two time points when the biotic WF-Red reactors went
acidic.
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Octahedral pyrite crystals about 20–200 mm in length were
observed. Euhedral etching features with three-fold axes
symmetry in the pit centers were common and observed before
the start of incubation (Fig. 7A). A visual comparison of BSE-
SEM images of pyrite sampled aer 86 days of incubation
shows that the size and shape irregularity of the pits was greater
in the biotic than the abiotic treatments (Fig. 7B and C). The SE-
SEM image of day 86 pyrite in the biotic treatment captures the
irregularity of the surfaces, including a coating of uff or debris
(Fig. 7D). The debris was interpreted as biolm coating the
pyrite surface formed during microbial colonization of the
pyrite grain surface.
3.5 Microbial community analysis

The biotic WF Red microcosms contained 16S rRNA gene
sequences similar to those of three different groups of chemo-
lithotrophic bacteria: candidates Tenderia electrophaga (22%
sample abundance, 96% identity), uncultured Acid-
iferrobacteracea (NCBI Blast match Thioprofundum lithophicum)
840 | Environ. Sci.: Adv., 2024, 3, 833–849
(20% sample abundance, 93% identity), and Thiobacillus thio-
parus (14% sample abundance, 97% identity) (Fig. 8). Candi-
datus Tenderia electrophaga-like sequences were also identied
in passively ltered (>0.45 mm) groundwater from the same well.
In contrast to the similarity to chemolithoautotrophic
sequences found in the WF Red-live microcosms, no such
similarity was found for the WF Ox-live microcosms. Both the
groundwater and WF Ox-live microbial communities were
dominated by a variety of heterotrophic taxa from the Gam-
maproteobacteria, Alphaproteobacteria, and Actinobacteria.
3.6 Pyrite oxidation model

The surface area-specic pyrite oxidation rate constants esti-
mated from WF sediment batch incubation experiments (see
Table S5†) were within the range of those reported in studies of
specimen pyrite oxidation.42 The rate constant for the biotic
system (10−7.8 mol m−2 s−1) was ca. 25-fold higher than for the
abiotic (10−9.2 mol m−2 s−1). The batch simulations reproduced
the overall time course of pH and sulfate concentration in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Changes in aqueous-phase Fe (A and D), Al (B and E), andMn (C and F) in the reduced and oxidized TCG andWF sediment incubations. The
plotted values for biotic TCG-Red represent the average of the duplicate microcosms. All other data points are one sample of combined
aqueous-phase duplicates. Dotted lines in right-hand panels mark halfway between the two time points when the biotic WF-Red reactors went
acidic.
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biotic and abiotic reactor experiments (Fig. 9). The simulations
also captured the trend in Ni release to solution following the
initial downshi in pH in the biotic reactors. Incorporation of
these rate constants into single-cell REV reactive transport
simulations (Fig. 10) yielded results which suggest that
microbially-accelerated pyrite oxidation could have a signicant
impact on pH and dissolved metal concentration with
groundwater uid residence times on the order of 10–100 years,
i.e. values within the range of those expected given groundwater
ow rates in the Wonewoc sandstone aquifer in western WI.

4. Discussion
4.1 Microbial acceleration of natural pyrite oxidation

To our knowledge this is the rst study to demonstrate
microbially-mediated aerobic oxidation of natural subsurface
pyrite. The sulfate release observed in the microcosm experi-
ments showed that microbial activity accelerated oxidation of
naturally-occurring pyrite phases compared to abiotic controls
(Fig. 3). In the case of the reduced WF material, there was a 4.5
© 2024 The Author(s). Published by the Royal Society of Chemistry
fold increase in the amount of sulfate released over the rst 86
days at circumneutral pH (Table 2). Microbial activity led to a 2–
3-fold increase in pyrite oxidation in the reduced TCG micro-
cosms. Much smaller amounts of sulfate were released in
microcosms containing oxidized end-member WF and TCG
materials, which directly ties sulfate release to oxidation of
pyrite in the reduced sediments. Similar results were obtained
in a repeat experiment with the WF-Red sediment and freshly
collected groundwater (data not shown). Though limited in
scope and detail, SEM observations on microbially-altered
pyrite phases from the WF-Red microcosms (Fig. 7) provide
additional evidence for the ability of microorganisms to
promote pyrite dissolution. Percak-Dennett et al.16 argued that
microbial acceleration during the early stages of pyrite oxida-
tion may play a key role in the consumption of buffering
capacity, which when depleted leads to conditions conducive to
low-pH oxidation processes akin to those well-known in acid
mine drainage and related environments. The results for the
WF-Red material shown in Fig. 3E illustrate this phenomenon,
Environ. Sci.: Adv., 2024, 3, 833–849 | 841
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Fig. 6 Changes in aqueous-phase nickel Ni (A and D), Co (B and E), and Cu (C and F) in the reduced and oxidized TCG and WF sediment
incubations. The values for biotic TCG-Red represent the average of the duplicatemicrocosms. All other data points are one sample of combined
aqueous-phase treatment duplicates. Values below limit of detection of the analytical assay are not plotted. Dotted lines in right-hand panels
mark halfway between the two time points when the biotic WF-Red reactors went acidic.
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where extensive oxidation of natural pyrite and eventual acidi-
cation of the system occurred only in the presence of microbial
activity.
4.2 Potential pyrite-oxidizing microorganisms in WF
reactors

The most abundant (22% of total sequences) amplied 16S
rRNA gene sequence identied in the WF Red-live reactors
(Fig. 8) was a match (95% identity) to Candidatus Tenderia
electrophaga. Ca. T. electrophaga has been documented in bio-
cathode (i.e. negatively poised graphite electrodes) microbial
communities, and proposed to gain energy via acquisition of
electrons from the electrode through “extracellular electron
transfer” (EET) processes coupled to aerobic respiration.49

Although Ca. T. electrophaga has not been successfully culti-
vated in isolation from its community, these organisms have
been shown to express EET-associated pathways,50 including
Cyc2, an outer membrane-associated cytochrome known to be
involved in extracellular Fe(II) oxidation.51,52 Percak-Dennett
842 | Environ. Sci.: Adv., 2024, 3, 833–849
et al.16 identied organisms containing Cyc2 in synthetic
pyrite-oxidizing cultures, and suggested their possible involve-
ment in circumneutral pH pyrite oxidation through a sorbed Fe
redox cycling mechanism akin to that proposed for neutral-pH
abiotic pyrite oxidation.8 Relatives of Ca. T. electrophaga may be
able to mediate electron transfer from a solid-phase mineral
(i.e. pyrite) to oxygen, and it seems possible that the biolm
coating on the pyrite crystal sampled from the WF Red – live
reactor at day 86 (Fig. 5D) could have included Ca. T. electro-
phaga cells.

The second most abundant sequence (20% of total
sequences) was a 93% match to Thioprofundum lithotrophicum
strain 106. Strain 106 grows chemolithoautotrophically with
elemental sulfur, thiosulfate, tetrathionate or sulte as a sole
electron donor and with nitrate or oxygen as an electron
acceptor.53 Organic compounds served as neither an energy nor
carbon sources, and this organism is therefore a strictly che-
molithoautotrophic. The third most abundant sequence (14%
of total sequences) was closely related (97% identity) to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of natural octahedral pyrite from the WF Red
reactors. (A) BSE image of day 0 pyrite, (B) BSE image day 86 pyrite
from abiotic reactor, (C and D) BSE and SE image of day 86 pyrite from
the biotic reactor. All scale bars indicate a length of 20 mm.
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Thiobacillus thioparus strain White,54 which is also an inorganic
sulfur-oxidizing bacterium. However, the amplied T. thioparus-
like sequences was only found in one of the WF Red-live reac-
tors (Fig. 8). It is unlikely that the T. thioparus identied in WF
Red-live provided signicant contribution to pyrite oxidation
because the generation of sulfate in the two WF Red-live reac-
tors were so similar.

The microbial community analyses provide limited but
convincing evidence for the presence of organisms in the WF-
Red reactors that were capable of gaining energy from oxida-
tion of inorganic sulfur compounds. More extensive meta-
genomic investigation of the aquifer microbial community is
required to gain insight into which organisms and pathways are
involved in circumneutral pH pyrite oxidation. Whether or not
these organisms are active in the Trempealeau County (and
other analogous) sandstones remains unknown, but our studies
clearly provide motivation and microbiological targets for
further investigation of groundwater microbial communities
that may mediate in situ sulde mineral oxidation.
4.3 Fate of trace metals during pyrite oxidation

The results presented here demonstrate that pH had a crucial
impact on aqueous/solid-phase trace metal speciation during
pyrite oxidation. In general, divalent trace metal cations are
expected to sorb to mineral surfaces at circumneutral pH,
including hydroxyl sites on Fe(III) oxides produced during pyrite
oxidation.55 Sorption is greatly reduced at acidic pH, due to
competition between H+ and metal cations on oxide surfaces.
Substantial mobilization of trace metals took place aer
exhaustion of buffering capacity and decline in pH in the biotic
WF-Red reactors, where Ni, Co, and Cu (Fig. 6D–F), as well as Fe,
Al, and Mn (Fig. 5D–F) accumulated to levels several-fold higher
than background. In contrast, virtually no solubilization of trace
© 2024 The Author(s). Published by the Royal Society of Chemistry
metals took place in the TCG-Red reactors (Fig. 5A–C and 6A–C),
which remained at circumneutral pH (Fig. 3B) despite extensive
biotic and abiotic oxidation (Fig. 3A). The major cations Ca2+

and Mg2+, which do not sorb strongly to hydroxyl surface
groups, accumulated in solution in both the TCG-Red and WF-
Red reactors (Fig. 4A–D) during dissolution of carbonate phases
(i.e. dolomite) driven by oxidative pyrite dissolution. The extent
of Co, Cu, Mn, and Ni mobilization approached 50% of the bulk
metal content of the solids. Prior studies have shown that these
metals are hosted in disseminated sedimentary pyrite and Fe(III)
oxides, as well pyrite-bearing nodules.19,56 Release of metals
from all these sources is expected during groundwater acidi-
cation linked to pyrite oxidation.

Taken together our results provide experimental verication
of the hypothesized connection between sulde mineral
oxidation (as reected by sulfate accumulation), groundwater
acidication, and trace metal contamination in wells open to
reduced, pyrite-bearing WF strata in West-Central Wisconsin
(Fig. 1A). Our results suggest that microorganisms are likely to
be readily capable of accelerating pyrite oxidation in both
groundwater aquifer and frac sand wash pond environments.
Depending on aqueous and solid-phase pH buffering and the
metal sorption properties of the geologic materials, ground-
water acidication and metal contamination are expected to
proceed much faster in the presence of microbial activity. A
preliminary analysis of TCG and WF materials collected from
a sand mine in Trempealeau County showed only very low
abundance (<0.02%) of sulde minerals. It remains to be
determined whether other sand mine refuse and overburden
materials contain sufficient sulde mineral content to account
(vis-à-vis biotic and/or abiotic pyrite oxidation) for the elevated
sulfate, acidic pH, and elevated trace metal content of the frac
sand wash pond uids documented in Fig. 1B.
4.4 Implications for in situ microbially-mediated pyrite
oxidation in Trempealeau sandstones and other WI
groundwaters

Our experiments with the reduced WF and TCG materials
suggests that natural subsurface pyrite oxidation, particularly
when accelerated by microbial activity, is likely to occur over
a time scale of months to years under fully aerobic aqueous
conditions. Although translation of results from laboratory
mineral dissolution studies to natural systems is notoriously
difficult,57 the high reactivity of pyrite with dissolved oxygen is
such that pyrite would not be expected to persist over geological
time scales (e.g. thousands to millions of years) in aquifer sedi-
ments subjected to aerobic groundwater throughput. In light of
this reality, active, ongoing pyrite oxidation and associated
groundwater acidication and trace metal/metalloid contami-
nation is likely to be limited to situations where aerobic uids
have only recently impinged on reduced, sulde-bearing sedi-
ments. Such situations have been identied in several settings in
Wisconsin, with important implications for groundwater quality.
In the west-central WI systems studied by Zambito et al.19,56 and
examined in this project, both natural water table uctuations as
well as faulty well construction have been identied as causes for
Environ. Sci.: Adv., 2024, 3, 833–849 | 843
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Fig. 8 Operational taxonomic unit matching of the most abundant (to 10% of taxa) amplified 16S rRNA sequences based on 99% similarity to
sequences hosted in Silva-139-99 database. Chemolithoautotrophs include uncultured Acidiferrobacteraceae (purple), Thiobacillus from the
order Burkholderiales (dark green), and uncultured Candidatus Tenderia from the order Tenderiales (dark blue).
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sulde oxidation-induced groundwater contamination. Simi-
larly, release of As during oxidation of suldes in the St. Peter
Sandstone in north-easternWI has been linked to natural vertical
hydraulic leakage and groundwater recharge, as well as borehole
installation and water table uctuations associated with pump-
ing.20,21 In addition, Stewart et al.58 suggested a linkage between
sulde mineral oxidation and elevated groundwater As detection
in the vicinity of bedrock folds in Beaver Dam anticline in
southeast Wisconsin. In this setting, elevated hydraulic
conductivity near the fold axis (e.g. reecting a higher concen-
tration of vertical fractures) may have led to systematic changes
in the distribution and concentration of arsenic-bearing mineral
hosts, whose oxidation in turn is responsible for the observed
pattern of groundwater As detection. All of these environments
represent situations where microbial activity might be expected
to enhance rates of pyrite oxidation with attendant impacts on
groundwater chemistry. Microbial acceleration of pyrite
844 | Environ. Sci.: Adv., 2024, 3, 833–849
oxidation is likely to be most important in relation to the short-
term response to aerobic groundwater inux due to well instal-
lation or groundwater pumping. In this case, our results suggest
that groundwater destined for homeowner or municipal use
could potentially become contaminated on a time frame
substantially shorter than would occur in the absence of micro-
bial activity. Data obtained through University of Wisconsin-
Stevens Point Well Water Quality Viewer (https://
www.uwsp.edu/cnr-ap/watershed/Pages/WellWaterViewer.aspx),
which contains data from private wells across WI, shows elevated
groundwater sulfate within certain areas of Trempealeau County.
Our experimental and modeling (see below) suggest that
microbial activity could play a role in generating these elevated
sulfate concentrations.

A recent compilation of the temporal distribution of pyrite in
sedimentary rocks59 suggests that the majority (83%) of pyrite-
bearing geological strata are siliciclastic and dominantly ne-
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://www.uwsp.edu/cnr-ap/watershed/Pages/WellWaterViewer.aspx
https://www.uwsp.edu/cnr-ap/watershed/Pages/WellWaterViewer.aspx
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00399j


Fig. 9 Results of PHREEQC batch simulation of pyrite oxidation in the
reducedWF biotic (a) and abiotic (a) microcosm experiments. Symbols
show the average of duplicate reactors; solid lines showmodel results.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 5
:4

6:
38

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
grained, i.e. the types of materials that would typically represent
conning units in intermediate and regional groundwater ow
systems.60 However, pyrite bearing rocks were also shown to
include pure sandstones and conglomerates (ca. 6%), lime-
stones, dolomites and cherts (ca. 3%), and interbedded variants
(ca. 8%). These represent units in which groundwater is used for
private and municipal water supplies, and are thus at risk for
contamination linked to pyrite oxidation and associated
geochemical impacts.

Our results raise the question of whether or not microbial
activity could accelerate pyrite oxidation in more ne-grained
geological units. Ongoing studies at the Susquehanna Shale
Hills Critical Zone Observatory in Pennsylvania, USA have
identied the presence of a pyrite oxidation front that is
hypothesized to play a key role in the dissolution of other
primary minerals (e.g. illite, chlorite, and feldspar) in the
shales.61 These ndings led Napieraski et al.17 to examine the
potential for microbial pyrite oxidation by microorganisms in
groundwater in the vicinity of the oxidation front. Although
organisms capable of accelerating pyrite were identied, the
study ultimately concluded the nm-size pore throats that
dominate the lithology at Shale Hills are likely too small to allow
for bacteria to contact the main in situ reservoir of pyrite.
Rather, pyrite oxidation in the shale lithologies at this and in
other similar subsurface environments is likely to be dominated
by abiotic processes,62 with microorganisms playing a role only
on surfaces of larger fractures in rock matrix.17 This is in
© 2024 The Author(s). Published by the Royal Society of Chemistry
contrast to the relatively porous and poorly-cemented WF and
variably-cemented TCG strata examined in this study,63,64 where
the fundamental pore size length scale is on the order of tens of
mm.65 Based on previous studies in Cretaceous-age Atlantic
Coastal Plain aquifer sediments,66 bacteria would be expected to
be able to directly access disseminated and nodular pyrite in
pores of this size range.
4.5 Reactive transport modeling

The single-cell REV approach adopted for the reactive transport
modeling reects a conceptual model where oxygenated
groundwater impinges on a previously reduced, pyrite-bearing
geological stratum. In this model, the “impingement” can be
viewed as being essentially instantaneous on a geological time
scale, i.e. representative of a decadal time-scale occurrence
associated with either an abrupt change in a natural ow paths,
or (more likely) some kind of human-induced change in uid
ow (e.g. associated with groundwater pumping, poorly con-
structed multiaquifer wells, or frac sand mining operations as
discussed above). The paper by Manning et al.43 provided
a guiding impetus for this exercise. Manning et al.43 employed
the reactive transport code TOUGHREACT to analyze the
oxidation of pyrite during climate-induced changes in redox
conditions in a pyrite-bearing aquifer in the Upper Snake River
region of Colorado. Of central interest in that study was the
short-term response of a pyrite-bearing subsurface system to
increased input of oxygenated uid (in both saturated and
unsaturated zones) during lowering of the water table. Our
system is different in that we consider fully saturated sedi-
ments, where changes in uid ow path may be responsible for
enhanced pyrite oxidation. However, the idea is the same in that
we are interested in a transport-reaction system where the time
scale of reaction is on the order of years to decades.

The simulation results provide important insight into how
a several-fold increase in pyrite oxidation rate constant due to
microbial activity (rate constants for biotic and abiotic oxida-
tion of 10−7.8 and 10−9.2 mol m−2 s−1, respectively) could have
a major impact on the short-term response to inux of
oxygenated groundwater into previously reduced geological
strata which (like the WF) are low in carbonate mineral buff-
ering capacity. Despite the presence of 5 mM alkalinity in the
intruding groundwater, accelerated pyrite in the biotic case
caused pH values to fall below 2 within 1–2 years depending on
uid residence time (Fig. 10A). Increased pyrite oxidation and
decreased pH resulted in several-fold increase in dissolved As
(data not shown) and Ni concentration (Fig. 10B) compared to
the abiotic case (Fig. 10D), in which pH values (Fig. 10C)
remained circumneutral throughout the simulated period. It
should be noted that there was virtually no decrease (<1%) in
dissolved oxygen in both the abiotic and biotic simulations,
which indicates that oxygen availability is not likely to play
a role in inuencing pyrite oxidation in these sandstones.
Although preliminary, the modeling results provide the starting
point for development of reactive transport simulations for
a specic well or series of wells in pyrite oxidation-impacted
groundwaters in WI, e.g. akin to the modeling analysis of
Environ. Sci.: Adv., 2024, 3, 833–849 | 845
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Fig. 10 Results of single-cell REV reactive transport simulations employing biotic (A and B) and abiotic (C and D) pyrite oxidation rate constants
derived from the WF Red microcosm experiments shown in Fig. 9. The different lines represent results for various fluid residence times (tau
values) in the hypothetical REV of pyrite-bearing aquifer sediment.
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Manning et al.43 Of particular interest would be to develop
multi-dimensional reactive transport simulations of the “bore-
hole” and “dewatering” scenarios described in Schreiber et al.21

In these scenarios, oxygen intrusion into the sulde cement
layer leads to pyrite oxidation and release of dissolved As to
groundwater, where the “borehole” scenario is directly analo-
gous to the proposed well-drilling associated mechanism for
sulfuric acid and trace element contamination of the west-
central WI sandstone aquifers.
5. Conclusions

The results of this study shed light on factors that may control
the onset of low-pH conditions and associated changes in
groundwater quality in private and municipal drinking water
wells located within pyrite-bearing formations in WI. Speci-
cally, our ndings provide experimental verication of the
potential linkage between sulde mineral oxidation (i.e. as
reected by sulfate accumulation), groundwater acidication,
and trace metal contamination in pyrite-bearing sandstone
units subject to intrusion of oxygenated groundwater. It seems
likely that microbial activity is involved in promoting the
generation of low-pH, metal-contaminated (above advisory
levels for aluminum, arsenic, cadmium, chromium, cobalt,
copper, iron, lead, manganese, nickel, vanadium) aquifers on
the highlands east of La Crosse, WI, where some private wells
draw water from WF-TCG contact interval rocks.19,56
846 | Environ. Sci.: Adv., 2024, 3, 833–849
Collectively our ndings have important implications for
controls on rates of pyrite oxidation in a wide variety of
undisturbed (e.g. natural water table uctuation) and
disturbed (e.g. well drilling, pumping, overburden removal,
and frac sand mining) sandstone aquifers, where naturally-
and anthropogenically-induced changes in subsurface
groundwater ow paths can introduce oxygen into previous
reduced geologic strata. Further studies of microbial
communities (and their potential pyrite oxidation activity) in
a variety of sulde oxidation-impacted groundwater environ-
ments (e.g. in comparison with hydrogeologically analogous,
unimpacted systems) could reveal taxonomic indicators of
situations where exposure of reduced sediments to oxygenated
groundwater is triggering microbially-accelerated pyrite
oxidation and associated drinking water quality degradation.
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