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ARTICLE INFO ABSTRACT

Associate editor: Magdalena Osburn The deep continental biosphere is supported by chemolithoautotrophy and depends on rock-derived substrates
for energy. The majority of microorganisms in these crustal environments are likely attached to mineral surfaces

Keywords: within rock fractures, making characterization of deep life challenging. To better understand both biogeo-

Deep biosphere chemical cycling and mineral-hosted microbial communities in the deep subsurface, we characterized naturally

ziilge occurri.ng mi.ne?al particulate and ass?ciateq biomass.collected- from boreholes drilled i.nto a ?,7 Ga baI'.lded iI.‘Ol'l

Fe cycle formation within the southern Canadian Shield. Particulate mineralogy was characterized via X-ray diffraction

and Fe X-ray absorption near edge structure (XANES) spectroscopy. The particulate in one borehole was iden-
tified as a mixture of hematite and quartz, while the other borehole contained a mixture of the iron sulfides
mackinawite and greigite, suggesting an active sulfur cycle mediated by microbial activity. Carbon associated
with the particulate was imaged via scanning transmission X-ray microscopy and characterized via C XANES
spectroscopy. In both boreholes, the particulate was colonized by microbial cells; many samples contained
abundant biofilm. The cells and biofilm were chemically distinct, with the C XANES spectra for the cells con-
sisting primarily of a protein-like signal and the biofilm resembling a mixture of protein, saccharide, and lipid. In
the borehole containing the sulfidic particulate, the abundance of cells and biofilm increased with sample depth.
Mineral particulate found in boreholes, whether forming in situ or as a result of drilling and weathering, are a
valuable way to access the deep subsurface without the contamination and disturbance caused by drilling new
cores. To better understand the microbial community composition and function associated with the particulate-
biofilm aggregates and surrounding groundwater, filtered-water and particulate samples were characterized via
shotgun metagenomic sequencing. Metagenomic analyses showed that while microbial communities were
distinct between boreholes, all communities contained the genetic potential for the oxidation and reduction of a
variety of sulfur phases. This suggests that the biogeochemical cycling of S, potentially connected to Fe cycling in
this iron-rich habitat, could be fueling life in deep crustal environments.
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1. Introduction

Deep subsurface environments sustain a substantial portion of life on
Earth - the continental crust in particular is estimated to contain 4-100
Pg carbon, potentially more than 20 % of Earth’s total prokaryotic
biomass (McMahon and Parnell, 2014; Magnabosco et al., 2018a). In the
continental crust, microbial ecosystems are contained within water-
filled fractures and pores. Fractures are of particular importance to
deep subsurface environments, as they have significantly higher
permeability than their host rock and allow for greater fluid flow. These
environments are generally cut off from surface recharge over long
timescales due to their depth; by the time waters reach the subsurface,
they have been stripped of their oxygen and photosynthetically derived
organic carbon (Lovley and Chapelle, 1995; Ferguson et al., 2023).
While subsurface communities can contain diverse microbial commu-
nities including fermentative heterotrophs, these environments are
sustained at a base level by chemolithoautotrophic organisms who
derive energy and fix carbon by transforming inorganic substrates
sourced from interactions between the surrounding water and rock
(Stevens and Mckinley, 1995; Lin et al., 2006; Wu et al., 2016; Kieft
et al., 2018). Studying the geochemistry of these crystalline, subsurface
environments is essential to understanding the ecology and physiology
of crustal microbial communities as well as the feedback between the
geosphere, hydrosphere, and biosphere.

Because of their abundance in crustal environments, redox-active
elements like iron and sulfur are expected to be essential sources of
energy to support chemolithotrophic metabolisms in the subsurface
(Pedersen, 1997; Lin et al., 2006; Bell et al., 2020; Casar et al., 2021). In
anoxic environments, ferric iron minerals can serve as terminal electron
acceptors to fuel Fe(Ill)-reducing metabolisms. These Fe(IlI)-reducing
microbes cause the dissolution of iron (oxyhydr)oxide minerals and in-
crease the concentration of soluble ferrous iron in many deep anoxic
groundwaters (Lovley et al., 1991). Oxidized sulfur forms such as dis-
solved sulfate can also serve as terminal electron acceptors to fuel mi-
crobial metabolisms under reducing conditions (Muyzer and Stams,
2008). Sulfate can be abundant in many subsurface environments, in
part due to the dissolution of sulfate-bearing minerals such as gypsum
and anhydrite and the oxidation of sulfide minerals like pyrite (Fritz and
Frape, 1982; Fritz et al., 1994; Li et al., 2016). Sulfur-reducing micro-
organisms that reduce sulfate to sulfide are some of the most frequently
observed microbes in anoxic subsurface environments (Olson et al.,
1981; Stevens and Mckinley, 1995; Krumholz et al., 1997; Haveman
et al., 1999; Baker et al., 2003).

The traditional “redox ladder” described in anaerobic environments
suggests that after all ferric iron is reduced, microbial sulfate reduction
will dominate in these environments until the pool of oxidized sulfur is
consumed. There is also evidence, however, of a more complex anaer-
obic sulfur cycle that expands beyond the ubiquitous microbially-driven
sulfate reduction and involves both sulfur reduction and subsequent
oxidation through both abiotic and biotic processes linked to Fe(III) or
nitrate reduction (Elsgaard and Jorgensen, 1992; Canfield et al., 2010;
Holmkvist et al., 2011). Iron (oxyhydr)oxide minerals and organically
complexed Fe(IIl) can oxidize microbially produced sulfide, catalyzing
the formation of sulfur intermediates such as elemental sulfur (S®) and
thiosulfate (820%') (Pyzik and Sommer, 1981; Luther et al.,, 1992;
Poulton et al., 2004). These sulfur intermediates can be further oxidized,
reduced, or disproportionated through abiotic or biotic reactions. These
reactions prevent the buildup of reduced sulfur compounds and drive
the biogeochemical sulfur cycle forward. “Cryptic” sulfur cycles can be
hard to detect; sulfate and sulfide concentrations can stay relatively
stable due to the consistent rates of reduction and oxidation, and many
intermediate sulfur forms are difficult to detect in environmental set-
tings as they are unstable under most conditions and frequently exist at
low concentrations (Holmkvist et al., 2011). To shed light on these
linked biogeochemical iron and sulfur cycles, researchers have com-
bined geochemical analyses with incubation experiments to determine
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the rate of microbial sulfur reduction or with genomic sequencing to
look at a microbial community’s metabolic potential for iron and sulfur
cycling (Holmkvist et al., 2011; Pellerin et al., 2018; Ng et al., 2020).
Recent metatranscriptomic and metaproteomic studies of the deep
continental subsurface have shown that both sulfur-reducing microor-
ganisms and sulfur-oxidizing microorganisms can be active in the same
environment (Lau et al., 2016; Bell et al., 2020). While cryptic sulfur
cycles have primarily been described in deep marine sediments, further
research is needed to resolve their activity and biogeochemical impact in
deep continental environments where iron oxides are present in host
rock and may fuel the abiotic oxidation of sulfide.

There are also outstanding questions about the deep continental
biosphere pertaining to the differences between microbes attached to
rock fracture surfaces and those in free-floating planktonic communities.
Most microbes in these fractured-rock environments are expected to be
attached to rock surfaces or in biofilms (Lehman et al., 2001; Flemming
and Wuertz, 2019). Because researchers commonly access the subsur-
face through sampling groundwater in boreholes, the majority of studies
of these subsurface environments have focused on planktonic pop-
ulations, e.g. (Kieft et al., 2005; Moser et al., 2005; Lin et al., 2006;
Onstott et al., 2009; Itavaara et al., 2011). These studies are important
and have advanced our understanding of the biogeochemical dynamics
of subsurface environments. There remains, however, a great deal of
uncertainty in the ratio of surface-attached versus planktonic cells,
leading to order-of-magnitude level differences in estimates of total cells
and biomass in the subsurface (McMahon and Parnell, 2014). Addi-
tionally, major differences in the composition of surface-attached and
planktonic microbial communities have been observed in both labora-
tory and field-based incubation experiments (Lehman et al., 2001; Jones
and Bennett, 2017; Wu et al.,, 2017; Casar et al., 2020; Nuppunen-
Puputti et al., 2021). Because of this, focusing solely on groundwater-
hosted, planktonic populations (and incubation experiments using
groundwaters and their associated microbes) could lead to major gaps in
our knowledge of subsurface communities. The lack of published studies
focusing on surface-attached subsurface microbial communities stems in
part from the difficulties involved in retrieving intact, useful samples.
Accessing crustal environments requires drilling; this process can
destroy fragile biomaterials through abrasion, and mud or water pum-
ped in during the drilling process can introduce contamination (Santelli
et al., 2010). Careful drilling has allowed for studies of attached mi-
crobial communities and biofilms on fracture surfaces (Escudero et al.,
2018). In many studies of rock-hosted microbial communities, however,
the outer portions of rock cores were discarded or sterilized due to po-
tential contamination, eliminating the bulk of the surface-hosted com-
munity and focusing instead on lower-abundance pore-hosted microbes
(Momper et al., 2017b; Dutta et al., 2019). New approaches for
accessing surface- and biofilm-attached microbial communities and
resolving their geochemical imprint in subsurface environments are
needed to continue advancing our understanding of deep subsurface life.

The Soudan Underground Mine State Park, located in Soudan, Min-
nesota (MN), USA, provides a natural laboratory for the investigation of
iron and sulfur cycling in groundwater and surface-attached microbial
communities in the deep continental subsurface. This site accesses deep,
isolated groundwaters in fractured Archaean rocks and has been the
subject of previous research into the deep biosphere (Edwards et al.,
2006; Sheik et al., 2021; Dowd et al., 2022; Schuler et al., 2022). The
Soudan formation, accessed by legacy subsurface boreholes in the mine,
contains both banded iron formation (BIF) rich in iron oxides and
schistose regions free of iron oxides (Peterson and Patelke, 2003; Schuler
et al., 2022). Thus, fractures intersecting differing lithologies at this site
may reach waters with divergent processes affecting iron and sulfur
cycles. The walls of boreholes at this site were found to be coated in mm
to cm thick layers of mineral particulate; borehole waters also contained
suspended mineral aggregates. This particulate provides a mineral-rich
substrate that could be sampled without new drilling, avoiding the
common risks of the contamination or destruction of surface-hosted
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microbial communities. This paper characterizes mineral particulate
samples collected from subsurface boreholes. The mineralogy and
morphology of the retrieved particulate was characterized using X-ray
diffraction (XRD), scanning electron microscopy (SEM), scanning
transmission X-ray microscopy (STXM), and Fe X-ray absorption near
edge structure (XANES) spectroscopy to better understand the biogeo-
chemical processes forming these secondary mineral phases. Particulate
mineralogy was used in combination with the rock and water chemistry
at the Soudan Mine to expand our understanding of subsurface iron and
sulfur cycles. Organic carbon associated with the minerals was charac-
terized using SEM, STXM, and C XANES spectroscopy to explore mi-
crobial colonization and biofilm formation. This geochemical data was
augmented with genomic data through the extraction and sequencing of
DNA from both groundwater samples and a particulate sample. Meta-
genomes were assembled for these samples to describe the microbial
community and its potential for the biogeochemical cycling of iron and
sulfur. Understanding the microbial and geochemical dynamics of the
deep continental biosphere is important because these environments
host a significant proportion of the prokaryotic life on Earth (McMahon
and Parnell, 2014; Magnabosco et al., 2018a) and have been proposed as
storage sites for hydrogen and for pollutants such as carbon dioxide and
nuclear waste (Holloway, 1997; Gascoyne, 2004; Heinemann et al.,
2021). This study expands our understanding of the biogeochemical
cycling of iron and sulfur within fractured-rock hosted groundwaters
and points to subsurface particulate like that found in the Soudan
boreholes as important avenues for exploring microbial community
structure in the continental subsurface.

Geochimica et Cosmochimica Acta 375 (2024) 229-246

2. Methods
2.1. Field Site

Samples were collected at the Soudan Underground Mine State Park
(Soudan Mine), located in Soudan, MN, USA. This site is located within
the Canadian Shield and allows access to a 2.7 Ga BIF and isolated
groundwaters (Fig. 1) (Cloud et al., 1965; Schuler et al., 2022). Though
the precise residence times of these groundwaters have not been
determined, other waters in the Canadian Shield with comparable depth
and salinity have residence times on the order of 10-100 Ma (Warr et al.,
2021; Ferguson et al., 2023). The Soudan Mine was an active iron mine
until 1962; it has been continually managed by the Minnesota Depart-
ment of Natural Resources (MN DNR) since. The MN DNR pumps water
from the mine, preventing flooding from either ground or surface water.
Samples were collected from boreholes on the west drift of the mine’s
deepest level, the 27th, which is over 700 m below the surface. The
boreholes sampled in this study, diamond drill holes 932, 944, and 951
(Fig. 2), were drilled between the years 1958-1960 (Klinger, 1958;
Bakkila, 1960a,b). All three boreholes were drilled at a downward angle
into the Soudan Formation. This formation contains the 2.7 Ga hematite-
jasper-chert BIF as well as pockets of massive hematite ore, chlorite
schist, and chlorite-sericite schist (Peterson and Patelke, 2003; Schuler
et al.,, 2022). The boreholes tap into subsurface fracture networks
hosting an anoxic calcium-sodium-chloride brine with total dissolved
solids (TDS) concentrations ranging from 76,000-116,000 mg/L, char-
acteristic of deep groundwaters across the Canadian Shield (Frape et al.,
1984; Schuler et al., 2022). The boreholes have had continuous positive
pressure flow since drilling with flow rates ranging from 1.1-3.4 mL/
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Fig. 1. A. The west drift of the 27th level of the Soudan Underground Mine State Park, where the samples for this study were collected. B. The banded iron formation
accessed by the west drift of the Soudan Mine. C. Chloride versus calcium concentrations for Soudan groundwaters from a previous study highlighting broader trends
in water chemistry (Schuler et al., 2022) - calcium scales linearly with chloride, showing that all boreholes derive their salinity from a single Source. D. Chloride
concentrations versus deuterium excess for Soudan groundwaters (Schuler et al., 2022), showing that the most saline groundwaters are also the most isolated from
surface inputs. The colors corresponding to boreholes discussed in this paper are indicated on the figure, while gray points indicate samples from other boreholes at
Soudan and the hollow black points indicate surface waters from a nearby lake.
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Fig. 2. Lithologic profiles of rock cores from boreholes 932, 944, and 951
adapted from (Schuler et al., 2022). Mineral precipitate sampling locations are
indicated by dashed gray boxes. Genomic samples were collected roughly one
meter below the mouths of the borehole. Lithologies at depth were determined
by consulting borehole cores and drillers notes as described previously (Schuler
et al., 2022).

min (Dowd et al., 2022). Boreholes have steady geochemical, hydraulic,
and microbiological characteristics, allowing spatial trends within the
mine to be evaluated. Several boreholes contain fine-grained mineral
particulate. This particulate coated the borehole walls and at some
depths was thick enough to partially or fully block the borehole passage.

2.2. Particulate Chemistry

2.2.1. Sample Collection

Mineral particulate was collected from specific borehole depths
using a sampling system composed of a high-volume peristaltic pump
(Golander Pump) and 2.13 cm diameter flush-threaded PVC tremie pipe
in 3.05 m sections (Johnson Screens). Tremie pipe was cleaned and
sterilized on both the inside and outside using 70 % ethanol prior to
insertion into the borehole. Water and particulate were pumped from a
given depth and collected in 30 mL glass vials with Teflon-lined serum
caps. Samples were collected in boreholes 932 and 951 (Table 1, Fig. 2).
Samples for electron microscopy were spiked with paraformaldehyde to
bring the total paraformaldehyde concentration in the vials to 2.5 % v/v.
The headspace in the vials was flushed with Ny gas for 60 s; the samples
were then sealed in mylar bags along with AnaeroPaks (Mitsubishi Gas
Chemical Co.) to scrub oxygen from the storage bag and ensure anoxic
conditions for storage. Samples were stored at 4 °C until ready for
analysis.

Table 1
Temporal and spatial information for particulate geochemistry samples.

Borehole  Sampling Depth (m Sampling date Primary Lithology at
into borehole) (dd/mm/yyyy) Sampling Depth
932 64 28/06/2019 Chlorite schist
951 56 26/06/2019 Chlorite schist
90 15/11/2019 Chlorite schist
126 15/11/2019 Ore/Banded Iron
Formation
139 15/11/2019 Ore
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2.2.2. X-ray diffraction

Samples were opened in an anaerobic chamber filled with a mixture
of 95 % Ny and 5 % H; and collected onto 0.2 um polycarbonate filter
membranes (Poretics) via vacuum filtration. Samples were then rinsed
three times using Njy-sparged Milli-Q water to remove salts. These
membranes were mounted onto XRD sample holders and sealed using
Kapton tape (Bertech). The prepared samples were resealed in mylar
until ready for analysis. In addition to the samples, a blank filter was also
measured for use in background correction. Samples were analyzed at
the Characterization Facility of the University of Minnesota using a
Bruker D8 Discover diffractometer. The sample from borehole 932 and
the 56 m sample from borehole 951 were analyzed with a Cu Ko radi-
ation source; the other three samples from borehole 951 were analyzed
with a Co Ka radiation source. Diffraction patterns were processed using
Match! software (version 3.13) and the PDF-4 diffraction database (Putz
and Brandenburg, 2003).

2.2.3. Electron Microscopy

Mineral particulate samples were prepared and washed as described
above in section 2.2.2, then dehydrated using a series of ethanol solu-
tions with increasing concentrations (30 %, 50 %, 70 %, 80 %, 90 %, 95
%, 100 %, 100 %, 100 %) with the solutions changed in ten-minute
intervals. The filters were cut to the size of the sample holder using a
razor blade and mounted on carbon tape. Samples were coated with 7.5
nm Pt using a VCR Group Incorporated IBS/TM200S Ion Beam Sputterer
prior to imaging. Samples were imaged with an operating voltage of 2
kV at the Characterization Facility of the University of Minnesota using a
FEI Helios NanoLab G4 Scanning Electron Microscope.

2.2.4. Scanning Transmission X-ray Microscopy

Mineral particulate samples were prepared and washed as described
in 2.2.2 X-ray Diffraction, then transferred into a microcentrifuge tube
and resuspended in Nj-sparged Milli-Q water. This suspension was
deposited onto a silicon-nitride (SigN4) membrane (Silson Ltd.) and
allowed to dry under Ny gas (Toner et al., 2016). In cases where the
particulate deposited from the original suspension was too thick for
analysis, suspensions were diluted ten-fold or hundred-fold with No-
sparged water and new membranes were prepared with the diluted
suspension. Prepared membranes were sealed in N-filled mylar pouches
and stored at 4 °C until ready for analysis.

Scanning transmission X-ray microscopy (STXM) was performed at
beamline 5.3.2.2 at the Advanced Light Source in Berkeley, CA (Kil-
coyne et al., 2003). Samples were imaged and XANES spectra were
collected at the carbon 1 s and iron 2p edges. Sample analysis was
conducted in a helium-flushed microscope chamber. X-ray intensity was
measured in transmission mode using a scintillator-photomultiplier
detector assembly. For carbon spectroscopy, the monochromator was
calibrated using the Rydberg transitions of gaseous carbon dioxide at
292.74 and 294.96 eV. For iron spectroscopy, the monochromator was
calibrated using a ferrihydrite standard with the main peak of the Fe 2p
spectrum set to 709.5 eV.

Data consists of three distinct types: (1) transmission “images” at a
single X-ray energy, (2) optical density elemental “maps” prepared from
images taken below and above the X-ray edge for an element of interest,
and (3) image “stacks” taken at incremental energy steps spanning the
absorption edge of the element of interest. Maps and stacks were pro-
cessed using STXM Image Reader (Marcus, 2022). Maps were generated
using the difference in pixel intensity between the below-edge and
above-edge energy measurements. XANES spectra were extracted from
image stacks by grouping similar pixels into clusters using principal
component analysis, then summing X-ray absorbance across a cluster of
similar pixels. XANES spectra were background corrected and normal-
ized using the software axis2000 (version 2021_07_06) (Hitchcock,
2021). Spectra were grouped according to the morphology of the cluster
from which they were extracted. For the C XANES spectra, clusters were
categorized as cells, which resembled rods, cocci, or filaments, films,
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which had a tufted texture and resembled extracellular polymeric sub-
stance (EPS) or biofilm, or background, with background spectra coming
from locations on the membrane with no sample. For the Fe XANES
spectra, clusters were categorized as particulate, film-associated, or
background. For both sets of XANES spectra, the background spectra
were discarded, and the remaining spectra were compared to C and Fe
reference spectra. The C published reference spectra were alginate, a
saccharide, bovine serum albumin protein (BSA), deoxyribonucleic acid
(DNA), lipid, and calcium carbonate (CaCOs); they have previously been
published (Toner et al., 2009; Hoffman et al., 2018). The Fe standards
were iron monosulfide (FeS), ferrihydrite (Fej9014(OH)s, see (Michel
et al., 2007)), pyrite (FeSy), and pyrrhotite (Feg g.1.0S). The iron mono-
sulfide was synthesized according to the method described in (Butler
and Hayes, 1998), while the other iron standards were previously
published (Toner et al., 2009).

2.3. Rock Chemistry

Thin sections were prepared from rock cores collected in 1958 and
stored at the Soudan Mine. The mineralogy of these cores has been
described elsewhere (Schuler et al., 2022). Rock fragments for thin
sections were selected from depth increments near active fracture sites.
Specifically, core segments with visible weathering or alteration phases
and depth correlation with apparent fractures in down-borehole camera
footage were selected. Thin sections were prepared by Spectrum Pet-
rographics Inc. in Vancouver, WA. Samples were fixed in epoxy,
sectioned, prepared with a double-side microprobe quality polish to a
final thickness of 30 pm, and mounted with cyanoacrylate glue to
Suprasil 2A Quartz glass (the “combined synchrotron XRF/XRD” prep-
aration). Thin section analysis included petrographic light microscopy,
electron microscopy, and synchrotron-based X-ray microprobe.

Thin sections were prepared for electron microscopy by sputter-
coating with carbon using a Leica ACE600 to a final thickness of 10
nm. Electron Microprobe Analysis (EMPA) was conducted at the Uni-
versity of Minnesota using a JEOL JXA-8530FPlus Electron Probe
Microanalyzer. Images were collected with an accelerating voltage of 15
keV and a current of 10nA.

X-ray microprobe analysis of the thin sections was performed at
beamline 4-BM at the National Synchrotron Light Source —II (NSLS-II) in
Upton, NY. Instrument monochromators were calibrated at the Fe 1 s
edge using a metallic iron foil and at the As 1 s edge using the white-line
peak of As(V) in a topaz sample. Fluorescence was measured using a
Vortex-ME7 silicon drift detector (Hitachi). Coarse-resolution X-ray
fluorescence (XRF) maps were collected using a beam diameter of 9 pm
and a step size of 10 um. Fine-resolution XRF maps were collected using
a beam diameter of 5 um and a step size of 5 um. All XRF maps were
collected with a dwell time of 0.05 s. XRF maps were collected at two
energies: 6640 eV (below the Fe 1 s edge) and 12500 eV (above the As 1 s
edge). XRF map data was analyzed using the GSE Map Viewer program,
part of the Larch software package (Newville, 2013). u-XRD patterns was
collected using a XRD 1621 N ES amorphous silicon digital X-ray de-
tector (PerkinElmer). Diffraction patterns were measured in trans-
mission mode, through the quartz slide, using a beam energy of 18000
eV and a dwell time of 60 s. The diffraction data were processed by
masking the primary beam stop, subtracting the background diffraction
from the quartz slide, and radially integrating the measured diffraction
pattern to convert the two-dimensional diffraction images into one-
dimensional diffraction intensity patterns. The computer program
Dioptas was used for diffraction data processing (Prescher and Praka-
penka, 2015). The resulting diffraction patterns were analyzed as
described in 2.2.2 X-ray Diffraction.

2.4. Community Genomics

2.4.1. Sample Collection, DNA Extraction, and Sequencing
Samples were collected for the extraction of DNA from water and
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mineral particulate (Table 2). Water samples were collected by pumping
water from the boreholes using a peristaltic pump (Cole-Parmer). To
access deeper waters, a half-meter sterile copper tube attached to
autoclaved platinum-cured silicone tubing (Masterflex) was placed into
the boreholes. Borehole fluids were filtered through sterile 0.22 pm
polyvinylidene fluoride Sterivex filter units (Millipore) for four hours or
until the filters clogged, with an estimated 2.5 L filtered per sample.
Mixed particulate-water samples were collected from the borehole using
sterilized PVC tremie piping in the same manner as those for chemical
analyses. Mineral particulate was pumped from within the borehole as
described in 2.2.1 Sample Collection and filtered through a Sterivex filter
unit, with 60 mL of a mineral-water mixture pumped through the filter.
Filters were immediately frozen on dry ice and stored at —80 °C until
ready for analysis.

Immediately prior to extraction, the filter was removed from the
outer cartridge in a laminar flow hood. DNA was extracted from the
filter using a FastDNA Spin Kit for Soil (MP Biomedicals). The extraction
procedure followed the kit instructions but used the following recom-
mended enhancements for low-DNA systems: samples were homoge-
nized twice to improve mechanical lysis, and the elution buffer and DNA
binding matrix were incubated at 55 °C for 5 min prior to the final
elution of DNA. Extracts were quantified using a Qubit 2.0 fluorometer
(ThermoFisher Scientific) and the Qubit broad-range assay kit. Extracts
with sufficient DNA were sent to the University of Minnesota Genomic
Center for sequencing. Extraction kits with no sample were used as a
negative control to check for contamination; no sequences were recov-
ered from these blanks. Dual-indexed libraries were generated using the
Illumina DNA Prep workflow (Illumina Document #1000000025416
v09) and sequenced on the [llumina NextSeq 6000 platform in one lane
of a 2x150 base pair run. The mean quality scores for all libraries were
greater than or equal to Q30.

2.4.2. Metagenome Processing, Binning, and Analysis

Prior to assembly, sequences were trimmed and filtered for length
and quality using FastP v. 0.23.2 under the default parameters (Q20)
with base correction (Chen et al., 2018). Reads were assembled using
metaSPAdes v. 3.15.4 under the default parameters (Nurk et al., 2017).
Scaffolds were then binned into metagenome assembled genomes
(MAGsS) using the binning module of MetaWrap v. 0.0.2 (Uritskiy et al.,
2018). Initial bins were extracted using both CONCOCT v 1.10 and the
MetaBAT1 and MetaBAT2 algorithms within MetaBAT2 v 2.15 (Alne-
berg et al., 2014; Kang et al., 2019). The bins were deduplicated and
aggregated with DAS Tool v. 1.1.3 (Sieber et al., 2018). The genomes
were assessed for completeness and quality using CheckM2 version 0.1.3
and for coverage using CoverM v. 0.6.1 (Woodcroft, 2021; Chklovski
et al., 2022). Taxonomic assignments were determined using the clas-
sify_wf tool in GTDB-Tk v. 2.1.1 and the Genome Taxonomy Database
(release r207 v2) (Chaumeil et al., 2022).

The genetic potential of reconstructed genomes was determined

Table 2

Sample locations, names, and collection dates for genomic samples. All filtered
water samples were collected 0.5 m below the entrance to the borehole, while
the mineral particulate sample was collected 56 m below the entrance of the
borehole. *Data from these samples were previously published (Sheik et al.,
2021). bCollected after clearing debris from the entrance to the borehole.

Borehole Sample Name Sampling Date Sample Type

932 W-2014-932 2014 Filtered water®
W-2019-Pre-932 22/02/2019 Filtered water
W-2019-Post-932 25/02/2019 Filtered water”

944 W-2014-944 2014 Filtered water®
W-2019-944 25/02/2019 Filtered water
W-2021-944 21/10/2021 Filtered water

951 W-2014-951 2014 Filtered water®
W-2019-951 25/02/2019 Filtered water
P-2019-951 26/06/2019 Mineral particulate
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using METABOLIC v. 4, which uses a comprehensive database to search
for key metabolic marker genes of interest (Zhou et al., 2022). Marker
genes for iron metabolisms were also predicted using the FeGenie bio-
informatics tool version 1.0 (Garber et al., 2020). The MMseqs2-based
fast.genomics tool was used to supplement the FeGenie predictions
with homology validation (Price, 2023). Indicator species analysis was
performed to identify associations between specific taxa and sampling
locations using the “multipatt” function in the R package “indicspecies”
(De Caceres and Legendre, 2009). Patterns in microbial community
composition across boreholes were analyzed based on Bray-Curtis
dissimilarity matrices of relative microbial abundance and visualized
by non-metric multidimensional scaling (NMDS). These analyses were
conducted using the metaMDS function in the “vegan” package of R.

3. Results
3.1. Mineral Particulate Properties

3.1.1. Field Observations

During sample collection, the overall distribution and characteristics
of mineral particulate at different depths were noted for boreholes 932
and 951. The particulate sampled at each depth is likely a combination
of materials suspended in brine and settled on the borehole wall. The
particulate in borehole 932 was red in color throughout the borehole.
Upon collection, the particulate was a mixture of fine particles that
remained suspended in water for minutes or longer and larger particles
that settled out of solution on the order of seconds or tens of seconds.
Particulate was first visible in water samples from borehole 932 at a
depth of 12 m below the borehole opening. The amount of particulate
drawn up along with the borehole water increased at depths greater than
43 m, and the borehole became fully blocked by particulate at a depth of
69 m, so sampling was discontinued after that depth. In borehole 951,
the particulate was consistently black in color. Particulate was first
visible in water samples at a depth of 50 m; at these shallower depths,
the particulate solely consisted of fine particles with an oily appearance
in aggregate. The overall size of particles in the sample based on visual
inspection began to increase with depth starting at 125 m into the
borehole. Although not quantitatively measured, the volume of partic-
ulate relative to overall sample volume also visibly increased with depth
— appreciable increases specifically occurred at 80 m, 125 m, 135 m, and
145 m. Borehole 951 never became fully blocked by particulate and the
full reported depth was accessed.

3.1.2. Bulk Particulate Mineralogy

Powder XRD revealed that the particulate from borehole 932 con-
tained hematite (FexO3) and quartz (SiO2) (Figure S4). Overall, the
diffraction peaks from this sample were of greater intensity than the
peaks obtained from any of the borehole 951 particulate samples. All
four particulate samples from borehole 951 contained a mixture of
mackinawite (FeS), the mixed-valence iron sulfide greigite (FesS4), and
quartz. The shallowest sample (from 56 m) had the most intense
diffraction peaks and the mackinawite signal in this sample seemed to be
stronger than the greigite signal (Figure S5). In the three deeper samples
(from 90, 126, and 139 m), the overall diffraction intensity was much
weaker (Figure S6). The relative contributions to the overall pattern
from mackinawite and greigite seemed to differ from sample to sample,
with the relative greigite intensity being greater in the shallower sam-
ples and the relative mackinawite intensity being greater in the deeper
samples.

3.1.3. Microscopy

The samples were imaged using both SEM and STXM. These two
methods provide complementary morphological information. SEM al-
lows for the imaging of whole particle aggregates, provides a greater
depth of field, and shows surface textures. Because STXM images are
measured in transmission mode, these images have no depth of field;
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however, STXM allows for the determination of the size, shape, and
elemental composition of single particles as well as the mapping of the
distribution of elements and chemical species throughout samples.

When imaged by SEM (Fig. 3) and STXM (Fig. 4), the particulate in
borehole 932 had two distinct mineral phases with variable grain size
and shape. The largest grains were up to 60 ym in diameter, most were
between 5-25 pm, and some were smaller than 1 um. One set of mineral
grains had uneven fracture and anhedral grains; under the STXM, these
grains contained iron (Fig. 4B). They were likely hematite as identified
by XRD. The other set of mineral grains had conchoidal fracture and
more well-defined crystal faces; these grains contained neither iron nor
carbon and were likely quartz. In addition to the mineral grains, the
particles were associated with several distinct carbon-bearing morpho-
types (Fig. 4C). One of these was consistent with microbial cells: 1-2 ym
long rod and coccus shaped cells and filamentous cells with a length of 4
um or greater. The other carbon-bearing morphotype resembled biofilm
or EPS. When imaged via SEM, the film morphology had a smoother, less
jagged surface than the surrounding mineral grains. When imaged via
STXM, it resembled tufts or whisps, had a lower optical density than the
surrounding minerals or cells, and was composed of organic C (see 3.2.1
Carbon XANES).

The particulate in borehole 951 had three distinct types of non-
carbonaceous particles (Fig. 3, Fig. 5). Two of these contained iron
based on STXM. One set of particles was primarily composed of bladed
rosettes and thin sheets (Fig. 3D) characteristic of mackinawite (Herbert
et al., 1998; Csakberényi-Malasics et al., 2012). Another set of particles
contained a mixture of thicker plates and cubo-octahedral grains
(Fig. 3B), these were likely greigite (Horiuchi et al., 1974; Chang et al.,
2008). Overall, the relative abundance of greigite seemed to decrease
with depth. A third set of grains with irregular features and conchoidal
fracture could also be seen, features associated with quartz. The largest
grains were over 10 um across; most were between 1-2 um, and the
smallest particles were less than 500 nm across. The carbonaceous cell
and film morphotypes seen in the sample from borehole 932 were also
observed in all particulate samples from borehole 951. Cells and film
were less abundant in the shallower samples (56 and 90 m), but the two
deeper samples (126 and 139 m) contained abundant cells with diverse
morphologies including rods, cocci, filaments, and spores. Most mineral
grains from these deeper samples also had associated EPS, while some
grains had dense biofilms covered in numerous cells (Fig. 3C).

3.2. XANES Analysis

3.2.1. Carbon XANES

Carbon XANES spectra were collected via STXM for cells and films.
The spectra showed that these morphologies were chemically distinct.
Carbon spectra from cells were collected from all samples except for the
shallowest borehole 951 sample. The carbon spectra for cells were
similar for all depths in both boreholes (Fig. 6, cell spectra) and
confirmed the presence of proteins and lipids (materials present in mi-
crobial cells). All of these spectra had sharp peaks at 285.17 + 0.06 and
288.3 + 0.1 eV, peaks associated with C = C double bonds and car-
boxylic or carbonyl C = O bonds, respectively (Lehmann et al., 2009;
Nico et al., 2017). Both of these peaks are commonly associated with
proteinaceous carbon (Toner et al., 2009). All spectra had shoulders at
287.2 + 0.2 eV, associated with aliphatic C-H bonding and commonly
observed in lipids (Lehmann et al., 2009; Toner et al., 2009; Nico et al.,
2017). In addition to the spectral features described above, 54 % of the
spectra from cells had peaks at 289.5 + 0.3 eV. Peaks in this region are
associated with C-OH bonding in alcohols (Lehmann et al., 2009; Nico
et al.,, 2017). Forty-five percent of the cell spectra had sharp peaks
around 290.4 + 0.2 eV, associated with C = O bonding in carbonate
minerals and prominent in the calcite standard (Brandes et al., 2010;
Nico et al., 2017).

Carbon spectra from films were collected from all samples. The
carbon speciation was more heterogeneous for the films than for the
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Fig. 3. SEM images of mineral particulate samples. A. Hematite and quartz grains from borehole 932 covered in a biofilm and colonized by filamentous micro-
organisms — an example cell is labeled “f’. B. Particulate collected 56 m into borehole 951. Clusters of greigite plates and cubo-octahedral grains (“g”) can be seen
along with thinner mackinawite sheets (“m”). C. Mackinawite collected 139 m into borehole 951 covered in a thick biofilm and morphologically diverse cells (cocci,
filaments, rods, etc.). D. Mackinawite rosette collected 139 m into borehole 951 consisting of large, thin sheets. All scale bars are 5 um in length.

Fig. 4. A. Scanning transmission X-ray microscopy (STXM) image of borehole 932 particulate at 710 eV. Examples of films, cells, and filamentous cells are labeled.
Darker pixels indicate lower X-ray transmission. B. Iron map of the same area as A prepared from STXM images below and above the iron 2p edge (700 and 710 eV) —
brighter pixels indicate higher iron concentration. C. Carbon map of the same area as A prepared from STXM images below and above the carbon 1 s edge (280 and
290 eV) — brighter pixels indicate higher carbon concentration. All scale bars are 10 um in length.

cells (Fig. 6, film spectra). Most spectra had peaks or shoulders at similar
energy values, but the relative intensities of these peaks varied. Overall,
the spectra resembled a mixture of biomolecules; protein-like and
saccharide-like features were most prominent, but some spectra also
resembled lipids and inorganic mineral carbon. All samples had sharp
peaks at 285.19 + 0.04 eV and 288.4 + 0.2 eV, associated with C = C
double bonds and carbonyl C = O bonds (Lehmann et al., 2009; Nico
et al., 2017). These peaks likely result from the combination of protein-
associated peaks, commonly observed at 288.2 eV, and saccharide-
associated peaks, commonly observed at 288.6 eV (Chan et al., 2004;
Benzerara et al., 2005). All of the spectra also had weak peaks or
shoulders at 287.4 + 0.3 eV, associated with aliphatic C-H bonding and
commonly observed in lipids, and broad spectral features at 293.2 + 0.7
eV, associated C-C sigma antibonding orbitals (Lehmann et al., 2009;
Toner et al., 2009; Nico et al., 2017). Most spectra (86 %) had peaks or
shoulders at 290.4 + 0.2 eV, associated with carbonate C = O bonds
(Brandes et al., 2010; Nico et al., 2017). Approximately half of the
spectra (57 %) had peaks or shoulders at 289.8 + 0.1 eV, associated with
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C-OH bonding in alcohols (Lehmann et al., 2009; Nico et al., 2017).
Finally, some spectra (43 %) had sharp peaks at 297.3 + 0.3 eV, asso-
ciated with potassium’s 2p X-ray absorption edge (Claret et al., 2002;
Nico et al., 2017).

3.2.2. Iron XANES

As expected from visual observations and XRD analysis, the Fe
XANES spectra from particulate from the two boreholes were distinct
from one another (Fig. 7, particulate spectra). The spectra from borehole
932 resembled ferric iron, while the particulate spectra from borehole
951 resembled iron sulfide. The two spectra from borehole 932 partic-
ulate had the same features: a low-absorption peak or shoulder at 707.8
=+ 0.1 eV, a strong, sharp peak at 709.33 + 0.09 eV, and weak peaks at
721.0 &+ 0.2 and 722.5 + 0.1 eV. These spectral features are all consis-
tent with Fe(Ill)-bearing phases. While ferrihydrite was used as a
reference to describe the XANES spectra for ferric iron, distinguishing
between different iron (oxyhydr)oxides using XANES spectra from the
iron 2p edge is often impossible (Toner et al., 2009). The spectra from all
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Carbon

Fig. 5. Scanning transmission X-ray microscopy (STXM) images and optical
density maps of particulate from borehole 951. Samples were collected at 56 m
(A—-C),90m (D — F), 126 m (G — I), and 139 m (J — L) into the borehole. The
first column (A, D, G, J) contains transmission images taken above the Fe edge
at 710 eV — darker pixels indicate lower X-ray transmission. The second column
(B, E, H, K) contains Fe maps prepared from images below and above the iron
edge (700 and 710 eV) — brighter pixels indicate higher iron concentration. The
third column (C, F, I, L) contains C maps prepared from images below and
above the C edge (280 and 290 eV) — brighter pixels indicate higher carbon
concentration. All scale bars are 10 um except for those for D — F, which are
S um.

depths of borehole 951 were relatively homogeneous — all had a strong,
broad peak at 708.0 + 0.2 eV and a weaker, broad peak at 720.8 + 0.1
eV. These spectra are consistent with ferrous iron in sulfide minerals.
Some particulate spectra from the 90 and 139 m depths of borehole 951
had additional peaks at 709.6 + 0.2 and 722.6 + 0.3 eV. These peaks
likely represent ferric iron resulting from particle oxidation during
sample loading — when samples from one of these depths were re-
prepared and re-analyzed at the STXM, these peaks were not
observed. Though it is possible that the peaks at 709.6 eV come from
structural Fe(III) in greigite, Fe L-edge XANES spectra for greigite do not
consistently have a peak at this energy; peaks around 709.5 eV in
greigite spectra are instead commonly attributed to surface oxidation
(Zhu et al., 2018).

Fe XANES spectra were also collected from iron associated with
carbon within the particulate samples (Fig. 7, film-associated spectra).
Based on morphology as observed via STXM, these spectra are consistent
with iron adsorbed to biofilms (‘Film-associated iron’). Overall, the
relative iron concentration in these C-rich phases as determined from
iron density maps (Fig. 4, Fig. 5) was lower than the concentrations
observed in the minerals. The spectra collected from all five samples for
film-associated iron were homogeneous and had a small peak or
shoulder at 708.0 + 0.2 eV, a large, sharp peak at 709.5 + 0.1 eV, and
two weaker peaks at 721.1 + 0.3 and 722.6 + 0.2 eV. The spectral peaks
from this film-associated iron are consistent with those observed in the
ferrihydrite standard, suggesting that this film-associated iron is sorbed
Fe(IIl) (Toner et al., 2009). This sorbed Fe(II) is observed even in
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Fig. 6. Representative C X-ray absorption near-edge structure (XANES) spectra
from selected films and cells, as well as reference materials of interest. Films
had a broad range of spectral features and included properties reminiscent of
proteins, saccharides, lipids, and calcite. Cells were more homogenous, con-
taining features reminiscent of proteins. Dashed lines indicate the following
energies: 285.2 eV, associated with the 1 s — =n* transition in unsaturated or
aromatic C, 287.3 eV, associated with the 1 s — ¢ transition in aliphatic C and
in aromatic carbonyl or hydroxyl groups (commonly diagnostic of lipids),
288.2 eV, with the 1 s — n* transition in amide bonds (commonly diagnostic of
proteins), 288.6 eV, associated with the 1 s — n* transition in carboxyl and ester
groups (commonly diagnostic of polysaccharides), and 290.3 eV associated with
the 1 s —» ©* transition in carbonates (Benzerara et al., 2005; Toner et al., 2009;
Chan et al., 2011).

samples with no other signs of oxidation — in the borehole environment,
aqueous Fe(Ill) may preferentially sorb to biofilms even at low con-
centrations of Fe®" (aq). Alternatively, it could be sorbed Fe(Il) that is
sensitive to oxidation despite careful handling procedures.

3.3. Thin Section Analysis

Rock cores were analyzed for mineralogy and geochemistry to better
understand the distribution of primary and alteration minerals along
rock fractures and pore spaces that could support microbial life. In the
rock core from borehole 932 at a depth of 39 m, a portion of BIF bisected
by circular fractures roughly 0.5 cm in diameter was selected for further
analysis (Figure 526). The bulk BIF hand sample contained white, red-
pink, and dark gray layers. The interior of the fractures had a brown
coating not apparent in the bulk hand sample. A thin section was pre-
pared from this region of the core and analyzed via petrographic light
microscopy. The BIF was composed of 50-750 mm thick bands of iron-
rich and iron-poor rock. In the iron-rich regions, circular iron oxide
grains were bound together with infilled quartz cement. The iron-poor
regions also contained circular iron oxide grains in a quartz matrix;
however, the iron oxide grains in this region were smaller in size and less
abundant.

The micron-scale mineralogy and element distributions were
analyzed in more detail using electron microprobe analysis (EMPA) and
synchrotron-based p-XRF mapping (Fig. 8) and u-XRD (Figure S29) to
determine the micron scale mineralogy of the BIF. The mineralogy will
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Fig. 7. Representative Fe X-ray absorption near-edge structure (XANES)
spectra from biofilm-associated iron, particulate, and reference materials of
interest. Both the film-associated iron and the mineral particulate from bore-
hole 932 resembled ferric iron, while the mineral particulate from borehole 951
resembled ferrous iron sulfide. Dashed lines indicate the following energies:
708 eV, associated with Fe(I) in iron sulfides, and 709.5 eV, associated with
ferric iron (Toner et al., 2009).

be described here in transect, beginning with the bulk rock (Figure 527)
and moving out to the edge of the fracture surface (Figure 528). u-XRD
showed that the iron oxide component of the BIF was entirely hematite.
A Ti-bearing mineral was distributed evenly as small grains through
both the iron-rich and iron-poor bands and was identified as rutile
(TiOy) via u-XRD. A Ca-bearing mineral was abundant in the iron-poor
bands and present in the iron-rich bands, though at a lower concentra-
tion; this phase was identified as fluorapatite (Cas(PO4)3F) using p-XRD.
Finally, a low-abundance iron-magnesium chlorite ((Fe,Mg)sAl(SisAl)
010(0OH)g) was mixed into the iron-rich bands; it could be distinguished
from the hematite in XRF maps via its high Mn/Fe ratio. Approaching
the fracture, the rock was highly enriched in fluorapatite and depleted in
hematite. Following this Ca-rich region, the fracture was coated in a
layer composed of chlorite and quartz. Outside of the chlorite/quartz
layer, needles of an iron rich mineral phase grow into void space. u-XRF
mapping showed that this mineral phase was chemically distinct from
hematite due to an enrichment in arsenic. p-XRD identified the iron-rich
mineral in the fracture as goethite (a-FeOOH).

3.4. Microbial Communities

Metagenome-assembled genomes (MAGs) were reconstructed for
nine water and particulate samples (Table 2). These included two new
water samples each from boreholes 932 and 944, a new water sample
from borehole 951, a particulate sample from the 56 m depth from
borehole 951, and three legacy water samples that had previously been
described (Sheik et al., 2021). Legacy samples were included to expand
the time scale on which the boreholes were compared, and samples from
borehole 944 were included to provide another point of comparison to
boreholes 932 and 951. Sixty-six high-quality MAGs were assembled
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with a median completeness of 98 % (completeness ranged between
81.1-100 %) and a median contamination of 1.3 % (contamination
ranged between 0-15.1 %). The recovered MAGs span eight phyla and
show distinct trends in relative abundance in different boreholes
(Fig. 9A). The microbial communities in individual boreholes were also
compared using NMDS (Fig. 9B). Samples from borehole 951 clustered
together regardless of sampling year, and both water and particulate
samples from this borehole were found to be statistically distinct from
samples from boreholes 932 and 944.

In boreholes 932 and 944, Bacillota (formerly Firmicutes) and
Pseudomonadota (formerly Proteobacteria) were the most abundant
phyla in all but one timepoint, though their relative abundance varied.
In borehole 932, the relative abundance of Bacillota ranged from 23.7 —
42.7 % of the overall microbial community, while the relative abun-
dance Pseudomonadota ranged from 20.0 % — 60.6 %. In borehole 944,
the relative abundance of Bacillota ranged from 6.3 — 42.6 % while that
of Pseudomonadota ranged from 40.7 — 73.9 %. In the borehole 944
sample from February 2019, Desulfobacteriota (only a minor component
of the borehole community in the other borehole 944 samples, with a
relative abundance below 1 %) was more abundant than Bacillota with a
relative abundance of 31.8 %. In contrast, in samples from borehole 951,
Bacillota was abundant, with a relative abundance ranging from 19.7 —
25.9 % while Pseudomonadota was only a minor component of the
borehole’s microbial community, with a relative abundance between
0.5—1.3 %. Additionally, despite being minor components of bore-
holes 932 and 944, Desulfobacteriota and the archaeal phylum Hal-
obacteriota were abundant in all samples from borehole 951, with
relative abundances ranging from 10.0 — 43.1 % for Desulfobacteriota
and 20.2—51.0 % for Halobacteriota. Actinomycetota was consistently
observed as a minor component of the microbial community, with
relative abundance below 5 % in all samples. Bacteridota was a minor
component in all water samples (relative abundance below 1 %) but
were slightly more prominent in the mineral particulate community
(relative abundance of 1.9 %). Finally, Spirochaetota and the fully un-
cultured phylum UBP18 were observed as minor components of the
microbial community in some samples (relative abundance below 1 %) —
though not always detected, they were present in at least one sample
from each borehole.

An indicator species analysis was performed to determine which
species were preferentially found in samples from a given borehole
(Table S5). Many of the taxa identified in this analysis, regardless of the
specific borehole, are known to promote sulfur cycling in diverse envi-
ronments. Four species were found for borehole 932. The indicator
species for this borehole are the least well described in published liter-
ature and represent taxa that are novel or uncultured at the level of
family (two species, one from the order Pseudomonadales and another
from the order Halanaerobiales), order (one species, from the class
Moorellia), or even phylum (UBP18). Three species were found to be
indicators for samples from borehole 944: one was related to aerobic
heterotrophs (Roseovarius sp016278295) and two to sulfur oxidizers
(novel species of the genera Thiohalophilus and Halothiobacillus) (Lab-
renz et al., 1999; Kelly and Wood, 2000; Sorokin et al., 2007). Finally,
six species were identified as distinctive to the borehole 951 community;
their relatives include sulfur reducers (novel species from the genera
Methanolobus and Dethiosulfibacter) and oxidizers (a novel family of the
order Peptostreptococcales), iron reducers (a novel genus of the family
Desulfocapsaceae), fermentative heterotrophs (a novel genus from the
family Syntrophotaleaceae), and methanogens (the novel Methanolobus
described previously) (Takii et al., 2007; Lai, 2019; Baesman et al.,
2021; Sheik et al., 2021).

The shotgun-sequenced metagenomes were also analyzed for genes
pertaining to important metabolic processes related to C, N, Fe, and S
metabolisms. A diverse array of genes related to sulfur reduction and
oxidation were found in all samples (Fig. 10). All metagenomes con-
tained complete pathways for the reduction of sulfate to sulfite: sulfate
adenylyltransferase (sat), adenylylsulfate reductase (aprAB), and the full
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Fig. 8. A.Image of a thin section prepared from a banded iron formation (BIF) region containing a fracture. The white box indicates an area investigated using micro-
X-ray fluorescence (u-XRF) mapping. Scale bar 1 cm. B. p-XRF map showing iron fluorescence across the area indicated in A. The white box indicates an area
investigated at a higher resolution. Scale bar 1 mm. C. p-XRF map showing iron fluorescence across the area indicated in B. The white box indicates the area imaged
via electron microprobe analysis (EMPA). Scale bar 100 um. D. EMPA image of area indicated in C. Example grains of each mineral observed at the fracture edge are

labeled. Scale bar 100 pm.

suite of dissimilatory sulfite reductase (dsr) genes. The anaerobic sulfite
reductase (asrABC) genes associated with sulfite reduction were found in
all samples except for the Feb-2019 borehole 944 sample. The sulfur
reductase (Sre) pathway, used for the reduction of elemental sulfur to
sulfide, was not found in any genomes (Laska et al., 2003). Genes
associated with sulfur oxidation were found across all samples. Com-
ponents of the sulfur-oxidizing Sox pathway were found in all samples,
though soxB and soxC were missing from the borehole 951 Feb-2019
metagenome and soxY was missing from the borehole 951 56 m par-
ticulate metagenome. The sulfide:quinone oxidoreductase (sqr) pathway
was found in all samples. Finally, the thiosulfate/polysulfide reductase
chain A (phsA) gene, associated with thiosulfate disproportionation, was
found in all samples.

The metagenomes for every sample had genes related to carbon
fixation via both the Wood-Ljungdahl pathway and the Calvin-Benson-
Bassham cycle (identified by the presence of the form II RuBisCO
encoding genes). All metagenomes contained the methyl-coenzyme M
reductase (mcrABC) genes necessary for methanogenesis. The methane/
ammonia monooxygenase (pmoABC) genes, linked to methane oxida-
tion, were only observed in samples from borehole 932. All meta-
genomes contained a broad suite of genes related to nitrogen reduction.
Additionally, all metagenomes contained the nitrogenase protein (nifH,
nifD, and nifK) genes related to N fixation, but no genes related to ni-
trogen fixation via the alternative nitrogenases Anf or Vnf. Multiheme
cytochromes, often associated with microbial iron reduction, were
identified in all metagenomes. One of the metagenomes from borehole
944 also carried homologs to the extEFG gene cluster, which was shown
to be involved in Fe(IIl) reduction in Geobacter sulfurreducens (Jiménez
et al., 2018).
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4. Discussion

Boreholes 932 and 951 both contained abundant volumes of mineral
particulate. The particulate in borehole 951 accumulated at the bottom
of the borehole and in discrete locations throughout the borehole’s
length. These areas of particulate accumulation were often near frac-
tures, suggesting that the particulate either formed within fractures or
precipitated when fracture water entered the borehole, as bioaggregates
can readily form in fracture flows (Lee et al., 2023). The borehole 951
particulate was primarily composed of the iron sulfide minerals mack-
inawite and greigite. The sulfide minerals found in borehole 951 are not
seen in the greater host rock and likely formed as a result of biogeo-
chemical iron and sulfur reduction within the borehole or the fracture
networks which intersect the borehole. Mackinawite (FeS) and greigite
(Fe3S4) are not typically primary minerals weathered from rocks, but
rather form in anoxic environments as a result of microbial sulfate
reduction (Morse et al., 1987; Picard et al., 2018; Jgrgensen et al., 2019).
The particulate in borehole 932 was composed of hematite and quartz;
the differences in mineralogy suggest different particulate sources be-
tween the two boreholes. The borehole 932 particulate and the quartz
observed in 951 consisted of fine mineral grains, likely from the host
rock — both hematite and quartz can be found in the BIF contained
within the Soudan formation (Schuler et al., 2022). This particulate was
likely introduced during mine operations after the boreholes were dril-
led, and if sulfide mineral-forming processes are also occurring in
borehole 932, they must be occurring below the point at which the
quartz-hematite particulate obstructs the borehole. The composition of
the mineral particulate, particularly that observed in 951, provides ev-
idence of robust Fe and S biogeochemical cycles in the deep lithospheric
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Fig. 9. A. Relative abundance of bacterial and archaeal phyla in assembled
metagenomes from water (“W-") and mineral particulate (“P-”) samples. All
samples were filtered from groundwaters flowing from boreholes except for the
particulate from 951 (collected from 56 m into the borehole). “NA” denotes
contigs that were not mapped onto any bins and thus lack phylogenetic
assignment. *Data from these samples were previously published (Sheik et al.,
2021). B. Non-metric multi-dimensional scaling (NMDS) plot for the meta-
genomes. Both the water and particulate samples for borehole 951 are more
similar to each other than to the samples from boreholes 932 and 944.

biosphere. The mineral particulate from both boreholes was also asso-
ciated with both cells and biofilm, providing evidence of robust surface-
attached microbial communities and extracellular reserves of organic
carbon in the continental subsurface.

4.1. Evidence of Iron and Sulfur Cycling in Fractures

The deep fracture networks accessed by Soudan Mine boreholes
likely contain active and linked iron and sulfur cycles driven by both
microbial activity and abiotic reactions with iron oxide minerals
(Fig. 11). Sulfate has been consistently detected in borehole waters, with
concentrations averaging 0.8 + 0.3 mM (Schuler et al., 2022).
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Thermodynamic modeling has suggested that sulfate reduction is ener-
getically favorable via electron donors like methane or other short-chain
alkanes present in the Soudan borehole fluids (Dowd et al., 2022).
Indeed, sulfur-reducing microorganisms are ubiquitous in deep subsur-
face environments similar to those accessed by the Soudan Mine (Ste-
vens and Mckinley, 1995; Baker et al., 2003). The metagenomes
collected from borehole waters and particulate further show the po-
tential for sulfate reduction by the presence of sat, apr, and reductive dsr
genes (Fig. 10) that work sequentially to activate and reduce sulfate to
sulfide. Although we know that sulfate reduction is likely occurring in
the Soudan fractures, no HyS has been detected in either the waters or
their associated gases. Evidence for sulfate reduction instead comes from
the active formation of mackinawite and greigite. The high iron con-
centrations in the Soudan waters, averaging 1.7 + 0.4 mM, likely induce
the precipitation of mackinawite, keeping total dissolved sulfide (XH5S)
concentrations below detectable levels (Schuler et al., 2022). Addi-
tionally, the BIF at Soudan contains large quantities of hematite, and this
may also be partially responsible for the low total sulfide concentrations
at Soudan. Hematite can oxidize aqueous H,S and form intermediate
sulfur species (Sin) like elemental sulfur (Sp) and thiosulfate (SZO%)
(Pyzik and Sommer, 1981; Poulton et al., 2004). The oxidation of ZH,S
by hematite will also cause the reductive dissolution of iron, leading to
the release of Fe?" (aq) to Soudan waters. Iron reduction is also likely
facilitated microbially as indicated by the abundance of multiheme cy-
tochromes and the extEFG gene cluster found in the Soudan meta-
genomes. Prior work at Soudan has also predicted genes associated with
Fe(III) reduction, and a ferric iron reducing bacterium, Desulfuromonas
soudanensis WTL, has been isolated from Soudan groundwaters (Bada-
lamenti et al., 2016; Sheik et al., 2021). Mackinawite, once formed
through microbial sulfate and Fe(IlI) reduction, will transform into
greigite in the presence of an oxidant. Though the Soudan waters are
anoxic, polysulfides can also catalyze this reaction (Schoonen and
Barnes, 1991b; Hunger and Benning, 2007; Dowd et al., 2022).
Elemental sulfur, generated by the reactions between hematite and
¥H,S, can react with sulfide to form polysulfides (Sﬁ'). Thus, the pres-
ence of greigite is further evidence of an oxidant-driven branch of the
sulfur cycle, with Fe(Il)-bearing hematite likely being the most abun-
dant oxidant in the Soudan fracture network.

Iron sulfide minerals are ubiquitous in chemically reducing sedi-
mentary environments and commonly include mackinawite, greigite,
and pyrite (FeSy); however, the specific sulfides formed depend on the
geochemical and microbial conditions of a given location (Morse et al.,
1987; Rickard and Luther, 2007; Picard et al., 2018). These minerals
generally form due to the metabolic activity of dissimilatory iron- and
sulfur-reducing bacteria — the reduction of Fe(III) and SO?{ (aq) results in
increased concentrations of Fe®" (aq) and =H,S (g, aq), causing the
precipitation of iron sulfides (Rickard, 1969; Herbert et al., 1998; Wil-
liams et al., 2005). Iron sulfide precipitates have been observed in
several deep subsurface environments, co-occurring with sulfate and
metal-reducing microorganisms (Olson et al., 1981; Baker et al., 2003).
The formation of iron sulfide minerals has been suggested as the cause of
low observed XH»S concentrations at several deep crustal research sites,
including the Soudan Mine (Li et al., 2016).

Mackinawite and greigite often occur as metastable precursor phases
to pyrite (Schoonen and Barnes, 1991b). Though the formation of pyrite
is thermodynamically favorable in environments with elevated ferrous
iron and XHS concentrations, pyrite precipitation occurs slowly at
temperatures below 100 °C (Schoonen and Barnes, 1991a). Conversely,
mackinawite precipitation can occur quickly; in many reducing envi-
ronments, iron and H,S concentrations are in equilibrium with mack-
inawite precipitation rather than the more stable but slower-forming
sulfide phases (Schoonen and Barnes, 1991a). Mackinawite can further
react with polysulfides, forming greigite, which can react with either
hydrogen sulfide species or polysulfides to form pyrite (Schoonen and
Barnes, 1991b; Hunger and Benning, 2007; Rickard and Luther, 2007).
Even at temperatures as low as 10 °C, mackinawite is expected to be
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Fig. 10. Microbial sulfur metabolisms present in the metagenomes. Sample names beginning with a “W” indicate water samples, while the sample name beginning
with “P” indicates a particulate sample. The numbers in the sample names indicate the year in which the sample was collected. *Data from these samples were

previously published (Sheik et al., 2021).

fully converted to pyrite over a timeframe of several weeks with suffi-
cient sulfur flux (Hunger and Benning, 2007). The absence of secondary
pyrite in the Soudan fracture network shows that, despite the presence
of primary pyrite in the host rock, there is not enough ¥H,S in the water
to convert mackinawite and greigite to pyrite.

In addition to forming Fe sulfide minerals, ¥H5S could be consumed
through reactions with the abundance of iron oxide minerals at Soudan,
which may oxidize sulfide before it is able to react with mackinawite or
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greigite (Pyzik and Sommer, 1981; Elsgaard and Jgrgensen, 1992;
Poulton et al., 2004; Zhang et al., 2016). This reaction could contribute
to a cryptic sulfur cycle: sulfate is continually resupplied and thus
maintains a relatively consistent concentration, while other sulfur
phases are short-lived and difficult to detect. Mackinawite seems to be
more prominent in the deeper samples, collected from the portion of the
borehole rich in hematite ore and BIF, while greigite is largely found in
the upper samples, collected from chlorite schist. The iron oxides likely
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Fig. 11. Diagram of the proposed linked iron and sulfur cycles in the Soudan
fracture network. Solid arrows indicate proposed abiotic reactions, while
dashed lines indicate reactions that may be facilitated by microorganisms.
These arrows are labeled with the corresponding genes detected in the meta-
genomes from Soudan waters and particulate. Sy, is used as a stand-in for
several possible intermediate-valence sulfur species, namely elemental sulfur
and thiosulfate.

scavenge XH,S, forming the sulfur intermediates elemental sulfur and
thiosulfate (Pyzik and Sommer, 1981; Elsgaard and Jgrgensen, 1992;
Poulton et al., 2004). These reactions may be drawing total sulfur con-
centrations below those required for greigite formation. Intermediate
sulfur compounds could then be microbially reduced back to hydrogen
sulfide (which can re-react with hematite) and oxidized to sulfate
through a sulfite intermediate. The phsA pathway, which dispropor-
tionates thiosulfate in this manner, was detected in all metagenomes
(Fig. 10). The Sox pathway, which can also oxidize these sulfur in-
termediates to sulfate, was found in many of the metagenomes. In
fractures where there is sufficient ¥H5S, hydrogen sulfide may instead
react with elemental sulfur to form polysulfides. These dissolved poly-
sulfide species can react with mackinawite, forming greigite. This acts as
a sink for both hydrogen sulfide and for the polysulfides, ending further
biogeochemical redox cycling of sulfur. Overall, the particulate and
waters provide both chemical and microbiological evidence for iron and
sulfur reduction as well as robust and linked Fe and S cycles.

The iron sulfide minerals in borehole 951 reflect either the
geochemical and microbial conditions of the surrounding fractures or
the borehole itself. These conditions could differ, either due to distur-
bance of the system during drilling or due to the mixing of water from
multiple active fractures within the borehole, combining sources with
potentially contrasting chemical properties. The boreholes have had six
decades of continuous positive-pressure flow of groundwater, so the
initial drilling disturbance has been diminished compared to newly
drilled boreholes. Additionally, the mixing of fracture waters with
different chemistries is expected to occur naturally and can create niches
in the subsurface with abundant energy sources for microbial life
(Bochet et al., 2020). Current borehole conditions can be used along
with rock cores to interpret plausible in situ fracture conditions. In
particular, alteration minerals in fractures from original rock cores can
record chemical weathering and secondary mineral formation processes.

Minerals observed in fractures in Soudan rock cores are consistent
with in situ formation of FeS, suggesting that sulfide formation occurs in
the fracture network as well as in the borehole and that these mineral-
forming processes were active before any drilling or disturbance of the
Soudan fracture network. Acicular goethite crystals were observed along
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fracture surfaces from the BIF (Fig. 8). Goethite is not observed in the
bulk rock of the BIF, making it distinct from the iron oxides in the sur-
rounding rock formation. Iron oxides are unlikely to form in situ in
heavily reducing environments such as those in Soudan. Although
Soudan has a high concentration of iron in its groundwaters (Schuler
et al., 2022), this is likely to be almost entirely Fe2+, which has a much
higher solubility than Fe>* at circumneutral pH. An oxidant such as Os,
NO3, or Mn(IV) would be required to oxidize Fe®* (aq) and form
goethite, yet none of these are observed within the Soudan formation or
associated groundwaters. Alternatively, the goethite could have
precipitated after the drilling of the core; however, the concentration of
iron in the Soudan groundwater is prohibitively low for a goethite rind
as thick as the one observed to precipitate during the drying of wet core
(S5.2 Goethite Rind Precipitation). The most probable explanation for
the observed goethite rind is the oxidation of an authigenic iron sulfide
rind after drilling, and the existence of such a rind would imply that the
processes described above were active in the Soudan fracture network
before any drilling took place. Studies have shown that goethite can
form as a result of both the dry and wet oxidation of mackinawite
(Boursiquol et al., 2001; Jeong et al., 2010). Iron oxyhydroxides are
commonly observed alteration minerals on fracture surfaces, even
among those drilled from presumably reducing aquifers (Kloppmann
et al., 2002). This suggests that the oxidation of iron-sulfide rinds is a
common occurrence on fracture surfaces from recovered rock cores. The
probable ubiquity of this process points to the relevance Fe and S cycling
in the Soudan Mine to other deep continental systems. The mineral and
aqueous phases identified here can serve as markers for similar pro-
cesses occurring elsewhere in the crust, shedding light on the mecha-
nisms through which biogeochemical cycling supports crustal life.

4.2. Cells and Biofilm Associated with Mineral Precipitate Aggregates

Carbonaceous particles resembling a number of different microbial
cell morphologies, including rods, filaments, cocci, and spores, were
observed in every mineral precipitate sample. Morphologies resembling
the tufted or filamentous fabrics characteristic of EPS or biofilm were
also observed in all samples, primarily in association with minerals.
Though cells and biofilms were observed in all samples, they were not
evenly distributed. In borehole 951, where mineral precipitates were
characterized along a depth profile, both cells and biofilms increased in
abundance with depth. Both the deepest samples from this borehole and
the sample from borehole 932 showed evidence of a robust biofilm-
hosted community. Microbial communities in the curst are not just
composed of chemolithoautotrophs but also include heterotrophic or-
ganisms sustained by autotrophic primary production (Onstott et al.,
2006; Hubalek et al., 2016; Sheik et al., 2021). The abundance and ac-
tivity of these heterotrophic organisms are controlled by the form and
availability of organic carbon (Hubalek et al., 2016; Magnabosco et al.,
2018b). Characterizing the abundance and nature of organic materials
in the subsurface provides important information about the microbial
ecology and activity of the deep biosphere.

The cells and biofilms in these samples had chemically distinct
organic C speciation. Cells had spectral features consistent with unsat-
urated carbon species and carboxylic acids and resembled reference
spectra for proteins and microbial cells from natural samples (Lehmann
et al., 2009; Toner et al., 2009; Chan et al., 2011). Previous STXM
studies of cells in both lab-grown and environmental samples have
found that whole-cell spectra commonly resemble protein standards due
to the abundance of peptides and other carboxylic-acid-bearing bio-
molecules in their cell walls and membranes (Brandes et al., 2004; Chan
et al., 2011). The spectra for the films were more heterogeneous and
likely reflect the presence of multiple biological polymers in the biofilm
material, such as proteins and saccharides. This is consistent with pre-
vious C XANES studies of biofilms (Lawrence et al., 2003). Spectral
analysis suggests a change in composition with depth —saccharides were
observed uniformly, while protein and lipid abundance increased with
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depth. Biofilms were less abundant in the shallower samples, and cells
and films were never observed within the same STXM image in the
shallowest two samples. While the films in these shallower samples are
likely microbially derived, these observations indicate overall greater
biofilm-hosted microbial biomass in the deeper samples.

There are several possible explanations for the increase in microbial
biomass and biofilm with depth. The deepest samples in the borehole
may also contain the oldest particulate — larger FeS particles likely
settled to the bottom of the borehole, meaning that the mineral partic-
ulate samples from the deepest regions may have been residing within
the borehole for years or decades. Thus, the increased biomass on the
deepest mineral aggregates could result from increased time for micro-
organisms to colonize those mineral aggregates. However, the deeper
mineral particulate samples are hosted within the BIF and the hematite
ore body, allowing for cryptic sulfur cycling and microbial Fe(IIl)
reduction not possible in the shallower schist-bearing region. The in-
crease in microbial biomass in the deeper samples could be due to the
energy available to microorganisms through Fe(III) reduction and the
reduction and oxidation of sulfur intermediates in the fractures inter-
secting the borehole at this depth. This theory is supported by the cell
density observed via SEM and STXM on the comparatively shallow
hematite-quartz sediment from borehole 932. Ultimately, both mecha-
nisms could be working in tandem to drive cell density on these deeper
samples.

Biofilms are directly tied to many of the most pressing questions
related to the deep biosphere today. Biofilm and surface-attached cells
are expected to outnumber planktonic cells in the subsurface by a factor
of 100 or more (Hazen et al., 1991; Lehman et al., 2001; Flemming and
Wuertz, 2019). However, there is still some uncertainty with regard to
the magnitude of this difference (McMahon and Parnell, 2014; Magna-
bosco et al., 2018a). Because of this, it is difficult to accurately estimate
the overall cell abundance and biomass present in the subsurface and
determine whether surface-associated microbes consist of a few
attached cells on a rock surface or whether they could potentially be a
part of more robust, denser communities. Laboratory incubations of
groundwaters from deep fractured-rock have shown that microbes will
readily attach and grow biofilms and that surface-attached and biofilm-
forming organisms differ from those that dominate free-flowing waters
(Lehman et al., 2001; Jones and Bennett, 2017). Biofilms with microbial
communities taxonomically distinct from planktonic populations have
been grown on glass slides, mineral chips, and polished minerals incu-
bated in situ within deep biosphere environments (Pedersen et al., 1996;
Ramirez et al., 2019; Casar et al., 2020; Nuppunen-Puputti et al., 2022).
Biofilms have also been sampled from boreholes drilled into the sub-
surface, though these have largely been limited to microoxic locations or
those near borehole entrances (MacLean et al., 2007; Borgonie et al.,
2015). However, a study combining drilling with careful contamination
control was able to characterize microbial communities on fracture
surfaces (Jagevall et al., 2011). And a recent drilling study in the Iberian
Pyrite Belt found chemical evidence of cells and EPS on fracture surfaces
at every depth investigated (Escudero et al., 2018). Our findings
contribute to the building evidence that biofilms are a more important
aspect of microbial life in the deep continental biosphere than plank-
tonic cells.

Mineral particulate samples such as those collected at the Soudan
Mine can expand our understanding of biofilm-hosted life in the deep
biosphere. The biofilms hosted on these mineral aggregates are
distinctive due to the confluence of their cell-density and the depth at
which they were collected. Because most cells within the deep biosphere
are likely found within biofilms and the microbial communities in these
biofilms differ from planktonic microbial communities, exploring these
differences further should be a priority for subsurface research. Incu-
bating mineral chips in deep groundwaters can be an important source
of information, but it is important to confirm these experimental results
by sampling natural biofilms collected deeper into the subsurface
environment. Mineral aggregates incorporating biomass, like those seen
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at Soudan, could readily emerge in other subsurface fracture networks
(Lee et al., 2023). Biomass-mineral aggregates will be easier to sample
than rock fracture surfaces — no new drilling will be required for their
collection. Consequently, fragile biomaterials will not be destroyed by
heat and friction, and contamination will not be introduced through
drilling mud or water. Future work in subsurface environments should
treat borehole-hosted particulate as a potential repository of subsurface
life and thus should prioritize collecting and analyzing particulate car-
ried in borehole effluent and sediments collecting on borehole walls.
Studying the surface-attached communities collected on these particles
and the chemistry of the particles themselves will provide valuable in-
formation about the biogeochemical functioning of crustal
environments.

4.3. Microbial Communities in the Soudan Boreholes

The microbial communities in all three boreholes were relatively
stable from timepoint to timepoint over five to seven years of sampling.
Metagenomes were most similar between boreholes 932 and 944; these
two boreholes access the most saline and isolated groundwaters in
Soudan, with TDS concentrations between 97,000 — 116,000 mg/L
(Schuler et al., 2022). Metagenomes from borehole 951 diverged from
those from both 932 and 944. These differences are likely driven by the
differences in salinity between the boreholes and by differences in the
lithologies accessed by the fractures directing water into the boreholes.
Unexpectedly, the metagenomes from the borehole 951 filtered
groundwater and 56 m particulate did not differ substantially from one
another. However, it should be noted that the particulate sample had
fewer cells and EPS (by X-ray and electron microscopy) than those
samples from deeper into the borehole. It is possible that the deeper
samples with more abundant biofilm communities would have larger,
significant differences from the planktonic microbial community.
Among the microbial phyla observed, Desulfobacterota underwent the
largest fluctuations in relative abundance. This may be connected to the
fluctuations in sulfate concentrations observed in the Soudan ground-
waters (Schuler et al., 2022). This phylum is linked to sulfate reduction,
and its abundance may rise with the availability of sulfate, or temporary
spikes in the abundance of this phylum may cause decreases in observed
sulfate as the compound is reduced (Langwig et al., 2022).

Indicator species analysis can be used to investigate the biogeo-
chemical differences between otherwise similar borehole environments
and microbial communities. The indicator species for borehole 932 are
the least similar to microbes which have previously been described in
published literature. This borehole is also the most saline and therefore
is assumed to access the most isolated groundwater in Soudan. These
extreme conditions correlate with uncultivated or understudied micro-
bial phylogenies. Indicator species for borehole 944 contain likely aer-
obic heterotrophs, including a species from the genus Roseovarius. This
would seem to indicate that borehole 944 accesses more aerobic fracture
conditions than the other two boreholes. However, oxygen concentra-
tions in gas samples are quite low in this and other boreholes and have
been attributed to oxygen contamination during sampling rather than to
oxic or suboxic conditions within the borehole at depth (Dowd et al.,
2022). Borehole 944 has a lower groundwater flow rate than 932 and
951, and it is possible that this allows surficial oxygen to infiltrate
deeper into the borehole than it can in the other two boreholes (Dowd
et al., 2022). The presence of aerobic heterotroph indicator species may
be a sign that a deeper sample is needed to get an uncontaminated
representation of the subsurface community in borehole 944. Finally,
indicator species for borehole 951 suggest that the microbes in this
borehole have the potential to carry out a broad suite of metabolism
linked to life in isolated subsurface environments. The borehole contains
putative methanogens and fermenters, necessary to drive the carbon
cycle that supports life in the subsurface. Microbes in this borehole are
also linked to the oxidation and reduction of a broad array of S com-
pounds of varying valence states, providing genomic evidence for a
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cryptic sulfur cycle. This cycle could be coupled to Fe or N cycling, as
microbes that promote Fe and N cycling are present in this borehole.
Overall, the indicator species for borehole 951 resemble the microor-
ganisms found in many remote crustal sites supported by lithotrophs and
anaerobic heterotrophs (Wu et al., 2016; Momper et al., 2017a).

Examining MAGs as taxa from these boreholes can provide some
information about the possible microbial metabolisms supported in the
Soudan fracture networks, but directly examining the genes present in
metagenomes gives insight into the metabolic capabilities of the entire
community. A focus on the whole microbial community is of particular
importance due to the prevalence of metabolic handoffs between species
in the deep biosphere (Anantharaman et al., 2016). The genes observed
across all samples supported the common theory of the deep biosphere
as an environment based on a chemolithoautotrophic metabolic back-
bone. A broad array of sulfate and sulfite reduction genes were found in
the Soudan metagenomes. However, it is important to note that some
genes associated with these sulfur pathways can function in both
oxidizing and reducing directions and that the presence of these genes is
not direct evidence of either sulfur oxidation or reduction (Meyer and
Kuever, 2007; Thorup et al., 2017; Kjeldsen et al., 2019). Sulfate
reduction to sulfide is an important component in the biogenic forma-
tion of iron sulfide minerals in many sedimentary environments. Sulfate
reduction capabilities have also been observed in previous genomic
studies of Soudan (Sheik et al., 2021). The presence of reduction path-
ways specific to sulfite, e.g. Asr, suggests that this sulfur intermediate
may play an important metabolic role in Soudan groundwater commu-
nities. The lack of the Sre pathway, used in the reduction of elemental
sulfur, is interesting in light of the likely formation of Sy through the
reaction of THyS with hematite. It is possible that elemental sulfur is
only oxidized through the Sox pathway and not microbially reduced.
Alternatively, elemental sulfur precipitates forming at hematite surfaces
may only be used by biofilm-hosted microbes, while the planktonic
community sequenced in these samples may not have the same access to
these compounds.

Genes associated with the oxidation of sulfur species, the sqr and Sox
pathways, were observed in all samples. These genes indicate that
thiosulfate oxidation and disproportionation may be important energy-
generating metabolisms at Soudan. Like elemental sulfur, thiosulfate is
likely to be a product of the oxidation of HsS by iron oxides (Pyzik and
Sommer, 1981; Zopfi et al., 2007). This compound is more soluble than
elemental sulfur and thus likely to be more available to planktonic mi-
crobes. While reducing environments are generally associated with
sulfate reduction, it is increasingly evident that in low-energy environ-
ments like Soudan many competing metabolisms may be active at once
(Sivan et al., 2014; Treude et al., 2014; Pellerin et al., 2018). Overall, the
Soudan microbial communities are well poised to both oxidize and
reduce a wide variety of sulfur compounds, providing more evidence
that Soudan has a sulfur cycle more complicated than the reduction of
sulfate to XH,S, which is then sequestered in iron sulfide minerals. There
is likely a diverse and active S cycle in the Soudan fractures, with both S
oxidizers and reducers participating depending on local geochemical
conditions. The microbial oxidation of elemental sulfur and thiosulfate
to sulfate or sulfite could be important parts of a closed sulfur cycle,
ensuring that reduced sulfate is regenerated and resupplied to sulfate
reducing microorganisms. This regeneration in turn would ensure that
sufficient energy is available to support crustal ecosystems for long time
scales, preventing any one substrate from being drawn down below
metabolically useful concentrations. Because iron oxide minerals also
play an essential role in this process, this study also demonstrates the
degree to which microorganisms in the deep biosphere depend on rock
that makes up their surrounding environment.

5. Conclusion

Geochemical and microbiological investigations at the Soudan Un-
derground Mine revealed mineral-hosted biofilms densely populated by
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microbial cells as well as a cryptic sulfur cycle coupled to iron cycling.
Boreholes drilled into the Soudan formation, a 2.7 Ga BIF located in the
southern Canadian Shield, were lined with fine-grained mineral partic-
ulate colonized by microbial communities. Mineral surfaces were
covered in thick biofilms composed of proteins and polysaccharides and
diverse cell morphotypes. The mineralogy and provenance of the min-
eral particulate differed between boreholes, as one contained quartz and
hematite likely introduced to the borehole by mining or weathering
while another contained iron sulfide minerals that likely precipitated
authigenically. The mineralogy of the iron sulfides differed based on
both depth and local rock lithology. Mackinawite was more prominent
in deeper hematite-rich regions and greigite in shallower hematite-poor
regions. Mineralogical analysis of cores from Soudan suggests that iron
sulfide mineral formation likely takes place within fracture networks,
not just in the borehole. Sulfide mineral formation was an active process
before any drilling or disturbance of the Soudan groundwaters took
place and results from microbially mediated Fe(IIl) and sulfate reduc-
tion. Metagenomes assembled from DNA extracted from both the iron
sulfide particulate and from the Soudan groundwaters confirm that
these crustal microbial communities have the genomic potential to uti-
lize a wide variety of S species, promoting both S reduction and oxida-
tion processes in this anoxic environment. Mineralogical analysis and
MAGs together provide evidence for a cryptic sulfur cycle linked to iron
cycling that generates sulfur intermediates like elemental sulfur and
thiosulfate which could fuel the robust microbial communities colo-
nizing the mineral particulate. Taken as a whole, the geochemical and
metagenomic elements of this study suggest that the Soudan fractures
contain distinct biogeochemical iron and sulfur cycles linked to micro-
bial populations and fracture-specific mineralogy and fluid chemistry.
Overall, this study demonstrates the importance of sulfur as an essential
substrate for the deep biosphere and points to fracture-hosted mineral
particulate as a key to understanding biofilm-hosted subsurface com-
munities. Future work focused on S XANES, S isotopes, or the quantifi-
cation of intermediate sulfur species in groundwater will further
elucidate how sulfur is cycled in crustal environments and shed more
light on the biogeochemical mechanisms supporting deep, isolated mi-
crobial communities.

Data availability

XANES spectra, XRD patterns, and the results of metagenome pro-
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Down-borehole video and XRF maps are available through Figshare at
https://doi.org/10.6084/m9.figshare.23865951.v1. Genomic data is
available through the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) under BioProject PRINA248749;
specific samples can be found under sequence numbers SRR24974068,
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