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Hydrogen generation from low-temperature
water-rock reactions

L. E. Mayhew'*, E. T. Ellison', T. M. McCollom?, T. P. Trainor® and A. S. Templeton’

Hydrogen is commonly produced during the high-temperature hydration of mafic and ultramafic rocks, owing to the
oxidation of reduced iron present in the minerals. Hydrothermal hydrogen is known to sustain microbial communities in
submarine vent and terrestrial hot-spring systems. However, the rates and mechanisms of hydrogen generation below
temperatures of 150 °C are poorly constrained. As such, the existence and extent of hydrogen-fuelled ecosystems in subsurface
terrestrial and oceanic aquifers has remained uncertain. Here, we report results from laboratory experiments in which we
reacted ground ultramafic and mafic rocks and minerals—specifically peridotite, pyroxene, olivine and magnetite—with anoxic
fluids at 55 and 100 °C, and monitored hydrogen gas production. We used synchrotron-based micro-X-ray fluorescence and
X-ray absorption near-edge structure spectroscopy to identify changes in the speciation of iron in the materials. We report a
strong correlation between molecular hydrogen generation and the presence of spinel phases—oxide minerals with the general
formula [M**M3*]0, and a cubic crystal structure—in the reactants. We also identify Fe(111)-(hydr)oxide reaction products
localized on the surface of the spinel phases, indicative of iron oxidation. We propose that the transfer of electrons between
Fe(11) and water adsorbed to the spinel surfaces promotes molecular hydrogen generation at low temperatures. We suggest
that these localized sites of hydrogen generation in ultramafic aquifers in the oceanic and terrestrial crust could support

hydrogen-based microbial life.

accompanied by H, production, fuels H,-based microbial

ecosystems such as at Lost City"? and Rainbow hydrothermal
vent systems>*. The oxidation of Fe(11) in primary minerals to
Fe(1mr) in secondary minerals reduces water to H, gas. This
process is well studied at >200°C (for example, refs 5-10).
However, less is known about the potential for H,-generating
water—rock reactions to support rock-hosted microbial ecosystems
when these reactions occur within the known temperature limit
of life (~122°C; ref. 11). In systems where H, generation
could occur at low temperatures (for example, The Cedars,
California'?; Lost City'?; Samail Ophiolite, Oman'*) the production
of H, in sufficient quantities and rates' to support subsurface
H,-using life (for example, SLiMEs (ref. 16)) is questioned’.
Examination of naturally serpentinized rocks and geochemical
models suggest that partitioning of Fe(111) into serpentine (relative
to magnetite) and Fe(11) into secondary minerals such as brucite
increases with decreasing reaction temperatures, resulting in
less H, produced per mole of mineral reacted”®. However,
few laboratory investigations of H, production from water—rock
reactions at <200 °C have been conducted and none has examined
the secondary mineral products'®?°. To address the outstanding
questions concerning the amount, rate and mechanisms of
H, generation at low temperatures, we conducted laboratory
experiments at 55 and 100 °C with natural peridotite, olivine with
high and low Fe contents (Foi,, Fog), clinopyroxene with high
and low Fe contents (hedenbergite, petedunnite), and magnetite.
All of the reactants included minor mineral phases that in many
cases played an important and previously overlooked role in the
H,-generating reactions (Table 1).

E ; erpentinization, the process of hydration of ultramafic rocks

Low-T water-rock reaction experiments produce H,

Experiments with San Carlos peridotite, San Carlos olivine, fayalite,
magnetite and petedunnite, a Zn- and Mn-bearing pyroxene,
produced H, above background levels during reaction at 55
and 100°C (Fig. 1). We observed considerable variability in the
amount of H, produced between replicate experiments of a
single substrate. Only a fraction of the substrate reacted and
equilibrium conditions were not reached. For some substrates, the
variation in H, production was large enough that some replicates
at 55°C produced more H, than replicates at 100°C. Thus,
temperature was not the only variable affecting the amount of
H, produced by a single substrate. We also observed variation
between substrates, with a range of approximately 50-300 nmol H,
produced per gram of mineral depending on the substrate. For
substrates within the same mineral group (for example, olivines
or clinopyroxenes), we expected H, production to vary with Fe(r)
content (Supplementary Table S1). Indeed, fayalite (1.84 mol Fe
per formula unit (pfu)) generated more H, than San Carlos
olivine (0.2 mol Fe pfu). However, petedunnite (0.3 mol Fe pfu)
produced much more H, than hedenbergite (0.8 mol Fe pfu),
which had an average H, concentration not statistically greater
than that observed in the media-only controls. This suggests that
Fe content was not the only variable that influenced the amount
of H, produced by different mineral phases within the same
mineral group. The trend in H, production also could not be
predicted from the bulk surface area of the substrates; for instance,
hedenbergite had the highest surface area but produced the least
H, (Table 1). The variation in H, production observed between
replicate experiments of a single substrate and the lack of simple
trends in H, production with temperature, Fe content or surface
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Table 1| The modal abundance (volume per cent) of each phase present in the starting geologic materials as obtained from

QEMSCAN analyses.
Mineral phase Fayalite Magnetite San Carlos Hedenbergite Petedunnite San Carlos
olivine peridotite
Olivine 86.9 40.0 90.8 0.2 0.6 85.3
Orthopyroxene 0.6 1.0 35 0 0 24
Clinopyroxene 6.2 1.8 0 80.4 11 3.8
Petedunnite 0 0 0 9.8 85.2 0
Amphibole 2.4 1.6 0 0.9 01 0
Fe(l11)-bearing 0.4 43.6 0 0 0 0
oxides*
Gahnite 0 0 0 0 1.2 0
Chromite 0 0 0.05 0 0 0.7
Other spinels 0 0 0.1 0 0 0.2
Siderite 1 3.2 0.7 5.6 0.7 19
Other carbonates 0 0 0 0.2 3.6 0.1
Chlorite 0.2 0.2 13 0 0 1.6
Talc 0 0 01 0 0 1.6
Serpentine 0 0 1.4 0 0 0.8
Secondary phases
Fe(in)- X X X X X X
(hydr)oxides
Fe(1)-silicate X ? X X
Fe(i)-brucite ? X X

Specific surface area (m2g=")

0.2506+0.0072 0.5738 £0.0063 0.2728 + 0.0102 6.9959 &+ 0.0702

0.2806 £ 0.0078 0.34424+ 0.0052

The secondary phases detected in each experiment are indicated by an X. *category includes magnetite, haematite and goethite owing to difficulties distinguishing between them because of their similar

Energy-dispersive X-ray spectroscopy spectra and backscattered electron signals.

area suggest that other parameters influence the processes and
pathways of H, production.

Identification of rare, microscale reaction products

To identify the reactions controlling H, generation the solid-phase
reaction products need to be identified, which poses a challenge due
to the low abundance of secondary products and the heterogeneous
nature of the substrates before incubation. Characterization of
the starting materials and reacted samples using synchrotron-
based X-ray fluorescence (WXRF) microprobe mapping at multiple
energies within the Fe K-edge (Supplementary Figs S1 and S2,
Figs 2 and 3) and Fe K-edge X-ray absorption near-edge structure
(UXANES) spectroscopy (Supplementary Fig. S3) enabled direct
comparisons between the unreacted and reacted materials. We
were able to identify unique secondary products (Table 1) despite
their limited abundance and predominant occurrence as surface
coatings on primary phases.

Ferric iron products were detected in the experiments after H,
generation, consistent with the reported formation of Fe(111)-oxides
in olivine-water reactions conducted at 120°C (ref. 21). Owing
to the near-edge spectral characteristics (peak position, structure)
for potential candidate (hydr)oxides (for example, ferrihydrite,
haematite and goethite), we cannot uniquely identify the Fe(11r)-
bearing phase and henceforth use the term Fe(111)-(hydr)oxides to
indicate Fe bound to O and/or OH in a variety of crystal structures.
However, it is possible to quantitatively distinguish among the other
classes of Fe-bearing phases detected in this work (for example,
olivine, pyroxene, Fe(111)- (hydr)oxides, talc, brucite) on the basis of
the spectral absorption edge and structure (Supplementary Fig. S4).
These analyses reveal that the Fe(11r)-bearing reaction products
are non-silicate phases.
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Fe(111)- (hydr)oxide products are a discrete phase in the fayalite
and magnetite experiments, and synchrotron analyses also revealed
the strong co-localization of Fe(1r)-(hydr)oxides with primary
spinel mineral phases (for example, magnetite, chromite and
gahnite) in all experiments generating significant H,. In the
fayalite experiment, microscale secondary Fe(1r)-(hydr)oxides
were detected on the surfaces of magnetite particles that were
present as impurities in the fayalite sample (Fig.2). In the San
Carlos peridotite, the oxidized Fe component was observed on
chromite particles, which were identified optically and by trace-
element uXRF microprobe mapping (Fig. 3a—c). In the petedunnite
experiment, the distribution of Fe(111)-(hydr)oxides was correlated
with Zn hotspots visible in trace-element maps (Fig. 3d—f) and the
likely location of the Zn-bearing spinel particles that were identified
as a minor phase by X-ray diffraction. Fe(11r)-(hydr)oxides
occurred in limited abundance in the San Carlos olivine experiment
(Supplementary Fig. S2). The Fe(111)-(hydr)oxides observed in the
hedenbergite experiment were not associated with spinel particles
as there were no spinel phases present in the starting material;
instead they were detected as discrete Fe(111)-(hydr)oxide particles
(Supplementary Fig. S2). Although it seems that Fe(11) oxidation
occurred in the hedenbergite experiment, spinels were evidently
not the catalyst, and H,O was not the oxidant because no H,
production was observed; any redox processes occurring in this
experiment remain uncertain. In summary, Fe(11) was oxidized
to Fe(rmr) in all experiments but H, gas was detected only in
experiments containing spinel phases.

The lack of experimental data on H, generation and secondary
mineral production from low-temperature water—rock reactions
necessitates comparisons to geochemical equilibrium models of
peridotite- and olivine—water reactions. Models that extend below
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Figure 1| Hydrogen production from water-rock reactions at 55 and 100 °C. The amount of H, gas (nanomoles) produced per gram of rock or mineral
reacted is plotted versus reaction time. Each line represents a single experimental vial. Dashed lines represent data from 55 °C and solid lines represent
data from 100 °C. Error bars represent the analytical uncertainty of the gas chromatography measurements (=5%).

200°C correlate H, generation to the incorporation of Fe(im)
into serpentine (for example, refs 7,8). The partitioning of
Fe(111) into serpentine has also been documented in natural and
experimental samples serpentinized at higher temperatures (for
example, refs 6,17). Unlike equilibrium models, our experiments
do not reach equilibrium conditions with respect to the aqueous
geochemistry or H, activity and therefore non-equilibrium reaction
products may be expected.

We do not detect serpentine in our peridotite and olivine
experiments. Mineral stability diagrams (Supplementary Fig. S5)
replicating the aqueous geochemistry at the time the solid phases
were analysed predict the formation of a Fe-bearing talc in the
fayalite, petedunnite and hedenbergite experiments due to high
Si activity (Supplementary Table S2). We do detect Fe-bearing
talc (Mg,Fe;_,5140,0(OH),) not present before reaction in these
experiments. In natural systems, Fe-bearing talc is an alteration
product when the amount of Si is high relative to Mg and Fe
(for example, in the presence of basalt or pyroxene or when
(Mg -+ Fe)/Si < 1.5). The talc in our experiments is Fe(11)-bearing
(Supplementary Fig. S4), and preferentially coats the clinopyroxene
particles, present as impurities in the fayalite sample (Fig. 2) and
as the main components of the petedunnite and hedenbergite
experiments (Fig. 3d,f and Supplementary Fig. S2).

In the San Carlos peridotite and San Carlos olivine experiments,
Fe(11)-bearing brucite coatings (Mg,Fe,_,(OH),) were observed
on the olivine particles (Fig. 3a,c and Supplementary Fig. S2).
The precipitation of brucite despite the high Si,q of the bulk
fluid (Supplementary Table S2 and Fig. S5) may be due to
interfacial microenvironments with lower Si,q activities. Together,
the precipitation of Fe(11)-bearing brucite and talc suppresses H,
generation by making Fe(11) solubilized from the primary minerals
unavailable for oxidation. Furthermore, the incorporation of Fe(11)
into secondary phases illustrates that only a fraction of the Fe(1)
was oxidized to Fe(1).
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Spinel-surface-promoted H, production
Hydrogen generation results indicate a strong correlation between
the presence of spinels in the starting materials and the ability of
a system to produce H,. In the synchrotron-based Fe distribution
and speciation results, we note that H, generation is correlated with
samples where Fe(111)-(hydr)oxide products are co-localized with
spinel surfaces. As we discuss below, these coupled observations
clarify the inconsistent correlations between H, production and
temperature, Fe content or surface area in these experiments.
Furthermore, these observations may explain the variability in
previously published work where solid-phase transformations were
not investigated. We propose that electron transfer from spinel
particles to adsorbed water molecules or protons is the predominant
pathway for H, generation’*? in the low-temperature systems
studied here (Fig. 4). The process and rates of electron transfer
from Fe(Il),q to water are not well understood. As such, spinels
may play an important role in promoting H, generation. Minerals
with an inverse spinel structure are known to be highly conductive
(for example, refs 24,25) and, in the case of magnetite, this is
due to high electron mobility between Fe(11) and Fe(rr) (ref. 26).
Spinels are known to transfer electrons to oxidized metals present
in soils and fluids and thus play a critical role in reducing
metal contaminants (for example, refs 27-29). Spinels, including
magnetite and chromite, have been proposed to catalyse organic
synthesis reactions at high®**' and low' temperatures, but the
mechanism has not been investigated. Intriguingly, much less is
known or speculated about spinel-mediated transfer of electrons
to water (or protons), although the sorption of water molecules to
spinel surfaces has been documented (for example, refs 23,32-34).
During the proposed reaction, structural Fe(1r) present in the
spinels will be oxidized to Fe(11r) resulting in the cessation of H,
production without the addition of an external source of electrons.
Sustained H,generation could be realized using Fe(11) (aq) as an
external source, through the dissolution of primary Fe-bearing
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Figure 2 | Distribution of minerals in the fayalite experiment reacted at
100 °C. a, Mineral map generated from fitting representative XANES
spectra to the Fe K-edge multiple energy maps. (red, Fe(ll)-Chydr)oxides;
green, fayalite; blue, Fe-bearing talc + fayalite). Fe(i11)-(hydr)oxides
correspond with magnetite particles and Fe-bearing talc corresponds with
pyroxene particles as seen in b. b, Plane light photomicrographs of the
mapped area. Scale bars, 90 um.

silicates (Supplementary Table S2). Aqueous Fe(11) should strongly
interact with the spinels and serve as an electron source, which
is well documented for Fe oxides and spinels®>~”. This results in
the rapid oxidation of the sorbed Fe(ir) due to the transfer of
electrons from aqueous Fe(11) to the spinel substrate (for example,
refs 35-39; Fig. 4b). Thus, aqueous Fe(11) may be an important
source of electrons in these experiments.

Using the framework of spinel-surface-promoted H, produc-
tion, we can explain the variation in the amount of H, produced
from the different substrates tested in these experiments. We find
that for all substrates containing trace spinels (0-1.2 vol%) there
is a strong correlation between average spinel abundance (volume
per cent per substrate) and average H, production (R> =0.97,P =
0.002). Although the magnetite experiments (43.6 vol%) produced
less H, than predicted by spinel volume per cent, thermodynamic
calculations indicate that this system reached equilibrium with the
magnetite—haematite buffer and was not surface-area limited. The
spinel surface area in each experiment could not be independently
measured and is likely to vary between each replicate experiment
owing to uneven sub-sampling of the substrates. Differences in the
amount of minor phases, and thus the spinel surface area, between
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replicate experiments may explain the high variability between
replicates. Similarly, the flux of Fe,q is an important control on H,
production but this cannot be quantified because the concentration
of Fe,q in most experiments at most time points was below the
detection limit of our analytical methods (Supplementary Table S2).

In most of the experiments, we observed H, generation
to significantly decrease with reaction time. In closed-system
experiments, it can be expected that the accumulation of reaction
products can inhibit the forward reaction. However, flushing the
headspace with N,/CO, (chosen to mimic a system where CO, is
the carbon source for chemolithoautotrophic microbial life) did
not result in the re-initiation of H, production, suggesting that
the reaction was not thermodynamically inhibited. In studies of
the kinetics of mineral dissolution, initial rapid reaction rates are
often attributed to the creation of highly reactive surface sites by
mineral grinding (for example, ref. 40). A similar effect may occur
in our experiments; however, we document H, production on the
order of one to a few weeks depending on substrate. We suggest
that the cessation of H, production may instead be due to two
critical factors. First, H, generation may be limited by changes in
the reduction potential and reactivity of the spinel catalysts. For
example, the oxidation of surface Fe(11) atoms in magnetite has
been observed to occur on the order of a few minutes to hours
(for example, refs 26,27,41), followed by a decrease in reaction
rates*!. Second, the formation of secondary surface layers, such
as Si-rich surface layers commonly formed by both incongruent
dissolution and dissolution/reprecipitation processes (for example,
refs 36,41-43), may inhibit the continued dissolution of olivine
and pyroxene, thereby limiting the release of Fe(11) to solution and
removing an important electron source for H, production. Thus,
H, generation may be episodic depending on the rates of formation
and destabilization of mineral surface layers during progressive
water—rock interaction in an open system.

Furthering our understanding of low-T H, production

So far, the reaction(s) giving rise to H, production from water-rock
reactions at low temperatures has not been identified. In contrast
to the predicted formation of Fe(111)-serpentine (or Fe(11r)-talc in
the case of our high [Si,q]) at low temperatures, we observe the
partitioning of Fe released from olivine and pyroxene dissolution
into Fe(11r)-(hydr)oxides and Fe(1r)-talc. Although we cannot
quantify the total fraction of Fe in each phase, these observations
have extended our understanding of changes in Fe speciation
during low-temperature H, production. Previous experiments that
produced measurable amounts of H, gas from ferrous silicates at
30-70 °C revealed inconsistencies in the variables that seem to affect
H, production'®!?. Both studies showed variation between replicate
experiments; ref. 18 found a correlation between H, production and
temperature whereas ref. 19 did not. The use of natural materials,
which probably contained minor phases (for example, spinels),
may explain the variation in the amount of H, generated. In fact,
although we did not detect methane in our experiments at any
time or temperature, ref. 19 attributes methane formation in its
experiments to catalysis by spinel phases. On the basis of ref. 44
(namely, the reduction potential of Fe(1r) is greater at solid—solution
interfaces than in the aqueous phase), ref. 18 suggested that surface
Fe(11), whether an intrinsic component of the minerals or adsorbed
to a solid Fe-bearing surface, may have participated in the H,
producing reactions. Our hypothesis of spinel-surface-promoted
electron transfer also supports the important role of surface Fe(1r)
in H,-producing reactions.

Potential role of spinels in natural geologic systems

Our ability to detect, identify and assess the distribution of
secondary phases has further elucidated the reactions responsible
for low-temperature H, production. The model of spinel-surface-
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Figure 3 | Geochemical maps of San Carlos peridotite and petedunnite reacted at 100 °C. a, Mineral distribution in reacted San Carlos peridotite.

(red, Fe(lID-(hydr)oxides; green, olivine; blue, olivine + brucite; grey, pyroxene). b,c, Fe(111)-(hydr)oxides coat chromite particles identified in the map of
chromium distribution (b) and the plane light photomicrograph (¢). Scale bars, 100 um. d, Mineral distribution in reacted petedunnite

(red, Fe(lID-Chydr)oxides; green, pyroxene; blue, Fe-talc). e, Fe(il1)-(hydr)oxide coatings correspond with zinc hotspots (that is, ZnAl,O4 (gahnite))
identified in the map of zinc distribution. f, Fe(l1)-talc coats many pyroxenes seen in the plane light photomicrograph. Scale bars, 60 um.
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Figure 4 | Schematic representation of spinel-surface-promoted H;
generation. Hydrogen is produced when: a, water molecules and protons
adsorb to spinel surfaces, and electrons are transferred to adsorbed
water/protons from structural Fe(11); and b, dissolution of Fe(l1)-bearing
silicates releases Fe(11) and SiO2(aq) to solution. Fe(l1) adsorbs to spinel
surfaces and participates in interfacial electron transfer, resulting in
sustained reduction of water and/or protons. €, Hydrogen generation may
cease when localized precipitation of secondary surface layers diminishes
the release of Fe(l1) from the primary silicate, and/or oxidation of spinel
surface Fe(l1) atoms and adsorbed Fe(I1) produces an oxidized surface layer
passivating the spinel.

promoted electron transfer not only provides a framework
for understanding the mechanism of H, production in our
mineralogically complex experimental system but also provides a
testable hypothesis that can be further investigated mechanistically
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and in natural samples. Furthermore, there is great potential for
inherent spinel reactivity and interfacial electron transfer processes
between adsorbed Fe(11) and spinels to drive H, generation in
low-temperature oceanic and terrestrial aquifers. Partially reacted
(ultra)mafic rocks, which often possess high spinel contents, would
be particularly inclined to produce significant amounts of H, during
continued low-temperature hydration and alteration, depending on
the extent of surface passivation.

In these geologic settings, spinel-promoted electron transfer
would produce a critical energy source for subsurface lithoau-
totrophic communities (for example, SLIMEs (ref. 16)), including
methanogens, and as such may affect the fate of CO, in peridotites
and basalts. The presence of H,-driven microbial communities
could greatly affect the fate of deep subsurface carbon and the
progression of coupled hydration and carbonation reactions. Pro-
posals to drill into low-temperature reaction zones of (ultra)mafic
rocks (for example Lost City, Mid-Atlantic Ridge; Oman; California
Coast Range) may soon provide opportunities to directly investi-
gate the alteration processes and associated subsurface biosphere.
The possibility exists that some organisms may be capable of
enzymatically coupling the oxidation of Fe(i1) to the reduction
of H,O, thereby rendering the geochemical production of H, an
extraneous electron-transfer step; however, this biological capabil-
ity has not yet been demonstrated. One intriguing hypothesis we
can propose is the potential for microorganisms to preferentially
position themselves adjacent to spinel particles to maximize their
ability to consume H, as it is produced and perhaps even prevent
spinel surface passivation. Material retrieved from actively reacting
low-temperature geologic environments could be used for targeted
searches (for example, using Raman microscopy or molecular
investigations) for microbial organisms or biosignatures. Recently,
high concentrations of organic matter were found in serpentinized
rocks using such techniques®. Furthermore, discoveries of serpen-
tinized rocks on Mars*® suggest that spinel-surface-promoted H,
production could have implications for potential microbial habitats
on Mars and other terrestrial planetary bodies.

Methods

Peridotite and olivine (San Carlos), and fayalite and magnetite (Forsythe Iron
Mine) were purchased from Ward’s Scientific. Two clinopyroxenes, a hedenbergite
(South Mountain, Oywhee) and a petedunnite (Nain, Labrador) were purchased
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from Excalibur Minerals. Materials were ground in a porcelain mortar, wet
sieved with deionized water (53-212 um), dried at room temperature, and
imaged by scanning electron microscopy to verify removal of small grains.
No metal tools were used. Mineral separates were purified using a hand
magnet and a Frantz Magnetic Separator. Component identification and
semi-quantitative mineral abundances were acquired by QEMSCAN scanning
electron microscopy?’. Quantitative weight per cent oxides of the major
components were acquired by electron microprobe (JEOL JXA 8600). Surface
area measurements were made using Micromeritics Gemini V (N, gas) and the
Brunauer-Emmett-Teller method.

Experiments had a water/rock ratio of 7:1 (5g rock, 35 ml sulphate-free
artificial seawater media*®, except for fayalite, 1.5 g rock, 10 ml media). Media and
glass serum vials were purged with 80% N,, 20% CO, and the vials were capped
with an airtight butyl rubber stopper boiled 3x in 0.1 mol NaOH 17! (ref. 31).
Experiments (including media-only) were conducted in triplicate at 55 and 100 °C.
Vials were heated to 550 °C for 3 h to remove combustible carbon species. Geologic
substrates were sterilized by oven heating at 100 °C for >24 h. Vials, rubber stoppers
and media were autoclaved before experiment assembly.

An SRI 310C gas chromatograph with an Alltech Molecular Sieve (5A 80/100)
6’ x 0.085” ID column and thermal conductivity detector using N, as the carrier gas
was used to measure H,. Methane was measured using a flame ionization detector
and CO, was measured using a thermal conductivity detector on an SRI 8610C gas
chromatograph with a PORAPAK Q 6’ x 0.085" I.D. column using He as the carrier
gas. Removed headspace gas was replaced with sterile N, gas.

An inductively coupled optical emission spectrometer was used to measure
aqueous concentrations of Fe, Si, Mg and Ca. Medium was aseptically removed
from the experiments, filtered through a 0.2 um sterile Millipore Millex filter,
acidified with trace-metal-grade nitric acid, and diluted 10x. Medium removed
was replaced with an equal volume of anaerobic medium.

Samples were prepared for optical imaging and synchrotron analyses in
an anaerobic chamber to avoid exposure to oxygen. Mineral particles were
removed using a 23 gauge needle, washed in anaerobic MilliQ water, applied
to a pure quartz microscope slide (ESI), and dried at room temperature. Epoxy
(Buehler) was applied to the dried sample that was then removed from the
anaerobic chamber and hardened at 55 °C. To reduce potential oxidation of the
sample, grains were exposed at the surface of the epoxy during dry grinding
on silica carbide sandpaper, polished using 0.25 um diamond in ethanol and
cleaned with acetone.

Synchrotron-based hard-X-ray microprobe measurements were conducted
at BL 2-3 at the Stanford Synchrotron Radiation Lightsource (SSRL). Fe K-edge
mapping was conducted at 5 (7123, 7127, 7128, 7130, 7133 eV), 6 (+7129 V),

7 (47129, 7131) or 8 (47126, 7129, 7131 eV) discrete energies, chosen to
maximize the differences in normalized intensity between representative uXANES.
The focused beam size was approximately 2 x 2 um (pixel step-size =2 or
4um). Maps were generated in a continuous scanning mode using a vortex
detector; all windowed counts for each element extracted from the full X-ray
fluorescence spectra were normalized to the intensity of the incident X-ray beam
(Iy). Multiple energy XRF maps were dead time corrected and run through a
principal components analysis using the MicroAnalysis Toolkit* producing maps
of the spatial distribution of unique components, used to guide the selection of
UXANES locations. Ten to 30 Fe K-edge spectra were collected from each map
area. Principal components analysis of the normalized, dead-time-corrected,
background-subtracted spectra was conducted using SIXPACK (ref. 50) to
identify the spectra representative of each unique component within the sample
(Supplementary Fig. S3). Maps were fitted with representative spectra to produce
maps of the spatial distribution of each component.

To determine Fe speciation, representative spectra were fitted from 7,110
to 7,150 eV using linear combinations of Fe model compounds calibrated
using the first inflection of a Fe’ foil at 7,112 eV (Supplementary Fig. S4).

The model compound library included iron-bearing minerals representing a
diversity of mineral groups*. Fits were done using the Cycle Fit function in
SIXPACK (ref. 50). Spectra were fitted individually as 1-component fits and
then the fit cycle was repeated for 2-component fits using the best 1-component
model compound paired with the remaining model compounds. This process
is repeated until adding another component no longer decreases the R* value
by 10% or greater.

Conventional powder X-ray diffraction (XRD; PANalytical XPert PRO
MRD, Almelo) was used to obtain diffraction patterns from the un-reacted
starting materials.
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