Supplementary Information

Section 1. Incubation Materials and Methods

1.1 Materials and methods
1.1.1 Sample collection

The Bisley site is part of the NSF funded Long-Term Ecological Research (LTER) and
Luquillo Critical Zone Observatory (LCZO) networks. A bulk sample of approximately 1 kg was
excavated between 0 and 10 cm depth from an upland valley position [1, 2]. Soil was placed in
plastic sampling bags and allowed to air-dry for further processing. Air-dried soil was passed
through a 2 mm sieve and homogenized inside of a plastic sample bag before experiments were
performed.
1.1.2 Redox-oscillation treatments

During oxygenation, microcosms were removed from the anoxic chamber and 10 ml
sterile syringes were fitted with 22 ga, sterile stainless steel needles to inject O, (21% in air) into
the slow and medium oxygenation microcosms. The appropriate amount of O, was added by first
injecting to create slight overpressure in each sealed microcosm, pumping the syringe (x3), and
removing an equal headspace volume to avoid overpressure after mixing. The fast oxygenation
microcosms were exposed to O, by hourly removal of caps and stoppers with swirling (x3) in the
presence of O, (100 ml total exposed and mixed headspace volume), and then resealed with new
stoppers and caps. Upon reentry into the anoxic chamber following each 24 hr oxic period, all
treatment caps and stoppers were removed and discarded, detectable O, levels allowed to clear
(fall below detection = 1 ppm in the anoxic chamber), anoxic gas evacuation/fill to restore anoxic
conditions, then new stoppers and caps were fitted to begin a new anoxic period.

1.1.3 Incubation sampling scheme



Microcosms under oxic conditions were moved temporarily into the anoxic chamber for
sampling, without removing seals, and then all oxic treatments were again transferred outside the
chamber to a horizontal shaker. During sampling at all time-points in the anoxic chamber for
both oxic and anoxic conditions, to avoid vacuum during sampling and to maintain atm pressure
afterward, sealed microcosms were first over-pressured by injection of 1 ml anoxic chamber gas.
An equal 1 ml volume of soil suspension was then removed. Micro-centrifuge tubes (2 ml) fitted
with rubber o-ring cap seals were used to transfer the suspension aliquots outside the anoxic
chamber for centrifugation to separate the aqueous and solid fractions.

1.1.4 Fe(Il) extraction and chemical analysis

Each separated aqueous phase was acidified in the anoxic chamber with trace purity 7 M
HCI (7 pl/0.5 ml sample) and stored in a clean sealed micro-centrifuge tube in the dark. Trace
purity 0.5 M HCI (1 ml) was added to the remaining soil pellet and sealed in the anoxic chamber.
The 0.5 M HCI extractions were then vortexed on medium-high speed for 2 hrs in the dark
outside the anoxic chamber, after which the extractions were centrifuged as previously described,
and the acid supernatant was removed inside the chamber and stored in a clean micro-centrifuge
tube in the dark. A modified ferrozine method was used to quantify Fe(Il) in acidified aqueous
and HCI extracts [3]. Total elemental Fe concentration in the initial soil was determined by
lithium(L1i)-metaborate fusion and digestion (sub-contracted to Australian Laboratory Services
(ALS) Minerals, Reno, NV, USA).

1.1.5 RNA isolation, sequencing and analysis

Soil suspensions collected for RNA analysis at 31 d were transferred inside the anoxic

chamber directly from microcosms to Nalgene plastic bottles and sealed with a thick layer of

high-vacuum silicone grease applied between the threads of the bottle and cap. The samples were



then immediately frozen in liquid N, and subsequently stored at -80°C until further analysis.
Samples were prepared for RNA extraction by fracturing each frozen disc of incubated
suspension in the bottom of storage bottles that were embedded in dry ice. A ceramic rod was
used to fracture the frozen samples, and forceps were used to transfer frozen fragments to bead
tubes (Mo Bio, Carlsbad, CA, USA) on dry ice. All equipment, gloves and surfaces were
appropriately flamed, wiped with 70% EtOH and sprayed with RNaseZap (Sigma-Aldrich, St.
Louis, MO, USA) during all procedures. We chose to use only the slow and fast oxygenation
samples for downstream RNA sequencing and analysis as these treatments likely represented the
most informative biogeochemical differences (see also main text Methods and Results sections
for additional details). We used the medium oxygenation samples for evaluation during
preliminary extraction trials. Total RNA was extracted from soils using the RNA PowerSoil®
Total RNA Isolation Kit (Mo Bio) following the manufacturer’s instructions. In trial runs using
the medium oxygenation replicates, different protocols comparing both separated and intact soil
suspensions were used to establish the best procedure modifications to extract RNA from the
samples containing both aqueous buffer and soil. We found that the most effective extraction
strategy, giving the purest high-yield RNA, was to remove the aqueous phase by cold
centrifugation and extract the remaining pellet (1 g dry mass equivalent extraction) (data not
shown). Accordingly, both the fast and slow treatment replicates began the extraction process on
dry ice after the frozen fragments had been transferred to bead tubes as described above. A
stream of N, was used to flush the headspace of each bead tube and then capped to prevent any
dramatic redox changes in the steps that followed. Beginning extraction, the sealed N,-flushed
tubes were quickly moved between ice and brief vortexing to initiate thawing. The samples were

then immediately placed in a 0°C centrifuge and spun at 4,000 x rcf for 7 min. Removal of the



separated aqueous phase after centrifugation marked the immediate transition to step 1 of total
RNA extraction as detailed in the RNA PowerSoil® kit user protocol. All mass transfers that
occurred during extraction were recorded during the procedure to calculate RNA yields on a dry
soil basis. Initial RNA yields and purity were measured on a NanoDrop spectrophotometer.

The Bacteria Ribo-Zero Magnetic Kit (Epicentre-Illumina, Madison, WI, USA) was then
used to remove ribosomal RNA (rRNA), considering rRNA can make up more than 90% of
prokaryotic RNA fractions [4-6]. Linear amplification of the re-suspended prokaryotic-rRNA-
depleted samples was performed using the MessageAmp II-Bacteria Kit (Ambion® (Thermo
Fisher Scientific), Waltham, MA, USA). Fragment size analysis and integrity of the mRNA-
amplified samples were checked on a TapeStation 2200 (Agilent Technologies, Santa Clara, CA,
USA). Sequence cDNA libraries were constructed, following quality control assessment on a
BioAnalyzer 2100 (Agilent), using the KAPA Stranded RNA-Seq kit (Kapa Biosystems,
Wilmington, MA, USA) with TruSeq adapters (Illumina, San Diego, CA, USA). Libraries were
pooled and sequenced on four lanes using the NextSeq platform (Illumina) to generate 150 nt
paired-end sequences. Library construction, process quality control and sequencing were
performed at the Georgia Genomics Facility, Athens, GA, USA.

Sequence quality was evaluated using the program FastQC. PEAR was used to merge
paired-end sequences [7], and Prinseq was used to trim poly-A/T tails >15 nt added in the RNA
amplification procedure [4]. RiboPicker was used to remove rRNA sequences (16S, 23S, 18S,
28S, 5S and 5.8S units) using a standalone non-redundant rRNA database (rrnadb) which
included the most current versions of SILVA, Ribosomal Database Project RDP-II, GreenGenes,
NCBI archeal/bacterial complete genomes rRNA and Rfam databases. Alignments of the

remaining sequences were performed with Diamond-sensitive-BLASTX searches (bit score >40,



E-value <107) against the NCBI RefSeq protein database [8]. MEGANG6 software was used to
bin putative mRNA sequences taxonomically (RefSeq) and functionally (Interpro), and was also
used to perform principal coordinates analysis (PCoA) [4, 9]. Distance matrices for PCoA
analysis were calculated using Bray-Curtis distances in MEGANG6. Sequences surviving each
step of processing are given in Additional file 2: Table S1. Significant differences in relative
gene expression between treatments were measured using DESeq2, which included all putative
mRNA sequences. Statistical values are those reported by DESeq2 using an adjusted P cutoff of
0.1. The primary data handling and analyses were performed on a Linux cluster at the Georgia

Advanced Computing Resource Center, Athens, GA, USA.



Section 1. Figures
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SI Figure S1 Expanded oxic intervals during incubation. Amount of Fe(II) extracted from the aqueous and solid phases when [O2]atm
(21% O, in air) was supplied at 2.1 x 10™* (SlowOx; black square), 10° (MedOx; red circle) or 107 (FastOx; green triangle) mol hr™.
Data points are means (£s.d.) (n=3). Each plot column corresponds to a 3 h oxic interval beginning at 7 d, 15 d or 23 d that are

denoted by light grey vertical bars in main Figure la.
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SI Figure S2. Species richness for the fast and slow oxygenation treatments based on binning of
transcripts to reference genomes. Central dots and error bars represent means (+s.d.) (n=3). Top
and bottom edges of the boxes and horizontal line within boxes show individual replicate values.

T-test significance: *=P<0.05.
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SI Figure S4 Top 50 significantly different log, fold changes for transcripts assigned to genera

in the fast and slow oxygenation treatments. Data are shown as means (+s.e.) (n=3).
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SI Figure S5 Top 50 significantly different log, fold changes based on transcript assignments to Interpro families and grouped by

Gene Ontology terms in distinctly shaded areas for the fast and slow oxygenation treatments. Data are shown as means (£s.e.) (n=3).
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Section 2. >’Fe Mossbauer Spectroscopy

2.1 Introduction

We employ *’Fe Mdssbauer spectroscopy to compare Fe site populations and to assess
changes in Fe mineral crystallinity between treatments. The initial soil used in this study is
similar in origin to the soil used in Ginn et al. [10], Tishchenko et al. (2015), and Ginn et al. [11].
A full description of the mineral composition of that soil is contained in the electronic annex of
Tishchenko et al (2015). The soils used here were excavated from a different landscape position
within the Bisley Watershed [1, 2].
2.2 Methods
2.2.1 Méssbauer collection and analysis methods

Samples collected under oxic conditions for Mdssbauer spectroscopy at 24 d during the
incubation were centrifuged as previously described for sample aliquots, and the supernatants
subsequently removed in the anoxic chamber. Soil pellets remaining in o-ring-lid micro-
centrifuge tubes were sealed under anoxic headspace and stored at -80°C until further analysis.
For analysis, frozen samples were transferred to the anoxic chamber to be prepared as sealed
mounts for Mdssbauer spectroscopy measurements. For each treatment, replicate soil gels (n=3)
were mixed (i.e., pooled) (180 mg total equivalent dry mass mount™) within the cavity of a thin
nylon ring and sealed between two layers of Kapton tape. Maossbauer spectroscopy
measurements always began immediately at 4.5 Kelvin (K) to mitigate potential changes in
mineralogy.

Absorption spectra of the initial air-dried soil and sampled incubation soils were collected
in transmission mode with a variable temperature He-cooled cryostat (Janis Research Co.) and a

1024 channel detector. A >’Co source (~50 mCi) embedded in a Rh matrix was used at room
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temperature. Velocity (i.e., gamma-ray energy) was calibrated using a-Fe foil at 295K and all
center shift (CS) and peak positions are reported with respect to this standard. The transducer
was operated in constant acceleration mode and spectra were folded to 512 channels to achieve a
flat background. Mossbauer spectral fitting was performed using Recoil™ software (ISA Inc.)
with the Voigt-based fitting (VBF) method of Rancourt and Ping [12] for quadrupole splitting
distributions (QSDs) and combined hyperfine field distributions (HFDs). The Lorentzian
linewidth (HWHM) parameter was held at 0.1425 mm s™', corresponding to the measured
linewidth using a-Fe foil at 295K on our instrument. All Mdssbauer parameter definitions and a
description of the relevant notation are given in Rancourt and Ping [12].
2.2.2 Méssbauer spectral analysis approach

Fitting of all Mdssbauer spectra was performed using the Voigt-based fitting (VBF)
method of Rancourt and Ping [13] for quadrupole splitting distributions (QSDs) and combined
hyperfine field distributions (HFDs), as implemented in the Recoil™ software, ISA Inc.
(http://www.isapps.ca/ recoil). All VBF Mossbauer parameter definitions and a description of the
relevant notation are given by Rancourt and Ping [13]. All errors in Mossbauer fitting parameters
are two-standard deviation (20) errors, as calculated by Recoil ™. In reporting quantitative phase
abundances or site populations, it is assumed that the Mdssbauer recoilless fractions of all
detected phases or Fe-bearing components are equal, such that subspectral areas (expressed as
fractions of total spectral area) are equal to the amounts of Fe (expressed as fractions of total Fe)
in the corresponding phases or components. This assumption is expected to be valid at cryogenic
temperatures [ 14, 15]. We left most fitting parameters, those typically used to fine-tune the fit, at
their general, conservative values during modelling in Recoil. We disallowed parameter coupling

between the center shift (CS), quadrapole splitting (QS for doublets or € for sextets) and average
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hyperfine field (Bhf) and constrained the area ratios between the doublet lines to 1:1 and area
ratios between sextet lines 2 and 3 to 2:1 and lines 1 and 3 to 3:1.
2.2.3 Méssbauer spectral fitting approach

In Mdssbauer spectroscopy, each spectral signal (or set of related signals) corresponds to
one Fe-bearing solid phase or to a group of unresolved Fe-bearing solid phases. These signal
features take the form of a doublet, sextet, octet (none resolved here) or a collapsed sextet—
indicating a solid-phase near its magnetic ordering temperature (Tx or Tc). Solid-phases well
above (doublet) or below (sextet) their Ty will not exhibit any vertical (i.e., count axis) distance
between the peak troughs and the baseline. When Fe solid-phases are near their Ty, they exhibit
an intermediate shape between a doublet and full sextet, which fills the area between the upper
baseline and the inverse troughs of the peaks. We approximate this by using a separate collapsed
sextet feature (i.e., a sextet with exceedingly large line widths and Bhf = 0 T). Assuming equal
Mossbauer recoilless fractions (i.e., that the measurable gamma rays emitted by each phase are
proportional to the phase abundance), the total spectral area of a given signal feature is
proportional to the amount of Fe in the corresponding solid phase(s). Furthermore, it can then be
assumed that each phase occupies the same total spectral area at cyro-temperatures, although not
necessarily the same spectral shape or site. For instance, nano-scale Fe(Ill)-(oxyhydr)oxide
minerals form a doublet at 295K and magnetically order to form a sextet only when cooled
sufficiently to prevent thermal disordering of the macroscopic magnetic ordering within the
material (Rancourt, 2001).

We used two fitting approaches to help guide our interpretations in this study. The main
approach used for all calculations and presented data plots included a slightly modified

parameter set (described in SI section 2.2.4 below) compared to that described by Ginn et al.
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[11] for LCZO soils. The parameters based on Ginn et al. (2017) include the Ti-Fe mineral
ilmenite that had been implicated previously in LCZO soils (Tishchenko et al., 2015). The Ginn
et al. (2017) fitting approach was applied in the present study at 77K, 140K and 295K for
comparison and reference, and both the main and comparative fitting routines have been denoted
in parameter tables (Additional files 4-7: Tables S3-6).
2.2.4 Méssbauer spectral components

Spectral signals include the following in both the main and comparative fitting
approaches: (1) an Fe(Ill) quadrupole doublet (labelled Q-Fe(Ill)) that can represent Fe(IIl) in
silicates, surface-complexed Fe(IlI), and/or superparamagnetic Fe(Ill)-(oxyhydr)oxides; (2) an
Fe(Il) quadrupole doublet (labelled Q-Fe(II)) that can represent biogenic Fe(II), Fe(II) in silicates,
surface-complexed Fe(Il), or superparamagnetic Fe(Il) solid phases; (3) an Fe(Ill) sextet
(labelled HFD-OxHy) that corresponds to magnetically-ordered Fe(Ill)-(oxyhydr)oxides; (4) an
Fe(Il) hyperfine site (labelled HFD-Fe(Il)) that displays relatively high CS and & values
compared to a low Bhf, which likely represents Fe(II) at the surface of magnetically ordered
(oxyhydr)oxides that have been reduced during microbial Fe(IIl) reduction, or Fe(Il) in poorly
crystalline solid phases such as nano-magnetite [16]; (5) a collapsed Fe(Ill) sextet (labelled
HFD-(b)OxHy) that represents Fe(Ill) in relatively more disordered (oxyhydr)oxides near their
blocking temperature [17, 18]. We also use an asymmetric Fe(Ill) doublet (1abelled HFD-Fe(Ill))
in the main fitting routine (Additional files 4-6: Tables S3-5; and SI Figures S6-12). This feature
approximates a transition between a quadrupole ferric doublet and a collapsed sextet (HFD-
(b)OxHy) [19, 20], and has a large quadrupole-hyperfine perturbation (i.e., € = -0.6 to -1) relative
to a Bhfnear 0 T.

2.3. Mossbauer phase analysis of initial and treated soils
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Below, we provide an analysis of the Fe populations identified in the samples as recorded
at different temperatures. The primary aim of our Mdssbauer analysis was to determine changes
in crystal order between the treated samples dependent on different oxygenation rates imposed
during the experiment.

2.3.1 Fe(Ill)-(oxyhydr)oxide populations: Changes in Fe crystallinity

Comparison of 140K, 77K, and 4.5K Mdssbauer spectra allows us to characterize
differences in the -crystallinity-continuum of Fe(IIl)-(oxyhydr)oxides that exist between
oxygenation treatments. As collection temperature is lowered, portions of the Fe(Ill)-
(oxyhydr)oxide populations magnetically order and give rise to a sextet (SI Figures S6-8), with
the more crystalline portions of the population ordering at higher temperatures. The spectral
parameters of each sextet among the samples (ca QS = -0.11; Bhf peak = 49 T @ 4.5K) are
similar to those reported for nano-goethite standards at 4.2K. Those Fe(Ill)-(oxyhydr)oxides that
are blocked or near their blocking temperature at 4.5K comprise ca 21% of the spectral area. We
have fit this type of Fe population using a collapsed sextet (HFD-(b)OxHy).

At higher temperatures, such as 140K and 77K, we expect the more-crystalline Fe(III)-
(oxyhydr)oxides to display a sextet, while more disordered phases remain as a doublet. We find
at 140K that both treated samples have slightly larger sextet areas than the initial air-dried soil
(SI Figure S9; Additional file 4: Table S3). This suggests that both treatments contained larger
abundances of more crystalline Fe(IIl)-(oxyhydr)oxides than the initial soil following incubation.
We find little difference in total sextet areas at 140K between the treatments. As temperatures
decrease, both the treatments and the initial soil display similar total sextet areas as magnetic

ordering increases.
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Each sextet, regardless of collection temperature, is best fit by using a minimum of two
components (i.e., weighted Gaussian components). These individual components represent
averaged end-member domains of a continuum of magnetically ordered Fe(IIl)-(oxyhydr)oxides,
with one component approximating Fe that is relatively more crystalline compared to the other
component. Comparison of the subpopulation (component) spectral areas within each sextet, at
each temperature, can thus be used to characterize the degree of crystal order in each sample.
This characterization can further be carried out among treatments analyzed at the same
temperature, by calculating and comparing the spectral areas of a common (similar Bhf
probability maxima) sextet component between treatments.

By comparing area normalized plots of the total fits for spectra at a given temperature, we
find that sextet peaks are relatively more pronounced for the slow oxygenation treatment based
on visual inspection alone (SI Figures S9-11). The Bhf probability maxima for 77K sextets (that
occur between 45 T and 50 T) increase according to treatment in the order of initial soil < fast
oxygenation < slow oxygenation (SI Figure S12). We attribute the more prominent 45-50 T Bhf
distribution of the slow oxygenation treatment to a larger subpopulation of more-crystalline
Fe(II)-(oxyhydr)oxides that magnetically order following exposure to multiple redox cycles. For
the initial soil, and the fast and slow oxygenation soils collected 24 d following incubation,
254+1.2, 30.6+1.5 and 38.1+1.1% Feroa was measured in the more-crystalline pool of FeOOH,
respectively (Figure 1b in main text), by calculating and comparing (among samples) prominent
77K sextet component areas that were fit with a single hyperfine site and had a maximum Bhf of
ca 48 T (i.e., Bhf between 45 and 50 T corresponding to the common probability maximum
among samples (SI Figure S12)). Taken together, this supports our hypothesis that slower

oxygenation rates lead to increased Fe(III) crystal order during redox cycling.
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2.3.2 Paramagnetic and weak-magnetically ordered Fe(Ill)

Typically, Fe(Il) atoms in silicates and organic complexes are too distant from each
other to magnetically order. Adsorbed Fe(Ill) atoms on surfaces may only show magnetic
ordering if in close proximity to neighbouring magnetically ordered phases. Substituted Fe(III) in
kaolinite [21] typically yields a QS value of 0.52 mm s™', however, the presence of substituted
Fe(II) would likely increase structural distortion and could lead to higher Fe(Ill) quadropole
spliting values [22]. Some Fe(Ill) in our samples may be associated with the 2:1:1 mineral
chlorite as XRD analysis suggests this mineral is present in the clay size fraction [1]. Fe(Ill) in
octahedral positions of Fe-poor 2:1 minerals, or those with significant Fe(Il) substitution, also
yield larger Fe(Ill) quadropole splitting values [23]. Overall, however, completely resolving
silicate Fe(Ill) from nano-particulate, superparamagnetic, Fe(Ill)-(oxyhydr)oxides is not possible
in our study. We can only speculate on the possible Fe(Ill)-bearing phases that are actually
represented by the Q-Fe(IIl) doublet remaining at 4.5K in our samples.

2.3.3 Paramagnetic and weak-magnetically ordered Fe(Il)

The high-velocity ferrous doublet line (Hy) at ca 2.7 mm s is consistent with those
commonly reported for aluminosilicate clays [22], including chlorite, which was identified
previously in these soils via XRD. The Hy. for ferrous substitution in kaolinite averages 2.4 + 0.1
mm s based on a compilation of eight studies reporting Fe(Il) in kaolinites [22] and may
contribute to our observed peak position. However, adsorbed Fe(II) may also contribute to this
peak, as Rancourt et al. [24] have shown that Fe(Il) sorbed to bacterial cells can yield Hy lines
even above 2.8 mm s,

The Fe(Il) populations detected in all samples at 4.5K are unique in the fact that we can

model the fraction of Fe(Il) (HFD-Fe(Il)) that displays weak magnetic order, in addition to the
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remaining ferrous doublet [16] (SI Figures S6-8). From 77K to 4.5K, each sample shows at least
a 50% decrease in Q-Fe(Il) spectral area, which is consistent with magnetic ordering of Fe(II).
Likely phase identities of the weak-magnetically ordered Fe(II) include nano-magnetite and/or
Fe(I) sorbed to magnetically ordered solid phases such as Fe(Ill)-(oxyhydr)oxides at 4.5K [16].
There are also notable comparisons between the amounts of total Fe(II) quantified by MBS and
those measured in 0.5 M HCI extractions. The initial soil contained 72 mmol kg™ total Fe(II)
based on MBS analysis, but less than 5 mmol kg Fe(Il) was extracted by HCI. Following
incubation and treatments, the fast oxygenation sample contained 81 mmol kg™ total Fe(II) based
on MBS, yet 50 mmol kg was extracted by HCI. The amount of total Fe(Il) detected by MBS
for the slow oxygenation treatment, however, was equal to the corresponding HCI extractable
concentration (ca 150 mmol kg Fe(II)) (Figure la in the main text, at 24 d). One explanation for
these correlations between extractable and total Fe(I) might be that increased Fe(II)/Fe(III)
stoichiometry in the solid phase, following microbial Fe(Ill) reduction, increases Fe mineral
reactivity towards dissolution in 0.5 M HCL
2.3.4 Comparative Fits

We also performed comparative Mossbauer fitting of the 77K and 140K spectra,
including a fit of the initial soil spectrum collected at 295K for reference, using similar
modelling parameters as those used in Ginn ef al. (2017) for analyzing LCZO soils. These
comparative fits are largely in agreement with those described above in terms of the components,
while the comparative fitting does not include the transition feature HFD-Fe(Ill) that was
included in the 77K and 140K spectra for the main fits. The comparative fits include the mineral
ilmenite and the collapsed sextet site, which has been used in prior fitting routines published on

similar soils (Tishchenko et al., 2015; Ginn et al., 2017).
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The comparative fits also indicate increases in the degree of crystallinity between
samples (Additional files 4-5: Table S3-4). While the main fits find the sharpest component of
the sextets increased in spectral area according to treatment, the comparative fits—which have
similar areas for the sharpest sextet components across samples—find that the average sextet
width increases from the initial soil (44T) to the fast oxygenation (45.9T) to the slow
oxygenation (46.7T) treatments. Increasing sextet widths, corresponding to greater hyperfine
field strength (Bhf), is strongly correlated with increasing crystallinity in Fe(III)-(oxyhydr)oxide

phases [25].
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Section 2. Figures
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SI Figure S6 °'Fe Mdssbauer
spectra of the air-dried initial soil
at 140K, 77K, and 4.5K before
incubation. In each spectrum, the
black solid line is the total
calculated fit, through the discrete
data points (open circles). The
resolved spectral components and
assignments are: (1) Q-Fe(IIl), the
deep central doublet
corresponding to
paramagnetic/superparamagnetic
Fe(III) (blue line); (2) Q-Fe(1l),
the ferrous doublet corresponding
to
paramagnetic/superparamagnetic
Fe(I) (green line); (3) HFD-
Fe(III), the asymmetric doublet
corresponding to Fe(III) in
transition between a ferric
quadrupole doublet and collapsed
sextet (red fill); (4) HFD-OxHy,
the dominant sextet corresponding
to Fe(Ill)-(oxyhydr)oxides that are
magnetically ordered (purple line);
(5) HFD-(b)OxHy, the collapsed
‘sextet’ ( ); and (6)
HFD-Fe(Il), Fe(II) that displays
weak magnetic ordering at 4.5K
(dark green fill).
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SI Figure S7 °'Fe Mdssbauer
spectra of the incubated fast
oxygenation treated soil at 140K,
77K, and 4.5K following
incubation. In each spectrum, the
black solid line is the total
calculated fit, through the discrete
data points (open circles). The
resolved spectral components and
assignments are: (1) Q-Fe(IIl), the
deep central doublet
corresponding to
paramagnetic/superparamagnetic
Fe(IIT) (blue line); (2) Q-Fe(1l),
the ferrous doublet corresponding
to
paramagnetic/superparamagnetic
Fe(Il) (green line); (3) HFD-
Fe(III), the asymmetric doublet
corresponding to Fe(IlI) in
transition between a ferric
quadrupole doublet and collapsed
sextet (red fill); (4) HFD-OxHy,
the dominant sextet corresponding
to Fe(Ill)-(oxyhydr)oxides that are
magnetically ordered (purple
line); (5) HFD-(b)OxHy, the
collapsed ‘sextet’ ( );
and (6) HFD-Fe(II), Fe(II) that
displays weak magnetic ordering
at 4.5K (dark green fill).
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SI Figure S8 °'Fe Mdssbauer
spectra of the incubated slow
oxygenation treated soil 140K,
77K, and 4.5K before incubation.
In each spectrum, the black solid
line is the total calculated fit,
through the discrete data points
(open circles). The resolved
spectral components and
assignments are: (1) Q-Fe(IIl), the
deep central doublet
corresponding to
paramagnetic/superparamagnetic
Fe(IIT) (blue line); (2) Q-Fe(1l),
the ferrous doublet corresponding
to
paramagnetic/superparamagnetic
Fe(I) (green line); (3) HFD-
Fe(III), the asymmetric doublet
corresponding to Fe(III) in
transition between a ferric
quadrupole doublet and collapsed
sextet (red fill); (4) HFD-OxHy,
the dominant sextet corresponding
to Fe(Ill)-(oxyhydr)oxides that are
magnetically ordered (purple
line); (5) HFD-(b)OxHy, the
collapsed ‘sextet’ ( );
and (6) HFD-Fe(II), Fe(II) that
displays weak magnetic ordering
at 4.5K (dark green fill).
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SI Figure S9 Area normalized >"Fe Méssbauer total fits of the air-dried initial soil (black line),
fast oxygenation treated soil (blue line) and slow oxygenation treated soil (red line) at 140K.
Relative comparisons show that both treated samples have more prominent sextets compared to
that of the initial soil, and the slow oxygenation treatment has the most prominent sextet of all.
This suggests a larger abundance of more-crystalline Fe(IlI)-(oxyhydr)oxides that magnetically

order in the slow oxygenation treated soil.
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SI Figure S10 Area normalized >"Fe Méssbauer total fits of the air-dried initial soil (black line),
fast oxygenation treated soil (blue line) and slow oxygenation treated soil (red line) at 77K.
Relative comparisons show that both treated samples have more prominent sextets compared to
that of the initial soil, and the slow oxygenation treatment has the most prominent sextet of all.
This suggests a larger abundance of more-crystalline Fe(IlI)-(oxyhydr)oxides that magnetically

order in the slow oxygenation treated soil.
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SI Figure S11 Area normalized >"Fe Méssbauer total fits of the air-dried initial soil (black line),
fast oxygenation treated soil (blue line) and slow oxygenation treated soil (red line) at 4.5K.
Relative comparisons show that the slow oxygenation treatment has the most prominent sextet of
all. This suggests a larger abundance of more-crystalline Fe(I1I)-(oxyhydr)oxides that
magnetically order in the slow oxygenation treated soil and is consistent with the 140 and 77K

data.
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SI Figure S12 Superimposed sextet (HFD-OxHy) Bhf distributions of the air-dried initial soil
(black line), fast oxygenation treated soil (blue line) and slow oxygenation treated soil (red
line) at 77K. Relative comparisons show that both treated samples have more prominent Bhf
probability maxima between 45 T and 50 T compared to that of the initial soil, and the slow
oxygenation treatment has the largest Bhf probability maximum of all. This suggests a larger
abundance of more-crystalline Fe(III)-(oxyhydr)oxides that magnetically order in the slow

oxygenation treated soil, which we attribute to slower oxygenation rates during redox cycling.
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Section 3. Additional Fe Characterization
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SI Figure S13 Fe(II) sorption isotherm. Soils were mixed in a 10:1 solution:solid ratio for 2 h on
a rotary shaker at 200 rpm with 25 mM MES buffer adjusted to final pH 6.0 and final ionic
strength of standard solutions was adjusted with KCl to equal that of the 50 mM aqueous Fe(II)
standard. The isotherm shows Fe(II) in the solid phase beginning to reach saturation by 30 mM
Fe(Il)aq. This result is consistent with slower net Fe(III) reduction rates as Fe(II),q reached 30
mM by the end of incubation, indicating that microbial Fe(III) reduction in the solid phase is

inhibited by increasing Fe(II) sorption.
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