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Materials and Methods

Synthesis of different iron minerals. Ferrihydrite [Fe,05°0.5H,0], hematite (a-Fe,03),
lepidocrocite [y-FeO(OH)], goethite [a-FeO(OH)] and magnetite (Fe;O4) were prepared as
described®. Ferrihydrite was prepared by titrating 0.5 M FeCl; to pH 7.5 by the dropwise addition
of 1.0 M KOH with continuous mixing. Goethite was synthesized by aging ferrihydrite under
alkaline conditions at 70 °C for 60 h. Hematite was synthesized by the forced hydrolysis of a
0.02 M solution of FeCl; in 0.002 M HCl at 98 °C for 10 d. Lepidocrocite was synthesized by air
oxidation of a ferrous chloride solution. Briefly, 30 g of FeCl,*4H,0 was dissolved in 900 mL of
water and the resulting solution was filtered through a 0.2 pm nylon filter to remove any Fe(III)
solids present. The pH of the solution was adjusted to 6.0 with 0.5 M NaOH and the resulting
blue/green suspension was sparged with air. The pH of the suspension was maintained at pH 5.5-
6.0 by the dropwise addition of 0.5 M NaOH until base consumption ceased (~1 h). The
synthesis was conducted in a large > 4 L capacity desiccator. Subsequent to synthesis, all phases
were repeatedly washed by centrifugation and re-suspension in Milli-Q® H,O (18.2 MQecm),
then dried at 60 °C and ground to pass a 200 mesh sieve (ferrihydrite was washed, but not dried).
Magnetite (Fe;O,4) was prepared by dissolving 8.0 g of FeSO,4¢7H,0 in 560 mL of anoxic
distilled water. The resulting solution was transferred to a 1.5 L 90 °C water-jacketed reaction
flask with continuous purging with Ar. Once the Fe(II) solution reached 90 °C, 240 mL of an
anoxic solution containing 6.46 g of KNOj; and 44.9 g of KOH was added dropwise over 5 min,
after which the resulting black suspension was kept mixed and maintained at 90 °C for 1 h. After
cooling to ambient temperature, the suspension was transferred to an anoxic glovebox and
washed repeatedly with anoxic distilled water and maintained as an aqueous suspension. The

crystal structure of the synthesized minerals was confirmed using a Siemens/Bruker D-5000 X-
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ray Diffractometer (XRD) (Siemens, Germany) and the morphology was observed using a JOEL

6060LV General Purpose SEM as described below (Fig. S17).

Sample collection and chemical analyses. At intervals of 1-5 days, 0.2 mL of the well-mixed
culture was collected using a sterile 1-mL syringe (Becton, Dickinson and Company, NJ), which
was promptly acidified by addition of 0.2 mL of 1 M HCI and incubated for 1 hour for
determination of total iron and acid-extractable Fe(II). The acid extraction time (1 hour) was
selected based on two major criteria: 1) the majority of secondary minerals could be extracted
within this period®, which was verified in our preliminary experiment; and 2) magnetite was not
extracted to avoid overestimation of iron reduction in the samples with this mineral as the
substrate (Condition 17 in Table S1). To quantify the dissolved Fe(II) [Fe(II)(aq)], an additional
0.2 mL of culture suspension was collected inside an anoxic chamber filled with N,:H, (95:5,
v:v) (Coy Laboratory Products, MI), and centrifuged at 4,000 x g for 3 min, after which the
supernatant was removed and acidified with 0.2 mL of 1 M HCI.

The concentrations of ferrous iron and total iron were measured using the ferrozine
method® 7 and analyzed with a Genesys 20 spectrophotometer (Thermo Fisher Scientific Inc.,
MA) at 562 nm as described by Lovley and Phillips®. When measuring total iron concentrations,
an additional 400 puL of 2.5 M HCl was added into the pre-acidified samples which were then
heated at 50°C to dissolve all the ferric iron oxides. Then, Fe(IIl) was reduced to Fe(Il) using
hydroxylamine hydrochloride before the total Fe(Il) was measured using the ferrozine method®.
Fe(III) concentrations were calculated by subtracting the concentrations of ferrous iron from total
iron. At the end of the experiments, the solid-associated Fe(II) [Fe(II)(s)] was calculated as the

difference between acid extractable Fe(Il) and Fe(II) (aq).
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The saturation index for the potential secondary minerals was calculated using
Geochemist’s Workbench (Aqueous Solutions LLC) based on the components of the media, the

incubation conditions, and the measured total acid-extractable Fe(II).

Mineral characterization by imaging and spectroscopic methods. Scanning electron

microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), X-ray diffraction (XRD),
Fe-edge X-ray absorption near edge structure (XANES) spectroscopy, and X-ray absorption fine
structure (EXAFS) spectroscopy!! were applied to determine the morphology and composition of
the secondary minerals. The samples for SEM-EDX imaging were prepared as described by
O’Loughlin et al.!? Specimens were transferred into 50 mL conical tubes inside the anoxic
chamber and were kept inside the tubes during transport to the laboratory for SEM analyses. The
samples were briefly (< 30 s) exposed to air during transfer to the JOEL 6060LV General
Purpose SEM.

The XRD analysis of secondary mineralization products employed a Siemens/Bruker D-
5000 X-ray diffractometer with Ni-filtered Cu K« radiation (Bruker Cooperation, Germany).
Samples for XRD analysis were collected inside the anoxic chamber by filtration through 25-mm
diameter, 0.22-pum nylon filters, which were promptly covered with Kapton® film under anoxic
conditions!?. Samples prepared in this manner showed no evidence of oxidation during analysis.
The scan was conducted typically between 10 and 80 26 at a speed of 1 260 min!. For some
samples (e.g., Lep-pH 8.5), 5 to 80 20 was scanned at the same speed. The XRD profiles were
analyzed with the JADE 7 software package (MDI, Livermore, CA). Elemental analysis was

conducted using a Quantax 80 EDS system (Bruker Nano GmbH, Germany).
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Fe K-edge (7, 112 eV) X-ray absorption spectroscopy measurements were carried
out at the MR-CAT/EnviroCAT bending magnet beamline (Sector 10, Advanced Photon
Source)'?. XANES and EXAFS spectra were collected from the standards and the reactor
solids in transmission mode using gas-filled ionization detectors. The reactor solids were
separated by filtration through a 0.22 um PTFE filter inside the anaerobic chamber and
the hydrated filter cake was sealed together with the separation membrane between
two layers of Kapton film. Spectra were collected at room temperature inside a N,-
purged sample cell. Anoxic integrity of samples prepared and analyzed this way have
been demonstrated in previous work!3. Energy calibration was established by setting the
inflection point in the spectrum from an Fe foil to 7,112 eV and maintained continuously
afterwards by collecting data from the foil simultaneously with the collection of data
from the samples. Radiation-induced changes in the spectra were not observed. No
differences were observed between spectra from different areas on the sample so all
scans from each sample were averaged to produce the final spectrum.

Analyses of the spectra involved comparisons to Fe-containing standards
followed by combinatorial linear combination (LC) fitting to extract the spectral weight
of up to three standards that best describe the experimental spectra of the bioreactors.
Combinatorial LC fitting involves refining the experimental data with all combinations of
the standards spectra (fit components) and ranking the fits according to a goodness-of-

fit indicator (chi-squared). Fits were done with all distinct combinations of 2 and 3
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components. When the improvement in the fit with a third component was not deemed
significant (i.e., the chi-squared was not decreased by more than 30% relative to the
best fit with two components), the fit with only two components was chosen as the best
fit to the data. The standards dataset used here included the parent iron oxides and
potential biotransformation products: ferrihydrite, lepidocrocite, goethite, hematite,
magnetite, phosphate-stabilized carbonate green rust, freshly-precipitated and
annealed siderite (referred to as amorphous siderite and crystalline siderite), vivianite,
dissolved Fe(Il) (Fe2aq), Fe(Il) adsorbed to carboxyl resin (Fe2ads), Fe(OH),, synthetic
ferrous hydroxy-carbonate (chukanovite), mackinawite, and ferrous oxide. The Fe-
containing standards were measured and characterized in this and in previous work at
the same beamline!'*1°. The polycrystalline powder standards were mounted on the
adhesive side of Kapton tape and their absorption spectra were measured in
transmission. Solution samples were mounted in a 1.5 mm thick sample holder with
Kapton film windows and the spectrum was measured in fluorescence. Adsorbed Fe
standards were mounted as wet pastes in a 1.5 mm thick sample holder with Kapton
windows and measured in fluorescence mode. Normalization and background removal
of the data was done using the program AUTOBK?. The combinatorial LC fits were

performed using the program ATHENA?Z!. Only the secondary minerals with relative

abundance higher than 10 % were included in the mineralogical analyses by EXAFS.
We observed a limitation in differentiating freshly-precipitated siderite from adsorbed

Fe(Il) or from vivianite at low relative amounts (e.g. <15-20% of total Fe) in the LC fits. Figure
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S18 shows an overlay of the EXAFS spectra from Fe(Il) adsorbed to carboxyl surface groups,
amorphous siderite, and vivianite. It can be seen that the phase and amplitudes of the EXAFS
signals are similar between these pure Fe(Il) phases, and that the spectral differences are in the
finer features resulting from the different binding environments and corresponding outer shell
molecular structure. While the outer-shell spectral differences can be used for identification of
the pure phases, the selectivity between these three phases decreases significantly at lower
relative contents, particularly when more than one of them is present in the sample. Because the
EXAFS analysis showed that most of the bioreduced reactors contained significant amounts of
amorphous siderite, our ability to detect and quantify <15% of total Fe as vivianite in these
particular systems is uncertain. Although vivianite is detected in the XRD patterns, we could not
unequivocally confirm or quantify its presence together with the larger siderite component. We
have therefore chosen to quantify only the larger siderite spectral component, with the
understanding that up to about 10% of the siderite component may in some cases be due to the

presence of vivianite.

Assessment of Fe(II) analyzed by acid extraction versus by XANES. In most cases, Fe(II)(s)
determined by the extraction and the XANES techniques were within the measurement
uncertainty. However, several of the samples in Table 1 show differences in the amount of
Fe(II)(s) determined by the two techniques. We can attribute the differences to the different
times that the samples for the two techniques were taken and/or to the different approaches used
for collecting and separating the solids.

Specifically, there was a one week gap between the 0.5N HCI extraction and the

sampling for XANES analysis. It is possible that the additional incubation resulted in further
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mineral diagenesis for some sample sets during that time. For separation of solids, samples were
taken through a septum in the bottle and centrifuged for the 0.5N HCI extraction analysis. Since
ferrous minerals are known to stick to the bottle surface, the total Fe(IT) + Fe(IIl) was lower than
the initial mass of Fe(Ill) added. Since the percentages shown in Table 1 used the initial ferric
mineral concentration as the total iron, the depleted Fe(II) in the acid extract leads to an
artificially low percentage of Fe(II) solids. For XANES analysis, reactor bottles were opened and
the entire contents filtered to collect the solids. In addition to this filtration occurring a week
after the acid extraction, it is possible in a couple of cases that ferrous iron particles (<0.2 pm)
may have passed through the filter and been missed during the XANES analysis. This would lead
to lower percentages of Fe(II) minerals in XANES analysis and we note this only occurred twice.
To ensure that the sampling and measurement uncertainties in either method did not bias
our conclusions, we re-plotted some of the figures in our study using the two sets of Fe(II)
analyses. As illustrated in Fig. S19, the Fe(II)/Fe(Ill) determined by either method could not
explain the formation of the observed biominerals. Therefore, the inconsistency in the Fe(II)(s)
percentages obtained by the different methods does not affect the overall conclusion of this

study.

Saturation Indices and Phase Characterization. Calculated saturation indices of potential
biogenic minerals indicated that the incubation solutions were oversaturated with respect to
vivianite (in the presence of phosphate), siderite, and magnetite by 6.9-12.3, 1.9-5.2 and 1.3-11.4
orders of magnitude, respectively (Table S2). GR-CO; formation was favored under most
conditions except for the ones amended with crystalline hematite, goethite, or magnetite, in

which significantly less iron reduction occurred, or when the pH was low (Lep-pH 6.5). In
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addition to these Fe(Il)-containing biogenic minerals, the formation of secondary Fe(III)
minerals (e.g., hematite and goethite) was favorable in all the cultures amended with ferrihydrite
or lepidocrocite. However, production of hematite as the secondary mineral was detected only
under a few conditions in the ferrihydrite-reducing cultures (Tables 1 and S1). In comparison,
although positive saturation index values were observed for magnetite under all the culturing
conditions, it was only observed as a minor secondary mineral in cultures amended with

lepidocrocite at elevated pH (Lep-pH 8.5) (Tables 1 and S2).
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Table S1. Experimental conditions designed to test the effects of different geochemical factors on biomineralization by strain Z6.

Ds Factor  FETENOR . TOTO SWAM o uer(ry  Heshace  Pemhat sufas  AGhS
1 T lepidocrocite (20) 22 20 7.2 bicarbonate (25) N,:C0O,(90:10) 2.5 - -
2 lepidocrocite (20) 50 20 7.2 bicarbonate (25) N,:C0O,(90:10) 2.5 - -
3 lepidocrocite (20) 37 35 7.2 bicarbonate (25) N>:CO,(90:10) 25 - -
4 Salinity lepidocrocite (20) 37 50 7.2 bicarbonate (25) N,:C0O,(90:10) 2.5 - -
5 lepidocrocite (20) 37 100 7.2 bicarbonate (25) N,:CO,(90:10) 2.5 - -
6 lepidocrocite (20) 37 150 7.2 bicarbonate (25) N,:C0O,(90:10) 2.5 - -
7 " lepidocrocite (20) 37 20 6.5 b'cgﬁg"E"Sata (()?5)’ N,:CO, (90:10) 25 - -
8 lepidocrocite (20) 37 20 8.5 TAPS (25)¢ N, (100) 2.5 - -
9 lepidocrocite (20) 37 20 7.2 bicarbonate (25) N2:CO,(90:10) 0 - -
10  Anions lepidocrocite (20) 37 20 7.2 bicarbonate (25) N,:C0O,(90:10) 6 - -
11 lepidocrocite (20) 37 20 7.2 bicarbonate (25) N2:C0O,(90:10) 25 20 -
12 E}ﬁﬁgg‘ lepidocrocite (20) 37 20 7.2 bicarbonate (25)  N,:CO,(90:10) 2.5 - 100
13 ferrihydrite (20) 37 20 7.2 bicarbonate (25) N,:CO,(90:10) 25 - -

144 _ lepidocrocite (20) 37 20 7.2  bicarbonate (25) N.:C0O,(90:10) 25 - -

mf:;;s hematite (10) 37 20 7.2 bicarbonate (25)  N,:CO,(90:10) 2.5 - -

16 goethite (20) 37 20 7.2 bicarbonate (25) N2:C0O,(90:10) 2.5 - -
17 magnetite (6.3) 37 20 7.2 bicarbonate (25) N,:C0O,(90:10) 2.5 - -

@ Different amounts of the corresponding minerals were added for the nominal initial concentration of Fe(TII) ~20 mM; # No substrates was amended if not

mentioned; “TAPS was used to replace bicarbonate under the alkaline condition to avoid precipitation of calcium carbonate; ¢This condition was used as the

internal reference in the investigation of impacts of multiple geochemical factors on biomineralization during iron reduction as one of the parameters was

changed under the other conditions.
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Table S2. Calculated saturation index values using GWB for the secondary minerals under

different culturing conditions

Saturation Index®

Conditions? . . L . ) .
Vivanite Siderite Magnetite GR-CO; Fe(OH), Hematite Goethite
Temperature

Lep-22 °C 9.0 25 3.5 1.4 -1.6 25 0.8

Lep-37 °C? 9.7 29 54 3.9 -0.6 3.5 1.2

Lep-50 °C 9.7 3.2 6.7 5.1 -0.1 4.2 1.6

Salinity
Lep-2% NaCl° 9.7 29 54 3.9 -0.6 3.5 1.2
Lep-3.5% NaCl 9.1 2.8 5.2 3.2 -0.8 3.5 1.2
Lep-5% NaCl 8.3 26 51 25 -1.0 3.5 1.2
Lep-10% NaCl 7.7 24 5.0 20 -1.1 3.5 1.2
Lep-15% NaCl 6.9 2.2 4.8 1.1 -1.3 3.5 1.2
pH

Lep-pH 6.5 8.2 2.2 4.1 -0.8 -2.0 3.5 1.2

Lep-pH 7.2° 9.7 29 54 3.9 -0.6 3.5 1.2
Lep-pH 8.5 12.3 NA 8.2 NA 22 3.5 1.2

Anions and electron shuttle
Lep-No HPO,* NAc 29 5.4 3.8 -0.6 3.5 1.2
Lep-HPO42 (2.5 mM)? 9.7 29 5.4 3.9 -0.6 3.5 1.2
Lep-HPO42 (6 mM) 10.8 3.1 5.6 NA -0.5 3.5 1.2
Lep-SO,2 (20 mM) 9.5 3.0 54 4.0 -0.62 3.5 1.2
Lep-AQDS (100 mM) 101 3.2 5.6 5.0 -0.37 3.5 1.2
Minerals

Ferrihydrite 9.5 29 11.4 9.6 -0.7 9.6 4.3
Lepidocrocite? 9.7 29 54 3.9 -0.6 3.5 1.2
Hematite 8.0 2.3 1.3 -2.2 -1.3 NA -0.5

Goethite 7.1 2.0 2.0 -2.3 -1.6 1.0 NA

Magnitite 7.2 1.9 NA -5.3 -2.2 NA -0.5

@ "Lep" indicates lepidocrocite;

b The cultures prepared with 20 mM lepidocrocite, 2% NaCl, at pH 7.2, with 2.5 mM phosphate, no sulfate and
AQDS, and at temperature 37 °C were used as the internal reference set;

¢ NA: not produced or not available.
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Table S3. Linear combination fits of the XANES and EXAFS data

LC fit component, EXAFS (% of total Fe)? XANES
Conditions Other altered Remaining
Siderite? Greenrust Hematite ferric parent Fe(lll)/ Total Fe(s)°
minerals substrate
Temperature
Lep-22 °C 36 64 58
Lep-37 °C¢ 25 12 63 70
Lep-50 °C 55 11 34 33
Salinity
Lep-2% NaCl¢ 25 12 63 70
Lep-3.5% NaCl 41 59 56
Lep-5% NaCl 16 84 87
Lep-10% NacCl 38 62 60
Lep-15% NaCl 22 78 71
pH
Lep-pH 6.5 88¢ 12 0
Lep-pH 7.2¢ 25 12 63 70
Lep-pH 8.5 29 71 22
Anions and electron shuttle
Lep-No HPO,* 70 11/ 19 31
Lep-2.5 mM HPO,2 25 12 63 70
Lep-HPO4% (6 mM) 73 14 13 0
Lep-SO4% (20 mM) 41 38 21 33
Lep-AQDS (100 mM) 62 38 15
Minerals
Ferrihydrite (abiotic 13 32 55 36
control)
Ferrihydrite 35 44 21 59
Lepidocrocite? 25 12 63 70
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Hematite 18 82 88
Goethite 7 93 88
Magnetite 108 90 68

@ The uncertainty in our specific systems is within the generally accepted 10% in LC EXAFS analyses. Here, a 3-component fit is
presented if the components’ content is higher than 10 % and if it was a statistical improvement over the 2-conponent fits. Otherwise, the
best fit with only 2-components is presented. More information on the fitting approach can be found in the Methods and Material section

above;

b 1f not mentioned specifically, amorphous siderite provided a better fit to the data; up to 10% of the Fe(Il) component listed here as
siderite could be vivianite, adsorbed Fe(II), or FHC; see text under “Mineral characterization by imaging and spectroscopic methods” for
clarification;

¢ This column lists Fe(III) as percentage of total Fe in the solids (balance is Fe(II)), so it can be compared to the extraction data;

4 The experimental conditions shown in bold are for the same sample (No. 14 in Table S1), which is listed repeatedly here for easier
comparison within each parameter series;

¢ Siderite identified under this condition contained both crystalline and amorphous siderite with the relative abundance 68% and 20%,
respectively;

/ LC EXAFS analysis could not differentiate between a ferrihydrite and a goethite component at an 11% content;

¢ The LC EXAFS fits could not differentiate statistically between hematite, goethite, and ferrihydrite at 10% content.
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Table S4. Calculation of aqueous phosphate complexes in the media modeled using GWB

2.5 mM Phosphate 6 mM Phosphate
NaHPQO4 (mM) 0.81 1.66
FeHPO4 (mM) 0.74 2.14
HPO42 (mM) 0.45 0.92
MgHPO, (mM) 0.17 0.33
FeH,PO4* (mM) 0.13 0.39
H,PO,4 (mM) 0.12 0.25
CaHPO4 (mM) 0.10 0.20
FePO, (mM) 6.32E-02 0.18
KHPO4 (mM) 2.30E-02 4.64E-02
MgH,PO4* (mM) 9.41E-03 1.86E-02
MgPO4 (mM) 7.85E-03 1.55E-02
CaPO4 (mM) 6.99E-03 1.40E-02
H3PO,4 (mM) 8.46E-07 1.71E-06
Fe-phosphate complexes 0.93 2.71
Total phosphate 2.64 6.16
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Figure S1. Changes in dissolved Fe(II) over time for the cultures incubated at different
temperatures (a), pH (b), and NaCl concentrations (c). The plots are the average of triplicate
samples and the error bars indicate standard deviations. The red dashed line identifies the
inflection points for biogenic Fe(Il)(aq) concentrations. For all the samples, the abiotic controls

prepared under the same conditions did not show changes in biogenic Fe(Il) concentrations and

thus were not included.
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Figure S2. Extractable Fe(II) content (0.5 M HCI for 1 hr) at the end of the experiments, as
percentage of total Fe in the reactor. Each bar is further divided into dissolved Fe(II) fraction
(filled area) and solid-associated Fe(II) fraction (open area) for the different culturing conditions.

Error bars indicate the standard deviation from three replicates.
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Figure S3. SEM images of the secondary mineral morphology in representative lepidocrocite-
reducing cultures (Conditions 1-3, 6, and 9-12 in Table S1). The biominerals that were
determined based on previously reported morphologies are labeled as indicated. Abbreviations:
Sid (siderite), GR (green rust), and Viv (vivianite). The image of the Lep-15% NaCl reactor (d)
shows the same mineral morphology as in the images of samples amended with 5 and 10% NacCl,

so the latter are not shown. Note the difference in scales in the micrographs.
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Figure S4. XRD patterns of the solids in cultures incubated under identical conditions but
amended with different minerals: ferrihydrite (a), lepidocrocite (b), hematite (c), goethite (d) and
magnetite () (Conditions 13-17 in Table S1). The cultures were prepared with 2% NaCl at pH
7.2 and incubated at 37 °C. The corresponding abiotic controls were prepared and incubated

under the same conditions as the active reactors, except for without inoculation.
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Figure S5. Comparisons of the Fe K-edge XANES (a) and EXAFS (b) spectra from the

bioreactors created under the same solution conditions but with different starting Fe minerals

(lines) to Fe standards (symbols) (Conditions 13-17 in Table S1). In general, a shift of the edge

energy position to lower energy indicates a greater proportion of reduced Fe(Il). Panel (b)

compares the EXAFS spectra of the bioreactors to the main endmember species determined by

the LC analysis, illustrating the intermediate positions of the spectra relative to the standards, as

well as several isosbestic points. Panel b-top also shows the spectrum from the uninoculated

ferrihydrite control, the intermediate position between the ferrihydrite and the hematite spectra

indicates partial abiotic transformation of ferrihydrite to hematite. Abbreviations: Hem: hematite;

Fh: ferrihydrite; Am. siderite: amorphous siderite; Mag: magnetite; Gt: goethite.
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Figure S6. SEM-EDX images of the solids in the ferrihydrite-containing cultures in the
absence (a) and in the presence (b) of strain Z6 (note the difference in scale). The prismatic
morphology illustrated in (b) is consistent with vivianite identified using XRD. The EDX
spectrum of the framed area is shown in the inset. Abbreviations: Sid.: siderite; Viv.:

vivianite.
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Figure S7. XRD patterns of solids in the lepidocrocite-reducing cultures under different
temperatures (Conditions 1, 2 and 14 in Table S1). The cultures were prepared with 2% NaCl, 2

mM phosphate, and buffered at pH 7.2.
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Figure S8. Comparisons of the Fe K-edge XANES (a) and EXAFS spectra (b) from the

lepidocrocite bioreactors at different temperatures (lines) to Fe standards (symbols)

(Conditions 1, 2 and 14 in Table S1). In general, a shift of the edge energy position to lower
energy indicates a greater proportion of reduced Fe(II). Panel (b) compares the EXAFS spectra
of the bioreactors to the main endmember species determined by the LC analysis, illustrating the
intermediate positions of the spectra relative to the standards, as well as several isosbestic points.

Abbreviations: Lp: lepidocrocite; Am. siderite: amorphous siderite.
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Figure S9. XRD patterns of solids in the lepidocrocite-reducing cultures under different salt
concentrations (Conditions 3-6 and 14 in Table S1). The cultures were prepared with 2 mM

phosphate at pH 7.2 and incubated at 37 °C.
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Figure S10. Comparisons of the Fe K-edge XANES (a) and EXAFS spectra (b) from the

lepidocrocite (Lp) bioreactors at different NaCl concentrations (lines) to Fe standards

(symbols). (Conditions 3-6 and 14 in Table S1). In general, a shift of the edge energy position to

lower energy indicates a greater proportion of reduced Fe(II). Panel (b) compares the EXAFS

spectra of the bioreactors to the main endmember species determined by the LC analysis,

illustrating the intermediate positions of the spectra relative to the standards, as well as several

isosbestic points. Abbreviations: Lp: lepidocrocite; Am. siderite: amorphous siderite.
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Figure S11. SEM-EDS analyses of the secondary minerals formed in Lep-pH 8.5 (Condition 8 in

Table S1). The region in the red frame in (a) was analyzed for element composition as illustrated

in (b).
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Figure S12. XRD patterns of solids in the lepidocrocite-reducing cultures amended with different
anions (Conditions 9-12 and 14 in Table S1). The cultures were prepared with at 2% NaCl, at pH

7.2 and incubated at 37 °C.
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Figure S13. Comparisons of the Fe K-edge XANES (a) and EXAFS (b) spectra from the

lepidocrocite (Lp) bioreactors at different phosphate concentrations (lines) to Fe standards

(symbols) (Conditions 9-10 and 14 in Table S1). In general, a shift of the edge energy position to

lower energy indicates a greater proportion of reduced Fe(II). Panel (b) compares the EXAFS

spectra of the bioreactors to the main endmember species determined by the LC analysis,

illustrating the intermediate positions of the spectra relative to the standards, as well as several

isosbestic points. Abbreviations: Lp: lepidocrocite; Am. siderite: amorphous siderite.
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Figure S14. Comparisons of the Fe K-edge XANES (a) and EXAFS (b) spectra from the

lepidocrocite bioreactors with amended sulfate or AQDS (lines) to Fe standards (symbols).

(Conditions 11 and 12 in Table S1). In general, a shift of the edge energy position to lower

energy indicates a greater proportion of reduced Fe(II). Panel (b) compares the EXAFS spectra

of the bioreactors to the main endmember species determined by the LC analysis, illustrating the

intermediate positions of the spectra relative to the standards, as well as several isosbestic points.
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Figure S15. No clear relation is indicated between maximal concentrations of Fe(II)(aq) and the
composition of ferrous biominerals. The relative abundance of secondary minerals was based on
the XAFS/XANES analyses and minerals presumably formed via precipitation (e.g., siderite and
vivianite) (Table 1). The x-axis error bars indicate the standard deviation of triplicate samples

and the y-axis error bars signify the maximal uncertainties of the XAFS/XANES analyses
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Figure S16. Illustration of the fit quality in the linear combination (LC) analysis of the XANES

and EXAFS data. The numbers next to the spectra correspond to the reactor conditions in Table

S1. The proportions of each end-member spectrum fit to the experimental data are listed in Table

S3.
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Figure S17. SEM images of the synthesized ferric iron minerals used in this study. Note: the
scale bars are different in individual micrographs. No changed in the morphology was

observed in the abiotic (sterile) controls.
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Figure S18. Comparisons of the Fe K-edge EXAFS spectra from adsorbed Fe(Il), amorphous
siderite, and vivianite. The spectra are nearly identical in their main frequency, amplitude,
and phase (reflected in the identical main peak in the FT, i.e, the O-shell coordination
environment), and differ only in the outer-shell region, which is of smaller amplitude. The
similarity in the main features limits our ability to discern between these Fe(ll) phases

when their relative spectral content becomes small (e.g., 10-20% of the spectral signal).
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Figure S19. Fe(II)/Fe(III) calculated using the Fe(Il) concentrations determined by 0.5 N HCI
extraction (a) and XANES (b) for the conditions with siderite, green rust and FeR/Goe. The
results showed similar trends between the two Fe(II) quantification methods in that formation of
specific secondary mineral could not be explained by the ratios of Fe(Il)/Fe(III). Only siderite,
green rust and ferrihydrite (Fh)/goethite (Goe) as the major secondary minerals (>10%)
determined by XANES and EXAFS were considered. The subfigure (a) is the same as Fig. 2¢ in
the main text of manuscript. In (b), the condition Lep_pH 6.5 was not included because nearly
100 % of the solid phase was Fe(II) and the calculated Fe(Il)/Fe(Ill) value was infinite. The
internal reference indicated the cultures prepared with lepidocrocite, 2% NaCl, pH 7.2, 2.5 mM

phosphate, no sulfate and at 37 °C.
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