Organic matter from redoximorphic soils accelerates and sustains microbial Fe(IIl) reduction
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This Supporting Information contains 18 pages (incl. cover sheet and bibliography) with 8 figures, 6 tables and one
text section with details on i) the used topsoil material, ii) the design of the soil column experiment and the microbial
reduction experiments, iii) the soil effluent OM (efOM; 3C-NMR spectra, FTIR spectra, XRD patterns), iv) the
properties of ancillary OM specimens for comparison purposes, v) the measured Mdssbauer spectra and corresponding

fits, and vi) the aggregate properties of OM-free ferrihydrite used for the microbial reduction experiments.
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Table S1. Texture, pH, effective cation exchange capacity (CEC,), contents of organic carbon (OC), inorganic carbon (IC), and dithionite-extractable Fe (Fep)
in a humus-rich top horizon (Ah) of a floodplain soil (periodically flooded gleyic Fluvisol) and its volumetric water content and corresponding liquid-to-solid
ratios in the soil columns. +: min/max deviation from arithmetic mean of two independent replicates except for *, where + denotes the standard deviation (n = 3).

d.L: detection limit

texture (g g!) chemical parameters composition volumetric liquid-to-

soil | | d CECyr ocC IC Fep water solid ratio
cla silt san Hca ot . . : 3 ol

y PHcaci2 (cmolc kg l) (g kg l) (g kg l) (g kg l) content (cm’ g™)

0.39 0.52 0.09 50+0.3 13.4+0.1% 84.5+1.0% <d.lL.* 12.8+0.4 0.71 £0.01 1.06 £0.04

Texture was determined in <2 mm sieved soil, which was prior oxidized with H202 (30%). The soil was dispersed with 0.0125 M NasP207 and
shaken for 16 h, followed by wet sieving for quantification of sand (>63 pm). Silt (>2 pm; <63 pm) was determined using X-ray attenuation
(Sedigraph 5100, Micromeritics). All soil particles, which were not recovered as sand or silt, were considered as clay. Soil pH was determined
potentiometrically (Sentix 41+pH 197i; WTW) in 0.01 M CaCl: at a liquid-to-solid ratio of 2.5 ml g!. Effective cation exchange capacity
(CECefr) was determined according to the German Institute for Standardization !. Organic carbon (OC) was analyzed by combustion of soil
(Multi N/C 2100, Analytik Jena) after fumigation with HCI.? Inorganic carbon (IC) was calculated as difference between OC and the C content
in soil samples that were not treated with HCI. Dithionite-extractable Fe (Fep) was quantified according to Mehra and Jackson 3. The volumetric
water content was calculated from the influent volume, which was required for full water-saturation of the initially dry soil in the columns.

The high volumetric water content is related to the comparably high clay content and thus a comparably high contribution of pore space to the
total soil volume. This large amount of pore space and the low bulk density of Ah (0.665 + 0.024 g cm?) resulted in a comparably high liquid-
to-solid ratio, which is nevertheless characteristic of such topsoils when completely water-saturated, e.g., during inundation with river water

during regularly occurring flood events.*
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Supporting Information S1. Percolation protocol

Before effluent sampling, the soil columns were percolated for ~2 pore volumes to remove unusually high concentrations of microbial biomass
from the soil,> which formed as a result of lysis of microbial cells during air-drying.® A complete drying out of soil -as it was conducted before
the experiment- is not characteristic under in situ conditions since a certain moisture level is permanently maintained in intact soils under
temperate climate.” We therefore considered this initial flush of microbial biomass-rich OM from air-dried soil as unrepresentative for OM that

is available at anoxic-oxic interfaces in intact soils.

To promote the depletion of available oxygen, an initial flow interrupt (60 d) was conducted. As a consequence, reduction of Fe(IIl) and SO4*
established within the soil columns due to the activity of autochthonous microbial communities and led to the reductive dissolution of pedogenic
iron (oxyhydr-)oxides. Iron- and sulfate-reducing conditions were indicated by 1) the presence of dissolved Fe(II) as sole iron species in the soil
effluent, ii) the complete absence of effluent SO4>* despite permanently present effluent S* and iii) soil effluent redox potentials of ~100 mV

(against standard hydrogen electrode; Figure S1).

S3



flow interruption (d) 14 2 2 58 2 2
(A) 31 | | 1 b | | 9
: : : o I I X Fe(ll)
gZ- | 1 : O { : 8 o FeTot
£ : | % . i = pH
[} .
w1 1 I 7
e (’)«5"&(?E QX@@(@(
wom ! ! 1 1 o
0 L} L} 6
(B) 15 i : | - 400
o~ . I I I e E
S ., : -\ - 200_ | cHo
£ ¥ o I\. E a ’
9 s l | - (V=2 IC
Oa 5 I &\ I ] i
2 o L 200
Eﬂ'ﬂ'ﬂﬁl Oago ngnunm!
g ' e : -400

pore volume

Figure S1. (A) Effluent pH and concentrations of Fe(II) and total Fe (Fery) and (B) CO,, inorganic carbon (IC) and effluent redox potentials (Ey) in response to
interrupted percolation (dashed lines, grey values: corresponding duration) during a column experiment with topsoil material of the floodplain site (Ah; Table S1).

This separate column experiment was operated under identical conditions as described in the manuscript.

Fe(Il) was determined by first sampling the soil column effluent in HCI (final concentration: 0.25 M) to effectively retard the oxidation of Fe(I)?
followed by photometrical analysis at 510 nm (Spectronic 601, Milton Roy) after complexation with 1,10-phenanthroline.” Total Fe was
determined in unfiltered effluent with ICP-OES (VistaPro, Varian). Effluent pH was analyzed potentiometrically in unfiltered samples (Sentix
41+pH 1971, WTW). Inorganic carbon (IC) was calculated as difference between non-purgeable total C (non-acidified samples) and organic C
(acidified samples) (TOC-5050A, Shimadzu). CO2 concentrations and Ex were monitored online in the soil effluent by a gas sensitive CO2
electrode (Mettler Toledo) and an Ag sensor redox electrode (SenTix Ag, WTW), respectively. Both devices were mounted into separate
stainless-steel flow-through cells, which were installed in the outflow path. We calculated the potential of the standard hydrogen electrode (En)

by adding 211 mV to the recorded potentials (experiment temperature: 295 + 2 K).10

Uniform concentrations of Fe(Il) and total Fe revealed that Fe was discharged from soil solely as Fe(Il). Microbial activity was indicated by
formation of CO; as well as by the accompanied presence of bicarbonate, which was detected as IC in the effluent. The release of IC from the
soil matrix can be excluded due to its absence in the soil (Table S1). Effluent Eu dropped from 450 mV (influent) to ~100 mV, which is in

agreement with conditions of microbial Fe(III) reduction at circumneutral pH,'' which was predominant in the effluent.
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Figure S2. (A) X-ray diffraction patterns and (B) FTIR spectra of freeze-dried, dialyzed soil column effluent that either was not acidified (black) or was
immediately acidified upon discharge (grey). The effluent was obtained from the same soil column filled with a humus-rich top horizon of a floodplain soil (Table
S1). (C) and (D) show the corresponding secondary electron images of non-acidified and acidified soil effluent, respectively. Values in A): d-spacings. Values in

B) wavenumbers of interest. Arrows in D) Spots of interest.

X-ray diffraction patterns were obtained as described in the main text. FTIR spectra were recorded in transmission mode using a Nicolet iS10
spectrometer (Thermo Fisher Scientific). The samples (~1 mg) were mixed with KBr (~250 mg; FTIR spectroscopy grade, Merck), mortared
and pressed to pellets. The pellets were measured at wavenumbers from 4000 to 400 cm™! with 16 scans per spectrum at a resolution of 4 cm™.
The spectra were baseline-corrected and normalized to maximum intensity. For scanning electron microscopy, 10 pl of dialyzed effluent (100-
500 Da, Spectra/Por Biotech CE, Spectrum Laboratories) were air-dried on a Si wafer. Analysis was conducted with an ULTRA PLUS field

emission scanning electron microscope (Zeiss).

The diffraction patterns of non-acidified soil effluent exhibited broad reflections at ~34 °26 and ~62 °20 (Figure S2A), which indicated the
presence of low-crystalline, ferrihydrite-rich Fe-OM coprecipitates.'? FTIR spectra confirmed the presence of ferrihydrite'? in the precipitates
from non-acidified soil effluent by respective bands at 460 cm™ and 650 cm™ (Figure S2B). In SEM images, the Fe-OM coprecipitates were
identified as colloidal aggregates (Figure S2C).'? In contrast, matter from freeze-dried effluent, which was acidified upon discharge from the
soil columns, exhibited a broad reflection from 20-50 °20 in the diffractogram (Figure S2A). This was likely caused by OM-induced X-ray
fluorescence. The FTIR spectrum also lacked of distinct bands characteristic of ferrihydrite (Figure S2B). After dialysis of the acidified soil
column effluents, the residual Fe fraction comprised 0.17 + 0.05 of the initially discharged Fe (arithmetic mean + range of two independent soil
column replicates). Accordingly, the molar OC/Fe ratio increased during dialysis from 5.5 + 0.9 to 12.8 + 1.6. This suggests the presence of
colloidal Fe-OM coprecipitates also in the dialyzed, formerly acidified soil effluent fractions. Supposedly, the removal of Fe(Il) from the effluent
was still incomplete, when the dialysis-induced increase in pH (before dialysis: pH ~1.0, after dialysis: pH ~5.0) allowed for a sufficiently fast
oxidation of Fe(II) and subsequent hydrolysis of Fe(III). The relative content of Fe-OM coprecipitates was too low for unambiguous detection
with X-ray diffractometry and FTIR spectroscopy. In contrast, the SEM images confirmed the occasional presence of aggregates, which were

identically shaped to the Fe-OM coprecipitates in not acidified soil effluent (highlighted in Figure S2D).
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Figure S3. (A) OC-normalized scores of a 5S-component parallel factor analysis (PARAFAC) to reconstruct the excitation-emission-matrices (EEM, Table S2) of
organic matter (OM). efOM: soil effluent OM from an anoxic topsoil of a floodplain site (Table S1). o5: independent replicates. *: instantly acidified soil column
effluent (pH~1). **: dialyzed * (pH~5). ***: re-acidified ** (pH~1). EPS: extracellular polymeric substances from Bacillus subtilis. HA: humic acid from anoxic
groundwater. lignin: sulfonated lignin. pH of HA, lignin and EPS similar to ** (Table S2). Error bars: standard error. (B) EEM of the single components used in
PARAFAC. Experimental details on EEM generation are given in Table S2.

Fluorescence spectroscopy can be used to directly analyze OM without any pre-treatment (except for dilution) and to assess molecular changes
(in the vicinity) of fluorophores. The preparation of efOM for the microbial reduction experiments required the dialysis of the soil column
effluents. To assess the impact of dialysis, we collected EEM of the soil column effluents before and after dialysis (Table S2). Since pH changes
also alter the OM fluorescence,'* 1> the effluents were re-acidified after dialysis to undo the dialysis-induced pH increase. For factorization of
the EEM with PARAFAC, we chose a 5 component-model, which resembled tryptophan-like fluorescence (comp.l), polyphenol-like
fluorescence (comp.2) and humic-like fluorescence (comp.3-5; Figure S3B). Commonly, two components are sufficient to represent humic-like
fluorescence.'® 7 In our study, instead, the factorization of treatment-induced changes (dialysis, acidification) required two components

(comp.3+4) in the blue-shifted region of humic-like fluorescence to avoid systematically distributed residuals.

In efOM, the humic-like fluorescence (comp.3-5) was reproducibly dominated by the blue-shifted component (comp.3). This points to
macromolecules with rather low molecular weights,'¢ in which the fluorophore is surrounded by a framework of decreased conjugation. This is
characteristic of microbially processed OM.'® Contrary, HA from anoxic groundwater exhibited a more red-shifted fluorescence. This is a
common finding and points to more conjugated macromolecules with higher molecular weights in HA.'® The EEM of efOM showed tryptophan-
like fluorescence, which exclusively contributed to the fluorescence of EPS from Bacillus subtilis (comp.1). We regarded comp.1 as indicator
for aromatic proteins.'” However, tryptophan-like fluorescence can be confused with fluorescence of plant-derived polyphenols.?’ This was
confirmed by the use of comp.1 to reconstruct the EEM of sulfonated lignin (Figure S3A), although proteins were negligible in this OM (C/N =
190). Thus, comp.1 may be used to a certain extent to explain a dominant fluorescence of polyphenols, hypothetically also in efOM. Tryptophan-
like fluorescence nevertheless contributed to comp.1 in efOM considering its protein content (Table 1, Figure S5; Figure S6) and the absence of
comp.l in the polyphenol-rich, but protein-free HA from anoxic groundwater. Polyphenol-like fluorescence (comp.2) was predominant in efOM.
This agrees with Kaiser and Kalbitz 2!, who proposed that mobile OM in topsoils and organic surface layers bears a vegetation-type signature
due to the presence of lignin-derived phenols. The relative contribution of polyphenol-like fluorescence decreased after dialysis of efOM (comp.2
in * vs. ***; Figure S3A), thus pointing to a dialysis-induced loss of polyphenolic substances. Consequently, the results obtained for dialyzed
efOM presumably underestimated the extent of polyphenol-dependent parameters as originally present in non-dialyzed efOM, e.g., its
aromaticity and electron-donating capacity. We are aware that the fluorescence intensity, which is reflected by the component scores, is affected
by multiple factors additional to fluorophore concentrations, e.g., quenching and changes in the molecular environment of the fluorophore .
However, we assume that intermolecular interactions (e.g., quenching) were not affected by dialysis considering the nearly constant scores of
comp.1 and comp.3-5 in efOM (* vs. ***; Figure S3A). The fluorescence properties of efOM were well reversible upon changes in pH, which
supports the general reversibility of pH-induced changes in its molecular structure.
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Table S2. Measured, interpolated and reconstructed excitation-emission-matrices (EEM) and corresponding pH values of organic matter (OM)-containing
solutions. efOM: soil effluent OM from an anoxic topsoil of a floodplain site (Table S1). *: instantly acidified soil column effluent. **: dialyzed *. ***: acidified
**_ EPS: extracellular polymeric substances from Bacillus subtilis. HA: humic acid from anoxic groundwater. lignin: sulfonated lignin. NRSME: normalized root

square mean error (mean residuals between interpol. and reconstr. EEM). Reconstruction was conducted with a 5-component parallel factor analysis (Figure S3).
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Solution pH was analyzed potentiometrically (Sentix 41+pH 197i, WTW). Excitation-emission-matrices (EEM) of aqueous OM solutions were
obtained in a quartz cuvette (edge length: 1 cm) with a fluorescence spectrophotometer (Cary Eclipse, Agilent). The samples were excited from
Aexc=220-500 nm and emissions were recorded from Aem=250-650 nm, both in increments of 1 nm. Repetitive analyses of the same samples
yielded identical EEM and hence ruled out irradiation-induced changes in OM during analysis. EEM were corrected for inner filter-effects,?
which required UV-Vis absorption spectra (220-650 nm, increments of 1 nm; Cary 50, Agilent). Rayleigh scattering and Raman scattering were
removed via interpolation using a cubic spline function. The EEM were normalized on daily determined Raman units of ultrapure water.?* Non-

negativity constrained parallel factor analysis was applied to interpolated EEM.?* 25
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Table S3. Composition of the media used for (pre-)cultivation of Geobacter sulfurreducens and for the microbial reduction experiments.

(pre-)cultivation reduction experiments
solution compound (L) solution  compound (L)

1.0 g NaCl (>99.8%; Carl Roth) 110 mg NaCl
0.4 g MgCL*6H,0 (p.a.; Merck) 4.4 mg MgClL,x6H,0

A mingral 0.2 g KH,PO4 (>99.0%; Sigma-Aldrich) B mineral 27.5 mg NH,4Cl

medium ¢ 55 o NH,CI (299.5%; Carl Roth) medium 55 mg KCI

0.5 g KClI (p.a.; Sigma-Aldrich) 1.7 mg CaCl,x2H,0
0.15 g CaC,x2H,0 (p.a.; Carl Roth) 1.6 mg Na,SO; (Sigma-Aldrich)
1.5 mg FeCl,x4H,0 (>99.0%; Sigma-Aldrich) 165 pg FeCLx4H,0
0.07 mg ZnCl, (Sigma-Aldrich) 7.7 pg ZnCl,
0.1 mg MnCl,x4H,0 (Merck) 11 pg MnCLx4H,0
0.19 mg CoCl,x6H,0 (Fluka) 21 pg CoClx6H,0O

B aee 0,002 mg CuClx2H,0 (Merck) F A )2 g CuCLX2H,0

elements

0.024 mg NiCl,x6H,0 (Merck) 2.6 pg NiCl,x6H,0
0.036 mg Na,M00O4x2H,0 (Merck) 4 pug Na,MoO4x2H,0O
0.006 mg H;BO;5 (Merck) 0.7 ug H;BOs
8 ul HCI (32%, EMSURE®, Merck) 0.9 ul HCI
0.5 mg NaOH (Sigma-Aldrich) 55 pg NaOH

c SN 103 mg NasSeOsxSH,O (Sigma-Aldrich) G selenium= ) 4 & NasSeOySH,0

gsten tungsten

1.25 mg Na,Wo,4x2H,0 (Sigma-Aldrich) 138 ng Na,Wo,x2H,0
25 pg cyanocobalamin (Fluka) 2.8 pug cyanocobalamin
25 ng p-aminobenzoic acid (Merck) 2.8 pg p-aminobenzoic acid
5 ug D(+)biotin (Merck) 0.6 pg D(+)biotin

D vitamins 50 pg niacin (Merck) H vitamins 5.5 pg niacin
12.5 pg Ca-D(+)-pantothenate (Merck) 1.4 pg Ca-D(+)-pantothenate (Merck)
50 pg thiamine hydrochlorid (Merck) 5.5 pg thiamine hydrochlorid
125 pg pyridoxamine dihydrochloride (Fluka) 13.8 pg pyridoxamine dihydrochloride

The strain was pre-cultivated in a mineral medium (Table S3A) that was supplemented with trace elements (Table S3B), selenite-tungsten (Table
S3C), vitamins (Table S3D), 0.01 mM cyclic adenosine monophosphate (CAMP; >98.5%; Sigma-Aldrich), 1 mM FeClox4H20 (>99%; Sigma-
Aldrich), 10 mM Na-acetate (p.a.; Merck), Fh,% and buffered with 30 mM NaHCO3 (pH~6.8; Fluka; Germany). 10 mL of the pre-culture were
transferred into 1 L cultivation medium containing the same ingredients as the pre-cultivation medium except for 50 mM Na-fumarate as electron
acceptor instead of Fh. The cultivation medium was buffered with 50 mM NaHCOs (pH~6.8). After growth to the late exponential phase (7-14
d), the cells were harvested by centrifugation (15 min at 4400 g and 293 K; Avanti J-E with rotor JA-10, Beckman-Coulter, USA). The cell
pellet was re-suspended in acetate-free low salt medium (Table S3E), centrifuged and repeatedly re-suspended in 50 mL of acetate-free low salt
medium. This concentrated cell suspension was subsequently used in the microbial Fe(IIl) reduction experiments (see explanations in the

manuscript).
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Figure S4. Evolution of Fe(Il) during (A, B) the microbial reduction of OM-free ferrihydrite and in (C-F) negative controls and in (G, H) positive controls, in
which the following modifications from the standard protocol were applied: abiotic control #1: absence of Geobacter sulfurreducens (0.22 pm-filtration of the
cell suspension before its inoculation) abiotic control #2: no addition of Na-acetate (energy and carbon source). biotic control: Fe-source = Fe(IIl) citrate
(CsHsFeO7; AppliChem GmbH). Symbols depict mean values of three replicate batch experiments. Solid lines depict the Fe(II) concentrations predicted from
fitted rate constants (k), initial and maximum Fe(II) concentrations (c;vr and cuux, respectively) presented in Table S6. Dashed lines depict the 95% confidence

interval that arose due to the uncertainty of the fitted parameters.
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Figure S5. (A) Solid-state '*C-NMR spectra of soil effluent organic matter (6fOM) from an anoxic topsoil of a floodplain site (Table S1) and humic acid (HA)
from anoxic groundwater. (B) Relative contributions of characteristic chemical bonds of organic carbon (OC). (C) Relative contributions of selected biomolecules
to efOM and HA as derived from the extended biomolecular mixing model*’ with fixed N contents (Table 1). os: independent replicates. error: sum of absolute

deviations between predicted and measured integrals (Figure S5D).

Solid-state '3C-NMR spectroscopy (DSX 200, Bruker) was used in cross-polarization magic angle spinning mode with a 1*C resonance frequency
0f 50.32 MHz and a spinning speed of 5.0 kHz. A ramped 'H-pulse starting at 100% to 50% of the initial power was used during a contact time
of 1.0 ms to prevent spin modulation during the Hartmann-Hahn contact. Pulse delays of 400 ms were used. A line broadening of 50 Hz was
applied to the spectra. The '*C chemical shifts were calibrated relative to tetramethylsilane. The relative contribution of characteristic compounds
was estimated by the extended biomolecular mixing model (MMM). The MMM is a linear combination fitting of selected OM references
(carbohydrate, lignin, protein, lipid, char, pure carbonyl) to reconstruct the measured distribution of integrated band intensities in fixed chemical
shift regions of 3*C-NMR spectra.?’

The 3C-NMR spectra of efOM revealed two dominant bands at ~172 ppm (carbonyl bonds in carboxylic groups, amides and aliphatic esters)®®
and at ~71 ppm (hemicelluloses; Figure S5A).%° Increased band intensities at ~126 ppm and at ~153 ppm point to the presence of polycyclic
aromatic structures®® and O-substituted aromatic C (phenol C)*! in HA, respectively. In absence of distinct bands between 160 - 140 ppm, bands
between 120 - 90 ppm cannot be assigned to phenol C, but rather to O-alkyl C in carbohydrate-derived structures,? which applied to the band
at ~103 ppm in the spectra of efOM.

The relative content of carbonyl, aryl, O-alkyl and alkyl C was nearly identical in the two independent replicates of efOM (Figure S5B). In
comparison, HA contained more aromatic C at the expense of O-alkyl C. Using the MMM approach, *C-NMR spectra were translated into a
standardized molecular composition of natural OM.2" 32 We obtained a good match between measured and calculated integrals (Figure S5D)
with relative errors of 2-4% of the total intensity (Figure S5C), which was similar to previous studies.?’ In clear contrast to efOM, HA contained
almost no proteins and carbohydrates. This finding was in agreement with the corresponding C/N ratios (Table 1) and can be rationalized by the
fact that the fitting procedure was constrained to the measured N content. Nevertheless, the good fits of the constrained MMM supported that
proteins were the exclusive N-carrying biomolecules in these OM. Char was present in efOM and HA, but much more pronounced in the latter.
Char is enriched in small size-fractions?’ and is therefore potentially mobile in porous media. However, the preferential selection of strong
hydrophobic molecules during extraction of HA from anoxic groundwater on hydrophobic resins (XAD-8)3? very likely resulted in an enrichment
of char in HA.
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Figure S6. Fourier-transform infrared (FTIR) spectra of OM-free and organo-mineral ferrihydrite with adsorbed (ads) and coprecipitated (cop) humic acids (HA)
from anoxic groundwater® and soil effluent organic matter (efOM) from an anoxic topsoil of a floodplain site (Table S1). og: independent replicates. The values

in the sample name denote the molar OC/Fe ratio, which was set in the corresponding suspension. Dashed lines depict wavenumbers of interest.

The FTIR spectra were recorded in transmission mode using a Nicolet iS10 spectrometer (Thermo Fisher Scientific). The samples (~1 mg) were
mixed with KBr (~250 mg; FTIR spectroscopy grade, Merck), mortared and pressed to pellets. The pellets were measured at wavenumbers from

4000 to 400 cm™! with 16 scans per spectrum at a resolution of 4 cm™!. The spectra were baseline-corrected and normalized to maximum intensity.

Independent of the OM type (HA vs. efOM), its mode of association (adsorbed vs. coprecipitated) and its relative content, all synthesized
ferrihydrites (Fh) exhibited bands at ~710, ~580 and ~460 cm™!, which is characteristic of 6-line Fh.>* The abundance of 6-line Fh as exclusive
mineral phase is in agreement with the findings from X-ray diffractometry (Figure 1). A weak band at 1384 cm’! indicated the presence of
nitrate,3* which occasionally resided at the Fh surface despite dialysis. However, given the very strong intensity of surface-bound nitrate in

transmission FTIR spectra, we consider this amount of residual nitrate as negligible.

Increasing relative amounts of HA in the synthesis suspensions were accompanied by stronger bands at ~1600 and ~1400 cm™! in the spectra of
the corresponding HA-associated Fh. These bands reflect the absorbance of carboxyl groups that are present in the HA molecules.’
Consequently, higher OC/Fe ratios in the initial synthesis suspensions resulted in higher OC/Fe ratios in the synthesized organo-mineral Fh.
Upon reaction with Fh, protonated carboxyl groups, which were present in unreacted HA (~1715 cm™") completely vanished. Compared to HA,
efOM reproducibly exhibited stronger bands that are characteristic of proteins (N-H deformation (amide II) at ~1550 cm™') and polysaccharides
(overlapped C-O-C and C-OH stretches at ~1040 cm™). These bands were also more pronounced in the spectra of efOM-associated Fh
(particularly with adsorbed efOM), which points to the fact that proteins and polysaccharides from efOM effectively associate with Fe-rich

precipitates.'?
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Table S4. C/N and C/S ratios and electron-accepting capacities (EAC) of selected OM specimens. FA: fulvic acids from the same anoxic groundwater the humic
acid used in this study was obtained from. efOM: soil effluent organic matter from an anoxic topsoil of an agriculture site (ploughed horizon; Ap). [1] and [2]:
independent replicates. WEOM[1]: water-extractable OM from forest floor, which was used in adsorption/coprecipitation experiments with ferrihydrite.*
WEOM]J2]: water-extractable OM from forest floor, which was used in microbial reduction experiments with organo-mineral ferrihydrite.” 3. +: standard

deviation from arithmetic mean. Grey values: Normalization to OC concentrations invalid as EAC was dominated by Fe(III).

C/N C/S measured EAC EACoMm*
sample
gg! mmol e (mol OC)! mol e (mol Fe)”! umol ¢ (g OM)™!

FA npb 47 10.8+0.7 Fe <d.l° 452 +28

efOM,[1] | 26 52 120.0 £3.8 0.99 +0.02 n.p.d
efOM,[2] 21 50 89.0 £3.8 1.10+£0.01 213+18
WEOM[1] 18 170 12.1+£03 25.16 £0.39 394 +38
WEOM]2] 12 173 320+ 1.0 22.85+£0.44 934 +27

@ corrected for contribution of Fe(IIl) to EAC (assuming Ferow = Fe(I11)): EACom = (measured EAC [pmol e” L] - Fe concentration [umol L"']) * OM concentration [g L]
® N below detection limit

¢ detection limit: 4 pg L™!

4EAC (152 +3 pmol e- L") < Fe (154 + 2 pmol L)

Water-extractable OM (WEOM) was obtained by extracting <2 mm-sieved organic surface layers (O1 and Oa horizon) of a Podzol under spruce
(Picea abies L.; near Freising, Germany) with de-ionized water at a liquid-to-solid ratio of 4.76 cm? g'!. The forest floor was sampled at the same
site during summer (WEOM][1]) and after snowmelt (WEOM][2]). The extracts were shaken for 16 h at room temperature and then centrifuged
(1 h at 4650%g). The supernatant was filtered through polyvinylidene fluoride 0.45 pm-cutoff membranes (Durapore, Merck), concentrated in

low temperature rotary evaporators, and freeze-dried. More details can be found elsewhere.3% 37
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Figure S7. Méssbauer spectra of organo-mineral and OM-free ferrihydrite with adsorbed (ads) and coprecipitated (cop) organic matter (OM) recorded at room temperature (RT), 70 K and 5 K. efOM: soil effluent OM from
an anoxic topsoil of a floodplain site (Table S1). »5: independent replicates. HA: humic acid from anoxic groundwater. The values in the sample name denote the molar OC/Fe ratio, which was set in the corresponding
suspension. Black symbols depict measured data and black graphs depict the sum fit according to component details given in Table S5. The blue graphs depict the contribution of a non-magnetically split component to the

sum fit. The red graphs depict the contribution of a magnetically split component to the sum fit.

S13



Table S5. Center shifts (8), quadrupole splittings (AEq), quadrupole shifts (¢) and magnetic hyperfine fields (By) as obtained from fitted *’Fe-Mossbauer spectra of organo-mineral ferrihydrite, which were recorded at room
temperature (RT), 5 K and 70 K. Refer to Figure S7 for the corresponding spectra and fits. HA: humic acids from anoxic groundwater. efOM: soil effluent organic matter from an anoxic topsoil of a floodplain site (Table

S1). am: independent replicates. The values in the sample name denote the molar OC/Fe ratio, which were set in the corresponding suspensions. *: additional background component required in RT spectra fits. n.a.: not

analyzed.
RT 5K 70K
comp. 8 AEq GAEQ P(%) Xed 3 3 Bt OBhf P(%) e 8 € Bhr OBhf 3 AEq OAEQ
5 3 comp. 3 - P(%) Xred
mm s mm s’ T mm § T mm s
mean 0.33 0.64 0.28 1.03 0.49 -0.04 48.9 2.0 4.72 HFD site 0.44 -0.06 385 11.0 100
1 0.53 0.2 77 47.1 2.0 31 1 44.8 3.6 48
OM-free* 2 1.00 0.2 23 49.7 1.3 69 2 27 3 2 | 13
back- % J AEg By OBy QSD site
ground 31 0.36 0.03 5.4 4.1
mean 0.36 0.69 0.26 0.73 0.50 -0.02 49.2 2.1 4.64
HA_ads_0.01 1 0.53 0.14 55 472 2.1 30 n.a.
2 0.89 0.23 45 50.1 1.4 70
mean 0.35 0.65 0.23 0.50 047 -0.04 49.0 2.2 0.80
HA_ads_0.30 1 0.52 0.14 61 46.8 2.2 31 n.a.
2 0.86 0.20 39 50.0 1.2 69
mean 0.34 0.67 0.36 0.59 0.48 -0.04 48.9 2.1 1.03 HFD site 0.46 -0.04 32.0 15.2 97
1 0.55 0.25 71 47.0 2.1 33 1 44.1 39 24
HA_ads_0.89* 2 1.00 0.42 29 49.8 1.3 67 A 277 . 16.7 76 __ 0.91
back- % 0 AEg Biy OB QSD site 0.50 0.63 0.45 3
ground 35 0.34 0.03 9.6 7.3
mean 0.35 0.68 0.22 0.87 0.47 -0.04 49.2 2.1 13.43
HA_cop_0.01 1 0.51 0.03 49 472 22 34 na.
2 0.84 0.20 51 50.2 1.1 66
mean 0.35 0.68 0.27 1.38 047 -0.04 48.9 2.3 13.80
HA_cop_0.32 1 0.48 0.12 43 47.0 2.3 40 n.a.
2 0.84 0.25 57 50.2 1.1 60
mean 0.35 0.68 0.31 0.59 0.48 -0.03 48.1 2.4 6.16 HFD site 0.42 -0.10 26.9 15.8 91
1 0.52 0.21 51 46.5 2.3 48 1 42.5 4.9 20
HA_cop_0.94 2 084 032 49 49.6 13 52 2 205 84 s | 067
QSD site 0.48 0.67 0.31 9
mean 0.35 0.69 0.37 0.48 0.48 -0.04 48.8 2.0 0.82 HFD site 0.48 -0.04 33.0 16.3 98
1 0.57 0.25 64 49.8 1.1 63 1 44.5 3.4 20
eftz)lvé’;—ids 2 090 047 36 471 2.0 37 2 293 84 80 | 057
(0.68) back- % J AEg By OBy QSD site 0.56 0.65 0.24 2
ground 17 0.50 0.26 11.1 8.4
fOMs ads mean 0.35 0.69 0.23 0.51 0.49 -0.02 49.0 2.2 1.06
(0.6§) 1 0.56 0.12 66 47.0 2.2 33 n.a.
2 0.93 0.20 34 50.0 14 67
mean 0.35 0.70 0.37 0.58 0.49 -0.03 48.3 2.4 4.47 HFD site 0.40 -0.18 23.6 14.0 87
efOMa_cop 1 0.51 0.14 47 46.6 2.4 43 1 40.8 6.4 27 0.57
(0.44) 2 081 026 53 49.6 1.4 57 2 164 10 0 e
QSD site 0.37 0.71 0.44 13
fOMs co mean 0.36 0.73 0.33 0.72 0.49 -0.01 48.5 2.4 3.97
© 41) P 1 0.57 0.23 55 46.7 23 42 n.a.
) 2 0.92 0.34 45 49.8 14 58

All line-1 to line-2 area ratios in all (distributed) elemental doublets were taken to be 1.

P (in %) is the weight factor for a given Gaussian component in a given quadrupole splitting distribution (QSD) or hyperfine field distribution (HFD).

AEq = if bold: average magnitude of the quadrupole splitting in a given QSD of a given doublet spectral component; otherwise: the center (or position) of a Gaussian component in the QSD of a given doublet spectral component

o = the Gaussian standard deviation width of a given QSD / HFD (bold) or of a single Gaussian component of a given QSD or HFD.

Xred is the reduced chi-squared value for the fit: chi-squared divided by the number of degrees of freedom. It has an ideal value of 1 for a correct model.

All 8 are given with respect to the center shift of metallic Fe at 295K.

Bur = if bold: average magnitude of the hyperfine field (expressed as an excited state Zeeman splitting) in a given HFD of a given sextet spectral component; otherwise: the center (or position) of a Gaussian component in HFD of a given sextet spectral
component.

£ = average magnitude of the slave distribution of quadrupole shifts (epsilons) associated to a given HFD of a given sextet spectral component.

All fits relied on the Voigt-based fitting’® and were conducted with the Recoil™ software. Two Gaussian components (comp. 1 and 2) were used to achieve sufficiently good fits. Both components
shared the same & (RT, 70 K, 5 K) and € (70 K, 5 K), while the center positions of AEq (RT) and Bif (70 K, 5 K), the corresponding standard deviations (c) and weight factors (P(%)) were fitted to

the observed data. Three samples (denoted with *) required an additional background component to obtain physically reasonable fits for their Mdssbauer spectra at RT.
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Table S6. Absolute values of fitted rate constants (k), maximum Fe(II) concentrations (cu.x) and initial Fe(IT) concentrations (cr) and the resulting half-life of
ferrihydrite, which parameterized the observed microbial Fe(III) reduction in the reduction experiments. Controls: w/o G. sulfurreducens: absence of Geobacter
sulfurreducens (0.22 pm-filtration of the cell suspension before inoculation), w/o acetate: no addition of Na-acetate (= energy and carbon source), Fe(III) citrate:
Fe-source = 30 mM Fe(III) citrate (C¢HsFeO7; AppliChem GmbH). Fh: ferrihydrite. HA: humic acids from anoxic groundwater. efOM: soil effluent organic matter
from an anoxic topsoil of a floodplain site (Table S1). Error bars denote the standard error. The raw data on the evolution of Fe(Il) over time and the confidence

interval of each fit can be found in Figure 3 (HA- and efOM-associated Fh) and in Figure S4 (OM-free Fh, controls).

1 .
818/1?2 k() Cuax (MM) evir (mM) half-life (h)
i & -0.000010 % 0.000009 4.0 0.0647 £ 0.0078
sulfurreducens
controls w/o acetate -0.000106 % 0.000045 4.5b 0.574 +0.035
=
% Fe(llI) citrate 0.0383 + 0.0066 299+13 04420 18.1+3.1
=2
'S | reference OM-free Fh 0.0213 + 0.0032 2.119 % 0.065 0.706 % 0.078 32.5+4.9
Z 0.01 0.00651 + 0.00063 1.896 + 0.030 0.874 +0.033 106.4 +10.3
s .
k= Tl 0.30 0.00725 + 0.00055 2.897 +0.071 0.894 +0.071 95.6+7.2
z adsorbed HA
§ 0.89 0.01157 + 0.00053 3.934 + 0.040 1.150 + 0.060 599427
g treatments
5 0.01 0.00869 + 0.00079 2.528 + 0.052 0.871 + 0.045 79.8 473
= Fh
coprecipitated 0.32 0.01082 = 0.00065 3.688 + 0.059 0.694 + 0.055 64.1 439
with HA
0.96 0.0224 + 0.0013 3.769 + 0.050 0.782 + 0.062 30.9+18
wioG. -0.000013 £ 0.000007 4.0 0.0837 + 0.0038
= sulfurreducens
B controls w/o acetate -0.000001 + 0.000021 4.5b 0.500 % 0.011
<
é Fe(IlI) citrate 0.094+0.019 25.08 £0.71 15+ 1.6 74+15
<
5 reference? OM-free Fh 0.0204 + 0.0015 3.480 + 0.046 0.998 + 0.069 34.0+2.4
P Ty A: 0.68 0.00570 = 0.00022 4.683 +0.079 0.539 + 0.058 1217 £4.6
E
g e 0.00338 + 0.00012 5.01+0.10 0.442 + 0,054 2052+75
g treatments
= Fh A: 0.44 0.0311 + 0.0027 4.009 + 0.056 1.294 +0.097 223419
£ coprecipitated
with efOM B: 0.44 0.0294 = 0.0026 3.756 + 0.056 0.965 + 0.096 23.6+2.1

* reference to which the relative rate constants of the Fh-treatments with HA and efOM were normalized to (Figure 3)
® fixed values (not fitted)
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Figure S8. (A) Image from scanning electron microscopy (SEM) and (B) intensity histogram with hydrodynamic diameter (dy) distributions obtained from
dynamic light scattering (DLS) analysis (two replicate measurements: dark red, blue) of OM-free 6l-ferrihydrite (Fh), which were initially synthesized for the

microbial reduction experiments.

For SEM, 10 ul of Fh suspension were air-dried on a Si wafer. Analysis was conducted with an ULTRA PLUS field emission scanning electron

microscope (Zeiss). For DLS, the Fh suspension was analyzed in backscattering mode (Nano ZS, Malvern Instruments, UK).

Variably sized aggregates were observed within the suspension containing the initial OM-free 61-Fh, which were synthesized for the microbial
reduction experiments. The overwhelming majority of the aggregates was comparably small (<10 nm) and therefore difficult to capture with
SEM and DLS to allow for a reliable quantification of the aggregate size distribution. Considering that the scattering intensity is inversely
proportional to the sixth power of the radius for particles much smaller than the wavelength of the laser (here: 633 nm),* the number of Fh
aggregates <10 nm clearly exceeds the number of aggregates >10 nm (Figure S8B). The apparent appearance of Fh aggregates >10 nm in SEM
images (Figure S8A) might be related to the superposition of Fh aggregates and additional aggregation processes as a result of the drying of the

suspension at the wafer. In contrast, drying of the suspension was not required for DLS analysis thus avoiding such artifacts.
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