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Abstract

Association of organic matter (OM) with mineral phases via co-precipitation is expected
to be a widespread process in environments with high OM input and frequent mineral
dissolution and re-precipitation. In contrast to surface area-limited adsorption
processes, co-precipitation may allow for greater carbon (C) accumulation. However,
the potential sub-micrometer scale structural and compositional differences that affect
the bioavailability of co-precipitated C are largely unknown. In this study, we used a
combination of high-resolution analytical electron microscopy and bulk spectroscopy to
probe interactions between a mineral phase (ferrihydrite, nominally Fe203¢0.5H20) and
organic soil-derived water-extractable OM (WEOM). In co-precipitated WEOM-Fe,
nanometer-scale scanning transmission electron microscopy with electron energy loss
spectroscopy (STEM-EELS) revealed increased Fe(ll) and less Fe aggregation relative
to adsorbed WEOM-Fe. Spatially distinct lower- and higher-energy C regions were
detected in both adsorbed and co-precipitated WEOM-Fe. In co-precipitates, lower-
energy aromatic and/or substituted aromatic C was spatially associated with reduced
Fe(ll), but higher-energy oxidized C was enriched at the oxidized Fe(lll) interface.
Therefore, we show that co-precipitation does not constitute a non-specific physical
encapsulation of C that only affects Fe chemistry and spatial distribution, but may cause
a bi-directional set of reactions that lead to spatial separation and transformation of both
Fe and C forms. In particular, we propose that abiotic redox reactions between Fe and
C via substituted aromatic groups (e.g., hydroquinones) play a role in creating distinct

co-precipitate composition, with potential implications for its mineralization.
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1. Introduction

The potential for soil to act as a carbon (C) reservoir is limited by the environmental
drivers of soil organic matter (SOM) accumulation, including interactions between SOM
and soil minerals (Deng and Dixon, 2002; Schmidt et al., 2011; Lehmann and Kleber,
2015). The spatial and chemical complexity of SOM motivates the need to account for
non-equilibrium SOM stabilization processes, such as co-precipitation of soluble organic
matter (OM) with newly-formed minerals in the soil solution (Kleber et al., 2015). Co-
precipitation is a pathway of organo-mineral interaction that may allow for greater C
accumulation than would be expected based on surface coverage alone. In the
environment, OM-mineral co-precipitation is an especially relevant process in natural
wetlands, rice paddies, hydric soils, or other zones of fluctuating anaerobic and aerobic
conditions with abundant OM input (Chen et al., 2014). Co-precipitates can also be
found in generally well-drained soils with microsites of O2 depletion or fluctuating redox
conditions, suggesting that the process may be common across terrestrial and aquatic
ecosystems (Thompson et al., 2006; Collignon et al., 2012). As such, OM-mineral co-
precipitates could be an important contribution to overall soil C stocks, and their
properties are relevant for describing soil C persistence.

Mineral surface adsorption of OM and co-precipitation processes are expected to
differ in their spatial and chemical composition. Co-precipitation with organic
compounds has been linked to disruption of mineral structure and slowed crystallization,
largely shown through experiments using ferrihydrite (nominally Fe203¢0.5H20), both
with model C compounds (Mikutta et al., 2010; Mikutta, 2011) and natural OM (Vilge-

Ritter et al., 1999; Henneberry et al., 2012). Similarly, increased Fe-organic bond
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formation has been demonstrated for co-precipitation compared to adsorption (Chen et
al., 2014; Chen et al., 2016). These structural changes in organo-mineral associations
may have relevance for microbial bioavailabity and redox transformations (Shimizu et
al., 2013; Eusterhues et al., 2014; Mikutta et al., 2014; Ginn et al., 2017). Additionally,
co-precipitation of mixed soluble Fe(ll)/Fe(lll) phases has shown to increase in the
presence of Fe(ll) (Henneberry et al., 2012; Fritzche et al., 2015), and co-precipitation
has also been shown to induce Fe reduction in model systems (Mikutta, 2011).
However, the presence of a reduced Fe phase after co-precipitation of natural OM with
Fe(lll) has been rarely detected, even across a range of C:Fe ratios, with either no
detection of Fe(ll) or no analysis of the Fe redox state (Vilge-Ritter et al., 1999; Chen et
al., 2014; Chen et al., 2016). Consequently, though changes to mineral structure have
become an accepted characteristic of OM-Fe co-precipitates, uncertainty still exists in
the degree and nature of changes to Fe redox speciation. Additionally, structural
changes are largely assessed through bulk characterization (e.g., X-ray diffraction), and
nanometer-scale statistical spatial analysis of Fe distribution as a result of co-
precipitation vs. adsorption is lacking.

The potential for physical occlusion of OM via co-precipitation with relatively little
change compared to its original composition suggests that, on average, co-precipitated
OM may be less altered from the precursor OM relative to adsorption, with implications
for the stability and reactivity of co-precipitated mineral phases (Eusterhues et al., 2011;
Euesterhues et al., 2014; Kleber et al., 2015). While co-precipitated OM may be more
similar to source OM overall, selective incorporation of C functional groups in co-

precipitates compared to source OM has been detected. However, the C form
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preferentially retained varies widely. For instance, experiments with bulk spectroscopic
characterization of natural OM-ferrihydrite co-precipitates have shown both an increase
(Chen et al., 2014) and decrease (Chen et al., 2016) in aromatic C, and an increase
(Eusterhues et al., 2011; Henneberry et al., 2012) and decrease (Chen et al., 2014) in
polysaccharide C. Additionally, microspectroscopic imaging (e.g., scanning transmission
X-ray microscopy with X-ray absorption near edge structure, STXM-XANES) with ~40-
50 nm spatial resolution has shown divergent spatial distribution of OM, with some
studies identifying complete intermixing of C and Fe phases and others patchy
distribution of OM in co-precipitates (Henneberry et al., 2012; Chen et al., 2014).
Previous imaging and spectroscopy approaches may be limited by spatial and chemical
resolution, particularly for minerals with single nanometer-scale structure (e.g.,
ferrihydrite) (Schwertmann and Taylor, 1989). Due to these divergent views on
alteration of OM forms with co-precipitation, differences in composition and spatial
distribution between adsorbed and co-precipitated OM remain largely unresolved. The
question underpins the assumption of divergent bioavailability, ultimately driving the C
accumulation potential and persistence of co-precipitated OM.

To provide new understanding of the OM-Fe interaction processes distinct to co-
precipitation, high-resolution visualization of spatial and chemical co-precipitate
properties is needed. Scanning transmission electron microscopy with electron energy
loss spectroscopy (STEM-EELS) is one approach for high-resolution structural and
chemical analysis. This approach enables mapping of Fe and C speciation at single-
digit nanometer (nm) spatial resolution, providing a means to identify local (<10 nm-

scale) changes in co-precipitate composition. Additionally, STEM-EELS under cryogenic
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conditions (cryo-STEM-EELS) enhances analysis of Fe and C speciation by increasing
potential spatial and spectral resolution for damage-sensitive elements, especially C
(Kourkoutis et al., 2012; Miot et al., 2014).

Here, we applied STEM-EELS and cryo-STEM-EELS to describe the structural
and chemical characteristics of water-extractable OM (WEOM)-Fe co-precipitates in
comparison to adsorption complexes at the nanometer scale. Specifically, our aim was
to compare (1) Fe spatial distribution and aggregation, (2) the presence of reduced
Fe(ll), (3) changes to C composition and spatial distribution of C forms, and (4) spatial
association of C forms with Fe. Additionally, we contextualized high-resolution
measurements using bulk X-ray absorption spectroscopy (XAS) approaches commonly
used for OM and Fe minerals.

2. Methods

2.1 Experiment Overview

This study used water-extractable organic matter (WEOM) derived from organic
horizons of forest soils as a source of OM for co-precipitation and adsorption
experiments with ferrihydrite (nominally Fe203e0.5H20). Co-precipitation treatments
were prepared by addition of WEOM to dissolved Fe(lll) followed by increase in pH and
precipitation of a WEOM-Fe co-precipitated solid phase. In contrast, adsorption
treatments were prepared by addition of WEOM to previously precipitated, solid-phase
ferrihydrite in suspension. To assess spatial elemental distribution, changes to Fe and C
composition, and spatial association between Fe and C forms, high-resolution analytical

STEM-EELS was paired with bulk characterization of total C (by combustion), bulk C



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

and Fe K-edge XANES, and bulk Fe K-edge extended X-ray absorption fine structure
(EXAFS).

2.2 Water-Extractable Organic Matter (WEOM) Preparation

Water-extractable OM was prepared from organic horizons collected from upland
forested Spodosols (Tunbridge-Lyman-Becket Series) in Watershed 3 (hydrological
reference watershed) of the Hubbard Brook Experimental Forest (North Woodstock,
NH). Organic horizon (Oa) soils were collected from three replicate profiles within < 20
m distance at two locations: Site 1 (43.955533°N, -71.718826°W), characterized by
deep (~1 m), well-expressed Spodosol soil profiles, and Site 2 (43.956998 °N, -
71.717241 °W), characterized by shallow-to-bedrock soil profiles (Possinger et al.,
2020a). Sites 1 and 2 correspond to “typical” and “E” podzols, respectively, following
nomenclature used in Bailey et al. (2014). Dominant forest vegetation at the sites is
described in Possinger et al. (2020a). At Site 1, no coniferous tree species were
identified in the 314 m? sampling area. At Site 2, coniferous basal area increased to
35%. However, for both locations, yellow birch (Betula alleghaniensis) occupied the
most basal area of any individual species.

Water-extractable OM was derived as described in Possinger et al. (2020a). In
brief, organic soil (Oa horizon) was composited from three replicate horizons at both
Site 1 and Site 2. Water extractions (1:1 soil:water ratio, filtered to 0.45 ym) were stored
at 4-9°C until used for characterization analysis and co-precipitation and adsorption
experiments. Total OC content was determined for the WEOM extracts using a

Shimadzu TOC-VcpHricpn instrument (Shimadzu Corportation, Kyoto, Japan) in a 1%
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hydrochloric acid (HCI) matrix. Total OC of WEOM extracts were determined to be 700
mg C L WEOM for Site 1 and 469 mg C L-" for Site 2.

2.3 Co-precipitation and Adsorption Sample Preparation

Ferrihydrite (nominally Fe203¢0.5H20) was prepared as described in Possinger et al.
(2020b). In brief, Fe(lll) nitrate (0.005 M) was titrated by addition of base (0.05 M KOH)
to pH 7 (low-concentration modification of Schwertmann and Cornell, 2000) and purified
by dialysis (1000 dalton molecular weight cut-off). For co-precipitates, WEOM was
added at a 10:1 molar C:Fe ratio (determined based on TOC measurements described
above) for both WEOM sources (i.e., from Sites 1 and 2) prior to titration (n =4
synthesis replicates). This C:Fe ratio was selected based on C accumulation in
adsorbed and co-precipitated C:Fe complexes investigated by Chen et al. (2014),
wherein increasing initial C contents did not appreciably increase C accumulation above
10:1 C:Fe for adsorption.

WEOM-Fe adsorption complexes (n = 4 synthesis replicates) were prepared by
addition of WEOM after precipitation of ferrihydrite at a 10:1 molar C:Fe ratio. For Fe K-
edge XAS of Site 2 WEOM, n = 1 synthesis replicates were generated. The WEOM-
ferrinydrite suspensions were shaken overnight in Teflon® centrifuge tubes to prevent
adsorption to the container surfaces, followed by dialysis as described above. Fresh co-
precipitate and adsorption WEOM-Fe samples were prepared prior to each analysis to
limit crystallization artifacts. Samples were stored in water suspension at 4-9°C for < 2
weeks before imaging and spectroscopy to minimize artifacts resulting from freeze or
air-drying. For bulk C composition analysis, samples were shipped (~3-day) cool and

refrigerated for an additional 2 weeks prior to C K-edge XANES analysis. For imaging



181  and spectroscopy, all synthesis replicates were equally pooled and mixed in

182  suspension. Prior to deposition of co-precipitate and adsorption suspensions for

183 imaging, ~2 mL of suspension was centrifuged at 13,000 rpm for 10 minutes, followed
184 by immediate resuspension in 0.5 mL Nanopure™ water to increase sample

185 concentration and C signal yield.

186 2.4 Bulk Characterization

187  2.4.1 Total Carbon

188 Co-precipitate and adsorption complex solids were collected by filtration through 0.45
189 um-pore GFF syringe filters, which were air-dried and analyzed for total C and N using a
190 Carlo-Erba NC2500 elemental analyzer (CE Instruments Ltd, Wigan, UK), with

191  adjustments for GFF filter weight and background (filter < 0.07 %C). Total C values
192 compared statistically using the two-sided Wilcoxon Rank Sum Test with base R (v.
193 4.0.2) (R Core Team, 2019) in RStudio (v. 1.1.423) (RStudio Team, 2015).

194  2.4.2 Iron K-edge X-ray Absorption Spectroscopy (XAS)

195 Iron XAS data were obtained at the Cornell High Energy Synchrotron Source (CHESS)
196 F3 beamline (hard-bend magnet source with silicon (111) monochromator and silicon
197  drift detector). Detailed beamline information and standard synthesis methods are
198 described in Inagaki et al. (2020) and Possinger et al. (2020a). Samples (ferrihydrite
199  without added WEOM and WEOM-Fe co-precipitates and adsorption solids) were
200 prepared for XAS measurements by thin-layer deposition of a 60-uL suspension on 1-
201  mil polyimide (Kapton®) tape. Fluorescence yield was measured (2-5 scans per

202 sample) using the following dwell times and energy step sizes: 1-2 s and 0.005 keV for
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the pre-edge (6.912 to 7.092 keV), 2 s and 0.001 keV for the XANES region (7.093 to
7.143 keV), 5 s and variable energy step for the EXAFS region (7.144 to 7.637 keV).

Iron K-edge XANES analysis methods were modified from Inagaki et al. (2020)
and Possinger et al. (2020a). In brief, Fe K-edge XANES spectra were processed using
Athena v. 0.9.26 (Ravel and Newville, 2005). Normalized fluorescence yield (u(E)) was
used to determine white line and energy positions of the pu(E) pre-edge centroid. The
first derivative of normalized fluorescence yield, hereafter referred to as dx/du(E), was
computed and the Eo (edge position inflection point) was calculated as the maximum of
dx/du(E). The energy position of the pre-edge feature in the dx/dp(E) spectrum can shift
to lower energies as a result of increasing Fe(ll) and/or Fe-organic complex content (Fe
1s-4p transition-like character as a result of 3d-4p mixing with ligands) (Westre et al.,
1997; Prietzel et al., 2007). Therefore, we used the dx/du(E) centroid in combination
with spectral shifts associated with Fe(ll) to tease apart XANES spectral features in
standard compounds with variable Fe(ll) and/or Fe-organic complex content. The
relative intensity at ~7117-7120 eV in dx/du(E) (associated with the 1s-4s transition and
increasing Fe(ll) content) (Berry et al., 2003) was estimated using a four-Gaussian
function curve fitting approach modified from Inagaki et al. (2020). Further details are
included in Supplementary Methods A1.1.

The Fe K-edge EXAFS region was also used to qualitatively compare Fe-organic
bonding in co-precipitated and adsorbed WEOM-Fe samples. The EXAFS forward
Fourier transform (K-space) was computed for the 2-11 A~ wavenumber range and
plotted as k? (standards) or k3 (samples)-weighted spectra following Chen et al. (2014)

in Athena (Ravel and Newville, 2005). For samples, the inverse Fourier transform (R-

10
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space) or k3-weighted K-space spectra was computed using the radial distance range of
1-3 A.

2.4.3 Carbon K-edge XANES

Carbon K-edge X-ray absorption spectroscopy measurements were conducted at the
Canadian Light Source (CLS) spherical grating monochromator (SGM) beamline.
Information on the beamline and data collection procedures are described in Possinger
et al. (2020a). In brief, co-precipitate and adsorption samples in suspension (~60 uL)
were drop-cast and air-dried on Au-coated silicon wafers. Carbon partial fluorescence
yield (PFY) scans (60 s scans, 32 for samples and 10 for standards) were measured
using a silicon drift detector placed at 90 degrees to the incident beam in the plane of
polarization in order to minimize scattering. The measurements were collected using a
50 x 50 um incident beam size and normalized to the PFY scattering signal from a clean
wafer.

Spectrum normalization and flattening procedures were performed in Athena v.
0.9.26 (Ravel and Newville, 2005), with the edge step set to 1. A deconvolution
modeling approach was used for C K-edge XANES that fits 8 Gaussian functions to
energy positions defined by multiple previous standard organic compound XANES
studies (Solomon et al., 2009; Heymann et al., 2011). Non-negative Gaussian functions
(G1-G8) were defined with the parameters: (1) square root of peak height, (2) peak
center, and (3) peak full-width half-maximum (FWHM) (Hestrin et al., 2019), with peak
centers allowed to float within 0.2 eV energy for G1-G7 and 0.1 eV for G8 and peak
FWHM allowed to float by 0.4 eV for all functions (Supplementary Table A4.1). The

model was fit for samples and verified with standard compounds (Supplementary

11
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Tables A4.2-A4.3) in Fityk v. 0.9.8 (Wojdyr, 2010) using the Levenberg-Marquardt
algorithm with 1000 maximum iterations to minimize the maximum sum of squared
residuals (MSSR). Models were accepted if R?>0.98.
2.5 High Resolution Imaging and Spectroscopy (STEM-EELS)
2.5.1 STEM-EELS Data Collection

Element distribution and Fe spatial clustering were analyzed with STEM-EELS
for co-precipitated and adsorbed WEOM-Fe using WEOM from both sites. Additionally,
C and Fe speciation were determined with high spatial resolution (<5 nm) for co-
precipitated and adsorbed Site 2 WEOM-Fe using cryogenic STEM-EELS. Samples
were prepared by drop-casting ~3 uL of each suspension directly on a Cu TEM grid
(400-mesh) without a C film. Co-precipitate and adsorption sample droplets were
spatially separated on the same grid, allowing for characterization of both treatments
during one microscope session, thereby minimizing changes in experimental conditions
between measurements. Imaging and spectroscopy data collection was conducted on
an aberration-corrected FEI Titan Themis S/TEM instrument (FEI Company, Hillsboro,
OR) equipped with a Gatan GIF Quantum 965 spectrometer (Gatan Inc., Pleasanton,
CA) operated at 120 kV. For cryogenic STEM-EELS, used to determine Fe and C
speciation, the samples were maintained at approximately -180°C with spectrometer
aperture and monochromator settings adjusted to improve spectral resolution (~0.5 eV)
while maintaining a moderate beam current (0.025-0.16 nA). For all measurements,
acquisition parameters are described in Supplementary Table A4.4. To assess
elemental distribution, Fe aggregation, and Fe and C fine structure, 2D EELS maps

were collected ranging in magnification from 225 kx to 2500 kx for the C K-edge (270-
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320 eV) and Fe L2,3-edge (700-730 eV) (collected simulataneously). Additionally, N K-
edge (380-430 eV) and O K-edge (500-540 eV) spectra were collected for Site 1
WEOM-Fe samples at room temperature.

2.5.2 Cryo-STEM-EELS Beam Damage Assessment

Systematic differences in C and Fe STEM-EELS spectra as a function of dose and
sample type were used to assess changes to the potentially beam-sensitive C and Fe
constituents under cryogenic conditions (see Supplementary Methods A1.2,
Supplementary Figs A3.1-A3.3, Supplementary Table A4.5). In brief, differences
between the sample types (adsorbed vs. co-precipitated) and across different regions of
the same sample accounted for variation in Fe and C composition, rather than
systematic trends related to dose (Supplementary Figs A3.1-A3.3). While we note that
the EELS signal in the oxidized (e.g., carboxylic C) region may be more sensitive to
damage than other C components, beam damage artifacts did not explain C
compositional or spatial trends (Supplementary Figs A3.1-A3.2, Supplementary Results
and Discussion A2.1).

2.5.4 Elemental Spatial Distribution and Clustering

Elemental EELS maps of Fe, C, N, and O in Site 1 WEOM-Fe samples and Fe and C in
Site 2 WEOM-Fe samples were used to assess spatial relationships between elements
and the spatial aggregation patterns of Fe. Data processing and spatial statistics
(Ripley’s K(t) and Moran’s 1) are described in Supplementary Methods A1.3-A1.4 and
Supplementary Figs A3.4-A3.5.

2.5.4 EELS Carbon and Iron Fine Structure

13
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Changes in C and Fe spectral features associated with chemical composition (i.e., fine
structure) for high-magnification adsorption and co-precipitation samples (WEOM from
Site 2 only) were statistically evaluated with multivariate curve resolution (MCR) (Mundy
et al., 2014; Baek et al., 2016; Zachman et al., 2018), performed using the pyMCR
Python package (Camp, 2019). The number of putative components was set to 2 and
initial regions for spectrum guesses were selected close to and more distant from
higher-Fe structures. Spectroscopic images recorded at >1.3 Mx magnification and with
sufficient sample area were selected for MCR analysis.

Spatial correlations among Fe and C forms identified with MCR were performed
using R in RStudio (RStudio Team, 2015; R Core Team, 2019). For each MCR output
image, non-sample area (vacuum) was manually filtered to avoid inflation of correlation
estimates and intensity was normalized to maximum = 1 (see Supplementary Methods
A1.3). Pixel intensity correlations among C and Fe components, total C, and total Fe
were determined using Spearman Rank correlation. In addition, a line profile of relative
component intensity across a region of the co-precipitate image with the highest spatial

resolution (measurement “i” in Supplementary Table A4.4) was collected in ImagedJ v.
2.0.0 (Schneider et al., 2012) to assess finer-resolution shifts in component distribution.
3. Results

3.1 Bulk Characterization

3.1.1 Total Carbon

No significant differences were found in the total C content of the co-precipitation or

adsorption samples derived from Site 1 or Site 2 WEOM (Wilcoxon Rank Sum test, all p

> 0.3) (Supplementary Fig. A3.6). Due to the lack of significant differences in the total C
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content between WEOM sources, the total C data for co-precipitation or adsorption
were pooled across WEOM types (Supplementary Fig. A3.6). Both co-precipitated and
adsorbed WEOM-Fe interacted with and thereby accumulated C, ranging from
approximately 16-70 %C by weight (mean 34 + 14 s.d. %C). The median total C
followed an overall trend of lower C for adsorption in comparison to co-precipitation
samples. However, the difference between co-precipitated and adsorbed total C was not
statistically significant (Wilcoxon Rank Sum test, p = 0.40).
3.1.2 Iron K-edge X-ray Absorption Spectroscopy
For both co-precipitated and adsorbed WEOM-Fe, no change in the 7117-7120 eV
intensity of the first derivative spectrum (a metric of increasing Fe(ll)) was detected
relative to the oxidized ferrihydrite standards (Table 1, Supplementary Fig. A3.7). A
lower-energy shift (approximately -0.3 eV) in the first-derivative (dx/duE) pre-edge
centroid was detected for co-precipitated WEOM-Fe only, with less than £0.06 eV shift
detected for adsorption (Table 1). The shift was not detected in the edge inflection point
(Eo) energy, but an approximately -0.5-1 eV shift in white line energy position was
detected for co-precipitated WEOM-Fe (Table 1). Due to the lack of change in 7120 eV
intensity, we attribute these shifts to increased Fe-organic bonding in the co-precipitate
sample. Fe K-edge XANES measurements were also similar for Site 1 and Site 2
WEOM sources (Table 1).

The Fe-K edge EXAFS Fourier transform spectra (K-space) showed a slight
increase in Fe-organic bonding for co-precipitated WEOM-Fe, with a subtle decrease in
amplitude of the oscillation at 7.5 A" compared to adsorption samples and reference

ferrinydrite, corresponding to high-shell backscatter due to Fe-organic bonding (Chen et

15
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al., 2014) (Supplementary Figs A3.8-A3.9). However, these changes were not reflected
in the inverse Fourier transform (R-space), which predominantly showed features
associated with Fe-O and Fe-Fe bonds (Supplementary Fig. A3.8).Taken together, the
similar magnitude of pre-edge centroid shifts to Fe-organic standards and the slight
changes in the EXAFS K-space amplitude suggest that bulk Fe chemistry of co-
precipitated Fe-WEOM showed greater Fe-organic bonding than for adsorption
(Supplementary Fig. A3.10).

3.1.3 Carbon K-edge X-ray Absorption Spectroscopy

Carbon K-edge XANES spectra were similar between both WEOM sources in both
overall shape and fine structure (Possinger et al., 2020a) and deconvolution results
(Fig. 1, Supplementary Fig. A3.11, Supplementary Table A4.2). Due to the lack of
compositional differences between WEOM sources and normalization of preparation
based on WEOM C concentration, results are hereafter pooled with respect to WEOM
source (see Supplementary Results and Discussion A2.2). The largest contribution to
the WEOM C K-edge XANES signal was derived from the aromatic region, with the sum
of functions (Gaussian function 1 - 4) resulting in 45 + 3 s.d.% (average of WEOM
sources) of the total Gaussian function area of the XANES spectrum (Fig. 1,
Supplementary Fig. A3.11, Supplementary Table A4.2).

Carbon K-edge XANES spectra for adsorbed vs. co-precipitated WEOM were
similar overall, with only a slight increase in carboxylic acid C in adsorbed WEOM (Fig.
1, Supplementary Fig. A3.11). This similarity is reflected in deconvolution results, which
do not show appreciable differences between adsorbed and co-precipitated samples

(Fig. 1, Supplementary Table A4.2). However, the contribution of the aromatic signal
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was reduced by approximately two-fold for both adsorbed and co-precipitated samples
compared to the initial WEOM source (Fig. 1, Supplementary Fig. A3.11, Supplementary
Table A4.2). Additionally, alkyl C decreased with co-precipitated and adsorbed WEOM-
Fe compared to source WEOM, with an associated proportional increase in oxidized C
(e.g., carboxylic and O-alkyl/carbonyl functional groups).

3.3 High Resolution Imaging and Spectroscopy (STEM-EELS)

3.3.1 STEM-EELS Overview Mapping

Lower-magnification (<910 kx-magnification) overview annular dark field (ADF) STEM
images and EELS Fe and C elemental maps showed a different spatial arrangement
between the co-precipitation and adsorption Fe-WEOM samples (Fig. 2). In general, Fe
with adsorbed WEOM was more spatially clustered while co-precipitated Fe with WEOM
was more evenly mixed.

3.3.2 Elemental Spatial Distribution

On average, Fe and C were approximately 4 times more spatially separated (i.e.,
negative Spearman’s p) for adsorbed compared to co-precipitated WEOM-Fe (Wilcoxon
Rank Sum p = 0.07, W = 12) (Table 2). For both adsorbed and co-precipitated WEOM-
Fe, Fe and O were spatially co-located (i.e., positive Spearman’s p) (Table 2). Nitrogen
(N) was neither spatially separate nor co-located with either Fe or C (i.e., Spearman’s p
close to zero) (Table 2).

3.3.3 Iron Distribution and Clustering

Consistent with the spatial separation between Fe and C, Ripley’s K(t) metric (see
Supplementary Methods A1.4) showed overall more Fe clustering with greater

distances (i.e., larger clusters) for adsorbed WEOM-Fe in the majority of maps used for
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Fe spatial statistics (Fig. 3). There was variability in Fe clustering within co-precipitates,
but overall, Fe was more randomly distributed or clustered at shorter distances (i.e., in
smaller clusters) (Fig. 3). Further, the median Moran’s | statistic (Fe spatial
autocorrelation) was higher for adsorption vs. co-precipitation (Wilcoxon Rank Sum p <
0.05, W = 49) (Fig. 3).
3.3.4. Multivariate Curve Resolution (MCR)
All EELS measurements contained an Fe component associated with oxidized Fe(lll)
(Supplementary Fig. A3.12) (fixed at 710.5 eV in this study) (Gloter et al., 2004). For co-
precipitated WEOM-Fe (n = 5 EELS measurements), a shoulder at lower energy
(~709.0 eV) associated with increasing Fe(ll) was detected in the primary Fe
component relative to adsorbed WEOM-Fe (n = 2 EELS measurements)
(Supplementary Fig. A3.12). Further, a secondary reduced Fe(ll) component with an Ls-
edge position shifted to ~709.0 eV was detected for 2 out of 5 co-precipitated WEOM-
Fe images (Supplementary Fig. A3.12). For adsorbed WEOM-Fe, either no secondary
component or an Fe(lll) component associated with thicker sample area were detected.
For both adsorbed and co-precipitated WEOM-Fe, MCR-resolved C K-edge
spectra generally showed components corresponding to higher- and lower-energy C
forms (Fig. 4). The lower-energy C component had stronger contributions from features
at ~285-286.5 and 287-287.5 eV, putatively associated with aromatic or substituted
aromatic C=C, and C-H transitions, respectively (Solomon et al., 2009; Zachman et al.,
2018). The loss of oxidized features (i.e., >288 eV) in the lower-energy component was

more pronounced with co-precipitated WEOM-Fe relative to adsorbed WEOM-Fe (Fig.
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4A). Overall, the higher-energy component was similar between adsorbed and co-
precipitated WEOM-Fe (Fig. 4B).
3.3.5 Spatial Correlations

The pixel intensity of total C, total Fe, and C and Fe MCR component maps was
used to assess the distribution of C and Fe forms. When a reduced Fe(ll) component
was not detected, only spatial relationships between C forms and total Fe were used.
For adsorbed WEOM-Fe (n = 2 images) and co-precipitated WEOM-Fe with no resolved
reduced Fe(ll) component (n = 3 images), the lower-energy (e.g., aromatic) C
component was generally positively correlated with total Fe (Supplementary Fig. A3.13).
However, for co-precipitated WEOM-Fe with a resolved Fe(ll) component (n = 2
images), both lower-energy C and total C were consistently positively correlated with
reduced Fe(ll) only (Supplementary Fig. A3.13).

The spatial association between lower-energy C and reduced Fe(ll) was highest
(p = 0.21) for the highest resolution co-precipitate measurement (Fig. 5). Line profiles of
Fe and C components identified in this image further refine spatial associations between
Fe(ll)and C forms (Fig. 6). Across the line transect, pixel intensities of reduced Fe(ll)
and lower-energy C were coupled overall. However, higher-energy C was relatively
enriched directly at the boundary of the oxidized Fe(lll) cluster (Fig. 6).
4. Discussion
4.1 Coupled Carbon and Iron Transformations in Co-precipitated WEOM-Fe
4.1.1 Changes to Fe Composition and Spatial Distribution
The decrease in size and extent of Fe clusters with co-precipitation provides additional

visual evidence at single nanometer-scale resolution for changes to Fe structure that
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was detected using bulk characterization approaches (this study; Mikutta et al., 2010;
Mikutta, 2011; Chen et al., 2014; Chen et al., 2016). In this work, we also detected
increased subtle contributions of Fe-organic bonding in bulk XAS measurements,
consistent with work showing Fe-organic bonds in co-precipitates as C:Fe ratio
increased (Chen et al., 2014; Chen et al., 2016). The increased contribution of Fe-
organic complexes in co-precipitates was also supported by Mdssbauer spectroscopy
analysis (Eusterhues et al., 2008) and in-depth EXAFS shell-fitting procedures (Chen et
al., 2016). In addition to these expected changes in bulk Fe composition, the single nm-
scale resolution of cryo-STEM-EELS measurements allowed for identification of local
Fe(ll) reduction in regions of the co-precipitated WEOM-Fe (Fig. 5, Supplementary Fig.
A3.12). While studies have previously detected more reduced Fe(ll) with co-
precipitation in redox-active model systems (Mikutta, 2011), this change has not been
consistently detected in co-precipitation studies, particularly in experiments using
natural OM sources (Eusterhues et al., 2008; Chen et al., 2014; Chen et al., 2016). The
co-occurrence of aromatic-rich organic C with reduced Fe(ll) highlights the role of
divergent WEOM composition to influence the extent of Fe reduction during co-
precipitation (Mikutta, 2011). Therefore, further experiments testing WEOM mixtures
with increasing contributions of redox-active constituents would enable better prediction
of Fe reduction potential during co-precipitation.
4.1.2 Changes to C Composition and Spatial Distribution

While differences in Fe structure and chemistry between co-precipitation and
adsorption are expected, the degree of alteration of C compared to the initial OM source

as a result of co-precipitation remains a critical question for understanding potential

20



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

changes in co-precipitated OM bioavailability. In this study, a two-fold decrease in
aromatic C signal compared to original WEOM was observed for both co-precipitated
and adsorbed samples using bulk spectroscopic characterization (Fig. 1,
Supplementary Table A4.2). Exclusion of aromatic WEOM constituents confirms that co-
precipitation is not exclusively a non-selective physical occlusion process (Kleber et al.,
2015). Moreover, using high-resolution mapping of C composition, we detected distinct
spatial patterns of lower- and higher-energy C components (Supplementary Fig. A3.12,
Figs 5-6) (hereafter referred to as “aromatic” and “oxidized” C for simplicity). The
detection of overall aromatic C and reduced Fe(ll) co-location and enrichment of
oxidized C at the oxidized Fe(lll) boundary does not support the presence of unaltered
patches of occluded source OM. These spatial associations also suggest that co-
precipitated OM is directly altered relative to its source composition by Fe-organic
interaction mechanisms (e.g., Fe (Il or lll)-organic complex formation and surface
adsorption), also suggested by Kleber et al. (2015) in addition to physical occlusion.
The distribution of C and Fe forms across the ~40x40 nm field of view (Fig. 5) in
combination with a finer-scale line profile (Fig. 6) points towards a distinct proposed
spatial arrangement of C within co-precipitates (Fig. 7). At the whole-image scale (Fig.
5), oxidized Fe(lll) was loosely clustered (lacking distinctive ferrihydrite chain-like
aggregation) into C-free regions, resulting in a spatial separation of aromatic C from
oxidized Fe(lll). In contrast, reduced Fe(ll) and aromatic C were spatially co-located in
the spaces between oxidized Fe(lll) aggregations. When viewed as a high-resolution
transect, the enrichment of oxidized C at the oxidized Fe(lll) interface becomes

detectable (Fig. 6). This relationship is supported by the weak (p = 0.09) but statistically
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significant spatial correlation between oxidized C and oxidized Fe(lll) at the whole-
image scale (Fig. 5). Together, the spatial separation of aromatic C from oxidized Fe(lll)
on the larger scale and the spatial association of oxidized C with oxidized Fe(lll) at the
finer scale points to a gradient of C composition as a function of distance from the
center of unstructured oxidized Fe(lll) aggregates (Fig. 7).

4.1.3 Organo-Iron Redox Reactions

The observed spatial associations between lower-energy C and Fe(ll) EELS
components point towards Fe(lll) reduction via substituted aromatic C-Fe interactions
during co-precipitation. For example, at a high C:Fe ratio (as used in this study), C in
excess of Fe could facilitate soluble Fe complexation, either as Fe(lll) or in redox-
coupled complexation as Fe(ll) (Bhattacharrya et al., 2019). The observed energy shifts
in bulk Fe XANES are also consistent with increased contribution of organically-
complexed Fe (Supplementary Fig. A3.9). Many organic functional groups linked to
abiotic Fe reduction are present in the ~284-286.5 eV region, including substituted
aromatic groups associated with phenolic compounds (Solomon et al., 2009). In model-
system co-precipitation experiments, abiotic mineralization of the catechol constitutent
in 3,4-hydroxybenzoic acid was linked with Fe reduction in ferrihydrite (Mikutta, 2011).
Phenol reduction of Fe(lll) to Fe(ll) and complexation of Fe(ll) has also been linked with
slower precipitation of Fe in high OM peatlands (Wan et al., 2018) and during DOM
flocculation (Nierop et al., 2002). Additionally, substituted aromatic C functional groups
have been linked with promotion of biotic Fe reduction through extracellular electron
transfer, in both highly aromatic materials such as pyrogenic organic matter (Sun et al.,

2018) and as a component of natural OM in soil and water (Uchimiya and Stone, 2009).
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However, experiments to track redox changes over time (using both wet-chemical and
spectroscopic approaches), to assess possible contribution of biotic reduction, and to
assess the role of initial C:Fe ratio are necessary to further interrogate the mechanism
of Fe(lll) reduction in these systems. While our results do not directly probe the
mechanism of these organo-Fe redox reactions, they provide incentive for further
evaluation of how substituted aromatic C composition of natural OM influences the
degree of Fe reduction during co-precipitation (Mikutta, 2011).

4.2 Environmental Relevance

While changes to Fe and C composition were local and spatially heterogeneous,
reduced Fe(ll)-aromatic C accounted for approximately 50% of the sample image in the
reduced regions (Fig. 5). This direct evidence of substantial OM-Fe redox
transformations in local co-precipitate environments provides a possible mechanism for
observations of higher WEOM bioavailability and reactivity in co-precipitates, together
with properties such as higher reactive surface area, mineral structural defects, and
greater proportion of complexed vs. surface-adsorbed WEOM (Mikutta 2011, Mikutta et
al., 2014, Eusterhues et al., 2014). Iron-facilitated SOM oxidation may also result in
direct abiotic OM mineralization to carbon dioxide (CO2), in addition to effects on C
composition. For example, hydroquinone-facilitated pathways may generate reactive
intermediates for Fenton reactions involved in abiotic OM oxidation (Contreras et al.,
2011; Wan et al., 2018), which may significantly contribute to total soil CO2 emissions in
some systems (Yu and Kuzyakov, 2021). In addition to previously observed increases in
Fe reactivity due to disaggregated Fe distribution (Eusterhues et al., 2014), the

increased presence of Fe(ll) may also influence Fe oxide transformation. While soluble
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Fe(ll) on ferrihydrite surfaces is a known driver of faster crystallization rate (Hansel et
al., 2005; Yee et al., 2006), the detected Fe(ll) was likely present as a Fe(ll)-organic
complex in this study, complicating the potential influence of increased Fe(ll) on
ferrinydrite transformation.

In this study, co-precipitation of C in excess of Fe (at a 10:1 molar ratio) is most
representative of the interface between organic and mineral horizons in organic soils,
sediments, wetland soils, and other environments with high OM and low pedogenic Fe,
low Fe solubility, or Fe depletion on an environmental scale. However, C in excess of
Fe may also occur on the scale of interactions between organic macromolecules,
microbial cells, and soluble Fe phases (e.g., in the rhizosphere) (Lemanceau et al.,
2009). As such, predicting the environmental impact of co-precipitation processes would
be informed by experiments modeling the conditions and reagents present across the
spectrum of high C:Fe co-precipitation pathways.

5. Conclusions

Using spatially-resolved, high-resolution STEM-EELS measurements in conjunction with
bulk spectroscopic analyses, we demonstrate changes to both Fe and C composition
with co-precipitation compared to adsorption, including: (1) less Fe aggregation, (2)
increased Fe(ll) and Fe-organic bonding, (3) the presence of spatially-distinct aromatic
and oxidized C forms, and (4) the overall spatial association of aromatic (and/or
substituted aromatic) C forms with Fe(ll). Therefore, co-precipitation constitutes not
merely a physical encapsulation without interaction between C and Fe, but possibly
causes bi-directional C-Fe reactions. These results also suggest that the primary

distinction between co-precipitation and adsorption is not the degree of physical
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occlusion, but the extent of complex formation and abiotic reduction processes, where C
forms play a major role. Consideration of co-precipitation processes and their
environmental relevance should consequently focus on the parameters influencing
abiotic reduction, such as the relative differences in redox-active substituted aromatic
functional groups in source OM (e.g., in phenolic compounds). We would therefore
expect co-precipitation reactions to differ between different ecosystems if OM properties
vary in their redox-active C forms. These processes may be relevant not only for
accumulation of OM from a soil C sequestration perspective, but also for contaminant
transformation, water treatment, and coupled C-Fe biogeochemical cycling. Therefore,
future studies should evaluate the effect of varying redox-active compound composition
of OM, as well as environmental redox drivers, on the characteristics of co-precipitates
in different ecosystems and engineered systems, particularly at oxic-anoxic interfaces

with high OM input.
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Figure and Table Captions

Figure 1. A. Normalized carbon (C) K-edge near-edge X-ray absorption fine structure
(XANES) spectra for source (Site 1 and Site 2) water extractable organic matter
(WEOM), co-precipitated WEOM-Fe, and adsorbed WEOM-Fe. Lines a, b, ¢, and d
indicate spectral features at ~285.0, 287.5, 288.7, and 289.8 eV, corresponding to
aromatic, aliphatic, carboxylic, and O-alkyl/carbonyl C functional groups, respectively
(Supplementary Table A3.1). B. Changes in the relative contribution of C functional
groups to the C K-edge XANES Gaussian deconvolution model. Composition values for
both sources of WEOM are averaged (+ standard deviation). The primary shift in
composition between source WEOM and both co-precipitated and adsorbed WEOM-Fe
samples is a loss of aromatic groups, enrichment of carboxylic groups, and slight
enrichment of O-alkyl/carboxyl groups. Spectra marked with (*) are included in

Possinger et al. (2020a).

Figure 2. Overview scanning transmission electron microscopy (STEM) annular dark
field (ADF) image (A) and electron energy loss spectroscopy (EELS) elemental map (B)
of co-precipitated and adsorbed water-extractable organic matter (WEOM)-iron (Fe),
showing a pattern of chain-like secondary aggregation for adsorption and dispersion of

smaller Fe aggregates for co-precipitation.

Figure 3. A. Spatial quantification of iron (Fe) clustering in co-precipitated and adsorbed

water extractable organic matter (WEOM)-Fe samples. Ripley’s K(t) is shown as a
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function of normalized distance from each randomly sampled Fe point in a spatial point
pattern for each image (n = 8 images for co-precipitation and n = 7 images for
adsorption, shown by individual black dotted lines). Overall greater clustering and larger
clusters were detected for adsorbed WEOM-Fe, indicated by the observed distributions
above the theoretical distribution (red line) at larger distances. B. Median (boxplot line)
Fe clustering coefficients (Moran'’s | parameter) for adsorbed and co-precipitated
WEOM-Fe images. Lower and upper edges of boxes show first and third quartiles (25th
and 75th percentiles) and lower and upper whiskers show the smallest and largest
value no further than 1.5%interquartile range (IQR) of the box edges. Individual points

beyond whiskers are considered outliers.

Figure 4. Carbon (C) K-edge electron energy loss spectroscopy (EELS) multivariate
curve resolution (MCR) outputs for adsorbed or co-precipitated water-extractable
organic matter (WEOM)-iron (Fe) image maps. Spectra are grouped by the lower-
energy (A) and higher-energy (B) MCR components. The average spectrum (black line)
with standard deviation (grey shaded region) is shown (n = 2 images for adsorbed and n
= 5 images for co-precipitated WEOM-Fe). Lines 1-4 indicate 285.0, 286.0, 287.0, and
288.0 eV energy positions, respectively. For all MCR outputs, values are constrained to

counts > 0.

Figure 5. Carbon (C) K-edge and iron (Fe) L23-edge electron energy loss spectroscopy
(EELS) multivariate curve resolution (MCR) output composite maps (A) and spectra (B)

for an example high-resolution co-precipitated WEOM-Fe image. Data are shown for
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113

measurement “i” in Supplementary Table A4.4. In composite images (A), 1 pixel ~ 0.9
nm. In B, spectra are shown normalized (maximum intensity = 1). Vertical lines are
shown as reference for major spectrum features: the highest expected Fe L23-edge
oxidation state at 710.5 eV (used as reference energy) (Gloter et al., 2004), a lower-
energy shift representative of reduced Fe(ll) at 709.0 eV, higher energy (more oxidized)

C at > 288.0 eV, and lower-energy (more reduced/aromatic) C at ~ 285.0 eV.

Figure 6. Carbon (C) K-edge and iron (Fe) L23-edge electron energy loss spectroscopy
(EELS) overview annual dark field (ADF) image (A) and multivariate curve resolution
(MCR) output line profiles (B) for an example high-resolution co-precipitated WEOM-Fe
image. A. In the ADF overview image, brighter spots indicate areas of loosely-clustered
small Fe aggregates (1-5 nm in size). The white line indicates the location of the line
profile measurements. B. Line profiles show variation in MCR output components
normalized (maximum = 1) across the line profile (spectra and composite maps in Fig.

5).

Figure 7. Simplified schematic of proposed spatial distribution of co-precipitate carbon
(C) and iron (Fe) forms based on scanning transmission electron microscopy-electron
energy loss spectroscopy (STEM-EELS) and bulk X-ray spectroscopy characterization.
Oxidized Fe is loosely aggregated and largely separate from C on the 40x40 nm scale
(taken from Fig. 5), but spatial association between higher-energy oxidized C and
oxidized Fe at the nm scale points to a gradient of C forms as a function of distance

from the oxidized Fe(lll) interface (taken from Fig. 6).
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Table 1. Iron (Fe) K-edge X-ray absorption near-edge structure (XANES) results for
adsorption and co-precipitation samples prepared using water-extractable matter
(WEOM) from Site 2 and Site 1. uE = fluorescence spectrum, Eo = edge inflection point,

and dx/d(ME) = the first derivative of uE.

Table 2. Elemental spatial correlations among iron (Fe), carbon (C), nitrogen (N), and
oxygen (O) derived from scanning transmission electron microscopy-electron energy
loss spectroscopy (STEM-EELS) elemental maps. Replicate images are associated with
co-precipitated or adsorbed samples from either Site 1 or Site 2-sourced water-

extractable organic matter (WEOM).

38



832

833
834

835

836

837

Figures

Normalized intensity (a.u.)

A. Carbon K-edge XANES spectra

Co-precipitated WEOM
(Site 1)

Co-precipitated WEOM
(Site 2)

Adsorbed WEOM
(Site 1)

Adsorbed WEOM
(Site 2)

Initial WEOM
(Site 1)*

Initial WEOM
(Site 2)*

280 285 290 295 300 305
X-ray absorption energy (eV)

a
o

Percent XANES Gaussian model (%)

B. Carbon K-edge XANES deconvolution
@ Adsorbed @ Co-precipitated O WEOM

N
o

©
Q

N
o

—_
o

¢
==
=
Aromatic Alkyl Carboxylic O-alkyl/
(a) (b) (c) carbonyl (d)
Carbon form
Fig. 1

39




838
839

840

A. ADF-STEM overview images
ii. Adsorption —_—

‘ nm
AT

I. Co-precipitation

- P
b

Ly

»

B. EELS elemental map

I. Co-precipitation

it. Adsorption

Fig. 2

40



841
842

843

844

0.301

0.251

0.201

Ripley's K(t)
I
o

A. Iron clustering by Ripley’s K(t)

Theoretical unclustered ... Observed
distribution distribution

Adsorbed WEOM-Fe

1 Co-precipitated WEOM-Fe

000 005 010 045 020
Normalized distance (a.u.)

025 000 005 010 015 020 025
Normalized distance (a.u.)

Fig. 3

41

0.08+

o
o
[N

Iron clustering coefficient (Moran's [)

B. Iron clustering coefficient

o
o
>

o
o
®

| wilcoxon Rank Sum

W =49
p<0.05

Adsorbed WEOM-Fe  Co-precipitated WEOM-Fe




B. Higher-energy C component

A. Lower-energy C component

Adsorbed
WEOM-Fe

Co-precipitated
WEOM-Fe

Co-precipitated

Adsorbed

282

286 290 292 294
energy loss (eV)

Electron

284

292 294

290

88
energy loss (eV)

2

86

2
Electro

284

288

82

IIIIIIIIIIIIIIIIIIIIIIIII o —————,—,—e ey = Y e_——_ Y ]
|||||||||||||||||||||||| 2 ——— ———————— o . . s e S —_—————— — —— — —— e —— — o — —— — —_——— . ——— — ——t
||||||||||||||||||||||||| A —— . — —— — — — —— —— — — o ——— —_——— e ——— ] —— e — — —— — — — — — — —— —— — — —_—— e ————— ]
T o
oy BL
24 5 < B
= =27 g
» O 20 I
<L Sw =
= o= S
e 5 o
o o) o
@) o o
—
) O
(2]
o
<
|||||||||||||||||||||||| ~ 4 Ly _ e s > ___________1
||||||||||||||||||||||| o4l e _> _________]
||||||||||||||||||||||| e 1 e, S I S U VS
||||||||||||||||||||||| Al AN ]
o ey o e o . o - ) : ey . 0 .
8 X 3 § S 3 N 3 & S 3 2 3 ] g
— o o o o — o o o o — o o o o
(‘n-e) Aususiul pazijew.oN (‘n"e) Ausuaiul paziewloN (‘n"e) Ausuaiul paziewloN

2

n

845

Fig. 4

846

42



847

A. MCR component composite maps

e Reduced Fe(ll)

= Reduced Fe(ll)
Higher-energy C
l.\‘ e *

| VI “J . n

» £,
Higher-energy C " _" Lower-energy C
y vl ~
dq

wll =
"

Spatial correlation = 0.09*** Spatial correlation = -0.16*** Spatial correlation = 0.14*** Spatial correlation = 0.21***

B. MCR component spectra

]
! 288.0 eV
= | |
=)
8 | \
= | |
2 | |
9 | |
£ | |
3 | |
S I I
© | |
E - | |
<] | |
b4 | |
| |
| |
- | |
705 710 715 720 725 730 705 710 715 720 725 730 284 288 292 284 288 292
848 Electron energy loss (eV) Electron energy loss (eV) Electron energy loss (eV) Electron energy loss (eV)
849
850 Fig. 5

43



851

A. Line profile position B. EELS component line profiles
—— Oxidized Fe(lll) | { = Reduced Fe(ll)
Higher-energy C - Lower-energy C
5
i‘i'
e
7]
C
2
£
©
(]
N
®©
£ |
(@]
zZ
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
852 Distance (pixel) Distance (pixel)
853
854 Fig. 6
855
856
857

44



858

Overview image

Oxidized Fe L!nesgan

Aromatic and substituted
aromatic C-reduced Fe(ll)

Oxidized C (surface-associated)

Reduced Fe Oxidized Fe
Carbon
\ Y J \_H
~40 nm ~4 nm
859
860 Fig. 7
861

45



862 Tables

863 Table 1.
WEOM sourced from Site 2 WEOM sourced from Site 1
Adsorbed Co-precipitated Adsorbed Co-precipitated
Ferrihydrite WEOM- Ferrihydrite WEOM- Ferrihydrite WEOM- Ferrihydrite WEOM-
reference Fe reference Fe reference Fe reference Fe
ME pre-
edge 7114.0 7114.0 7114.0 7114.0 7114.5 7114.8 7114.5 7114.5
centroid
(eV)
HE white 7132.0 7132.0 7133.0 7132.0 7132.8 7132.3 7133.0 7132.5
line (eV)
Eo (eV) 7127.0 7127.0 7127.0 7127.0 7127.3 7127.0 7127.3 7127.3
dx/d(ME)
7120 eV 2.0 1.6 5.3 1.6 7.7 9.9 8.0 3.2
area (%)
dx/d(uE)
pre-edge 44453 7112.4 7112.1 7111.8 7113.2 7113.2 7113.3 7113.0
centroid
(eV)
dx/d(ME)
pre-edge * ) )
centroid NA +0.06 NA 0.31 NA +0.03 NA 0.23
shift (eV)

864  *NA = not applicable. Pre-edge centroid shift is determined relative to oxidized Fe (ferrihydrite) reference position.

865
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Table 2.

Pair C-Fe C-N Fe-N Fe-O
Treatmen Adsor rggi- it Adsor rggi- it Adsor rg::)i_ it dsor r(e:c(:)i_ it
t bed PreciPl peogq  PreECPt pogq  PrECPL peg  Precip
ated ated ated ated
Images
7 8 5 3 5 3 5 3
(N) . .
WEOM ~ Site1 Site 1 oy 1 site1 Site1 Site1 Site1  Site 1
sources and 2 and 2
Average
Spearma -0.26 -0.06 0.03 0.00 -003 000 018  0.13
n's p
+ Standard
oumtior (0.25)  (0.14)  (0.04) (0.17) (0.03) (0.03) (0.16) (0.12)

47



