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Abstract

Biogenic iron (Fe) (oxyhydr)oxides (BIOS) partially control the cycling of organic matter, nutrients, and pollutants in soils
and water via sorption and redox reactions. Although recent studies have shown that the structure of BIOS resembles that of
two-line ferrihydrite (2LFh), we lack detailed knowledge of the BIOS local coordination environment and structure required
to understand the drivers of BIOS reactivity in redox active environments. Therefore, we used a combination of microscopy,
scattering, and spectroscopic methods to elucidate the structure of BIOS sampled from a groundwater seep in North Carolina
and compare them to 2LFh. We also simulated the effects of wet-dry cycles by varying sample preparation (e.g., freezing, flash
freezing with freeze drying, freezing with freeze drying and oven drying). In general, the results show that both the long- and
short-range ordering in BIOS are structurally distinct and notably more disordered than 2LFh. Our structure analysis, which
utilized Fe K-edge X-ray absorption spectroscopy, Mössbauer spectroscopy, X-ray diffraction, and pair distribution function
analyses, showed that the BIOS samples were more poorly ordered than 2LFh and intimately mixed with organic matter. Fur-
thermore, pair distribution function analyses resulted in coherent scattering domains for the BIOS samples ranging from 12–
18 Å, smaller than those of 2LFh (21–27 Å), consistent with reduced ordering. Additionally, Fe L-edge XAS indicated that the
local coordination environment of 2LFh samples consisted of minor amounts of tetrahedral Fe(III), whereas BIOS were dom-
inated by octahedral Fe(III), consistent with depletion of the sites due to small domain size and incorporation of impurities
(e.g., organic C, Al, Si, P). Within sample sets, the frozen freeze dried and oven dried sample preparation increased the crys-
tallinity of the 2LFh samples when compared to the frozen treatment, whereas the BIOS samples remained more poorly crys-
talline under all sample preparations. This research shows that BIOS formed in circumneutral pH waters are poorly ordered
and more environmentally stable than 2LFh.
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1. INTRODUCTION

The sorption and redox reactivity of iron (Fe) oxides,
hydroxides, and oxyhydroxides (referred to in the paper
as ‘‘(oxyhydr)oxides”) partially controls the mobility of
nutrients, and contaminants (e.g., Pb, Cr, As) in engineered
and natural systems (Benjamin and Leckie, 1981; Cornell
and Schwertmann, 2003; Jambor and Dutrizac, 1998;
Waychunas et al., 2005; Xu et al., 2012), and the storage
of carbon in soils (Kahle et al., 2002; Kiem and Kögel-
Knabner, 2002; Rasmussen et al., 2018; Torn et al., 1997;
Wagai and Mayer, 2007). Recent documentation of the
widespread formation of biogenic iron (oxyhydr)oxides
(BIOS) under suboxic conditions and at redox gradients
(Druschel et al., 2008; Roden et al., 2012; Roden, 2012)
in diverse terrestrial and aquatic environments, including
surface water (Jones, 1975; Lünsdorf et al., 1997; Sheldon
and Skelly, 1990), drains (Emerson and Moyer, 2002;
Houot and Berthelin, 1992), wetlands (Emerson and
Weiss, 2004; Neubauer et al., 2002; Weiss et al., 2005),
groundwater (Emerson and Moyer, 1997; Tuhela et al.,
1997), springs (Emerson and Revsbech, 1994a,b), and
mines (Chan et al., 2004; Swanner et al., 2011), has led to
a growing recognition of their importance in regulating
key biogeochemical processes.

Many studies (Ferris, 2005; Ferris et al., 2000; Kennedy
et al., 2003; Sowers et al., 2017; Whitaker and Duckworth,
2018; Whitaker et al., 2018) have shown that BIOS miner-
alogy resembles two-line ferrihydrite (2LFh), a commonly
utilized and extensively studied Fe (oxyhydr)oxide that is
an effective sorbent of DOM, nutrients, and metals
(Jambor and Dutrizac, 1998); however, the differences in
composition and formation mechanisms alter BIOS mineral
structure and reactivity relative to pure synthetic analogues,
such as 2LFh. Recent studies have determined BIOS sorp-
tion capacities for solutes (Field et al., 2019; Kennedy et al.,
2011; Kikuchi et al., 2019; Langley et al., 2009a; Rentz
et al., 2009; Sowers et al., 2017; Sowers et al., 2019;
Whitaker and Duckworth, 2018; Whitaker et al., 2018)
can vary dramatically from those of synthetic 2LFh. These
differences in reactivity have been attributed to the presence
of organic moieties (e.g., phosphoryl, carboxylic acid, phe-
nolic, and amines) in biomolecules (Kennedy et al., 2011;
Langley et al., 2009b; Sowers et al., 2019; Suga et al.,
2017) within the BIOS, as well as structural properties
(specific surface area (SSA), coherent scattering domain size
(CSDs) and structural ordering) (Cismasu et al., 2011; Field
et al., 2019; Michel, 2014; Sowers et al., 2017; Whitaker
et al., 2018).

Over the past 25 years, the structure of synthetic 2LFh
has been a topic of intense debate (Combes et al., 1990;
Combes et al., 1989; Drits et al., 1993; Manceau, 2009;
Manceau, 2010; Manceau and Drits, 1993; Manceau and
Gates, 1997; Michel et al., 2010a; Michel et al., 2007a;
Michel et al., 2007b; Michel et al., 2010b; Rancourt and
Meunier, 2008), leading to two distinct structural models.
The first (‘‘Dritz model”) (Drits et al., 1993) is composed
of three phases, a defective ferrihydrite phase, a defect free
ferrihydrite phase, and small portions of ultra-dispersed
hematite with coherent scattering domains (CSDs) in the
10–20 Å range with all phases composed of 100% octahe-
dral Fe(III). The second (‘‘Michel model”) (Michel et al.,
2010a, 2007a) is composed of a 13 unit Fe(III) structure
that has a central tetrahedral Fe(III) unit and the remainder
octahedral (Michel et al., 2010a, 2007b). Recent X-ray
absorption spectroscopy (Maillot et al., 2011; Mikutta,
2011; Peak and Regier, 2012) and scattering (Harrington
et al., 2011) studies have confirmed the presence of tetrahe-
dral Fe(III) in synthetic 2LFh. Despite the intense interest
in the structure of 2LFh, only five studies (Cismasu et al.,
2011; Michel, 2014; ThomasArrigo et al., 2014; Toner
et al., 2012; Toner et al., 2009) have provided detailed struc-
tural characterization of BIOS and or natural ferrihydrite,
of which two of the studies used samples collected from
hydrothermal vents at Juan de Fuca Ridge.

Motivated by the broad occurrence and distinct reactiv-
ity of BIOS, the goal of this study was to elucidate the
structure, degree of structural order, and morphology of
BIOS by utilizing a suite of spectroscopic and scattering
techniques (Fe L-edge and K-edge X-ray absorption spec-
troscopy (XAS), high energy X-ray total scattering and pair
distribution functions (PDF), and Mössbauer spectroscopy
(MBS)) and compare the results to synthetic 2LFh, which
has been extensively studied (Chadwick et al., 1986;
Cismasu et al., 2012; Cismasu et al., 2014; Drits et al.,
1993; Hiemstra, 2013; Maillot et al., 2011; Manceau and
Gates, 1997; Michel et al., 2010a, 2007b; Mikutta, 2011;
Peak and Regier, 2012; Wang et al., 2016; Zhao et al.,
1994). Furthermore, structural differences in BIOS as a
result of aging and wet-dry cycles were simulated by vary-
ing sample preparation (e.g. freezing, oven drying, and
lyophilization), which provides insights on the structural
stability, and possible persistence, of BIOS in aquatic
environments.

2. METHODS

2.1. BIOS Collection and Preparation, and Stream Water

Sampling

Biogenic iron (oxyhydr)oxides (Supplementary Fig. S1)
were sampled in March of 2016 from a small tributary off
of Walnut Creek (35�4504700N 78�4105100W; Raleigh, North
Carolina) where fluffy, orange mats of BIOS have been
observed throughout the year on the water surface to a
depth of 5 cm (creek depth = 5–10 cm) when water flow
is slow (Almaraz et al., 2017; Field et al., 2019). These BIOS
are composed of biogenic and abiogenic iron (oxyhydr)ox-
ides that have been sorbed to or precipitated with bacterial
cells, cellular derived organic matter, allochthonous dis-
solved organic matter, and other impurities (e.g., Al, Si,
P) (Chan et al., 2004; Chan et al., 2009; Druschel et al.,
2008; Sowers et al., 2019). Previous research conducted in
similar areas (ground water seeps in the North Carolina
Piedmont) have shown the presence of filamentous and
tube-like structures within the BIOS morphology
(Almaraz et al., 2017; Sowers et al., 2017; Sowers et al.,
2019; Whitaker and Duckworth, 2018), indicative of iron
(oxyhydr)oxides produced by iron oxidizing bacteria
(Chan et al., 2004; Chan et al., 2009; Druschel et al.,
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2008; Emerson and Revsbech, 1994a). Dissolved oxygen
concentrations taken from the previously sampled BIOS
mats ranged from 34–134 mM O2 (Whitaker et al., 2018;
Field et al., 2019), similar to other field sites where BIOS
formations have been observed (Druschel et al., 2008;
Emerson and Weiss, 2004; Mitsunobu et al., 2012). Dispos-
able polypropylene (PP) syringes were used to collect and
place the BIOS into multiple 500 mL PP storage bottles.
The BIOS were allowed to settle, and the water was dec-
anted. This collection-decanting process occurred 5 more
times until ample BIOS were collected. A small portion of
the BIOS were put into a 15 mL PP conical centrifuge tube
and flash frozen at �70 �C in a homebuilt portable dry-ice
bath (Jensen and Lee, 2000). Stream water was sampled
with 60 mL PP syringes and placed into 125 mL PP storage
bottles after using a disposable 0.22 mm nylon filter (VWR
International). Measurements for stream water pH
(pH = 6.23) and temperature (20.0 �C) were taken at a
depth of 2.5 cm below the water surface, directly within
the BIOS mats. All PP syringes and storage bottles were
acid washed with 1 M HCl and triple-rinsed with DI
H2O. All water samples were analyzed within 24 hours
according to the methods stated in Section 2.3 (See below).

All samples were then taken to the laboratory. The flash
frozen BIOS sample was immediately freeze-dried and
stored in the freezer at �20 �C until further analyses,
whereas the rest of the BIOS samples were centrifuged for
10 min at 10,000g. The supernatant was decanted and the
BIOS were pooled into one 50 mL PP centrifuge tube and
suspended in DI, which was then vortexed (Vortex Genie
2, Scientific Industries) to ensure adequate homogenization.
The BIOS were centrifuged one last time at 10,000g for
10 min. The supernatant was disposed of, and the resulting
composite sample was subdivided into three equal parts.
Four different BIOS preparation techniques were employed
to look at their effects on the BIOS structure. Sample (Fr)
was stored as a frozen paste in the freezer at �20 �C. Sam-
ple (FrFD) was frozen as a wet paste at �20 �C and then
freeze-dried. The FrFD sample treatment is a common
preparation technique for synthetic two-line ferrihydrite
as well as other iron oxyhydr(oxides) (Schwertmann and
Cornell, 2008) and was therefore included as a BIOS treat-
ment. Sample (OD) was oven-dried at 55 �C and serves as
an upper limit for BIOS mineralogy transformations in
the environment via drying. Sample (FFFD) refers to the
flash frozen freeze-dried sample. Prior to sample
preparation, a 250 mg subsample of the BIOS paste was
oven-dried for 24 hours at 100 �C to be used to determine
the elemental composition. All samples were homogenized
via vigorous vortexing (BIOS Fr) or finely ground with
an agate mortar and pestle (BIOS FrFD, FFFD, and
OD) then stored in the freezer at �20 �C in the dark until
further analyses.

2.2. Two-line Ferrihydrite (2LFh) Synthesis.

Two-line ferrihydrite was synthesized in the laboratory
with procedures established by Schwertmann and Cornell
(Schwertmann and Cornell, 2008). Briefly, a 0.331 M solu-
tion of Fe(NO)3�9H2O in DI was neutralized with 1 M
KOH addition while under vigorous mixing on a stir plate.
The pH of the suspension was held constant at 7.5 ± 0.5 for
30 minutes before transferring into multiple 50 mL PP cen-
trifuge tubes. The ferrihydrite suspensions were then cen-
trifuged at 10,000g for 10 min, the supernatant was
discarded and the resulting 2LFh was rinsed with DI. This
centrifuge-rinse cycle was repeated four more times. The
2LFh suspensions were combined into one 50 mL PP cen-
trifuge tube, raised to volume with DI, and centrifuged a
final time at 10,000g for 10 min. The supernatant was dis-
carded and the 2LFh paste was divided into three equal
proportions. For synthetic 2LFh, three different sample
preparation techniques were utilized in order to look at
their impact on the structure of synthetic 2LFh relative to
the BIOS. Sample (Fr) was stored as a frozen paste in the
freezer at �20 �C. Sample (FrFD) was frozen as a wet paste
at �20 �C proceeded by freeze-drying. Sample (OD) was
oven-dried at 55 �C. A 250 mg wet 2LFh paste was oven-
dried for 24 h at 100 �C in order to determine the percent
of iron in the solid. All samples were homogenized via vig-
orous vortexing (2LFh Fr) or finely ground with an agate
mortar and pestle (2LFh FrFD and OD) then stored in
the freezer at �20 �C in the dark until further analyses.

2.3. Mineral and stream water characterization

Both BIOS and synthetic 2LFh were analyzed for ele-
mental composition. Ten milligrams of dry BIOS were used
for the determination of the C and N content via total com-
bustion using a Perkin Elmer Series II-2400 CHNS/O ana-
lyzer. Metals, P, and S concentrations in the BIOS were
determined by dissolving 50 mg of dry solids with 10 mL
each of concentrated trace metal HCl and HNO3 acid, and
then diluting to 40 mL with DI. The digestions were hand
shaken and incubated at room temperature for one hour
before filtration through 0.22 um nylon filters (VWR Inter-
national). The BIOS filtrates were then analyzed for Fe, Mn,
Al, Ca, Si, K, Mg, Na, Cu, Pb, Zn, S, and P by using a Per-
kin Elmer Optima 8000 Inductively Coupled Plasma-
Optical Emission Spectrometer (ICP-OES), whereas the
synthetic two-line ferrihydrite filtrate was analyzed for iron.
Ferrous iron stabilized within the BIOS was extracted with
4 M HCl acid. The digestate was filtered with a 0.22 mm
nylon filter (VWR International) and analyzed for Fe(II)
using a VWR V-1200 series UV–visible spectrophotometer
according to the Stookey method (Stookey, 1970).

The stream water sample was divided into three equal
aliquots before analyses. The first was acidified to a
pH < 2 using trace metal grade nitric acid and analyzed
for Fe, Mn, Al, Ca, Si, K, Mg, Na, Cu, Pb, Zn, S, and P
byICP-OES. The second was acidified to a pH < 2 with
trace metal grade hydrochloric acid and analyzed for dis-
solved organic carbon (DOC) via a Shimadzu total organic
carbon analyzer. The final aliquot was analyzed for NH4

+,
NO3

–, PO4
3-, SO4

2-, and Cl- using a Lachat Quick Chem
8000 series flow injection analyses system (FIAS). The
water samples were acidified within 1 hour of field sam-
pling, stored at 4 �C, and analyzed within 24 hours of
stream water collection to limit changes in elemental con-
centrations, especially DOC (Norrman, 1993).
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2.4. Scanning electron microscopy

Samples of freeze dried (FrFD) and oven dried (OD)
BIOS and 2LFh were imaged by using FEI Verios 460L
Field Emission Scanning Electron Microscope at 50–
20,000� magnification. Samples were mounted on carbon
tape and imaged at a pressure of 9.63 � 10�5 Pa and a
transmission level of 3 kV.

2.5. K-edge X-ray absorption spectroscopy

Iron K-edge spectra were collected at beamline 11-2 at
the Stanford Synchrotron Radiation Lightsource (SSRL).
All BIOS and synthetic 2LFh samples were loaded onto
aluminum sample holders as wet pastes or dry solids and
sealed with kapton tape. All Fe K-edge spectra were col-
lected at room temperature in fluorescence mode with a
passivated implanted planar silicon (PIPS) detector, respec-
tively. Monochromator energy was calibrated by adjusting
the first derivative maximum of the Fe foil to the element
binding energy of 7112 eV. The incident beam was energy
selected using a Si (2 2 0) double-crystal monochromator,
and higher-order harmonics were rejected with a rhodium
coated mirror. Fluorescence spectra were collected using
Soller slits and a Mn filter. Three spectra were collected
for each sample, with no evidence of beam damage in suc-
cessive scans, and averaged to improve the signal-to-noise
ratio.

Spectra were energy calibrated, averaged, background-
subtracted, and splined as described by Kelly et al. (2008)
using the SIXPACK interface (Webb, 2005), which makes
use of the IFEFFIT code (Newville, 2001). To determine
the oxidation state of the 2LFh and BIOS samples, linear
combination fits (LCFs) of the Fe K-edge X-ray absorption
near edge structure (XANES) spectra were performed from
7100 to 7200 eV using vivianite and ferrihydrite, which
serve as ferrous and ferric iron mineral standards, respec-
tively. Extended X-ray absorption fine structure (EXAFS)
fluorescence spectra were fit by linear combination fitting
using iron mineral standards to investigate the BIOS and
synthetic 2LFh mineral phase and structure. Based off of
previous XAS LCFs of 2LFh and BIOS (Field et al.,
2019; Sowers et al., 2017; Whitaker and Duckworth,
2018; Whitaker et al., 2018) initial linear combination fits
started with the two-line ferrihydrite and HFO mineral
standard for the 2LFh and BIOS samples, respectively, with
additional mineral standards added one-by-one and
retained if its contribution was greater than 10% of the
LCF. The iron mineral standards that made up less than
10% of the linear combination fit were removed, and fits
were recalculated using the remaining standards. All iron
mineral standards (Harrington et al., 2012a; Harrington
et al., 2012b; Morris and Hesterberg, 2012; O’Day et al.,
2004) used in the linear combination fits are listed in Sup-
plementary Table S1, with the bolded standards being the
ones used for the final fits. Further details on iron mineral
standard preparation can be found in the Supplementary
Information. All LCF fits are normalized to 100%, with
the raw summation ranging from 99 to 100 ± 1% for
XANES and 100 ± 15% for EXAFS.
Shell-by-shell structural fits for the synthetic 2LFh and
BIOS samples were performed on the K-edge EXAFS spec-
tra using SIXPACK (Webb, 2005). All spectra were mod-
eled with parameters from the EXAFS equation. First
shell (FeAO) and second shell (FeAFe edge- and corner-
sharing) single scattering paths were generated from hema-
tite (CrystalMaker� 9.2.7 Software) using Feff9 (Rehr et al.,
2010). The amplitude reduction factor (S0

2) was set to 0.83
(Liu and Hesterberg, 2011; Wang et al., 2016) for all shells.
The threshold energy correction factor (DE0) was allowed
to float during optimization but was linked to a common
value for every path considered for each sample. The
Debye-Waller parameters (r2) of the FeAO (0.011 Å2)
and FeAFe paths (0.013 Å2) were obtained from initial fits
of the samples and fixed for the final fits to facilitate com-
parison of the first and second shell coordination numbers
(CN) and interatomic distances (R) of the synthetic 2LFh
and BIOS samples. Due to the presence of Fe(III) bound
to organic matter in the BIOS samples, an additional path
(FeAC), generated from Fe(III)-protochelin (a catecholate
complex) (Harrington et al., 2012b), was incorporated into
the model to test for improvement. The r2 value for the
FeAC path (0.01 Å2) was determined from initial fits, and
fixed for the final structural fits. All r2 values were within
the ranges of reported literature values (Harrington et al.,
2012b; Liu and Hesterberg, 2011; Wang et al., 2016). Signif-
icance of structural model improvement was tested for both
FeAFe paths and the FeAC path. Only paths that were sig-
nificant at the 95% confidence interval (Downward et al.,
2007; Hamilton, 1965) were reported.

2.6. L-edge X-ray absorption spectroscopy

Iron L-edge XANES analyses were performed at the
Spherical Grating Monochromator (SGM) beamline of
the Canadian Light Source in Saskatoon, SK according
to a previously established protocol (Peak and Regier,
2012). Briefly, all Fe L2,3-edge spectra were obtained using
inverse partial fluorescence yield (IPFY), which is a bulk
sensitive analysis that is free of self-absorption effects
(Achkar et al., 2011) by scanning from 700 to 735 eV in
0.1 eV steps . All BIOS and synthetic 2LFh samples were
homogenized with an agate mortar and pestle, then placed
onto graphite tape. To investigate the bulk structure, IPFY
measurements were taken using an energy resolving silicon
drift yield detector that monitored the partial fluorescent
yield (PFY) of the O Ka emission as the incident photon
energy was scanned through the Fe LII and LIII absorption
threshold. The calculated IPFY was obtained by taking the
inverse of the O PFY after normalization to the incident
photon flux as recorded by a gold mesh. Further details
on the quantitation of IPFY can be found in reference
(Peak and Regier, 2012).

2.7. X-ray total scattering

X-ray total scattering experiments were conducted at the
Advanced Photon Source, Argonne National Laboratory
on beam line 11-ID-B. For these analyses, all BIOS and
synthetic 2LFh samples were packed and sealed as wet
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pastes (Fr samples) or powders (FrFD, OD, FFFD sam-
ples) into ~1 mm Kapton capillaries. All data were collected
at ambient temperature using a Perkin Elmer amorphous
silicon detector and with an X-ray energy of ~59 keV
(k = 0.2113 Å). Total scattering data for PDF analysis were
collected with a sample-to-detector distance of ~16 cm. Syn-
chrotron X-ray diffraction measurements were collected at
a longer distance of ~60 cm. A CeO2 standard was used
to calibrate the experimental geometry. The raw 2-D scat-
tering data were integrated and converted to 1-D intensity
vs wave vector (Q) spectra using Fit2D software
(Hammersley, 1997). A polarization correction factor
(0.95) was applied during the integration process. Single
crystal diffraction spots from the samples and detector arti-
facts were masked prior to integrating the raw data. This
masking procedure has been used in other total scattering
experiments (Cismasu et al., 2011) and did not significantly
affect the data. The total scattering structure function S(Q),
reduced structure function F(Q), and the pair distribution
function PDF were obtained using the program PDFgetX3
(Juhás et al., 2013). The total scattering structure function S
(Q) was obtained by normalizing the BIOS and synthetic
2LFh to their elemental compositions (Supplementary
Table S2). The PDF or G(r) was obtained by Fourier trans-
forming the S(Q), with a Qmax = 26 Å�1. Details about the
minerals short-, medium-, and long-range structural order
can be determined from the PDF. The average coherent
scattering domain sizes (CSD) can also be estimated based
off of the distance r(Å) at which the PDF signal-to-noise
ratio attenuates to one (Gilbert et al., 2004; Michel et al.,
2007b). Errors for CSDs are estimated at ±3 Å (Hall
et al., 2000).

2.8. 57Fe Mössbauer spectroscopy

All cryogenic temperatures (140, 77, 35, 5 K) of 57Fe
Mössbauer spectra for the BIOS and synthetic 2LFh where
collected in transmission mode using a variable temperature
He-cooled system with a 1024 channel detector. A 57Co
source (~50 mCi or less) embedded in a Rh matrix was used
at room temperature. Samples were mounted between two
pieces of 0.127 mm thickness Kapton tape and transferred
to the spectrometer cryostat immediately at 140 K or less.
The velocity (i.e., gamma-ray energy) range for all experi-
ments was ± 11 mm s�1 and provided a detection limit of
0.1–1% Fe. Velocity was calibrated with a 57Fe foil at RT
and all center shifts (CSs) and peak positions are stated
with respect to this standard. The transducer ran in con-
stant accelerating mode and all data were folded to achieve
a flat background. The fitting of all Mössbauer spectra was
performed using the Voigt-based fitting (VBF) method of
Rancourt and Ping (Rancourt and Ping, 1991) for quadru-
pole splitting distributions (QSDs) and combined hyperfine
field distributions (HFDs), as implemented in the RecoilTM

software, ISA Inc. All VBF Mössbauer parameter defini-
tions and a description of the relevant notation are given
by Rancourt and Ping (Rancourt and Ping, 1991). Further
details regarding the Mössbauer spectral analysis and fit-
ting approach can be found in the Supplementary
Information.
3. RESULTS

The elemental concentrations within the BIOS, synthetic
2LFh, and the stream water are presented in Supplemen-
tary Tables S2 and S3. The C (9.5%) and Fe (27.3%) con-
tents of BIOS, which have been correlated with sorption
reactivity, are near the average composition (8.5% and
22.1%, respectively) of 14 samples collected from the North
Carolina Piedmont region (Field et al., 2019). Trace metal
concentrations are also similar to those reported previously
for field collected natural Fe (oxyhydr)oxides (Cismasu
et al., 2011; Whitaker and Duckworth, 2018).

Scanning Electron Microscope (SEM) images of two
dried samples (frozen and freeze dried, FrFD; and oven
dried, OD) 2LFh and BIOS samples are shown in Fig. 1.
Both 2LFh FrFD (Fig. 1A) and OD (Fig. 1B) samples con-
sist of irregularly shaped aggregates, in good agreement
with other studies (Cismasu et al., 2013; Sowers et al.,
2017; Whitaker et al., 2018), suggesting only minor mor-
phological change occurred between FrFD and OD drying
techniques for 2LFh. In contrast, the BIOS FrFD sample
(Fig. 1C and D) is composed of poorly-defined aggregates
with numerous sheaths, indicative of BIOS produced by
Leptothrix sp. (Duckworth et al., 2009; Fleming et al.,
2011; Jones, 1975; Prigsheim, 1949). Interestingly, the BIOS
OD sample morphology (Fig. 1E) appear to be similar in
morphology to 2LFh samples (Fig. 1A and B). However,
higher magnification images of the BIOS OD sample
(Fig. 1F) reveal microbial sheaths that appear to be fused
into larger aggregates, suggesting morphological changes
stemming from the drying method in the BIOS OD.

Synchrotron X-ray diffractograms (S-XRD) of the 2LFh
and BIOS samples are shown in Fig. 2. For the synthetic
2LFh samples, two main maxima occur at d-spacings of
~2.55 and ~1.50 Å, characteristic of ferrihydrite (Cornell
and Schwertmann, 2003). A visual comparison between
synthetic 2LFh sample preparations shows broadened max-
ima that are shifted towards higher d-spacings for the 2LFh
frozen (Fr) sample consistent with higher structural disor-
der and/or smaller crystallite size (Michel et al., 2007b)
when compared to the dried samples FrFD and OD. Min-
imal variation occurs between FrFD and OD samples of
2LFh, suggesting no significant structural differences are
induced by the two drying methods. Within the BIOS sam-
ples, we see changes with sample treatment. For Fr, FrFD,
and the FFFD samples, a broad peak appears at ~4.70 Å
that is not present in the BIOS OD pattern. Additionally,
a broad peak centered at ~3.3 Å is dominant for the BIOS
Fr sample but is reduced in amplitude or absent in the sam-
ples that were dried. In the BIOS samples, a number of
sharp peaks consistently appear in the pattern that indicate
crystalline impurities that can be attributed predominantly
to quartz (qz) and kaolinite (k). The differences in relative
intensity of these mineral peaks may be to either sample
heterogeneity, and/or drying and preparation effects.

Pair distribution functions derived from X-ray total
scattering are displayed in Fig. 3. The coherent scattering
domain (CSD) sizes can be estimated by using the attenua-
tion in peak amplitudes with increasing distance (r)
(Fig. 3a). Estimated CSDs for 2LFh Fr, FrFD, and OD



Fig. 1. Scanning Electron Microscopy images of (A) 2LFh FrFD; 250� magnification, (B) 2LFh OD; 250� magnification, (C) BIOS FrFD;
250� magnification, (D) BIOS FrFD; 250� magnification, (E) 250� magnification, and (F) BIOS OD; 250� magnification.
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samples were 21, 27, and 27 Å, respectively, which are con-
sistent with CSDs obtained for synthetic ferrihydrite
(Michel et al., 2007b; Toner et al., 2012; Wang et al.,
2016; Whitaker et al., 2018). All BIOS PDFs attenuate at
shorter radial distances r(Å) (18 Å for BIOS Fr, FrFD,
and OD, and 12 Å for FFFD). Comparison of the short-
range order (0–5 Å) of the 2LFh and BIOS PDF samples
are shown in Fig. 3B, with prominent peaks identified via
vertical black dashed lines. For all samples, similar peak
positions occur at ~2.0, 3.05, and 3.45 Å, which correspond
to atomic pair distances of FeAO, edge sharing FeAFe, and
corner-sharing FeAFe, respectively. Little if any variation
is seen between 2LFh samples. However, many differences
are seen between BIOS and 2LFh samples, and amongst
BIOS samples. In all BIOS samples, substantial dampening
in the FeAFe corner-sharing peak occurs when compared
to all 2LFh samples. Within the BIOS samples, peaks at
~1.5 Å and ~1.60 Å have been interpreted as average dis-
tances between bonded (e.g., CAC/N/O) and un-bonded
atoms within the organic matter (Poulain et al., 2019) and
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mineral surface associated and/or precipitates of tetrahe-
dral silica (Cismasu et al., 2011; Toner et al., 2012),
respectively.

Mössbauer spectra (Supplementary Figs. S2–S4) for
2LFh may be fit with a single population of Fe(III)-
(oxyhydr)oxides with spectral parameters (CS ~ 0.47 mm s
�1, QS ~ ±0.01 mm s�1, and peak Bhf ~ 50 T at 5 K; Sup-
plementary Tables S4–S7) that are consistent with ferrihy-
drite standards(Cornell and Schwertmann, 2003;
Eusterhues et al., 2008). All 2LFh samples are very short-
range-ordered (SRO) and do not start to magnetically order
until the temperature is at or below 77 K, but are all fully
ordered at 5 K (Supplementary Table S7). Sample prepara-
tion has a significant influence on the 2LFh ordering, which
is especially evident in the 35 K spectra (Fig. 4). At 35 K,
the Fe population in the 2LFh OD samples is nearly all
magnetically ordered, while the preparation technique best
preserving the initial state, 2LFh Fr has 66% of its Fe pop-
ulation in the vicinity of their blocking temperature (TN) as
-10 -5 0

2LFh Fr_3

-10 -5 0

2LFh FrFD_

-10 -5 0

2LFh OD_3

Velocity (mm

Fig. 4. Mössbauer (MBS) spectra collected at 35 K for 2LFh Fr, FrFD,
through the discrete data points (black open face circles) and the solid col
parameters are listed in Supplementary Information Tables S4–S6. The y-
velocities (mm s�1). Doublets (dblt) are indicated as either ferric or ferrou
they have sufficiently distinct parameter values; Collapsed sextets that ar
evidenced by a collapsed sextet [(b)OxHy)], whereas the
2LFh FrFD sample is intermediate of those two and dis-
plays distinct sextet lines for ~1/3 of the Fe population,
whereas the remainder is above the blocking temperature
and displays a doublet (dblt) feature. This gradient in
ordering between the samples is also evident in the average
hyperfine field strength (Bhf) at 5 K, which varies from 47.6
to 48.1 to 48.9 for the 2LFh Fr, 2LFh FrFD, and 2LFh OD
samples, respectively. Note that the peak saturation hyper-
fine field strength — essentially the field strength at full
magnetic ordering — is similar for all samples, ranging
from 49.4(8) to 49.7(1) to 50.7(5) in the 2LFh Fr, 2LFh
FrFD, and 2LFh OD samples, respectively, which indicates
the fundamental mineral structure is similar for all samples,
but that the 2LFh Fr sample, for instance, has a distribu-
tion of magnetic ordering that is skewed toward more dis-
order than the 2LFh OD samples. This observation is
consistent with Wang et al. (2016) who have shown that
2LFh samples exhibit similar ranges in magnetic ordering
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and OD samples. The thin solid black line is the total calculated fit,
ored lines represent the MBS model fits (see legend). Detailed fitting
axes are count intensities (arbitrary units), and the x-axes are source
s; Oxyhydroxide sextets (OxHy-1 and OxHy-2) are numbered when
e near their blocking temperature are given as (b)OxHy.
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temperature and the degree of transition from a doublet to
a collapsed sextet to a full sextet (in their case at 20 K) is a
function of particle size.

Mössbauer spectra for BIOS are shown in Supplemen-
tary Figs. S5–S8, with spectral parameters listed in Supple-
mentary Tables S7–S11. The bulk of the Fe(III)-(oxyhydr)
oxide population in the BIOS samples is best approximated
by a very disordered ferrihydrite-like phase, such that the
hyperfine field strength is depressed to ~45 T even at 5 K
(Supplementary Table S7) and, in the most disordered sam-
ple prep (BIOS Fr), ~18% of the Fe population remains
blocked, exhibiting a collapsed sextet [(b)OxHy].

As with the 2LFh, sample preparation affected the
ordering of the BIOS samples, although here our selection
of the collection temperature is less ideal to illustrate this
effect. All samples magnetically order between 35 K and
5 K (Fig. 5), and likely exhibit some range of ordering tem-
perature. This is somewhat evident even at 35 K where the
amount of blocked Fe [i.e., Fe in a collapsed sextet, (b)
OxHy component] varies from 13(1)% in the BIOS OD
sample to 8.1(5) in the BIOS FrFD sample to none in the
BIOS Fr and BIOS FFFD samples (Fig. 5; Supplementary
Tables S8–S11). However, we can also examine the average
and peak Bhf at 5 K (Supplementary Table S7), where Fe
populations of lower crystallinity would exhibit lower peak
Bhf values. We find the average Bhf to be 44.8, 44.3, 43.2,
and 43.1 and the peak Bhf to be 46.5(6), 45.8(2), 45.2(6),
and 44.7(9), for the BIOS OD, BIOS FrFD, BIOS FFFD,
and BIOS Fr, respectively, results similar to Bhf values
obtained for highly disordered BIOS that formed in marine
environments (e.g., ~44–47 T) (Toner et al., 2012). In all
cases, the order of crystallinity is the same with the BIOS
OD exhibiting the highest crystallinity and the BIOS Fr
exhibiting the lowest.

In the BIOS samples, we observe one paramagnetic fer-
rous Fe contribution (Q-FeII-1) that is consistent with Fe
(II) sorbed to clays, Fe(III) (oxyhydr)oxides or in organic
complexes based on MB spectral parameters (CS ~ 1 mm/
s; QS ~ 3 mm/s) comprising between 1 and 2% of the spec-
tral area (Thompson et al., 2011). Interestingly, these BIOS
QS values are larger than ones seen for Fe(II) bound to Al/
Fe oxyhydr(oxides) and clays (QS ~ 2.8 mm s�1) (Larese-
Casanova et al., 2010; Schaefer et al., 2011; Williams and
Scherer, 2004), and approach values seen for Fe(II) bound
to fulvic acid (QS ~3.1 mm s�1) and bacterial cells (QS ~ 3.
2–3.3 mm s�1) (Chen and Thompson, 2018; Rancourt et al.,
2005).This phase was resolved in all preparations of the
BIOS samples at 35 K and above, except the BIOS FFFD
(which had a higher signal to noise due to lower sample
loading into the cryostat) where it was only detected at
35 K. The spectral fraction of Fe(II) detected by Mössbauer
spectroscopy agrees well with the 1.1% Fe(II) determined
by HCl acid digestion followed by the ferrozine assay listed
in Supplementary Table S2. Interestingly, we also detected
a small population (~3%) of Fe(III)-(oxyhydr)oxides that
order near 77 K and/or 35 K with MB spectral parameters
(CS ~ 0.47 mm s�1, QS ~ �0.12 mm s�1, and Bhf ~ 48 T at
35 K) that are most similar to nanogoethite standards (Sup-
plementary Tables S8–S11). Similar MB spectral phases
have been determined to occur along a Fe redox gradient
in highly weathered basaltic soils with substantial amounts
of organic matter (Thompson et al., 2011). This minor
phase (OxyHy-2) is detected in all BIOS samples, except
the BIOS FFFD sample that had low signal-to-noise. The
absence of nanogoethite in S-XRD data and EXAFS LCFs
(vida infra) likely arises due to the lower sensitivity (~5%) of
these techniques.

X-ray absorption near edge structure (XANES) spectra,
and EXAFS k-space spectra and their Fourier Transforms
(FTs) of the 2LFh and BIOS samples are shown in Supple-
mentary Fig. S9, with LCFs shown as overlain black
dashed lines. XANES LCFs (Supplementary Fig. S9A)
for all 2LFh and the BIOS samples were best fit with
100% two-line ferrihydrite, indicating all samples lack Fe
(II) (<10%) as a fit component, consistent with the low
Fe(II) concentrations seen in chemical digestions (Supple-
mentary Table S2) and Mössbauer spectra (Supplementary
Tables S8–S11) of the BIOS, as well as other studies
(Whitaker and Duckworth, 2018; Whitaker et al., 2018).
EXAFS LCFs (Supplementary Fig. S9B and Table 1)
revealed all 2LFh samples were composed of 100 ± 1%
two-line ferrihydrite with no change in mineralogy between
sample treatments (Table 1). In contrast, BIOS samples
were best fit with differing combinations of 2LFh, hydrous
ferric oxide (HFO; a freshly precipitated and highly disor-
dered phase), and Fe(III)-peat (predominantly mononu-
clear, organic-bound Fe(III) (Morris and Hesterberg,
2012)).

Shell-by-shell structural model fits of the EXAFS and
FT Magnitude plots are shown as overlain black dashed
lines in Fig. 6A and B, respectively, with fit parameters
shown in Table 2. In general, 2LFh are fit with a FeAO
shell at 1.96–1.98 Å, and two FeAFe shells at ~3.03–3.05
and 3.46 Å, corresponding to Fe(III)AO, FeAFe edge-
sharing, and FeAFe corner-sharing distances, respectively
(Michel et al., 2007b; Toner et al., 2012). These bond dis-
tances are consistent with peak positions seen in PDFs
(Fig. 3B). Similar main features are observed in the BIOS
samples, which are best fit with FeAO shell at 1.98–
2.00 Å and a FeAFe shells at ~3.05–3.07 Å. An additional
FeAC shell at ~2.83 Å provides statistical improvement of
the fits for the Fr and FFFD samples, consistent with the
representation of a Fe(III)-peat standard in LCF fits and
of MBS parameters suggesting the presence of an Fe
mineral-organic matter phases in the BIOS samples. The
FeAC shell did not provide a statistical improvement of
the fits for BIOS FrFD or OD samples (Downward et al.,
2007; Hamilton, 1965).

All 2LFh and BIOS samples Fe L-edge XANES spectra
are plotted in Fig. 7. Consistent with Peak and Regier
(2012) , all spectra have well resolved L-III and L-II edges
located between 706–713 eV and 718–725 eV, respectively
(Fig. 7A), with additional splitting of the main L-edge
peaks due to Fe 3d and O 2p orbitals that are sensitive to
the coordination environment. For comparison, stacked
L-III edge spectra for 2LFh (Fr, FrFD, and OD) and BIOS
(Fr, FrFD, OD, and FFFD) are plotted with hematite
(black dotted line) and maghemite (black dashed line) in
Fig. 7B. For hematite, substantial splitting of the L-III edge
into two well resolved peaks occur at ~708 and 709.5 eV
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Table 1
Fe K-edge EXAFS linear combination fits (LCFs) for 2LFh and
BIOS sample preparations. LCFs were normalized to 100%, with
raw fits summing to 100 ± 15%.

Sample ID Component % Contribution R-value

Fh Fr 2-Line Ferrihydrite 100 ± 1 0.0236
Fh FrFD 2-Line Ferrihydrite 100 ± 1 0.0056
Fh OD 2-Line Ferrihydrite 100 ± 1 0.0165

BIOS Fr HFO 79 ± 3 0.0393
Fe(III)-peat 21 ± 3

BIOS FrFD 2-Line Ferrihydrite 55 ± 7 0.0215
HFO 29 ± 6
Fe(III)-peat 16 ± 2

BIOS OD 2-Line Ferrihydrite 53 ± 6 0.0194
HFO 31 ± 5
Fe(III)-peat 16 ± 2

BIOS FFFD 2-Line Ferrihydrite 39 ± 7 0.0244
HFO 34 ± 6
Fe(III)-peat 27 ± 2
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and is typical for minerals having 100% octahedral Fe(III)
as their only coordination environment. However, maghe-
mite has a substantial decrease in L-III edge splitting as well
as minor broadening in the main L-III peak, which has been
attributed to the presence of tetrahedral Fe(III)
(Crocombette et al., 1995). Therefore, a visual comparison
of the splitting of the L-III peaks along with their respective
peak intensity ratios can be used as a qualitative analysis of
the minerals coordination environment (Peak and Regier,
2012). For all 2LFh samples, substantial decreases in the
splitting of the L-III edge peaks occur with changes in the
relative intensities between the two L-III peaks, as well as
Fig. 6. Fe K-edge (a) extended X-ray absorption fine structure (EXAFS)
preparations. Shell-by-shell structural fits are represented by overlain da
broadening of the main L-III edge peak, consistent with
Fe(III) in tetrahedral and octahedral coordination (Peak
and Regier, 2012). Interestingly, all BIOS sample spectra
look nearly identical to the hematite standard, with only
slight decreases in L-III peak splitting compared to the
hematite standard, which suggests BIOS are primarily com-
posed of Fe(III) in octahedral coordination with only
minor amounts of Fe(III) in tetrahedral coordination (i.e.,
less tetrahedral Fe(III) than 2LFh). It is important to note
that sample disorder and variations in the ligands involved
may also affect the Fe L-III edge spectra (Peak and Regier,
2012). Similar results were obtained by Mikutta (Mikutta,
2011) who showed that Fe(III)-organic matter co-
precipitates were nearly 100% octahedral Fe(III) using Fe
K-edge XANES spectroscopy.

4. DISCUSSION

4.1. Long range ordering and domain size — S-XRD, PDF,

and MBS approaches

Several of the approaches used, including S-XRD, PDF
analysis, and MBS, can be used to determine structural
information, a length scale >5 nm (e.g., long range order-
ing). The S-XRD data reveals differences between the BIOS
and 2LFh samples. In diffractograms for all BIOS samples,
dampening in maxima intensities at d-spacings of ~2.55 and
~1.50 Å are consistent with enhanced structural strain and/
or smaller coherent domain sizes (CSD) (Michel et al.,
2007b). Similar results have been obtained via extended
X-ray absorption fine-structure spectroscopy (EXAFS)
and X-ray total scattering studies for synthetic 2LFh syn-
thesized in the presence of Si and Al, and for other BIOS
and natural iron (oxyhydr)oxides when compared to pure
spectra, and (b) FT magnitude plots of the 2LFh and BIOS sample
shed lines.



Table 2
Structural fit parameters for the synthetic 2LFh and BIOS samples.

Sample Path N R (Å) r2 (Å2) DE0 (eV) R-factor

Fh Fr FeAO 5.47 (0.39) 1.98 (0.01) 0.011 2.16 (2.06) 0.0198
FeAFe 2.60 (0.60) 3.05 (0.02) 0.013
FeAFe 2.40 (0.87) 3.46 (0.03) 0.013

Fh FrFD FeAO 5.26 (0.37) 1.97 (0.01) 0.011 1.80 (2.15) 0.0214
FeAFe 2.03 (0.56) 3.05 (0.02) 0.013
FeAFe 2.19 (0.81) 3.46 (0.03) 0.013

Fh OD FeAO 5.03 (0.36) 1.96 (0.01) 0.011 1.19 (2.23) 0.0199
FeAFe 2.21 (0.54) 3.03 (0.02) 0.013
FeAFe 2.33 (0.79) 3.46 (0.03) 0.013

BIOS Fr FeAO 6.54 (0.28) 2.00 (0.01) 0.011 4.44 (1.01) 0.0092
FeAFe 3.49 (0.34) 3.08 (0.01) 0.013
FeAC 1.93 (0.47) 2.82 (0.04) 0.01

BIOS FrFD FeAO 6.51 (0.44) 1.98 (0.01) 0.011 2.45 (1.82) 0.0296
FeAFe 3.03 (0.56) 3.05 (0.02) 0.013
FeAC Not Sig.

BIOS OD FeAO 6.50 (0.44) 1.98 (0.01) 0.011 2.59 (1.83) 0.0302
FeAFe 3.03 (0.57) 3.05 (0.02) 0.013
FeAC Not Sig.

BIOS FFFD FeAO 6.08 (0.42) 1.99 (0.01) 0.011 2.98 (1.62) 0.0255
FeAFe 2.31 (0.50) 3.07 (0.03) 0.013
FeAC 1.85 (0.96) 2.83 (0.08) 0.01

Fig. 7. Fe L-edge XANES (A) and L3-edge XANES (B) of BIOS and synthetic 2LFh sample preparations. Iron minerals hematite (black
dotted line) and maghemite (black dashed line) were used as references for 100% octahedral Fe(III) and mixed octahedral/tetrahedral Fe(III),
respectively. The spectral color notation used to label the samples is the same for both (A) and (B).
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synthetic 2LFh (Cismasu et al., 2012; Cismasu et al., 2014;
Cismasu et al., 2011; Sowers et al., 2017; Toner et al., 2012;
Whitaker and Duckworth, 2018; Whitaker et al., 2018). For
the BIOS Fr, FrFD, and FFFD samples, two broad peaks
appear at ~3.3 Å and ~4.70 Å that are not present in the
BIOS OD pattern. These peaks are likely caused by natural
organic matter (NOM) and are consistent with other XRD
studies of high C:Fe ratio and ferrihydrite-OM composites
(Chen et al., 2014; Eusterhues et al., 2008; Mikutta et al.,
2014; Poggenburg et al., 2016; Rancourt et al., 2005). Vari-
ations in peak width at ~3.3 Å for the BIOS Fr sample com-
pared to the BIOS FrFD and FFFD samples occur due to
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water in the BIOS Fr sample, which was analyzed as a wet
paste. Similar diffraction peaks were seen in a ferritin sam-
ple that was suspended in water and analyzed via S-XRD
(Michel et al., 2010b).

In MBS, Fe(III)-(oxyhydr)oxides that are blocked or
near their blocking temperature (the (b) OxHy component
in Supplementary Table S8) at 5 K represent phases so dis-
ordered that assigning them to pure mineral phases is per-
haps unjustified. The substantial disorder in the BIOS
samples is consistent with organic matter-mineral associa-
tion, foreign ion (Al substitution in the Fe mineral struc-
ture, or the presence of adsorbed Si). In a MB spectra, Fe
(III) in a discrete, isolated organic matter complex would
manifest as a doublet at 5 K; however, if the Fe(III) com-
plexed with the organic matter is structurally part of the
mineral then it will manifest as a sextet with the increasing
organic matter lowering the ordering temperature and
decreasing the hyperfine field strength. We do not observe
any doublets at 5 K consistent with discrete FeAOM com-
plexes and thus the best interpretation MBS data is that
nearly all of the Fe atoms in the BIOS samples are involved
in the ferrihydrite-like structure to some extent. We have
seen similar examples of this when analyzing soil samples
by both EXAFS and MBS (Ginn et al., 2017; Herndon
et al., 2019) and also have interpreted other MBS spectra
of soil samples in this way (Chen et al., 2018; Chen and
Thompson, 2018; Coward et al., 2018; Winkler et al.,
2018). It is worth noting that we have a relatively high
Fe:organic carbon ratio (0.62) as compared to many studies
of Fe-organic complexes and synthetic Fe-organic aggre-
gates (Chen et al., 2014; Guénet et al., 2017; Karlsson
and Persson, 2012; Mikutta, 2011; ThomasArrigo et al.,
2019; Vantelon et al., 2019; Vilgé-Ritter et al., 1999), possi-
bly reducing the occurrence of discrete complexes and oli-
gomers while favoring the formation of a ferrihydrite like
phase mixed with organic matter (Chen et al., 2014;
Mikutta, 2011; ThomasArrigo et al., 2019).

All BIOS PDFs attenuate at shorter radial distances r
(Å) (18 Å for BIOS Fr, FrFD, and OD, and 12 Å for
FFFD). The CSD size of BIOS have been linked to the
presence of Si, Al, P, and organic matter, which has been
shown to decrease ordering and size of natural Fe (oxy-
hydr)oxides and synthetic 2LFh synthesized with Al, Si,
and organic matter (Cismasu et al., 2012; Cismasu et al.,
2014; Cismasu et al., 2011; Eusterhues et al., 2008;
Mikutta, 2011; Toner et al., 2012; Whitaker et al., 2018).
Within the series of BIOS samples, the smaller CSD for
the BIOS FFFD sample suggests that flash freezing the
BIOS during initial sampling helped preserve its structure
as opposed to the three methods of sample preparation that
occurred in the lab (Fr, FrFD, and OD). We also note that
the larger CSDs for Fr, FrFD, and OD may have also have
been influenced by the increased crystalline impurities (qz,
k) seen in Fig. 2. Overall, trends from the PDFs, including
the CSD size of BIOS compared to 2LFh and the effects of
sample treatment on BIOS and 2LFh, are qualitatively con-
sistent with those derived from S-XRD data. Likewise,
MBS data indicate that all BIOS samples are considerably
less ordered than the 2LFh laboratory sample set based
on magnetic ordering temperature and Bhf values (Figs. 4
and 5; Supplementary Figs. S2–S8; Supplementary Tables
S4–S11), and consistent with our S-XRD and PDF data,
as well as other studies examining the structure of BIOS
and ferrihydrite-organic matter co-precipitates when com-
pared to pure synthetic 2LFh (Cismasu et al., 2011;
Eusterhues et al., 2008; Mikutta, 2011; Sowers et al.,
2017; Toner et al., 2012; Toner et al., 2009; Whitaker and
Duckworth, 2018; Whitaker et al., 2018).

4.2. Short-range ordering—XAS and PDF analyses

XAS and PDF data provides specific information about
the electron configuration and local coordination environ-
ment (e.g., two to three coordination shells for XAS) of
atoms in materials. In LCF analyses of EXAFS spectra,
all BIOS samples were more poorly ordered than their
2LFh counterparts, as determined by the presence of
HFO in fits. In addition, organic complexes are also present
in these fits due to the inclusion of Fe(III)-peat standards.
Specifically, the LCFs indicate the BIOS Fr as 79 ± 3%
HFO and 21 ± 3% Fe(III)-peat; the BIOS FrFD and BIOS
OD treatments best fit with 2LFh, HFO, and Fe(III)-peat
at 55 ± 7%, 29 ± 6%, and 16 ± 2% and 53 ± 6%,
31 ± 5%, and 16 ± 2%, respectively, suggesting a slight
increase in structural ordering compared to the BIOS Fr
treatment, as evidenced by an increase in the fraction of fer-
rihydrite at the expense of HFO. The BIOS FFFD treat-
ment was represented by 39 ± 7%, 34 ± 6, and 27 ± 2%
2LFh, HFO, and Fe(III)-peat, respectively, suggesting per-
haps some ordering upon drying as compared to the Fr
sample. Interestingly, changes in the % Fe(III)-Peat LCF
component may be derived from sample preparation.
Desorption studies conducted by Sowers et al. (2019) have
shown that up to 20% of the organic C in BIOS can be
released using DI water alone. This may account for the
decrease from 27% Fe(III)-Peat in BIOS FFFD to 21%
Fe(III)-Peat in the BIOS Fr sample. BIOS FrFD and BIOS
OD are both 16% Fe(III)-Peat and include higher percent-
ages of ferrihydrite in their LCFs which may be due to the
more aggressive drying of the OD sample or longer sample
preparation time (i.e., aging) of the FrFD sample compared
with the FFFD sample.

When comparing the BIOS EXAFS spectra with the
2LFh spectra (Supplementary Fig. S9), two main differ-
ences are noticeable. The absence of a shoulder in the BIOS
spectra between k = 5–5.5 Å�1 and dampening of the BIOS
maximum between k = 7–8 Å�1, which corresponds to a
decrease in FeAO6 corner-sharing octahedra (Toner et al.,
2009), consistent with other EXAFS and total scattering
studies of BIOS and natural iron (oxyhydr)oxides
(Cismasu et al., 2011; Sowers et al., 2017; Toner et al.,
2012; Toner et al., 2009; Whitaker and Duckworth, 2018;
Whitaker et al., 2018). The 2LFh and BIOS FT magnitude
plots (Supplementary Fig. S9C) show a large first-shell peak
at R + DR = 1.5 Å, consistent with a Fe(III)AO inter-
atomic distance (Shannon, 1976). Second-shell peak posi-
tions occur at R + DR = 2.5 Å and ~3 Å and are
characteristic of FeAFe distances between edge- and
corner-sharing FeAO6 octahedra (Michel et al., 2007b;
Toner et al., 2009; Wang et al., 2016), respectively. The
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absence of a FeAFe corner-sharing feature in the fits for
BIOS spectra is consistent with this diminished amplitude
at 3.4 Å in PDFs (Fig. 3B). These results agree well with
other studies that have shown decreased FeAFe corner-
sharing linkages when ferrihydrite was co-precipitated with
Si, Al, and organic ligands (Cismasu et al., 2012; Cismasu
et al., 2014; Mikutta, 2011; ThomasArrigo et al., 2019). A
peak at ~1.60 Å present in PDFs for the BIOS samples
has been interpreted as mineral surface associated and/or
precipitates of tetrahedral silica (Cismasu et al., 2011;
Toner et al., 2012), and the broadening and slight shifts
in peak position R ~ 1.5 Å for BIOS Fr and FFFD as aver-
age distances between bonded (e.g., CAC/N/O) and un-
bonded atoms in the organic matter (Poulain et al., 2019).
These results are consistent with long-range ordering mea-
surements (S-XRD, PDF, and MBS) and suggest BIOS is
less ordered than 2LFh, composed of distinct pools of iron
(HFO, 2LFh, and organically bound Fe), and that drying
treatments cause some ordering and mineralogical changes
in BIOS.

We note that the coordination numbers for Fe(III)AO
shells from K-edge EXAFS fitting are systematically higher
for BIOS (although close to the estimated uncertainty in
coordination number or ~20%), which is consistent with
L-edge XANES results. These results suggest a more uni-
form octahedral first shell coordination environment (e.g.,
no tetrahedral Fe(III)) despite the reduction in structural
order seen in other measurements of short- and long-
range ordering. It has been shown with synthetic 2LFh that
decreasing size may result in a surficial depletion of tetrahe-
dral and corner-sharing sites (Hiemstra, 2013, 2018), a phe-
nomenon that has also been noted with synthetic 2LFh-
organic co-precipitates (Mikutta, 2011; ThomasArrigo
et al., 2019; Vantelon et al., 2019). Based on both long
range (MBS and S-XRD) and short-rage (EXAFS LCFs
and structure fitting) evidence, we assert that organic mat-
ter is intimately mixed with mineral phases in the BIOS,
further contributing to these structural changes. It is thus
possible that the decrease in corner sharing and lack of
tetrahedral sites in the BIOS may result from extremely
small CSD, which may result from rapid formation
(Druschel et al., 2008) or poisoning of growth by organic
matter (Karlsson and Persson, 2012; ThomasArrigo et al.,
2019; Vantelon et al., 2019), or possibly the direct complex-
ation of organic matter, which may cap octahedral edge-
sharing sites (Karlsson and Persson, 2012; Rose et al.,
1998; ThomasArrigo et al., 2019; Vilgé-Ritter et al.,
1999). We note that other inorganic impurities (Cismasu
et al., 2012; Voegelin et al., 2010), such as silica, phosphate,
and aluminum, may also contribute to this effect.

4.3. Structure of BIOS and 2LFh

Overall, a suite of spectroscopic, scattering, and micro-
scopy techniques present cohesive observations that sharply
contrast the structure and behaviour of BIOS and 2LFh.
For all 2LFh samples, XAS spectra, X-ray diffractograms,
PDFs, and MBS spectra showed a consistent trend (Supple-
mentary Table S12) in increased long- and short-range
ordering for the 2LFh FrFD and OD sample preparations
when compared to not drying the sample (2LFr Fr). These
results are in good agreement with Greffie et al. (Greffié
et al., 2001), and Lewis (Lewis, 1992) who showed increases
in ferrihydrite ordering after freeze-drying and oven drying,
respectively. Fe L-edge XANES spectra showed that the
coordination environment of all 2LFh samples were pri-
marily composed of octahedral Fe(III), however, tetrahe-
dral Fe(III) was detected, which agrees well with Fe L-
edge XANES (Peak and Regier, 2012), K-edge XANES/
EXAFS (Maillot et al., 2011; Mikutta, 2011), and neutron
scattering data (Harrington et al., 2011) that shows tetrahe-
dral Fe(III) values between 13–35% for 2LFh. Sample
preparation also impacted the BIOS morphology and struc-
ture. When compared to BIOS FrFD, SEM images showed
a change in the BIOS OD morphology that is more similar
to 2LFh morphology. X-ray diffractograms and EXAFS
LCFs suggested an increase in ordering and a decrease in
Fe-organic complexes with increasingly aggressive drying
(Fr, FFFD, FrFD, OD); MBS spectra also exhibit this
trend for all BIOS samples in a decreasing peak hyperfine
field strengths (Bhf) from the OD sample (46.5 ± 0.6) and
the lowest for the Fr sample (44.7 ± 0.1), with intermediate
values obtained for the BIOS FrFD and FFFD samples.
The decrease of tetrahedral and corner sharing iron is con-
sistent with the reduced CSD size (from PDF) and the pres-
ence of organic matter mixed into phases, as indicated by
EXAFS and MBS.

Based on comparisons to 2LFh, we can integrate our
mineral structure data with literature observations of mor-
phology and composition to develop a comprehensive
model of BIOS deposits in circumneutral freshwater envi-
ronments (Fig. 8). Our spectroscopic and scattering data
collectively illustrates a decrease in both domain size and
ordering (both short- and long-range) for all BIOS sample
preparations when compared to the 2LFh sample set; the
presence of organic matter associated with the mineral
structure is also observed by the different structural tech-
niques used here. Substantially lower amounts of tetrahe-
dral Fe(III) and decreased corner sharing sites in BIOS as
compared to 2LFh (based on L-edge XANES) also high-
lights the structural differences between the Fe (oxyhydr)
oxides.

Although we did not directly probe the cause of these
differences, several factors may influence the structure of
BIOS. First, to produce BIOS, organisms must outpace
inorganic Fe oxidation (even with abiotic contributions)
(Druschel et al., 2008), resulting in rapid formation that
promotes small domains and disordering. Second, BIOS
formation tends to be controlled by its interactions with
biopolymers, resulting in distinctive morphologies, and
potentially altered structures (Chan et al., 2004; Chan
et al., 2009; Sowers et al., 2019); the incorporation of Si,
Al, P, and organic C into the structure of the iron (oxy-
hydr)oxides impedes crystal growth by inhibiting dehydra-
tion and atomic rearrangement (Chen et al., 2014;
Cismasu et al., 2012; Cismasu et al., 2014; Cismasu et al.,
2011; Eusterhues et al., 2008; Mikutta, 2011; Mikutta
et al., 2014), contributing to small CSD and poor ordering.
The presence of these impurities, especially organic C, and
the small crystal size may result in substantial decreases in



Fig. 8. A model of biogenic iron oxide deposits form in circumneutral aquatic environments. Pair distribution functions (PDF) indicate an
exceptionally small coherent scattering domain size. Mössbauer, spectroscopy, Fe K-edge and L-edge X-ray absorption spectroscopy spectra,
synchrotron X-ray diffraction (S-XRD) and PDFs indicate a dominant 2LFh-like phase that is predominantly octahedrally coordinated Fe
with reduced corner sharing. Additionally, S-XRD suggest the possible presence of Fe-organic complexes, which may be associated with
biomolecules (Chan et al., 2004; Chan et al., 2009; Mitsunobu et al., 2012; Sowers et al., 2019; Suga et al., 2017) or detrital carbon (Sowers
et al., 2019) associated with these matts. Microbial community structures have been recently reviewed (Emerson et al., 2010; Roden et al.,
2012). Although a Fe(III)-(oxyhydr)oxide sheath is depicted, other morphologies (such as balls and stalks) are also commonly observed
(Duckworth et al., 2009; Fleming et al., 2013; Spring, 2006).
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tetrahedrally coordinated Fe and corner-sharing Fe in the
BIOS via surface depletion of higher energy sites or com-
plexation by organics (Hiemstra, 2013, 2018; Mikutta,
2011; ThomasArrigo et al., 2019; Vantelon et al., 2019).

5. ENVIRONMENTAL IMPLICATIONS AND

CONCLUSION

Results from our diverse set of spectroscopic and scat-
tering techniques collectively show that the structure and
coordination geometry of BIOS are substantially different
than that of 2LFh in terms of size, ordering, coordination,
morphology, and composition. This difference in reactivity
is supported by an array of studies that show differences in
sorption affinity for Cr(VI) (Whitaker et al., 2018), As(V)
(Sowers et al., 2017), Cu (Rentz and Ullman, 2012), Pb
(Whitaker and Duckworth, 2018), Zn (Rentz and Ullman,
2012; Whitaker and Duckworth, 2018), I (Kennedy et al.,
2011), P (Field et al., 2019), Sr (Langley et al., 2009a),
and DOC (Sowers et al., 2019) to BIOS when compared
to synthetic 2LFh. Furthermore, possibly due to the pres-
ence of organic matter, Si, and P within the BIOS, simu-
lated environmental conditions (e.g., freezing, drying) had
little effect on its structure noted by the more aggressive
sample preparation, BIOS OD, remaining more poorly
ordered with a smaller CSD than the least aggressive syn-
thetic treatment, 2LFh Fr. This suggests that the BIOS
are much less likely to transform to more crystalline phases
than 2LFh models. This assertion is further supported by
Chen et al. (2015), who showed that organic matter could
significantly impede the abiotic transformation of ferrihy-
drite by Fe(II), which may suggest that the structure of
BIOS could be highly resilient to phase changes even at
redox gradients typical of circumneutral pH environments.
However, variations in the EXAFS LCF components and
diffraction patterns seen with the more aggressive drying
techniques likely indicate a change in BIOS reactivity
(Field et al., 2019) and should be considered when design-
ing future BIOS studies, especially sorption and modelling
contaminant fate and transport. Together, these observa-
tions suggest that studies of BIOS are a unique component
of environmental mineralogy and their structures and reac-
tivities are distinct from 2LFh, with implications for the
cycling and mobility of nutrients, metals, organic matter,
and other contaminants in similar redox active interfaces.
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Kiem R. and Kögel-Knabner I. (2002) Refractory organic carbon
in particle-size fractions of arable soils II: organic carbon in
relation to mineral surface area and iron oxides in fractions <6
lm. Org. Geochem. 33, 1699–1713.

Kikuchi S., Kashiwabara T., Shibuya T. and Takahashi Y. (2019)
Molecular-scale insights into differences in the adsorption of
cesium and selenium on biogenic and abiogenic ferrihydrite.
Geochim. Cosmochim. Acta 251, 1–14.

Langley S., Gault A. G., Ibrahim A., Takahashi Y., Renaud R.,
Fortin D., Clark I. D. and Ferris F. G. (2009a) Sorption of
strontium onto bacteriogenic iron oxides. Environ. Sci. Technol.
43, 1008–1014.

Langley S., Igric P., Takahashi Y., Sakai Y., Fortin D., Hanning-
ton M. and Schwarz-Schampera U. (2009b) Preliminary char-
acterization and biological reduction of putative biogenic iron
oxides (BIOS) from the Tonga-Kermadec Arc, southwest
Pacific Ocean. Geobiology 7, 35–49.

Larese-Casanova P., Cwiertny D. M. and Scherer M. M. (2010)
Nanogoethite formation from oxidation of Fe(II) sorbed on
aluminum oxide: implications for contaminant reduction.
Environ. Sci. Technol. 44, 3765–3771.

Lewis D. G. (1992) Transformations induced in ferrihydrite by
oven-drying. J. Plant. Nutr. Soil Sci. 155, 461–466.

Liu Y.-T. and Hesterberg D. (2011) Phosphate bonding on
noncrystalline Al/Fe-hydroxide coprecipitates. Environ. Sci.

Technol. 45, 6283–6289.
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Toner B. M., Berquó T. S., Michel F. M., Sorensen J. V.,
Templeton A. S. and Edwards K. J. (2012) Mineralogy of iron
microbial mats from Loihi Seamount. Front. Microbiol. 3.

Toner B. M., Santelli C. M., Marcus M. A., Wirth R., Chan C. S.,
McCollom T., Bach W. and Edwards K. J. (2009) Biogenic iron
oxyhydroxide formation at mid-ocean ridge hydrothermal
vents: Juan de Fuca Ridge. Geochim. Cosmochim. Acta 73,
388–403.

Torn M. S., Trumbore S. E., Chadwick O. A., Vitousek P. M. and
Hendricks D. M. (1997) Mineral control of soil organic carbon
storage and turnover. Nature 389, 170.

Tuhela L., Carlson L. and Tuovinen O. H. (1997) Biogeochemical
transformations of Fe and Mn in oxic groundwater and well
water environments. J. Environ. Sci. Health A Tox. Hazard.

Subst. Environ. Eng. 32, 407–426.
Vantelon D., Davranche M., Marsac R., La Fontaine C., Guénet
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