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• Accumulations of Fe-rich flocs are com-
mon in Icelandic wetlands.

• Floc Fe minerals are dominated by
poorly-crystalline ferrihydrite and
lepidocrocite.

• Floc (bio)organics comprise mineral
encrusted microbially-derived com-
ponents.

• Highly mobile flocs may contribute to
Fe, C, and trace element export from
wetlands.
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In freshwater wetlands, redox interfaces characterized by circumneutral pH, steep gradients in O2, and a
continual supply of Fe(II) form ecological niches favorable to microaerophilic iron(II) oxidizing bacteria (FeOB)
and the formation of flocs; associations of (a)biotic mineral phases, microorganisms, and (microbially-derived)
organic matter. On the volcanic island of Iceland, wetlands are replenished with Fe-rich surface-, ground- and
springwater. Combined with extensive drainage of lowland wetlands, which forms artificial redox gradients, ac-
cumulations of bright orange (a)biotically-derived Fe-richflocs are common features of Icelandicwetlands. These
loosely consolidated flocs are easily mobilized, and, considering the proximity of Iceland's lowland wetlands to
the coast, are likely to contribute to the suspended sediment load transported to coastalwaters. To date, however,
little is known regarding (Fe) mineral and elemental composition of the flocs. In this study, flocs from wetlands
(n = 16) across Iceland were analyzed using X-ray diffraction and spectroscopic techniques (X-ray absorption
and 57Fe Mössbauer) combined with chemical extractions and (electron) microscopy to comprehensively char-
acterize flocmineral, elemental, and structural composition. All flocswere rich in Fe (229–414mg/g), and floc Fe
minerals comprised primarily ferrihydrite and nano-crystalline lepidocrocite, with a single floc sample contain-
ing nano-crystalline goethite. Floc mineralogy also included Fe in clay minerals and appreciable poorly-
crystalline aluminosilicates, most likely allophane and/or imogolite. Microscopy images revealed that floc (bio)
organics largely comprised mineral encrusted microbially-derived components (i.e. sheaths, stalks, and EPS) in-
dicative of common FeOB Leptothrix spp. and Gallionella spp. Trace element contents in the flocs were in the low
μg/g range, however nearly all trace elements were extracted with hydroxylamine hydrochloride. This finding
suggests that the (a)biotic reductive dissolution of floc Fe minerals, plausibly driven by exposure to the varied
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geochemical conditions of coastal waters following flocmobilization, could lead to the release of associated trace
elements. Thus, the flocs should be considered vectors for transport of Fe, organic carbon, and trace elements
from Icelandic wetlands to coastal waters.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Abiotic oxidation of dissolved ferrous iron (Fe(II)) occurs rapidly in ox-
ygenated natural waters at circumneutral pH (Davison and Seed, 1983),
triggering the hydrolysis of Fe(III) and the precipitation of ferrihydrite or
lepidocrocite; (poorly crystalline) Fe(III) oxyhydroxides (Schwertmann
and Cornell, 2000). However, at low pO2, the kinetics of chemical
oxidation of Fe(II) are significantly slower, thus enabling biologic iron(II)
oxidation processes, facilitated by microaerophilic iron(II) oxidizing
bacteria (FeOB), to effectively compete with abiotic Fe(II) oxidation
(Druschel et al., 2008). Specifically, FeOB (e.g., Leptothrix spp., Gallionella
spp., Sideroxydans spp.) thrive under low pO2 conditions found at redox
interfaces characterized by steep gradients in O2 and a continual supply
Fe(II) (Emerson et al., 2010). The resulting biogenic iron oxides, often
termedBIOS, vary inmorphology and crystallinity. Ecological niches favor-
able to FeOB and BIOS formation are often found in freshwater wetlands,
streams, or drainage systems where oxygenated surface waters mix with
anoxic, Fe(II)-bearing spring- or groundwater. In such environments, de-
pending on the water flow conditions, (a)biotic Fe(III) (oxyhydr)oxides
may accumulate as loosely consolidated flocs or as dense mats with vi-
brant orange to red/brown coloration.

Natural Fe(III) (oxyhydr)oxide precipitates, both abiotic and
biologically-produced, tend to be associated with organic matter
(Eusterhues et al., 2008). This may occur either through sorption of or
coprecipitation with dissolved organic matter (Riedel et al., 2013) or
through association with bacterial exudates, which both serve as nucle-
ation sites for Fe(III) (oxyhydr)oxide precipitation and form a matrix
which entraps particulate mineral phases (Chan et al., 2009; Elliott
et al., 2012; Cockell et al., 2011). The presence of (microbially-derived)
organicmatter in flocs influences physicochemical properties of the floc
Fe(III) (oxyhydr)oxides; association with organic matter induces
changes in the aggregate and mineral morphology and structure and
the mineral surface charge compared to a pure Fe(III) (oxyhydr)oxide
(Eusterhues et al., 2008; Mikutta et al., 2008; ThomasArrigo et al.,
2019; Kikuchi et al., 2019). In addition, natural organic matter supplies
a heterogeneous mixture of variably charged functional groups. Collec-
tively, these physicochemical changes influence overall floc sorption ca-
pacity. Trace element enrichments are often reported in natural flocs
(Elliott et al., 2012; Plach et al., 2011; Plach et al., 2014; Plach and
Warren, 2012; ThomasArrigo et al., 2014; Ferris et al., 2000; Ferris
et al., 1999; Tessier et al., 1996) and in model studies, the appreciable
sorption capacity of natural floc samples (or BIOS) has been demon-
strated for multiple trace elements (e.g., As (Sowers et al., 2017), Cd
(Martinez et al., 2004), Cr (Whitaker et al., 2018), Cs (Kikuchi et al.,
2019), Cu (Whitaker and Duckworth, 2018; Field et al., 2019), I
(Kennedy et al., 2011), P (Field et al., 2019; Buliauskaitė et al., 2020;
Rentz et al., 2009), Pb (Whitaker and Duckworth, 2018), Se (Kikuchi
et al., 2019), Sr (Langley et al., 2009), and Zn (Whitaker and
Duckworth, 2018)) and dissolved organic matter (Sowers et al., 2019).
Thus flocs, comprising a distinct environmental compartment separate
from sediments (Plach and Warren, 2012), influence the partitioning
and biogeochemical cycles of trace elements.

However, flocs are both biogeochemically and physically dynamic. Re-
lying on the surrounding waters to supply the components (e.g., organic
detritus, inorganic particulate matter, Fe(II), nutrients) necessary for floc
formation and growth (Droppo, 2001),floc structural andmineral compo-
sition changeswith the varying geochemical conditions of the surrounding
waters (Perret et al., 2000). For example, Baken et al. (2013) demonstrated
that freshly precipitated Fe-rich material formed via oxidation of Fe(II)-
2

bearing groundwater in the Kleine Nete catchment (Belgium) comprised
ferrihydrite-like mineral phases, whereas suspended sediments collected
further downstream had lower Fe content andmore crystalline Fe phases,
indicating the ageing of precipitates and increasedmixingwith allochtho-
nousmaterial with increasing stream order. Loosely consolidated flocma-
terial may also be physically mobilized by changes in energy regimes
associated to storm events (e.g., wind, waves, or rain) (Plach et al., 2011;
Plach et al., 2014; Carlile and Dudeney, 2000), with implications for floc
mineral composition and trace element sequestration (Plach et al., 2011;
Plach et al., 2014). Floc microbial communities are also influenced by the
geochemical composition of the surrounding waters (Fleming et al.,
2014; McBeth et al., 2013) and are subject to seasonal shifts (Fleming
et al., 2014; Gault et al., 2012; Elliott andWarren, 2014), with similar im-
plications for floc mineral composition (Gault et al., 2012; Elliott and
Warren, 2014) and trace element sequestration (Elliott and Warren,
2014).

On the volcanic island of Iceland, surface-, ground- and spring wa-
ters are replenished with a continuous supply of Fe resulting from the
weathering of basalt minerals and high rates of aeolian deposition of
Fe-rich basaltic volcanic glass (10 to >250 g m-2 yr-1) (Arnalds, 2010).
In combination with appreciable precipitation (>600 mm/yr across
most of Iceland (Arnalds, 2015)), this Fe-rich water sustains
~9000 km2 of inland mainly minerotrophic wetlands, which account
for 19% of Iceland's vegetated land surface (Arnalds et al., 2016).
Owing to this abundance of Fe, accumulations of (a)biotically-derived
Fe-rich flocs are common features of Icelandic wetlands (Cockell et al.,
2011; Arnalds, 2015; Arnalds et al., 2016). Additionally, ~47% of
Icelandic wetlands are impacted by drainage (Arnalds et al., 2016).
Nearly 30,000 km of ditches connect wetland drainage networks to
streams and rivers (Arnalds et al., 2016) and simultaneously form arti-
ficial redox gradients which facilitate (a)biotic Fe(II) oxidation and
floc accumulation. With the vast majority of impacted wetlands found
below 200 m elevation (Arnalds et al., 2016), the proximity of low ele-
vationwetlands and drainage networks to the coast, combinedwith oc-
casionally intense rainfall events (>100 mm/day) (Arnalds, 2015;
Olafsson et al., 2007) which can easily wash out the highly mobile
flocs (Fig. S1), suggest that mobilized Fe-rich flocs are likely to contrib-
ute to the suspended sediment load transported to coastal waters.

Previously, Cockell et al. (2011) sampled bright orange precipitates
collected from microbial mats found in two cold (MAT <5 °C) Icelandic
streams. Their research focused on the composition of microbial com-
munities inhabiting the mats; utilizing 16S rRNA gene sequencing and
(electron) microscopy techniques, Cockell et al. (2011) identified both
FeOB (Leptothrix spp., Gallionella spp.) and iron reducing bacteria
(FeRB; Geobacter spp.). Analyses of floc (Fe) mineral composition was
limited; a qualitative assessment with X-ray diffraction (XRD) and
Ramanmicroscopy identified amorphous and crystalline Fe phases, feld-
spars and pyroxenes (Cockell et al., 2011). Therefore, in this study, Fe-
rich flocs from shallow surface streams, cold seeps, and peat soil seep-
ages across western Iceland (n=16) were collected for comprehensive
mineral, elemental, and structural characterization. Floc (Fe)mineralogy
was investigated using a combination of XRD, 57Fe Mössbauer spectros-
copy, and Fe K-edge X-ray absorption spectroscopy (XAS) including
shell-fit and Wavelet Transform analyses. Solid-phase chemical extrac-
tions were used to confirm Fe mineralogy, and, in combination with el-
emental analyses of the flocs and surrounding surface waters, enabled
an assessment of the long-term sequestration potential of flocs for
trace elements and organic carbon. Because of the high probability of
floc mobilization and transport (Fig. S1), characterization of floc (Fe)
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mineralogy and floc structural and biogeochemical composition is criti-
cal to understanding factors influencing the cycling, export, and fate of
Fe, trace elements, and organic carbon in Fe-rich Icelandic wetlands.

2. Materials and methods

2.1. Study sites, floc sampling and characterization

Loosely-consolidated, bright orange flocs were sampled in July and
August 2020 from surface streams (n = 3), peat soil seepages (n =
11), and cold seeps (n= 2) situated in (un)disturbed wetlands located
across south, south-west, west, and north-west Iceland (Figs. 1 and S2,
Table S1). All sampled flocs were submerged at the time of sampling.
Depending on the thickness of the floc layer (~2 to >20 cm), the flocs
were collected either in 20mL glass vials (Fig. 1A) or in 500mL beakers,
where they rapidly settled (<2 min), enabling decanting of the sur-
rounding water. For the sites with thin floc layers (~2 cm), multiple
Fig. 1. Examples of iron-rich floc precipitates. (A) Settled flocs during sampling. (B) Typical peat
of drainage ditch flocs (D) and cold spring flocs (E). Scale bars in (D) and (E) are 2 cm and 10

3

floc samples were collected within a 2 m2 area to ensure sufficient
solid-phase material for analyses. The decanted flocs were transported
on ice and within 3 h were spread thinly on ceramic plates and air-
dried in an oven at 30 °C overnight. Dried floc material was then sieved
(<200 μm), gently homogenizedwith amortar and pestle, and stored in
brown glass in a desiccator.

At each site, surface water directly above the flocs was analyzed on-
site for pH using indicator strips (MColorpHast™, pH 4–7) or Special in-
dicator (pH 6.4–8, Merck), temperature and electrical conductivity
(WTW 315i), and redox potential (custom probe; a fiberglass shell
equipped with partially embedded Pt sensors and connected through
cables to a Ag/AgCl saturated KCl reference electrode, PaleoTerra, NL).
In addition, surfacewater sampleswere collected using Rhizon CSS sam-
plerswith a<0.15-μmcut-off and PE/PVC tubing (Rhizosphere Research
Products) connected to a pre-acidified syringe (HCl, Normatron®,
VWR). Aliquots of the acidified surface water samples (pH <4) were
crimp-sealed in 20-mL glass vials and transported and stored in the
soil seepage (site F10). (C) Iron-rich cold spring (site F9). (D) and (E) are detailed pictures
cm, respectively.
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dark at 4 °C prior to analysis for dissolved organic carbon and nitrogen
(pH < 4; DIMA-N coupled to a Dimatoc 2000 TOC analyzer, Dimatec).
To account for potential contamination of the samples by the syringe,
additional blanks (n = 5) with doubly deionized (DDI) water (Milli-
Q®, Millipore, 18.2 MΩ·cm) were prepared in the laboratory following
the same sampling procedure as employed in the field. The remaining
acidified surface water samples (pH <4) were further acidified in the
field (pH <1), and were similarly crimp-sealed in 20-mL glass vials
and transported and stored in the dark at 4 °C prior to analysis for
total element content analyses (inductively coupled plasma-optical
emission spectrometry, ICP-OES, Agilent 5100; inductively coupled
plasma-mass spectrometry, ICP-MS, Agilent 8800 Triple Quad). For
these analyses, additional blanks (n = 5) of acidified DDI water were
prepared in the field, handled following the same procedure as the sur-
face water samples, and measured to account for potential Si leaching
from the glass vials during sample transport and storage. Dissolved Fe
speciation in the surface water (Fe(total) and Fe(II)) was also measured
with the 1,10-phenanthroline method (Loeppert and Inskeep, 1996),
whereby Fe(II) was determined after an excess of nitriloacetic acid
was added to mask the Fe(III) (Mikutta, 2011).

Major and trace element contents of the flocswere determinedwith
ICP-OES and ICP-MS followingmicrowave-assisted acid digestion (0.6:1
H2O2:HNO3,MLS turboWave). Due to the presence ofwhite precipitates
in the digests, it possible that the microwave digestion did not
completely dissolve crystalline aluminosilicates present in the floc ma-
trix. An additional hydroxylamine hydrochloride extraction (Lovley and
Phillips, 1987)was therefore used to estimate the amount of tracemetal
(loid)s associated to poorly-crystalline aluminosilicates (e.g., allophane
and imogolite) and iron phases (e.g., ferrihydrite, poorly-crystalline
lepidocrocite) (Dahlgren, 1994). For these analyses, 20 mg of dried
flocmaterialwas added to 5mLof 0.25Mhydroxylamine hydrochloride
in 0.25 M HCl in 50-mL centrifuge tubes. After vortex mixing (10 s),
samples were placed in a 50 °C oven for 1 h, during which time they
were occasionally shaken. Prior to analysis with ICP-OES and ICP-MS,
digests and extracts were filtered (0.45 μm, nylon) to remove residual
solids. Total C and N contents of the flocs were determined with an
elemental analyzer (CHNS-932, LECO, n = 2). Attenuated total reflec-
tance Fourier-transform infrared (ATR-FTIR) spectroscopy was used to
characterize functional groups of the (in)organic fractions in the flocs.
The spectra were recorded with a resolution of 4 cm−1 on a Frontier
FT-IR Spectrometer (Perkin Elmer) with a universal attenuated total re-
flectance (UATR) three-reflection diamond/ZnSe crystal and MIRTGS
detector. Thirty-six scans per sample were co-added and background
corrected using the Perkin Elmer Frontier IR software program.

2.2. Microscopy imaging

At selected sites, additional decanted flocmaterial was collected and
stored in glass vials at 4 °C in the dark for microscopy imaging. For light
microscopy imaging, fresh floc material was pipetted onto glass slides,
covered and dried at room temperature, and imaged with a Zeiss
Axioskop 40. For scanning electron microscopy (SEM) analysis, 25%
electron microscopy-grade glutaraldehyde (0.2 mL) was added to
each sample (1.8 mL) for an overall 2.5% glutaraldehyde concentration
to fix any cells that may be present. The samples were incubated at
4 °C in the dark for 24 hs. After incubation, DDI water was added to
the fixed samples to dilute the floc concentration (4 mL final volume).
Note that cover glass slides were prepared in advance. Briefly, glass
slides were coated with 50 μL 0.1% Poly-L-Lysine solution (PLANO,
Wetzlar, item number 18026) and dried at 60 °C in an incubator for
1 h. Using a 24-well plate, the prepared glass slides were placed at the
bottom of the wells. Aliquots of the diluted samples were transferred
to separate wells each containing a Poly-L-Lysine coated glass slide.
The plate was covered with a lid and incubated at room temperature
for 30 min allowing the flocs to settle onto the coated slides. From
each well, the supernatant was removed and DDI water was added to
4

wash the sample (10 min incubation); this washing procedure was re-
peated by removing the supernatant and adding “fresh” DDI water.
After washing, the samples were dehydrated using a graded ethanol se-
ries (30, 70, and 95% for 5min each concentration; 2 × 100% for 30min).
In the final step, the sample-bearing slides were dipped into a FIA vial
containing 1:1 hexamethyldisilazane (HMDS):100% ethanol for 30 s.
The sample was subsequently dipped into a second vial containing
100% HMDS for 30 s. All samples were allowed to air dry on filter
paper. The sample-bearing glass slides were attached to aluminium
stubs using carbon adhesive tabs (PLANO, Wetzlar, item numbers
G301 & G3347) and coated with ~8 nm of Pt using a BAL-TEC SCD 005
sputter coater. The structural and chemical characterization of the
flocs was performed using a Crossbeam 550L Focused Ion Beam (FIB) –
Scanning Electron Microscope (Zeiss, Oberkochen, Germany) operating
at an acceleration voltage of 1 kV andworking distances of 4mm. Allmi-
crographs were taken using the Secondary Electron Secondary Ion
(SESI) detector.

2.3. X-ray diffraction

Quantitative mineral-phase analyses were performed by powder X-
ray diffraction (XRD, D8 Advance, Bruker) with Rietveld analysis. Dried
sample material (∼5 mg) was resuspended in ethanol (∼30 μL, Merck)
and pipetted onto a polished silicon wafer (Sil'tronix Silicon Technolo-
gies, France). Samples were analyzed in Bragg−Brentano geometry
using Cu Kα radiation (λ = 1.5418 Å, 40 kV, and 40 mA) and a high-
resolution energy-dispersive 1-D detector (LYNXEYE). Diffractograms
were recorded from 10° to 70°2θwith a step size of 0.02°2θ and 10 s ac-
quisition time per step. The relative contributions of mineral phases in
diffraction patterns were determined by Rietveld Quantitative Phase
Analysis (QPA) using the TOPAS software (Version 5, Bruker AXS) in
combination with published crystallographic structure files with 2-line
ferrihydrite included as mass-calibrated PONKCS (Partial Or No Known
Crystal Structure) (Scarlett and Madsen, 2006) phase. The validity of
this method has been previously tested and published (ThomasArrigo
et al., 2018).

2.4. Iron K-edge X-ray absorption spectroscopy

Iron oxidation state and speciation in select floc samples was ana-
lyzed by bulk Fe K-edge (7112 eV) X-ray absorption spectroscopy
(XAS) at the SAMBA beamline of SOLEIL (Saint-Aubin, France). For
these measurements, dried floc material was pressed into 10-mm pel-
lets and sealed with Kapton® tape. Transmission Fe X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) spectra were recorded in continuous scan mode at ∼80 K
using a N2(1) cryostat and a Si(220) monochromator calibrated to the
first-derivative maximum of the K-edge absorption spectrum of a me-
tallic Fe foil (7112 eV). The foil was continuously monitored to account
for small energy shifts (<1 eV) during the sample measurements.
Higher harmonics in the incoming beam were eliminated by mirrors.
Four to ten scans were collected and averaged. All spectra were energy
calibrated, pre-edge subtracted, and post-edge normalized in Athena
(Ravel and Newville, 2005) with the edge-energy, E0, defined as zero-
crossing in the second XANES derivative. Linear combination fit (LCF)
analyses of k3-weighted Fe K-edge XANES spectra were conducted
over an energy range of −20 to 30 eV (E - E0) with E0 of sample and
reference compound spectra defined as zero-crossing in their second
XANES derivative. Linear combination fit analyses of k3-weighted Fe
K-edge EXAFS spectra were performed over a k-range of 2–12 Å−1

with the E0 of all spectra and reference compounds set to 7128 eV. No
constraints were imposed during LCF analyses, and initial fit fractions
were recalculated to a compound sum of 100%. Iron reference
compounds for LCF analysis were selected after principal component
analysis and target-transform testing (see Supporting Information,
Section 6).
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Fourier transforms of k3-weighted EXAFS spectra were calculated
over a k-range of 2–12 Å−1 using a Kaiser-Bessel window function
with a sill width of 3 Å−1. The frequency cut-off parameter, Rbkg, was
set to 1.0. Shell-fit analyses of k3-weighted EXAFS spectra were per-
formed in R-space (R-range = 1.0–3.5 Å, k-range 2–12 Å−1) with
Artemis (Ravel and Newville, 2005). Theoretical phase-shift and ampli-
tude functions were calculated with FEFF v.6 (Zabinsky et al., 1995)
based on the structures of goethite (Kaur et al., 2009) (α-FeOOH) and
lepidocrocite (Zhukhlistov, 2001) (γ-FeOOH). To qualitatively assess
contributions from low Z backscattering atoms in the second coordina-
tion shell of the floc samples, we also conducted Morlet wavelet
transform (WT) analyses on k2-weighted Fe K-edge EXAFS spectra
using the Fortran-based HAMA code (Funke et al., 2005). Overview
(R + ΔR-range = 0.5–4 Å; κ = 8, σ = 0.8) and high resolution
(R + ΔR-range = 2.3–3.5 Å; κ =4, σ =2) WTs of floc samples were
compared to the reference compounds used in LCF analyses.

2.5. 57Iron Mössbauer spectroscopy

Selectedfloc sampleswere additionally analyzedwith 57FeMössbauer
spectroscopy. Mössbauer spectra were obtained using a 57Co/Rh γ-
radiation source with an activity of ∼50 mCi vibrated in a constant accel-
eration mode in a standard setup (WissEl, Wissenschaftliche Elektronik
GmbH). Sample material (60–80 mg) was sealed between two layers of
Kapton® tape within a plastic circular frame (10 mm). All samples were
mounted in transmission geometry. Sample temperatures were main-
tained with a closed-cycle cryostat (SHI-850-5, Janis Research Co.),
whereas the 57Co/Rh source remained at room temperature. Spectra
were collected at 77 K and 4.2 K and analyzed using the Recoil software
(University of Ottawa, Canada) by applying an extended Voigt-based
fitting routine (Lagarec and Rancourt, 1997). The spectra were calibrated
against 7 μm thick α-57Fe(0) at 295 K, and center shifts (CS) are quoted
relative to this. For all samples, the half width at half-maximum was
fixed to 0.135 mm s−1; the value of the inner line broadening of the cal-
ibration foil at 295 K.

3. Results and discussion

3.1. Surface water geochemistry

In surface waters directly above the flocs, temperatures ranged from
3.9 to 13.4 °C (x̅ = 10.1), with the lowest temperatures recorded in sur-
facewaters of cold seeps (F6 and F9, 3.9 °C). The pHwas relatively similar
at all sites (6.1–6.7, x̅ = 6.4), redox potential ranged from +215 to
+421 mV (x̅ = 335), and electrical conductivity values varied between
62 and 479 μS/cm (x̅ = 191). This information is presented in Table S1.
Total element concentrations of surface water samples are shown in
Table S2. Measured DOC concentrations ranged from 4.71 to 27.14 mg/L
(x̅ = 10.68). Dissolved concentrations of cations were generally higher
than concentrations previously reported for non-geothermal natural wa-
ters in Iceland (e.g., ground waters, lakes, and rivers). However, they
were in good agreement with previously reported dissolved element
concentrations in Icelandic peat surface waters and peat soil seepages
(Stefánsson et al., 2005; Stefánsson et al., 2001; Arnórsson et al., 2002).
Dissolved concentrations of Al (0.26–4.63 mg/L, x̅ = 1.23) and Si
(6.57–19.64 mg/L, x̅ = 12.17) in Icelandic surface waters are thought to
derive solely from weathering of basaltic rocks, and concentrations
often near saturation for the precipitation of the poorly crystalline alumi-
nosilicate minerals (e.g., Al-rich allophane) (Stefánsson and Gíslason,
2001). Trends in concentrations of dissolved cations also followed the
order Na > Ca > Mg > K (Na; 5.60–41.41 mg/L, x̅ = 15.16, Ca;
4.00–33.37 mg/L, x̅ = 11.32, Mg; 1.48–17.98 mg/L, x̅ = 8.15, K;
0.20–2.11 mg/L, x̅ = 0.81), in agreement with previous surface water
samples collected from Icelandic streams largely influenced by
weathering of basaltic materials (Stefánsson and Gíslason, 2001). Con-
centrations of dissolved Fe were generally low at most sites (<2 mg/L),
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with exceptions at F6, F10, F13, and F16, where dissolved Fe concentra-
tions were 22.84, 11.64, 3.36, and 6.57 mg/L, respectively. At each site,
Fe(II) contributed significantly to the total dissolved Fe measured
(50–97%, x̅ = 73). Significant contributions of Fe(II) to the total con-
centrations of dissolved Fe in pH circumneutral, non-geothermal
natural waters has previously been reported for Icelandic streams
and peat surface waters (Stefánsson et al., 2005; Stefánsson et al.,
2001) and likely reflect the continuous supply of Fe resulting from
weathering and dissolution of Fe-rich basalt rocks (Stefánsson
et al., 2005; Stefánsson and Gíslason, 2001). Considering the calcu-
lated Fe(III):DOCmolar ratios (0.001–0.035, Table S2) and geochem-
ical parameters measured at each site (e.g., pH, Table S1) it is most
likely that the dissolved Fe(III) was organically complexed.

3.2. Floc characterization and major element contents

Light microscopy and SEM imaging revealed significant diversity in
floc composition (Fig. 2, Fig. S3). Hollow tubes (partially) encrusted
with disordered iron minerals are clearly visible in floc samples F5, F9,
F12, resembling sheaths formed by the microaerophilic Fe(II)-oxidizing
Leptothrix spp. (Chan et al., 2009; Fleming et al., 2014) Leptothrix-type
sheaths are, to a lesser extent, also visible in floc sample F10, while
very few examples of sheaths or twisted stalks characteristic of the
microaerophilic Fe(II)-oxidizers Gallionella spp. were identified in flocs
from site F6 (Fig. S3). In general, Leptothrix-type sheaths were more
abundant than Gallionella-type twisted stalks, although both have
been identified previously in Icelandic microbial mat samples (Cockell
et al., 2011). Fleming et al. (Fleming et al., 2014) reported a similar dom-
inance of Leptothrix spp. in microbial mat samples from a stream in
Boothbay Harbor, Maine (USA) during the summer months, suggesting
that Leptothrix spp. thrived in the presence high concentrations of dis-
solved Fe, Mn, and DOC. In contrast, Gallionella spp. was found to dom-
inate the microbial mats in the early spring, associated to lower DOC
concentrations (Fleming et al., 2014). Thus, considering the geochemi-
cal parameters of the surrounding surface waters (Tables S1 and S2),
the abundance of Leptothrix spp. seems reasonable. Additional SEM im-
ages, shown in Fig. 2, highlight the diversity in floc structure and precip-
itate morphology. For example, in flocs from site F10, shown in Fig. 2A
and B, a ribbon-like Gallionella stalk, (mineral encrusted) Leptothrix-
type sheaths, aggregation of rounded μm-sized mineral precipitates as
well as precipitates associated to organic and EPS structures are present.
Fig. 2C (floc sample F6) shows the aggregation of smaller mineral pre-
cipitates (<300 nm) in the absence of EPS structures, and in Fig. 2D
(floc sample F5), nm-sized primary precipitates are seen covering the
surfaces of both mineral aggregates and organic materials. Images also
revealed varied estimated inner diameters of Leptothrix-type sheaths
within the same floc (e.g., 342 vs. 995 nm, Fig. S4D) and distinct varia-
tions in the helical structure of Gallionella stalks (Fig. S5).

The flocs contained 0.2–1.4 mg/g S (x̅ = 0.8), 2.2–7.4 mg/g P (x̅ =
3.9), and up to 153.9mg/g C (x̅=71). The lowest bulk C contentwas re-
corded for flocs from site F6 (16.5 mg/g, Table S3). Combined with the
limited appearance of microbially-derived components (i.e., sheaths,
stalks, and EPS) in microscopy images of flocs from site F6 (Fig. S3,
Fig. 2C), these results suggest a stronger abiotic origin of iron precipi-
tates in this floc sample and further suggest that microbially-derived
organic substances, rather than peat-derived organic matter, may
comprise a significant fraction of the bulk C content in the other floc
samples. The composition of the organic fraction was further investi-
gated with ATR-FTIR spectroscopy, shown in Fig. S6. Over the range of
1800–650 cm−1, all flocs were similarly dominated by three major re-
gions; two peaks at ~1636 and ~1564 cm−1 corresponding to C_O,
C\\N and N\\H vibrations in amide I and II (Parikh and Chorover,
2006; Elzinga et al., 2012), a peak at ~1392 cm−1 relating to C_C or
asymmetric C\\O stretching in carboxylates (Artz et al., 2008), and var-
iably intense peaks in the range ~1250–800 cm−1, where overlapping
vibrations from carbohydrates in polysaccharides (C\\O, C\\O\\C,



Fig. 2. Scanning electron images of floc samples. (A) Floc sample F10. Arrows point to (1) ribbon-like stalks resembling structures produced by Gallionella spp., (2) encrusted Leptothrix-
type sheaths, (3) roundedmineral precipitates, and (4) precipitates associatedwith organicmaterials. (B) Floc sample F10. (C) Floc sample F6. (D) Nanometer-sized surface precipitates in
floc sample F5.
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C\\C) (Elzinga et al., 2012), phosphorus groups (P_O, P\\OH, P\\OFe)
(Elzinga et al., 2012), aluminosilicates (Si\\O\\Al) (Bishop et al., 2013),
or Si-adsorbed ferrihydrite (Si\\O\\Fe) (Swedlund et al., 2009; Carlson
and Schwertmann, 1981)make individual peak identification difficult. A
detailed list of peak assignments is presented in Table S7.

Total element contents of the flocs, determined after microwave-
assisted acid digestion, are presented in Table S3. As expected from
their bright orange color (Fig. 1), the flocs were strongly enriched in
Fe (229–414 mg/g, x̅ = 326). In addition, the flocs contained apprecia-
ble amounts of Al (2.0–14.0 mg/g, x̅ = 6.9) and Si (1.2–9.2 mg/g, x̅ =
3.3), although the presence of remaining white particles in the digests
(probably Si-Al-containing precipitates) suggests that Al and Si contents
were likely underestimated. We also performed an hydroxylamine hy-
drochloride extraction (Lovley and Phillips, 1987), which, in addition
to ferrihydrite and poorly-crystalline lepidocrocite, efficiently extracts
amorphous aluminosilicates (e.g., allophane, imogolite) (Dahlgren,
1994). Results from the hydroxylamine hydrochloride extraction are
presented in Table S4. Excluding floc sample F1, Fe contents in the hy-
droxylamine hydrochloride extraction ranged from 252 to 493 mg/g
(x̅ = 380); in good agreement with the Fe contents determined after
the microwave-assisted acid digestion (Table S5). In contrast, for floc
sample F1, only 133mg/g Fe (~53% of microwave-assisted acid digested
Fe) was extracted by hydroxylamine hydrochloride, suggesting the
presence of more crystalline Fe mineral phases in this sample.

3.3. Flocs as scavengers of trace elements

Weathering of basaltic parent materials releases trace elements to
soil solutions. However, trace element mobility may be limited in
Icelandic volcanic soils due to their generally high cation exchange ca-
pacity (Arnalds, 2015; Arnalds et al., 1995). Consistent with the low
concentrations of dissolved trace elements in surfacewaters atfloc sam-
pling sites (Table S2), trace element concentrations in the flocs, deter-
mined after microwave-assisted acid digestion, were generally in the
low μg/g range (Table S3). However, distribution coefficients (Kd),
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calculated as the ratio between floc and dissolved trace element
concentrations (Kd = [TE]Floc/[TE]0.15-μm SW filtrate), showed that
Iceland flocswere enriched in all trace elements compared to surround-
ing surface waters (Table S6). Calculated values were consistently high
(log Kd = 105–106) for V, with moderate enrichments (103–104) re-
corded for As, Co, Cu, Mn, Ni, Pb, and Zn (Table S6).

Similar enrichments in trace element contents have been reported in
other natural flocs when compared to both surrounding surface waters
or to bed sediments (Elliott et al., 2012; Plach et al., 2011; Plach et al.,
2014; Plach and Warren, 2012; ThomasArrigo et al., 2014; Ferris et al.,
2000; Ferris et al., 1999; Tessier et al., 1996), and in laboratory model
studies, the sorption capacity of natural floc samples has been demon-
strated for multiple trace elements (Kikuchi et al., 2019; Sowers et al.,
2017; Martinez et al., 2004; Whitaker et al., 2018; Whitaker and
Duckworth, 2018; Field et al., 2019; Kennedy et al., 2011; Buliauskaitė
et al., 2020; Rentz et al., 2009; Langley et al., 2009). Uptake of trace ele-
mentsmay be facilitated bymultiple floc components. For example, floc
(bio)organics, including living cells, EPS, and organic detritus, supply a
variety of charged functional groups that may facilitate trace element
sorption over large pH ranges (Kennedy et al., 2011; Takahashi et al.,
2005; Leppard et al., 2003; Hao et al., 2016). Additionally, floc (bio)or-
ganics serve a structural role; entrapping precipitated nanoparticulate
inorganic phases in matrices of EPS and acting as nucleation sites
which template the growth of nanocrystalline Fe(III) (oxyhydr)oxides
(Chan et al., 2009; Elliott et al., 2012; Cockell et al., 2011; Plach et al.,
2011; Plach and Warren, 2012; ThomasArrigo et al., 2014; Chan et al.,
2004; Fortin and Langley, 2005). Adsorption of or coprecipitation with
organic matter alters the physicochemical properties of Fe(III)
(oxyhydr)oxides, including influencing aggregate and mineral mor-
phology and structure (Eusterhues et al., 2008; Mikutta et al., 2008;
ThomasArrigo et al., 2019) and lowering point of zero charge (pHPZC)
(Mikutta et al., 2008; ThomasArrigo et al., 2019). Lower pHPZC has
been cited to explain increased trace element sorption capacity in
organic-rich BIOS compared to pure Fe(III) (oxyhydr)oxides (Kikuchi
et al., 2019; Whitaker and Duckworth, 2018), whereby sorption of



Fig. 3. X-ray diffraction patterns of floc samples and prominent features of reference
spectra (Lp = lepidocrocite, Gt = goethite). Gray boxes centered around 2.54 and
1.49 Å indicate broad features typical of 2-line ferrihydrite. The sharp, crystalline peaks
belong to plagioclase minerals, augite, and quartz. Rietveld fit parameters are detailed in
Table S8 and examples of QPA analyses are shown in Fig. S7.
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divalent cations to BIOS is promoted at circumneutral pH (Kikuchi et al.,
2019; Whitaker and Duckworth, 2018; Kennedy et al., 2011). Thus, ad-
sorption of dissolved trace elements to entrapped floc (iron) mineral
phases or co-precipitation during the templated growth of Fe(III)
(oxyhydr)oxides represent additional pathways through which floc
(bio)organics may indirectly facilitate trace element uptake. This struc-
tural role of floc (bio)organics has been cited to explain natural trace el-
ement enrichments in organic-rich flocs (100–450 mg/g C) collected
from freshwater streams and lakes in Ontario, Canada, where bulk floc
C content was positively correlated to floc trace element contents or
log(Kd), yet sequential extractions confirmed that poorly crystalline
floc Fe minerals were primarily responsible for TE uptake (Elliott et al.,
2012; Plach et al., 2011). Icelandflocs show a similar tendency, whereby
the high fraction of trace elements removed during the acid hydroxyl-
amine extraction (x̅ = 82%, Table S5) indicates that floc trace elements
may be primarily associated to poorly crystallineminerals which, based
on [TE]Floc contents (Table S3), comprises a significant fraction of floc-
Fe.

3.4. Floc mineralogy: X-ray diffraction

Quantitative interpretation of XRD patterns of natural samples com-
prisingmultiple amorphous phases is complex, if not impossible. There-
fore, based on the abundance of ferrihydrite in Icelandic soils (Arnalds,
2015), the high fraction of hydroxylamine hydrochloride extractable
Fe (Table S5), common reports of dominant ferrihydrite-like phases in
similar BIOS or flocs (Cockell et al., 2011; Ferris et al., 2000; Ferris
et al., 1999; Sowers et al., 2017; Whitaker and Duckworth, 2018; Field
et al., 2019; Kennedy et al., 2011; Langley et al., 2009; Sowers et al.,
2019; Baken et al., 2013; Gault et al., 2012; Elliott and Warren, 2014;
Rhoton et al., 2002; Emerson and Weiss, 2004; Gault et al., 2011;
Isaacson et al., 2009; Mitsunobu et al., 2012), and the presence of
ferrihydrite-like features in most of the XRD patterns (broad peaks cen-
tered around 2.54 and 1.49 Å, Fig. 3), we included a single PONKCS
phase fitting 2-line ferrihydrite in our Rietveld fits. Further mineral
phases were only considered in the QPA analysis when phases could
be identified by the presence of a characteristic diffraction feature. Ex-
amples of the resulting Rietveld fits are shown for selected floc samples
in Fig. S7 and XRD patterns of all flocs are shown in Fig. 3. Results from
QPA analysis of all floc samples are detailed in Table S8 and show that
floc samples comprised minor quantities of primary minerals such as
augite, quartz, and plagioclase (<30%) and primarily consisted of
poorly-crystalline minerals fitted as ferrihydrite (36–100%). In multiple
floc samples, fractions of lepidocrocite (10–22%) were fit and, in floc
sample F1, goethite (31%) was also fit. The fitted crystallite sizes for
both of these fractions were <7 nm, respectively (LVol-IB, Double-
Voigt approach fitting Cry size L in TOPAS), indicating that the minerals
were nano-crystalline.

3.5. Floc Fe mineralogy: Fe K-edge X-ray absorption spectroscopy

To further investigate Fe speciation and mineralogy in the flocs, se-
lected floc samples were additionally analyzed with Fe K-edge XAS.
Linear combination fits of Fe K-edge XANES spectra provide information
on Fe oxidation state in the flocs, and show that the Fe in all flocs was
predominantly Fe(III) (Fig. S8, Table S9). In order to determine individ-
ual contributions of Fe species, we also performed LCF analyses of Fe K-
edge EXAFS spectra. Data and model fits are shown in Fig. 4A, and fit
parameters are detailed in Table 1. In good agreementwith ironmineral
phase contributions determinedwithXRD (Table S8), Fe in theflocswas
found to comprise primarily ferrihydrite (33–72%), lepidocrocite
(11–33%), and, in the case of F1, also goethite (27%). Additional contri-
butions were found from organically-complexed Fe(III) (<10%),
modelled by citrate- or oxalate-like Fe(III) complexes, phosphate-
complexed Fe(III) (≤28%), and an Fe(III)-containing smectite (≤16%),
fitted as nontronite Nau-2 with 19 wt% Fe.
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To explore the local coordination environment of Fe, we also per-
formed shell-fit analyses of Fe K-edge EXAFS spectra. Spectra and
model fits are shown in Fig. 4B, and details to fitted parameters are pre-
sented in Table 2. The first shell feature was similar in all spectra and
was fit by an Fe-O path at ~1.99 Å, in agreementwith octahedrally coor-
dinated Fe atoms (Waychunas et al., 1993;Manceau, 2011). Fitted coor-
dination numbers (CN) for the first shell ranged from 5.1 to 5.9,
suggesting slight structural differences between the floc samples. Fur-
ther differences were visible in second shell feature at 2.2–3.5 R + ΔR
(Å), which primarily reflects scattering from neighboring Fe atoms in
the second coordination shell. While all spectra were fit with an edge-
sharing Fe-Fe1 path at ~3.06 Å and a corner-sharing Fe-Fe2 at
3.39–3.46 Å, variations in CNs and in the ratio of corner- to edge-



Fig. 4. (A) Iron K-edge EXAFS spectra of reference compounds, floc samples, and their linear combination fits (LCF). Experimental data and LCF are shown as solid lines and symbols, re-
spectively. Fit results are reported in Table 1. (B) Iron K-edge Fourier-transformmagnitudes and real parts of floc samples. Solid lines indicate experimental data and open circles show the
model fits. Shell-fit parameters are reported in Table 2. Abbreviations: Fe(III)-Cit= Fe(III)-citrate, Fe(III)-Ox= Fe(III)-oxalate hexahydrate, Fe(III)-P= Fe(III)-phosphate dihydrate, Fh=
ferrihydrite, Gt = goethite, Lp = lepidocrocite, Nau-2 = Fe-rich (19 wt%) nontronite.
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sharing Fe (Fe-Fe2/Fe-Fe1) can indicate varying contributions from
multiple Fe(III) (oxyhydr)oxides. For example, the nominal Fe-Fe1 and
Fe-Fe2 CNs for lepidocrocite are 6 and 0, respectively (Zhukhlistov,
2001), whereas CNs of 1.3–2.9 (x̅ = 1.8) and 1.4–3.1 (x̅ = 2.2) for Fe-
Fe1 and Fe-Fe2, respectively, and Fe-Fe2/Fe-Fe1 ratios of 0.96–1.86 (x ̅
= 1.26) have been reported for 2-line ferrihydrite (ThomasArrigo
et al., 2019; Waychunas et al., 1993; Miot et al., 2009a). Therefore,
both the higher edge-sharing Fe CNs (1.7–3.8) and lower Fe-Fe2/Fe-
Fe1 ratios (0.52–1.04) confirm that the flocs primarily comprised a
mixture of lepidocrocite and ferrihydrite.
Table 1
Linear combination fit results for Fe K-edge EXAFS spectra of floc samples.

Sample Fh Lp Gt Fe(III)-citrate/oxalate

(%) (%) (%) (%)

F1 33 32 27 0/8
F5 64 20 0 0/0
F7 53 19 0 0/0
F8 47 33 0 9/0
F9 53 19 0 8/0
F10 55 11 0 9/0
F12 72 18 0 0/0
F15 53 24 0 0/0

Abbreviations: Fh = ferrihydrite, Lp = lepidocrocite, Gt = goethite, Nau-2 = nontronite.
a NSSR: Normalized sum of squared residuals (100 × ∑i(datai-fiti)2/∑idata2).
b Fit accuracy (reducedχ2= (Nidp/Npts)∑i((datai-fiti)/εi)2(Nidp-Nvar)−1.Nidp,Npts andNvar ar

data points (201), and the number of fit variables (2–4). εi is the uncertainty of the ith data po
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Considering the C and P contents of the flocs (Table S3), and the
organic- and phosphate-complexed Fe fractions determined with LCF
analyses (Table 1), we also tried including an Fe-C path at R =
2.91–2.96 Å; distances in agreement with 5- and 6-membered chelate
rings structures (Karlsson and Persson, 2010; Karlsson and Persson,
2012; Karlsson et al., 2008; Persson and Axe, 2005), and an Fe-P at
R = 3.22–3.28 Å, representing expected path distances fit for amor-
phous ferric phosphates (Miot et al., 2009a; Baumgartner et al., 2013;
Miot et al., 2009b). While both paths could be individually included
(i.e. resulting fit parameters were reasonable), a statistical analysis
Fe(III)-phosphate Nau-2 NSSRa red. χ2b

(%) (%) (%) (−)

0 0 1.19 0.003
0 16 1.53 0.004

28 0 1.07 0.003
0 11 0.78 0.002

19 0 0.94 0.022
24 0 1.14 0.003
10 0 0.67 0.002
23 0 0.01 0.003

e, respectively, the number of independent points in themodelfit (16), the total number of
int (Kelly et al., 2008).



Table 2
Shell-fit parameters determined from Fe K-edge EXAFS spectra of floc samples.a

Sample Fe-O Fe-Fe1 Fe-Fe2 Fe-Fe2/e Fe-Fe1 ΔE0f NSSRg red. χ2h

CNb R (Å)c σ2d CN R (Å) CN R (Å) (eV) (%) (−)

F1 5.9 (5) 1.99 (1) 0.010 3.8 (3) 3.06 (1) 3.9 (6) 3.39 (1) 1.03 −3.54 ± 1.01 0.6 247
F5 5.9 (4) 1.99 (1) 0.010 3.0 (3) 3.05 (1) 2.3 (5) 3.44 (1) 0.77 −3.55 ± 0.83 0.4 113
F7 5.6 (5) 1.99 (1) 0.009 2.3 (2) 3.07 (1) 1.2 (7) 3.44 (1) 0.52 −3.18 ± 1.12 1.0 427
F8 5.2 (5) 2.00 (1) 0.008 3.5 (2) 3.07 (1) 1.9 (6) 3.40 (2) 0.54 −2.43 ± 1.06 0.8 333
F9 5.7 (4) 1.99 (1) 0.010 2.2 (3) 3.06 (1) 1.5 (5) 3.44 (1) 0.68 −3.59 ± 0.91 0.6 490
F10 5.8 (5) 1.98 (1) 0.010 1.7 (2) 3.06 (1) 1.3 (5) 3.46 (3) 0.76 −3.73 ± 0.99 0.8 221
F12 5.7 (5) 1.98 (1) 0.010 2.5 (2) 3.06 (1) 2.6 (6) 3.44 (1) 1.04 −3.49 ± 1.08 0.8 725
F15 5.1 (4) 1.99 (1) 0.009 2.4 (3) 3.06 (1) 1.3 (5) 3.45 (3) 0.54 −3.19 ± 0.98 0.7 157

a The passive amplitude reduction factor, S₀2, was set to 0.8. Parameter uncertainties in parenthesis are shown for the last significantfigure. TheDebye-Waller parameters,σ2, werefixed
to 0.008 Å2 (Fe-Fe1) and 0.014 Å2 (Fe-Fe2).

b Path degeneracy (coordination number).
c Mean half path length.
d Debye-Waller parameter.
e CN ratio between Fe-Fe2 and Fe-Fe1.
f Energy-shift parameter.
g Normalized sum of squared residuals (100∑i(datai-fiti)2/∑idata2).
h Fit accuracy; reducedχ2= (Nidp/Npts)∑i((datai-fiti)/εi)2(Nidp-Nvar)−1.Nidp,Npts andNvar are, respectively, the number of independent points in themodel fit (15.7), the total number

of data points (201), and the number of fit variables (8). εi is the uncertainty of the ith data point. Note: Models also included a triangular Fe-O-O multiple scattering path constrained as
follows: N = 4CNFe-O, R = RFe-O(1 + √2/2), and σ2 = 2σ2

Fe-O (ThomasArrigo et al., 2014; Mikutta, 2011).
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revealed that neither path significantly improved the fit (F-tests
(Downward et al., 2007), Supporting Information, Section 7), therefore
neither pathwas included in thefinalfits. Discerning contributions from
low Z backscattering atoms (e.g., C, P) during shell-fit analyses can be
difficult whenmultiple or high Z backscattering atoms (e.g., Fe) are po-
sitioned in coordination shells at similar interatomic distances. Wavelet
transform (WT) analyses can therefore provide additional information,
as it resolves data in both k-space (Å−1) and interatomic distance (R-
space, Å) (Funke et al., 2005). Overview Morlet WTs of floc samples
and references are shown in Fig. S9, where a distinct feature at R =
1–2 Å and k = 2 to 8 Å−1, present in all floc samples and references,
corresponds to Fe-O paths in the first coordination shell. In the R-
range of 2.0–3.5 Å, differences are visible in higher coordination shell
backscatterers of reference samples (Fig. S9). For the ferrihydrite, goe-
thite, lepidocrocite, and Nau-2 references, backscatterers in the second
coordination shell appear at k = 6 to 10 Å−1, whereas the WT features
in the in the Fe(III)-phosphate, Fe(III)-oxalate, and Fe(III)-citrate refer-
ences appear at lower energy; k = 2 to 6 Å−1. With high resolution
Morlet WTs, differences between high and low Z backscatterers in the
second coordination shell are more visible (Fig. 5). At high resolution,
WTs of ferrihydrite, goethite, and lepidocrocite, are dominated by a
strong signal from Fe backscatterers at R = 2.2–3.0 Å and k = 6 to
8 Å−1. This feature results from edge- and corner-sharing Fe
(ThomasArrigo et al., 2019; Zhukhlistov, 2001; Waychunas et al.,
1993; Miot et al., 2009a) and is most intense in lepidocrocite and goe-
thite, whereas the signal in ferrihydrite is weaker. For nontronite, sec-
ond coordination shell signals may result from Fe-Fe, -Al, or -Si paths
(O'Day et al., 2004). However, the similar position of this feature at
~7 Å−1 in the 19 wt% Fe Nau-2 reference suggests that it most likely re-
flects Fe backscatterers. The signal at R=2.2–3.0 Å and k=6 to 8 Å−1 is
weakly visible in the Fe(III)-citrate reference, suggesting the presence of
Fe in the second coordination shell, possibly present as polynuclear Fe
(III)-citrate complexes (Mikutta et al., 2010). In contrast, the feature is
completely absent from the Fe(III)-phosphate and Fe(III)-oxalate refer-
ences. Instead, new signals at R=2.2–2.7 Å and 3.0–3.3 Å and at lower
energy (k ≤4 Å−1) are visible, in agreement with backscattering from P
atoms in amorphous Fe(III)-phosphates (Miot et al., 2009a; Miot et al.,
2009b) and from C and O atoms in higher coordination shells of tris
(oxalato)iron(III) (Karlsson et al., 2008;Wartchow, 1997), respectively.

As Fig. 5 shows,WTs of floc sampleswere generally similar, whereby
all floc samples were dominated by a prominent feature at R =
2.2–3.0 Å and k = 6 to 8 Å−1, consistent with the presence of Fe back-
scatters in higher coordination shells. The WT maps are presented on
the same color scale, therefore comparisons of relative contributions
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of Fe backscatters can be qualitatively assessed. As such, it is clear that
floc samples F1, F5, and F8 have more intense maxima near 7 Å−1.
This finding is in agreement with both XRD and LCF analyses, which
found higher contributions of the strong Fe-backscattering references
(e.g., lepidocrocite, goethite, and nontronite) in these samples com-
pared to the other floc samples (44–59% vs. 11–24% (LCF; Table 1) and
22–53% vs. 10–21% (XRD QPA; Table S8) for floc samples F1, F5, and
F9 versus floc samples F7, F9, F10, F12, and F15, respectively). In addi-
tion to this, for some floc samples, a signal at R = 2.2–2.7 Å and k = 2
to 4 Å−1 is visible. This is particularly true for floc samples F7 and F10,
and the feature is weakly visible in F9 and F15 (Fig. 5). The occurrence
of this signal at lower energy suggests that these samples contain a
low Z backscattering atom, and the position of the signal is similar to P
backscattering in the Fe(III)-phosphate reference. Distinct features re-
lating to C or distant O paths in Fe(III)-citrate or Fe(III)-oxalate could
not be verified. These features may become more visible through mod-
ifying the WT parameters (κ or σ) (Giannetta et al., 2020); however,
based on LCF analyses, contributions from C or O resulting from Fe
(III)-organic complexes are expected to be low (<10%, Table 1). Collec-
tively, WTs analyses qualitatively confirm results from both XRD and
LCF analyses, suggesting that the flocs are dominated by Fe(III)
(oxyhydr)oxides with occasional contributions from low Z atoms like P.

3.6. Floc Fe mineralogy: 57Fe Mössbauer spectroscopy

Selected floc samples were additionally analyzed with 57Fe
Mössbauer spectroscopy. At 77 K, all samples displayed characteristics
of poorly crystalline Fe minerals, with the majority of the spectral area
fit by a paramagnetic doublet with center shift (CS; 0.47 mm s−1) con-
sistentwith Fe(III) (Fe(III)-D1, Fig. S10). Floc sample F1 also presented a
magnetically ordered sextet at 77 K (CS of 0.48 mm s−1, mean quadru-
pole shift of −0.12 mm s−1, and hyperfine field 46.7 T); parameters
which are consistent with goethite with moderate crystallinity
(Vandenberg and De Grave, 2013; Cornell and Schwertmann, 2003)
and are in good agreement with goethite contributions detected in
this sample with both XRD (Fig. 3) and Fe K-edge XAS (Fig. 4, Table 1).
All fit parameters for 77 K measurements are presented in Table S13.
At 4.2 K, all spectra comprised asymmetric sextets that required at
least two sextets to produce a satisfactory fit (Fig. 6, Table 3). The first
sextet, Fe(III)-S1, presented CS (0.46–0.49 mm s−1) and quadrupole
shift (−0.01 to −0.05 mm s−1) values consistent with ferrihydrite
(Cornell and Schwertmann, 2003; Murad, 1988). The average hyperfine
field values for the Fe(III)-S1 sextet (47.9± 0.5 T) are also in agreement
with expected parameters for two- and 6-line ferrihydrite (45–50 T)



Fig. 5. High resolution Morlet wavelet transforms (WT) of k2-weighted Fe K-edge EXAFS spectra of selected floc samples and reference spectra. The wavelet transforms were calculated
over R + ΔR = 2.3–3.5 Å (κ= 4, σ = 2).
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(Eusterhues et al., 2008;Mikutta et al., 2008; Cornell and Schwertmann,
2003; Murad, 1988). Despite the relatively high C:Fe molar ratios in the
studied flocs (0.4–2.4), the hyperfine field values are noticeably higher
than hyperfine field parameters fit for ferrihydrite synthesized in the
presence of or strongly associated to organic matter (40.8–46.0 T)
(Eusterhues et al., 2008; ThomasArrigo et al., 2014). For the second
sextet, Fe(III)-S2, the positive quadrupole shift (0.00 to 0.01 mm s−1)
and smaller hyperfine field (42.3 to 43.4 T) are in agreement with pa-
rameters reported for poorly crystalline lepidocrocite (Cornell and
Schwertmann, 2003; Murad and Schwertmann, 1984) and are similar
to lepidocrocite found in organic flocs from streambeds of a peatland
(ThomasArrigo et al., 2014). It is important to note that distinction by
Mössbauer spectroscopy between ferrihydrite and lepidocrocite in nat-
ural samples is difficult in view of ferrihydrite's broad lines. For these
samples, the decision to add lepidocrocite to the fit was based on the
asymmetry of the sextets and complimentary results from XRD and Fe
K-edge EXAFS spectra. In floc sample F1, a separate sextet (Fe(III)-S3)
was fit with parameters consistent with goethite (Murad, 1998) (CS of
0.48 mm s−1, quadrupole shift of −0.11, mean hyperfine field 49.6 T).

While the magnetically ordered sextets of species Fe(III)-S1, Fe(III)-
S2, and Fe(III)-S3 accounted formore than 85% of the spectra, additional
features were necessary to provide a more accurate fit of the 4.2 K
spectra (Fig. 6). Floc samples F1, F10, and F12 presented a small
paramagnetic doublet (Fe(III)-D2) with CS (0.44 to 0.50 mm s−1) and
quadrupole split (0.67 to 0.82 mm s−1), likely from Fe(III) complexed
with organic matter (ThomasArrigo et al., 2014; Zhao et al., 2020;
Thompson et al., 2011). Floc sample F5 presented a broad sextet with
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a hyperfine field of 38.3 T (Fe(III)-S4), which is considered small for
most natural Fe (oxyhydr)oxides. Nontronites undergoingmagnetic or-
dering can present a magnetic component (Baron et al., 2017). Thus,
based on the Nau-2 fraction fitted in LCF analyses of Fe K-edge EXAFS
spectra (Table 1), it seems most likely that Fe(III)-S4 corresponds to
an Fe(III)-containing claymineral. Finally, samples F7, F10, ad F12 pres-
ent a poorly-ordered magnetic sextet (CF). Similar semi-collapsed fea-
tures have been associated with Fe(III) associated with carbon or Fe in
nanometer-sized Fe(III) (oxyhydr)oxides (Eusterhues et al., 2008;
Zhao et al., 2020; Schwertmann et al., 2005). However, this feature
also resembles the collapsed sextet collected for commercial Fe(III)-
phosphate dihydrate (FePO4·2H2O, Sigma-Aldrich) at 4.2 K (Fig. S11).
Because the fitting parameters of the collapsed sextet are not sufficient
to accurately assign a mineral phase, we can only suggest that the col-
lapsed phase found with Mössbauer spectroscopy may correspond to
organic-associated Fe(III), or may represent Fe(III)-phosphate com-
plexes similarly fit during LCF analyses of Fe K-edge EXAFS spectra
(Table 1) and qualitatively identified with WT analyses (Fig. 5). A sum-
mary table comparing (mineral) phases fit by each analysis (XRD, XAS,
andMössbauer) is presented in the Supporting Information (Table S14).

3.7. Iceland floc Fe mineral formation

While poorly crystalline, ferrihydrite-like phases are often reported
to dominate Fe mineralogy of flocs or BIOS (Cockell et al., 2011; Ferris
et al., 2000; Ferris et al., 1999; Sowers et al., 2017; Whitaker and
Duckworth, 2018; Field et al., 2019; Kennedy et al., 2011; Langley



Fig. 6. Mössbauer spectra and fits of selected floc samples collected at 4.2 K. Fit parameters are presented in Table 3. Species assignments: Fe(III)-S1 = ferrihydrite, Fe(III)-S2 =
lepidocrocite, Fe(III)-S3 = goethite, Fe(III)-S4 = Fe in clays, Fe(III)-D2 = Fe(III) associated to organic matter, CF = collapsed feature. Fit parameters are detailed in Table 3.
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et al., 2009; Sowers et al., 2019; Baken et al., 2013; Gault et al., 2012;
Elliott and Warren, 2014; Rhoton et al., 2002; Emerson andWeiss, 2004;
Gault et al., 2011; Isaacson et al., 2009; Mitsunobu et al., 2012), the pres-
ence of nanometer-sized crystalline iron minerals (e.g., lepidocrocite and
goethite), like those found in the Iceland flocs, have been previously
reported for flocs or BIOS in a multitude of natural environments
(ThomasArrigo et al., 2014; Gault et al., 2012; Rhoton et al., 2002; Gault
et al., 2011; Isaacson et al., 2009). In redox dynamic wetland environ-
ments, formation and growth of floc Fe minerals is likely driven by both
abiotic mechanisms as well as biogenic iron(III) mineral formation by
iron(II)-oxidizing bacteria. The likelihood of the latter is confirmed
through microscope images identifying sheaths and stalks indicative of
both Leptothrix spp. and Gallionella spp., respectively (Figs. S3, S4, and
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S5), in agreement with microscopy and 16S rRNA analyses performed
by Cockell et al. on similar microbial mat precipitates from Iceland
(Cockell et al., 2011). In laboratory studies, reported mineral products of
Fe(II) oxidation by cultivated Leptothrix spp. include ferrihydrite,
lepidocrocite, goethite, and magnetite (Angelova et al., 2015; Vollrath
et al., 2013; Nedkov et al., 2016). Furthermore, in the Iceland flocs, it is
possible that the generally coldwater temperature (~10 °C, Table S1) pro-
moted microbially-derived lepidocrocite formation over ferrihydrite
(Vollrath et al., 2013).

However, sheaths and stalks indicative of Leptothrix spp. and
Gallionella spp. varied in abundance among the imaged floc samples
(compare floc samples F9 and F10, Fig. S3) with no evidence of sheaths
or stalks seen in floc sample F6 (Fig. S3). Therefore, it seems likely that



Table 3
Mössbauer parameters of selected floc samples measured at 4.2 K.

Sample Species CSa QSb <|H|>c Population red. χ2d

(mm s−1) (mm s−1) (T) (%) (−)

F1 Fe(III)-S1e 0.46 −0.05 48.2 40.3 1.27
Fe(III)-S2 0.49 0.00 43.0 30.3
Fe(III)-S3 0.48 −0.11 49.6 27.7
Fe(III)-D2 0.44 0.67 1.7

F5 Fe(III)-S1 0.48 −0.02 48.5 68.1 2.24
Fe(III)-S2 0.47 0.01 43.4 23.4
Fe(III)-S4 0.48 0.07 38.3 8.4

F7 Fe(III)-S1 0.48 −0.01 47.3 59.7 1.42
Fe(III)-S2 0.46 0.01 42.3 25.4
CF 0.45 −0.09 37.2 14.9

F10 Fe(III)-S1 0.49 −0.01 47.4 63.1 2.05
Fe(III)-S2 0.45 0.00 42.7 26.6
CF 0.50 0.01 37.0 8.7
Fe(III)-D2 0.46 0.82 1.6

F12 Fe(III)-S1 0.47 −0.02 48.3 65.7 1.06
Fe(III)-S2 0.45 0.01 42.9 22.9
CF 0.50 0.00 37.0 10.5
Fe(III)-D2 0.50 0.81 0.9

a Center shift.
b Quadrupole splitting for doublets and quadrupole shift parameter for sextets.
c Hyperfine field.
d Fit accuracy.
e Species assignments: Fe(III)-S1 = ferrihydrite, Fe(III)-S2 = lepidocrocite, Fe(III)-

S3 = goethite, Fe(III)-S4 = Fe in clays, Fe(III)-D2 = organically-complexed Fe, CF = col-
lapsed feature potentially representing organic or phosphate-complexed Fe.
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abiotic Fe(II) oxidation and precipitation processes and microbial Fe(II)
oxidation were simultaneously active. For example, lepidocrocite may
have formed abiotically through slow oxidation of Fe(II) facilitated by
low pO2 (Schwertmann and Cornell, 2000). Owing to the high
mobility of flocs (Fig. S1), it is unlikely that growth of more crystalline
phases (e.g., goethite) occurred through ageing of (a)biotically pro-
duced ferrihydrite, as this process occurs over significantly longer
timescales (e.g., months to years) at circumneutral pH and lower tem-
peratures (Schwertmann et al., 2004). Rather, goethitemay have formed
spontaneously, as cold (10 °C) natural waters in Iceland have been re-
ported to be (super) saturated with respect to goethite (Stefánsson and
Gíslason, 2001), and was thereafter entrapped within the floc (organic)
matrix. Alternatively, nanometer-sized secondarymineral phases, includ-
ing lepidocrocite and goethite, may form during the rapid (timescale =
days) abiotic Fe(II)-catalyzed transformation of the ferrihydrite in the
presence of organic matter (ThomasArrigo et al., 2019; ThomasArrigo
et al., 2018).With considerable dissolved Fe2+ detected in surface waters
at all sites (Table S2), formation of lepidocrocite and goethite via this
pathway seems plausible. Additionally, the coexistence of both FeOB
and FeRB reported in Iceland microbial mat samples (Cockell et al.,
2011) and other flocs or BIOS (Cockell et al., 2011; Gault et al., 2012;
Elliott and Warren, 2014; Gault et al., 2011; Elliott et al., 2014) suggests
microbial Fe cycling may be important, with both biotically-derived and
entrapped mineral phases serving as sources of Fe(III).

4. Conclusions

Thiswork examines the complex interactions between (microbially-
derived) organic matter, particulate mineral phases, and (microbial) Fe
cyclingdriving trace element sequestration and Femineral precipitation
and growth in Fe-rich flocs collected from cold wetlands in Iceland.
Using a combination of mineral analysis techniques (XRD, XAS, 57Fe
Mössbauer) and chemical extractions, we showed that the Iceland
flocs comprise, in addition to ferrihydrite, appreciable amounts of
nano-crystalline lepidocrocite and goethite, Fe in clay minerals, and
poorly-crystalline aluminosilicates, most likely allophane or imogolite.
In combination with the abundance of Fe in the flocs, floc (bio)organics
likely facilitate the sorption of trace elements both directly, via sorption
and/or complexation mechanisms, and indirectly, through providing a
12
structure which entraps nanoparticulate inorganic phases and acts as
nucleation sites for mineral precipitation.

Accumulations of bright orange (a)biogenic iron minerals are com-
mon occurrences in the Fe-rich wetlands of Iceland. However, their
highmobility, the extensive drainage network impacting Iceland's low-
land wetlands and their general proximity to the coast suggests that
these flocs are likely to contribute to the suspended sediment load
reaching coastal waters and thus are likely transport vectors contribut-
ing to the export of Fe, organic carbon, and floc-associated trace ele-
ments from wetlands. Iceland flocs were previously shown to contain
both FeOB and FeRB (Cockell et al., 2011). However, exposure to varying
geochemical conditions associatedwith coastal waters (i.e., higher ionic
strength, presence of sea-water derived sulfate) or floc sedimentation
and burial may lead to shifts in floc microbial communities, resulting
in the (a)biotic reductive dissolution of the poorly-crystalline floc Fe
phases. The high fraction of floc-trace elements extracted by hydroxyl-
amine hydrochloride suggests that, in addition to dissolved Fe, the re-
ductive dissolution of floc Fe phases may lead to the release of trace
elements and organic carbon. Thus, Iceland flocs appear to have the ca-
pacity to sequester trace elements or organic carbon for short-term du-
rations. In terms of long-term storage and efficacy, however, future
studies could investigate the biogeochemical stability of Fe phases and
associated trace elements in Iceland flocs.
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