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ABSTRACT: Iron-rich organic flocs are frequently observed in surface waters of wetlands
and show a high affinity for trace metal(loid)s. To date, spectroscopic speciation analyses of
Fe and trace elements in these mineral-organic matter (OM) associations are missing. In
this study, we investigated the speciation and distribution of Fe and As in flocs collected
from low-flow streams (pH 5.3—6.3) of the naturally As-enriched peatland Gola di Lago
(Switzerland) using *’Fe Mossbauer spectroscopy and synchrotron X-ray techniques. The
flocs were rich in acid carbohydrates and contained up to 22.1 wt % Fe, 34.9 wt % C, and
2620 mg/kg As. Mdssbauer analyses revealed small quantities (<5%) of Fe(II) and Fe(III)-
OM complexes and the predominance of ferrihydrite (~Fe;HO¢4H,0, 51—59%) and
lepidocrocite (y-FeOOH, 34—46%). The latter was not observed by synchrotron X-ray
diffraction, implying a coherent scattering domain size of <10 nm. Iron X-ray absorption
spectroscopy (XAS) confirmed the Mossbauer results, and bulk As XAS indicated the
prevalence of arsenate (71—84%) in the flocs. Shell-fit analyses showed that As was entirely

‘bauer

T

sorbed to Fe(III)-(oxyhydr)oxides and that both arsenate and arsenite exclusively formed monodentate-binuclear (“bridging”)
complexes (Ry,_p. = 3.31—3.34 A). Microfocused X-ray fluorescence spectrometry documented a strong correlation between As
and Fe in the flocs. These analyses also revealed intense As hotspots coinciding with abundant freshwater green algae (Closterium
spp.). Microfocused As X-ray absorption near-edge structure spectra collected at algae-specific points identified up to 29%
As(IIT), which, in combination with ~5% As(III) detected at Fe-rich points, suggests As(V) bioreduction in the algae. Our
findings imply that floc (bio)organics serve primarily as nucleation sites for the precipitation of nanocrystalline Fe(III)-
(oxyhydr)oxides, rendering flocs effective sorbents for trace metal(loid)s. Thus, Fe-rich freshwater flocs likely play a pivotal role

for the speciation and cycling of trace elements in wetlands.

B INTRODUCTION

In freshwater ecosystems like lakes and wetlands, associations
of mineral phases, microorganisms, and organic detritus are
intricately sustained in matrices of microbial exopolymeric
substances (EPS). These associations, termed “flocs”, are
frequently observed as suspended or settled, micro- to
millimeter-sized particulate matter' > and exhibit a high
sorption capacity for trace elements. As a result, trace element
concentrations in flocs can be significantly hiﬁher than those of
the corresponding surficial bed sediments.””> For example,
Elliot et al.* reported floc metal(loid) enrichment factors (EF =
Cloc/ Chea) Of up to S5. Continually interacting with their aquatic
surroundings,” flocs are subject to geochemical changes in the
water column and can be mobilized by storm or flooding
events. The mobility of flocs depends on their physicochemical
characteristics (e.g., size, porosity, content of microbial
biomass) and the prevailing water flow conditions.>®” Wet-
lands tend to offer low-flow regimes with relatively low shear
stresses, facilitating biostabilization of floc material in the water
column.® Contrastingly, high-flow velocity events like storms
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can greatly affect floc mobility controls’ and, in turn, floc
metal(loid) retention. Plach et al.' recorded significant
concentration increases of Ag (from 0.01 to 7.35 ymol/g)
and Cu (from 0.60 to 1.45 pmol/g) in flocs following storm
events, as well as surges in crystalline Fe/Mn-(oxyhydr)oxide-
associated metal(loid)s in storm-sampled flocs, likely due to
mineral phase contributions from mobilized bed sediments.
Based on sequential extractions, trace elements in flocs have
been shown to primarily reside in the “amorphous” and
“crystalline” Fe/Mn-(oxyhydr)oxide fractions,"* whose compo-
sition may change over time. Elliot and Warren® observed
seasonal shifts in microbial communities of lacustrine flocs
which induced changes in Fe mineralogy from primarily
amorphous Fe(III) phases (summer) to more crystalline
Fe(IlI) and Fe(II) phases (winter). These changes were
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accompanied by decreases in floc Cd and Pb concentrations.®
Although Fe/Mn mineralogy exerts an important control on
trace element binding in flocs, the identity of the mineral
phases involved and their properties remain largely elusive. This
information, however, is essential to understanding trace
element cycling in freshwater environments. Recently, Sund-
man et al.” investigated the speciation of Fe in dissolved organic
matter (OM) from a forest catchment stream (8.4 uM Fe).
Based on shell fits of extended X-ray absorption fine structure
(EXAFS) spectra, the OM contained significant amounts of
organically complexed, mononuclear Fe(IlI) species and
Fe(III)-(oxyhydr)oxides which they interpreted as ferrihydrite
(e.g, ~FesHOg4H,0)."°

The naturally As-enriched (<1800 mg As/kg)11 minero-
trophic peatland Gola di Lago (Switzerland) is characterized by
abundant Fe-rich flocs in surface waters of the permanent
streams draining the peatland (Supporting Information (SI)
Figure S1). Their proximity to a recognized As sink'"'*
provides ideal circumstances to investigate the speciation of Fe
and As in freshwater flocs. Previous X-ray absorption
spectroscopy (XAS) and microfocused X-ray fluorescence (u-
XRF) spectrometry studies of Gola di Lago peat cores showed
that in deep anoxic peat layers, As(Ill) was homogeneously
distributed and mainly coordinated to 2—3 S atoms with
interatomic As—S distances of ~2.26 A.'""> These results
implied the covalent binding of As(III) to sulthydryl groups of
peat OM (As(III)- Sorg), which can proceed by sorption of
arsenite to S-rich OM."* In contrast, 10—50 pm-sized realgar
(a-As,S,) was identified as a major As species in near-surface
peat layers (<40 cm).'™" Since both As(IID)-S,,,, complexes
and realgar have been shown to oxidize slowly under ambient
conditions with half-life times of 312 and 215 days,
respectively,'> S-associated As could be an important As
species in the flocs. On the other hand, high OM contents in
flocs may facilitate the formation of ternary arsenite and
arsenate complexes, in which mono- or oligomeric Fe(IIl)
species serve as bridges between organic ligands and As.'®™'®
Moreover, arsenite has been shown to readily react with
hydroxyhc/phenohc groups of peat OM under reducing
conditions,"® which may imply that arsenite is stabilized by
floc OM in suboxic or oxic waters. Alternatively, As may be
immobilized by Fe(Ill)-(oxyhydr)oxides formed by photo-
trophic Fe(Il)-oxidizing bacteria'® or mixed-valence Fe
minerals like green rusts ([Fe(Il), Fe(III),(OH),]"
(C0,,CLSO,)"") under sub- and anoxic conditions,”® or be
entirely sequestered by Fe(III)-(oxyhydr)oxides at higher O,
fugacities.”’ Because freshwater flocs comprise multiple
potential sorbents for As, detailed spectroscopic investigations
are required to determine the partitioning of As between
inorganic and organic floc constituents and to infer its oxidation
state and local (<5 A) coordination environment. Therefore,
we used *'Fe Mdssbauer spectroscopy and synchrotron
techniques (XAS, y-XRF spectrometry, X-ray diffraction) to
explore the dominating Fe species, the bulk and microscale
speciation and distribution of As, and the importance of OM
for As retention in freshwater flocs collected from streambeds
of the Gola di Lago peatland.

B MATERIALS AND METHODS

Study Site and Sample Characterization. Iron-rich flocs
(n = 14) were collected in October 2012 from 10 to 30 cm
thick, loosely consolidated floc layers at the bottom of low-flow
surface streams of the naturally As-enriched minerotrophic

peatland Gola di Lago (canton Ticino, Switzerland)'> (SI
Figure S1). The flocs were collected in beakers without
disturbing the underlying peat, immediately flash-frozen with
liquid N,, transported on dry ice to the laboratory, and freeze-
dried. They were then sieved (<500 pm), homogenized with a
mortar and pestle, and stored anoxically (<10 ppm (v/v) O,).
Additional sample material was collected in vials and stored in
darkness at 4 °C for microscale analyses.

Surface waters at floc sampling locations were analyzed on-
site for standard geochemical parameters such as Ey, pH, T
(Metrohm 826), dissolved O, (Hach HQ30D), and electrical
conductivity (WTW 315i). Dissolved organic C (DOC)
concentrations in 0.45-ym filtered water samples were
determined with a Dimatoc 2000 TOC analyzer (Dimatec),
and total element concentrations were determined in 0.2-ym
filtrates using inductively coupled plasma-mass spectrometry
(ICP-MS, 7500ce, Agilent) and inductively coupled plasma-
optical emission spectrometry (ICP-OES, Vista-MPX, Varian).
Dissolved Fe(II) could not be detected ([Fe(II)] <10 pug/L) in
the streams by spectrophotometry (Nanocolor test 1-36,
Nanocolor 500 D, Macherey-Nagel).

Total element contents in the flocs were assessed with ICP-
MS or ICP-OES after microwave-assisted acid digestion (MLS
turboWave), and total C and N contents were determined with
an elemental analyzer (CHNS-932, LECO). Attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) spectros-
copy was used to characterize functional groups of the OM
fraction. The spectra were recorded with a resolution of 1/cm
on a Bio-Rad FTS 575C spectrometer equipped with a Harrick
Meridian diamond single reflection SplitPea ATR unit.

Nonfreeze-dried floc material was imaged by light micros-
copy (Zeiss Axioskop 40). Flocs were plated on glass slides and
dried at room temperature (24 + 1 °C). For imaging of cell
DNA, additional samples were stained with 4’,6-diamidino-2-
phenylindole (DAPI) and analyzed by fluorescence microscopy
(Leica DM6000 B).

*’Iron Mdssbauer Spectroscopy. Mdssbauer spectra of
selected samples (n = 8) were obtained with a *"Co/Rh y-
radiation source with an activity of ~35 mCi vibrated in
constant acceleration mode in a standard setup (WissEl
Wissenschaftliche Elektronik GmbH). Freeze-dried sample
material (30—60 mg) was loaded into Plexiglas sample holders
(~1 cm?) under anoxic conditions and mounted in trans-
mission geometry. Sample temperatures were varied with a
closed-cycle cryostat (SHI-850-], Janis Research Co.), whereas
the %’Co/Rh source remained at room temperature. Spectra
were collected at 295 and S K, and analyzed using the Recoil
software (University of Ottawa, Canada) and Voigt-based
fitting routines. The spectra were calibrated against a->"Fe’ at
295 K and center shifts (CS) are quoted relative to this. For all
samples the half width at half-maximum was fixed to 0.122
mm/s; the value of the inner line broadening of the calibration
foil at 295 K.

Synchrotron Measurements. The mineralogical compo-
sition of the flocs was investigated by synchrotron X-ray
diffraction (SXRD). Homogenized sample powders were
loaded into 1 mm o.d. borosilicate glass capillaries under
anoxic conditions and analyzed at beamline X04SA>* of the
Swiss Lightsource (SLS, Villigen, Switzerland). The measure-
ments were performed in transmission mode and Debye—
Scherrer geometry using a MYTHEN-II Si strip detector and an
incident X-ray energy of 20 keV (1 = 0.6199 A).
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Figure 1. Mossbauer spectra of selected floc samples recorded at (A) 295 K and (B) S K. In all graphs, black lines denote experimental data and
circles represent the model fit sum. In (A) blue and red lines refer to the paramagnetic Fe(III) and Fe(II) doublet(s), respectively. In (B) the color
code of the fit components is as follows: blue is ferrihydrite (Fe(III)-S1), orange is lepidocrocite (Fe(III)-S2), purple denotes Fe(III)-OM complexes
(Fe(I1)-D1), and red is adsorbed Fe(II) (Fe(II)-D2). The corresponding Mdssbauer parameters are summarized in Table 1. Additional sample
spectra recorded at 5 and 295 K are shown in SI Figure S7, and fit parameters of the 295-K spectra are reported in SI Table S3.

Selected samples were also analyzed by bulk Fe K-edge
(7112 eV) and As K-edge (11867 eV) X-ray absorption near-
edge structure (XANES) and EXAFS spectroscopy at the XAFS
beamline of ELETTRA (Trieste, Italy) (Fe) and beamline
BM23 of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) (As). Additional samples were analyzed by
u-XREF spectrometry and As ;1-XAS at beamline 13-ID-E of the
Advanced Photon Source (APS, Argonne, IL). Details on these
measurements, data reduction, and analysis are provided in the
SL

Bl RESULTS AND DISCUSSION

Study Site and Sample Characterization. In surface
water samples, temperatures were measured between 9.9 and

13.6 °C (x = 11.9). The pH was 5.3—6.3 (¥ = 5.9) and the
redox potential ranged from —188 to 260 mV (x = 11.3).
Dissolved O, concentrations were well below saturation (1.6—
7.6 mg/L, ¥ = 3.5), and electrical conductivity values varied
between 116 and 420 uS/cm (% = 184). Measured DOC
concentrations were 5.9-25.9 mg/L (x = 9.5), and
concentrations of dissolved As, Fe, and S were 0.4—7.6,
50.9—1040, and 749—2240 ug/L, respectively (SI Table S1).
Light microscopy analyses of the flocs revealed micrometer-
sized aggregates with highly heterogeneous compositions in
terms of OM and mineral content (SI Figure S2). The flocs
were interspersed with microbial cells (SI Figure S3), and
contained 21.4—34.9 wt % C, 4.9—22.1 wt % Fe, 0.50—1.85 wt
% N, and 0.37—0.64 wt % S (SI Table S1). Consistent with
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Table 1. Mossbauer Parameters of Floc Samples Measured at 5 K

sample species CS* (mm/s) AEQb (mm/s)
A Fe(I11)-S1¢ 0.52

Fe(III)-S2 0.44

Fe(1I1)-D1 045 097

Fe(11)-D2 126 277
W5 Fe(I11)-S1 0.50

Fe(II1)-S2 043

Fe(I1I)-D1 045 0.89

Fe(1I)-D2 125 2.88
w7 Fe(III)-S1 0.51

Fe(II1)-S2 041

Fe(I1I)-D1 042 0.88

Fe(1I)-D2 127 2.55
w9 Fe(III)-S1 0.52

Fe(111)-S2 042

Fe(I1I)-D1 049 073

Fe(11)-D2 112 2.58
W10 Fe(1I1)-S1 0.54

Fe(111)-S2 042

Fe(I1I)-D1 0.52 0.82

Fe(I)-D2 124 2.96
Wil Fe(1I1)-S1 0.5

Fe(II1)-S2 0.42

Fe(III)-D1 043 091

Fe(I1)-D2 1.20 2.90
wi2 Fe(III)-S1 0.51

Fe(I11)-S2 045
wi4 Fe(I11)-S1 055

Fe(III)-S2 0.40

Fe(III)-D1 0.54 0.83

Fe(11)-D2 1.12 270

“Center shift with respect to a-

€ (mm/s) <IHI>4 (T) population® (%) 7~
—0.11 423 587 £ 3.1 0.62
0.10 45.5 378 £ 3.1
3.9+ 09
2.7 + 0.6
—-0.09 41.7 58.6 + 3.2 1.04
0.13 44.8 343 + 3.2
45+ 12
2.5+0.S5
—0.11 42.3 56.4 + 2.9 0.74
0.08 46.1 379 + 29
42 £ 0.8
1.6 £ 09
—0.10 42.7 554 + 33 0.60
0.09 44.9 41.1 £ 3.3
2.6 +0.5
09 + 0.5
—0.11 42.4 51.8 +£23 0.81
0.11 449 432 +23
32 + 0.6
1.7 £ 0.5
—0.10 42.5 513 + 2.1 0.71
0.07 4S5.1 454 £ 21
2.8 +0.3
0.5+ 03
—0.14 40.8 544 + 2.6 0.84
0.10 44.5 45.6 + 2.6
—0.08 42.3 569 + 2.2 0.81
0.07 45.1 39.8 +£2.2
22 + 04
1.0 £ 0.3

S7Fe’. *Quadrupole splitting. “Quadrupole shift (€ = AEy/2). “Mean hyperfine field. “Spectral contribution and

corresponding fit error. TFit accuracy. $Species assignments: Fe(III)-S1: ferrihydrite, Fe(III)-S2: lepidocrocite, Fe(III)-D1: Fe(III)-OM complexes,

Fe(II)-D2: adsorbed Fe(1II).

previous reports on freshwater suspended particulate matter
and flocs,"** the flocs were significantly enriched in trace
metal(loid)s (SI Table S1). Floc As concentrations varied
between 34.2 and 2620 mg/kg; in some samples exceeding
those of the underlying peat (<1800 mg/kg)."!

ATR-FTIR spectra of the flocs were similar, though they
differed from spectra of humic acid, polysaccharide, and
Fe(III)-(oxyhydr)oxide reference compounds (SI Figure S4).
Detailed peak assignments are provided in the SI (Table S2).
The dominating features in all spectra indicated C—0O/C=0
stretching (1052 and 1631/cm), O—H stretching (3284/cm),
and C—H deformations (1375/cm). Despite sample complexity
and band overlap, these results suggest that floc OM is
primarily composed of EPS of microorganisms dominated by
acid carbohydrates.

Synchrotron X-ray diffraction patterns of the flocs showed
several diffuse scattering peaks with maxima corresponding to
d-values of 4.0, 3.4, 2.5, 1.9, and 1.5 A (SI Figure SSA). The
broad 4.0-A peak originates from diffuse scattering of OM, and

the remaining features are consistent with nanometer-sized
Fe(III)-(oxyhydr)oxides such as ferrihydrite. Additionally, the
flocs comprised minor quantities of primary minerals such as
quartz, phyllosilicates (biotite, muscovite, chlorite) and
plagioclase (SI Figure SSB).

Iron Speciation: Mossbauer Spectroscopy. All samples
displayed the superparamagnetic characteristics of poorly
crystalline Fe minerals, as seen by the paramagnetic doublet
recorded at 295 K and a magnetically ordered sextet at 5 K
(Figure 1 and SI Figure S7). The 295-K spectra required a two
site model corresponding to an Fe(Ill) and Fe(II) species (SI
Figure S8). Fits obtained for the 295-K spectra are displayed in
Figure 1A and SI Figure S7A, and their fit parameters are
reported in SI Table S3. Populations calculated for the Fe(III)
phase were ~96%, with nearly identical CS values of ~0.36
mm/s and mean quadrupole splittings (AEq) of 0.76—0.80
mm/s. These parameters are consistent with poorly crystalline
Fe(II1)-(oxyhydr)oxides such as ferrihydrite.'® The contribu-
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Figure 2. (A) Iron K-edge EXAFS spectra and (B) their Fourier-transform real parts and magnitudes of selected floc samples. Solid lines indicate
experimental data and dotted lines show the model fits. Additional spectra are shown in SI Figure S10 and all EXAFS parameters are reported in

Table 2

tion of the Fe(Il) doublet to the total spectral area was
estimated to be ~4% for all samples (SI Table S3).

Spectra collected at 5 K presented an asymmetry in the sextet
feature, requiring the use of two sextets (denoted Fe(III)-S1
and Fe(III)-S2) in order to accurately fit the data (Figure 1B
and SI Figure S7B, Table 1). While the 295-K spectra indicated
the presence of ferrihydrite, analyses of the 5-K spectra found
much lower hyperfine field values than would be expected.
Two-line and 6-line ferrihydrite typically have hyperfine fields
of 45—50 T,'***7* whereas the observed hyperfine fields were
408427 T (Fe(IlI)-S1) and 44.5-46.1 T (Fe(IlI)-S2)
(Table 1). Eusterhues et al.”** demonstrated that the hyperfine
field of ferrihydrite is strongly influenced by OM content, and
decreased from 49.5 to 46.0 T as the initial molar C/Fe ratio in
their ferrihydrite syntheses was increased from 0 to 2.28.
Considering that the S-K quadrupole shifts (—0.08 to —0.14
mm/s) of the Fe(Il[)-S1 site match values reported for
ferrihydrite,'® the results imply that ferrihydrite constituted
51—59% of total floc-Fe (Table 1). A further analysis of
Fe(III)-S1 subcomponents indicated a wide range in hyperfine
fields (22.5-48.5 T), suggesting a broad particle-size
distribution of ferrihydrite and/or variable structure perturba-

tions due to sorption of diamagnetic elements such as C or
Si**2® (SI Section 8 and SI Table S1).

For the Fe(III)-S2 site, quadrupole splittings of 0.07—0.13
mm/s and hyperfine fields of 44.5-46.1 T accord with
lepidocrocite (y-FeOOH).”>*” Although this mineral com-
prised 34—46% of total floc-Fe (Table 1), it was not positively
identified by SXRD (SI Figure S6), indicating a small coherent
scattering domain (CSD) size similar to that of ferrihydrite (2—
5 nm).

With the exception of sample W12, all 5-K spectra required
two additional doublets corresponding to an Fe(III) and Fe(II)
species (denoted Fe(II)-D1 and Fe(I1)-D2). The 5-K Fe(III)-
D1 doublet, with CS and AE, values of 0.42—0.54 and 0.73—
0.97 mm/s, respectively, comprised 2.2—4.5% of total Fe and
most likely originates from Fe(III)-OM complexes.”® The 5-K
CS (1.12-1.27 mm/s) and AE, values (2.55—2.96 mm/s) of
the Fe(II)-D2 doublet (Table 1) agree with Fe(Il) in a
relatively undistorted octahedral oxygen environment.”” Since
no magnetic ordering was observed for the Fe(II) doublet at S
K, it most likely originates from small amounts (0.5—2.7%) of
adsorbed Fe(I1)* (Table 1).

Iron Speciation: X-ray Absorption Spectroscopy. The
speciation of Fe was additionally investigated by XAS.
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Table 2. Shell-Fit Parameters Determined from Fe K-edge EXAFS Spectra of Floc Samples.”

Fe—-0O1 Fe—02 Fe—Fel Fe—Fe2 Fe—Fe3

As Fe AE,"  NSSR®  red.
sample (mg/kg) (g/kg) N R° (A) N R (A) N R (A) N R (A) N R (A) (eV) (%) 7~
W1 105 91.9 2.4(1) 1.94(1) 22(2) 2.06(1) 1.7(1)  3.06(1) 1.8(2) 3.43(1) 0.7(2) 3.61(2)  0.8(6) 0.6 100

w2 44.6 86.0 2.4(2) 1.93(1) 22(2) 2.05(1) 1.9(1)  3.06(1) 1.9(3) 3.44(1) 0.8(2) 3.63(2) 1.0(7) 0.6 84
w3 2620 199 2.3(2) 1.94(1) 2.3(3) 2.05(1) 2.7(1) 3.07(1) 1.6(3) 3.44(1) 0.8(2) 3.64(1) 0.8(7) 0.6 877
W4 50.4 110 24(2) 1.94(1) 22(2) 2.05(1) 1.9(1)  3.06(1) 1.7(3) 3.44(1) 0.7(2) 3.62(2)  0.7(7) 0.7 138
WS 1100 63.8 2.4(2) 1.94(1) 2.2(2) 2.06(1) 1.9(1)  3.07(1) 1.6(3) 3.44(1) 0.7(2) 3.63(2)  09(7) 0.6 112
w8 103 93.7 2.4(2) 1.94(1) 2.2(3) 2.06(1)  20(1)  3.06(1) 1.8(3) 3.43(1) 0.8(2) 3.63(2)  04(6) 0.6 102
W9 1280 134 22(2) 1.93(1) 24(2) 2.04(1)  20(1)  3.06(1) 1.8(3) 3.44(1) 0.7(2) 3.63(2)  0.1(7) 0.6 318
w10 1330 99.4 2.4(2) 1.94(1) 22(2) 2.06(1)  2.1(1)  3.06(1) 1.9(3) 3.44(1) 0.8(2) 3.63(1) 1.0(7) 0.6 103
Wil 525 128 2.3(2) 1.93(1) 2.3(2) 2.05(1) 2.2(1) 3.07(1) 1.8(3) 3.44(1) 0.8(2) 3.63(2) 0.8(6) 0.6 720
W12 134 192 24(3)  1.94(1)  23(3) 20s(1) 27(1)  3.07(1) 17(4) 343(1) 09(3) 3.63(2) 0.6(8) 0.7 228
w13 1230 221 2.3(3) 1.94(1) 2.2(3) 2.05(1)  25(1)  3.07(1) 1.6(2) 3.44(1) 0.8(2) 3.64(2)  0.8(7) 0.7 217

“The amplitude reduction factor, Sy>, was set to 0.9. Parameter uncertainties are presented for the last significant figure. The Debye—Waller
parameters, 67, were fixed to 0.004 A? (Fe—01/2), 0.006 A* (Fe—Fel/3), and 0.008 A* (Fe—Fe2). bpath degeneracy (coordination number). “Mean
half path length. dEnergy—shift parameter. “Normalized sum of squared residuals (100 ;(data-fit;)?/ > data®). TFit accuracy; reduced y* = (Nigp/
Npts) > i((data-fit;)/ 81)2(NidP—Nvar)’l. Nigpr Npys and Ny, are, respectively, the number of independent points in the model fit (29.3), the total number

pts

of data points (241), and the number of fit variables (11). & is the uncertainty of the ith data point. Note: Models also included a triangular Fe—O—
O multiple scattering path defined as follows: N = 4Y Ng._o, R = [(Npe—01Rpe—01)/ 2. Nre— 0+ (Npe—02Rpe-02)/ 2. Npe_o] (1+ \/2/2), and 6% = 26%_o

This path improved the reduced »* by 38% on average.

Consistent with the predominance of Fe(Ill) in the flocs
(Table 1), all XANES spectra (n = 11) showed first-derivative
maxima at ~7128 eV, consistent with Fe(IIl) reference
compounds (SI Figure S9A). Because of the low proportions
of Fe(IlI)-OM complexes and Fe(Il) in the samples (Table 1),
only ferrihydrite and lepidocrocite were required as reference
compounds in linear combination fit (LCF) analyses to
adequately fit the samples’ EXAFS spectra (SI Figure S9B).
Accordingly, the flocs contained 50—70% (% = 63) ferrihydrite,
the rest being lepidocrocite (SI Table SS). After correcting for
the minor Fe species detected by Mdssbauer spectroscopy, the
LCEF results were in reasonable agreement with the Mdssbauer
data (SI Table S6).

Shell-fit analyses of k’-weighted Fe K-edge EXAFS spectra
were performed in order to explore the local coordination
environment of Fe in selected floc samples. A preliminary
multidata set (n = 11) R-space fit of the first Fourier-transform
peak conducted over R + AR = 0.9—2.2 A revealed that two
Fe—O paths were required to accurately model the first O shell.
This fit delivered average Fe—O distances of 1.94 + 0.01 and
2.05 + 0.01 A and two similar Debye—Waller parameters, ¢, of
0.004 + 0.001 A In subsequent fits extended to 4.5 A (R +
AR), the Debye—Waller parameters of the Fe—O paths were
fixed to this value. The final fit model contained three
additional Fe—Fe paths representative of edge- (Fe—Fel),
double corner- (Fe—Fe2), and single corner-sharing Fe (Fe—
Fe3). F-tests concluded that the inclusion of the latter path
significantly improved the fits (SI Table S7). The Debye—
Waller parameters of the Fe paths were initially fit at 0.006 A*
(Fe—Fel/3) and 0.008 A? (Fe—Fe2), and later fixed to reduce
parameter correlations. These values are consistent with a
mixture of ferrihydrite and lepidocrocite.* ~>> The final model
fits are illustrated in Figure 2 and SI Figure S10 and the
corresponding EXAFS parameters are summarized in Table 2.
For all floc samples, the first shell was fit on average with 2.3 O
atoms at 1.94 A and 2.3 O atoms at 2.05 A. The weighted
average Fe—O distance was 1.99 A, in accordance with
octahedrally coordinated “'Fe(III) in Fe(III)-(oxyhydr)-

ides,>’ 7>* whereas the degeneracy (N) sum of the Fe—O
paths was much lower than expected for V'Fe(III). This result

suggests significant octahedral distortion caused by broad Fe—
O distance distributions leading to destructive interference of
individual Fe—O scattering waves.*>** Maillot et al.*® attributed
a similar underestimation of Y Np._o in 2-line and 6-line
ferrihydrite to tetrahedrally coordinated "Fe(IIl). Assuming a
Gaussian distribution of Fe—O1 distances (X = 1.94 A, ¢ =
0.063 A), ~26% of the O1 atoms in the flocs would have Fe—O
distances <1.9 A qualifying for VFe(III).*"* Iron shells fit at
3.06 + 0.01 and 3.44 + 0.01 A are characteristic of edge- and
double corner-sharing FeOg4 octahedra in FeOOH poly-
morphs.”” The typical EXAFS-derived number of Fel and
Fe2 atoms in ferrih;rdrite is 1.3—4.0 (x = 2.4) and 1.4-2.6 (x =
1.9), respectively.”' **** In contrast, six Fel atoms are
expected from the crystal structure of lepidocrocite, which
does not possess double corner-sharing FeOg octahedra.*
Considering the abundance of both minerals in the flocs
determined by LCF (SI Table SS), one would expect an
average Ng, g, and Ng,_g, of 3.8 and 1.2, respectively. While
the average fit Np,_p, of 1.7 £ 0.3 is close to the expected
value, an Ng,_g.; of only 2.1 + 0.4 is significantly lower than
anticipated (Table 2). For all floc samples, 0.8 + 0.1 Fe atoms
were additionally fit at 3.63 + 0.01 A (Table 2). This Fe—Fe
distance complies with the 3.66 A inferred from EXAFS
spectroscopy for single corner-sharing FeOg octahedra in
lepidocrocite.”” As the nominal N for single corner-sharing
FeOjg octahedra in lepidocrocite is two,””*” the degeneracy of
the Fe—Fe3 path agrees well with the <50% fractions of
lepidocrocite in the samples (Table 2 and SI Table SS).
Combined, these results suggest that lepidocrocite in the flocs
is highly disordered. Because the Fe—Fe3 path parameters were
close to theoretical (N) or experimental (R) values reported for
lepidocrocite, the low Ng._pe;/Np._pes ratios of floc lepidocro-
cite inferred from the EXAFS data may originate from a
significant shortening of the dioctahedral chains in the
lepidocrocite structure. It is worth noting that the inclusion
of an Fe—C path (R = 2.8—2.9 A)'*'”*" led to negative Ng,_c
in all cases, implying that Fe(III)-OM complexes are sparse
(Table 1) and that chemisorbed organic ligands do not cover
the entire surface of the nanocrystalline Fe(IIl) minerals
observed in the flocs.
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Figure 3. (A) Arsenic K-edge EXAFS spectra and (B) their Fourier-transform real parts and magnitudes of floc samples. Solid lines indicate
experimental data and dotted lines show the model fits. The corresponding EXAFS parameters are reported in Table 3

Table 3. Shell-fit parameters determined from As K-edge EXAFS spectra of floc samples.”

As—O As—0-0f As—Fef
sample  As (mg/kg)  As(V)? (%) N° RY (A) > (A?) R (A) N R (A) AE" (eV)  NSSR' (%)  red. y”
w3 2620 80 4.2(3) 1.70(1) 0.003(1) 3.12(6) 2.1(6) 3.33(2) 6.4(12) 13 6.3
w5 1100 71 3.2(3) 1.71(1) 0.003(1) 3.13(5) 1.5(5) 3.31(2) 5.9(14) 17 16
w9 1280 72 39(3) 1.71(1) 0.003(1) 3.13(5) 2.6(6) 3.32(2) 5.7(14) 1.6 13
W10 1330 71 4.0(3) 1.70(1) 0.003(1) 3.13(6) 2.8(5) 3.32(1) 49(12) 12 4.9
W11 525 84 4.1(4) 1.70(1) 0.003(1) 3.10(5) 2.1(6) 3.34(2) 6.6(14) 16 11
w13 1230 75 4.2(4) 1.70(1) 0.003(1) 3.10(6) 2.1(6) 3.32(2) 5.2(14) 15 6.6

“The amplitude reduction factor, Sy?, was set to 1.0. Parameter uncertainties are presented for the last 51gn1ﬁcant figure. bFraction (f) of As(V)
determined by linear combination fitting (SI Figure S11). “Path degeneracy (coordination number). “Mean half path length. “Debye—Waller
parameter 7 Triangular multiple scattering path defined as follows: N = 12f, V)+6fAs(III) and ¢” = 26%, . *Debye—Waller parameter fixed to 0.010
A% Energy shift parameter ‘Normalized sum of squared residuals (100 (data;-fit;)?/ Y data®). /Fit accuracy; reduced y* = (N, ap/ N, Pts)z ((data;-
fit,)/£,)*(Nig,-N,..) "~ Nigp Ny and N, are, respectively, the number of 1ndependent points in the model fit (18.1), the total number of data points
(201), and the number of fit variables (7). & is the uncertainty of the i data point.

Arsenic Speciation: X-ray Absorption Spectroscopy.
The speciation of As in the flocs was determined using bulk
XAS. Analyzed floc samples (n = 6) exhibited two maxima in

fractions for these methylated As(V) compounds. Conse-

quently, LCF analyses were conducted with only two inorganic

their first XANES derivatives located at ~11869 and ~11873
€V (SI Figure S11A), indicating the presence of both As(III)
and As(V). Initial EXAFS LCFs including arsenobetaine and
dimethylarsinic acid as fit references delivered negative fit

reference compounds: arsenite- and arsenate-adsorbed ferrihy-
drite (SI Figure S11B). The resulting fits revealed that the flocs
primarily contained Fe-associated arsenate, comprising 71—
84% (x = 75) of the total As (SI Table S8).
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Figure 4. (A, C) Light microscopy and (B, D) u-XRF maps collected at 13 keV for floc sample W3. Image sizes are (H X V) (A) 4 X 3 mm? (B) L.§
x 1.5 mm?, (C) 0.5 X 0.5 mm?, and (D) 0.3 X 0.5 mm? Map (B) shows the distributions of As, Fe, and Ca, whereas the gray scale map (D) shows
solely the distribution of As (white corresponds to high As concentrations). The yellow insets in (A) and (B) correlate with map (D). The right
panel shows the first derivatives of As K-edge XANES spectra collected at selected points of interest (POIs) indicated in map (B). Their
corresponding LCFs using arsenite/arsenate-adsorbed ferrihydrite as fit references are shown as dotted lines (fit range: —20 to 30 eV (E-E,), initial
fit sums: 100 + 10%, normalized sum of squared residuals: 0.09—0.54%). The LCF results are reported as As(V)/As(III) ratios. Additional y-XRF

maps are shown in SI Figures S12 and S13.

In order to explore the local coordination environment of As
in the flocs, shell-fits of k*-weighted EXAFS spectra were
performed in R-space over 0.9—3.8 A. All Fourier-transformed
spectra showed a pronounced peak at ~1.3 A, which arises from
first-shell O atoms, and a small broad peak at ~2.2—3.5 A, most
likely originating from multiple scattering in AsO; and AsO,
polyhedra and distant Fe shells (Figure 3B).""**' Initial fits
with an As—S path (R = 2.2—3.1 A)"""**' or an As—C path (R
= 2.7-32 A)"™'® proved unsuccessful, implying that floc
As(I1I) is not coordinated to reduced S species as evidenced in
the Gola di Lago peat'"'*'* or bound to hydroxylic/phenolic
groups of floc OM. Attempts to fit As—Ca or As—Al paths*>*
to the data also failed, suggesting As sorption to Ca/Al-OM
complexes and Al minerals was also negligible. Therefore, final
shell-fit models contained only As—O, As—O—0O, and As—Fe
scattering paths. The Debye—Waller parameters of the As—Fe
path were first fit and later fixed to an average value of 0.010 A%
close to the average Debye—Waller parameter (0.009 A?)
determined for arsenite/arsenate-adsorbed Fe(III)-(oxyhydr)-
oxides.***"** The resulting fits are shown in Figure 3 and their
EXAFS parameters are reported in Table 3.

Between 3.2 and 4.2 O atoms were fit at an average distance
of 1.70 + 0.01 A. This distance is reasonably expected for a
mixture of arsenite and arsenate dominated by the latter.>>*'
Additionally, the fits delivered 1.5—2.8 Fe atoms at a distance of
3.31-3.34 A (Table 3). These distances are similar to values
reported for arsenite/arsenate sorbed to Fe(IIl)-(oxyhydr)-
oxides®>*' and Fe(IlI)-OM complexes,'*'” and signify the
formation of monodentate-binuclear (“bridging”) As complexes
in the flocs. Because no Fe shell could be fit at ~2.9 A it
follows that bidentate-mononuclear arsenite surface com-
plexes*"** are negligible in the flocs, in agreement with an
average Nj,_r. of 2.2 = 0.6 (Table 3).

In summary, As shell-fit analyses document that despite
abundant OM, the floc-As was entirely bound to Fe(III)-
(oxyhydr)oxides in a monodentate—binuclear fashion. The
absence of ternary As-Fe(Il)-OM complexes in the flocs
accords with the low content of Fe(III)-OM complexes (Table
1), and the impossibility of fitting an As—C path with R = 2.7—

3.2 A implies that arsenite has a low affinity toward the
carbohydrate-dominated OM (SI Figure S4). This result in turn
suggests that phenolic OH groups were mainly responsible for
the direct binding of arsenite to peat OM under anoxic
conditions observed by Hoffmann et al.'®

Arsenic Distribution and Local Speciation. Selected floc
samples were additionally analyzed by y-XRF spectrometry and
U-XANES spectroscopy. Figure 4A illustrates a light microscopy
image of sample W3, and Figure 4B the corresponding y-XRF
map showing the distributions of As, Fe, and Ca. Additional -
XRF maps and XRF spectra of this sample can be found in SI
Figures S12 and S13. The results show that As in the flocs was
primarily associated with Fe, which was also correlated with
other trace elements such as Zn and Ni (SI Figure S12).
Despite the appearance of As—S correlations in the flocs (SI
Figure S12), no S coordination of As was observed (Table 3).
This finding suggests that reduced organic S moieties in floc
OM are far less abundant compared to reactive =FeOH sites
of Fe(IIl)-(oxyhydr)oxides.*” Intense As hotspots in the
elemental maps were associated with Closterium spp. (Figure
4B-D), a freshwater green algae common in peatlands.***’
Green algae are known to effectively take-up trace
metal(loid)s,***’and bioaccumulation of As in green algae has
been shown to be accompanied by As(V) reduction and
methylation reactions.”*~>* Consistent with these findings, u-
XANES spectra collected at algae-specific POIs (3—5) revealed
that As(V) comprised 71—87% of the total As, whereas the
As(V) fraction at Fe-rich POIs (1, 2) was significantly higher
(Figure 4).

Environmental Implications. This study shows that Fe-
rich flocs in surface waters of the minerotrophic Gola di Lago
peatland contain primarily ferrihydrite and “X-ray amorphous”
lepidocrocite. The lepidocrocite is characterized by a CSD size
not significantly exceeding that of ferrihydrite (2—5 nm). Both
minerals form by the rapid oxidation of Fe(II), diffusing from
the uppermost peat layers, in an organic matrix of microbial
EPS dominated by acid carbohydrates. Elevated solution
concentrations of arsenate, phosphate, Si, and humic substances
have been shown to impair the formation of lepidocrocite in
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favor of ferrihydrite.*>**** Based on solution data (SI Table
S1), it is plausible that both Si and floc EPS impeded the
formation of lepidocrocite and effectively inhibited its crystal
growth. Due to their low CSD size, floc Fe(III)-(oxyhydr)-
oxides are efficient sorbents for As and other trace metal(loid)s
(SI Figure S12)."*° Since Fe was abundant in the flocs and the
content of Fe(Il[)-OM complexes low, ternary As com-
plexes'®™'® and sulfhydryl-coordinated As'"'*'**> were not
of quantitative importance.

Recently, Riedel et al.>* reported that precipitation of Fe with
DOC (62—258 mg/L) in oxygenated fen pore waters removed
primarily plant-derived aromatic and pyrogenic C, whereas
carboxyl-rich aliphatic acids remained in solution. The selective
incorporation of aromatic and pyrogenic C in their Fe
precipitates is contrary to our observation and those of
others'™>° showing that floc Fe(III)-(oxyhydr)oxides are
mainly associated with carbohydrate-rich EPS. This discrepancy
most likely results from an abundance of EPS in the Gola di
Lago surface streams, either suspended or associated with plants
and their debris, which form organic interfaces for Fe(II)
oxidation and Fe(IIl) mineral precipitation. Thus, the major
pathway of floc formation differs from the “classical”
coprecipitation process by which OM is selectively removed
from solution via Fe(III)-(oxyhydr)oxide precipitation.”**%3*

The presence of nanometer-sized Fe(IIl) minerals embedded
in an organic matrix of EPS has several potential implications
for the cycling of trace elements in wetlands. A combination of
nanocrystallinity and limited particle aggregation*° renders
floc Fe(III)-(oxyhydr)oxides prone to photoreduction®® as well
as ligand-promoted dissolution reactions,”” causing the release
of associated trace metal(loid)s into solution. Owing to their
high density and thus gravitational settling under low-flow
conditions (SI Figure S1), flocs are likely to become buried and
thus subject to Fe- and SO,-reducing conditions over time.
Biotically formed Fe(II) and bisulfide are effective reductants
for Fe(III)-(oxyhydr)oxides, and trigger the formation of
polysulfides, mackinawite (FeS), and/or pyrite (FeS,).>*"%
The low crystallinity of floc Fe(IIl)-(oxyhydr)oxides may
facilitate these (mineral) transformations. Arsenic released from
buried flocs may then become immobilized by Fe sulfide
minerals,*’ mixed-valence Fe minerals>*®' or precipitate as Fe
sulfoarsenide or As sulfide;'>** a scenario explaining the
occurrence of realgar (a-As,S,) and arsenopyrite (FeAsS) in
shallow peat layers of the Gola di Lago peatland."""
Collectively, our results imply that freshwater flocs play a
vital role in the speciation and cycling of trace metal(loid)s in
wetlands and that their reductive transformation warrants
further research.
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