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Abstract

Fe oxyhydroxides in riverbanks and their high binding capacity can be used to hypothesize that
riverbanks may act as a “biogeochemical filter” between wetlands and rivers and may constitute a
major mechanism in the trapping and flux regulation of chemical elements. Until now, the properties
of Fe minerals have been very poorly described in riverbanks. The goals of the present work are to
identify Fe speciation in riverbanks where ferric deposits are observed and to determine their impact

on the metal behavior (As, Co, Cu, Ni, Pb, Zn, etc.).

At the surface, Fe speciation is mainly composed of small poorly crystalline Fe phases, i.e. ferrihydrite
(~30%), Fe-OM associations (~40%) as well as crystalline Fe phases, i.e. goethite (~35%). At the
subsurface, the Fe distribution is dominated by goethite (~35%) and Fe-mica (~35%), the proportion

of which increases at the expense of ferrihydrite and the Fe-OM associations.

At the riverbank surface, ferrihydrite and the Fe-OM associations are therefore the main Fe hosting
phases in response to (i) the fast Fe(ll) oxidation induced by the presence of O, and (ii) the high
amount of OM favoring the formation of nano-phases bound to OM (Fe monomers, polymers and

nanoparticles) and preventing mineralogical transformation (ferrihydrite into goethite).

During the high-water level period (high flow), a strong erosion of the riverbank transfers these ferric
deposits into the river. However, the physicochemical parameters of the river (pH 6.6-7.6 and
continuous oxic conditions) do not promote the dissolution of Fe oxyhydroxides and OM. Ferric
deposits and the associated trace metals are therefore maintained as colloids/particles and are exported
to the outlet. All of the results presented here demonstrate that the ferric deposits trap metals on a
seasonal basis and are therefore a key factor in the mobilization of metals during riverbank erosion by

river flow.

1. Introduction

In the watershed, the riverbanks are strategic zones between the soil, groundwater, hyporheic zone and

river. In wetland, reduction periods occur promoting a strong solubilization of chemical due to the



water saturation in soil. Reduced water is charged in chemical and drained by river that is under oxic
conditions exhibiting high Eh values (directly in contact with O, from atmosphere) (e.g. Dia et al.,
2000; Olivié-Lauquet et al., 2001; Grybos et al., 2007; Kerr et al., 2008; Schulz-Zunkel and Krueger,
2009). There is also a formation of a strongly reactive redox interface in riverbank. The redox
potential (Eh) and pH variations, as well as the amount of organic matter (OM) and both Fe and Mn
oxyhydroxides solubilization/precipitation control the processes that drive the mobility of the
associated chemical elements (e.g. McKenzie, 1980; Dzombak and Morel, 1990; Lee et al., 2002;
Grybos et al., 2007; Borch et al., 2009, Du Laing et al.,, 2009). Organic matter and Fe/Mn
oxyhydroxides are well-known scavengers of chemical elements because of their high surface-sorption
capacity (e.g. McKenzie, 1980; Buffle, 1988; Mustafa and Haqg, 1988; Benedetti et al., 1996; Trivedi
and Axe, 2001; Grybos et al., 2007; Hassellov and von der Kammer, 2008; Lynch et al., 2014). In
wetlands, under reducing conditions, Fe oxyhydroxides are dissolved by mechanisms that are largely
catalyzed by bacteria, releasing Fe(ll) in solution and associated elements such as metals or metal-OM
complexes (Francis and Dodge, 1990; Chuan et al., 1996; Charlatchka and Cambier, 2000; Dia et al.
2000; Zachara et al., 2001; Davranche et al., 2003; Grybos et al., 2007). Iron(ll) released in solution

may therefore precipitate as solid Fe(lH1) in response to the O, diffusion in the riverbank porosity.

The variability in physicochemical conditions (temperature, redox potential, pH, O,, CO,, nutrients)
produces a wide range of Fe oxyhydroxides (i.e. goethite, ferrihydrite, lepidocrocite, hematite,
maghemite, etc.) with different morphologies, surface areas and particle sizes (e.g. Roden, 2003;
Taylor and Konhauser, 2011). Goethite (a-FeOOH) is the most common Fe oxyhydroxide in
environment with respect to its high thermodynamic stability under ambient conditions (Cornell and
Schwertmann, 2003; Navrotsky et al., 2008). Ferrihydrite, a hydrated semi-crystalline material
(Fes(OH)s-4H,0) and lepidocrocite (y-FeOOH) are also known to exist in wetland environments (e.g.
Gault et al., 2012; Guénet et al., 2016). Ferrihydrite is generally the result of the fast hydrolysis of
Fe(Ill) in a poorly crystalline structure, while lepidocrocite develops through the oxidation of Fe(ll)
from the structure of the minerals (e.g. biotite) or through intermediary mineral transformation, e.g.

green rust (Tarzi and Protz, 1978; Schwertmann and Fechter, 1994; Vodyanitskii, 2010). Furthermore,



the occasional formation of lepidocrocite in pure Fe(lll) systems has been reported (Fordham, 1970)
and Guénet et al. (2016) evidenced the formation of nano-lepidocrocite and small Fe nano-oxides

bound to OM in a riparian wetland.

Both the presence of such Fe oxyhydroxides at the riverbank surface and their high binding capacity
allow hypothesizing that riverbanks may act as a “biogeochemical filter” between wetlands and rivers
which could be a major mechanism in the trapping and flux regulation of chemical elements. Some
studies have shown the impacts of riverbank sediments on the improvement in water quality in alluvial
aquifers (e.g. Bourg et al., 1989; Du Laing et al., 2007), on the redox trapping of As or Zn (e.g. Datta
et al., 2009; Stahl et al., 2016; Lynch et al., 2017), or on the distribution of elements (Zn and Fe) along
vertical redox gradients of floodplain soil profiles (Shaheen and Rinklebe, 2014; Chen et al., 2017).
However, the properties of Fe minerals are very poorly described in riverbanks. Redox alternations
influence the composition and properties of the ferric deposits that can be formed along riverbanks. As
a result, it is crucial to better characterize this strategic interface in order to predict the speciation and
transport of metals, nutrients or organic compounds. For this purpose, riverbank samples were
collected in the Mercy wetland at Naizin (Morbihan region, France). Iron-bearing phases were
identified using complementary techniques: X-ray diffraction (XRD) to identifiy Fe oxyhydroxides
crystalline structures, scanning electron microscopy (SEM) to unravel poorly crystalline structures and
associations with OM and X-ray absorption spectroscopy (XAS) to characterize the Fe solid-phases

speciation.

2. Materials and methods

2.1. Sample location and sampling

Riverbank samples were collected from the Mercy riparian wetland of Kervidy-Naizin located in
Brittany, Western France (Figure 1). Numerous hydrological and biogeochemical studies have
characterized this area over the past 20 years (ORE AgrHyS). Since redox cycles involving Fe have
been highlighted in this wetland (e.g. Dia et al., 2000; Olivié-Lauquet et al., 2001; Grybos et al.,

2007), this catchment is particularly suitable for studying solid-phase Fe speciation. The Mercy



riparian wetland is regularly altered by drying (in summer) and flooding (in winter) conditions
(Lambert et al., 2013; Figure EA-4). Soils are developed in a colluvio-alluvial formation (Bourrié et
al., 1999). The soil displays four horizons (Figure 1d): (1) from 0 to 10 cm, an organic horizon (O); (2)
from 10 to 30 cm, an organo-mineral horizon (Ah); (3) from 30 to 40 cm, an albic horizon (Ga); (4)
less than 40 cm, redoxic horizon (g). Soils in the Mercy wetland are considered as organo-mineral
soils mainly dominated by clay (42%), quartz (30%) and Fe oxyhydroxides (3.5%). The clay fraction
is composed of kaolinite, smectite, mica, hydroxyl-aluminous, vermiculite and interstratified minerals
(Pellerin and Van Vliet-Lanog, 1998). Bourrié et al. (1999) demonstrated the presence of green rusts in

these hydromorphic soils between the redoxic horizon and the schistose saprolite.

Samples were collected in December 2016. However, there was no significant water flow in the stream
bed. All samples were therefore collected under oxic conditions. Samples were collected at the
riverbank surface (Figure 1d), where ferric deposits are observed over a length of 20-30m (Surface
samples: P1 0-5, P1 5-10, P2A, P2B and P3). Riverbank is in permanence under oxic conditions. The
water level bellows the ferric deposit allowing a supply of O, regardless the atmosphere and the water
is always under oxic conditions (Figure EA-4). P1 samples include the organic horizon. P2A and P2B
include the albic horizon and P3 is a peculiar sample corresponding to a small amount of the observed
ferric deposit (Figure 1c). The ferric deposit is essentially developed on the surface of the albic
horizon (Figure 1c) making of P2A and P2B the most suitable to represent Fe deposits at the riverbank
surface. A profile was also collected below the riverbank surface (horizontal thickness of ~10 cm,
subsurface samples) in three horizons: Ah (P4A), Ga (P4B1 and P4B2) and g (P4C) (Figures 1b and
d). Samples were stored in a plastic bag until the laboratory and they were dried at ambient
temperature. Then, samples were sieved at 2 mm (bulk fraction). This fraction was disaggregated
using an ultrasonic tub and then divided into a fine fraction (< 50 um) by dry sieving and a clay
fraction (< 4 um) using the sedimentation technique according to Stokes’ law. The amount of P3 and
P2A samples did not allow performing size partitioning. Clay fraction separation was thus performed

only onto P1 0-5, P1 5-10, P2B, P4A, P4B1 and P4C.



2.2. Chemical and mineralogical analysis

The chemical composition of both the < 2 mm and < 50 um fractions was determined at the Service
d’Analyse des Roches et des Minéraux (SARM, France) and all analytical methods were subject to
QC/QA 142 procedures using certified reference materials (Carignan et al., 2001). After sample fusion
with LiBO, and acid digestion with HNOs, the major elements were determined by Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES ; iCap6500 ThermoFisher) and the trace
elements were measured by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS ; iCapQ
Thermofisher) following the protocol described in Carignan et al. (2001). The Organic Carbon (OC)
and total sulfur (S contents were determined using an oxygen combustion method with a CS
analyzer (Leco SC144 DRPC). The chemical composition of the < 4 um size fraction was carried out
using an Agilent 7700x ICP-MS at Geosciences Rennes (University of Rennesl) following the
protocol described in Guénet et al. (2016). All results for chemical composition are reported in Table

EA-1.

The mineralogical composition (major and well crystallized minerals) was determined by X-Ray
Diffraction (XRD), using a D2phaser Bruker at Soleil Synchrotron and a D8 Bruker at the Laboratory
Interdisciplinaire des Environnements Continentaux (LIEC, France). The D2phaser was used for the
finely crushed powders of the <2 mm size fraction and the fine fraction (< 50 um). The diffractometer
used Ni-filtered Cu-Ka radiation with an operating power of 300 W. The step-size of the acquisitions
was 0.020° 20 with a counting time of 2 s per step over a scanning range of 5 to 80° 20. The D8 was
used for the clay fractions (< 4 um) with Co-Ka radiation. The diffractometer is equipped with a
position sensitive detector (PSD). The step-size of the acquisitions was 0.034° 26 with a counting time
of 3 s per step over a scanning range of 2 to 40 26. Clay fraction was then deposited on three glass
slides to obtain oriented preparations. XRD patterns were then recorded after air-drying for the first

slide, saturation overnight with ethylene glycol in vapor phase or heating at 550°C during 4 hours.

In order to identify poorly crystalline structure or micro/nanometric size and the phases associated
with OM, backscattered electron images of the samples were obtained at the CMEBA analytical

platform (University of Rennes 1, France) using a scanning electron microscope / energy dispersive X-



ray spectroscopy (SEM/EDS) “JEOL JSM 7100 F EDS EBSD Oxford” operating at a beam voltage of
1 kV for a resolution of 2 nm, and a beam current of 1 pA. The elemental spectra were determined
using EDS (X-Max 50mmz2 Oxford instruments AZtecEnergy). Samples were deposited on carbon film

or embedded in epoxy resin (Epofix 1232, Electron Microscopy Sciences).

2.3. X-ray absorption spectroscopy (XAS)

2.3.1. Data collection

The Fe K-edge X-ray Absorption Near Edge Structure (XANES) spectra were collected on the LUCIA
beamline (SOLEIL Synchrotron) (Flank et al., 2006; Vantelon et al., 2016). The references and
samples were prepared as pellets of finely ground and homogenized powder with cellulose. Clay
fractions were deposited in wet form on a copper plate and were then air dried before analysis. The
data were collected under vacuum (10 mbar) using a Si (311) double-crystal monochromator with a
beam size of 2*2 mm2. The monochromator was calibrated by setting the first inflexion point of a Fe
metallic foil XANES to 7112 eV. Spectra were collected in transmission (using a Si diode) and
fluorescence modes (using a Bruker SDD mono-element 60 mm?). Two or three spectra were collected
over the 7050-7500 eV energy range with 2 eV steps before the edge, 0.1 eV steps in the pre-edge
region, 0.2 eV steps in the edge region, 1eV step after the edge region and 2 eV steps for the rest of the

spectrum. The counting time was set to 1 s per point.
2.3.2. XAS data analysis

Iron XANES spectra were extracted using the Athena software (Ravel and Newville, 2005).
Normalized spectra were obtained by fitting the pre-edge region with a linear function and the post-
edge region with a quadratic polynomial function. All of the spectra from each sample were merged.
The energy resolution of a Si (311) monochromator allows us to determine the relative Fe solid
speciation by Linear Combination Fits (LCFs) using model compounds. LCFs were performed on the
normalized XANES spectra in the 7108-7158 eV energy range, not forcing the weights to sum up to 1,

using the ATHENA software. A reduced y> was used to characterize the fit “quality”.



The selection of reference compounds (i.e. Fe-bearing phases) was based on XRD results, SEM
investigations and past studies (e.g. Bourrié et al., 1999; Dia et al., 2000; Grybos et al., 2007; Guénet
et al., 2016). Therefore, a set of Fe oxyhydroxides such as ferrihydrite, lepidocrocite, goethite and
hematite (synthetized at SOLEIL synchrotron and the Geosciences Rennes laboratory) as well as a set
of phyllosilicates containing Fe smectite (Swy-2), illite (from CMS) muscovite (from Bihar) and
biotite were selected. Additionally, Fe-OM associations were synthesized at a ratio of 0.4 Fe/OC
(wt/wt) using leonardite humic acid from IHSS (C = 63.81%, O = 31.27%, H = 3.70% and N = 1.23%)
following the procedure described in Guénet et al. (2017). All references were measured in the same

conditions as the samples.

2.4. Principal component analysis

Multivariate analysis, including principal component analysis (PCA), is largely used to analyze the
structure of large datasets. The main goal of this technique is to offer a better visualization of the metal
content loads in association with the Fe and OM contents. The rows of the starting data matrix for
PCA analysis represent the different samples, their size-partition and their location (i.e. 15
observations: surface and subsurface riverbanks, < 2 mm and < 50 um) and the columns represent the
variables, i.e. the elemental contents (29 variables included major constituents, metals, REE highest
concentrated and some element of the geochemical background: OC, S, Si, Al, Fe, Mg, Ca, Na, K,
Ti, As, Ba, Cd, Ce, Co, Cr, Cs, Cu, Eu, La, Nd, Ni, Pb, Sh, Sr, U, V, Zn and Zr). As the <4um fraction
was extracted to highlight the very small amount of Fe oxyhydroxides in the riverbank samples, it is
not well suited and thus not used to prospect the correlation between the elements. PCA analyses were
performed using Pearson’s correlation (Table EA-2) with the XLSTAT software (Addinsoft). P-values

were calculated to indicate significance at either the 1% or 5 % level (Table EA-2).

3. Results

3.1. Elemental content gradient in the riverbank
Riverbanks from the Mercy riparian wetland of Kervidy-Naizin present a very different aspect in

terms of color (gray to orange) and texture (organic, sand, clay) in the surface where ferric deposits are



observed (Figure 1b and 1c). The composition of the major, minor and trace elements of the surface
and subsurface riverbank sample are presented in Table EA-1. The metal behavior in the riverbank is
subject to fluctuations at the oxic/anoxic interface in response to the frequency and the duration of
flood (Lynch et al., 2014). This leads to study As, Cd, Co, Cr, Cu, Ni, Pb Sbh, Zn and REE due to
their interaction with metal bearing phases ( such as OM and Fe oxyhydroxides). Those selected

elements are reported in Figure 2 to better visualize their distribution in the various size fractions.

3.1.1. Bulk fraction (< 2 mm)

The ferric deposit P3 exhibits a very high Fe content (6.5 wt%) as well as high contents of As (60 mg
kg™h), Co (147 mg kg™), Cu (23 mg kg™), Ni (49 mg kg™), Pb (35 mg kg™). The riverbank samples
composition is dominated by Si, Al and Fe contents (28-36 wt%; 2-3 wt%; 1-4 wt%, respectively). An
increase in the iron content is observed from the subsurface (~1wt%) to the surface (up to 4 wt%).
Arsenic, Co, Cu, Ni, Pb and Zn are also systematically enriched on the riverbank surface reaching 39
mg kg™, 36 mg kg, 43 mg kg?, 36 mg kg™, 40 mg kg™ and 68 mg kg, respectively. The Fe, As, Co,
Cu, Ni, Pb and Zn contents in wetland soils are largely lower than in the riverbank samples (Grybos et
al., 2007; Davranche et al., 2013). Conversely, no differences can be observed for the Cr contents
between the surface and subsurface of the riverbanks. The cadmium content is low and the Sb content
presents very small variations. The organic carbon (OC) contents vary from 0.6 to 3.9 wt%, exhibiting
the highest contents for the samples collected in the organic horizon (P1 samples). The samples are

relatively S low (from 0.03 to 0.07 wt%).

3.1.2. < 50 pum size fraction

The riverbank samples composition is dominated by Si, Al and Fe (31-35 wt%; 2-4 wt%; 1-3 wt%,
respectively). However, at the surface, the Fe and metals contents are lower than in the < 2 mm
fraction (maximum content for Fe: 3 wt%, As: 29 mg kg™, Co: 14 mg kg™, Cu: 27 mg kg™, Ni: 33 mg
kg™, Pb: 33 mg kg, Zn: 66 mg kg™). The same enrichment in Fe, As, Co, Cu, Ni, Pb and Zn is
observed at the riverbank surface. The Y REE and Cr contents are higher in the < 50 pum fraction than

in the bulk.



3.1.3. <4 um size fraction

The accumulation of metal observed in the bulk and in the < 50 um fraction between the subsurface
and surface is less pronounced for the < 4 um fraction. The chemical composition of the < 4 um
fraction exhibits the highest Fe content for P2B (the most suitable sample to represent Fe deposits at
the riverbank surface) and P4C (redoxic horizon). Sample P2B exhibits up to 17 wt% of Fe with very
high contents of As (88 mg kg™), Co (27 mg kg™), Cu (68 mg kg™), Ni (77 mg kg™), Pb (51 mg kg™)
and Zn (152 mg kg™), as compared to the other riverbank surface samples. Sample PAC also shows
very high contents of Fe (9 wt%), As (40 mg kg™), Co (30 mg kg™, Cu (51 mg kg™), Ni (98 mg kg™),

Pb (62 mg kg™) and Zn (148 mg kg™).

3.2. Element correlation by PCA analysis

A statistical analysis was performed in order to discern the relationship between the distribution of Fe
and the other elements. Figure 3 displays a bi-plot representing the variable correlations with respect
to the first and second principal components. The first component (F1) accounts for roughly 37% of
the total variance and the second component (F2) explains approximately 35% of the whole dataset

variance for the <2 mm and < 50 pum size fractions of the riverbank samples.

All of the variables except Si are positively correlated with the first component F1. The second
component discriminates a “metal group” correlated with Fe, OC and Sy: As, Cd, Co, Cu, Cd, Ni, Pb,
Sb and Zn. The Pearson correlation matrix exhibits the highest Pearson factor (PF) with Fe for As
(0.97, p value < 0.01), Co (0.69, p value < 0.01), Cu (0.75, p value < 0.01), Ni (0.81, p value < 0.01)
and Sb (0.82, p value < 0.01), while OC and S present the highest Pearson factor for Cd (0.78-0.83, p
values < 0.01), Pb (0.75-0.80, p values < 0.01) and Zn (0.64-0.72, p values < 0.01) (Table EA-2). The
combination of the F1 and F2 PCA components can also be used to differentiate two other groups: Al,
Ba, Cs, Cr, K, Mg, Na, Ti, Sr and Zr on one side, representing the geochemical background of the
wetland soil, and Ce, La, Nd, Eu, U and V on the other side, and which is between the geochemical

background and the element correlated with the absorbing phases (Fe oxyhydroxides and OM).



3.3. Mineralogical composition

3.3.1. XRD pattern

X-ray diffraction patterns of the riverbank bulk samples are largely dominated by quartz and clay
minerals (data not shown). XRD measurements were then performed on the < 4 um fractions in order
to identify the fine mineralogy and the Fe oxyhydroxides potentially identifiable by XRD (goethite,
lepidocrocite, hematite, maghemite, etc.). The patterns are shown in Figure EA-1. Additionally, the
XRD patterns were recorded after glycolated and heated treatment on < 4 um fractions to evidence

goethite and phyllosilicates. An example is given in Figure 4 (P2B sample).

The XRD patterns show the presence of phyllosilicates such as chlorite, vermiculite, mica and
kaolinite. Specific peaks of muscovite and vermiculite are superimposed in the heated diffractogram
due to the shift of the vermiculite peak during heating (10.01 A, 5.00 A and 3.32 A). Some quartz

residues are also detected (characteristic peaks at 3.34 A, 4.27 A).

Goethite is the only Fe oxyhydroxide identified with a distinct peak at 4.19 A in the XRD patterns.
Other Fe oxyhydroxides are expected to be present in these riverbank samples, however due to their
poorly crystalline structure (e.g. ferrihydrite) or their possible micro/nanometric size it is not possible
to identify them. No peak at 6.23 A corresponding to lepidocrocite (e.g. Tarzi and Protz, 1978; Ross et
al., 1979) is observed. However, in this studied wetland, Guénet et al. (2016) demonstrated that Fe is
present as nano-lepidocrocite, small Fe clusters and Fe monomers bound to OM in response to a slow

oxidation Kkinetic and to the presence of a large amount of OM.

3.3.2. SEM observations

Scanning electron microscopy was used to obtain images of the Fe-bearing phases. They were detected
according to their higher electron density and elemental composition using EDS analysis. We focused
on three samples (P3, P2B and P4C) due to their high Fe content. The samples exhibit different
structures of Fe oxyhydroxides. Figure 5a represents an aggregate of crystalline Fe oxyhydroxides

with the star shape of goethite structure (Cornell et al., 1983). Their apparent sizes are smaller than 4-5



pm in length and their Fe contents reach up to mean value of 58 wt% (n = 3). Fine star-shaped
structures, less enriched in Fe (50 wt%), can be observed in Figure 5b. An external layer composed of

Fe (49 wt%) surrounds the star aggregate.

Figure 5c represents an aggregate of numerous spheroid particles. Figure 5d can be used to estimate
the size of these non-crystalline nanoparticles, ranging from 100 nm to 500 nm in size. These
nanoparticles are comprised of Fe at a two times lower content (29 and 32 wt%) than that found in the
structures observed in Figures 5a and 5b. Figure 5e shows a very fine-ordered layer comprised of Fe
(48 wt%). It is 6-7 um wide and at least 30-40 pm long. It is delimitated by an external layer made up
of 45 wt% of Fe. Figure 5f highlights a large aggregate up to 80 um composed of 70 wt% of Fe.
Figure 5g shows the clay matrix, where the Fe oxide particles are surrounded by clay aggregates ([Fe]
= 13 wt%). At least five different Fe oxyhydroxide structures (stars, fine layers, spheroid particles and
two types of large aggregates) are observed. However, only goethite can be clearly identified based on

its star shape (Figures 5a and 5b).

3.4. Solid Fe speciation

3.4.1. Fe K-edge XANES data
The Fe K-edge XANES spectra and LCF results are given in Figure 6. The spectra of the reference

compounds used for the LCF are plotted in Figure EA-2. The numerical results of the LCF are
reported in Table EA-3. The spectra exhibit a pre-edge, followed by a white line which is followed by
a shoulder. The position of the pre-edge depends on the redox state of Fe in the Fe-bearing minerals
(Wilke et al., 2001). All of the samples present their pre-edge at 7115 eV indicating that Fe(ll) is the
main oxidation state in all samples in accordance with the oxic conditions occurring in the riverbank
during the low water level period. The analysis of the XANES region reveals pronounced differences
among the samples. The white line presents a maximum that varies from 7131 to 7133 eV. A width
enlargement for the surface samples and a refinement for the subsurface samples is observed. The
shoulder is also more or less intense at ~7150 eV. The good quality of the LCF (y? reduced), which

varies from 0.9 10° to 5.6 107, is used to discuss Fe speciation in riverbank samples.



3.4.2. At the riverbank surface
In the bulk fraction, Fe is mainly hosted by goethite, ferrihydrite and Fe-OM (23-36%, 16-31% and

29-41%, respectively). Iron speciation in the P3 sample exclusively representing the Fe crust is
strongly dominated by Fe oxyhydroxides and Fe-OM associations. Lepidocrocite also appears as a Fe-
bearing phase according to the LCF results. However, given that the proportion is less than 7%, it may
not be significant. The LCF results identify muscovite, i.e. a mica mineral type, as a Fe host phase (Fe-
mica) with up to 21% of Fe in sample P1 5-10 in contact with the O/Ah horizons. For the other
samples, Fe hosted by muscovite does not exceed 14%. The amount of Fe hosted by biotite is very low
(Table EA-3) and within the error bar (£ 10%). However, in such context find Fe in biotite is possible,

but we did not over-interpret the presence of biotite.

In the fine fraction (< 50 um), Fe is mainly hosted by goethite (21-34%), ferrihydrite (13-40%) and
Fe-OM (20-39%). Iron speciation in P2B (the most suitable sample for Fe deposits at the riverbank
surface, Figure 1) is characterized by the highest proportion of goethite (34%), ferrinydrite (40%) and

Fe-OM associations (20%).

3.4.3. At the riverbank subsurface

In the bulk fraction, Fe is mainly hosted by goethite (23-36%) and muscovite (up to 35%) and, to a
lesser degree, by ferrihydrite and Fe-OM associations (8-22% and 15-30%, respectively). The LCF
results for the fine fraction (< 50 um) show the same Fe speciation as in the bulk fraction, dominated
by muscovite and goethite (20-35% and 33-47%, respectively). The sample from the redoxic horizon,

PAC, presents a higher Fe proportion of ferrihydrite (22%) than the other subsurface samples.

3.4.4. In the < 4 um size fraction

The size of the Fe oxyhydroxides identified by SEM is smaller than 4 pm (Figure 5). Therefore, Fe
speciation is also demonstrated in the < 4 um size fraction. The LCF results show that Fe is hosted by
goethite, lepidocrocite, ferrihydrite, OM and muscovite (Figure 6). The strong difference with the bulk
and fine fractions is the emergence of lepidocrocite (10-34%). In order to validate the presence of
lepidocrocite, the 2 reduced factor was calculated as between the LCF performed with and without the

lepidocrocite XANES spectrum. An improvement in the reduced x? value, ranging from 17 to 48%,



was calculated (for the six samples) when lepidocrocite was added as a reference compound. This
improvement demonstrates that part of Fe is effectively hosted by lepidocrocite in the < 4 pm fraction.
The riverbank surface samples are characterized by a high proportion of goethite and ferrihydrite (46%
and 31%, respectively) and P2B (the most representative sample for the Fe deposit at the riverbank
surface) (Figure 1) has the lowest proportion of lepidocrocite. The contribution of lepidocrocite is

therefore higher in the albic horizon (P4B1, 34%) than at the riverbank surface.

4, Discussion

4.1. Solid-phase Fe speciation along the riverbank

In the riverbank, Fe speciation is made up of Fe oxyhydroxides (ferrihydrite, goethite and
lepidocrocite), Fe-OM associations and phyllosilicates (mainly mica type). As expressed in Figure 6,
at the surface, the Fe distribution is dominated by small poorly crystalline Fe phases (i.e. ferrihydrite
and Fe-OM associations) and goethite. At the subsurface, the Fe distribution is dominated by goethite
and Fe-mica, the proportion of which increases at the expense of ferrihydrite and the Fe-OM

associations.

Goethite is an end-member of many Fe transformation routes. In aerated environments, the production
of goethite takes a longer time than the production of ferrihydrite (Cornell and Schwertmann, 2003;
Guo and Barnard, 2013). Therefore, at the riverbank surface, ferrihydrite is the first Fe(lll)
oxyhydroxide to be produced in response to the rapid Fe(ll) oxidative precipitation induced by the
presence of O,. The abundance of ferrihydrite (up to 31%) on the riverbank surface is therefore
induced by the faster kinetic formation of ferrihydrite. However, when Fe(Il) flux is over, the fast
ferrihydrite formation is therefore stopped and the ratio ferrihydrite/goethite can thus increase in favor
of goethite. The erosion process of the riverbank via high water flow is thus a limiting factor for the
transformation of ferrihydrite into goethite. By contrast, goethite is dominant in relation to ferrihydrite
in the subsurface because it is possible that ferrihydrite transform into goethite over time (e.g. Cornell

and Schwertmann, 2003).



The ferrihydrite to goethite transformation may also be slowed down by surface coating with OM
(Schwertmann, 1966; Jones et al., 2009) and the high amount of OM (OC content up to 3.9 wt%) may
favor the formation of Fe-OM associations (Kaiser and Guggenberger, 2003). Moreover, the
precipitation of Fe in the presence of OM constrains the particle size and structural order of Fe
(Schwertmann et al., 2005; Eusterhues et al., 2008; Cismasu et al., 2011; Pédrot et al., 2011). These
results in wider lattice spacing, fewer crystal planes and Fe monomers, polymers and nanoparticles
bound to OM (Vilgé-Ritter et al., 1999; Guénet et al., 2017). Threlfall (2003) showed that clusters and
nanoparticles grow through a continuous supply of Fe(ll1) and Waychunas et al., (2005) demonstrated
that this occurs through particle and cluster aggregation as observed in Figure 5. In ambient terrestrial
environments (humid air, water and soil), wet surfaces favor solid transformations. The surface
enthalpy is low for hydrous phases (oxyhydroxides) encouraging large surface area phases and
allowing small particles to be thermodynamically more competitive than large ones (Navrotsky et al.,
2008). Thus, over large surface areas (200-350 m2 g%), ferrihydrite is thermodynamically competitive

with goethite and lepidocrocite (Navrotsky et al., 2008).

Lepidocrocite is common in environments subject to oxic and anoxic fluctuations such as riparian
wetlands (Schwertmann and Taylor, 1979; Thompson et al., 2006; Guénet et al., 2016). Guénet et al.
(2016) demonstrated the presence of nano-lepidocrocite in the soil of the wetland studied here. By
contrast, in the riverbank, only a small amount of lepidocrocite was detected in both the <2 mm and <
50 um fractions. Yamaguchi et al. (2014) demonstrated that a permanent supply of O, at the surface
and in the root channel induces a faster oxidation, favoring goethite and ferrihydrite, whereas
lepidocrocite is the result of a slow oxidation. Here, in the riverbank, there is a permanent supply of O,
regardless of the water level, which favors the formation of ferrihydrite at the expense of lepidocrocite.
Additionally, phosphates may also influence lepidocrocite formation (Cumplido et al., 2000). Goethite
instead of lepidocrocite is formed at P/Fe < 0.5 in the pH range 5-8.5. The results clearly show that Fe
is dominant over P in our samples (0.005<P/Fe<0.025, Table EA-1). Finally, lepidocrocite may be a
by-product of green rust oxidation (Schwertmann and Fechter, 1994). Although no green rust was

identified in this study, Bourrié et al. (1999) observed green rusts in the deepest horizon of the wetland



soil. However, in the < 4 um size fraction of the albic horizon, the LCF results indicate the presence of
lepidocrocite, which may be trapped by phyllosilicates as previously observed by Peacock (1942) and
Tarzi and Protz (1978). The XANES analysis performed on the < 4 um fraction can therefore be used

to identify lepidocrocite in response to the strong phyllosilicate contribution.

Lastly, sample P4C, corresponding to the redoxic horizon, presents a high proportion of ferrihydrite
whereas the other samples are enriched in goethite and mica. The redoxic horizon is in contact with
the nitrate-enriched groundwater (Dia et al., 2000; Molénat et al., 2002) preventing the reduction of

Fe(l1l) and favoring the fast accumulation of ferrihydrite.

At the riverbank surface, the main Fe hosting phases are therefore ferrihydrite and Fe-OM associations
in response to (i) the fast Fe(ll) oxidation and (ii) the presence of OM favoring the formation of nano-
phases and preventing mineralogical transformation. Goethite develops in response to the
transformation of the Fe precursor but its formation is limited by the erosion of the riverbank. In this
system, speciation strongly varies at a small scale, demonstrating that the riverbank is a strategic area

for the Fe biogeochemical cycle.

4.2. Metal-bearing phases

The variation in Fe speciation with the horizontal redox stratification may affect the metal cycle. The
results of the PCA therefore demonstrate a correlation between Fe and trace metals (Figure 3). Due to
the large specific surface area (200-600 m2 g), the high density of their hydroxyl surface groups and
their nano-size, ferrihydrite and Fe clusters bound to OM are efficient metal sorbents and vectors for
trace metals (Dzombak and Morel, 1990; Hassellév and von der Krammer, 2008). Moreover, freshly
precipitated Fe oxyhydroxides have an adsorption capacity ten times that of aged oxides that has been
found to correspond to a tenfold difference in cation exchange capacity and surface area (Shuman,

1977).

Depending on the pH, metals associated with small ferrihydrite aggregates can be mobilized in
response to the fast ferrihydrite dissolution under reducing conditions. When metals are associated

with Fe clusters bound to OM, their mobility is mainly controlled by the mobility of the OM



aggregates. In this hypothesis, goethite is not considered as a major Fe reactive phase. Given that it
only occurs in a small amount, lepidocrocite also weakly influences the behavior of the metals. To
determine the reactive Fe phases able to affect the behavior of metals, the “reactive Fe” content is
calculated summing Fe as ferrihydrite and Fe clusters bound to OM. Elemental contents (As, Co, Cu,
Ni, Pb and Zn) are plotted against the “reactive Fe” and OC contents (Figure 7) and a variable
“reactive Fe” was added in the Pearson correlation matrix to provide Pearson factor (PF) and p values.
Arsenic, Co, Cu and Ni were selected due to their strong Pearson correlation factor with Fe (Figure 3,
Table EA-2) and their significant accumulation in the < 2 mm and < 50um fractions at the riverbank
surface (Figure 2). By contrast, Pb and Zn were selected because of their strong Pearson correlation
factor with the OC and Sy, contents (Figure 3, Table EA-2) and their slight accumulation at the

riverbank surface.

Numerous studies have demonstrated that, in wetlands, As mobility is mainly controlled by the
behavior of Fe(lll) oxyhydroxides in response to redox variations (e.g. Kocar et al., 2008; Polizzotto et
al., 2008; Davranche et al., 2013). Iron may also act as bridge between As and OM as ions or
nanoparticles (Ritter et al., 2006; Mikutta and Kretzschmar, 2011, Catrouillet et al., 2014; Guénet et
al., 2016). In the riverbank, the As content increases with the increasing “reactive Fe” content (Figure
7a, R2 = 0.97). Conversely, samples enriched in OC do not affect the correlation between As and
“reactive Fe” (Figure 7a). In the riverbank, the behavior of As is therefore strongly controlled by the
“reactive Fe” phases, i.e. ferrihydrite and Fe clusters bound to OM (PF = 0.97, p value < 0.01, Table

EA-2).

Grybos et al. (2007) identified various trace metal behaviors in the organo-mineral soil horizon of the
Mercy wetland. They showed that Co was mainly bound to Fe-oxyhydroxides while Pb and Ni were
bound to both OM and Fe-oxyhydroxides. At the riverbank, Co exhibits a correlation with “reactive
Fe” (PF = 0.71, p value < 0.01, Table EA-2). However, depending on the size fraction, two distinct
trends are observed (Figure 7b). The linear regression between Co and “reactive Fe” is higher for the <
2 mm fraction (R2 = 0.70) than for the < 50 um fraction (R2 = 0.52). In the < 2 mm fraction, the

amounts of OC and Fe are higher than in the < 50 um fraction (Table EA-1) and Co has a higher



correlation with them in the < 2 mm fraction (Figure 7b). Thus, the distribution of Co evolves in
relation with the amounts of Fe oxyhydroxide and OM. Moreover, a high Mn content is measured in
the ferric deposit crust (P3, [Mn] = 2.56 g kg*) and Mn oxides are well-known to have strong affinity

for Co (e.g. Burns, 1976; Crowther et al., 1983).

It is difficult to precisely quantify the affinity of copper with Fe oxyhydroxides and OM due to the
precipitation or re-adsorption of the reduced phase (Grybos et al., 2007). However, at the riverbank
surface, Cu seems to be clearly bound to “reactive Fe” content (R? = 0.79, PF = 0.77, p value < 0.01);
the outlier (P1 5-10, OC = 3.4 wt%) is a reminder that Cu has also a strong affinity for OM (Figure

7c).

Nickel and Pb are mainly controlled by OM and Fe oxyhydroxides in the wetland soil (Grybos et al.,
2007). In the riverbank, the same relation is observed between Ni, “reactive Fe” and OC (Figure 7d).
By contrast, the amount of Pb increases with the increasing OC content and the decreasing Fe-Fh/Fe-
OM ratio (Figure 7e). At the riverbank surface, the Pb content varies from 17 to 22 mg kg™ for the
organic-poor samples (OC = 1.5 to 2.4 wt%), and from 20 to 40 mg kg™ for the organic-rich samples
(OC = 1.9 to 3.9 wt%) (Table EA-1). As demonstrated by the PCA, the Pb distribution has a higher
correlation with OC (0.75, p value < 0.01, Table EA-2) or potentially Fe bound to OM than with
“reactive Fe” (PF = 0.37). Last, Zn is slightly enriched at the riverbank surface but no correlation was
clearly allow distinguishing a stronger association with “reactive Fe” (PF = 0.56, p value < 0.05) than

OC (PF =0.64, p value < 0.01) (Figure 7f, Table EA-2).

By contrast, the albic horizon (P4B1 and P4B2) exhibits a low metal content, especially in As (8-9 mg
kg™) and Co (6 mg kg™) (Table EA-1), which are strongly correlated with Fe oxyhydroxides at the
riverbank surface. Iron speciation in the albic horizon is dominated by goethite and Fe-mica. Copper,
Ni, Pb and Zn can be potentially adsorbed onto clay minerals (e.g. Bhattacharyya and Gupta, 2008;
Uddin, 2017). Moreover, a recent study has provided chemical models showing that, for pH values
ranging from 6 to 7, the sorption onto goethite is 100% for Cu and Pb (5.10° mol kg'lgoethhe)and almost

80% for Zn (4.10'3 mol kg‘lgoethite) (Komérek et al., 2018). The pH of the wetland soil solution varies



from 6.0 to 7.1 (Olivié-Lauquet et al., 2001; Pourret et al., 2007). As a result, Cu, Ni, Pb and Zn are

probably adsorbed to goethite in the albic horizon.

This study shows that the soil in the riverbank is enriched in the Fe-phases which modifies the
behavior of the trace metals in interaction with Fe oxyhydroxides with the following sequence As >
Cu > Co, Ni > Pb > Zn. Three main groups can be identified: As (metalloid), Cu, Co, Ni (metal
transition) and Pb, Zn (post metal transition). Consequently, the trace metal chemical properties

controlled their scavenging at the riverbank surface.

4.3. Riverbanks in wetlands

In the riverbank, small and mainly poorly crystalline Fe oxyhydroxides are formed in response to the
flow of Fe(ll) dissolved in water, O, routes in the soil porosity and a high amount of OM which
prevent the growth and crystallization of Fe oxyhydroxides. These ferric deposits are correlated with
high trace metal contents (As > Cu > Co, Ni > Pb > Zn) suggesting that they act as a “geochemical
filter” by trapping chemical elements. During periods of high water levels, the erosion of the riverbank

depending on the river flow removes the ferric deposits and the associated elements (Figure 8).

Fe(lll) oxyhydroxides release Fe(ll,111) into the solution through reductive dissolution, hydrolyze and
complexation (Schwertmann, 1991). The solubility of Fe(lll) oxyhydroxides in water is very low
(Schwertmann, 1991) and their solubility product range from 0 to 3.5 (log Ksp) with the highest value
for ferrihydrite (Lindsay, 1988). The solubility also depends on the Fe oxyhydroxides properties (such

as their structure, crystallinity, particle size) (Larsen and Postma, 2001, Kraemer, 2004).

In the physicochemical conditions of the river, the solubility is strongly controlled by the pH. The
river water pH (outlet) of the Mercy watershed varies from 6.6 to 7.6 between December and May
(Olivié-Lauquet et al., 2001) and therefore does not favor the solubilization of Fe oxyhydroxides in the
river. The pH of the river water is higher than the pH of the soil solution (from 6.0 to 7.1), thereby
inhibiting the solubilization of the ferrihydrite and Fe clusters bound to OM (Avena and Koopal, 1998;

Kaiser and Zech, 1999) and the subsequent release of associated metals.



Moreover, the river is always maintained in oxic conditions thereby preventing the reduction of Fe(lll)
in the hyporheic zone. These erosion products enrich the river water in Fe oxyhydroxides in the form
of suspended material (particles and colloids) (Figure 8). However, when the flow velocity of the
water is low, the ferric deposits precipitate due to the reduced Fe(Il) fluxes onto the riverbank surface.
Low water flow is therefore a key factor for the formation of ferric deposits as well as the

accumulation of metals at the surface and prevents the erosion of the riverbank surface (Figure 8).

5. Conclusions

This study shows that Fe speciation at the riverbank interface between the wetland and the river is a
key factor of metal fluxes in rivers. In the case of the Mercy wetland in the Kervidy-Naizin sub-
catchment, ferric deposits observed at the riverbank surface are mainly dominated by the formation of
ferrihydrite and Fe clusters bound to OM. In the subsurface, Fe is mainly present as goethite and mica.
This Fe speciation is the result of the fast oxidation reaction occurring in response to the input of O, in
the riverbank porosity. Consequently, the small structure and poorly crystalline form of these ferric
deposits make them strong scavengers of metallic trace elements. The results demonstrate that the
combination of small and poorly crystalline Fe oxyhydroxides and OM are responsible for an
accumulation of metals (As, Co, Cu, Ni, Pb, Zn, etc.). However, distinct metal behaviors are observed
relative to the Fe oxyhydroxides and OM. At the riverbank surface, Fe oxyhydroxides accumulate As,
organic matter is the major scavenger of Pb whereas the distribution of Co, Cu and Ni is primarily

controlled by OM and Fe oxyhydroxides.

Metal transport is thus dependent on its main bearing phases, poorly crystalline Fe-oxide (potentially
soluble), Fe clusters bound to OM and OM (not as soluble). This dissolution process is essential to
understanding the behavior of metals in aquatic systems (transport, bioavailability, etc.). In wetlands,
the alternation of low and high water levels is responsible for the formation and remobilization of
these ferric deposits, enriched in OM and trace metals, in the river. When the water level is low and
without river flow, the ferric deposits remain at the riverbank surface. Their formation occurs when the

water flow is low in the river, when the riverbank is charged with water, thereby favoring a reduced



Fe(Il) fluxes in anoxic conditions. At the riverbank surface, Fe oxyhydroxides precipitation forms due
to the presence of O,. Metal accumulation occurs during these conditions. Then, when the water level
is high (high flow), strong erosion removes these deposits in the river. The physical and chemical
parameters of the river (pH ranging from 6.6 to 7.6 and continuous oxic conditions) do not allow the
dissolution of Fe oxyhydroxides and OM. Therefore, the ferric deposits and associated trace metals are
maintained as colloids/particles and are exported to the outlet. All of the results presented in this
current work demonstrate that ferric deposits trap metals on a seasonal basis and are therefore a key
factor in the mobilization of metals during riverbank erosion by river flow. Controlled experiments
should be conducted to simulate riverbank environment in a closed system under different frequency
and duration of wet and dry cycles in order to identify the processes (sorption/desorption,

precipitation/dissolution and complexation/decomplexation) controlling metal mobility in riverbank.
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Highlights

Fe(Il) precipitates as solid Fe(l11) at the riverbank surface

Ferrihydrite and Fe-OM associations are the main Fe-phases at the riverbank surface
Metals bound to Fe oxyhydroxides and OM accumulate at the riverbank surface

Fe oxyhydroxides at the riverbank act as seasonal scavenger of metals

Riverbank erosion is the key factor of metals mobilization as colloids in the river
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