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ABSTRACT: Wetlands have been proposed to naturally attenuate U transfers in
the environment via U complexation by organic matter and potential U reduction.

U(VI)-complexes

o
However, U mobility may depend on the identity of particulate/dissolved wc
uranium source materials and their redox sensitivity. Here, we examined the fate N
of uranium in a highly contaminated wetland (up to 4500 mg-kg™' U) impacted LS

by former mine water discharges. Bulk U Ly-EXAFS and (micro-)XANES e
combined with SEM-EDXS analyses of undisturbed soil cores show a sharp U [l
redox boundary at the water table, together with a major U redistribution from Calsﬁtyg:)t;zu_zo
U(IV)-minerals to U(VI)-organic matter complexes. Above the water table, U is

fully oxidized into mono- and bidentate U(VI)-carboxyl and monodentate U(VI)-
phosphoryl complexes. Minute amounts of U(VI)-phosphate minerals are also
observed. Below the water table, U is fully reduced and is partitioned between
U(IV)-phosphate minerals (i.e,, ningyoite and a lermontovite-like phase), and
bidentate U(IV)-phosphoryl and monodentate U(IV)-carboxyl complexes. Such a U redistribution from U-minerals inherited
from mine water discharge deposits could result from redox cycling nearby the water table fluctuation zone. Oxidative
dissolution of U(IV)-phosphate minerals could have led to U(VI)-organic matter complexation, followed by subsequent
reduction into U(IV)-organic complexes. However, uranium(IV) minerals could have been preserved in permanently
waterlogged soil.
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INTRODUCTION

Uranium (U) naturally occurs in soils and sediments at
concentrations typically ranging from 1 to 10 mg-kg_l,
depending on the bedrock geochemical background.'”

abiotic"* ™" reduction into sparingly soluble U(IV) species,

such as uraninite UO,""'*'® and U(IV)-phosphate miner-
als."”'® More recently, noncrystalline U(IV) species such as

However, uranium concentrations may locally exceed these
back%round levels in the vicinity of former uranium mining
sites.”* Understanding the processes controlling uranium
mobility in such contaminated zones is of prime importance
to limit further U transfer to the environment. The mobility of
U in soils and sediments is mainly driven by redox processes,
ligands complexation, sorption, and precipitation processes.>®
In oxic environments, U is mainly present as hexavalent U(VI)
and typically occurs as mobile uranyl cation UO,>" that forms
soluble complexes with a wide variety of ligands such as
hydroxides, carbonates, and organic moieties.>” ™ In reducing

environments, U(VI) may be immobilized via biotic'*™"* or

mononuclear U(IV) complexes were observed in laboratory
bioassays'® > and in a variety of natural reducing environ-
ments.”' 7>° Such species may be expected to be less stable
than crystalline ones under oxidizing26 and reducing
conditions,”" albeit they were recently discovered in roll-
front uranium deposits.”

Natural and artificial wetlands such as peats and flooded
soils have been recognized for their ability to accumulate U



. . 27-30
since they harbor reducing zones. However, long-term

scavenging of U in such environments may depend on seasonal
hydrological fluctuations and organic matter content since
these factors play a major role in the control of redox
conditions and U mobility.*' ~** Furthermore, investigations of
U speciation in peat using chemical extractions have shown
significant fraction of sorbed or easily extractable U species,
such as 0.1 M bicarbonate extractable U,** organically bound
(0.1 M Na,P,0,) and dilute-acid extractable U.>*** Only a few
studies have directly addressed the speciation of U in such
environments using X-ray absorption spectroscopy (XAS) that
allows one to directly determine U oxidation state and
molecular level speciation in complex environmental samples.
Several of these studies reported U(VI) as being dominant in
wetlands and organic-rich soils,*>*” with U(VI) bound to
carboxylic moieties,>” to additional organophosphates or
silicates moieties,”> or associated with U(VI)-phosphate
minerals.®” In contrast, only a few studies have reported the
presence of U(IV) species in peats, such as U(IV) bound to
carboxyl moieties”® or U(IV) coordinated to amorphous Al—
P—Fe—Si aggregates,”*” these latter favoring U(IV) mobility
under colloidal form. Nevertheless, U(IV)-ghosphate minerals
have not been documented yet in wetlands,”"*”~>" by contrast
with lake sediments.** Such a variability in the reported U
redox state and speciation in peats and wetland soils calls for
turther investigations to help building conceptual model of U
behavior in these putative U retention environments. In
addition, U speciation in wetlands may depend on uranium
sources, either solid or dissolved, a factor that has not been yet
addressed.”*” ™% It appears thus as primordial to disentangle
the factors that govern the evolution of U oxidation state and
speciation in wetlands, among which the contaminating
sources, the influence of water table fluctuations, and the
role of uranium-organic matter interactions.

To fill this knowledge gap, the present study addresses
uranium speciation in seasonally saturated soils that are highly
contaminated by U due to former mine waters discharges. The
chosen site offers the opportunity to evaluate the fate
of U(IV)-phosphate minerals that have contaminated this
wetland and have then been subjected to seasonal redox
fluctuations. Uranium oxidation state and molecular environ-
ment were determined using XAS, p-XAS, and Scanning
Electron Microscopy coupled with Energy Dispersive X-ray
spectrometry (SEM-EDXS) analyses along two soil core
profiles carefully sampled under inert atmosphere in the
contaminated wetland.

MATERIALS AND METHODS

Site Description and Sampling. Three soil cores (Cl,
C2, and C6) were sampled in October 2016 in a seasonally
tlooded wetland located 300 m downstream from the former
Ty Gallen uranium mine, Britanny, France. A part of this
wooded wetland is severely contaminated with uranium, with
topsoil U concentrations reaching 4500 ppm, due to discharges
of contaminated mine waters during mining operations that
lasted from 1963 to 1981.* Cores C2 and C6 were sampled in
the wetland, where mine waters collected by the drainage ditch
were flowed (Figure SI-Sla of the Supporting Information, SI).
The C2 core was sampled in the upstream part of the wetland,
30 m downstream from the mine water outlet. The C6 core
was sampled 50 m downstream, in the wettest zone of the
wetland (Figure SI-1b). The C1 core, representative of the
local geochemical background, was sampled in the east side

slope of the wetland topographic depression that was not
impacted by the mine water discharges (Figure SI-1b). The
cores were extracted using a steel hand corer equipped with 30
cm length PVC core tubes of 5 cm in diameter. Pore water pH
was 5.7—6.3. Immediately after coring, the tubes were
conditioned under anaerobic atmosphere into sealed alumi-
nized plastic bags within a glovebag purged with N, They were
then transported in a cool box at ~4 °C to the IMPMC
laboratory within the next 48 h. In an anaerobic glovebox (<20
ppm of O,), the core tubes were longitudinally cut into two
half and 1 cm thick samples were extracted every S cm along
the soil cores and vacuum-dried in the glovebox. In addition,
undisturbed 5 cm length cuts at selected depths were
embedded in Norsodyne polyester resin (Gazechim Compo-
sites S2010 V) and prepared as polished sections for SEM and
41-XRF/XANES.

Chemical and Mineralogical Analyses. The soil samples
were analyzed for total element content at IRSN laboratory
after complete acid digestion (see Supporting Information).
Majors and trace elements of the digested samples were then
measured by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, ICAP 7600 DUO thermoFisher)
and inductively coupled plasma- mass spectroscopy (ICP-MS,
X7 serie 1 ThermoFisher) respectively. Total carbon contents
(TC), Total Organic C (TOC) and Total Inorganic C (TIC)
were determined in duplicate using a carbon analyzer (Vario
TOC Elementar) equipped with a nondispersive infrared
detector. As TIC content was negligible for all samples, TC
content could be considered as similar to TOC content. The
mineralogical composition of the soil samples was qualitatively
determined by X-ray diffraction (XRD) analysis. The XRD
powder patterns were collected at the Co Ka-radiation
wavelength with an Xpert-Pro Panalytical diffractometer
equipped with an X’Celerator solid state detector, counting 2
h per sample over the 5—65° 26 range, in continuous mode
with a 0.017° 2 step. Uranium-bearing minerals were detected
and analyzed by Scanning Electron Microscopy in back-
scattered electron detection mode coupled with Energy
Dispersive X-ray Spectroscopy (SEM-EDXS) using a Zeiss
ultra 55 microscope equipped with a Field Emission Gun
(FEG) operating at 15 kV with a working distance of 7.5 mm.

XAS Data Collection and Analysis. Uranium Ly-edge
spectra of the bulk soil samples were recorded at liquid
nitrogen temperature in fluorescence detection mode at the
11—2 wiggler-beamline (Stanford Synchrotron Radiation
Ligthsource (SSRL)) using a Si(220) double crystal mono-
chromator and a 100 elements Ge array fluorescence detector,
and at liquid helium temperature in fluorescence detection
mode at the CRG-FAME bending-magnet beamline (Euro-
pean Synchrotron Radiation Facility (ESRF)) using a Si(220)
double crystal monochromator and a 30 elements Ge
fluorescence detector.*® The incident beam energy was
calibrated by recording the K-edge spectrum of an Y foil in
double transmission setup, first inflection point of Y K-edge set
to 17038 eV. Data were deadtime corrected and merged using
the SIXPACK software,*' and then energy calibrated,
normalized and background subtracted using the ATHENA
software’ to obtain X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) spectra. No beam damage was observed after several
scans at the same point. Linear combination fitting (LCF)
analysis of the XANES and k’-weighted EXAFS spectra was
performed with a custom-built software based on the



Levenberg—Marquardt least-squares minimization algorithm
according to procedures detailed in previous stud-
es.”**>* Relevant fitting components were chosen from a
large set of U Ly-edge model compounds spectra listed in the
dedicated section below, based on Principal Component
Analysis and Target Transform procedure, as detailed in the
SI. Shell-by-shell fitting of the k*-EXAFS spectra was
performed with a custom-built software based on the
Levenberg—Marquardt minimization algorithm according to
procedures detailed in previous studies.”**>** Selected back-
scattering phases and amplitude functions used in this
procedure were calculated with the FEFF8 code** from the
crystal structures of torbernite,* CaU(PO,),* and uranyl
acetate dihydrate.*’

4-XRF and u-XANES Data Collection and Analysis.
Microfocused X-ray fluorescence (u-XRF) maps were collected
at the 2—3 beamline (SSRL). Polished cuts were placed at 45°
from the incident beam, and the fluorescence signal was
recorded at 17 200 eV using a Vortex silicon drift detector with
a beam spot size of ~2 X 2 um?, step sizes of 10 um, and a
dwell time of 50 ms. Measurements were performed at room
temperature with a continuous N, flux on the surface of the
sample to limit U(IV) oxidation. In the map obtained, several
spots of interest were selected for U Lpyi-edge u-XANES
spectroscopy analysis utilizing a Si(111) monochromator
calibrated with elemental Y (K-edge at 17038 eV). The
spectra were averaged using SIXPACK,*' energy calibrated,
normalized, and analyzed by LCF using ATHENA.*

Model Compounds. The U Ly-edge XANES and EXAFS
data of the soil core samples were interpreted using a large set
of model compounds spectra that included natural uraninite
UO,,,,""** biogenic uraninite,”* U(IV)-citrate,** U(IV)-
pyrophosphate,” amorphous CaU(PO,),nH,0,* urano-
phane Ca(UO,),$1,0,-6H,0," U(VI) sorbed to hematite,
kaolinite, Illite, chlorite,*® and amorphous Fe(HI)—g)hosphate,43
as well as U(VI) biosorbed to microbial cells.” Additional
model compounds were analyzed at the U Ly-edge for the
present study and included autunite Ca(UO,),(PO,),-11H,0
from the IMPMC collection, U(VI) sorbed to humic acid,
synthetic U(IV)-doped rhabdophane and a U(IV)-humus
sample that was obtained by experimental incubation of the
C2—0 cm humus sample, as described in the SI.

RESULTS AND DISCUSSION

Mineralogical and Chemical Characterization of the
Core Profiles. The C2 and C6 cores exhibited a complex
alternation of three types of layers separated by diffuse
boundaries (Figure SI-2a). The first type of layer, referred to as
“humus layer” (O-type layer) was characterized by the quasi
absence of crystalline minerals. It typically corresponded to the
uppermost sample C2—0 cm and C2—40/45 cm samples, that
exhibit a very high TOC in the 27—30 wt % range (Table SI-1,
Figure SI-2a). The second type of layer referred to as “organo-
mineral layer” (A-type layer) was characterized by the presence
of quartz, feldspars, micas, and minor amount of chlorite. This
layer exhibited a variable TOC in the 1-25 wt % range. This
composition was close to that of the C1 core samples, with a
TOC in the 2—25% range, decreasing with depth (Table SI-1,
Figure SI-2b), which could be considered as representative of
the thick A horizon of local soils that developed over a granitic
substratum under a dense deciduous forest cover. In this
category, the organic-rich samples, with a high TOC in the 18—
25 wt % range (A;-type layer), included samples C2—5/35 cm

(Table SI-1, Figure SI-2a), C6—0/5/15 cm (Table SI-1, Figure
SI-2a) and C1—0/5 cm samples (Table SI-1, Figure SI-2b). In
the same category, the organic-poor samples with a low TOC
in the 1—8 wt % range (A,-type layer), included the C2—20/25
cm (Table SI-1, Figure SI-2a), C6—20/25/30 cm (Table SI-1,
Figure SI-2a), and C1—10/20/30 cm samples (Table SI-1,
Figure SI-2b).

The third type of layer referred to as “mine water deposit”
was characterized by the presence of a large amount of
smectite accompanying quartz, albite, K-feldspars and micas
and had a variable TOC in the 0—15 wt % range. This type of
layer was well represented in the C2 core by the C2—10/15/
30/47/52 cm samples (Table SI-1, Figure SI-2a), and it also
occurred with a lower amount of smectite in the C6 core as the
C6—10/33/38 cm samples (Table SI-1, Figure SI-2a). It was
systematically enriched in uranium (Figure 1), with concen-
trations ranging between 2000 to 3500 mg/kg in C2 core
(Table SI-1, Figure SI-2a), and 500 to 1000 mg/kg in the C6
core (Table SI-1, Figure SI-2a). Such anomalous U
concentrations together with the abundance of smectite
suggested that this type of layer is representative of weathered
granitic material pumped out from the mine and deposited
downstream in the wetland by mine water discharges. The
accumulation of smectite could be explained by size
fractionation of suspended matter during mine water runoff.
Hence, uranium-bearing material brought by the mine waters
likely enriched in fine clay during its flowing downstream from
the mining area and deposited in the weak current zone of the
wetland. Accordingly, the higher U content in the mine water
deposits of the C2 core than that of the C6 core (Figures 1 and
SI-2a; Table SI-1) could be explained by their relative
proximity to the mine water outlet (Figure SI-1).

In addition, the A-type soil samples that exhibited smectite
were systematically enriched in uranium with concentrations
ranging from 1000 mg/kg (C6-0/5 cm), to 2000 mg/kg
(C2—25 cm) and up to 4500 mg/kg (C2—5 cm) (Figures 1
and SI-2a, Table SI-1). Such compositions could be partly
explained by the mixing of mine water deposits with soil
material. Altogether, these observations showed that the
superposition of various types of soils layers observed in the
C2 and C6 cores likely resulted from successive deposits of soil
material interspersed by allochthonous material coming from
mine water discharges.

The topsoil organic-rich horizons exhibited high U
concentration, ie., 3000 mg/kg U in the C2—0 cm sample
of the O-type. In contrast, at depth, O-type (C2-40/45
cm), A;-type (C2—35 cm and C6—15 cm) and A,-type layers
(C2—20 ecm, C6—20/25/30 cm) exhibited U concentrations in
the 9-30 mgkg™' range, ie. similar to those in the
nonimpacted core C1 (<35 mgkg™"), even though they were
interposed between U contaminated mine water deposits
(Figures 1 and SI-2, Table SI-1). Such contrasted contami-
nation levels in the organic-rich soil layers raised questions
about the mechanisms that control U mobility in this heavily
contaminated wetland. We have thus investigated the oxidation
state and molecular level environment of uranium along the
soil cores in order to identify U host phases and retention
mechanisms as well as to evaluate the role of redox conditions
in the control of U fate.

Evidence for a Uranium Redox Boundary at the
Water Table Level. The U Lj;-edge XANES spectra of bulk
samples from the C2 and C6 cores were fit using linear
combinations of our U(VI)-humic acid and U(IV)-humus



Core C2

Depth (cm)

35¢m
40cm

45¢cm o

50 cm
55cm =

0 1500 3000 4500

Uranium (mg.kg")

- O-type layer

- Astypelayer [l mine water deposit

- A,-type layer =

Depth (cm)

0 1500 3000 4500

Uranium (mg.kg”)

smectite

Figure 1. Vertical distribution of bulk uranium concentrations and redox state, and pedo-lithology of the soil cores C2 and C6 sampled in the
contaminated wetland. From left to right: picture of the cores, pedo-lithological interpretation based on chemistry and mineralogy data (see Table
SI-1; Figure SI-2a and text) and red curve displaying the total bulk uranium concentrations in the solid phase in mg-kg™' (see Table SI-1) with bar
diagrams displaying the proportions of U(VI) in orange and U(IV) in green obtained from LCF analysis of the U Ly-edge XANES data (see Table
SI-2 and Figure SI-4), normalized to bulk U. The water table level at the sampling date is indicated in light blue and dash line. The water table level
was observed on the field for the C6 core and inferred from the position of the iron-oxide layer for the C2 core (see text).

model compounds spectra (Figure SI-4; Table SI-2). Fitting
results obtained with other U(IV) and U(VI) model
compounds were similar within a + 10% deviation. This
LCF-XANES analysis indicated the presence of a sharp U(VI)/
U(IV) redox boundary, which occurred deeper in the C2 core
(10—15 cm) than in the C6 core (0—S cm) (Figure 1; Figure
SI-4; Table SI-2). In the C2 core, uranium was present as
100% U(VI) down to 10 cm, while it was 86—78% U(IV) at 15
and 25 cm depth, and 100% U(IV) below 25 cm (Figure 1;
Table SI-2). In the C6 core, uranium was almost 100% U(VI)
in the upper layer, while it was 93% as U(IV) at § cm and
100% of U(IV) in deeper samples (Figure 1; Table SI-2). This
difference could be explained by the distinct topographic
elevation of the two coring points with respect to the water
table level (Figure 1). In the C2 core sampled upstream in the
wetland, the U(VI)/U(IV) redox boundary at 10—1S cm was
consistent with the presence of a Fe-rich brown layer (Figures
1 and SI-2a), likely consisting of iron-oxyhydroxides
precipitated from aqueous Fe*",* which allowed us to infer
the position of the water table in this core to be located at ~15
cm during the sampling period. The C6 core was sampled in
the wettest area of the wetland where the soil was almost
water-logged at the sampling date, with a water table at ~5 cm.
In this core, the U(VI)/U(IV) redox boundary was found
roughly at the same depth according to XANES analysis
(Figures 1 and SI-1), i.e., shallower than in the C2 core. These
results showed that the depth of the U(VI)/U(IV) redox
boundary was mainly controlled by the soil flooding level,
below which the establishment of reducing conditions is
propitious to U reduction, independently of the type of layers.

In addition, in both cores, the highest U concentrations were
found in organic-rich layers of the Al-type (C2—S cm and

C6—5 cm samples) located within the water table fluctuation
zone, independently of the oxidation state of U. This
observation raises questions about possible U transfers
between mine water deposits and neighboring organic-rich
soil layers, especially if seasonal fluctuations of the water table
lead to U redox cycling. In contrast, in deeper soil layers where
U was only present as U(IV), organic-rich and organic-poor
samples (Al and A2 layers respectively) exhibited a very low U
content (<30 mgkg™"). This concentration is similar to the
local geochemical background represented by the U concen-
tration of the uncontaminated core C1 (Figure SI-2b), even
though these layers were interposed between highly con-
taminated mine water deposit layers. These observations
suggest that U transfers could have been limited in these
reduced layers, compared to the oxidized ones. In order to
evaluate such hypotheses and to better understand the
mechanisms of putative U remobilization, we have determined
the molecular environment of U(VI) and U(IV) species
especially across the redox boundary, using EXAFS spectros-
copy, y-XRF, j-XANES, and SEM analyses.

U(VI) Speciation in the Organic Rich Samples above
the Water Table. U(VI) was mainly present as noncrystalline
species in the organic-rich C2—0 ¢cm, C2—S cm, and C6—0 c¢m
samples (Figure 2), the best EXAFS LCF being obtained with
37 to 48% of U(VI)-humic acid and 45 to 63% of U(VI)-
biosorbed (Table SI-3). Shell-by-shell fit of the humus layer
sample data, C2—0 cm, and Al-type layer sample data, C6—0
cm, confirmed this result, revealing contributions from U—-C
paths at 2.9 and 3.3 A, and a U-P path at 3.6 A (Table SI-4;
Figure 3) that we found to be characteristic of the U(VI)-
humic acid and U(VI)-biosorbed model compounds spectra.
Indeed, shell-by-shell fit of the U(VI)-humic acid model
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Figure 2. LCF analysis of U Ly;; EXAFS data of C2 and C6 core samples. Experimental and fit curves are displayed in black and red colors,
respectively. Modulus and imaginary part of the fast fourier transforms of the experimental and fit curves are also reported. The proportions of the
fitting components U(VI)-humic acid (purple), U(VI)-biosorbed (beige), autunite (orange), U(IV)-humus (light green), and U(IV)-rhabdophane
(dark green) are normalized to 100%. Non-normalized results and uncertainties are given in Table SI-3. Shell-by-shell analyses of the model

compounds spectra are reported in Figures 3, SI-6 and Table SI-4.

compound data (Figures 3 and SI-6) indicated a second
neighbor contribution from 2 U—C paths at a distance of 3.3 A
(Table SI-4) that is characteristic of U(VI) bound to carboxyl
groups in a monodentate geometryfw’50 Such geometry was
previously proposed for U(VI) complexation to humic
substances, based on room-temperature EXAES analyses.”"**

In the U(VI)-humic acid spectrum, we also observed a
minor contribution from ~1 U—C path at 2.9 A (Figure SI-6;
Table SI-4) that we interpret as nonsignificant in this sample.
Indeed, Rossberg et al.>* showed that the number of C atoms
fitted at 2.9 A in the EXAFS spectrum of sorbed uranyl ions

was systematically overestimated by ~1 atom, since this value
was obtained by EXAFS in a carbon-free sorption sample. In
our U(VI)-biosorbed model compound spectrum, this
contribution is significant with ~2 U—C paths at 2.9 A
(Figures 3 and SI-6; Table SI-4), and could then be attributed
to bidentate complexation of U(VI) to ~1 carboxyl***”*% or
carbonate groups,® as previously reported by Seder-Colomina
et al.*® In addition, in this model compound, U(VI) is also
bound to phosphoryl moieties in a monodentate edge sharing
geometry with ~2 U—P paths at ~3.6 A**° (Figures 3 and SI-
6; Table SI-4)
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Figure 3. Results of shell-by-shell analysis of U Ly-edge EXAFS spectra for soil samples C2—0 cm and C6—0 cm and relevant U(IV) model
compounds. Unfiltered k*-weighted data were fit in k-space (left) and corresponding Fast Fourier Transforms magnitude and imaginary parts are
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figure, the N value for the U—C path at 2.9 A is subtracted by 1 compared to the fitted value reported in Table SI-4 (see text). Detailed fits showing
second neighbor contributions to the EXAFS are given in Figure SI-6. A schematic local molecular structure around the U atom, consistent with the

EXAFS results, is displayed for each model compound (right).

Accordingly, the shell-by-shell fit results for the C2—0 cm
and C6—0 cm soil samples (Table SI-4), can then be
interpreted as corresponding to the following average
coordination: ~1 bidentate C at 2.9 A, ~1—2 monodentate
C at 3.3 A and 0.5—1 monodentate P at 3.6 A, as schematized
in Figure 3. These results were consistent with LCF results
indicating mixtures of the U(VI)-humic acid and U(VI)-
biosorbed spectra for these soil samples (Figure 2 and Table
S1-3) and thus showed that, in the U contaminated organic-
rich soil layers, U(VI) formed monodentate and bidentate
complexes with carboxyl groups and monodentate complexes
with phosphoryl groups, of organic and/or biological material
(Figure 3; Table SI-4). This finding is partly consistent with
two recent EXAFS studies of U speciation in a wetland®” and a
peatland,®® which proposed U(VI) bidentate-mononuclear
binding to carboxyl groups.

Here, EXAFS data collected up to k of 12 A™' yielded
evidence for the presence of monodentate U binding to
carboxyl groups of humic substances, both in our U(VI)-humic
acid model compound and in the topsoil organic-rich samples.
The dominance of this complex over the bidentate one could
possibly be related to the high U-loading in our heavily
contaminated humus layer (3496 mg/kg) and organic rich soil
samples (998—4255 mg/kg) as well as in our U(VI)-humic
acid sorption sample (1500 mg/kg) compared to the samples
studied by Li et al. (2015) (285 mg/kg) and Mikutta et al.
(2016) (335 mg/kg). Finally, additional monodentate U
binding to phosphoryl groups of humic substance or microbial
biomass with a typical U—P distance of 3.6 A in these humus
and organic-rich soil layers is consistent with the results from a

previous study of naturally U-rich wetland soils by Regenpurg
et al.*®

The occurrence of U(VI)-mononuclear organic complexes
in the organic-rich upper layers of the soils studied was
consistent with 4-XRF mapping and yXANES analyses results
(Figure 4), which showed a diffuse distribution of U in the
organic-rich horizon at 5—8 cm depth in the C6 core. In
contrast, U hot spots were abundant at 8—10 cm, in the
organic poor layer contaminated by mine water deposit (C6—
10 cm) (Figures 4 and SI-7). In this layer, u-XANES spectra
showed that U is mainly present as U(IV) (Figure 4c, and SI-
7c) especially at some hot spots that we could directly
identified as ningyoite CaU(PO,),2H,0 by SEM-EDXS
analysis (Figure 4a, b). The presence of these phosphate
minerals was confirmed and quantified by EXAFS analysis of
the bulk samples as detailed below.

U(IV) Speciation in the Mine Water Deposits below
the Water Table. U(IV) was mainly present in the form of
U(IV)-phosphate minerals and mononuclear U(IV)-organic
complexes in the mine water deposits located below the
uranium redox boundary, i.e., samples C2—30/52 cm and C6—
10/33/38 cm (Figure 2; Table SI-3). Indeed, the best EXAFS-
LCF adjustments for these samples were obtained with 37—
56% U(IV)-rhabdophane and 44—58% U(IV)-humus. Con-
sistently, the relative contribution of the U(IV)-humus
component determined by EXAFS LCF was found to be
roughly correlated to the TOC of the samples (Figure 2;
Tables SI-1 and SI-3). Moreover, similar fitting components,
with the highest proportion of U(IV)-rhabdophane (59%),
were determined for the C6—10 cm sample (Figure 2; Table
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Figure 4. Microscale analysis of U-host mineral phases and U redox state at the U(VI)/U(IV) redox boundary in a polished section of the C6 core
at 5—10 cm depth (see also Figure SI-7). (a) Backscattered electrons SEM image, elemental maps of U, Fe, and S and EDXS analysis (red square)
of a U grain interpreted as ningyoite, corresponding to spot #10 of the y-XRF elemental map; blue squares in the ternary diagram represents other
U-mineral grains identified in the C2 and C6 cores, as detailed in the SI ; (b) -XRF elemental map (6.4 X 1.2 mm?) showing the interface between
the upper organic-rich layer A; and a mine water deposit layer with U-bearing grains. The number of counts on the U La line increases from blue to
red on the color scale; and (c) U oxidation state determined by LCF fit of the u-XANES spectra collected on spots 1 to 10 in the XRF map. The
normalized proportions of U(VI) and U(IV) are displayed in orange and green color, respectively. Non-normalized results and uncertainties are

given in Table SI-S. Ning: ningyoite, Py: pyrite.

SI-3) that was interpreted as a mixture between an organic-
poor soil layer and mine water deposits (Figures 1 and SI-2a;
Table SI-1). In our EXAFS-LCF procedure, the U(IV)-
rhabdophane model compound (CagyUgqLages)PO4H,O
was used as a proxy for the isostructural mineral ningyoite
CaU(PO,),-2H,0 that was identified by SEM-EDXS analysis
as an abundant U-host phase in these samples, as illustrated in
Figure 4 for sample C6—10 cm. The local structure around U**
ions in our (CaggUpoiLages)PO,H,O rhabdophane model
compound was consistent with that expected in the
rhabdophane/ningyoite structure, with characteristic U—P
paths at 3.1 and 3.7 A as well as U—Ca/La paths at 4.1 A,**
as confirmed by shell-by-shell fitting (Figure 3 ; Table SI-4).
Another U(IV) phosphate mineral almost devoid of calcium
was also observed in the mine water deposits below the U-
redox boundary and was interpreted as lermontovite U(PO,)-
(OH)-H,0, vyacheslavite U(PO,)(OH)-2.5H,0 or Ca-
depleted autunite Ca(UO,),(PO,),-11H,0 (Figure SI-8b),
that have been discovered in weathered zones of hgdrothermal
uranium deposits.*® According to these authors,*® the crystal
structures of vyacheslavite and especially of lermontovite have
not been yet fully determined, which makes it difficult to
evaluate their contribution to the EXAFS spectra in our soil
samples. Besides, a unique grain of uraninite was also observed
in the investigated samples (Figure SI-10a) but the
contribution of this component to LCF was systematically
found to be below 1%. Interestingly, ningyoite CaU(PO,),:
2H,0 was often found to be associated with massive pyrite
grains in the C6—10 cm sample (Figure 4; Figure SI-9). Such
observations could be interpreted as resulting from U(VI)

reduction at the surface of pyrite.”’ > Consistently, ningyoite
or coffinite association with framboidal pyrite have been
recently reported to be typical of (early)-diagenetic sedimen-
tary uranium ore deposits,°”®" while pitchblende is often
associated with massive pyrite in meta-sedimentary®>®> and
hydrothermal® uranium ore deposits. To this regard, ningyoite
associated with massive pyrite crystals and large lermontovite
crystals found in the contaminated wetland soil studied could
likely originate from epigenic zones of the Ty Gallen ore
deposit that may be of hydrothermal origin.65’66

Uranium Speciation within the Water Table Fluctua-
tion Zone. For the slightly oxidized sample C2—15 cm that
was interpreted as an organic-poor mine water deposit sample
located at the U-redox boundary, the best fit was obtained with
15% of autunite, 55% of U(IV)-thabdophane and 40% of
U(IV)-humus model (Figures 1, 2, and SI-2a, Tables SI-2 and
SI-3). The proportion of U-phosphate minerals was lower
(36%) in the slightly oxidized C2—2$ cm sample (Figures 1
and 2), which corresponded to an organic-rich Al soil layer
contaminated by mine water deposit (Table SI-1; Figure SI-
2a). In the C2—10 cm sample identified as a mine water
deposits sample located just above the redox boundary of the
C2 core, uranium was fully oxidized (Figure 1) and was under
the form of mononuclear U(VI) species bound to organic
matter/biomass (Figure 2). Indeed, best LCF fit were obtained
with 35% U(VI)-humic acid and 66% U(VI)-biosorbed sample
(Table SI-3). Adding autunite as a third fitting component did
not improve the fit and yielded less than 10% for this
component. This result indicated that U(IV)-phosphate min-
erals that might have been initially present in this mine water



deposit layer, as suggested by the presence of ningyoite in
deeper samples, could have been oxidized and dissolved. One
may thus infer that a fraction of the released U(VI) could have
been scavenged by organic matter that occurs in mixture with
this layer (9.8% TC; Table SI-1). Such a hypothetical process
could help explain the exceptionally high concentrations of U
under the form of U(VI)-organic complexes that we observed
in the upper organic-rich layers, in both the C2 and C6 cores.

Finally, the EXAFS spectrum of the C6—S5 cm sample was fit
with 17% of U(VI)-biosorbed model compound and 76% of
U(IV)-humus (Figure 2, Table SI-3) model compound that
was obtained by experimental incubation of the C2—0 cm
humus sample (see SI). We thus inferred that the abundance
of such U(IV)-humus species in the C6—5 cm layer located
just beneath the water table could have resulted from the
reduction of a contaminated organic-rich layer of the Al-type
similar to the overlying C6—0 cm layer, after a rise of the water
table. Shell-by shell analysis of the U(IV)-humus data indicated
a U—P paths at 3.1 A and a U-C path at 3.7 A (Figure 3,
Table SI-4), which could be interpreted as bidentate and
monodentate binding to phosphoryl and carboxyl groups,
respectively. It thus appears that during the reduction of our
U(VI)-humus samples, U(VI)-PO, monodentate complexes
evolved toward U(IV)-PO, bidentate complexes, which is
consistent with local environment of U(IV) and U(VI) in
phosphate minerals and in mononuclear complexes, as
discussed in previous studies.”** In contrast, both U(VI)
and U(IV) were mainly bound to carboxyl groups through
mononuclear—monodentate complexes in our contaminated
humus and organic rich soils samples, with a characteristic U—
C distance at 3.3—3.4 A (Figure 3; Table SI-4).

Implications for U Mobility in Contaminated Wet-
lands. The large contribution of U(IV)-phosphate minerals,
especially ningyoite, to uranium speciation in the studied con-
taminated wetland soil raises issues on both the origin and the
fate of such U(IV) minerals in contaminated environments. A
few laboratory studies have reported the formation of
ningyoite-like minerals via the bioreduction of poorly
crystalline uranyl phosphate minerals®” ™ or via biostimula-
tion by glycerol phosphate under anaerobic conditions.'”
Accordingly, one could infer that U(IV)-phosphates observed
in the Ty Gallen contaminated wetland soil could originate
from the reduction of aqueous U(VI) species or of U(VI)-
phosphate minerals, under reducing conditions that typically
establish below the water table level in wetland soils. Such
reduction processes could have been locally enhanced by the
presence of reducing environments around massive pyrite
crystals likely inherited from the Ty Gallen ore deposit. The
presence of fine-grained ningyoite in the investigated soil
(Figure 4; Figures SI-8a and 10b) would also support such a
hypothesis. However, ningyoite coating on massive pyrite
grains (Figures 4 and SI-9) together with large lermontovite/
vyacheslavite/autunite grains (Figure SI-8b) and rare uraninite
grains (Figure SI-10a) occurred only in mine water deposit
layers characterized by abundant smectite component (Figure
SI-2a), which rather suggests that these U(IV) minerals are
inherited from the uranium ore and were transported to the
wetland by mine water discharges.

Massive accumulation of U(VI) (1000—4500 mg/kg) was
observed in organic-rich surface layers located at and above the
water table redox boundary, under the form of uranyl
monodentate complexes bound to carboxyl and phosphoryl
groups of humic substances and microbial biomass (Figures 2

and 3). Such an association of uranyl with organic matter is
consistent with previous studies of U speciation in naturally U-
rich peatlands and contaminated wetland soils.>>*”*® In the
present study, given that U redox state rather depend on the
water table level (Figure 1) than on the nature of U host
phases (Figure 2), we propose that such uranium accumulation
is due to organic complexation of U(VI) released by oxidative
dissolution of U(IV)-phosphate minerals at and above the
water table redox boundary. This explanation is especially
supported by the presence of minute amount of U(VI)-
phosphate minerals in the mine water deposit layer located at
the water table redox boundary and its disappearing to the
benefit of U(VI)-organic complexes just above this redox
boundary, i.e, C2—15 cm and C2—10 c¢m sample in Figure 2.
Such U remobilization due to water table fluctuations is
consistent with the results of Gilson et al. 201$ that showed U
redistribution during a short drying and rewetting period in
sandy wetland mesocosms. Such redistribution may have
proceeded vertically and also laterally due to underground and
surface water flow in the wetland.

The significant complexation of U(IV) by organic matter
observed in all the samples below the water table redox
boundary (Figure 2) likely result from the reduction of U(VI)-
humus material, as illustrated by the C6—5 cm sample. The
presence of U(IV)-humus material in the deepest mine water
deposit layers suggests past uranium redistribution before these
layers were covered by more recent soil deposits. In contrast, it
is important to note that the humus O, organic rich Al and
organic poor A2 soil layers located far below the present water
table are devoided of uranium contamination, ie., samples
C2-35/40/45 cm and C6—20/25/30/cm in Figure 2. This
result strongly suggests that in the carbonate-free environment
studied here, U was not remobilized from the U(IV)-
phosphate minerals and U(IV)-humate complexes out from
these deep layers. Thus, permanent waterlogging would have
ensured reducing conditions, potentially leading to long-term
U scavenging.

In summary, our study yields evidence for major
redistribution of uranium via oxidative dissolution of U(IV)-
phosphate minerals at and above the water table, and
subsequent reduction of U(VI) to U(IV)-organic complexes
below the uranium redox boundary. To this regard, our results
call for evaluating the kinetic of such oxidation—reduction
reactions, with respect to water table fluctuation. Further
research is therefore needed to evaluate in situ and ex situ the
reactivity of U(IV) phosphates and mononuclear species in
order to predict U mobility in such environments as a function
of seasonal hydrological fluctuations.
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