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1  Environmental significance statement

2 After their closure, uranium (U) mine wastes constitute a potential source of radionuclides to

oNOYTULT D WN =

3 surface environments, which need to be appropriately monitored and managed through time.
10 4 Lake and pond sediments that have been significantly enriched in U because of former U mining
5 activities can be allowed to be dredged and stored in a surface storage site. Little is known
15 6 regarding the potential effect of these treatments on uranium mobilization, especially if these
17 7  sediments were anoxic prior to dredging operations. Midly oxygenated conditions yielded the
lowest U release rate even if U(IV) solid species in the sediments were fully oxidized. This
2 9 result is interpreted as U(VI) scavenging mechanism by iron-oxyhydroxides produced from

24 10  microbial Fe(Il) oxidation.
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ABSTRACT

Microbial processes can be involved in the remobilization of uranium (U) from reduced
sediments under O reoxidation events such as water table fluctuations. Such reactions could
be typically encountered after U-bearing sediment dredging operations. Solid U(IV) species
may thus reoxidize into U(VI) that can be released in pore waters in the form of aqueous
complexes with organic and inorganic ligands. Non-uraninite U(IV) species may be especially
sensitive to reoxidation and remobilization processes. Nevertheless, little is known regarding
the role of microbially mediated processes on the behaviour of U under these conditions.

In this study, laboratory incubation experiments were performed, under three different
oxygenation conditions (0, 50 and 100% O»-saturation, referred to as oxic, hypoxic and anoxic).
The incubation experiments were conducted on fresh sediments from Lake Saint-Clement
formely impacted by U mining activities, and containing ~300 mg/kg of U, mainly under the
form of mononuclear U(IV) species (60-80%). XANES analysis of the incubated sediments
shows that U(1V) was fully oxidized to U(V1) under oxic and hypoxic conditions and remained
U(IV) under anoxic conditions. Nevertheless, hypoxic conditions lead to the lowest U release
in solution after three weeks (3.6 pg.L ™), whereas oxic and anoxic conditions slightly favored
U release (8.3 —15.5 pg.L 2, respectively). Geochemical modeling suggested that U was mainly
released as aqueous U(V1)-carbonate and Ca-U(V1)-carbonate complexes under oxic/hypoxic
and anoxic conditions, respectively. Semi-confined hypoxic conditions were found to stimulate
microbial Fe?* oxidation, which lowers the pH, limits U complexation to bicarbonate ions and
potentially produces ferric-oxyhydroxides able to sorb U(VI). Molecular analyses yield
genomic evidence for an increasing abundance of Fe oxidizers under these conditions and thus

support their possible role in decreasing U mobility.
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1. INTRODUCTION

Uranium (U) is one of the most common and persistent subsurface contaminants from the
front end of the nuclear cycle, such as former U mining activities; notably due to its long half-
life of 4.4 billion years and its chemical and radiological toxicities to human beings and biota
! In France, the extraction of U by open-pit and underground mining has concerned
approximately 250 sites, from 1948 to 2001 2. After their closure, U mine wastes, including
mill tailings, waste rocks and mining-impacted soils and sediments, constitute a potential source
of radionuclides to surface environments, which need to be appropriately monitored and
managed through time. Several studies have shown that U can accumulate in reducing
environments such as wetlands 3, alluvial aquifers 8 and lake sediments *° downstream from
U mining and processing sites. In France, lake and pond sediments that have been significantly
enriched in U because of former U mining activities can be allowed to be dredged and stored
in a surface storage site. Depending on the physico-chemical conditions these operations could
potentially induce transformations of the U redox state and mobility in sediments 1. Moreover,
little is known regarding the potential effect of these treatments on microbial activities,
especially if these sediments were anoxic prior to dredging operations.

The long-term efficiency of U retention in sediments is largely controlled by the nature of
the U chemical species '3, pH and redox regimes *. The presence of organic **¢ and
inorganic carbon 7 as well as other inorganic ligands 8 is also an important factor to consider.
Notably U(V1) is known to form highly mobile stable complexes with carbonates such as
UO2(C03)2%, conversely to sparingly soluble U(IV) species *°. In addition, biological activity
can directly or indirectly modify U speciation and significantly lower U mobility®®. For
instance, enzymatic microbial reduction of U(VI) can directly lead to the formation of low-

soluble U(IV) species 2*22, Moreover, indirect reduction of U(V1) to U(IV) can be favoured by

Page 4 of 38



Page 5 of 38

oNOYTULT D WN =

Environmental Science: Processes & Impacts

Fe(l1)-rich phases such as bio-reduced phyllosilicates %% or green rusts 2. On the contrary it
has been shown that under slightly acidic laboratory conditions Fe(lll)-bearing minerals may
reoxidize bio-uranitite or biogenic U(IV) with a release of dissolved Fe(Il) 2%, Microbial
alkaline phosphatase activity may also induce periplasmic precipitation of U(VI)-phosphate
minerals?’. Finally, biosorption to bacterial surfaces and exopolymers 2830 as well as to
mineralized cells and biofilms 3 are also important U scavenging mechanisms.

Lake Saint-Clément, situated in the Massif-Central (France) is an artificial reservoir
impacted by discharges of treated U mine waters from the site of Bois-Noirs Limouzat °.
Detailed geochemical and mineralogical analyses of well-preserved sediment cores from this
Lake %10 suggested that early diagenesis processes below the sediment-water interface lead to
the indirect reduction of U(VI) to mononuclear U(1V) species by Fe(ll) produced from the
bioreduction of Fe(lll)-rich chlorite, e. g. chamosite. In the same studies, X-ray absorption
spectroscopy of the samples indicated that these early-diagenetic U(IV) species were mostly
non-crystalline and consisted of sorbed mononuclear U(IV). A set of experiments was
previously conducted in order to investigate the sensitivity of these U(IV) species to reoxidation
11 This latter study indicated that oxidizing conditions slightly remobilized U after 8 days but
bicarbonate addition highly increased U remobilization, even under reducing conditions®?.
Despite these results yielded a first insight in the reactivity of these sediments, the possible role
of autochtonous microbial population on U(I1V) remobilization processes was not investigated.

To date, the study of microbial cycling of U have been mostly focused on its interaction with
bacteria *+2°. However, a recent study reported a bioassociation between U and archaea species
in rock salts in Germany 3. Moreover, archaea species have already been identified nearby U
polluted sites . Among prokaryotes, archaea species are considered non-negligible in various

environments, especially in soils and aquatic freshwater ecosystems, where they are estimated
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to represent 2% 8 and 1% *° of the microbial diversity, respectively. Their role on U reoxidation
and especially upon reoxidation events by Oz from fresh sediments is still largely unexplored.
The objective of the present study was to evaluate the influence of microbial communities
on U reoxidation and mobilization from lake sediments during three-weeks long batch
incubation experiments mimicking the first step of sediment dredging and surface storage
operation. In the lake sediments studied, more than 85% of U is reduced in the form of
mononuclear U(IV), which is representative of the speciation of U contaminated sediments
910404142 Three different incubation conditions were investigated: full oxygenation that could
occur under open-air surface repository conditions, anoxic conditions representing that would
be expected under water-saturated conditions at the bottom of a storage pile, and 50% oxic
conditions that may be the most relevant to storage sites. Our results indicate that intermediate
oxidizing conditions (50% oxic) yielded the lowest U release rate even if mononuclear U(IV)
was fully oxidized. According to the evolution of the physicochemical parameters of the
incubation suspension (pH, alkalinity, Fe?*ay) and of microbial diversity, this results is
interpreted as resulting from U(VI) scavenging by iron-oxyhydroxides resulting from microbial

Fe(I) oxidation.

2. MATERIALS AND METHODS

2.1. Samples studied

Lake Saint Clément is located 20 km downstream from the former U mine of Bois
Noirs/Limouzat in the Massif Central (France). It is supplied by the Besbre River, which is
collecting the discharge of treated mine waters from the U mining site since its closure in 1980
(Figure S1). A sediment core of ~130-cm length was collected in August 2016 (46° 5> 9°” N,
3°41° 22’ E) from a boat above the 12-meter-deep water column (at 120 meters upstream from

the dam), using an Uwitec© gravity handcorer. Special care was given to the preservation of U
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oxidation state by sealing the two core sections of 65-cm length into heat-sealed aluminized
plastic films bags within an N»-filled anoxic glove bag on the field. Core sections were then
conditioned below 4°C for transportation to the laboratory where they were vacuum dried in an
N2-filled anoxic glove box (<5 ppm O2). A previous study of the Lake Saint Clément sediments
reported an increase of U concentration with depth, from 40 mg.kg? at the top of the
sedimentary column to 360 mg.kg™? at 180-cm depth °. For this study, sediment samples
containing 195 to 233 mg.kg™ of U were selected from deep sediment layers, in which U is
mainly present as mononuclear U(IV) and minor amounts of nano-crystalline U(IV)-phosphate
®. These sediments are characterized by a high organic carbon content (8.5-12 wt% of total
organic carbon), constant Si (around 20 wt%) and P content (0.17 wt%), Fe from 4 to 6-8 wt%
and Ca from 0.37 to 0.55 wt% 2°. They mainly consists of quartz, feldspar, micas and chlorite,
with traces of barite and pyrite °. Concentrations of dissolved nitrate and sulfide concentration
in pore waters were below the detection limits of classical colorimetric methods suggesting that
sulfide and nitrate were not key compounds of the U redox cycle in the sediments studied °.
For our experiments, lake waters sampled at 12 m depth, i.e. close to the sediment-water

interface, were collected using a Niskin bottle and used as incubation medium.

2.2. Experimental setup

The Lake water was filtered through a 0.22-um filter and O, was removed via N2-bubbling
at 80°C during 1 hour. Once in a No-filled glove box, fresh anoxic sediments from the bottom
of the core (112-117 cm depth) were mixed with the anoxic lake waters at a solid:liquid ratio
of 1:10 under sterile conditions, using an electric burner. For each experimental condition,
approximately 66 g of the lake water/sediment suspension was poured into a sterile flask.

For differentiating abiotic and biotic effects on U mobility, all three oxygenation conditions

were performed either under biotic conditions using fresh sediments or under abiotic conditions
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using sediments previously sterilized by gamma-irradiation as explained hereafter. Each
condition was performed in triplicate. For abiotic experiments, the filled flasks were irradiated
according to a ®°Co sealed source at a total absorbed dose rate of 30 + 1.68 kGy (1.5 kGy per
hour) at the lonisos irradiation facility in Dagneux, France. This mode of sterilization was
considered successful, with no viable cells counted in gamma-sterilized sediments at a total
gamma-ray dosage of 20 kGy .

Incubations were conducted at room temperature under three distinct O> conditions: fully
oxic “100% O Erlenmeyer flasks agitated at 300 rpm, hypoxic “50% O,” Erlenmeyer flasks
agitated at 10 rpm, and anoxic “0% O, Erlenmeyer flasks agitated at 300 rpm inside N»-filled
anoxic glove box Jacomex® GPT3 (> 5 ppm). For all experiments each Erlenmeyer was closed
with a sterile, air-permeable, cotton stopper. Dissolved oxygen was monitored weekly using a
Multi 350i Set WTW® probe during the experiment and values were 8.52 + 0.23 and 4.62 +
0.66 mg/L for the 100% O and 50% O> experiments, respectively. For the 0% O> experiments,
avalue of 2.82.10° + 6.84.10° mg/L dissolved oxygen was calculated using Henry’s law, based
on the pO value measured in the anoxic glovebox atmosphere.

Suspension samples taken at starting point (Time = 0) and after 1, 2, and 3 weeks of incubation
were filtered through a 0.22-pum pore-size cellulose filter. Colorimetric analyses of alkalinity 44
and of dissolved Fe?* and Fe®* *° were performed immediately after filtration. Acidified (pH~1,
HNO:3) and non-acidified aliquots were also stored at 4°C for further analyses of dissolved
cations and anions, respectively. Dissolved U was determined using an ICP-MS 8800 Triple
Quadrupole (Agilent). Relative standard deviation was below 10% as estimated from 5
measurements of the same sample, and limit of quantification was 0.03 pg.L™. Dissolved major
cations were measured using an ICP-OES iCAP™ 7600 Duo (Thermo Fisher Scientific).
Relative standard deviation was below 10% as estimated from 5 measurements of the same

sample, and detection limits were 10, 100, 40, 100 and 30 pg.L™ for Fe, Ca, K, P and Si,
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respectively. Total Dissolved Carbon (DC) was determined by measuring the CO2 released after
combustion at 850°C using a Carbon analyser (Vario TOC Cube analyzer, Elementar) equipped
with a non-dispersive infra-red detector. Dissolved Organic Carbon (DOC) was estimated as
DOC =DC - Alkalinity.

Starting sediment were analyzed as dry solid powders for Total Carbon (TC) using the same
method as above. Total Organic Carbon (TOC) was also determined using the same method but
the sample was acidified with a 1M HCI solution prior to combustion. The Total Inorganic
Carbon (TIC) was then deduced from the difference between TC and TOC. Relative standard
deviation was below 10% as estimated from 5 measurements of the same sample and limits of
quantification were 0.019 and 0.05 ppm for solid TC and TOC respectively and 0.5 ppm for

DOC.

2.3. XAS spectroscopy

X-ray Absorption Near-Edge Structure Spectroscopy (XANES) was used to determine U
redox in the sediments before and after the incubation experiments. For this purpose, final solid
samples were harvested by centrifugation after 3 weeks of incubation and vacuum dried in an
N2-filled anoxic glove-box. The collected sediments were vacuum dried in the same glove-box.
All samples were ground in an agate mortar, pressed as 7 mm diameter pellets sealed between
two layers of Kapton tape and mounted in Kapton-taped sample holders, in the same anoxic
glove-box. They were then transported to the synchrotron facility within aluminized foil bags
Protpack® sealed under anoxic atmosphere and placed into an anoxic plastic box containing a
GasPak™, The sample bags were opened in an anoxic glove box at the beamline and samples
were transferred inside the liquid N2 cryostat, where they were placed under vacuum after N>
purge of the sample chamber.

Eight samples were analyzed for XANES measurements at the U Lj-edge: 2 starting
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samples (a non-irradiated and an irradiated fresh sediment) and 6 final samples, corresponding
to fresh and irradiated sediments incubated for 3 weeks under the 3 different oxygen conditions.
Data were collected in fluorescence detection mode using a 100-element solid state Ge array
fluorescence detector at the high-flux 11-2 wiggler beam line of the Stanford Synchrotron
Radiation Lightsource (SSRL, USA). The energy of the incident beam delivered by the Si(220)
double-crystal monochromator was calibrated by setting the first inflection point of Y K-edge
at 17038 eV, using a double transmission setup. Data were collected at 80K (liquid N2 cryostat)
in order to avoid photoreduction of U(V1) under the X-ray beam “°. A minimum of 2 scans were
collected for each sample, and series of up to 8 repeated scans on the same spot of selected
samples indicated no redox change of U under beam exposure. XANES data were merged and
normalized using the ATHENA code #". XANES spectra were fit using Linear Combination
Least Square (LC-LS) of the spectra of our purest U(IV) and U(V1) species, namely U(IV)-
citrate and U(V1)-pyrophosphate °. Using such a classical LC-LS procedure, determination of
the U(IV) and U(VI) proportions rely both on the energy-shift in Lz-edge position between the
two oxidation states (~2.7 eV) and on the characteristic shoulder in the XANES spectrum of
the uranyl ion UV'O,2* %11 The fit were performed with a home-built code °*® based on
Levenberg-Margardt minimization algorithm. The quality of the LC-LS fits was estimated by

a R-factor: Rf =X [ pexp- Mealc ]2/ X Hexp? Where L is the normalized absorbance. The uncertainty
on XANES LC-LS fitting components was estimated by 3 X \/;/ [VAR(p). #°r] (Ravel and
Newville, 2005), where VAR(p) is the variance of component p for the lowest ?r value; with
72R =N/ (N-Np) ¥ [Mexp - Mcaic]?, Where Np is the number of fitting components and N is the

number of independent parameters. N was calculated as the energy range divided by the natural

width of the U L 49
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2.4. Microbial analyses and bioinformatics

Total genomic DNA was extracted from 3 independent samples of fresh sediments in initial
conditions as well as after 3 weeks incubation under contrasted oxygenation conditions (0% O3,
50% O and 100% 0O). Amplicons of the V4 region were sequenced and a total of 9.070.946
paired-end reads (with a mean read length of 243 bases) were generated through Illumina MiSeq
sequencing. Initial fresh sediments and those sampled after 3 weeks of incubation were
separated by centrifugation (20 minutes at 6000 and 8500 rpm in the glove box and under
oxidizing conditions respectively). DNA was extracted from pellets using the Powersoil DNA
isolation kit Mobio on triplicate samples per incubation condition. Purified DNA was quantified
by fluorescence using the Picogreen DNA quantification kit (Invitrogen). Libraries, sequencing
and data analysis described in this section were performed by Microsynth AG (Balgach,
Switzerland).

To sequence the V4 regions of the bacterial 16S rRNA gene, two-step Nextera PCR libraries
using the primer pair 515F (5'-GTG CCA GCM GCC GCG GTA A -3’) and 806R (5'- GGA
CTA CHV GGG TWT CTA AT-3") were created *°. Subsequently the Illumina MiSeq platform
and a v2 500 cycles kit were used to sequence the PCR libraries. The produced paired-end reads
which passed Illumina’s chastity filter were subject to de-multiplexing and trimming of
[llumina adaptor residuals using Illumina’s real time analysis software included in the MiSeq
reporter software v2.6 (no further refinement or selection). The quality of the reads was checked
with the software FastQC version 0.11.7 5. The locus specific V4 primers were trimmed from
the sequencing reads with the software cutadapt v1.18 °2. Paired-end reads were discarded if
the primer could not be trimmed. Trimmed forward and reverse reads of each paired-end read
were merged to in-silico reform the sequenced molecule considering a minimum overlap of 15

bases using the software USEARCH version 11.0.667 >3. Merged sequences were then quality
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filtered allowing a maximum of one expected error per merged read. Reads that contain
ambiguous bases or are outliers regarding the amplicon size distribution are also discarded. The
remaining reads were denoised using the UNOISE algorithm implemented in USEARCH to
form operational taxonomic units (OTUs) discarding singletons and chimeras in the process.
The resulting OTU abundance table is then filtered for possible bleed-in contaminations using
the UNCROSS algorithm and abundances are adjusted for 16S copy numbers using the
UNBIAS algorithm. OTUs were compared against the reference sequences of the RDP 16S
database ** and taxonomies were predicted considering a minimum confidence threshold of 0.7
using the SINTAX algorithm implemented in USEARCH. Alpha diversity was estimated using
the Richness (Observed), Chaol and Shannon indexes. Beta diversity was calculated using the
weighted Unifrac distance method *° on basis of rarefied OTU abundance counts per sample.
Alpha and beta diversity calculations and the rarefaction analysis were performed with the R
software packages phyloseq v1.22.3 and vegan v2.5-1. To detect differentially abundant OTUs
depending on collected sample metadata (e.g., medication, environmental conditions),
differential OTU analysis on normalized abundance counts was performed with the R software
package DESeq2 v1.18.1 °°.

To reveal inter-sample relations, non-metric multidimensional scaling (NMDS) based on the
Bray-Curtis dissimilarity (k=3) was performed. A permutational multivariate analysis of
variance (PERMANOVA) was also performed, with 999 permutations using the adonis
function of the Vegan R package.. Venn diagram and heat maps were produced using
respectively the venn and heatmap.2 functions from the gplots R package 8. The selection of
the 30 most abundant OTUs was based on raw abundances, whereas logl0-transformed
abundances (log10(1+x)) are shown on heat maps. Sequences were registrated under accession

number PRINAG669547 in the SRA database of NCBI.

10
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Richness and diversity estimates were calculated (Table S1). The Chaol estimator indicated

good coverage of OTU, richness throughout and asymptotic rarefaction curves analysis for all

oNOYTULT D WN =

samples (Figure S4) revealed that the overall prokaryotic diversity was well represented.
10 Specific richness and evenness were expressed by the Shannon index. The highest diversity was
observed in the initial sample, whereas incubation conditions reduced the diversity. 0% O> and
15 100% O conditions revealed lower diversities, in contrast, the 50% O condition presented the

17 closest Shannon index value to the one observed in initial conditions (Table S1).

22 3. RESULTS

25 3.1. Evolution of solution chemistry in the incubation experiments

The chemical composition of the filtered supernatant solutions was followed over the course
32 of the incubation experiments, by measuring dissolved U (Figure 1), pH and alkalinity (Figure
34 2), dissolved organic carbon (Figure S2) as well as total dissolved Fe and Fe?*. (Figure 3). Other

major elements including Ca, K, P and Si were also measured, as reported in Figure S3.
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Fig. 1 Uranium mobilization for (a) non-irradiated and (b) irradiated sediments, throughout 3-
week incubation under different O> conditions: @ 100% O> incubation; 4 50% O> incubation;
(™, 0% Oo. Error bars represent the standard deviation over the 3 replicates for each condition.

For the non-irradiated sediments (Figure 1a) the amount of dissolved U, released over time

in the incubation supernatant differed with the oxygenation conditions, whereas it did not vary
with the oxygenation conditions for the irradiated sediments (Figure 1b). More precisely, for
the non-irradiated sediment (Figure 1a), under 100% O, dissolved U increased and stabilized
until the third week. Under 50% O, U release was followed by a decrease in dissolved U
concentration. Finally, under 0% O3, the release of U increased all along the experiment. For
the irradiated sediments (Figure 1b), the dissolved U concentration increased over time,
following a same pattern under the three oxygenation conditions, and the U release was overall

higher than for the non-irradiated sediments.

12
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Fig. 2 Alkalinity and pH for (a, c) fresh and (b, d) irradiated sediments, throughout 3-week
40 incubation under different O, conditions: @ 100% O, ; 4 50% O, ; ™ 0% O.. Error bars
41 represent the standard deviation over the 3 replicates for each condition.

45 Alkalinity was found to increase with time in all experiments except in the 50% O and 100%
47 O2 experiments conducted with the non-irradiated sediments (Figure 2a and b). The increase in
alkalinity is interpreted as resulting from an increase in the buffering capacity of the solution,
52 which could be explained by the progressive release of alkaline and alkaline-earth cations
54 (Figure S3), as well as the release of aqueous Fe?* (Figure 3a,b) in the anoxic incubations. The
36 pH remained neutral under 0% Oz conditions, whereas it significantly dropped over incubation

59 time under 50 and 100% O> conditions (Figure 2 c,d), down to pH 5.5 for biotic 50% O-

13
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conditions. Aqueous H>CO3 concentrations calculated from measured alkalinity and pH values
(Figure 2) were found to be in the range of 4.15 107 to 1.69 10 M, thus in excess with respect
to the value expected for equilibrium with atmospheric CO2 ([H2COsqq] = 1.41 10°M). This
result suggests that our incubation media did not fully degassed the CO> produced by the pH
drop, which could be related to the cotton stopper of the Erlenmeyer vessels that were used.
Interestingly, it is expected that the observed pH decrease (Fig. 2c¢,d) was caused by Fe(ll)
oxidation under oxygenation conditions (Fig. 3). Under fully anoxic conditions (0% O.), total
dissolved Fe concentrations were the highest and Fe was mainly released in the first week of
incubation, essentially in the form of Fe(ll), the same trend being observed for non-irradiated
and irradiated samples (Figure 3). In contrast, under 100% O> conditions, approximately half
of the initial dissolved Fe was progressively removed from the solution and this Fe removal
was even more pronounced under 50% O conditions. Abiotic experiments exhibited a similar
behaviour but with less pronounced Fe removal under 50% O conditions. The decrease of total
Fe observed in the presence of oxygen, can be partly explained by the removal of Fe(ll) (Figure
3c,d), which suggests Fe(lI1) oxidation and subsequent precipitation of iron oxides, well known

as resulting in an acidification of the medium.

14
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Fig. 3 Total Iron in solution and Fe?* in solution for (a, c) fresh and (b, d) irradiated sediments.
39 Measures during 3 weeks of incubation under different O> conditions: green circles (@), 100%
40 Oz incubation; blue triangles (4 ), 50% O incubation and purple squares (™), 0% O incubation.
Error bars represent the standard deviation over the 3 replicates for each condition.

45 The above-mentioned results regarding the solution chemistry led us to infer that
microaerophilic conditions are the most favourable conditions for decreasing U remobilization
50 from the lacustrine sediments. The removal of both dissolved U (Figure 1) and Fe(Il) (Figure
52 3) under biotic hypoxic conditions especially suggested that Fe oxidation could have limited U

>4 release under these conditions, which is further discussed thereafter.
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Evolution of solid U oxidation state

U oxidation state was assessed using XANES spectroscopy in the solid phase of fresh and

irradiated sediments at the start of the experiments and after 3 weeks of incubation (Figure 3;

Table S2).
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Fig. 4: U Lii-edge XANES experimental data (black) and fit (red) and the corresponding
proportions of U(1V) (grey) and U(VI) (orange) for (a, b) fresh sediments and (c, d) irradiated

sediments. XANES LC-LS fitting components are reported in Table S2.
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In unreacted non-irradiated sediments (Figure 3a,b), U was mostly in the U(IV) form (~86%
of total U) and remained in this reduced form (~89% of total U) after 3 weeks under anoxic
conditions (i. . 0% Oy). In contrast, U was ~100% U(V1) after 3 weeks under hypoxic and fully
oxic conditions (i. e. 50% Oz and 100% O) (Table S2).

The gamma-sterilization procedure was found to induce a partial oxidation of U, with U(1V)
decreasing from ~86 to ~65% (Figure 3c,d). The redox state of U remained then unchanged
after 3 weeks under reducing conditions. In contrast, both under 50% and 100% O- conditions,
U was fully oxidized after 3 weeks.

These results indicate that our hypoxic conditions (50% O>) were sufficient to fully oxidize
U(IV) to U(VI) in the lacustrine sediments studied. In order to determine the influence of
solution chemistry on U remobilization, including especially the effect of bicarbonate ions, U
aqueous speciation was calculated using thermodynamic equilibrium approach, as detailed in

the following section.

3.3.  Uranium aqueous speciation at the end of the incubations

The final distribution of dissolved U species (Figure 5, Tables S3, S4, S5) was calculated
with the geochemical code Phreeqc *° using the chemical composition of the aqueous phase at
the end of each experiment (Figures 1, 2, 3, 5). Chemical reaction taken into account in our
model are listed in (Table S3) together with corresponding thermodynamic equilibrium
constants, as taken from WATEQA4F database °°. According to these calculations, U was
expected to be mainly in the form of aqueous U(V1)-carbonate complexes at the end of the 50%
02 and 100% O experiments, with UO,COzand, to a lesser extent, UO,(COs)2> complexes as
major species (Figure 5). This result is consistent with the well-known affinity of U(V1) for

aqueous carbonate species, which results in the formation of a variety of soluble U(VI)-
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carbonato complexes at near neutral and alkaline pH (Clark et al., 1995). A previous study on
the same sediments indicated the importance of this process in U release under alkaline
conditions (Seder-Colomina et al., 2018). For the 0% O. experiments, aqueous U was also
calculated to be present as aqueous U(VI)-carbonate complexes, in the form of CaUO,(CO3)s>
(71.9 and 45.2%) and, to a lesser extent, UO2(CO3).* (7.7 and 30.6%) for non-irradiated and
irradiated sediments, respectively (Figure 4). In these anoxic experiments, a minor fraction of
dissolved U (11-18%) was calculated to be under the U(IV) form, complexed to dissolved
organic matter (Figure 5). Moreover, 3 to 5% of U(VI) associated to humate was found for all
the irradiated sediments. These results suggested an important role of U(VI) complexation by
carbonates as a driver for U mobilization from the sediments, including in the anoxic incubation

experiments.

Fresh sediments - 0% O, Fresh sediments - 50% O, Fresh sediments - 100% O,
| ‘
[ ] UO,(OH)* ‘ ‘ l \
Uozh
B UOHumate CalU0,(COs)* U0,COs U0,CO;
vo,co,
L u0,(coy),*
Irradiated sediments - 0% O, Irradiated sediments - 50% 0, Irradiated sediment - 100% O,
UO,(0H)y
B Cau0,(co3);?
] UHumate?' ‘
2-
" U0,{CO,)¢ CaU0,(C0s)s >
U0O,CO3

uo UO,COs

Fig. 5 Equilibrium calculations of dissolved uranium speciation at the end of each experiment.
Calculation were conducted with Phreeqc *° using the chemical composition of the aqueous
phase at the end of each experiment (Table S4 and S5). Redox conditions were considered to
be controlled by dissolved oxygen for the 50% O, and 100% O experiments and by aqueous
Fe?* for the 0% O, experiments.
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3.4. Evolution of microbial communities of the sediments in the

incubation

Considering the global analysis of the dataset, NMDS plot revealed that both oxic conditions
(100% Oz and 50% O samples) exhibited the greatest sample variation and clustered closely
together (Figure S5). A permutation test confirmed that the redox conditions of exposition
explained most of the variance (R? of 0.96, p-value of 0.001). Most OTUs (1144 among 1214)
are detected regardless of the experimental conditions (Figure 6A). Remaining OTUs are
specific to oxygenation conditions. Few OTUs, which were not detected in initial sediments,

were detected after 3 weeks incubation in controlled oxygen conditions.
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Fig. 6 A: Venn diagram of OTU repartition showing the overlap of the prokaryotic community
for the initial sediments and after 3 weeks of incubation under different O, conditions (100%
02, 50% O> and 0% O, samples). B: Relative abundance of OTUs at the phyla level for the
initial sediments and after 3 weeks of incubation under different O> conditions. Phyla
corresponding to more than 1% abundance are considered.

Relative abundances of phyla greater than 1% are close in the initial sediment and in
sediment incubated in anoxia for 3 weeks. Likewise, close relative abundances are observed

under oxic and hypoxic incubation conditions (Figure 6B). Proteobacteria are also favored
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under oxic and hypoxic conditions, while the bacterial phyla Chloroflexi, Firmicutes
Aminicenantes, Spirochaetes are less abundant as well as the Archaea phyla of Euryarcheota
and Bathyarcheota. As expected, these results confirm that oxygenation is a strong structuring
factor of prokaryotic communities in our incubation conditions.

Since microaerophilic conditions were shown the most favourable conditions for decreasing
U remobilization from the lacustrine sediments, Figure 7 shows the 30 most abundant OTUs
after 3 weeks of incubation under hypoxic conditions (similar data for initial sediment, fully
oxic and anoxic conditions are given figure S6). OTU 4 corresponding to Thiobacillus is present
everywhere but dominates in oxic conditions. However, considering 50% O incubation
condition, 3 OTUs appear specifically dominant in this condition. One (OTU 115) is affiliated
to nitrosomodale (0.7379) and to Gallionellaceae (0.69) a family containing ferrous iron -
oxidizing bacteria ®%-!, already noticed in prototype 19 in the network analysis. The second
(OTU 85) belongs to Hydrogenophilale order which contains only one family and two genus :
Hydrogenophilus, known as thermophile, but the existence of non thermophilic strains is
probable because DNA of Hydrogenophilus thermoluteolus was detected in ice core samples
62 and Thiobacillus corresponding to sulphur oxidizing bacteria. The last one (OTU 29) is
affiliated to candidatus Odyssella genus, whose type species was described as an obligate
intracellular parasite of Acanthamoeba sp. 5, a group of amoeba forming cysts under anoxic
conditions, able of revival under oxygenated conditions ® and sensitive to high oxygen

concentration®,
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Fig. 7 Heat map and hierarchical cluster analysis of log-transformed abundances of the 30 most

abundant OTUs (based on raw abundances under hypoxic conditions) after 3 weeks of
incubation. The dendrogram represents complete linkage clustering. Assignments after OTUs
numbers give the lowest taxonomic level associated with the OTU using the silva database k:
kingdom, p: phylum, o: order, f: family, s: genus_species. Values in brackets indicate sequence
similarity.
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4. DISCUSSION

4.1. Effect of oxygenation and mechanism of U release

XANES results indicate that oxygenation lead to U(IV) oxidation to U(VI) in the solid phase
and geochemical modelling indicated the formation of aqueous U(VI)-carbonato complexes
leading to U release from the sediments. Moreover, even under anoxic conditions in which solid
U(IV) was largely preserved, the formation of aqueous U(V1)-carbonato complexes shifts the
U-redox couple equilibrium and also lead to U release'"®7. In addition, the results of our
biotic incubation experiments suggest that the oxygenation level of the incubation medium
exerted a pivotal control on U mobilization rates from lake sediments, the lowest U release
being observed under hypoxic conditions. In contrast, for abiotic experiments, the U release
was higher and unaffected by the oxygenation level. The absence of an oxygenation effect for
sterilized samples suggested that microbial activity could have been involved in the U removal
under biotic conditions. The removal of U at the end of the hypoxic incubation was
accompanied a drop in pH, alkalinity and dissolved Fe(ll), which deserves to be interpreted
under the light of the observed evolution of chemical and biological parameters during the

incubation.

4.2. Effect of iron oxidation on alkalinity and pH

Aqueous U-carbonate complexes are favoured under alkaline conditions and are known to
stabilize aqueous U(VI) against solid U(IV) species, which may thus facilitate the oxidation
and dissolution of solid U(IV) species, even under anoxic conditions 511176 Conversely, the
decrease in alkalinity and pH observed in our biotic 50% O and 100% O- incubations (Figure

2a) may explain the limitation of U release (Figure 1) compared to more alkaline conditions
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observed in our biotic 0% O: incubations. This decrease in alkalinity observed under oxic and
hypoxic conditions could be explained by the oxidation of aqueous Fe?*, followed possibly by
its precipitation as Fe3* oxyhydroxides, as suggested by the removal of aqueous Fe?* during
these incubation experiments (Figure 3c). Ferric oxyhydroxide precipitation generates two H*
ions for each oxidized Fe?* ion and could thus explain the pH drop, while Fe?* removal could
explain the alkalinity drop (Figure 3c). Then, the acidification of the solution might have
displaced the H2COzaq / HCO37aq equilibrium, which generated an excess of HoCOszag. We
suggest that CO2gas degassing did then not reach equilibrium with atmosphere due to the use of
air-permeable cotton stopper to close the Erlenmeyer flask, which have resulted in an
accumulation of CO> in the lower section of the head-space and in solution, thus maintaining a
low pH. Although not ideal, these conditions may be viewed as a semi-closed carbonate system
that could however be considered as representative of confined conditions in a sub-surface
storage site. These conditions may have limited aqueous complexation of U(VI) by bicarbonate
ions and could also have favoured U adsorption onto ferric-oxyhydroxides, which deserves

further discussion.

4.3. Effect of iron oxidation on U immobilization

The efficient removal of dissolved Fe(I1) observed under biotic hypoxic conditions contrasts
with the low Fe(ll) removal observed for the other conditions, especially abiotic ones (Figure
3). Low oxygen concentrations such as those encountered under microaerophilic conditions are
favourable to bacterial Fe(Il) oxidation instead of fast and spontaneous abiotic reaction 768,
which suggest that microbial process could be involved in the higher removal of Fe(ll) under
biotic hypoxic conditions (Figure 3c). Microbial Fe(ll) oxidation is known to induce the

formation of biogenic Fe(lll) oxyhydroxides, frequently in the form of ferrihydrite and
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lepidocrocite, with possible sequestration and/or nucleation of theses phases within the biofilm
606972 Biogenic ferrihydrite is especially effective for sorbing U(VI) "*"®and could thus have
contributed to the limitation of U release in our hypoxic biotic incubation experiments. It is
noteworthy, albeit abiotic oxidation of aqueous Fe?* and ferric oxyhydroxides precipitation
likely occurred in our fully oxic biotic incubations, U was not removed from the solution, which
reinforce the possible role of microbial processes in U retention observed under hypoxic
conditions. Moreover, Fe(l11) photoreduction previously identified in natural sediments " could

be another process which lead to the limited Fe(ll) oxidation under fully oxidizing conditions.

4.4 Influence of microbial communities on uranium mobility

The observed microbial population dynamics suggested that hypoxic conditions have
favoured microaerophilic microbial populations. Indeed, these conditions revealed that OTU’s
assigned to Gallionellaceae family were identified and described as a neutrophilic Fe oxidizer
family %61, Two other OTU’s identified under these conditions were known to be capable to i/
dissimilatory Fe(lll) reduction (OTU 15 - Paludibaculum genus) (Figure 7) and related to ii/ a
Fe oxidizing family (OTU 115 - Gallionellaceae genus). Moreover, the predominance of
Thiobacillus genus under oxic conditions is an important result. This genus corresponds to
facultative anaerobiobligate chemolithotrophs using reduced sulphur compounds as energy
source. Indeed, acidophilic Fe oxidative bacteria were described in this genus, such as
Thiobacillus ferrooxidans and Thiobacillus prosperus but were then reclassified in other genera
6178 " Interestingly, Thiobacillus denitrificans is particularly notable for its ability to
oxidize sulfur and U compounds in a nitrate-dependent manner *°.

The particular abundance of this genus observed under microaerophilic conditions makes it

a potential actor of efficient of sulphur or Fe or U oxidation in these conditions. Moreover, the
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specific abundance of OTU 115 identified could support our hypothesis of biologically
mediated Fe oxidation that could explain the lower pH and the lower U mobilization observed

under microaerophilic conditions. Its specific role needs to be further explored.

4.5 Effect of gamma-sterilization on uranium reactivity

Uranium release was observed to be higher in abiotic than in biotic conditions, with no
influence of oxygenation conditions on the removal of U from the sterilized sediments. This
behavior suggested a possible effect of the sterilization method as enhancing U mobility. Partial
oxidation of U(IV) to U(VI) immediately after gamma-sterilization, under anoxic conditions,
could be related to the formation of reactive oxygen species, for instance from water radiolysis,
that could be able to oxidize U !’. Although the actual mechanism and the identity of the U
oxidized species remained not elucidated in the present study, irradiation prior to incubation
appeared to favour the lability of U regardless the redox conditions (Figure 1b). However, solid
U reoxidation was incomplete with minute amounts of residual U(IV), likely in the form of less
reactive nanocrystalline U(1V)-phosphate® and/or as inaccessible U in metamictic zircon and
monazite crystals identified previously in the sediments ®°. The increased U mobilization from
the irradiated sediments could be explained by the higher U(VI) proportion than in the non-
irradiated ones, at the start of the incubations (Figure 2). This mode of sterilization was also
previously shown to favor U remobilization in oxidizing laboratory incubations 8!, which was
explained by the leaching of dead microbial cells and the release of DOC. In addition, the
absence of microbial activity seems to have limited Fe?* oxidation and removal of U under
hypoxic conditions, by contrast with the higher Fe?* removal (Figure 3) and pH drop (Figure 2)

observed under biotic conditions, and which accompanied U removal from solution (Figure 1).
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4.6 Environmental implications

The present study evidenced the potential role of microorganisms for minimizing the release
of U under oxidizing conditions that can be encountered after sediment dredging operations.
These results revealed that U sequestration in the sediment solid phase could be especially
favored under confined hypoxic conditions that enhance microbial Fe?* oxidation. Indeed,
ferrous iron oxidation followed by ferric-oxyhydroxides precipitation lowers the pH and
alkalinity of the solution, which reduces the amount of available carbonate ligands available for
U(VI) mobilization. In addition, ferric-oxyhydroxides may sorb U(VI) and again limit its
mobility. Such a role of biogenic ferric-oxyhydroxides in U(VI) scavenging during reoxidation
of U(IV)-contaminated sediments is consistent with previous laboratory incubation conducted
on shallow groundwater sediments spiked with biogenic UO,"*. Here we show that biogenic
iron oxidation may limit U mobility during the reoxidation of genuine U-contaminated
sediments, carefully sampled under anoxic conditions in a mining-impacted lacustrine
environment. Hence, in our hypoxic experiment, dissolved U concentration ended up at only
3.6 pg.L* after three weeks of incubation at a solid-solution ratio of 1:10. Under fully oxic or
anoxic conditions, U remobilization was higher but did not exceed 8.3 and 15 ug.L?,
respectively. This low U mobility contrast with the results of a previous study that have
addressed U remobilization from the same sediments in the presence of high bicarbonate
concentrations at pH value reaching ~9.5 . In this latter study, the U release was up to 40 to
100 times higher at pH 8.5 to pH 9.5, due to U(VI) complexation to aqueous carbonate ions.

Our results show that oxygen can exert a strong control on the microbial community
structure, which can significantly influence the mobility of U. However, although oxygen is
generally assumed to favor U(IV) to U(VI) oxidation and release especially under acidic

conditions®?, our results suggest that more complex interactions occur under neutral pH
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conditions, in which ferric iron is insoluble, which might be important to consider for evaluating
contaminated sediments management practices. More precisely our results suggests that U(VI)
mobilization from sediments could be limited by bacterial Fe(ll) oxidizing activity under
hypoxic conditions. Further research would be however needed to assess the efficiency of such
a biogeochemical process under dynamic conditions constrained by seasonal fluxes of meteoric

waters.
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