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Abstract

The long-term fate of uranium-contaminated sediments, especially downstream
former mining areas, is a widespread environmental challenge. Essential for their
management is the proper understanding of U immobilization mechanisms in reducing
environments. In particular, the long-term behavior of noncrystalline U(IV) species and
their possible evolution to more stable phases in subsurface conditions is poorly
documented, which limits our ability to predict U long-term geochemical reactivity. Here,
we report direct evidence for the evolution of U speciation over 3,300 years in naturally
highly U-enriched sediments (350-760 pg.g! U) from Lake Negre (Mercantour Massif,
Mediterranean Alps, France) by combining U isotopic data (6238U and (234U /238U)) with U L;-
edge X-Ray Absorption Fine Structure Spectroscopy. Constant isotopic ratios over the entire
sediment core indicate stable U sources and accumulation modes, allowing for
determination of the impact of ageing on U speciation. We demonstrate that, after sediment
deposition, mononuclear U(IV) species associated with organic matter transformed into
authigenic polymeric U(IV)-silica species that might have partially converted to a nano-
crystalline coffinite (U'VSiO4-nH,0)-like phase. This diagenetic transformation occurred in
less than 700 years and is consistent with the high silica availability of sediments in which
diatoms are abundant. It also yields consistency with laboratory studies that proposed the
formation of colloidal polynuclear U(IV)-silica species, as precursors for coffinite formation.
However, the incomplete transformation observed here only slightly reduces the potential
lability of U, which could have important implications to evaluate the long-term
management of U-contaminated sediments and, by extension, of U-bearing wastes in silica-

rich sub-surface environments.



Significance Statement

Understanding the long-term fate of widespread noncrystalline uranium (U) species
is critical to improving our knowledge of U biogeochemistry and U-contaminated
environments. We use naturally U-enriched lake sediments that have been deposited for
thousands of years as an analogue for the progressive evolution of contaminated
environments, in order to uncover if noncrystalline species may evolve into more resistant
crystalline phases. We combine multidisciplinary tools including U isotope ratio and
speciation techniques to describe a mineralogical transformation where organic-bound U
evolves into polymeric and nano-crystalline uranium-silica phases that are still easily
remobilized even 3,300 years after their deposition. These findings bring an interpretation

that illuminates an active debate on uranium mobility in the environment.



Main Text

Introduction

Uranium (U) mining and milling activities since the mid-twentieth century have
resulted in the contamination of freshwater bodies (1), such as on-site pit lakes (2)
including in some non-U mining districts (3), as well as lakes and reservoirs downstream U
mines (4-8). In these water bodies, the sediments accumulated U because of the
development of anoxic conditions that are known to favor U reduction and immobilization
as poorly soluble tetravalent U(IV) (9, 10). Predicting the long-term mobility of U under
anoxic conditions is of major importance to implement reliable management methods, such
as maintaining U-contaminated sediments under water or dredging and storing them
aboveground. However, this prediction turns out to be challenging because of the diversity
of reduced U(IV) chemical forms and the lack of related thermodynamic data to evaluate
their stability (e.g., 11). Among these U forms, noncrystalline U(IV) species (also referred to
as mononuclear U(IV)), often produced by microbial U(VI) reduction (12-18) have been
recognized as a major U pool in reduced contaminated soils and sediments over the last
decade (6, 7, 19-25) and are known to be sensitive to reoxidation by natural oxidants such

as oxygen or nitrate (26 and references therein).

Even under reducing conditions, the long-term stability of noncrystalline U(IV)
remains yet poorly constrained. Noncrystalline U(IV) was dominant both in recent (6) and
decades-old sediments (7) of an artificial lake located downstream a former U mine in
France. Residual uranium in the form of nano-crystalline U(IV)-phosphates was also
observed in the deep sediments and their formation could not be elucidated despite a
detailed spectroscopic and mineralogical analysis (7). Newsome et al. showed that
noncrystalline U(IV) partially transformed to nano-uraninite (UO;) after 15 months of
ageing in laboratory (18). On the opposite, incubated bio-reduced sediments containing
monomeric U(IV) did not show any transformation after one year (17, 27). Noncrystalline
U(IV) was reported in contaminated floodplain sediments (23, 24, 28) and wetlands (19, 20,
22, 25) variably submitted to redox fluctuations for decades and even after three million

years in a roll-front U deposit (29). However, the exact age of these U species is



undetermined as are the potential mineralogical transformations that could have affected

U-bearing phases in these systems.

Here, we report the long-term evolution of uranium speciation over 3,300 years in
exceptionally U-enriched sediments from a pristine Mediterranean alpine lake, Lake Negre
(Mercantour-Argentera Massif, France), providing a unique insight into the long-term
behavior of noncrystalline U(IV) under permanent anoxia. Combining solid U speciation
techniques (X-Ray Absorption Spectroscopy) to high-precision isotopic analyses
((#*U/238U) and &238U), supported by electron microscopy observations, we provide direct
evidence for diagenetic ageing of noncrystalline U(IV) species in these natural lake
sediments. In addition to the description of an original mineralogical transformation, our
findings may have important implications for the understanding and long-term
management of comparable U-contaminated sites, such as lacustrine sediments
downstream U mines (2-8) and to some extent other anoxic environments such as aquifer

sediments and peatlands (19-24, 30).

Results and Discussion

A unique naturally U-enriched system

Lake Negre is an oligotrophic 10-ha wide lake located in a high-altitude (2,354 m
above sea level) granitic catchment devoid of substantial vegetation (SI Appendix, Fig. S1),
formed after the last deglaciation more than 11000 years ago (31). The 28 m deep water
column is stratified in summer and oxygenated (SI Appendix, Fig. S2); sediments are anoxic
below 2 mm (SI Appendix, Fig. S2). Due to low erosion rates, sediments are mainly
constituted of biogenic deposits (particularly diatoms and organic matter) with a small
detrital fraction (32). Two sediment cores were sampled in the central part of the lake and
preserved under anoxic conditions according to proven protocols (6, 7): amain 198 cm long
core (NEG18-07) dedicated to sediment analysis, and a 110 cm long core (NEG18-04) used
to extract pore waters in the field in an anoxic glove bag. All solid-state data presented

below were measured on core NEG18-07.

The cores are composed of three units from top to bottom (SI Appendix, Fig. S3):
Unit T (Top, 0-4.5 cm) corresponding to loose clayey-silty sediments deposited since 1966



(dated by 219Pb¢, geochronology (SI Appendix, Fig. S3)); Unit S (4.5 to 170.8 cm) composed
of instantaneous mass wasted deposit due to seismic shots in the northern part of the lake
in 1958 and 1966 (33); Unit B (Bottom, 170.8-198 cm) corresponding to compacted silty
sediments, radiocarbon-dated from -15 cal BP (1965 AD) to 3,230 cal BP (SI Appendix, Fig.
S3, Table S1). The pristine Units T and B of core NEG18-07 were selected to study U solid-
state speciation and early diagenesis. Age-depth modeling results in apparent sediment
accumulation rates of 0.69 mm.y-1 and 0.08 mm.y-! in Unit T and B respectively, the
difference being explained by compaction of the deep unit and by the high water content of
the upper sediments. Powder X-Ray Diffraction (XRD) analyses (SI Appendix, Fig. S6) show
a larger fraction of detrital granitic minerals (quartz, feldspars, clays) in Unit T than in Unit
B. Besides, a high amorphous silica content (SI Appendix, Fig. S6) related to abundant
diatom tests (SI Appendix, Fig. S7) is observed in Unit B despite a slightly lower average
SiO; content than in Unit T (58.0 £ 2.2 and 61.8 + 1.7 wt% respectively).

Uranium and Total Organic Carbon (TOC) contents progressively increase with
depth along Units T and B, from 350 to 760 pg.g! and from 5.2 to 12.1 wt% respectively
(Figs. 1a and 1b), with a good correlation (R? = 0.94, p < 0.005) (SI Appendix, Fig. S9). Such
U contents in natural lake sediments are exceptionally high compared to the typical range of
0.5-5 pg.g'1 (34), especially in an oxygenated water setting (e.g., 35). They are two orders of
magnitude higher than the U content in the watershed background rocks (3.6 + 2.7 ug.g1,
n=6) and thus indicate a remarkable enrichment process, with U concentrations similar to
that of U tailings (1). Variations of the accumulated TOC amounts may be linked to climate-
induced changes in terrigenous and autochthonous organic matter productivity over the

last 3,300 years, as documented in other alpine lakes in similar contexts (e.g, 36, 37).
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Figure 1 —(a) U concentration and redox state (U(VI) and U(IV) proportions from U Ls-edge
XANES spectroscopy) with 0-1.5 and 3-4.5 cm samples from Unit T and 174 to 198 cm samples
from Unit B (with ages in years BP). Bottom core U(VI) proportions are within the typical
uncertainty of 5-10 % for XANES redox determination. (b) Total Organic Carbon (TOC) content in
sediments along Units T and B of core NEG18-07. (c) Detrital U fraction (% of the total U pool)
calculated from U/Th ratios. Isotopic signatures (***U/?%8U) (d) and 6?38U (e) of the lake inlet
water (circle) and sediments along core NEG18-07 (diamonds). Vertical error bars indicate age
intervals; horizontal error bars correspond to 25D uncertainties.

In order to investigate U sources, we measured the aqueous U concentration at the
spring of the main stream of the watershed (northeast of the lake) and found a bulk (non-
filtered) U concentration of 12.6 + 0.5 ug.L-L. This stream crosses a wetland before reaching
the lake, which contains Uat 2.6 + 0.1 ug.L-! twenty meters from the lake inlet. Sequential
ultrafiltration of the lake water showed that U is transported by colloids (< 0.2 pm) of
varying sizes (SI Appendix, Fig. S10) that are thought to be mostly organic and mineral
compounds released from the watershed soils and the wetland. In our case, U sources to the

sediments are represented by the lake inlet water.
Assessing U sources and depositional processes

In the aim of assessing the long-term evolution of U speciation after sediment
deposition, it was necessary to ensure that U transport and depositional processes

remained comparable over the last 3,300 years. For this reason, high-precision uranium



isotope ratios (234U /238U) and 238U /235U (expressed as §238U) were used as a fingerprint of U
sources as well as of the processes leading to U deposition in the sediments (38, 39 and
references therein). The (234U /238U) activity ratios of the sediments, lake inlet water and
spring fall within the same range of values (1.141 + 0.011, 1.136 £ 0.012 and 1.155 + 0.009,
respectively) that are consistent with the weathering of background rocks (38, 40) (Fig. 1d).
Stable ratios along the core indicate that U has been constantly supplied by bedrock
weathering for the last 3,300 years.

Since thorium (Th) compounds are far less soluble than U ones in oxic
environments, 238U /232Th ratios can be used to assess the detrital U fraction, i.e., hosted by
primary U minerals (41-43). Using mixing equations for interpreting 238U /232Th ratios, we
found that Unit T - recent sediments - contains 3.1 + 2.6 % detrital U while the detrital U
fraction of deep Unit B sediments decreases with depth from 0.7 to 0.4 % of total U (Fig. 1c
and SI Appendix, Fig. S11). Hence, the fraction of detrital U, likely hosted by granitic
minerals such as zircons and monazite as observed by Scanning Electron Microscopy
coupled with Energy-Dispersive X-ray Spectroscopy (SEM-EDXS) (SI Appendix, Fig. S7),
slightly increased in time (which may be explained by lower dilution by organic matter) but
remained below 5% of total U in the sediments. Thorough examination of Unit B samples by
Scanning Transmission Electron Microscopy (STEM-EDXS) allowed us to detect trace U
dispersed in the sediment matrix (SI Appendix, Figs. S12, S13, S14 and S15), and a single U-
bearing particle (~ 80 nm) (SI Appendix, Fig. S15).

The 8238U isotope signature of the upper 3 cm of sediments (-0.38 + 0.06 %) is
slightly lower than that of the lake inlet water (-0.18 = 0.10 %o) (Fig. 1e). The relative
behavior of 235U and 238U (expressed by §238U) has been described for most chemical
reactions (see the review by 39), suggesting that the dominant mechanism here is
adsorption of U to colloidal biomass or minerals within the water column (44), and
excluding U enrichment in the sediments by diffusion followed by reduction at the
sediment-water interface, that would have induced a positive isotopic fractionation (5, 45,
46). Consequently, since U is correlated to organic carbon (SI Appendix, Fig. S9) and is
mostly non-detrital (Fig. 1c) in the sediments, we conclude that U accumulation is driven by
U binding to lacustrine biomass or terrigenous organic colloids followed by sedimentation

(47). More importantly, the constant §238U over the entire core (average -0.34 + 0.08 %o,



Fig. 1e) tends to show that U deposition processes remained similar over the 3,300-year

period.

Overall, our isotopic analyses show that U sources and U transport and deposition
processes in Lake Négre sediments remained comparable in nature - if not in amplitude -
over the studied period, allowing us to evaluate the sole effects of diagenetic ageing on U
solid speciation. The observed decrease in U concentrations over age may have been caused
by lowering lacustrine and/or terrigenous OM production, or dilution by concomitantly

increasing terrigenous inputs.
Evolution of uranium speciation in the sediments

The redox state and speciation of U was determined by synchrotron-based X-Ray
Absorption Spectroscopy (XAS) at the U Ls-edge. X-Ray Absorption Near-Edge Structure
(XANES) analysis shows that U is readily reduced in the sediments: 84 + 3 % of U is present
as U(IV) at 0-1.5 cm (Fig. 1a, Table S2, and SI Appendix, Fig. S16), as compared to 30-50%
U(IV) at the same depth in anoxic lacustrine sediments with similar TOC (6). Complete
reduction occurs at depth in Unit B with U(IV) proportions ranging between 95 and 100 %
(Fig. 1a, Table S2, and SI Appendix, Fig. S16), concomitant with the presence of framboidal
pyrite (FeSz) in Unit B only (SI Appendix, Fig. S8). Uranium(VI) reduction might be favored
by the high TOC content and anoxia below 2 mm (SI Appendix, Fig. S2) which may stimulate
the activity of dissimilatory metal- and sulfate-reducing bacteria (48-50). The mechanism
of U reduction might then involve biotic and abiotic pathways in variable contributions, via
direct or indirect electron transfer (6, 27, 48-50). The absence of any significant isotopic
variation within the sediments indicates that most U was likely adsorbed before being

reduced (51, 52).

The region of the Extended X-Ray Absorption Fine Structure (EXAFS) between 2-
7.5 A1is dominated by signal from the oxygen coordination shell of U, which is well
modeled using 8 neighboring O atoms (Fig. 2, Table 1, and SI Appendix, Table S3 and Fig.
$17). In contrast, the spectral region between 7.5 and 13 A-1 is substantially influenced by
back-scattering from higher-Z elements (Sij, P, U), which here correspond to second
neighbors of U at > 3 A. The sharp contrasts in peak (and valley) intensities and positions

starting at 7.5 A1 indicate corresponding important differences in these second neighbor
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K*x(k)

shells, as a function of sediment age. More precisely, shell-by-shell analysis of the EXAFS

spectra shows that U is deposited as noncrystalline/mononuclear U in the recent Unit T

sediments, with ~2.4 monodentate C neighbors at 3.54 A, two distances of Si or P neighbors

at 3.12 A (N=1.1, edge-sharing linkage) and 4.0 A (N=1.0, corner-sharing, enhanced by U-O-

Si-0 or U-O-P-0 multiple scattering) and no observable U neighbor (Fig. 2, Table 1, and SI

Appendix, Fig. S20 and Table S5). This finding is in accordance with U adsorption to

terrigenous organic matter and/or to primary biomass and diatoms tests, which reinforces

the geochemical evidence for U binding to organic-rich colloidal material in the water

column, as proposed in the previous section.
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Figure 2 — Shell-by-shell fit of U Ls-edge EXAFS data over the 2-12.8 A™ k-range for the
uppermost Unit T sediment sample (0-1.5 cm) and the deepest sample of Unit B (194-198 cm),
and over the 2-12 A k-range for the uppermost Unit B sample (174-179 cm). Left: fitting of the
unfiltered k>-weighted EXAFS data in k-space. Middle: Fast Fourier Transform (FFT) of the
experimental and fit curves. Fitting parameters are reported in Table 1. Experimental and fit
curves are displayed as black and red color, respectively. The first main peak at = 2 A
(uncorrected for phase shift) on the FFT curves corresponds to the U-O shells. Right: Continuous
Cauchy wavelet transforms (CCWT) of the experimental (exp.) and fitted (fit) EXAFS data. The
peak at k = 10 A and R = 4 A in the CCWT amplitude map (indicated by a white arrow) supports
the presence of a U-U pair at 4.0 A in Unit B samples, as indicated also in the FFT curves above.
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Sample depth

Age (years BP)  path R(A) CN o (A) AFo (eV) 7
(k-range)
0-1.5 cm u-o 1.78* 0.26(6) 0.081(2) -1.2(6) 35
u-o0 2.313(4) 4+ - ;
11 +11 u-o 2.479(5) 4* ; ;
u-si 3.117(7) 1.1(3) ’ s
u-si 4.00* 1.0(8) ; -
(k2-12.8 A7) U-Si-0-Si 4.00* . - -
u-c 3.54(2) 2.4(7) ; -
174-179cm  U-0 1.78* 0.28(7) 0.076(2) 0.2(7) z32
u-o 2.365(5) 4+ - -
726 * 301 u-o0 2.489(7) 4* ; ]
u-si 3.144(6) 2% y .
u-si 4.00* 3.3(11) - ;
(k2-12A%) U-Si-0-Si 4.00* . - .
u-u 3.98% 0.8(2) ’ .
194-198cm  U-0 1.78* 0.35(12) 0.087(7) -0.2(10) 12.2
u-o 2.361(8) 4* - s
3,062 + 242 u-o 2.49(1) 4* = z
U-si 3.13(1) 2% : -
D u-si 4.00* 2.3(17) - -
(k2-12.8 A7) U-Si-0-Si 4,00* - ~ .
u-u 3.98* 0.8(4) - -
Coffinite crystal u-o 2.29°-2.32° 4
structure®® u-o 244°-252° 4
U-Si 3.13*>b 2
U-Si 3.83%b 4
Uu-u 3.83%b 4

Table 1 — Uranium crystal structure parameters in sediments compared to coffinite. Results of
U Ls-edge EXAFS shell-by-shell fitting for the uppermost Unit T sediment sample (0-1.5 cm) as well
as uppermost (174-179 cm) and deepest (194-198 cm) samples of Unit B from core NEG18-07,
over the 2-12.8 A k-range (samples 0-1.5 cm and 194-198 cm) and over the 2-12 A! k-range
(sample 174-179 cm). Coffinite crystal structure parameters were taken from (a) ref. 93 and (b)
ref. 88. Corresponding curves are displayed in Fig. 2. Uncertainties on the last digit of each fitting
parameters is given under bracket, to 95 % confidence, and fit quality is estimated by a reduced
chi-square (x%). Notes: R = path distance; CN = coordination number; o = Debye-Waller factor;
AE, = energy shift; (*) fixed parameter; (-) parameter linked to the free parameter reported above
in the Table.
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In contrast, in the deep sediments of Unit B, no organic (C) neighbors were
identified despite the low proportion of detrital U. Instead, we observe a net increase in the
contributions of Si atoms at 3.1 A (N=2, edge-sharing) and 4.0 A (N=2.3, corner-sharing),
together with a clear contribution of long-distance heavy atom neighbors, well fitted by 0.8
U atom at 3.98 A (Table 1). These contributions to the EXAFS are respectively shown by the
rising peaks at 2.5 and 4 A (uncorrected for phase-shift) in the Fast Fourier Transforms (Fig.
2, and SI Appendix, Fig. S17). This change in the local environment of U is also particularly
illustrated by Continuous Cauchy Wavelet Transform analysis (Fig. 2, Table 1), as detailed in
the Supplementary Information (SI) Appendix. This particular set of distances matches that
of the coffinite (UVSiO4-nH,0) structure, albeit with alower number of long-distance Si and
U neighbors (Table 1), suggesting that U is mainly present in the form of coffinite-like U(IV)-
silica polymers or nano-crystalline coffinite. Although the short U-Si distance is well defined
and exactly matches that in coffinite at 3.1 A, a slightly longer U-Si/U distance (4.0 A) is
observed compared to crystalline coffinite (3.83 A), as discussed in the SI Appendix. The
identification of Si neighbors rather than commonly found P neighbors in noncrystalline
U(IV) species is fueled here by two observations: (i) the fits with Si neighbors are better
than with P neighbors, both visually (SI Appendix, Fig. S19) and statistically (SI Appendix,
Table S4) and (ii) either with P or Sj, the fits are better with inter-atomic distances close to
those in coffinite (Table 1) rather than those in U(IV) phosphates such as U-
rhabdophane/ningyoite (7 and references therein). Significant U incorporation into zircons
is excluded since U is mostly non-detrital. This U speciation, consistently observed over five
samples covering average time periods from 730 to 3,060 years BP (SI Appendix, Figs. S17,
S18 and Table S3), could result from diagenetic re-precipitation of U. The sediment pore
waters contain high dissolved Si concentrations (18.3 to 26.3 mg.L-1) together with
dissolved U from 2.6 to 4.3 pg.L1 (SI Appendix, Fig. S21). Thermodynamic calculations (see
SI Appendix) showed that, in the pore waters conditions, the precipitation of crystalline
uraninite (UO-), ningyoite (CaU(PO.)2-2H»0) and coffinite (USiO4-nH,0) are favorable, while
amorphous uraninite and coffinite should be at equilibrium with the solution (53-56). As
shown by bulk EXAFS analysis, U mainly binds to silica in the deep sediment layers,
indicating that, although they cannot be excluded, uraninite or U-phosphate mineral species

are likely minor in these samples. We hypothesize that the presence of silicate moieties
13



inhibited the precipitation of uraninite (12, 13, 16, 57) and favored the polymerization of
coffinite-like phases. One should keep in mind that the observed speciation is an average
picture of U mineralogy in the sediments. Local heterogeneities of the sediment components
(e.g., ligands, electron donors) may have induced heterogeneities in uranium phases, for
instance with minor phases of phosphate-bound U(IV) or nano-uraninite that cannot be
detected by bulk EXAFS. Indeed, it has been shown that U immobilization mechanisms may
vary depending on the environmental conditions, particularly the availability of ligands and
electron donors (58). Here, the mechanism of the observed transformation may imply
either uranium dissolution and re-precipitation through potential re-oxidation, or solid-
state reorganization of U(IV) monomers to polymeric species. However, unveiling such
detailed pathways would require controlled experiments such as that of Bargar et al (27),

that are unachievable over time scales of hundreds to thousands of years.

The observed change in U speciation was quantified by chemical extraction with 1 M
(mol.L-1) NaHCOj3; that remobilizes noncrystalline U, including polymeric species (59).
Results show that 78 + 3 % of U in deep sediments is easily HCOz-mobilized, by comparison
with 83 + 1 % in the top-layer sediments (Fig. 3 and SI Appendix, Fig. S22). Hence, taking
into account the small proportion of detrital U (Fig. 1c) the fraction of bicarbonate-resistant
non-detrital U(IV) slightly increases from 14 + 4 % in the most recent sediments to an
average of 22 + 3 % in the oldest sediments (Fig. 3 and SI Appendix, Fig. S22). This non-
extractable fraction of U(IV) may be attributed to a nano-crystalline coffinite phase or to a
U(IV)-silicate amorphous phase in which the individual U monomers are sufficiently
polymerized to prevent dissolution by bicarbonate. Although the sodium bicarbonate
extraction results suggest that such phases may already be present in the recent sediments
(Fig. 3), their proportion (~14 %) is typically too low to be conclusively demonstrated by
EXAFS. In contrast, in the oldest sediments, an increase in U(IV) binding to silica and a
significant polymerization of U(IV)-silica species allows these phases to be clearly observed
by EXAFS (Fig. 2). However, this transformation of U speciation seems to only slightly
decrease the solubility of the U(IV) phases. This level of reactivity suggests that a continuum
of U(IV)-silica species, from mononuclear to polymeric U(IV), is present. The degree of
polymerization increases during diagenesis, to ultimately mimic the local structure of nano-
coffinite. In the oldest sediments, the proportion of bicarbonate-resistant phases

interpreted as polymeric or nano-crystalline coffinite nevertheless remains around 22 % of
14



total U, which explains the observation of homogeneously dispersed U by STEM and of only

one U-rich particle. Importantly, the observed diagenetic transformation of U does not

appear to result in any resolvable (i.e., > 0.2 %o) isotopic fractionation (SI Appendix, Fig.

S24).

HaSiO4 (aq)

@ < 700 years

Unit T
Organic-bound U

O Mononuclear U(VI)
O Mononuclear U(IV)

[ Polymeric U(IV)-silicate

[l Non-extractable polymeric or nano-crystalline U(IV)-silicate

[l Detrital U

)

Figure 3 — Conceptual model of the observed natural U transformation: Noncrystalline U(IV)
(Unit T, left) transforms to U(1V)-silica polymers/nano-crystalline coffinite (U'"VSiO4.nH.0) (Unit B,
right) in less than 700 years in Lake Négre sediments. This transformation is enhanced by
diagenetic remobilization of Si, potentially from diatoms. Tentative models of molecular
structure around U in the investigated samples are shown in boxes on top; U atoms are
represented in purple, Si (and/or P in Unit T) atoms in green, “OM” indicates organic matter-
bound monodentate C neighbors (in grey). Coordination polyhedra to first oxygen ligands are
drawn as thin dashed lines. For Unit T, corner linkage to organic carbon (3.5 A) in addition to U-Si
and/or U-P contributions. For Unit B, short-range coffinite-like cluster with U-Si edge-sharing
linkage (= 3.1 A) and slightly elongated distances (= 4 A) for edge-sharing U-U and corner-
sharing U-Si linkage. Pie charts display resulting repartitions of crystalline and noncrystalline U
fractions according to 1 M bicarbonate extraction (see S text and S| Appendix, Fig. S23), with

Unit B
Diagenetic coffinite-like U(IV)
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uncertainties (2SD) between 3 and 4 %. Gradation in the green color indicates an increase in the
degree of polymerization of U(IV)-silica species.

In naturally U-rich sediments of Lake Négre, noncrystalline U(IV) was therefore
transformed into a polymeric/nano-crystalline U(IV) coffinite-like phase after less than 730
years, showing a substantial effect of diagenesis in anoxic conditions on U species (Fig. 3).
This newly formed U(IV) species then persisted over more than 2,300 years. Although it is
present at most under nano-crystalline form, this is to our knowledge the first occurrence of
a coffinite-like phase formation in nature at such low temperature (~ 5 °C) (60-62).
Interestingly, this transformation was somehow predicted by a laboratory study that
showed the formation of U(IV)-silica colloids in environmentally-relevant conditions (63). It
should be noted that the observed reaction is different from coffinitization that occurs at
higher temperature through alteration of uraninite UO2.x by Si-rich fluids (64). The present
study thus underlines the growing role of naturally-abundant silicate ligands to U
coordination after long-term ageing in low-temperature anoxic U-rich systems, in contrast
with commonly reported biomass-bound phosphate and C ligands. Discriminating between
these light neighboring atoms is difficult when dealing with mononuclear U species at trace
level in environmental samples. We show for U-rich (350-760 ug.g') natural sediments that
U Ls-edge EXAFS data to a k-value of 12.8 A1 - positively complemented by wavelet

transform analysis - are conclusive to distinguish between silicate and other ligands.

Our results provide a long-term prediction for the fate of organic- and silica-rich U-
contaminated systems, such as soils and freshwater sediments where diatoms are
widespread, and are of crucial importance for their management. To this regard, we show
that long-term ageing leads to polymerization of U(IV) and silica but only to incomplete
recrystallization into nano-coffinite, which does not dramatically improve U scavenging
efficiency, as measured by bicarbonate extraction. This result may be of importance for
better constraining the long-term geochemical modeling of U-contaminated sediments, in
which the knowledge of reliable kinetics parameters for mineral formation at low
temperature is often limiting. The persistence of noncrystalline U(IV) species over
millennial time scales, although they may transform into polymeric species, echoes that of
ref. (18) albeit with different transformation products and on a much longer timescale.
Additionally, the kinetics observed here explain the absence of transformation in laboratory
experiments mimicking environmental conditions over one year (17, 27). Such long-term
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persistence of noncrystalline U(IV) species in subsurface sediments reinforces the need for
preserving sustainable anoxic conditions with a long-term perspective, and, assuming that
polymeric species may be of colloidal size, attention has to be paid to evaluating the

potential of such species to migrate under anoxic conditions (19).

Another major result of this study is the absence of detectable uraninite (UOz). Itis
now well-documented that the previous assumption that UO, was the dominant product of
U(VI) reduction in low-temperature subsurface environments should be reevaluated. Only a
few studies that characterized U speciation in natural low temperature environments
actually reported occurrences of crystalline U(IV), and a fortiori UO,, for alluvial sediments
exposed to seasonal redox cycling (23, 24, 28), or subjected to laboratory incubation or bio-
stimulation (18, 21, 27, 65, 66). In contrast, a majority of natural environments do not
exhibit UO,, such as recent lake sediments (6, 7), U-contaminated organic-rich wetlands (19,
20, 22, 25, 30) or other bio-stimulated soils and sediments (17, 69-72). In the light of these
observations, the present study supports that the formation of uraninite is inhibited by the
presence of aqueous and solid-associated ligands (e.g., organic matter-bound phosphoryl
and carboxyl groups, and mineral phosphate and silicate ligands) that immobilize U(IV)
under noncrystalline forms (12, 13, 16, 57, 67). The formation of nano-uraninite at low
temperature may be favored only when low concentrations of ligands are available
compared to U(IV) concentration (16, 27, 67), which may be the case when redox cycles
lead to exceptional accumulation of U(IV) in water-table fluctuations zones of aquifer
sediments (23, 24, 28, 68).

Beyond these environmental perspectives, our results may also help to understand
the preservation of U geochemical and isotopic signals that are used for paleo-redox studies
in continental and marine sediments such as black shales (e.g., 45, 46). In these systems,
solid U(IV) products are often either overlooked (45, 46) or considered as being uraninite
by simplification (73). Considering the diversity of U(VI) reduction products that involve
various chemical pathways - with potentially different isotope fractionation factors -, the
interpretation of U isotopes could thus benefit from the combined determination of U solid-

state speciation.
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Materials and Methods

Sampling. Sediment cores were sampled at the deepest point of Lake Negre using an
Uwitec gravity corer (63 mm diameter) equipped with a hammer, then immediately closed
under N; flux and further opened inside an anaerobic glovebox (< 3 ppm 0;) at IMPMC in
order to preserve the redox state of the sediments. Subsamples from core NEG18-07 were
homogenized and dried under vacuum within 48 hours. All samples were stored in anoxic
butyl rubber-sealed serum vials until analysis. Pore waters from core NEG18-04 were
sampled in the field inside a N2-purged glove bag by inserting Rhizon™ moisture samplers
in pre-drilled holes every 4 cm along the core tube. Lake water was vacuum-filtered in the
field using a Sartorius filtration unit (0.2 and 0.01 pm cellulose filters) then ultrafiltered
with an Amicon ultrafiltration cell (100 and 1 kDa regenerated cellulose filters). Filtrates

were acidified with 68 % ultra-pure distilled HNOs.

Geochronology. Terrestrial plant macro-remains were sampled at five depths on core
NEG18-07 and radiocarbon-dated by Accelerator Mass Spectrometry (AMS) at the Poznan
Radiocarbon Laboratory (Poland). Radio-elements were measured at the Institut de
Radioprotection et de Streté Nucléaire (IRSN) by gamma spectrometry following protocols
described in ref. (74). 219Pb., was calculated by subtracting 22¢6Ra to total 21°Pb activities, and
corresponding dates obtained using the Constant Flux: Constant Sedimentation (CF:CS)
model (75) (SI Appendix, Fig. S3). Age-depth modeling of core NEG18-07 was done using
the R software-package “clam” (76) (R version 3.6.2, ref. (77)) with 210Pb. derived ages and
radiocarbon dates (SI Appendix, Fig. S3 and Table S1). The chronology of core NEG18-04
was established by high-resolution X-Ray Fluorescence (XRF) correlation, specifically by
fitting observable Pb historical pollution peaks (36, 78) (SI Appendix, Fig. S4 and Table S1).

Electron Microscopy. SEM data acquisition was performed at IMPMC using a Zeiss Ultra 55
microscope equipped with a Field Emission Gun. Energy-Dispersive X-ray Spectroscopy
(EDXS) data and back-scattered electron images were collected with a 15 kV emission at a
working distance of 7.5 mm. EDXS data intensity was calibrated using the Cu K. emission
line of a Cu tape. STEM-HAADF (High-Angle Annular Dark-Field imaging) and STEM-EDXS

elemental mapping was carried out on a Jeol 2100F microscope installed at IMPMC. This
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machine, operating at 200 kV, is equipped with a field emission gun, a high-resolution pole

piece, and an ultrathin window Jeol detector.

Chemical analyses. High-resolution (2 mm step) elemental composition was measured on
half-cores with an Avaatech XRF core-scanner at EDYTEM. Two tubes settings were used:
10 kV and 0.175 mA for 15 s for light elements; 30 kV and 0.245 mA for 35 s for heavy
elements (79). Major elements were determined at the Service d’Analyse des Roches et
Minéraux (SARM-CRPG, Nancy, France) by optical emission spectrometry (ICP-OES) after
LiBO alkali fusion. Subsamples of core NEG18-07 were digested with a mix of concentrated
HNO3 and HF at 90 °C for 24 h followed by addition of concentrated HC1O4 for 24 h, then
heated to dryness at 160 °C and further dissolved in 2 % HNO3; for analysis. Trace elements
were measured at the LUTECE laboratory (IRSN) with a triple quadrupole inductively
coupled plasma mass spectrometer (ICP-MS/MS, Agilent 8800). Total Organic Carbon (TOC)
was determined using a carbon analyzer (Vario TOC Elementar) following the method
described in ref. (6). All solid concentrations are expressed relative to sediment dry weight.
Pore water major elements were analyzed with an inductively coupled plasma atomic

emission spectrometer (ICP-AES, ICAP 7600 DUO ThermoFisher) at LUTECE.

Isotopic analyses. Selected samples were double-spiked with IRMM-3636a standard with a
spike/sample ratio (23¢U/235U) of ~ 2-3 to correct from analytical and instrumental mass
biases. The uranium fractions were extracted via column chromatography with UTEVA
resin (Eichrom Technologies, LLC), following a protocol adapted from ref. (80). Isotopic
measurements were performed on a ThermoFinnigan™ Neptune Multi-Collector Inductively
Coupled Plasma Mass Spectrometer (MC-ICP-MS) at the PARI platform (IPGP). The
measured 238U /235U values were first calculated relative to the bracketing standard [IRMM-
184 (81). Final isotopic values §238U discussed in this study are expressed relative to the
commonly used CRM-145 standard (82) after applying an offset of -1.10 %o. Each 6238U
value is an average of 3-5 measurements. Uncertainties were calculated as two standard
deviations (2SD) from the replicates. The method accuracy was tested by using three
reference materials (BCR-2, AGV-2, HU-1) that were processed with the samples and show a
good agreement with values published elsewhere (see SI Appendix). (234U /238U) activity

ratios were obtained by multiplying 234U /238U isotope ratios by the ratio of radioactive
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decay constants. Analytical blanks were processed as well and show negligible U levels (<

0.2 ng).

X-ray Absorption Spectroscopy. U L;-edge XAS spectra were collected on sample pellets
carefully preserved from oxidation according to proven procedures (6, 7, 20, 71), as
reported in the SI Appendix. Data were acquired in fluorescence detection mode atliquid-N,
temperature on the high-flux multipole wiggler beamline 11-2 (Stanford Synchrotron
Radiation Lightsource - SSRL) using a Si(220) double crystal monochromator and a
Canberra™ 100-elements Ge array detector and atliquid He temperature on the high-flux
undulator beamline P64 (Deutsches Elektronen-Synchrotron - DESY) equipped with a
Si(111) double crystal monochromator and a Passivated Implanted Planar Silicon (PIPS)
detector. Calibration of the incident beam energy was performed by measuring the K-edge
transmission spectrum of an yttrium (Y) foil and setting its first inflection point to
17,038.0 eV. On beamline 11-2, dead-time correction was done using the SIXpack software
(83). XAS data were merged, normalized and background subtracted with the ATHENA
software (84).

X-Ray Absorption Near-Edge Structure (XANES) spectra were analyzed by Linear
Combination Least-Squares (LC-LS) fitting with a custom-built software, using procedures
detailed in refs. (6, 7, 85). The best LC-LS fits to the sediments data were obtained using
torbernite as U(VI) reference, and sample NEG18-07 184-189 cm as U(IV) reference, as
detailed in the SI Appendix. Shell-by-shell fitting of the unfiltered U L;-edge k3-weighted
EXAFS spectra was performed following procedures reported by refs. (6, 7, 85), with a
custom-built software based on Levenberg-Marquardt minimization algorithm and using
the plane-wave EXAFS formalism (86). Electron back-scattering phase and amplitude
functions used in these fitting procedure were calculated for curved-wave with the FEFF8.1
code (87) from the crystal structures of coffinite (88), torbernite (89) and uranyl acetate
dihydrate (90). Fit quality and uncertainties were estimated as detailed in the SI. In order
to firmly identify the neighboring atoms around U, consistency between the experimental
and fitted EXAFS spectra was also checked by comparing their Continuous Cauchy Wavelet
Transform (6, 7, 85, 91) that were calculated using the Matlab script by refs. (91, 92).

Molecular structure models in Fig. 3 and SI Appendix, Fig. S18 were represented with the
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CrystalMaker software. For a comparison of all EXAFS spectra, see SI Appendix, Figs. S17
and S18.

Bicarbonate extractions. The noncrystalline U(IV) and U(VI) fractions of sediment
samples were quantified by suspending ~ 300 mg of dry sediment in 5 mL of 1 M NaHCO3

solution for 100 h in the anaerobic glovebox, following a protocol adapted from ref. (59).

For a detailed description of the full methods and additional data, please see SI

Appendix. For additional data, please see “Dataset_S1.xlsx”.
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