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• UO2 and UO3 particle reactivity examined
in Savannah River Site lysimeter systems.

• Particles (placed in discrete 1 cm hori-
zons) reacted for 1 year in SRS sediments.

• UO2 readily oxidized / altered under va-
dose zone conditions.

• UO3 readily altered, but U movement
(both particle types) was limited to sev-
eral cm.

• In SRS sediments, secondary U phases and
sorption limit U migration in effluents.
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Uranium dioxide (UO2) andmetaschoepite (UO3•nH2O) particles have been identified as contaminants at nuclear sites.
Understanding their behavior and impact is crucial for safe management of radioactively contaminated land and to
fully understand U biogeochemistry. The Savannah River Site (SRS) (South Carolina, USA), is one such contaminated
site, following historical releases of U-containing wastes to the vadose zone. Here, we present an insight into the be-
havior of these two particle types under dynamic conditions representative of the SRS, using field lysimeters (15 cm
D x 72 cm L). Discrete horizons containing the different particle types were placed at two depths in each lysimeter
(25 cm and 50 cm) and exposed to ambient rainfall for 1 year, with an aim of understanding the impact of dynamic,
shallow subsurface conditions on U particle behavior and U migration. The dissolution and migration of U from the
particle sources and the speciation of U throughout the lysimeters was assessed after 1 year using a combination of sed-
iment digests, sequential extractions, and bulk and μ-focus X-ray spectroscopy. In the UO2 lysimeter, oxidative
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dissolution of UO2 and subsequent migration of U was observed over 1–2 cm in the direction of waterflow and against
it. Sequential extractions of the UO2 sources suggest they were significantly altered over 1 year. The metaschoepite
particles also showed significant dissolution with marginally enhanced U migration (several cm) from the sources.
However, in both particle systems the released U was quantitively retained in sediment as a range of different U(IV)
and U(VI) phases, and no detectable U was measured in the lysimeter effluent. The study provides a useful insight
into U particle behavior in representative, real-world conditions relevant to the SRS, and highlights limited U migra-
tion from particle sources due to secondary reactions with vadose zone sediments over 1 year.
1. Introduction

Uranium (U) has been released to the environment through civil nuclear
and defense related activities worldwide. Sources of contamination include
U mining, waste effluent discharges, weapons testing/fallout, and nuclear
accidents (Salbu et al., 2003; Lind et al., 2007; McDonald, 2011; Falck,
2015; Imoto et al., 2017; Ochiai et al., 2018). Uranium is a redox-active,
radio- and chemo-toxic element, and it is potentially mobile in the environ-
ment. Its environmental prevalence and the long half-life of uranium's
major isotopes, 238U (4.468 × 109 y) and 235U (7.038 × 108 y), make it
a key risk-driver in radioactive contaminated land management and the
long-term storage of U nuclear wastes (Morris et al., 2011). As such, under-
standing U migration and fate in the geosphere is critical.

Uranium is the most common contaminant radionuclide at US Depart-
ment of Energy (DOE) sites (Riley et al., 1992). The Savannah River Site
(SRS), which is the subject of this study, is a DOE site that functioned as a
nuclear fuel fabrication facility in US atomic weapons program (Evans
et al., 1992). At present, the site is used for materials storage and legacy
waste processing, with significant remediation now underway (Chang
et al., 2014; Kaplan et al., 2011). Uranium contamination at SRS is well doc-
umented, with the most significant releases occurring in the 1950s (Evans
et al., 1992). An estimated 43 tons of depleted and natural U have been re-
leased into the Tims Branchwatershed at SRS, accounting for ~97% of the
site's gross (environmental) alpha activity (DOE, 1990; Kaplan et al., 2020;
Parker et al., 2022).

Uranium's environmental mobility is largely determined by its specia-
tion relative to local physico- chemical conditions. In oxidizing or near-
surface conditions, U(VI) persists as the uranyl cation (UO2

2+), which can
readily form soluble carbonate complexes in solution when the pH >5
(Grenthe et al., 2011; Brookshaw et al., 2015). Under reducing conditions,
sparingly soluble U(IV)-phases dominate, which include uraninite (UO2)
and non-crystalline U(IV) products (Newsome et al., 2014). Indeed, U(IV)
solids are generally regarded as an environmentally favorable species for
remediation efforts and both abiotic and biotic reduction pathways have
been proposed as viable options for the environmental immobilization of
U (Lovley et al., 1991; Lloyd and Renshaw, 2005; Cherkouk et al., 2016).
Abiotic U(VI) reduction can occur following sorption of U on reactive
mineral surfaces, such as Fe-/Mn-(oxy)hydroxides (Jeon et al., 2005). The
incorporation of U into neoforming mineral phases is also possible and
has recently been shown to be a successful mechanism for the stabilization
of U(V) (Pidchenko et al., 2017; Roberts et al., 2017), which can be pro-
duced via microbial reduction (Renshaw et al., 2005; Vettese et al., 2020).

Many studies examining U behavior in the geosphere have focused on
the remediation of soluble U(VI) phases. However, particulate U is also
present at many nuclear sites in various chemical forms, including U-
metal phases and U-oxides of varying stoichiometry (e.g., UO2, UO3, and
U3O8) (IAEA, 2011; Ochiai et al., 2018; Salbu, 2008; Bower et al., 2019). In-
tact UO2 particles have been isolated from numerous contaminated sites,
often originating from nuclear fuel material (e.g., Kashparov et al., 2019;
Ochiai et al., 2018). Although UO2 particles have been shown to persist
in the environment for many years (Oughton and Kashparov, 2007), oxida-
tive dissolution and subsequent migration of U through the geosphere is
possible, with UO2 forming secondary U(VI) phases, such as metaschoepite
(UO3•nH2O), under oxidizing conditions (Buck et al., 2004a; Finch and
Ewing, 1992). Indeed, the production of metaschoepite colloids from UO2
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powders (44–105 μm)has also been reported following exposure to aerated
deionizedwater, and agedmetallic depleted uraniummunitions are known
to form metaschoepite as a major corrosion product (Buck et al., 2004b;
Handley-Sidhu et al., 2009; Wang et al., 2016).

At SRS, U has been released in the form of dissolved salts and particulate
material, including U metal fragments. Any U metal fragments are now as-
sumed to have oxidized to form poorly soluble compounds at the site
(e.g., U3O8, UO2; Evans et al., 1992). Whilst particulate U material can rep-
resent a significant fraction of the overall U inventory at SRS and other con-
taminated sites, little is known about the long-term stability of U particles in
the subsurface or how they affect the overall geochemistry of U in the envi-
ronment. Further environmentally relevant studies are required.

Unlike fully saturated, flowing column systems or batch-type laboratory
studies, field lysimeters permit examination of the effects of vadose-zone
conditions in contaminated sediments (Abdou and Flury, 2004). Exposed
to rainfall and other ambient conditions, lysimeters simulate an environ-
ment representative of the shallow subsurface, complete with a variable hy-
drologic cycle. Given the expected prevalence of multi-valence U solids in
the shallow subsurface at contaminated sites, and the high concentrations
of U (including particulates) released to the vadose zone at SRS, the objec-
tive of this study was to examine the dissolution and mobility of U from
two contrasting types of U particles (ceramic UO2 and metaschoepite
(UO3•nH2O)) under conditions representative of the SRS vadose zone. Ac-
cordingly, field lysimeter experiments containing SRS sediment and dis-
crete sources of ceramic UO2 and metaschoepite particles were deployed
for 12 months. Each lysimeter contained two source horizons, allowing as-
sessment of particulate U behavior at varying depths in the sediment profile.
Upon completion of the experiments, sediments from the lysimeters were
examined using autoradiography, μ-XRF mapping, U LIII-edge μ-XANES,
and bulk EXAFS to track U migration and speciation. Traditional geochem-
ical analyses were also performed to assess U partitioning in the sediment.

2. Materials and methods

2.1. Uranium oxide sources

All experimentswere subject to radiological risk assessment. A commer-
cial, synthetic, ceramic UO2+x (where x < 0.1) (STREM Chemicals) and
natural metaschoepite powder (UO3●nH2O) (where n < 2) (as per Bower
et al., 2019) were used as U particle sources in the lysimeter experiments.
TheUO2 andmetaschoepitewere ground lightly by hand in an agatemortar
and pestle, then sieved (between 10 and 50 μm meshes). The UO2 was
then acid washed (4 % HNO3) under O2 free conditions, rinsed with deox-
ygenated, deionized (DI) H2O, and finally dried under O2 free N2. The
metaschoepite required no further washing (as per Bower et al., 2019).
These operations were completed in a fumehood and FFP1 masks were
worn as an extra precaution. The two particle sources were predominantly
comprised of sub-micron crystallites that formed electrostatically bound
clusters (in the case of the UO2 source, some larger macro-crystals were
also present) (see Supporting Information (SI) section 1 and Figs. S1 and
S2). The uranium sources are herein termed ‘UO2’ and ‘UO3’ for brevity.
The UO2 was chemically pure (based on SEM-EDX and XRDmeasurements;
SI section 1). Bower et al. (2019) has shown that the UO3 source contains
minor studtite (UO4•4H2O) (SI Fig. S2). Bulk XANES data of the unreacted
UO2 and metaschoepite stocks are also shown in SI Fig. S1.
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Four uranium-containing sourceswere createdwith the abovematerials
for emplacement in the lysimeters (2 x UO2 and 2 x UO3). There was
~3500 mg/kg U in each source. These sources were created by mixing an
appropriate amount of UO2 or UO3 powder into 115 g of sediment (see
below), and the U particle containing sediment was then moistened
through addition of DI H2O and molded into a cylinder (10 cm diameter,
1 cm depth; Fig. S3) for emplacement into the lysimeters during packing
(see below).

2.2. Field Lysimeter design and set-up

Lysimeters were constructed according to an established method
(Kaplan et al., 2018; Kilgo, 2018; Peruski et al., 2018; Roberts et al.,
2012) at the Radionuclide Fate and Transport Experiment (RadFATE) facil-
ity at Clemson University (South Carolina, USA). Briefly, the setup utilized
a 15 cm diameter PVC pipe that was ~72 cm in length. The bases of the
pipes were fitted with a polypropylene grid covered with nylon mesh to
allow water drainage. This base section was also encased in a PVC reducer
(15 cm to 5 cm) and a barbed fitting housed in a 5 cm diameter bushing,
which connected to flexible tubing to permit effluent collection. To ensure
radiological safety, the 15-cm diameter PVC cores were placed within 20-
cm diameter PVC secondary containment, which in turn were surrounded
with a concrete backfill. The configuration is described in more detail in
the SI (section 2, Fig. S4).

Two identical lysimeters (one for each U particle type) were packed
with West Borrow Pit sediment from an uncontaminated area within the
SRS. This sediment is a sandy clay loam representative of the vadose zone
at the site. The clay fraction of this sediment (< 2 μm) contains kaolinite
(> 95 %), Fe-oxyhydroxides (<2 % goethite and hematite) and quartz
(< 2 %), with minor 2:1 clay phases (< 3 %, primarily as illite)
(Montgomery et al., 2017). The sediment pH was 4.76. For more detailed
characterization of the sediment see the SI, section 3 (Tables S1 and S2).
The sediment was sieved (1 mm mesh) before packing and large pieces of
organic matter were removed. The organic matter content of the sediment
is 0.9% after sieving (Montgomery et al., 2017). Duplicate sources of either
UO2 andUO3 (see section 2.1) were placed horizontally at 25 cm and 48 cm
from the top of each lysimeter and are herein termed the ‘upper source’ and
‘lower source’ for each particle type, respectively. The diameter of the
sources was 10 cm and each source was placed in the (horizontal) centre
of the 15 cm PVC pipe (i.e., there was ~2.5 cm of non U-labelled sediment
between the sources and the lysimeter tube wall). The lysimeters were
packed with the sediment in increments of 5 cm by manually ‘tapping’
the core with the sediment on a concrete base (10 times) so that the sedi-
ment settled evenly. This procedure was used for packing the sediment
below, between, and above the two uranium sources in each lysimeter.

The lysimeters were then fit with three soil moisture sensors (5TE,
METER Group, Inc.) (at 25 cm, 34 cm, and 48 cm from the lysimeter top);
the positions are detailed in Fig. S4. The probes were inserted horizontally
and extended into the sediment from the pipewalls (~5 cm).Measurements
were collected from the probes at two-hour intervals for the duration of the
experiment. The probes were used to determine the dielectric permittivity,
bulk electrical conductivity (dS/m), and temperature (°C). The dielectric
permittivity was then used to calculate the volumetric water content
(VWC) using a calibration equation previously determined for the SRS sed-
iment (Kilgo, 2018; Fig. S5). The lysimeters were left open to the environ-
ment for 12 months between May 2017 to May 2018, during which time
approximately 128 cm of precipitation fell, which is comparable to the
yearly mean rainfall of 122 cm precipitation near the SRS (SRR, 2020).

2.3. Lysimeter sampling

Drainage effluent from the lysimeters was collected in acid cleaned
high-density polyethylene (HDPE) bottles that were periodically sampled
six times during the 12-month experiment. Changes in effluent pHwere re-
corded using a semi-micro pH electrode (Thermo Scientific 8115BN
ROSSTM). Effluent samples were acidified (2 % HNO3) and shaken before
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measuring the concentration of Fe, Mg, Ca, K, and U using inductively
coupled plasma mass spectrometry (ICP-MS, Thermo Scientific X-series 2).

After 12 months, the lysimeters were capped and removed from the test
bed and transferred to a HEPA-filtered glove box that contained O2 free Ar.
After removal of the probes and drainage system, the PVC lysimeter
encasings were cut in half lengthwise (along the longitudinal axis, i.e., the
direction of water flow) and a thin stainless-steel sheet was inserted be-
tween the two halves of the lysimeter to reveal intact cross-sections of the
reacted sediment. An intact sub-section of sediment was extracted from
each of the original U source horizons using a rectangular aluminum cutter
(10 × 7 × 2 cm) (see SI, Fig. S3). The sediment block was carefully lifted
out of the bulk sediment and immediately flash frozen in liquid N2 to pre-
serve the sediment. Wire mesh was put over the top and bottom surfaces
to stabilize the sediment structure and allow fluid exchange through the
blocks during later resin embedding. The remaining sediment in each lysim-
eter was sectioned in~1 cm increments, homogenized, and placed in sterile
polyethylene bags flushedwith Ar. Of note, during sectioning of the UO2 ly-
simeter, the sectioning resolution meant that the source was spread across
two 1 cm sediment sections. After sectioning, the sediment fractions and
preserved block sections were stored at −80 °C before further work.

Using an established method designed to maintain the redox-state and
texture of the sediments at the point of sampling (Jilbert et al., 2008;
Bower et al., 2019), the preserved blocks were embedded in SpurrTM low
viscosity epoxy resin. The resin-embedded blocks were then cut lengthwise
(along thewaterflowdirection) across the original U source horizon using a
diamond saw. Polished ‘thin’ (100 μm) sections were created from the ex-
posed surfaces and mounted on optical grade quartz slides for autoradio-
graphy and μ-focus X-ray analysis.

2.4. Sediment analysis

The elemental content of sediment samples reacted in the lysimeters
was assessed by digesting 0.5 g of sediment in boiling aqua regia for 2 h
followed by ICP-MS analysis (Agilent 7700×) (see SI section 4 for further
detail). Aqua regia (3:1, HCl:HNO3) has previously been shown to
completely dissolve UO2 fuel elements (2 h at ~100 °C) (Flanary et al.,
1959). It has also been shown in soils to totally dissolve sulfates, phos-
phates, iron oxides, carbonates, and organically bound metals, and only
partially digest silicate and aluminosilicate minerals (EPA, 1996). Sequen-
tial extractions were also performed using an adaptation of the Tessier
extraction (Tessier et al., 1979). Sequential extractions are designed to
selectively extract contaminants that are associated with operationally de-
fined fractions of a soil / sediment system being studied. The resulting
data are qualitative and should not be over interpretated, as shown for U
in past work (e.g., Kaplan and Serkiz, 2001). In the current work, 0.5 g of
sediment was leached using chemical extractants of increasing strength.
The targeted extraction phases and reagents were: “exchangeable” (0.1 M
MgCl2); “carbonate-associated / weak-acid extractable” (0.11 M
CH3COOH); “reducible” (0.5 M NH2OH•HCl); “oxidizable” (8.8 M H2O2

and 1 M NH4CH3CO2); and “residual” (aqua regia 3:1). The extractions
were carried out under a normal laboratory atmosphere and further
information on the extraction of these phases can be found in the SI
(Table S3). Further, the UO2 stock material used in the lysimeter experi-
ments (mixed with sediment, but not reacted), went through the same ex-
traction protocol. The UO3 stock was completely used during set-up of the
lysimeter experiment and was thus not extracted in the same way.

2.5. Autoradiography

Autoradiography was used to assess the distribution of radioactivity
across the resin-embedded thin sections. Sections were exposed to a storage
phosphor screen for 72 h and images were collected using a Typhoon™
9410 variable mode imager with 50 μm resolution. The thin sections
were also analyzed using BeaQuant™ real-time digital autoradiography.
Here, the slides were carbon coated and cleaned with compressed air to re-
move any dust. Data was collected for alpha emitting radionuclides by



Fig. 1. U, Fe, and Mn concentrations with depth for the (A) UO2, and (B) UO3

systems after 12 months of reaction. Digestion data (black line) were acquired
through aqua regia digests of the sediment sections (taken in ~1 cm increments).
The approximate locations of the particle sources are indicated by the blue boxes.
The dashed lines represent a break in the sediment profile. Errors indicate the
standard deviation (1σ) of triplicate extractions performed on select samples.
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tuning the amplification gain of the BeaQuant™. Exposure times ranged be-
tween 24 and 120 h. The BeaQuant had a spatial resolution of ~30 μm.

2.6. Bulk XAS and μXAS and XRF

Bulk U LIII edge XANES and EXAFS data from discrete sediment sections
were collected on beamline B18 at the Diamond Light Source, UK. Datawas
collected in fluorescence mode at 78 K using a 36 element Ge detector. An
in-line Y-foil was used for energy calibration. All X-ray absorption spectros-
copy (XAS) spectra were aligned, normalized, and background corrected
using ATHENA (Demeter Package) (Ravel and Newville, 2005). Linear
combination fitting of the XANES region was performed using ATHENA
to assess the relative contributions of U(IV) andU(VI) to the sample spectra,
using standards from the ACREDAS database (of UO2 and U(VI)aq) (Opel
et al., 2007). An error of ±10 % is assumed for the linear combination
fitting method (Kelly et al., 2008). EXAFS fitting was performed using
model scattering paths from ACREDAS standards in ARTEMIS (Demeter
Package) (Hellenbrandt, 2004; Ravel and Newville, 2005). For the EXAFS
fitting, the Debye-Waller factor and interatomic distance were refined for
each path, and the degeneracy of each path was optimized by manually
varying the value and comparing the fits. The addition of each shell in
the EXAFS fit was evaluated using an F-test (Downward et al., 2007).

μ-focus X-ray fluorescence (μ-XRF) mapping and μ-XANES data were
collected on the MicroXAS beamline (X05-LA) at the Swiss Light Source.
Possible beam-induced damage from the focused X-rays was evaluated
(see Fig. S5). The μ-XRFmaps were collected at 17600 eVwith a horizontal
beam size of either~25 μmor 1 μm. The dwell time on the sample per point
was 0.1 s, and as such XRF mapping did not result in beam induced specia-
tion changes (Fig. S6). The U LIII-edge XANES spectra were collected using a
defocused beam (~25 μm) to also mitigate against beam induced changes.
A KETEK GmbH silicon drift detector (SDD) was used, and energy calibra-
tion was performed using a Y-foil. The μ-XRF images and scatter plots
were created using PyMCA software. The μ-XANES were processed using
the same method as for bulk XANES.

3. Results and discussion

3.1. Geochemical probes

Breakthrough of rainwater for the two lysimeters occurred between 75
and 85 days. The effluent pH in both systems varied over the duration of the
experiment between 4.5 and 5.5 (Fig. S7). Rainfall pH in Clemson, SC, is
~5.5. The saturated VWC of the sandy clay loam used in this work was
nearly 47 %. Over the first 14-days of the experiment, the sediment re-
mained relatively dry in both lysimeters, with a VWC <15 % (Fig. S8).
The VWC then steadily increased over time at all depths from the initially
dry state of the soil and then remained between 15 % to 35 % with fluctu-
ations based on rainfall (Fig. S8). For more details on the geochemical
probe data see the SI (Section 6.2).

3.2. Effluents and sediment geochemistry

The concentrations of Na, K, Ca, Mg, Fe, and U in the lysimeter drainage
effluents over time are shown in Fig. S9. U remained below 1 μg/L through-
out. Background uranium concentrations in uncontaminated SRS ground-
waters are ~1 μg/L (Evans et al., 1992) and the EPA Maximum
Contaminant Level (MCL) for drinking water is 30 μg/L. No overall U loss
was thus recorded from the lysimeters over 1 year. The concentrations of
exchangeable cations (Na, K, Mg, Ca) steadily decreased over the duration
of the experiment. Interestingly, increased effluent Fe was measured at
comparable time points from both lysimeters; however, there was variabil-
ity in concentrations between the two systems. In the UO2 lysimeter, ele-
vated Fe concentrations (50–100 μg/L) were observed between 275 and
331 days. In the UO3 lysimeter, periodic spikes of Fe were observed, with
~1000 μg/L in solution after 168 days, and ~ 1360 μg/L released after
331 days. The release of Fe into solution from both lysimeters likely
4

indicates the occurrence of microbially mediated Fe(III)-reduction in parts
of the SRS sediment lysimeters. Sediments from the SRS site are known to
contain Fe-reducing bacteria which can promotemetal reduction, including
U(VI) reduction and stabilization (Scala et al., 2006; Li et al., 2014).
Whether redox stratification occurred in the lysimeters with depth from
the surface, or in micro-environments is unknown.

Sediment major element concentration profiles (Fig. 1) show the distri-
bution of U throughout the UO2 and UO3 lysimeters and thereby the extent
of U migration following dissolution of the upper and lower sources (with
and against rainwater flow direction). During the sectioning routine, a sig-
nificant fraction of each U source was removed as intact sections for resin
embedding and μ-focus characterization (Fig. S3B). As such, the acid extrac-
tion data for the remaining, homogenized sediments can only be used to in-
dicate the extent of Umigration, rather than provide accuratemass balance.

In the UO2 lysimeter system, U migration occurred, with U present in
sediments ~2 cm above and up to ~3 cm below both sources, although
we note during sectioning that the upper UO2 source was spread over two
1 cm samples in our sampling regime (see Section 2.3). In the UO3 systems,
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elevated U concentrations were evident ~3 cm above and up to ~4 cm
below the source horizons (albeit this was more marked for the upper
source horizon; Fig. 1B). Previous work with the same UO3 source material
in saturated flow-through column experiments conducted with sediment
representative of the UK Sellafield site, has shown that these UO3 particles
completely dissolve within 6–12 months under both oxic and reducing
groundwater conditions (Bower et al., 2019). In that work, some of the re-
leased U became associated with the sediment over a distance of >5 cm,
whilst a significant amount was released in the column effluents (including
as U-colloids). In the current study, UO3 derived effluent U was not ob-
served (Fig. S9); instead, U was retained within 5 cm of the original source
location (Fig. 1B). However, it is important to note that comparisons cannot
be easily made between the experiments due to the use of different sedi-
ment types, saturated vs. vadose zone conditions, flow length etc. No dis-
cernible trends in sediment Fe and Mn concentrations were evident after
1 year of reaction (Fig. 1A).

3.3. Sequential extractions

Sequential extraction data for each source horizon and the surrounding
sediments (taken 1–2 cm above and below the sources) are shown in Fig. 2.
Fig. 2. Sequential extraction results for the UO2 and UO3 lysimeters, where the concentra
U (summed across all reagents). Sediments were collected from 1-cm thick sample layers
standard deviation (1σ) of triplicate measurements. Extractions yielding <5 % are not l

5

The extractions were carried out under a normal laboratory atmosphere. As
with the aqua regia sediment digestions, the sequential extractions were
performed on sediments after removal of a significant fraction of the UO2

and UO3 sources. Uranium concentrations per sediment section are there-
fore not comparable; as a result, we discuss the percentage of U extracted
per step, normalized to the total U extracted per sediment section. This pro-
vides a qualitative indication of howUpartitioned in the solids during alter-
ation/weathering of the particle sources.

The UO2 sourcematerial underwent the same sequential extraction pro-
cedure immediately after being mixed with SRS sediment. Here, the major-
ity of the U was extracted in the residual (aqua regia) step (82± 3%), with
the balance distributed reasonably evenly between the other extraction
steps (approximately 6 %, 6 %, 3 %, and 2 % respectively, in the exchange-
able (MgCl2), carbonate / weak acid extractable (acetic acid), reducible
(NH2OH•HCl), and oxidizable (H2O2 then NH4CH3CO2) steps). Sequential
extraction of material from the two “upper source” samples (see
Section 2.3), and the lower source sample, after 1 year of reaction, showed
that only ~28–31 % of U was now extracted in the residual step. Further,
the carbonate step nowaccounted for a significant proportion of extractable
U (~23–29 %), and higher proportions on U were also extracted in the
other steps (Fig. 2). Samples then taken from 1 cm above and 1–2 cm
tion of uranium in each extraction step is given as a percentage of the total extracted
located 1 cm above, 1 cm below, 2 cm below, and at the source. Errors indicate the

abelled with a value.
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below the UO2 sources released ~15–20 % more U in the carbonate step,
with a commensurate decrease of U in the residual step (Fig. 2).

The high proportion of “residual” U remaining in the UO2 source sam-
ples after 1 year likely reflects remaining UO2 particles. Further, whilst
the UO2 labelled sediment horizons were carefully placed in the lysimeter,
we cannot rule out possible mixing or other physical transport of added
UO2 particles into the surrounding sediment, which may explain the pres-
ence of U in the residual fractions immediately above and below the source
horizons. In contrast, the U released with the exchangeable, carbonate /
weak acid extractable, and reducible steps likely indicates the extraction
of sediment associated U (e.g., U associated with carbonates, Fe-
(oxyhydr)oxides etc.), following oxidative dissolution of UO2 and migra-
tion of released U into the surrounding matrix. Comparable transport of
Np, due to oxidative dissolution of NpO2, was observed in lysimeter exper-
iments with the same sediment (Peruski et al., 2018). However, it may also
possible that the U was extracted from the surface of corroded UO2 grains
that havemoved out of the original source horizon. Uranium extracted dur-
ing the “oxidizable” step could represent U associatedwith organicmaterial
(e.g., Fuller et al., 2020); however, this cannot be assessed independently
from oxidative remobilization of U(IV) phases (either from the source ma-
terial, or in combination with sediment associated U(IV)) using these re-
agents (Flanary et al., 1959) and we note that the organic content of the
SRS sedimentwas low. Regardless of the specificmineral associations, a sig-
nificant amount of the UO2 source material had been altered during 1 year
of reaction, creating a range ofmore labile U phases. The speciation of the U
in these sediments was further investigated using XAS (see Section 3.4).

Within the UO3 lysimeter source horizons after 1 year of reaction, the
majority of the extractable U was released in the exchangeable (27–42 %)
and carbonate extractions steps (42–50 %) (Fig. 2). In turn, 12–18 % of
the extractable U was released in the reducible step, with minor quantities
of the total U (<7%) released in the oxidizable and residual steps. Uranium
partitioning above and below the source horizons was broadly comparable,
although there was a marginal increase (~10–20 %) in the U extracted in
the carbonate / weak acid extractable and reducible steps, and a commen-
surate decrease in exchangeable U in the direction of water flow. Overall,
the extraction data indicates that the UO3 particles altered/dissolved and
then the remobilized U became bound to a range of phases, which, like
the U released fromUO2 dissolution, could reflect U complexationwith car-
bonates, Fe-(oxyhydr)oxides, organics etc. in the sediment. However, the
shift from exchangeable U to that extracted with the carbonate / weak
acid extractable and reducible steps may reflect that U released from the
source horizons gradually forms more stable inner sphere complexes with
reactivemineral surfaces (as per Bower et al., 2019). Thiswas further inves-
tigated using XAS.

3.4. Bulk X-ray absorption spectroscopy

Bulk U LIII-edge XANES and EXAFS spectra were collected from a select
number of sediment samples from both lysimeters (Fig. 3). The results of
linear combination fitting of the XANES using UO2 and U(VI)aq end mem-
bers are shown in Fig. S10. The results of the EXAFSmodelling are provided
in Table S5.

For the UO2 lysimeter, three sediment sections were examined by bulk
XAS: the upper source horizon (labelled A in Fig. 3-I), 1 cmbelow the upper
source (B), and the lower source horizon (C). Again, as noted in the previ-
ous section, and as manifest in the extraction data, part of the upper source
was likely sampled across two 1 cm sections. Linear combination fitting of
the upper source horizon XANES (Fig. S10) gave a 37 % contribution from
U(VI) to the spectrum, indicating that there was significant oxidation of the
UO2 over 1 year of reaction in this part of the lysimeter. Under strongly
oxidizing conditions, UO2 dissolution can occur rapidly (hours–days),
resulting in formation and liberation of U(VI) from the UO2 surface (Bi
et al., 2013). It is also possible that this U(VI) remains as an oxidized surface
layer on the UO2 particles, as the liberation of U(VI) will be dependent on
the concentration of complexing ligands (e.g., carbonate, calcium) and dis-
solved oxygen (Bi and Hayes, 2014). In the sample taken 1 cm below the
6

source horizon, the XANES was modelled with a higher U(VI) component
(75 %), indicating that whilst U(IV) was present, U(VI) is likely being
transported away from the UO2 source to then sorb to the sediment,
which limits further U migration. In contrast, the lower UO2 source
XANES was modelled with a 95 % contribution from U(IV). As indicated
by the effluent Fe data, the lysimeters likely supported anaerobic processes
such as microbially-mediated Fe(III)-reduction. As O2 supply comes from
the top of the lysimeters (via gas diffusion and percolation of rainwater
through the sediment), reducing conditions are more likely to be supported
deeper in the lysimeters, which remained saturated for most of the experi-
ment (Fig. S8). The contrasting XANES between the two UO2 source hori-
zons may indicate that the lower horizon was being altered under
anaerobic conditions. However, as detailed by μ-focus XAS analysis (see
Section 3.5), this is not clear. As such, there was likely marked heterogene-
ity in UO2 oxidation deeper in the lysimeter that could not be identified by
the bulk-sampling.

The EXAFS data collected from bulk samples taken from both UO2

source horizons was initially modelled using a uraninite structure. How-
ever, reflecting the XANES, fitting of this sample was improved by addition
of an axial O backscattering contribution at 1.78 ± 0.02 Å (CN = 0.85)
(Fig. 3-I, spectrum A; Table S5). This U–Oaxial distance is typical of a
uranyl-like O coordination (Thompson et al., 1997), confirming that some
of the U in the source region had oxidized to U(VI). The model fit for this
spectrum was optimized with 7 equatorial O at 2.36 ± 0.01 Å. There are
typically 8 O atoms in the first co-ordination shell (~2.36 Å) of a U(IV)-
oxide species. A U\\U backscattering contribution could also be modelled
at 3.87 ± 0.01 Å for the upper UO2 source (Table S5), suggesting that a
reasonable amount of crystalline UO2 remained within the original source
horizon. However, the low co-ordination number (CN = 6) of this U\\U
pair-correlation suggests the presence of nanoparticulate UO2 (i.e., the
starting material) or reprecipitated, nano-crystalline U(IV) (Brookshaw
et al., 2015; Bhattacharyya et al., 2017).

EXAFS data collected from the sediment sampled 1 cm below the upper
UO2 source (Fig. 3, spectrum B)was best modelled using a uranyl-like coor-
dination in accordance with the higher U(VI) contribution (75 %) to the
XANES. Here, 1.5 axial oxygens were best fit at 1.80±0.01 Å. Uranyl is ex-
pected to have 2 axial oxygen atoms at 1.8 Å and six equatorial oxygens at
2.42 Å (Shi et al., 2018). The model for this sample was improved with six
equatorial oxygen atoms at 2.39±0.01 Å; however, there remains a signif-
icant contribution (25 %) from U(IV) as indicated by the XANES and axial
oxygen occupancy (Fig. 3-I). Despite this, no evidence for a U\\U path
(~3.80 Å) was present in the Fourier transform of the EXAFS data (Fig. 3,
spectrum B). The lack of a U\\U backscattering feature in this spectrum
would indicate that the U(IV) in this sediment section is not predominantly
present as crystalline UO2 and instead may be non-crystalline U(IV). Non-
crystalline U(IV), a common bio-reduced endmember, does not display a
U\\U backscatter contribution owing to the loss of medium range order
(Alessi et al., 2012). In view of past work showing U inner sphere sorption
to Fe–minerals, further fits with Fe were also attempted (e.g., Bargar et al.,
1999; Moyes et al., 2000; Sylwester et al., 2000; Wang et al., 2013). Whilst
the inclusion of a Fe backscattering shell in the model (at 3.54 ± 0.07 Å)
did give a 78 % improvement in the fit, its inclusion was not statistically
relevant.

In agreement with XANES linear combination fitting, EXAFS modelling
of the lower UO2 source horizon (spectrum C) indicated that crystalline
UO2 remained the dominant species in this sample, with seven equatorial
O backscatters present at 2.35 ± 0.01 Å, and eight U backscatters at
3.86 ± 0.01 Å. As per the upper UO2 source, the occupancy of the U back-
scatter shell is lower than expected for uraninite (12 U at ∼3.85 Å)
(Brookshaw et al., 2015). This was the only sample analyzed in this region
of the lysimeter; however, bulk sediment digests indicate that U was liber-
ated from the original source horizon and that it had migrated from the
source, both in the direction of flow and via upward diffusion. As discussed
for the XANES data from this sample, the bulk data may not reflect the het-
erogeneity present around the lower UO2 source horizon. The anoxic corro-
sion of UO2 has been reported in environmentally relevant synthetic



Fig. 3. Bulk U LIII-edge XANES and k3-weighted EXAFS data (black lines) from: (I) the UO2 lysimeter, and (II) UO3 lysimeter. Spectra from the UO2 system are: (A) upper
source horizon; (B) 1 cm below the upper source; (C) lower source horizon. For the UO3 system: (D) upper source horizon; (E) 1 cm above upper source horizon; and
(F) lower source horizon. The red lines indicate the best-fit models as detailed in Table S5. FT = the non-phase shifted Fourier transform of the EXAFS data. Areas
marked Oax, Oeq, Fe, and U in the FT show the expected peak positions for these back-scatterers (non-phase corrected).
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groundwaters (Cera et al., 2000), and uraninite has been shown to undergo
extensive dissolution in natural environments (Janeczek and Ewing, 1992).

Three sediment sections from the UO3 system were also analyzed using
bulk U LIII-edge XAS: the upper source horizon (spectrum D, Fig. 3-II), 1 cm
above the upper source (E), and the lower source horizon (F). Linear com-
bination fitting of the XANES from these horizons indicates partial reduc-
tion of the initial U(VI) to U(IV), with spectra D, E, and F showing U(IV)
contributions of 22 %, 25 %, and 17 %, respectively (Fig. S10). A uranyl-
like co-ordination could be modelled from the EXAFS data for all spectra
(Fig. 3-II and Table S5), with split equatorial O occupancy consistent with
uranyl-oxide hydrates (i.e., schoepite and metaschoepite) (Pidchenko
et al., 2017). Spectrum D, collected from within the upper UO3 source
horizon was best fit with 1.6 axial O backscatters at 1.78 ± 0.01 Å, and 6
equatorial O between 2.25 and 2.42 Å. The addition of an Fe scattering
path (CN = 1.0) at 3.47 ± 0.02 Å also yielded a 92 % improvement in
the fit. The presence of an Fe- backscattering shell in the EXAFS may
again indicate U surface complexation with Fe-(oxy)hydroxide minerals,
7

as has been previously observed in dynamic environmental systems
(Kaplan et al., 2016; Bower et al., 2019). Data from the lower UO3 source
(spectrum F) was best fit with 1.7 axial O backscatters at 1.80 ± 0.01 Å,
reflecting the slightly higher U(VI) content in comparison to the upper
source horizon (although this is within the error of the LCF method). Equa-
torial O refinement matched that of the upper UO3 source, with six O back-
scatters modelled between 2.21 and 2.40 Å. Although the O coordination
numbers were similar between the two UO3 source horizons, the lower
source contained a shoulder feature in the EXAFS at 7.3 Å−1 (Fig. 3-II, spec-
trum F). This feature was not observed in the data from the upper UO3

source and could not be accounted for with varied O co-ordination or the
addition of common U bonding paths (C, Fe) to the fit.

The greatest proportion of U(IV) (25 %) was apparent in spectrum E
(1 cm above the upper UO3 source), represented by a significantly reduced
axial O contribution (1.5 O atoms at 1.80 ± 0.01). The equatorial shells
were modelled with four O atoms at 2.27 ± 0.01 Å and three O atoms at
2.45 ± 0.01 Å. The higher occupancy in the equatorial O shell may reflect
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an increased O contribution from U(IV) phases in this spectrum (Shi et al.,
2018). As with the upper UO3 source, spectrum E was successfully fit with
one Fe atom (3.51 ± 0.05 Å), further indicating U associations with min-
eral surfaces; however, this Fe scatterer only provided a 90% improvement
in the fit.

The capacity for U(VI) reduction in the sediment system (up to 25 % U
(IV)), particularly in the upper source, was an interestingfinding, especially
given that the UO2 emplaced in the parallel lysimeter at a similar depth, un-
derwent significant oxidation. This phenomenon may be a result of the for-
mation of micro-environments in the sediment, with pockets of anoxia or
ingress of oxygenated rainwater creating non-uniform redox profiles with
depth.

3.5. High resolution autoradiography and μ-focus XRF and XANES

3.5.1. UO2 lysimeter system
Autoradiography images from the resin-embedded thin-sections reveal

the distribution of radioactivity across the two UO2 source regions after
12 months of reaction (Fig. 4, panel I). The radioactivity within the two
UO2 source horizons is relatively concentrated suggesting that, consistent
with extraction data and bulk XAS (Figs. 2 and 3), a significant proportion
of theU remained in the vicinity of the source region, likely as partly altered
UO2 particles and/or secondary U products. However, some diffuse radio-
activity was present outside of the source horizons, indicating some UO2
Fig. 4. (I) Autoradiography images of the thin sections taken from upper and lower sou
indicated by black boxes. (II) The μ-XRF maps (defocused beam) showing the distribu
pink boxes. (III) The composite images (red = Fe, green = U) taken from the high r
XANES analysis. (IV) The μ-focus XANES spectra (G–N) from the UO2 lysimeter, and sta
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dissolution, U-transport, and subsequent U-complexation by the SRS sedi-
ment. Coarse (30 μm horizontal beam) XRF maps collected within the
upper UO2 source horizon showed the presence of small (<10 μm) U
hotspots within the sediment, and these are likely to be added UO2 particles
(Fig. 4-II, map 1). The μ-XRF map taken from the lower boundary of this
UO2 source (Fig. 4-II, map 2) showed a more diffuse U distribution along
the direction of water flow, which likely represents a fraction of liber-
ated U that has subsequently bound to the sediment matrix. Higher
resolution (1 μm horizontal beam) μ-XRF mapping within and outside
of this region (Fig. 4-III, maps 1* and 2*) revealed these trends in
more detail, with concentrated U hot-spots, likely from intact crystalline
UO2 particles of variable size, and low concentrations of more diffuse U
evident (i.e., not associated with crystalline particles). This mixture of
concentrated and dispersed U is consistent with the bulk XAS data, suggest-
ing the presence of both U(IV) (i.e., intact UO2) and U(VI) from oxidative
alteration.

Discrete areas within and outside the UO2 source horizons were also se-
lected for μ-XANES analysis. μ-focus XANES from μ-XRF maps within the
upper UO2 source horizon revealed significant variability in U speciation
at the μm-scale. Spectrum G (Fig. 4-IV), collected from a concentrated
hot-spot (<20 μm) at the center of the source horizon (Fig. 4-III, map 1*),
was 95 % U(IV) (Fig. S10). Down-flow, towards the region of more diffuse
U, significant point-to-point variability in U speciation was observed. Lin-
ear combination fitting suggested a 20 % U(VI) contribution to μ-XANES
rce zones of the UO2 lysimeter. The areas mapped for defocused μ-XRF images are
tion of uranium. Areas chosen for high resolution μ-XRF mapping are indicated by
esolution μ-XRF maps, with white triangles indicating the positions chosen for μ-
ndards for U(IV) and U(VI). (V) Correlation plots taken from the μ-XRF images.
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from one hotspot (Fig. 4-IV, spectrum I), whilst another area (within
150 μm) was 97 % U(IV) (Fig. 4-IV, spectrum H).

Autoradiography imaging across the lower UO2 source thin-section re-
vealed a much more heterogenous U distribution in the sediment (~3 cm
below the source boundary) compared to the upper UO2 source (Fig. 4-I).
Here, μ-XRF mapping showed a high proportion of (presumably) UO2 par-
ticles in the source zone (Fig. 4-II, maps 3 and 4), however a much more
prominent “wash” of liberated U was evident across the boundary of the
source horizon (Fig. 4, Maps 5 and 6). Variable U oxidation states were
also observed between U-rich areas within the lower source. In areas with
high quantities of UO2 particles, the U remained as U(IV) (95 %) (Fig. 4,
spectrum J), which is consistent with the bulk XAS data (Fig. 3, spectrum
C). However, towards the lower boundary of the source, U was relatively
more oxidized. Spectra K and L, collected from the most diffuse regions of
U, yielded the highest contributions from U(VI), at 61 % and 41 % respec-
tively (Fig. 4-IV). As with the sediment digests and the bulk XAS data of the
lower UO2 source, the mixed speciation in this area suggests that liberated
U has been carried out of the source horizon in migrating rainwater and
binds to the sediment as U(IV) and U(VI), leaving behind residual UO2.

At the region of highest U(VI) in the lower UO2 source (Fig. 4-III, map
5*), μ-XRF mapping revealed a “plume” of U along the flow direction. Ele-
mental correlation plots from this area indicate U associationwith sediment
matrix elements (e.g., Fe, Cu) (Fig. 4-V). Despite indications of an Fe
backscatterer in the bulk XAS of U(VI) from the UO2 system (Fig. 3, spec-
trum B), the scatter plots from the thin sections do not indicate a strong
Fig. 5. (I) Autoradiography images of the upper and lower source horizons from the UO
boxes. (II) The defocused μ-XRF maps showing the distribution of uranium. Key areas
(red = Fe, green = U, blue = Cu) of the focused μ-XRF images. The areas chosen for
(O\\W). (IV) The μ-focus XANES spectra from the UO3 thin sections and two standards
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correlation between U and Fe in the sediment. However, given the redox
variability within these sediments and the small sample volume of the
thin sections, it is likely that the bulk XAS better identifies the major trends
in the local co-ordination chemistry of these heterogeneous environments.
The mixed valence states of U in this area could suggest preferential flow
paths through the UO2 lysimeter, allowing oxygenated rainwater to pass
through different areas of the sediments, creating a heterogeneous redox
front. Preferential flow paths have been reported in other lysimeters at
the sister facility at Savannah River Site (RadFLEX) (Peruski et al., 2017)
and are expected to occur in the environment as a result of near-surface het-
erogeneity, cracks, and local surface depressions (Arora et al., 2019).

Interestingly, one area containing oxidized U(VI) (Fig. 4-III, map 4*)
displayed a correlation between U and Cu, which could indicate U sorption
to organic material (Bower et al., 2019). Although the organic matter con-
tent of the SRS sediment is low in this study (< 1%), U (as bothU(VI) and U
(IV)) has a high adsorption affinity for organic matter (Mikutta et al., 2016;
Bone et al., 2017; Fuller et al., 2020). Previously, the retardation of U(VI) in
SRS sediment has been shown to be promoted by the presence of Fe-rich
plaques on the roots of wetland plants (Chang et al., 2014). This immobili-
zation is encouraged by favorable conditions for Fe reducing bacteria,
which facilitate the reduction of U(VI) to U(IV), and provide potential sorp-
tion sites (Chang et al., 2014). The binding of U to organic phases has also
been described following U particle dissolution experiments, evidenced by
μ-XRF mapping, indicating U associations with Cu and Zn, which are com-
mon life supporting nutrients (Bower et al., 2019). U has also been found as
3 system. The areas mapped for defocused μ-XRF imaging are indicated with black
mapped with a focused beam are indicated by pink boxes. (III) The RGB images
μ-XANES analysis are indicated by white triangles and the corresponding letters
for U(IV) and U(VI). (V) Correlation plots taken from the μ-XRF images.
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a precipitate with Cu as metatorbernite [CuUO2PO4)-8H2O] in the vadose
zone beneath a contaminated area of the Hanford Site, USA (Catalano
et al., 2006; Zachara et al., 2007). However, bulk EXAFS data from this sys-
tem did not indicate scattering contributions from C (at ~2.91 Å), which is
a known feature in the EXAFS signal of U bound to biomass (Kaplan et al.,
2016). This would suggest that the binding of U(VI) to organic matter is not
a dominant mechanism in this system.

3.5.2. UO3 lysimeter system
Extensive dissolution of the UO3 sources occurred. Autoradiography

images from the UO3 thin sections (Fig. 5-I) revealed a cm-scale, diffuse dis-
tribution of radioactivity across both source horizons in agreement with the
U profile from sediment digests (Fig. 1). Small, concentrated hotspots of U
were also visible within the original source area.

μ-focus XRF mapping within the upper UO3 source region revealed a
broad, heterogeneous distribution of U bound to mineral clasts but also
dispersed through the sediment matrix. Unlike the UO2 system, the more
diffuse distribution of U is indicative of near complete dissolution of the
source material and subsequent binding of solubilized U to reactive sur-
faces. A similar distribution of U sourced from UO3 dissolution was ob-
served by Bower et al. (2019) under both oxic and anoxic conditions.
Bower et al. (2019) also reported a positive correlation between dissolved
U and Fe in XRF mapping of their sediment. In the SRS UO3 system, U re-
leased from both source horizons into the surrounding sediment was
strongly correlated with Fe and Cu, indicative of possible U-binding to Fe-
bearing mineral surfaces and organic matter, respectively (Fig. 5-V). Anal-
ysis of μ-XANES data collected from a U rich region in the upper source
showed the U was 89 % U(VI) (Fig. 5-IV, spectrum O). In contrast, the re-
gion directly below this source (in the direction of rainwater flow)
contained 84 % U(IV) (Fig. 5-IV; spectrum P). As such, there was marked
heterogeneity in U speciation in the upper source over small spatial scales.

In the lower UO3 source, hot spots of radioactivity in autoradiography
images were fewer and less intense (Fig. 5-I). Two small (<500 μm) hot
spots were identified ~5 cm down-flow from the original source horizon,
suggesting that U had become associated with the sediment following
migration. These areas were also imaged using high-resolution autoradio-
graphy (BeaQuant) (Fig. S11). μ-XANES taken from a hotspot within the
lower UO3 source suggests that the U here was 42 % U(IV) (Fig. 5-IV,
spectrum Q), and, coincident with the trend from the upper UO3 source,
the μ-XRF data shows a correlation between U and Fe (Fig. 5-III; map 3*).
The μ-XRF maps from the low U concentration, diffuse zone along the
flowdirection (Fig. 5, maps 5 and 6) show that U is present as both discrete,
concentrated areas (~2 mm) and a dispersed “wash” through the sediment
matrix. μ-XANES and linear combination fitting from within this zone re-
vealed a mixture of oxidation states. Indeed, spectra R and S taken from
within this region showed 47 % and 78 % U(IV) respectively (Fig. 5-IV).
As per the upper UO3 source, and combined with the bulk data from this ly-
simeter, there is marked heterogeneity in U distribution and speciation
upon UO3 dissolution in the SRS sediment, including creation of U(IV)-
phases. Similar heterogeneity was also seen by Bower et al. (2019), with
U(VI), non-crystalline U(IV), and UO2 products identified in their sediment
after UO3 dissolution.

4. Implications

This work highlights the complexity of U particle behavior and U bio-
geochemistry in the environment under geochemically relevant, vadose
zone conditions. Using field scale lysimeter experiments and spatially
resolved analytical techniques, it is clear that U biogeochemistry varies sig-
nificantly at the μm-scale. In both particle systems tested (UO2 and UO3),
we show that whilst U is readily solubilized from the U particle sources,
the migration of U species in water through the SRS sediment appears to
be effectively limited by biotic / abiotic redox reactions, or U(VI/IV) com-
plexation/sorption to reactive mineral surfaces. Therein, sediment Fe-
phases and possibly, (to a lesser extent) organic matter, were implicated
in U sequestration, as observed in other studies. These reactions, over
10
1 year and under vadose conditions, were sufficient to limit U migration
to several cm. As such, U particle sources in vadose zone systems such as
those at SRS, are unlikely to pose major U migration risks. This contrasts
to behavior seen in saturated sediment systems (e.g., Bower et al., 2019),
where at least for UO3 particle sources, U-colloid production presents a
possible U migration risk.
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