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ABSTRACT: Biogeochemistry of uranium in wetlands plays important roles in U
immobilization in storage ponds of U mining and processing facilities, but has not been well
understood. The objective of this work was to study molecular mechanisms responsible for high
U retention by Savannah River Site (SRS) wetland sediments under varying redox and acidic
(pH = 2.6-5.8) conditions using U Ls-edge X-ray absorption spectroscopy. Uranium in the SRS
wetland sediments existed primarily as U(VI1) bonded as a bidentate to carboxylic sites (U-C
bond distance at ~2.88 A), rather than phenolic or other sites of natural organic matter (NOM).
In microcosms simulating the SRS wetland processes, U immobilization on roots was two orders
of magnitude higher than on the adjacent brown or more distant white sands in which U was
U(VI). Uranium on the roots were both U(IV) and U(VI), which were bonded as a bidentate to
carbon, but the U(VI1) may also form a U phosphate mineral. After 140 days of air exposure, all
U(IV) was re-oxidized to U(VI), but remained as a bidentate bonding to carbon. This study
demonstrated NOM and plant roots can highly immobilize U(VI) in the SRS acidic sediments,

which has significant implication for the long-term stewardship of U-contaminated wetlands.
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m INTRODUCTION

There were several former U processing facilities at the Savannah River Site (SRS), Aiken, SC.
As a result of their operations, uranium has entered the surrounding environments. For example,
approximately 45,000 kg of depleted U in an acidic plume (pH 2.6-5.8) was released into the
Tims Branch stream and its associated wetlands between 1958 and 1980."% Approximately 70%
of this U still remains in the stream and its associated wetland sediments. Uranium is primarily in
the U(VI) oxidation state,"* and is strongly retained in the SRS wetland sediments,** mainly in
association with acid exchangeable and organic matter fractions, and much less with Fe oxide
fractions.* The U contaminated SRS wetlands, like storage ponds of U mining and processing
facilities, are of great concern to the environment because they act as sinks and sources for
continued U contamination. As such, potential remediation for the contaminated SRS sediments
using apatite (Ca10(PO4)s(OH, F),),>" humic acid,? native trees,® natural hyper-accumulators,°
and microbial metabolites™ has been evaluated.

The biogeochemistry of U in wetlands (e.g., the SRS Tims Branch and its associated
wetlands) is profoundly different than in uplands because of the presence of sharp geochemical
gradients (e.g., pH, dissolved O,, and Ey), active vegetation, elevated organic carbon
concentrations and microbial activity, and the transient nature of hydraulic regimes (e.g., rainfall-
induced flooding events and drought cycles). These conditions are related to the interface
between relatively anoxic groundwater and oxic surface water, and are known to greatly affect
the mobility of U and other redox sensitive metals. The development of remediation strategies
for U contaminated sites has generally focused on the reduction of U(VI) to U(1V) through
various biotic and abiotic processes.*?*® However, reduced U can be readily re-oxidized to U(V1)

27,29-32

and potentially be remobilized as wetlands undergo natural transient oxidizing events, such
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as seasonal drying or importation of large amounts of oxygenated rain and surface water. Thus,
biotic and abiotic reduction of U may be questionable as an effective long-term U remediation
technology for wetland systems.

Molecular mechanisms responsible for the strong retention of U in the oxidizing and acidic
SRS wetlands are not sufficiently well understood, hindering our ability to make informed
decisions related to the stewardship and management of the various SRS U-contaminated
wetlands. Additional information is needed to facilitate development of risk assessment and
remediation strategies for U contaminated SRS wetland sediments. From a broader perspective,
natural and constructed wetlands have been used as a cost-effective means to immobilize U from
mining and processing facilities.**** While extensive U geochemical research has been
conducted in neutral to alkaline environments dominated by strong U-complexing carbonates,
very little research has been directed at understanding U immobilization in acidic (typically pH
<5.5) wetland environments, and the extent that such information can be applied to natural
wetlands is not known.

The objective of this work was to conduct spectroscopic measurements of wetland sediments
and associated plant roots to help understand the biogeochemical factors responsible for the
observed strong binding of U to the SRS wetland sediments. State-of-art analytical methods were
used, including U Ls-edge X-ray absorption near-edge structure (XANES) and extended X-ray
fine structure (EXAFS) spectroscopy, and X-ray fluorescence (XRF) mapping. Three sets of
samples were investigated in this work. (1) U-contaminated SRS wetland sediments were studied
to help understand U oxidation state and bonding environment under field conditions. (2) Non
contaminated SRS sediments were amended with U(V1) over a range of pH values relevant to the

SRS systems to provide additional information about the sensitivity of U binding and oxidation
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state to pH changes. (3) Plant roots were recovered from a greenhouse microcosm study to
provide a controlled system for studying the role of plant roots in U immobilization and U

biogeochemistry.

m MATERIALS AND METHODS

Contaminated SRS wetland sediment. The contaminated sediment was collected from the
TNX-Area on the SRS. The TNX wetlands are located about 50 m from a research facility that
released its wastes into a nearby basin and 500 m from the Savannah River. It is periodically
flooded, depending on the river’s seasonal water level. The specific location where the sample
was collected was slightly elevated, and as such, was less likely to be flooded. The sample was
collected after removing the top 10 cm of surface litter, and stored in its field-moist state in zip-
lock bags at 5 °C without taking precautions to eliminate air. The sediment had a pH of 4.5in 1:1
soil and water ratio,>* and contained 285 mg kg™ U, 1427 mg kg™ organic carbon and 900 mg
kg™ Fe oxides (Table S1 in Supporting Information). The sediment was composed of 53% sand,
22% silt and 19% clay; the clay was composed of kaolinite, illite, and hydroxy-interlayered-
vermiculite, and goethite.>* The desorption distribution coefficient (Kg) of U from this sediment
was 1297 mL g™, consistent with values reported for other sediments from this site, ranging from
170 to 2110 mL g™*.* Sequential extraction of this sediment indicated that the vast majority of
the U was operationally defined as associated with the acid extractable fraction (36%) and the
oxidizable organic matter fraction (37%), with relatively less associated with the reducible iron
oxide fraction (9%) (Table S1 in Supporting Information).

Non-contaminated SRS wetland sediments with U sorption.? This sediment was collected
about 50 m from the contaminated sediment. It was sampled at the same time and in a similar

manner as described above for the contaminated sediment. The sediment contained three orders
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of magnitude lower U (0.57 mg kg™ U), 100 mg kg™ Fe oxides and had similar pH (pH 4.2) and
organic carbon content (1395 mg kg™) to the contaminated sediment (Table S1 in Supporting
Information). In order to evaluate the impact of acidic pH conditions on U partitioning to
wetland sediments, batch U sorption experiments were conducted using the non-contaminated
sediments, with the experimental details provided in the Supporting Information. The batch
sorption experiments confirmed that U was highly sorbed onto the non-contaminated SRS
wetland sediment, with the sorption Kq values ranging from 384 to 19,974 mL g*. The U
sorption onto the SRS wetland sediments appeared primarily associated with high content NOM,
especially the acid exchangeable and organic fractions, in the sediments (Tables S1 and S2 in
Supporting Information). The high U K values for these sediments indicate that U had been
highly immobilized.? The residual sediment samples used in the batch experiments were
recovered, air dried, and used for U Lz-edge XANES and EXAFS measurements, and XRF
mapping.

SRS plant roots harvested from microcosms. Detailed microcosm experiments were
described in our previous paper,® and a schematic diagram for the microcosm experimental
setup was shown in Figure S1 (Supporting Information). In brief, water-washed Ottawa sand was
added into cone-shaped pots with a 6.7 cm inner diameter. American bur-reeds (Sparganium
americanum) transplanted from a non-contaminated SRS creek were grown under controlled
temperature (25-30 °C) and lighting (14 hours day™). An Fe(I1)-rich nutrient solution containing
0.5 mmol L™ Fe(11), 0.25 mmol L™ PO,*, and 1 mmol L™ urea (no SO,* or NO3") was supplied
for 73 days to keep the plants healthy while promoting Fe plaque formation on the roots under
reducing conditions. After this initial 73-day period, a second nutrient solution containing no

Fe(11), PO,* or urea was supplied for 10 days to flush out residual Fe(ll), organic carbon and
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PO,>. Between day 83 through 139, a third nutrient solution was introduced into the system that
was composed of 20 pmol L™ U(V1) (as uranyl acetate) amended to the second nutrient solution.
The U(VI) nutrient solution reservoir was maintained in a glove bag filled with N, to minimize
the introduction of oxygen. After completion of the microcosm experiments, the pots were
dismantled, and plant roots were carefully harvested to minimize the loss of Fe (hydr)oxide
plaque formed on the roots. This was accomplished by gently rinsing and soaking in water until
essentially all the loose soil had been removed and only a red coating on the roots remained.
Reddish brown sand samples near the roots and grayish white sand samples away from the roots
were also collected. All the collected plant roots and sands were air dried in a circulating hood.
No effort was made in the sample collection and handling protocol to minimize contact with air,
but the sample drying, mounting (described below) and then storing into the capped containers
were as quick as possible to minimize the change in redox chemistry. However, it is likely that
some oxidation of the samples occurred during the collection, drying, and mounting process. The
U Ls-edge XANES spectra of the sands and EXAFS spectra of the roots were collected 15 days
after root harvest, and the EXAFS spectra of the two root samples were measured again 140 days
after harvest to monitor the stability of U speciation in the samples after a protracted dry storage
period. XRF maps of the roots were recorded 160 days after harvest.

U Ls-edge XANES and EXAFS measurement. Numerous studies have demonstrated that U
Ls-edge XANES and EXAFS, and XRF mapping are valuable in understanding molecular
mechanisms and chemical speciation of U in environmental samples.*>**?"*" |n this study, U Ls-
edge XANES and EXAFS spectra of all sediment and root samples were collected using the
Hard X-ray Micro-Analysis beam line (HXMA or 061D-1) at the Canadian Light Sources (CLS)

%8 and then using the Materials Research Collaborative Access Team (MRCAT) Sector 10-BM
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beamline at the Advanced Photon Source (APS) (Argonne National Lab, Argonne, IL).* To do
s0, 50-100 mg of each of the air-dried powder samples was pressed into a 6.3-mm diameter disk
pellet, sealed by Kapton tape and stored in a capped container, which was done as quickly as
possible to minimize redox chemistry changes.

The CLS HXMA beam line was configured to have Si (111) double crystal monochromators
and Rh mirrors, detuned to 50% of peak intensity.*® The monochromators were calibrated using
the first inflection point at 17038 eV of the K-edge of yttrium metal foil that was mounted
between two N-filled ionization chambers downstream of the sample. The U Ls-edge XANES
and EXAFS spectra of all samples and uranyl acetate standard (Electron Microscopy Sciences,
Hatfield, PA; mixed with silica powder to ~500 mg kg™ U) were collected in fluorescence mode
using a Canberra 32-element solid state Ge. The spectrum of UO, standard (Alfar Aesar, Ward
Hill, MA) was collected using transmission mode. Eight layers of aluminum foil were placed in
front of the Ge detector to reduce background Fe signals, in addition to a Sr-3 solid state filter
used for other background signals that occur near the U Ls-edge. The storage ring was operated
at 140-200 mA during the measurements. The U Lz-edge XANES and EXAFS spectra were
recorded in the energy range of 17000-17800 eV at room temperature.

The MRCAT Sector 10-BM beam line used a double crystal water cooled Si (111)
monochromator, detuned to 50% of peak intensity.>® The APS storage ring was operated at 100 +
5 mA during the measurements. Four layers of aluminum foil were used to eliminate Fe signals.
The monochromators were calibrated using the first inflection point at 17038 eV of the K-edge
of yttrium metal foil. The U Ls-edge XANES and EXAFS spectra were taken in fluorescence
step-scanning mode using a Vortex 4-element silicon drift diode for energy discrimination, in the

energy range of 17000-17750 eV at room temperature.



180 All the collected spectra were processed and analyzed using the IFEFFIT software package
181 including Athena and Artemis.*®*? Data from multiple scans were processed using Athena by
182  aligning and merging the spectra followed by background subtraction using the AUTOBK

183  algorithm. The U Ls-edge EXAFS data analysis was conducted on the merged and normalized
184  spectra using Artemis.'®*"** Sodium uranyl triacetate (U-C),** chernikovite

185  ((H30)(UO,)(PO,)*3(H,0)) (U-P)* and a goethite cluster *® with an assumed substitution of U
186  for Fe (U-Fe) were used as structural models. Fits to the EXAFS data were made in R space (R
187  from 1to 3.2 A) and obtained by taking the Fourier transform (FT) of y(k) (k from 3 to 10.4 or
188  12). The simultaneous fitting was performed in R-space for individual or multiple data sets by
189  using k weighting of 1, 2 and 3 for each data set to decrease the correlation between the best fit
190  values for the local atomic uranyl structure (see Supporting Information).

191 X-ray fluorescence mapping and p-XANES. Micro-XRF (u-XRF) maps and micro-

192 XANES (u-XANES) spectra of selected sediments and two SRS plant roots harvested from
193  microcosms were collected at Sector 13-1D-E (GeoSoilEnviroCARS) at the APS (Argonne

194  National Laboratory, Argonne, IL), operating at 7 GeV (120 £ 5 mA) in top-up mode. Sector 13-
195  ID used a liquid nitrogen cooled Si (111) double crystal monochromator that was calibrated
196  using yttrium metal foil (17038 eV) and periodically verified during data collection to confirm
197  stability. The samples were loaded into a Peltier-cooled cryostat system (-18 °C) on an x-y-0
198  stepping-motor stage to minimize beam-induced artifacts. p-XRF maps (1x1 mm?) of each

199  sample were collected with 3 um steps at 0.05 second integration for elemental distribution
200 including U and Fe. U Ls-edge pu-XANES spectra of selected hot spots and other areas were
201  collected from 17,000 to 17,500 eV using 0.4 eV steps within the main edge, and coarse (2-5 eV)

202  steps over the pre-edge and post-edge regions. Fe K-edge p-XANES data collection was
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conducted in a similar fashion. The p-XRF maps and p-XANES spectra were collected in
fluorescence mode using a VVortex-ME4 four-element silicon drift detector. Again, the collected
M-XANES spectra for U and Fe speciation of these samples were processed using the IFEFFIT

software package.*

m RESULTS AND DISCUSSION

Uranium in SRS Wetland Sediment. U Ls-edge EXAFS data of the SRS wetland sediment
and its associated black NOM, and U sorbed non-contaminated SRS sediments at different pHs
are shown in Figure 1A and 1B, respectively, where the symbols represent the Fourier transform
EXAFS data, and the lines are the corresponding fits. The real part of Fourier transforms of two
selected samples are shown in the insets. In Figure 1A, the peak at ~3 A was consistent with the
noise level, consequently fitting this peak to the U-Fe path failed. In Figure 1B, the peak at ~3 A
was absent for samples with U sorption at pH 2.8, but appeared to become stronger with an
increase in pH, as observed for U adsorption profile onto goethite with pH,® which might
indicate an increasing proportion of U that sorbed onto Fe (hydr)oxides in the SRS wetland
sediments. However, the peak at ~3 A was about or slightly above the noise level of the EXAFS
data, and attempting to fit this peak to the U-Fe path significantly deteriorated the data fittings.

The corresponding EXAFS fitting parameters are given in Table 1. For the equatorial U-Ogq

47,48 and

path, the fitted o* values were similar to those found in U sorbed bone apatite materials
humic substances,*® but larger than those found in U sorbed biomass *” and imogolite,*’;

nonetheless, the fitted coordination number (CN) values for the axial U-Ogy and equatorial U-Ogq
were slightly larger than those reported in these reference materials. There was no evidence of U-

U path or U mineral precipitates. The U-C path distance was 2.85 — 2.91 A, indicating that U was

bonded to C through two equatorial oxygen atoms as a bidentate species >’ rather than

10



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

monodentate species.***2 Uranium species in the SRS wetland sediments were dominated by
uranyl that was bonding to NOM. Although the complex chemistry of NOM is not completely
understood, various organic functional groups are present, among them phenolic OH, aromatic
COOH, and aliphatic COOH are most dominant.>® The relative proportions of these entities in
the specific SRS wetland sediments used were not characterized. However, a previous study
found that iodine was closely associated with aromatic or other aliphatic carboxylic acids,
quinone-like structures (e.g., NHy), or a hemicellulose-lignin-like complex in the SRS wetland
sediments.> U Ls-edge EXAFS data further indicated that U was preferentially bonding with the
carboxylic group, rather than the phenolic OH group, in the NOM of the SRS wetland sediments.

U Ls-edge XANES spectra of a contaminated SRS wetland sediment (Figure S2A in
Supporting Information), and U sorbed non-contaminated SRS sediment at pH 4.0 (Figure S2B)
all overlap with the standard uranyl acetate spectrum, indicating that U in the SRS wetland
sediments was U(V1). The Fe (Figure S2C) and U (Figure S2E) u-XRF maps of the
contaminated SRS wetland sediment demonstrated that Fe and U distributions were scattered,
uncorrelated, and without significant hot spots, similar to Fe (Figure S2D) and U (Figure S2F) p-
XRF maps of the non-contaminated SRS wetland sediment with U sorbed at pH 4.0. These
results indicated that U in the SRS wetland sediments might not be associated with secondary U
mineral precipitates.

Uranium in SRS Plant Roots Harvested from Microcosms. U Ls-edge XANES spectra of
two root samples collected from replicate microcosm pots, P5 and P6, as well as the associated
brown (near the roots) and white (away from the roots) sands in microcosm pots are shown in
Figure 2A and 2B, respectively. The spectra were collected on day 15 after root harvest. The

spectra of brown and white sands were multiplied by 100 to ease peak identification. In Figure

11
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2B, the inset picture shows the sampling locations of root P6 (spot a), brown (spot b) and white
(spot c) sands. The spectrum of uranyl acetate (open circle) is also shown for comparison, which
essentially overlaps the brown sand spectrum. For both P5 and P6 microcosm pots, the U
concentrations in the roots were qualitatively >150 times higher than the concentration in the
corresponding brown sands adjacent to the roots (<1 cm), and >300 times higher than the
concentration in the white sands that were slightly farther from the roots (~2 cm), which
indicated that U was primarily immobilized in close association with the roots rather than the
sands. The U concentrations in samples from P6 microcosm pot were significantly higher than
those in the corresponding samples from P5 microcosm pot, in agreement with chemical analysis
of digested root and sand samples, and the higher abundance of Geobacter. Spp. in P6
microcosm pot.*® The dominant species on the brown and white sands appeared to be the
oxidized U(VI), while the chemical speciation of U on the roots will be described in more detail
below.

The XANES spectra, y(k)xk® and magnitude of Fourier transform of roots P5 and P6
collected on day 15 after harvest were presented in Figures 3A, 3C and 3E, respectively, and the
real part of Fourier transform of root P6 was presented in the inset of Figure 3E. The XANES
spectra of UO, (U(1V)) and uranyl acetate (U(VI)) were also included for comparison in Figure
3A, which shows that the XANES spectra of roots P5 and P6 were between the spectra of UO,
and uranyl acetate. Linear combination fitting indicated that in root P5, 25% of U was U(IV),
and 75% of U was U(VI); while in root P6, 38% of U was U(IV), and 62% of U was in U(VI).
These results indicated that U species on roots included both U(1V) and U(VI), and that some of
the influent U(VI) was reduced to U(IV) on the roots. The reduction of U(VI) to U(IV) might be

related to the presence of iron-reducing bacteria, Geobacter spp. in the microcosm system. Their
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population continuously increased after the introduction of the U(V1) acetate nutrient solution.*®
It should also be noted that while attention was directed at storing and preparing the samples in a
manner that minimized contact with air, some U oxidation may have occurred as an experimental
artifact. In addition, the oxidation state of U species that was initially discharged to the
environment should have been U(V1) as a result of HNOj3 treatment as part of operations.

Similarly, the XANES spectra, y(k)xk?, and magnitude of Fourier transform of the same root
samples collected on day 140 after harvest were presented in Figures 3B, 3D and 3F,
respectively, and the real part of Fourier transform of root P6 was presented in the inset of Figure
3F. The XANES spectra of UO; (U(IV)) and uranyl acetate (U(VI)) were also included for
comparison in Figure 3B. The 140 day air dry was aimed at understanding the stability of the U
species on the plant roots under oxic conditions relevant to SRS seasonal drying processes. The
results shows that the XANES spectra of roots P5 and P6 overlapped the uranyl acetate
spectrum, and U species in both roots P5 and P6 were 100% U(VI). These results demonstrate
that the reduced U(IV) was re-oxidized to U(VI) after 140 days of exposure to air in Kapton-
sealed sample holders.® This observation was in agreement with a previous study that
demonstrated that at lower surface loading and under anoxic condition, the U(IV) sorbed onto
rutile was stable for at least 12 months, and the U(IV) sorbed on magnetite was stable for at least
4 months.>

The EXAFS fitting parameters for both roots P5 and P6, measured on days 15 and 140, are
summarized in Table 2. First, for both roots P5 and P6 after 15 days of their harvest, CN values
for U-O4 path were 15-20% smaller, and CN values for U-Ogq path were 10-20% larger than the
corresponding CN values for the SRS contaminated wetland sediment in which U was 100%

U(VI). For both roots P5 and P6 after 140 days of their harvest, the CN values for U-O, and U-
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O¢q paths were very similar to those for the SRS contaminated sediments (Table 1). These results
suggest that up to 20% of U in roots P5 and P6 15 days after harvest were in U(IV),* and all U
species in these two roots were in U(VI) after 140 days after harvest, qualitatively in agreement
with their XANES spectra. Second, for both roots P5 and P6, measured on day 15 or 140, the U-
C bond distances were 2.89 — 2.94 A, with CN values of 1-2.3, indicating that U was bound to
carboxylic groups as a bidentate species. Third, there was a U-P path with its bond distance of
3.60 —3.66 A, and CN of 0.8 — 1.3, which indicated that some of the U on the roots was bonding
with P as a monodentate species. It is unclear whether the U species is bound to P associated
with the roots or microbes attached on the roots and/or secondary U-phosphate minerals,'?224748
However, scanning electron microscopy images showed the presence of 3 — 6 um particles on
root P6, U and P distributions on the roots, as indicated by their backscattering electron images,
were heterogeneous, but matching each other well,* These results may indicate the presence of a
U phosphate mineral precipitate, e.g., chernikovite ((H20)2(UQ,)2(PO.).*6H,0).*" Fourth, there
was no clear evidence to indicate the presence of U-U path at ~4 A (Figure 3E), which meant
that the U(IV) species present in roots P5 and P6 15 days after harvest was not in the form of
uraninite, but instead, more likely the reduced U(1V) was bonded with carboxylic groups in plant
roots.’**4#2° Such a moderately labile U(1V) species found in the microcosm roots was directly
analogous to the so-called monomeric or non-uraninite U(IV), and can be readily oxidized to
U(VI) when exposed to air, as observed in the root spectra collected 140 days after harvest.
13,14,22,55

M-XRF maps and p-XANES spectra of roots P5 and P6 were collected 160 days after harvest.
Fe (Figure 4A) and U (Figure 4B) p-XRF maps indicated that both Fe and U were

heterogeneously distributed on root P6, with specific Fe and U hot spots. These Fe and U
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hotspots did not appear spatially correlated. Fe K-edge u-XANES spectra of three marked hot
spots were shown in Figure 4C, in comparison with the spectra of FeS, pyrite and goethite. The
results indicated the presence of a Fe (hydr)oxide mineral and iron sulfide on root P6, in
agreement with Fe and S backscattering electron distribution that demonstrated the presence of
Fe sulfides on root P6.%. The iron sulfide was more likely pyrite, rather than FeS, and might be
generated by the metabolism of sulfate-reducing bacteria. Although sulfate was not
supplied in the nutrient solutions during the microcosm experiments, the pore fluid in the
plant balls transplanted from the non-contaminated SRS creek contained 13.7 mg L1
sulfate.3> U Lz-edge pU-XANES spectra of three hot spots and one spot of low U counts are
shown in Figure 4D, in comparison with the spectra of UO, and uranyl acetate, which
demonstrated that U particles on root P6 were not uraninite, but a U(VI) mineral (e.g., uranyl
phosphate minerals), in agreement with its bulk EXAFS analysis (Figure 3F and Table 2), and P
and U backscattering electron distribution.®

Environmental Implications. Complex biogeochemical processes occurring in wetlands are
strongly affected by plant and microbial activity. In the SRS wetland systems with limited
phosphorus, plant roots and iron plaques commonly formed on roots can provide favorable
conditions for Fe and possibly sulfate reducing bacteria to promote biotic U reduction. Both
U(VI) and U(IV) species can be immobilized onto living plant roots as they are bound as a
bidentate complex to carboxylic groups without the formation of either uraninite or uranyl
phosphate minerals. The SRS typically experiences re-oxidizing conditions by seasonal wetting
and drying, by periodical importation of large amounts of oxygenated precipitation, through
which reduced U(IV) can be re-oxided to U(VI). U(VI) can also bind to carboxylic groups on

NOM in wetlands as a bidentate complex. Therefore, even under acidic conditions where U(V1)
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experiences limited absorption to sediment minerals, U(VI) can be fairly well immobilized by
the high NOM content and living plant roots present in the SRS wetland sediments.

Uranium mining and processing wastes have been discharged to seepage or storage ponds
that constitute natural or artificial wetlands. Among the key differences are that constructed
wetlands are typically designed to remain flooded to promote non-fluctuating reducing
conditions, and commonly use monoculture plants and soil amendments, such as various
phosphate minerals, limestone, or gypsum (CaSQO,) to promote metal precipitation. Typical bio-
reduction may not be effective in remediating U contamination in natural wetlands because the
reduced U(IV) species can be easily re-oxidized when the wetlands become dry or receive a
large amount of oxygenated surface or rain water. Other complex biogeochemical factors, such
as groundwater chemistry, sediment mineralogy, vegetation, and microbial activity, can impact
U immobilization in the wetlands. For example, U(V1) is fairly well immobilized by NOM and
living plant roots in the wetlands. The U(VI) species may also be immobilized into U phosphate
minerals when sufficient P is present in the systems. Understanding the molecular mechanisms
of U retention in the wetland sediments can lead to a better assessment of its natural attenuation,

immobilization and associated risks to the environment.
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The Supporting Information includes the details of batch sorption experiments and EXAFS data
analysis, two tables, and one figure. Table S1 shows desorption Ky and sequential extraction data
of U in the contaminated SRS wetland sediments; while Table S2 shows sorption K4 and
sequential extraction data for U sorbed to non-contaminated SRS wetland sediments. Figure S1
shows a schematic diagram for the microcosm setup. Figure S2 shows U Lz-edge XANES
spectra, Fe and U p-XRF maps of the SRS contaminated wetland sediment and U sorbed to non-
contaminated SRS wetland sediment. This information is available free of charge via the Internet

at http://pubs.acs.orqg.
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Table 1. EXAFS fitting data for uranium in the SRS wetland sediments.

Sample # Paths EXAFS parameters *
CN R (A) o’ (x10° A%  Ey(eV) So° X
#103 Oux 23+02  1.77+001 2+1 6.2 0.98 8.8
2 O  61%12 2364001 1243 6.2
8s C 1.1+06  2.91+001 3 6.2
g % NOM from O, 22+04 177001 2+1 4.7 0.91 77
% v Mol Ocq 73+30  2.37+0.01 125 4.7
© C 18415  2.86+0.01 3 4.7
#601 Oux 23+03  1.78+0.01 3+1 5.3 0.99 41
(pH =2.8) Oeq 74420  238+0.01 14+4 5.3
C 22409  2.88+0.01 3 5.3
% #602 Oux 23+04  1.78+0.01 2+1 5.2 0.93 34
% (pH =3.6) Oeq 6.7+20  2.38+0.01 11+4 5.2
é C 13+11  2.87+001 3 5.2
% #603 Oux 22+04 177001 1+1 6.2 0.89 24
g PH=40) o, 74227 2382001 1245 6.2
g c 17+11  2.85+001 3 6.2
< #604 Oux 22+03  1.78+0.01 1+1 5.2 0.89 65
2 (PH=5.2)
3 Oeq 73+27  2.38+0.01 11+3 5.2
g C 14+09  2.85+001 3 5.2
- #605 Oux 22+05 1.78+0.01 3+2 6.0 1.0 84
(PH=6.2) Ocq 6.7+30  2.36+0.01 13+6 6.0
C 1113  2.88+001 3 6.0

ZCN - coordination number; R - bond distance; 6° - Debye-Waller factor; Sy° - amplitude reducing factor; x,” -

reduced chi-square.
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566  Table 2. EXAFS fitting data of the SRS plant roots harvested from microcosms

Root sample # Paths EXAFS parameters *
CN R (A) o’ (x10° A%  Ey(eV) S’ %
P5 15 days Oux 1.9+0.6 1.78 £ 0.01 2+2 6.2 0.82 190
Ocq 76+39 2.35+0.01 16 +8 6.2
C 23+14 2.94+0.01 1 6.2
P 09+1.1 3.60+0.04 3 6.2
140 days Oux 22+0.1 1.79+0.01 1+1 6.8 0.95 2
Ocq 72+07 2.37+0.01 14 £2 6.8
C 14+04 2.89+0.01 6.8
P 09+04 3.65+0.03 3 6.8
P6 15 days Oux 1.9+0.3 1.79+0.01 2+1 7.3 1.0 105
Ocq 8.0+1.3 2.35+0.01 11+4 7.3
C 10+04 291+£0.01 1 7.3
P 0.8+0.3 3.66 £0.03 3 7.3
140 days Oux 24+0.2 1.78+£0.01 31 5.8 0.95 11
Ocq 6.7+0.6 2.35+0.01 13+2 5.8
C 20+£04 2.89+£0.01 3 5.8
P 13+0.3 3.62£0.02 3 5.8

# CN - coordination number; R - bond distance; ¢* - Debye-Waller factor; Sy° - amplitude reducing factor; y,” -

reduced chi-square.
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Figure 1. (A) Magnitude of Fourier transform of the SRS contaminated wetland sediment (<53
pm fraction) and its associcated black OM (ground to <53 um), and (B) U sorbed to non-
contaminated SRS sediment at pH values relevant to the SRS sediments. Symbols represent
Fourier transform EXAFS data, and the lines are the corresponding fits. The real part of Fourier

transforms of two selected samples are shown in the insets.
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Figure 2. U Ls-edge XANES spectra of roots P5 (A) and P6 (B), as well as the associated brown

(near the roots) and white (away from the roots) sands in microcosm pots. The spectra of brown

and white sands were multiplied by 100. In Figure 1B, the inset is a picture showing the

sampling locations of root P6 (spot a), brown (spot b), and white (spot ¢) sands. Spectrum of

uranyl acetate (open circle) is also shown nearly overlapping the brown sand spectrum.
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591
592  Figure 3. U Ls-edge XANES, and EXAFS data (symbol) and best fit model (line) of roots P5
593 and P6 measured on day 15 (A, C and E) and day 140 (B, D and F) after harvest. A and B: U Ls-
5904  edge XANES spectra, C and D: y(k) x k?, E and F: magnitude of Fourier transform, with real
595  part of Fourier transform in the inset.
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XRF maps of root P6 (scale 1x1 mmz)
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599  Figure 4. u-XRF maps and p-XANES spectra of root P6: (A) Fe u-XRF map, (B) U p-XRF
600 map, (C) Fe K-edge u-XANES spectra of three marked hot spots in comparison with the spectra
601  of pyrite and goethite, and (D) U Ls-edge p-XANES spectra of three hot spots and one spot of
602  low U counts in comparison with the spectra of UO, and uranyl acetate.
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