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ABSTRACT: Plants could mobilize (dissolution followed by
vertical transport) uranium (U) from mineral forms that are
otherwise stable. However, the variability of this plant-mediated
mobilization of U as a function of the presence of various essential
plant nutrients contained in these minerals remains unknown. A
series of column experiments were conducted using Andropogon
virginicus to quantify the vertical transport of U from stable mineral
forms as influenced by the chemical and physical coexistence of U
with the essential nutrient, phosphorus (P). The presence of plants
significantly increased the vertical migration of U only when U was
precipitated with P (UO2HPO4·4H2O; chernikovite) but not from
UO2 (uraninite) that lacks any essential plant nutrient. The U
dissolution was further increased when chernikovite co-occurred with a sparingly available form of P (FePO4) under P-limited
growing conditions. Similarly, A. virginicus accumulated the highest amount of U from chernikovite (0.05 mg/g) in the presence of
FePO4 compared to that of uraninite (no-P) and chernikovite supplemented with KH2PO4. These results signify an increased plant-
mediated dissolution, uptake, and leaching of radioactive contaminants in soils that are nutrient deficient, a key factor that should be
considered in management at legacy contamination sites.

■ INTRODUCTION

Uranium (U) is a naturally occurring radionuclide present in
the earth’s crust at an average concentration of 2.7 mg kg−1.1

Mining, milling, and fabrication of U products for nuclear
energy have resulted in the release of large quantities of U into
the environment.2,3 Agricultural phosphate fertilization also
accounts for a major source of U input in the environment.4

The release of U from minerals is determined primarily by its
oxidation state and mineral solubility. Depending on the redox
conditions and the pH of the environment, U can exist in
different forms. Uranium is predominantly found in the +6 and
+4 oxidation states in the environment.5 In its +4 oxidation
state (U(IV)), U is less soluble and forms more stable
compounds than in its +6 oxidation state (U(VI)), which is
more readily mobilized.6 Uranium in the soil and water also
forms complexes with various ions such as sulfate, phosphate,
carbonate, and hydroxide, depending on pH conditions.7,8 In
the presence of high phosphate concentrations, U(VI) can
form uranyl phosphate solids that are less soluble than other
U(VI) solids,9 while carbonate in the soil increases the
mobility of uranium through the formation of complexes such
as UO2CO3

0, UO2(CO3)2
2−, and UO2(CO3)3.

4,7,10 The
transport and dispersion of U in the surface soil and
groundwater are affected by various physical, chemical, and

biological processes. Excessive amounts of U in the environ-
ment pose a potential risk to ecosystem health due to its
chemical and radiological toxicity.11 Geochemical processes
such as precipitation and sorption generally limit the mobility
and aqueous phase concentration of U.12 However, a biological
process could potentially remobilize U, which could present a
risk to human and environmental health. Thus, knowledge
about various processes and the extent to which they influence
the mobilization of U from mineral forms is critical in
formulating robust management practices that minimize the
mobilization of U at its source.
Vegetation management practices that stabilize radioactive

wastes either in the plant tissue or in the rhizosphere are often
the primary method of restoring contaminated soils.13,14 Plants
reduce radionuclide leaching through decreased water
infiltration, adsorption of radionuclides to root surfaces, and
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uptake and sequestration of radionuclides in biomass.15−18

However, organic molecules secreted to the rhizosphere or
generated during the decomposition of plant biomass could
increase the leaching of radionuclides through chelation.19

Through complexation reactions, organic acids facilitate the
plant’s response to nutrient deficiencies, heavy metal tolerance,
and plant−microbe interactions at the root−soil interface.20−22
Simple organic acids have the potential to enhance the
dissolution of metal in the soil by reducing the soil pH and
forming complexes with metals, which may affect solubility,
phytoavailability, and transport of U in the plant−soil
system.23 We previously reported that the root exudation of
organic acids aimed at mobilizing phosphorus (P) could also
result in a collateral dissolution of U from a sparsely soluble
mineral form, uranyl phosphate (chernikovite).20,24 Yet, the
fate of the plant-mobilized U remains less known.
Although plant nutrient foraging processes could inadver-

tently enhance the mobility (dissolution followed by plant
uptake or leaching) of U from uranyl phosphate, the fate of
mobilized U under natural environmental conditions is diverse.
For example, once mobilized, plants can take up and sequester
U in their biomass.25,26 However, chelates in root exudates
may also enhance the U migration in the soil system.20 For
instance, if the mobilized pore water concentrations of U
exceed the uptake capacity by plants, the excess U can
percolate down the soil profile as the chelation prevents
attenuation via sorption or precipitation. However, under-
standing of the underlying controls of this potentially enhanced
U migration is limited, and it is hypothesized to be governed
by a competition between binary uranium−surface complexes,
ternary surface−organic matter−uranium complexes, and
aqueous U species.27 The nature of the organic matter forming
the aqueous complexes or ternary surface complexes has a
great impact on partitioning between solid and aqueous phases.
Thus, it is imperative to understand the magnitude and
regulation of U migration in the presence of plant and
microbial exudates.
One of the factors that would determine the extent of the

downward movement is the specificity of U dissolution. In
general, plant-mediated U dissolution could be broadly
classified into accidental and intentional dissolution. In the
scenario of accidental dissolution, the dissolution of U from
stable mineral forms occurs only if U co-occurs in minerals
with an essential nutrient element such as P as in UO2HPO4.
Here, the plant foraging activity to mobilize P could
accidentally mobilize U as well. In the intentional dissolution
scenario, the dissolution of U occurs even if the mineral lacks
any essential nutrient as in UO2. Thus, the identity of the
mineral form, especially the co-occurrence of an essential plant
nutrient, could be a critical factor in forecasting the dissolution
of U minerals under natural environments.
In the current study, we tested the influence of nutrient

availability on the mobilization and subsequent vertical
migration of U in a soil−plant system. Andropogon virginicus
was chosen as the model plant as it is a ruderal species
dominant at the Savannah river site (SRS; Aiken, South
Carolina), one of several active legacy Department of Energy
(DOE) locations in the United States where this type of
radioactive environmental contamination is present.28 We
examined the differential capability of A. virginicus exposed to
varying P availabilities to mobilize U from two mineral forms.
We hypothesized that (i) U mobilization would be higher from
stable mineral forms in which U is precipitated with an

essential plant nutrient element, and (ii) growing systems that
have a lower availability of essential nutrients would result in a
greater vertical movement of the mobilized radionuclide. We
tested this hypothesis by measuring the U mobilization from
two different mineral forms, chernikovite (UO2HPO4·4H2O)
and uraninite (UO2). Chernikovite is a sparingly soluble
mineral and a frequent target for uranium remediation via
uranyl phosphate precipitation,29 whereas uraninite is the most
common form of U in mineral ores, targeted remediation
phases via bioreduction, and nuclear reactor fuels.30

■ MATERIALS AND METHODS
Plant Growth. Seeds of Andropogon virginicus (broom

sedge bluestem) were collected from natural populations in
Clemson, South Carolina and sown in a commercial
germination mixture. The experiment was conducted in a
column (PETG, polyethylene terephthalate glycol) that was 25
cm long and 5 cm in diameter with multiple holes drilled in the
end cap to facilitate drainage. Each column was suspended in a
2 L mason jar to collect leachate. Depending on the specific
treatment, columns were filled with a mixture consisting of
sand (600 g per tube, US Silica, Ottawa, IL), FePO4 (100 mg
of P per 600 g of sand), and U minerals (UO2HPO4·4H2O or
UO2, 100 mg per 600 g of sand). Both FePO4 and U sources
were provided in a 5 cm (Figure S1)-tall band 7 cm below the
surface, resulting in a concentrated P distribution. Details on
mineral preparations and characterizations are given in the
Supporting Information (Section S2). Before transplanting the
seedlings, the packed columns were irrigated with water and
arranged in a controlled-climate greenhouse for 24 h to
stabilize the column. Then, seedlings were transplanted to each
column. Columns were irrigated with a Hoagland nutrient
solution31 without P, which had the following composition:
200 mg L−1 of Ca as CaNO3; 190 mg L−1 of K as KNO3; 48
mg L−1 of Mg as MgSO4; 140 mg L−1 of N as NH4NO3,
KNO3, CaNO3, and micronutrients; 0.5 mg L−1 of B as
H3BO4; 4 mg L−1 of Fe as FeSO4; 0.5 mg L−1 of Zn as ZnSO4;
0.5 mg L−1 of Mn as MnCl2; 0.02 mg L−1 of Cu as CuSO4; and
0.01 mg L−1 of Mo as (NH4)6MO7O. Chelating compounds,
including EDTA, were avoided in preparing the micronutrient
solution to minimize external factors contributing to U
mobilization. Phosphorus treatments included two mineral
forms with varying bioavailability of P: (1) KH2PO4 that
represented a completely water-soluble form of P (Ksp = 28),
(2) FePO4 that is sparingly water-soluble (Ksp = 1.3 × 10−22),
and (3) no P, with five replicates per treatment (Table S1).
The KH2PO4 treatment consisted of a column with pure
autoclaved sand, FePO4, U minerals (UO2HPO4·4H2O or
UO2), and KH2PO4 (30 mg L−1 of P), the latter of which was
provided in irrigation water along with the Hoagland’s nutrient
solution to create P-sufficient conditions. The background P
concentration of the autoclaved sand was below the detection
limit (0.1 mg of P per kilogram of sand, the method is
described in the Supporting Information, Section S3).
Columns were irrigated with 50 mL of the nutrient solution
or deionized water on two-day intervals. However, according
to the growth rate of the plants and corresponding
transpiration, the irrigation flow was modified (up to 150
mL) during the course of the experiment so that the percolate
volume from each column was at least 80−100 mL per week.
Additionally, each column was flushed with 250 mL of water
biweekly for 11 weeks to collect the leachate. At each date of
leachate collection, the volume of the solution was determined
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by weighing the collection bottles. A small aliquot was sampled
for pH determination, and the remaining solution was filtered
through 0.45 μm polypropylene syringe filters. After filtration,
1 mL of the sample was diluted with 9 mL of 2% nitric acid
(HNO3) in preparation for U analysis by inductively coupled
plasma mass spectrometry (ICP-MS, Thermo Scientific
XSeries 2). The plants were harvested after 11 weeks by
cutting the shoots at the soil surface, and the total shoot fresh
biomass was determined for each tube. The tubes were then
cut into 5 cm sections, and roots in each section were
harvested and processed separately. The roots were abundantly
rinsed with distilled water until free of soil particles and soaked
in 10 mM Na2CO3 to remove U adsorbed on the root surface.
Root biomass was determined for each section. A small portion
of the root was stored in an FAA solution (5 mL of
formaldehyde, 5 mL of acetic acid, and 90 mL of ethyl alcohol)
until samples could be processed for mycorrhizal colonization
(Section S3).
Microcomputed Tomography Specification and Pa-

rameters. The columns with plants were scanned using
computed tomography (CT) after week 11 (CT instrument,
MILABS, Netherlands) to visualize the root system growth
across the treatment. Before imaging, the soil columns were
not watered for a period of 48 h to ensure a high level of
contrast between the sand and root material. The scan
parameters were kept fixed for each of the scans taken during
the experiment. The spatial resolution of the resulting image
scans (i.e., <0.75 mm) was uniform throughout the acquisition
period at an X-ray tube voltage of 55 keV, tube current of 0.37
mA, and exposure of 40 ms. Each scan took around 7 min to
complete, and during this time, the CT scanner generated a
total of 1440 2D slices (i.e., three sub-scenes; 480 rotations per
sub-scene; 1−2D slice per rotation) and 1896 2D slices (i.e.,
three sub-scenes; 632 rotations per sub-scene; 1−2D slice per
rotation).

■ TISSUE/SAND ANALYSIS FOR URANIUM
Ashing. Prior to elemental analysis, the plants were dry

ashed via high-temperature combustion to remove the organic
matter. The dried plant samples and soil samples were ashed in
a Lindberg Blue M (TPS, White Deer, PA) furnace. The ashing
process was conducted following ASTM standard D4638-11 in
which samples were placed in the furnace, and the temperature
was raised to 500 °C in 50 °C increments every 30 min. After
500 °C was achieved, the samples remained in the furnace for
another 4 h. The furnace was allowed to cool to 175 °C before
opening the door slightly. Samples were removed after the
internal temperature reached 30 °C.
Microwave Digestion. Microwave digestion utilizes a

nitric acid/hydrogen peroxide mixture and high temperature to
encourage the complete dissolution of ashed samples in
preparation for elemental analysis. The microwave digestion
procedure followed was EPA Method 3052. Briefly, the
samples were placed in microwave digestion tubes in which
9 mL of concentrated nitric acid (70%) (HNO3) and 1 mL of
hydrogen peroxide (30%) (H2O2) were added. The digestion
tubes were allowed to sit on the lab bench for approximately an
hour to ensure any reactions between the remaining organic
matter and the hydrogen peroxide took place before putting
the digestion tubes in the microwave. Tubes were lightly
capped to allow any pressure to vent, and the tubes were then
placed in the MARSX (CEM, Matthews, NC) microwave. The
temperature was ramped to 180 °C for over 5.5 min and

maintained at 180 °C for 9.5 min (EPA Method 3052).
Aliquots (1.5 mL) of microwave-digested sample solutions
were centrifuged (VWR 1207 centrifuge, Radnor, PA) for 20
min at 8000 rpm. After centrifuging, 1 mL of the supernatant
was diluted with 9 mL of 2% HNO3 (Aristar Ultra). Uranium
and P concentrations were then determined using ICP-MS
(Thermo X-Series II). ICP-MS standards ranging from 0.1 to
50 ppb were created using an NIST traceable 238U laboratory
stock (High Purity Standards, Charleston, SC). A two-way
analysis of variance (ANOVA) was used to compare the main
and interactive effects of the plant (with and without the plant)
and nutrient treatments on the vertical migration of U followed
by Bonferroni’s multiple comparisons test. All differences were
reported to be significant, P < 0.05.

■ RESULTS AND DISCUSSION
Growth Parameters. The growth of A. virginicus in

KH2PO4 treatments with and without the U minerals
(UO2HPO4·4H2O and UO2) was similar, indicating that the
presence of U did not impose a direct toxicity on plant growth
(Figure S6). However, plants exposed to U minerals with no
supplemental P had lower biomass (30−40%) compared to the
plants supplied with FePO4 or KH2PO4 (Figure S6). Within
the U treatments, the P content of plant tissues was higher
(70−90%) in P-supplemented treatments (Figure 1). The P
content of A. virginicus in the UO2HPO4·4H2O treatment, with
no additional source of P, was higher than that of the UO2
treatment, indicating that plants were able to dissolve and
uptake a significant amount of P from UO2HPO4·4H2O in the

Figure 1. Concentration of phosphorus in the (a) leaf and (b) root of
A. virginicus grown in sand culture under different phosphorus
treatments (KH2PO4, FePO4, and no P). Different letters indicate a
significant difference between treatments (Tukey’s HSD multiple
comparisons at P ≤ 0.05). Bars represent means ± SE (n = 4). Axis X
labels represent different treatments; FP as FePO4, KP as KH2PO4,
and UP as UO2HPO4·4H2O.
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absence of another P source (Figure 1). Though the tissue P
content of plants supplemented with FePO4 was lower than
that of KH2PO4 treatments, the magnitude of this difference
was lower with FePO4 maintaining 80% tissue P content as
that of KH2PO4 (Figure 1). The solubility product constant
(Ksp) of FePO4 is much lower (Ksp = 1.3 × 10−22) than that of
KH2PO4 (Ksp = 28), which suggests an active P foraging
strategy from FePO4 in A. virginicus under P-limited
conditions. The maximum amount of tissue P was recorded
in plants exposed to FePO4 + UO2HPO4·4H2O with the
external addition of KH2PO4.
In natural environments, soil nutrient availability varies in

time and space, and plants respond to low availability of
nutrients in the soil by altering physiological or morphological
attributes of their roots.32,33 In the present study, the amount
and distribution of plant roots differed significantly between
different sections of the sand column that contained different
concentrations of P. Root growth in the middle 5 cm patch,
where UO2HPO4·4H2O was initially localized along with
FePO4, was higher than that of the other two sections that
were relatively P deficient. Nutrient availability can exert a
profound impact on the root system architecture by altering
the root placement, number, length, angle, and diameter of
roots and root hairs.34−38 Root plasticity, a trait that can
respond to selective pressure, may help plants forage for
nutrients in heterogeneous soils.39 When grown under limited
P availability, roots exhibit a shallower architecture that results
from the inhibition of primary root elongation and the
concomitant increase in lateral root formation that improves
the ability of the plant to forage P from the topsoil.36,40 This
root plasticity is also observed from the computed tomography
(CT) scanning images of roots (Figure 2 and Figure S7) where
roots are much more concentrated in the P-rich middle patch
than the P-deficient lower layers. A. virginicus actively
proliferated roots in UO2HPO4·4H2O patches similar to that
in FePO4 patches, indicating that the presence of U did not
produce any avoidance response in the root placement
(Figures 2 and 3). This root proliferation in UO2HPO4·
4H2O patches also indicate that plants can sense and respond
to the P availability from UO2HPO4·4H2O. Thus, results
clearly demonstrate that there is a large degree of plasticity of
root growth to localized sources of P (Figure 3). This precision
in root placement in P-rich patches could have resulted in a
substantial increase in the observed plant tissue P content.
Vertical Transport of U. Uranium acquisition by A.

virginicus was influenced by the availability of P in the system.

Regardless of the mineral form of U (UO2HPO4·4H2O or
UO2), the addition of an available form of P (KH2PO4)
resulted in a decrease in the U concentration in plant tissues
(Figure 4). In contrast, in the presence of sparingly available
form of P (FePO4), the UO2HPO4·4H2O treatment had 13
times higher concentration of U in roots, and the UO2
treatment had 5 times higher concentration of U in the root
tissue compared to the respective treatments with no P.
Similarly, in comparison with a P-free system, the concen-
tration of U in the shoot tissue in the presence of FePO4
increased 130-fold in the plants exposed to UO2HPO4·4H2O,
whereas it increased by only 2.25 times in the plants exposed
to UO2 (Figure 4). Thus, A. virginicus accumulated the greatest
amount of U in the presence of FePO4 compared to that of no
P and KH2PO4 in the system. This could be due to a higher
dissolution of U minerals when plants exposed to moderate P
stress contributed by poorly available forms of P (FePO4).
Major plant-induced processes responsible for metal mobi-
lization include exudation of organic ligands and rhizosphere
acidification, which causes the dissolution of metal-bearing
phases. Previous experiments in our lab showed that the
highest amount of rhizosphere acidification and organic acid
exudation occur in the presence of a sparingly soluble P source
(FePO4) compared to a readily soluble P source (KH2PO4) or
in the complete absence of P.20 Similarly, in the current study,

Figure 2. A. virginicus root architecture under phosphorus and uranium patch treatments imaged ten weeks after germination using microcomputed
tomography. The root biomass in each vertical section of the column is given in Figure 3. (a) FePO4, (b) KH2PO4, (c) UO2HPO4·4H2O, (d)
UO2HPO4·4H2O + FePO4, (e) UO2HPO4·4H2O + FePO4 + KH2PO4, (f) UO2, (g) UO2 + FePO4, and (h) UO2 + FePO4 + KH2PO4.

Figure 3. (a). Difference in the root biomass of A. virginicus in three
consecutive sections of the column after an 11-week growth period.
Bars represent means ± SE (n = 4). Axis X labels represent different
treatments: FP asFePO4, KP as KH2PO4, and UP as UO2HPO4·
4H2O. (b) Schematic representation of three consecutive layers of the
sand column.
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the pH of the leachate dropped to 4−5 for the plants supplied
with FePO4, and UO2HPO4·4H2O (Figure S9). Along with the
proton extrusion, rhizosphere acidification is also contributed
by exudation of organic acids,41 which, through chelation,
would explain the observed increase in the U bioavailability.
Between the two U minerals examined, when in conjunction

with FePO4, a higher amount of U (∼0.76 mg/g DW) was
taken up from UO2HPO4·4H2O by A. virginicus, compared to
UO2. Notably, even in the absence of an alternate source of P
in the system, A. virginicus accumulated trace amounts of U
(0.05 mg/g) from UO2HPO4·4H2O. In contrast, A. virginicus
exposed to UO2 without an additional source of P had a
relatively insignificant amount of U in the plant tissue, which
indicates that U is not mobilized in the absence of a co-
occurring mineral nutrient. Consistent with our previous study,
these results suggest that in the presence of a sparingly
available P source (UO2HPO4·4H2O), A. virginicus exhibits a
P-sensing and response mechanism that is not observed when
grown in the complete absence of P.20 This is further
supported by the increase in concentration of U in the root
tissue of A. virginicus exposed to UO2 when supplied with
FePO4 (Figure 4). Hence, it can be concluded that U uptake
from UO2 could happen only if UO2 was co-occurring along
with a sparingly available form of P, where strategies of P
foraging in plants such as root proliferation and exudation
would result in the comobilization and uptake of U.
The U concentration was higher in the root tissue than that

of the shoot across the treatments (Figure 4). The differences
observed between roots and shoots were a fair reflection of the
general high accumulation of U in roots and low translocation
of U from roots to shoots reported in various species.42−44 It
has been shown previously that the formation of stable U−P
precipitates is possibly a preponderant mechanism of U
accumulation in roots especially at high P concentrations in
roots.45 This is supported by the reduced root to shoot ratio of
U in A. virginicus in the presence of a highly available form of P,
KH2PO4, in the system. Once mobilized, the U either could be
taken up by the plants or could be abandoned at the root
interface as the transmembrane carrier systems discriminate
against such nonspecific elemental uptake.

Uptake is better correlated with concentrations of U and its
complexation/sorption reaction in the plant−soil system.46

However, factors that enhance the U dissolution could also
potentially result in more U leaching to the groundwater. Thus,
we documented the subsequent downward transport of U
through the soil column in which plants were growing. The
percentage of U in the effluent on average varied from 0.0001
to 7% across the treatment and leaching events (Figures 5 and

6). The average amount of U in the leachate increased
significantly from the third (week 5) to fifth (week 9) leaching
events ranging from 0.4−1 to 3−7% across treatments. The
presence of plants significantly (p < 0.0001) increased the
amount of U leached during the experiment, indicating a
strong root-induced dissolution and mobilization of U form
stable mineral forms (Figures 5 and 6). In comparison with the
control column without plants, the concentration of U in the
effluent increased ∼10-fold in the presence of the plant. This
observation is also supported by the stratification of the U

Figure 4. Percentage of uranium in the root and shoot of A. virginicus
at 11 weeks of growth. Bars represent means ± SE (n = 4). The
symbols above pairs of bars indicate whether mean values (of the
amount of uranium) are different in the root and shoot within a
nutrient treatment. (Bonferroni’s multiple comparisons test, *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). Axis X labels
represent different treatments: FP as FePO4, KP as KH2PO4, and UP
as UO2HPO4·4H2O.

Figure 5. Percentage of uranium in the leachate from the sand
column treated with different forms of phosphorus and uranium with
and without plants (A. virginicus). Bars represent means ± SE (n = 4).
The symbols above pairs of bars indicate whether mean values are
different in the presence of plants within a nutrient treatment.
(Bonferroni’s multiple comparisons test, *p < 0.05, **p < 0.01, ***p
< 0.001, and ****p < 0.0001). Axis X labels represent different
treatments: FP as FePO4, KP as KH2PO4, and UP as UO2HPO4·
4H2O.

Figure 6. Percentage of uranium in the leachate from the sand
column with A. virginicus at different time points after transplanting
into sand media containing different forms of phosphorus and
uranium minerals. Figure legends represent different treatments: FP as
FePO4, KP as KH2PO4, and UP as UO2HPO4·4H2O.
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concentration in the sand column where the U has migrated
progressively downward from the middle 2 in., where the
source has been initially located, into the bottom layer of the
column in the presence of plants (Figure S10). Plants induced
greater dissolution and downward migration of U from
UO2HPO4·4H2O than UO2. The effluent concentration of U
from the columns with plants exposed to UO2HPO4·4H2O
along with FePO4 was four times that of the column exposed
to UO2 along with FePO4 (Figure 6).
The amount of U in the effluent from the plant columns

varied significantly with different P treatments; significantly
higher amounts of U were observed in the effluent from the
columns supplied with a sparingly available form of P (FePO4).
Approximately 7% of the U from UO2HPO4·4H2O, located
along with FePO4, was leached after nine weeks. The addition
of the soluble form of P (KH2PO4) reduced the potential
dissolution and resultant downward migration of U from the
source. Only a small proportion of U (0.005 to 0.006%)
percolated downward when sufficient P was supplied to the
system. This low vertical migration of U in soils could be
partially due to the sorption of the dissolved uranium down
gradient.29 Thermodynamic modeling using a Geochemist
workbench V11 (Figure S11) showed that in the presence of
chernikovite, U aqueous concentrations at pH 6 were
dominated by UO2PO4

− and UO2HPO4(aq) species and
remained relatively constant with the increasing P concen-
tration. Uraninite solubility increased several orders of
magnitude with the increasing P concentrations due to the
formation of U(PO4)x

4−3x species (increasing x with the
increasing phosphate concentration), which could compete
with solubility-limiting UO2(s) phases. It is noteworthy that
UO2 oxidation under the oxic conditions of these experiments
may also lead to increased uranium solubility. These results do
not allow differentiation between the two mechanisms.
However, kinetic limitations in dissolution of UO2 under
oxic conditions due to surface passivation have been frequently
noted. Therefore, for the relatively short duration of these
experiments, it is hypothesized that phosphate complexation is
the dominant mechanism. In the presence of FePO4, increased
pore water concentrations of plant exudates may increase
UO2(s) solubility in a similar manner to that with P
complexation, leading to an increase in effluent U concen-
trations from UO2 sourced columns.
Overall, the U released into the effluent followed the trend

FePO4 + UO2HPO4·4H2O > FePO4 + UO2 > FePO4 +
UO2HPO4·4H2O + KH2(PO4)2 > UO2HPO4·4H2O = FePO4
+ UO2 + KH2(PO4)2 ≈ UO2.
These results suggest that the physical or chemical

coexistence of U with a poorly available form of P would
result in an inadvertent dissolution of U by plants under P
stress conditions. A significant (p < 0.0001) increase (twofold
higher) in the concentration of P was also observed in the
presence of FePO4 minerals for the system in which plants
were growing compared to the control column without plants
(Figure S12). Similarly, the concentration of Fe in the leachate
differed significantly (p < 0.0001) for the FePO4-amended
column. The system with the plant again had the highest
amount of Fe in the leachate (∼10-fold higher) than that of
the column without plants (Figure S13). The downward
migration of U in UO2HPO4·4H2O treatments, along with the
high P content in the leachate, further confirm that the U
dissolution is tightly correlated with the P dissolution.
Furthermore, the amount of U leached from the column

exposed to UO2 is 38% lower than that of UO2HPO4·4H2O.
This suggests a less specificity of plants in differentiating
UO2HPO4·4H2O from FePO4, resulting in unintentional
dissolution of U from UO2HPO4·4H2O Figure 7. Thus,

under a P-limiting condition, A. virginicus exhibited a P-sensing
and response mechanism aimed at mobilizing a sparingly
available form of P, resulting in the collateral mobilization of U
from its stable mineral form.

Environmental Implications. Soil injection of P is a
remediation strategy that has been actively pursued across
contaminated sites to decrease the mobility of U by forming
uranyl phosphate precipitates.47,48 Findings from this study
suggest a possibility of enhanced plant-mediated remobiliza-
tion of U from the sequestered uranyl phosphate, especially in
soils with low P availability. Similarly, in the case of an
immobilization technique, the long-term stability of the
immobilized U needs to be monitored. This is relevant, in
part, because many of the soils subjected to U contamination
are marginal lands that challenge plant growth, and these sites
are often dominated by ruderal plant species that are known
for their ability to forage for nutrients actively. This process
could inadvertently enhance the mobility and subsequent
leaching of U from mineral forms associated with P that are
otherwise unavailable. More importantly, though species
specific, the results from our study system highlight the
potential to use active soil P management as a viable strategy to
regulate the plant-mediated mobilization of U from contami-
nated soils.
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