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Abstract

We investigated the mechanisms of uranium (U) uptake by Tamarix (Salt Cedars) growing along 

the Rio Paguate, which flows throughout the Jackpile Mine near Pueblo de Laguna, New Mexico. 

Tamarix were selected for this study due to the detection of U in the roots and shoots of 

field collected plants (0.6– 58.9 mg/kg), presenting an average bioconcentration factor greater 

than 1. Synchrotron-based micro X-ray fluorescence analyses of plant roots collected from the 

field indicate that the accumulation of U occurs in the cortex of the root. The mechanisms 

for U accumulation in the roots of Tamarix were further investigated in controlled-laboratory 

experiments where living roots of field plants were macerated for 24 h or 2 weeks in a solution 

containing 100 µM U. The U concentration in the solution decreased 36-59% after 24 h, and 

49-65% in two weeks. Microscopic and spectroscopic analyses detected U precipitation in the 

root cell walls near the xylems of the roots, confirming the initial results from the field samples. 
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High-resolution TEM was used to study the U fate inside the root cells, and needle-like U-P 

nanocrystals, with diameter <7 nm, were found entrapped inside a vacuole in the cell. EXAFS 

shell-by-shell fitting suggest that U is associated with carbon functional groups. The preferable 

binding of U to the root cell walls may explain the U retention in the roots of Tamarix, followed 

by U-P crystal precipitation, and pinocytotic active transport and cellular entrapment. This process 

resulted in a limited translocation of U to the shoots in Tamarix plants. This study contributes to 

better understanding of the physicochemical mechanisms affecting the U uptake and accumulation 

by plants growing near contaminated sites.

Graphical Abstract

Uranium uptake and accumulation in the roots of Tamarix plants, leading to extracellular U 

precipitation, and the intracellular entrapment of U-P nanocrystals.

1. Introduction

Extensive uranium (U) mining took place in the 1950’s and peaked in the late 1970’s, 

producing more than 40 billion pounds of U in the United States alone.1 Over 15,000 

abandoned mines are a legacy of these activities,2 leaving approximately 199 billion 

kilograms of U-containing residues near these sites.3 Uranium concentration in mine waste 

solids can be as high as 1% (or 10,000 mg/kg)4, compared to the average crustal earth 

concentration of 3 mg/kg.5 Furthermore, radionuclides from uranium decay (daughters) 

might be present in mine wastes, accounting for up to 85% of the original radioactivity.6 

Hence, these abandoned U mine wastes represent a concern for populations living near 

them. In the United States, about 75% of the abandoned mines are in federal and tribal lands 

in the states of Colorado, Utah, New Mexico, Arizona, and Wyoming.2, 7, 8 Understanding 

the mechanisms for U transformations that affect the transport and/or immobilization in the 

environment is essential to identify potential routes for human exposure and remediation.

Biogeochemical processes influence mineralogical and chemical transformations that affect 

the transport of U and other co-occurring elements in the environment. Extensive research 

has investigated the effect of biogeochemical processes on the transport of U in subsurface 

and surface environments.9, 10 Uranium in waters adjacent to mine wastes exposed to 

oxidizing conditions is mostly present as U(VI).11 However, the presence of reduced solid 
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forms of U(IV) in surface oxidizing environments has also been reported.4, 11–13 Physical, 

chemical and biological processes determine whether U is retained in sediments or dissolved 

in water systems. U mobilization and bioavailability is promoted through its complexation 

with aqueous ligands14–16 and dissolved organic matter;17–19 while U immobilization is 

controlled through precipitation20–22 and sorption reactions with soil minerals23–26 and 

soil organic matter27. In addition, redox transformations of U play an important role in 

U solubility.28, 29 Oxidized, U(VI) (uranyl cation, U(VI)O2
2+) is readily soluble, while its 

reduced form, U(IV) (uraninite, U(IV)O2) is highly insoluble. U reductive precipitation 

to uraninite can be catalyzed by chemical processes30–32 and by biologically-mediated 

reactions,29, 33, 34 in which U(VI) is used as terminal electron acceptor by metal reducing 

bacteria to support metabolic growth.35–37 However, uraninite is only stable under reducing 

environments, and U(IV) is readily oxidized to U(VI) under aerobic conditions or in the 

presence of alternative terminal electron acceptors, such as iron(III)38, 39 and nitrate.40, 41 

Processes leading to higher U mobility will increase the bioavailability of U to local 

biota,42–44 including phytoaccumulation of U by local plants.45–47 Although U is considered 

a unique chemotoxic and radiotoxic element, the chemical toxicity of uranium generally 

represents greater environmental risks than its radiological toxicity because of the uranium 

isotope’s long physical half-life (704 million years for U-235 or 4.5 billion years for U-238). 

Mathews et al. have shown that U’s chemical toxicity generally surpasses its radiological 

toxicity to the environment by evaluating the risks of chronic exposure to uranium in 

freshwater ecosystems. Ribera et al. reported that the radiological toxicity of U becomes 

significant at concentrations considerably higher than those detected in the environment.

Uranium uptake by plants has been investigated from two major foci: (1) U accumulation 

in agricultural or harvesting plants with the potential risk for human exposure;48, 49 and (2) 

U phytoremediation of contaminated sites.50–52 Uranium interaction with ligands is known 

to affect its bioavailability,42–44 which impact metal reactivity and mobility. Wetlands can 

promote U immobilization through complexation with local ligands and organic matter.53–56 

Within plants, uranium complexation with carbonate or citric acid, enhances U accumulation 

and translocation to the shoot,49, 51 due to the transport of U from root-to-shoot as a 

U-carboxylate complex form;57, 58. In contrast, if U is present as a soluble U(VI), the 

immobilization mainly occurs in the roots, most likely due to its complexation with 

phosphorus (P) and plant proteins.57–59 Exposure to acidic pH (4-5) has been shown to 

enhance the accumulation of U from soil by plants, and promote the precipitation of 

crystalline uranyl phosphate in plant roots, while U accumulation has been shown to be 

partially inhibited at alkaline pH and result in the formation of an amorphous U-P mineral, 

which is an indication of the important role on U speciation on the U-cell interactions.59 

Additionally, the addition of soluble calcium (Ca2+) amended as CaHCO3 has shown to 

decrease U bioavailability and uptake by Brassica juncea.60 However, existing studies on U 

accumulation in plants have mainly been conducted under controlled conditions, where the 

seeds are grown and exposed to U in laboratory settings. The mechanisms for U transport in 

native plants growing near abandoned uranium mines are poorly understood.

Our main research objective was to investigate the uptake and accumulation of U in the 

plants growing adjacent to the Rio Paguate after it flows through the Jackpile Mine. The 

concentrations of U in mine waste solids from this site located in New Mexico can be 
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as high as 9200 mg/kg.4 The Rio Paguate flows through the mine and downstream to a 

wetland and reservoir. The Pueblo de Laguna is a Native American community with two 

villages (Paguate and Mesita) located less than 5 km from the mine depending on the river 

water for agriculture and livestock activites. The U concentration in the Paguate River water 

ranged from 35-770 µg/L, but the measured uranium concentration in the sediments was 

low (1-5 mg/kg).4 Vegetation of the river bank consists in grasses, Typha latifolia (cattail), 

and Salix (dessert willows), but the invasive species Tamarix (Salt Cedars) dominate the 

landscape. Tamarix are phreatophytes, with extensive root systems as deep as 50 m, and 

can grow up to 4 m in a growing season.61 Tamarix plants can last for 75–100 years, 

and they have replaced between 75-90% of the native vegetation in the Southwest since 

1960.61–63 For these reasons, the invasive Tamarix was selected as our study plant due 

to its abundance in this site, the extensive root systems, and fast growth rate, which can 

play an important role affecting the fate of U in the area. We used a combination of water 

chemistry, spectroscopic and microscopic analyses to quantify and analyze the accumulation 

and distribution of U in Tamarix plants collected from the field, and we used in vitro 
experiments to elucidate the mechanisms of interaction and accumulation of U in the roots, 

particularly the cortical tissue, where high concentrations of U could likely occur in the 

plant root system.57, 60, 64 Insights from field and laboratory results in this study contribute 

to identify the bioavailability and plant uptake of U in the sediments of the riverbank of 

Rio Paguate and to evaluate the potential of Tamarix plants, the most abundant plant at the 

mine site, for U phytoaccumulation. This information is relevant to inform phytoremediation 

strategies and to better understand the biogeochemical interaction of U in the rhizosphere of 

native plants growing in the proximity of mine waste sites.

2. Materials and Methods

2.1. Field study.

Tamarix plants are invasive species in the Southwest of United States, and grow near the Rio 

Paguate. In order to assess the potential of U uptake by Tamarix. samples were collected 

from the stream banks of Rio Paguate, as shown in the map presented in Figure S1 in the 

Electronic Supplementary Information, ESI, from the Jackpile mine to a wetland situated 5 

km downstream from the mine (Table 1) at different times throughout a year, as a previous 

study has observed a correlation between U transport from the mine and the river flowrate.4 

Tamarix samples were collected using a clean shovel (rinse with 2% HNO3, ethanol and 

deionized water) to a depth of 60 cm. The shovel was cleaned with water after every sample 

was collected to avoid cross-contamination. Plants were shaken in the field, to remove as 

much sediment as possible, and stored in a paper bag with rhizosphere soil until washed. 

Once the sample arrived in the laboratory, each plant was carefully transferred from paper 

bags to pre-cleaned clear plastic containers. Each plant was carefully separated into its roots 

and shoots parts. Plant parts were rinsed and triple washed with deionized water, with a final 

rinse using 18 MΩ water. The plant parts were then air-dried for 24 h, and then further dried 

in an oven at 65° C for 3 h until thoroughly dry. Dried samples were ground using a coffee 

grinder, which was carefully cleaned between each sample type. A 1 g mass of dried plant 

was weighed and added to the digestion tube, and digested with 9 mL of ultra-high purity 

HNO3 and 2 mL H2O2 for 60 min at 65° C and then for an additional 60 min at 80° C 
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in a Digi prep MS SCP Science block digester. The digested samples were diluted using 

18 MΩ water to 25 mL, and filtered through at 0.45 µm filter (25 mm PTFE Membrane 

syringe filter) to remove any remaining particulate matter, and analyzed for total elemental 

concentrations using Inductively Coupled Plasma (ICP) coupled with a Mass Spectrometer 

(MS), ICP-MS.

Surface water and sediment data was presented in a previous study by Blake et al.4 Briefly, 

surface water was collected in 250 mL polypropylene (PP) Nalgene bottles with zero head 

space when possible, filtered through 0.45 µm Whatman filters and then through 0.22 µm 

filters. Samples were acidified to pH<2 with ultra-high purity HNO3. Sediment samples 

were collected with a hand trowel (cleaned between each use with DI water) and placed 

in gallon plastic bags. Homogenized sediment samples (1 g) were digested using 2 mL ultra­

high purity HNO3 and 6 mL HCl and filtered through 0.45 µm filters. Water and sediment 

samples were analyzed for U using ICP-MS. Water pH ranged from 6.8 to 8.6. Sediment 

characterization with X-ray photoelectron spectroscopy (XPS) indicated the presence of 

mixed iron as 62–72% Fe(III) and 38–28% Fe(II) in the sediments, indication of an oxic 

surface environment.

2.2. In vitro experiments.

The mechanisms for U accumulation in the roots were investigated using in vitro 
experiments, where fresh living root tissues from mature Tamarix plants collected from 

the field were exposed to high U concentrations. Mature plants differ from young plants in 

the water transport,65 metal interaction,66 and genetic expression.67 Because of their long 

lifespan and local proliferation, mature plants are more relevant to this study, but their 

extensive and strong root systems complicate the transplantation from field to laboratory 

settings. Plant cuttings have been widely used as a method for vegetative propagation where 

the living cells in the root tissue (cortical parenchyma in particular) should remain alive and 

metabolically active.68, 69 In vitro experiments using root cuttings will allow investigating 

the cellular mechanisms for U interaction and accumulation in living root tissues. With 

this objective, washed and clean root samples (0.5-1 cm diameter) from the field were 

radially cut in approximately 5 mm thick pieces using a utility cutter, briefly rinsed with 

2% HNO3, ethanol, and 18 MΩ water. Three pieces of the roots were weighed and added 

to a 50 mL centrifuge tube. 25 mL of a solution containing 100 µM of U as uranyl acetate 

(C4H6U.2H2O, American Elements) and 0.2 M NaCl was mixed with the roots in six 

different tubes and incubated at room temperature in a rotational shaker, three of them 

were incubated for 24 h, and the remaining three were incubated for two weeks. Three 

additional tubes were incubated with only 0.2 M NaCl as blank controls for two weeks. 

The saline solution was used to help maintain optimal osmotic conditions for the living root 

tissues. The pH of the solution was adjusted to 7.0 using NaOH or HCl. At the end of the 

incubation period, the root samples were collected from the solution, gently rinsed with a 

solution containing only 0.2 M NaCl to remove any superficial U, and air-dried for 24 h. The 

root samples were analyzed using a variety of microscopic and spectroscopic techniques as 

indicated below. Liquid samples were also collected at the beginning and at the end of the 

incubation, and analyzed for total uranium concentrations in the ICP-MS.
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2.3. Analytical techniques.

Elemental composition of all samples was measured using Inductively Coupled Plasma 

(ICP) coupled with a Mass Spectrometer (MS), PerkinElmer NexION 300D (Dynamic 

Reaction Cell) with a detection limit of < 0.5 µg l−1. Chemical equilibrium modeling was 

conducted using MINEQL+ v4.670 to gain further insights about relevant reactions for the 

in-vitro experiments.

Scanning Transmission Electron Microscopy (STEM) was used to investigate the location of 

U accumulation in the roots. STEM analysis was performed using a JEOL 2010F FEGTEM/

STEM operating at 200 kV. Root pieces from the in vitro experiment were air dried and 

coated with Au-Pd and placed on Cu TEM grids. High-angle annular dark-field (HAADF) 

images of the samples were obtained and then representative areas of the sample were 

studied using STEM X-ray mapping. An Oxford Instruments Aztec Energy Dispersive 

Spectroscopy (EDS) analysis system coupled to an XMaxN 80 mm2 EDS detector was 

used to obtained full spectral X-ray maps of the sample. After collection of the maps, 

EDS X-ray spectra for individual mineral phases were extracted from the data cube by 

drawing regions of interest around distinct mineral grains based on the HAADF images. 

This approach allows integration of X-ray counts from multiple pixels to be obtained 

enabling concentrations of minor elements to be detected much more effectively.

The same root samples analyzed with the STEM were used in JEOL 8200 Electron 

Microprobe. The microprobe is equipped with 5 wavelength dispersive x-ray spectrometers 

(WDS) and an ultrathin-window energy dispersive spectrometer, in addition to secondary 

electron (SE) imaging and backscattered electron (BSE) imaging detectors.

A polished section of the roots was mapped for elemental distribution using the Synchrotron 

micro- X-Ray Fluorescence (μ-XRF) beam line (BL) 10–2 at the Stanford Synchrotron 

Radiation Light Source (SSRL). The maps were collected using a Si (111) double crystal 

monochromator, with an incident angle (ϕ) of 90o, at a 50 μm resolution up to 17200 eV 

X-ray energies, just above the U LIII edge. All data processing was conducted using the 

Microanalysis Toolkit software program.

X-ray Absorption Spectroscopy (XAS) measurements were performed at beamline 4-1 at 

the SSRL. Measurements were done at the U L3 Edge using a double crystal Si(220) 

monochromator, calibrated at the first inflection point of a Y metal foil absorption at 

17038.4 eV. No change was observed through consecutive scans, nor changes in the 

absorption when first and last scans of the series, ruling out beam damage during the 

measurement. Reference spectra for “U(VI) sorbed” corresponds to U(VI) adsorbed to 

ferrihydrite71 and uraninite72 were obtained from previous studies. Uranyl carbonate 

(“U(VI) carbonate”) in the form of andersonite was purchased from the Mineralogical 

Research Company (San Jose, CA) and the mineralogy was confirmed using X-ray 

diffraction and XAS. Samples sets were reduced and analyzed using Athena and Artemis73 

with standard methods and benchmarks. Additional details are included in the ESI for 

shell-by-shell fitting using a similar approach to that used in a previous study.71
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High-Resolution Transmission Electron Microscope (HR-TEM): After washing thoroughly 

with 18 MΩ water, small root segments (~5 mm in length) were fixed for 48h at 4 °C in 

2.5% glutaraldehyde prepared in 0.1 M Sodium Cacodylate buffer (pH=7.4). Then they were 

post-fixed for 1h using 1% osmium tetroxide which was also prepared in 0.1 M Sodium 

Cacodylate buffer. After the post fixation, roots were dehydrated in acetone and embedded 

in resin (Hard Plus Resin-812). Ultrathin sections with nominal thickness ranging from 

30 to 70 nm, were cut with an ultramicrotome from the embedded root samples. Samples 

were analyzed at a LaB6 Jeol-2100 TEM, operated at 200 keV. The TEM is equipped with 

a Jeol EX-230 Silicon Drift Detector (SDD) with a 60 mm2 window of acquisition for 

the collection of Energy Dispersive X-ray spectra (EDS) and EDS. STEM digital scanning 

images were acquired while collecting EDS maps with a JEOL EM-245111SIOD bright 

field STEM detector.

3. Results and Discussion

3.1. Uranium accumulation in plants from the field.

Tamarix plants collected from the field accumulated considerable U concentrations (ranging 

from 10.8 – 58.9 mg/kg) in the root system, in spite of the intermittent flow of the Rio 

Paguate in New Mexico, which limits U transport from the mine. The analysis of acid 

digested plants collected at various locations along the Rio Paguate, from the Jackpile 

Mine to the wetland area, and four intermediate locations, are shown in Table 1. Uranium 

accumulation was mainly detected in plant roots, with limited U root-to-shoot translocation, 

and lower U concentration was detected in plant samples collected away from the mine. 

Uranium concentration in the roots of plants collected near the mine was as high as 56 

mg/kg in February 2015, with only 1.6 mg/kg measured in the stem of the plant. However, 

the concentration of U detected in roots collected downstream from the mine was 25 mg/kg 

and 14 mg/kg, which was 2 to 4-fold lower than that measured close to the mine. Previous 

work shows that U concentration in river waters ranged between 35.3 to 39.7 µg/L during 

the sampling events for this study, and only up to 3 mg/kg was measured in the sediments.

In samples collected in May 2015, U concentrations were 148 µg/L in water and 2.2±0.05 

mg/kg in sediments.4 The concentration of U in the roots of samples collected in May 2015 

ranged from 11±3 to 25±5 mg/kg near the mine, and the concentration in stem and leaves 

ranged between 0.55±0.6 to 7.3±0.2 mg/kg. Downstream in the wetland, the concentration 

of U in the plants was below 1 mg/kg U, while concentrations of 76 µg/L U in water 

and 2.3±0.07 mg/kg U in sediments were detected. Similarly, in August 2015, 341 µg/L 

U was measured in water near the mine, and 1.9±0.10 mg/kg U was detected in the roots 

of Tamarix. Plant heterogeneity rendered high variability in U content for some samples 

in the same location, but the U uptake and accumulation by Tamarix roots along the Rio 

Paguate decreased with increasing distance to the Jackpile Mine. Selected root samples 

were analyzed using a synchrotron based micro-X-ray fluorescence (µ-XRF) elemental maps 

(Figure 1), and showed U accumulation in the epidermis and parenchyma cells, with little 

radial transport towards the inside of the root.

The potential of Tamarix plants for U phytoaccumulation was evaluated based on the 

accumulation pattern in the roots and shoots of plants (N=31) collected from the field 
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and in the sediments. The bioconcentration factor (BF), defined as the ratio of U content 

in plant part to that of sediments, in the roots ranged from 0.1 ±0.0 to 20.4, with an 

average of 5.1±5 in the roots, while in the shoots was lower than 1 (average of 0.41±0.5), 

underlying the potential of Tamarix for U bioaccumulation and to stabilize U mainly in 

the roots system. These values are much higher than those reported in the literature for 

native plants growing at the mine sites, which are in the order of 10−2-10−3 in soil plants 

in a U mine in Portugal,74 and between 0.051 and 0.234 in native plants in the Sonoran 

Desert, USA.75 Interestingly, the high localization of U in the parts of Tamarix plants, in 

particular the roots, was noted along with the presence of low U concentrations in the 

sediments explaining the relative high BF and underlying the potential of this plants for U 

accumulation in the roots system along the Rio Paguate. The mean of translocation factor 

(TF), defined as the ratio of U content in the shoots to that of roots, was found lower 

than 1 (TF=0.26±0.3), corresponding to the accumulation and immobilization of U in the 

roots system. The elucidation of specific mechanisms for U uptake and accumulation of 

Tamarix collected from the field is complicated by our limited knowledge about the age of 

these plants, the duration and the range of U exposure over the typical seasonal variation 

of U concentration in water.4 Additionally, measuring U in plants grown under natural 

field conditions represents a major challenge since the magnitude of the concentrations 

encountered is lower than most analytical instruments are capable of detecting. In an attempt 

to overcome some of these challenges, additional in vitro experiments were conducted under 

laboratory controlled conditions to investigate the mechanisms affecting the interaction 

between the U and Tamarix plant root cells.

3.2. Uranium extracellular precipitation during in vitro experiments.

Living roots of Tamarix collected from the field were exposed to U in in vitro experiments 

in which we observed the decrease of U concentrations in solution, and accumulation of 

U in these roots. The concentration of U in solution decreased between 36-59% after 24 

h, and between 49-65% after two weeks of incubation (Figure 2). The accumulation of 

U in the roots exposed to these experiments ranged from 551.4 to 1208.2 mg/kg. These 

concentrations are comparable to those reported for U accumulation in plants from other 

studies.48, 59, 60, 76 El Hayek et al.60 observed that U uptake by Brassica juncea occurred 

mainly in the first 24 h, and that U uptake followed a pseudo-first order kinetics, in which 

U uptake is greatly dependent on U concentration in solution. A µ-XRF elemental map 

of the roots exposed to in vitro experiments (Figure S2 in ESI) shows a similar profile to 

that observed for roots collected from the field, with U predominantly accumulating in the 

epidermis and parenchyma cells. The similar form of accumulation in the external tissues 

of the root observed in field and laboratory roots validates the purpose of these in vitro 
experiments to evaluate the mechanisms of U uptake by plant roots. Since the roots exposed 

to in vitro experiments accumulated U concentrations in a range (551.4 to 1208.2 mg/kg U) 

that could be detectable by microscopic and spectroscopic techniques, further analyses were 

conducted to investigate U accumulation in cellular structures.

Adsorption of U was confirmed using U-LIII XAS analysis (Figure 3). XANES spectra show 

that U is present as U(VI). The EXAFS shell-by-shell fitting suggests that U is associated 

with C functional groups in the plant roots, and it does not show a U-U shell in ~3.85 Å 
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as indicated in other studies, characteristic of uraninite and other microbially-mediated U 

precipitates.77 We performed a shell-by-shell fit trying to evaluate the coordination U with 

P and C shells. The number of atoms for P resulted in a negative number, with the same 

number of degrees of freedom, therefore discarding the possibility of U-O-P coordination 

from the EXAFS results. This information is presented in Table S2 in the ESI. Thus, the U-C 

coordination is more feasible based on these analyses. It should be noticed that the XAS 

signal corresponds to the bulk of the sample. Shell fitting parameters are presented in Table 

2. Microscopic observations suggest that the accumulation of U in the roots is localized 

near the vascular region, as the water is transported and distributed through the plant cells. 

Microscopic imaging with SEM in Figure 4 shows a U precipitation localized in tracheids 

near the xylems of the root. A 95x magnification image of the root was obtained with the 

cortex shown in the top (Figure 4A). As the magnification increases focusing in the xylems, 

a precipitate is observed (Figures 4B, 4D and 4E). The EDS of the precipitate confirm the 

presence of U, as well as C, O, Ca and other minor cations, most likely from the plant 

tissue (Figure 4C). This precipitate was found widespread throughout the root section near 

the xylem. Electron microprobe mapping of the same root used for SEM, but turned 90o 

(Figure S3 in the ESI) shows the general accumulation of U in the endodermis cells near the 

vascular region following the radial transport of U through the parenchyma cells.

As U is uptaken and transported through the inside of the root, U reacts with chemically 

functionalized groups in the plant cells, that will increase the local U concentration, allowing 

the formation of a precipitate, becoming entrapped and immobilized in the cell walls as 

observed in a TEM image shown in Figure S3 in the ESI. The U precipitation might occur 

by the complexation of U with the carbon (C) in the polysaccharides and pectin groups 

or with the P phospholipids in the cell membrane.78–80 Another potential mechanism is 

the secretion of extracellular phosphate by the phosphatase enzyme to biomineralize U to 

U-P minerals, which is commonly used as a heavy metal and U detoxification mechanism 

by common soil microorganisms81–84 and by plants,58, 59, 85 as heavy metal exposure 

induces changes in the expression of phosphatase and the production of extracellular and 

intracellular phosphates.86, 87

The experimental concentration of 100 µM U in solution at pH 7 was used in this 

study to assess, in a controlled setting, the effect of elevated U concentrations that 

could be encountered in the field,4 awhile allowing the detection of U by spectroscopy 

and microscopy methods. However, chemical equilibrium calculations using MINEQL 

4.6+ suggest that schoepite ([UO2)4O(OH)6](H2O)6) precipitation, a uranyl-oxide hydroxyl­

hydrate mineral is possible under these experimental conditions. Even if the solution was 

saturated with respect to a U(VI)-mineral, it is interesting to see that the deposition of U in 

the roots observed in the in vitro experiments (Figures S2 and S3 in ESI) is also observed 

in plant roots collected from the field (Figure 1). Future experiments are necessary to 

investigate the accumulation of U in plant roots exposed to different concentrations of U and 

other environmentally relevant water chemistry conditions. Additional electron microscopy 

analyses were conducted to analyze in more detail the chemistry and morphology of the U 

precipitates formed in the plant roots during the in vitro experiments.
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3.3. Formation of intracellular U-P nanocrystals during in vitro experiments.

The mechanisms for accumulation of U in the roots was not only limited to extracellular 

precipitation to the cell wall or cell membrane. High-resolution TEM images (Figure 5B 

and 5C) of the plant cells show needle-like nanocrystals in vesicles inside the cellular 

environment. These nanocrystalline structure lengths ranged from less than 30 nm to 300 

nm, but the diameters were less than 7 nm. Nanoparticles, less than 30 nm in diameter 

were commonly associated with the larger prismatic particles and are found dispersed in the 

surrounding region (Figures S5 in the ESI). Electron diffraction patterns could not identify 

the nature of the crystal, but these particles are mainly made of U, P and O, as presented in 

the EDS analysis in Figure 5D and 5G. A small fraction of K, Al, Si, and other elements are 

also present (Figure S6 in the ESI). The EDS on the surface of these nanocrystals suggests 

that U is generally found with P. Further characterization of a particle aggregate inside a 

cell (Figure 6) confirms the correlation between U and P in these nanoparticles compared 

to the background EDS signal. The EXAFS fits suggest that U adsorption through U-C 

coordination occurs in the root sample. This is likely because the bulk of the root material 

contains abundant organic functional groups that could bind with U. The U-P nanocrystals 

detected by TEM are discrete, and do not correspond to the bulk of the sample. Thus, the 

data obtained by XAS and TEM are complementary and indicate that while the bulk of U is 

adsorbed in the root surface through U-C coordination, there are discrete U-P nanocrystals 

that were detected by TEM. Hence, U is being uptake and precipitated in a needle-like 

nanocrystal in the cellular environment.

The formation of these nanoparticles is probably the result of the complexation of U with 

extracellular phosphate, precipitation of U-P minerals, and the entrapment of the particles 

inside the cell small vesicle through an endocytic or pinocytotic active transport. Previous 

studies with oat roots88 and Hordeum vulgare (Barley)89 exposed to 1 mM to 0.1 mM U 

concentrations observed the formation of high electron density needle-like nanoparticles 

accumulated in the cell wall and cell membranes of the plants, with little amorphous 

material precipitate entrapped in vacuoles in the cells. Most recent studies with cultured 

water plants (Spirodela punctata90 and Landoltia punctata59, exposed to 0.2 and 0.4 mM U), 

laboratory growth Helianthus annus (sunflower)58 (exposed to 0.1 mM U), and hydroponic 

growth of Brassica juncea (exposed to 0.1 – 2.9 µM U)60, 64 also observed the formation 

of U-rich nano-crystals accumulated mainly in cell wall and cell membranes, with little 

U accumulation inside vesicles. Plant detoxification mechanisms for heavy metals focus 

on preventing cellular uptake promoting binding to the cell wall or cell exudates, and by 

storage and sequestration of heavy metals into vesicles through cellular transporters.87, 91 

Field-grown Tamarix roots (this study), when exposed to higher U concentrations, were 

able to precipitate U-P needle-like nanocrystals and they favor cellular entrapment of U-P 

nanocrystals over cell wall or cell membrane precipitation, with most of the nanocrystals 

found in vesicles or vacuoles inside the cells. The greater U cellular entrapment is critical 

in U stabilization and U immobilization control, and future research must evaluate the 

U-cellular uptake interaction, toxicity levels, and long-term U accumulation by the root 

system.
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Plants have evolved several mechanisms to tolerate metal toxicity by modulating the 

intracellular mobility of metal, its reactivity with the cellular components, and root-to­

shoot translocation. Such mechanisms determine plant tolerance against metal toxicity, the 

content and rate of accumulation of metal in the plant, and consequently the mobility and 

bioavailability of the metal in the environment. The detected insoluble U-P nanocrystals in 

this study could represent an important role affecting metal solubility in plant cells and, 

consequently, affecting the rate of U intracellular accumulation, its cellular mobility, and 

the induced oxidative stress in the plant cell. However, more information is needed to 

understand the mechanistic processes of U accumulation-precipitation with indigenous P in 

the plant and how these processes are related to the mechanisms of U toxicity. Furthermore, 

as U chemotoxic effect has been mainly considered and identified in the literature, little is 

known if U radiotoxicity also influences the mechanisms of accumulation and detoxification 

by the plant. The radioactive exposure doses have been studied in the case of other elements 

with potential radiation activity. For example, Biermans et al. reported that plant growth 

influences the absorbed dose and the dose rate of 41Am ( α-radiation), 90Sr ( β-radiation) 

and 133Ba ( γ-radiation), and that these doses are strictly depending on the radionuclide 

element and the organ involved. Future studies should investigate if any relationships exist 

between the exposure dose rate to uranium, the absorbed dose by the plant organ, and the 

induced toxicity effects in the plant.

4. Conclusions

We have investigated the mechanisms of U accumulation in Tamarix growing along the Rio 

Paguate near an abandoned U mine, the Jackpile Mine. Our results suggest that plants uptake 

soluble U present in the river. Tamarix plants collected from the field showed elevated 

U concentration in the roots, with limited translocation to the shoots and leaves. In vitro 
experiments with living roots of mature field-grown Tamarix were effective to stimulate 

U uptake by root cells as shown by the similar U microprobe profile between field and 

in vitro roots and the agreement with previous studies. The in vitro studies indicate that, 

following U uptake by Tamarix, as the U is transported through the inside of the root, it 

reacts and complexes with endogenous elements, potentially C and P in the cell wall and 

cell membrane or with enzymatic extracellular phosphate. The U complexation increases 

the local concentration of U reaching saturation, and extracellular precipitation of U occurs. 

Uranium-P intracellular needle-like nanocrystals are formed and entrapped inside the cell in 

vesicles. The preferable binding of U to the root cells may explain the retention of U in the 

roots and thus its weak translocation toward Tamarix leaves collected from the field.

The Tamarix plants are invasive species to the semi-arid region of the Southwestern United 

States,92 consuming considerable water and replacing most of the native vegetation in the 

infested areas.93 Several attempts to control the spread of Tamarix have been complicated 

due to the resilience of the plant and their strong root systems.94 Their extensive root 

systems, abundance in areas near uranium abandoned mines, and capability to immobilize 

U in the roots highlight their importance controlling U transport in the area. This work 

provides a unique perspective of the processes affecting the accumulation of U inside the 

roots of field-grown plants, which can inform exposure assessment and phytoremediation 

strategies. Future initiatives could further explore the advantageous use of Tamarix for 
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immobilization of U in contaminated sites, in order to prevent U transport and limit exposure 

of nearby communities. Future research is needed to investigate the maximum uranium 

accumulation capacity by the plant, and the fate of uranium after plant death to assess the 

long-term viability of Tamarix as U-sink the environment.
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Refer to Web version on PubMed Central for supplementary material.
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Environmental Significance Statement

This work represents a unique investigation that integrates field and laboratory 

approaches to identify the mechanisms for U accumulation in invasive Tamarix 
plants extensively growing near an abandoned uranium mine waste site. Field-grown 

Tamarix plants accumulated U in their roots. In vitro experiments allowed us to study 

U interactions with cell walls or cell membranes in the plant roots. Localized U 

precipitation lead to entrapment inside the cells as needle-like uranium-phosphorus 

nanocrystals. This research highlights the importance of local plants controlling 

U transport near contaminated sites, which can inform exposure assessment and 

phytoremediation strategies.
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Figure 1. 
µXRF studies show that uranium is accumulated in the epidermis and parenchyma cells in 

the roots from salt cedars collected in the field.
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Figure 2. 
Uranium concentration in solution in the in vitro experiments for controls (samples 1–3) 

containing 0 μM U, and replicates (samples 4–9) containing 100 μM U. Samples were 

collected at time zero (full bars), after 24 h of incubation (grey bars), and after 14 d of 

incubation in controls 1 and 2, and samples 7, 8, and 9 (empty bars).
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Figure 3. 
XAS analysis of root section incubated with 100 µM U. Orange line is the sample spectra. 

Panel A: U LIII XANES spectra; Panel B: k3 U LIII EXAFS fitting; Panel C: shell fitting 

of the U LIII EXAFS spectra; Panel D: Fourier Transform fitting. Dashed lines represent the 

fitted data.
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Figure 4. 
Formation of U-precipitate inside the roots in SEM images of the root section incubated with 

100 µM U for 24 h. Panel A 95x magnification; Panel B 250x magnification; Panel D 850x 

magnification of section 1 in panel B; Panel E 850x magnification of section 2 in panel B; 

and, panel C EDS of panel E.
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Figure 5. 
High resolution TEM of the root section incubated with 100 µM U for 24 h with Electron 

Dispersive Analysis (EDS). Images in the top row shows a plant root cell with a high-density 

material in the region inside the square (panel a), with energy diffraction pattern of particles 

in A in panel b, EDS of the particles in the panel c shown in panel d. The bottom row show 

a different conglomerate of cells in panel e, and the EDS of the particles in panel f shown in 

panel g.
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Figure 6. 
TEM-EDS mapping of a particle agglomerate (panel A) inside with cumulative EDS of the 

whole area and the EDS from section A in the map.
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Table 1:

Acid digestion data of the Salt Cedar samples collected from the field

Location Date
$

N
#

Root
U 

(mg/kg)

Stem
U 

(mg/kg)

Leaves
U (mg/kg)

Water 
data4

(µg/L)

Sediment 
data4

(mg/kg)

BF
$

(roots/
sediment)

BF
(stem/

sediment)
TF

*

Jackpile 
Mine

Feb ‘15 1 56 1.6 -- 35 2.7 ±0.2 20.4 0.6 0.03

May ‘15 3 25 ±5 1.2 ±0.5 7.3 ±0.2

148 2.2 ±0.05

11 ±2 3.3 ±0.1 0.29

May ‘15 3 18 ±7 1.7 ±2 0.99 ±0.9 8.3 ±3 0.8 ±1.0 0.10

May ‘15 3 11 ±3 0.55 ±0.6 0.93 ±0.8 4.9 ±2 0.2 ±0.2 0.04

Aug ‘15 3 1.9 ±0.10 0.39 
±0.03 0.60 ±0.01 341 2.3 0.6±0.0 0.1 ±0.0 0.16

Location 2

Feb ‘15 1 7.2 2.6 -- 39 2.4 ±0.9 3.0 1.1 0.36

May ‘15 3 10 ±16 1.10 ±2 0.14 ±0.01

132 4.3 ±1.2

4.6 ±7.5 0.5 ±0.8 0.11

May ‘15 3 2.5 ±2 0.4 ±0.3 -- 1.1 ±0.8 0.2 ±0.1 0.18

May ‘15 3 7.9 ±4 0.18 
±0.16 0.17 ±0.00 3.6 ±2.0 0.1 ±0.1 0.03

Location 3 Feb ‘15 1 25 1.4 -- 39.7 5.2 ±2 4.9 0.3 0.06

Location 4 Aug ‘15 3 31 ±1 1.6 ±0.5 0.53 ±0.01 301 3.1 ±0.6 10.0 ±0.6 0.5 ±0.2 0.05

Location 5 Feb ‘15 1 14 4.4 15 39 3.9 ±0.3 3.6 1.1 0.31

Wetland May ‘15 3 0.3 ±0.10 0.3 ±0.2 0.56 ±0.3 76 3.2 ±0.07 0.1 ±0.0 0.1 ±0.1 1.01

$
Sample collection dates were February 23rd, May 11th, and August 14th of 2015.

#
N: Number of replicates per plant

Error values were calculated as the standard deviation of the measurements for each sample set.

$
BF: Bioconcentration factor, BF = U root, stem U sediment

*
TF: Translocation factor, TF = U stem U root

Water and sediments data was published in Blake et. al (2017)4
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Table 2.

EXAFS fitting parameters for root section exposed to 100 µM U

U-O1 U-O11 U-C1

N 2 6 1.8±0.8

D (Å) 1.78±0.01 2.36±0.02 2.87±0.03

σ 2 (Å2) 0.0016±0.0001 0.012±0.001 0.004

N: number of scatterers

D: distance to the scatterer (Å)

σ 2 : Debye-Waller factor for each shell (Å2).
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