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Abstract

We tested the hypothesis that runoff of uranium-bearing particles from mining waste disposal areas
was a significant mechanism for redistribution of uranium in the northeastern part of the Upper Puerco
River watershed (New Mexico). However, our results were not consistent with this hypothesis.
Analysis of >100 sediment and suspended sediment samples collected adjacent to and downstream
from uranium source areas indicated that uranium levels in the majority of the samples were not
elevated above background. Samples collected within 50 m of a known waste disposal site were
subjected to detailed geochemical characterization. Uranium in these samples was found to be highly
soluble; treatment with synthetic pore water for 24 h caused dissolution of 10-50% of total uranium
in the samples. Equilibrium uranium concentrations in pore water were >4.0 mg/L and were sustained
in repeated wetting events, effectively depleting soluble uranium from the solid phase. The
dissolution rate of uranium appeared to be controlled by solid-phase diffusion of uranium from within
uranium-bearing mineral particles. X-ray adsorption spectroscopy indicated the presence of a soluble
uranyl silicate, and possibly a uranyl phosphate. These phases were exhausted in transported sediment
suggesting that uranium was readily mobilized from sediments in the Upper Puerco watershed and
transported in the dissolved load. These results could have significance for uranium risk assessment
as well as mining waste management and cleanup efforts.

Introduction

The Uranium Procurement Program established by the Atomic Energy Commission in the late
1940s led to a mining boom on the Colorado Plateau that lasted until the late 1980s. Exploration
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activities, mine development, and ore processing—much of which occurred in the Grants
uranium district in northwestern New Mexico (1,2)-resulted in over 75 production sites within
~4,660 km? of the Navajo Nation (3). Many of these sites have been abandoned, leavingbehind
a legacy of waste. Due to concerns over potential environmental and human health risks, some
sites have been remediated; however, more than 90% of these sites remain unreclaimed (3). A
complete assessment of human health risks at these sites requires a detailed understanding of
uranium speciation, mineralogy, and kinetic controls on mobilization and transport.

In 1979, Church Rock, New Mexico, and downstream communities including Gallup,
experienced the largest release of radioactive material in U.S. history when an earthen dam at
a former uranium mill collapsed, releasing ~340,000 m3 of tailings liquor to the north fork of
the Puerco River (4). During this time of active mining and processing, flow in the Puerco was
perennial from mining-related releases. Concentrations of uranium and other contaminants
were up to five times above background levels in groundwater, surface water, and suspended
sediments (5), which presumably were stored in floodplains (6,7).

Uranium geochemistry is well-studied in soils (8-11) and groundwater (12—15), but few studies
have examined the effects of transient flow and episodic flooding on uranium transport and
redistribution. Previous studies of surficial uranium transport in other mining communities
have suggested particulate transport of uranium controlled by physical erosion processes
(16-18). Thus, the objectives of this study were to (1) investigate the spatial distribution of
uranium in the north fork of the Puerco River and its tributaries; (2) characterize the
geochemistry and mineral associations of uranium in sediments associated with a mine waste
pile; and (3) determine the rates of U solid—solution partitioning and its possible role in
regulating U transport. To do this, we analyzed sediment, river water, and suspended sediments
collected during both wet and dry weather, and performed batch experiments to determine
uranium dissolution kinetics from sediments. In addition, X-ray adsorption spectroscopy was
employed to directly probe the oxidation state, chemical form, and phase-associations of
uranium in samples containing elevated uranium levels.

Materials And Methods

Site Description and Sample Selection

This study was conducted in the mine-rich, Upper Puerco watershed in the Church Rock,
Pinedale, Coyote Canyon, and Nahodishgish chapters of the Navajo Nation (McKinley County,
New Mexico, Figure SI-1; Supporting Information). The climate is semiarid to arid;
precipitation averages <25 cm/y and falls primarily in August and September. The north fork
of the Puerco River, which cuts through the study area, flows intermittently only after heavy
precipitation. Depth to ground-water in the shallow alluvial aquifer is estimated at 5-6 m
(19). Ores mined were primarily coffinite (U(SiO4)1—x(OH)a4yx) and uraninite (UO,) (20). To
characterize the spatial extent of uranium in this watershed, sediment and water samples were
taken in seven drainage areas (Figure SI-1) including: controls (no known anthropogenic input
(areas 1 and 2), uranium-bearing-outcrop (area 3), downstream of abandoned mines or uranium
processing facilities (areas 4-6), and waste pile (area 7). Sampling was designed to capture
changes in uranium concentrations in a variety of geomorphic features including terraces,
outwashes, and channel deposits of adjoining drainages. Sediment samples (n = 100) were
collected with a soil auger to a maximum depth of 90 cm below ground surface (bgs). Three
sediment samples from area 7 collected at 0-2, 20, and 90 cm (referred to as A7-0, A7-20, and
AT7-90) were subjected to detailed geochemical characterization. All samples were collected
in August of 2006 except those from area 7 which were collected in August of 2005.

Although the Puerco is dry for much of the year, heavy rains permitted collection of suspended
sediments. Samples were collected in 10-L jugs and kept on ice for 7 days to allow settling of
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particles in the 0.04—2000 x«m range. Water was decanted and sediments were then preserved
for elemental analysis. The suspended sediment samples were only used to estimate uranium
mass in the particulate load. To address the potential for uranium loss (sorption, precipitation)
or gain (dissolution) by the settling sediments, concentrations of uranium were measured in
the aqueous phase before and after the 7-day settling period. The uranium concentration was
~2 png/L at 0 and 7 days; thus, it does not appear that the sediments gained or lost significant
uranium mass during the suspended sediment settling period. Samples of surface water from
three stock ponds in areas 3 and 5, and a rainwater sample were also collected and analyzed
for uranium content. All water samples were filtered immediately on site (Whatman, 25-mm
diameter, 0.2-um pore size, polypropylene syringe filter), acidified (0.1 mL of 10 N HCI), and
refrigerated until analysis.

Digestion and Analysis of Solids

Samples (1.0 g) of sediment, thoroughly homogenized by hand, were acid-digested using
concentrated HNO3, HCI, and HF (9:3:2 mL) in 30-mL Teflon containers. Samples were
decomposed at 90 °C for 2 h and evaporated to dryness at 70 °C. Residues were extracted in
1 mL of HNO3 (70%) and diluted prior to analysis. Elemental compositions were determined
using an inductively coupled plasma optical emission spectrometer (Thermo Iris Intrepid I1).
A soil standard was used to evaluate performance of the analytical method. Typical internal
uncertainties of 3-4% for trace elements and 6—7% for uranium were achieved following
internal standardization and correction for relevant spectral interferences.

Solids from area 7 were digested in 9 mL of trace mineral grade nitric acid for 2 h at 90 °C.
Residues were extracted in 1 mL of HNO3 (70%) and diluted prior to analysis. Elemental
compositions were determined for all extractions using an ELAN 6000 ICP-MS. Standard
curves and quality control samples were analyzed every 5 samples. Laser scattering particle
size analysis was performed on all sediment samples.

Dissolution Experiments

Batch experiments to determine the amount and kinetics of uranium dissolution were
performed on A7-0, A7-20, and A7-90 as well as samples collected from areas 2 and 5. All
sediment samples were thoroughly homogenized by hand before subsamples were taken.
Samples (5.0 g) were placed in 100-mL glass beakers with 50 mL of synthetic pore water (5
mM NaHCO3 and 2 mM CaCl,) to maintain a pH between pH 8.1 and 8.4 and an ionic strength
of 12 mM. Table SI-1 included in the Supporting Information shows Visual Minteq predictions
of saturated and undersaturated mineral species in equilibrium with likely uranyl mineral
phases in synthetic porewater. The same pore water solution was used throughout all the batch
experiments. Samples were shaken (100 rpm) and pore water aliquots (2 mL) and sample pH
were collected at 0.082, 0.5, 1.5, 6, 24, 48, and 96 h. The samples were then filtered (0.2 um),
acidified (20 uL of 12 N HCI), and refrigerated until analysis.

Solid-phase/dissolved-phase partitioning was measured by adding different volumes of pore
water solution to known masses of solids from A7-0.A7-20, andA7-90. Ten 0.1-g splits of
sediment were placed in centrifuge tubes along with 2-40 mL of pore water solution. The tubes
were then capped and shaken at 75 rpm for 24 h, after which 2 mL of solution was decanted,
filtered (0.2 um), acidified (20 uL of concentrated HCI), and refrigerated until analysis. This
experiment was repeated with 0.5-g splits of sedimentto vary the solid-solution mass ratio.

Experiments were also performed to determine the effects of repeated sediment wetting and
drying on uranium dissolution. Splits (1.0 g) of A7-0, A7-20, and A7-90 were treated with 10
mL of synthetic pore water solution in 25-mL centrifuge tubes, which were capped and shaken
at 75 rpm for 24 h. pH of the solution was then measured, and 2-mL aliquots of liquid were
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removed, filtered (0.2 «m), and acidified with 20 xL of concentrated HCI. Sediment samples
were centrifuged (4000 rpm at 3600g) and the supernatant (~8 mL) was decanted. The
sediments were then dried at 60 °C to a constant weight, and the experiment was repeated
twice, for a total of three cycles. Residual sediment was preserved for elemental and
spectroscopic analysis.

X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) was used to characterize uranyl mineral phases in A7-0,
AT7-20, and A7-90 both before and after extraction with synthetic pore water solution. X-ray
absorption spectroscopy was performed at the Stanford Synchrotron Radiation Laboratory
(SSRL) on beamline 10-2. Procedures for the collection and internal calibration of uranium X-
ray absorption spectra are reported elsewhere (8). In preparation for X-ray absorption
spectroscopy (XAS) ~1.0-g sediment samples were sealed in Teflon sample holders with low-
permeability Kapton film. At least 6 spectra were collected for the majority of samples from
—200 to +1000 eV about the uranium L;-edge (17166 eV) and averaged. Spectral processing
was performed using WinXAS 3.1 software (21). X-ray absorption near edge structure
(XANES) spectra were fit using linear combinations of uranium dioxide (U(IV)) and urany!l
(U(VI)) standards to determine the oxidation state and quantity of uranium species in each
sample.

Extended X-ray absorption fine structure (EXAFS) spectra were converted to k-space using a
Fermi Level of 17166 eV, fit with a seven-point cubic spline, and weighted by k3 (8). Spectra
were Fourier-transformed to produce a radial structure-function from approximately 4-10 A.
Fits were simulated using Feff 8 (22) and structural data were compiled in Catalano andBrown
(23). Linear combination fitting of EXAFS spectra was performed to determine relative
quantities of uranyl-mineral phases including rutherfordine (8), zellerite (23), compreignacite
(23), boltwoodite (23), a-uranophane (23), meta-autunite (24), and ankoleite (8).

X-Ray Microprobe

X-ray microprobe analysis was used to confirm the elemental distribution and mineralogy of
uranium within selected uranium-bearing samples at the grain scale. Data were collected at
SSRL beamline 2-3, which is equipped with Kirkpatrick—-Baez focusing optics to achieve a
nominal spot size of 2 um Fluorescence data was collected using an incident energy of 18.0
keV. Prior to data collection, dried samples were sieved to 2 mm and then mounted in a thin
film on Kapton tape. Complete . XRF spectra were collected every 5 um, with a dwell time of
500 us at each point. Spectral processing and image analysis was achieved using Microprobe
Toolkit (25). Regions of interest (ROIs) were defined for uranium-as well as K, P, S, Cl, Ca,
Fe, Mn, Cu, Zn, and Pb—and integrated counts were used to estimate elemental abundance.
Counts at each point were normalized by absorbance to account for samples of variable density
and sample thickness. This was achieved by dividing the counts for a specific ROI by the ratio
of incident and transmitted beam intensities (10/11).

Results and Discussion

Spatial Distribution of Uranium

Excluding samples taken from area 7, there was no statistical difference (p < 0.07) between
mean uranium concentrations in samples from areas thought to be contaminated (5.1 + 2.0 mg/
kg) and control areas (4.2 + 2.0 mg/kg; Table 1), both of which are similar to background U
levels in nearby rock formations (26). Uranium concentrations measured in areas 1-6 are
consistent with concentrations measured in sediment samples taken in Upper Puerco Watershed
between 1976 and 1979 (range 0.62-7.8 mg/kg) (27). A significant correlation (p < 0.0001)
was found between uranium concentration and mean particle size, with higher concentrations
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of uranium being associated with very fine sands (62.5-125 um). The median concentration
of U at area 7 (22.5 mg/kg) was 4-14 times higher than median concentrations in areas 1-6.
Uranium concentrations did not vary significantly with depth in any of the seven areas sampled.
(See Sl Table SI-2 Elemental compositions of digestates for areas 1-6; and Table SI-3
Elemental compositions of A7-0, A7-20, A7-90).

Uranium concentrations ranged from 2.6 to 4.7 mg/kg in suspended sediments (composed

primarily of particle sizes <5 um) in the Puerco River, and from 4.7 to 4.9 mg/kg in suspended
sediment in the stock ponds. Concentrations of uranium ranged from < 1 ug/L (the detection
limit) to 2 ug/L in all surface waters. Uranium concentrations were less than 1 ug/Lin rainwater.

Geochemical Characterization of Waste-Associated Sediment

Batch Dissolution—Dissolution of uranium from sediment samples (A7-0, A7-20, and
AT7-90) was rapid in the first 6 h of the experiment. After ~24 h nearly steady-state aqueous
concentrations were achieved (Figure la). A7-90 (U(VI) = 86 mg/kg prior to batch dissolution)
produced the highest dissolved uranium concentrations (1.78-4.15 mg/L), which represents
~50% of the uranium in the sediment. In contrast, dissolution of uranium from A7-20 (U(V1)
=91 mg/kg prior to batch dissolution) yielded lower concentrations of dissolved uranium
(0.26-0.96 mg/L), and less solid-phase uranium dissolution (~20%). A7-0 (U(VI) = 117 mg/
kg prior to batch dissolution) produced a range of uranium concentrations similar to that of
AT7-20 (0.37-0.88 mg/L), but the soluble uranium mass represented only 10% of the solid-
phase uranium. The elevated uranium concentrations in solution suggest that discrete, soluble
uranyl-bearing phases were present. Soluble uranium was not detected in identical experiments
done on sediment samples from a control area (area 2) and downstream of another AUM (area
5).

Equilibrium modeling of uranyl phases was done using Visual Minteq and a modified version
of the Lindsay thermodynamic database (28). Where important uranyl phases were absent (e.qg.,
boltwoodite), kinetic data were entered to update the database. The pH and ionic strength of
pore water was fixed to replicate experimental parameters. Concentrations of major ions and
metals measured during dissolution experiments were used to the modify pore water solution
to reflect the addition of sediment. Uranyl phases were added to the model one at a time to
predict the equilibrium concentration of uranium in pore water (Table SI-4). In general, the
modeled concentrations explain the experimental results. Gray lines in Figure 1(left) indicate
the approximate equilibrium concentrations of boltwoodite, uranophane, and ankoleite.
Experimental uranium concentrations measured for A7-90 appear to be approaching
boltwoodite equilibrium, whereas A7-20 appears to be approaching equilibrium with
uranophane.

Dissolution experiments were performed to determine the effect of pore water volume on
uranium dissolution from fixed amounts of sediment sample A7-90. The results in Figure 1
(right) indicate that uranium dissolution was not well predicted by linear (Kg), Langmuir, or
Freundlich isotherms. Figure 1 (right) contains two distinct regions. The first region (points
above blue dashed line) exhibits roughly constant solid-phase uranium concentrations and high
solution concentrations. This behavior is consistent with near complete dissolution of a soluble
phase. The second region (represented by the points along the dashed red line), with lower
solid-phase uranium levels and a uniform solution concentration of uranium of about 0.4-0.5
mg/L, represents the partial dissolution of this second mineral phase to a limit imposed by
solubility. The predicted concentration for ankoleite in equilibrium with pore water solution
was 0.52 mg/L. The apparent solubility control on dissolution (depicted by the red line in Figure
1 (right) is at approximately 0.5 mg/L, suggesting saturation of ankoleite. Dissolution of the
most soluble phase decreases the solid phase concentration from 86 mg/kg total uranium to
about 58 mg/kg. This implies that about 28 mg/kg U (about 33% of the total uranium) is
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associated with the more soluble phase, while 58 mg/kg U (about 67% of the total uranium) is
associated with one or more less soluble phases.

The rates of uranium dissolution were rapid (Figure 1 (left)), and nearly complete within 6 h.
The rates of uranium dissolution for A7-20 and A7-90 were best fit using the linear form of
the parabolic diffusion equation with dissolution data (29)

1(0,\ 4 (D\'/*1 D
# (@) W‘(TZ) 2 )
Where r = radius of the grain; Q; = quantity of diffusing substance leaving at time t;Q,,, =
corresponding quantity of diffusing substance after infinite time; and D = apparent diffusion
coefficient. Particle size radii used for A7-20 and A7-90 were 0.0085 and 0.0056 cm,
respectively. Diffusion coefficients from 0 to 6 h were calculated at 9.72 x 10 and 7.75 x
1079 cm?/s for A7-20 and A7-90, consistent with diffusion of urany! at the solid—water interface
(30). For the remainder of the experiment, diffusion coefficients were slower for A7-20 and
AT7-90, at 6.92 x 10710 and 3.11 x 10710 cm?/s, suggesting the possibility of asecond diffusion
domain. Differences in diffusivities may be explained by rapid dissolution from grain surfaces
followed by slower diffusion of uranium from internal pores (31). Our results here are
consistent with other studies showing diffusion-limited dissolution of uranyl-silicates (32).

Wet-Dry Cycle Dissolution—The results of experiments involving repeated sediment
wetting and drying indicate that more soluble uranium was present in samples A7-20 and A7-90
than in A7-0 (Table SI-5). The concentrations of uranium resulting from dissolution of A7-20
and A7-90 after the first cycle were 3.03 and 2.05 mg/L, respectively, compared to 0.68 mg/
L from A7-0. However, after the second cycle, the uranium concentrations resulting from
dissolution of A7-20 (0.30 mg/L) and A7-90 (0.95 mg/L) were not significantly different than
AT7-0 (0.63 mg/L). The total mass of uranium removed during the three cycles from A7-20
(36.1 mg/kg) and A7-90 (37.6 mg/kg) was more than double the mass removed from A7-0
(17.8 mg/kg).

The difference in the mass of soluble uranium removed from the A7-20 and A7-90 between
cycles 1 and 2 is taken as further evidence of the presence of amore soluble mineral phase (or
phases) in these deeper samples. Less soluble uranyl phases likely dominate in the surficial
sample (A7-0), resulting in lower solid phase depletion compared to A7-20 and A7-90.

Spectroscopy

X-ray Absorption Spectroscopy of Solid-Phase Minerals—XANES spectra revealed
that solid-phase uranium exists primarily as U(VI) in samples A7-0, A7-20, and A7-90 (Figure
2). Linear combination fitting with U(1V) and U(V1) reference spectra found that more than
99% of the sample is U(V1); however, a small component of U(1V) cannot be ruled out (22).
XANES spectra for uranium did not vary with sediment depth and did not change after the
wet-dry cycles. The EXAFS spectra of A7-20 and A7-90 appeared to be distinct from A7-0
(Figure 3 (left)). The spectra share common fitting of the first shell, corresponding to U-O
coordination of the axial and equatorial oxygens of the uranyl cation (UO,%*) at 1.8 and 2.3—-
2.4 A. Second-nearest neighbor shells are only well defined in A7-0, with silica shells present
at 3.09 and 3.66 A(Figure 3(right)). These distances are indicative of the bonding environment
of uranyl in uranophane-group minerals (22). These and other more distant neighbor shells
were not effectively fit with single shells in either A7-20 or A7-90, possibly due to the presence
of multiple uranium-bearing minerals with interfering spectral components, the presence of a
multiple scattering, or noise (8). The EXAFS spectra of low-uranium samples from control
sites were not of sufficient quality to permit spectral analysis.
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Linear combination fitting of EXAFS spectra reveals that one or more uranophane-group
minerals were the dominant soluble components of A7-0, A7-20, and A7-90 (Table SI-6). The
second, less-soluble uranium-bearing mineral suggested by the dissolution data was more
difficult to identify by linear combination fitting. Linear combination fitting of A7-0 required
the presence of multiple phases, including a uranophane group mineral(s) (likely boltwoodite,
K> (UO3)»(Si0O30H),-1.5H,0, or uranophane (Ca(UO,),SiO3(0OH),-5H,0) and a uranyl
phosphate (autunite, Nap(UO5)2(PO4)2-6H,0, or ankoleite, Ko(UO5)2(PO4),-6H,0). Both fits
were of similar quality and thus hard to resolve. A7-20 and A7-90 spectra were best fit with a
single uranophane-group mineral.

Microprobe X-ray Fluorescence—Spatial distributions (maps) of uranium, calcium, and
potassium in the samples are presented in Figure 4(left). Uranium counts were elevated above
background throughout the entire maps for A7-0 and A7-90; uranium-rich regions (hotspots)
were seen primarily in association with potassium-rich minerals (e.g., feldspars). In contrast,
uranium abundance was not highly correlated with calcium (nor was it correlated with Fe or
Mn levels). The strong correlation between uranium and potassium (Figure 4(right)) suggests
that boltwoodite is the primary uranium mineral rather than uranophane. The weak uranium-
calcium correlation also implies that meta-autunite may not be a major component, although
the presence of ankoleite cannot be ruled out. We attempted to differentiate between these
possibilities based on XANES spectra, which are sensitive to bonding environment; however,
spectra of U-rich hotspots were of insufficient quality to differentiate among boltwoodite,
uranophane, or autunite.

XRF images were used to infer processes, including mineral dissolution, that have changed
elemental composition and mineralogy in A7-0 andA7-90. Differences between the
distribution of U in the A7-0 and A7-90 (Figure 4(left)) indicate that the uranium in each sample
was associated with different mineral fractions. In A7-90, the bulk of uranium was associated
with large (> 100 «m) mineral grains. In A7-0 there were few large mineral grains, and there
were few small (<25 xm) uranium hotspots. Other K-bearing grains are also associated with
uranium, but have much lower U:K ratios (Figure 4(right)). We attribute the difference in part
to the leaching of uranium from K-rich uranyl silicate grains in surficial environments,
consistent with the dissolution experiments examining uranium release.

The low concentrations of uranium in surficial sediment samples from areas 3—-6 were not
expected given the proximity of sampling sites to known uranium sources. Our results suggest
that the low sediment uranium concentrations likely resulted from the dissolution and flushing
of uranium during precipitation events. Surficial, weathered sediments are depleted of more
soluble uranyl phases relative to deeper (>~20 cm) sediments. Our results further suggest that
a uranophane group mineral (e.g., boltwoodite or uranophane) is the primary soluble phase in
AT7-0, A7-20, and A7-90, with a uranyl-phosphate (e.g., ankoleite) being a secondary, less
soluble component. While we cannot clearly distinguish among these phases, available
thermodynamic data indicate that these minerals are highly soluble (9). Equilibrium solubilities
for pore water solutions in equilibrium with boltwoodite, uranophane, and ankoleite (calculated
using Visual Minteq v2.52) are 9.0, 1.1, and 0.5 mg/L respectively, which are comparable to
uranium concentrations reported in mine water discharges in Church Rock between 1969 and
1982 (0.7-3.71 mg/L) (33). The fate of uranium in the dissolved load is unknown; it is possible
that soluble uranium is transported downward through the vadose zone with infiltrating
precipitation, potentially impacting groundwater resources.

This study is among the first watershed-scale assessments of uranium geochemistry since the
cessation of mining activities in the Upper Puerco watershed in the late 1980s. Our investigation
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points to the utility of geochemical characterization to support site-specific exposure
concentrations and assumptions. This in turn may provide a more accurate foundation for
human and ecological risk assessment and be useful in the development of risk management
strategies. Results of this study maybe indicative of uranium mobilization in other areas in
which geologically similar uranium ore was mined and brought to the surface for processing.
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FIGURE 1.

(Left panel) Results of uranium batch dissolution experiments. Dashed line represents apparent
change in the rate of dissolution between 0-6 and 6-96 h. Gray lines represent equilibrium
uranium concentrations of uranyl phases in synthetic porewater. (Right panel) Uranium
dissolution after 24 h from fixed sediment masses of A7-90 (Black circles = 0.5 g; hollow
circles = 0.1 g) in different volumes (2—-40 ml) of synthetic pore water. Dashed red line
represents the approximate solubility limit of one mineral phase (predicted as ankoleite using
Visual Minteq), while the dashed blue line represents the approximate solid phase
concentration of a second mineral phase(s).
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FIGURE 2.

XANES spectra of A7-0, A7-20, and A7-90 prior to and after three cyclical extractions with
synthetic pore water. (Absorbance was multiplied by an offset factor for each spectrum to
prevent overlay of data).
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(Left) EXAFS spectra: Solid lines represent experimental data and dashed lines represent
theoretical Feff fitting. (Right) Radial structure—functions of A7-0, A7-20, and A7-90. Solid
lines represent experimental data and dashed lines represent theoretical shell fits. FT = Fourier
transform and R = bond length.
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(Left) Tricolor X-ray fluorescence plots of U, Ca, and K in A7-0 and A7-90. Purple color

represents the association between U and K. White boxes represent uranium “hot spots”. Green
represents Ca. (Right) Correlation plots of U and K. Black dots represent all data (n = 25,000)
where white circles represent U-K correlation at “hot-spot”.
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TABLE 1

Uranium in Sediment and Suspended Sediment from the Upper Puerco Watershed
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area mean particle size um n range U mg/kg mean U £+ SD mg/kg
1 106.8 7 2.9-8.2 56+1.8

2 260.6 16 1.7-7.7 36+1.8

3 121.8 4 0.46-2.7 1.6 +£0.99

4 283.0 21 1.7-7.3 43+16

5 76.20 27 2.3-11 6.3+2.0

6 103.1 22 15-7.8 49+15

72 53.86 31 0.3-120

Puerco Riverb 2.566 3 2.6-4.7 38111

Stock pondb 1.971 2 4.7-4.9 48+0.16

a . _ .
Concentrations of U from area 7 were not normally distributed; therefore mean + SD are not reported. Median U was 22.5 mg/L.

bSuspended sediment samples.
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