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ABSTRACT: The chemical interactions of U and co-
occurring metals in abandoned mine wastes in a Native
American community in northeastern Arizona were inves-
tigated using spectroscopy, microscopy and aqueous chemistry.
The concentrations of U (67−169 μg L−1) in spring water
samples exceed the EPA maximum contaminant limit of 30 μg
L−1. Elevated U (6,614 mg kg−1), V (15,814 mg kg−1), and As
(40 mg kg−1) concentrations were detected in mine waste
solids. Spectroscopy (XPS and XANES) solid analyses
identified U (VI), As (-I and III) and Fe (II, III). Linear
correlations for the release of U vs V and As vs Fe were
observed for batch experiments when reacting mine waste
solids with 10 mM ascorbic acid (∼pH 3.8) after 264 h. The
release of U, V, As, and Fe was at least 4-fold lower after
reaction with 10 mM bicarbonate (∼pH 8.3). These results suggest that U−V mineral phases similar to carnotite
[K2(UO2)2V2O8] and As−Fe-bearing phases control the availability of U and As in these abandoned mine wastes. Elevated
concentrations of metals are of concern due to human exposure pathways and exposure of livestock currently ingesting water in
the area. This study contributes to understanding the occurrence and mobility of metals in communities located close to
abandoned mine waste sites.

■ INTRODUCTION

Uranium (U) mining operations in the United States from the
1940s to the 1980s resulted in an extensive legacy of negative
environmental consequences. More than 10 000 abandoned U
mine waste sites are located throughout the western United
States.1 On Navajo Nation, in the Four Corners region of the
Southwestern United States, 1100 of these sites remain
associated with more than 500 abandoned mines containing
mixtures of U, arsenic (As), and other metals.1−3 Concen-
trations of U and As in unregulated water sources used for

drinking by livestock and residents who lack access to regulated
water sources on Navajo Nation have been found to exceed the
U.S. Environmental Protection Agency Maximum Contaminant
Limit (USEPA MCL).2 Although the high concentrations of
metals in water sources could be attributed to naturally
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occurring geological characteristics or leaching from abandoned
uranium mine wastes in these communities, limited scientific
studies have addressed the sources of metals and their potential
mobility in abandoned mine wastes in Navajo Nation. For
example, the USEPA has assessed the U and As concentrations
in Tuba City and Monument Valley, AZ; Mexican Hat, UT and
Shiprock and Church Rock, NM, all on Navajo Nation.4

Another study from Kamp and Morrison5 used chemical and
isotopic signatures to distinguish the source of uranium in
groundwater near Shiprock, NM. The United States Geological
Survey (USGS) has also published reports on water quality in
Monument Valley, AZ,6 and deLemos et al.7 reported the rapid
dissolution of a soluble uranyl phase near Church Rock, NM.
Toxicity of both U and As is well documented in human

exposure by inhalation and ingestion.8,9 Uranium has long been
recognized as a kidney toxicant9 but also has been linked to
adverse developmental outcomes in animals.10 Arsenic is a
known carcinogen but also affects fetal development, the
central nervous system, and the circulatory system.8 Addition-
ally, recent studies in Navajo communities have linked
exposures to mine wastes with an increased likelihood of
developing one or more chronic diseases including hyper-
tension, kidney disease, and diabetes.11 The toxicity of V due to
ingestion or inhalation pathways has not been widely
studied.12−15 However, a synergistic cardiovascular effect was
observed in animal studies assessing the toxicity of V and Ni
due to inhalation of ambient particulate matter.13 Additionally,
V can interfere with enzymatic systems such as ATPases and
ribuonucleases and lungs can absorb soluble vanadium
compounds and are the main organ affected by vanadium
toxicity.12,16

Mine waste sites located in Native American communities
have been overlooked because of low population densities and
the remoteness of the waste sites themselves. A clear example is
the Blue Gap/Tachee Chapter of the central Navajo Nation in
northeastern Arizona where more than a dozen mining sites
were operated starting in the 1950s, and were abandoned when
mining operations ceased in the late 1960s. Mine wastes were
produced from conventional underground and open-pit mining
and were not subject to regulatory controls. However, uranium
mill tailings (the wastes left over from the processing of ore for
its U content) have been regulated by the federal government
and states under authority of the Atomic Energy Act since
1978.17 Reclamation of mine wastes and environmental
restoration of abandoned mine sites are now being addressed
by the USEPA, in collaboration with states and tribes, under
authority of the federal Superfund law3 or under state laws
regulating hardrock mining. Thousands of abandoned uranium
mine sites that exist in the western United States have not yet
been systematically characterized.1

A variety of biogeochemical and physical processes could
control the mobility and fate of U, As, and other co-occurring
metals in abandoned mine wastes. Some key parameters that
control mechanisms of adsorption, dissolution, precipitation of
secondary minerals, and aqueous complexes include pH, Eh,
temperature, and elemental composition of the system.18−20

The occurrence of U(IV) is common in reduced subsurface
environments; examples of U(IV) phases are more labile
monomeric U(IV)21−24 and uraninite, whose solubility can be
orders of magnitude lower than other uranium mineral
phases.25−27 Under surface oxic conditions and environ-
mentally relevant pH values, U(VI) is the most soluble and
mobile form.28,29 For instance, U(VI) can form pH-dependent

aqueous complexes with carbonate as uranyl-carbonates,
accounting for 60−80% of the soluble U(VI) species at a
circumneutral pH.28,30,31 In addition, U(VI) can adsorb to Fe
and Mn oxides32−35 or occur in mineral phases such as
phosphates, vanadates, and silicates.36−38 Uranyl vanadates,
such as carnotite [K2(UO2)2V2O8] and tyuyamunite [Ca-
(UO2)2(VO4)2·nH2O], are commonly occurring mineral phases
under oxidizing environments typical of abandoned mine
wastes with abundant concentrations of U and V.38−40 Arsenic
may exist in different oxidation states (e.g., −I, 0, I, III, and V),
among which As(III) and As(V) are most commonly observed
in the environment.41−44 The reduced form As(III) is generally
the most mobile in the environment, especially below pH 7−
8.45−47 Both As(III) and As(V) can adsorb to iron oxides
(ferrihydrite, goethite, or hematite) or iron-bearing clay
minerals (illite, saponite, or kaolinite with oxidized iron) at
environmentally relevant pH values and conditions.45,46,48,49

Additionally, As(III) and As(V) can occur in primary mineral
phases, such as arsenopyrite (FeAsS), orpiment (As2S3), and
realgar (As4S4), and secondary mineral phases, such as
scorodite (FeAsO4.2H2O) or conichalcite (CaCu(AsO4)-
(OH).50−52 In many instances, U and As can be found in an
environmental system as mixtures of two or more of these
mineral phases. Examples of these are U(VI) adsorbed to
ferrihydrite, As(V) or As(III) adsorbed to goethite, and the
mineral trogerite (UO2HAsO4·4H2O).

50 Limited studies have
focused on understanding the chemical interaction and
mechanisms controlling the potential release of metal mixtures
of U, As, and co-occurring elements from mine wastes into
water sources.50,53

The main objective of this study was to assess the presence
and chemical interaction of U and other co-occurring metals in
soils in the Claim 28 abandoned mine waste site and in adjacent
and nearby springs in Blue Gap/Tachee Chapter of the Navajo
Nation in northeastern Arizona. The study was initiated in
response to repeated concerns of community members about
the potential health impacts of living close to this and other
abandoned mines. We conducted spectroscopy, microscopy,
diffraction, and aqueous chemistry analyses to assess the
chemical composition and structure of abandoned mine waste
solids. Through batch laboratory experiments, we assessed
interfacial processes affecting metal release under environ-
mentally relevant conditions. The results from this investigation
contribute to a better understanding of the metal contents of
the wastes and the chemical interactions that affect metal
occurrence and mobility.

■ MATERIALS AND METHODS
Materials. Samples of abandoned mine waste solids, soil,

and water from adjacent and nearby springs were collected
from the Claim 28 abandoned uranium mine in 2014. The
mine waste site is located within 1 km of homes of Blue Gap/
Tachee community members (Supporting Information, Figure
S1). A total of seven samples (four water and three solid
samples) were collected in two sampling trips in January and
June 2014. Among the collected water samples, WS1 and WS2
were collected from a seep flowing out of the mine waste site at
Claim 28. This seep was identified by local residents whose
families had used the location for drinking water and livestock
water in the 1960s and 1970s. Two other water samples, WS3
and WS4, were collected from a spring (locally called Waterfall
Spring) located 5 km northeast of the abandoned mine site at
the head of a dendritic drainage pattern. Unlike the seep, this
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spring flows out of bedrock. Water samples were collected in
precleaned, 250 mL polypropylene bottles for transport to the
laboratory. A calibrated portable pH meter (Yellow Springs
Instrument Co., Model 63) was used to measure the pH and
temperature of the waters immediately after collection.
Throughout the study, the three solid samples are referred to

as mine waste 1 (MW1), mine waste 2 (MW2), and baseline
reference soil (BRS). Sample MW1 is a solid sample from an
erosion channel within the Claim 28 mine waste. Sample MW2
is a solid sample collected from a similar location in the surface
of the Claim 28 site from where sample MW1 was collected.
Note that both samples MW1 and MW2 are comparable given
that, even though they were collected on different dates, they
were obtained from the Claim 28 mine waste site. Sample BRS
consists of soil located 2 km from the abandoned mine waste
site on local range land that had not been impacted by mining
activities. The mine waste solids and soil samples were collected
from the top 30 cm of each location under surface oxic
conditions and placed into labeled gallon plastic bags. Gamma
(γ) radiation measurements, using a calibrated Ludlum Model
19 MicroR Meter and a Safecast bGeigie Geiger counter helped
classify the three solid samples as mine wastes and baseline
reference soil (Supporting Information, Table S1). The BRS
sample was designated as a baseline reference soil based on a
maximum surface γ radiation rate (13 μR/h) typical of rates
observed in areas of the Navajo Nation not impacted by mining
or other human activities that may technologically mobilize
naturally occurring radioactive materials.
Acid Extractable Procedure. To assess the acid

extractable elements from the mine waste samples, an acid
digestion was performed. The digestion involved addition of 3
mL of concentrated hydrofluoric acid (HF), 3 mL concentrated
nitric acid (HNO3

−) and 5 mL concentrated hydrochloric acid
(HCl) into 50 mL Teflon digestion tubes with 2.000 ± 0.002 g
of <63 μm soil sample. All reagents used were high purity. The
digestion tubes were then heated in a Digi prep MS SCP
Science block digester at 95 °C for 2 h. Following heating, acid
extracts were diluted to 50 mL and filtered through a 0.45 μm
filter to remove suspended solids from samples before analysis.
Inductively Coupled Plasma (ICP). Water samples and

extracts from the acid digestion of the solid samples were
measured for elemental concentrations using a PerkinElmer
Optima 5300DV Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES), with a detection limit of <0.5 mg
L−1. Trace elemental concentrations were measured with a
PerkinElmer NexION 300D (Dynamic Reaction Cell)
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS),
with a detection limit of <0.5 μg L−1. Both ICPs are calibrated
with a five-point calibration curve, and QA/QC measures are
taken to ensure quality results.
Procedure for Batch Experiments. Batch experiments

were performed to understand the mechanisms that control the
release of labile metals from solid mine waste samples. The
experiments were performed using 10 mM bicarbonate and
ascorbic acid solutions at a pH of 8.3 and 3.8, respectively, to
assess the mechanisms based on release times using environ-
mentally relevant reactants. These pH values and concen-
trations were carefully chosen to closely mimic the buffering
capacity and pH of the aqueous samples collected from the
abandoned mine waste site. The dry solid sample was sieved
using U.S. standard sieve series number 230 (63 μm), and
0.1000 ± 0.0005 g of replicate samples were weighed into 50
mL centrifuge tubes. We used 18 M′Ω deionized water to

prepare 10 mM bicarbonate and ascorbic acid solutions. Then,
50 mL of reagent was volumetrically added to the samples and
exposed to a continuous gentle shaking for 264 h. The
experiment was performed for 264 h collecting 2 mL samples at
time periods of 0.5, 1, 2, 6, 24, 48, 96, and 264 h. This process
was repeated for MW1, MW2, and BRS in triplicate. The
extracts were filtered using a 0.45 μm syringe filter and
accordingly diluted for analysis by ICP-OES and an ICP-MS.

Solid Characterization. Mine waste samples and sedi-
ments were analyzed using X-ray diffraction (XRD), scanning
electron microscopy (SEM), X-ray fluorescence (XRF), X-ray
photoelectron spectroscopy (XPS), and X-ray absorption
spectroscopy (XAS). Additional technical details of these
methods are described in the Supporting Information.

■ RESULTS AND DISCUSSION
Elemental Content of Water Samples. Elevated

concentrations of U, ranging between 67 and 169 μg L−1,
were measured in water sources on the abandoned mine waste
and 5 km away from the Claim 28 mine waste location that was
sampled for this study. These concentrations are 2−5 times
higher than the USEPA of 30 μg L−1 for regulated drinking
water.3 The pH of the samples collected from a seep on the
mine waste site (WS1 and WS2) was 3.8 in both samples, with
alkalinity below the method detection limit, while the pH of
samples collected 5 km northeast of the mine waste from a
developed spring flowing out of bedrock (WS3 and WS4) was
7.2 and 7.4, with alkalinities ranging from 135 to 430 mg L−1 as
CaCO3 (Table 1). Our results are consistent with a previous

study performed by the USEPA that considered the same
location from which sample WS3 for this study was obtained,
reporting a concentration of 92.6 μg L−1 U.4 Arsenic
concentrations in all four water samples ranged from 5.7 to
9.6 μg L−1. These concentrations are close to the As MCL of 10
μg L−1.54 Aqueous concentrations of vanadium are consistent
across all four water samples: V ranged from 115 μg L−1 to 171
μg L−1 in the mine-seep samples and from 156 to 158 μg L−1 in
the developed spring samples. The concentrations of V
observed in this study are comparable to those reported for
the U.S. Department of Energy (DOE) site in Rifle, CO (mean
V concentration 145.9 μg L−1).55 Iron concentrations also
reported by ICP-OES are as low as 22 μg L−1 for samples WS1
and WS2 but were below detection limit (BDL) for samples
WS3 and WS4.

Table 1. Aqueous Elemental Content and pH of Water
Samplesa

Seep 1 Seep 2 Spring 1 Spring 2

parameters (WS1) (WS2) (WS3) (WS4)

Al 56 300 60 500 BDLb BDL
As 5.7 5.7 6.6 9.6
U 163 169 67 135
K 16 400 16 400 4500 6300
V 115 171 156 158
Fe 22 22 BDL BDL
pH 3.8 3.8 7.2 7.4
alkalinity <0.01 <0.01 430 135

aAqueous elemental content measured with ICP-OES and ICP-MS).
All concentrations in μg L−1, except for pH (units) and alkalinity (mg
L −1 as CaCO3).

bBDL = below detection limit.
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Bulk Elemental Content of Abandoned Mine Waste
Solid Samples. Elevated U concentrations, ranging from 2200
to 6600 mg kg−1, were measured in abandoned mine waste
solid samples through XRF bulk analysis. While the mine waste

U concentrations are 2−3 orders of magnitude greater than the
crustal average1 of 2.78 mg kg−1, the BRS concentration is BDL
of 60 mg kg−1 U on the XRF. Arsenic is BDL on the XRF for all
samples. ICP-OES measurements for arsenic concentrations are

Table 2. Elemental Content of Solid Samples Determined by X-ray Fluorescence (XRF) and ICP-OES

elemental content (μg g−1)

samples Al As U K V Fe S

baseline reference soil (BRS) 52 129 BDLa BDL 36 678 BDL 26 739 1339
mine waste 1 (MW1) 69 533 20b 2248 54 072 15 814 15 259 223
mine waste 2 (MW2) 59 730 40b 6614 69 604 4328 3511 1834

aBDL = below detection limit. The detection limit for U and As is 60 μg g−1 and for V is 200 μg g−1. bICP-OES results.

Figure 1. SEM and EDS characterization of sample MW1. (A) BSE image of polished sample showing rock fragment with aggregates of a U−V
phase (red arrows) associated with quartz, K-feldspar, and clay. (B) BSE image of dispersed sample of MW1 showing micron-sized grains of a U−V
phase on the surfaces of quartz and feldspar grains. (C) BSE image of a U−V phase (white arrow) on the surface of K-feldspar. Fe oxide or
oxyhydroxide (Fe-ox) grain is arrowed (red). (D, E, F, and G) Elemental X-ray maps for K, U, V, and Fe of region shown in C, showing that K, U,
and V occur in the high Z contrast grains. (H) Composite X-ray map of (red) U, (green) V, and (blue) Fe, showing (yellow) correlation of U and V
in the submicron grains, and (blue, lower right) iron is uncorrelated and occurs in distinct grains. (I) EDS spectrum from a of a U−V phase on K-
feldspar showing distinct K, U, and V peaks; (inset) enlarged region of spectrum. The Si and Al peaks are from the K-feldspar substrate which also
contributes to the K peak.
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20−40 mg kg−1 (crustal average 1.7 mg kg−1)52 for mine wastes
and BDL for the reference soil. Additional XRF results are
shown in Table 2. The BRS Al and S concentrations are similar
to the mine waste concentrations, K concentrations are 2 times
lower in the BRS deposit, and Fe is up to 2 times higher in the
BRS. The elemental concentrations in the BRS further confirm
that this sample is representative of background conditions not
impacted by mining activities.
Mineralogy of Mine Waste Samples. X-ray diffraction

patterns from the mine waste solid samples show that the major
mineralogical constituents are quartz (SiO2; 59%) potassium
feldspar (KAlSi3O8; 34%), and kaolinite (Al2Si2O5(OH)4; 7%;
Supporting Information, Figure S2). These data are supported
by SEM backscattered electron (BSE) imaging and SEM/EDX
(Figure 1A). In addition to these major phases, BSE imaging
and EDS X-ray mapping also show the presence of a U- and V-
rich phases that occur as aggregates (up to 80 μm in size) and
individual grains as small as 200 nm (Figure 1B,C). X-ray
mapping (Figure 1D−H) and qualitative EDS (Figure 1I)
analysis show that the main U−V-rich phase also contains
elevated concentrations of K, suggesting that it is most likely to
be the uranyl vanadate, carnotite (K2(UO2)2(VO4)2·1−3H2O)
(Figure 1B). Some analyses also show the presence of variable
concentrations of Ca that may be due to the presence of the
Ca-bearing uranyl vanadates, tyuyamunite (Ca(UO2)2(VO4)2·
5−8H2O), metatyuyamunite (Ca(UO2)2(VO4)2·3−5H2O), or
both.
These data from the mine waste solids are consistent with

the known mineralogy of the ore-bearing formation. The U ore
in this area is hosted in tabular and lenticular bodies within the

Cretaceous Mesa Verde Group, specifically the Rough Rock
Sandstone (formerly named the upper sandstone unit of the
Toreva Formation56), an arkosic sandstone composed of
quartz, potassium feldspar, and clays.57 The mineralogy of U-
bearing ore in this area is dominated by U- and V-rich minerals,
including carnotite, tyuyamunite, melanovanadite, and vana-
dium-rich clays.57

XPS Surface Analyses for Oxidation States. The
presence of 100% U(VI) and 100% V(V) (based on the
positions of the U 4f7/2 and V 2p3/2 peaks) in the near-surface
region of samples MW1 and MW2 was determined by high
resolution U 4f and V 2p XPS spectra (Figure 2; and
Supporting Information, Table S2). Curve fitting analyses of
the As 3d region indicate that sample MW1 contains 83%
As(III) and 17% of As(−I) (Figure 2; Supporting Information,
Table S3). The presence of 72% Fe(II) and 28% Fe(III) was
also identified in sample MW1 (Figure 2; Supporting
Information, Table S3 and Figure S4), with Fe(II) as the
dominant oxidation state in MW1 (Figure 2). In sample MW2,
100% As (III) was detected with 50% Fe(II) and 50% Fe(III).
In contrast, the BRS sample contains 72% Fe(III) and 28%
Fe(II) (Supporting Information, Table S3), with concen-
trations of As and U below detection limit (Supporting
Information, Table S3). These results suggest that a higher
percentage of Fe(II) is present when there is reduced As in
mine waste samples. The speciation of As in gold mine wastes
has been quantified with different characterization techniques
and found to be a combination of approximately 20% reduced
As (likely as arsenopyrite and arsenical pyrite) and 80% as
oxidized As.44 Other researchers reacted arsenopyrite with

Figure 2. High-resolution XPS spectra representative of the sample (MW1). Uranium and vanadium are present as VI and V chemical states in all
the analyzed areas. In some areas, As is present as As(III), and in others, it is present as a reduced form (As(−I)). Both Fe2+ and Fe 3+ are present in
samples. The black line represents experimental spectra obtained. The red line represents the fitted curve resulting from sum of individual peaks used
in fitting. The results of quantitative analysis of the spectra are reported in Table S3 (Supporting Information) for samples from two different mine
waste areas.
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waters from a waste rock pile, reported a combination of
Fe(III) from oxidized surface layers and Fe(II) from
arsenopyrite, which contributed to the total Fe 2p XPS
spectra.43 In our study, variable atomic percentages of U 4f, V
2p, As 3d, and Fe 3p was determined by XPS survey scans for
samples MW1 and MW2 (Supporting Information, Table S2),
indicating notable physical and chemical heterogeneity between
mine waste samples MW1 and MW2, collected at different
locations on the Claim 28 site.
X-ray Absorption Fine Structure (XAFS) Bulk Analyses

to Determine Oxidation State and Molecular Coordina-
tion. The predominance of U(VI) in MW1 is confirmed by
direct comparison to the XANES spectra of U(IV) in UO2.00
and U(VI) in carnotite (Figure 3A). The typical shape of the

white line on the XANES spectra and the associated edge shift,
including the higher energy multiple scattering shoulder
consistent with U(VI), is remarkably similar to that of carnotite.
Coordination numbers found through EXAFS fits (Figure
3B,C; Supporting Information, Table S5) confirm the presence
of a uranyl vanadate local structure motif, with coordination
similar to that found in carnotite or tyuyamunite. No additional
pair correlations that would indicate the presence of uranyl
phosphate or other carbonate mineral phases were found to be
present in the EXAFS spectra.
Batch Experiments under Environmentally Relevant

Conditions. The release of U into solution was observed from
batch experiments using 10 mM HCO3

− (pH 8.3) and 10 mM
ascorbic acid (pH 3.8; Figure 4). The experimental conditions
used represent environmentally relevant pH and alkalinity
values found in springs sampled from the mine waste region.
The pH value of 8.3 is characteristic of the spring flow out of
bedrock while the pH 3.8 represents a seep from mine waste.

Within 1 h of reaction with the bicarbonate solution, 1700 mg
kg−1 of U was released, which is 40% of the total U released
from the solid. The concentration of U released after 264 h
with the bicarbonate solution was similar to the concentration
released after 0.5 h with the ascorbic acid solution. Desorption
and complexation contribute to readily release mobile species
of U and V from mine waste solids exposed to 10 mM HCO3

−

at pH 8.3. A similar release pattern is observed in the first 0.5 h
of reaction with ascorbic acid. The release of U(VI) into water
has been related to natural oxidizing and carbonate-rich
conditions,27,28,40 similar to experiments performed in the
laboratory and in the field. Additionally, a linear relationship
between U and V exists (R2 = 0.9486) for the bicarbonate
solution results (Figure 4), which indicates that the two
elements are cohosted in the same mineral.
A linear relationship also exists between U and V (R2 =

0.9966) for the ascorbic acid results (Figure 4), which show a
proportionate release of U and V likely the result of congruent
dissolution of carnotite. The dissolution of carnotite is
controlled mainly by the low pH of 3.8 rather than
complexation with ascorbate, given that the pKa1 of ascorbic
acid is 4.10. At pH 3.8, we expect that the solution will consist
of 67% ascorbic acid and only 33% ascorbate, so complexation
of metals with ascorbate will not play a predominant role.
Higher dissolution of carnotite was observed at pH 4 compared
with pH 8 in another study.38

The release rate of As using 10 mM bicarbonate was 4−5
times lower than with the 10 mM ascorbic acid. Similar to the
behavior of U release, the concentration of As released after 0.5
h of reaction with ascorbic acid is only reached after 264 h of
reaction with bicarbonate. After 2 h of reaction with
bicarbonate, the As concentration released from MW1 was
1.5 times greater than the crustal average of 1.7 mg kg−1.52 The
relationship between As and Fe release with the bicarbonate
solution is not linear (R2 = 0.0548), indicating that under these
conditions the release of these metals is not caused by an As−

Figure 3. (A, dark mustard curve) Normalized XANES spectra for
MW1, (black curve) reference spectra for U(IV), UO2.00 stoichio-
metric uraninite, (red curve) and U(VI), carnotite [K2(UO2)2V2O8],
are shown for comparison. (B) MW1 background subtracted EXAFS
(dark mustard curve); (C) Fourier transform magnitude and shell by
shell fit (dashed). Individual scattering paths included in the fit (red,
U−O; blue, U−V; and green, U−U pairs) are displayed in panel C in
an inverted scale. The dotted lines are located at the inflection points
of U(IV) and U(VI) standard compounds and were included in the
figure as aids for the eye to distinguish the energy shift between the
different Uranium species.

Figure 4. U, V, As, and Fe trends for dissolution experiments in (●)
ascorbic acid (pH 3.8) and (gray △) bicarbonate solution (pH 8.3);
(top) correlation between percentage release of U and V, and
(bottom) correlation between percentage release of As and Fe.
Aliquots were sampled from 0.5 to 264 h for both the ascorbic acid
and bicarbonate solutions.
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Fe bearing mineral phase. Nonlinear release could also occur
due to significant dissolution and reprecipitation, or dissolution
and readsorption. However, the relationship is linear with the
ascorbic acid experiment (R2 = 0.9507) (Figure 4). As noted
earlier, it is expected that at pH 3.8 the solution will contain
67% ascorbic acid and only 33% ascorbate, so complexation of
metals or reduction by ascorbate will not play a predominant
role. Thus, it is likely that the release of As and Fe at pH 3.8 is
controlled by an As−Fe bearing phase. This result is consistent
with XPS analyses which suggest the possibility of an As and Fe
mineral association. Arsenic-Fe-bearing phases can play an
important role in the mobility of As in these abandoned mine
wastes.41,43 The early release of some Fe and As with
bicarbonate and the nonlinear nature of the relationship
indicates that these two elements are weakly bound leading to
three possibilities: (1) easily mobile As from Fe oxides or Fe
oxyhydroxides; (2) weakly bound, easily oxidizable As−Fe
phases due to their proportionate release; or (3) a combination
of 1 and 2. These results are consistent with the findings
reported in other studies.42,51 For instance, when arsenopyrite
reacted with waters from a waste rock pile, reduced arsenic was
still present in the surface of oxidized arsenopyrite due to
diffusion of reduced As from the unoxidized interior of the
mineral.41,43,44 While our XPS analyses suggest that reduced
As(−I) is present in mine waste sample MW1, additional
research is needed to identify arsenopyrite or As-bearing Fe-
oxide mineral phases.
Environmental Implications. The elevated concentrations

of U and co-occurring metals at the Claim 28 abandoned
uranium mine waste site represent a concern for communities
living nearby. Metals contained in these abandoned mine
wastes could potentially be released through runoff and human
exposure pathways which include consumption of livestock
currently ingesting water in the area. The results in this study
present for the first time a characterization of the concen-
trations of U and co-occurring metals, and the chemical
interactions in and around the Claim 28 site that could affect
the potential release of these constituents. The information
gathered will help community members and stakeholders
influence public policy to make informed decisions about the
adequate management of abandoned mine waste sites in the
Blue Gap/Tachee community. The wastes at the Claim 28 site
have concentrations of U ranging from 0.22 to 0.66 wt %, that
are typical of ore grades mined throughout the Colorado
Plateau since the late 1940s.58,59 Furthermore, U concen-
trations in the mine wastes analyzed in this study are 4−11
times greater than the concentration that defines “source
material” under NRC regulations,60 referring to ores containing
0.05 wt % U, or 500 mg kg−1. Findings from this study suggest
that uranyl vanadates such as carnotite and As−Fe-bearing
phases control the availability of U and As in these abandoned
mine wastes. Batch experiments reveal the mobility of U and As
from the mine waste sediments exposed to the pH values and
complexing agents used in this study. It is also worth noting
that our XPS analyses suggest that As(III) was predominant in
samples MW1 and MW2; As(III) is a toxic and potentially
mobile form of As. Carnotite occurs as grains that can be as
small as 200 nm, and so, they have a large surface-to-volume
ratio, which will enhance dissolution rates. This is very
important for the rapid release of these elements when water
is available. These results provide new insights to the limited
literature related to chemical interactions of U, As, and other
metal mixtures in environmentally relevant systems. Our study

suggests that the dissolution and reactivity of U−V phases (e.g.,
carnotite) in abandoned mine wastes are important mecha-
nisms controlling the mobility of U in water sources close to
abandoned mine waste sites with similar geological character-
istics to that of the Claim 28 site. It is also possible that
adsorbed phases and other secondary precipitate phases that
have not yet been identified in this study control the mobility of
U and As under field conditions.
The water sources sampled in this study, which contained U

concentrations 2−5 times higher than the USEPA MCL, were
previously used by the community for human consumption. No
data are available to assess the concentrations of these metals in
the water source at the Claim 28 mine waste site during the
active mining period when community members were unaware
of the risks by ingestion of these water sources. The water
source located 5 km to the northeast of the Claim 28 mine
waste site is still used for animal consumption. These metals
could be mobilized in water under environmentally relevant
conditions tested in our laboratory for experiments conducted
at pH 3.8 and 8.3. Both the inhalation and ingestion pathways
could result in significant exposures with mobilization of even
relatively low percentages of the waste material given the high
concentrations of metals and small grain sizes available
documented in our investigation. Understanding exposure
pathways related to ingestion of particulate material from
abandoned uranium mine wastes is an important subject for
future research. This study demonstrates that mine wastes are
significant potential sources of heavy metals that can be
released rapidly in the water system and, hence, can present a
major source of potential exposure to metals to people living
close to abandoned mine waste sites.
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