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ABSTRACT: The reactive transport of uranium (U) and
vanadium(V) from abandoned mine wastes collected from the
Blue Gap/Tachee Claim-28 mine site in Arizona was
investigated by integrating flow-through column experiments
with reactive transport modeling, and electron microscopy. The
mine wastes were sequentially reacted in flow-through columns
at pH 7.9 (10 mM HCO3

−) and pH 3.4 (10 mM CH3COOH)
to evaluate the effect of environmentally relevant conditions
encountered at Blue Gap/Tachee on the release of U and V.
The reaction rate constants (km) for the dissolution of uranyl−
vanadate (U−V) minerals predominant at Blue Gap/Tachee
were obtained from simulations with the reactive transport
software, PFLOTRAN. The estimated reaction rate constants
were within 1 order of magnitude for pH 7.9 (km = 4.8 × 10−13 mol cm−2 s−1) and pH 3.4 (km = 3.2 × 10−13 mol cm−2 s−1).
However, the estimated equilibrium constants (Keq) for U−V bearing minerals were more than 6 orders of magnitude different
for reaction at circumneutral pH (Keq = 10−38.65) compared to acidic pH (Keq = 10−44.81). These results coupled with electron
microscopy data suggest that the release of U and V is affected by water pH and the crystalline structure of U−V bearing
minerals. The findings from this investigation have important implications for risk exposure assessment, remediation, and
resource recovery of U and V in locations where U−V-bearing minerals are abundant.

■ INTRODUCTION

The legacy of mill tailings and wastes from mining operations
have resulted in the release of elevated concentrations of metals
and radionuclides, which pose imminent environmental and
human health concerns.1,2 For instance, the negative health
impacts of human exposure to uranium (U) and vanadium(V)
through inhalation and ingestion have been well docu-
mented.3,4 Uranium and V co-occur at numerous abandoned
mine waste sites on the Navajo Nation territory near the four
corners region of the southwestern U.S.5,6 Uranium and other
co-occurring metals from these mine wastes can be released
into neighboring water resources affecting their water quality.
The aqueous and solid chemical speciation of U and V at

mine waste sites could be affected by a variety of interfacial
geochemical processes. These mine waste sites are usually
exposed to ambient surface oxidizing conditions in which
U(VI) is predominant.6,7 Aqueous U(VI) can complex with
OH− and CO3

2−, or react with alkaline earth metals and CO3
2−

to form neutral or negatively charged ternary complexes (e.g.,
U−Ca−CO3

2−) that affect U mobility in water.8,9 Vanadium
preferentially forms anionic [V10O26(OH)2

4−, V10O27(OH)
5−,

V10O28
6−, VO2(OH)

2−, VO3(OH)
2−, VO4

3−, V2O6(OH)
3−,

V2O7
4−, V3O9

3−, and V4O12
4−], cationic [VO2+], and neutral

[VO(OH)3] species of oxyanions and aqueous complexes.10,11

These oxyanions and aqueous complexes of V and U(VI) can
adsorb onto charged surfaces of Al oxides, Fe oxides, and clay
minerals.9,11−18 Uranium and V can also be present in solid
form as oxide, phosphate, carbonate, vanadate, and silicate
mineral phases.19−22 For instance, their co-occurrence as
carnotite [K2(UO2)2V2O8], tyuyamunite [Ca(UO2)2V2O8·(5−
8)H2O], metahewettite [CaV6O16·3(H2O)], melanovanadite
[CaV4O10·5(H2O)], and V-bearing clays has been observed at
the Rough Rock Sandstone of the Cretaceous Mesa Verde
Group study region located in southwestern US.23 Uranium
oxides such as schoepite [(UO2)8O2(OH)12·12(H2O)] are
commonly occurring minerals that also influence uranyl
solubility under oxic and suboxic environments between pH
6−9.24,25 These geochemical processes, which are key to the
aqueous and solid speciation of U and other co-occurring
metals, should be considered when investigating the reactive
transport of metals in abandoned mine wastes.
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Reactive transport modeling can be a useful tool to
investigate the interfacial mechanisms that affect the surface
and subsurface mobilization of U and other metals. Previous
studies have used reactive transport modeling to investigate the
adsorption behavior of U(VI) complexes onto alluvial aquifer
sediments.26,27 The subsurface desorption kinetics of U(VI)
species suggest a nonequilibrium sorption behavior with Fe-
oxides, Mn-oxides, and phyllosilicates.7,28,29 Uranium transport
can also be attributed to dissolution of mineral phases. For
example, U transport from contaminated subsurface Hanford
sediments was affected by the dissolution of metatorbernite
[Cu(UO2)2(PO4)2·8H2O], cuprosklodowskite (Cu[(UO2)-
(SiO2OH)]2·6H2O), and Na-boltwoodite [NaUO2(SiO3OH)·
1.5H2O].

28,30,31 The development of similar reactive transport
models that represent environmentally relevant oxidizing
conditions in abandoned mine waste sites is necessary to
better understand the mobility of U, V, and other metals.
Previous laboratory-based studies have shown that U and V

can interact through precipitation reactions forming uranyl
vanadate minerals with potassium and calcium (e.g., carnotite
[K2(UO2)2(VO4)2·3H2O] and tyuyamunite [Ca(UO2)2V2O8·
5−8(H2O)]).

21,32 These studies used batch experiments and
thermodynamic predictions to identify precipitation of uranyl
vanadates as an effective method to immobilize U and V below
the U-maximum contaminant level (MCL, 30 μg L−1) between
pH 5.5−7.21,32 The thermodynamic estimates in these studies
were in agreement with those previously calculated by
Langmuir.33 However, these theoretically estimated thermody-
namic constants are limited to synthetic minerals that have
been subjected to specific reactivity conditions which could
differ from those of U−V bearing minerals occurring in the
environment.
A recent study conducted by our research group at the Blue

Gap/Tachee Claim-28 mine site located in Northeastern
Arizona reported that the dissolution of U−V bearing minerals
affects the mobility of U and V at pH conditions observed in
the field, which range from 3.8 to 7.4.6 Results showed that U
and V co-occur in mine wastes predominantly as U(VI) and
V(V). The Extended X-ray absorption fine structure (EXAFS)
fittings suggest that U and V coordination in these mine waste
samples is similar to that of minerals such as carnotite or
tyuyamunite. Additionally, results from this study suggest
dissolution of these U−V bearing minerals as a potential source
to the elevated metal concentrations in neighboring surface
water resources.6 Although this study represents a valuable first
attempt to identify the co-occurrence of U and other metals at
this abandoned mine waste site, the mechanisms affecting the
reactive transport of U, V, and other metals remain unknown.
The objective of this study is to investigate the reactive

transport of U and V from the Blue Gap/Tachee Claim-28
mine waste site through laboratory experiments, reactive
transport modeling, and electron microscopy. In the current
investigation we seek to determine the equilibrium and reaction
rate constants for dissolution of these U−V bearing minerals at
circumneutral and acidic pH, by modeling the batch and
column experiments performed in this study with PFLO-
TRAN.27,28,33 This study was developed based on our prior
evidence that suggested U−V bearing mineral phases as the
potential source to U and V release from Blue Gap/Tachee
mine wastes.6 Our integrated approach of using microscopy and
reactive transport modeling serves as a foundation to better
understand the mechanisms affecting the reactivity of mine

wastes and the transport of U and V under environmentally
relevant conditions.

■ MATERIALS AND METHODS
Materials. We collected abandoned mine waste and

background sediment samples from the Blue Gap/Tachee
Claim-28 mine site in January 2014 to identify the processes
and phases that affect the U and V transport into neighboring
surface and groundwater resources. Sediment samples from the
site included mine waste and baseline reference soil (back-
ground soil) previously characterized by Blake et al, 2015.6 The
Blake et al. study used powder X-ray diffraction to identify
quartz (SiO2; 59%) potassium feldspar (KAlSi3O8; 34%), and
kaolinite (Al2Si2O5(OH)4; 7%) as the major mineralogical
constituents. Additionally the co-occurrence of U and V, and
predominance of U(VI) and V(V) were identified using
microscopy, X-ray photoelectron spectroscopy (XPS), and X-
ray absorption near edge spectroscopy (XANES) techniques.
Furthermore, the coordination numbers obtained from EXAFS
fits suggested the structure of the U−V bearing mineral to be
similar to that of carnotite or tyuyamunite.6

Batch Experiments. We conducted batch experiments to
model the U and V release at circumneutral (8.3) and acidic
(3.8) pH, and determined the equilibrium and reaction rate
constants for dissolution of U−V bearing mineral phases. The
determined equilibrium constant was then used to obtain the
reaction rate constants for U−V bearing mineral dissolution
during column experiments. Briefly in the batch experiments,
we reacted 0.1 g of mine wastes and background soil samples
that were sieved to <63 μm size (using U.S. standard sieve
series number 230), with 50 mL 10 mM HCO3

− (pH 8.3) and
10 mM C6H8O6 (pH 3.8) through gentle shaking in 50 mL
centrifuge tubes for 264 h, as described in Blake et al.6 During
the experiments we collected 2 mL aliquots 0.5, 1, 2, 6, 24, 48,
96, and 264 h after the experiment began. We diluted these
aliquots and analyzed for elemental concentrations using
inductively coupled plasma optical emission spectroscopy and
mass spectroscopy (ICP-OES/MS). All batch experiments were
conducted in triplicate.

Continuous Flow through Column Experiments. We
conducted column experiments to investigate the transport of
U and V from Blue Gap/Tachee sediments. An initial set of
experiments consisted of reacting mine waste and background
soil with 18MΩ water at pH 5.4 to evaluate the release of
water-soluble U and V. Another set of experiments was
performed in parallel for which the mine waste and background
soil were sequentially reacted at pH 7.9 (using 10 mM HCO3

−)
and pH 3.4 (using 10 mM CH3COOH). These pH values and
concentrations represent environmentally relevant conditions
observed at the study site.6 We prepared samples by crushing
and homogenizing sediments with a Spex shatter box and
sieving through U.S. standard sieve with series 120-45 to obtain
particle sizes between 125 and 355 μm. The homogenized
sieved fractions were then packed into cylindrical Pyrex glass
columns with an inner diameter of 1 cm and a height of 10 cm
using vacuum filter pumps. Solutions of 10 mM HCO3

− and 10
mM CH3COOH were prepared using 18MΩ deionized water,
NaHCO3 (powder), and 17.4N CH3COOH. The prepared
solutions were pumped against gravity through the packed
columns at 0.9 mL min−1 using a Masterflex L/S series 8-
channel peristaltic pump. The column experiments were
conducted on eight columns in parallel (Figure S1). We
chose 0.9 mL min−1 based on existing literature7,28,34 as a

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b03823
Environ. Sci. Technol. 2017, 51, 12385−12393

12386

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b03823/suppl_file/es7b03823_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b03823


typical groundwater rate to evaluate how solutions at
circumneutral and acidic conditions would react with mine
wastes. Columns 1, 2, 5, and 6 were packed with mine waste
and columns 3, 4, 7, and 8 were packed with background soil.
Columns 1−4 were reacted with 18MΩ water for 90 min with a
total of 23 (columns 1−2) and 31 (columns 3−4) pore
volumes (PV) at the rate of 3.53 and 2.65 cm3 PV−1,
respectively. Columns 5−8 were sequentially reacted for 1
week each (10 080 min) with 10 mM HCO3

− and 10 mM
CH3COOH (Figure S1). The 1 week reaction time resulted in
2570 PV for columns 5 and 6, and 3450 PV for columns 7 and
8. Samples were collected at 10, 20, 30, 40, 50, 60, 70, 80, and
90 min of reaction time from the outlets of columns 1, 2, 3, and
4. Samples were collected from columns 5−8, at 30, 180, 540,
1440, 2880, 4320, 5760, 7,200 and 10 080 min after sequential
reaction with 10 mM HCO3

− and 10 mM CH3COOH
solutions. The sample aliquots were filtered using a 0.45 μm
syringe filter and diluted accordingly for analyses. All
experiments were performed at room temperature (25 °C)
and, consequently, that temperature was set for the reactive
transport of modeling.
Aqueous Chemical Analyses. We used a PerkinElmer

Optima 5300DV inductively coupled plasma-optical emission
spectrometer (ICP-OES) and a PerkinElmer NexION 300D
(Dynamic Reaction Cell) inductively coupled plasma-mass
spectrometer (ICP-MS) to obtain the trace metal concen-
trations in experimental aliquots and total acid extracts of mine
waste and background soil. The solution pH was measured
using a Thermo Scientific Orion Versastar Advanced Electro-
chemistry pH meter. Additional technical details of these
methods are described in the Supporting Information.
Reactive Transport Modeling. We used PFLOTRAN a

surface−subsurface multiphase, multicomponent reactive flow
and transport model28,29,35 to determine the equilibrium
constants for U−V bearing mineral dissolution at circumneutral
and acidic pH (batch experiments) and identify the processes
controlling the reactive transport of U and V from mine waste
(column experiments).
To model the batch and column experiments we used,

various U and V bearing aqueous species and mineral, their
associated thermodynamic equilibrium constants (Keq) and
stoichiometric reaction coefficients (Tables S1 and S2), as
inputs for PFLOTRAN. Most of the listed parameters were
fixed, except the equilibrium constant of carnotite and reaction
rate constants of the U−V bearing minerals, metaschoepite
[UO3·2H2O] and rutherfordine [(UO2)CO3] which were
varied to fit the experimental data and obtain the equilibrium
and reaction rate constants for dissolution of U−V bearing
minerals. At circumneutral pH, minerals such as metaschoepite
and rutherfordine were considered in the model as they are
commonly occurring oxides and carbonates of U that affect U
transport.24,36−38 In addition to metaschoepite and rutherfor-
dine, surface complexation reactions for > SOUO2OH and >
SOHUO2CO3 were also considered in order to understand the
effect of sorption on the reactive transport of U.39 The
equilibrium constants estimated for U−V bearing minerals by
modeling the batch experiments at circumneutral and acidic pH
were used to estimate their reaction rate constants during
column experiments.
Some key assumptions made in the model include the

following: (1) U−V bearing minerals are the dominant U phase
in the mine waste sample. (2) U−V bearing minerals have
similar properties to those of carnotite. (3) U−V bearing

mineral particles are spherical in shape. These assumptions
were made on the basis of our previously published information
on the Blue Gap/Tachee mine site, where the EXAFS fits of
U−V bearing minerals (that were dominant in the mine waste)
suggested similar coordination as carnotite or tyuyamunite.6

The spherical shape of the U−V bearing minerals was assumed
for calculation simplifications.
Using PFLOTRAN, we modeled the water movement

through the column considering fully saturated sediments
under oxidizing conditions. The governing mass conservation
equation that accounts for the unidirectional change in the total
dissolved concentration of the jth primary species is given by
(eq 1):

∑φ φ∂
∂

Ψ + ∂
∂

Ψ − ∂
∂

Ψ = − −
∂
∂

⎜ ⎟⎛
⎝

⎞
⎠t z

q D
z

Q v I
S

t
( )j j j j

m
jm m

j

(1)

where z [L] is the height of the column (10 cm), t [T] is the
time for which column experiments were conducted Ψj [ML−3]
denotes the total concentration, D [L−2 T−1] denotes
hydrodynamic dispersion coefficient, Qj [M L−3 T−1] is a
source/sink term, Im [M L−3 T−1] is the reaction rate of the mth
mineral, νjm [−] is the stoichiometric coefficient for mineral
reactions, Sj [ML−3] is the sorbed concentration, q [L T−1] is
Darcy’s flux calculated to be approximately 1.15 cm min−1

based on the flow rate used for the column experiments, 0.9 mL
min−1 and φ [−] is porosity. Dirichlet boundary conditions
were used to model the 1D reactive transport of metals during
reaction at pH 7.9 (using 10 mM HCO3

−) and pH 3.4 (using
10 mM CH3COOH). Additional information and other
supporting equations used in the model are explained in the
Supporting Information. (SI eq 2−13)

Solids Characterization. Solid characterization using
JEOL 2010 high resolution transmission electron microscopy
(HR-TEM) was performed to determine the crystallinity of U−
V bearing minerals in the mine waste sample. Synchrotron
micro- X-ray fluorescence mapping (μ-SXRF) was conducted in
beamline (BL) 10−2 in Stanford Synchrotron Radiation
Lightsource (SSRL). Additional technical details of these
methods are described in the Supporting Information.

■ RESULTS AND DISCUSSION
Mine Waste Reactivity in Columns Using 18MΩWater

(pH 5.4). We investigated the potential release of water-soluble
U and V from mine waste solids by reacting columns with
18MΩ water as a function of pore volumes and time (Figure
S2). Aqueous concentrations as high as 2.3 × 10−7 M U and 74
× 10−6 M V were measured. For reference, the concentrations
of U released from this reaction (∼2.3 × 10−7 M) were similar
to the concentrations observed in one of the water sources
proximate to the site (spring concentrations equal to 2.8 × 10−7

M), as was shown in a previous study conducted by our group.6

These mobilized concentrations were almost two times higher
than the regulated U.S. Environmental Protection Agency
maximum contaminant level (MCL) of U, that is,1.3 × 10−7 M
(30 μg L−1).40 The U and V concentrations released after the
reaction of background soil (control) with 18MΩ water were
either below the MCL for U or below the detection limit of the
ICP−OES/MS instruments. The presence of U and V in the
effluent solution can be attributed to possible contributions
from electrostatically bound chemical species in the diffuse
layer or dissolution of soluble oxide phases, such as schoepite
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[(UO2)8O2(OH)12·12(H2O)] and V oxides as observed in
other investigations.41−43 The mobility of such labile aqueous
species from mine waste is environmentally relevant. Further
investigation of the reactive transport of U and V based on co-
occurring U−V bearing mineral phases was conducted by
sequentially reacting mine waste and background soil with
circumneutral and acidic reagents.
Reactive Transport of U and V at Circumneutral pH.

Batch Experiments at pH (8.3). The reactive transport model
developed for batch experiments reacting mine waste with 10
mM HCO3

− identified dissolution of U−V bearing minerals as
the key process affecting the dissolved concentrations of U and
V (Figure 1A,B). The equilibrium constant (Keq) for U−V
bearing mineral dissolution was estimated to be 10−44.81

assuming the stoichiometry of carnotite (Table 1), which was
almost 12 orders of magnitude lower than that reported in the
literature for carnotite (Keq = 10−56.38).44 The difference
between the Keq for dissolution of U−V bearing minerals and

carnotite can be attributed to a difference in reactivity
conditions and crystallinity between U−V bearing minerals in
the mine wastes and carnotite. In addition, the estimated
reaction rate constant (km) for U−V mineral dissolution was
2.13 × 10−14 mol cm−2 s−1 (Table 1). Similarly, the estimated
km values for precipitation of metaschoepite and rutherfordine
were approximately 1 × 10−15 and 2 × 10−16 mol cm−2 s−1,
respectively (Table S3). The nature of a reaction (dissolution
or precipitation) can be identified from the sign convention of
the reaction rate (Im) appearing in PFLOTRAN, that is,
negative for dissolution and positive for precipitation. These
results are in agreement with observations previously made at
the nearby Colorado Plateau deposits, where precipitation of
metaschoepite from aqueous U concentrations between pH 6
and 10 was reported.24 The equilibrium constants estimated by
modeling these batch experiments at circumneutral conditions
were then used as a foundation for identifying the reaction rate

Figure 1. Measured and simulated effluent concentrations and reactive transport model (PFLOTRAN) of U and V, from mine waste (circle) and
background soil (squares) during batch and continuous flow-through column experiments at circumneutral pH (using 10 mM HCO3

−). (A) U
concentrations from batch experiments versus time; (B) V concentration from batch experiments versus time; (C) U concentrations from column
experiments versus pore volumes; (D) V concentration from column experiments versus pore volumes. The curve fitting resulting from the reactive
transport model are presented with dashed lines.

Table 1. Parameters of U−V Bearing Minerals Estimated by Modelling the Reactive Transport of U and V during Mine Waste
Reaction at Circumneutral and Acidic pHa

experiments

equilibrium
constant
(Keq)

average U−V bearing mineral
surface area (am

0 ) (cm2 cm−3)
reaction rate constants
(km) (mol cm−2 s−1)

effective reaction rate constant
(keffective = (km×am

0 ))
(mol cm−3 s−1)

batch circumneutral (pH 8.3) (<63 μm) 10−44.81 468.8 2.13 × 10−14 9.99 × 10−12

batch acidic (pH 3.8)(<63 μm) 10−38.65 468.8 6.4 × 10−14 3 × 10−11

column circumneutral (pH 7.9) (120−355 μm) 10−44.81 62.5 4.8 × 10−13 3 × 10−11

column acidic (pH 3.4) (120−355 μm) 10−38.65 62.5 3.2 × 10−13 2 × 10−11

aThe surface area of U−V bearing minerals was estimated using the average U−V bearing mineral diameter (Table S2) and equation 13. The
effective reaction rate constant (keffective = km*am

0 ) accounts for the effect of grain surface area on the reactive transport of U and V, where k is the
reaction rate constant and am

0 is the surface area of U−V bearing minerals.
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constants for U−V bearing mineral dissolution in the column
experiments.
Column Experiments at pH (7.9). A linear correlation [with

a slope of 1.45 and a R2 of 0.993] observed between molar
concentrations of U and V (Figure S3A) that were mobilized
during mine waste reaction with 10 mM HCO3

−, suggested
dissolution of U−V bearing mineral phases as a potential
source. These results agree with a previous study from our
research group in which a linear correlation between U and V
was observed (slope= 0.636 and R2 = 0.95) in batch
experiments reacting mine wastes with 10 mM HCO3

− at pH
8.3.6 The U and V release patterns obtained from these
experiments were then simulated using PFLOTRAN to further
understand the processes affecting the reactive transport of U
and V.
Similar to modeling results from the batch experiments, the

reactive transport model for flow-through column experiments
on reaction with 10 mM HCO3

− suggested dissolution of U−V
bearing minerals as the primary mechanism affecting U and V
transport. The effluent concentrations of U and V reported as a
function of pore volumes (Figure 1C,D) and time (Figure S4),
were compared to those obtained from the reactive transport
model (PFLOTRAN). PFLOTRAN used Keq = 10−44.81 for U−
V bearing mineral dissolution estimated from batch experi-
ments by assuming the stoichiometry of carnotite, to
adequately fit the flow-through column experiments data and
estimate the km and fitting parameter (nm) for U−V bearing
mineral phase dissolution. The fitting parameter nm, to which
the nonlinear water−rock reactions are sensitive (SI eq 8), and
km were estimated to be 5.2, and 4.8 × 10−13 mol cm−2 s−1,
respectively. In addition, the negative reaction rate (Im)
indicated the dissolution of U−V bearing minerals. The km

estimated for the dissolution of U−V bearing minerals (4.8 ×
10−13 mol cm−2 s−1) during column experiments was different
from that estimated for the batch experiments that is, km = 2.13
× 10−14 mol cm−2 s−1 (Table 1). The increase in km cannot
specifically be attributed to a single process. However, the
difference in the effective reaction rate constant (keffective = km ×
am

0) estimated using the average surface area, can be attributed
to differences in grain size and reactivity conditions, which
include flow and heterogeneity in sample composition (Table
1). Observing the effect of grain size on the reactive transport
of U and V is also important45,46 as the sieved samples may
contain nanocrystals of U−V and other co-occurring U and V
minerals, bound electrostatically to the surface of coarser
particles.47 After the effect of grain size was introduced into
PFLOTRAN, by adding U−V bearing minerals of variable sizes
and surface areas, their effective reaction rate constants
(keffective) were estimated (Table S4). The change in the
estimated keffective for various U−V bearing mineral phases was
negligible (Table S4), leading to the inference that the effect of
grain size on the reactive transport of U and V is minimal
(Figure S5).
Other secondary mineral phases of U such as oxides,

phosphates, silicates, and vanadates soluble at circumneutral pH
that have not been considered in this model could also
contribute to the release of U and V from mine waste.32,41,48,49

For instance, a back scatter electron-scanning electron (BSE-
SEM) micrograph which shows the association of V with Fe
and K was collected (Figure S6). The co-occurrence of U with
other elements (e.g., Se and Sr) was also observed using
synchrotron μ-XRF mapping (Figure S7). The contribution of
these secondary mineral phases can be expected, especially
considering (1) the heterogeneity of mine waste, (2)

Figure 2. Measured and simulated effluent concentrations and reactive transport model (PFLOTRAN) of U and V, from mine waste (circle) and
background soil (squares) during batch and continuous flow-through column experiments at acidic pH (using 10 mM C6H8O6 and CH3COOH).
(A) U concentrations from batch experiments versus time; (B) V concentration from batch experiments versus time; (C) U concentrations from
column experiments versus pore volumes; (D) V concentration from column experiments versus pore volumes. The curve fittings resulting from the
reactive transport model are presented with dashed lines.
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discrepancies between experimental and model U concen-
trations, and (3) that the early time-behavior of V was higher in
the experimental data than the model (see Figure 1D).43

However, after 3−4 h of reaction, the experimental V
concentrations agreed well with the model indicating
dissolution of U−V bearing minerals. Following the column
experiments with 10 mM HCO3

− the mine waste and
background soil were sequentially reacted under acidic
conditions to further understand the reactive transport of U
and V.
Reactive Transport of U and V at Acidic pH. Batch

Experiments at pH (3.8). The reactive transport model for
batch reactions with mine waste under acidic conditions (pH
3.8) suggests dissolution of the U−V bearing mineral phase as a
primary contributor to the reactive transport of U and V. We
used PFLOTRAN to fit the time behavior of U and V and
obtain the equilibrium (Keq = 10−38.65) and reaction rate
constant (km = 6.4 × 10−14 mol cm−2 s−1) for U−V bearing
mineral dissolution by assuming the stoichiometry of carnotite
(Figure 2A,B). As observed in the column experiments
conducted at circumneutral pH, the estimated Keq under acidic
conditions was different from that of synthetic carnotite (Keq =
10−56.38).44 Additionally, Keq estimated under acidic conditions
(Keq = 10−38.65) was also different from that obtained at
circumneutral conditions (Keq = 10−44.81), suggesting the
possible dissolution of two different uranyl vanadates.
Furthermore, the difference between the Keq of U−V bearing
minerals and carnotite at acidic pH can be attributed to
difference in reactivity conditions and crystallinity as indicated
previously in the reactive transport model at circumneutral pH.
We also observed a negative reaction rate (Im) for U−V bearing
minerals that represents their dissolution at acidic pH. The Keq
for U−V bearing mineral phase dissolution identified by
modeling the batch reaction under acidic conditions, was then
used to estimate the reaction rate constants for U−V bearing
mineral dissolution during column experiments.
Column Experiments at pH (3.4). Consistent with the

results obtained for experiments at circumneutral pH, the

dissolution of U−V bearing minerals was identified as the key
process affecting the reactive transport of U and V during
column experiments under acidic conditions. A linear
correlation (slope of 0.862 and a R2 of 0.983) between effluent
molar concentrations of U and V was also observed in column
experiments under acidic conditions (Figure S3B). However,
the rates of dissolution obtained for column experiments at
acidic conditions are higher compared to those at circumneutral
conditions (Table 1). Given that the pKa of CH3COOH is 4.74,
>90% of CH3COOH remains protonated. Therefore, a greater
contribution from dissolution by acetic acid (protonated form)
over complexation or reduction reactions caused by acetate
(nonprotonated form) at pH 3.4 is expected.50 These results
agree with observations made in our previous study at Blue
Gap/Tachee, in which linear correlations with a slope of 1.08
and a R2 of 0.996 between molar concentrations of U and V
were observed.6 Additionally, 99.1% U and 92.8% V of the total
elemental content present in the mine waste was extracted
through the sequential reaction of solids in column experiments
with 10 mM HCO3

− and CH3COOH. Note that the acid
extractable content of unreacted mine wastes was 1912.12 mg
kg−1 U and 858.01 mg kg−1 V (Table S5). The U and V
concentrations released during these continuous sequential
reactions showed strong agreement with the modeled U and V
concentrations, suggesting dissolution of U−V bearing minerals
as a primary contributor to the reactive transport of U and V.
Different Keq and km values for the dissolution of U−V

bearing minerals were obtained for mine waste reaction under
circumneutral and acidic conditions during flow-through
column experiments (Figure 2C,D and Figure S8). The reactive
transport model constructed with a known Keq for
metaschoepite (−105.26)42 and Keq for U−V bearing mineral
phase (−10−38.65) estimated from a batch reaction under acidic
conditions by assuming the stoichiometry of carnotite, was used
to identify the km constants for dissolution of U−V bearing
minerals. The estimated km for the U−V bearing mineral phase,
3.2 × 10−13 mol cm−2 s−1, was slightly different from those
estimated for batch reactions (km = 6.4 × 10−14 mol cm−2 s−1)

Figure 3. Transmission electron microscopy (TEM) images, energy dispersive spectroscopy (EDS) spectra and selected area electron diffraction
(SAED) patterns for unreacted mine waste samples indicating the co-occurrence of amorphous and crystalline U−V bearing minerals: (A, D) TEM
images of U−V bearing mineral phases; (B, E) EDS spectra identifying the presence of U−V bearing minerals; (C, F) SAED patterns confirming the
co-occurrence of amorphous and crystalline U−V bearing mineral phase.
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(Table 1). As discussed previously for column experiments at
circumneutral pH (7.9), this decrease in km for U−V bearing
mineral dissolution cannot specifically be attributed to a single
process. However, the change in the effective reaction rate
constant (keffective) can be attributed to differences in grain size
and reactivity conditions which include flow and heterogeneity
in sample composition (Table 1). The effect of grain size was
not particularly tested for the sequential reaction of mine waste
with CH3COOH, as the electrostatically bound micrometer
sized U−V bearing minerals would already be lost during
reaction with 10 mM HCO3

−. In addition, the fitting parameter
“nm”, necessary to model the nonlinear dissolution of U−V
bearing mineral phase was estimated to be 4.5 (SI eqs 8). Our
PFLOTRAN simulations also estimated the reaction rate (Im)
of U−V bearing mineral phase to be negative suggesting
dissolution of the U−V bearing mineral phase. However, the
reaction rate for metaschoepite and rutherfordine remained
unchanged suggesting minimal contribution from metaschoe-
pite and rutherfordine in the reactive transport of U and V.
Although, our experimental and model concentrations agree
very well with each other, the early release of lower
experimental U and V concentrations can be attributed to
(1) sample heterogeneity; (2) restricted access to incorporated
U−V bearing mineral phases; and (3) precipitation of an
unidentified U and V phase.
The difference in the reactive transport of U and V after

reaction under circumneutral and acidic conditions could be
attributed to the dissolution of different coexisting U−V
bearing mineral phases, possibly amorphous and crystalline, as
identified in the unreacted mine waste. The coexistence of
amorphous and crystalline U−V bearing minerals was identified
through selected area electron diffraction (SAED) and energy
dispersive spectroscopy (EDS) analysis performed using a high
resolution-transmission electron microscopy (HR-TEM) (Fig-
ure 3). For instance, Figure 3A,D represents the back scatter
electron image (BSE) of two nanoparticulate grains that were
identified as uranyl vanadates co-occurring with other minerals
based on the EDS elemental composition spectrum in Figure
3B,E. Diffused rings in the SAED pattern (Figure 3C)
suggested the identified U−V bearing mineral phase in Figure
3A to be amorphous. However, unlike Figure 3C, definite
patterns in Figure 3F suggested the presence of crystalline U−V
bearing mineral that co-occurs with other crystalline mineral
phases within a particular grain of the mine waste sample. It is
likely that the dissolution of the amorphous U−V bearing
mineral phase is dominant at circumneutral conditions (pH
7.9) and the dissolution of crystalline U−V bearing mineral
phases is dominant under acidic conditions (pH 3.4). However,
further analysis is necessary to better understand the effect of
minerology, specific stoichiometry, and crystallinity on the
reactive transport of U and V from these mine wastes. The
coexistence of crystalline and amorphous U−V bearing
minerals in unreacted mine waste samples can be a result of
nucleation51,52 or polymorphism,53 which are common in
natural samples, due to their heterogeneity in site and reactivity
conditions. These results agree with observations made in other
studies that have shown that crystallinity can affect the
solubility of mineral phases.54,55 However, the amorphous
characteristics in the U−V bearing mineral phase observed in
Figure 3C could also be caused by rapid amorphization due to
short-term exposure to the electron beam.56,57 Therefore, our
future work will investigate the crystal chemistry of these U−V
bearing minerals.

It is possible that other secondary mineral phases such as
uranium-bearing oxides, hydrous ferric oxides, and uranium
phosphates that have not been considered in the reactive
transport model but are soluble at acidic pH, can also affect the
reactive transport of U and V.42,58,59 For instance, analyses
conducted using synchrotron-based micro-XRF mapping on
the mine waste sample indicate that U co-occurs with other
elements (Figure S7). Despite the chemical complexity of these
samples, our reactive transport model can reasonably represent
the release of U and V by considering the dissolution of U−V
bearing minerals as the key contributing process. However, we
acknowledge that contributions from other mineral phases,
heterogeneity, and other aqueous processes were not accounted
in the reactive transport for U and V, which represents a
limitation of this study. Therefore, future research should focus
on trying to understand the role of other reaction processes
such as the contribution of other secondary mineral/nano-
particulate phases of U and V, and the influence of mineral
structure of the U−V bearing minerals on the reactive transport
U and V from such mine waste sites.

Environmental Implications. This work integrates re-
active transport modeling, electron microscopy, and aqueous
chemistry methods to evaluate the mechanisms affecting the
transport of U and V from mine wastes from a site in
northeastern AZ. Outcomes from this investigation include the
determination of solubility and reaction rate constants for the
dissolution of U−V bearing mineral phases at circumneutral
and acidic pH, that can serve as a foundation to better
understand their reactivity at relevant field conditions. This
information can be useful to better understand the mobility of
U and V in neighboring community water sources to assess
risks for human exposure. Additionally, the identification of
factors affecting the dissolution of U−V bearing minerals under
environmentally relevant conditions evaluated in this study is
relevant to inform remediation and resource recovery initiatives
in sites where these U−V bearing minerals are abundant. For
instance, the results from this study have implications for other
abandoned uranium mines in the Colorado Plateau, South
Dakota (Black Hills), southwest China, southern Jordan, and
the calcreted drainages of arid and semiarid western and
southern Australia where carnotite, tyuyamunite and other U−
V bearing minerals are commonly found.24,46,60−65

Spectroscopy and microscopy analyses suggest that U is
associated with different elements, which is indicative of the
complex mineralogy of these solids. These results are consistent
with those reported in the previous study from our research
group.6 Despite the chemical and mineralogical complexity of
these mine wastes, dissolution of U−V bearing minerals was
identified as the key mechanism controlling the reactive
transport of U and V under the environmentally relevant
conditions selected for this study. In addition, the integrated
methodology used for this study is transferable to other mining
and milling sites, and abandoned U mine waste sites where a
better understanding of the reactive transport of U and its co-
occurring elements is necessary.
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