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Abstract

Purpose Uranium contamination of subsurface environ-
ments was once thought to be an isolated occurrence,
mostly at production sites. But recent evidence has shown
that the presence of uranium in phosphate fertilizers has
caused massive amounts of this element to be released
worldwide. Concerns are related to uranium movement to
groundwater supplies and its significant toxicological
risks to human populations. Information is direly needed
on how geochemical processes control uranium transport
in the vadose zone.

Materials and methods Laboratory experiments were per-
formed to investigate the effects of the pH of the soil
solution on the reactive transport of uranium(VI) in the
vadose zone. The uranium solution was prepared by dilu-
tion of a 10> M stock solution of uranium perchlorate,
(UO,(C104),), with DI water. Two U(VI) solutions were
prepared at concentrations of 2x107® M at pH 6 and 11
and were percolated under steady-state conditions through
columns filled with sand. The convective-dispersion equa-
tion (CDE) was used to analyze the tracer and uranium
breakthrough curves resulting from the column
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experiments. The program CXTFIT was used to estimate
the transport parameters of equilibrium and nonequilibri-
um (i.e., two-site and mobile-immobile) models applied to
the experimental data.

Results and discussion Comparison of U(VI) breakthrough
behavior at pH 6 with that of a nonreactive tracer indicat-
ed that U(VI) transport was significantly retarded, and
about 52 % of the added U(VI) adsorbed to the quartz
sand, likely in the cationic forms UO,OH' and UO3".
The adsorption was reversible upon the addition of deion-
ized water. At pH 11, the U(VI) breakthrough curve
increased gradually and reached a plateau value C/C
oscillating between 72 and 82 %. Upon reaction, Si was
released from the dissolution of quartz sand, which
allowed the possible transport of U(VI) following precip-
itation of a U(VI) containing solid, such as uranyl-silicate
minerals, or sorption of U(VI) onto silica colloids. Two-
site and mobile-immobile (MIM) models suggested an
influence of either rate-limited mass transfer processes
or immobile/mobile water partitioning in U(VI) reactive
transport.

Conclusions The reactive transport of U(VI) governed by
adsorption-desorption processes, precipitation, and complex-
ation reactions in which kinetic behaviors are controlled by
pH, solution chemistry, and heterogeneous flow regime im-
pacts the mobility of U(VI). The column transport experi-
ments indicated that under geochemical conditions and
vadoze zone processes (preferential flow) that favor the mo-
bility of U(VI), dissolved- and colloidal-phase associations of
U(VI) may be transported rapidly and in high concentrations
from the soil surface to the groundwater.

Keywords Geochemistry - Precipitation - Sorption - Two-site
and mobile-immobile transport models - Uranyl silicates -
Vadose zone
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1 Introduction

In various parts of the world, uranium produced by milling,
mining, and isotopic enrichment operations has been released
in the environment at concentrations that are causing signifi-
cant societal concern (Abdelouas et al. 1998). The contami-
nation of the Hanford Site, WA, is a prototypical example in
this respect (Qafoku et al. 2004; Rod et al. 2010; Um et al.
2010a). High alkaline waste solutions leaked from under-
ground tanks from the late 1950s through the 1960s, releasing
more than 7 tons of uranium to the subsurface in an alkaline
milieu (Jones et al. 2001). The Nevada Test Site (NTS) is
another example, where approximately 600 underground nu-
clear tests have been conducted above the water table, releas-
ing large quantities of uranium (Tompson et al. 2006). These
cases, and similar ones in other geographical areas (Larson
and Stone 2011; Mihalik et al. 2011), are examples of local
(“point”) sources of contamination that until recently attracted
most of the attention of the media. However, some of the most
worrisome accounts of uranium contamination are associated
with a very different origin. Widespread, diffuse sources of
pollution are related to the fact that uranium is a common
constituent of phosphate fertilizers applied to agricultural
soils. A recent estimate in Germany, for example, posits that
fertilizer application there from 1951 to 2011 has led to the
cumulative release of about 14,000 tons of uranium on agri-
cultural land (Schnug and Lottermoser 2013).

In all of these situations, aside from possible toxicological
effects related to exposure of microorganisms to dissolved
uranium (e.g., Leduc et al. 1997), or of animals and humans
to uranium-containing dust, key concerns revolve around the
possibility for some of the uranium present in the vadose zone
of'soils (i.e., the water-unsaturated region of the subsurface) to
percolate to the water table and contaminate groundwater
supplies. Several processes are known to influence this down-
ward transport of uranium. They have been studied extensive-
ly over the last two decades. Because uranium(IV) is only
sparingly soluble in typical subsurface conditions and often
precipitates as uraninite (UO,), much of the information that is
available on processes controlling the mobility of uranium
relates to the other dominant form present in soil,
uranium(VI). Uranium with this valence state occurs in the
vadose zone and in groundwater in various dissolved species,
in particular the relatively mobile uranyl cation (UO3 ) (Mc-
Kinley et al. 2007a). Transport of uranium in the subsurface
environment is impacted by the physicochemical properties of
the porous media, the characteristics of the solution chemistry,
the presence of complexing ligands, and “hydrologic history”
(Um et al. 2010b; Miller et al. 2013a, b; Lesher et al. 2013). In
particular, the transport of uranium is controlled by the surface
properties of the porous media, the presence of microfractures
within the particles constitutive of the porous media, the
physical and chemical heterogeneity of the porous media
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materials, and the degree of saturation of the porous media
(Catalano et al. 2006; Arai et al. 2007; Stubbs et al. 2009; Rod
et al. 2012; Miller et al. 2013a, b). The release of uranium
from microfractures and the transport of uranium in unsatu-
rated porous media were both found to be governed by
diffusion-limited kinetics (Liu et al. 2004, 2006; Rod et al.
2012). The wetting and drainage phenomena occurring in the
unsaturated zone due to surface and subsurface water interac-
tions have been simulated to investigate the effects of water
table fluctuation and capillary fringe formation and dynamics
on the release rate of uranium with time and the controlling
chemical processes (Qafoku et al. 2005; Um et al. 2010b; Ma
et al. 2014a, b). The change in hydrodynamics, the “hydro-
logic history” of the porous media, the duration of equilibra-
tion time, and the surface and subsurface water interactions
impacted the dynamic of U(VI) release and transport behav-
ior; as the time of equilibrium increased, release and transport
of U(VI) increased, and geochemical processes such as disso-
lution and precipitation occurred due to ion exchange (Gabriel
et al. 1998; Zheng and Wan 2005; McKinley et al. 2007a, b;
Williams et al. 2007; Um et al. 2010b; Ma et al. 2014a, b;
Shang et al. 2014). Complexing ligands, such as natural
organic matters, may enhance U(VI) transport (Artinger
et al. 2002; Mibus et al. 2007; Crangon et al. 2010; Lesher
et al. 2013) and remobilization of previously adsorbed urani-
um (Lesher et al. 2013). Competition between soluble organic
matters and adsorption sites for U(VI) is also known to impact
the fate and transport of uranium (Lenhart and Honeyman
1999; Crangon and van der Lee 2003). Adsorption of U(VI)
during transport in unsaturated porous media has been ob-
served to be correlated with the presence of immobile water;
therefore, the sorption and transport of U(VI) in unsaturated
porous media are impacted by partition between mobile and
immobile water (Gamerdinger et al. 2001a, b). “The fate of
uranium in soil and subsurface environment may be conse-
quently driven by a delicate balance of U(VI) association
between immobile and mobile phases” (Crancon et al. 2010).

Adsorption is one of the key determinants of the mobility
of U(VI) in the subsurface environment. Iron oxides, includ-
ing ferrihydrite (Reich et al. 1998; Waite et al. 1994), goethite
(Moyes et al. 2000; Redden et al. 2001), and hematite (e.g.,
Bargar et al. 2000), are known to strongly adsorb U(VI).
Important geochemical parameters affecting uranium adsorp-
tion in the subsurface environment include pH and ionic
strength of the soil solution, concentration of complexing
ligands such as dissolved carbonates (Lesher et al. 2013),
oxidation/reduction conditions, and mineralogy. Distribution
coefficients for U adsorption with respect to pH were reported
by the U.S. EPA (1999). Depending on the pH value, the
amount of U that is adsorbed in carbonate solutions varies;
U adsorption augments as the pH value increases from 3 to 7,
and it diminishes when the pH value is above the threshold
value of 7 (e.g., Andersson et al. 1982; Giblin 1980; Kaplan
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and Serne 1995; Kaplan et al. 1998; Salter et al. 1981;
Sheppard and Thibault 1988; Zachara et al. 1992). When there
is no carbonate in the soil environment, “[Read et al. (1993)
and Sims et al. (1996)] interpreted uranium adsorption as a
surface complexation process of positively charged uranium
species, e.g., UO,OH" and UO3 “on negatively charged sur-
face sites” (Abdelouas et al. 1998). The adsorption is also
impacted by the amount of pH-dependent exchange sites
located at the surface of minerals that are subject to change-
able charges due to a variable soil solution chemistry. Arnold
et al. (1998) show that the highest sorption of U(VI) on the
mineral surfaces (muscovite, quartz, chlorite, and albite feld-
spar) occurred near pH 7. Similarly, Barnett et al. (2000)
observe substantial sorption of U(VI) to heterogeneous, natu-
ral subsurface media, mostly “sand-sized quartz” containing
Mn and Fe oxides, under pH conditions between 4.5 and 8.5.

Another important geochemical process impacting the mo-
bility of uranium in subsurface environments is the precipita-
tion of uranium-containing solids. Dissolution of “unstable
primary minerals (e.g., feldspars and micas) and stable min-
erals (e.g., quartz, aluminosilicate clays and sesquioxides)”
(Mashal et al. 2004) releases variable amounts of Si and Al,
which may lead to secondary mineral precipitation (Serne
et al. 2002; Mashal et al. 2004). Upon reacting with various
ions in solution, U(VI) can precipitate as hydroxide (e.g.,
uranyl hydroxide, «-UO,(OH),), silicate (e.g., boltwoodite,
K(H30)UO,(Si04)-nH,0), and phosphate (e.g.,
metatorbernite, Cu(UO,),(PO,),-8(H,0)) phases, as well as
coprecipitate with calcite. Analysis of samples taken from the
Hanford Site has shown that fractured porous media allow the
removal of uranyl from the subsurface solution by diffusion
and precipitation and that when present in these fractures,
dissolved silica causes supersaturation with respect to sodium
boltwoodite (Na(UO,)(SiO;0H)-1.5H,0) and/or uranophane
(Ca(U0,)»(Si050H),(H,0)s) (Liu et al. 2004; McKinley
etal. 2007b; Wang et al. 2005). The uranyl-silicate precipitates
seem to exist as discrete crystals in shallow soils and shallow
depths, which, as soil solution conditions change, can lead to
the sustained release of uranium through mineral dissolution
(Um et al. 2009).

Besides adsorption and precipitation, colloidal or colloid-
facilitated transports have also been recognized as important
mechanisms controlling the migration of radioactive contam-
inants (Contardi et al. 2001; Chen and Flury 2005; Zhuang
et al. 2003). The two possible scenarios for transport as
colloids are the adsorption of U(VI) to colloidal particles in
suspension in the soil water and the formation of U(VI) or
U(IV) colloids. For the first case, U(VI) may unalterably
adsorb to soilborne colloids such as clay (Missana et al.
2004) or iron-containing secondary minerals (Zinker et al.
20006), which then become mobilized. In the second scenario,
the formation of U(IV) or U(VI) colloids can materialize
under oxidizing or reducing conditions, respectively. Mertz

etal. (2003) examined the colloidal properties of two uranium
minerals, uranium dioxide (UO;-.,) with U in the +4 oxidation
state and metaschoepite (UO3n(H,0) with U in the +6 oxida-
tion state. Fortner et al. (2002) characterized colloids that were
generated in a set of aqueous corrosion experiments with
irradiated and nonirradiated metallic uranium fuel. They ob-
served that stable suspensions of small (1-10 nm diameter)
spherical uranium oxides (UO,) were generated and aggregat-
ed to approximately 100-200 nm colloids. Large acicular
uranium silicate colloids were also detected in small numbers
in silicate solutions.

This brief overview of the literature shows that a number of
possibly competing physicochemical processes can in princi-
ple affect the fate of uranium in subsurface environments,
subject to several factors, like the pH and ionic strength of
the aqueous phase, which can itself be moving at variable
speeds in any given time frame. In recent years, the effect of
these different parameters has been analyzed in some detail in
the case of water-saturated sediments, i.e., in aquifers or in the
capillary fringe (Miller et al. 2013a, b; Um et al. 2010b;
Wellman et al. 2008; Yin et al. 2011), and progress continues
to be made. By comparison, there is a dearth of information
about the fate and transport of uranium in water-unsaturated
soils, i.e., in the vadose zone. Ku et al. (2009) present a first
attempt at the development of a model simulating the transport
of uranium in the vadose zone, associated with the nonsteady
state and discontinuous movement of the liquid phase. The
model constraints for simulating uranium transport are its
ability to simulate sink terms and surface-water interactions.
The model predicts that the discontinuous flow that takes
place in the vadose zone induced an interdependence among
“reciprocal U concentration and **U/***U ratio” in the vadose
zone leachate, allowing for characterization of “rates of dis-
solution and [alpha]-recoil of U isotopes” (Ku et al. 2009).
These predictions appear borne out by circumstantial evidence
at a site (Pefia Blanca) in Mexico (Ku et al. 2009), but other
than that, there are no direct experimental observations related
to uranium transport in unsaturated soils, which could be used
to assess the suitability of model efforts. To predict the poten-
tial risks to groundwater resources in various parts of the
world, experimental information is direly needed in particular
on the effects of geochemical processes on the transport and
retention of uranium(VI) through the vadose zone in near-
neutral and alkaline (corrosive/caustic) conditions, as well as
the interaction of U(VI) with secondary minerals resulting
from weathered sediments under corrosive/caustic conditions.

In this context, the objectives of the research described in
this article were to experimentally investigate the mobility of
U(VI) and to model its transport mathematically, through the
vadose zone under different pH conditions. To achieve these
objectives, we conducted scoping experiments to (1) charac-
terize the transport and retention of U(VI) in unsaturated
quartz sand columns at pH 6 and pH 11, (2) establish the
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effects of pH on the release and remobilization of U(VI) from
the quartz sand columns by switching the initial geochemical
solution conditions from U(VI) at pH 6 and pH 11 to deion-
ized water, and (3) model the reactive transport of U(VI) in
unsaturated porous media under different pH conditions using
the convection-dispersion equation (CDE).

2 Theory

The CDE for one-dimensional transport of reactive solutes
may be written as (Parker and van Genuchten 1984):

oc, Pe oc,
Ra—tr:Daxzr—va—;—ﬂcr+7(x) (1)

where c; is the resident concentration of the liquid phase
(ML), v is the average pore-water velocity (LT '), R is the
retardation factor, D is the dispersion coefficient (L*T "), j is
a first-order rate coefficient, +(x) is a zero-order rate coeffi-
cient, x is the distance from the inlet (L), and ¢ is the time (T).
Analytical solutions of this CDE for a range of initial and
boundary conditions are provided by Parker and van
Genuchten (1984).

The transport of reactive solutes in porous media may
also be impacted by physicochemical nonequilibrium pro-
cesses (Nielsen et al. 1986; Aharoni and Spark 1991).
Chemical nonequilibrium processes may arise from ad-
sorption kinetics. The kinetics of adsorption of solutes in
porous media may include the adsorption of solutes on
two different sites, each of them governed by different
adsorption kinetics—for example by instantancous ad-
sorption on one type of site and by first-order kinetics
on the other type of site (Selim et al. 1976; Cameron and
Klute 1977). A physical nonequilibrium process may be
induced by heterogeneous flow regime that can be simu-
lated by two regions—a mobile water region and an
immobile water region (Coats and Smith 1964; van
Genuchten and Wierenga 1976). The mass transfer be-
tween the mobile and immobile water regions can be
simulated using first-order kinetics. A single dimension-
less form of the CDE can be used to represent both the
two-site and the mobile-immobile (MIM) models with
linear adsorption kinetics and steady-state flow conditions
(Nkedi-Kizza et al. 1984; van Genuchten and Wagenet
1989).

The dimensionless form of the CDE for two-site and MIM
models may be written as (Nkedi-Kizza et al. 1984):

oc, 18°C, oCy

Rt =P oz oz

w(C1 = Co)= 1 Cr +7,(2)  (2)
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(1-B)RC2 = (Cr=Co) s Ca 4 1(2) 3

where the subscripts 1 and 2 represent equilibrium and
nonequilibrium sites, respectively, 3 is a partitioning coeffi-
cient, and w is a dimensionless mass transfer coefficient. The
definitions of the dimensionless parameters for one-site and
two-site adsorption models and a two-region model are given
in Toride et al. (1999), along with analytical solutions to the
dimensionless CDE.

3 Materials and methods

3.1 Sand material and preparation of uranium spiking
solutions

Uranium transport experiments were conducted on chemically
treated ASTM 20/30 mesh (0.591-0.841 mm) Ottawa Silica
Sand purchased from the U.S. Silica Company. Before use in
the experiments, the sand was chemically treated with con-
centrated sulfuric acid, H,SO, (Fisher Scientific), in an effort
to condition the surface and remove iron oxide coatings. The
chemically treated sand was then rinsed with deionized (DI)
water and placed for 2 days, at 75 °C, in DI water that was
changed every day. Finally, the sand was rinsed at least ten
times and dried in an oven (105 °C, 24 h), following Bickmore
et al. (2001).

The uranium solution prepared for the column experiments
consisted of U(VI) at a concentration of 2x107° M. The
uranium solution was prepared by the dilution of a 107 M
stock solution of uranium perchlorate (UO,(CIO,4)) with DI
water. The simple dilution produced a U(VI) solution at pH 6,
which did not require further pH adjustment. The U(VI)
solution at pH 11 was obtained by adjustment using 10 M
NaOH. Sodium perchlorate was added to each uranium solu-
tion at a concentration of 1 mM, as perchlorate ions were used
as a nonreactive tracer.

3.2 Experimental setup

Unsaturated flow and transport experiments were carried out
in vertical plastic columns (3.8 cm inside diameter and 25 cm
long) at room temperature. In an effort to prevent layering,
columns were packed by adding approximately 1 c¢cm incre-
ments of dry quartz sand, tamping the sand in the column, and
then briefly vibrating the column. Rainfall simulation was
performed by dispersing the influent solution at several points
distributed uniformly at the sand surface. A 10 um Teflon®
filter (Omnipore™ Millipore®) was placed at the top and the
bottom of the column. The filter located at the top of the
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column contributed to disperse the incoming liquid. Influent
solutions were delivered to the column using a MasterFlex
peristaltic pump (Cole-Parmer Instrument Company). Col-
umn effluent samples were collected from the bottom of the
column as 9 mL fractions.

3.3 Column experiments

Column experiments were conducted to investigate the trans-
port and retention of uranium in unsaturated porous media at
pH 6 and pH 11 and to determine the extent of the possible
release and re-entrainment of uranium from quartz sand fol-
lowing ionic strength changes in the geochemical solution.
Column experiments included three phases. The first phase
consisted of injection of DI water to the top of the column to
simulate rainfall until a steady-state flow was reached in the
column. The steadiness of the flow was attained when the
outflow rate became equal to the inflow rate, as determined by
measuring the outflow at frequent intervals. The amounts of
water in the column inflow and outflow were measured, and
their differences were used to compute the degree of saturation
of'the porous media. The second phase was the injection of the
2x107% M U(VI) spiking solutions at pH 6 and pH 11,
containing the nonreactive tracer sodium perchlorate. The
amount of the spiking solutions introduced into the columns
corresponded to eight times the volume of water present in the
unsaturated columns at steady state. The third phase (elution
phase) involved switching from the injection of the spiking
U(VI)-tracer solution to the injection of DI water to introduce
a change in ionic strength and pH in the geochemical solution.
The hydraulic properties of the experimental columns at pH 6
and pH 11 are presented in Table 1. The pore flow velocities
were 1.14 and 2.5 cm/min at pH 6 and pH 11, respectively.

3.4 Analytical methods

The effluent samples were analyzed for uranium and silica
using an inductively coupled plasma optical emission spec-
trophotometer (ICP-OES) (Perkin Elmer, Optima 4300 DV).
Calibration curves were established, covering a silica concen-
tration range from 0.05 to 20 ppm and a uranium concentra-
tion range from 0.05 to 10 ppm. The concentration of the
perchlorate tracer was measured using ion chromatography
(IC) (Dionex, Ion Chromatography System (ICS) 2500).

3.5 Mass balance and speciation calculations

Dimensionless breakthrough curves (BTCs) of uranium were
determined by plotting the value of the normalized concentra-
tion to the initial concentration versus the cumulative volume
eluted from the column. The area below the U(VI) BTC of the
adsorption front (until the elution phase) was numerically
integrated to assess the percentage of uranium retained in the
column.

All speciation modeling calculations were carried out with
The Geochemist’s Workbench® 4.0.3 (GWB) (Bethke 2002).
The Pco, was assumed to be in equilibrium with the atmo-
sphere (~3x10* kPa). Dissolved Si derived from quartz
dissolution was calculated according to a simple first-order
kinetic rate law. For the pH 6 experiment, the dissolution rate
constant of quartz and specific surface area value were taken
from Rimstidt and Barnes (1980) as 4.2x 10~ '® mol/cm? s and
910 cm*/g, respectively. The specific surface area was as-
sumed to be similar to that of Rimstidt and Barnes (1980)
because the grain size in the two sets of experiments was
similar. For the pH 11 experiment, the dissolution rate con-
stant was taken from Bickmore et al. (2006) by linear regres-
sion of the reaction rate constants at pH 11 determined from
59 to 80 °C and by extrapolation to room temperature.

3.6 Modeling

The dimensionless CDE was used to analyze the tracer and
uranium data from breakthrough curves that depict the dimen-
sionless effluent concentration C/Cy, as a function of cumula-
tive pore volumes eluted, resulting from the column transport
experiments. The program CXTFIT, developed by Parker and
van Genuchten (1984), was used to fit the parameters of the
equilibrium and nonequilibrium (i.e., two-site and MIM)
models. We used the CXTFIT code version that has been
implemented in Excel by Tang et al. (2010) and is available
from Oak Ridge National Laboratory (ORNL) (CXTFIT/EX-
CEL 2013).

To model the transport of the tracer and reactive solute (i.e.,
uranium) using equilibrium and nonequilibrium (two-site and
MIM) models, we first enter the input parameters L and v, and
then the estimated parameters (6/0,,, Ty, R, A\, 1, f, a) are
optimized to best fit the simulated reactive transport models
to the experimental data. Finally, the P, 3, and w parameters

Table 1 Hydraulic properties of

the columns Experiment Flowrate Pore Residence  Porosity ~ Column Degree of Bulk
(mL/ velocity time water saturation density
min) (cm/min) (min) volume (mL) (%) (g/enr’)

pH6 2.8 1.14 22 0.46 389 30 1.44

pH 11 2.8 25 10 0.46 26 23.8 1.44
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corresponding to the simulated reactive transport models and
the resulting SSR, RMSE, and R* values of the predictive
models are computed as output parameters by CXTFIT/
EXCEL.

4 Results and discussion
4.1 Speciation of uranium

The computed U(VI) aqueous speciation in the pH 6 influent
and effluent solutions (Table 2) is dominated by two positively
charged complexes, UO,OH" and UO3", and two neutral
species, UO,(OH),(aq) and UO,CO3(aq). No minerals are
supersaturated in any solution at pH 6. At pH 11, the influent
and effluent solutions are also not supersaturated with respect
to any minerals, and the primary aqueous U(VI) species is
U05(CO3)3 -

4.2 Effects of pH on uranium transport

The BTC of the nonreactive tracer perchlorate in the experi-
ment at pH 6 is characterized by a fast rising phase shortly
after the introduction of the influent solution, reaching a
plateau value C/C,, 0f 98-99 %, followed by a declining phase
as the elution phase with DI water begins. Relative to this
tracer BTC, the breakthrough time of U(VI) is slightly de-
layed. The discrepancy between the tracer and U(VI) BTCs
and the subsequent gradual increase in the concentration of
U(V]) in the effluent to reach a plateau value C/C, of 1
indicate that U(V]) is significantly retarded during its transport
through the chemically treated sand, compared to the transport
of'the nonreactive tracer. This retardation can be accounted for
by nonlinear interactions between U(VI) and quartz sand
surfaces. Other studies have also demonstrated similar sorp-
tion and transport behavior of U(VI) (Prikryl et al. 2001;
Phillippi et al. 2007; Ma et al. 2010). Under unsaturated

Table2 Dominant U(VI) species in influent and effluent solution at pH 6
and 11

Aqueous species  Molality mg/kg solution  ~* log a°
pHo6
UO,(OH)y(aq) 1.624x10°°  0.4939 1.0000 —5.7893
UO,OH" 2.085x1077  0.05985 0.9973 —6.6820
uo3* 3.388x10°%  0.00915 0.9892 —7.4747
UO,COs(aq)  3.353x10°°  0.01107 1.0000 —7.4746
pH 11
UO,(CO5)5*  2x1076 0.4491 0.0001  —9.8994

&4, activity coefficient
b log a, log [(Molality)* (activity coefficient)]
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conditions, uranyl ion is thought to be “complexed by nega-
tive fixed-charge or amphoteric sites on mineral surfaces”
(McKinley et al. 2007a). Complexation reactions in the soil
solution are up against uranium to interact with surfaces; this
competition for access to sites may also impact the degree of
the sorption reaction (McKinley et al. 2007a). At pH 6, there
are no significant competing ions, and so the retardation of
U(VI]) in the column is probably due to adsorption of the
dominant cationic species including UO,OH" and UO3 " /
(Table 2). Quartz sand has an isoelectric point at pH 2.44
because of the amphoteric character of its silanol groups
(Jada et al. 2006) and, therefore, a net negative surface charge
(=SiO") at pH 6. Consequently, the positively charged U(VI)
could bind to the negatively charged silanol sites.

In order to evaluate the sorbed fraction of U(VI), the area
below the U(VI) BTC of the adsorption front (until the elution
phase) is numerically integrated. This value is then subtracted
from the total amount of U(VI) input in order to find the
amount of U(VI) sorbed onto the quartz sand. This calculation
yields approximately 0.53 pg of U(VI) per gram of sand,
corresponding to 52 % of the total input of U(VI). This
quantity is compared with the total number of sorption sites
on quartz surfaces in the column to confirm whether or not
adsorption is the process most likely to have caused the
retardation of U(VI) transport. The specific surface area and
the surface sites present are taken from the literature as
910 cm’/g (Rimstidt and Barnes 1980) and 4.81 sites/nm’
(Arnold et al. 2001), respectively. The estimated total number
of sites on the quartz is thus 5.4x 10'? in the column, which is
much larger than the number (1.64x10'") of U(VI) atoms
removed in the column. This suggests that adsorption may
be a plausible explanation for the retardation. These results are
comparable to results from published analogous batch and
column studies. In their investigation using batch
experiments, Fox et al. (2006) demonstrated that U(VI) sorp-
tion declined from about 90 % at pH 7 to almost 0 % at pH
8.75 (U(VI) influent concentration=10"® M; quartz=25 g/L;
ionic strength=35 and 32 mM; specific surface area of quartz=
0.32 m?/g). The results of their surface complexation model
were in good agreement with their data. Although silica dis-
solved into the solution, sorption was not affected by the
dissolved silicate concentration. Arold et al. (2001) measured
50 % sorption of U(VI) in batch studies at pH=6.5 (U(VI)
influent concentration=1x10"° M; ionic strength=0.1 M
NaClO,; specific surface area of quartz=0.2 m?/g). Mibus
et al. (2007) found 43 % recovery of U(VI) in a saturated
quartz column study at pH=7.5 (pulse input ~3.7 pore vol-
umes; U(VI) influent concentration=1.1x10"> M; ionic
strength=0.1 M NaClOy; specific surface area of quartz=
0.03 m?/g) and concluded that surface complexation is the
reason for the retardation of U(VI) transport and that sorption
processes are the rate-controlling step. Similar findings have
been reported by US EPA (U.S. Environmental Protection
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Agency) (1999): “this pH-dependent behavior is related to the
pH-dependent surface charge properties of the soil minerals
and complex aqueous speciation of dissolved U(VI), especial-
ly near and above neutral pH conditions where dissolved
U(VI) forms strong anionic uranyl-carbonato complexes with
dissolved carbonate.” Smaller amounts of adsorbed uranyl are
expected at the lower pH due to the surface charge of silica.

In the BTC of U(VI) at pH 6 (Fig. 1), the flushing of the
unsaturated porous media with DI water results in a sharp
increase in U concentration, leading to an observed U(VI)
elution peak C/C, of 0.54. This elution peak is a clear indica-
tion of U(VI) desorption from the surface of quartz sand grains
and U(VI) remobilization. The transport of U(VI) is affected
by the U(VI) adsorption/desorption kinetics at the silica quartz
grain/water interface (Cheng et al. 2007; Malin and Geiger
2010; Qafoku et al. 2005; Stoliker et al. 2011) that may result
from “diffusion-limited surface complexation reactions”
(Shang etal. 2011). The release of U(VI) adsorbed at the surface
of quartz sand grains demonstrates the reversibility of the attach-
ment processes of U(VI) under saturated conditions. Recent
studies have also demonstrated that the desorption of U(VI) is
controlled by many geochemical variables including pH, alka-
linity, carbonate concentration, and mineral type (Handley-Sidhu
et al. 2009; Liu et al. 2009; Miller et al. 2013b; Stoliker et al.
2013; Yabusaki et al. 2008, 2011; Yin et al. 2011). The release
and remobilization of U(VI) due to reversible attachment as a
result of a change in solution geochemistry has also been previ-
ously reported at low pH (Crangon et al. 2010; Gabriel et al.
1998; Ho and Miller 1986; Zheng and Wan 2005).

For the pH 11 experiment, the flow rate, influent U(VI)
concentration, and other physical experimental conditions
were the same as in the pH 6 experiment. The BTC of the
nonreactive tracer curve at pH 11 (Fig. 2) is similar to the one at

pH 6. However, at pH 11, the U(VI) species behave differently
than the tracer and the U(VI) species at pH 6. After a slight delay
compared with the tracer BTC, the U(VI) BTC starts to increase
gradually to reach a plateau value C/C, oscillating between 72
and 82 %. As DI water is applied to flush the unsaturated porous
media containing U(VI) and to initiate the elution phase, no
U(V]) elution peak is observed in the U(VI) BTC. After
switching to the DI water for the elution phase, the area under
the desorption curve is integrated in an effort to determine any
desorbed fraction of U(VI). The tracer and U(VI) curves are
virtually coincidental, which implies that almost none of the
U(VI) is leached upon elution. Therefore, there is no release or
remobilization of U(VI) under this geochemical solution change.

The BTC of Si (Fig. 2) is characterized first by a sharp
increase to almost C/Cy=0.9 (at the introduction of the pH 11
U(VI) solution). The concentration then decreases monotonically
to 0.07-0.08 mM and remains relatively constant at this level.
Upon flushing with DI water, the Si concentration again shows
an increase from 0.07 to 0.4 mM for a short period of time, after
which point the concentration again reaches another equilibrium
value of 0.01 mM (Fig. 2). Visual observations confirm small
amounts of precipitate at the bottom of some of the sealed
effluent collection tubes months after the analyses. Consequently,
the Si measured by ICP-OES is considered to be only part of the
amount that actually exited the column. It is likely that when the
analysis was performed, there was already a small amount of
precipitate at the bottom of the tubes that went unnoticed and that
the solutions were not well mixed upon injection into the instru-
ment. The measured concentration of Si in the effluent (the part
that did not precipitate) was higher than expected based on
estimates from quartz dissolution, but lower than the concentra-
tion that would be in equilibrium with quartz. One possible
explanation is the initial presence of a gel-like layer of Si when

Fig. 1 Breakthrough curves of
U(VI) and of a nonreactive tracer
(sodium perchlorate) at pH 6
during injection and elution
phases. The dimensionless
effluent concentration C/Cy,
where C and C, represent

the effluent and influent
concentrations, respectively,

is plotted as a function of the
cumulative volume eluted
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Fig. 2 Breakthrough curves of I
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concentrations, respectively, is © 0.6 - %
plotted as a function of the (&) 15 —
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quartz is placed in contact with water. Still, no general agreement
has been established in the literature regarding the existence of a
gel layer on quartz sand (Ball et al. 1997; Huber and
Liitzenkirchen 2009). Another explanation may be that when
the surface of the quartz contacted the alkaline solution, higher
amounts of silica were dissolved than anticipated. Si release from
quartz sand has also been observed under highly alkaline solu-
tion (Wang and Um 2012). The third possibility is that the
surface of the quartz still contained some amorphous structure
despite the pretreatment with sulfuric acid to remove the more
soluble amorphous.

We expect that uranium retardation in the quartz sand occurs
either through sorption or precipitation. This decrease in U(VI)
concentration at basic pH cannot result from sorption since the
dominant U(VI) aqueous species under these conditions are
anionic U(VI) carbonate complexes as shown by the aqueous
speciation calculation. Consequently, a precipitation reaction is
suspected. Visual observations showed a precipitate at the
bottom of the plastic effluent collection tubes, but it is unknown
if precipitation also occurred inside the column. The area below
the BTC was integrated and subtracted from the total U(VI)
input into the column. The results show that 34 % of the
uranium is removed either in the column or is not analyzed in
the effluent tubes because of coprecipitation with silica.

Two scenarios may be considered in this respect. The first is
that the decrease of U(VI) concentration, as well as the changes
in the concentrations of Si dissolution in the experiments, sug-
gests the possibility of formation of a mineral precipitate phase
in alkaline vadose zone water, as also reported by McKinley
et al. (2006). Possible uranyl-silicate phases in our conditions
are sodium boltwoodite Na(UO,)(SiO;0H)-1.5H,0, soddyite
(U02)28i04'2(H20), and schoepite (U02)40(OH)6'6(H20)
However, the GWB computation results show that no mineral
was supersaturated at the end of the experiment nor at the point
when the measured effluent Si concentration was the highest.
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The only U(VI) species was calculated to be UO,(COs)4,. The
reason for the failure of the model predictions could be related to
uncertainties in the surface area and the dissolution rate constant
of the initial quartz surface. On the effluent side, the solutions
were not calculated to be supersaturated simply because a
precipitate had already been formed and was inadvertently
missed in the analysis. The precipitation of minerals at high
pH values has been reported in some studies. An increase in Kd
values has been noted at high pH, caused by the precipitation of
U(VI]) containing solids. For instance, Kaplan et al. (1998)
established that U(VI) sorption was constant as UO3 " concen-
trations varied between 3.3 and 100 pg/L at pH 8.3 and an ionic
strength of 0.02 M. After pH 8.3, the apparent Kd increased to
400 mL/g where U(VI) containing solids precipitated out. The
one-dimensional transport code XIt (Bethke 1996), run by Viani
and Torretto (1998), simulated the precipitation of soddyite on a
mixture of quartz and hematite column at pH 8 with an influent
concentration of 2x10® M of U(VI) and assumed that quartz
solubility controls the level of silica in solution.

A second possible scenario is that the dissolution of Si from
the quartz surface could have caused the formation of silica
colloids, which were then transported through the column.
Having a high surface area, the silica colloids might have taken
up some of the uranium from the infiltrating solution. Aggrega-
tion may have caused such colloids to stay in the column and/or
settle out in the effluent tube. The sorption of uranium onto silica
colloids has been observed to be an irreversible reaction (Lu
et al. 2000; Zhuang et al. 2003). Since the sorption of U(VI)
onto silica colloids decreases after ~pH 8 (Baik and Hahn 2001),
the loss of U(VI) likely occurred by precipitation of a U(VI)-
and Si-containing phase, which was at least partly mobilized
under the unsaturated flow conditions. The coprecipitation of
uranium with colloidal silica was postulated to occur via the
incorporation of uranium as uranyl-silica-hydroxyl complexes
(Zielinski 1980).
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Table 3 Parameters for the equilibrium and nonequilibrium two-site and MIM CDE model simulations

pH L(cm) v(emday ') T, R P 8w A 0.0 7 f  a SSR RMSE R?

Equilibrium Tracer 11 25 3750 2 - S 800 — - ~ 10933 0.1743 0.8448

CDE Uranium 11 25 3750 175 — - - 45 - - ~ 07072 0.1402 0.8052
(VD

Tracer 6 25 1641 26 — - - - 500 — - ~ 0,022 0.1530 0.8980

Uranium 6 25 1641 177 — - - 175 - - ~ 02243 00789 0.9583
(VD

Nonequilibrium Tracer 11 25 3750 177 1 37.879 025 0.053 0.66 025 — 025 105 0.0278 0.0321 0.9942

CDE two-site  Uranjym 11 25 3750 17 2 1506 025 0344 1.66 025 — 0.11 315 0.1397 0.0719 0.9265
(VD

Tracer 25 1641 2.4 37.879 025 0011 0.66 025 — 025 1 00180 0.0258 0.9973

Uranium 6 25 1641 32 1506 025 0018 1.66 025 — 025 0.5 00857 0.0563 0.9824
(VD

Nonequilibrium Tracer 11 25 3750 177 — 37.879 025 0.053 066 025 0.025 — — 00276 0.0308 0.9947

CDEMIM  Upanjum 11 25 3750 17 2 1506 0.8 0346 1.66 025 04 011 —  0.1400 0.0720 0.9264
(VD

Tracer 6 25 1641 24 — 37879 025 0011 0.66 025 0.005 — — 00183 0.0256 0.9973

Uranium 6 25 1641 19 35 1506 025 0004 1.66 025 0.005 025 —  0.0924 0.0585 0.9810
(VD

L characteristic length [L]; v average pore-water velocity [LT ' J; 7)) pulse duration [T]; R retardation factor; P Peclet number; 3 dimensionless variable
for partitioning in nonequilibrium transport models (i.e., fraction of equilibrium sorption sites for two-site model and mobile water fraction for MIM
model); w dimensionless mass transfer coefficient; A dispersivity [L]; 6,/0 mobile water fraction; 7 transport parameter; f fraction of exchange sites
assumed to be at equilibrium for the two-site model; fraction of adsorption sites that equilibrates with the mobile liquid phase for the two-region model; cv
first-order kinetic rate coefficient [T J; SSR the sum of squares due to error; RMSE root mean squared error; R’ coefficient of determination for curve fit

to raw data

4.3 Nonequilibrium transport

Under unsaturated flow conditions, the equilibrium CDE was
unable to accurately model the BTCs of either the tracer or the
uranium, suggesting the occurrence of nonequilibrium behav-
ior (Table 3, Fig. 3). Physicochemical processes that may
induce nonequilibrium processes are the presence of simulta-
neously different adsorption kinetics and/or heterogeneous
flow regime (Gamerdinger et al. 2001a, b). This occurrence
of nonequilibrium transport is evident as we compare the
BTCs of U(VI) to the BTCs of the conservative tracer under
different pH conditions (Table 3, Fig. 3). In the CDE two-site
model, the rate-limited sorption parameters 3 and w were
calculated to compute f and « (Table 3). In the CDE MIM
model, the sorption is identical in the mobile and immobile
water regions, and the sorption sites are distributed according
to the distribution of mobile and immobile water regions.
The tracer BTCs do not indicate any chemical or physical
nonequilibrium behavior. As the transport of U(VI) is well
described by fitting it with nonequilibrium CDE models—two
sites and MIM—it is tempting to conclude that the reactive
transport of U(VI) in unsaturated porous media is subject to
either a chemical nonequilibrium process (i.e., by different
adsorption kinetics—either by instantancous adsorption on
one type of site or by first-order kinetics on the other type of
site) or a physical nonequilibrium process (i.e., heterogeneous
flow regime that can be simulated by two regions—a mobile

water region and an immobile water region), or both concom-
itantly. Indeed, the modeling with nonequilibrium CDEs dem-
onstrated that the asymmetry and shifts of the BTCs can be
accurately depicted by these models (Table 3, Fig. 3). In the
first approximation, one could assume that the reasonable fit
of these models to experimental data indicates that the as-
sumptions embodied in these models are legitimate. However,
caution is in order since it is also entirely possible that these
physical or chemical assumptions are misleading, and the
reason the models fit the data well is that the models contain
the right number of parameters, unlike the equilibrium model
that falls short in that respect. Therefore, conclusions derived
from model fitting exercises, even though it is interesting to
analyze them to see where they lead, will have to be corrob-
orated by microscopic evidence on the heterogeneity of sorp-
tion site, or on the true extent of partition of soil water into
mobile and immobile phases.

Although the chemistry of the uranium solution (i.e., pH)
has a direct impact on the occurrence of the chemical non-
equilibrium process and related rate-limited mass transfer that
govern U(V]) sorption and retention processes (i.e., decrease
in sorption due to incomplete sorption), the decrease of avail-
ability of sorption sites as a result of MIM also impacts U(VI)
sorption and retention processes. Gamerdinger et al. (2001b)
have also reported that a decreased sorption may be due to
“decreased availability of sorption sites induced by two-
region flow at the lower water contents (<30 % saturation).”
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Fig. 3 Observed and predicted uranium(VI) transport in unsaturated sand at two pH values (pH 6 and 11). Symbols are the observed data and /ines are
the predictions modeled using equilibrium transport CDE and nonequilibrium transport CDE (two-site and MIM models)
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Of particular interest is that at pH 6, the U(VI) BTC clearly
exhibits a delay compared to the tracer. This finding may be
the result of the two-site process dominating the sorption and
retardation processes wherein MIM would contribute to a
lesser degree. However, at pH 11, the U(VI) BTC is charac-
terized by another delay that results in a BTC of a different
shape compared to the one at pH 6. This result indicates that a
different phenomenon may dominate the sorption and retar-
dation processes. At pH 11, the hydraulic conditions of the
unsaturated column are that the water velocity is higher and
the water content is lower than at pH 6. The hydraulic condi-
tions at pH 11 (<30 % saturation and fast water velocity) may
decrease the sorption of U(VI) by decreasing the availability
of sorption sites by inducing MIM, resulting then in MIM’s
being the dominant phenomenon in decreasing sorption sites
compared to the role of the two-site process. Therefore, the
CDE two-site model demonstrates the relationship between
uranium adsorption and retardation during transport and rate-
limited mass transfer processes, while the CDE MIM model
establishes the critical influence of immobile water on the
reactive transport of uranium.

5 Conclusions

Understanding the mobility of uranium in the vadose zone is
critical to determining the potential contamination of nearby
surface and groundwater resources. The coupled effects of
unsaturated hydrodynamics and reactive transport of U(VI)
affect the behavior of U(VI) in the vadose zone. The reactive
transport of U(VI) governed by adsorption-desorption pro-
cesses, precipitation and complexation reactions in which
kinetic behaviors are controlled by pH and solution chemistry,
and heterogeneous flow regime impact the mobility of U(VI)
in the vadose zone. Near-neutral and alkaline pH values in the
vadose zone waters generate different U(VI) behavior, includ-
ing uranium speciation, uranium-harboring minerals, and dis-
solved uranium concentration, that result in significant differ-
ences in the fate and transport of U(VI). As the transport of
U(VI) is well described by fitting it with nonequilibrium CDE
models—two sites and MIM—we conclude tentatively that
the reactive transport of U(VI) in unsaturated porous media is
subject to the coupled effects of both a chemical nonequilib-
rium process (i.e., by different adsorption kinetics—either by
instantaneous adsorption on one type of site or by first-order
kinetics on the other type of site) and a physical nonequilib-
rium process (i.e., heterogeneous flow regime that can be
simulated by two regions—a mobile water region and an
immobile water region).

At pH 6 and under constant geochemical conditions, the
transport of U(VI) is primarily controlled by adsorption pro-
cesses as about 52 % of the added U(VI) adsorbed to the

quartz sand. The U(VI) adsorption resulted in the retardation
of U(VI). The desorption kinetics of U(VI) are significant, as
observed through the elution of U(VI). Therefore, the fate of
U(V]) in the vadose zone depends also on the reversibility of
its adsorption that may occur following a change in geochem-
ical conditions. The column transport experiments indicated
that under specific geochemical conditions and vadose zone
processes that favor the mobility of U(VI), dissolved- and
colloidal-phase associations of U(VI) may be transported
rapidly and at high concentration from the soil surface to the
phreatic zone.

One interesting phenomenon captured by the adsorption/
desorption processes of U(VI) to quartz sand is that variability
in the geochemical solution conditions may give rise to sig-
nificant U(VI) release in the vadose zone waters. This phe-
nomenon may have implications for the roles of the vadose
zone on the fate and transport of U(VI). The vadose zone may
serve not only as a “transport pathway” of U(VI) between the
soil surface and the water table, but it may also function as a
“dynamic source” of U(VI), resulting in the persistent con-
tamination of the phreatic zone. From this perspective, the
episodic storage, release, and remobilization of U(VI) in the
vadose zone appears highly dependent on the transient chem-
istry of the vadose zone waters causing changes in geochem-
istry and mineralogy, chemical reactions, and reaction kinet-
ics, as well as on the transient infiltration processes under
hydrological and climate changes.
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