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[1] The reactive transport of U(VI) in a shallow alluvial aquifer beneath a former U(VI)
mill located near Naturita, CO, was simulated using a surface complexation model
(SCM) to describe U(VI) adsorption. The groundwater had variable U(VI) concentrations
(0.01–20 mM), variable alkalinity (2.5–18 meq/L), and a nearly constant pH equal to
7.1. U(VI) KD values decreased with increasing U(VI) and alkalinity, and these parameters
were more important than sediment variability in controlling KD values. Reactive transport
simulations were fit to the observed U(VI) and alkalinity by varying the concentration
of U(VI) and alkalinity in recharge at the source area. Simulated KD values varied
temporally and spatially because of the differential transport of U(VI) and alkalinity and
the nonlinearity of U(VI) adsorption. The model also simulated the observed U(VI)
tailing, which would not be expected from a constant KD model. The simulated U(VI)
concentrations were sensitive to the recharge flux because of the increased flux of U(VI) to
the aquifer. The geochemical behavior of U(VI) was most sensitive to the alkalinity and
was relatively insensitive to pH.
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1. Introduction

[2] Uranium in groundwater aquifers is a contaminant of
concern at many U.S. federal government sites where it has
been stored in poorly designed facilities or where it has been
leached from U mill tailings [USDOE, 1996; Abdelouas et
al., 1999; Crowley and Ahearne, 2002]. A critical aspect of
assessing the risk of contaminated groundwater and perfor-
mance of potential remedies at many uranium-contaminated
sites is estimating the migration of U in groundwater.
Uranium occurs in the environment predominantly as
U(IV) in reducing systems and U(VI) in oxic systems. In
reducing environments, U(IV) forms insoluble phases and
therefore is relatively immobile [Langmuir, 1997]. In oxic
environments, U(VI) forms moderately soluble solid phases
[Grenthe et al., 1992] such that at concentrations less than
approximately 30 mM, the mobility of U(VI) can be con-
trolled by adsorption reactions at near neutral pH values
[Davis et al., 2004].
[3] Adsorption of U(VI) in oxic waters is sensitive to pH

and carbonate concentration and therefore to the partial
pressure of CO2. Adsorption is generally low at low pH
values and increases with increasing pH usually in the pH
range of 4 to 6 [Hsi and Langmuir, 1985; Waite et al., 1994;
Pabalan et al., 1998; Davis et al., 2002]. In the pH range of
approximately 7–10, U(VI) is strongly adsorbed in the
absence of dissolved CO2 [Hsi and Langmuir, 1985; Prikryl
et al., 2001] but in the presence of dissolved CO2, the
formation of aqueous U(VI)-carbonate complexes can cause

adsorption to be negligible [Hsi and Langmuir, 1985; Waite
et al., 1994; Davis et al., 2004; Wazne et al., 2003].
Adsorption could also be reduced by the formation of
CaUO2(CO3)3

�2 and Ca2UO2(CO3)3
0 species that can be the

dominant U(VI) aqueous species in many groundwaters
[Bernhard et al., 2001; Brooks et al., 2003; Fox et al., 2006].
[4] A simple approach to describe U(VI) adsorption by a

sediment is to use a constant distribution coefficient defined
by

KD ¼ UADS

UAQU

ð1Þ

where KD is the distribution coefficient (mL/g), UADS is the
adsorbed U(VI) concentration (mol/g), and UAQU is the total
dissolved U(VI) concentration in groundwater (mol/mL).
However, U(VI) KD values can vary by five orders of
magnitude over the pH range from 6 to 9 and by 4 orders of
magnitude at pH 8 as the partial pressure of CO2 gas
increases from its value in air to 0.01 atm [Davis et al.,
2004]. Therefore, simulations with a constant KD can
introduce significant error into transport simulations
because the constant KD approach does not account for
temporally and spatially variable geochemical conditions
that can be present within a contamination plume or for
extensive tailing caused by the nonlinear adsorption
isotherms [Reardon, 1981; Kohler et al., 1996; Bethke
and Brady, 2000; Glynn, 2003; Zhu, 2003].
[5] Surface complexation models (SCM) can account for

the effect of variable solution chemistry on adsorption and
for a finite quantity of adsorption sites and have been used
to model U(VI) adsorption in many laboratory studies [Hsi
and Langmuir, 1985; Waite et al., 1994; Pabalan et al.,
1998; McKinley et al., 1995; Turner and Sassman, 1996;
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Kohler et al., 1996; Villalobos et al., 2001; Davis et al.,
2004]. In the SCM approach, adsorption is postulated to
occur on specific surface sites, e.g.,

>SOHþ UO2þ
2 þ H2O ¼ >SOUO2OHþ 2Hþ ð2Þ

where UO2
+2 is the free uranyl ion in solution, >SOH is a

protonated surface site and >SOUO2OH is a possible uranyl
surface complex. This approach makes it possible to
describe binding to a finite number of surface sites (which
leads to nonlinear isotherms) and to simulate pH-dependent
adsorption processes. Moreover, adsorption reactions can be
readily coupled to extensive databases of solution speciation
reactions as exemplified by the formation of the aqueous
uranium tricarbonato complex, i.e.:

UO2þ
2 þ 3 CO�2

3 ¼ UO2 CO3ð Þ�4
3 ð3Þ

When considered together, equations (2) and (3) illustrate
that >SOH and CO3

�2 compete for UO2
+2; in instances where

the CO3
�2 concentration is large the formation of mobile

U(VI)-carbonate complexes is favored.
[6] One approach for applying the SCM approach to

sediments uses published SCMs for well-characterized
surfaces coupled with detailed soil characterization studies
to determine the quantity of each reactive surface in the soil
and then assembles an SCM for the sediment from its basic
components [Davis et al., 1998; Westall et al., 1998].
However, Davis et al. [2004] had limited success when this
approach was used to model U(VI) adsorption by aquifer
sand obtained at the site described in this study. Four
significant sources of uncertainty were identified: (1) esti-
mation of surface site-types and surface area abundances,
even for well characterized sediments, (2) a lack of funda-
mental data on the effects of competitive adsorption of
common groundwater solutes, (3) a lack of fundamental
data on the effects of common groundwater solutes on
surface charge and potentials, and (4) inconsistencies that
could result when combining previously published SCMs
that use different electrical double layer formulations. To
reduce these uncertainties, a semi-mechanistic SCM was
calibrated to measured adsorption data [Davis et al., 2004].
In this approach, adsorption is postulated to occur on
generic surface sites that represent average properties of
the sediment surfaces rather than specific mineral surfaces.
Model parameters are calibrated to adsorption data for
postulated reaction stoichiometries and different model
formulations are selected based on simplicity and goodness
of fit [Davis et al., 2002, 1998; Waite et al., 2000]. An
advantage of this approach is that the electrical double layer
is not considered explicitly; adsorption reaction stoichiom-
etry and binding constants are derived by fitting the mac-
roscopic dependence of adsorption as a function of pH. This
is important because of the difficulty in quantifying electri-
cal field and charge at the mineral-water interface in
mixtures of mineral phases with associated surface coatings.
[7] The SCM approach has only been used in a few

instances to describe adsorption in field-scale reactive
transport modeling studies. These studies include cases
involving the transport of molybdate [Stollenwerk, 1998],
zinc [Kent et al., 2000], and phosphate [Parkhurst et al.,
2003], all of which were conducted at the USGS Cape Cod

field site. Reactive transport simulations for U(VI) transport
have been limited by a lack of site-specific data [Zhu et al.,
2001; Zhu and Burden, 2001].
[8] The purpose of this work, together with a set of

companion papers [Davis et al., 2004; Kohler et al., 2004;
Curtis et al., 2004], is to demonstrate the application of the
semi-mechanistic SCM approach for modeling the adsorp-
tion and reactive transport of U(VI) in an alluvial aquifer at
a former uranium ore-processing mill near Naturita, CO.
The SCM for U(VI) adsorption was determined in labora-
tory batch studies with Naturita aquifer background sedi-
ments (NABS) [Davis et al., 2004], and the model gave
good predictions of U(VI) adsorption by contaminated
sediments [Kohler et al., 2004] and in in situ studies with
NABS [Curtis et al., 2004]. The outline of the remainder of
this paper is as follows: (1) describe the significant geo-
chemical characteristics of the field site, (2) evaluate the
factors that control adsorption and transport of U(VI) in
the field, (3) compare reactive transport simulations
using the SCM approach with the field observations, and
(4) illustrate the sensitivity of the simulated U(VI) concen-
tration to key model parameters.

2. Site Characterization

2.1. Site Description

[9] The former uranium mill site is approximately 3 km
northwest of the town of Naturita, CO along the San Miguel
River in southwestern Colorado (Figure 1). The ore mill
processed uranium and vanadium ores at the site intermit-
tently during the 1930s and beginning in 1939 almost
continuously until the mill was shut down in 1958 [USDOE,
2003]. From 1961 until 1963, a uranium upgrader that
produced uranium concentrates that were further processed
elsewhere was operated at the site. Uranium and vanadium
were extracted from the ore by salt roasting followed by
carbonate leaching in percolation tanks. Carbonate leach
tails were slurried to the western half of the site farthest
(200 meters) from the San Miguel River and closest to CO
highway 141 and were later collected and leached with
sulfuric acid. Acid leach tails were deposited closer to the
river. Between 1977 and 1979, the mill tailings were
removed from the site for reprocessing and between 1996
and 1998 the contaminated soils below the former tailings
and mill were excavated and transported offsite. The extent
of the excavation was determined by 226Ra measurements
and as a result, soils were excavated to as deep as the water
table below most of the former mill yard and tailings
[USDOE, 2003]. This excavated area was backfilled with
clean sediments, but as illustrated in the cross-section in
Figure 1, the excavation lowered the ground surface eleva-
tion by several meters.

2.2. Hydrogeology

[10] The Naturita area is semi-arid; the average annual
precipitation is 30 centimeters and the vegetation is primar-
ily grasses and sagebrush except near the river where
cottonwoods are common. Historical aerial photos indicate
that there was little vegetation in the mill yard or on the
tailings pile. Contaminated groundwater at the Naturita site
occurs in the thin alluvial deposits of the San Miguel River
floodplain. The aquifer is bounded by outcrops of fine-
grained shale (the Brushy Basin member) on the west near
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