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Notice

The U.S. Environmental Protection Agency through its Office of Research 
and Development managed portions of the technical work described here under 
EPA Contract No. 68-C-02-092 to Dynamac Corporation, Ada, Oklahoma (David 
Burden, Project Officer) through funds provided by the U.S. Environmental Protection 
Agency’s Office of Air and Radiation and Office of Solid Waste and Emergency 
Response. It has been subjected to the Agency’s peer and administrative review and 
has been approved for publication as an EPA document. Mention of trade names or 
commercial products does not constitute endorsement or recommendation for use.

All research projects making conclusions or recommendations based on 
environmental data and funded by the U.S. Environmental Protection Agency are 
required to participate in the Agency Quality Assurance Program. This project did 
not involve the collection or use of environmental data and, as such, did not require 
a Quality Assurance Plan.
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Foreword

The U.S. Environmental Protection Agency is charged by Congress with protecting the Nation’s land, air, and water 
resources.  Under a mandate of national environmental laws, the Agency strives to formulate and implement actions 
leading to a compatible balance between human activities and the ability of natural systems to support and nurture 
life.  To meet this mandate, EPA’s research program is providing data and technical support for solving environmen-
tal problems today and building a science knowledge base necessary to manage our ecological resources wisely, 
understand how pollutants affect our health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency’s center for investigation of technological 
and management approaches for preventing and reducing risks from pollution that threatens human health and 
the environment.  The focus of the Laboratory’s research program is on methods and their cost-effectiveness for 
prevention and control of pollution to air, land, water, and subsurface resources; protection of water quality in public 
water systems; remediation of contaminated sites, sediments and ground water; prevention and control of indoor 
air pollution; and restoration of ecosystems. NRMRL collaborates with both public and private sector partners to 
foster technologies that reduce the cost of compliance and to anticipate emerging problems.  NRMRL’s research 
provides solutions to environmental problems by: developing and promoting technologies that protect and improve 
the environment; advancing scientific and engineering information to support regulatory and policy decisions; and 
providing the technical support and information transfer to ensure implementation of environmental regulations and 
strategies at the national, state, and community levels.

This publication has been produced as part of the Laboratory’s strategic long-term research plan.  It is published and 
made available by EPA’s Office of Research and Development to assist the user community and to link researchers 
with their clients.  Understanding site characterization to support the use of monitored natural attenuation (MNA) for 
remediating inorganic contaminants in ground water is a major priority of research and technology transfer for the 
U.S. Environmental Protection Agency’s Office of Research and Development and the National Risk Management 
Research Laboratory.  This document provides technical recommendations regarding the development of conceptual 
site models and site characterization approaches useful for evaluating the effectiveness of the natural attenuation 
component of ground-water remedial actions.   This document addresses natural attenuation processes and data 
requirements specific to selected radionuclides.

David G. Jewett, Acting Director
Ground Water and Ecosystems Restoration Division
National Risk Management Research Laboratory
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Uranium

James E. Amonette, Richard T. Wilkin, Robert G. Ford

Occurrence and Distribution

Uranium is the heaviest naturally occurring element and all 
isotopes are radioactive.  Although it occurs as an essential 
component in nearly 200 different minerals (Smith, 1984; 
Burns, 1999), the vast majority of naturally occurring ura-
nium deposits are comprised of a few common minerals 
including oxides (uraninite and pitchblende), silicates (cof-
finite, soddyite, uranophane, and uranothorite), phosphates 
(autunite), and vanadates (carnotite).  Uranium can be 
used to fuel nuclear power reactors either in its natural 
isotopic enrichment of 0.7% 235U or at slight enrichments 
of between 3 – 5% 235U. At much higher 235U enrichments, 
uranium is also used in nuclear weapons. Civilian non-
nuclear applications of (depleted) uranium include sailboat 
keels and counterweights in commercial aircraft.  Depleted 
uranium is used extensively in military applications, notably 
in alloys for armor and armor-penetrating projectiles (Bleise 
et al., 2003).  As a result of its widespread use, uranium 
is the most common radiological contaminant in soils and 
sediments (Riley et al., 1992) and is generally associated 
with uranium mining/refining sites, processing facilities for 
the commercial/civilian nuclear fuel cycle, production of 
nuclear materials for weapons, and artillery firing ranges 
and battlefields.

Typical groundwater concentrations of dissolved uranium 
are on the order of a few μg U/L, but range as high as 
2000 μg U/L near natural uranium deposits in arid regions.  
In streams, levels of uranium are typically about 1 μg U/L, 
but values as high as 50 μg U/L are seen in granitic water-
sheds.  The level of uranium in seawater is 3 μg U/L.  In 
addition to the dissolved forms, colloidal forms of uranium 
are often present in water, and can be determined by 
decreases in concentration as a result of filtration (the filter 
pore size is often specified).

Some of the notable uranium contamination sites in the 
United States include Department of Energy (DOE) pro-
cessing facilities located at Fernald, OH; Paducah, KY; 
Oak Ridge, TN; Savannah River Site, SC; Rocky Flats, 
CO; and Hanford, WA, as well as abandoned mines and 
former mill sites in the Colorado Plateau region of the 
southwest.  In addition, the development of in-situ leach 
mining, which accounts for nearly all the uranium currently 
mined in the United States, has led to new sites of sub-
surface contamination in Texas, Wyoming, Nebraska, and 
New Mexico.  Military firing ranges and research facilities 
contaminated with depleted uranium include the Aberdeen 
Proving Ground, MD; Jefferson Proving Ground, IN; Yakima 
Firing Center, WA; and Los Alamos and Sandia National 
Laboratories, NM.  A summary of sites under the regulatory 
authority of either the USEPA or the Nuclear Regulatory 
Commission (NRC) was provided in USEPA (1993).  

Geochemistry and Attenuation Processes

Radioactive Decay

Uranium transport in groundwater depends to a large extent 
on the oxidation state and radioactive decay phenomena 
for the predominant radioisotopes found in natural sys-
tems (USEPA, 1999).  All of the isotopes of uranium are 
radioactive.  Of the three naturally occurring isotopes, 238U 
is the most abundant (99.275%; 4.468x109 year half-life), 
followed by 235U (0.720%; 7.038x108 year half-life) and 234U 
(0.005%; 2.445x105 year half-life).  The decay series for 238U 
and 235U are shown in Figure 6.1.  Because 234U is a decay 
product of 238U, it generally occupies sites in minerals that 
have already been damaged by the release of an alpha 
particle during the 238U decay process.  This decay process, 
referred to as ‘alpha recoil’, may lead to ejection of the 
238U daughter (234Th) directly into groundwater or indirectly 
increase the potential for 234U leaching from aquifer solids 
damaged by the recoil process (Ivanovich, 1994; Tricca 
et al., 2001; Maher et al., 2006).  The 234U:238U activity ratio 
in groundwater would increase proportionately, where 234U 
is released during dissolution or from the rapid decay of 
234Th (and 234Pa) following ejection from the solid surface.    

The form of uranium waste materials will influence the 
relative distribution of uranium radioisotopes derived from 
sources of contamination.  Preparation of uranium for use 
in reactors involves enrichment of the more fissile 235U 
radioisotope to several percent, and for nuclear weapons 
enrichment to 90% or better is required.  The residual 
material, or tails, derived from the enrichment process 
is referred to as “depleted uranium”, which has a higher 
proportion of the 238U radioisotope (Meinrath et al., 2003).  
Elevated levels of 236U are produced by neutron activation 
of 235U (Marsden et al., 2001; Boulyga and Becker, 2002); 
accordingly, this radioisotope may provide a “fingerprint” for 
the presence in the environment of uranium that has been 
irradiated in a nuclear reactor (Christensen et al., 2007) due 
to its relatively long half-life (2.3415 x 107 years).  Thus, 
excluding potential alpha recoil effects, differences in the 
relative abundance of uranium isotopes in groundwater will 
reflect source term characteristics.  Possible progenitors 
that could introduce uranium isotopes via decay in-growth 
are shown in Table 6.1.  Radioisotopes of neptunium, 
protactinium, and plutonium decay to produce uranium 
radioisotopes of importance.  The decay half-lives for these 
progenitors range from minutes to many thousands of years.  
Knowledge of the presence of these radionuclides within 
the plume and sampled groundwater may be important for 
proper identification of the source of uranium radioisotopes 
as well as in-growth corrections that may be required to 
properly account for the mass/activity of the various uranium 
radioisotopes at the time of sample collection.
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Table 6.1 Illustration of potential decay paths from different progenitor sources leading to production of uranium ra-
dioisotopes.  Determination of possible decay paths to the target radionuclide was based on examination 
of the Chart of Nuclides (http://www.nndc.bnl.gov/chart/) maintained by the Brookhaven National Labora-
tory, National Nuclear Data Center (NNDC) relative to possible decay paths based on decay modes identi-
fied in the Appendix (EC = electron capture, b¯ = electron emission, a = alpha decay).  Decay half-life data 
were obtained using the WinChain program that provides electronic access to the ICRP38 Nuclear Decay 
Data Files (ICRP, 1983; Eckerman et al., 1994; m = minutes, h = hours, d = days, y = years).  WinChain is 
a public domain software application available for download from Oak Ridge National Laboratory  
(http://ordose.ornl.gov/downloads.html). 

Contaminant Radionuclide Decay Progenitor Decay Mode Progenitor Decay Half-life

238U 242Pu a 3.763 x 105 y

235U
235Np EC 396.1 d
239Pu a 24065 y

234U

234Np EC 4.4 d
234Pa b- 6.70 h
238Pu a 87.74 y

238Np → 238Pu b¯ → a 2.117 d → 84.74 y

236U
236Np 1 EC 153000 y

240Pu a 6537 y

1 Decay data not available in WinChain; recommended values obtained from NuDat 2.4 database maintained at the NNDC

(http://www.nndc.bnl.gov/nudat2/index.jsp). 
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Figure 6.1 Decay series for 238U and 235U based on data from ICRP (1983).  Decay modes include those leading to 
ejection of an alpha particle (a) or a beta particle (b¯).  The half-life is shown directly below the isotope that 
is subject to decay; y  = years, d = days, h = hours, m = minutes, s = seconds, μs = microseconds. Numbers 
shown in parentheses below indicate the fractional abundance of the daughter isotope produced during 
branched decay of the parent isotope (e.g., decay of 218Po follows two routes resulting in 98.98% production 
of 214Pb and 0.02% production of 218At).
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Aqueous Speciation

The environmental chemistry of uranium is largely dictated 
by its formal oxidation state (e.g., Fanghanel and Neck, 
2002).  Under ambient oxidizing conditions, the predomi-
nant uranium oxidation state is U(VI).  Where oxygen is 
limited, U(IV) may dominate.  The metallic form, U(0), does 
not occur naturally, and is readily oxidized to U(IV), and 
eventually U(VI), upon exposure to oxidizing conditions.  A 
considerable body of literature discusses the mechanisms 
of “corrosion” of U(0) and U(IV) to U(VI) (e.g., Finch and 
Ewing, 1992; Finch and Murakami, 1999).  Other oxidation 
states of uranium, e.g., U(V) and U(III), are rare and gener-
ally unstable to U(IV) and U(VI) under ambient conditions.  
In general, the solubility, and hence mobility, of uranium 
is greatest when it is in the U(VI) state.  Complexation of 
U(VI) by inorganic anions such as carbonate, fluoride and 
phosphate may enhance the solubility and mobility of this 
species.  When reducing conditions are present, U(IV) is 
generally immobile and found either as the insoluble oxide 
(uraninite) or the silicate (coffinite).  A compilation of ther-
mochemical data for uranium aqueous species and solid 
phases has been recently published by the Nuclear Energy 
Agency (Guillaumont et al., 2003).  It is recommended that 
this and other sources (e.g., Hummel et al., 2002; Gorman-
Lewis et al., 2008) be consulted prior to implementation of 
geochemical models to describe uranium fate and transport.

Under oxidizing conditions and environmental pH, U(VI) 
species dominate aqueous uranium concentrations.  These 

highly soluble species are generally either hydroxy or car-
bonato complexes of the uranyl (UO2

2+) cation (Figure 6.2), 
although elevated concentrations of potential inorganic or 
organic ligands near contaminant source zones may exert 
greater influence on U(VI) speciation (e.g., phosphate; 
Bonhoure et al., 2007).  As shown in Figure 6.2, calcium 
(or other alkaline earth metals such as magnesium) and 
inorganic carbon in ground water tends to dominate the 
aqueous speciation of U(VI) under typical pH conditions 
(Dong et al., 2005; Dong and Brooks, 2006; Kelly et al., 
2007; Dong and Brooks, 2008).  The presence of these 
species at moderate ground-water concentrations has been 
verified, along with the reliability of the stability constants for 
calcium-carbonato complexes of U(VI) (Prat et al., 2009).  
As noted below, these speciation characteristics also influ-
ence the degree to which U(VI) will adsorb to aquifer solids.  
Under reducing conditions, U(IV) species, primarily the 
uranyl cation and its complexes, predominate, but, due to 
the very low solubility of U(IV) minerals, reach maximum 
concentrations on the order of 10 nM (2.4 μg U/L).  For all 
practical purposes, therefore, only U(VI) aqueous species 
are at sufficient concentrations to be of environmental 
concern.  Complexation with dissolved organic carbon may 
influence the aqueous chemistry of U(VI) in some ground-
water systems, although field evidence suggests that this 
would be significant only in more acidic (pH<6) systems 
(e.g., Ranville et al., 2007).

Figure 6.2 Distribution of aqueous U(VI) species among oxyhydroxyl-, sulfate-, carbonate-, and calcium carbonate-
complexes as a function of ground-water chemistry. (a) Dependence on alkalinity expressed as mol/L 
CaCO3(aq) ; pH = 7, 0.005 mol/L NaCl, 0.001 mol/L K2SO4 , 0.001 mol/L MgNO3, 0.42 μmol/L U (100 μg U/L). 
(b) Dependence on pH; 0.001 mol/L CaCO3(aq) (100 mg/L CaCO3 alkalinity), 0.005 mol/L NaCl, 0.001 mol/L 
K2SO4 , 0.001 mol/L MgNO3 , 0.42 μmol/L U (100 μg U/L).  Model predictions using Visual MINTEQ 
Version 2.53  (Based on MINTEQA2 described in Allison et al. (1991); available at http://www.lwr.kth.se/
English/OurSoftware/vminteq/).  Precipitation of Ca/Mg carbonates suppressed; slight oversaturation for 
pH > 8 and/or > 0.005 M CaCO3(aq).
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Solubility

Under ambient conditions, the thermodynamically stable 
uranium solid phases will be either U(VI) or U(IV) com-
pounds.  Thus, depleted U(0) will oxidize to U(IV) and, if 
sufficiently oxidizing conditions pertain, eventually to U(VI).  
The most stable U(VI) compounds are the phosphates 
and vanadates, but their formation is often limited by the 
relatively low concentrations of these two anions, and thus 
more soluble U(VI) oxides such as schoepite, which is bright 
yellow in color, are often seen, if any U(VI) solid phases are 
present.  A significant fraction of the solid-phase U(VI) will 
be adsorbed to iron (hydr)oxide surfaces, the edges of clay 
minerals, and to organic matter, rather than precipitated as 
discrete U phases (discussed below).  Maximum solubility of 
uranium is seen in oxidizing, phosphate-free, carbonate-rich 
solutions, and these are the principal reagents used for in-
situ leach mining of uranium in the U.S.  There are examples 
of uranium substitution into calcites from unimpacted 
(Sturchio et al., 1998; Kelly et al., 2003; Kelly et al., 2006) or 
contaminated environments (Wang et al., 2005a; Catalano 
et al., 2006), but this generally appears to occur only in 
locations where active precipitation of calcite or aragonite 
is occurring.  The stability fields of U(VI) as a function of pH 
and various element combinations are shown in Figures 6.3 
and 6.4.  The pH-dependent solubility of U(VI) is shown in 
Figure 6.3 for systems containing carbonate and silica.  In 
Figure 6.4, the role of phosphate in controlling U(VI) con-
centrations is illustrated.  Precipitates of U(VI) have been 
observed to form near source areas where elevated uranium 
concentrations in ground water were likely to have existed.  
An example where the U(VI) silicate, sodium boltwoodite, 
formed near a uranium source area has been documented 
for the Hanford Site in Richland, WA (Catalano et al., 2004; 
McKinley et al., 2007).  Examples of the types of uranium 
phosphate precipitates that have been identified include 
uranyl phosphate and uranium metaphosphate (Buck et 
al., 1996; Morris et al., 1996), barium meta-autinite (e.g., 
Jerden et al., 2003; Jerden and Sinha, 2003; Jerden and 
Sinha, 2006), and metatorbernite (Catalano et al., 2006; 
Arai et al., 2007). 

Under reducing conditions, the stable U(IV) solid phases 
are uraninite and, if high dissolved silica pertains, coffinite.  
Organic complexes of U(IV) associated with humic material 
may also retain U(IV) in the solid phase.  The solubility of 
the U(IV) phases is extremely low, and thus the presence 
of reducing conditions effectively halts the movement of 
uranium in soils and sediments, provided that colloidal-
sized phases are not formed and transported.  The most 
common uranium ore-forming process involves reductive 
precipitation of U(IV) phases as a result of microbiologi-
cal activity to form a roll-front deposit (Langmuir, 1997).  
The stability fields for U(VI) and U(IV) as a function of 
pH and Eh for various water compositions are shown in 
Figure 6.5.  The geochemical modeling results presented 
in Figures 6.3, 6.4, and 6.5 suggest that a wide variety of 
uranium-bearing precipitates are possible, especially in 
complex ground-water systems that invariably contain silica, 
carbonate/bicarbonate, calcium/magnesium, sodium, and 
sometimes phosphate.  Furthermore, it may be difficult to 
predict associations of uranium in the solid phase based 

upon analysis of aqueous chemical data and solubility 
predictions from thermochemical data.  In the absence of 
confirmatory solid phase characterization data, equilibrium 
model projections only indicate the possible formation of 
specific uranium-bearing precipitates.  

Figure 6.3 (a) Solubility of U(VI) as a function of pH at 
various levels of PCO2 and at aH4SiO4=10-4.0.  
Bold lines show the pH-dependent solubility 
of soddyite [(UO2 )2SiO4·2H2O] at PCO2 =10-3.0 
bar.  Note that the stability field of soddyite 
decreases with increasing PCO2.  Dashed 
lines show the metastable extensions of U(VI) 
aqueous species and the pH-dependent solu-
bility of schoepite [ b-UO3·2H2O] at PCO2=10-3 
bar.  (b) Addition of Ca (10-4 to 10-2) and 
Na (10-3).  Thermodynamic data for urano-
phane (Ca(H3O)2(UO2 )2(SiO4 )2·3H2O) are from 
Langmuir (1997; p. 552).  Note that solubility 
studies by Pérez et al. (2000) suggest that 
uranophane may be less stable than depicted 
here.
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Figure 6.4 Solubility of U(VI) as a function of pH and in 
the presence of phosphate (10-3.5), sodium 
(10-3), and calcium (10-3).  Na-Autunite 
(Na2 (UO2 )2 (PO4 )2 ) is the least soluble solid 
across the pH range, followed by Autunite 
(Ca(UO2 )2 (PO4 )2 ), (UO2 )3 (PO4 )2 ·4H2 O(c), 
Schoepite, and UO2 HPO4 ·4H2 O(c).  Dashed 
lines show the metastable extensions of aque-
ous U(VI ) species.  Thermodynamic data for 
U-P complexes and solids are from Guillaumont 
et al. (2003). 

Figure 6.5 Eh-pH diagrams for U at 25°C. (a) System 
U-O-H-Si-C, with aH4 SiO4 = 0-4.0 and 
PCO2 = 10-2.5 bar.  (b) System U-O-H-C 
with SU = 10-5 and PCO2 = 10-2.5 bar.  
(c) System U-O-H-C-Na-Ca with SU = 10-5, 
aH4 SiO4 = 10-4.0, and PCO2 = 10-2.5 bar.  
Soddyite = (UO2 )2 SiO4 ·2H2 O; urani-O; urani-
nite = UO2 ; schoepite = b-UO3 ·2H2 O; urano-
phane = Ca(H3 O)2 (UO2 )2 (SiO4 )2 ·3H2 O.
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Adsorption

Adsorption of uranium typically involves inner-sphere com-
plexation of uranyl (i.e., those containing UO2

2+) species 
by oxygen ligands at the surfaces of iron oxyhydroxides, 
phosphates, and layered silicates.  Uranyl species exhibit a 
high affinity for iron oxyhydroxide surfaces and for both basal 
and edge sites on layered aluminosilicates such as smectite 
and vermiculite.  Adsorption of U(VI) to the aluminosilicate 
mineral, muscovite, has been observed in aquifer sediments 
at the Hanford Site in Richland, WA (Catalano et al., 2006; 
McKinley et al., 2007).  Complexation of U(VI) by organic 
ligands in solid humic materials (primarily carboxylic-acid 
and phenolic groups) may also serve to remove uranium 
in shallow ground-water systems (Sowder et al., 2003).

A compilation of published Kd values for U(VI) sorption onto 
soils/sediments is documented in USEPA (1999).  However, 
as recognized by the authors of this compilation, there are 
significant limitations to the application of published Kds for 
site-specific applications where either the ground-water 
chemistry or the aquifer matrix differs significantly from the 
conditions under which a Kd was determined (Ochs et al., 
2006).  Davis and others (Davis and Curtis, 2003; Davis 
et al., 2004; Kohler et al., 2004) document an alternative 
approach whereby a site-specific Kd value is modeled 
through the use of a nonelectrostatic surface complexation 
model (NEM) developed as a function of site geochemis-
try for aquifer sediments.  This approach incorporates the 
important influence of uranium solution speciation while 
avoiding the need to model the influence of individual 
mineral components (and their respective surface charging 
behavior).  While this approach still requires site-specific 
data, it provides a means for projecting the influence of 
changes in ground-water chemistry on uranium sorption.  
The chemistry of ground water may be influenced by reac-
tion with aquifer solids and/or external recharge/infiltration 
from atmospheric precipitation or surface water.  As previ-
ously noted, alkalinity influences the aqueous speciation of 
U(VI), and it also influences the degree of sorption of U(VI) 
onto iron oxyhydroxides (e.g., Waite et al., 1994) and aquifer 
solids in which these minerals control uranium partition-
ing (e.g., Sato et al., 1997; Um et al., 2007).  It has been 
demonstrated that changes in ground-water chemistry influ-
ence the transport of U(VI) through an aquifer (Dong et al., 
2005; Yabusaki et al., 2008).  Alternatively, transition from 
oxidizing to reducing conditions along the transport pathway 
may be accompanied by a shift from adsorption of U(VI) 
species to precipitation of U(IV)-bearing solids (Davis et 
al., 2006).  Thus, it is recommended that reactive-transport 
models used to project subsurface uranium mobility directly 
incorporate the influence of major ion chemistry and redox 
conditions on the chemical speciation of uranium.

There is field evidence that adsorption of uranium to 
mineral surfaces within an aquifer may be an intermedi-
ate step to the formation of uranium-bearing precipitates.  
Murakami et al. (1997; 2005) have observed the association 
of nanoparticulate U(VI)-phosphate precipitates with iron 
oxyhydroxides in the weathering zone downgradient from 
a uranium ore deposit.  The U(VI) mineral was identified as 

metatorbernite, which was present in ground water that was 
undersaturated with respect to precipitation of this mineral.  
Characterization of the textural associations between the 
nanocrystalline metatorbernite and iron oxyhydroxides 
present as fissure fillings, clay coatings, and nodules, 
along with compositional relationships between copper, 
phosphorous, and uranium (Sato et al., 1997) indicated that 
the formation of uranium precipitates was a secondary step 
following initial adsorption of these constituents onto iron 
oxyhydroxide mineral surfaces (Murakami et al., 2005).  As 
summarized by Payne and Airey (2006), the observations 
in this subsurface system provide a point of reference for 
designing site characterization strategies and developing 
both conceptual and analytical models for interpreting and 
projecting uranium mobility in ground water.

Site Characterization

Overview

Uranium mobility in ground water is governed by the total 
concentration of uranium, the distribution of uranium spe-
cies in water, and the nature of uranium partitioning in the 
solid phase.  The development of conceptual site models 
for predicting the long-term fate of uranium at a contami-
nated site will require information on the concentration and 
chemical speciation of uranium in the aqueous phase and 
the solid phase.  Table 6.2 illustrates possible attenuation 
and mobilization pathways for uranium in ground water.  
Details of the types of analytical measurements that may 
be conducted on sampled ground water and aquifer sedi-
ments to assist in identifying the attenuation mechanism(s) 
are discussed in the following paragraphs.

Aqueous Measurements

Overviews of radiometric techniques for determining the 
activity of uranium radioisotopes are provided in Tosheva 
et al. (2004) and USEPA (2006a).  The sensitivity of these 
methods are generally good for uranium radioisotopes, but 
typically isolation of the analyte from the sample matrix is 
required prior to analysis.  Becker (2003) and Lariviere et 
al. (2006) provide recent reviews of mass spectrometry 
applications for the determination of radionuclide concen-
trations in environmental samples.  The sensitivity and 
mass-selectivity of these approaches, along with the ability 
to circumvent matrix and isobaric interferences, have sig-
nificantly increased the utility of these methods.  This can 
be further improved with the use of on-line techniques for 
the separation and enrichment of the targeted radionuclide 
from the sample matrix (e.g., Unsworth et al., 2001), similar 
to approaches used for radiometric measurements.  Recent 
advances in automation of steps to isolate and concentrate 
the analyte prior to introduction to plasma-based mass 
spectrometers has increased the speed and utility of these 
multi-element analytical techniques.

Metilda et al. (2007) described development of an elec-
trochemical sensor that facilitates selective extraction 
and detection of the uranyl anion [U(VI)] from natural 
water samples with a 5 mg/L detection limit.  The sensor 
is constructed using an ion implanted polymer that can 
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be incorporated into optical detection configurations for 
screening or quantification of uranyl concentrations in aque-
ous solutions (James et al., 2008; Prasada Rao and Kala, 
2008).  The equipment needed for use of these sensors 
is suitable for use in field measurements.  Recently, Liu et 
al. (2007) has demonstrated synthesis of a UO2

2+-specific 
DNAzyme that can be incorporated into a simple sensor 
configuration for selective and sensitive quantification of 
uranyl.  The authors demonstrated the performance of 
this analysis method for bicarbonate extracts of uranium-
contaminated soils.  Alternatively, detection of the uranyl 
dioxo-cation (UO2

2+) can also be achieved in the laboratory 
using methods such as laser-induced kinetic phospho-
rimetry (Brina and Miller, 1992; Sowder et al., 1998; Elias 
et al., 2003), time-resolved laser-induced fluorescence 
spectroscopy (Wang et al., 2004; TRLIFS), or time-resolved 
emission spectroscopy (Billard et al., 2003).  The latter 
two methods can be used to determine if multiple uranium 
species make up the mobile form of uranium.  Greene et 
al. (2005) describe a method based on ultraviolet-visible 
detection of U(VI) following complexation with the organic 
chelating agent arsenazo III.  Their adaptation of using 
solid phase extraction with C18 resin following buffering of 
the sample in pH 2 malonic acid resulted in elimination of 
interferences from commonly occurring ions and a detec-
tion limit of 40 nanogram/L.  Thus, in addition to traditional 

methods that have been employed (e.g., USEPA, 2006a), 
there are a range of available methods for quantification of 
the uranyl ion in ground water at low concentrations, which 
will facilitate determination of the chemical speciation of 
mobile uranium when combined with analysis of the total 
uranium concentration. 

Determination of the distribution of uranium radioisotopes 
may also be needed to determine the potential source 
or sources of uranium contributing to the ground-water 
plume.  As outlined previously, contaminant sources of 
uranium from the production or processing of uranium 
for nuclear energy applications will lead to materials that 
are enriched or depleted in 235U (or enriched in 236U for 
reprocessed materials).  Characterization of the ratios of 
uranium radioisotopes (234U:238U, 235U:238U, or 236U:238U) 
may be used to determine if the plume is derived from 
natural or anthropogenic sources (e.g., Zielinski et al., 
1997).  This information may be needed to determine the 
site-specific capacity for uranium immobilization under 
site-specific conditions.  Also, as noted by Payne and Airey 
(2006), determination of the ratios of these radioisotopes 
in both ground water and aquifer solids can be used as a 
direct indicator of active attenuation, where activity ratios 
are anticipated to be similar for the two media where solid 
phase uranium concentration is dominated by the uranium 
mass from active attenuation within the aquifer.  Both alpha 

Table 6.2 Natural attenuation and mobilization pathways for uranium.

Attenuation Processes Mobilization Processes Characterization Approach

Precipitation of uranium 
as  U(IV) oxide or silicate 
phases in reduced 
systems

Increase in pH or alkalinity 
and/or transition to oxidizing 
conditions

Evaluation of U concentration in ground water 
and in solid matrix.  Evaluation of U solid-phase 
partitioning using sequential extraction methodologies 
coupled to methods to determine U oxidation state.  
Characterization of aqueous redox and chemical 
conditions in ground water with speciation model 
evaluation of potential U(IV) stability.

Precipitation of uranium 
as  U(VI) silicate or 
phosphate phases in oxic 
systems

Increase in alkalinity or 
dissolved organic carbon 
capable of forming solution 
complexes; decrease 
in silicate/phosphate 
concentration

Evaluation of U concentration in ground water and in 
solid matrix.  Evaluation of U solid-phase partitioning 
using sequential extraction methodologies coupled 
to methods to determine U oxidation state; examine 
correlation to extractable phosphate and/or alkaline 
earth metals.  Characterization of aqueous redox and 
chemical conditions in ground water with speciation 
model evaluation of potential U(VI) stability.

Adsorption or 
coprecipitation of U(VI) 
with iron oxyhydroxides, 
iron sulfides, and 
carbonates or adsorption 
onto clay mineral surfaces 

Desorption due to high 
pH, high competing anion 
concentrations (e.g., 
carbonate), or high DOC 
concentrations.  Reductive 
dissolution of iron hydroxides 
or oxidative dissolution of 
iron sulfides.

Evaluation of U concentration in ground water and in 
solid matrix.  Evaluation of U solid-phase partitioning 
using sequential extraction methodologies; examine 
correlation to extractable Fe, Ca, Mg and S.  Batch 
and column testing to determine U uptake behavior 
and capacity of site-specific aquifer materials under 
variable geochemical conditions.
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spectrometry and plasma-based mass spectrometry can be 
used to obtain these data (e.g., Cizdziel et al., 2005; Zheng 
and Yamada, 2006; Stirling et al., 2007; Weyer et al., 2008).  

Solid Phase Measurements

While it is evident that precipitation of uranium minerals 
may occur under reducing or oxidizing conditions, direct 
detection of these minerals via conventional methods such 
as X-ray diffraction will not be feasible in most cases due 
to low concentrations in aquifer solids.  Use of microscopic 
techniques based on electron scattering/diffraction (Buck 
et al., 1996; Murakami et al., 1997; Jerden and Sinha, 2003; 
Murakami et al., 2005) or X-ray absorption (Arai et al., 2007) 
may be used for direct identification of uranium precipitates 
in aquifer solids.  However, these techniques are generally 
labor-intensive and costly, and there are limitations to the 
ability to analyze a statistically representative mass or 
number of samples coincident with the dimensions of the 
contaminant plume.  As demonstrated by Catalano and 
Brown (2004), accurate identification of individual solid 
species in heterogeneous mixtures using X-ray absorp-
tion spectroscopy will be limited by the similarities in the 
structures of uranium precipitates likely to form.  For these 
reasons, use of liquid extractions, either for the determina-
tion of the total concentration of uranium in aquifer solids 
or the association of uranium with various components of 
the aquifer solids, provide the most tenable approach to 
ascertain the speciation or stability of attenuated uranium 
(Amonette et al., 1994).  Extraction-based methods may 
be supplemented with characterization of select samples 
using electron microscopy, TRLIFS (Wang et al., 2005a; 
Wang et al., 2005b) or X-ray spectroscopy for confirmation 
of speciation assignments.  As an example, use of X-ray 
absorption spectroscopy to determine the oxidation state 
of solid phase uranium (Yamamoto et al., 2008) may be 
valuable for confirming the attenuation mechanism.

Extraction of soils/sediments in combination with deter-
mination of specific radioisotope abundance in the liquid 
extracts has been used to identify potential sources of 
uranium contamination.  Howe et al. (2002) used extrac-
tion solutions designed to target certain solid components 
in a series of sediment samples collected as a function of 
distance from a suspected contamination source to deter-
mine the influence of discharge from a nuclear fuel enrich-
ment plant.  Total uranium concentrations in sediments 
decreased with distance from the suspected source, and 
the 238U/235U ratio measured were significantly lower than 
those observed for a reference site with 238U and 235U at 
natural abundance (238U/235U = 137.5).  Oliver et al. (2008) 
similarly used sequential extraction solutions in combination 
with determination of isotopic abundance of extracted 238U 
and 235U to assess the mobility of uranium derived from 
depleted uranium in soils at weapons test ranges.  In both 
cases, it was possible to directly determine the contaminant 
signature from that of natural sources of uranium.  The use 
of sequential extractions also provided indirect information 
on the partitioning mechanism for contaminant sources of 
uranium, as well as relative changes in the solid phase 
speciation along the transport pathway.  This approach is 

limited by non-selective extraction of uranium associated 
with specific solid components (Schultz et al., 1999) or 
re-adsorption to un-extracted solid components (Schultz 
et al., 1998; Lucey et al., 2007).

Determination of extractable U(VI) using bicarbonate solu-
tions has been evaluated by several research groups using 
kinetic phosphorimetry as the detection method.  Elias et al. 
(2003) demonstrated that a 1 M NaHCO3 solution (pH = 8.3) 
extracted freshly precipitated uranyl phosphate and uranyl 
hydroxide spiked into aquifer sediment samples when con-
ducted under a nitrogen atmosphere.  These authors also 
demonstrated that this solution did not extract U(IV) from 
reduced sediment samples under nitrogen, so this proce-
dure could be used to monitor the U(VI) content of solid 
samples that may also contain U(IV)-bearing solids.  Kohler 
et al. (2004) evaluated use of a mixed solution of 0.014 
M NaHCO3 and 0.0028 M Na2CO3 (pH = 9.45) to extract 
U(VI) from contaminated aquifer solids that had been dried 
in air.  Additional evaluation of this procedure for contami-
nated sediment samples from this site indicated that the 
extraction must be conducted under nitrogen immediately 
after collection in order to avoid oxidation and extraction 
of U(IV) that may be present in reduced sediments (Davis 
et al., 2006).  These authors again provided evidence that 
U(IV) solid species are not extracted by sodium bicarbon-
ate solutions if the procedure is conducted under nitrogen 
prior to potential oxidation of U(IV) during sample storage 
or processing.  While solutions of sodium bicarbonate 
appear to dissolve both adsorbed and precipitated forms of 
U(VI), this approach appears to provide a reliable measure 
of U(VI) content in the contaminated aquifer solids. The 
amount of U(IV) in the solids could then be determined 
following more aggressive extraction using nitric acid (such 
as in EPA SW-846 Method 3051) with detection of total 
extracted uranium.  

Long-Term Stability and Capacity

The long-term stability of attenuated uranium will depend 
on the maintenance of either 1) ground-water chemistry 
that prevents solubilization of U(VI) precipitates (e.g., phos-
phates or silicates), 2) sufficiently low reduction potentials 
to prevent oxidation and consequent solubilization of U(IV) 
solids, or 3) stability of the sorbent mineral and sufficiently 
low concentrations of competing ions that could displace 
the sorbed uranyl ion.  Once uranium has been precipitated 
or adsorbed, the sustainability of the geochemical driving 
force (e.g., phosphate/silicate, redox, pH, and/or available 
surface sites) is critical to whether natural attenuation will 
be a viable cleanup option.  Thus, it is recommended that 
post-attenuation changes in water chemistry be carefully 
considered to ensure that re-mobilization of attenuated ura-
nium does not occur.  Of particular concern are situations in 
which uranium is attenuated under reducing conditions that 
are induced by characteristics of the contaminant plume, 
specifically if the natural conditions within the aquifer are 
more oxidizing.  As reviewed by Suzuki and Suko (2006), 
uranium concentrations in ground water may decrease to 
acceptable levels as a result of uraninite precipitation under 
reducing conditions.  However, numerous studies have 
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shown that oxidation and dissolution of the newly formed 
uraninite occurs readily upon the onset of more oxidizing 
conditions (Wan et al., 2005; Moon et al., 2007; Wu et al., 
2007; Komlos et al., 2008).  Dissolved oxygen and nitrate 
are common oxidants in ground water that can cause re-
mobilization of reduced uranium from aquifer solids.

Determination of capacity for attenuation will depend on 
knowledge of the specific mechanisms leading to uranium 
partitioning to aquifer solids and the flux of uranium being 
transmitted through the aquifer.  Since uranium may be 
derived from both anthropogenic and natural sources, 
determination of the source of this contaminant is critical 
to assessment of available capacity for attenuation.  For 
anthropogenic sources of contamination, it is important 
to understand the characteristics of uranium release 
into ground water.  The Hanford 300 Area in Richland, 
Washington provides a clear example of how inadequate 
characterization of the spatial- and time-dependent release 
characteristics from uranium contaminant sources can 
lead to an inaccurate assessment of available capacity for 
attenuation within an aquifer (USEPA, 2008).  The affective 
capacity for attenuation within the aquifer will also depend 
strongly on the characteristics and variability of ground-
water chemistry and aquifer solids properties along trans-
port pathways, as well as the impact of hydrologic dynamics 
on subsurface chemistry as a function of space and time.

Tiered Analysis

Determination of the viability of uranium remediation in 
ground water via monitored natural attenuation will depend 
upon proper assessment of contaminant loading to the 
aquifer and prevailing geochemistry and mineralogy within 
the contaminant plume and the down gradient zone prior to 
the point(s) of compliance.  Due to the long half-lives for the 
uranium radioisotopes of most concern, radioactive decay 
will not provide a viable mechanism for plume attenuation.  
Therefore, the goal of site assessment will be to demon-
strate the process(es) controlling uranium sequestration 
onto aquifer solids and the long-term stability of solid phase 
uranium as a function of existing and anticipated ground-
water chemistry.  A recent technical review highlights several 
technical aspects that need to be carefully evaluated at a 
site in order to insure that reliable projections of attenuation 
capacity and stability can be realized (USEPA, 2008). The 
following tiered analysis structure for site characterization 
provides a technically defensible approach to evaluate 
candidate sites and define the potential limitations of MNA 
as part of a remedy for ground-water cleanup.

Tier I.  Site characterization under Tier I will involve demon-
stration that the ground-water plume is static or shrinking, 
has not reached compliance boundaries, and does not 
impact existing water supplies.  Once this is established 
through ground-water characterization, evidence is col-
lected to demonstrate uranium partitioning to aquifer solids 
within the plume.  If natural attenuation processes are active 
throughout the plume, then there should be an observed 
increase in solid phase concentrations within regions 
of the plume with higher aqueous concentrations, e.g., 

near the source term.  This field partitioning data may be 
supplemented by geochemical modeling that incorporates 
measured water chemistry (e.g., pH, Eh, and major ion 
chemistry) throughout the plume to assess the potential 
for solubility control by a uranium precipitate such as an 
oxide, silicate, or phosphate phase.  Identification of active 
sequestration to prevent uranium migration in ground-water 
provides justification for proceeding to Tier II characteriza-
tion efforts. 

Tier II.  Under Tier II, the apparent rate and mechanism(s) 
of attenuation are determined.  Estimates of a site attenu-
ation rate(s) can be assessed via a well transect along 
the ground-water flow path.  In addition, time-series data 
may be collected at one or more monitoring points within 
the plume.  This information will allow assessment of the 
relative timescales for contaminant immobilization and 
fluid transport and determination of whether remediation 
objectives can be met within the required regulatory time 
frame.  In addition, the mechanism(s) for attenuation are to 
be identified under this stage of site characterization.  This 
effort will require determination of the chemical speciation of 
aqueous and solid phase uranium and may be approached 
according to the following scheme:

1) Determination of solution speciation via direct 
analytical measurements to define dissolved 
uranium oxidation state and aqueous complexation 
(e.g., Sowder et al., 1998; Billard et al., 2003) in 
combination with speciation calculations based on 
characterized ground-water chemistry;

2) Determination of the oxidation state of solid phase 
uranium (e.g., Elias et al., 2003);

3) Calculation of saturation state of ground 
water relative to measured aqueous chemistry 
complimented by the possible isolation of discrete 
uranium mineral phases via density separations 
(or other schemes) in regions of the aquifer with 
highest solid phase concentrations;

4) Determination of aquifer mineralogy (Amonette, 
2002) to determine the relative abundance of 
components with documented capacity for uranium 
sorption (e.g., Davis et al., 2004); and 

5) Determination of uranium-sediment associations 
via chemical extractions designed to target specific 
components within the aquifer sediment (e.g., 
Schultz et al., 1998; Oliver et al., 2008).

This compilation of information will facilitate identification 
of the reaction(s) leading to uranium immobilization.  It is 
recommended that identification of uranium chemical spe-
ciation in aqueous and solid matrices be conducted using 
samples collected in a manner that preserves the in-situ 
speciation of dissolved uranium and mineralogy (Davis 
et al., 2006; USEPA, 2006b) and prevents loss of uranium 
from aqueous samples (e.g., due to oxidation and precipita-
tion of ferrous iron in anoxic ground water).  The demonstra-
tion of concurrence between conceptual and mathematical 
models describing uranium transport will entail development 

15



63

of site-specific parameterization of the chemical processes 
controlling uranium solid phase partitioning.

Tier III.  Once the partitioning mechanism(s) have been 
identified for the site, the subsequent characterization effort 
under Tier III will involve determination of the stability of 
immobilized uranium and the capacity of the aquifer to sus-
tain continued uptake.  It is recommended that the stability 
of immobilized uranium be tested based on the anticipated 
evolution of ground-water chemistry concurrent with decay 
of the plume.  For example, changes in ground-water pH 
can exert a significant influence on uranium adsorption or 
precipitate solubility.  Therefore, it is recommended that 
sediment leach tests be conducted to characterize the 
magnitude of uranium mobilization as a function of pH for 
a ground-water chemistry representative of site conditions.  
It is recommended that the capacity for uranium uptake 
onto aquifer solids be determined relative to the specific 
mechanism(s) identified in Tier II.  For example, if site 
characterization under Tier II indicated that microbial deg-
radation of naturally occurring solid organic matter (SOM) 
resulted in reduction of U(VI) to insoluble U(IV), then the 
mass distribution of SOM within the aquifer needs to be 
determined.  This site-specific capacity would then be com-
pared to uranium mass loading within the plume in order 
to assess the longevity of the natural attenuation process.  
Evaluation of uranium radioisotope distributions in samples 
of ground water and aquifer solids along transport pathways 
is recommended in order to confirm whether the source of 
uranium is from identified contaminant source areas or from 
natural sources that are not stable under plume chemical 
conditions.  If site-specific tests demonstrate the stability 
of immobilized uranium and that there is sufficient capac-
ity within the aquifer to sustain uranium attenuation, then 
the site characterization effort can progress to Tier IV.  For 
cases where contaminant stability is sufficient but aquifer 
capacity is insufficient for capture of the entire plume, then 
a determination of the benefits of contaminant source 
reduction is required.

Tier IV.  Finally, under Tier IV a monitoring plan is estab-
lished along with contingency plans in the event of MNA 
failure.  It is recommended that the monitoring plan be 
designed to establish both continued plume stability and 
to identify changes in ground-water chemistry that may 
lead to re-mobilization of attenuated uranium.  The specific 
chemical parameters to be monitored will include those 
identified under Tier III that may halt uranium partitioning 
and/or result in dissolution of either discrete uranium pre-
cipitates or aquifer minerals that sequester uranium from 
ground water.  For example, solution phase parameters 
that could alter either uranium precipitation or adsorption 
include inorganic carbon (alkalinity), major ion chemistry 
such as Ca/Mg, and/or pH.  In contrast, the concentration of 
dissolved iron may indicate the dissolution of an important 
sorbent phase within the aquifer (e.g., reductive dissolution 
of iron oxides).  Changes in these parameters may occur 
prior to observed changes in solution uranium and, thus, 
serve as monitoring triggers for potential MNA failure.  In 
this instance, a contingency plan can be implemented 

that incorporates alternative strategies to arrest possible 
plume expansion beyond compliance boundaries.  Possible 
strategies to prevent plume expansion include pump and 
treat operations, installation of reactive barriers to enhance 
uptake capacity perpendicular to the direction of plume 
advance, or enhancement of attenuation processes within 
the aquifer through the injection of soluble reactive com-
ponents (e.g., injection of phosphate to drive precipitation 
of autinite-like phases; See Nimmons, 2007 and USEPA, 
2007 for example technologies.). 
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