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Phosphate Controls on Subsurface Uranium Fate and Transport: Connecting 
Molecular-Scale and Sediment-Scale Processes 
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PROJECT SUMMARY 

Widespread subsurface uranium contamination at DOE sites has resulted from historical 
deliberate and accidental discharge of nuclear waste into the environment.  The occurrence of uranyl 
phosphate solids in contaminated subsurface regions at several sites and the expected formation of 
additional uranyl phosphates during pilot testing of a new treatment method in the Hanford 300 Area 
demonstrate that these phases play an important role in controlling the environmental fate and transport of 
uranium at many DOE facilities.  A fundamental understanding of the formation of uranyl phosphates 
and their long-term stability in subsurface environments is needed to assess the role of phosphate in 
long-term stewardship and provide the scientific basis for phosphate-induced remediation strategies. 

The overall objective of the proposed research is to advance the scientific basis of uranyl 
phosphate formation and long-term stability.  Specific objectives are to: (1) Determine the geochemical 
factors governing uranyl phosphate formation in the subsurface; and (2) Evaluate the long-term 
stability of uranyl phosphates formed in the subsurface.  To meet these objectives, the proposed 
research approach will test the following hypotheses: (1) Molecular interactions in solution and at mineral 
surfaces control the phases that form in systems supersaturated with respect to uranyl phosphate solids; 
(2) These molecular-scale interactions and the degree of water saturation govern the spatial distribution 
and precipitation rates of uranyl phosphates in heterogeneous porous media; (3) The solution composition 
will control uranyl phosphate dissolution rates as a result of molecular-scale factors that govern variations 
in dissolution mechanisms and the formation of secondary solid phases; (4) Rates of uranyl phosphate 
dissolution and secondary phase formation can be used to predict the net release rate of U(VI) from 
phosphate-treated heterogeneous porous media; (5) As result of wetting-drying cycles and increased 
reactive surface area, the formation of secondary phases and the net rate of U(VI) release will be 
accelerated under water-unsaturated conditions. 

Our team will test these hypotheses through a research approach that progresses from the 
molecular-scale to the sediment-scale in two integrated modules.  In both modules, the approach will (a) 
apply techniques to gain molecular-scale insights into reaction mechanisms, (b) quantify rates and 
mechanisms of processes in controlled laboratory systems, and (c) assess the role of these processes in 
controlling uranium fate and transport in porous media, specifically in Hanford sediments.  Module I will 
investigate the formation of uranyl phosphate solids in heterogeneous systems in tasks that examine (1) 
nucleation on pure mineral surfaces, (2) precipitation in batch and column reactors loaded with Hanford 
sediments, and (3) uranium speciation in phosphate-treated sediments from a field test site.  Module II 
will examine the processes that control the long-term stability of uranyl phosphates in tasks that (1) probe 
the mechanisms of dissolution at the nanoscale, (2) quantify macroscale dissolution rates, and (3) assess 
the impact of dissolution on the net rate of release from Hanford sediments at saturated and unsaturated 
conditions.  These studies will serve as a foundation for the development of a robust conceptual model to 
describe the effects of phosphate on the environmental fate and transport of U(VI).      

The proposed project will support the ERSD mission by advancing the scientific understanding of 
processes that control uranium fate and transport in subsurface systems.  The project will provide the 
scientific basis for credibly predicting the formation and long-term stability of uranyl phosphates in the 
subsurface at important DOE sites.  Key molecular-scale mechanisms involved in uranyl phosphate 
formation and long-term stability will be characterized, and the effects of these mechanisms on sediment-
scale processes will be determined.  This knowledge is required for effective application of new 
remediation strategies that will mitigate the environmental impact of past nuclear activities. 
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I. INTRODUCTION 
Widespread subsurface uranium contamination at DOE sites has resulted from historical 

deliberate and accidental discharge of nuclear waste into the environment.  For example, waste 
disposal into unlined trenches and storage ponds and leakage from single-shell tanks has resulted 
in plumes of uranium(VI) in groundwater at the Hanford Site and Oak Ridge Reservation.  A 
sizeable groundwater plume beneath the Hanford 300 Area adjacent to the Columbia River has 
received much attention in recent years [1,2].  Remedial strategies are currently being evaluated 
and models are under development to credibly predict U(VI) fate and transport at this site. 

Uranyl phosphate solids are common forms of U(VI) in contaminated soils and sediments 
at DOE facilities, most notably in the vadose zone of the Hanford 300 Area.  Solid-phase 
uranium sources in the vadose zone of the 300 Area are sustaining the large groundwater plume 
[2].  Uranium species in the source-term have been identified as U(VI) adsorbed onto 
phyllosilicate surfaces and as uranyl phosphate minerals [3,4].  Additional uranyl phosphates are 
expected to form at this site during pilot testing of a new polyphosphate treatment method 
intended to remediate the elevated uranium concentrations in groundwater [5].  This remediation 
approach is motivated by the low solubility of uranyl phosphates, which often are the lowest 
solubility U(VI) phases in natural environments [6] and may have greater long-term stability in 
oxic groundwaters than U(IV) oxides produced during bioremediation [7,8].  Phosphate addition 
is also being explored to enhance the stability of uranium immobilized by reductive 
bioremediation at the Oak Ridge Field Research Center; the phosphate may protect against 
release resulting from reoxidation [9].  Even without phosphate addition, uranyl phosphates have 
been observed in contaminated soils and sediments at the Oak Ridge Reservation [10,11] and at 
the Fernald Site [12-14]. 

The frequent occurrence of uranyl phosphate solids in contaminated subsurface regions 
and the expected formation of additional uranyl phosphates during pilot testing of a new 
treatment method in the Hanford 300 area demonstrate that these phases play an important role 
in controlling the environmental fate and transport of uranium at many DOE facilities.  A 
fundamental understanding of the formation of uranyl phosphates and their stability in 
subsurface environments is needed to assess the role of phosphate in long-term stewardship 
and provide the scientific basis for phosphate-induced remediation strategies.  This 
understanding is currently lacking in key areas.  The formation mechanism, identity, and location 
of uranyl phosphate phases precipitated in sediments following phosphate addition are generally 
unknown.  In sediments, the presence of substrate mineral surfaces (e.g., feldspars and clays) can 
influence the rates and mechanisms of uranyl phosphate formation.  Subsequent mineral 
transformations can be induced by wetting-drying cycles and reactions with groundwater cations.  
For uranyl phosphates formed in the subsurface, questions remain regarding their long-term 
stability.  While dissolution rates of autunite minerals have been quantified under some 
conditions, these minerals display nonstoichiometric dissolution, with substantially more 
phosphate release than U(VI) release; the dissolution mechanism(s) and the nature of the 
remaining U(VI)-enriched solid phase are still unknown [15,16]. 
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II. PROJECT OBJECTIVES 
 The overall objective of the proposed research is to advance the scientific basis of uranyl 

phosphate formation and long-term stability to provide improved estimates of the environmental 
fate and transport of uranium in the subsurface.  Meeting this objective will involve advances in 
our understanding of the factors that control uranyl phosphate formation, stability, and 
dissolution from the molecular-scale to the sediment-scale. Specific objectives are: 
 
A.  Objective 1: Determine the geochemical factors governing uranyl phosphate formation 

in the subsurface. 
• Determine if heterogeneous nucleation of uranyl phosphates on mineral surfaces alters 

the phase that forms, and evaluate how this processes affects the distribution of uranyl 
phosphates in sediments. 

• Evaluate the role of solution composition, water saturation, and mineral components on 
uranyl phosphate precipitation in Hanford sediments, and develop a reaction-based 
conceptual model of uranyl phosphate formation in heterogeneous porous media. 

• Characterize the speciation and distribution of uranyl phosphate precipitates in sediments 
from a phosphate injection test site. 

 
B.  Objective 2: Evaluate the long-term stability of uranyl phosphates formed in the 

subsurface. 
• Determine the mechanisms and rates of dissolution and transformation processes of 

uranyl phosphates at the nanoscale. 
• Quantify the macroscopic dissolution rates of uranyl phosphates, identify the products of 

nonstoichiometric dissolution, and correlate measured rates with nanoscale mechanisms 
• Evaluate the rates of uranyl phosphate dissolution in Hanford sediments under water- 

saturated and unsaturated conditions. 
 
 
III. SCIENTIFIC BACKGROUND 
The relevant scientific literature is reviewed below to support the major hypotheses to be tested 
and to motivate the experimental design.  The hypotheses and research follow in Section IV.   
 
A. Geochemistry of Relevant Contaminated Sites 
 The subsurface geochemistry at several uranium-contaminated DOE sites, including the 
Hanford 300 Area, is conducive to uranyl phosphate formation.  Uranyl phosphates, primarily 
the mineral autunite [Ca(UO2)2(PO4)2·11H2O], were identified in uranium-contaminated soils at 
the Fernald site in Ohio [12-14].  Roh et al. [10] identified a Ca-U-phosphate, nominally 
autunite, in contaminated soils at the DOE–K 25 site at the Oak Ridge Reservation.  Uranyl 
phosphate solids were also identified in sediments from the NABIR FRC at Oak Ridge [11].  A 
recent spectroscopic study nominally agreed with this identification [17].  Uranium stabilization 
through uranyl phosphate precipitation induced by the microbial degradation of organo-
phosphate compounds is being explored as a treatment method in the subsurface at this site 
[9,18].  Uranyl phosphates have been identified in contaminated vadose zone sediments from the 
Hanford 300 Area [3,4], and treatment methods are being tested that encourage further formation 
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of these phases [5].   Uranyl phosphates are thus 
key species at many DOE sites with subsurface 
uranium contamination. 

The most relevant site to this proposal is 
the 300 Area at the south end of the Hanford 
Site.  Waste disposal ponds approximately 100 
m west of the Columbia River received basic 
sodium aluminate and acidic U(VI)-Cu(II) waste 
streams from the dissolution of nuclear fuel and 
fuel rod cladding from 1943 to 1975. The two 
ponds received approximately 58,000 kg of U; 
238,000 kg of Cu; 1,156,000 kg of F-; 243,000 
kg of NO3

-; large amounts of Al as Al(OH)4
-; 

and lesser undocumented amounts of Ni, Cr, Zn, 
and P.  The pH of the pond water was temporally 
variable, ranging from 1.8 to 11.4.  Sodium 
hydroxide was frequently added when the pH 
was acidic to minimize leaching of Cu and U 
through the vadose zone into the underlying 
unconfined aquifer.  Waste disposal nevertheless 
resulted in a groundwater plume of uranium (Fig. 1) [19].  Groundwater from beneath the ponds 
is slightly alkaline (pH 7.7 to 8.1) with a total ionic strength of 4 to 8 mmol/L.  The dominant 
cations, in order of concentration, are Na+, Ca2+, and Mg2+, and the dominant anions are HCO3

-, 
Cl-, SO4

2-, and NO3
-.  PCO2 values range from 10-3 to 10-2.5, and the groundwater is nominally in 

equilibrium with calcite.  While spatially variable (see Fig. 1), U(VI) concentrations typically 
range from 0.1 to 5 μmol/L (24-1200 μg/L)  [2]. 
 Although most uranium-rich sediments from the processes ponds and associated disposal 
trenches were removed during remedial activities in the late 1990s, the size and uranium 
concentrations in this groundwater plume have remained unchanged over the last decade.  The 
current conceptual model for the site [1] holds that residual uranium in lower vadose zone and 
capillary fringe sediments is slowly desorbing.  This desorption is enhanced when the Columbia 
River is at high stage, which results in groundwater flow into the unconfined aquifer, raising the 
water table and exposing more uranium-bearing materials to saturated conditions.  The highest 
uranium groundwater concentrations in recent years occurred during times with exceptionally 
high water levels in the Columbia River, suggesting that the remaining pool of uranium is 
substantial and that future wet years will produce high uranium groundwater concentrations. 
 Recent studies have investigated the solid-phase vadose zone source term that is 
suspected of sustaining the groundwater plume.  Uranium predominantly occurs adsorbed to 
phyllosilicates and precipitated as autunite group uranyl phosphate minerals in the Hanford 300 
Area vadose zone [4].  X-ray microdiffraction (μ-XRD) measurements suggest that the phosphate 
phase is the mineral metatorbernite [Cu(UO2)2(PO4)2·8H2O], an autunite group mineral [3].  It 
was also suggested that β-uranophane was present, but this assignment is problematic as the 
main μ-XRD peak used for this determination (d-spacing of 3.33 Å) is more likely to be from 
quartz (strongest line at 3.34 Å).  Treatment methods for the site are currently under 
investigation (see Section III.B.). 
 

 

Figure 1.  Map of the 300 Area uranium plume 
in August-September 2001 and the location of 
the polyphosphate pilot-scale test. 
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B. Uranium Immobilization Through In Situ Polyphosphate Treatment 
Polyphosphate addition has recently been demonstrated to be an effective treatment 

method by inducing the formation of uranyl phosphate solids [20,21].  Injection of 
orthophosphate (PO4

3-) into subsurface systems is not normally effective because it can cause 
precipitation of mineral phases such as apatite [Ca5(PO4)3OH] near the point of injection, 
drastically altering the hydraulic conductivity.  Injection of polyphosphates delays the formation 
of minerals until the polyphosphate degrades to yield orthophosphate (Fig. 2).  This degradation 
and precipitation typically occurs after the polyphosphate has dispersed into the aquifer system, 
leading to in situ sequestration of uranium over a wide area.  

A site-specific treatability test was 
conducted to optimize polyphosphate 
remediation technology for implementation 
through a pilot-scale field technology 
demonstration.  The technology can accelerate 
natural attenuation of the uranium plume within 
the Hanford 300 Area aquifer [16,22-24].  
Focused application of polyphosphate was 
conducted in a source or “hot spot” area to 
reduce the inventory of available uranium 
through direct precipitation of uranyl phosphate 
solids and secondary containment via 
precipitation of apatite, which acts as a long-term sorbent for uranium [25].  The field test was 
conducted at a Hanford 300 Area location containing the highest uranium concentrations 
(>120 μg/L) in the plume (Fig. 1).  Well 399-1-23 was selected for the treatability test [26].  This 
well is located at the southern end of a waste disposal trench that is a known source of uranium.  
The well is sufficiently inland from the Columbia River that infiltration of river water during 
most high discharge conditions does not reach the well. This well also was selected because of it 
has a moderately thick (~6.1 m) interval of contaminated permeable Hanford gravel below the 
water table.  Depth-discrete uranium concentrations in groundwater samples collected during 
drilling were highest in the uppermost portion of the aquifer and decreased to below detection 
deep in the aquifer below the contact between the Hanford and Ringold formations. 

Prior to polyphosphate remediation the aqueous concentration of uranium ranged from 
~50 to 110 µg/L.  Data obtained a week after the treatment indicated a substantial reduction in 
uranium concentrations in most wells within the targeted and extended treatment zones.  The 
average post-treatment uranium concentration was 28 µg/L after one week and 19 µg/L after two 
weeks as compared to the average pretreatment concentration of 79 µg/L.  Preliminary field data 
indicate that polyphosphate injection technology has the potential to effectively capture and 
sequester uranium from contaminated groundwater plumes resulting in the reduction of uranium 
concentrations to below the EPA MCL of 30 µg/L.  However, the molecular-scale mechanisms 
responsible for this reduction in aqueous uranium concentrations are unknown.  Knowledge of 
these mechanisms is important for optimizing remediation approaches and predicting the long-
term stability of the immobilized uranium.   Now after 9 months, aqueous uranium concentrations 
at the majority of the wells within the treatment and extended treatment zone remain well below 
the average baseline concentration.  Current research is focusing on utilizing polyphosphate 
technology to treat the source of uranium within the vadose zone and capillary fringe in the 
Hanford 300 Area [27].  Because the rates and mechanisms of reactions at the solid-water 

 

 
Figure 2. The step-wise hydrolysis of sodium 
tripolyphosphate 
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interface can vary with the degree of water saturation [28,29], the role of unsaturated conditions 
on phosphate-based immobilization is an important knowledge gap to be filled. 

 
C. Aqueous Geochemistry and Mineralogy of Uranium(VI) in Environmental Systems 
 U(VI) is known to display complex speciation in natural waters, forming aqueous 
complexes of UO2

2+ with OH-, CO3
2-, PO4

3-, SO4
2-, H4SiO4(aq), F-, Cl-, and NO3

- [30-33].  In 
addition, U(VI) has recently been shown to form ternary UO2

2+-CO3
2--X2+ complexes in solution, 

where X2+ is Mg2+, Ca2+, Sr2+, and Ba2+ [34-37].  Under circumneutral to slightly alkaline pH 
conditions (pH 6 to 9) and in a groundwater composition representative of that seen in the 300 
Area [2], U(VI) aqueous speciation is dominated by complexes with carbonate, especially 
ternary complexes that also contain Ca2+ or Mg2+.  In a similar system with added phosphate, 
carbonate complexation is still dominant above pH 7.5, but complexation by phosphate 
dominates below this pH.   
 Phosphate also affects the solubility of 
U(VI) in these systems, with uranyl 
orthophosphate [(UO2)3(PO4)2·4H2O] and a 
range of autunite group minerals (Table 1) 
being the most thermodynamically stable phases 
observed under ambient conditions 
[30,32,33,38].  The predicted stability field for 
each of these phases has a complex dependence 
on pH, PCO2, electrolyte cation type and 
concentration, and phosphate concentration; a 
thorough description is beyond the scope of this 
review.  A general conclusion is that uranyl phosphates have predicted solubilities lower than all 
other common U(VI) phases in groundwater  As an example, in a NaCl electrolyte equilibrated 
with atmospheric CO2, U(VI) solubility is greatly reduced in the presence of phosphate, with a 
minimum solubility a factor of 30 less than the drinking water standard of 30 μg/L (Fig. 3).  This 
minimum occurs in the pH range of Hanford 300 Area groundwater (see Section III.A.). 
 The specific uranyl phosphate solid that forms in an aqueous system may not necessarily 
be the thermodynamically most stable phase.  
Chernikovite, an autunite group mineral, is often 
described as precipitating under conditions where uranyl 
orthophosphate is expected to form, and chernikovite 
transorms to uranyl orthophosphate after boiling, 
digestion in water, or washing in a solvent [38-40].  
Chernikovite has been identified at the Shinkolobwe 
mine, and has been suggested to be a precursor to later-
formed uranyl phosphates [41].  Chernikovite may be a 
short-lived but important intermediate phase in the 
formation of uranyl phosphates [6]. 
 Autunite group minerals can transform between 
one another through cation exchange reactions [42-46].  
This class of minerals contains the same major 
structural unit, the autunite-type sheet, comprised of 
square bipyramidal uranyl polyhedra linked by 

Table 1.  Relevant autunites and meta-autunites 

Mineral/Compound Formula 
Autunite Ca(UO2)2(PO4)2·11H2O 
Meta-Autunite Ca(UO2)2(PO4)2·6H2O 
Chernikovite H3O(UO2)(PO4)·3H2O 
Sodium Meta-Autunite Na(UO2)(PO4)·3H2O 
Saleeite Mg(UO2)2(PO4)2·12H2O
Metasaleeite Mg(UO2)2(PO4)2·8H2O 
Torbernite Cu(UO2)2(PO4)2·12H2O 
Metatorbernite Cu(UO2)2(PO4)2·8H2O 
Meta-Ankoleite K(UO2)(PO4)·3H2O 

Figure 3.  Uranium(VI) solubility in the 
absence (dashed) and presence (solid) of 
3 mmol/L phosphate in a NaCl electrolyte 
in equilibrium with atmospheric CO2.  
The drinking water standard  of 30 μg/L 
is also shown (dotted). 
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phosphate tetrahedra [47-51].  These sheets are linked through interlayer water and charge-
balancing cations, analogous to a silicate clay or mica, suggesting a clear mechanism for 
transformation via cation exchange.  Autunite minerals can also partially dehydrate to meta-
autunite minerals (e.g., torbernite [Cu(UO2)2(PO4)2·12H2O] dehydrates to metatorbernite 
[Cu(UO2)2(PO4)2·8H2O]).  This transformation often occurs when autunite minerals are exposed 
to the atmosphere.  Some meta-autunites, like chernikovite, do not have an autunite counterpart, 
and are likely the stable phase in the presence of water. 

Transformation of autunites (or meta-autunites) to uranyl orthophosphate must occur 
through a dissolution and reprecipitation mechanism, as uranyl orthophosphate has a markedly 
different structure from that of autunites.  The uranyl phosphate structure is comprised of a 
uranophane-type sheet made of chains of uranyl pentagonal bipyramids linked by phosphate 
tetrahedra; these sheets are linked by uranyl pentagonal bipyramids bound to the unbonded O 
atoms of the phosphate groups, resulting in a framework structure [52].  The formation of an 
autunite as a precursor to uranyl orthophosphate formation suggests that there are mechanistic 
controls that favor the nucleation and precipitation of autunite-type sheets over other uranyl 
phosphate structural units.  Knowledge of the mechanisms that determine which uranyl 
phosphate solids precipitate is critical because metastable phases may form that have different 
solubilities or dissolution rates than the solids predicted by thermodynamic equilibrium. 
 
D. Adsorption/Desorption and Precipitation/Dissolution in UO2

2+-PO4
3--CO3

2- Systems 
 The concentration of uranium in environmental aquatic systems is primarily controlled by 
adsorption/desorption and precipitation/dissolution reactions.  In carbonate-bearing systems, 
U(VI) typically displays an adsorption edge at pH 4-5 [53].  Adsorption becomes unfavorable 
above pH 8-9 because of aqueous complexation of U(VI) by carbonate [53].  Phosphate 
increases uranium adsorption at low pH, presumably through the formation of ternary surface 
complexes [54-57].  The presence of phosphate has been shown to enhance adsorption and limit 
transport of uranium in goethite-coated sand [58].  We are unaware of any studies that have 
investigated the effects of phosphate on U(VI) desorption processes or rates, although Cheng et 
al. [58] noted that phosphate causes either irreversible sorption or kinetically slow desorption of 
U(VI) during transport through goethite-coated sand.   
 Uranium in phosphate-bearing environmental systems may also form precipitates.  We 
have recently observed rapid uranyl phosphate precipitation in the presence of goethite at mild 
degrees of supersaturation, including conditions under which adsorption was expected to have 
caused the initially supersaturated aqueous phase to become undersaturated with respect to 
known uranyl phosphates [59].  Fuller et al. [25] observed that uranium reaction with apatite 
[Ca5(PO4)3OH] leads to adsorption and to precipitation as chernikovite and autunite.  A similar 
observation was made in the presence of bone charcoal and bone meal apatite [60].  Murakami et 
al. [61] observed the formation of nanocrystalline uranyl phosphates downgradient of the 
Koongarra ore deposit in Australia that were associated with iron oxides.  They hypothesized 
that these formed by adsorption of the many constituent ions onto ferrihydrite followed by 
precipitation during ferrihydrite recrystallization into goethite or hematite.  As noted above, 
uranyl phosphates have also been found in contaminated soils and sediments at a number of 
DOE facilities [3,4,10-14].  Despite these observations, the transition in U(VI) immobilization 
mechanisms from adsorption to precipitation is still unclear.  We are unaware of systematic 
studies of the rates of uranyl phosphate precipitation in homogeneous or heterogeneous systems.  
However, column studies designed to test the feasibility of polyphosphate injection as a 
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treatment method did indicate that autunite solids formed [5], suggesting that uranyl phosphate 
precipitation is sufficiently fast to be an effective sequestration mechanism. 
 Uranyl phosphate dissolution processes and rates were recently investigated.  Sowder et 
al. [62] observed that the uranyl phosphates meta-autunite [Ca(UO2)2(PO4)2·6H2O] and 
chernikovite dissolved more slowly than uranyl oxyhydroxide phases.  Our recent measurements 
of meta-autunite and sodium meta-autunite [NaUO2PO4·3H2O] dissolution revealed that 
dissolution is non-stoichiometric, with substantially less uranium released than phosphate 
[15,16].  Uranyl orthophosphate was identified as a possible product under acidic conditions 
[15], but the identity of the residual solid phase under neutral to basic conditions is currently 
unknown [16].  Rates of uranyl phosphate dissolution may increase in vadose zone sediments, as 
wetting-drying cycles increase swelling and cracking of uranyl minerals, resulting in an increase 
in the reactive surface area of the minerals [63].  This effect has been seen in arid and semiarid 
environments, where uranium phases have displayed accelerated rates of corrosion [41,64]. 
 While the molecular mechanisms of uranyl phosphate dissolution are generally unknown, 
the behavior of related systems can serve to highlight processes that may be important.  The 
dissolution mechanisms of uranyl oxyhydroxides have recently been investigated by Schindler et 
al. [65-68].  These mechanisms varied with pH and type of electrolyte cation present.  Under 
acidic and circumneutral conditions, dissolution occurred primarily through etch-pit formation 
and growth.  The symmetry and elongation direction of the etch pits varied with the 
concentration and identity of the electrolyte cation.  This variation was suggested to be related to 
the adsorption of electrolyte cations at specific surface sites, altering the dissolution rate along 
specific crystallographic directions.  Cations most similar in size to the dominant cation in the 
mineral structure had the largest effect on dissolution mechanisms.  Hillocks were observed to 
form under basic conditions, although it was unclear if these were the result of swelling of the 
structure or precipitation of a secondary phase. 
 
 
IV. RESEARCH APPROACH 
 
A. Major Hypotheses 
 The proposed research is designed to test the following major hypotheses.  More detailed, 
task-specific hypotheses are highlighted in the project descriptions discussed below. 

1. Molecular interactions in solution and at mineral surfaces control the phases that form in 
systems supersaturated with respect to uranyl phosphate solids. 

2.   These molecular-scale interactions and the degree of water saturation govern the spatial 
distribution and precipitation rates of uranyl phosphates in heterogeneous porous media. 

3.   The solution composition will control uranyl phosphate dissolution rates as a result of 
molecular-scale factors that govern variations in dissolution mechanisms and the formation 
of secondary solid phases. 

4.   Rates of uranyl phosphate dissolution and secondary phase formation can be used to predict 
the net release rate of U(VI) from phosphate-treated heterogeneous porous media. 

5.   As result of wetting-drying cycles and increased reactive surface area, the formation of 
secondary phases and the net rate of U(VI) release will be accelerated under water-
unsaturated conditions. 
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B.  General Research Strategy 
 Our team will test these hypotheses through a research approach that progresses from the 
molecular-scale to the sediment-scale in two integrated modules (Fig. 4).  In both modules, the 
approach will (a) apply techniques to gain molecular-scale insights into reaction mechanisms, (b) 
quantify rates and mechanisms of processes in controlled laboratory systems, and (c) assess the 
role of these processes in controlling uranium fate and transport in Hanford sediments.  These 
measurements will be integrated to form a coherent and self-consistent picture of the processes 
through which phosphate affects the fate and transport of uranium in the environment.  
Ultimately this approach will be used to develop a conceptual model for the impacts of 
phosphate on uranium fate and transport in subsurface environments.  The two modules are 
divided into tasks designed to test specific hypotheses.  The progression of tasks in each module 
will build up our knowledge base from the molecular-scale to the sediment-scale.  Detailed 
scientific motivation, the experimental approach, major analytical methods to be used, and the 
team member(s) responsible for each task are described below. 
 

 
 

Figure 4.  Research approach to integrate the investigation of mechanisms of uranyl phosphate 
precipitation and dissolution with the long-term fate of uranium. Two integrated modules 
combine laboratory-scale experiments with advanced techniques for solid-phase 
characterization. 

 
C.  Module I – Uranyl Phosphate Nucleation and Precipitation 
 This module seeks to understand the processes controlling the nucleation and 
precipitation of uranyl phosphate solids in heterogeneous systems.  The results of fundamental 
studies will be used to interpret processes occurring in Hanford sediments and to develop a 
reaction-based conceptual model of uranyl phosphate formation in heterogeneous porous media.  
This conceptual model will be tested by comparing the speciation and distribution of uranium in 
pristine sediments reacted with model solutions in the laboratory to that in sediments retrieved 
from the polyphosphate treatment test site. 
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ii. Task I-1: Mineral-surface controls on uranyl phosphate formation. 
 Environmental systems contain numerous pre-existing solid phases that can affect 
precipitation processes.  Mineral surfaces can serve as nucleation sites, increasing the rates of 
precipitation by removing the initial energetic barrier to nucleation in homogenous solution [69].  
Consequently, heterogeneous nucleation of uranyl phosphates could lead to precipitation under 
conditions where these phases are less supersaturated than is required for homogeneous 
nucleation.   Mineral surfaces can also act as templates for mineral growth, leading to oriented 
growth of a surface precipitate [70], often with a different morphology than would form in 
homogeneous solution [71].  As adsorption processes may vary with solution conditions, 
different heterogeneous nucleation mechanisms may operate in different chemical regimes.  
Understanding these regimes is required for creating a conceptual model of uranyl phosphate 
formation in the environment. 
 The Hanford 300 Area subsurface sediments are comprised primarily of silicate minerals, 
such as feldspars and phyllosilicate clays [2], that provide surfaces for the heterogeneous 
nucleation of uranyl phosphates.  We hypothesize that mineral surfaces play an active role in 
uranyl phosphate nucleation and precipitation and that the processes involved vary with solution 
composition.  This variation reflects changes in the molecular-scale mechanisms of nucleation.  
We propose to examine heterogeneous nucleation of uranyl phosphates on mineral surfaces as a 
function of saturation state and solution composition in order to delineate chemical regimes 
where specific processes operate.  These studies will investigate precipitation on single crystal 
surfaces of select model minerals.  Single crystal surfaces are ideal for fundamental studies of 
nucleation processes as they allow for detailed characterization using in situ microscopic, 
spectroscopic, and diffraction methods.  In situ measurements are needed to resolve the key 
mechanisms involved in the formation of uranyl phosphates at mineral surfaces.  We have 
selected orthoclase [KAlSi3O8] (001), muscovite [KAl2(AlSi3)O10(OH)2] (001), and alumina [α-
Al2O3] (110) for these measurements as they serve as model surfaces of key components in the 
Hanford subsurface. 
 Orthoclase was selected as a model feldspar because high-quality single crystals are 
readily available and the molecular scale structure of this surface in aqueous solution has 
previously been characterized [72,73].  Although albite [NaAlSi3O8] is more common in Hanford 
sediments [74], orthoclase is an acceptable substitute as both surfaces are expected to lose their 
cation (K+/Na+) to solution, effectively presenting identical surfaces upon which nucleation may 
occur.  Muscovite (001) was selected to serve as a model for basal planes of phyllosilicates, 
including interlayers of clay minerals.  Its surface has been well-studied [75-77] and samples are 
readily available.  The alumina (110) surface serves as a model for the edges of phyllosilicates, 
which are important adsorption sites for uranium under circumneutral pH conditions, including 
in the 300 Area vadose zone [4,78-82].  Alumina (110) has similar aluminol surface functional 
groups to exposed octahedral sheets at the edges of phyllosilicate clays and this surface has been 
characterized [83]. 
 The heterogeneous nucleation of uranyl phosphates on these surfaces will be examined as 
a function of pH, phosphate and U(VI) concentration, and the type and concentration of other 
groundwater cations (Na+, Ca2+).  All experiments will be performed in solutions equilibrated 
with atmospheric CO2.  Initial measurements will involve reaction of crystal substrates in batch 
solutions; surface products will be characterized ex situ by scanning electron microscopy with 
energy dispersive spectrometry (SEM-EDS) and atomic force microscopy (AFM).  We will 
specifically examine whether nucleation processes differ on the surfaces of different minerals 
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and on individual minerals under varying chemical conditions.  Once chemical regimes have 
been delineated through this initial survey, select representative systems will be further explored 
through in situ studies.  In situ AFM measurements of nucleation and growth on specific surfaces 
will provide insight into the nanoscale mechanisms and rates of uranyl phosphate precipitation.  
Grazing-incidence extended X-ray absorption fine structure (EXAFS) measurements will be 
conducted to characterize the initial precipitation products, distinguishing between different 
structural classes of uranyl phosphate precipitates (e.g., autunites versus uranyl orthophosphate).  
X-ray reflectivity measurements will be used to explore whether precipitation is epitaxial, and 
surface powder XRD will be used to determine the identity and crystallinity of the mineral 
phases that precipitate.  Catalano will lead this task. 
 
 
iii. Task I-2: Uranyl phosphate precipitation in pristine Hanford sediments. 
 Precipitation of uranyl phosphates in heterogeneous porous media, such as Hanford 
sediments, may occur through homogeneous nucleation from solution and/or heterogeneous 
nucleation on mineral surfaces (as in Task I-1).  We hypothesize that uranyl phosphate 
precipitation will be facilitated by the presence of sediments and will be accelerated by wetting-
drying cycles under water-unsaturated conditions.  We will examine the geochemical factors 
controlling the precipitation, location, and identity of uranyl phosphate solids in Hanford 
sediments using both batch and column experiments.  Batch experiments will be conducted with 
and without uncontaminated Hanford sediments over a wide range of solution compositions.  
Based on the results of the batch experiments, selected solution compositions will be selected for 
use in column experiments.  Column experiments will be performed under both water-saturated 
and water-unsaturated conditions.  Unsaturated conditions are particularly relevant to uranyl 
phosphate formation at the Hanford 300 Area because of planned pilot testing of the 
polyphosphate treatment method (see Section III.B.).  Together these experiments will provide 
the dataset needed to develop a reaction-based conceptual model for uranyl phosphate formation 
processes in sediments.  Such a model is needed to describe and predict processes that occur in 
subsurface systems at DOE sites.  Giammar will lead this task; Wellman will conduct 
unsaturated column experiments and Catalano will assist in product characterization. 
 Batch Experiments.  The extent of solution supersaturation necessary for precipitation 
will be investigated by conducting experiments at low and high degrees of supersaturation with 
respect to the uranyl phosphate minerals of interest.  The degree of supersaturation is expressed 
as the saturation index for a specific solid phase based on the initial solution composition.  The 
saturation index of autunite, for example, is given in equation 1.   

The effect of solution composition on uranyl 
phosphate precipitation will be examined by 
conducting experiments at varying pH, source of 
phosphate, concentrations of phosphate and 
uranium(VI), and the concentrations of other 
groundwater cations (Na+, Ca2+).  Specific combinations of these parameters will yield 
compositions that are predicted to be supersaturated with respect to different uranyl phosphate 
phases.  These phases include autunite [Ca(UO2)2(PO4)2·11H2O], sodium meta-autunite 
[Na(UO2)(PO4)·3H2O], chernikovite [H3O(UO2)(PO4)·3H2O], and uranyl orthophosphate 
[(UO2)3(PO4)2·4H2O].  Depending on the kinetics and mechanisms of nucleation and growth, the 
most thermodynamically favorable phase may not actually form and a metastable solid phase 
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may be dominant.  A broad range of aqueous compositions will be examined to encompass the 
conditions of a variety of uranium-contaminated sites; within this range, specific conditions will 
emulate the groundwater chemistry of the Hanford 300 Area.  Experiments will investigate the 
pH range of 5-9.  Phosphate will be added in one of three forms:  sodium orthophosphate, the 
polyphosphate compound sodium tripolyphosphate, and the mixture of orthophosphate, 
pyrophosphate, and tripolyphosphate that is used in the pilot-scale treatment test at the Hanford 
300 Area.  The active species in promoting precipitation is orthophosphate; however, 
polyphosphates provide a slow release of orthophosphate as they undergo hydrolysis, which can 
have advantages when used in remediation [5].  In groundwater at most relevant sites, notably 
the Hanford 300 Area, Na+ and Ca2+ are the dominant cations [2] and are expected to make 
autunite and/or sodium meta-autunite the most stable uranyl phosphate minerals.  The concurrent 
addition of Na+ when adding a source of phosphate may lead to systems where sodium meta-
autunite is the dominant phase [5].   

The effect of mineral surfaces on uranyl phosphate precipitation will be examined by 
comparing the results of experiments with sediments with those from sediment-free control 
experiments.  Pristine, uncontaminated sediments from the Hanford IFC (located in the 300 
Area) will be used in these studies.  Sediment materials will be supplied from the Hanford IFC 
(see attached letter from Mark Freshley).  As uranium has been shown to not associate with 
particles larger than 2 mm in the 300 Area vadose zone [2], only the <2 mm size fraction will be 
used for study.  The sediments may enhance precipitation by providing surfaces for the 
nucleation of uranyl phosphate precipitates, as investigated in Task I-1.  However, the presence 
of the sediments may also inhibit precipitation by adsorbing U(VI) and/or phosphate, which can 
result in lower dissolved concentrations and consequently lower degrees of supersaturation; we 
have observed such an effect for the co-adsorption of lead or uranium with phosphate on 
goethite-coated sand [59,84].  Selected uranium-free and phosphate-free solutions will be used to 
establish the equilibrium adsorption of U(VI) and phosphate to the sediments over the range of 
pH values studied.   
 Batch experiments will use a low solid:water ratio (10-100 g/L) relative to that used in 
column experiments (~12,000 g/L), which allows the batch suspensions to be continuously-
mixed in flasks on a rotary shaker.  Sediments will first be pre-equilibrated with an aqueous 
solution at the desired pH and containing all constituents other than the uranium and phosphate 
source.  All experiments will be performed in solutions equilibrated with atmospheric CO2.  
After the pre-equilibration period, uranium and the phosphate source will be added to the 
suspensions.  At regular intervals for up to one week, samples of the suspension will be filtered 
and preserved for analysis.  Concentrations of U, Ca, Na, and P will be determined by 
inductively coupled plasma mass spectrometry (ICP-MS).  The concentration of free 
orthophosphate will be determined by a colorimetric method.  The aqueous composition will be 
used to calculate the saturation index of the solution with respect to the various uranyl phosphate 
solids that may have precipitated.  Calculations will be performed using equilibrium speciation 
software [85,86] and equilibrium constants from the latest critically-reviewed databases and 
peer-reviewed publications [30-33,37].  The formation of apatite [Ca5(PO4)3OH] will be 
thermodynamically favorable in some of the initial solutions; however, apatite has not been 
observed when reacting Hanford groundwater with polyphosphate because the native calcium 
concentration remains at relatively low levels [5].  Further, apatite has not been observed at most 
subsurface sites where uranyl phosphates have been found [3,10-13].   Although apatite 
formation is not expected in most experiments, its saturation index will be considered in 
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interpreting aqueous composition results and solid phase analyses will probe for apatite 
formation. 
 The identity and spatial distribution of uranyl phosphate phases will be determined by 
analyzing uranium-loaded sediments collected at the conclusion of the batch experiments.  The 
uranyl phosphates that precipitated in sediment-free control experiments will also be 
characterized.  The spatial distribution of uranium in the sediments and the morphology of uranyl 
phosphate precipitates will be examined by SEM-EDS and transmission electron microscopy 
(TEM).  Precipitated solid-phases will be characterized using EXAFS spectroscopy, synchrotron 
X-ray diffraction, and μ-EXAFS/μ-XRD measurements to develop a mechanistic understanding 
of the formation and identity of the resulting uranium phase(s) as a function of solution 
composition.  Pure U(VI)-containing phases isolated from the batch reactors will also be 
analyzed by X-ray diffraction (XRD).  Details of these methods are presented in Section IV.E. 

Column Experiments.  Series of saturated and unsaturated column tests will be 
conducted as a function of the solution composition for a subset of conditions determined from 
the results of the batch experiments.  Columns will be packed with uncontaminated Hanford 
sediments and saturated with uncontaminated synthetic groundwater to start each experiment.  
The sediments in the columns will have an effective porosity (19%) and bulk density (2.2 g/cm3) 
similar to that of the Hanford 300 Area aquifer.  Following the attainment of hydraulic and 
chemical equilibrium, the influent solutions will be changed to uranium-spiked and phosphate-
amended synthetic groundwater.  The columns will first be loaded with uranium from a uranium-
spiked synthetic groundwater, and they will then be treated with uranium-free synthetic 
groundwater that contains orthophosphate or polyphosphate.  This method will simulate the 
formation of uranyl phosphates during the treatment of uranium-contaminated sediments by 
phosphate addition.  In addition to precipitating as uranyl phosphates, U(VI) and phosphate can 
also adsorb to solid phases; as has been observed with iron oxides [54,58], phosphate may 
enhance U(VI) adsorption through the formation of ternary U(VI)-phosphate-mineral surface 
complexes.  The results of the batch experiments at undersaturated conditions will be used to 
determine the expected degree of U(VI) and phosphate adsorption.  The influent solutions to 
columns can then be designed to promote uranyl phosphate precipitation while still accounting 
for the influence of adsorption. 

For each condition, duplicate columns will be used.  After being loaded with uranyl 
phosphates, the first column will be used for analysis of the speciation and spatial distribution of 
uranyl phosphates by the same techniques just described for batch experiments.  The second 
column will be saved and used for the dissolution experiments of Task II-3.   

Water-saturated columns (r = 1.25 cm, L = 15 cm) will be operated in an upflow mode, 
which helps maintain water saturation over the course of the experiment.  A peristaltic pump will 
provide an influent flow rate corresponding to an advective velocity of 1 m/d.  The effluent from 
the columns will be collected at regular intervals by fraction collectors and the dissolved 
concentrations of U, Ca, Na, total phosphate, and orthophosphate will be measured. 

Column experiments at water-unsaturated conditions will be performed using the 
pressurized unsaturated flow (PUF) system (Fig. 5) [87-90].  The PUF system allows controlled 
dynamic changes in water content that simulate the periodic wet-dry cycling experienced in the 
vadose zone and capillary fringe.  The columns will be saturated with Hanford groundwater and 
then pressurized and drained to the desired water content.  This process of fully saturating and 
reducing the water content to the desired level minimizes preferential flow paths and hysteresis 
and achieves the most consistent, uniform attainment of water content within a series of 
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unsaturated columns.  Slight changes in pH, 
conductivity, and water content that occur 
during dissolution and precipitation reactions 
are continuously logged via the PUF system; 
as such, the PUF system is ideally suited to 
conducting unsaturated weathering and 
precipitation experiments [89,91,92].  The 
PUF system [87,88], which is similar to a 
Wierenga column, consists of a 
polyetheretherketone column (r = 0.96 cm, L 
= 7.62 cm) with a porous titanium plate; the 
plate has a nominal pore size of 0.2 μm and is 
sealed in the bottom of the column.  Once the 
porous titanium plate is water saturated, 
water, but not air, is allowed to flow through the 0.2-µm pores, as long as the applied pressure 
differential does not exceed the air entry relief pressure, referred to as the bubble pressure of the 
Ti-plate.  If the pressure differential is exceeded, air will escape through the plate and 
compromise the capability to maintain unsaturated flow conditions in the column [87,88].  
 
 
iv. Task I-3: Characterization of uranium speciation in sediments from field testing of 
polyphosphate injection. 
 The analysis of sediments from the site of the polyphosphate injection test site by 
advanced characterization techniques in this project will complement on-going activities in 
projects funded by EM.  As described in Section III.B., testing is underway to evaluate the ability 
of polyphosphate injections into U-contaminated sediments at the Hanford site to reduce 
groundwater uranium concentrations and stabilize uranium in a solid phase in the saturated zone, 
capillary fringe, and vadose zone.  The EM-funded projects will do basic characterization of the 
testing site, including long-term monitoring of groundwater cation and anion concentrations.  
Additionally, limited analyses will be conducted on post-test borehole core sediments.  XRF, 
XRD and SEM will be used to conduct a survey of uranium phases present; selective extractions 
will be conducted to discern the geochemical environment in which uranium is associated. 
Detailed measurements of uranium speciation and distribution in treated sediments will not be 
determined under the EM project because of budget constraints.  However, evaluation of the 
post-injection long-term stability of uranium in the vadose zone, capillary fringe, and saturated 
zone requires this information.  We hypothesize that the identity and spatial distribution of 
uranyl phosphates in these sediments will be unique to the hydrogeochemical environment in 
which they formed and can be correlated to the groundwater composition and the mineral 
surfaces available for heterogeneous nucleation.  We will characterize the speciation and 
distribution of uranium in sediment samples taken from the treatment zone to identify the 
process(es) responsible for reduction in uranium groundwater concentrations and to test the 
reaction-based conceptual model we will develop in Task I-2. 
 μ-XRF measurements of select, representative samples will be used to image the 
distribution of uranium with ~1 ppm sensitivity [93], and areas with elevated uranium 
concentrations will be characterized by μ-EXAFS spectroscopy and μ-XRD.  For samples with 
total solid-phase uranium concentrations >100 ppm (the effective detection limit of U EXAFS), 

Figure 5. PUF system for unsaturated column 
experiments with Hanford sediments. 
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bulk EXAFS measurements will be used to quantify the distribution of uranium among different 
species identified using X-ray microbeam methods (additional details are provided in Section 
IV.E.).  Catalano will lead this task with assistance from Wellman. 
 
 
D. Module II – Long-Term Stability of Uranyl Phosphates 
 This module seeks to understand the processes that control the long-term stability of 
uranyl phosphate solids in subsurface environments.  We will characterize the nanoscale 
mechanisms and products of dissolution and connect these to macroscopic dissolution rates.  
These studies will be used to understand dissolution rates and processes observed in laboratory-
reacted Hanford sediments at water-saturated and unsaturated conditions. 
 
 
i. Task II-1: Dependence of uranyl phosphate dissolution mechanisms and products on 
solution composition. 
 The stability of uranyl phosphate precipitates and the resulting impact on groundwater 
uranium concentrations depends on the mechanisms and rates of dissolution of these phases.  
Dissolution mechanisms may depend on solution composition (pH, concentration of cations and 
anions, etc.), and different mechanisms may control the rate of uranium release under different 
chemical regimes.  We hypothesize that dissolution mechanisms operating at the mineral-water 
interface vary with solution composition.  We will investigate the dissolution mechanisms of 
uranyl phosphates and relate the variation of these mechanisms to pH and the identity and 
concentration of cations present. 
 In this task microscopy and X-ray scattering methods will be used to investigate the 
dissolution mechanisms of uranyl phosphates.  Single crystals of autunite 
[Ca(UO2)2(PO4)2·11H2O] and sodium meta-autunite [Na(UO2)(PO4)·3H2O] will be synthesized 
using previously described procedures [47,49].  These phases have been chosen because their 
macroscopic dissolution behavior has been studied in the past [15,16] and they are the phases 
most likely to form in the Hanford subsurface during polyphosphate treatment.   

The effects of pH and groundwater composition, specifically the type and concentration 
of electrolyte cations, on the nanoscale dissolution mechanism of autunite and sodium meta-
autunite crystals will be explored.  All solutions will be equilibrated with atmospheric CO2.    
Initial measurement will investigate a wide range of conditions.  Nanoscale surface features after 
reaction, such as etch pits or surface precipitates, will be compared to features on fresh surfaces 
using ex situ AFM measurements.  Once a range of conditions have been studied and 
mechanistic regimes delineated, in situ AFM measurements will be made in select, representative 
solutions to observe dissolution processes in real time.  For select conditions, in situ time-
dependent X-ray reflectivity measurements will be made to examine the rates and mechanisms of 
dissolution reactions at the molecular-scale, analogous to what has been done for feldspar 
surfaces [94].  These experiments will determine the dissolution rates of specific surfaces of 
uranyl phosphates and whether dissolution on these surfaces occurs at step sites, terrace sites, or 
both.  The observed results will be used to delineate mechanistic regimes that likely correlate 
with variations in macroscopic dissolution rates.  This type of information has been obtained in 
past studies of feldspar dissolution using similar methods [94,95].  Catalano will lead this task. 
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ii. Task II-2: Macroscale uranyl phosphate dissolution rates and their connection to nanoscale 
dissolution behavior. 
In sediments containing uranyl phosphates, dissolution rates will be a primary control on 
uranium concentrations in groundwater.  Quantification of these rates and their dependence on 
groundwater composition is needed to predict the long-term stability of uranyl phosphate 
minerals in subsurface environments.  We hypothesize that the dissolution rates of uranyl 
phosphate minerals are functions of the solution composition that can be quantified using 
general dissolution rate equations.  The dissolution rates of pure forms of uranyl phosphate 
minerals will be determined as a function of solution composition.  For select conditions, 
experiments will also probe the rates of transformation of one solid phase into a different solid 
phase; for example, autunite may be transformed into sodium meta-autunite when it is contacted 
with high concentrations of dissolved Na+.  Experiments will initially focus on autunite and 
sodium meta-autunite in order to examine rate differences between these two related mineral 
phases.  We will also examine meta-autunite 
[Ca(UO2)2(PO4)2·6H2O], as this partial 
dehydration product of autunite may form under 
unsaturated conditions and display different 
dissolution behavior.  Depending upon the 
specific phases observed in Tasks I-2 and I-3, 
the dissolution rates of chernikovite and uranyl 
orthophosphate may also be investigated.  Each 
solid will be synthesized in its pure form 
following published methods [47,49,52,96].  The 
identity and purity of each phase will be 
confirmed by X-ray diffraction and complete 
digestion prior to use in dissolution experiments. 

Custom-built flow-through reactors (Fig. 6) will be used to quantify the dissolution and 
transformation rates as a function of pH and solution composition.  Because reaction products 
are continuously flushed from the reactors, reaction rates are not affected by the accumulation of 
products as can occur in batch reactors.  Flow-through reactors also avoid transient effects 
associated with reactor start-up or the introduction of reactants from concentrated stock 
solutions.  We have previously used this method to quantify the dissolution rates of 
oxyhydroxide, silicate, and phosphate minerals [84,97,98].  The proposed work builds upon our 
previous studies of autunite and sodium meta-autunite dissolution [15,16], which were done 
using similar flow-through reactors, by examining the rates over a broader range of solution 
compositions and directly characterizing the residual solid phases. 

Dissolution rates (mol/m2/h) are quantified from the establishment of steady-state 
dissolution using equation 2, in which Cinf and Ceff 
are the influent and effluent concentrations of 
uranium or phosphate (mol/L), tres is the hydraulic 
residence time of the reactor (h), [solids] is the 
concentration of the suspension (g/L), and A is the 
specific surface area of the solid (m2/g).   Influents to 
the reactors will be fixed at the desired pH and 
solution composition, and the effluent will be 
periodically monitored for pH and dissolved U, P, 

Figure 6. Flow-through reactor for rates. 
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Ca, and Na.  For a given temperature, the dissolution rate is affected by the solution pH (role of 
{H+}), the overall thermodynamic driving force for the reaction (ΔGr), and an intrinsic rate 
constant k0 (mol/m2/h) specific to the material [99,100] (equation 3).  Recent research on the 
dissolution rate of the sodium uranyl silicate mineral Na-boltwoodite used a similar rate equation 
and included a term for rate enhancement by dissolved inorganic carbon [101,102].  The 
thermodynamic driving force is included as the free energy of the reaction, which is a function of 
the solubility product of the solid (Ksp) and the composition of the aqueous solution (equation 4).  
Dissolution rates will be measured over the pH range from 4-8 to determine the value of nH+.  
All influent solutions will be equilibrated with atmospheric CO2.   

While most experiments will use influent solutions that contain ultrapure water buffered 
at the desired pH, additional experiments will include phosphate and groundwater cations to 
probe their effects on the dissolution rate.  The inclusion of phosphate in the influent will lower 
the thermodynamic driving force for dissolution and should result in lower overall dissolution 
rates.  The inclusion of Ca and Na in the influent will be used to examine the rates of 
transformation of one uranyl phosphate solid into another.  The ratios of Ca and Na to U and P in 
the effluent can provide insight into whether the reactions occur by dissolution of one phase 
followed by precipitation of a secondary phase or by direct solid phase transformation.   

The solids will be collected at the conclusion of the flow-through experiments to 
characterize changes in the composition of the solid phase and to investigate the formation of 
secondary phases.  Uranyl phosphate dissolution is often non-stoichiometric, with release of 
phosphate in excess of uranium [15,16].  The remaining solids will be enriched in uranium; 
identification of potential secondary phases, such as uranyl orthophosphate or schoepite 
[(UO2)8O2(OH)12·12H2O], will be critical to establishing the long-term controls on uranium 
concentrations that result from uranyl phosphate dissolution.  Giammar will lead this task. 
 
 
iii. Task II-3: Uranyl phosphate dissolution rates in reacted Hanford sediments under 
saturated and unsaturated conditions. 

Dissolution rates measured for single minerals in batch experiments will provide 
fundamental constraints on the release rates in more complex heterogeneous porous media.  In 
addition, studies of the mechanisms of dissolution will highlight the chemical regimes where 
specific processes dominate as well as potential secondary phases that may form in uranyl 
phosphate-bearing sediments.  The added complexity of porous media may alter the rates of 
dissolution, and the variable saturation state of sediments in the vadose zone and capillary fringe 
may lead to changes in dissolution processes.  We hypothesize that uranyl phosphates will 
display similar dissolution behavior and secondary products in Hanford sediments as in 
homogeneous systems, but that uranium release will be retarded by adsorption reactions.  We 
further hypothesize that the wetting-drying cycles at water-unsaturated conditions will 
accelerate the formation of secondary products and increase dissolution rates as a result of 
increased reactive surface area of uranyl phosphate minerals after dehydration.  The dissolution 
rates of uranyl phosphate minerals in Hanford sediments will be measured by using columns of 
sediments that were treated with uranium and phosphate in Task I-2.  The spatial distribution and 
identity of uranyl phosphates will have been fully characterized in one column for each loading 
condition in Task I-2, and the duplicate column is available for the dissolution experiments of 
this task.  Columns selected for use in this task will include ones that contain a single uranyl 
phosphate mineral as well as ones that contain mixtures of different minerals.  The columns with 
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a single uranyl phosphate phase will be particularly valuable in establishing the relationship of 
the fundamental dissolution rate equations determined in Task II-2 to the macroscopic release of 
uranium from sediments subjected to advective flow.   

Saturated and unsaturated column studies will be performed by the same methods 
described in Task I-2 for uranyl phosphate formation in sediment-packed columns.  Water 
saturated columns will be run in an upflow mode with flow rates that provide flow velocities of 
0.2 to 2 m/d.  Columns at unsaturated conditions will use the pressurized unsaturated flow (PUF) 
system [87-90] to control the water content and simulate the wetting-drying cycles that can alter 
the dissolution and transformation of uranyl phosphate precipitates.   

In contrast to the experiments performed in Task I-2, these experiments will use uranium-
free synthetic groundwater with no added phosphate.  Solution compositions will be prepared to 
simulate uncontaminated Hanford groundwater.  The dissolution rates of uranyl phosphates will 
be investigated by measuring the dissolved concentrations of U, P, Ca, and Na over time.  The 
overall release of these elements is affected by adsorption as well as by dissolution reactions, and 
the interpretation of elution curves will account for the capacity of the sediments to adsorb the 
U(VI) and phosphate released during the dissolution of uranyl phosphates.  The results of the 
batch experiments in Task I-2 that focused on equilibrium adsorption will be used to constrain 
adsorption estimates.  If characterization of the sediments in the column during Task I-2 
identified apatite precipitation, then release rates of Ca and P will be monitored to estimate the 
influence of the apatite dissolution rate on the overall release rates of U(VI) and P.  At the 
conclusion of each column-based dissolution experiment, the sediments will be removed and 
analyzed for their total elemental compositions to verify changes in uranyl phosphate content and 
composition.  Selected sediment samples will be investigated by SEM-EDS to examine the 
spatial relationships among U, P, and the relevant cations.  Based on these distributions, 
sediments may be further characterized by synchrotron-based μ-XRF, μ-ΕXAFS, and μ-XRD 
techniques to identify the specific uranyl phosphate phases present and to examine changes in 
uranium distribution after reaction.  

The measured rates of uranium release from the columns can be affected by both the rates 
of the relevant chemical reactions and of the hydraulic transport processes.  The water-saturated 
column experiments will be conducted at multiple flow rates to determine the influence of the 
hydraulic residence time on the extent of uranyl phosphate dissolution.  If the overall uranium 
release rate is controlled by the kinetics of the dissolution reaction, then the effluent uranium 
concentrations will be strong functions of the flow rate supplied to the columns.  However, if the 
dissolution-precipitation reactions achieve equilibrium on time-scales faster than those of the 
transport processes, then the effluent uranium concentration will be independent of flow rate.  
Giammar will lead this task; Wellman will perform the unsaturated column experiments and 
Catalano will assist with solid-phase characterization 

 
 

E.  Characterization Methods 
A number of advanced characterization methods will be used in the proposed work.  

Methods that go beyond conventional mineralogical characterization are reviewed below.   
 

i. Synchrotron-based X-ray Methods 
A number of synchrotron-based X-ray methods will be utilized in the proposed work.  

EXAFS spectroscopy is an element-specific technique that will provide information on the local 
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coordination environment of uranium.  EXAFS spectra can serve to distinguish between 
adsorbed and precipitated uranium.  For uranium precipitated in uranyl phosphates, the spectra 
can be used to identify the mineral phases that formed (although it cannot distinguish between 
the autunites/meta-autunite [103]), including those with limited long-range order that makes 
identification by conventional X-ray diffraction challenging.  Grazing incidence EXAFS is 
useful for investigating the speciation of an element on a flat solid surface [104].  X-ray 
reflectivity probes the structure of surfaces and interfaces [105] and is useful for characterizing 
the relationship of surface precipitates to the underlying mineral surface. 

X-ray microprobe methods (μ-XRF, μ-EXAFS, μ-XRD) will be used to determine the 
spatial variation in U solid-phase concentration and speciation with micrometer resolution.  
These methods have been applied to the characterization of uranium speciation and distribution 
in contaminated sediment samples from the Hanford 300 Area [3,4] and beneath tank BX-102 
[106,107].  All synchrotron-based techniques will be performed using beamlines at the Advanced 
Photon Source (APS) at Argonne National Laboratory.  Catalano has been using the APS in his 
research since 2000, and he has been the PI or co-PI on 23 successful APS beamtime proposals. 

 
ii. Atomic Force Microscopy (AFM) 

AFM measures the nanoscale topography of a solid surface by rastering a small tip across 
the surface.  This tip is typically a few nm wide, and AFM is sensitive to topographic features 
having as small as ~1 Å of relief.  Imaging can be performed in air or liquid, and sequential 
images can be taken at rates as fast as 1 per minute under normal operation.  AFM has been used 
extensively to study mineral growth and dissolution process.  Relevant examples include 
imaging the heterogeneous nucleation of lead phosphate on apatite [70,71], surface precipitation 
of schoepite [(UO2)8O2(OH)12·12H2O] on calcite [108], and dissolution of the surfaces of uranyl 
oxyhydroxides [65-68].  All AFM imaging in this proposal will be performed using an Agilent 
5500 AFM recently installed in Catalano’s laboratory at Washington University. 
 
 
V. EXPECTED SCIENTIFIC CONTRIBUTIONS 

The proposed work will lead to an enhanced understanding of the processes through 
which uranyl phosphates control uranium fate in contaminated subsurface environments.  Key 
molecular-scale mechanisms involved in uranyl phosphate formation and long-term stability will 
be characterized, and the effects of these mechanisms on sediment-scale processes will be 
determined.  The proposed work will: (1) Identify the mechanisms through which mineral 
surfaces induce and control uranyl phosphate precipitation, and the chemical regimes where 
individual mechanisms are significant; (2) Determine how groundwater composition and water 
saturation state affects uranyl phosphate formation in heterogeneous porous media; (3) Validate 
laboratory studies of uranyl phosphate formation processes by characterizing uranium speciation 
in contaminated sediments treated with polyphosphate in a pilot-scale field test; (4) Characterize 
the rates and mechanisms of uranyl phosphate dissolution at the nanoscale; (5) Quantify the 
dependence of macroscopic dissolution rates of uranyl phosphates on groundwater composition 
and relate the rates to nanoscale processes; and (6) Determine the dissolution rates of uranyl 
phosphates in heterogeneous porous media under water saturated and unsaturated conditions.  
These studies will serve as a foundation for the development of a robust conceptual model to 
describe the effects of phosphate on the environmental fate and transport of U(VI). 
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VI. RELEVANCE TO ERSD MISSION 
The ERSD mission is to “provide (by 2015) sufficient scientific understanding to allow a 

significant fraction of DOE sites to incorporate coupled biological, chemical and physical 
processes into decision making for environmental remediation.”  This proposal seeks to advance 
the scientific understanding of the processes that control uranyl phosphate fate in subsurface 
systems.  Uranyl phosphates occur frequently in contaminated soils and sediments at DOE sites, 
and substantial quantities of additional uranyl phosphate solids are expected to form as a result of 
phosphate-based remediation methods now under pilot testing.  The proposed work will provide 
the scientific basis for credibly predicting the formation and long-term stability of uranyl 
phosphates in the subsurface at key contaminated DOE sites, most notably at the Hanford 300 
Area.  This knowledge is necessary for effective application of new remediation strategies that 
will mitigate the environmental impact of past nuclear activities. 
 
 
VII. PROJECT MANAGEMENT 
 
A. Project Team 

The proposed research is a collaborative effort among Dr. Jeffrey Catalano (PI) and Dr. 
Daniel Giammar (Co-PI) at Washington University in St. Louis and Dr. Dawn Wellman (Co-PI) 
at Pacific Northwest National Laboratory.  Our interdisciplinary team has complementary 
expertise in environmental geochemistry and environmental engineering that allows us to 
explore the effects of phosphate on uranium fate from the molecular-scale to the sediment-scale.  
Catalano will lead this interdisciplinary team as his research expertise encompasses much of the 
proposed work.  In Catalano’s past Hanford-related research, he determined that chromium was 
partially reduced from Cr(VI) to Cr(III) in the vadose zone beneath tank SX-108 [109] and that 
uranium precipitated as the uranyl silicate mineral sodium boltwoodite beneath tank BX-102 
[106].  In addition, he characterized the uranium speciation in a depth sequence of sediments 
from the North Processes Ponds of the Hanford 300 Area, noting that uranium speciation 
changed from being incorporated in calcite in the (now excavated) pond sediments to being 
adsorbed on phyllosilicates and precipitated as uranyl phosphates in the underlying vadose zone 
[4].  Catalano has also performed research on fundamental aspects of uranium, arsenic, selenium, 
and zinc adsorption processes and mechanisms [78,110-114], cobalt coprecipitation and sorption 
processes in model Hanford sediments and alkaline aluminate solutions [115], and the 
molecular-scale arrangement and ordering of interfacial water near iron and aluminum oxide 
surfaces [116,117]. 

Dr. Giammar has integrated laboratory-based aqueous and solid characterization tools to 
investigate rates and mechanisms of reactions of heavy metals and radionuclides, including 
uranium, at mineral surfaces [84,97,98,118-121].  Giammar’s expertise in continuously-stirred 
flow-through reactors coupled with solid and solution phase characterization are essential to 
Tasks I-2, II-2, and II-3.  Dr. Wellman has expertise in studying geochemical processes in 
natural and engineered systems, and she has worked extensively on phosphate-based remediation 
processes for in situ immobilization of uranium, including work at the Hanford Site funded by 
the DOE Office of Environmental Management and the Office of Biological and Environmental 
Research [5,15,16,20-24,27,122-124].  Wellman will provide materials from the polyphosphate 
treatment test site and will perform unsaturated column studies for Tasks I-2 and II-3.  These 
unsaturated column studies are the key contribution from Wellman; they are outside the expertise 



20 
 

of the other PIs and require the unique facilities at Pacific Northwest National Laboratory and 
Wellman’s expertise.  At Washington University, one postdoctoral scientist and one graduate 
student from the Department of Earth and Planetary Sciences and one postdoctoral scientist and 
one graduate student from the Department of Energy, Environmental, and Chemical Engineering 
will participate in the proposed research.  An additional graduate student will work at Pacific 
Northwest National Laboratory. 
 
B. Management Plan 
 Catalano will be responsible for overall project management and administration.  All of 
the PIs on this project will be responsible for individual tasks or components of tasks as specified 
in Section IV.  The project team will hold an annual meeting to discuss research plans for the 
upcoming year.  Research results will also be discussed in years 2 and 3.  The team will meet at 
PNNL in Year 1, and at Washington University in Years 2 and 3.  During the Year 1 meeting at 
PNNL, the team will visit the polyphosphate test site and Hanford FRC to gain a better 
understanding of the primary contaminated sites of relevance to the proposed work.  The team 
will hold quarterly videoconferences to discuss recent results and coordinate research activities.  
Catalano will maintain frequent contact with all of the co-PIs.  Catalano and Giammar will each 
mentor a postdoctoral scientist and a graduate student, and Wellman will mentor a graduate 
student. 
 
 
VIII.  PROJECT PERFORMANCE SITE 
 The proposed activities will take place at Washington University in St. Louis and Pacific 
Northwest National Laboratory (PNNL).  Tasks I-1, II-1, and II-2 will take place at WUSTL.  
Tasks I-2, I-3, and II-3 will take place at both WUSTL and PNNL. 
 
 
IX.  PROJECT TIMELINE 
 The proposed work will be executed according to the following project timeline:   
 

 Year 1 Year 2 Year 3
Module I – Uranyl Phosphate Nucleation and Precipitation
Task I-1: Heterogeneous Nucleation       
Task I-2: Immobilization in Sediments       
Task I-3: Characterization of Treated Field Sediments       
Module II – Long-Term Stability of Uranyl Phosphates
Task II-1: Dissolution Mechanisms       
Task II-2: Dissolution Rates       
Task II-3: Release Rates from Treated Sediments       

 
 The project team will adjust this timeline as needed based on the initial results in order to 
pursue the most important scientific questions relevant to uranyl phosphate formation and 
stability in subsurface environments. 
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available for element mapping and quantitative compositional analysis of solids.  X-ray powder 
diffraction is done on a Rigaku Geigerflex D-MAX/A Diffractometer using Cu-Ka radiation. The 
instrument is equipped with a vertical goniometer and a scintillation counter. Maximum power is 
1.5kW operating at 50kV and 50mA.  PC-based Datascan software by Materials Data, Inc. 
(MDI) controls the diffractometer and MDI's Jade software can be used to analyze mineral 
diffraction patterns.  A Nicolet Nexus 670 FTIR spectrometer with ATR accessory and a 
HoloLab 5000 Raman microprobe are available for vibrational spectroscopy measurements. 
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Department of Energy, Environmental, and Chemical Engineering 
Shared analytical facilities in the Department of Energy, Environmental, and Chemical 

Engineering include the Environmental Nanoscale Analysis Laboratory and the Jens 
Environmental Engineering Laboratory.  These laboratories are common, centralized facilities 
maintained by full time technicians.  Analytical equipment housed in these laboratories include a 
BET surface area analyzer, an inductively coupled plasma mass spectrometer (ICP-MS), a 96-
well plate reader, an atomic absorbance spectrophotometer, a UV-visible spectrophotometer, 
three gas chromatographs (equipped with flame-ionization, photo-ionization, electron-capture, 
and thermal-conductivity detectors), a high-performance liquid chromatograph (HPLC) with 
diode array detector, and a Fourier transform infrared spectrometer with accessories for the 
analysis of solids, liquids, and suspensions.  The department also maintains a Hitachi model S-
4500 Field Emission Scanning Electron Microscope with a NORAN Instruments Energy 
Dispersive X-ray (EDX) microanalysis system. 
 
Center for Material Innovation (CMI) 
 A JEOL 2100F transmission electron microscope is available through the Center for 
Materials Innovation, an interdisciplinary research effort of which Drs. Catalano and Giammar 
are members.  The TEM is equipped with an energy-dispersive X-ray spectrometer for analysis 
of composition in few-nm sized volumes, an electron-energy-loss spectrometer, a high resolution 
CCD camera, and a film camera for recording diffraction patterns. 
 
Laboratory for Space Sciences 

A Cameca IMS 3f SIMS ion microprobe, a Cameca NanoSIMS 50 ion microprobe with 
high mass resolution multicollector, and a PHI 700 Scanning Auger Nanoprobe are available for 
use through collaborative agreement with the Laboratory for Space Sciences. 
 
 
PACIFIC NORTHWEST NATIONAL LABORATORY 
 
Reaction Kinetics Laboratory 

Equipment and instrumentation is maintained in a dedicated solid/liquid reaction kinetics 
laboratory at PNNL for conducting this study of dissolution kinetics of glasses and minerals, 
including unique equipment for conducting both static and dynamic tests.  Our single-pass flow-
through (SPFT) system has a capacity of 350 individual cells so that 74 different solutions can be 
run simultaneously at a given temperature.  Fluid delivery systems include 50 precision multiport 
Kloehn syringe pumps and 24 microinfusion pumps, all delivering steady-state flow rate to 
within ±1%. 

The Pressurized Unsaturated Flow (PUF) test is a novel technique developed at PNNL 
for testing waste forms (McGrail et al. 1997a; Pierce et al. 2007; Pierce et al. 2006).  Our 
laboratory maintains 16 independent PUF systems.  The experimental design provides a unique 
way to study waste form corrosion behavior and open-system flow and transport hydraulically 
unsaturated conditions.  Like the SPFT test, the PUF test provides multiple degrees of freedom 
for parameter variation (e.g. chemical affinity, temperature, surface area, and flow rate). 

The basic test apparatus consists of a column packed with glass particles (or other 
material) of a known size and density, and a computer data acquisition and control system.  The 
column is fabricated from a chemically inert material so that dissolution reactions are not 
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influenced by interaction with the column.  A porous titanium plate of proprietary design is 
sealed in the bottom of the column to ensure an adequate pressure differential for the 
conductance of fluid while operating under unsaturated conditions.  Titanium was chosen 
because it is highly corrosion resistant and has excellent wetting properties.  When water 
saturated, the porous plate allows water but not air to flow through it, as long as the applied 
pressure differential does not exceed the air entry relief pressure or “bubble pressure” of the 
plate.  The computer control system runs LabVIEW™ (National Instruments Corporation) 
software for logging test data to disk from several thermocouples, pressure sensors, inline 
sensors for effluent pH and conductivity, and column weight from an electronic balance to 
accurately track water mass balance and saturation level. 

 
Solubility Measurement Laboratory 

We maintain state-of-the-art equipment to conduct mineral and compound solubility 
studies including specially designed Parr reactors.  These reactors are equipped to conduct 
solubility studies at temperatures ranging from 0º – 400º C.  For conducting kinetic studies above 
boiling temperatures, a set of reactors are equipped with specialized devices that can collect 
filtered sample solutions in-situ without interrupting the reaction progress.  To conduct mineral 
solubility studies while controlling the water activity in the equilibrating solution, our laboratory 
is equipped with an isopiestic apparatus consisting of an evacuable stainless steel chamber with 
twelve vitreous carbon sample cups recessed into an aluminum heating block with a temperature 
range from ambient to 95º C.  The activity of water in the reaction chamber can be controlled by 
isopiestic standard solutions that include KCl, NaCl, CaCl2, or H2SO4. 

 
Environmental Sciences Laboratory 

The Environmental Sciences Laboratory facilities include laboratories for conducting 
radiological ("hot") and non-radiological ("cold") studies. These facilities are equipped with 
double-HEPA filtered hoods and controlled atmospheric chambers to permit safe handling of 
hazardous dispersible materials and completion of characterization and retardation studies under 
inert or anoxic atmospheric conditions, respectively.  The facilities are fully equipped with 
following instrumentation. 

 
a)    Laboratory analyses of trace metals, hazardous organic and inorganic species, major 
cations and anions in water and other solution samples 

• Inductively coupled plasma - mass spectroscopy (ICP-MS)  
• Inductively coupled plasma - optical emission spectroscopy (ICP-OES)  
• Ion chromatography (IC)  
• UV-VIS spectroscopy, gas chromatography mass spectrometry (GC-MS)  
• Fourier transform infrared spectrometry (FTIR)  
• High performance liquid chromatography (HPLC) 

 
b)  Determining the composition of materials 

• X-ray diffraction (XRD)*  - crystallography  
• X-ray fluorescence (XRF) -  Non destructive chemical analysis 
• Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS)  
• Transmission electron microscope (TEM) with energy dispersive spectroscopy (EDS) 
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*The XRD capabilities include expertise and established procedures for quantification of 
the clay mineralogy in soils and sediments, and JADE phase matching software for identification 
of measured diffraction patterns by comparison to patterns contained in the International Centre 
for Diffraction Data (ICDD) Powder Diffraction File (PDF). 
 
 
NATIONAL USER FACILITIES 
 
Advanced Photon Source, Argonne National Laboratory 
The APS is a DOE-supported national user facility for the study of matter using brilliant X-ray 
beams.  Users may access this facility at no cost through a competitive, peer-reviewed proposal 
system.  The EXAFS measurements described in this proposal can be performed at a numbers of 
different beamlines, including 5-BM, 10-ID, 12-BM, 13-BM, 13-ID, 20-BM, and 20-ID; X-ray 
microprobe measurements at 10-ID, 13-ID, 20-BM, 20-ID; and XR measurements at 5-ID, 6-ID, 
11-ID, 12-BM, 13-ID, 20-ID, and 33-ID-D. 
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APPENDIX D: CURRENT AND PENDING SUPPORT 
 

 

 Other agencies (including NSF) to which this proposal has 
Investigator:    Jeffrey Catalano       
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: 
Water Ordering and Complex Oxoanion Absorption Behavior at Iron and Aluminum Oxide-Water Interfaces  
 
Source of Support:  Department of Energy 
Total Award Amount:  $420,863 Total Award Period Covered: 9/1/08- 8/31/11 
Location of Project:  Washington University 
Person-Months Per Year Committed to the Project. Cal:  Acad:      Sumr:  1.0 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: 
Iron Oxide Morphology and Composition as Possible Indicators of Sedimentary Redox Cycling 
 
Source of Support:  American Chemical Society 
Total Award Amount:  $50,000 Total Award Period Covered: 9/1/08 - 8/31/10 
Location of Project:  Washington University 
Person-Months Per Year Committed to the Project. Cal:  Acad:      Sumr:  0.7 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: 
ETBC: Hidden Iron Oxide Redox Processes During Biogeochemical Iron Cycling: Control on Nanoscale 
Transformations and the Fate of Contaminants 
 
Source of Support:  NSF/GEO-BIO 
Total Award Amount:  $340,505 Total Award Period Covered: 9/1/08 - 8/31/11 
Location of Project:  Washington University 
Person-Months Per Year Committed to the Project. Cal:   Acad:      Sumr:  1.0 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: 
Phosphate Controls on Subsurface Uranium Fate and Transport: Connecting Molecular-Scale and Sediment-Scale 
Processes (with co-PIs Giammar (Washington University) and Wellman (PNNL) 
 
Source of Support:  Department of Energy 
Total Award Amount    $931,543 (Wash. U. portion) Total Award Period Covered:   9/1/08 – 8/31/11 
Location of Project:  Washington University 
Person-Months Per Year Committed to the Project. Cal:      Acad:      Sumr: 1.0 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: 
 
 
Source of Support:   
Total Award Amount Total Award Period Covered:  
Location of Project:   
Person-Months Per Year Committed to the Project. Cal:      Acad:      Sumr:  
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