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Executive Summary 

One of the methods being considered for safely disposing of Category 3 low-level radioactive wastes 

is to encase the waste in concrete.  Concrete encasement would contain and isolate the waste packages 

from the hydrologic environment and act as an intrusion barrier.  The current plan for waste isolation 

consists of stacking low-level waste packages on a trench floor, surrounding the stacks with reinforced 

steel, and encasing these packages in concrete.  These concrete-encased waste stacks are expected to vary 

in size with maximum dimensions of 6.4 m long, 2.7 m wide, and 4 m high.  The waste stacks are 

expected to have a surrounding minimum thickness of 15 cm of concrete encasement.  These concrete-

encased waste packages are expected to withstand environmental exposure (solar radiation, temperature 

variations, and precipitation) until an interim soil cover or permanent closure cover is installed and to 

remain largely intact thereafter.  Any failure of concrete encasement may result in water intrusion and 

consequent mobilization of radionuclides from the waste packages. 

This report presents the results of investigations elucidating the uranium mineral phases controlling 

the long-term fate of uranium within concrete waste forms and the solubility of these phases in concrete 

pore waters and alkaline, circum-neutral vadose zone environments. 
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Acronyms and Abbreviations 

BFS blast furnace slag  

GWB Geochemist Work Bench 

HEIS Hanford Environmental Information Systems 

L limestone 

OPC ordinary Portland cement 

SEM scanning electron microscope 

SEM-EDS SEM-energy dispersive spectroscopy 

SRPC  sulfate-resistant Portland cement  

TRLIF time-resolved laser induced fluorescence 

XRD X-ray diffraction 

XRF X-ray fluorescence 
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1.1 

1.0 Introduction 

One of the methods being considered for safely disposing of Category 3 low-level radioactive wastes 

is to encase the waste in concrete.  Concrete encasement would contain and isolate the waste packages 

from the hydrologic environment and act as an intrusion barrier.  The current plan for waste isolation 

consists of stacking low-level waste packages on a trench floor, surrounding the stacks with reinforced 

steel, and encasing these packages in concrete.  These concrete-encased waste stacks are expected to vary 

in size with maximum dimensions of 6.4 m long, 2.7 m wide, and 4 m high.  The waste stacks are 

expected to have a surrounding minimum thickness of 15 cm of concrete encasement.  These concrete-

encased waste packages are expected to withstand environmental exposure (solar radiation, temperature 

variations, and precipitation) until an interim soil cover or permanent closure cover is installed and to 

remain largely intact thereafter.  Any failure of concrete encasement may result in water intrusion and 

consequent mobilization of radionuclides from the waste packages. 

Uranium is a significant component and long-term dose contributor in category 3 waste (Wood et al. 

1995; Mann et al. 2001).  Sorption of uranium to components of cementitous materials has been the 

subject of several investigations, including the following: 

 metal oxides (Plotnikov and Bannykh 1997c, b, a) 

 carbonate-rich sediments and minerals (Kaplan et al. 1998; Carroll et al. 1992; Carroll and Bruno 

1991 ; Tait et al. 2002; Kelly et al. 2003) 

 iron-bearing minerals (Duff et al. 2002 ; Rovira et al. 2000) 

 aluminum oxide (Denecke et al. 2003) 

 silicon dioxide (Prikryl et al. 2001; Moroni and Glasser 1995) 

 cement-specific components such as calcium-silicate-hydrates (Kienzler et al. 2001; Matzen et al. 

2000; Altenhein-Hasse et al. 1994) and calcium-oxides (Moroni and Glasser 1995).   

Sutton et al. (2003) suggested an apparent two-stage sorption mechanism attributed to surface 

complexation of uranium with siloxyl groups in grout.  Sylwester et al. (1999) supported this hypothesis 

using X-ray absorption fine structure spectroscopy and X-ray absorption near-edge spectroscopy 

demonstrating that uranyl interacts with cement components (i.e., SiO2) through inner-sphere bonding 

mechanisms by sharing uranyl, equatorial oxygen atoms with the mineral surface.  This is significant in 

terms of uranium chemistry and retention in concrete waste forms for two reasons.  First, in general, 

inner-sphere sorption complexes, relative to other mechanisms of sorption, are the most stable sorptive 

complexes and least susceptible to desorption (Sposito 1989).  Additionally, sorption occurring via inner-

sphere complexes is believed to be an important precursor step in surface precipitation of uranyl minerals 

(Sutton et al. 2003).  This suggests long-term immobilization of uranium within concrete waste forms 

may occur through the formation of uranium mineral phases. 

The high pH conditions of grout material, pH ~12, limits the solubility of uranium by forming uranyl-

oxides, -hydroxides and uranate salts (Serne et al. 1992a; Serne et al. 1992b; Serne et al. 1995; Serne et al. 

1989; Serne et al. 1996a; Serne et al. 1996b; Krupka and Serne 1996; Sutton 1999; Sutton et al. 1999).  

However, the solubility of uranium in concrete waste forms has generally been investigated from under-

saturated, model solutions (Moroni and Glasser 1995; Brownsword et al. 1990 ; Atkins et al. 1988; 
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Glasser et al. 1985).  Glasser et al. (1986) and Atkins et al. (1988) examined the solubility of uranium in 

the model Ca-UO3-H2O system, demonstrating the importance of calcium and sodium uranate phases.  

Although the results of this investigation provided valuable information regarding the formation of 

calcium and sodium uranate phases relevant to concrete waste forms, the model system neglects the 

chemical complexities associated with concrete pore waters given the absence of the dominate component 

of concrete, SiO2.  Brownsword (1990) investigated the solubility of uranium in cement-equilibrated pore 

waters.  Results demonstrated the solubility of uranium under these conditions is equal to or lower than 

the solubility of sodium and calcium uranates and therefore concluded the solubility-limiting phase 

corresponded to calcium and/or sodium uranates.  However, no additional support or characterization of 

the solid phases precipitated from cement-equilibrated pore waters was provided to defend this 

conclusion.  Glasser (2001) noted the difficulty of differentiating the solubility limiting phases for 

uranium in complex matrices such as concrete waste forms.  Correlating the solubility of uranium in 

cement-equilibrated pore waters to calcium and/or sodium uranates without direct evidence is subject to 

debate within such a complex chemical system.  To this end, Moroni and Glasser (1995) investigate the 

model CaO-UO3-SiO2-H2O system and illustrated the significance of uranyl silicate minerals on the 

retention of uranium within concrete matrices.  Moroni and Glasser (1995) noted the solubility of uranium 

is not solely a function of uranium loading; rather, it is controlled by the nature of uranium-bearing 

precipitates and within any phase compatibility region, is ideally independent of the amount of each 

phase. 

In efforts to quantify the long-term stability of uranium in concrete waste forms, solubility studies 

have previously been conducted on proposed uranium mineral phases that have been predicted via 

geochemical modeling to be the dominant controls on uranium (Sutton 1999; Sutton et al. 1999; 

Brownsword et al. 1990; Atkins et al. 1988; Glasser et al. 1985; Glasser 2001; Zhao et al. 1999).  

However, limited experimental conditions (Brownsword et al. 1990) and the presence of multiple uranium 

phases have complicated experimental solubility results (Brownsword et al. 1990; Glasser et al. 1985; 

Zhao et al. 1999).  This—in conjunction with geochemical predictions rather than experimental 

determination of uranium phases—hinders the accuracy of predictions regarding the long-term fate or 

uranium in concrete waste forms (Cooper and Hodgkinson 1987). 

Pointeau et al. performed solubility studies on degraded cement mixtures showing that the uptake of 

uranium increased when comparing the least and most degraded cement pastes.  No attempt was made to 

identify the solid phases observed in these experiments (Pointeau et al. 2004).  EXAFS (extended X-ray 

absorption on spectroscopy) showed synthesis methods had a direct effect on the local coordination 

environment of U(VI) in a calcium silicate hydrate structure (Harfouche et al. 2006).  Tits et al. (2008) 

found the solubility limits of U(VI) in cementitious pore waters increased with decreasing calcium 

concentrations.  Increasing Si concentrations was shown to increase the solubility limit.  In these studies, 

the solubility of U(VI) was found to be controlled by calcium uranate.  The uptake and speciation of 

U(VI) in hardened cement paste was investigated using micro-X-ray fluorescence and X-ray absorption 

spectroscopy.  Results showed the U(VI) speciation resembled that of uranophane and was independent of 

the mechanism (sorption or diffusion).  The solubility limit of U(VI) was found to be approximately 6 x 

10
-6

M at pH 13.3 (Wieland et al. 2010). 

There have also been a number of recent studies researching solubility of uranium minerals, though 

not in concrete-dominated environments.  Ilton et al. looked at the solubility of Na-boltwoodite in sodium 

carbonate solutions and found that solubility increased with increasing bicarbonate concentration and pH 
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(Ilton et al. 2006).  Thermodynamic properties of various uranium minerals were investigated by Gorman-

Lewis et al. (2009) including the following: 

 metaschoepite 

 becquerelite 

 compreignatcite 

 sodium compreignacite 

 clarkeite 

 autunite 

 uranyl hydrogen phosphate 

 uranyl orthophosphate (Gorman-Lewis et al. 

2008a; Gorman-Lewis et al. 2008b; 

Gorman-Lewis et al. 2009)

Solubility and calorimetric measurements were also made (Gorman-Lewis et al. 2009).  Prikryl (2008) 

examined the dissolution and growth of uranophane in Ca- and Si-rich solutions with both undersaturated 

and supersaturated conditions at near-neutral pH (Prikryl 2008).  A summary of cited solubility 

measurements is provided in Table A.1 in the appendix. 

This report presents the results of investigations elucidating the uranium mineral phases controlling 

the long-term fate of uranium within concrete waste forms and the solubility of these phases in concrete 

pore waters and alkaline, circum-neutral vadose zone environments. 

1.1 Concept of Solubility 

The concept of solubility/precipitation is well established from first principles.  Solubility constraints 

are often used in bounding fate and transport analyses to get an estimate of the distribution of a 

contaminant between the solution phase and solid phase.  See the following reports for discussions and 

examples of why and how solubility is a valuable construct for addressing fate of uranium and other 

radionuclides (Nitsche 1991; Pennders et al. 1985; Pryke 1985a, b; Rees 1985).  Solubility constructs for 

pure or solid-solution phases give an upper bound on the concentrations that a researcher would expect to 

observe in a mobile solution phase in equilibrium with solids whereas any coincident adsorption-

desorption reactions should only cause lower amounts of the contaminant to be found in solution.  

For simple solubility calculations, researchers must identify the ―solubility-controlling‖ solid and the 

predominant (or if several aqueous species are present and contribute significantly to the overall solution 

concentration, researchers needs to know the form and stability of each) aqueous species that forms upon 

dissolution of the controlling solid.  Researchers can then use the thermodynamic solubility product or 

constant, Ksp, and the stability constant(s), Ki, that describe(s) the formation of the predominant aqueous 

species to calculate the total solution concentration that should be present in the system of interest. 

 



 

2.1 

2.0 Concrete Composition 

Concrete is a continuously reacting solid whose component phases continue to change over hundreds 

of years, albeit very slowly (Taylor 1990; Bogue 1955).  The bulk of concrete composition is made of 

cement, iron blast furnace slag (BFS), fly ash, and water.  Additional materials can include steel fibers 

and various aggregates.  Ordinary Portland cement is a finely ground mixture of limestone with other 

additives balancing out the composition (Al2O3, Fe2O3, CaO, MgO SO3, K2O, and Na2O).  In theory, a 

hydration ratio of only 0.35 is necessary to hydrate all of the cement (Glasser 2001).  Although in 

practice, more water is usually required to create a useable mixture than what is needed to satisfy the 

hydration demand.  The excess water is trapped in pores and becomes strongly alkaline due to two main 

sources: alkalis in the cement that dissolve in the pore water and aqueous Ca(OH)2.  Cement compositions 

can be tailored in terms of pH, Eh and chemistry to maximize immobilization potential (Atkins and 

Glasser 1990). 

Cements have a high capacity for precipitation.  After the radio-species concentration exceeds the 

threshold value, precipitation will occur.  When this occurs, the maximum soluble concentration of the 

species becomes limited by phase solubility (Glasser 2001).  Understanding the phases of uranium found 

within the concrete waste form is pivotal to predicting long-term uranium mobility. 

 



 

3.1 

3.0 Aqueous Uranium Speciation 

In concrete and sediment environments, uranium can be found in both solid and liquid phases.  

Depending on the surrounding conditions, one of two stable valence states [U(IV) and U(VI)] are 

observed.  Under oxidizing conditions, uranium exists as U(VI) as the uranyl cation (UO2
2+

).  Under 

reducing conditions, uranium transforms to the insoluble U(IV) state. 

Complexation of aqueous uranium can increase the solubility of uranium minerals (Langmuir 1997a, 

b).  Two mechanisms may contribute to the increase in aqueous uranium:  1) a chelating effect, whereby 

oxygen-containing ligands (i.e., carbonate, phosphate, and hydroxide) bind to uranium in the mineral 

structure and subsequently release uranium complexes into solution; or 2) release of uranium from the 

mineral structure is followed by complexation by aqueous ligand.  The latter would reduce the activity of 

uranium in solution allowing further release of uranium from the mineral structure.  The composition of 

the pore waters contains numerous ligands that form stable complexes with uranyl in solution and can 

significantly increase the aqueous concentration of uranium.  Uranyl cations will form strong complexes 

with hydroxide (Cordfunke 1969, 1964; Grenthe et al. 1992; Langmuir 1997b, 1978); carbonate 

(Langmuir 1978; Clark et al. 1995); sulfate (Langmuir 1997b, 1978); silicate (Cordfunke 1969, 1964; 

Grenthe et al. 1992; Langmuir 1997b, 1978); and phosphate (Sandino and Bruno 1992; Langmuir 1997b, 

1978; Grenthe et al. 1992). 

System pH can strongly influence the solubility, hydrolysis, sorption, complexation, and colloid 

formation of uranium.  Hydrolysis reactions are highly sensitive to the activity and concentration of 

hydrogen ions in solution (Cordfunke 1969; Langmuir 1978; Baes et al. 1953; Sylva and Davidson 1979).  

For example, Figure 3.1 depicts uranium speciation at 25°C in the absence of all ligands except 

hydroxide, as generated using MINTEQA2 (Allison et al. 1991).  The plot shows that stepwise 

monomeric species dominate the distribution of uranium across the pH range. 
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Figure 3.1. Percent Distribution of U
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-H2O System at 25C, I = 0.1 M, PCO2 = 0 bar and U
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in the Absence of Complexing Ligands Other than Hydroxide 

 
Figure 3.2 demonstrates the significance of pH and ligand identity on the speciation of uranium.  The 

extent to which carbonate competes for uranium over hydroxyl complexes, especially above pH 6, is 

evident.  Uranyl-carbonate species are very significant in the uranium geochemical cycle.  They increase  
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the solubility of uranium minerals, facilitate uranium (IV) oxidation, and because these species are 

anionic in nature, they limit the extent of sorption in oxidized waters, thereby increasing the mobility of 

uranium (Langmuir 1997a, b). 

pH

4 5 6 7 8 9 10

P
e

rc
e
n
t 
D

is
tr

ib
u

ti
o
n

0

20

40

60

80

100

UO2
2+

UO2OH+

(UO2)3OH5+

UO2(CO3)3
4-

UO2(CO3)2
2-

UO2CO3OH3
-
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The results shown in Figure 3.3 demonstrate the complexity of the U(VI) speciation in Hanford Site 

groundwater, and also demonstrate the impact calcium as the Ca2UO2CO3 complex can have on the 

speciation of U(VI).  This complex is expected to be the dominant U(VI) form under the conditions 

expected in an alkaline subsurface.  Similar to Ca
2+

, the presence of Mg
2+

 has been suggested to form a 

Mg2UO2CO3 complex.  This complex was not included in the calculations due to a lack of 

thermodynamic data, but the presence of this complex could have a profound effect on the U(VI) 

distribution, given the concentration of Mg
2+

 in Hanford Site groundwater (Table 3.1). 
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Figure 3.3. Percent Distribution of U
6+

 Aqueous Species Calculated Using MINTEQA2 in Hanford Site 

Groundwater Well-699-S3-25 

 
Uranyl-sulfate complexes are important in aqueous environments where pH < 6, the evaporation rate 

is high, sulfides are being oxidized, and carbonate is absent (Ondrus et al. 2003; Garrels and Christ 1965).  

There are few aqueous uranyl-silicate complexes that are moderately insoluble and readily precipitate to 
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form uranyl-silicate minerals.  As such, uranyl-silicate minerals are of relatively low solubility and do not 

rapidly dissolve on exposure to fresh water. 

Table 3.1. Composition of Typical Hanford Groundwater (HGW) from Monitoring Well-699-S3-25.  

Data obtained from (Serne et al. 1995) 

Element Concentration (mg/L) 

Alkalinity (as CaCO3) 140.0 

Ba 0.061 

Br 0.10 

Ca 59.0 

CO3
2-

 0.80 

Cl 21.0 

Co 0.0041 

F 0.60 

Fe 0.22 

Mg 15.0 

Mn 0.09 

NO3
-
 1.40 

PO4
3-

 <0.34 

K 7.70 

Ag 0.0031 

Na 26.0 

SO4
3-

 110.0 

H4SiO4 81.84 

U 0.01 

Specific Conductance (S/cm) 557 

Temperature (C) 19.10 

pH 7.72 

Eh (mV)
(a)

 146.0 

Total Hardness as CaCO3 (mg/L) 209.48 

(a) Data taken from the Hanford Environmental Information Systems 

(HEIS) database using Monitoring Well-699-S6-E14A provides a 

general reference for the Hanford Site groundwater redox 

conditions. 

 

In the pH range of 6–9, phosphate complexes dominant the system when [PO4]/[CO3] > 0.1.  Uranyl 

forms more stable complexes with phosphate than with any other ligand (Langmuir 1978).  For these 

calculations, the concentration of phosphate is ~1.0 × 10
-5

 M.  Under these conditions, aqueous uranyl 

phosphate phases are minimized due to the hydrolysis and complexation of the uranyl cation with 

hydroxide and/or carbonate ligands.  Sandino and Bruno (1992) noted the difficulty of resolving the 

solubility of uranium under highly alkaline conditions in the presence of multiple complexing ligands 

including hydroxide, carbonate, and phosphate (Sandino and Bruno 1992).  They surmised the relative 

stability of phosphate, hydroxide, and carbonate complexes indicated the phosphate complexes dominated 

even in the presence of strong hydroxyl and carbonato-complexation.  However, the formation of mixed 
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phases, the exceedingly low solubility of uranyl-phosphate solid phases, and occurrence of phase changes 

significantly complicates the resolution of solubility data. 

Past work (Krupka and Serne 1996; Criscenti et al. 1996) has indicated the solubility-controlling solid 

is not the common U(VI) oxide, schoepite, that is often used to perform solubility predictions.  As shown 

in work by Serne et al. (1996) and Ewart et al. (1992), it would appear that the uranium solution 

concentrations in the leachates from cementitious solidified wastes are significantly below values for the 

solubility of schoepite (Serne et al. 1996b; Ewart et al. 1992).  This would also be true for other uranium-

bearing solid wastes.  Other possible controlling solids that may be present include uranophane, soddyite, 

calcium uranate, becquerelite, or sodium uranate. 
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4.0 Solubility of Uranium in Concrete Waste Forms 

4.1 Uranium Speciation in Concrete 

Uranium oxide is a common waste that has been disposed in several U.S. Department of Energy solid 

waste burial grounds (Wood et al. 1995; Mann et al. 2001; Zachara et al. 2007).  The solid UO2 is 

important as a component in nuclear fuels as well as a primary mineral in important uranium ore deposits.  

Grambow completed an extensive evaluation of the literature describing the results of dissolution and 

oxidation studies of spent fuel, UO2, and uraninite (crystalline UO2) (Grambow 1989).  In general, the 

sequence of UO2 oxidation products identified in spent fuel and UO2 dissolution studies is shown in 

Equation (4.1): 

 
OHxUOUOUO
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The presence of the intermediate oxidation products and the degree of hydration of the uranyl 

oxide/hydrate depends on temperature and other associated conditions.  The review by Grambow contains 

an extensive bibliography (Grambow 1989).  The reader is referred to those references regarding the types 

and conditions of the experiments that were evaluated by Grambow (1989).  In general, once the 

oxidation reaches the state where x in Equation (4.1) equals 0.33 (i.e., when the solid becomes UO2.33) the 

dissolution/oxidation rate increases rapidly, especially if the reaction zone on the uraninite surface is a 

very thin film of water in contact with air. 

Erikson et al. conducted characterization and corrosion studies of depleted uranium armor-piercing 

projectiles (Erikson et al. 1993).  Although the geochemical environment associated with these materials 

is different than those at the Hanford Site, there are similarities in the identified corrosion products of the 

metallic uranium projectiles.  X-ray diffraction (XRD) analysis of a depleted uranium fragments taken 

from contaminated soil at a target range indicated the presence of a mixture of dehydrated schoepite 

(UO3H2O) and metastudtite (UO4·2H2O, a dehydrated form of studtite).  Oxidation products identified 

in three corrosion experiments of depleted uranium penetrators included a mixture of black and yellow 

alteration products that contained hyperstoichiometric U(IV) oxides (UO2+x) (e.g., UO2.6667U3O8)  and 

schoepite (UO3·2H2O).  The formation of metastudtite under these conditions is not understood given that 

studite usually forms only in highly oxidative environments (such as those formed by hydrogen peroxide 

or radiolysis products) and these conditions should not be factors in the oxidative corrosion of these 

uranium penetrators. 

The chemistry of the final oxidation products for uranium dioxide is typically more complex when 

considering aqueous solutions containing dissolved constituents common to soil and groundwater, such as 

dissolved calcium, silica, and bicarbonate-carbonate.  For example, Wronkiewicz et al. and Bates et al. 

studied the leaching behavior of unirradiated UO2 with a dilute groundwater under unsaturated conditions 

at 90C (Bates et al. 1990; Wronkiewicz et al. 1991; Wronkiewicz et al. 1992; Wronkiewicz et al. 1996; 

Wronkiewicz et al. 1997).  Phases identified by XRD on the reacted UO2 surface included schoepite, 

dehydrated schoepite, compreignacite, uranophane, boltwoodite, sklodowskite, and becquerelite.
1
  In their 

                                                      
1
 The formula for becquerelite is often listed different ways by various investigators.  The differences are typically 

in the degree and nature of hydration, such as CaU6O19·10H2O, CaU6O19·11H2O, or Ca(UO2)6O4(OH)6·8H2O. 
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most recent work,  (Wronkiewicz et al. 1997) suggest that the evolution of uranium solids in their 

oxidation/leaching tests is as shown in Equation (4.2): 

 .UranophaneeBoltwooditSoddyiteteBecquereliciteCompreignaSchoepite   (4.2) 

This progression goes from U(IV) oxide to U(VI) oxide to alkali and alkaline earth U(VI) oxides to 

U(VI) silicate to alkali and alkaline earth uranyl silicates and non-uranyl aluminosilicates.  Formulas for 

these minerals are found in Table 4.1. 

Ollila also studied the solubility of unirradiated UO2 in several solutions (deionized water, sodium 

bicarbonate [1 to 10 mmol/l], a Swedish groundwater [containing 2.3 mmol/l Na, 0.65 mmol/l Ca, 

2 mmol/l bicarbonate and 2 mmol/l Cl] and a bentonite saturated water [containing 12 mmol/l Na, 

0.65 mmol/l Ca, 10 mmol/l bicarbonate and 2.3 mmol/l Cl] (Ollila 1997).  The various batch tests reached 

a steady-state uranium concentration within 400 to 1000 days.  For the tests using deionized water, XRD, 

and X-ray photoelectron spectroscopy showed the end product was schoepite.  The uranium-bearing solid 

phases present at the end of the other tests did not yield conclusive identification.  Computer modeling 

indicated the phase present in the bentonite-equilibrated solution might be haiweite, a calcium-uranyl 

silicate with a composition [Ca(UO2)2(Si2O5)3·5H2O].  The steady state uranium solution concentrations 

for tests with the four waters are shown in  
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Table 4.2.  In the comments column, a plausible solubility control based on geochemical modeling is 

offered based on the closest fit to the observed solution concentrations of uranium. 

Table 4.1.  Uraninite Alteration Phases Identified in Wronkiewicz et al. (1997) 

Uranyl-Oxide Hydrates 

Schoepite (meta-schoepite) UO3·nH2O  (n  2) 

Dehydrated Schoepite UO3·(0.8 - 1.0)H2O 

Compreignacite (Na,K)2[(UO2)6O4(OH)6] ·8H2O 

Becquerlite Ca[(UO2)6O4(OH)6] ·8H2O 

Uranyl Silicate Hydrate 

Soddyite (UO2)2SiO4·2H2O 

Uranyl Alkaline Silicate Hydrates 

Uranophane Ca(UO2)SiO3(OH)2·5H2O 

Boltwoodite K2(UO2)2(SiO4)2(H3O)2·H2O 

Na-Boltwoodite (Na,K)(UO2)(SiO4)(H3O) ·H2O 

Sklodowskite Mg(UO2)2(SiO4)2(H3O)2·2H2O 

Non-Uranyl Phases 

Palygorskite (Mg,Al0.12-0.66)5(Si,Al0.12-0.66)8O20(OH)5·4H2O 
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Table 4.2.  U Steady-State Concentrations for UO2 Pellets in Contact With Various Waters 

Water Type U Conc. (M) Comments 

NaHCO3—2 mmol/l 6 × 10
-5

 U3O7/U3O8 redox control 

Swedish groundwater 1 to 2 × 10
-5

 U3O7/U3O8 redox control 

Deionized water 6 × 10
-6

 schoepite @ pO2=0.2 atm 

Bentonite equilibrated 8 × 10
-7

 Haiweeite 

   

Finch and Ewing and Janeczek and Ewing have reviewed the oxidation and dissolution products of 

the mineral uraninite (crystalline UO2) (Finch and Ewing 1990; Finch and Ewing 1992b; Janeczek and 

Ewing 1992b, a).  Their conclusions are based on results from their own mineralogical studies of natural 

uraninite and uranium ore deposit samples, as well as information gleaned from the literature.  The 

schematic pathway for the dissolution of UO2 in oxidizing aqueous solutions is as follows: 

 Initial stage consists of radiolytic surface oxidation of UO2 (Equation 4.3): 

 
xUOO

x
UO  222

2
 (4.3) 

 Full oxidation follows resulting in the formation of U(VI)-oxide hydrates, which may contain other 

cations (e.g., calcium and potassium) that are present in the contacting aqueous solution (Equation 

4.4): 
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 Final alteration may include formation of uranyl silicates or phosphates depending on the presence of 

these dissolved constituents and their relative proportions (Equation 4.5): 

   HOHOHSiOUOCaOHCaSiOOHOHOUOCa 45])([(39268)()( 22322

2

226462
 (4.5) 

Natural uraninite is not a pure mineral and is always partially oxidized.  Although its composition is 

nominally given as UO2, uraninite is actually nonstoichiometric and has a highly defective structure 

(Janeczek and Ewing 1992b, a).  The nonstoichiometry and defects are caused by oxidation of uranium 

from +4 to +6, cationic substitution, and damage from -decay.  To reflect this nonstoichiometry and 

these potential cation substitutions, Janeczek and Ewing have formulated the revised formula  

[U
4+

(1-x-y-z)U
6+

xREE
3+

yM
2+

z]O(2+x-0.5y-z) for uraninite where REE are rare earth cations and M are alkaline-

earth cations (Janeczek and Ewing 1992b, a).  The formula shows the concentrations of excess oxygen 

required to counteract the increase in positive charge from U
6+

 is less than that indicated from the amount 

of U
6+

 alone.  Janeczek and Ewing (1992a, b) suggest the combination of nonstoichiometry and cation 

substitution may increase the stability field of uraninite under oxidizing conditions relative to synthetic 

UO2+x. 
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Uraninite remains relatively insoluble as it oxidizes to UO2.25.  Oxidation of UO2 beyond UO2.33 

(same as U3O7) in an aqueous environment is rapid and accompanied by hydration to produce the  

uranyl [U(VI)] oxide hydrates.  Although U3O8 has not been identified in nature, the sheet structures in 

uranyl oxide hydrates are similar to the U3O8 structure (Finch and Ewing 1991).  Schoepite is the first 

uranyl oxide hydrate to form. 

In nature, schoepite always coexists with alkali and alkaline earth uranyl oxide hydrates (Finch and 

Ewing 1991).  For example, solubility studies by Sandino and Grambow indicate that uranyl hydroxide 

transforms essentially spontaneously to becquerelite (CaU6O19·11H2O) and compreignacite 

(K2U6O19·11H2O) at room temperature after short contact times in solutions containing dissolved calcium 

and potassium, respectively (Sandino and Grambow 1994).  Uranium-series disequilibrium data and 

microscopic analysis by Finch et al. of natural mineral specimens indicate that becquerelite can remain 

stable for hundreds of thousands of years or longer in geologic environments.  Sodium uranyl hydrates are 

rare in nature (Finch et al. 1995).  The mineral clarkeite [(Na2,Ca,Pb)2U2 (O,OH)7] has only been found at 

two localities (Finch and Ewing 1992b; Finch and Ewing 1992a).  The specimen that they studied was 

formed by the alteration of uraninite by hydrothermal (i.e., high temperature) alkali solutions.  Moreover, 

although sodium uranyl hydrates such as clarkeite [(Na2,Ca,Pb)2U2 (O,OH)7] are rare in nature, sodium 

uranates (e.g., Na2U2O7) have been identified as precipitates in laboratory experiments involving high pH 

and high alkali solutions containing dissolved uranium.  Phases such as schoepite and becquerelite can 

then transform into more chemically complex minerals such as uranophane (CaU2Si2O11·6H2O) and 

soddyite (U2SiO82H2O) in the presence of dissolved silica, or the autunite series of uranyl phosphate 

minerals [e.g., Ca(UO2)2(PO4)2·10H2O] in the presence of dissolved phosphate (Finch and Ewing 1992b; 

Finch and Ewing 1992a; Sowder et al. 1996). 

Phases such as schoepite and becquerelite can in turn transform to more chemically complex minerals 

such as uranophane (CaU2Si2O11·6H2O) and soddyite (U2SiO8·2H2O) in the presence of dissolved silica, 

or the autunite series of uranyl phosphate minerals [e.g., Ca(UO2)2(PO4)2·10H2O] in the presence of 

dissolved phosphate (Finch and Ewing 1992b; Finch and Ewing 1992a; Sowder et al. 1996).  The 

sequence of alteration reactions depend on the ratio of dissolved silica to phosphate.  The results of 

Sowder et al. indicate that the presence of dissolved silica (10
-3

 M) may even impede the transformation 

of schoepite to becquerelite (Sowder et al. 1996).  The general weathering sequence is shown in Equation 

(4.6): 

 UO2  uranyl silicates (e.g. soddyite)  uranyl alkali silicates (e.g., uranophane). (4.6) 

Perez et al. performed dissolution tests on soddyite that was prepared from mixing uranyl nitrate and 

sodium silicate solutions(Perez et al. 1997).  After adjusting the pH to 4.5 and allowing precipitation to 

occur over 4 days, the precipitate slurry was refluxed at 60C for 6 hours and then hydrothermally heated 

in a Parr bomb at 110C for 14 days.  XRD, scanning electron microscope (SEM), and Fourier Transform 

Infrared Spectrometry characterization was performed on the uranyl compound before and after 

dissolution testing to assure that soddyite was the phase present.  Leach tests were performed at 25C in 

stirred batch reactors at a fixed solid to solution ratio of 1 g:400 ml using solution that contained 10
-3 

M 

sodium silicate, 7 × 10
-3

 M sodium perchlorate, and variable amounts of sodium bicarbonate (10
-3 

to 2 × 

10
-2 

M).  A steady-state solution uranium concentration was observed within 200 hours.  Solutions were 

filtered through 0.2 m membranes and uranium and pH were measured.  By assuming the compound 

dissolved congruently, the total solution silica concentration was calculated to be that originally present 
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(total carbonate) plus that portion dissolved.  Using the measured [pH and uranium] and calculated 

parameters [Si and HCO3], the geochemical computer code HARPHRQ was used to speciate the solution 

and correct for ionic strength effects.  The dissolution reaction was assumed to be as shown in Equation 

(4.7): 

 (UO2)2SiO42H2O + 6HCO3
-⇄ 2UO2(CO3)3

4-
 + H4SiO4 + 2H

+
 + 2H2O (4.7) 

The log solubility product for soddyite was then calculated at 3.9 ± 0.7 for solutions that had greater 

than 5 mmole total carbonate present.  This value compares to literature values as shown in Table 4.3.  

Perez et al. argue that the past literature on soddyite solubility was generally obtained at acid conditions 

with no carbonate present in the system (Perez et al. 1997).  The presence of carbonate reduces the 

possibility of secondary reactions that change the uranium speciation in both the solution and solid. 

Table 4.3.  Solubility Product for Soddyite--Literature Values 

log Kso Reference 

3.9 ± 0.7, if HCO3 > 0.005 M (Perez et al. 1997) 

5.74 (Nguyen et al. 1992) 

6.03 ±0.45 (Moll et al. 1996) 

3.0 ± 2.9 (Casas et al. 1994) 

  

Murphy and Codell reviewed the literature on uranium (IV) oxidation and uranium (VI) solubility in 

the context of nuclear repository source-term issues (Murphy and Codell 1999).  Murphy and Codell 

(1999) point out that schoepite and perhaps other U(VI) compounds formed when uranium fuel oxidizes 

and weathers show retrograde solubility.  That is, schoepite, uranophane, and other U(VI) solids are more 

soluble at lower temperatures than at higher temperatures.  Further, the solubilities of U(VI) compounds 

reported in Murphy and Codell (1999) are fraught with uncertainties in the reaction stoichiometries and 

possibility that several solid phases were present in the tests.  Murphy and Codell (1999) continues the 

discussion on soddyite solubility as addressed by Perez et al. (1997).  The results of Nguyen et al. (1992) 

may have been influenced by excess silicon found in the solid used to determine solubility, and the tests 

were only performed from the undersaturation direction.  Moll et al. (1996) tests likely had SiO2(am) 

precipitating in the test prior to soddyite reaching equilibrium.  Murphy and Codell (1999) state that 

uranophane shows even more retrograde solubility than schoepite such that as repositories cool, schoepite 

and SiO2(am) are favored over formation of uranophane.  Despite the retrograde observations, Murphy 

and Codell (1999) reviewed the Pena Blanca natural analog studies and concluded that the uranium 

weathering sequence was as follows (Equation 4.8): 

 uraninite  schoepite  soddyite uranophane. (4.8) 

Finch reviews the solubility products for U(VI) minerals reported in the literature and calculates 

estimates for some of the observed minerals that have not been studied in laboratory tests (Finch 1997).  

Finch used the method of Tardy and Garrels that relies on the simple relationship that the Gibbs free 

energy of formation of a mineral is the sum of the Gibbs free energies of the component oxides needed to 

create the mineral (Tardy and Garrels 1976).  After tabulating the thermodynamic free energies, Finch 
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(1997) developed activity-activity diagrams that plot the stability of various U(VI) solids as a function of 

solution variables.   Becquerlite is the most common U(VI) mineral and should be in equilibrium with  

silica-poor groundwaters that are in equilibrium with atmospheric CO2 and also saturated with calcite.  If 

the groundwaters are rich in dissolved silica, then uranophane is the more stable U(VI) compound that 

can form. 

Wellman et al. provided in-situ identification of uranium-bearing minerals formed within concrete 

(Wellman et al. 2007).  In this work, Portland cement grout specimens were prepared with a U(VI) nitrate 

spike and the specimens were aged for various time spans ranging from 2 weeks to 1 year.  SEM-energy 

dispersive spectroscopy (SEM-EDS) and XRD were used to identify the uranium-bearing compounds 

formed in the specimens.  These investigations demonstrated the formation of uranium minerals, after 

only 2 weeks, within concrete waste forms that were under saturated with respect to uranium solid phases 

and where sorption was believed to be the mechanism of retention.  Concrete matrices over saturated with 

respect to uranium mineral phases exhibited extensive formation of uranium oxyhydroxide phases during 

the initial 2-week period.  The significance of the uranium paragenetic sequence was clearly demonstrated 

during the subsequent 2-month time frame.  Uranyl oxyhydroxide phases were followed by the formation 

of mixed uranyl-oxyhydroxide/silicates, leading to the formation of uranyl-silicates, then mixed uranyl-

silicate/phosphate phases and finally uranyl-phosphate phases.  In this work (Wellman et al. 2007), 

uranium phases were identified to be those of soddyite, becquerelite, uranophane, and autunite.  This 

finding is consistent with that of Ewart et al (1992), Serne et al (1996b), Krupka and Serne (1996), and 

Criscenti et al. (1996) that uranium phases other than schoepite could be the controlling phase.  A short 

list of uranium minerals containing components common to cement are provided in Table 4.4.  

Table 4.4.  Uranium (VI) Minerals Containing Components Common to Cement 

Minerals Chemical Formula 

Hydrates  

Schoepite UO3·2H2O 

Becquerelite Ca(UO2)6O4(OH)6·8H2O 

Compreignacite K2(UO2)6O4(OH)6·8H2O 

Calcium uranate CaUO4, CaU2O7 

Sodium uranate Na2UO4, Na2U2O7, Na6U7O24, or Na2U6O19·11H2O 

Silicates  

Soddyite (UO2)2(SiO4)·2H2O 

Weeksite K2(UO2)(Si2O5)3·4H2O 

Boltwoodite K(H3O)(UO2)(SiO4) 

Uranophane Ca(UO2)2(SiO3OH)2·5H2O 

Haiweeite CaO·2UO3·6SiO2·5H2O 

Kasolite Pb(UO2)(SiO4)·H2O 

Sklodowskite Mg(H3O)2(UO2)(SiO4)2·4H2O 

Phosphates  

Autunite Ca(UO2)2(PO4)2·12H2O 

Carbonates  

Andersonite Na2CaUO2(CO3)3·6H2O 

Grimselite K3Na(UO2)(CO3)·H2O 
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4.2 Uranium Solubility in Ambient Conditions 

Investigations of uranium solubility have been dominated by work done in inert environments to 

eliminate the effect of ambient concentrations of oxygen and carbon dioxide.  This type of environment is 

not an effective representation of a real-world scenario.  What follows is a summary of the work done by 

Wellman et al. (2008) to examine uranium solubility in simulate concrete pore water under ambient 

conditions (Mattigod et al. 2009; Wellman et al. 2008; Wellman et al. 2007). 

Previous studies by Wellman et al. (2007) identified autunite, soddyite, becquerelite, and uranophane 

as major uranium phases in aged Portland cement grout specimens.  The solubility of these minerals was 

measured in simulated concrete pore water by (Wellman et al. 2008) under ambient conditions over a 

period of 405 days.  The pore water compositions were based on measurements by Ewart et al. (1992) of 

the elemental compositions of pore waters equilibrated with a series of Portland cement compositions: 

sulfate-resistant Portland cement (SRPC)/limestone (L), ordinary Portland cement (OPC)/BFS/L, 

BFS/OPC, OPC/L, and Harwell (Ewart et al. 1992).  Chemical compositions can be found in Table 4.5.  

Table 4.5.  Chemical Composition of Portland Cement-Equilibrated Waters (from Ewart et al. 1992) 

Concentration, M 

Cement Ca Na Mg Cl SO4
2- 

CO3
2- 

Al Si pH 

SRPC/L 6.7E-3 2E-4 <8E-8 4E-5 4E-5 8.5E-5 7.4E-4 5.3E-6 12.5 

9:1 BFS/OPC 6.8E-3 3.4E-3 4.7E-7 6.2E-5  1E-4 8E-5 2.3E-5 12.2 

OPC/BFS/L 6.7E-3 5E-3 <8E-7 2.4E-3 6E-3 2.8E-4 9.5E-5 7E-4 12.1 

OPC/L 2E-2 8.3E-4 <4E-8 9E-5 1E-5 2E-5 1E-5  12 

Harwell 1E-2 5E-5 5E-6 2E-3 3E-3 3E-5   12 

          

4.2.1 Autunite, Ca(UO2)2(PO4)2 ·12H2O 

The aqueous concentrations of uranium obtained for autunite in the simulated Portland cement-

equilibrated pore waters are represented in Figure 4.1 in the form of log10 [U(VI)]aq (molality) versus time.  

The aqueous concentration of uranium reached steady-state within 403 days in the 9:1 BFS/OPS, 

OPS/BFS/L, and Harwell simulated pore waters.  The aqueous concentration of uranium in the OPC/L 

pore waters deviated widely throughout the first 100 days, but attained a steady concentration between 

100 and 403 days.  The SRPC/L pore water deviated widely throughout the 400 days of testing.  Test 

periods longer than those presented in this report are necessary to reach steady-state for autunite in 

SRPC/L pore waters.  The aqueous, equilibrium uranium concentration increases in the respective pore 

waters in the following order:  Harwell < OPC/BFS/L < 9:1 BFS/OPC.  The increase in aqueous uranium 

concentrations is correlated with the decrease in the concentration of calcium in the simulated pore water.  

There was no clear correlation with any other aqueous ligands. 
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Figure 4.1.  Solubility of Autunite in Simulated Portland Cement-Equilibrated Waters 

 

The SEM analyses do not indicate the formation of secondary phases in 9:1 BFS/OPC, OPC/L, 

Harwell, or SRPC/L pore waters.  The formation of secondary phases was observed in the OPC/BFS/L 

pore water (Figure 4.2).  Analysis using EDS indicates the spherical phase is a mixed sodium-calcium-

bearing uranium-phosphate containing 1.22 wt% Na, 16.57 wt% Ca, 10.10 wt% P, 16.15 wt% U, and 

55.97 wt% O.  The rod-like phase is a mixed sodium-calcium-bearing uranium-phosphate containing 

1.31 wt% Na, 14.34 wt% Ca, 8.30 wt% P, 28.02 wt% U, and 46.26 wt% O. 

 

Figure 4.2. Scanning-Electron Photomicrographs of Solids Material from the Reaction of Autunite in 

OPC/BFS/L Pore water.  Photo on the left displays the formation of spherical secondary 

precipitates; photo on the right indicates the formation of a rod-like secondary phase. 
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Figure 4.3 displays the solubility of calcium meta-autunite under the pH range of 8 to 13 in the 

presence of 0.001, 0.01, and 0.1M aqueous phosphate, respectively.  Given an aqueous phosphate 

concentration of 0.001 M, the apparent solubility of calcium meta-autunite appears invariant under the pH 

range of 8 to 10.  However, at pH 11, the solubility of calcium meta-autunite decreases by an order of 

magnitude.  At pH values of 12 and 13, the solubility is equal to that measured under the pH range of 8 to 

10.  Increasing the aqueous phosphate concentration to 0.01 M increases the apparent solubility by 5x 

over the pH range of 8 to 10.  Consistent with results in 0.001 M phosphate, within analytical error the 

solubility of calcium meta-autunite is invariant within the pH range of 8 to 10.  As observed in the 

presence of 0.001 M phosphate, the apparent solubility of calcium meta-autunite decreases by an order of 

magnitude at pH 11.  However, in contrast to the apparent solubility in 0.001 M phosphate, at pH 12 – 13 

the solubility is not equal to that measured over the pH range of 8 to 10.  Rather, within analytical error, 

there is no measurable difference in the solubility of calcium meta-autunite over the pH range of 11 to 13.  

Additionally, the apparent solubility at 12–13 is equal to that measured in 0.001 M phosphate.  This 

indicates the apparent solubility of uranium may be influenced by the formation of secondary uranium-

phosphate phases.  In the presence of 0.1 M phosphate, the apparent solubility of calcium meta-autunite is 

invariant over the pH range of 8 to 11.  In contrast to solubility measurements conducted in the presence 

of 0.001 M and 0.01 M phosphate, there is no decrease in the apparent solubility at pH 11.  However, the 

apparent solubility decreases by 5 times at pH 12 and 10x at pH 13 . Moreover, the measured solubility at 

pH 13 is equal to that measured in 0.001 M and 0.01 M phosphate.  This suggests that under highly 

alkaline conditions, the solubility of uranium is controlled by precipitation of a secondary uranium phase 

that is invariant with respect to the concentration of aqueous phosphate. 
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Figure 4.3. Solubility of Calcium Meta-Autunite as a Function of pH with Relative Aqueous Phosphate 

Concentrations of 0.001 M, 0.01 M, and 0.1 M 

 

The solubility of calcium meta-autunite increases linearly as a function of phosphate, 0.001 M, 

0.01 M, and 0.1 M, over the pH range of 8–12 (Figure 4.4).  However, at pH 13 the concentration of 

uranium is invariant with respect to phosphate concentration.  This suggests secondary uranium phases 

may rapidly precipitate influencing the aqueous concentration of uranium. 
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Figure 4.4. Solubility of Calcium Meta-Autunite as a Function of Phosphate, 0.001 M, 0.01 M, and 

0.1 M 

 

4.2.2 Soddyite, (UO2)2SiO4·2H2O 

The aqueous concentrations of uranium obtained for soddyite in the simulated Portland cement-

equilibrated pore waters are represented in Figure 4.5 in the form or log10 [U(VI)]aq (molality) versus 

time.  The aqueous concentration of uranium reached steady-state within 403 days in all simulated pore 

waters, except Harwell.  The aqueous concentration of uranium in the Harwell solution appeared to reach 

steady-state at ~10 days.  However, at 70 days the aqueous concentration of uranium began to increase 

again.  This increase in concentration is seen as far as 403 days.  Test periods longer than those presented 

here are necessary to reach steady-state for soddyite in Harwell pore waters.  Moreover, the rate at which 

equilibrium is reached in the other pore waters differs depending on the pore water composition.  

Equilibrium is rapidly attained within ≤ 50 days for soddyite in BFS and 9:1 BFS/OPC.  Longer time 

frames, such as 60 to 100 days, are required to reach equilibrium in SRPC/L and OPC/L pore waters.  The 

aqueous, equilibrium uranium concentration increases in the respective pore waters in the following 

order:  of Harwell < OPC/L < OPC/BFS/L < 9:1 BFS/OPC = SPRC/L.  Comparable to aqueous uranium 

concentrations measured from solubility tests conducted with autunite, the increase in aqueous uranium 

concentrations is correlated with decreasing concentration of calcium in the simulated pore water.  

Moreover, the increase in aqueous uranium concentration in OPC/BFS/L, 9:1 BFS/OPC, SPRC/L exhibits 

a relationship with increasing concentration of aqueous silicon. 

The SEM of soddyite in BFS and 9:1 BFS/OPC at 100 days does not reveal the formation of any 

secondary phases.  XRD results confirming that there was no change in mineralogy during solubility 

testing is pending.  The SEM analysis of soddyite in Harwell pore waters reveals a morphologically 

different phase is present as a minor component of the solid phase (Figure 4.6).  Analysis using EDS 

indicates the phase is a calcium-bearing uranium-silicate containing 1.43–2.01 wt% Ca, 4.55–5.62 wt% 

Si, 47.83–62.99 wt% U, and 29.40–44.04 wt% O.  The morphology is suggestive of uranophane; 

however, the chemical composition is not strictly consistent with any one calcium-uranium-silicate phase.  

The formation of a minor inclusion of acicular, fibrous fine-grained crystal tuffs, comparable to the 

results in Harwell, were also observed in OPC/BFS/L, 9:1 BFS/OPC, SRPC/L pore waters; no additional 

secondary phases were observed. 
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Figure 4.5.  Solubility of Soddyite in Simulated Portland Cement-Equilibrated Waters 

 

Figure 4.6. Scanning-Electron Photomicrographs of Solids Material from the Reaction of Soddyite in 

Harwell Pore water.  The image on the right shows the persistence of soddyite; the image on 

the left displays the formation of acicular, fibrous fine-grained crystal tuffs. 

 
Similar results were observed from SEM images of reacted solid phases extracted from the reaction of 

soddyite in OPC/L.  However, the higher concentration of calcium present in OPC/L relative to the 

Harwell solution resulted in substantial formation of calcium-bearing, fibrous fine-grained tuffs; 

additionally, the formation acicular, fibrous coarse-grained crystal tuffs also was observed (Figure 4.7).  

EDS analysis indicates the phase is a sodium-bearing uranium-silicate containing 3.27 wt% Na, 6.29 wt% 

Si, 51.33 wt% U, and 39.11 wt% O.  The morphology is consistent with sodium-boltwoodite, an 

uranophane-group mineral. 
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Figure 4.7. Scanning-Electron Photomicrographs of Solids Material from the Reaction of Soddyite in 

OPC/L Pore water Displaying the Formation of Acicular, Fibrous Coarse-Grained Tuffs 

 

4.2.3 Becquerelite, Ca(UO2)6O4(OH6)·8H2O 

The aqueous concentration of uranium obtained for becquerlite in the simulated Portland 

cement-equilibrated pore waters are represented in Figure 4.8 in the form of log10 [U(VI)]aq (molality) 

versus time.  The aqueous concentrations of uranium reached steady-state within 403 days in the 

OPC/BFS/L and Harwell simulated pore waters.  The aqueous concentration in the OPC/L pore water 

appeared to attain steady state through 100 days; however, between 83 days and 403 days, the 

concentration of uranium increased from 3.1 × 10-9 moles and 1.75 × 10-7 M.  The aqueous 

concentration of uranium in the 9:1 BFS/OPC pore water deviated widely throughout the duration of 

testing, increasing to 1 × 10-4 M after 403 days.  The SRPC/L pore water appeared to reach steady state 

after 21 days; however, the 403-day test had a highly elevated concentration of uranium at 1 × 10-4 M 

from 8.8 × 10-8 M.  Test periods longer than those presented here are necessary to reach steady state for 

becquerlite in 9:1 BFS/OPC, SRPC/L and OPC/L pore waters. 
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Figure 4.8.  Solubility of Becquerlite in Simulated Portland Cement-Equilibrated Waters 
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The SEM analyses do not indicate the formation of secondary phases in 9:1 BFS/OPC, OPC/L, 

OPC/BFS/L, or SRPC/L pore waters.  In the Harwell pore water, however, the formation of a secondary 

precipitate that did not possess a well-defined morphology was observed on the surface of some 

becquerelite crystals (Figure 4.9).  The EDS analyses indicated this was a mixed calcium-sodium-uranium 

phase that was composed of 1.45 wt% sodium, 2.66 wt% calcium, and 54.99–92.36 wt% uranium.  This 

phase is poorly crystalline mixed sodium- and calcium- oxyhydroxide. 

Results presented here indicate becquerlite attains equilibrium conditions rapidly within concrete pore 

waters.  There was no observed effect of carbonate or sulfate within the pore waters on the stability of 

becquerlite, or the formation of secondary phases.  The becquerelite will persist within concrete waste 

forms as a long-term control on uranium. 

 

Figure 4.9. Scanning-Electron Photomicrographs of Solids Material from the Reaction of Becquerlite in 

Harwell Pore water Displaying the Formation of Poorly Crystalline, Mixed Sodium- and 

Calcium-Oxyhydroxide Phase on the Surface of Becquerlite Crystals 

 

4.2.4 Uranophane, Ca(UO2)2(SiO3OH)2·5H2O  

The aqueous concentrations of uranium obtained for uranophane in the simulated Portland cement-

equilibrated pore waters are represented in Figure 4.10 in the form of log10 [U(VI)]aq (molality) versus 

time.  The aqueous concentration of uranium reached steady-state within 403 days in all simulated pore 

waters.  Additionally, the rate at which equilibrium was reached is relatively consistent and does not 

depend on the pore water composition.  Equilibrium is rapidly attained within ≤ 30 days.  The aqueous, 

equilibrium uranium concentration increases in the respective pore waters in the following order:  Harwell 

≈ OPC/L < 9:1 BFS/OPC < SPRC/L < OPC/BFS/L.  As observed with autunite, becquerelite, and 

soddyite, the increase in aqueous uranium concentrations is correlated with decreasing concentration of 

calcium in the simulated pore water.  There was no clear correlation with any other aqueous ligands. 

No secondary phases were identified in any of the other pore waters.  The morphology of all reacted 

solid phases was the acicular, fibrous fine-grained tuffs consistent with the unreacted uranophane 

(Figure 4.11).  Further, the lack of secondary phases supports the possibility that the acicular, fibrous fine-

grained tuff phase present in the soddyite post-reaction solids (discussed above) is an uranophane group 

phase. 
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Figure 4.10.  Solubility of Uranophane in Simulated Portland Cement-Equilibrated Waters 

 

Figure 4.11. Scanning-Electron Photomicrographs of Solids Material from the Reaction of Uranophane 

in 9:1 BFS/OPC Pore water Displaying the Formation of Acicular, Fibrous Fine-Grained 

Crystal Tuffs 

 

The equilibrium concentrations of primary elements U, Ca, P, and Si are presented in Error! 

Reference source not found. in the appendix.  All concentrations are presented in molarity. 

4.3 Uranium Solubility Aqueous and Solid Phase Speciation 
Modeling 

The react program from the Geochemist Work Bench (GWB) geochemical model was applied to 

initial element concentrations to evaluate the aqueous speciation and saturation state of the effluent 

solutions with respect to key minerals, solids, and aqueous phases over time.  The model was run in the 

presence of the each uranium mineral and the pH was slid to reflect the change from the initial pH to the 
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final recorded pH.  The uranium species CaUO4 was suppressed during modeling because the high silicic 

acid concentrations found in the pore water favors the formation of uranium silicates over uranium oxide 

phases.  Thermodynamic databases from numerous literature sources were used to update the computer 

codes (Alwan and Williams 1980; Chen et al. 1999; Finch 1997; Grenthe et al. 1992; Kalmykov and 

Choppin 2000; Langmuir 1978; Nguyen et al. 1992; O'Hare et al. 1976; Sergeyeva et al. 1972; Vochten 

and Haverbeke 1990).  Because of the complex chemistry of uranium, there is significant debate 

regarding the stoichiometry and the thermodynamic values assigned to aqueous uranium species and 

secondary mineral phases.  As such, the solubility calculations are based on current knowledge but may 

have significant uncertainty associated with them. 

The aqueous concentration of uranium released from all potential U(VI)-bearing solid phases in the 

simulated Portland cement-equilibrate pore waters ranged from log10 [U(VI)]aq = -5 to -9, indicating that 

pore water cations and anions may be influencing the solubility of uranium through complexation  

(Table 4.6).  The significance of pH, and pore water cation and anions on the uranium mineral solubility, 

is also indicated by the formation of different secondary phases under differing cation and anion 

concentrations and changing pH regimes.  Regarding the substantial change in pH seen in some samples 

over the course of the solubility experiments, note these experiments were run solely in the presence of 

concrete pore fluids; under normal solidification and stabilization conditions, concrete in contact with the 

pore fluids will keep the solution at highly alkaline values (> pH 12). 

There was no observed effect of carbonate or sulfate within the pore waters on the stability of the 

uranyl minerals or on the formation of secondary phases.  However, there was a clear effect of calcium 

and silicon in the pore waters on the stability of all uranium minerals, as well as on the formation of 

secondary phases.  Results presented in Table 4.6 represent species that were saturated during the 

modeling reaction.  The results do not indicate, for example, that all becquerelite will form uranophane in 

the OPC/BFS/L pore water.  The modeling results indicate the speciation of secondary phases that could 

form under the chemical conditions found in the solubility experiments, but not the extent to which such 

transformation occurs.  Autunite is a particularly clear example; uranium phosphates are among the most 

stable uranium phases, and the results from the solubility experiments indicate the autunite was fairly 

unreactive over the experimental duration.  The modeling results for autunite yield a mix of silicate and 

phosphate phases; however, due to the stability of uranium phosphate minerals, the original phase will 

control the long-term release of uranium.  Geochemical modeling results suggest the formation of 

1) uranium silicate group minerals from soddyite, 2) uranium silicates and uranium oxyhydroxides from 

becquerelite, 3) uranophane reprecipitation from the dissolution of uranophane, and 4) uranium silicate 

and uranium phosphates from autunite. 

The model simulation results for the aqueous speciation of uranium at the final pH are presented in 

Table 4.7.  For soddyite, becquerelite, and uranophane the majority of uranium species at the final pHs 

are uranium hydroxides.  Uranium carbonates form a large percentage of the total for the 9:1 BFS/OPC 

and OPC/BFS/L samples, which can be attributed to their elevated carbonate concentrations relative to 

other pore waters.  The autunite samples were dominated by uranium phosphate species in the 

9:1 BFS/OPC, OPC/BFS/L, and SRPC/L samples, with uranium hydroxides dominating the Harwell, and 

OPC/L pore waters. 
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Table 4.6. Thermodynamic Geochemical Modeling Results for Simulated Concrete Porefluids with 

Uranium Phases Identified as Primary Controls on Uranium Mobility in Concrete Waste 

Forms 

Soddyite 

Pore water 

Initial 

pH Final pH Phase/End-Member pH Range 

9:1 BFS/OPC 12.2 6.0 Na2U2O7 11.0 to 11.5 

   

Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 6.5 to 11.0 

   

Becquerelite: Ca(UO2)6O4(OH)6•8(H2O) 7.0 to 10.0 

   

Schoepite: (UO2)8O2(OH)12•12(H2O)  6.0 to 7.0 

OPC/BFS/L 12.1 6.5 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 6.5 to 11.0 

Harwell 12.0 5.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 8.0 to 10.0 

OPC/L 12.0 10.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 10.0 to 11.0 

SRPC/L 12.5 5.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 6.5 to 11.5 

   

Becquerelite: Ca(UO2)6O4(OH)6•8(H2O) 7.0 to 11.0 

      Schoepite: (UO2)8O2(OH)12•12(H2O)  5.0 to 7.0 

Becquerelite 

Pore water 

Initial 

pH Final pH Phase/End-Member pH Range 

9:1 BFS/OPC 12.2 7.5 Na2U2O7 11.0 to 11.5 

   

Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 7.5 to 11.0 

   

Becquerelite: Ca(UO2)6O4(OH)6•8(H2O) 7.5 to 8.0 

OPC/BFS/L 12.1 9.5 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 9.5 to 10.5 

Harwell 12.0 9.0 No phase predicted N/A 

OPC/L 12.0 11.5 Na2U2O7 11.5 to 12.0 

SRPC/L 12.5 7.5 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 8.5 to 9.5 

Uranophane 

Pore water 

Initial 

pH Final pH Phase/End-Member pH Range 

9:1 BFS/OPC 12.2 9.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 9 to 9.5 

OPC/BFS/L 12.1 10.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 10.0 to 11.25 

Harwell 12.0 9.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 9.0 to 9.5 

OPC/L 12.0 9.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 9.0 to 10.25 

SRPC/L 12.5 9.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 9.0 to 11.0 

Autunite 

Pore water 

Initial 

pH Final pH Phase/End-Member pH Range 

9:1 BFS/OPC 12.2 7.5 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 7.5 to 10.5 

OPC/BFS/L 12.1 8.0 Uranophane: Ca(UO2)2SiO3(OH)2•5(H2O) 8.0 to 11.0 

Harwell 12.0 6.5 No phases predicted N/A 

OPC/L 12.0 6.0 No phases predicted N/A 

SRPC/L 12.5 5.5 (UO2)3(PO4)2 •H2O  5.5 
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Table 4.7.  Aqueous Speciation of GWB Simulation at Final pH 

Soddyite 

Pore water Initial pH Final pH Aqueous Species % Total 

9:1 BFS/OPC 12.2 6.0 (UO2)3(OH)5
+
 34.95% 

   

(UO2)2CO3(OH)3 29.29% 

   

UO2(OH)2(aq) 22.20% 

   

(UO2)4(OH)7
+
 7.98% 

   

UO2OH
+
 2.99% 

   

UO2CO3 1.91% 

   

(UO2)2(OH)2
2+

 0.69% 

OPC/BFS/L 12.1 6.5 (UO2)2(OH)2
2+

 53.48% 

   

(UO2)2CO3(OH)3 25.32% 

   

UO2CO3 11.38% 

   

UO2(CO3)2
2-

 7.36% 

   

UO2OH
+
 2.45% 

Harwell 12.0 5.0 UO2SO4 38.72% 

   

UO2
2+

 24.57% 

   

UO2(HPO4)2
2-

 17.00% 

   

UO2OH
+
 11.52% 

   

UO2(OH)2(aq) 8.20% 

OPC/L 12.0 10.0 UO2(OH)3
-
 92.85% 

   

UO2(OH)2(aq) 7.15% 

SRPC/L 12.5 5.0 (UO2)3(OH)5
+
 34.56% 

   

UO2
2+

 26.23% 

   

(UO2)2(OH)2
2+

 14.68% 

   

UO2OH
+
 14.06% 

      UO2(OH)2(aq) 10.47% 

Becquerelite 

Pore water Initial pH Final pH Aqueous Species % Total 

9:1 BFS/OPC 12.2 7.5 UO2(OH)2
-2

 48.97% 

   

(UO2)2CO3(OH)3 46.89% 

   

UO2(OH)3
-
 2.01% 

   

UO2(CO3)2
2-

 1.55% 

   

UO2CO3 0.58% 

OPC/BFS/L 12.1 9.5 UO2(OH)3
-
 61.85% 

   

UO2(CO3)3
-
 20.44% 

   

UO2(OH)2
-2

 14.27% 

   

UO2(CO3)2
2-

 3.44% 

Harwell 12.0 9.0 UO2(OH)3
-
 58.26% 

   

UO2(OH)2
-2

 41.74% 

OPC/L 12.0 11.5 UO2(OH)3
-
 99.24% 

   

UO2(OH)4 0.76% 

SRPC/L 12.5 7.5 UO2(OH)2
-2

 93.79% 

   

UO2(OH)3
-
 3.85% 

   

UO2(CO3)2
2-

 2.35% 
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Table 4.7.  (contd) 

Uranophane 

Pore water Initial pH Final pH Aqueous Species % Total 

9:1 BFS/OPC 12.2 9.0 UO2(OH)3
-
 55.73% 

   

UO2(OH)2
-2

 42.81% 

   

UO2(CO3)2
2-

 1.46% 

OPC/BFS/L 12.1 10.0 UO2(OH)3
-
 83.65% 

   

UO2(CO3)3
4-

 9.77% 

   

UO2(OH)2
-2

 5.89% 

   

UO2(CO3)2
2-

 0.68% 

Harwell 12.0 9.0 UO2(OH)3
-
 57.83% 

   

UO2(OH)2
-2

 42.17% 

OPC/L 12.0 9.0 UO2(OH)3
-
 56.43% 

  

  

UO2(OH)2
-2

 43.57% 

SRPC/L 12.5 9.0 UO2(OH)3
-
 50.92% 

   

UO2(OH)2
-2

 39.19% 

   

(UO2)2CO3(OH)3 8.75% 

   

UO2(CO3)2
2-

 0.90% 

   

UO2(CO3)3
4-

 0.24% 

Autunite 

Pore water Initial pH Final pH Aqueous Species % Total 

9:1 BFS/OPC 12.2 7.5 UO2PO4
-
 58.08% 

   

UO2(OH)2(aq) 31.96% 

   

(UO2)2CO3(OH)3
-
 5.97% 

   

UO2(HPO4)2
2-

 3.99% 

OPC/BFS/L 12.1 8.0 UO2PO4
-
 75.02% 

   

UO2(OH)2(aq) 14.71% 

   

UO2(CO3)2
2-

 5.07% 

   

(UO2)2CO3(OH)3
-
 2.16% 

   

UO2CO3(aq) 1.15% 

Harwell 12.0 6.5 UO2(OH)2(aq) 93.32% 

   

UO2PO4
-
 6.68% 

OPC/L 12.0 6.0 UO2(OH)2(aq) 79.18% 

   

UO2OH
+
 10.41% 

   

UO2(HPO4)2
2-

 10.41% 

SRPC/L 12.5 5.5 UO2(HPO4)
2-

 69.58% 

   

UO2(OH)2(aq) 14.32% 

   

UO2PO4
-
 10.05% 

      UO2OH
+
 6.05% 

     

4.4 EXAFS Analysis of Uranium Solubility Solids 

Although SEM-EDS and XRD provided preliminary information regarding the possible secondary 

phases that form and may control uranium mobility in concrete pore fluids, limited structural and 

speciation information on phases present at < 5 wt% were provided.  Therefore, to precisely understand 
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the mechanisms of transformation and identity of uranium phases controlling the long-term mobility of 

uranium in concrete waste forms, EXAFS analysis was conducted on pristine uranium phases, and the 

uranium phases reacted with simulated concrete pore fluids. 

Uranium LIII- EXAFS measurements of the samples were conducted at room temperature on the 

Molecular Environmental Sciences Beamline 11-2 (Bargar et al. 2002) at the Stanford Synchrotron 

Radiation Laboratory using a cryogenically cooled Si (220),  = 0°, double-crystal monochromator.  

Fluorescence-yield data were collected using a high throughput 30-element solid-state Ge detector.  

A collimating mirror before the monochromator was used for harmonic rejection, with a cutoff of 

19.6 keV.  Yttrium metal foil was mounted between two ionization chambers downstream of the sample 

for energy calibration; the first inflection point in the yttrium K-edge was set to 17038 eV.  Background-

subtracted k
3
-weighted EXAFS data were analyzed using the SixPACK (Webb 2004) interface to 

IFEFFIT(Newville 2001).  Data were fit as linear combinations of the  data from k = 3-12, k
3
 weighted 

for the original uranium mineral and potential secondary phase minerals.  A suite of model compound 

combinations were run to determine the best possible fit of the spectra.  Combinations of autunite, 

schoepite, boltwoodite, uranium rich calcite, soddyite, and uranophane were run based on starting 

mineral, pore water chemistry, and secondary phases suggested from SEM-EDS analysis and geochemical 

modeling.  Samples were selected based on results from SEM-EDS and geochemical modeling, which 

indicated the formation of secondary phases. 

Figure 4.12 shows EXAFS analysis of autunite minerals in Harwell and OPC/BFS/L porewaters for 

3.5 months and 1 year.  The spectra indicate the retention of uranium phosphate minerals over the course 

of 3.5 months and 1 year for both the Harwell and OPC/BFS/L porewaters.  The results of linear 

combination fits for Figure 4.12 are presented in Table 4.8.  The fits were well fit using solely autunite.  

The fits indicate that Harwell reacted autunite was 95% autunite after 3.5 months and 89% autunite after 

1 year.  When fitting EXAFS spectra, a linear combination equaling 100% is rare.  As with all modeling  
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Figure 4.12. EXAFS of 3.5 and 1 Year Autunite Mineral Tests (a) Autunite Mineral, (b) Harwell 

Reacted Autunite After 3.5 Months (HAR_A_3.5M), (c) Harwell Reacted Autunite After 

1 Year (HAR_A_1YR), (d) BFS Reacted Autunite After 3.5 Months (BFS_A_3.5M), and 

(e) BFS Reacted Autunite After 1 Year.  The dots are the best fit to the EXAFS spectra 

using linear combination of autunite and uranophane mineral. 

χ 
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Table 4.8.  Results of Linear Combination Fit of Autunite Mineral Tests 

 Autunite 

HAR_A_3.5M 0.95 

HAR_A_1YR 0.89 

BFS_A_3.5M 0.84 

BFS_A_1YR 0.85 

SRPC_A_3.5M 0.93 

  

and spectroscopic fitting, there is a degree of uncertainty that results in a less than 100% fit.  Harwell 

autunite reacted for 3.5 months is well fit as a 95% linear combination fit for autunite.  Harwell autunite 

reacted for 1 year is well fit with an 89% linear combination.  This indicates the material is predominately 

autunite; the exact composition did not fit the model compounds.  It is possible the low percentage of the 

fit is due to a change in cation (from calcium to sodium or magnesium).  The OPC/BFS/L reacted autunite 

was 84% autunite after 3.5 months and 85% autunite after 1 year.  As above, the best-fit spectra consisted 

of solely autunite. 

Figure 4.13 shows the EXAFS spectra for autunite reacted for 3.5 months in Harwell, OPC/BFS/L, 

and SRPC porewaters.  As in Figure 4.12, the EXAFS spectra indicate that after 3.5 months in the 

different concrete porewaters, the autunite was either unreactive or transformed to another uranium 

phosphate phase.  Table 4.8 gives the results of linear combination fits from the 3.5 month reacted 

autunite mineral experiments.  The autunite reacted in SRPC pore water for 3.5 months was best fit as 

95% autunite. 
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Figure 4.13. EXAFS of 3.5 Month Reacted Autunite Mineral Tests (a) Autunite Mineral, (b) SRPC 

Reacted Autunite After 3.5 Months, (c) Harwell Reacted Autunite After 3.5 Months, and 

(d) BFS Reacted Autunite After 3.5 Months.  The dots are the best fit to the EXAFS 

spectra using linear combination of autunite. 
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Uranium phosphate minerals are structurally very similar, which affords spectroscopic analyses that 

are relatively indistinguishable from one another (Catalano and Jr. 2004).  Because autunite was the 

known starting phase within these experiments, the reacted minerals were fit using autunite as a model 

mineral for comparison.  However, it cannot be ascertained from EXAFS data alone whether the autunite 

mineral tests were stable over the duration of the test or if secondary uranium-phosphate phases were also 

formed.  SEM-EDS analysis supported the formation of secondary phase(s) on the autunite reacted 

samples, with mixed sodium-calcium uranium phosphates tentatively identified through EDS analysis.  

The combination of SEM imaging, which showed secondary phase formation; EDS analysis, which 

indicated the formation of uranium phosphate secondary phases; and EXAFS linear combination fits, 

which indicated the reacted autunite sample contained only uranium phosphates, support the hypothesis 

that in contact with Portland cement pore waters, autunite undergoes a dissolution-precipitation reaction 

that results in the formation of uranium phosphate species.  From these results, the ability of concrete 

waste forms to retain uranium is high, due to the re-precipitation of high stability phosphate phases. 

Among the paragenetic sequence of uranium, phosphate species are among the most stable. 

Figure 4.14 and Table 4.9 show the results from EXAFS analysis of soddyite mineral tests.  Provided 

in Figure 4.14 are the EXAFS spectra of soddyite and uranophane model compounds, Harwell reacted 

soddyite after 3.5 months, OPC/L reacted soddyite after 3.5 months, and OPC/BFS/L reacted soddyite 

after 3.5 months.  Based on the sharpening of the peak between k 7 and 8, the introduction of the 

uranophane hump around k 9.2, and the minimization of the soddyite peak at k 10, the EXAFS spectra 

indicate that soddyite changes to a mixture of soddyite uranophane across the three different pore waters 

(Harwell, OPC/L, and OPC/BFS/L).  Table 4.9 lists the results from the linear combination fits.  The 

spectra were well fit using a mixture of soddyite and uranophane.  For the Harwell-reacted soddyite, the 

best fit was 59% soddyite and 33% uranophane; for OPC/L it was 55% soddyite and 33% uranophane and 

for OPC/BFS/L it was 19% soddyite and 72% uranophane.  These results indicate that irrespective of pore 

water silicate concentration, soddyite minerals transform into a more stable uranophane group mineral, 

which will further control the stability of these minerals within concrete pore waters.  These results 

correspond to geochemical modeling and SEM-EDS data that suggested the formation of 

uranophane/becquerelite group mineral phases for the soddyite mineral tests (Wellman et al. 2008; 

Mattigod et al. 2009). 

Figure 4.15 shows EXAFS analysis of uranophane minerals in Harwell and OPC/BFS/L, and OPC/L 

pore waters for 3.5 months.  The spectra indicate the stability of uranophane group minerals under these 

conditions.  The results of linear combination fits for Figure 4.15 are presented in Table 4.10.  The fits 

were well fit using solely uranophane.  The linear combination fits resulted in fits of 94 to 100% 

uranophane across all three pore waters.  These results are consistent with previous investigations into 

uranium retention in concrete, which suggested the primary coordination of uranium in these 

environments is that of uranophane (Harfouche et al. 2006; Kienzler et al. 2010; Wieland et al. 2010).  

These results are also consistent with SEM-EDS analysis that indicated secondary phases did not form 

during the uranophane experiments.  In addition, modeling results indicate that any secondary phases that 

formed under these conditions would be dominated by the uranophane phase. 

EXAFS analysis of the becquerelite mineral test was performed.  However, a suitable model 

compound for becquerelite was not available and linear combination fits were unable to be performed. 
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Figure 4.14. EXAFS of 3.5 Month Reacted Soddyite Mineral Tests (a) Soddyite Mineral, (b) Harwell 

Reacted Soddyite After 3.5 Months, (c) OPC/L Reacted Soddyite After 3.5 Months, 

(d) BFS Reacted Soddyite After 3.5 Months, and (e) Uranophane Mineral.  The dots are the 

best fit to the EXAFS spectra using linear combination of soddyite and uranophane. 

Table 4.9.  Results of Linear Combination Fit of Soddyite Mineral Tests 

  Soddyite Uranophane 

HAR_S_3.5M 0.59 0.33 

OPC_S_3.5M 0.55 0.33 

BFS_S_3.5M 0.19 0.72 
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Figure 4.15. EXAFS of 3.5 Month Reacted Uranophane Mineral Tests (a) Uranophane Mineral, (b) BFS 

Reacted Uranophane After 3.5 Months, (c) Harwell Reacted Uranophane After 3.5 Months, 

and (d) OPC/L Reacted Uranophane After 3.5 Months.  The dots are the best fit to the 

EXAFS spectra using linear combination of uranophane. 

Table 4.10.  Results of Linear Combination Fit of Uranophane Mineral Tests 

 Uranophane 

BFS_U_3.5M 0.94 

Har_U_3.5M 1.00 

OPC_U_3.5M 0.97 

 

χ 



 

5.1 

5.0 Summary of Uranium Solubility in Vadose Zone Sediment 

There are variations in the sedimentary, hydrologic and geochemical properties within the vadose 

zone of the Hanford Site, as well as from region to region.  These differences will have an effect on the 

speciation and mobility of uranium within these regions.  Understanding the phases of uranium found 

within the vadose zone is pivotal to remediation efforts and the prediction of long-term uranium mobility. 

Zachara et al. composed a detailed reference that is a summary of uranium geochemistry at the Hanford 

Site (Zachara et al. 2007).  In 2008, Peterson et al. summarized the uranium contamination beneath the 

300 Area at the Hanford Site (Peterson et al. 2008). McKinley et al. discuss the contamination and 

characterization of samples from the 200 Area BX tank farm and the 300 Area Process Pond (McKinley 

et al. 2007), some of which is briefly described below. 

Samples from multiple boreholes in various locations through the Hanford Site have been collected 

and characterized using X-ray absorption fine structure (XAFS), X-ray fluorescence (XRF), and time-

resolved laser induced fluorescence (TRLIF) to determine speciation found within the samples.  In 2002, 

Catalano et al. showed that vadose zone sediments collected from borehole 299-E33-45 under the BX-102 

single-shell tank contained species from the uranophane group, specifically sodium boltwoodite (Catalano 

et al. 2004; Catalano et al. 2002).  Fluorescence emission and time-resolved fluorescence of sediments 

revealed the presence of one dominant fluorescence species whose composition/structure was not changed 

by the electrolyte.  Sediment spectra were not exact matches for any of the reference materials, but similar 

to the uranophane group.  Best fit of data came from a combination of boltwoodite (53%), uranophane 

(42%), and soddyite (4%) (Wang et al. 2005; McKinley et al. 2006).  Liu et al. found that uranyl silicate 

microprecipitates in fractures, cleavages, and cavities within Hanford Site sediment samples (Liu et al. 

2004).  Laser-induced fluorescence spectroscopy revealed the observed species remained unchanged by 

the dissolution process.  Depending on experimental conditions, steady-state concentrations of aqueous 

U(VI) ranged from 8.4 to 231 M, which are consistent with the solubility of Na-boltwoodite and/or 

uranophane (Liu et al. 2004; Ilton et al. 2008).  Studies of sediments collected from boreholes (C5124, 

C5132, and C5134) near the BX-101 and BX-102 tanks also showed the dominating uranium species to 

be uranophane and boltwoodite.  The presence of uranyl phosphates, possibly in the form of autunite, 

were also observed during these experiments (Um et al. 2010). 

Experimental results by Um et al. from samples collected at borehole C5602 (near the U-104 and 

U-105 tanks) show that U(VI) exists as different surface phases as a function of depth below ground 

surface (Um et al. 2009).  Boltwoodite and uranophane species dominate at shallow depths (15–16 m).  

Adsorbed U(VI) phases and polynuclear surface precipitates were found at intermediate depths  

(20–25 m).  At depths greater than 28 m, only natural uranium was found (Um et al. 2009). The summary 

by Peterson et al. suggests that the native uranium in Hanford sediments is from the betafite group 

(Peterson et al. 2008). Structurally similar to brannerite, betafite is highly resistant to weathering 

(Lumpkin and Ewing 1996). 

Sediments gathered from locations near the 300 Area North Process Ponds have also been 

characterized.  Uranyl copper-phosphate has been identified (Arai et al. 2007; Stubbs et al. 2009; Singer 

et al. 2009; Ilton et al. 2010), as well as uranyl silicate materials (Brown et al. 2010).  In addition to 

finding uranium in mineral form, uranium was also found in zirconium-rich amorphous material, void 

linings in basalt clasts, banded palagonite surrounding fragments of glass; and iron- and manganese-

oxides (Stubbs et al. 2009). 



 

5.2 

The observations made on Hanford Site sediment differ from investigations of soil from DOE Fernald 

site in Ohio.  In the Fernald sediments, three different types of precipitates were observed:  an autunite-

like phase, a schoepite-like phase, and an uranyl organic phase that was not well defined (Morris et al. 

1996).  At both the Hanford Site and Fernald site, similar uranium concentrations and significant 

phosphate are found in the sediment samples.  In Hanford Site soils, preferential formation of uranophane 

is possibly due to 1) unweathered silicates in sediment; 2) silicon dissolution brought on by pH (9–10) 

and temperatures (60°C to 80C); 3) presence of Ca
2+

 to react and precipitate with PO4
3-

; and 4) low water 

content found within the sediment (Wang et al. 2005).  Sodium-calcium uranyl tricarbonates and 

U(VI)-hydroxide or hydroxycarbonate precipitates were found in California evaporation pond sediment 

(Duff et al. 2000). 

 



 

6.1 

6.0 Conclusions 

The solubility of uranium phases in contact with concrete pore water has been investigated using 

aqueous chemical analysis, SEM-EDS, geochemical modeling, and EXAFS analysis.  The results suggest 

the following: 

 The time it took to reach steady-state concentrations of aqueous uranium varied greatly.  In all pore 

waters, uranophane reached equilibrium in <30 days.  In some cases, equilibrium had not been 

reached after 403 days. 

 There was no observed effect of carbonate or sulfate within the porewaters on the stability of the 

uranyl minerals or on the formation of secondary phases.  However, there was a clear effect of 

calcium and silicon in the pore waters on the stability of all uranium minerals, as well as on the 

formation of secondary phases. 

 The formation of uranium silicate group minerals from soddyite, uranium silicates and uranium 

oxyhydroxides from becquerelite, uranophane reprecipitation from the dissolution of uranophane, and 

uranium silicate and uranium phosphates from autunite. 

The characterization of uranium phases in vadose zone sediments indicate that: 

 Throughout the Hanford Site, uranium was found as uranyl silicates (as boltwoodite and uranophane), 

uranyl phosphates (as autunite) and as uranyl copper phosphate (near the 300 North Processing 

Ponds). 

 Natural uranium was suggested to be in the form of betafite, a mineral highly resistant to weathering. 

 At the DOE Fernald site in Ohio, uranium was found as an autunite-like phase, a schoepite-like phase, 

and an undefined uranyl-organic phase.
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Table A.1.  Review of Uranium Solubility Values Found in the Literature 

Phase Solution Composition 

Atmospheric 

Conditions Test Conditions Solubility (M) Reference 

Becquerelite 
0.5 M NaOH 

CO2-free 20 C, 7 days equilibration 

4.28E-06 

(Atkins et al. 1988) 
water 8.40E-06 

CaUO5(H2O)1.3-1.7 
0.5 M NaOH 1.74E-06 

water 0.63E-06 

sodium/calcium urantes BFS:OPC water nitrogen 

pH 12, 2 days equilibration,  

0.05 µm Millipore filter 

2.5E-08 

6.2E-08 

2.5E-08 

2.5E-08 

(Brownsword et al. 

1990) 

pH 12, 2 days equilibration,  

541 Whatman filter 

9.8E-07 

1.4E-07 

1.2E-07 

8.6E-08 

3.4E-08 

pH 12, 2 days equilibration, Centricon-

30 filter 
3.6E-06 

sodium/calcium urantes PFA:OPC water nitrogen 

pH 11.1, 1 day equilibration,  

0.05 µum Millipore filter 

1.1E-06 

3.6E-06 

4.2E-06 

3.6E-06 

pH 12, 2 days equilibration,  

541 Whatman filter 

2.7E-06 

9.8E-07 

7.9E-07 

4.7E-07 

3.9E-07 

1.5E-07 

pH 12, 2 days equilibration, Centricon-

30 filter 
1.2E-06 

sodium/calcium urantes BFS:OPC:L water nitrogen 

pH 11.4, 1 day equilibration,  

0.05 µm Millipore filter 

2.1E-07 

3.0E-07 

2.1E-07 

pH 11.4, 1 day equilibration,  

541 Whatman filter 
2.1E-07 

pH 12, 2 day equilibration,  

541 Whatman filter 
7.1E-08 

pH 12, 1 day equilibration, Centricon-

30 filter 
7E-08 
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Table A.1.  (contd) 

Phase Solution Composition 

Atmospheric 

Conditions Test Conditions Solubility (M) Reference 

U(IV) BFS:OPC water nitrogen 

pH 12 2E-07 

(Ewart et al. 1992) pH 10.5 E-07 

pH 13 E-05 

U(IV) sand:OPC water nitrogen 
pH 12, 7 days equilibration, 0.45 µm 

filter, 30000 MWCO filter 
2E-07 

(Greenfield et al. 

1998) 

undetermined U(VI) phase cement leachate solution 
varied CO3

2- 

concentrations 

maximum solubility observed for pH 9, 

3 days equilibration 
5E-03 

(Sutton et al. 1999) 

maximum solubility observed for 

pH 10, 3 days equilibration 
5E-03 

maximum solubility observed for 

pH 11, 3 days equilibration 
2.5E-03 

maximum solubility observed for 

pH 11.8, 3 days equilibration 
3.75E-03 

undetermined U(VI) phase degraded cement waters  nitrogen 
pH 10.5, 3 days equilibration 2.4E-07 

(Pointeau et al. 2004) 
pH 11.8, 3 days equilibration 4E-06 

Na-boltwoodite NaHCO3/NaNO3 solutions ambient 

pH 6.8, 7 days equilibration,  

0 mM NaHCO3 
3.4E-06 

(Ilton et al. 2006) 
pH 9.6, 7 days equilibration,  

50 mM NaHCO3 
7.74E-04 

U(VI) 

artificial cement pore water 

with 0.112 M NaOH and 

0.14 M KOH 
nitrogen 

pH 13.3, 7 days equilibration E-05 

(Tits et al. 2008) 
1.5E-02M Ca(OH)2, E-05M Si pH 12, 7 days equilibration 4E-06 

3E-03M Ca, E-2M NaOH, 

E-4M Si 
pH 12, 7 days equilibration 3E-05 

Na2U2O7.H2O 
MgCl brine 

ambient 
pH 7–10.5, 5–18 years equilibration 8E-09 - 5E-07 (Kienzler et al. 2010; 

Kienzler et al. 2007) NaCl brine pH 11–12, 5–18 years equilibration 2E-09 - 4E-07 

U(VI) artificial cement pore water  nitrogen pH 13.3 6E-06 (Wieland et al. 2010) 
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Table A.2.  Equilibrium Concentrations of Primary Elements in Solubility Study 

Soddyite 

Pore water Initial pH Final pH [U] [Ca] [P] [Si] 

9:1 BFS/OPC 12.2 6.0 2.21E-04 1.99E-05 N/A 7.01E-04 

OPC/BFS/L 12.1 6.5 4.11E-06 3.62E-05 1.66E-06 6.04E-05 

Harwell 12.0 5.0 5.02E-06 2.43E-03 5.28E-06 3.85E-04 

OPC/L 12.0 10.0 1.06E-06 7.98E-04 2.44E-06 2.76E-04 

SRPC/L 12.5 5.0 2.03E-04 6.99E-05 3.42E-06 3.06E-04 

Becquerelite 

Pore water Initial pH Final pH [U] [Ca] [P] [Si] 

9:1 BFS/OPC 12.2 7.5 5.77E-07 2.55E-04 N/A 1.76E-05 

OPC/BFS/L 12.1 9.5 1.10E-06 3.92E-05 4.61E-06 4.99E-06 

Harwell 12.0 9.0 8.95E-08 4.48E-03 1.94E-06 8.12E-06 

OPC/L 12.0 11.5 8.80E-09 1.00E-02 3.03E-06 1.53E-05 

SRPC/L 12.5 7.5 8.63E-08 5.45E-04 4.78E-06 3.40E-06 

Uranophane 

Pore water Initial pH Final pH [U] [Ca] [P] [Si] 

9:1 BFS/OPC 12.2 9.0 2.19E-06 3.36E-04 2.32E-06 2.66E-03 

OPC/BFS/L 12.1 10.0 1.92E-06 1.29E-04 1.64E-06 1.56E-02 

Harwell 12.0 9.0 2.44E-08 1.82E-03 1.14E-06 3.12E-03 

OPC/L 12.0 9.0 2.04E-08 4.81E-04 1.78E-06 2.12E-03 

SRPC/L 12.5 9.0 3.81E-06 6.73E-04 2.93E-06 2.61E-03 

Autunite 

Pore water Initial pH Final pH [U] [Ca] [P] [Si] 

9:1 BFS/OPC 12.2 7.5 4.93E-06 1.21E-04 4.02E-05 1.99E-05 

OPC/BFS/L 12.1 8.0 1.74E-06 1.92E-05 3.39E-04 1.13E-05 

Harwell 12.0 6.5 1.53E-08 1.06E-03 2.98E-06 8.72E-06 

OPC/L 12.0 6.0 2.77E-07 5.88E-05 2.77E-06 5.88E-06 

SRPC/L 12.5 5.5 4.20E-07 1.28E-04 6.65E-06 9.17E-06 
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