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Summary 

The Hanford Site is a former nuclear defense production facility.  A groundwater plume containing 
uranium, originating from a combination of purposeful discharges of wastewater to cribs, trenches, and 
ponds, along with some accidental leaks and spills related to nuclear fuel fabrication activities, has 
persisted beneath the Hanford Site 300 Area for many years.  Despite the cessation of uranium releases 
and the removal of shallow vadose zone source materials, the remedial action objective to lower the 
concentration of groundwater uranium to the U. S. Environmental Protection Agency maximum 
contaminant level concentration of 30 µg/L has not been achieved within the anticipated 10-year time 
period.  Some unknown amount of contamination remains in the vadose zone beneath the lower extent of 
the excavation activities.  Additional contamination also may remain beneath buildings and facilities in 
the southern portion of the 300 Area, which has not been decontaminated and decommissioned.  The use 
of polyphosphate technology for source treatment in the vadose zone and capillary fringe is expected to 
accelerate the natural attenuation of uranium to thermodynamically stable uranium-phosphate minerals. 
This effort will complement the current 300 Area treatability test being conducted within the saturated 
zone (e.g., 300 Area aquifer) for in situ treatment of uranium-contaminated groundwater.   

Polyphosphate technology has been demonstrated for in situ precipitation of phosphate phases to 
control the long-term fate of uranium.  A critical component of the development and testing is detailed 
evaluation to determine if polyphosphate technology could be modified for infiltration from ground 
surface or some depth of excavation to stabilize source uranium phases.  This report presents results from 
bench-scale treatability studies conducted under site-specific conditions to optimize the polyphosphate 
amendment for implementation of a field-scale technology demonstration to stabilize uranium within the 
300 Area vadose zone and capillary fringe of the Hanford Site.  Documented in this report are data related 
to 1) the retardation of polyphosphate as a function of water content and pore water velocity, 2) the 
reaction between uranium-bearing solid phases and aqueous polyphosphate remediation technology as a 
function of polyphosphate composition and concentration, 3) the mechanism of autunite formation via the 
reaction of solid-phase calcite-bound uranium and aqueous polyphosphate remediation technology, 4) the 
transformation mechanism and reaction kinetics between uranyl-carbonate and -silicate minerals with the 
polyphosphate remedy under advective conditions, and 5) the extent and rate of uranium released and 
immobilized as a function of polyphosphate composition and the infiltration rate of the polyphosphate 
remedy.  Kinetic rate law parameters were determined from single-pass flow-through experiments.  
Pressurized unsaturated flow tests were used to determine the effect of polyphosphate composition, 
concentration, and infiltration rate on the unsaturated transformation of uranium minerals in the presence 
of polyphosphate technology.  The mobility of polyphosphate under unsaturated conditions was 
determined using the unsaturated flow apparatus.  Key laboratory results indicate: 

• Controlled infiltration of polyphosphate will does not increase aqueous uranium concentrations. 

• Orthophosphate affords the greatest control over the aqueous concentration of uranium under the pH 
range of 6 to 8, maintaining aqueous uranium concentrations less than 30 μg/L at a g [PO4

3-]aq/g. 

• A polyphosphate formulation consisting of 90% orthophosphate (4.74 x 10-2 M) and 10% 
tripolyphosphate (1.75 x 10-3 M) will provide the rapid stabilization of uranium-solid phases through 
transformation to uranium-phosphate phases, and mitigate the flux of uranium from the vadose zone 
and capillary fringe during infiltration. 
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• Stabilization of soluble uranium-bearing minerals occurs by the formation of a uranium-phosphate 
“rind” on the surface of uranium-rich calcite and uranyl-silicate minerals. 

The geochemical and thermodynamic data obtained from bench-scale testing was used to update the 
database for EQ3/6, version 8.0, to allow reactive transport simulation of polyphosphate infiltration at the 
intermediate- and field-scale using STOMP (Subsurface Transport Over Multiple Phases computer 
model). 

Results of reactive transport simulations suggest that drip infiltration at an application rate of 
0.05 L/hr over a scale 102 cm wide x 80 cm high x 5.5 cm deep controls the saturation beneath a drip 
infiltration source; the vertical average linear velocity 20 cm beneath the point source is 10.4 cm/hr.  This 
results in a travel time of 5.79 hours vertically through the 60-cm-deep vadose zone.  Assuming a Kd of 
0.0037 for phosphate, simulations indicate that a low water application rate will increase contact time of 
dissolved phosphate with U-bearing minerals in the sediment and minimize flushing.  The presence of 
heterogeneities and the uncertainty regarding the true reactive surface area of the fine-grained materials at 
the field scale may have a significant effect on the efficacy and emplacement of the remedial action.  
Currently, additional intermediate-scale tests are being conducted to evaluate the effect of heterogeneities 
on the remediation of uranium minerals under conditions relevant to the vadose zone and capillary fringe.  
These results will be used to test and verify a site-specific, variable-saturation, reactive-transport model 
and to aid in the design of a pilot-scale field test of this technology.  In particular, the infiltration approach 
and monitoring strategy of the pilot test will be based primarily on results from intermediate-scale testing.  
The results of this investigation provide valuable information for designing a full-scale remediation of 
uranium in the 300 Area vadose zone and capillary fringe.  Data obtained from this study will be used to 
develop implementation cost estimates, identify implementation challenges, and investigate the capability 
of the technology to meet remedial objectives.  This information will be used to establish the viability of 
the method and determine how best to implement the technology in the field. 
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1.0 Introduction 

The U.S. Congress authorized $10 million to the U.S. Department of Energy Office (DOE) of 
Environmental Management (specifically, EM-20 Environmental Cleanup and Acceleration) for fiscal 
year (FY) 2006 to analyze contaminant migration in southeastern Washington State from the Hanford Site 
to the Columbia River and to introduce new technology approaches to solving contamination migration 
issues.  Nine projects were selected to meet the objectives of the appropriation, including Pacific 
Northwest National Laboratory’s (PNNL’s) performance of bench-scale and field-scale treatability tests 
to determine the efficacy of using polyphosphate injection into the saturated zone to treat groundwater 
uranium contamination at the Hanford 300 Area.  In FY 2007, EM-20 made an additional $2 million 
available to pursue follow-on projects, which included bench-scale treatability testing by PNNL that was 
designed to evaluate whether polyphosphate technology could be modified for infiltration from either 
ground surface or some depth of excavation to stabilize uranium, in situ, within sediments in the deep 
vadose zone and capillary fringe above the 300 Area aquifer.   

An ongoing treatability test to evaluate the efficacy of using polyphosphate injections to treat 
uranium-contaminated groundwater in situ is expected to decrease the current aqueous uranium 
concentration and mitigate the flow of contaminated groundwater to the river.  However, remediation of 
the aquifer does not address a potential recalcitrant source of uranium located in the vadose zone and 
capillary fringe.  Therefore, a series of bench-scale and intermediate-scale laboratory experiments was 
needed to evaluate the efficacy of using polyphosphate to stabilize soluble uranium phases contained 
within the vadose and capillary fringe as stable uranium phosphate minerals.   

1.1 Purpose and Scope 

A laboratory testing program was performed at PNNL to evaluate and optimize polyphosphate 
remediation technology for infiltration, either from ground surface or some depth of excavation, to 
provide direct stabilization of uranium within the deep vadose and capillary fringe above the 300 Area 
aquifer.  As reported in this document, the focus was to conduct bench-scale treatability studies under 
site-specific conditions to optimize the polyphosphate amendment for implementation of a field-scale 
technology demonstration to stabilize uranium within the 300 Area vadose zone and capillary fringe of 
the Hanford Site.  Source treatment is expected to attenuate uranium and accelerate the formation of 
thermodynamically stable uranium-phosphate minerals, thereby enhancing the performance of the 
proposed polyphosphate remediation within the 300 Area aquifer. 

The general treatability testing approach consisted of conducting laboratory studies with site sediment 
and groundwater and under site conditions to develop an effective chemical formulation and infiltration 
approach for implementation of polyphosphate technology.  Laboratory-scale tests were used to 
accomplish the following: 

• Quantify the mobility of polyphosphate under water content and porewater velocities relative to the 
vadose zone and capillary fringe.  

• Evaluate uranium-phosphate formation via the reaction between uranium-bearing solid phases and 
aqueous polyphosphate remediation technology as a function of polyphosphate composition and 
concentration.  
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• Develop an understanding of the mechanism of autunite formation via the reaction of solid-phase 
calcite-bound uranium and aqueous polyphosphate remediation technology. 

• Develop an understanding of the transformation mechanism and reaction kinetics between uranyl-
carbonate and -silicate minerals with the polyphosphate remedy under advective conditions. 

• Quantify the stability of uranyl-carbonate, -silicate, and –phosphate phases controlling uranium in the 
vadose zone and capillary fringe under site specific conditions and during polyphosphate remedial 
actions. 

• Quantify the extent and rate of uranium released and immobilized as a function of polyphosphate 
composition, concentration, and based on the infiltration rate of the polyphosphate remedy. 

• Incorporate fundamental geochemical and thermodynamic data associated with polyphosphate 
technology and remediation into reactive transport codes to allow predictive simulations of 
polyphosphate remedial actions. 

The results of predictive modeling simulations and intermediate scale testing quantify the transport of 
polyphosphate and the reaction of polyphosphate with uranium minerals under conditions relevant to the 
vadose zone and capillary fringe at a scale that bridges the gap between the small-scale unsaturated flow 
apparatus studies and the field scale.  These results are being used to test and verify a site-specific, 
variable-saturation, reactive transport model and to aid in the design of a pilot-scale field test of this 
technology.  In particular, the infiltration approach and monitoring strategy of the pilot test will be based 
primarily on results from intermediate-scale testing.  Data obtained from this study will be used to 
develop implementation cost estimates, identify implementation challenges, and investigate the capability 
of the technology to meet remedial objectives.  This information will be used to establish the viability of 
the method and determine how best to implement the technology in the field. 

1.2 Report Contents and Organization 

The ensuing sections of this report begin by providing background information on uranium 
contamination in the 300 Area and the selection of polyphosphate remediation technology for further site-
specific evaluation and treatability testing (Section 2.0).  Section 3.0 describes the laboratory-scale testing 
materials and methods.  Section 4.0 presents study results and discusses the transport of polyphosphates 
under unsaturated conditions, the stability of uranium source minerals, the interaction of polyphosphate 
with solid phase uranium source minerals, the effect of polyphosphate on uranium mineralogy, 
quantification of hydrodynamic properties for 300 Area sediments at the intermediate-scale, and 
predictive simulations of polyphosphate infiltration at an intermediate-scale.  Finally, Section 5.0 presents 
concluding remarks. 
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2.0 Background 

This section provides background information on uranium contamination in the 300 Area and the 
selection of polyphosphate remediation technology for further site-specific evaluation and treatability 
testing.  In 1996, a record of decision (EPA 1996) identified the following interim actions for remediation 
of the uranium contaminant plume beneath the 300 Area: 

• continued groundwater monitoring to determine how contaminant conditions may change with time 

• institutional controls to limit the use of groundwater. 

Interim-action results have determined that uranium concentrations in the groundwater plume have 
been generally declining, but still persist at concentrations above the drinking water standard (remediation 
goal).  Therefore, it is necessary to re-evaluate the remedy for uranium contamination because the rate of 
decrease in uranium concentrations is significantly different than the rate of decrease expected and used 
as a basis for the remedy selection in the current record of decision (ROD). 

During the 300-FF-5 Phase III Feasibility Study technology screening process, the polyphosphate 
treatment was judged to be the most promising among five other active remedial technologies for uranium 
at this site for reducing the concentration of dissolved uranium, and it was selected for further testing. 

2.1 300 Area Uranium Contamination 

During the period spanning the startup of Hanford reactors in 1944 through the late 1980s, facilities in 
the 300 Area of the Hanford Site were primarily involved with fabricating nuclear fuel for plutonium 
production (Young and Fruchter 1991).  The range of activities produced a wide variety of waste streams 
that contained chemical and radiological constituents (Gerber 1992; DeFord et al. 1994).   

The 300-FF-5 Operable Unit, a groundwater operable unit, is located in the southeast portion of the 
Hanford Site and includes the water and solids that constitute the aquifer (Figure 2.1).  The contaminated 
groundwater contained in this operable unit consists of contaminants at concentration levels that exceed 
the U.S. Environmental Protection Agency (EPA) standards for drinking water supplies.  These 
contaminants were released from waste sites in three geographic sub-regions of the operable unit:  the 
300 Area, 618-11 burial ground, and 316-4 cribs/618-10 burial ground (Figure 2.1), during past-practice 
disposal activities.  Uranium is the most prominent waste constituent remaining in the environment, and it 
has persisted in waste sites and groundwater during the years after the shutdown of most fuel-fabrication 
activities and the cessation of liquid-effluent disposal to the ground.  Uranium in soluble form is of 
concern because of its chemical toxicity and potential radiological exposure, although the concentrations 
in groundwater for chemical toxicity are lower than those associated with exceeding radiological dose 
standards.  Specific criteria on the toxicity to freshwater aquatic organisms are not currently established, 
so by default, the criteria for the protection of aquatic organisms are the same as those applied for the 
protection of human health. 
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Figure 2.1.  Map of the Hanford Site 
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2.2 300 Area Uranium Plume 

A groundwater plume containing uranium from past-practice discharges of liquid waste associated 
with nuclear fuel fabrication activities has persisted beneath the Hanford Site 300 Area for many years.  
The uranium plume is just upstream of the City of Richland municipal water supply intake on the 
Columbia River.  Elevated uranium concentrations enter the river along the shoreline and enter the 
riparian and river biota through seeps.  The 1996 ROD for the 300-FF-5 Operable Unit (EPA 1996) 
stipulated an interim action program of a natural attenuation process accompanied by increased 
groundwater monitoring.  The remedial action objective of the ROD is reduction of groundwater uranium 
to the EPA maximum contaminant level (MCL).  The EPA’s MCL in groundwater for drinking water 
supplies is currently 30 μg/L uranium, measured as total uranium in the water sample.  During the 
remedial investigation in the early 1990s and the development of the initial ROD, the proposed standard 
for uranium was 20 μg/L.   

The persistence of this plume is enigmatic for several reasons, including 1) discharges containing 
uranium-bearing effluent to ground-disposal sites ended in the mid-1980s; 2) contaminated soil associated 
with these waste sites was removed during the 1990s and backfilling was complete by early 2004; and 
3) the aquifer is composed of highly transmissive fluvial sediment, suggesting rapid movement of 
groundwater.  Also, a water-supply well located within the plume has been in operation since 1980 with 
no observable effect on the plume.  Despite the cessation of uranium releases and the removal of shallow 
vadose zone source materials, the concentration of the uranium plume has not decreased as predicted.  
Figure 2.2 and Figure 2.3 display concentration contour maps outlining the uranium plume in December 
2005 and June 2006.  Comparison of these two figures suggests that during high river stage conditions, 
such as in June 2006 (Figure 2.3), uranium concentrations were elevated in localized areas farther inland 
than indicated during December 2005 (Figure 2.2). 

Since the early 1990s, liquid-waste disposal sites and solid-waste burial grounds have been 
extensively remediated.  As of March 2004, most liquid-waste disposal sites, which are located in the 
northern half of the 300 Area, have been excavated and backfilled, and the ground surface has been 
restored.  However, some unknown amount of contamination remains in the vadose zone beneath the 
lower extent of the excavation activities.  Additional contamination also may remain under buildings and 
facilities in the southern portion of the 300 Area, which has not been decontaminated and 
decommissioned.  The current conceptual site model assumes that re-supply of the plume is occurring, 
with continuing release from the vadose zone beneath waste sites, the capillary fringe, and possibly from 
aquifer solids, as source candidates (Figure 2.4).   
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Figure 2.2.  300 Area Detail Map Showing Uranium Plume in December 2005 
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Figure 2.3.  300 Area Detail Map Showing Uranium Plume in June 2006 
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Figure Source:  Lindberg 2002Figure Source:  Lindberg 2002

 
Figure 2.4.  Conceptual Model of Uranium Remobilization During High River Stage 

2.3 Uranium (VI) Solid Phase Speciation  

The most abundant actinide element in the natural environment is uranium, with an average 
composition of ~1.2 to 1.3 μg/g in sedimentary rocks, ~2.2 to 15 μg/g in granites, and ~20 to 120 μg/g in 
phosphate rocks (Langmuir 1997).  In addition to its natural occurrence, operations related to nuclear 
energy and weapons production have resulted in widespread uranium contamination of geologic media in 
surface and subsurface environments (Abdelouas et al. 1999).  In the United States, uranium has been 
recognized as one of the most frequently occurring radionuclides in groundwater and in soils/sediments at 
DOE facilities (Riley et al. 1992). 

Speciation and aqueous chemistry of uranium is highly variable based on the environment within 
which it is found.  The main variables affecting uranium geochemistry are the oxidation potential (Eh), 
pH, temperature, and chemical composition of the aqueous matrix.  These four variables govern the 
thermodynamic and kinetic processes occurring within the system, including aqueous complexation, 
sorption, precipitation, and dissolution.  Uranium has four known oxidation states:  U(III), U(IV), U(V), 
and U(VI); however, only two dominate in natural systems.  These valance states have a significant effect 
on the mobility of uranium in subsurface environments.  The uranous ion [U(IV)] dominates under 
reducing conditions, whereas the uranyl ion (UO2

2+) dominates under oxidizing conditions.  Under most 
redox conditions, dissolved U(III) oxidizes to U(IV), and dissolved U(V) as aqueous species (UO2

+) 
disproportionates to U(IV) and U(VI), aqueous species UO2

2+.  Accordingly, uranium minerals are 
broadly divided into two classes based on the dominant oxidation states of uranium present under 
environmental conditions.  The reduced, uranous minerals contain U (IV) and the oxidized uranyl, 
minerals contain U (VI).  Because many natural environments are under oxidizing conditions, most 
uranium-bearing minerals are uranyl minerals.  
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Depending on environmental conditions, U(VI) minerals may form via 1) direct precipitation under 
saturated conditions, 2) sorption leading to the precipitation of uranyl minerals, or 3) weathering products 
of primary uranium ore minerals such as uranium dioxide or uraninite, UO2 (Finch and Ewing 1992; 
Frondel 1956; Smith 1984).  Precipitation of uranyl minerals follows the thermodynamic progression of 
first precipitating those that have the lowest solubilities, for which precipitation kinetics do not present 
significant barriers to nucleation, followed by precipitation of the advanced uranium minerals that occurs 
over a considerable time frame (Smith 1984; Finch et al. 1999).  The general sequence begins with the 
formation of uranyl-hydroxides, followed by uranyl-carbonates, uranyl-silicates, and finally, the highly 
stable uranyl-phosphates.  Many arid and semiarid environments, frequently proposed as disposal sites, 
have exhibited accelerated corrosion of uranium phases in spent nuclear fuel because of cycling between 
dry and wet periods (Finch et al. 1992; Finch and Ewing 1992).  Wet-dry cycling increases swelling and 
cracking of the minerals resulting in an increase in the amount of surface area exposed to groundwater.  
This accelerates weathering of initial uranium minerals and favors formation of advanced uranium 
minerals, such as uranyl-phosphates (Sowder et al. 1999). 

Worldwide, natural ore deposits demonstrate the significance of secondary mineralization in the 
fixation of uranium.  Such ore deposits include the Koongarra deposit in Australia (Murakami et al. 1997) 
the Oklo deposit in Gabon, Africa (Jensen and Ewing 2001), and the Shinkolobwe deposit in the Zaire, 
Africa (Finch and Ewing 1991).  The Shinkolobwe and Oklo deposits exhibit uranyl-silicate minerals 
maintaining control of long-term uranium migration as the primary minerals persisting in the far-field 
environment.  At the Koongarra deposit, the prevalence of iron oxides in the region served as a precursory 
sorbent for heterogeneous precipitation of uranyl-phosphate minerals (Murakami et al. 1997; Payne et al. 
1996).  Extensive formation of advanced uranyl-phosphate minerals occurred in contradiction to 
solubility predictions and maintained long-term control of uranium concentrations (Murakami et al. 
1997). 

Uranyl minerals also have been found to be significant in anthropogenically contaminated areas.  
Autunite has been identified as a major phase controlling uranium migration at the Fernald site in Ohio 
(Buck et al. 1996; Morris et al. 1996) and at Oak Ridge, Tennessee (Roh et al. 2000).  Within the 300 
Area of the Hanford Site, uranium entered the subsurface environment through purposeful discharges of 
basic sodium aluminate and acidic uranyl-copper waste streams from the dissolution of nuclear fuel and 
fuel rod cladding.  The North and South Process Ponds (NPP and SPP, respectively) received 
approximately 58,000 kg of uranium, 238, 000 kg of copper, 1,156, 000 kg of fluoride, 243,000 kg of 
nitrate, and large amounts of aluminum hydroxide (McKinley et al. 2007).  Additionally, the addition of 
sodium hydroxide to neutralize the acidic waste stream resulted in a temporal variation in pH ranging 
from 1.8 to 11.4 (over-neutralization).  Detailed x-ray absorption near edge spectroscopy (XANES) and 
extended x-ray absorption fine structure spectroscopy (EXAFS), electron and x-ray microprobe, scanning 
electron microscopy-energy dispersive spectroscopy (SEM-EDS), synchrotron-based micro-x-ray 
diffraction (μ-XRD) and micro x-ray fluorescence (μ-XRF) spectroscopic analyses have previously 
indicated that uranium occurs as U(VI) through the 300 Area NPP and SPP depth profile (Catalano et al. 
2006b).  The speciation of uranium, however, was observed to change as a function of depth.  Over-
neutralization of the waste ponds promoted the formation of mobile aqueous uranyl species, which 
allowed permeation into the deeper vadose zone and groundwater.  These uranium complexes exist in the 
deeper vadose zone predominantly as sorbed uranium to phyllosilicates, chlorite, and smectite (Qafoku et 
al. 2005).  At shallower depths, EXAFS analyses suggest that the major uranium-controlling phase was 
meta-torbernite, Cu(UO2)2(PO4)2 • xH2O (Catalano et al. 2006b; Arai et al. 2007) with uranyl-carbonate 
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precipitates, predominantly consistent with uranium-rich calcite (Catalano, personal communication).  
Until recently, it had been speculated that the uranyl-silicate phase present in the 300 Area sediments was 
either Na-boltwoodite, Na(UO2)(SiO3OH) • xH2O, or uranophane, Ca(UO2)2[SiO3(OH)]2 • xH2O—both 
minerals have the uranophane group structure (Liu et al. 2004; Liu et al. 2006; Zachara et al. 2005; 
McKinley et al. 2006; McKinley et al. 2007).  The minute inclusions, which prevent bulk analyses, and 
similarities between the uranophane group structures had precluded conclusive identification of the 
uranyl-silicate phase.  However, μ-XRD spectroscopy has identified the presence of uranophane and 
uranium associated with muscovite (Arai et al. 2007).  Near-surface sediments exhibited high calcite 
concentrations (35 wt%), which exceeded those in comparable Hanford sediments, as a result of over-
neutralization events.  High calcite concentrations resulted in near-surface uranium speciation being 
dominated by uranyl-carbonate copreciptation with calcite (Catalano et al. 2004; Catalano et al. 2006b).  
Enhancing the natural paragenetic sequence for sorbed uranium phases, uranyl-carbonate, and uranyl-
silicate phases present in the Hanford 300 Area vadose zone and capillary fringe through polyphosphate 
remediation would attenuate the continuing source of groundwater uranium contamination and enhance 
the proposed polyphosphate remediation within the 300 Area aquifer (Wellman et al. 2007b). 

2.4 Polyphosphate Remediation Technology 

Numerous approaches have been proposed to sequester uranium, in situ, with solid-phase 
hydroxyapatite, Ca5(PO4)3OH, (Conca 1996; Arey et al. 1999; Wright et al. 1995; Seaman et al. 2001; 
Moore et al. 2001; Gauglitz and Holterdorf 1992).  These proposals put forth the common idea to apply 
solid-phase phosphate (generally hydroxyapatite) directly to the contaminated soil or surface water or to 
use it as a trench fill emplaced in the pathway of migrating contaminant plumes.  These strategies have 
merit and represent a feasible technology for near-surface treatment, yet cannot accomplish remediation 
of pore waters that are situated in deep aquifers or under conditions such as those found in the Hanford 
deep vadose zone and smear zone where the plume can extend 90 meters below ground surface. 

Alternative strategies use water-soluble phosphate compounds that could be injected into the plume 
from strategically placed wells.  However, one challenge about deploying a soluble phosphate amendment 
into the subsurface is the unwanted rapid precipitation of phosphate phases, which occlude the injection 
wells and pore space within the formation.  Lee et al. (1995) proposed using tribasic sodium phosphate, 
Na3(PO4)·nH2O, as a chemical stabilizer for uranium and radiostrontium.  However, even in relatively 
dilute groundwater solutions, there are enough dissolved cations to form Al-, Fe-, Ca-, and Na-
phosphates.  Nash and colleagues (1993; 1994; 2000; 1998a; 1997; 1998b; 1999) attempted to circumvent 
this shortcoming by proposing that a water-soluble organophosphate compound, phytic acid, be injected 
into the contaminated groundwater.  The key advantage of this method is that the hydrolyzation kinetics 
of the molecule are slow, such that release of orthophosphate is delayed, allowing the injected amending 
solution to disperse and mix throughout the target plume.  However, Wellman et al. (2006b) demonstrated 
that rapid agglomeration of Ca-phytate occluded 30% of the fluid-filled pore space within the formation.  
Rapid reduction in the hydraulic conductivity will have a significant effect on additional injections of 
phytic acid solution, the targeted groundwater plume, or both, by deflecting flow from the natural path.  
Moreover, phytic acid is an organophosphate molecule that would serve as a source of both carbon and 
phosphorus to the subsurface environment.  This may serve to detrimentally biostimulate the oligotrophic 
subsurface environment present at the Hanford Site.  
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An alternative to the phosphate amendments previously described is the use of soluble long-chain 
polyphosphate materials that have been demonstrated to delay the precipitation of phosphate phases 
(Wellman et al. 2006b) (Figure 2.5).  Phosphate minerals precipitate when phosphate compounds 
hydrolyze to yield the orthophosphate molecule (PO4

3-); the longer the polyphosphate chain, the slower 
the hydrolysis reaction that leads to orthophosphate production (Figure 2.6).  Accordingly, use of a long-
chain polyphosphate compound allows controlled deployment and precipitation within the subsurface, 
thereby minimizing changes in hydraulic conductivity.  

   

 
Figure 2.5.  Schematic Depicting the Step-Wise Hydrolysis of Sodium Tripolyphosphate 

   

 
Figure 2.6.  Hydrolysis Rate of Polyphosphate Molecules as a Function of pH (Shen and Morgan 1973) 
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The focus of this investigation is to evaluate the efficacy of using the polyphosphate treatment 
technology to treat uranium contamination within the deep vadose zone and capillary fringe (i.e., zone of 
water table fluctuation or “smear zone”) above the 300 Area aquifer.  A conceptual design of a treatability 
test is the construction of an infiltration array at the ground surface above an area of potential 
contamination such as one of the process ponds, which has been previously excavated and backfilled, but 
may contain some unknown amount of contamination in the vadose zone and capillary fringe beneath the 
lower extent of the excavation activities (e.g., Figure 2.7).  Infiltration of polyphosphate technology is 
expected to enhance the paragenesis of uranium solid phases by increasing the weathering and 
transformation of these phases to uranium-phosphate phases.  This is expected to mitigate the continuing 
source of groundwater contamination and enhance the proposed polyphosphate remediation within the 
300 Area aquifer (Wellman et al. 2007b).  Data obtained from this study will be used to develop 
implementation cost estimates, identify implementation challenges, and investigate the capability of the 
technology to meet remedial objectives.  This information will be used to establish the viability of the 
method and determine how best to implement the technology in the field. 

 
Figure 2.7.  Schematic Depicting a Proposed Treatability Test of Polyphosphate to Stabilize Uranium in 

the Vadose Zone and Capillary Fringe 
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3.0 Laboratory-Scale Testing – Materials and Methods 

Laboratory-scale tests were conducted to evaluate technical issues, including:   

• Quantify the mobility of polyphosphate under water content and pore water velocities relative to the 
vadose zone and capillary fringe.  

• Evaluate uranium-phosphate formation via the reaction between uranium-bearing solid phases and 
aqueous polyphosphate remediation technology as a function of polyphosphate composition and 
concentration.  

• Develop an understanding of the mechanism of autunite formation via the reaction of solid-phase 
calcite-bound uranium and aqueous polyphosphate remediation technology. 

• Develop an understanding of the transformation mechanism and reaction kinetics between uranyl-
carbonate and -silicate minerals with the polyphosphate remedy under advective conditions. 

• Quantify the stability of uranyl-carbonate, -silicate, and –phosphate phases controlling uranium in the 
vadose zone and capillary fringe under site specific conditions and during polyphosphate remedial 
actions. 

• Quantify the extent and rate of uranium released and immobilized as a function of polyphosphate 
composition, concentration, and based on the infiltration rate of the polyphosphate remedy. 

• Provide the fundamental geochemical and thermodynamic data associated with polyphosphate 
technology and remediation necessary for incorporation into reactive transport codes to allow 
predictive simulations of polyphosphate remedial actions. 

All experiments were conducted with sediments and groundwater from the 300 Area to verify that 
testing conditions are representative of the remediation area.   

3.1 Behavior of Polyphosphate Amendment Under Unsaturated 
Conditions 

Unsaturated-column experiments were conducted using an unsaturated flow apparatus (UFA).  The 
experimental centrifugation system and method used to conduct unsaturated transport experiments are 
described in detail elsewhere (Gamerdinger and Kaplan 2000; Gamerdinger and Kaplan 2001; 
Gamerdinger et al. 1998; Gamerdinger et al. 2001b; a; Wellman et al. 2008a).  Therefore, only a brief 
description will be provided here.  Interested readers should consult previous publications for a more 
comprehensive explanation of the technique.  Columns (length, L = 6.0 cm, radius, r = 2.25 cm, bulk 
volume, Vbulk, 95.43 cm3) were packed with Hanford vadose zone sediment in approximately 10-g 
increments which were tamped and the surface was scored prior to adding subsequent layers.  The 
columns were saturated with Hanford groundwater.  The process of fully saturating the column and 
reducing the water content to the desired level minimizes preferential flow paths and hysteresis; 
establishes the most consistent, uniform attainment of water content within a series of unsaturated 
columns; and affords a consistent method for establishing unsaturated conditions.  Sediment bulk density, 
ρb (g cm-3), and volumetric water content, θ (cm cm-3), were determined from the mass of the sediment 
and water.  The percent saturation was calculated from the ratio of the volumetric water content to the 
total porosity, φ, which was calculated from the bulk density and particle density, ρp (g cm-3). 



 

 3.2

The saturated column was placed in a temperature-controlled ultracentrifuge (Model L8-UFA, 
Beckman Coulter, Inc., Fullerton, CA), which has been modified to provide constant flow to two 
specimens through a rotating seal assembly (Figure 3.1).  Steady-state water content was attained at the 
desired degree of saturation.  The centrifugation method uses a combination of the centrifugal force and 
the fluid flux, q (cm h-1), where q is equal to the flow rate, F (cm3 h-1), per cross-sectional area, A (cm2).  
The flow rate and centrifugal force were optimized to attain a fluid residence time of three to four hours.  
Infusion pumps (AVI 210A, 3M, St. Paul, MN) were used to control the flow rate.  Water that was forced 
from the column by centrifugal force was replaced by fluid delivery via the pump (water was held in the 
sediment column by matric potential).  Unsaturated transport experiments were initiated when the 
sediment columns reached a steady-state average water content.  

Breakthrough curves were determined by changing the influent solution to Hanford groundwater 
spiked with phosphate compound of interest (Table 3.1) and the non-reactive tracer pentafluorobenzoic 
acid (PFBA) until complete breakthrough was attained.  Subsequently, the influent solution was changed 
to unspiked Hanford groundwater, which was displaced through the column until all phosphate had been 
displaced from the column.  The conservative tracer within the influent solution was used to provide an 
estimate of the water flow patterns in the columns.   

 
Figure 3.1.  Schematic of UFA Constant Flow Rotor and Rotating Seal Assembly 
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Table 3.1. Experimental Conditions for the Quantification of Polyphosphate Mobility as a Function of 
Water Content and Pore Water Velocity 

Phosphate amendment 

150 ppm as 
tripolyphosphate, 

Na5P3O10 

150 ppm as 
pyrophosphate, 
Na4P2O7 • 10H2O 

150 ppm as 
orthophosphate, 
Na3PO4 • 12H2O 

Polyphosphate formulation:  
25% ortho-, 25% pyro-, 

and 50% tripolyphosphate 

Conservative Tracer PFBA PFBA PFBA PFBA 
Water Content, wt% 15% and 25% 15% and 25% 15% and 25% 15% and 25% 
Pore Water Velocity 20 and 2 cm hr-1 20 and 2 cm hr-1 20 and 2 cm hr-1 20 and 2 cm hr-1 

The average water content is determined gravimetrically by weighing the column at each sampling 
time; the cumulative effluent volume is determined by summing the mass of each effluent sample and 
dividing by the specific density of the influent solution.  Inductively coupled plasma-mass spectrometry 
(ICP-OES) was used to measure the concentration of total phosphorus in solution.  The centrifuge method 
is especially suited to this research, which was directed toward testing specific hypotheses using disturbed 
sediments under a variety of moisture conditions and pore water velocities.  Sampling of the effluent is a 
manual process that requires stopping the centrifuge and flow to the column.  Thus, one potentially 
confounding factor with the centrifuge method is a bias in the kinetic measurements because of flow 
interruption for sampling (the centrifuge must be stopped to access the sampling cup and remove the 
effluent solutions).  The magnitude of this problem depends on the ratio of the stop interval to the flow 
rate (Gamerdinger et al. 2001b) and was minimized for these tests.  Previous investigations have indicated 
there is no significant effect for stopping flow to nonsorptive tracers (Gamerdinger and Kaplan 2000), 
colloids (Kaplan and Gamerdinger 1999), or uranium (Gamerdinger et al. 2001b, 2001a). 

3.2 Sequestration of Uranium with Calcite  

To determine the extent to which calcite can serve as a host for uranium it is necessary to quantify the 
uptake of uranium by calcite and characterize whether uranium is bound via sorption or incorporated into 
the structure.  If uranium is partitioned with the calcite phase via a sorption mechanism, the retention of 
uranium will be minimal and subject to desorption.  However, if uranium is incorporated into the calcite 
structure, the release of uranium will be governed by dissolution of the uranium-rich calcite phase.   

3.2.1 Calcite Pre-Equilibration 

To assess only the interaction between aqueous uranium and solid calcite, the calcite must be in a 
state of thermodynamic equilibrium with the aqueous matrix.  The aqueous matrix used for all 
experiments was prepared by equilibrating Hanford groundwater with calcite for 1 week, followed by 
vacuum filtration using a 0.45-μm Nalgene filter.  The solutions were pH adjusted using Optima nitric 
acid (Fisher), HNO3, or 1M sodium hydroxide (Alfa Aesar), NaOH. 

Prior to experimental testing, calcite was equilibrated with the respective test solution by shaking 
overnight, centrifuging, measuring the pH, and decanting the supernatant.  This was repeated until the pH 
of the added solution was constant after contacting the calcite.  The process of pre-equilibration isolated 
the reaction of uranium with calcite from any other reaction that may have occurred while the calcite and 
aqueous solutions equilibrated. 
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3.2.2 Kinetic Experiments 

Kinetic experiments were conducted to evaluate the rate of uranium uptake by calcite.  Nalgene high-
density polyethylene (HDPE) bottles contained 500 mL of calcite-equilibrated Hanford groundwater, at 
respective pH values ranging from 6.5 to 8, containing 100 mg/L of uranyl-nitrate and 0.25 g of calcite 
(100-200 mesh) washed with ethanol.  Control solutions were prepared using the same testing conditions 
in the absence of calcite to evaluate the loss of uranium to the test apparatus.  There was no measurable 
sorption of uranium to the test containers over the pH range investigated.  All solutions were placed on a 
shaker table for predetermined time intervals ranging from 2 to 1440 minutes, and then centrifuged at 
2100 rpm for 5 minutes to remove any colloidal material from suspension.  Immediately after 
centrifugation 5-mL aliquots of the supernatant were removed and filtered through a 0.2-μm syringe 
filter.  Inductively coupled plasma-mass spectrometry (ICP-MS) was used to measure the concentration of 
aqueous uranium; ICP-OES was used to quantify the aqueous concentration of calcium. 

3.2.3 Loading Experiments 

Loading experiments were conducted in a manner similar to kinetics experiments (ASTM 2001).  
Calcite-equilibrated Hanford groundwater, at respective pH values ranging from 6.5 to 8, was spiked with 
uranyl-nitrate to the desired concentration.  The respective solutions were added to Nalgene HPDE bottles 
containing calcite.  The solution-to-solid ratio for loading experiments varied from 50 to 10,000.  The 
initial aqueous uranium concentration was 100 mg/L.  Control solutions were prepared using the same 
testing conditions in the absence of calcite to evaluate the loss of uranium to the test apparatus.  Sorption 
of uranium to the test containers was not measured over the pH range investigated.  All solutions were 
placed on a shaker table for 24 hours.  The samples were centrifuged at 2100 rpm for 5 minutes to remove 
any colloidal material from suspension prior to removing 3-mL aliquots of the supernatant.  The 
supernatant was filtered through a 0.2-μm syringe filter and analyzed using ICP-MS to measure the 
concentration of aqueous uranium. 

The percent sorption was calculated as follows: 

 100*%
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where Ci and Cf = the initial and final concentrations of aqueous uranium (mg/L) 

Determining the standard deviation requires accounting for the uncertainty associated with each 
parameter in Equation 3.1. 

The standard deviation of a function for uncorrelated random errors is given by 
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where  σf = standard deviation of the function f, 
 xi = parameter i, 
 σi = standard deviation of parameter i. 

Substituting Equation 3.1 into 3.2 and converting to relative standard deviations, rσ̂ = σf/ x , yields 
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Errors for mVcc fi
σσσσ ˆ and,ˆ,ˆ,ˆ  are 10%, 10%, 5%, and 5%, respectively.  This error analysis results 

in typical 2σ uncertainties.  All experiments were conducted in duplicate to ensure that the system yielded 
reproducible results. 

3.2.4 Equilibrium Partition Coefficient, Kd, Experiments 

Kd experiments were conducted in a manner similar to kinetics and loading experiments (ASTM 
2001).  The calcite-equilibrated Hanford groundwater was pH adjusted to values ranging from 6.5 to 8 
and spiked with uranyl-nitrate to achieve concentrations ranging from 10 ppb to 10 ppm uranyl-nitrate.  A 
10-mL aliquot of each solution was added to a test tube containing 0.2 g of calcite.  All solutions were 
placed on a shaker table for one week.  The samples were centrifuged at 2100 rpm for 5 minutes to 
remove any colloidal material from suspension prior to removing 5-mL aliquots of the supernatant.  The 
supernatant was filtered through a 0.2-μm syringe filter and analyzed using ICP-MS to measure the 
concentration of aqueous uranium. 

The distribution coefficient was calculated as follows: 
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where Kd = distribution coefficient 
 Ci and Cf = initial and final concentrations of aqueous uranium (mg/L) 
 V = volume of solution (mL) 
 M = mass of calcite (g). 

3.3 Synthesis of Uranium Minerals  

The synthesis of uranium-bearing calcite and uranophane are described in the following sections. 
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3.3.1 Synthesis of Uranium-Bearing Calcite  

Uranium-bearing calcite was precipitated by modification of the method of Reeder et al. (2000), 
which is similar to the method of Tesoriero and Pankow (1996).  A 1.5-mM solution of aqueous uranyl 
nitrate, (UO2(NO3)2 ⋅ 6H2O, International BioAnalytical Laboratories) was prepared in 18-MΩ/cm 
distilled, deionized (DDI) water.  Two solutions were prepared in DDI water; one was a solution of 
300-mM calcium (CaCl2, Alfa Aesar) and the other was a 300-mM bicarbonate (NaHCO3, Alfa Aesar) 
solution.  A 0.9 molal solution of sodium chloride (NaCl, Alfa Aesar) was prepared and added to both the 
calcium chloride and sodium bicarbonate solutions as the background electrolyte to yield solutions with a 
total ionic strength of 0.5 molal.  The calcium chloride and sodium bicarbonate solutions were 
simultaneously delivered to the uranyl-nitrate solution at a constant rate of 250 mL/hr using infusion 
pumps (AVI 210A, 3M, St. Paul, MN).  The solutions were constantly stirred and air was continuously 
bubbled to maintain a consistent concentration of CO2 for a period of four days.  The concentrations of Ca 
and HCO3 were maintained at approximately 100 mM.  The pH initially increased until calcite nucleation 
was observed.  Subsequently, the pH decreased to 8.1-8.2 and remained constant throughout the duration 
of the co-precipitation experiment.  The precipitate was recovered via centrifugation at 2000 rpm, washed 
three times with boiled DDI water, and dried at room temperature for seven days.   

The synthetic product was characterized using EXAFS spectroscopy, chemical digestion with 
concentrated nitric acid (Fisher Optima) followed by ICP-MS for elemental analyses, X-ray diffraction 
(XRD), scanning electron microscopy (SEM), and multi-point Brunauer-Emmett-Teller (BET) analyses.  
EXAFS spectroscopy was used to confirm whether the uranium-carbonate bond environment was 
consistent with reference uranium co-precipitated with calcite; chemical analyses were used to ensure 
chemical composition; XRD was used to confirm mineralogy; SEM was used to evaluate morphology; 
and krypton (Kr)-adsorption BET was used to measure sample surface area. 

3.3.2 Synthesis of Uranophane 

Uranophane was synthesized by adding 4.2 g of uranyl-acetate dihydrate (UO2(C2H3O2)2⋅2H2O, 
International BioAnalytical Laboraatories), 2.3 g of sodium silicate nanohydrate (Na2SiO3⋅9H2O, Fisher 
Scientific), 2.8 g of calcium acetate (Ca(C2H3O2)2⋅2H2O, JT Baker), and 48 mL of prepared DDI water, to 
a 125 mL Teflon cup (Parr Instrument Co.).  The DDI water, 18 MΩ/cm, was boiled for 20 minutes then 
allowed to cool while nitrogen was continuously bubbled into the water.  The pH of the solution was 
adjusted to 5.5 using high pressure liquid chromatography (HPLC)-grade glacial acetic acid (CH3COOH, 
Fisher Scientific).  A Teflon lid was placed on the Teflon cup and then inserted into a 125-mL digestion 
reactor (Parr Instrument Co.).  The reactor was heated for 24 hours at 100°C and then cooled to room 
temperature.  The product was recovered via centrifugation at 1800 rpm, washed five times with boiled 
DDI water, then returned to the Teflon cup along with 50 mL of prepared DDI water.  The lid and cup 
were inserted into the digestion reactor and heated at 175°C for 5 days.  After cooling to room 
temperature, the product was recovered via centrifugation and dried at room temperature. 

3.4 Characterization of Pristine and Reacted Uranium Minerals – 
Uranium-Rich Calcite, Uranophane, and Meta-Torbernite 

Synthetic uranium-rich calcite and uranophane, and natural meta-torbernite obtained from Katanga, 
Zaire via Excalibur Minerals, were characterized using EXAFS spectroscopy, XRD, SEM, and multi-
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point BET analyses.  EXAFS spectroscopy was used to confirm whether the uranium-carbonate bond 
environment was consistent with reference uranium co-precipitated with calcite; XRD was used to 
confirm mineralogy; SEM was used to evaluate morphology; and N2-adsorption BET was used to 
measure sample surface area. 

3.4.1 X-Ray Diffraction 

X-ray diffraction was performed using material ground in an agate mortar and pestle to <500 mesh 
(<25 μm) (using standard sieves of the American Society for Testing Materials [ASTM]) to improve the 
diffraction patterns by removing the effects of preferred orientation.  Spectrometry was performed using a 
Scintag Inc. Model 3520 PAD-V x-ray diffractometer, operated at 45 kV and 40 mA using a XGEN-4000 
generator.  Tungsten-filtered copper radiation Kα = 1.54 Å was used with a Peltier cooled Scintag Inc. 
Si(Li) solid-state detector.  The sample was analyzed using a 2-theta (2θ) range from 2 to 65º, a step size 
of 0.02º and a 4-second count time at each step.  In addition to identification of the main phase on the 
basis of its structure, these methods also should identify any contaminating crystalline minerals that 
constitute ≥ ~5 wt% of the bulk composition. 

3.4.2 Scanning Electron Microscopy – Energy Dispersive Spectrometry 

Photomicrographs of hydroxylapatite were obtained by means of a SEM JEOL 840 equipped with a 
Robinson 6.0 backscatter detector.  The beam conditions were 20 KeV acceleration and a 1 nA beam 
current.  The samples were mounted on an aluminum plate using double-sided tape and were carbon-
coated under a vacuum.  The carbon coat provides a conductive path for the electrons and helps secure the 
particles.  Images were acquired using GATAN DM software version 3.2, 1996.   

An Oxford ISIS 300 series energy dispersive spectrometer (EDS) was used to determine chemical 
composition.  EDS spectra were stored electronically using Oxford ISIS 300 version 3.2 software.  An 
EDS spectrum represents the chemical composition of a particle found within a sample.  While not all 
particles are counted for the same live-/dead-time period, a typical EDS spectrum is counted for 
100 seconds with 30% dead-time. 

3.4.3 N2-Adsorption BET Surface Area 

Surface area measurements were determined based on the multi-point BET N2-adsorption method 
(Brunauer et al. 1938).  A Micromeritics ASAP 2020 Gas Sorption System was used to measure the 
surface are of the uranium-calcite sample.  A reference alumina standard (lot number 46F-BA106-24) was 
used to verify instrument calibration and ensure consistent sample preparation.  Grab samples, ~0.5g, of 
each of the materials (reference standard and sample) were weighed and placed in tared sample flasks.  A 
vacuum was pulled on each sample flask for 100 hours at 100°C to remove all physi-sorbed contaminants 
from the mineral surfaces and provide a clean solid surface onto which a monolayer of gas molecules 
would absorb.  The surface area for the minerals was then measured by the adsorption of nitrogen on the 
sample surface. 
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3.4.4 Extended X-Ray Absorption Fine Structure Spectroscopy 

EXAFS analysis was conducted on pristine uranium phases including synthetic uranium-rich calcite 
and natural meta-autunite, as well as uranium-rich calcite samples reacted with ortho-, pyro-, and 
tripolyphosphate; calcite samples reacted with uranium at pH 7, 7.5, and 8; and reacted materials 
extracted from pressurized unsaturated flow (PUF) columns.  EXAFS results were compared to 
previously published spectra of uranium-bearing calcite (Reeder et al. 2000; Reeder et al. 2001). The 
spectra of meta-ankoleite and meta-autunite were previously published by Thompson et al. (1998) and the 
spectra of saléeite and metatorbernite by Catalano and Brown (2004).  Uranium LIII- EXAFS 
measurements of the uranium-calcite samples were conducted at room temperature on the Molecular 
Environmental Sciences Beamline 11-2 (Bargar et al. 2002) at the Stanford Synchrotron Radiation 
Laboratory (SSRL) using a cryogenically cooled Si (220), φ = 0°, double-crystal monochromator.  
Fluorescence-yield data were collected using an argon-filled Stern-Heald-type detector (Lytle et al. 1984).  
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 k3-weighted EXAFS data were analyzed using the SixPACK (Webb 2004) interface to 
IFEFFIT (Newville 2001).  The data were fit as linear combinations of the χ data from k = 3-12, k3 
weighted. 

3.5 Stability of Uranium Minerals – Uranium-Rich Calcite, 
Uranophane, and Meta-Torbernite 

Single-pass flow-through test methods and rate calculations and uncertainty associated with 
evaluating the dissolution of uranium-bearing calcite, uranophane, and meta-torbernite are discussed in 
the following sections. 

3.5.1 Single-Pass Flow-Through Test Methods 

Evaluation of the dissolution of uranium-bearing calcite, uranophane, and meta-torbernite was 
performed with the single-pass flow-through (SPFT) test method.  The SPFT apparatus provides for 
experimental flexibility, allowing each of the kinetic test parameters to be isolated and quantified.  
Temperature, flow rate, solution composition, and sample mass and size can be manipulated to assure 
accurate rate determinations.   

The SPFT method has been described in detail elsewhere (McGrail et al. 1997b; Wellman et al. 
2006a; Wellman et al. 2005); therefore, only a brief description will be provided here and interested 
readers should consult the noted references for additional information.  In general, the SPFT system 
(Figure 3.2) consists of a programmable pump (Kloehn; model 50300) that transports solutions from an 
influent reservoir via Teflon lines.  Solution is transferred into 60-mL capacity perfluoroalkoxide (PFA) 
reactors (Savillex).  The reactors are situated within constant temperature ovens (VWR Scientific 
Products), whose temperature is controlled to ±2°C by tested and calibrated thermocouples (Glas-Col; 
model TC105).  The powdered specimen rests at the bottom of the reactor and influent and effluent 
solutions enter and exit, respectively, from fluid transfer lines that protrude through two separate ports at 
the top of the reactor.  The residence time of aqueous solutions in the reactor varies with the flow rate, 
which is adjusted in accordance with the needs of the experiment.  The effluent line carries solution to 
collection vials that are positioned outside the oven.   
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Figure 3.2.  Schematic of the Single-Pass Flow-Through Dissolution Test System 

Effluent solution was collected continuously and aliquots of the fluid sample were retained for both 
pH measurement and analysis of dissolved element concentrations by ICP-OES and ICP-MS.  Solutions 
earmarked for analysis by ICP-OES and ICP-MS methods were preserved in OptimaTM nitric acid.  
Concentrations of aqueous calcium and phosphorus were used to quantify the dissolution rates as a 
function of pH and temperature.  Before the sample specimens were added to the reactor, blank solution 
samples were collected and used to establish the concentration of background analytes.  The blank 
samples were treated in exactly the same manner as the samples. 

The solutions used to control the pH during the SPFT experiments are summarized in Table 3.2.  
Table 3.2 also lists the in situ pH values computed at each test temperature using EQ3NR (Wolery 1992).  
It is important to take into account the change in pH that occurs at different temperatures when computing 
dissolution rates from SPFT data because the in situ pH can vary by as much as 1.5 pH units over the 
temperature range from 23º to 90ºC.  By quantifying temperature and pH-dependent rate parameters the 
dissolution rate of relevant minerals can be extrapolated to conditions representative of the subsurface.  
Buffer solutions were prepared by adding small amounts of the organic tris hydroxymethyl 
aminomethane (THAM) buffer to DDI water and adjusting the solution to the desired pH value using 
15.8M HNO3 or 1 M LiOH.   
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Table 3.2. Composition of Solutions Used in Single-Pass Flow-Through Experiments.  Solution pH 
values above 23°C were calculated using the EQ3NR Code V7.2b database. 

pH @ 
Solution Composition 23ºC 40ºC 70ºC 90ºC

1 0.01 M THAM + 0.00143 M LiOH + 0.0111 M HNO3  6.05 5.96 5.55 5.23
2 0.01 M THAM + 0.00914 M HNO3   6.86 6.59 6.02 5.67
3 0.01 M THAM + 0.0032 M HNO3   8.06 7.83 7.33 6.99
4 0.01 M THAM + 0.000274 M HNO3   9.09 8.86 8.42 8.10
5 0.01 M THAM  10.04 9.59 8.90 8.53
6 0.01 M THAM + 0.00514 M LiOH  10.97 10.87 10.45 10.09
7 0.01 M THAM + 0.0143 M LiOH   12.06 11.62 10.90 10.52
8 0.05 M THAM +  0.0375 M HNO3 5.91 5.99 6.06 5.99
9 0.05 M THAM + 0.047 M HNO3 7.01 6.57 5.91 5.55

10 0.05 M THAM + 0.02 M HNO3 8.32 7.90 7.25 6.89
11 0.05 M THAM + 0.0041 M HNO3  8.99 8.67 8.08 7.72
12 0.05 M THAM + 0.003 M LiOH  9.99 9.55 8.88 8.52
13 0.1 M NH4OH + 0.00256 M HNO3   11.09 10.67 9.92 9.51
14 0.1 M NH4OH + 0.0175 M LiOH  12.00 11.13 9.81 9.06

THAM = tris hydroxymethyl aminomethane buffer. 

3.5.2 Rate Calculations and Uncertainty 

Dissolution rates, based on steady-state concentrations of elements in the effluent, are normalized to 
the amount of the element present in the sample by the following formula: 

 
( ),i i b

i
i

C C q
r

f S
−

=  (3.5) 

where ri = the normalized dissolution rate for element i (g m-2 d-1) 
 Ci = the concentration of the element i in the effluent (g L-1) 
 ,i bC  = the average background concentration of the element of interest (g L-1) 

 q = the flow rate (L d-1) 
 fi = the mass fraction of the element in the metal (dimensionless) 
 S = the surface area of the sample (m2). 

The surface area of uranium-bearing calcite, uranophane, and meta-torbernite were determined using 
N2-adsorption BET analysis (Table 3.3) (Brunauer et al. 1938).   

Table 3.3.  Surface Area of Uranium Minerals as Measured by BET N2-Adsorption 

Uranium Mineral Surface Area, m2/g 

Uranium-calcite 0.30 
Uranophane 74.88 

Meta-torbernite 1.28 
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The value of fi was calculated from the chemical composition of the sample.  Flow rates are 
determined by gravimetric analysis of the fluid collected in each effluent collection vessel upon sampling.  
The background concentration of the element of interest is determined, as previously discussed, by 
analyses of the starting input solution and three blank solutions.  Typically, background concentrations of 
elements are below their respective detection threshold.  The detection threshold of any element is defined 
here as the lowest calibration standard that can be determined reproducibly during an analytical run 
within 10%.  In cases where the analyte is below the detection threshold, the background concentration of 
the element is set at the value of the detection threshold. 

Determining the experimental uncertainty of the dissolution rate takes into account uncertainties of 
each parameter in Equation (3.8).  For uncorrelated random errors, the standard deviation of a function 
f(x1, x2,…xn) is given by 
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where σf  = the standard deviation of the function f 
 xi = parameter i 
 σI = the standard deviation of parameter i. 

Substituting Equations (3.5) into (3.6) results in the following: 
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Equation (6) can also be expressed in terms of the relative error, ˆ /
i ir r irσ = σ , and is given by 
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Relative errors of 10%, 10%, 5%, 3%, and 15% for Ci, ,i bC , q, fi , and S, respectively, are typical for 

measurements conducted at PNNL.  However, to reduce the error associated with mass fraction (fi), the 
samples to be used in these experiments will be ground, homogenized, sub-sampled, and analyzed at least 
three times to obtain a more accurate composition with a better estimate of the uncertainty.  The 
conservative appraisal of errors assigned to the parameters in Equation (3.8), in addition to the practice of 
imputing detection threshold values to background concentrations, results in typical uncertainties of 
approximately ±35% on the dissolution rate. 
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3.6 Interaction of Polyphosphates with Uranium Minerals – Uranium-
Rich Calcite, Uranophane, and Meta-Torbernite  

The interaction of ortho-, pyro-, and tripolyphosphate with uranium-rich calcite was evaluated 
through a series of static and dynamic tests to determine the effect of polyphosphate amendments on the 
stability of uranium-rich calcite, uranophane, and meta-torbernite.  ICP-OES and ICP-MS were used to 
quantify the concentration of aqueous cations and anions; x-ray absorption spectroscopy was used to 
determine the spatial variation in U(VI) solid-phase concentration and speciation with micrometer 
resolution and identify the resulting uranium phase(s) formed as a function of the during phosphate 
remediation formulation and treatment. 

3.6.1 Kinetic Experiments 

Kinetic experiments were conducted to evaluate the rate of interaction of ortho- (Na3PO4 • 12H2O), 
pyro- (Na4P2O7 • 10H2O), and tripolyphosphate (Na5P3O10) with uranium-bearing calcite.  Nalgene HDPE 
bottles had 500 mL of DDI water, which was spiked with ortho-, pyro-, or tripolyphosphate to the desired 
concentration (Table 3.4) and adjusted to pH values ranging from 6.5 to 8.  Control solutions were 
prepared using the same testing conditions in the absence of uranium-rich calcite to evaluate the loss of 
ortho-, pyro-, and tripolyphosphate to the test apparatus.  Sorption of ortho-, pyro-, and tripolyphosphate 
to the test containers was not measured over the pH range investigated.  Five grams of uranium-rich 
calcite was added to the groundwater solutions and all solutions were placed on a shaker table for 
predetermined time intervals ranging from 1 to 1440 minutes.  ICP-MS was used to measure the 
concentration of aqueous uranium; ICP-OES was used to measure the concentration of total phosphate 
and calcium. 

Table 3.4. Conditions for Quantification of the Kinetic Interaction of Polyphosphate with Uranium-
Bearing Calcite 

Temperature, °C 23 
pH 6.5, 7, 7.5, 8 
Phosphate amendment 500 ppm PO4 as tripolyphosphate, pyrophosphate, or orthophosphate, respectively 
Time, min 1, 2, 4, 6, 10, 15, 30, 60, 120, 480, 1440 

3.6.2 Loading Experiments 

Loading experiments were conducted in a manner similar to kinetics experiments (ASTM 2001).  
DDI water, at respective pH values ranging from 6.5 to 8, was spiked with ortho-, pyro-, or 
tripolyphosphate to the desired concentration (Table 3.5).  The respective solutions were added to Fisher 
50-mL centrifuge tubes containing uranium-rich calcite to achieve the desired solution-to-solid ratios 
(Table 3.5), which varied from 100 to 2500.  Control solutions were prepared using the same testing 
conditions in the absence of uranium-rich calcite to evaluate the loss of ortho-, pyro-, or tripolyphosphate 
to the test apparatus.  Sorption of ortho-, pyro-, and tripolyphosphate to the test containers was not 
measured over the pH range investigated.  All solutions were placed on a shaker table.  The samples were 
centrifuged at 2000 rpm for 5 minutes to remove any colloidal material from suspension prior to 
removing 3-mL aliquots of the supernatant.  The supernatant was filtered through a 0.2-μm syringe filter 
and analyzed using ICP-MS to measure the concentration of aqueous uranium, and using ICP-OES to 
measure the total concentration of aqueous phosphate and calcium. 
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Table 3.5. Experimental Conditions for Quantifying the Loading of Polyphosphate on Uranium-Bearing 
Calcite 

Temperature, °C 23 
pH 6.5, 7, 7.5, 8 
Phosphate amendment 500 ppm PO4 as tripolyphosphate, pyrophosphate, and orthophosphate, respectively 
Solution-to-Solid Ratio 50, 100, 200, 500, 1000, 2500 

3.6.3 Unsaturated Weathering of Uranium Minerals During Polyphosphate 
Remediation 

Dynamic tests were conducted under unsaturated conditions using the PUF system (McGrail et al. 
1997a; 1999; Pierce et al. 2006; Wierenga and Van Genuchten 1989).  The UFA and PUF systems are 
equally suited to conducting comparable unsaturated flow experiments.  However, the PUF system allows 
controlled dynamic changes in water content that simulate the periodic wet-dry cycling experienced in the 
deep vadose zone and smear zone.  Additionally, 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 better suited to conducting unsaturated weathering and precipitation experiments 
than the UFA system (Pierce et al. 2006; McGrail et al. 1997a; 1999) (Figure 3.3).  
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Figure 3.3.  Photo of PUF Column Assembly 

The PUF system, which is similar to a Wierenga column (McGrail et al. 1997a; 1999), consists of a 
polyetheretherketone column (r = 0.96 cm, L = 7.62 cm) with a porous titanium plate; it 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 (McGrail et al. 1997a; 1999).  The PUF test computer 
control system runs LabVIEW™ (National Instruments Corporation) software for logging test data from 
several thermocouples, pressure sensors, inline sensors that measure effluent pH and conductivity, and 
from an electronic strain gauge that measures column weight to accurately track water mass balance and 
saturation level.  The column also includes a PUF port, which is an electronically actuated valve that 
periodically vents the column gases.  The purpose of column venting is to prevent reduction in the partial 
pressure of important gases, especially O2 and CO2, which may be consumed in a variety of chemical 
reactions. 
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Columns were packed with Hanford vadose zone sediment and uranium-bearing minerals (uranium-
rich calcite, uranophane, and meta-torbernite) previously identified as controlling phases in 300 Area 
sediments (Catalano et al. 2004; Catalano and Brown, Jr. 2004; Catalano et al. 2006b; Dong et al. 2005; 
Wang et al. 2005a; Wang et al. 2005b; Zachara et al. 2007; Zachara et al. 2005; Arai et al. 2007) in 
approximately 5-g increments that were tamped and the surface was scored prior to adding subsequent 
layers (Table 3.6).  The columns were saturated with Hanford groundwater.  The process of fully 
saturating the column and reducing the water content to the desired level minimizes preferential flow 
paths and hysteresis verifies the most consistent, uniform attainment of water content within a series of 
unsaturated columns, and affords a consistent method for establishing unsaturated conditions.  Sediment 
bulk density, ρb (g cm-3), and volumetric water content, θ (cm cm-3), were determined from the mass of 
the sediment and water.  The percent saturation was calculated from the ratio of the volumetric 
water content to the total porosity, φ, which was calculated from the bulk density and particle density, 
ρp (g cm3). 

Table 3.6. Sediment and Uranium Mineral Composition of Columns Used in the Evaluation of 
Polyphosphate Remediation Under Vadose Zone Conditions 

Sediment Uranium Mineral Polyphosphate Amendment 

North Process Pond  100% tripolyphosphate in Hanford Groundwater 

North Process Pond  Hanford Groundwater 

Uncontaminated 300 Area Uranium-rich calcite 25% ortho-, 65% pyro-, 10% tripolyphosphate in 
Hanford Groundwater 

Uncontaminated 300 Area Uranium-rich calcite 70% ortho-, 20% pyro-, 10% tripolyphosphate in 
Hanford Groundwater 

Uncontaminated 300 Area Uranium-rich calcite 90% ortho- and 10% tripolyphosphate in 
Hanford Groundwater 

Uncontaminated 300 Area Uranium-rich calcite Hanford Groundwater 

Uncontaminated 300 Area Uranophane 90% ortho- and 10% tripolyphosphate in 
Hanford Groundwater 

Uncontaminated 300 Area Meta-Torbernite 90% ortho- and 10% tripolyphosphate in 
Hanford Groundwater 

Uncontaminated 300 Area Meta-Torbernite Hanford Groundwater 

Flow was initiated through the columns with Hanford groundwater until steady-state water content 
was attained at the desired degree of saturation.  After the attainment of hydraulic and chemical 
equilibrium, the influent solution was changed to Hanford groundwater containing the polyphosphate 
formulation.  The effect of wet-dry cycling was simulated by periodically resaturating the column, with 
continuous flow, and then desaturating the column to the initial water content.  All effluent solutions were 
monitored for pH with in-line sensors.  Prior to starting the experiments, the in-line pH probe was 
calibrated with National Bureau of Standards pH buffers (pH 7.00, 10.00, or 12.00 at 25°C).  Precision of 
pH measurement was ±0.02 pH units.  Concentrations of Al, Ca, Cd, Co, Cr, Fe, K, Mg, Na, P, S, Sr, and 
Si in the effluent solutions samples were monitored with ICP-OES methods; whereas the concentration of 
uranium was determined by ICP-MS methods.  After passing through the 0.2-μm Ti porous plate and the 
inline sensors, aliquots of the effluent solutions were acidified with ultra-high-purity concentrated HNO3 
and analyzed using ICP-OES and ICP-MS methods. 
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Upon termination of the column tests, the solid-phase speciation of U(VI) was assessed using XRD 
and EXAFS to develop a mechanistic understanding of the formation and/or transformation and identity 
of resulting uranium phase(s) during phosphate remediation.  The thermodynamic database and reaction 
code EQ3/6 (Wolery and Jarek 2003) was used to evaluate the uranium aqueous speciation and saturation 
state of the effluent solutions with respect to uranium solid phases using an updated thermodynamic 
database for uranium. 

3.6.3.1 Polyphosphate Remediation of North Process Pond Sediment  

Experiments were conducted with a grab sample of sediment collected from the 300 Area NPP 
located on the Hanford Site.  A 5-gal container with a shovel was used to collect the sample from an 
excavated trench approximately 8 m beneath the current ground surface.  These sediments were collected 
prior to the excavation activities being completed and overlaid a U(VI) groundwater plume containing 
U(VI) concentrations that range from ~0.042 to 1.05 μmol/L; fluctuations in the Columbia River stage 
can cause the groundwater elevation to vary significantly.  The cobble size and material >0.635-cm were 
removed during field collection.   

3.6.3.1.1 Mineralogical Analyses  

Mineralogical analyses were performed on the bulk sediment and clay fraction (<2 μm) using XRD.  
All XRD measurements on the bulk material were performed at room temperature for 4 hours with a 
Scintag® automated powder diffractometer (Model 3520) with CuKα radiation x-ray tube (λ = 1.54 Å).  
The bulk samples were analyzed with a 2° to 65° 2θ, a step size of 0.04°, and a 40-second dwell time at 
each step.  For the bulk sample, approximately 1 g of oven-dried sediment was crushed into a fine powder 
in an agate mortar and pestle and hand packed into a specialized XRD holder.  Clays from the untreated 
sediment were analyzed initially with the randomly oriented mount and later with the preferentially 
oriented mount techniques.  For the randomly mounted samples, the clays were Mg-saturated, air dried, 
and gently crushed with an agate mortar and pestle before being mounted into a bulk powder holder and 
analyzed.  The preferentially oriented mounts were prepared by saturating the clay fraction with 1.0 
mol/L MgCl, vacuum filtering, and transferring the sample onto an aluminum slide.  The sample was then 
solvated with ethylene glycol and stored in a desiccator.  Diffractograms for both the randomly and 
preferentially oriented mounts were collected at room temperature from 2 to 45° 2θ and processed with 
JADE software (Materials Data Inc. (MDI) Livermore, California) combined with the Joint Committee on 
Powder Diffraction Standards (JCPDS) International Center for Diffraction Data (ICDD) (Newtown 
Square, Pennsylvania) database.  For additional details on sediment characterization and selective 
extractions see (Serne et al. 2002b; Brown et al. 2005). 

3.6.3.1.2 X-Ray Absorption Spectroscopy 

Approximately, 100 mg of untreated B11494 sediment were packed in Teflon® sample holders 
sealed with 10-mil Kapton® tape, and then heat-sealed in polyethylene bags in preparation for XANES 
and EXAFS analysis.  Uranium LIII-edge x-ray absorption fine structure (XAFS) measurements were 
performed on B11494 untreated sediments to determine the oxidation state and identity of the uranium 
phase or phases.  X-ray absorption fine structure is an element-specific, short-range structural probe that 
provides information on the local structure and composition of the element of interest (Brown et al. 1988).  
The XANES region of the spectrum provides information about the oxidation state and local coordination 
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environment of the element, where as the EXAFS region provides information on the type, distance to, 
and number of neighboring atoms. 

The XAFS measurements of untreated B11494 sediments were conducted at room temperature on the 
Molecular Environmental Sciences beam line 11-2 (Bargar et al. 2002) at the SSRL with a cryogenically 
cooled Si(220) double-crystal monochromator.  Fluorescence yield data were collected with a high-
throughput 30-element solid-state Ge detector equipped with a Sr filter to minimize x-ray scatter. 

The XAFS data were processed with the computer code SixPACK (Webb 2004) interface to the 
IFEFFIT XAFS analysis package (Newville 2001).  The XANES spectra were background-subtracted and 
normalized to an edge-step of one.  After background-subtraction, the EXAFS data were extracted and 
K3-weighted.  
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4.0 Results and Discussion 

The following sections discuss 1) transport of polyphosphate under unsaturated conditions, 2) the 
stability of uranium-rich calcite, uranophane, and meta-torbernite as a function of pH, temperature, and 
aqueous activity of phosphate, 3) formation via the reaction of solid-phase calcite-bound uranium and 
aqueous polyphosphate remediation technology, 4) the kinetics of the reaction between uranyl-carbonate 
and -silicate minerals with the polyphosphate remedy, 5) the interaction and effect of polyphosphate 
technology on uranium weathering as a function of polyphosphate composition, concentration, and 
infiltration rate, under hydraulically unsaturated conditions, 6) STOMP predictive simulations of 
intermediate- and field-scale infiltration, and 7) intermediation-scale infiltration test. 

4.1 Transport of Polyphosphate Under Unsaturated Conditions 

The transport of phosphate has been previously investigated in detail under hydraulically saturated 
conditions (van Der Zee et al. 1989; van Der Zee and van Riemsdijk 1986; Sakadevan and Bavor 1998; 
Ho and Notodarmojo 1995; Robertson and Harman 1999; Gerritse 1993; Tofflemire and Chen 1977; 
Nagpal 1985; 1986; Arias et al. 2001; Sawhney and Hill 1975; Lin and Banin 2005; Akinremi and Cho 
1991).   

The mobility of phosphate within subsurface environments is dependent upon the mineralogy and 
geochemistry of the environment including the following: 

• Fe and Al oxides (Hsu 1964; 1965; 1968; Hsu and Rennie 1962; Hamad et al. 1992; Kuo and 
Lotse 1974; Bolan et al. 1985; Willett et al. 1988; Madrid and de Arambarri 1985; van Riemsdijk 
et al. 1984; Parfitt et al. 1975; van Der Zee and van Riemsdijk 1986; Sakadevan and Bavor 1998; 
Violante et al. 1991; Toor et al. 1997; Freese et al. 1992) 

• clay content (Lin and Banin 2005; Ho and Notodarmojo 1995; Muljadi et al. 1966; Kuo and Lotse 
1972; Toor et al. 1997; Johnston et al. 1991) 

• calcite (Lewis and Racz 1969; Samadi and Gilkes 1999; Cole and Olsen 1959; Cole et al. 1953; 
Kuo and Lotse 1972; Hamad et al. 1992; Akinremi and Cho 1991; Arambarri and Talibudeen 
1959; Bertrand et al. 2003) 

• organic carbon (Arambarri and Talibudeen 1959; Nagpal 1986; Daly et al. 2001), pH (van Der 
Zee et al. 1989; Olsen and Watanabe 1957; Sawhney and Hill 1975; Barrow 1984) 

• ionic strength (Rajan and Fox 1972) 

• sand content (Arias et al. 2001; Lin and Banin 2005; Ho and Notodarmojo 1995; Del Bubba et al. 
2003; Tofflemire and Chen 1977; Yuan and Lucas 1982; Leclerc et al. 2001). 

The predominant mechanisms of phosphate retention in sediments are sorption and surface complexation 
to Fe, Al, and Mn oxides, clay minerals and calcite.   
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Typical of the arid western United States, Hanford sediments are dominated by gravel and sand, 
which generally exhibit a lower sorption capacity than more finely textured sediments (Kaplan et al. 
2000).  Hanford groundwater is dominated by calcium, magnesium, sodium, sulfate, and carbonate and 
has a pH ranging from approximately 7.5 to 8.5 (Wellman et al. 2008b).  The most dominant condensed 
polyphosphates, ortho-, pyro-, and tripolyphosphate, readily dissociate protons.  At pH 7.5 the 
predominant species are H2PO4

-, HPO4
2-, HP3O10

4-, and HP2O7
3- (Jenkins et al. 1971).  All of these 

phosphate species form dissolved ion pair complexes with metal ions (e.g., Ca2+ and Mg2+).  Calcite can 
limit the decrease in solubility of phosphate above pH 7 (Garrels and Christ 1965).  However 
alternatively, at pH values between 7.5 and 8.5, calcium-induced precipitation of phosphate has been 
shown to be one of the main processes responsible for its removal (Arias et al. 2001; Cole and Olsen 
1959; Cole et al. 1953; Lewis and Racz 1969; Samadi and Gilkes 1999).  This is a significant 
consideration under alkaline pH conditions (Jenkins et al. 1971; Gregory et al. 1970; Clark and Peech 
1955; Racz and Soper 1967) and particularly under conditions present in the Hanford subsurface.  For 
example, at pH 7.5, a total calcium concentration of 2 x 10-3 M and phosphate concentrations of 1.6 x 10-4 
M ortho-, 1.6 x 10-5 M pyro-, and 3.2 x 10-5 M tripoly-, approximately 50% of the ortho- would be 
complexed as CaHPO4, 80% of the pyro- would be complexed as CaHP2O7

-, and approximately 90% of 
the tripoly- would be complexed as CaHP3O10

2- (Jenkins et al. 1971).  Sorption of anionic complexes such 
as these is limited under alkaline conditions, particularly in sand and gravel sediments.  Demonstration of 
a small degree of sorption will have a significant impact on retardation during transport in unsaturated 
sediments and on infiltration design, rate, and remedial performance of polyphosphate technology to 
stabilize uranium source terms in the vadose zone and capillary fringe.  

The mobility of polyphosphate species has been the subject of far fewer investigations, which have 
focused on understanding the degree of polyphosphate fixation as a function of time following its 
application to soil columns (Hashimoto and Lehr 1973; Philen and Lehr 1967; Takefuji 1967), and the 
effect of the counter cation on fixation and uptake by plants (Tsuge and Yoshida 1958; Sutton and Larsen 
1964; Malquori and Radaelli 1967; Blanchar and Hossner 1969b; a; Lucci 1967; Takefuji 1967; Kartseva 
1969).  Application of polyphosphate technology to vadose zone and capillary fringe environments for 
remediation requires understanding the effects of water content and pore water velocity on polyphosphate 
mobility, both of which have been previously shown to be significant influences on the mobility of 
reactive species within the subsurface (Gamerdinger and Kaplan 2000; Gamerdinger et al. 1998; 
Gamerdinger et al. 2001b; a; Lindenmeier et al. 1995; McGraw 1996; McGraw and Kaplan 1997; 
Wellman et al. 2008a).  The only identified investigation of phosphate mobility under hydraulically 
unsaturated conditions indicated that phosphate application to sediments increased the water retention 
properties of the sediments as a result of the increase in the negative charge of the soil particles (Lutz et 
al. 1966).  However, there are no known investigations quantifying the mobility of polyphosphate species 
under advective conditions in unsaturated, alkaline environments.  The objective of this investigation was 
to quantify the migration of ortho-, pyro-, an tripolyphosphate as a function of water content within 300 
Area vadose zone and smear zone sediments.   

4.1.1 Ortho-, Pyro-, and Tripolyphosphate Transport Under Unsaturated 
Conditions 

The conditions and measured parameters for all of the polyphosphate transport experiments are 
summarized in Table 4.1.  Experiments are designated by the abbreviated phosphate type, percent 
saturation, and average pore water velocity; for example, Ortho-22-20 indicates an experiment at 22% 
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saturation and 20 cm h-1.  Recovery is the percentage of phosphorus introduced into the column that was 
recovered in the effluent; Ref is the effective retardation determined by moment analysis; and, Kd-ap is the 
apparent distribution coefficient calculated from Ref.  Transport experiments were initially conducted at 
~22% water saturation at average pore water velocities of ~20 cm hr-1 to evaluate the effect of 
polyphosphate chain length on the retardation of various polyphosphate compounds.  Subsequent 
experiments were conducted at a lower percent of saturation, ~15%, at average pore water velocities of 
~20 cm hr-1 to evaluate the effect of water content, and at 2 cm hr-1 to evaluate the effect of pore water 
velocity on the transport and fate of polyphosphate.  Lower water contents can result in possible 
decreased sorption because of 1) incomplete sorption due to rate limitations, 2) decreased availability of 
sorption sites induced by two-region flow at the lower water contents, and 3) reduced effective 
pore volume. 

Table 4.1. Polyphosphate Transport Parameters in <2-mm Fraction from Hanford 300 Area Vadose 
Sediments Determined by Direct Measurement or Analysis of Breakthrough Curves 

Experiment 
F, 

cm3 h-1 rpm 
ρb, 

g cm-3 θ 
Vw, 
mL 

ν, 
cm h-1 

t0 
(Vw) % Rec. Ref 

Kd-app, 
mL g-1 

Ortho-22-20 30.4 900 1.52 0.105 10.07 18.12 30.19 98.17 5.23 0.29 
Ortho-15-20 20.5 900 1.52 0.069 6.57 18.73 31.12 92.05 4.94 0.18 
Ortho-15-2 1.8 3000 1.52 0.055 5.21 2.07 37.51 97.65 4.95 0.14 
Pyro-22-20 31.4 900 1.50 0.100 9.56 19.70 31.61 93.21 8.64 0.51 
Pyro-15-20 20.7 900 1.50 0.064 6.15 20.21 30.36 98.56 2.16 0.05 
Pyro-15-2 2.1 3000 1.51 0.065 6.16 2.05 29.59 88.56 6.24 0.22 
Tripoly-22-20 32.3 900 1.52 0.098 9.37 20.68 32.93 101.94 8.44 0.48 
Tripoly-15-20 22.7 900 1.52 0.066 6.26 21.75 33.34 96.12 5.22 0.18 
Tripoly-15-2 1.8 3000 1.52 0.055 5.21 2.07 35.29 93.39 7.54 0.22 
Tri-soln-22-20 33.8 900 1.51 0.110 10.46 19.39 31.40 94.33 7.56 0.48 
Tri-soln-15-20 22.3 900 1.51 0.072 6.85 19.55 33.16 94.27 4.41 0.16 
Tri-soln-15-2 1.9 3000 1.50 0.057 5.41 2.11 30.77 82.40 4.64 0.14 
(a) F = flow rate; ρb = bulk density; θ = average volumetric water content (standard  
 deviation); Vw = average pore volume; v = average pore water velocity; to = step input;  
 Ref = effective retardation factor; Kd-app = apparent sediment water distribution coefficient based on Ref. 

Transport of ortho-, pyro-, tripoly-, and the polyphosphate formulation at ~20% moisture content and 
an average pore water velocity of 20 cm hr-1 are shown in Figure 4.1.  Recovery of phosphate in the 
effluent was ~100%.  The apparent sorption, Kd-ap, for pyro-, tripol-, and the polyphosphate formulation 
was comparable between the compounds, Kd-ap 0.48 – 0.51 (Table 4.1 and Figure 4.1).  The Kd-ap for 
ortho- was 57% less than the higher-chain polyphosphate species, Kd-ap = 0.29.  Comparable results 
demonstrating greater sorption of pyrophosphate and tripolyphosphate, relative to orthophosphate, have 
been previously observed through the results of static sorption tests (Blanchar and Hossner 1969b; a; c; 
MacIntire et al. 1937; Scott 1958). 

Decreasing the pore water content from ~22% to 15% resulted in a >60% decrease in sorption for all 
polyphosphate compounds (Table 4.1 and Figure 4.2).  Additionally, breakthrough curves (BTCs) for 
pyro-, tripoly-, and the polyphosphate formulation exhibited increased asymmetry and tailing, 
characteristic of non-equilibrium behavior.  Gamerdinger et al. (2001b) recently suggested the formation  
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Figure 4.1.  Observed Phosphate Transport at (a) ~22% an Average v of 20 cm hr-1 
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Figure 4.2.  Observed Phosphate Transport at ~22% and 15% Water Saturation for (a) Orthophosphate, 

(b) Pyrophosphate, (c) Tripolyphosphate, and (d) Phosphate Formulation at an Average v of 
20 cm hr-1 
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of immobile-water regimes under unsaturated conditions may 1) restrict access to a fraction of the 
reactive sites or 2) effectively increase the velocity of water in the mobile domain, as a result of reducing 
the effective pore volume.  The relative importance of these factors was assessed by considering 
phosphate transport at a slower velocity.  

Figure 4.3 displays the results of unsaturated transport experiments for ortho-, pyro-, 
tripolyphosphate, and the polyphosphate formulation conducted at 2 cm hr-1.  The hydrodynamic 
conditions were the same as those conducted at 20 cm hr-1.  The results show that decreasing the pore 
water velocity from 20 to 2 cm hr-1 did not result in an increase in the apparent sorption of ortho- or the 
polyphosphate formulation (Table 4.1).  The lack of increase in Kd-ap with decreasing pore water velocity 
indicates that exclusion from a fraction of the pore space is more important than velocity in determining 
the sorption during transport.  This agrees with previous findings demonstrating comparable behavior for 
uranium transport under unsaturated conditions (Gamerdinger et al. 2001b; a; Wellman et al. 2008a; 
Wellman et al. in press) and support a reduction in the accessible volumetric domains as a function of 
decreasing water content and systematic variations in the pore water velocity.   

Alternatively, decreasing in the pore water velocity from 20 to 2 cm hr-1 did result in an increase in 
the apparent sorption of pyrophosphate and tripolyphosphate (Table 4.1).  This suggests that chemical 
reaction nonequilibrium may influence the migration of polyphosphate compounds.  Similar results were 
previously observed under saturated conditions (Wellman et al. 2007c).  Possible mechanisms that may 
have resulted in increased rate-limited sorption are 1) sorption of degradation products onto sediment-
bound polymerized phosphate molecules, 2) degradation of polymerized phosphate compounds and 
subsequent sorption to the sediment matrix, or 3) rapid precipitation of heavy, fast-settling solid phases.    

Schmid and McKinney (1969) previously identified key processes involved in the formation of 
apatite from mixtures of ortho-, pyro-, and tripolyphosphate.  Results of sorption studies illustrated that 
orthophosphate sorbs onto polyphosphate near pH ~7 to 9.  Although, tripolyphosphate does not readily 
precipitate in the absence of orthophosphate, sorption of orthophosphate onto tripolyphosphate serves as a 
heterogeneous nucleating surface to promote precipitation.  As orthophosphate begins to precipitate, the 
pH of the solution increases slightly, while the degradation of tripolyphosphate is accelerated to form 
ortho- and pyrophosphate.  This further enhances precipitation by providing additional orthophosphate.  
Furthermore, pyrophosphate produces a heavy, fast-settling precipitate with aqueous cations.  
Identification of the exact mechanism(s) of retardation was beyond the scope of the present study.   

The apparent retardation factor and equilibrium partition coefficients calculated from the <2-mm 
fraction were adjusted for field conditions.  The field-corrected Kd and retardation values (Table 4.2) were 
calculated assuming retardation was caused by the <2-mm fraction, which composed ~10% of the total 
sediment matrix and using an average bulk density value of 2.19 previously quantified within the 300 
Area limited-field investigation (LFI) (Williams et al. 2007). 
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Figure 4.3.  Observed Phosphate Transport at an Average v of 20 and 2 cm hr-1 for (a) Orthophosphate, 

(b) Pyrophosphate, (c) Tripolyphosphate, and (d) Phosphate Formulation at an Average 
Water Saturation of ~15% 

Table 4.2.  Field Transport Parameters Calculated from Laboratory-Derived Transport Parameters 

Experiment 
ν, 

cm h-1 Ref 
Kd-app, 
mL g-1 

Ortho-22-20 18.12 1.42 0.020 
Ortho-15-20 18.73 1.39 0.019 
Ortho-15-2 2.07 1.40 0.019 
Pyro-22-20 19.70 1.76 0.037 
Pyro-15-20 20.21 1.12 0.006 
Pyro-15-2 2.05 1.52 0.025 
Tripoly-22-20 20.68 1.74 0.036 
Tripoly-15-20 21.75 1.42 0.020 
Tripoly-15-2 2.07 1.65 0.031 
Tri-soln-22-20 19.39 1.66 0.031 
Tri-soln-15-20 19.55 1.02 0.001 
Tri-soln-15-2 2.11 1.36 0.017 
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Based on the field-corrected values presented in Table 4.2, polyphosphates will exhibit little 
retardation during infiltration of the vadose zone and capillary fringe.  Thus, the infiltration array layout, 
infiltration rate, water content, and pore water velocity require particular consideration during 
polyphosphate infiltration through the vadose zone and capillary fringe.  The results of intermediate-scale 
testing will evaluate the effects of Hanford sediment properties, infiltration type (e.g., ponded, pulsed 
injection, constant-rate injection), and infiltration volume at a scale that bridged the gap between the 
small-scale UFA studies and the field-scale.  

4.2 Interaction of Polyphosphate with Calcite-Bound Uranium 

Detailed understanding of the rate and mechanism of the interaction between polyphosphate and 
uranium-rich calcite will allow a more effective design of the infiltration strategy to minimize the 
mobilization of uranium during remediation.  The objective of this investigation was to evaluate the 
interaction of polyphosphate species with uranium-rich calcite to determine the effects of geochemical 
conditions on the partitioning of polyphosphate and its degradation products with uranium-rich calcite, 
quantify the release of uranium from uranium-rich calcite based on the identity and concentration of 
aqueous polyphosphate species, and quantify the rate and mechanism of uranium immobilization based on 
the identity and concentration of aqueous polyphosphate species.  The information obtained from this line 
of inquiry is essential to effectively develop phosphate-based remediation strategies for uranium in 
calcareous environments.  

4.2.1 Sequestration of Uranium with Calcite  

Calcite is a ubiquitous mineralogical component in many sediments that commonly exists as a coating 
material that can aggregate other minerals.  Calcite serves as a known sorbent for many aqueous cations, 
including Am3+, Ba2+, Cd2+, Co2+, Cu2+, Mn2+, Nd3+, Sr2+, Zn2+, and U (VI) (Bruno et al. 1989; Davis et al. 
1987; Franklin and Morse 1982; Lorens 1981; Jurinak and Bauer 1956; McBride 1979; Milton and Brown 
1987; Morse et al. 1984; Mucci and Morse 1983; Pingitore 1986; Pingitore and Eastman 1984; Pingitore 
et al. 1988; Shanbhag and Morse 1982; Zachara et al. 1988; Zachara et al. 1989).  At the Hanford Site, 
calcite is a significant mineral component with which the pore waters are at equilibrium (Liu et al. 2004).  
Calcite can affect the transport and fate of uranium within the subsurface, indirectly, by the release of 
aqueous Ca2+ and carbonate to form aqueous neutral and anionic Ca-UO2-CO3 complexes (Bernhard et al. 
2001; Kaplan et al. 1998; Kalmykov and Choppin 2000) and directly through its role as a sorbent. 
However, to date, there are no known investigations quantifying the uptake of uranium by calcite as a 
function of pH, stability of the resulting phase, or the effect of aqueous phosphate.    

4.2.1.1 Uptake of Uranium by Calcite 

Figure 4.4 displays the dependence of uranium uptake in the presence of calcite.  The calcite solid 
phase was pre-equilibrated with the aqueous matrix, which was in equilibrium with calcite.  This 
eliminated the need to consider geochemical reactions that could occur between calcite and the aqueous 
matrix (e.g., dissolution).  The uptake of uranium from the aqueous matrix increased linearly with 
increasing aqueous uranium concentration over the pH values of 6.5 to 7.  At pH = 7.5 the mass of 
uranium removed reached a maximum value of 0.6 μg uranium/g calcite.  The mass of uranium removed 
further decreased at pH 8 reaching a maximum, 0.2 μg uranium/g calcite, at an aqueous uranium 
concentration of ~100 g L-1. 
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Figure 4.4. Uranium Loading (μg uranium/g calcite) on Calcite over the pH Range of 6.5 to 8 in Calcite-

Equilibrated Groundwater 

Sequestration of uranium depends on numerous environmental variables including aqueous pH, 
composition of the aqueous matrix, oxidation potential (Eh), and surface binding sites.  Uranium 
sequestration processes include sorption and/or surface complexation, incorporation in the calcite 
structure, and precipitation of uranium-carbonates.  Under oxidizing conditions, uranium is found as 
hexavalent uranium in surface and groundwater as the linear uranyl dioxo cation (UO2

2+).  Aqueous 
ligands, including OH-, CO3

2-, PO4
3-, will form stable complexes with U(VI) and are the basis for some 

remediation techniques.  Under circumneutral to alkaline pH conditions uranium can form the aqueous 
species UO2(CO3)3

4- and Ca2UO2(CO3)3 (Bernhard et al. 2001; Kalmykov and Choppin 2000), a major 
species within Hanford vadose zone pore waters (Liu et al. 2004; Wang et al. 2005a; Qafoku et al. 2005).  
Complexation and hydrolysis have significant influence over the aqueous speciation of uranium, which 
may result in an increase or decrease in uptake by geologic media.  Additionally, phosphate imparts 
significant influence on the aqueous speciation of uranium.  Under common groundwater pH conditions 
of 4 to 10, [PO4

3-] = 0.1, uranyl forms more stable complexes with phosphate than with any other ligand 
(Langmuir 1978).  When the ratio of aqueous phosphate to carbonate is > 0.1, phosphate complexation of 
uranium is predominant within the system (Sandino and Bruno 1992). 

The thermodynamic geochemical code MINTEQA2 was used to evaluate the aqueous speciation of 
uranium in solution over the pH range being investigated using updated thermodynamic databases from 
various literature sources (Sergeyeva et al. 1972; Langmuir 1978; Alwan and Williams 1980; O'Hare et 
al. 1976; O'Hare et al. 1988; Vochten 1990; Nguyen et al. 1992; Grenthe et al. 1992; Finch 1997; Chen et 
al. 1999; Kalmykov and Choppin 2000).  It is important to note that because of the complex chemistry of 
uranium, there is significant debate within the literature regarding the stoichiometry and the 
thermodynamic values assigned to aqueous uranium species and secondary mineral phases.  As such, 
model predictions are based on current knowledge but may have significant uncertainty associated with 
them and are considered semi quantitative.  Figure 4.5 illustrates the dominant aqueous species below 
pH 7.5 is predicted by UO2(HPO4)2

2-.  As pH increases, the aqueous speciation of uranium changes such 
that the proportion of the neutral ternary calcium carbonate species, Ca2UO2(CO3)2, increases and 
ultimately becomes the main aqueous uranyl complex.  The results demonstrate the complexity of the 
U(VI) speciation in Hanford Site groundwaters and 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 the Hanford subsurface.  Similar to Ca2+, the presence of Mg2+ has been suggested 
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to also form a Mg2UO2CO3 complex.  However, this complex was not included in the calculations 
displayed because of 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 Mg2+ in Hanford groundwater 
(15 ppm). 
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Figure 4.5.  Percent Distribution of U(VI) Species Calculated with MINTEQA2 at 25°C, Ionic Strength 

= 0.1 M, and pCO2 = 10-3.5 Bar for a Total U(VI) = 1 × 10-6 M in Hanford Groundwater 
Well-699-S3-25 

Calcite is proposed to have two primary hydration sites, ≡CaOH and ≡CO3H (van Cappellen et al. 
1993; Stipp and Hochella Jr. 1991; Stipp 1999), which results in the formation of ≡CaOH2

+, ≡CaHCO3, 
≡CaCO3

-, ≡CO3Ca+, and ≡CO3
- surface species (Pokrovsky et al. 2000; Vdovic 2001).  Under the pH 

range 6 to 8.5, the fraction of cationic surface sites decreases while the proportion of anionic and neutral 
species increases (Figure 4.6) (Pokrovsky et al. 2000).  Coupling the predicted aqueous and surface 
speciation, the uptake of uranium can be explained, in part by the dominance of the anionic aqueous 
species and cationic surface site at pH < 7.5.  The increasing proportion of neutral aqueous species and 
anionic and neutral surface sites affords a decreased affinity and uptake of uranium with pH values ≥ 7. 
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Figure 4.6.  Speciation of Dominant Calcite Surface Sites at 25°C, I = 0.01 M, [Ca2+]tot = 10-3 M, and 

pCO2 = 10-3.5 atm (adapted from Pokrovsky et al. (2000)) 
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The long-term retention of uranium is dependent on the chemical state and mechanism of retention.  
Figure 4.7 displays the U LIII-edge EXAFS spectrum of calcite reacted with 60 ppm uranium under static 
conditions.  The spectra are consistent with those presented by Reeder et al. (2001) for uranium-rich 
calcite.   
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Figure 4.7.  EXAFS (left) and Fourier Transform (right) Spectra of Calcite Reacted with 60 ppm 

Uranium 

Figure 4.8 displays scanning electron microscopy images of well-formed rhombohedral uranium-
calcite crystals.  Energy dispersive spectrometry indicates the crystals contain ~0.5 – 1.0 wt% uranium.  
Results presented here illustrating the formation of uranium-rich calcite are consistent with numerous 
experimental studies conducted previously to discern the mechanisms of direct uranium sequestration by 
calcite, including sorption and co-precipitation (Carroll et al. 1992; Kaplan et al. 1998; Dong et al. 2005; 
Elzinga et al. 2004; Savenko 2001; Noubactep et al. 2006; Reeder et al. 2004; Reeder et al. 2000; Reeder 
et al. 2001; Kelly et al. 2003a).  These investigations have illustrated that copreciptation and formation of 
a solid solution are likely the dominant mechanisms of uptake and retention of uranium by calcite. 

 
Figure 4.8.  Scanning Electron Microscopy Image of Uranium-Rich Calcite 

4.2.2 Dissolution Kinetics of Uranium-Rich Calcite 

The uptake of U(VI) and co-precipitation of uranium with calcite presents a significant process 
affecting the mobility and sequestration in subsurface environments, especially throughout the arid 
western United States at sites such as Hanford where the pore waters are in equilibrium with calcite, pH 
of 7.5 to 8.5 with a dissolved [CO3

2-] of ~1.13 x 10-3 mol L-1 (Kaplan and Serne 1995).  Numerous 
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experimental investigations have been conducted to discern the mechanism of uranium uptake by calcite 
(Carroll et al. 1992; Meece and Benninger 1993; Geipel et al. 1997; Reeder et al. 2000; Reeder et al. 
2001; Kelly et al. 2003b; Savenko 2001; Elzinga et al. 2004; Noubactep et al. 2006; Dong et al. 2005).  A 
key result of these works has been the understanding that co-precipitation and formation of that solid 
solution are the likely dominant mechanisms of uranium sequestration by calcite.  Thus, given the 
significant concentrations of uranium that can be retained in calcite (Reeder et al. 2000), it is essential to 
understand the stability of this phase and the potential for remobilization under environmental conditions.  
However, the multiple modes of uranium incorporation into the calcite structure and challenges associated 
with precise characterization of the phase have thus far prevented any thermodynamic or kinetic 
investigations regarding uranium-rich calcite.  The purpose of this investigation was to quantify the 
dissolution of uranium-rich calcite as a function of pH (6 to 10), temperature (23° to 90°C), and as a 
function of polyphosphate concentration.  This information is critical to understanding and quantifying 
the stability of uranium-rich calcite in the 300 Area, providing insight into the continuing source of 
uranium to the 300 Area aquifer, and quantifying the effect of polyphosphate infiltration on the release 
and immobilization of uranium from uranium-rich calcite. 

4.2.2.1 Effect of pH and Temperature  

Figure 4.9 illustrates the release rate of uranium from uranium-rich calcite across the pH range of 6 to 
10 and the temperature range of 23° to 90°C.  Under the pH range of 6 to 9 the release of uranium is 
independent of pH.  At 9 < pH the rate of uranium release begins to exhibit an inverse dependence on pH.  
Similar results have been observed for the dissolution of calcite (Morse 1983; Dolgaleva et al. 2005; van 
Cappellen et al. 1993).  Dolgaleva et al. (2005) summarized the results of numerous experimental 
investigations to illustrate the dissolution behavior of calcite as a function of pH under the range of 2 to 
14.  It was shown that the dissolution of calcite displays a strong inverse correlation with increasing pH 
under the pH range of 2 to 5.  Under the pH range of 5 to 10 the dissolution of calcite is nearly constant 
and further decreases above 10.  This behavior has been attributed to the surface speciation of calcite.  
Relevant to this investigation, in the pH range of 5.5 to 8 the calcite surface possesses nearly equal 
fractions of ≡CaOH2

+ and ≡CO3
- sites.  The constant dissolution kinetics observed under these conditions 

as a function of pH are therefore controlled by the rate at which hydrated surface calcium ions bonded to 
deprotonated ≡CO3

- neighbors are detached from the lattice structure.  The decrease in dissolution rate 
with 9 < pH reflects the increasing fraction of ≡CaOH° sites produced through deprotonation of ≡CaOH2

+ 
(van Cappellen et al. 1993).  Uranium-rich calcite is dominantly calcite and the minor inclusion of 
uranium affords minimal change to the dissolution rate.  Moreover, the ability to index the dissolution of 
uranium-rich calcite based on the release of uranium to solution supports previous results suggesting 
uranium is a structural component, regardless of whether the mechanism of uptake and retention is 
copreciptation and formation of a solid solution, rather than sorption. 
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Figure 4.9.  Log10 Uranium Release Rate as a Function of Temperature-Corrected pH for Uranium-Rich 

Calcite in 0.01 M TRIS Solution 

The dissolution of calcite has been shown to increase as a function of temperature, and thus, it was 
hypothesized that the dissolution of uranium-rich calcite would vary accordingly.  However, uranium-rich 
calcite displayed minimal dependence on temperature.  SEM was conducted on reacted materials to 
confirm there was no formation of secondary phases that would contribute to the observed dissolution 
behavior.  SEM images do not indicate the formation of any secondary phases (Figure 4.10).  Thus, it is 
postulated that the narrow temperature range used in this investigation limited observation of the effect of 
temperature on the dissolution of uranium-rich calcite.  However, the temperature of the Hanford 
subsurface is ~15°C, which is less than 10° below the lowest temperature used here to quantify the 
dissolution kinetics of uranium-rich calcite.  Given the minor dependence on temperature observed for 
uranium-rich calcite, it is believed that the values quantified here provide an accurate estimation for the 
dissolution of uranium-rich calcite in the subsurface. 

    
Figure 4.10. Scanning-Electron Microscopy Image of Uranium-Rich Calcite After Single-Pass Flow-

Through Dissolution Tests 

4.2.2.2 Effect of Solution Saturation State  

The dissolution rate of uranium-rich calcite was quantified in the presence of the polyphosphate 
amendment consisting of 90% orthophosphate:10% tripolyphosphate.  The release of uranium was 
quantified at pH = 7.5 and 23°C as a function of amendment concentration.  The log10 release rate of 
uranium as a function of [PO4

3-
(aq)] is shown in Figure 4.11.  The rate of uranium release exhibits an ~10x 



 

 4.13

increase as a function of increasing phosphate concentration.  However, the rate of uranium release is 
maintained at, or below, the minimum rate observed in the absence of aqueous phosphate, regardless of 
pH (Figure 4.9 and Figure 4.11).  Thus, the concentration of uranium potentially released during the 
infiltration of polyphosphate remedial solution will be less than that released through the dissolution of 
uranium-rich calcite in natural pore waters, and polyphosphate remediation will not detrimentally impact 
the stability of uranium-rich calcite.  The release of uranium as a function of phosphate can be predicted 
from Equation 4.1 obtained from a least-squares regression (solid line) of the experimental data in 
Figure 4.11: 
 Log rdissol (mol m-2 sec-1) = 2.1 x 10-9 + 1.0 x 10-7[PO4

3-] (4.1) 
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Figure 4.11. Log10 Rate of Uranium Release from Uranium-Rich Calcite as a Function of  

[PO4
3-

(aq)] at pH = 7.5, 23°C 

 

4.2.3 Effect of Aqueous Phosphate on Uranium-Rich Calcite 

Evaluating the interaction of polyphosphate with uranium-rich calcite (Dong et al. 2005; Zachara et 
al. 2005) is critical to understanding the potential rate and magnitude of uranium release during remedy 
infiltration and the rate and mechanism of uranium sequestration via polyphosphate remediation.  There 
are no known investigations regarding the interaction of aqueous phosphate with uranium-rich calcite.  
However, the mechanism of phosphate uptake by calcite resulting in the formation of calcium-phosphate 
phases has been the subject of numerous investigations. 

The reaction of phosphate in calcareous sediments involves complex adsorption and precipitation 
processes (Delgado et al. 2000; Pena and Torrent 1984; Castro and Torrent 1995; Cole et al. 1953; Kuo 
and Lotse 1972).  The interaction of phosphate with calcite surfaces consists of rapid monolayer sorption.  
At lower aqueous phosphate concentrations, the amount of phosphate sorbed per gram of calcite is 
proportional to the amount of calcite present.  In the presence of high phosphate concentrations, initial 
uptake of phosphate occurs similarly through the formation of a monolayer.  However, the total amount of 
uptake is independent of the amount of calcite present.  Following nucleation, the reaction of phosphate 
with calcite proceeds until the concentration of phosphate has been reduced to below a critical value, 
indicting calcium phosphate precipitates at the expense of calcite, which serves as a soluble source of 
calcium (Cole et al. 1953).  Although hydroxylapatite is the most thermodynamically stable phase 
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precipitated in calcareous environments enriched with phosphate (Lindsay 1979; Lindsay and Moreno 
1960), no direct measurement has been conducted on natural sediments to support this assertion because 
of the limited concentration of phosphate naturally occurring in sedimentary matrices.  However, Cho 
(1991) noted the formation of CaHPO4 during the dissolution of calcite in the presence of phosphate.  
Additionally, Avnimelech (1980) described the formation of a calcium-carbonate-phosphate surface 
complex Ca3(HCO3)3PO4 that subsequently leads to precipitation of dicalcium phosphate (DCP) (Cole et 
al. 1953), octacalcium phosphate (OCP) (Clark and Peech 1955), hydrolytic conversion of DCP to OCP 
(Arvieu and Bouvier 1974), or OCP disproportionates to reform DCP and hydroxyapatite (Stumm and 
Leckie 1970). 

Based on the results of these investigations, it may be postulated that the reaction of uranium-rich 
calcite with aqueous phosphate may occur by a similar mechanism.  It has been previously shown that 
uranium will form strong complexes with O-containing ligands, including carbonate, hydroxide, and 
phosphate (Langmuir 1978; 1997), of which phosphate will form the most stable complexes (Sandino and 
Bruno 1992).  Moreover, sorption occurring via inner-sphere complexes is believed to be an important 
precursor step in surface precipitation of uranyl minerals (Sutton et al. 2003).  It may be hypothesized, 
then, that the interaction of phosphate with uranium-rich calcite may afford the formation of a Ca-UO2-
PO4 surface complex that may undergo subsequent transformation resulting in the formation of autunite.  
However, there are no known such investigations. 

EXAFS was conducted on calcite reacted under static conditions with 60 mg L-1 uranium in the 
presence of 340 μg L-1 phosphate at pH 7, 7.5, and 8.  Evaluation of the uranium LIII-edge EXAFS spectra 
(Figure 4.12) suggests that the chemical speciation of uranium changed systematically as a function of pH 
and meta-autunite stability.  Figure 4.12 displays the U LIII-edge EXAFS spectrum of an autunite mineral 

phase ( )
3

n
nX
+

− [(UO2)(PO4)]2 ⋅ xH2O where X is any mono- or divalent cation, U-calcite, and calcite reacted 

under static conditions with 60 ppm uranium in the presence of 340 μg L-1 phosphate at pH 7, 7.5, and 8.  
The data were well fit using a linear combinations of the χ data from k = 3-12, k3 weighted for U-calcite 
and autunite-group minerals (Table 4.3).  The fitted data indicate the formation of an autunite mineral 
phase under the pH range of 7 to 8.  This suggests that the sorption of phosphorus to uranium-rich calcite 
may serve as an initial step in the formation of Ca-autunite.  However, the fraction of autunite formed 
decreases as a function of pH and increasing carbonate concentration.   

The thermodynamic geochemical code Geochemist’s Workbench was used to evaluate the stability of 
meta-autunite over the pH range being investigated using updated thermodynamic databases from various 
literature sources (Bernhard et al. 2001; Brooks et al. 2003; Sergeyeva et al. 1972; Langmuir 1978; Alwan 
and Williams 1980; O'Hare et al. 1976; O'Hare et al. 1988; Vochten 1990; Nguyen et al. 1992; Grenthe et 
al. 1992; Finch 1997; Chen et al. 1999; Kalmykov and Choppin 2000; Delaney and Lundeen 1990). 
Figure 4.13 presents the stability of Ca-meta-autunite as calculated in Hanford groundwater as a function 
of pH and the log of the ratio of phosphate to bicarbonate.  Formation of the uranyl-phosphate phase is 
most prominent, under the given test conditions, within the pH range of 7.0 to 7.5.  Above 7.5, the ternary 
carbonate complex exerts a greater influence on the speciation of uranium.  As such, the amount of 
phosphate required for meta-autunite precipitation increases as a function of increasing pH and 
bicarbonate.  Results presented here demonstrate the ability of autunite-group phases to form in the 
presence of minimal phosphate concentrations, and underscore the significance of pH and the HPO4

2-

/HCO3
- ratio on the formation of autunite. 
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Figure 4.12.  EXAFS of (a) Autunite-Group Mineral, ( )
3

n
nX
+

− [(UO2)(PO4)]2 ⋅ xH2O, (b) U-Calcite, and 
Calcite Reacted with 60 ppm Uranium in the Presence of 340 ppb Phosphate at (c) pH 7, 
(d) pH 7.5, and (e) pH 8.  The dashed line is the best fit to the EXAFS spectra using linear 
combination of U-calcite and autunite-group mineral. 

Table 4.3.  Standard Fits as Measured from k = 3-12, k3 Weighted 

 U-Calcite Autunite-Group Mineral
pH 7 0.74 0.26 
pH 7.5 0.71 0.29 
pH 8 0.90 0.10 

 
Figure 4.13. Activity/Activity Diagram Showing the Stability of Ca-Meta-Autunite Calculated with 

Geochemist’s Workbench® 
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4.2.4 Stabilization of Uranium-Bearing Calcite with Polyphosphates 

As has been shown previously, injection of a 100% orthophosphate solution into a calcite-equilibrated 
porous media results in rapid precipitation and occlusion of the effective pore volume (Wellman et al. 
2006b).  However, balancing degradation kinetics of polyphosphate molecules with the complex 
intereactions between ortho-, pyro-, and tripolyphosphate (Wellman et al. 2007c) can allow for 
development of a polyphosphate formulation providing rapid stabilization of uranium-solid phases under 
advective conditions through the vadose zone and capillary fringe.  Therefore, it is critical to understand 
the interaction of ortho-, pyro- and tripolyphosphate with uranium solid phases and the subsequent effect 
on immobilization through the formation uranyl phosphates. 

Figure 4.14 displays the aqueous concentration of uranium released through the reaction of ortho-, 
pyro-, and tripolyphosphate with uranium-rich calcite as a function of pH and the ratio of g [PO4

3-]aq/g 
uranium-calcite.  Under the pH range of 6.5 to 8.0, the aqueous concentration of uranium is generally 
greatest upon reaction with the pyrophosphate, followed by tripolyphosphate.  Orthophosphate affords the 
greatest control over the aqueous concentration of uranium under all pH conditions, maintaining aqueous 
uranium concentrations less than 30 μg/L at a g [PO4

3-]aq/g uranium-calcite ratio of ≤ 0.05.  
Pyrophosphate and tripolyphosphate required g [PO4

3-]aq/g uranium-calcite ratios of ~0.15 to maintain 
aqueous uranium concentrations < 30 μg/L.  Results presented here suggest the most rapid, complete 
stabilization of uranium-rich calcite would be observed through treatment with 100% orthophosphate.   

There are no known investigations of the complexation of uranyl by linear polyphosphate molecules.  
However, the dependence of metal ion interactions with various polyphosphates has been the subject of 
several investigations (Onaka et al. 1981; van Wazer 1950; van Wazer et al. 1955; van Wazer et al. 1952).  
Based on results presented in Figure 4.14 and through analogy to the complexation of other cations by 
linear polyphosphate compounds, it can be postulated that the stability of uranyl orthophosphates is the 
most stable and readily precipitate to afford uranyl-phosphate solids (Baes and Schreyer 1953b; Baes and 
Schreyer 1953a; Baes et al. 1953; Sandino and Bruno 1992).  The solubility of pyrophosphate metal 
complexes, however, are greater than those of tripolyphosphate (Onaka et al. 1981; van Wazer and Callis 
1958).  Thus, reaction of uranium-rich calcite with 100% pyrophosphate results in the formation of more 
stable aqueous uranium complexes that limit precipitation and results in greater mobilization of uranium 
during polyphosphate-based remediation.   
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Figure 4.14. Concentration of Aqueous Uranium (μg/L) Released Through the Reaction of Ortho-, 

Pyro-, and Tripolyphosphate with Uranium-Rich Calcite as a Function of pH and the Ratio 
of g [PO4

3-]aq/g Uranium-Calcite 

4.3 Effect of Polyphosphate on Uranium Mineralogy 

The vadose zone and capillary fringe is composed of unconsolidated sediment ranging in grain size 
from boulder to pebble gravel, and includes coarse to fine sand with minor amounts of silty sand and silt.  
Most often these sediments exhibit a clast-support structure; matrix between clasts is normally a poorly 
sorted mixture of sand and silt.  Additionally, the water table at the 300 Area is very dynamic because of 
fluctuations in the Columbia River stage and leads to the very high permeability of the Hanford 
Formation sediments.  Large daily, weekly, and seasonal fluctuations in the Columbia River stage are 
caused by the operation of hydroelectric dams on the river and seasonal trends (i.e., spring freshet).  The 
dynamics of river stage fluctuations and the water table elevation cause a mixing zone of river and 
groundwater within the aquifer.  During relatively high river stage periods river water enters the aquifer 
and the capillary fringe and lower vadose zone experience wet-dry cycling. 

Weathering and paragenesis of uranyl minerals typically follow the thermodynamic progression of 
precipitating those that have the lowest solubility, for which precipitation kinetics do not present 
significant barriers to nucleation, followed by precipitation of advanced uranium minerals, which occurs 
over a considerable time frame (Smith 1984; Finch et al. 1999).  The general sequence begins with the 



 

 4.18

uranyl-hydroxides, followed by the uranyl-carbonates, uranyl-silicates and finally, the highly stable 
uranyl-phosphates.  Many arid and semiarid environments have exhibited accelerated corrosion of 
uranium phases because of cycling between wet and dry periods (Finch et al. 1992; Finch and Ewing 
1992).  Wet-dry cycling increases swelling and cracking of the minerals, resulting in an increase in the 
amount of reactive surface area.  This increased surface area accelerates weathering of initial uranium 
minerals and favors the formation of advanced uranium-minerals, such as uranyl-phosphates (Sowder et 
al. 1999) if a sufficient source of phosphate is present.  Evaluating the rate and extent of 1) reaction 
between polyphosphate and the uranium mineral phases present within the 300 Area vadose zone and 
capillary fringe and 2) autunite formation as a function of polyphosphate formulation and concentration is 
critical to identifying the optimum infiltration rate and controlling the flux of uranium from the vadose 
zone and capillary fringe during remediation. 

4.3.1 Dissolution Kinetics of Uranophane 

The formation of uranyl-silicate minerals most commonly occurs in nature through the oxidized 
weathering of uraninite.  Natural ore deposits including the Oklo deposit in Gabon, Africa (Jensen and 
Ewing 2001) and the Shinkolobwe deposit in Zaire, Africa (Finch et al. 1992) demonstrate the 
significance of uranyl-silicate minerals as the primary minerals persisting in the far-field environment in 
maintaining control of long-term uranium migration.  Additionally, uranyl-minerals have been found to 
be significant in anthropogenically contaminated areas.  Within the Hanford Site 300 Area, uranium 
entered the subsurface environment through purposeful discharges of basic sodium aluminate and acidic 
uranyl-copper waste streams from the dissolution of nuclear fuel and fuel rod cladding.  The North and 
South Process Ponds (NPP and SPP, respectively) received approximately 58,000 kg of uranium 238, 000 
kg of copper, 1, 156, 000 kg of fluoride, 243,000 kg of nitrate and large amounts of aluminum hydroxide 
(McKinley et al. 2007).  Additionally, sodium hydroxide was added to neutralize the acidic waste stream, 
resulting in a temporal variation in pH ranging from 1.8 to 11.4 (over-neutralization).  Detailed XANES 
and EXAFS, electron and x-ray microprobe, SEM-EDS, synchrotron-based μ-XRD and μ-XRF 
spectroscopic analyses have previously indicated that uranium occurs as U(VI) through the 300 Area NPP 
and SPP depth profile (Catalano et al. 2006b).  Micro-scale X-ray spectroscopy also identified 
uranophane Ca(UO2)2[SiO3(OH)]2 • xH2O as a uranium-solid phase contributing to the flux of uranium 
from the vadose zone and capillary fringe into the aquifer (Arai et al. 2007; Zachara et al. 2007).   

Liu et al (2004) conducted a series of saturated dynamic leach tests on NPP sediments.  The release of 
uranium was observed to be a kinetic process characterized by an initial fast rate.  The calculated 
solubility values were within the reported ranges of previous literature values (Liu et al. 2004).  It was 
postulated that the observed behavior was a result of the coupled dissolution of uranophane and solute 
mass transfer from intraparticle spaces.  However, quantification of dissolution rates for uranophane were 
confounded by mass transfer limitations.  An increase in the release was quantified as a function of 
increasing bicarbonate concentration.  Bicarbonate-promoted dissolution has been observed with 
numerous uranium minerals including uranophane (Casas et al. 1997b; Perez et al. 2000), soddyite (Perez 
et al. 1997; Casas et al. 1997b), uraninite (Casas et al. 1998; Casas et al. 1994; Pierce et al. 2005; 
Grandstaff 1976; de Pablo et al. 1999), becquerelite (Casas et al. 1997a; Sowder et al. 2000b; Hering and 
Schnoor 2000), and autunite-group minerals (Sowder et al. 2000b).  Casas et al.  (Perez et al. 2000; Casas 
et al. 1997b) quantified the solubility of uranophane through a series of static tests and provide a 
solubility constant of log Koso = 11.7 ± 0.6.  This value is well within the range reported in the literature, 
Koso = 9.4 ± 0.5 to Koso = 17.4.  Additionally, this investigation quantified the dissolution of uranophane 
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as a function of bicarbonate through static and flow-through tests, respectively.  A clear dependence of 
uranophane dissolution was determined as a function of bicarbonate concentration (Equation 4.2). 

 log rdissol (mol m-2 sec-1) = -9.2 (± 0.4) + 0.7 (± 0.2) log [HCO3
-]  (4.2) 

Although experimental studies have not agreed upon a mechanistic dissolution model, the dissolution 
rate of uranium solid phases has been shown to be a function of the concentration of natural oxygen-
containing ligands including hydroxide, carbonate, and phosphate.  In general, surface coordination and 
detachment of a uranium-ligand species from the surface promote dissolution.  The extent to which 
ligand-promoted dissolution occurs is dependent upon the affinity of the complexing ligand for uranium 
and electron transfer.  Under common groundwater pH conditions of 4 to 10, [PO4

3-] = 0.1, uranyl forms 
more stable complexes with phosphate than with any other natural oxygen-containing ligand (Langmuir 
1978).  

Given the prevalence of uranophane in oxidizing environments, from either uranium ore deposits or 
nuclear fuel activities, quantitative knowledge of the kinetic and thermodynamic properties is required to 
understand the role and significance of uranophane in the uranium geochemical cycle.  Moreover, this 
knowledge is necessary for remediation of oxidizing environments within which uranophane is a 
uranium-controlling phase.  The purpose of this investigation was to quantify the dissolution of 
uranophane as a function of pH (6 to 12) at 23°C, and as a function of polyphosphate concentration.  This 
information is critical to understanding and quantifying the stability of uranophane in the 300 Area, 
providing insight into the continuing source of uranium to the 300 Area aquifer, and quantifying the effect 
of polyphosphate infiltration on the release and immobilization of uranium from uranophane. 

4.3.1.1 Effect of pH and Temperature  

Figure 4.15 illustrates the release rate of uranium from uranophane across the pH range of 6 to 12 at 
23°C.  The dissolution rate of uranophane displays an increase in dissolution rate from pH values 8 to 10.  
The pH dependence is η = 0.22 ± 0.02.  A decrease in uranophane dissolution rate is exhibited under the 
pH conditions of 6 to 8, η = -0.10 ± 0.01.  The dissolution of uranophane is in accordance with the general 
trend regarding the rate dependence of dissolution on pH:  the pH decreases in the acidic pH range and 
increases under alkaline conditions.  The minimum rate of dissolution is measured at pH (23°C) ~8.  This 
is the pHpzc for uranophane, or the conditions under which the net total particle charge is zero.  Thus, it 
may be generalized that the dissolution rate of uranophane is related to the surface charge imparted to the 
surface by the sorption of H+ and/or OH-, in the absence of other complexing ligands.  The slow reaction 
rates under conditions approaching the pHpzc are contributed to by the decrease in the rate of sorption of 
H+ and/or OH- to the surface and the concomitant decrease in the rate-limiting hydrolysis of uranium 
within the uranophane sheet structure.  Comparable dissolution behavior has been previously described 
for autunite sheet structures (Wellman et al. 2007a; Wellman et al. 2006a).  The apparent dissolution 
behavior observed here agrees with the results of previous saturated dynamic leach tests conducted on 
NPP sediments (Liu et al. 2004).  Results of this investigation suggested an increase in the release of 
uranium at pH values < 7.6 or > 8.5.  The values quantified here provide an accurate estimation for the 
dissolution of uranophane in the subsurface as a function of pH and provide critical information on the 
stability of uranophane under conditions relevant to the 300 Area.   
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Figure 4.15.  Log10 Uranium Release Rate as a Function of pH for Uranophane in 0.05 M TRIS Solution 

4.3.1.2 Effect of Solution Saturation State  

The dissolution rate of uranophane was quantified in the presence of the polyphosphate amendment 
consisting of 90% orthophosphate:10% tripolyphosphate.  The release of uranium was quantified at pH = 
7.5, 23°C as a function of amendment concentration.  The log10 release rate of uranium as a function of 
[PO4

3-
(aq)] is shown in Figure 4.16.  The rate of uranium release exhibits an ~5x increase as a function of 

increasing phosphate concentration over the concentration range of 500 to 1250 ppm phosphate.  
Subsequent increases in aqueous phosphate concentration have no measurable effect on the dissolution 
rate.  The release of uranium as a function of phosphate can be predicted from Equation 4.3 obtained from 
a least-squares regression (solid line) of the experimental data in Figure 4.16: 

 Log rdissol (mol m-2 sec-1) = 6.6 x 10-12 + 1.1 x 10-10[PO4
3-] (4.3) 
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Figure 4.16. Log10 Rate of Uranium from Uranophane Release as a Function of [PO4

3-
(aq)] at pH = 7.5, 

23°C 
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4.3.2 Dissolution Kinetics of Meta-Torbernite, Cu(UO2)2(PO4)2 ⋅ xH2O 

Uranyl phosphate phases are advanced secondary uranium minerals formed during the oxidized 
weathering of primary UO2 deposits (Garrels and Christ 1965).  Characterization of sediments from 
uranium-contaminated sites including the 300 Area has identified discrete uranyl-phosphate, autunite, 
minerals (Bertsch et al. 1994; Buck et al. 1996; Buck et al. 1994; Buck et al. 1995; Morris et al. 1996; 
Tidwell et al. 1996; Catalano et al. 2004; Catalano et al. 2006b; Zachara et al. 2007; Zachara et al. 2005).  
Autunite minerals have been frequently identified in contaminated sediments as the long-term controlling 
phase of uranium.  Under these conditions the mobility of uranium in subsurface pore waters is limited by 

the rate of dissolution of autunite and meta-autunite group minerals, ( )
3

n
nX
+

− (UO2)2(PO4)2 ⋅ xH2O.  

The autunite-type sheet contains uranyl square bipyramids and phosphate tetrahedra.  Each equatorial 
vertex of the uranyl square bipyramid is shared with a different phosphate tetrahedron, and each 
tetrahedron is linked to four different uranyl polyhedra (Figure 4.17) (Burns 1999).  Although all 
autunite-group minerals contain uranyl phosphate sheets with the same topologies, the configurations of 
the constituents located between the sheets can vary dramatically.  The interlayer sites can accommodate 
a wide variety of cations, ranging from octahedrally coordinated transition metals through monovalent 
cations in large irregular coordination polyhedra, including K+ and H3O+ (Burns 1999).  Substitution and 
the identity of the interlayer cation may also have a considerable impact on the stability of the mineral. 

 

 
Figure 4.17. The Structure of Autunite-group Minerals, Determined by Single-Crystal X-Ray 

Diffraction (adapted from Locock and Burns 2002).  Uranyl bipyramids are denoted in 
yellow, phosphate tetrahedral are dark blue, interlayer water molecules are light blue, and 
interlayer cations are white. 

Previous experimental results have established the low solubility of many uranyl phosphate minerals 
(Moskvin et al. 1967; Vesely et al. 1965; Chukhlantsev and Stepanov 1956; Schreyer and Baes 1954; 
Karpov 1961).  However, knowledge of the solubility of the uranyl phosphate phases is restricted to a 
narrow range of experimental conditions involving low pH media with high concentrations of phosphoric 
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acid (Scheyer and Baes 1954; Vesely et al. 1965; Karpov 1961) and all known solubility studies are based 
on synthetic, rather than natural phases (Giammar 2001; Sowder et al. 2000a; Vesely et al. 1965; Pekarek 
and Vesely 1965; Schreyer and Baes 1954; Karpov 1961).  Moreover, few kinetic dissolution studies of 
autunite and meta-autunite group minerals have been reported (Wellman et al. 2007a; Wellman et al. 
2006a; Giammar 2001) and these all have been conducted on Ca- and Na-meta autunite.  Substitution of a 
copper cation, Cu2+, into the interlayer of the autunite structure results in formation of meta-torbernite, for 
which the dissolution kinetics of have not been reported.  Consequently, understanding of the long-term 
dissolution behavior of this important uranium-controlling solid is incomplete.  The purpose of this 
investigation was to quantify the dissolution of meta-torbernite as a function of pH (6-10) and 
temperature (23° to 90°C), and as a function of polyphosphate concentration.  This information is critical 
to understanding the persistence of meta-torbernite in the 300 Area and the effect of polyphosphate 
remediation on meta-torbernite. 

4.3.2.1 Effect of pH and Temperature  

Figure 4.18 illustrates the release rate of uranium from meta-torbernite across the pH range of 6 to 10 
and the temperature range of 23° to 90°C.  Release rates of uranium increase by ~100-fold over the pH 
interval and is quantified by the power law coefficient η = 0.52 ± 0.08.  The release of uranium is 
independent of temperature, which indicates that the power law coefficient, η, is independent of 
temperature. 
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Figure 4.18. Log10 Uranium Release Rate as a Function of Temperature-Corrected pH for Meta-

Torbernite in 0.05 M TRIS Solution 

Figure 4.19 illustrates the release rate of uranium from Ca-meta-autunite across the pH range of 6 to 
10 and the temperature range of 23° to 90°C.  Comparable to meta-torbernite, the release rates of uranium 
increase by ~100-fold over the pH interval and are independent of temperature.  The increase in rate as a 
function of pH is quantified by the power law coefficient η = 0.42 ± 0.05.  The power law coefficient for 
meta-torbernite is slightly greater than that quantified for Ca-meta-autunite.  This suggests 1) the stability 
of meta-torbernite is greater than that of meta-autunite, which is reflected in the predicted stability 
constants for each of these phases (Table 4.4); and, 2) release of the interlayer cation may be limited by 
the rate of matrix dissolution.   
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Figure 4.19.  Log10 Uranium Release Rate as a Function of Temperature Corrected pH for Ca-Meta-

Autunite in 0.05 M TRIS Solution 

Table 4.4.  Table of Calculated or Measured Log Ksp Values of Uranyl Phosphate Solids (Langmuir 1997) 

Log Ksp of Autunite and Meta-Autunite Phases
Phase log Ksp 

H2[(UO2)(PO4)]2 nH2O -48.4 
Na2[(UO2)(PO4)]2 nH2O -47.6 
K2[(UO2)(PO4)]2 nH2O -47.7 
Ca[(UO2)(PO4)]2 nH2O -41.7 
Mg[(UO2)(PO4)]2 nH2O -44.5 
Sr[(UO2)(PO4)]2 nH2O -43.8 
Cu[(UO2)(PO4)]2 nH2O -45.2 
Fe[(UO2)(PO4)]2 nH2O -47.2 

Given the cessation of copper-bearing waste streams to the 300 Area in 1975 (McKinley et al. 2007), 
it could be hypothesized that exchange of the interlayer copper cation in meta-torbernite would occur with 
calcium under the geochemical conditions present in the 300 Area (i.e., pore is saturated with respect to 
calcite (Liu et al. 2004)) if the interlayer cation were readily exchangeable.  However, meta-torbernite has 
remained a persistent phase in the 300 Area.  The inhibition of interlayer cation release from meta-
torbernite and meta-autunite, suggested here, further aids in understanding the persistence of meta-
torbernite in the 300 Area.  

Results of polyphosphate transport and unsaturated weathering experiments indicate the necessary 
infiltration rate is exceedingly low in comparison to the flow rate needed to produce a detectable release 
of uranium from meta-torbernite.  In addition, the polyphosphate amendments use sodium-based 
phosphate compounds.  If the interlayer copper cation in meta-torbernite were to exchange for sodium the 
resulting Na-meta-autunite phase would exhibit even greater stability than meta-torbernite (Table 4.4). 
Thus, controlled infiltration of polyphosphate amendments is not expected to mobilize uranium that is 
currently controlled by the meta-torbernite phase. 
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4.3.2.2 Effect of Solution Saturation State  

The dissolution rate of meta-torbernite was quantified in the presence of the polyphosphate 
amendment consisting of 90% orthophosphate:10% tripolyphosphate.  The release of uranium was 
quantified at pH = 7.5, 23°C as a function of amendment concentration.  The log10 release rate of uranium 
as a function of [PO4

3-
(aq)] is shown in Figure 4.20.  The rate of uranium release exhibits an ~10x increase 

as a function of increasing phosphate concentration.  However, the rate of uranium release is maintained 
at, or below, the minimum rate observed in the absence of aqueous phosphate, regardless of pH 
(Figure 4.19 and Figure 4.20).  Thus, the concentration of uranium potentially released during the 
infiltration of polyphosphate remedial solution will be less than that released through the dissolution of 
meta-torbernite in natural pore waters and polyphosphate remediation will not detrimentally impact the 
stability of meta-torbernite.  Furthermore, the release of uranium as a function of phosphate can be 
predicted from Equation 4.4 obtained from a least-squares regression (solid line) of the experimental data 
in Figure 4.20: 

 Log rdissol (mol m-2 sec-1) = -4.7 x 10-13 + 4.1 x 10-10 [PO4
3-] (4.4) 
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Figure 4.20. Log10 Rate of Uranium Release from Meta-Torbernite as a Function of [PO4

3-
(aq)] at 

pH = 7.5, 23°C 

4.3.3 Unsaturated Weathering of Uranium Minerals During Polyphosphate 
Remediation 

The following sections address polyphosphate remediation of NPP sediment, polyphosphate 
formulation for vadose zone and capillary fringe infiltration, and polyphosphate remediation of uranium 
minerals. 

4.3.3.1 Polyphosphate Remediation of North Process Pond Sediment  

To evaluate the efficacy of a long-chain polyphosphate for in situ stabilization of uranium under 
hydraulically unsaturated conditions, laboratory column tests were conducted at conditions expected 
within the 300 Area Hanford vadose zone and capillary fringe.  Sediment columns were prepared with 
Hanford sediment B11494 removed from the North Process Pond (NPP) containing 540 mg kg-1 uranium.  
The uranium-contaminated sediment used in these experiments will be referred to as B11494.  The 
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columns were saturated with Hanford groundwater, desaturated, and treated with Hanford groundwater 
spiked with 1,000 ppm phosphate as sodium tripolyphosphate.  The purpose of this investigation was to 
determine the efficacy of using the polyphosphate amendment strategy for the remediation of uranium-
contaminated sediments.  Accordingly, two principal objectives were to evaluate the 1) efficacy of 
polyphosphate for immobilization and long-term stabilization of uranium within these sediments under 
conditions that simulate the unsaturated, open-flow, and transport conditions expected in the vadose zone; 
and 2) changes in uranium mineralogy due to polyphosphate treatment. 

4.3.3.1.1 Mineralogy 

The XRD analyses of the bulk sediment identified quartz as the dominant mineral, with lesser 
amounts of feldspar and hornblend, whereas the XRD analyses of the clay size fraction reveal minor 
amounts of illite and chlorite.  The particle size distribution, determined by a combination of dry sieve 
and hydrometer methods, of the material collected can be characterized as 48% gravel (> 2-mm), 40% 
sand (0.06-mm to 2-mm), 4% silt (0.002-mm to 0.06-mm), and 8% clay (<0.002-mm).  The air-dried 
moisture content was 8.92%, total carbon 1.11 mass%, which mainly consisted of organic carbon 
(0.97 mass%) with a minor amount of inorganic carbon (0.14 mass%).  The uranium content was 
measured both by XRF (188 pCi/g) and gamma energy analysis (180 pCi/g) and corresponds to 
approximately 539 mg of uranium per kg of sediment.  The majority of the uranium was determined to be 
associated with the < 2-mm size fraction, based on uranium gamma energy analysis (GEA) analyses of 
various size separates.  In addition to uranium, elevated concentrations of Ga (47.6 μg/g) and Pb 
(30.7 μg/g), in comparison to uncontaminated Hanford sediment, were also identified by XRF.  Results 
from selective chemical extractions (Tessier et al. 1979) with sodium acetate/acetic acid (pH ~ 5.0) and 
“TAMMS” reagent (0.12 M oxalic acid and 0.11 M ammonium oxalate at pH ~3.0) suggested that the 
majority of the uranium was associated with the carbonate solids (30.2% of the total U) and amorphous 
iron and aluminum hydrous oxide phases (55.0% of the total U), respectively (Serne et al. 2002a; Brown 
et al. 2005).  The amount of uranium contained in these sediments exceeds the uranium concentration 
expected to be present in deep vadose zone sediments making these sediments a good model to evaluate 
the polyphosphate amendment strategy as a treatment technology for the treatment of uranium subsurface 
contamination. 

4.3.3.1.2 XANES and EXAFS 

The XANES spectrum of B11494 sediment sample indicates that only U(VI) is present in the sample, 
evident by the strong resonant feature located at roughly 17190 eV (Figure 4.21).  This shoulder is due to 
the presence of the uranyl moiety (UO2

2+) (Farges et al. 1992; Catalano et al. 2006b; Bertsch et al. 1994).  
The EXAFS spectrum of the B11494 sediment sample (Figure 4.21) matched well with the spectrum of 
other near-surface samples collected from the 300 Area North Process Pond (Catalano et al. 2006a).  In 
this previous study, uranium in these sediments was found to occur primarily in a form co-precipitated 
with calcite (CaCO3).  The similarity of the B11494 spectrum with that of the near-surface North Process 
Pond samples suggests that uranium occurs primarily in a similar form (i.e., co-precipitated with CaCO3).  
Other uranium species also may be present in the sample, but only as minor components (< 10 mass%). 
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Figure 4.21. The XANES Spectrum of Sample B11494, Indicating the Presence of Only U(VI) (left).  

The EXAFS spectrum of B11494 sediment sample (solid line) compared to the spectrum of 
NP 4-1 sediment sample (dashed line) from Catalano et al. (2006).  Uranium was 
previously found to occur coprecipitated with calcite in NP 4-1. 

4.3.3.1.3 Effluent Solution Chemistry 

Results from the analyses of effluent samples from the 1.0 × 103 μg/L tripolyphosphate spiked 
Hanford Groundwater PUF column is provided in Figure 4.22.  In the tripolyphosphate-treated column, the 
uranium concentration initiates at 5.1 × 103 μg/L, fluctuates over the first 20 pore volumes and 
subsequently exhibits a rapid decrease to 7.0 μg L-1 within the succeeding 10 pore volumes.  Effluent 
uranium concentrations remain well below drinking water standards through the duration of testing.  
Conversely, the concentration of phosphorus was below the limit of detection, < 6.3 × 102 μg/L, for the 
first 15 pore volumes.  Subsequently, the concentration of phosphorus increases rapidly until reaching a 
maximum, 14.9 × 104 μg/L, at ~25 pore volumes.  The final phosphorus concentration was approximately 
two-times lower than the initial spike concentration (24.6 × 104 μg/L), which suggests that once this 
experiment was terminated phosphorus was still being sequestered within the column.  The increase in 
phosphorus concentration correlates with the observed decrease in uranium concentration.  This correlation 
suggests that after approximately 20 pore volumes, PO4

3- ions that are released from tripolyphosphate to 
form uranium-phosphate precipitate with the labile available fraction of U contained in the B11494 
sediment.  The concentrations of Ca, Mg, and Sr decreased slightly over time, whereas the concentrations 
of K, Na, S, and Si were relatively steady over the duration of the experiment.  Aluminum (< 250 μg/L), 
Cd (< 50 μg/L), Co (50 μg/L), Cr (30 μg/L), and Fe (50 μg/L) were all below the detection limits. 

Comparatively, the effluent samples from the control column (i.e., the influent solution was Hanford 
groundwater without sodium tripolyphosphate) are shown in Figure 4.23.  The concentration of uranium 
in the effluent from the control column initiates at 8.1 × 102 μg/L and increases to a maximum 
concentration of 1.6 × 105 μg/L over the first 20 pore volumes.  Subsequently, the concentration of 
uranium exhibits a prolonged decrease to 1.7 × 103 μg/L during the remainder of the experiment.  After 
300 days of testing (~50 pore volumes) the concentration of uranium remain approximately 50 times 
greater than the maximum concentration limit (MCL) (30 μg/L).  The concentration of Ca, K, Mg, Na, Sr, 
and Si remained relatively constant, and Al, Cd, Co, Cr, Fe, and P concentrations were all below the 
sample limit of detection for the duration of the experiment without tripolyphosphate.   
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Figure 4.22. Log10 Concentration of Elements, in μg/L, Released from the Tripolyphosphate 

(1000 μg/L) -Treated Column Measured in the Effluent Solutions as a Function of Time, in 
Days.  The dashed line represents the initial concentration of Na and P measured in the 
Hanford groundwater-spiked groundwater. 

Time, days

0 50 100 150 200 250 300

lo
g 10

 (C
on

ce
nt

ra
tio

n)
, (

μg
/L

)

0

1

2

3

4

5

6

Ca
Mg
Na
P
U

  Time, days

0 50 100 150 200 250 300

lo
g 10

 (C
on

ce
nt

ra
tio

n)
, (

μg
/L

)

0

1

2

3

4

5

6

K
S
Si
Sr

 
Figure 4.23. Log10 Concentration of Elements, in μg/L, Released from the Control Column Measured in 

the Effluent Solutions as a Function of Time, in Days 

Results of geochemical modeling conducted on effluent solution compositions measured at each 
sampling interval provided insight into the uranium solution speciation within the unsaturated columns 
(Figure 4.24).  It is important to note that because of the complex chemistry of uranium, there is 
significant debate within the literature regarding the stoichiometry and the thermodynamic values 
assigned to aqueous uranium species and secondary mineral phases.  As such, the model predictions are 
based on current knowledge, but may have significant uncertainty associated with them and are 
considered semi-quantitative.  Geochemical predictions indicated that effluent from the control column 
was saturated with respect to liebigite [Ca2(UO2)(CO3)3·11(H2O)] (Figure 4.24).  Liebigite is also the 
initial dominant uranium species predicted in the tripolyphosphate-amended column.  During 
tripolyphosphate treatment, the aqueous species UO2(HPO4)2

2- becomes the dominant species at 100% of 
the predicted uranium distribution (Figure 4.24), whereas liebigite remains the predicted phase in the 
control column.  Saturation indices calculated from the solution chemistry data further suggest that 
effluent solutions in the absence of the polyphosphate amendment remain oversaturated with CaCO3, 
while the solution with polyphosphate becomes undersaturated with respect to CaCO3  (Figure 4.24).   
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Figure 4.24.  Geochemical Thermodynamic Modeling Results Depicting the Predicted Saturation Indices 

for Uranium Solid Phases (left) and Calcite (right) Based on Effluent Solution 
Compositions 

Liebigite has been noted previously in other investigations as a possible phase existing the NPP 
sediments (Catalano et al. 2006b).  Further investigation suggested that uranium-rich calcite was a more 
realistic phase.  However, thermodynamic and kinetic database do not contain data for uranium-rich 
calcite, in part, because of the multiple modes of uranium incorporation into the calcite structure and 
challenges associated with precise characterization of the phase.  Thus, thermodynamic geochemical 
predictions will not suggest the formation uranium-rich calcite.  As previously noted, the majority of 
uranium in this sediment is associated with uranium-rich calcite; therefore, although liebigite is predicted 
to occur, it is more likely uranium-rich calcite.  Despite the limitations of current thermodynamic 
databases, the predicted results still clearly indicate that the saturation state of the system changes such 
that it is undersaturated with respect to the dominant uranyl-carbonate phases controlling uranium with 
sediment B11494 upon treatment with polyphosphate. 

Results of EXAFS analyses conducted reacted materials extracted from the polyphosphate treated and 
control columns.  Figure 4.25 displays the U LIII-edge EXAFS spectrum of an autunite mineral phase 

( )
3

n
nX
+

− [(UO2)(PO4)]2 ⋅ xH2O where X is any mono- or divalent cation, U-calcite, sediment treated with 
tripolyphosphate and untreated sediment.  Evaluation of the uranium LIII-edge EXAFS spectra 
(Figure 4.25) suggests that the chemical speciation of uranium changed upon treatment with 
tripolyphosphate.  The data were well fit using a linear combinations of the χ data from k = 3-12, k3 
weighted for U-calcite and autunite-group minerals.  The fitted data suggest that after more than 70 pore 
volumes of treatment ~14% of the uranium was present as an autunite-group mineral, while the remaining 
fraction was still uranium coprecipitated with calcite.  The formation of an autunite-group mineral “rind” 
on the uranium-rich calcite surface decreased the flux of uranium from the column from ~5000 μg/L to 
~7 μg/L, even though < 1% of the total uranium contained within the column had been removed.  
Subsequent release of uranium is limited by the rate of dissolution for autunite-group minerals.  Because 
autunite sequesters uranium in the oxidized form, U(VI), rather than forcing reduction to U(IV), the 
possibility of re-oxidation and subsequent re-mobilization of uranium is negated.  
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Figure 4.25. EXAFS of (a) Autunite-Group Mineral, ( )
3

n
nX
+

− [(UO2)(PO4)]2 ⋅ xH2O, (b) U-Calcite, and 300 
Area Sediment PUF Column Containing ~540 mg/kg Uranium as Uranium Coprecipitated 
with Calcite Leached with (c) 1000 ppm Tripolyphosphate and (d) Hanford Groundwater.  
The dashed line is the best fit to the EXAFS spectra. 

The initial increase in the concentration of aqueous uranium released from the tripolyphosphate-
amended column is likely because of mobilization of readily labile uranium (i.e., water extractable), 
within the sediment, by the high sodium content of tripolyphosphate.  Additionally, the degradation rate 
of tripolyphosphate and retardation of ortho-, pyro-, and tripolyphosphate within the sedimentary matrix 
delay reaction of phosphate with the uranium solid phase and the labile uranium, thereby affording the 
initial increase in aqueous uranium concentration.  Adjusting the formulation of a polyphosphate 
amendment to include orthophosphate will minimize the release of labile uranium through precipitation as 
uranyl-phosphate.  In the absence of the soluble polyphosphate amendment, the uranium concentration 
was sustained at a concentration approximately 50 times greater than the current drinking water standard.  
The results presented here illustrate the efficacy of using a soluble polyphosphate amendment to stabilize 
uranium-contaminated sediments through transformation of soluble uranium-bearing solid phases to 
uranium-phosphate phases resulting in reduction of the labile uranium concentrations to below the 
drinking water limits under hydraulically unsaturated conditions.  

4.3.3.2 Polyphosphate Formulation for Vadose Zone and Capillary Fringe Infiltration  

The geology of the 300 Area vadose zone and capillary fringe is open framework sands and gravels, 
which are highly conductive.  Based on the results presented above, the polyphosphate remedy developed 
for deployment within the 300 Area, which consisted of 25% orthophosphate, 25% pyrophosphate, and 
50% tripolyphosphate (Wellman et al. 2007c), will not degrade and react with uranium solid phases 
present in the vadose zone and capillary fringe at a rate sufficient to control the flux of uranium into the 
aquifer.  Additionally, the rate of transformation of uranyl-carbonate and uranyl-silicate phases with this 
formulation would require tens of pore volumes of treatment, which is impractical and would exacerbate 
the flux of uranium to the aquifer.  Therefore, a series of unsaturated column tests were conducted on 
Hanford sediments containing ~900 ppm uranium as uranium-rich calcite with three alternative 
polyphosphate formulations (Table 4.5).  The polyphosphate formulations all contained 5000 ppm 
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phosphate, but the relative percent contributions of ortho-, pyro-, and tripolyphosphate were varied.  
Uranium-rich calcite is a highly soluble uranium-bearing phase.  Aside from sorbed uranium, it is a highly 
labile form of uranium within the 300 Area.  Therefore, it is critical that the selected polyphosphate 
formulation be capable of controlling the potential flux of uranium from this phase during remediation. 
Three principal objectives were to 1) quantify the ability of the polyphosphate formulations to attenuate 
the flux of uranium from the sedimentary matrices during remediation, 2) evaluate the immobilization of 
uranium within these sediments under conditions that simulate the unsaturated, open-flow and transport 
conditions expected in the vadose zone, and 3) evaluate changes in uranium mineralogy caused by 
polyphosphate treatment. 

Table 4.5. Polyphosphate Formulations for Uranium Stabilization via Infiltration Under Unsaturated 
Conditions 

Formulation 
Nominal 

Percentage Composition Formula Formula Wt, g/mol Conc., g/L Conc., M 
25 Sodium phosphate, tribasic Na3PO4 • 12H2O 380.13 5.003 1.32 x 10-2

65 Sodium pyrophosphate Na4P2O7 • 10H2O 446.06 7.632 1.71 x 10-2

1 

10 Sodium tripolyphosphate Na5P3O10 367.86 0.646 1.75 x 10-3

70 Sodium phosphate, tribasic Na3PO4 • 12H2O 380.13 14.009 3.69 x 10-2

20 Sodium pyrophosphate Na4P2O7 • 10H2O 446.06 2.348 5.26 x 10-3

2 

10 Sodium tripolyphosphate Na5P3O10 367.86 0.646 1.75 x 10-3

90 Sodium phosphate, tribasic Na3PO4 • 12H2O 380.13 18.011 4.74 x 10-23 
10 Sodium tripolyphosphate Na5P3O10 367.86 0.646 1.75 x 10-3

4.3.3.2.1 Formulation 1:  25% Ortho-, 65% Pyro-, and 10% Tripolyphosphate  

Because pyrophosphate displayed the greatest degree of retardation under unsaturated conditions, the 
initial reformulation of polyphosphate contained 25% ortho-, 65% pyro-, and 10% tripolyphosphate.  
Figure 4.26 presents effluent uranium concentrations.  The initial uranium concentration measured in the 
Hanford groundwater effluent was ~6.0 × 103 μg/L.  Initial treatment of the column with the 
polyphosphate-amended Hanford groundwater resulted in a spike in uranium concentration of ~ 3.0 x 105  
μg/L.  The effluent uranium concentration rapidly decreased during the subsequent 2 pore volumes of 
treatment and the total amount of uranium released during testing was ~1%.  The increase in 
pyrophosphate and decrease in tripolyphosphate, relative to the original polyphosphate formulation 
developed for treatment of the aquifer, decreases the necessary degradation time for production of 
orthophosphate.  However, as previously noted, the solubility of pyrophosphate metal complexes are 
greater than those of tripolyphosphate (Onaka et al. 1981; van Wazer and Callis 1958).  Thus, reaction of 
uranium-rich calcite with pyrophosphate can result in the formation of more stable aqueous uranium 
complexes, which limit precipitation and result in greater mobilization of uranium during polyphosphate-
based remediation.  Although results presented here suggest that the higher proportion of pyrophosphate 
does provide a more readily available source of orthophosphate for stabilization of uranium solid phases 
and attenuation of the aqueous uranium flux, the abundance of pyrophosphate in formulation 1 may 
produce a significant pulse of uranium to the aquifer during initiation of the remedial action. 
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Figure 4.26. Concentration of Uranium, μg/L, Released from 25% Ortho-, 65% Pyro-, 10% 

Tripolyphosphate-Treated Column Measured in the Effluent Solutions as a Function of 
Time (days) and Pore Volume.  The dashed vertical line represents the initiation of flow for 
the phosphate amended groundwater. 

4.3.3.2.2 Formulation 2:  70% Ortho-, 20% Pyro-, and 10% Tripolyphosphate  

Figure 4.27 presents effluent uranium concentration from the 70% ortho-, 20% pyro-, 10% 
tripolyphosphate-amended column.  The initial uranium concentration measured in the Hanford 
groundwater effluent was ~6.0 × 103 μg/L.  This concentration was comparable to that measured in 
Hanford groundwater effluent from the PUF column treated with formulation 1, 25% ortho-, 65% pyro-, 
10% tripolyphosphate.  Initial treatment of the column with the polyphosphate-amended Hanford 
groundwater resulted in a spike in uranium concentration of ~ 2.3 x 105  μg/L.  This increase in uranium 
concentration was ~24% lower than that exhibited by the column treated with formulation 1.  Comparable 
to the column treated by formulation 1, the effluent uranium concentration rapidly decreased during the 
subsequent 2 pore volumes of treatment.  The total amount of uranium released during testing was ~1%. 
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Figure 4.27. Concentration of Uranium, μg/L, Released from the 70% Ortho-, 20% Pyro-, 10% 

Tripolyphosphate-Treated Column Measured in the Effluent Solutions as a Function of 
Time (days) and Pore Volume.  The dashed vertical line represents the initiation of flow for 
the phosphate amended groundwater. 
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4.3.3.2.3 Formulation 3:  90% Ortho- and 10% Tripolyphosphate  

Figure 4.28 presents effluent uranium concentration from the 90% ortho- and 10% tripolyphosphate-
amended column.  The initial uranium concentration measured in the Hanford groundwater effluent was 
~7.5 × 103 μg/L.  Because of challenges establishing steady-state unsaturated flow conditions, flow of 
Hanford groundwater through the column continued for the first three pore volumes.  In comparison, 
Hanford groundwater was only displaced for approximately one pore volume through unsaturated 
columns used to evaluate formulations 1 and 2.  The effluent uranium concentration increased to 
~1.8 x 105 μg/L over the first three pore volumes, prior to treatment with polyphosphate formulation 3.  
Contrary to formulations 1 and 2, there was no spike in uranium concentration upon initial treatment of 
the column with the polyphosphate-amended Hanford groundwater.  Rather the effluent uranium 
concentration decreased from ~1.8 x 105 μg/L to  ~ 1.4 x 105  μg/L.  Comparable to the column treated by 
formulations 1 and 2, the effluent uranium concentration rapidly decreased during the subsequent two 
pore volumes of treatment.  The total amount of uranium released during testing was ~1.3%.  The 
increased amount of uranium released, relative to columns treated with formulation 1 and 2, was a result 
of two additional pore volumes of leaching with Hanford groundwater, prior to initiation of the 
polyphosphate amendment.  
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Figure 4.28. Concentration of Uranium, μg/L, Rreleased from 90% Ortho- and 10% Tripolyphosphate-

Treated Column Mmeasured in the Effluent Solutions as a Function of Time (days) and 
Pore Volume.  The dashed vertical line represents the initiation of flow for the phosphate 
amended groundwater. 

EXAFS analyses were conducted on reacted materials extracted from the uranium-rich calcite 
columns treated with the three different polyphosphate formulations.  Evaluation of the uranium LIII-edge 
EXAFS spectra (Figure 4.29) suggests that the chemical speciation of uranium changed upon treatment 
with polyphosphate.  The data were well fit using a linear combinations of the χ data from k = 3-12, k3 
weighted for U-calcite and autunite-group minerals.  The fitted data suggest that treatment with 
formulation 1 (consisting of 25% ortho-, 65% pyro-, and 10% tripolyphosphate), resulted in only 1% 
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conversion of the uranium to a uranium-phosphate phase after ~3 pore volumes of treatment; the 
remaining fraction was still uranium coprecipitated with calcite.  EXAFS results indicated that in the 
uranium-calcite rich column treated with formulation 2 (consisting of 70% ortho-, 20% pyro-, and 10% 
tripolyphosphate), 10% of the uranium was converted to a uranium-phosphate phase after nearly a 
comparable ~3 pore volumes of treatment.  The remaining fraction was still coprecipitated with calcite.  
Treatment of uranium-rich calcite under unsaturated conditions was best achieved using polyphosphate 
formulation 3, 90% ortho- and 10% tripolyphosphate.  After 3 pore volumes of treatment, 40% of the 
uranium was converted to uranium-phosphate.  Even though < 1% of the total uranium contained within 
the column had been removed, the formation of an autunite-group mineral “rind” on the uranium-rich 
calcite surface decreased the flux of uranium from the column.  Subsequent release of uranium is limited 
by the rate of dissolution for autunite-group minerals.  Because autunite sequesters uranium in the 
oxidized form, U(VI), rather than forcing reduction to U(IV), the possibility of re-oxidation and 
subsequent re-mobilization of uranium is negated. 
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Figure 4.29. EXAFS of Uranium-Rich Calcite Reacted with (a) 90% Ortho-/10% Tripolyphosphate, 

(b) 70% Ortho-/20% Pyro-, and 10% Tripolyphosphate, and (c) 25% Ortho-/65% Pyro-, 
and 10% Tripolyphosphate.  The dashed line is the best fit to the EXAFS spectra. 

The results of unsaturated column tests conducted as a function of polyphosphate composition 
indicate that a formulation consisting of 90% orthophosphate and 10% tripolyphosphate will provide the 
most rapid and complete stabilization of uranium-solid phases through transformation to uranium-
phosphate phases and mitigate the flux of uranium from the vadose zone and capillary fringe during 
infiltration.  A polyphosphate formulation consisting of 100% orthophosphate is not permissible in 
Hanford groundwater because in the absence of 10% tripolyphosphate, the orthophosphate rapidly 
precipitates with cations present in Hanford groundwater.  This results in the formulation of a slurry of 
phosphate phases that will rapidly occlude pore space, limiting infiltration.  Moreover, attempting to 
prepare a polyphosphate amendment consisting of 100% orthophosphate in an aqueous media other than 
Hanford groundwater, such as deionized water, to reduce precipitation with cations, will not mitigate the 
rapid precipitation that will occur within the subsurface pore water (Wellman et al. 2006b). 
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4.3.3.3 Polyphosphate Remediation of Uranium Minerals 

To evaluate the ability of the revised polyphosphate formulations consisting of 90% orthophosphate 
and 10% tripolyphosphate in situ stabilization of uranium minerals under hydraulically unsaturated 
conditions, laboratory column tests were conducted at conditions expected within the 300 Area Hanford 
vadose zone and capillary fringe.  Sediment columns were prepared with the < 2 mm of uncontaminated 
300 Area sediment.  The amount of uranium mineral dispersed throughout the column was equivalent to 
300 ppm uranium, which is the approximate maximum concentration of uranium quantified within 
300 Area sediment borehole analyses.  The columns were saturated with Hanford groundwater, 
desaturated, and treated with Hanford groundwater spiked with the polyphosphate formulation.  The 
principal objectives were to evaluate the ability of an orthophosphate-dominate solution to be infiltrated 
within an unsaturated sedimentary matrix and the efficacy of the polyphosphate for immobilization and 
long-term stabilization of uranium. 

4.3.3.3.1 Stabilization of Uranium-Rich Calcite with Polyphosphate Remediation 
Technology Under Unsaturated Conditions  

Figure 4.30 presents effluent uranium concentration from an unsaturated column containing uranium-
rich calcite that was treated with the 90% ortho- and 10% tripolyphosphate-amended column.  The dashed 
vertical line on the graph indicates the start of polyphosphate treatment; the solid vertical line indicates 
the termination of polyphosphate treatment and the flow of Hanford groundwater.  Prior to the infiltration 
of polyphosphate the uranium concentration measured in the Hanford groundwater effluent was 
~3.9 × 105 μg/L.  The effluent uranium concentration rapidly decreased to ~2.9 × 105 μg/L upon initial 
infiltration of polyphosphate.  The effluent uranium concentration continued to decrease during the 
subsequent six pore volumes of treatment.  After the cessation of polyphosphate infiltration, the effluent 
uranium concentration remained 2 to 3 orders of magnitude lower than that quantified in the effluent prior 
to treatment.   
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Figure 4.30. Concentration of Uranium, μg/L, in the Effluent Solutions as a Function of Time (days) and 

Pore Volume Released from Uranium-Calcite-Bearing Column Treated with 90% Ortho- 
and 10% Tripolyphosphate.  The dashed vertical line represents the initiation of flow for 
the phosphate-amended groundwater; the solid line represents the point at which 
polyphosphate infiltration was terminated and flow of groundwater was reinitiated. 
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4.3.3.3.2 Stabilization of Uranophane with Polyphosphate Remediation Technology 
Under Unsaturated Conditions  

Figure 4.31 presents the effluent uranium concentration from an unsaturated column containing 
uranophane that was treated with the 90% ortho- and 10% tripolyphosphate-amended column.  The 
dashed vertical line on the graph indicates the start of polyphosphate treatment; the solid vertical line 
indicates the termination of polyphosphate treatment and the flow of Hanford groundwater.  Prior to the 
infiltration of polyphosphate the uranium concentration measured in the Hanford groundwater effluent 
was ~2.5 × 105 μg/L.  Relative to the uranium-rich calcite column, the lower effluent concentration of 
uranium measured in the uranophane effluent reflects the higher stability of the uranyl-silicate mineral.  
As observed for polyphosphate remediation of uranium-rich calcite, the effluent uranium concentration 
rapidly decreased to ~4.8 × 103 μg/L upon initial infiltration of polyphosphate.  Following the cessation 
of polyphosphate infiltration the effluent uranium concentration remained 3 orders of magnitude lower 
than that quantified in the effluent prior to treatment.  
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Figure 4.31. Concentration of Uranium, μg/L, in the Effluent Solutions as a Function of Time (days) and 

Pore Volume Released from the Uranophane-Bearing Column Treated with 90% Ortho- 
and 10% Tripolyphosphate.  The dashed vertical line represents the initiation of flow for 
the phosphate-amended groundwater; the solid line represents the point at which 
polyphosphate infiltration was terminated and flow of groundwater was reinitiated. 

4.3.3.3.3 Stabilization of Meta-Torbernite with Polyphosphate Remediation 
Technology Under Unsaturated Conditions  

Figure 4.32 presents effluent uranium concentration from an unsaturated column containing meta-
torbernite that was treated with the 90% ortho- and 10% tripolyphosphate-amended column.  The dashed 
vertical line on the graph indicates the start of polyphosphate treatment; the solid vertical line indicates 
the termination of polyphosphate treatment and the flow of Hanford groundwater.  Prior to the infiltration 
of polyphosphate the uranium concentration measured in the Hanford groundwater effluent was 
~4.5 × 104 μg/L.  Relative to the uranium-rich calcite or uranophane columns, the lower effluent 
concentration of uranium measured here, from meta-torbernite, reflects the high stability of the uranyl-
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phosphate mineral.  Upon infiltration of polyphosphate the effluent uranium concentration rapidly 
decreased within two pore volumes.  Following the cessation of polyphosphate infiltration the effluent 
uranium concentration remained 2 orders of magnitude lower than that quantified in the effluent prior to 
treatment.   
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Figure 4.32. Concentration of Uranium, μg/L, in the Effluent Solutions as a Function of Time (days) and 

Pore Volume Released from the Meta-Torbernite-Bearing Column Treated with 90% 
Oortho- and 10% Tripolyphosphate.  The dashed vertical line represents the initiation of 
flow for the phosphate-amended groundwater; the solid line represents the point at which 
polyphosphate infiltration was terminated and flow of groundwater was reinitiated. 

4.4 Hydraulic Properties of Sediment Mixtures 

Saturated hydraulic conductivity and water retention parameters of three sediment mixtures were 
obtained in the Subsurface Flow and Transport Laboratory in the EMSL. The percentages of the coarse 
gravel, gravel, sand, and fines in these mixtures are shown in Table 4.6.  Mixtures A, B, and C represent 
the average, a lower bound, and an upper bound of the sediment particle size distribution. 

Table 4.6.  Percentages of Coarse Gravel, Gravel, Sand, and Fines in Sediment Mixtures A, B, and C 

Mixture 
Coarse Gravel 

(4.75 – 12.7 mm) 
Gravel 

(2 – 4.75 mm) 
Total Gravel 
(2 – 12.7 mm) 

Sand 
(0.053 – 2 mm) 

Fines 
( < 0.053 mm) 

A 41 40 81 15 4 
B 30 30 60 28 12 
C 47 47 94 5.25 0.75 

The saturated hydraulic conductivity is the proportionality constant in the Darcy equation that relates 
the flux density to a unit potential gradient.  This property is measured using the constant head method 
(Klute and Dirksen 1986) with the fully automated IHCA (Integrated Hydraulic Conductivity Apparatus; 
Wietsma et al. 2008).  For this method, a column with a diameter of 8.89 cm and a volume of 946 cm3 
was filled with 1750 g of one of the mixtures, yielding a dry bulk density of 1.85 g/cm3 and a porosity of 
0.302 for each packing.  Three packings were analyzed using various constant head values.  The average 
measured values for each packing and the average value for the three packings are listed in Table 4.7.  
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Table 4.7.  Saturated Hydraulic Conductivity (cm/min) of the Three Sediment Mixtures 

Mixture Packing 1 Packing 2 Packing 3 Average 
A 30.2 31.4 29.9 30.5 
B 7.3 7.9 9.4 8.2 
C 55.3 53.3 48.6 52.4 

Water retention refers to the retention of water by the sediment at various capillary pressures.  
Mathematical functions are fit to the retention data and the resulting parameters are used directly in 
computer models for predicting water and contaminant movement.  Several functions are available, but 
the van Genuchten function (Van Genuchten 1980) is most commonly used: 

 ( )[ ] mn
rsr h −

+−+= )(1( αθθθθ  (4.5) 

where θs = saturated water content (cm3/cm3) 
 θr = residual water content (cm3/cm3) 
 h = capillary pressure (cm) 
 α, n, m = empirical fitting parameters (α units are 1/cm; n and m are dimensionless). 
Typically, m is approximated as m = 1 - 1/n. 

Packing 3, used for the saturated hydraulic conductivity tests, was used to determine the water 
retention parameters with the multistep method (Eching and Hopmans 1993).  The retention parameters 
listed in Table 4.8 were obtained by analysis of the capillary pressure and cumulative outflow as a 
function of time using the SFOPT program (Tuli et al. 2001). 

Table 4.8. Parameters and Statistics for the van Genuchten Function Fitted to Data from the Multistep 
Method Using SFOPT (Tuli et al. 2001)  

Mixture α (1/cm) n θr r2 

A 0.82 2.68 0.024 0.982 
B 0.13 2.53 0.041 0.978 
C 1.52 2.44 0.012 0.968 

4.5 Simulations of Intermediate-Scale Infiltration Experiments 

Simulations of drip infiltration into an intermediate-scale facility box model were conducted with the 
STOMP simulator (White and Oostrom 2006).  STOMP is a numerical model that simulates heat and 
mass transfer through multiple fluid phases in porous media systems.  STOMP has been used to support 
several performance and risk assessments across the Hanford Site (Freedman et al. 2005; Zhang et al. 
2004; Zhang et al. 2003), and meets NQA-1-2000 software requirements as well as those specified under 
DOE Order 414.1C for Safety Software. 

For these simulations, the STOMP-W operational mode was used with courant-limited TVD solute 
transport.  STOMP-W (Water mode) solves a single governing equation for the mass balance of liquid 
water under isothermal conditions and separate mass balance equations for advection and 
diffusion/dispersion of aqueous-phase solutes.  The box was assumed to be 102 cm wide, 80 cm high, and 
5.5 cm deep, and fully packed with Hanford sediment.  Hydraulic properties used for the sediment in the 
simulations are listed in Table 4.9. 
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Table 4.9. Hydraulic and Solute Transport Properties Used for Hanford Sediment in Intermediate-Scale 
Simulations  

Parameter Value 
Porosity, φ , % 30.2 

Bulk density, bρ  1.85 

Hydraulic conductivity, cm/min 30.5 
van Genuchten α, 1/cm 0.82 
van Genuchten n 2.68 
Irreducible water saturation, sr 0.08 
Solute diffusion coefficient, cm2/s 1x10-9 
Longitudinal dispersion coefficient, cm 0.1 

Initial conditions in the box assume a temperature of 20°C, atmospheric pressure of 101325 Pa, a 
hydraulic head of 20 cm, and a tracer concentration of 0 throughout.  This results in the sediment being 
saturated with water below a height of 20 cm in the box, and close to the irreducible water saturation at 
heights above 24 cm (Figure 4.33). 

 
Figure 4.33.  Initial Water Saturation for Simulations of Box Infiltration Experiment 

To simulate the flow of groundwater below the water table, a constant flow rate of 1 L/hr was applied 
to the left boundary of the model, from 0 to 20 cm in height.  Horizontal flow was allowed to equilibrate 
for 24 hours.  Given a cross-sectional area of 20 cm x 5.5 cm, and a porosity of 0.302, this flow rate 
results in a horizontal average linear velocity of 30.1 cm/hr in the saturated zone of the model. 

To simulate drip infiltration at the surface, a source of 1 L/hr, with a tracer concentration of 1 mol/L 
was applied as a point source at the top of the model, at a horizontal distance of 34 cm and a vertical 
height of 80 cm.  The drip source commenced 24 hours after the start of the flow simulation, and lasted 
for 24 hours.  At a simulation time of 48 hours, the vadose zone beneath the drip source is 30 to 40% 
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saturated in a 20-cm-wide zone (Figure 4.34).  The vertical average linear velocity 20 cm beneath the 
point source is 136.6 cm/hr, resulting in a travel time of 0.45 hours vertically through the 60-cm-deep 
vadose zone.  Tracer concentrations at 1 hour (Figure 4.35) and 24 hour (Figure 4.36) after the start of 
drip irrigation indicate a rapid rate of transport. 

Estimated field-scale Kds for tripoly-, pyro- and orthophosphate range from 0.001 to 0.037 mL g-1 
(Table 4.10).  This results in retardation factors,  

 1 bR
s
ρ
φ

= +  (4.6) 

where s is the water relative saturation, that range from 1.02 to 1.56, with slightly reduced travel times 
ranging from 0.45 to 0.69 hr. 

 
Figure 4.34. Simulated Water Saturations After 1 Day of 1-L/hr Drip Infiltration Applied at x = 34 cm, 

z = 80 cm 
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Figure 4.35. Simulated Tracer Aqueous Concentrations After 1 Hour of 1-L/hr Drip Infiltration Applied 

at x = 34 cm, z = 80 cm 

 
Figure 4.36. Simulated Tracer Aqueous Concentrations After 1 Day of 1-L/hr Drip Infiltration Applied 

at x = 34 cm, z = 80 cm 
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Table 4.10. Vertical Velocities and Saturations 20 cm Below Drip Source (model location:  x = 34, 
z = 60) 

Source 
Rate, L/hr 

Vertical 
Specific 

Discharge, 
cm/hr 

Aqueous 
Saturation 

Vertical 
Average 
Linear 

Velocity, 
cm/hr 

Retardation 
Coefficient, 
Kd = 0.001 

Retardation 
Coefficient, 
Kd = 0.037 

Tracer 
Travel 

Time, hr 

Kd = 
0.001, 
Travel 

Time, hr 

Kd = 
0.037, 
Travel 

Time, hr 
1 16.62 0.40 136.6 1.02 1.56 0.44 0.45 0.69 

0.5 7.97 0.35 76.3 1.02 1.66 0.79 0.80 1.30 
0.1 1.43 0.25 19.1 1.02 1.91 3.14 3.22 6.01 

0.05 0.68 0.22 10.4 1.03 2.04 5.79 5.95 11.82 

Additional simulations were conducted at lower infiltration rates over the concern that uranium may 
be flushed out of the vadose zone and capillary fringe at these velocities too quickly, before reacting with 
phosphate to form insoluble precipitates.  Flow and transport parameters resulting from several drip 
infiltration rates are shown in Table 4.10.  For a reduced application rate of 0.05 L/hr, the saturation 
beneath the drip source is greatly reduced (Figure 4.37) the vertical average linear velocity 20 cm beneath 
the point source is 10.4 cm/hr, resulting in a travel time of 5.79 hours vertically through the 60-cm-deep 
vadose zone.  Assuming a Kd of 0.0037 for phosphate, concentrations at 1 hour (Figure 4.38) and 
24 hours (Figure 4.39) after the start of drip irrigation indicate that a low water application rate will 
increase contact time of dissolved phosphate with U-bearing minerals in the sediment, and minimize 
flushing.  

 
Figure 4.37. Simulated Water Saturations After 1 Day of 0.05-L/hr Drip Infiltration Applied at 

x = 34 cm, z = 80 cm 
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Figure 4.38. Simulated Kd = 0.037 Phosphate Aqueous Concentrations After 1 Hour of 0.05-L/hr Drip 
Infiltration 

 

Figure 4.39. Simulated Kd = 0.037 Phosphate Aqueous Concentrations After 1 Day of 0.05-L/hr Drip 
Infiltration
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5.0 Conclusions 

This report presents a large body of data from bench- and intermediate-scale treatability studies 
conducted under site-specific conditions to optimize polyphosphate remediation technology amendment 
for implementation of a field-scale technology demonstration to stabilize uranium solid phases within the 
300 Area vadose zone and capillary fringe on the Hanford Site.  As shown here, it is necessary to 
understand the geochemistry that controls uranium within this environment and evaluate the resulting 
effect of polyphosphate amendments on the uranium geochemistry.  The general treatability testing 
approach consisted of conducting studies with site sediment to develop an effective chemical 
formulation for the polyphosphate amendments and evaluate the transport properties of these amendments 
under site conditions.  The output from this experimental investigation is a data package that includes 
1) quantification of the retardation of ortho-, pyro-, and tripolyphosphate as a function of water content, 
2) quantification of the dissolution kinetics of relevant uranium solid phases including uranium-rich 
calcite, uranophane, and meta-torbernite, 3) development of an understanding of the mechanism of 
autunite formation via the reaction of solid-phase calcite-bound uranium and aqueous polyphosphate 
remediation technology, 4) development of an understanding of the transformation mechanism, identity of 
secondary phases, and the kinetics of the reaction between uranyl-carbonate and -silicate minerals with 
the polyphosphate remedy, 5) quantification of the extent and rate of uranium released and immobilized, 
based on the infiltration rate of the polyphosphate remedy and the effect of periodic wet-dry cycling on 
the efficacy of polyphosphate remediation for uranium in the vadose zone and capillary fringe, and 
6) evaluation of stability of polyphosphate remediated uranium phases.  

The results of laboratory-scale testing were used to determine a polyphosphate formulation for 
remediation of the vadose zone and capillary fringe via infiltration.  The results suggest the following 
with regard to remediation of soluble uranium phases via polyphosphate infiltration:   

• The apparent sorption, Kd-ap, for pyro-, tripol-, and the polyphosphate formulation were comparable 
between the compounds, Kd-ap 0.48 – 0.51.  The Kd-ap for ortho- was 57% less than higher-chain 
polyphosphate species, Kd-ap = 0.29. 

• Exclusion from a fraction of the pore space is more important than velocity in determining the 
sorption of ortho- and the polyphosphate formulation during transport. 

• Chemical reaction nonequilibrium may influence the migration of pyro- and tripolyphosphate 
compounds.   

• Concentration of uranium potentially released during the infiltration of polyphosphate remedial 
solution is lower than that released through the dissolution of uranium-rich calcite, uranophane, or 
meta-torbernite in natural pore waters. 

• Controlled infiltration of polyphosphate will does not increase aqueous uranium concentrations. 

• Orthophosphate affords the greatest control over the aqueous concentration of uranium under the pH 
range of 6 to 8, maintaining aqueous uranium concentrations less than 30 μg/L at a g [PO4

3-]aq/g 
uranium-calcite ratio of ≤ 0.05.  Pyrophosphate and tripolyphosphate required g [PO4

3-]aq/g uranium-
calcite ratios of ~0.15 to maintain aqueous uranium concentrations < 30 μg/L.  Results presented here 
suggest the most rapid, complete stabilization of uranium-rich calcite would be observed through 
treatment with 100% orthophosphate 
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• A polyphosphate formulation consisting of 90% orthophosphate (4.74 x 10-2 M) and 10% 
tripolyphosphate (1.75 x 10-3 M) will provide the rapid stabilization of uranium-solid phases through 
transformation to uranium-phosphate phases, and mitigate the flux of uranium from the vadose zone 
and capillary fringe during infiltration. 

• Stabilization of soluble uranium-bearing minerals occurs by the formation of a uranium-phosphate 
“rind” on the surface of uranium-rich calcite and uranyl-silicate minerals. 

The geochemical and thermodynamic data obtained from this investigation were used to update the 
database for EQ3/6, version 8.0, to allow reactive transport simulation of polyphosphate infiltration at the 
intermediate- and field-scale using STOMP.  The results of reactive transport simulations suggest that 
drip infiltration at an application rate of 0.05 L/hr over a scale 102 cm wide x 80 cm high x 5.5 cm deep 
controls the saturation beneath a drip infiltration source; the vertical average linear velocity 20 cm 
beneath the point source is 10.4 cm/hr.  This results in a travel time of 5.79 hours vertically through the 
60-cm-deep vadose zone.  Assuming a Kd of 0.0037 for phosphate simulations indicates that a low water 
application rate will increase contact time of dissolved phosphate with U-bearing minerals in the sediment 
and minimize flushing.  The presence of heterogeneities and the uncertainty regarding the true reactive 
surface area of the fine-grained materials at the field scale may have a significant effect on the efficacy 
and emplacement of the remedial action.  Currently, additional intermediate-scale tests are being 
conducted to evaluate the effect of heterogeneities on the remediation of uranium minerals under 
conditions relevant to the vadose zone and capillary fringe.  These results will be used to test and verify a 
site-specific, variable-saturation, reactive-transport model and to aid in the design of a pilot-scale field 
test of this technology.  In particular, the infiltration approach and monitoring strategy of the pilot test 
will be based primarily on results from intermediate-scale testing.   

The results of this investigation provide the necessary information for designing a field-scale 
remediation test to stabilize soluble uranium phases in the 300 Area vadose zone and capillary fringe on 
the Hanford Site, which serve as a continual source of uranium to the aquifer.  Data obtained from this 
study will be used to develop implementation cost estimates, identify implementation challenges, and 
investigate the capability of the technology to meet remedial objectives.  This information will be used to 
establish the viability of the method and determine how best to implement the technology in the field.   
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