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RESEARCH OBJECTIVE

In amoist oxidizing environment, such asin the proposed geological repository at Y ucca Mountain, rapid
alteration rates are expected for spent nuclear fuel. Laboratory simulations and studies of natural analogues
demonstrate that the dominant alteration products of spent fuel under repository conditionswill be uranyl phases.
Thereis an inadeguate database concerning the effects of the alteration products on the release of radionuclides, but
thisinformation is essential to provide aradionuclide-release estimate. It islikely that many of the radionuclides
contained in the spent fuel will beincorporated into the uranyl phases that form during alteration, potentially with a
profound impact on the future mobility of radionuclidesin the repository. Our objectiveisto develop atheoretically
founded and experimentally verified understanding of the incorporation of radionuclidesinto uranyl phases under
repository conditions. The research will permit a more realistic estimate of the release rates of the radionuclides
from the near-field environment.

RESEARCH PROGRESSAND IMPLICATIONS

Thisreport summarizes work after 33 months of a 36-month project. Our work involves several components:
(1) structural characterization of the uranyl phases expected to form due to the alteration of spent nuclear fud, (2)
theoretical predictions of incorporation mechanisms of radionuclidesinto uranyl phases, (3) synthesis of
radionuclide-bearing uranyl phases to substantiate theoretical predictions, (4) investigations of ion exchange of
radionuclides with uranyl phases. These components, taken together, provide an enhanced understanding of the
impact of uranyl phases on the release of radionuclides during the corrosion of spent fuel in ageological repository.

Structural Characterization of Uranyl Phases: Prediction of incorporation mechanisms of radionuclidesinto uranyl
phases that form due to alteration of spent fuel requires a detailed knowledge of the crystal structures of the uranyl
phases. At the outset of this project, the structures and chemical details of many of the uranyl phases relevant to
repository performance were either unknown or only poorly characterized. We have determined and refined the
structures of 19 uranyl phases that are relevant to geologic disposal of spent fuel. We have continued to expand the
structural hierarchy for uranyl minerals, with the updated hierarchy examined in detail by Burns (1999a). The
structures of the following uranyl phases have been studied successfully: compreignacite,
Kz[(U02)302(OH)3]2(H20)7 (Burns 19988.), boltwoodite, (Ko56N8042)[(U02)(8030H)](H20)15 (Burns 1998b),
weeksite, K, (UO,),S6015(H20)4 (Jackson & Burns 1999); haiweeite, Ca[(UO;),Si50;2(0OH);](H20)3 (Burns 2000a);
synthetic KNaz(UO,),(Si4010)2(H20)4 (Burnset al. (2000q); agrinierite, K5(Ca,Sr)[(UO,)303(0H),] 2.4H,0 (Cahill

& Burns 2000); umohoite, [(UO2)M 00,4(H,0)](H20) (Krivovichev & Burns 2000a); iriginite,
[(UO2)M0,05(H,0),](H,0) (Krivovichev & Burns 2000b); wyartite, CaU®*(UO,),(CO3)04(OH)(H,0)7 (Burns &

Finch 1999), bljvoalte, [(Y, REE)83+(U02)16(C03)1608(OH)8(H20)25] (H20)14 (LI & Burns 2000), Wnthetlc
Cs3[(UO,)1207(0H)13](H20)3 (Hill & Burns 1999); synthetic Ks[(UO;)1005(0H)o](H20) (Burns & Hill 2000a);
synthetic Sr; g4[ (UO,)404(0OH)3]2(H20), (Burns & Hill 2000b), synthetic Nag[(UO,),O(M00y)4], Nag[(UO,)

(M00Oy)4] and Kg[(UO,),0(M00,)4] (Krivovichev & Burns 2000c), synthetic Mo[(UO,)s(M00O4)7(H,0),] (M = Cs,
NH,) (Krivovichev & Burns 2000d) and synthetic Nay(UO,)(COs)3 (Li et al. 2000).

Theoretical Predictions of Radionuclide I ncorporation Mechanismsin Uranyl Phases: Fission products such as
¥%e(t”=1.1x10° yrs.) and *°Tc (1" = 2.13x 10° yrs.) are of considerable significance to geological disposal of
spent fuel owing to their long half lives and their potentially high mobility in natural systems. The geochemical and
crystallo-chemical retardation mechanismsfor “°Se under conditions similar to those expected in the proposed



repository at Y uccaMountain have been examined and are reported in Chenet al. (1999). In brief, (Se0s)*

(selenite) and (SeO,)* (selenate) are the dominant agueous species under repository conditions. Owing to the high
solubility of metal selenites and selenates, and the low adsorption of selenite and sel enate aqueous species by
geological materials under repository conditions, Se may be highly mobile. However, consideration of the crystal
chemistry of uranyl phases that form due to the alteration of spent fuel under repository conditionsindicates that the
Se may be incorporated into some of these phasesin small quantities, thereby significantly reducing Se mobility.

Possible incorporation mechanisms for Tc into the structures of uranyl phases have been examined, with the
results given in Chen et al. (2000). Under the conditions of spent fuel alteration to uranyl phases, the dominant
oxidation state of Tc will be 7+, with the aqueous species being (TcO,)™. The bonds within this tetrahedron are very
strong. Asaresult, the anions have most of their bonding requirements met by the bond to Tc, making it very
unlikely that the (TcO,)™* group shares anions with other cations of high valencein acrystal structure. Assuch, it
seems unlikely that Tc will be incorporated into the uranyl phases that form due to the alteration of spent fuel.

Synthesis of Radionuclide-Bearing Uranyl Phases: The potential for the incorporation of Pu** and Ant" into
uranyl alteration phasesis being evaluated using Ce** and Nd** as surrogate elements for the actinides. The crystal-
chemical behavior of the lanthanides and actinides are expected to be comparable due to the similarity of their
valence charges and ionic radii (e.g., Ce** 0.94 A vs. Pu** 093 A; Nd** 1.04 A vs. An* 1.07 A). Crystalline phases
were synthesized in these tests by saturating solutions with uranium, plus various combinations of alkali elements,
alkaline earths, silicon, cerium and/or neodymium at temperatures between 90 and 185°C. An analysis of the
leachant, leachate, and solid phase reaction products (after dissolution in anitric acid solution) was performed using
ICP-MS analysis. Phases were characterized using scanning electron microscopy (SEM) and Analytical Electron
Microscope (AEM). Resultsto date (Kim et al. 2000) indicate the incorporation of substantial quantities of Ce** in
dehz}/drated schoepite, UO5(H20)0s-10 (Kq = 5.2 to 12), and both Ce** and Nd** in ianthinite,
[Uo""(UO2)406(OH)4(H20)4] (H20)s (Ce Ky = 146-159, Np Ky = 62) and becquerelite, Ca[(UO,)302(0OH)s]2(H20)s
(CeKq=16,NpKgy = 4.7). By analogy, it islikely that Pu** and Ant" behave in asimilar fashion. The highest K4
values obtained for both Ce** and Nd*" are for ianthinite, which is consistent with earlier predictions based upon the
structure of ianthinite.

Experiments on the synthesis of anew Ba uranyl molybdate phase found on UO, spent fuel from unsaturated
drip tests produced small crystals. They were precipitated from agueous sol utions made from the oxides, UO3,
Mo0O;3, and BaO, after two to twenty weeks of reaction at 90°C. However, crystals re-sorbed when reacted for
longer times at 90°C. Transmission el ectron microscopic examinations of the crystalsreveal that they are
structurally similar to the Cs- and Ba-containing crystals formed during the corrosion of spent nuclear fuels.
Subsequent syntheses at 150°C produced larger crystals, for which chemical and structural analyses are in progress.
Potassiumtbearing crystals have been synthesized at 150°C; chemical and structural analyses of these crystals are
currently in progress.

Syntheses of Np-substituted dehydrated schoepite (DS) powders have been successful. X-ray diffraction
analyses demonstrated that fine-grained DS synthesized at 90°C isisostructural with pure DS formed under identical
conditions, with no differencein unit-cell parameters being apparent. Analysesof the solids by X-ray absorption
spectroscopy are currently pending approval for special materials handling.

I nvestigations of 1on Exchange of Radionuclides with Uranyl Phases: Using single crystals of natural

boltwoodite, Burns (1999b) demonstrated the exchange of Csinto the interlayer. Thisisthefirst demonstrating ion
exchangein single crystals of auranyl phase, and has significant implications for the mobility of Csunder repository
conditions. Additional experiments performed using synthetic boltwoodite demonstrated ion exchange of Csinto
the structure where Cs was present in solution at concentrations of ~100 ppm (Hill & Burns 1999c). We have
recently obtained similar results for Cs exchange into compreignacite. These resultsindicate that minerals such as
boltwoodite are likely to incorporate ***Csinto their structures as they grow under repository conditions. Such
phases are also likely to exchange ions with solutions that contact them after they grow, and may either sequester Cs
or release it, depending upon the rel ative concentrations of different ionsin the solution.

PLANNED ACTIVITIES

During the final months of the project, we will continue to research the structures of uranyl phases relevant
to repository performance, in some cases utilizing synchrotron radiation in an attempt to solve structures that have
been intractable using in-house X -radiation sources. Characterization of the synthesized Cs uranyl molybdate and



Np-bearing phases will be completed, with crystal-structure studies being a high priority. Studies of ion exchange
in uranyl phases will also continue, with the focus broadened to several uranyl phases that possess sheet structures.
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