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INTRODUCTION

The safe immobilization of the enormous amount of radio-
active waste, which has been accumulated world-wide during 
the past decades, is a challenging issue of modern society. In 
particular, the disposition of excess Pu from dismantled nuclear 
weapons (~300 metric tonnes) and those separated from spent 
fuel (~200 metric tons) as well tons of other minor actinides 
such as Np, Cm, and Am deserve great attention, because they 
present a considerable danger to national and international se-
curity (Ewing 2005). A titanate-based pyrochlore with A2B2X6Y 
stoichiometry, where Ca, Hf, Gd, U, and Pu are incorporated at 
the A-site, Ti at the B-site, and the X- and Y-sites are occupied 
by oxygen, is a promising candidate for the immobilization of 
weapons-grade plutonium (Lutze and Ewing 1988; Ewing et al. 
2004; Ewing 2005). 

The long-term aqueous stability is one of the most impor-
tant properties of a potential pyrochlore waste form since any 
contact with an aqueous ß uid in a repository will potentially 
be the most effective process that could release radionuclides 
into the environment. Numerous experimental studies on the 
aqueous durability have thus been carried out under controlled 
physicochemical conditions to assess the aqueous durability of 
pyrochlore-based materials (Ewing et al. 2004, and references 
therein). In addition, detailed studies of the alteration features of 
natural pyrochlore samples have been undertaken, which provide 
information about the long-term behavior of pyrochlore com-
pounds under geological conditions (Lumpkin 2001; Lumpkin 

et al. 2004, and references therein). From the experimental and 
mineralogical studies it has been concluded that pyrochlore com-
pounds dissolve nonstoichiometrically by forming an alteration 
layer (commonly called leached layer) as a result of hydration 
and the loss of A-site cations. The chemical alteration reactions 
in natural pyrochlore were described by substitution reactions of 
the form AM2+  XO → A■■X■■, AM2+ YO → A■■Y■■, and in F contain-
ing pyrochlore AM+ YF → A■■Y■■, where M and ■ ■ represent an 
A-site cation (e.g., Ca and Na) and a vacancy, respectively, and 
the arrow indicates �replaced by� (Lumpkin 2001; Lumpkin et 
al. 2004, and references therein). The kinetics of such a process 
is believed to be controlled by diffusion through a remarkably 
stable B2X6 framework. However, a detailed understanding of 
the alteration mechanism has not yet been achieved. 

Recent experimental work on the hydrothermal alteration of a 
natural Ta-based crystalline pyrochlore (microlite) has produced 
up to 10 μm thick alteration rims after 14 days in a solution 
containing 1 M CaCl2 and 1 M HCl at 175 °C that bear a remark-
able resemblance to those seen in natural samples (Geisler et al. 
2004). The observed structural and chemical alteration features 
of the reaction rim seem to support a diffusion-controlled, selec-
tive �leaching� or ion exchange model. However, the reaction 
rate at moderate temperature and, in particular, the occurrence 
of a reaction interface that is sharp on the nanometer-scale as 
observed by transmission electron microscopy (Geisler et al. 
2005), are inconsistent with a process that is fully controlled by 
solid-state diffusion. An alternative explanation for such observa-
tions is based on the congruent dissolution of the parent phase 
accompanied by the precipitation of a thermodynamically stable 
product at a moving interface (OʼNeil and Taylor 1967; Putnis 
2002; Putnis and Mezger 2004). If such a process is operating, * E-mail: tgeisler@nwz.uni-muenster.de
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ABSTRACT

Pyrochlore-type (A2B2O6O') ceramics are considered for the immobilization of highly radioactive 
waste. Understanding the alteration process of such potential nuclear waste form materials in aqueous 
media is critical for the prediction of their long-term stability in a nuclear repository. Current models 
on pyrochlore alteration are based on a diffusion-controlled hydration and ion exchange process. 
However, we present results of a hydrothermal experiment at 200 °C with a natural, polycrystalline 
pyrochlore and 18O-enriched aqueous solution, which are not compatible with a process based on 
solid-state diffusion. TOF-SIMS and confocal μ-Raman mapping of the run product revealed the oc-
currence of 18O-enriched alteration zones with sharp chemical gradients to relict unreacted areas when 
compared to the extent of the alteration zones. The data are consistent with a pseudomorphic reaction 
that involves the dissolution of the pyrochlore parent accompanied by the simultaneous reprecipitation 
of a defect pyrochlore at a moving dissolution-reprecipitation front.


