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ABSTRACT

Uranyl silicates are common constituents of the oxidized portions of uranium ore deposits. They
are also known to form on used nuclear fuel pellets under simulated geologic repository conditions.
These phases can incorporate various cations, including higher actinides and fission products, which
makes them relevant for studies that probe the stability of these phases in various contexts, including
irradiation, high temperatures, and high pressures.

The changes in the single-crystal structure and Raman spectroscopy of the uranyl silicate mineral bolt-
woodite, K0.63Na0.37[(UO2)(SiO3OH)](H2O)1.5, have been investigated at 11 pressures from ambient to
16.8GPa. The bulkmodulus was determined to be 26.3(4) GPa from a third-order Birch-Murnaghan fit of
the unit-cell volume vs. pressure. No obvious phase transition was observed between ambient pressure
and 16.8 GPa. The structure is most easily compressed along the a-axis, which decreases by ca. 15%
throughout the investigated pressure range, leading to distortions in the bonding geometries and higher
coordination numbers of the interlayer cations. The b- and c-axes parallel to the uranyl silicate sheets are
each compressed by ca. 4% compared to the ambient-pressure structure at 16.8 GPa, attributed to the
uranyl silicate sheets becoming more highly corrugated with increasing pressure.

Previous experimental high-pressure work on uranium(VI) phases is limited due to the complexity
of refining heavy atom crystal structures with disordered cations and/or water molecules, as well as the
limitations imposed by the opening angle of the diamond-anvil cell used to achieve high pressures.
A method for overcoming these challenges is presented here to facilitate further high-pressure studies
of heavy element minerals and other phases.
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INTRODUCTION

High-pressure studies of natural and synthetic uraninite,
UO2�x, abound because uraninite is the most abundant uranium
ore and UO2 is used as a fuel in many nuclear reactors (Gréaux
et al. 2008; Idiri et al. 2004; Livneh and Sterer 2006). High-
pressure studies of UO2 and UO2�x have identified a phase
transition between the ambient-pressure fluorite-type phase,
Fm3m, and the high-pressure cotunnite-type phase, Pnma,
determined the bulk modulus of UO2, and described the changes
in the Raman spectrum that accompany this phase transition
(Idiri et al. 2004; Livneh and Sterer 2006). These characteriza-
tions inform geoscience and highlight how extreme conditions,
such as high pressure, fundamentally change the structure and
spectroscopic properties of well-known phases.

Previous high-pressure experimentation with U(VI) materi-
als has employed powder X-ray diffraction (PXRD) techniques
that are complimented with spectroscopic techniques or compu-
tational studies (Dyuzheva et al. 2001; Lipp et al. 2011; Shields
et al. 2023; Zhang et al. 2014). PXRD is an attractive technique
for high-pressure studies since diffraction frommany crystallites
in various orientations is collected regardless of the opening

angle of the DAC. The data collected from powder diffraction
studies are sufficient for identifying phase changes, but do not
allow for the refinement of individual atoms and a more detailed
analysis of pressure-induced changes in the crystal structure, as
would single-crystal X-ray diffraction (SC-XRD). Single-crystal
experiments are more challenging due to the fixed orientation of
the crystal(s) within the DAC and the limited opening angle of
the DAC itself, but with sufficiently well-diffracting samples,
high-pressure SC-XRD is possible.

Under simulated nuclear waste geological repository condi-
tions, various minerals form on UO2 and spent nuclear fuel,
including uranyl-oxide hydrates, a uranyl silica hydrate, uranyl
alkaline silica hydrates, uranyl peroxides, and a few phases
not containing uranium (Finn et al. 1995; Hanson et al. 2005;
Wronkiewicz et al. 1996). The uranyl alkaline silica hydrates
uranophane Ca[(UO2)(SiO3OH)]2(H2O)5, boltwoodite K0.63

Na0.37[(UO2)(SiO3OH)](H2O)1.5, sodium boltwoodite Na[(UO2)
(SiO3OH)](H2O), and sklodowskite Mg[(UO2)(SiO3OH)]2
(H2O)6, have a demonstrated ability to limit environmental
mobility of uranium, fission products, and higher actinides that
can be incorporated into their structures (Burns 1999; Burns
and Klingensmith 2006; Finn et al. 1996; Klingensmith andBurns
2007). All four of these uranyl alkaline silica hydrates have crystal
structures that contain sheets with the uranophane sheet anion
topology (Fig. 1). Uranophane-type sheets consist of uranyl
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