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The effect of radiation damage on local structure in the crystalline fraction of ZrSiO4:
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ABSTRACT
Periodic density functional theory (DFT) was used to calculate the structure of zircon (ZrSiO4)
and reidite (scheelite polymorph of ZrSiO4) at pressures from 0-41 GPa. Subsequently, the 29Si
nuclear magnetic resonance (NMR) chemical shifts at each pressure were determined using the
GIPAW method. The results show that in both zircon and reidite the chemical shifts become more
negative with increasing pressure. The chemical shift of reidite is predicted by calculation to be
–91.8 ppm and measured as –91.1 ppm. The results are used to interpret the previously observed
systematic decrease in 29Si NMR chemical shifts (increasingly negative) in the crystalline fraction
of radiation-damaged zircon with increasing a-dose. The original hypothesis that strain induced by
the compression of the crystal by internal regions of damaged, amorphized material at high pressure
was the origin of the shifts was disproved. An alternative source of internal pressure in the radiationdamaged crystals linked to “‘stuffing” of the lattice with interstitial O or He atoms is proposed.

INTRODUCTION
The safe disposal of nuclear waste in a durable insoluble
matrix is a major scientific challenge. One of the key issues,
especially for the actinide elements, is how the structure of the
material is affected following internal a-decay events. The damage caused by one event and the manner in which damage from
many events accumulates are not well understood. These are
important because accurate long-term predictions about the
durability of the material are required. For this to happen, the
structural consequences of radioactive decay need to be known.
Natural zircon (ZrSiO4) often contains several thousand parts
per million of uranium or thorium. The radioactive decay of
these elements via an a-process over geologic time causes disruption of the crystal structure of the orthosilicate and
“metamictization” occurs; part of the crystal structure becomes
amorphous. These materials, when well characterized in radiation dose, are very good models for the long-term stability and
durability of oxide ceramics proposed as hosts for radioactive
waste. In order to investigate the radiation damage process local structural probes that do not depend on the existence of
long-range order (crystallinity) are required. Nuclear magnetic
resonance is such a probe.
Recently, 29Si (NMR) has been used to investigate local
structural changes in radiation damaged (metamict) zircon
(Farnan 1999; Farnan and Salje 2001). At the same time, methods have become available whereby NMR chemical shifts may
be calculated directly from proposed structures using periodic
ab initio techniques (Mauri et al. 1996; Pickard and Mauri 2001;
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Balan et al. 2003). 29Si NMR experiments tell us that a systematic change in chemical shift occurs in crystalline zircon as a
function of cumulative a-particle dose and this must correspond
to a systematic change in local structure. In this paper we attempt to find the origin of these changes by investigating the
effect of pressure on the 29Si NMR chemical shift in zircon.
This also involves understanding the 29Si NMR chemical shift
in the high-pressure polymorph of ZrSiO4. This was recently
discovered terrestrially and has acquired the mineral name
reidite (Glass et al. 2002).
Figure 1 shows the spectra of two zircon samples with low
and intermediate a-dose. The single narrow line at –81.6 ppm
in the low dose sample is characteristic of silicon in four-fold
co-ordination with O atoms. The –81.6 ppm shift is the most
negative reported for Q0 silicon in a binary silicate containing
only four coordinated Si atoms (Stebbins 1995). In the sample
with intermediate radiation dose, this resonance line for crystalline Q0 silicon has been shifted to –83.7 ppm (it is also broadened) and the amorphized areas are represented by the major
broad line in the spectrum. It is clear that there is a systematic
change in the crystalline fraction as a function of the damage.
In a model of damage accumulation in zircon where amorphous
islands of damaged material are constrained to have the same
density as the surrounding crystalline matrix, it is conceivable
that an increasing pressure is exerted on the crystalline matrix
by the more damaged regions as their amount increases through
further a-decay. Figure 2 shows the variation of the 29Si NMR
peak position of Q0 in zircon as a function of a-dose. The proposition is that the crystalline matrix is constrained to a smaller
than equilibrium volume by the damaged regions and the stress
induced in the surrounding crystal causes a systematic shift in
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