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Thermal annealing of radiation damaged titanite
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ABSTRACT

Radiogenic impurities of 400 to 800 ppm U and Th in titanite, CaTiSiO5, lead to mod-
erate radiation damage (ø1.5 3 1018 a-decay events/g) and therefore to partial amorphi-
zation (ø30%). Powder X-ray diffraction on such damaged titanite from the Cardiff lo-
cality in Canada shows that two modifications of the crystalline material coexist. Both
modifications are structurally b phase but differ systematically in their lattice parameters
and also in their chemical composition. One modification exhibits strong particle size
broadening in X-ray diffraction patterns, whereas it is almost unstrained with respect to
fully annealed titanite. The other modification shows large strain broadening and increased
specific volume (about 3%) due to a high concentration of defects. The unstrained modi-
fication consists of small nucleation centers in the damaged material, and it grows when
the sample is annealed. At annealing temperatures above 823 K, this modification domi-
nates rapidly and replaces the strained titanite. The results of Rietveld refinement of the
annealed samples and of the time evolution of isothermal annealing studies are discussed.
The analysis of volume strain and of structural strain resulting from the peak profiles
suggests a temperature-dependent activation energy for the recrystallization process, with
EA ø 380 kJ/mol at T . 873 K and EA ø 500 kJ/mol at temperatures 773 K , T , 873 K.

INTRODUCTION

Titanite, CaTiSiO5, is an accessory mineral in a wide
variety of igneous and metamorphic rocks. The structure
consists of chains of corner-sharing TiO6-octahedra par-
allel to the a axis, cross-linked by edge-sharing chains of
CaO7 polyhedra parallel to [101]. Isolated SiO4 tetrahedra
share corners with both structural units (Speer and Gibbs
1976; Taylor and Brown 1976). In the room-temperature
a phase (P21/a), the Ti atoms are located in off-center
positions within the TiO6 octahedra. The orientation of
the off-center dipole vectors are nearly parallel within an
individual TiO6 chain but in opposite directions between
neighboring chains.

Synthetic and natural titanites undergo a phase transi-
tion between the a phase and the b phase at 496 K. This
phase transition has been thoroughly investigated (Speer
and Gibbs 1976; Taylor and Brown 1976; Higgins and
Ribbe 1976; Oberti et al. 1991; Bismayer et al. 1992;
Salje et al. 1993a; Zhang et al. 1995; Chrosch et al. 1997),
and it is mainly related to a change in the position of the
Ti atoms within the octahedron. The average symmetry
of the b phase is described by the space group A2/a (C2/
c). Careful investigation of optical birefringence, IR and
Raman spectra, dielectric response, heat capacity, and X-
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ray diffraction analysis indicate that the observed A2/a
symmetry above 496 K results from a loss of long-range
coherence between individual Ti off-center dipoles
(Zhang et al. 1995; Bismayer et al. 1992). Salje et al.
(1993a), Chrosch et al. (1997), and Zhang et al. (1997)
showed that a further phase transition, b ↔ g, occurs at
825 K.

The b phase is observed at room temperature for sam-
ples with Ti partly substituted by Al or Fe (Higgins and
Ribbe 1976; Oberti et al. 1991). The structural formula
of titanite may be written symbolically as CaTi(SiO4)O,
with substitution possible at both cation and anion sites
within the structure. Substitution of Ti41 by lesser charged
cations is charge balanced with (OH)2 or F2 replacing
O22. The Ca position is sevenfold coordinated and can
accommodate minor amounts of Na, REEs, Y, U, and Th
(Hughes et al. 1997). As a result of the two latter radio-
genic substitutions, titanites may suffer substantial radi-
ation damage (Hawthorne et al. 1991; Vance and Metson
1985). The extent of this damage depends on the radiation
dose (Ewing 1987; Ewing et al. 1987) due to the pro-
gressive overlap of a-recoil collision cascades. Naturally
occurring titanite has been found either as an essentially
crystalline phase or as a mixture of amorphous and crys-
talline regions (Hawthorne et al. 1991; Vance and Metson
1985).


