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Fivefold-coordinated Ti4+in metamict zirconolite and titanite: A new
occurrence shown by Ti K-edge XANES spectroscopy
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ABSTRACT

The coordination environments of Ti in two fully metamict zirconolite samples and two
partially metamict titanite samples were determined using high-resolution, X-ray absorp-
tion near-edge structure (XANES) spectroscopy at the Ti K edge. Fivefold-coordinated Ti
is the dominant Ti species in the zirconolite samples (~80 :!::10% of the total Ti atoms).
This unusual Ti coordination is also possible in the titanite samples. No significant evidence
for 141Tiwas found in any of the samples studied.

Comparison with other amorphous materials, such as other metamict minerals (aes-
chynite and pyrochlore) and titanosilicate glasses and melts, suggests that fivefold coor-
dination is rather common for Ti4+ in aperiodic structures. However, the metamict state is
characterized by the presence of unusual trigonal bipyramids around 15ITi4+.

INTRODUCTION

Titanite and zirconolite (ideally CaTiSiOs and Ca-
ZrTi207, respectively) are important phases in various
crystalline titanate-phase assemblages proposed as nucle-
ar waste forms (see Lutze and Ewing 1988; Ringwood et
al. 1988). These phases can host significant amounts of
high-activity radionuclides and, consequently, are subject
to radiation damage (Ewing et al. 1987, 1995).

Metamict minerals such as zirconolite and titanite can
be used to investigate the effect of radiation damage in
these phases (Higgins and Ribbe 1976; Ewing et al. 1982;
Fleet and Henderson 1985; Vance and Metson 1985;
Lumpkin et al. 1986, 1991; Ewing et al. 1988; Hawthorne
et al. 1991). Indeed, some natural actinide-bearing titanite
and zirconolite become progressively amorphous to X-ray
diffraction because of an increasing amount of defects
that are mainly related to the a-recoil atoms, displacing
up to several thousands of atoms for each a-decay event
(Ewing et al. 1987, 1995).

To investigate the effects of radiation damage on the
structure of metamict minerals, extended X-ray absorption
fine-structure (EXAFS) spectroscopy has been used to
probe the coordination environment around a variety of
elements, such as Ti (Greegor et al. 1984a, 1984b; Lump-
kin et al. 1986; Ewing et al. 1988; Hawthorne et al. 1991).
In these studies, a decrease in the average Ti-O bond
length between the crystalline and the metamict modifi-
cations was attributed to the presence of minor amounts of
[4JTiin the latter form. A complementary high-resolution,

X-ray absorption near-edge structure (XANES) spectros-
copy study at the Ti K edge in crystalline and metamict
titanite and zirconolite is presented here. The advantage of
the XANES method is its much greater sensitivity to the
coordination environment of Ti. Indeed, an alternative in-
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terpretation for the coordination of Ti in these metamict
phases is proposed, which suggests, for the first time, the
presence of major amounts of ISJTiin the radiation-dam-
aged portions of zirconolite (and possibly of titanite) and
in several other complex metamict oxide minerals, such as
aeschynite, pyrochlore, and euxenite.

EXPERIMENTAL METHODS

Samples studied

Two natural samples of zirconolite from Sri Lanka
were used in the present study (no. 111.35 from the Mu-
seum National d'Histoire Naturelle, Paris; no. B-20392
from the National Museum of Natural History, Washing-
ton, DC). These minerals have been described in detail
elsewhere (Ewing et al. 1982; Lumpkin et al. 1986).
These two Sri Lankan zirconolite specimens are black
and fully amorphous in X-ray diffraction (XRD). They
have received an accumulated radiation dose of up to 1026
a-decay events/m3 over ~550 m.y. [equivalent to about
two displacements per atom (dpa)]. One chip of sample
111.35 was annealed at 1100 °C for 4 h in a platinum
crucible in air, resulting in the crystallization of mono-
clinic zirconolite. These three zirconolite samples have
also been studied at the Zr K, Th LIII' and U Lm edges
(Farges et al. 1993).

Three titanite samples were selected (all from the Stan-
ford University mineral collection). One is a crystalline,
olive green sample of gem quality from CaperIibas, Minas
Gerais, Brazil (sample no. 51,938). The other two are par-
tially metamict: a slightly damaged titanite from Egans-
ville, Ontario, Canada (referred to here as EgansvilIe; no.
6,620), and a more damaged sample from an unknown
locality in Ontario (referred to here as Ontario; no. 6,310).
The latter two titanite specimens are black and opaque with
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