
American Mineralogist, Volume 89, pages 1752�1762, 2004

0003-004X/04/1112�1752$05.00        1752

INTRODUCTION

Titanite is one of the most common and paragenetically supple 
titanium minerals in the lithosphere. It is found in rocks of dif-
ferent chemistry and provenance, from upper-mantle xenoliths 
(Schulze 1990) to diagenetic environments (Hole et al. 1992). It 
is a characteristic accessory and, in some cases, major constitu-
ent of alkaline silicate rocks and associated carbonatites, and is 
commonly used to constrain the crystallization conditions and age 
of these rocks (e.g., Peterson 1989; Villeneuve and Relf 1998; 
Chakhmouradian and Zaitsev 2002). Despite the ubiquitous nature 
and petrologic signiÞ cance of titanite in alkaline and carbonatitic 
rocks, there are very few published studies of the compositional 
variation and crystal chemistry of this mineral. The available data 
suggest that titanite from these types of rocks may contain signiÞ -
cant amounts of Sr, rare-earth elements (REE), and Zr (Russell et 
al. 1994; Chakhmouradian and Mitchell 1999; Chakhmouradian 
and Zaitsev 2002). Structural tolerance of titanite to these ele-
ments has important implications for immobilization of high-level 
nuclear waste in glass ceramics (see Discussion). Sr-, REE-, and 

Zr-doped CaTiSiO5 has been synthesized at high temperatures 
(e.g., Stäuble and Bayer 1981a; Stefanovsky et al. 2000), but 
there is no information on the stability of these phases in low-
temperature aqueous ß uids, the type of conditions most relevant 
to the problem of nuclear-waste disposal.

During a systematic study of minerals hosting high-Þ eld-
strength elements (HFSE) in carbonatites, several varieties of 
deuteric titanite with highly unusual compositional characteris-
tics were identiÞ ed in samples from a single occurrence of sili-
cocarbonatite at Afrikanda in the Kola Peninsula, northwestern 
Russia. Some of these varieties (e.g., Fe- and Zr-rich) have unique 
compositions not previously reported for titanite from any type 
of rocks, whereas others (e.g., Nb- and Al-rich) have not been 
known to occur in carbonatites sensu lato. A detailed descrip-
tion of the occurrence and crystal chemistry of the Afrikanda 
titanite is provided below. Because the Zr-rich variety could 
not be examined using conventional X-ray diffraction methods 
due to the paucity of material, its compositional analogue was 
synthesized and structurally characterized in the present study. 
Possible implications of these data for nuclear-waste disposal 
are discussed.* E-mail: chakhmou@ms.umanitoba.ca
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ABSTRACT

Titanite is a common accessory mineral in silicocarbonatite from the Afrikanda alkaline-ultramaÞ c 
complex, Kola Peninsula, Russia. In addition to large crystals (described elsewhere), this rock contains 
microscopic crystals and aggregates of titanite intimately associated with, or mantling, primary Ti miner-
als (perovskite, ilmenite, magnetite, and garnets). The microcrysts commonly exhibit complex zoning 
patterns that represent a combination of oscillatory, core-rim, and/or sectorial zoning. Eight varieties 
of microcrystic titanite, differing in chemical composition, mode of occurrence, and style of zoning, 
can be distinguished. Most of the compositions have >20% of the Ti site occupied by Al, Fe, Nb, Zr, 
or a combination thereof, whereas substitutions at the Ca site are limited to <2%. Analysis of element 
correlations and Raman spectra suggests that the compositional diversity of the titanite arises from the 
following substitutions: (Al,Fe3+)(OH)Ti�1O�1, (Al,Fe3+)NbTi�2, Al(OH)Zr�1O�1, and ZrTi�1. Using the 
end-member notation, different varieties of the microcrysts contain up to 20 mol% CaFeSiO4(OH), 
37 mol% CaAlSiO4(OH), 35 mol% Ca(Al0.5Nb0.5)SiO5, and 26 mol% CaZrSiO5. This compositional 
diversity is unparalleled by titanite from any other locality or rock type, including material from 
three other Kola carbonatites examined in the present work (Kovdor, Turiy Mys, and Seblyavr). All 
compositional varieties of the microcrystic titanite crystallized at late evolutionary stages as products 
of reaction between the primary Ti minerals and a deuteric aqueous ß uid at temperatures near 200 
°C, weakly acidic pH, and a(H4SiO4

0) >10�4. Under these conditions, the earlier-formed Zr minerals 
zirconolite and zircon were unstable and underwent extensive re-equilibration with the ß uid, involving 
partial removal of Zr. Implications of these data for the safe disposal of nuclear waste are discussed. 
The structure of zirconian titanite was examined using a synthetic sample of analogous composition 
(25 mol% CaZrSiO5). Its structure was reÞ ned by the Rietveld method from X-ray powder diffraction 
data in space group A2/a [a 7.1119(7), b 8.7724(8), and c 6.6007(6) Å, β 113.569(4)°]. Reß ections 
violating A centering and/or indicative of Ti-Zr ordering were not observed, and attempts to reÞ ne the 
structure in two alternative space groups (P21/a and P21) were unsuccessful.




