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INTRODUCTION

Apatites [Ca10(PO4)6(F,OH,Cl)2] are important host miner-
als for rare-earth elements (REEs, Z = 57 – 71) in igneous,
metamorphic, and sedimentary rocks and in biomasses (e.g.,
Wright et al. 1984; Fleet and Pan 1995a, 1997a and references
therein). Numerous studies have applied the REE compositions
of apatites as petrogenetic tools in elucidating the sources and
evolution of igneous, metamorphic, and sedimentary rocks (e.g.,
Watson and Green 1981; Fleet and Pan 1997a) and as geochemi-
cal tracers in paleoenvironmental reconstruction (e.g., Wright
et al. 1984; Grandjean-Lecuyer et al. 1993; Pan and Stauffer
2000). These petrogenetic and paleoenvironmental applications
all require understanding of the effects of crystal-chemical and
external factors on the uptake of REEs in apatites.

The crystal chemistry of REEs in apatites, as in other Ca-
rich minerals, is controlled largely by their accommodation in
the Ca sites (Fig. 1a; Fleet and Pan 1995a; Pan and Fleet 1996).
Fluorapatite contains two (and only two) types of Ca sites with
distinct stereochemistry (Ca1, Fig. 1b; Ca2, Fig. 1c; Hughes et
al. 1989), both of which are able to accommodate REEs and a
wide variety of other cations (e.g., Hughes et al. 1991; Fleet
and Pan 1995b, 1997a). Previous studies produced contradic-
tory results in the site preference of REEs in apatites (e.g., Ca1,
Urusov and Khudolozhkin 1974; Ca2, Borisov and Klevtsova
1963). More recently, high-precision X-ray structure refine-
ment of natural and synthetic apatites revealed that REEs gen-

erally prefer the Ca2 site and that the site occupancy ratios
(REE-Ca2/REE-Ca1) decrease monotonically with atomic num-
ber through the 4f transition series (Hughes et al. 1991; Fleet
and Pan 1995b; Fleet et al. 2000a, 2000b). Similarly, Gaft et
al. (1997) assigned laser-induced time-delayed luminescence
spectra of natural apatites to three distinct types of Eu3+ center,
two at the Ca2 site and one at the Ca1 site.

The present contribution reports on results of an X-band
(~9.4 GHz) electron paramagnetic resonance (EPR) spectro-
scopic study of single crystals and powder samples of Gd-doped
fluorapatite. EPR spectroscopy is a powerful probe for the lo-
cal structural environments of paramagnetic ions in minerals
(Calas 1988; Weil et al. 1994). Previous EPR studies of apa-
tite-group minerals included Cr5+ and Mn2+ in chlorapatite, fluo-
rapatite, and hydroxyapatite (Warren 1970; Greenblatt 1980;
Pifer et al. 1983) and radiation defects in hydroxyapatite (Close
et al. 1981; Elliott 1994, and references therein). Synthetic fluo-
rapatite was used in this study because of the generally low
abundances of Gd, and the common occurrences of other para-
magnetic impurities (e.g., Mn2+) in natural crystals. The well-
resolved X-band EPR spectra display a previously unreported
type of Gd3+ center (electron spin S = 7/2) denoted here by “a”;
and also suggest the presence of a second type of Gd3+ center,
“b,” which is only partly resolved at this frequency but now
has been investigated in detail in fluorapatite crystals contain-
ing ~100 ppm Gd in a W-band (~94 GHz) EPR study (Chen et
al. 2002). Detailed analysis of the single-crystal X-band EPR
spectra allows determination of the spin-Hamiltonian param-* E-mail: yuanming.pan@usask.ca
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ABSTRACT

Gd-doped fluorapatite (1.2 ± 0.2 wt% Gd2O3), synthesized from CaF2-rich melts, has been inves-
tigated as single crystals and powder samples by using X-band (~9.4 GHz) electron paramagnetic
resonance (EPR) spectroscopy at ~295 and 120 K. The well-resolved X-band EPR spectra yielded a
previously unreported type of Gd3+ center “a” (S = 7/2) and also suggested the possible presence of
a second and partly resolved type of Gd3+ center “b.” In particular, the single-crystal X-band EPR
spectra of center “a” from three orthogonal-rotation planes allowed determination of the spin-Hamil-
tonian parameters, including the spin terms of type BS (matrix g) and S2 (matrix D) and the param-
eters associated with the high-spin terms of type S4 and S6 as well as BS3 and BS5. The validity of the
parameters has been confirmed by agreement between observed and simulated EPR spectra for both
single crystals and powder samples.

The principal values of the matrices g and D indicate that the local symmetry of center “a” in the
X-band EPR spectra is rhombic. The principal axis directions of the D suggest that this Gd3+ center
arises from a substitution of Gd3+ ion into the Ca2 type of site. This assignment is supported by the
results of a pseudo-symmetry analysis using the S4 parameters, e.g., the calculated twofold pseudo-
symmetry axis coincides with the twofold rotoinversion axis of the Ca2 site. The local structural
environment of this Gd3+ ion suggests that the ion is incorporated via the mechanism Gd3+ + O2– ↔
Ca2+ + F–.


