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INTRODUCTION

Carbonate-bearing ß uorapatite and hydroxylapatite are ma-
jor constituents of phosphorite deposits and are major mineral 
components of mineralized tissues (bones, teeth, and fossils) 
of amphibians, reptiles, and mammals. Consequently, carbon-
ate-bearing apatites have attracted active research from not 
only mineralogists and geochemists but also scientists among 
agriculture, material science, and medical science communities 
(Elliott 1964; LeGeros et al. 1969; Regnier et al. 1994; Wilson 
et al. 1999; Suetsugu et al. 2000; Leventouri et al. 2000; Iva-
nova et al. 2001; Fleet and Liu 2004; Fleet et al. 2004; Wilson 
et al. 2004). The ideal structure of carbonate-free ß uorapatite 
[Ca5(PO4)3F] comprises of three types of cation polyhedra (i.e., 
the PO4 tetrahedron, the Ca1O9 polyhedron, and the Ca2O6F 
polyhedron), with the F atoms in the anion column parallel to 
the crystallographic c axis and three symmetry independent O 
atoms (labeled O1, O2, and O3; Hughes et al. 1989; Hughes and 
Rakovan 2002). Carbonate ions in apatites can substitute for 
F− or OH− in the anion column (Type A) and for the phosphate 
ion (Type B) (Elliott 1964; Gilinskaya et al. 1971; Regnier et 
al. 1994; Suetsugu et al. 2000; Ivanova et al. 2001; Fleet et al. 
2004). Fleet and Liu (2004) and Fleet et al. (2004) reported 
results of a single-crystal X-ray structure and Fourier-transform 
infrared (FTIR) spectroscopic study of carbonate-rich apatites 
synthesized at high pressures and recognized one additional 
location for carbonate ions: i.e., a stuffed position in the anion 

column (Type A2) distinct from the regular anion column posi-
tion (re-labeled as Type A1).

However, there remain considerable uncertainties and current 
debates about the structural environments of Type B carbonate 
ions (Elliott 1964; Regnier et al. 1994; Wilson et al. 1999, 2004; 
Suetsugu et al. 2000; Leventouri et al. 2000; Ivanova et al. 2001; 
Fleet and Liu 2004; Fleet et al. 2004). Most authors suggested that 
the carbonate ion lies on the sloping face of the PO4

3− tetrahedron 
and hence is inclined with respect to the crystallographic c axis 
(Elliott 1964; Wilson et al. 1999, 2004; Fleet and Liu 2004; Fleet 
et al. 2004), although other orientations have been proposed (i.e., 
perpendicular to the c axis: Gilinskaya et al. 1971; Leventouri et 
al. 2000; parallel to the c axis: Ivanova et al. 2001). Also, charge 
compensation mechanisms for heterovalent substitution of CO3

2− 

for PO4
3− remain unclear (Regnier et al. 1994; Pan and Fleet 

2002; Fleet and Liu 2004). For example, most earlier studies of 
carbonate-bearing ß uorapatite and hydroxylapatite emphasized 
the presence of �excess� F and OH, and proposed the formation 
of [CO3F]3− or [CO3OH]3− for accommodating Type B carbonate 
ions. However, structural evidence for the presence of [CO3F]3− 
or [CO3OH]3− is  lacking (Regnier et al. 1994; Pan and Fleet 
2002). Fleet and Liu (2004) proposed several alternative options 
for charge balancing the partial substitution of PO4

3− by CO3
2− in 

apatites, including vacancies or Na at Ca positions, dehydroxyl-
ation of residual OH, and carbonate in the anion column.

As part of our continuing effort to better understand the anion 
column in the apatite-group minerals and related compounds 
(Nokhrin et al. 2005; Yang et al. 2005), we investigated carbon-
ate-bearing ß uorapatite by single-crystal electron paramagnetic * E-mail: yuanming.pan@sask.usask.ca
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ABSTRACT

X-band electron paramagnetic resonance (EPR) spectra of gamma-irradiated crystals of carbonate-
bearing ß uorapatite from the Levant mine, Cornwall, England, revealed the presence of two previously 
characterized centers (i.e., an O− defect and an O−■■F defect, where ■■F represents a vacancy at the F 
site), a CO2

− radical, and a new oxygen-associated hole-like center in the anion column. The O−■■F center 
in carbonate-bearing ß uorapatite is stable at room temperature, whereas  in carbonate-free ß uorapatite 
the stability of this radical is shifted to lower temperatures (<225 K). The CO2

− radical herewith Þ rst 
reported in carbonate-bearing ß uorapatite is characterized by an axial symmetry at room temperature 
but a weakly orthorhombic symmetry at 77 K, similar to its counterpart in carbonate-bearing hydrox-
ylapatite. This CO2

− radical most likely formed from Type A carbonate ions by the loss of an O atom 
and trapping of an electron during gamma irradiation. The single-crystal EPR spectra of the new hole-
like center are characterized by the absence of any hyperÞ ne interactions and a strongly orthorhombic 
symmetry. The spin Hamiltonian parameters of this new center suggest a structural model involving 
the trapping of a hole by a substitutional oxygen ion sandwiched between two ß uorine ion vacancies in 
the anion column and strongly disturbed by vacancies at the neighboring Ca2 and O3 sites, suggesting 
a complex substitution of the type: ■■FO2−■■F + ■■Ca2 + CO3

2� → F�F�F�+ Ca2+ + PO4
3�.
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