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Accommodation of the carbonate ion in fluorapatite synthesized at high pressure
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ABSTRACT

Sodium-bearing, type A-B carbonate fluorapatites {Ca10–1.5yNay■0.5y[(PO4)6–2y(CO3)2y][F2–2x(CO3)x], 
with x  y  0.1; CFAP} have been synthesized at 1150–1300 °C and 1.0 GPa, and investigated by 
single-crystal X-ray diffraction and FTIR spectroscopy. Typical crystal and compositional data are a = 
9.3659(3), c = 6.8901(4) Å, space group P63/m, R = 0.023, Rw = 0.021, x = 0.14(3), and 2y = 0.23(1). 
Crystal-chemical features and FTIR spectra are similar to Na-bearing, type A-B carbonate hydroxy-
lapatites (CHAP) reported recently. However, uptake of carbonate is significantly lower in CFAP than 
in CHAP for similar conditions of crystal synthesis. Structural accommodation of the substitutions 
requires local coupling of the Na cation and channel (type A) and phosphate (type B) carbonate ion 
defects, as in CHAP but now in the approximate ratio 1:1:2. The type B carbonate ion is located on 
the sloping faces of the substituted phosphate group, and tilted only 3.5° from the mirror plane. The 
presence of weak electron density in the outer wall of the c-axis channel of apatite and in triangular 
coordination with one Ca1 and two Ca2 cations appears to represent a trace amount of excess fluoride, 
the controversial crystal-chemical feature of francolite.
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INTRODUCTION

The crystal chemistry of carbonate in hydroxylapatite 
[Ca10(PO4)6(OH)2; HAP] and fluorapatite [Ca10(PO4)6F2; FAP] 
has been extensively investigated (e.g., LeGeros et al. 1969; 
McClellan and Lehr 1969; Bonel 1972; Elliott 1964, 1994, 2002; 
Perdikatsis 1991; McClellan 1980; Beshah et al. 1990; Regnier 
et al. 1994; Nathan 1996; Comodi and Liu 2000; El Feki et al. 
2000; Leventouri et al. 2000, 2001; Suetsugu et al. 2000; Ivanova 
et al. 2001; Boskey 2003; Fleet and Liu 2003, 2004, 2005, 2007; 
Fleet et al. 2004; Wopenka and Pasteris 2005; Wilson et al. 
1999, 2004, 2006; Antonakos et al. 2007; Rey et al. 2007) and 
found to be complex. The carbonate ion can be accommodated 
in either the c-axis structural channel or as a substituent for 
the phosphate group: the former is known as type A carbonate 
and the latter as type B. Carbonate-bearing HAP is herewith 
abbreviated as CHAP and carbonate-bearing FAP as CFAP. 
Study of apatite biomineralization and of apatite synthesized 
under low-temperature laboratory conditions has been limited 
by small crystal size. This problem has been circumvented in 
our laboratory by crystallizing apatites from carbonate-rich bulk 
compositions at high temperature and pressure (1–3 GPa), allow-
ing study by single-crystal X-ray diffraction methods. We found 
that the type A carbonate ion was oriented in the apatite channel 
with two O atoms close to the c axis, but with precise location 
and orientation dependent on bulk apatite composition (Fleet and 
Liu 2003, 2005, 2007). The type B carbonate ion was located 
close to the sloping faces of the substituted PO4 group (Fleet and 

Liu 2004, 2007; Fleet et al. 2004), in agreement with the neutron 
powder diffraction study of Wilson et al. (2004). Fleet and Liu 
(2007) investigated a suite of Na-bearing, type A-B CHAP of 
general composition Ca10–yNay[(PO4)6–y(CO3)y][(OH)2–2x(CO3)x], 
x  y  1.0. They showed that the Na cation and channel and 
phosphate carbonate ion defects were coupled locally by charge 
and spatial compensation requirements. Moreover, one synthetic 
preparation was equivalent in composition and infrared spectrum 
to apatite in bone and human dental enamel (cf. Aparicio et al. 
2002; Elliott 2002;), allowing these important biomineralizations 
to be reinterpreted as Na-bearing, type A-B CHAP with channel 
carbonate up to 50% of total carbonate. We recognize that the 
biomineralization in bone does differ from high-temperature 
crystallized HAP with respect to nanocrystalline grain size, poor 
crystallinity, and lack of Raman and infrared bands for structur-
ally bound hydroxyl (e.g., Wopenka and Pasteris 2005).

We presently use the high-pressure synthesis approach to 
investigate the accommodation of the carbonate ion in FAP. 
Beyond the evident crystal-chemical interest (e.g., Antonakos 
et al. 2007; McClellan 1980; Beshah et al. 1990; Regnier et al. 
1994; Nathan 1996), fluoride hosted by CHAP is the important 
anticaries component of dental enamel; there is only ~100 ppm 
F in the interior of dental enamel (Elliott 2002) but up to 1 wt% 
in the outermost micrometer-scale layer (Brudevold et al. 1956). 
Moreover, fluorapatite is a practical host for the containment of 
high-level nuclear waste, as evidenced by its occurrence in the 
natural reactor at Oklo, Gabon (e.g., Bros et al. 1996). This study 
also provides an opportunity to compare the uptake of carbonate 
by HAP and FAP from high-temperature melts. * E-mail: mfleet@uwo.ca


