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abstract

X-ray structure and FTIR spectroscopy evidence is reviewed for two separate orientations of 
carbonate ions in the c-axis channel of carbonate apatite (CHAP) synthesized at high pressure and 
temperature: A1 carbonate has two O atoms close to the c-axis, whereas A2 carbonate has only one. 
The A2 orientation is reevaluated and its local structure refined using a rigid body model. A2 is the 
high-pressure configuration, but the A1 → A2 transformation is also dependent on bulk composition, 
especially the presence of type B carbonate. In the dry CaO-P2O5-CO2 system, the A1 → A2 transfor-
mation is initiated beyond about 4 GPa in type A CHAP compared with 1–2 GPa in A-B CHAP. Also, 
A2 carbonate is only weakly present in Na-bearing A-B CHAP synthesized at 0.5–1 GPa, which is 
assumed to be close to the threshold pressure for the transformation. The pressure stability of A2 is 
believed to be related to its central location in the channel and equitable distribution of bond distances 
to Ca2 cations in the channel wall (2.25 to 2.54 Å).
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introduction

The calcium phosphate apatites [Ca14Ca26(PO4)6X2; with X 
= F,OH,Cl,O, etc.] (e.g., Pan and Fleet 2002) have importance in 
both geochemistry and biology. Apatites sequester phosphorus, 
rare earth elements, actinides, and volatile elements in the Earth’s 
crust and mantle (e.g., O’Reilly and Griffin 2000; Pan and Fleet 
2002; Harlov et al. 2002). Also, 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). Within the biosphere, carbonate-bearing hydroxylapatite 
(presently referred to as carbonate apatite and abbreviated as 
CHAP) is by far the most important biomineral, accounting for 
up to about 65 wt% of cortical bone and 97 wt% of dental enamel 
(Elliott 2002; Wopenka and Pasteris 2005). Fluoride-bearing 
CHAP is the important anticaries component of dental enamel 
(Brudevold et al. 1956), and CHAP and carbonated fluorapatite 
(CFAP; also francolite) are the dominant minerals in phosphorites 
(McClellan and Lehr 1969).

Calcium apatite minerals are dominantly solid solutions of 
hydroxylapatite [HAP; ideally Ca10(PO4)6(OH)2; Z = 1], fluorapa-
tite [FAP; Ca10(PO4)6F2], and chlorapatite [CLAP; Ca10(PO4)6Cl2]. 
The natural phases all have the hexagonal space group P63/m, 
although pure, end-member HAP and CLAP crystallize in the 
monoclinic space group P21/b (Hughes and Rakovan 2002; 
White et al. 2005). The P63/m structure of calcium apatites is 
well known. Apatite is an orthophosphate: isolated PO4 tetrahedra 
centered at z = (1/4, 3/4) are linked by Ca1 in ninefold (6+3) 
coordination and Ca2 in an irregular sevenfold (6+1) coordina-
tion. A prominent feature of the structure is the large c-axis 
channel that accommodates the X anion component (F,OH,Cl) 

and is defined by triclusters of Ca2 cations at z = (1/4, 3/4) (Fig. 
1). In FAP, the F anion is located on the c-axis at z = (1/4, 3/4) 
in the center of a tricluster of Ca cations. Hydroxyl in HAP and 
Cl in CLAP are displaced along the c-axis and have split atom 
positions with occupancy of 0.5: the hydroxyl oxygen is at z 
= ±(0.198, 0.302) and the much larger Cl anion is displaced 
further at z = ±(0.432, 0.068) (Hughes et al. 1989). Thus, the 
coordination of the X anion is equilateral triangular in FAP but 
near octahedral in CLAP.

The structural role of carbonate in hydroxylapatite and flu-
orapatite has been investigated extensively by X-ray powder, 
X-ray single-crystal, and neutron powder diffraction methods 
(e.g., Elliott 1994; Suetsugu et al. 2000; Ivanova et al. 2001; 
Wilson et al. 1999, 2004, 2006; Leventouri et al. 2000, 2001; 
Antonakos et al. 2007), as well as by infrared, Raman, and 
nuclear magnetic resonance spectroscopy (e.g., Elliott 1964; 
Bonel 1972; LeGeros et al. 1969; Rey et al. 1989, 1991; Kim et 
al. 1996; Cho et al. 2003; Mason et al. 2007, 2009; Fleet et al. 
2004; Fleet 2009) and theoretical simulations (Peeters et al. 1997; 
Peroos et al. 2006). It has been established that the carbonate ion 
can be accommodated either in the c-axis structural channel or 
as a substituent for the phosphate group: the former carbonate is 
known as type A and the latter as type B. However, more detailed 
structure analysis of carbonate apatite using powder diffraction 
methods has been frustrated by several factors, including: (1) the 
limited substitution of carbonate (especially of type B carbon-
ate); (2) small (nanoscale) crystal size of biological apatite and 
apatite precipitated from aqueous solution and of francolite from 
phosphorites; (3) poor crystallinity; and (4) weak and overlapped 
electron density of carbonate atoms.

Recently, accommodation of the carbonate ion in Na-free 
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