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Abstract

A gem-grade apatite from Brazil of general composition (Ca,Na)10[(P,Si,S)O4]6(F,Cl,OH)2 has been 
studied using single-crystal X‑ray and neutron diffraction together with synchrotron powder X‑ray 
diffraction. Earlier electron microscopy studies had shown the nominally single-phase apatite contains 
an abundant fluorapatite (F-Ap) host, together with chloro-hydroxylapatites (Cl/OH-Ap) guest phases 
that encapsulate hydroxylellestadite (OH-El) nanocrystals. While the latter features appear as small 
(200–400 nm) chemically distinct regions by transmission electron microscopy, and can be identified 
as separate phases by synchrotron powder X‑ray diffraction, these could not be detected by single-
crystal X‑ray and neutron analysis. The observations using neutron, X‑ray and electron probes are 
however consistent and complementary. After refinement in the space group P63/m the tunnel anions 
F− are fixed at z = ¼ along <001>, while the anions Cl− and OH− are disordered, with the suggestion 
that O-H···O-H··· hydrogen-bonded chains form in localized regions, such that no net poling results. 
The major cations are located in the 4f AFO6 metaprism (Ca+Na), 6h ATO6X tunnel site (Ca only), and 
6h BO4 tetrahedron (P+Si+S). The structural intricacy of this gem stone provides further evidence 
that apatite microstructures display a nano-phase separation that is generally unrecognized, with the 
implication that such complexity may impact upon the functionality of technological analogues.
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Introduction

Apatite sensu stricto has the composition Ca10(PO4)6(F,Cl,OH)2, 
with fluorapatite (F-Ap) (Sudarsanan et al. 1972), hydroxyl-
apatite (OH-Ap) (Kay et al. 1964), and chlorapatite (Cl-Ap) 
(Mackie et al. 1972) as the designated end-members. Natural 
and synthetic analogues generally conform to hexagonal P63/m 
symmetry and the crystal chemical formula [AF

4][AT
6][(BO4)6]X2 

where A includes the larger cations, B are metalloids, and X the 
halides or oxy-anions (White and Dong 2003). Lower-symmetry 
counterparts are realized through atomic ordering within, or 
topological adjustments of, the putative AF

4(BO4)6 zeolite-like 
framework that creates [001]hex tunnels surrounding the AT

6X2 
component (Fig. 1). The diameter of this passage adjusts through 
anti-symmetric rotation of alternate (001) triangular faces of AFO6 
metaprism columns, which are corner-connected to BO4 tetrahe-
dra, to accommodate changes in the size or stoichiometry of the 
channel contents (Mercier et al. 2006; White et al. 2005). The 
metaprism twist angle (ϕ) is sensitive to the relative dimensions 
of the framework and tunnel constituents and when ϕ < 25° the 
apatite is hexagonal. However, for larger ϕ unsatisfactory bond 
valence sums (BVS) are resolved through [100]hex BO4 rotations 
that reduce the symmetry to triclinic P1 (Baikie et al. 2007).

Two classes of monoclinic apatites appear either as a response 
to X anion sub-lattice misfits (P1121/b), or in chemically complex 

compounds, from the need to introduce multiple crystallographic 
sites that accept cations of disparate size and charge (P21/m and 
P21). For example, OH-Ap (Hughes et al. 1989; Elliot et al. 1973) 
and Cl-Ap (Kim et al. 2000; Ikoma et al. 1999) are reportedly 
dimorphic, adopting both hexagonal P63/m and monoclinic 
P1121/b structures, although small compositional departures 
from Ca10(PO4)6(OH)2 and Ca10(PO4)6Cl2 may be a pre-requisite 
for the stabilization of those monoclinic forms. Nonetheless, 
it is clear that anti-parallel <001> offsets of the OH/Cl atoms 
along the tunnels are essential to avoid over-bonding (Le Page 
and Rodgers 2005) and these displacements destroy the mirror 
symmetry in P63/m and lead to a doubling along one ahex axis.

Compositionally intricate natural apatites show a wide range 
of coupled ionic substitutions combined with various degrees 
of non-stoichiometry (Pan and Fleet 2002) that are facilitated 
through the crystallization of lower-symmetry analogues con-
forming to maximal non-isomorphic space groups of P63/m 
(White and Dong 2003). A typical representative is ellestadite (El-
Ap), where the 2P5+ ↔ Si4++S6+ substitution leads to a monoclinic 
P21 structure idealized as [Ca4][Ca6][(PO4)1–2x(SiO4)x(SO4)x]6 

(F,Cl,OH)2 (Organova et al. 1994). Beyond chemically induced 
symmetry modification, complex apatite nanostructures have 
been observed in synthetic materials that depart from thermody-
namic equilibrium such as [Ca,Pb]10([V,P]O4)6(F,O)2–x (Dong and 
White 2004a, 2004b), or in equilibrated minerals, where it has 
been proposed that spinodal decomposition and phase separation 
take place (Ferraris et al. 2005).* E-mail: tbaikie@ntu.edu.sg


