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INTRODUCTION

The mineral apatite is of importance to a wide variety of 
fields, from earth science to life science, material science, and 
planetary science (e.g., Hughes and Rakovan 2002). It is the 
major source of phosphorus on Earth, and its uses range from 
fertilizers to detergents to insecticides. It is the main constitu-
ent of human bone and plays an important part in regulating 
metabolic functions in the body. Apatite is found in sedimentary, 
igneous, and metamorphic rocks, and it is an important sink of 
rare earth elements, which are of primary importance for petroge-
netic studies. Also, its ability to accommodate the radioisotopes 
used for age determinations makes it of major importance to 
geochronological studies of rocks.

Geologically occurring apatite, most commonly Ca5 
(PO4)3(F,Cl,OH), generally has either a hexagonal structure 
with space group P63/m, or a monoclinic structure with space 
group P21/b. Apatite is represented by the structural formula 
A[1]2A[2]3(BO4)3X [adopted from White and Dong (2003)] 
where A[1] and [2] represent the Ca sites, B the phosphorus 
site, and X the typically monovalent anion site. The X site in 
apatite provides a basis for solid solution with three primary 
end-member components, fluorapatite [Ca5(PO4)3F], chlorapa-
tite [Ca5(PO4)3Cl], and hydroxylapatite [Ca5(PO4)3OH]. The 
structures of these end-members have been well studied (see 
summary of Hughes et al. 1989). The atomic arrangements of the 
three apatite end-members differ principally in the positions of 
F–, Cl–, and OH– in the [00z] anion positions. Binary solid solu-
tions of either F– and OH– or Cl– and OH– are common (Tacker 
and Stormer 1989), although not much is known regarding 

F– and Cl– binary solutions. Ternary solution of all three X-site 
anions in apatite does occur (e.g., Hughes et al. 1990; Piccoli 
and Candela 2002), however, ternary solution requires that the 
[00z] columns accommodate a combination of the three differ-
ent anions. This accommodation requires a structural response 
because of interactions among the column anions (Hughes and 
Rakovan 2002). Based on a variety of studies it was concluded 
that miscibility of F–, Cl–, and OH– in hexagonal ternary apatite 
results from a Markovian sequence of anions in which the oc-
cupant of a given position is dependent on the occupant of the 
adjacent position (Hughes and Rakovan 2002). This accommo-
dates the three anions in a single column without vacancies. The 
shift in anionic positions induced by anion mixing also affects 
the cation positions. It has been proposed that anionic mixing 
among the three X-site anions is coupled by a splitting of the 
single Ca2 site into two sites (Sudarsanan and Young 1969). 
Such structural adjustments have been summarized by Hughes et 
al. (1990). These workers, however, also reported a monoclinic 
variant of the ternary apatite structure in which a reduction in 
symmetry results from ordering in the anionic columns. As ac-
knowledged by Hughes and Rakovan (2002) however, column 
anion interactions may inhibit binary solution of fluorapatite and 
chlorapatite because the position of the fluorine atoms, [00¼] and 
[00¾], deviates from that of chlorine by about 1.2 Å because of 
differences in ionic radii (Hughes and Rakovan 2002). In fact, 
Hughes et al. (1990) suggested that in natural apatites OH– may 
be an essential component in stabilizing fluorapatite-chlorapatite 
solid solutions. 

There is some natural evidence for the stability of OH–-poor, 
fluor-chlorapatites. Boudreau et al. (1995) compiled extensive 
data on channel anion compositions of natural apatites from 
various layered intrusions. This compilation showed the pre-* E-mail: fmccubbi@ic.sunysb.edu
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ABSTRACT

Low-OH apatite of the compositional range Ca4.99–5.06(PO4)2.98–3.00F0.51–0.48Cl0.38–0.36OH0.14–0.12 was syn-
thesized and characterized structurally by synchrotron-based single-crystal X-ray diffraction (XRD), 
and multiple nuclear magnetic resonance (NMR) spectroscopic techniques. The average structure is 
hexagonal with space group P63/m. The presence of scattering in the single-crystal diffraction data set, 
which is incommensurate within the average hexagonal structure, suggests the presence of localized 
short-range monoclinic domains. Complex lineshapes in the 31P and 19F MAS NMR spectra are also 
consistent with the presence of an incommensurate phase. No evidence was detected for splitting of 
the Ca2 site into two distinct sites (as had been previously reported for hexagonal ternary apatites). 
Structure refinement and 19F{35Cl} TRAPDOR NMR experiments verified intercolumnal neighbor-
ing of F and Cl atoms (inter-column distance of 2.62 Å) within this low-OH– apatite suggesting that 
long-range neighboring of F and Cl within the apatite anion channels is feasible. 
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