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abStRact

The substitution of F, OH, and Cl in apatite has recently gained increased attention due to the 
complex nature of incorporation of these three constituents and the implications of apatite column 
anion chemistry, such as apatite’s contribution to the water budget of the Moon and Mars and the use 
of apatite anion chemistry as an indicator of halogen and water activities. The solid solutions among F, 
OH, and Cl are complex because the end-member atomic arrangements cannot fully explain the ternary 
and binary substitutions of these constituents due to differing atomic radii and the resulting steric con-
straints in the structure. Three structural variations have recently been reported for the OH-Cl binary 
solid solution in synthetic samples. This study elucidates column anion arrangements in a chemically 
zoned ternary apatite from Kurokura, Japan. The structures of the compositionally different core and 
rim were solved (R1 = 0.0158 and R1 = 0.0143, respectively) in space group P63/m using single-crystal 
X-ray diffraction data. The chemistry of these apatites was analyzed using electron microprobe analysis 
and crystal structure refinement. The core of the Kurokura crystal is a naturally occurring example of 
the OH ≈ Cl apatite structural variation in a ternary chlorapatite, with four column anion sites (one 
for F, two for Cl and one for both OH and Cl). The rim exhibits a previously unseen apatite structural 
variation in a ternary OH-rich fluorapatite (with only a trace Cl component) with three column anion 
sites (one each for F, OH, and Cl). Both structural variations show a splitting of the Ca2 site that 
enables reasonable column anion bond distances with Ca2 atoms. A sequence of anions that provides 
reasonable anion-anion distances while simultaneously enabling reversal of the anion sites relative to 
the mirror planes at z = 1⁄4 and z = 3⁄4 exists for both structure variations. This study demonstrates the 
structural complexity of natural ternary apatites, and that a structural variety of OH-Cl apatite occurs 
over a wider range of chemistry than initially anticipated. The results have implications regarding the 
poorly understood (and potentially complex) crystallization history of apatite from Kurokura, Japan.
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IntRoductIon

Apatite sensu lato [Ca10(PO4)6(OH,F,Cl)2; OH = hydroxyl-
apatite, F = fluorapatite, Cl = chlorapatite], the most abundant 
phosphate mineral on Earth, plays an important role across 
many disciplines (Hughes and Rakovan 2002, 2015; Rakovan 
and Pasteris 2015). Hydroxylapatite is the closest naturally 
occurring analog to bone material, and new insights about the 
occurrence of OH in bone apatite have recently been reported 
(Pasteris et al. 2014). Apatite is also one of the more common 
hydroxyl-bearing phases in extraterrestrial systems, such as the 
moon and Mars (McCubbin and Jones 2015; McCubbin et al. 
2010; Boyce et al. 2010). Boyce et al. (2014) recently suggested 
that apatite plays the dominant role in fractionation of F, OH, and 
Cl in lunar magmatic systems. Understanding the structure and 
thermodynamic properties of apatite will allow better estima-
tion of the overall H2O content within extraterrestrial magmatic 
systems from measured apatite chemistries.

The F, OH, and Cl chemical variation in apatite can also 

provide various geochemical information. One example is using 
apatite anion chemistry as a geothermometer (e.g., Stormer and 
Carmichael 1971). Apatite anion chemistry can also serve as an 
indication of magma or aqueous fluid composition from which 
the phase crystallized (Piccoli and Candela 2002), including the 
fugacity of volatiles in magmatic, metamorphic, or hydrother-
mal systems (Webster and Piccoli 2015; McCubbin et al. 2015; 
Hughes et al. 1990; Yardley 1985).

Chlorapatite, an uncommon naturally occurring apatite phase, 
is unique in that it can indicate unusual mineralization environ-
ments where it is found. For example, experimental work has 
suggested that Cl-rich apatite may be chemically associated 
with Pt in mineralizing hydrothermal fluids, demonstrating the 
significance of apatite anion chemistry to mineral exploration 
(Webster and Piccoli 2015).

As noted by Hughes et al. (2016), for any combination of 
anion occupants, the positions of the anions in the [0,0,z] anion 
column result from several factors, including the size of the par-
ticular column anions, the nearest-neighbors in the anion column 
and electrostatic repulsions therefrom, any dissymmetrization 
(lowering of crystal symmetry) that is present in the structure, 
electrostatic attractions to the surrounding triangle of Ca2 
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