
American Mineralogist, Volume 95, pages 946–952, 2010

0003-004X/10/0007–946$05.00/DOI: 10.2138/am.2010.3485	      946 

Solution calorimetric investigation of fluor-chlorapatite crystalline solutions

Guy L. Hovis1,* and Daniel E. Harlov2

1Department of Geology and Environmental Geosciences, Lafayette College, Easton, Pennsylvania 18042, U.S.A.
2Deutsches GeoForschungsZentrum Potsdam, Telegrafenberg, D-14473 Potsdam, Germany

Abstract

Solution calorimetric measurements have been made on 17 synthetic fluorapatite-chlorapatite crys-
talline solutions at 50 °C in 20.0 wt% HCl under isoperibolic conditions. Analysis of the calorimetric 
data indicates that heats of mixing across the series may reach values as high as 8.3 kJ/mol. Normally 
such a high degree of thermodynamic nonideality would be associated with immiscibility, yet no such 
miscibility gap is indicated by either synthetic or natural fluor-chlorapatite specimens. Based on full 
chemical analyses, all Cl-rich samples (XCl > 0.65) of this study have halogen deficiencies that imply 
the presence of 4–11 mol% vacancies in the anion sites, which are interpreted to be associated with 
oxyapatite substitution. Separate analysis of data for the vacancy-free samples produces a linear fit for 
enthalpy of solution vs. composition, which yields an alternative interpretation of thermodynamic ideal-
ity. Together these models define the limits of enthalpy behavior for the fluor-chlorapatite system. 

Keywords: Enthalpies of mixing, fluorapatite, chlorapatite, thermodynamics

Introduction

In metamorphic and igneous rocks, the most common 
orthophosphate accessory mineral is apatite, which generally 
occurs as fluorapatite [Ca5(PO4)3F] and, to a much lesser extent, 
chlorapatite [Ca5(PO4)3Cl]. Overall, apatite is a natural repository 
for P, F, and Cl in the Earth’s crust and lithospheric mantle. In 
nature, fluor-chlorapatite appears to form a continuous solid-
solution series over P-T conditions typical of metamorphic and 
igneous rocks with no obvious signs of immiscibility (Fig. 1). 
Examples of intermediate fluor-chlorapatite compositions, which 
can approach end-member chlorapatite, are most commonly 
found in igneous rocks such as in the layered mafic intrusions 
of the Stillwater Complex, Montana (Boudreau and McCallum 
1989, 1990; Meurer and Boudreau 1996; Meurer and Meurer 
2006), the Munni Munni Complex, Western Australia (Boudreau 
et al. 1993), the Merensky Cyclic Unit, Western Bushveld Com-
plex, South Africa (Boudreau and Kruger 1990), the Kläppsjö 
gabbro, north-central Sweden (Meurer et al. 2004), and the Great 
Dyke, Zimbabwe (Boudreau et al. 1995). Intermediate compo-
sitions are seen also in metapelitic fluorapatite that has been 
metasomatized to chlor-fluorapatite by a Cl-rich magma during 
hornfels metamorphism in the contact aureole surrounding the 
magmatic plumbing system of a volcano (Harlov et al. 2006b). 
In most metamorphic rocks, however, accessory apatite typically 
consists of fluorapatite with minor Cl and OH components com-
monly coexisting with F- and Cl-bearing biotite (e.g., Harlov and 
Förster 2002; Harlov et al. 2006a; Hansen and Harlov 2007). 

Understanding how F and Cl interact in apatite is important 
relative to F-Cl exchange between apatite and other phases. Such 
information can be applied to the calibration of biotite-apatite 

thermometry (Sallet 2000) and could lead to the subsequent 
evaluation of F-Cl mixing properties in biotite (Zhu and Sver-
jensky 1992; Munoz 1992). These data, in turn, can be used to 
estimate F and Cl concentrations in coexisting aqueous fluids 
during metamorphism (Harlov and Förster 2002; Harlov et al. 
2006a; Hansen and Harlov 2007). Data on F-Cl mixing in apatite 
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Figure 1. Ternary plot of chlor-fluorapatite compositions from a 
series of igneous layered intrusions as well as gabbros (Boudreau and 
McCallum 1989; Boudreau and Kruger 1990; Boudreau et al. 1993, 
1995; Meurer and Boudreau 1996; Meurer et al. 2004; Meurer and 
Meurer 2006). Also plotted are compositions of metapelitic fluorapatite 
metasomatized to chlor-fluorapatite by a Cl-rich magma during hornfels 
metamorphism (Harlov et al. 2006b). It should be noted that the OH– 
on the (F, Cl, OH) site for each of the analyses is assumed and has 
been calculated utilizing charge balancing. This does not preclude 
the strong possibility that a portion, if not most, of the missing anion 
on the (F, Cl, OH) site could be CO3

2– (cf. O’Reilly and Griffin 2000; 
Brigatti et al. 2004).
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