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Abstract
Prior research has shown that fluorine and chlorine X‑ray count rates vary with exposure to the
electron beam during electron probe microanalysis (EPMA) of apatite. Stormer et al. (1993) and Stormer
and Pierson (1993) demonstrate that the EPMA-operating conditions affect the halogen intensities
in F-rich natural Durango and Wilberforce apatites and in a Cl-rich apatite. Following these studies,
we investigated the effects of operating conditions on time-dependent X‑ray intensity variations of
F and Cl in a broad range of anhydrous fluor-chlorapatites. We tested 7, 10, and 15 kV accelerating
voltages; 4, 10, and 15 nA beam currents; 2, 5, and 10 µm diameter fixed spot sizes; and the influence
of 2 distinct crystal orientations under the electron beam. We find that the halogen X‑ray intensity
variations fluctuate strongly with operating conditions and the bulk F and Cl contents of apatite.
We determined the optimal EPMA operating conditions for these anhydrous fluor-chlorapatites
to be: 10 kV accelerating voltage, 4 nA beam current (measured at the Faraday cup), 10 µm diameter
fixed spot, and the apatite crystals oriented with their c-axes perpendicular to the incident electron
beam. This EPMA technique was tested on a suite of 19 synthetic anhydrous apatites that covers the
fluorapatite-chlorapatite solid-solution series. The results of these analyses are highly accurate; the
F and Cl EPMA data agree extremely well with wet-chemical analyses and have an R2 value >0.99.
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Introduction
Apatite [Ca5(PO4)3(F,Cl,OH)] is a common accessory mineral
found in a large variety of sedimentary, metamorphic, and igneous rocks. Of the three end-members, fluorapatite [Ca5(PO4)3F]
is the most abundant in nature followed, to a significantly
lesser extent, by chlorapatite [Ca5(PO4)3Cl] and hydroxylapatite
[Ca5(PO4)3OH], though F-rich apatites commonly contain minor
chlorapatite and hydroxlapatite components. Fluorine-rich apatite
serves as one of the principle reservoirs for phosphorus in the
Earth’s crust. The low solubility of apatite in most melts and
fluids allows it to persist in many igneous and metamorphic
environments (Piccoli and Candela 2002). Though F-rich apatite is usually an accessory mineral, its composition reflects the
overall geochemistry and history of the geologic environments
in which it has grown and potentially re-equilibrated (Patiño
Douce and Roden 2006; Boyce and Hervig 2008). Fluorine-rich
apatite also is an important indicator mineral for investigations
based on trace-element geochemistry (Campbell and Henderson
1997; Pan and Fleet 2002; Harlov and Förster 2003; Klemme
and Dalpé 2003).
Fluorine and chlorine serve as important volatile components
of magmatic and metamorphic systems, including those in ex* E-mail: bgoldoff@amnh.org
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traterrestrial environments, and their concentrations in the melts
and fluids within which F- or Cl-enriched apatite has equilibrated
can be directly determined using Nernstian partition coefficients
as a function of pressure, temperature, and composition (Piccoli
and Candela 2002; Harlov and Förster 2002; Mathez and Webster
2005; Webster et al. 2009; Hansen and Harlov 2007; Boyce et al.
2010; Patiño Douce et al. 2011; McCubbin et al. 2011; Konzett
et al. 2012). In addition, apatite is used to estimate magmatic
and hydrothermal concentrations of sulfate and carbonate ions
in fluid media (Streck and Dilles 1998; Fleet et al. 2004; see
summary in Parat et al. 2011) and for fission-track dating (Paul
and Fitzgerald 1992; Gleadow et al. 2002).
Apatite occurs as sub-equant, small acicular, and elongated hexagonal crystals in rocks, and may only be tens of
micrometers in length. Natural apatite crystals may also be
chemically zoned (Piccoli and Candela 2002; Boyce and Hervig 2008). These textural characteristics often make accurate
and precise, high-spatial resolution EPMA measurement of
the concentrations of F and Cl in apatite problematic. Indeed,
a review of the literature reveals that many analyses of apatite
report F concentrations that exceed the maximum F concentrations of 3.76 wt% possible in stoichiometric fluorapatite (Pyle
et al. 2002 and references therein).
Several sources of EPMA error have been identified by
Stormer et al. (1993) who demonstrate that the F, Cl, Ca, and P

1103

