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Analysis of hydrogen and fluorine in pyroxenes: I. Orthopyroxene
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abstract

Pyroxenes have the capacity to incorporate both hydrogen and fluorine in their structures, and 
accurate measurement of these volatile elements can be used to constrain geophysical and petro-
logic processes in planetary bodies. For example, pyroxenes may be used to constrain the volatile 
contents of melts from which they crystallized. However, the experimental determination of H and F 
in pyroxenes is difficult, particularly at the relatively low levels present in natural samples. Here we 
evaluate methods for determining both H and F in orthopyroxene. 

We measured trace concentrations of H (∼40–400 ppm H2O) and F (<1–17 ppm) in a suite of nine 
orthopyroxenes from varying geological environments, using secondary ion mass spectrometry (SIMS). 
The SIMS data for H (measured as 16O1H, referenced to 30Si and 18O) are cross calibrated against Fourier 
transform infrared (FTIR) spectra, in turn calibrated against either manometry (Bell et al. 1995) or 
the frequency-dependent molar absorption coefficient derived by Libowitzky and Rossman (1997). 
Despite the fact that our samples exhibit a wide range of IR band structures, with varying percentages 
of absorbance split among low (2600–3350 cm–1) and high (3350–3700 cm–1) wavenumber bands, 
the SIMS data are fit with the same precision and virtually the same regression slope regardless of 
which IR calibration is used. We also confirm previous suggestions that the matrix effect for SIMS 
analyses between orthopyroxene and olivine is small (≤20%). Anomalously high yields of 16O1H in 
some analyses can be attributed to the presence of amphibole lamellae, and these analyses must be 
filtered out with different criteria than for olivine due to differences in the geometrical relationship of 
host to inclusion. For F, our derived values are highly dependent on analytical uncertainties related to 
the use of silicate glasses as standards. Regardless of the accuracy of our calibration, we see systematic 
differences in F concentrations in orthopyroxenes and olivines depending on their geological context. 
Samples derived from crustal environments and from Colorado Plateau minette diatremes have very 
low F (≤3 ppm), while higher contents can be found in megacrysts from South African kimberlites 
(up to 17 ppm in orthopyroxene and 47 ppm in olivine) and in xenocrysts from the Rio Grande Rift 
(Kilbourne Hole, 7–9 ppm in orthopyroxene).
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IntroductIon

It is now firmly established that the major rock-forming 
minerals of the Earth’s upper mantle—olivine, orthopyroxene, 
clinopyroxene, and garnet—have the capacity to incorporate 
hydrogen into their structures in the form of structurally bound 
hydroxide groups, at levels ranging from trace amounts (Bell 
and Rossman 1992) up to thousands of ppm H2O (Kohlstedt et 
al. 1996; Mosenfelder et al. 2006a; Smyth et al. 2006; Mierdel 
et al. 2007; Withers and Hirschmann 2008; Withers et al. 2011). 
Accurate modeling of processes influenced by H in these nom-
inally anhydrous minerals (NAMs)—such as deformation and 
melting—relies on accurate measurement of H in both natural 
and experimentally produced samples. Some recent studies of 
natural samples have focused on pyroxenes, which typically 
have more H than coexisting olivine—sometimes to a degree 
unexpected from experimental partitioning data (Peslier and 

Luhr 2006). This implies that pyroxenes better retain H during 
decompression and cooling compared to olivine. Based on this 
inference, they are thus a better choice for estimating the water 
content of the magma from which they crystallized or of the solid 
source from which they were extracted (Peslier et al. 2002; Wade 
et al. 2008; Gose et al. 2009; Warren and Hauri 2010; Nazzareni 
et al. 2011; Sundvall and Stalder 2011). On the experimental 
side, considerable progress has been made toward determining 
storage capacities, incorporation mechanisms, and diffusion 
rates for H in clinopyroxene and orthopyroxene, particularly 
in the latter (Rauch and Keppler 2002; Stalder 2004; Stalder 
and Skogby 2002, 2003; Stalder et al. 2005, 2007; Mierdel and 
Keppler 2004; Mierdel et al. 2007).

In addition to H, recent studies have shown that pyroxenes 
can contain—apparently as structurally bound entities, not 
just in inclusions—significant amounts of boron, fluorine, and 
chlorine (Hervig and Bell 2005; Hauri et al. 2006a; Hålenius et 
al. 2010; O’Leary et al. 2010; Bernini et al. 2012; Beyer et al. * E-mail: jed@gps.caltech.edu


