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INTRODUCTION

Growing recognition of the critical role of water in chemical 
and dynamic processes in the Earth has spurred efforts to ac-
curately quantify trace hydrogen concentrations�on the order 
of 1000 ppm H2O or less�in nominally anhydrous minerals 
(NAMs). Promising analytical techniques for achieving this goal 
include hydrogen manometry, nuclear reaction analysis (NRA), 
secondary ion mass spectrometry (SIMS), nuclear magnetic 
resonance (NMR) spectroscopy, and Fourier-transform infrared 
(FTIR) spectroscopy. Each of these methods has its advantages 
and disadvantages. Hydrogen manometry has been successfully 
used to calibrate FTIR spectroscopy (Bell et al. 1995) but, until 
recently (O�Leary et al. 2004), has required too much sample 
quantity to be a routine operational technique for the great major-
ity of specimens of interest. NRA has also been used successfully 
for calibration purposes (Bell et al. 2004, 2003; Hammer et al. 
1996; Maldener et al. 2001; Rossman et al. 1988), and has a 
very low detection limit. It requires special sample preparation, 
handling, and access to large accelerator facilities, which at the 
present time are not available for this application. SIMS offers 
the Þ nest-scale spatial resolution of all these techniques, but 
requires careful attention to sample preparation and vacuum 
quality to reduce background hydrogen to a reasonable value 
(Koga et al. 2003; Kurosawa et al. 1992). Consequently, this 
method has only been successfully used in a few laboratories. 

NMR offers the advantage of straightforward, absolute quanti-
Þ cation, because the measured 1H signal is directly proportional 
to the amount of hydrogen in the sample (Cho and Rossman 
1993; Johnson and Rossman 2003; Kohn 1996). However, the 
necessity to employ powdered samples accentuates problems 
with adsorbed water that interfere with analysis (Keppler and 
Rauch 2000), and virtually precludes meaningful determination 
of Þ ne-scale heterogeneities in OH concentration. 

The most widely used technique for measuring trace OH 
contents in NAMs is FTIR spectroscopy, which provides high 
precision (depending on sample thickness and OH concentration) 
and spatial resolution very much like SIMS. Moreover, polarized 
FTIR measurements can provide information on speciation and 
bond orientation that cannot be gained using the other techniques. 
However, FTIR is a relative technique that depends on calibration 
using other methods, and, until recently, reliable calibrations for 
many minerals have been lacking. The widely used calibration of 
Paterson (1982) has been shown to be inaccurate when applied to 
many minerals, including olivine, garnets, and pyroxenes (Bell 
et al. 1995, 2003). A more recent calibration for OH in minerals 
by Libowitzky and Rossman (1997) does not vary much from 
Paterson�s calibration and suffers from the same inherent problem 
of extrapolation from high to low concentrations. Another major 
problem concerns the common practice of using unpolarized light 
in investigations of anisotropic minerals (e.g., Jamtveit et al. 
2001; Kohlstedt et al. 1996; Mosenfelder 2000). This introduces 
nonsystematic errors into analysis (Libowitzky and Rossman 
1996), even when samples are consistently oriented with respect * E-mail: asimow@gps.caltech.edu
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ABSTRACT

Use of infrared spectroscopy as an accurate, quantitative method to measure concentrations of 
hydrous species in minerals requires consideration of the interactions of anisotropic crystals with 
infrared light. Ensuring that contributions are identiÞ ed from species at all orientations in the crystal 
requires combining three measurements, taken with the electric Þ eld polarized along three mutually 
perpendicular directions. This is typically accomplished by determining the orientation of a crystal 
in advance, and then sectioning it perpendicular to its principal axes. In many instances, however, 
natural or experimental samples are not suitable for such handling. Here we demonstrate a method 
that instead uses at least three randomly sectioned grains, considered to be multiple samples of a 
homogeneous population. We explain the theory whereby: (1) the orientations of the polarization 
vectors of measurements taken on these grains are determined by comparison to oriented standards of 
the same mineral, and (2) the principal-axis spectra of the sample are synthesized from the randomly 
oriented spectra. By comparison to complementary electron backscatter diffraction (EBSD) data, we 
demonstrate that determination of orientations using the silicate overtone bands in Fourier-Transform 
infrared (FTIR) spectra is accurate and precise, with typical angular errors of 6°. We show that this 
precision is sufÞ cient for the synthetic principal-axis spectra to be essentially indistinguishable from 
X-ray oriented standard spectra. We demonstrate the application of this technique to determining the 
OH concentrations in a population of hydrated olivine grains recovered from a high-pressure, high-
temperature multi-anvil experiment.


