
The absorption indicatrix as an empirical model to describe anisotropy in X-ray 
absorption spectra of pyroxenes

Cody J. Steven1,2,*, M. Darby Dyar3, Molly McCanta4,†, Matthew Newville5, and  
Antonio Lanzirotti5,‡

1Planetary Science Institute, Tucson, Arizona 85719-2395, U.S.A
2Department of Geological Sciences, University of Idaho, 875 Perimeter Drive, Moscow, Idaho 83843, U.S.A.

3Department of Astronomy, Mount Holyoke College, South Hadley, Massachusetts 01075, U.S.A.
4Department of Earth and Planetary Sciences, University of Tennessee, Knoxville, Tennessee 37996, U.S.A.

5Center for Advanced Radiation Sources, University of Chicago, 5640 S. Ellis Avenue, Chicago, Illinois 60637, U.S.A.

Abstract
Anisotropic absorption in crystals is routinely observed in many spectroscopic methods and is 

recognized in visible light optics as pleochroism in crystalline materials. As with other spectrosco-
pies, anisotropy in Fe K-edge X-ray absorption spectroscopy (XAS) can serve both as an indicator of 
the general structural arrangement and as a conundrum in quantifying the proportions of absorbers 
in crystals. In materials containing multiple absorbers, observed anisotropies can typically be repre-
sented by a linear relationship between measured spectroscopic peak intensities and relative absorber 
concentrations. In this study, oriented XAS analysis of pyroxenes demonstrates that the macroscopic 
theory that describes visible light absorption anisotropy of triaxially anisotropic materials can also be 
applied to X-ray absorption in pyroxenes, as long as the orientation and magnitude of the characteris-
tic absorption vectors are known for each energy. Oriented single-crystal XAS analysis of pyroxenes 
also shows that the measured magnitude of characteristic absorption axes at a given orientation is 
energy-dependent and cannot be reproduced by linear combination of intermediate spectra. Although 
the macroscopic model describes a majority of the anisotropy, there is distinct discordance between 
the observed and interpolated spectra in the pre-edge between 7109 and 7115 eV, which is marked by 
spikes in RMSE/mean intensity ratio. Absorption indicatrices for samples analyzed in the visible and 
at X-ray wavelengths are modeled with a three-dimensional (3D) pedal surface, which functions as 
an empirical way of interpolating between the observed absorption data. This surface only requires 
a maximum of three coefficients, and results from the summation of 3D lemniscates. An absorption 
indicatrix model can be used to characterize anisotropic absorption in crystals and provides a way of 
comparing XAS spectra from randomly oriented crystals, such as those from polished sections, to a 
database of characterized crystals.
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Introduction
X-ray absorption spectroscopy (XAS) is a highly sensitive 

technique for quantifying the speciation and valence state of 
major and trace elements in geologically relevant materials. For 
quantifying Fe redox ratios in minerals and magmatic glasses, 
Mössbauer and X-ray absorption spectroscopies are today the 
most sensitive techniques available and most frequently used. Fe 
K-edge XAS is particularly useful due to the micrometer-scale 
spatial resolution and detection limits of only a few parts per 
million. In silicate glasses, several calibrations have established 
the relationship between XANES spectra and Fe3+/ΣFe (Berry 
et al. 2003; Cottrell et al. 2009; Dyar et al. 2016b; Brounce et 
al. 2017). Many early investigations used the pre-edge region 
to predict Fe3+ concentration using peak centroid and area ratio 
(Bajt et al. 1994; Petit et al. 2001; Wilke et al. 2004) because 
this region represents the bound states to the 3d level in iron. 

However, there are many issues with determining valence state 
using pre-edge features. Quantitative measures that use only 
the pre-edge region are bound by small-number statistics as the 
pre-edge is far less intense than the rest of XAS. Pre-edge peaks 
in crystals represent split energy levels, with absorbers often 
occupying multiple sites and peak energies reflecting both the 
amount of each species present and the geometries of the sites 
in which they reside. The energy of a transition is dictated by 
the type of cation and coordinating anions, the oxidation state 
of the cation, the coordination number, and the symmetry of 
coordinating polyhedron (Burns 1993).

Knowledge of the allowable transitions in the ligand environ-
ment of the absorber is required to assign specific absorption 
peaks. Given the difference in size between trivalent and divalent 
elements, this results in slightly higher energy transitions for 
trivalent species than for divalent ones. Thus, for many materials, 
the peak area-adjusted pre-edge centroid can provide a reasonable 
direct measurement of valence state (Petit et al. 2001; Wilke et 
al. 2004; Muñoz et al. 2013).

In anisotropic single crystals, interpretation of X-ray absorp-
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