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AbStrACt

Pleochroism plays an important role in determining the face-up visual color appearance of faceted, 
optically anisotropic (non-cubic) gemstones. One area that has received little attention is the interplay 
between pleochroism and the so-called alexandrite effect wherein the perceived color of a mineral 
changes with different lighting conditions (i.e., daylight vs. incandescent light). In this article we 
have collected ultraviolet/visible/near-infrared (UV-Vis-NIR) spectra of a gem-quality, synthetic Cr-
bearing chrysoberyl crystal along its three crystallographic axes. We use these spectra to calculate the 
color and to quantify the color change that would be observed in a wafer or faceted gemstone in any 
orientation and for any prescribed path length of light between 1 and 25 mm. We describe the method 
used to perform these calculations and give an overview of color science and color space as it pertains 
to mineralogy and gemology. The data collected here are used to predict the optimum orientation for 
a wafer or a faceted alexandrite gemstone to produce the maximum color change sensation between 
daylight and an incandescent light source. We find that a wafer oriented with the unpolarized light-
path-length perpendicular to the a-axis exhibits the strongest color change but that the color change 
is weaker parallel to the a-axis. Pleochroism in a faceted stone will mix light traveling in different 
directions. This relaxes requirements to orient a stone along the “best” direction, but it is still found 
that stones cut with their table to culet direction oriented perpendicular to the a-axis show the best 
color-change while orientation parallel to the a-axis produces weaker color change. Nonetheless, there 
is a wide range of “acceptable” orientations and no single “best” direction for a faceted gemstone. The 
results of this study demonstrate the complex nature of color in minerals and shed light on the intricate 
interplay between several factors including pleochroism, lighting conditions, light path length through 
a transparent sample, and chromophore concentrations. The use of the techniques outlined here can 
lead to a better understanding of the color sciences in the mineral world in general.
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introduCtion

Color is an invaluable tool in the mineralogical sciences. As 
useful as it is as an aid in mineral identification, color can also 
help to provide a rough idea of the chemistry of many minerals 
and can even elucidate the geological history of a mineral in many 
cases. For instance, brown and pink coloration in diamond can 
be an indicator of plastic deformation (Collins 1980; Smith et al. 
2010; Howell et al. 2015) pink to yellow color can be induced in 
tourmaline by natural or artificial irradiation (Reinitz and Ross-
man 1988; Krambrock et al. 2004). In the laboratory, the color of 
a mineral is usually interrogated using ultraviolet-visible (UV-Vis) 
absorption spectroscopy (e.g., Rossman 2014). UV-Vis spectros-
copy, furthermore, is useful as well for measuring site occupancies 
and oxidation states of transition metals in many minerals (Geiger 
et al. 2000; Fregola et al. 2014; Bosi et al. 2015). Visible and near-
infrared absorption spectroscopy are also becoming increasingly 
useful in remote sensing and hyperspectral imaging (Kozak et al. 

2004; Ling et al. 2008; Sobron et al. 2014; Turner et al. 2016). 
Nonetheless, the correlation between visible absorption and color 
is not always so straightforward.

In fact, Halvorsen and Jensen (1997), Liu et al. (1999), 
Pearson and Hoover (2013), and Halvorsen (2006) have shown 
that the color of some unusual tourmalines from Usambara, Tan-
zania, varies significantly depending on the path length of light 
through the material. Mineralogists and gemologists know this 
phenomenon as the Usambara effect although it was recognized 
previously by color scientists in materials such as chlorophyll 
(Bamford 1977; Nassau 1983). The same effect can also be seen 
with variations in chromophore concentration. This tourmaline 
from Usambara also exhibited a distinct change in color under 
different lighting conditions (i.e., daylight vs. incandescent light). 
This phenomenon is often called the “alexandrite effect” after the 
Cr-bearing variety of chrysoberyl (White et al. 1967; Troup 1969; 
Gübelin and Schmetzer 1980, 1982; Liu et al. 1994, 1995a, 1995b, 
1999; Schmetzer et al. 2013; Sun et al. 2015). Fine alexandrite 
specimens will appear green to blue in daylight, and purple to 
red in incandescent light (in this contribution we will often refer 
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