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Abstract
The optical properties (scattering, absorption, and extinction) of spheroidal Cu particles embedded 

in intermediate plagioclase feldspar are computed for various sizes and shapes using the Mie theory 
and T-matrix method. The observed color for Cu-bearing plagioclase, as a function of particle size 
and shape, is also calculated from the computed extinction spectra. The colors and pleochroism ob-
served in natural and treated Cu-bearing plagioclase can be explained from the computational results. 
The enigmatic green colors in some precious Oregon sunstones result from red light being scattered 
away by Cu nanoparticles of certain sizes. The UV-VIS spectra are collected on Cu-bearing plagio-
clase samples for comparison with the computational results, which are shown to match the optical 
observations. The results from this work may be used to quantify the concentration of colloidal Cu in 
plagioclase or glass with a similar refractive index. Particle sizes and shapes can also be characterized 
using extinction and scattering spectra, which can be collected with different optical configurations. 
New materials with special color effects and optical characteristics may be designed and engineered 
by applying the unusual properties of metal colloids.
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Introduction
The renowned Oregon sunstone got its name from the 

aventurescence effect produced by the oriented copper platelets 
in the clear basaltic labradorite phenocrysts (Anderson 1917; 
Rossman 2011). However, the most precious labradorites from 
Oregon are those with vivid red or green colors but no visible 
flaky inclusions (also called Oregon sunstone in the gemstone 
trade). It is well understood that colloidal Cu can produce red 
color by absorbing light below 600 nm. In fact, copper and gold 
nanoparticles have been used to produce red glass (often known 
as copper/gold ruby glass) for centuries (Freestone 1987; Brun 
et al. 1991; Nakai et al. 2004; Freestone et al. 2007; Ruivo et 
al. 2008; Drünert et al. 2018; Bandiera et al. 2019). The Cu 
in many gem feldspars on the market was actually artificially 
diffused into the crystals to produce the desired colors, creat-
ing huge controversy regarding the origin and authenticity of 
these semi-precious gemstones (Rossman 2011). Although the 
red color found in Oregon sunstones and other Cu-containing 
feldspars can be easily explained by the optical properties of Cu 
colloid (Hofmeister and Rossman 1985), the scarcer green color, 
on the other hand, is much more puzzling since no glass coun-
terpart with similar colors has been manufactured. Hofmeister 
and Rossman (1983) first hypothesized that anisotropic colloids 
could be associated with the pleochroism often observed in green 
Oregon sunstones but also speculated that Cu1+/Cu0 intervalence 
charge transfer (IVCT) or Cu0 pairs may be causing the green 
colors (Hofmeister and Rossman 1985). Farfan and Xu (2008) 
reported some correlation between the Cu particle orientations 
and the pleochroism in Oregon Sunstone. A recent TEM study has 

discovered anisotropic Cu nanoparticles in a pleochroic Oregon 
sunstone (Wang et al. 2019), which further suggests that the 
green colors in Oregon sunstone may also be from colloidal Cu.

Most colored stones are homogeneous solutions of light-
absorbing elements or point defects, whereas the feldspars 
containing Cu nanoparticles (Cu-sunstones) are colloid suspen-
sions. A transparent colloid suspension is often indistinguishable 
from a colored solution under ambient lighting conditions, and 
can only be identified using the Tyndall effect with intense and 
directional illumination (e.g., a laser beam). The Cu particles 
attenuate the light entering the feldspar crystals through both 
absorption and scattering, creating colors in the transmitted light 
(Fig. 1). Only the transmittance can be easily measured using 
a UV-VIS spectrometer, which is used to calculate the total 
extinction (absorption + scattering, also called attenuation). It 
is impossible to measure the absorbance alone using a regular 
spectrometer, which means all previously published absorption 
spectra (Hofmeister and Rossman 1983, 1985; Rossman 2011) of 
Cu-sunstones are actually extinction (attenuation) spectra, with 
the assumption of zero scattering. Some recent studies (Kalenskii 
et al. 2015; Drünert et al. 2018), however, show that the scat-
tering cross-section of Cu nanoparticle contributes significantly 
to the total extinction and cannot be ignored. The light scattered 
by a dilute colloid suspension in any particular direction (a tiny 
fraction of the total scattered light) is extremely weak and may 
be easily neglected. Measurement of the scattered spectrum is 
also very difficult because the scattered light, often anisotropic, 
is attenuated before leaving the crystal (by other particles and 
the matrix) and can be easily overwhelmed by any background 
noise (reflection from the instrument parts or internal reflection 
from the crystal facets). On the other hand, the scattered light 
may also contribute to the observed color (orientation dependent) 




