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ABSTRACT

The coloration mechanism of Oregon sunstone is a classic and controversial topic in mineralogy
because of the unique coexistence of anisotropic (green-red) and isotropic (red) color zones within single
feldspar crystals. After nearly 50 years of research, no models proposed to date have satisfactorily
accounted for all observed optical phenomena. Here, we present high-resolution transmission electron
microscopy analyses of samples prepared by focused ion beamextraction along specific crystal directions.
In both the anisotropic and the isotropic color zones, we observed Cu nanoparticles (NPs) included within
plagioclase but with different geometries. In the isotropic (red) zone, NPs were randomly distributed
nano-spheres or nano-ellipsoids (8.7–12 nm in diameter) with an aspect ratio of 1–1.3. In contrast, in
dichroic (green/red) zones, NPs were directionally aligned nano-rods (8.5–21 nm along the long axis)
with an aspect ratio of ∼2.5. We applied localized surface plasmon resonance (LSPR) theory to simulate
absorption spectra and developed a model to explain the observed optical properties. LA-ICP-MS and
polarized UV-Vis spectroscopy were also performed to confirm our conclusions. This study systemati-
cally reveals the existence and optical influence of variably shaped metal-NP inclusions in feldspar crys-
tals. Furthermore, it demonstrates the necessity of including LSPR in the canon of mineral coloration
mechanisms. Cu-NP-bearing labradorite has been shown to exhibit third-order nonlinear optical proper-
ties, and approaches that incorporate NP shapes and sizes will assist in designing NP-embedded optical
materials with tailored optical properties.

Keywords: Cu nanoparticles, Oregon sunstones, nano-inclusions, localized surface plasmon
resonance, high-resolution transmission electron microscopy, plagioclase

INTRODUCTION

Oregon sunstone was first described in 1908 and is now the
official gemstone of Oregon (U.S.A.) (Aitkens and States 1931).
These labradorite feldspars are highly valued because of their
unique optical properties (Anonymous 1934; Dake 1938; Pough
1983; Geitgey 1987; Hicks 1997; Pay et al. 2013). Individual
labradorite crystals can display both isotropic color zones
(red) and dichroic color zones (typically green rings enveloping
red zones). In the dichroic zones, the color changes from green to
red in different orientations.

The mechanism of coloration has been disputed for more
than 50 years. Peterson (1972) sent samples to the U.S. Bureau
of Mines (Albany, Oregon), which examined polished straw-
colored samples by electron probe microanalysis (EPMA) and
replicas of HF-etched surfaces by transmission electron micros-
copy (TEM). The EPMA revealed iron oxide and aluminosili-
cate platelets ranging from 5 to 10 μm in diameter. TEM of
the replicas of the surface on schiller crystals indicated that
the particulate precipitates ranged from 50 to 100 nm in size
and were separated by 100–200 nm. These dimensions were

ideally suited to cause color from optical interference. Hofmeis-
ter and Rossman (1985), however, proposed that the red color is
caused by selective light absorption by colloidal Cu0 particles
(<22 nm) since sunstones have absorption spectra similar to that
of copper-ruby glass. They attributed the green color to interva-
lence charge transfer between either Cu� and Cu0 or Pb3� and
Pb�. Nishida and Kimata (2002) observed native copper and
cuprite inclusions (1–10 μm in size) by EPMA and likewise
attributed the coloration to these phases. Based on high-resolu-
tion TEM (HRTEM), Xu et al. (2017) attributed the coloration to
proto- and clinoenstatite in association with Cu nanocrystals.
Most recently, Jin et al. (2022) have modeled the optical prop-
erties of Cu nanoparticles (NPs) in labradorite using the T-matrix
method by assuming various NP sizes and aspect ratios. Their
calculations suggested that the red color is caused by NPs with
diameters <80 nm, whereas the green coloration is due to light
scattering from NPs with diameters of 80–120 nm.

Coloration by nanoscale inclusions in Earth materials has
received little attention from the mineralogical community, but
glasses artificially colored by metal-NPs were produced as early
as the 4th century AD (e.g., the Lycurgus Cup) (Freestone et al.
2007). A theoretical framework for this colorationmechanism has
been well established by physicists and materials scientists
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