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Protoenstatite: A new mineral in Oregon sunstones with “watermelon” colors
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Abstract
Al-Fe-bearing protoenstatite was discovered in Oregon sunstones with unusual pleochroic/dichroic
red to green coloration using high-resolution transmission electron microscopy (HRTEM) and X‑ray
energy-dispersive spectroscopy (EDS). The empirical formula calculated on the basis of 6 O apfu is
(Mg1.17Fe0.43Al0.26Ca0.03Na0.10Ti0.01)S2.00(Si1.83Al0.17)S2.00O6. The protoenstatite has a space group of Pbcn; its
unit-cell parameters refined from selected-area electron diffraction patterns are a = 9.25(1), b = 8.78(1),
and c = 5.32(1) Å. Protoenstatite nanocrystals are quenchable to low temperature. The crystallographically oriented nanocrystals of protoenstatite and clinoenstatite in association with copper nanocrystals
are responsible for the unusual green and “watermelon” coloration of the labradorite gemstone.
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Introduction

Samples and experimental methods

Enstatite, Mg2Si2O6, with a space group of Pbca, has several
polymorphic counterparts including clinoenstatite (P21/c), hightemperature clinoenstatite (C2/c), high-pressure clinoenstatite
(C2/c), protoenstatite (Pbcn), and high-pressure protoenstatite
(P21cn) (Cameron and Papike 1981; Tribaudino et al. 2002;
Angel et al. 1992; Murakami et al. 1982; Yang et al. 1999).
Protenstatite is reported to be a high temperature form that
cannot be quenched to room temperature (Cameron and Papike
1981; Tribaudino et al. 2002). Protoenstatite would transform to
enstatite or clinoenstatite at low temperature based on the results
of synthetic protoenstatite (Cameron and Papike 1981; Chen
and Presnall 1975; Smith 1969, 1974). However, a synthetic
Li-Sc-bearing protoenstatite with smaller cations of Li and Sc
in octahedral sites is quenchable at low temperature (Smyth
and Ito 1975). It is reported that protoenstatite was a precursor
of clinoenstatite in some Mg-rich basalts (Dallwitz et al. 1966;
Shiraki et al. 1980) and even in star dust (Schmitz and Brenker
2008). In this letter, results from electron diffraction and highresolution TEM (HRTEM) imaging are presented. The mineral
and name have been approved by Commission on New Minerals,
Nomenclature and Classification (CNMNC) of the International
Mineralogical Association (IMA 2016-117). Two characterized
specimens (catalog numbers UWGM 3538 and UWGM 3539)
are deposited in the collections of the Geology Museum, Department of Geoscience, University of Wisconsin-Madison (1215
West Dayton Street, Madison, WI 53706, U.S.A.).

Protoenstatite occurs as precipitates associated with copper nanocrystals in
gem-quality labradorite phenocrysts (Oregon sunstones) from Dust Devil Mine,
Lake County, Oregon (Figs. 1 and 2). The site is located in the Rabbit Basin within
the Oregon high desert. The host rock is a mid-Miocene basalt (Johnston et al. 1991;
Peterson 1972). The phenocrysts are generally tabular plates and large laths ranging
from ~1 cm in the greatest dimension to lathes 8.3 cm long, 2.6 cm wide, and 1 cm
thick (Hofmeister and Rossman 1985; Johnston et al. 1991; Peterson 1972; Stewart
et al. 1966). Protoenstatite was discovered in the green part of the “watermelon”
variety that possesses a clear rim and a core of transparent red surrounded by a clear
vibrant green border that can only be seen in certain orientations (Fig. 1). Some
carved or faceted red, green, and watermelon Oregon sunstones are illustrated in
supplementary material1 (Supplemental1 Fig. S1).
The “watermelon” sunstones exhibit pleochroism and dichroism. Color and
schiller are always localized in the cores of the phenocrysts where the native copper
micro- or nano-platelets that populate the interior are exsolved clusters of crystals.
They are most commonly exsolved parallel to the feldspar crystal plane (010), but also
(001) (Hofmeister and Rossman 1985). This dichroism is exhibited in hand samples
of “watermelon” sunstones. The crystals exhibit dichroism with a clear red when
oriented approximately parallel to the feldspar (001) plane, and both red and green
are seen when oriented in [100] and [010] directions (Fig. 1). The parts with green
color also exhibit a brownish red/green pleochroism under a plane polarized light
(Fig. 2). The same phenomenon was observed by Johnston et al. (1991). Pleochroism
appears to become stronger in deeply colored specimens. By contrast, the clear rim
does not show pleochroism.
Because protoenstatite occurs as nano-inclusions in gem-quality “watermelon”
sunstones, ion-milled TEM specimens (on Mo grids) were used for the mineralogical
characterization using transmission electron microscope associated with an X‑ray
energy-dispersive spectroscopy (EDS) system. HRTEM imaging, X‑ray EDS and
selected-area electron diffraction (SAED) analyses were carried out using a Philips
CM200-UT microscope equipped with GE light element energy-dispersive X‑ray
EDS at the Materials Science Center, University of Wisconsin-Madison, and operated
at 200 kV. Chemical analyses were obtained using the EDS (spot size 5 with a beam
diameter of ~50 nm). Quantitative EDS results were obtained using experimentally determined k-factors from standards of albite, forsterite, anorthite, orthoclase,
labradorite, fayalite, and titanite. The same method was used for characterizing
nanocrystals of luogufengite, Al-bearing e-Fe2O3 (Xu et al. 2017).
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