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Abstract
Pink spinel anorthosite (PSA) and pink spinel troctolite (PST) are two lunar lithologies known to 

contain Mg-rich spinel. PSA rich in spinel and lacking mafic minerals, was detected by the visible and 
near-infrared reflectance spectroscopy. PST clasts were found in returned lunar samples and meteorites. 
NWA 13191 is a recently approved lunar meteorite that contains a large amount of spinel-bearing clasts 
and provides an opportunity to discuss its origin. Sixty-four spinel-bearing clasts were studied in this 
research. These clasts are dominated by anorthitic feldspars (20.8–80.9 vol%, An90.9–96.8), mafic-rich 
and aluminum-rich glass (14.7–72.1 vol%) quenched from a melt, and spinels (0.19–5.18 vol%). Forty-
nine of these clasts appear to have unusually low modal abundances of mafic silicates (avg. olivine 
± pyroxene, 1.87 vol%), which distinguishes them from known spinel-bearing lunar samples (e.g., 
PST). The spinel compositions (avg. Mg# = 90.6, Al# = 97.4) and mafic minerals contents are basically 
consistent with those of PSA. The absorption characteristics of glass in the reflection spectrum are not 
obvious, so it is not clear if the PSA contains melt. The simulated crystallization experiment clearly 
shows that it contains a large amount of melt at the spinel crystallization stage. These phenomena 
provide experimental and sample evidence for the existence of glass in the lunar spinel-bearing litholo-
gies. NWA 13191 records the highest known bulk Mg# (avg. 89.8), and the spinel records the highest 
Al# (98.8) and Mg# (93.1) of lunar samples to date. The chemical properties of spinel-bearing clasts 
in NWA 13191 are consistent with the slightly REE-enriched and alkali-poor Mg-suite rocks, such as 
PST, magnesian anorthosites (MANs), and olivine-enriched Mg-suite rocks. These phenomena and 
previous simulated crystallization experiments indicate that a Mg-Al-rich melt may be produced by 
impact melting of Mg-rich anorthosite precursors. The spinel is a metastable crystallization product 
along with plagioclase and vitric melt near the Moon’s surface. This realization provides observational 
evidence for previous simulated crystallization experiments and theoretical speculations.
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Introduction
Pink spinel anorthosite (PSA) has been identified and de-

fined by high-resolution mineralogical data (Pieters et al. 2011) 
from NASA’s test load Moon Mineralogy Mapper (M3) aboard 
the Chandrayaan-1 spacecraft (Pieters et al. 2009). The term 
PSA was adopted in homage to the pink spinel troctolite (PST) 
lithics of the lunar Mg-suite samples (e.g., Prinz et al. 1973b; 
Marvin et al. 1989). PSA shows no detectable absorption feature 
near 1000 nm, but it has a prominent absorption centered near 
2000 nm (Pieters et al. 2010, 2011; Taylor and Pieters 2013). 
Thus, PSA contains nearly pure MgAl2O4 spinel (hereafter 
referred to as spinel), and unusually low abundances of mafic 
minerals. The abundances of olivine ± pyroxene are estimated to 
be no more than 5 vol% for the PSA lithology, based on labora-
tory spectra and nonlinear mixing calculations (e.g., Dhingra et 

al. 2011; Cheek and Pieters 2014). Lunar troctolitic cataclasites 
contain few spinels; only two contain more than ~5–6 vol% spinel 
(Gross et al. 2014 and references therein), but the PSA outcrop 
zones are inferred to contain 20–30% spinel (Taylor and Pieters 
2013). Crystallization experiments on the composition of AHLA 
81005 PST fragment [350 × 150 μm, ~30 vol% spinel (Gross et 
al. 2011; Gross and Treiman 2011)] did not yield spinel; however, 
a composition similar to Apollo 65785 [~13 vol% spinel; Prinz 
et al. (1973b)] crystallized ~8 vol% spinel. Thus, the spinel-rich 
outcrop zones might not be as spinel-rich as previously thought 
and may only represent ~4–5 wt% spinel (Gross et al. 2014). Sun 
et al. (2016) applied the spinel-pyroxene mixture model to the 
spectra detected by M3 data for Tycho Crater and showed that 
the spinel represents only 5.4–6.4 vol% of the spinel-pyroxene 
mix. However, only 5 vol% spinel (Mg# = 87) in the mixture can 
mask the crystalline plagioclase band and generate the 2000 nm 
absorption (Cheek and Pieters 2014). The PSA spectral data are 
consistent with spinels having Mg# >88 (100 × Mg/[Mg+Fe], 




