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Abstract
“Cr-Zr-Ca armalcolite” is a mineral originally found in Apollo samples five decades ago. However, 

no structural information has been obtained for this mineral. In this study, we report a new occurrence 
of “Cr-Zr-Ca armalcolite” and its associated mineral assemblage in an Mg-suite lithic clast (Clast-20) 
from the brecciated lunar meteorite Northwest Africa 8182. In this lithic clast, plagioclase (An = 88–91), 
pyroxene (Mg#[Mg/(Mg+Fe)] = 0.87–0.91) and olivine (Mg# = 0.86–0.87) are the major rock-forming 
minerals. Armalcolite and “Cr-Zr-Ca armalcolite” are observed with other minor phases including 
ilmenite, chromite, rutile, fluorapatite, merrillite, monazite, FeNi metal, and Fe-sulfide. Based on 38 
oxygen atoms, the chemical formula of “Cr-Zr-Ca armalcolite” is (Ca0.99Na0.01)S1.00(Ti14.22Fe2.06Cr2.01 

Mg1.20Zr0.54Al0.49Ca0.21Y0.05Mn0.04Ce0.03Si0.03La0.01Nd0.01Dy0.01)S20.91O38. Electron backscatter diffraction 
(EBSD) results reveal that the “Cr-Zr-Ca armalcolite” has a loveringite R3 structure, differing from 
the armalcolite Bbmm structure. The estimated hexagonal cell parameters a and c of “Cr-Zr-Ca ar-
malcolite” are 10.55 and 20.85 Å, respectively. These structural and compositional features indicate 
that “Cr-Zr-Ca armalcolite” is loveringite, not belonging to the armalcolite family. Comparison with 
“Cr-Zr-Ca armalcolite” and loveringite of other occurrences implies that loveringite might be an 
important carrier of rare earth elements in lunar Mg-suite rocks. The compositional features of pla-
gioclase and mafic silicate minerals in Clast-20 differ from those in other Mg-suite lithic clasts from 
Apollo samples and lunar meteorites, indicating that Clast-20 represents a new example of diverse 
lunar Mg-suite lithic clasts.
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Introduction
Five decades ago, Apollo astronauts collected precious 

samples from the surface of the Moon and brought them back to 
Earth. These samples are fundamental materials for understand-
ing the origin and evolutionary history of the Moon (Heiken et 
al. 1991; Papike et al. 1998; Jolliff et al. 2006). In these Apollo 
samples, scientists found a new oxide mineral (Mg,Fe)Ti2O5 
with orthorhombic Bbmm structure (Anderson et al. 1970). 
This phase was named armalcolite after the three astronauts 
(Neil A. Armstrong, Edwin E. Aldrin, and Michael Collins) of 
the Apollo 11 mission. At the same time, a phase that is similar 
chemically to armalcolite but contains a few weight percent of 
Cr2O3, ZrO2, and CaO was also observed and termed “Cr-Zr-Ca 
armalcolite.” The name “Cr-Zr-Ca armalcolite” has been used 
for five decades since its discovery (e.g., Steele and Smith 1972; 
Peckett et al. 1972; Haggerty 1972, 1973; Reid et al. 1973; Steele 
1974; Treiman and Drake 1983; Treiman and Gross 2015).  

“Cr-Zr-Ca armalcolite” was also described in terrestrial rocks 
(e.g., Haggerty 1983; Haggerty et al. 1983; Schulze 1990; Contini 
et al. 1993; Grégoire et al. 2000).

Armalcolite is an oxide mineral containing relatively small 
polyhedral sites for Mg, Fe, and Ti. In principle, cations with 
a large radius such as Ca2+ are not readily incorporated into 
the structure of armalcolite. This leads to a puzzle of whether 
“Cr-Zr-Ca armalcolite” belongs to the armalcolite family or not 
from the aspect of the crystal structure (Levy et al. 1972; Lat-
tard 1987). This puzzle has triggered theoretical considerations 
on the potential structure of “Cr-Zr-Ca armalcolite” (Săbău 
and Alberico 2007). Săbău and Alberico (2007) suggested that  
“Cr-Zr-Ca armalcolite” might be loveringite (R3) or a hexagonal 
phase (P3) with a hypothetical structure intermediate between 
crichtonites and magnetoplumbites, based on their crystal-
chemical consideration. However, due to small grain sizes, the 
“Cr-Zr-Ca armalcolite” that was described in the literature was 
not structurally characterized.

During a study of the brecciated lunar meteorite Northwest 
Africa (NWA) 8182, we observed the presence of both armal-
colite and the so-called “Cr-Zr-Ca armalcolite” in an Mg-suite 
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