American Mineralogist, Volume 100, pages 983–990, 2015
THE SECOND CONFERENCE ON THE LUNAR HIGHLANDS CRUST AND NEW DIRECTIONS
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abstract
The presence of anorthosite in the lunar highlands containing plagioclase that is compositionally
less calcic than plagioclase in the ferroan anorthosites cannot be readily explained by the current
ocean. Phase-equilibrium experiments were conducted to investigate whether such anorthosite could
arise locally from crystallization of aluminous magma at shallow levels within the lunar crust. The
experiments were conducted on a synthetic analog of Cl-, F-, and S-bearing aluminous highland
basalt 14053 at pressures of approximately 1 bar and fO2 at QIF. Pyroxene and plagioclase (An93–89)
saturation occurs early, and with continued crystallization, the residual liquid evolves to a silica-poor,
halogen-, Fe-, and Ti-rich melt with a computed density of >3.1 g/mL. This liquid remains higher in
density than the plagioclase over the crystallization interval, providing the possibility of plagioclase/
melt separation by liquid draining.
A model is proposed in which “alkali” anorthosite, consisting of sodic anorthite or bytownite,
coupled with underlying pyroxenite (or harzburgite) is produced locally during crystallization of plagioclase from “Al-rich” magmas at or within roughly a kilometer of the lunar surface. In this model,
segregation of plagioclase would be attained by settling of ferromagnesian minerals to the bottom
of a shallow magma chamber, and draining of low-viscosity, low-silica, Fe-Ti-K-REE-P-enriched
residual basaltic melt to deeper regions of the crust, or into topographic lows. Such residual melt may
be represented by magma compositions similar to some of the intermediate- to high-Ti mare basalts.
in widespread isolated locales on the Moon and allow for variable ages for such anorthosite that may
extend to ages of the mare basalts.
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iNtroDUctioN
Ferroan anorthosite (FAN) has long been considered the
dominant rock type of the primary lunar highlands crust. The
lunar magma ocean (LMO) has been called upon as the means of
generating the anorthositic crust of the highlands (e.g., Wood et
al. 1970; Taylor and Jakes 1974). Current models of the LMO differ in depth and cooling rate (Warren 1985; Hess and Parmentier
1995; Elkins-Tanton et al. 2002, 2011, and references therein);
however, it is generally accepted that plagioclase flotation in
the LMO eventually formed a cumulate lid at the surface of the
Moon, and this primordial lunar crust is evidenced today as the
FANs. In these models, all other lunar lithologies should postdate the anorthosites. Yet, recently collected geochronologic
evidence suggests that FANs crystallized over an extended period of time, lasting more than 200 million years (Nyquist et al.
1995; Borg et al. 1999, 2011; Gaffney and Borg 2013). Lunar
rock classes such as the Mg-suite and alkali suite, purportedly
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formed only after almost complete solidification of the LMO and
total crystallization of the FAN (James and Flohr 1983; Snyder et
al. 1995). Compositions of classic FAN sampled from the lunar
surface, and analyzed during the Apollo era consisted largely of
anorthitic plagioclase (>An95). The plagioclase grains in FAN are
further characterized by almost invariant An contents in spite of
a range in Mg number (e.g., Shearer and Papike 2005) of the
host anorthosite. However, less calcic anorthosite that contains
plagioclase more sodic than any found in the FAN samples has
also been found (e.g., LG Y86032 anorthosite breccia clast,
Nyquist et al. 2006; 116B Y86032 anorthosite breccia clast,
Yamaguchi et al. 2010; 76504 F 18 anorthosite clast, Warren and
Kallemeyn 1985; 14305,400 alkali anorthosite, Shervais et al.
1984; and various other Apollo 14 alkali anorthosites analyzed by
Warren in Lindstrom 1984).Taking for demonstration purposes
two examples of these, plagioclase in Apollo sample 76504 has
a typical An content of 91.3 0.7 (Warren and Kallemeyn 1985),
with a range in composition from 89.9 to 93.3 (Warren 1986).
Although, Warren (1986) describes it as an “evolved ferroan
anorthosite,” it does not have the highly anorthitic plagioclase
of even the highly evolved hyperferroan anorthosites (Goodrich
et al. 1984). Yamato-86032 is a breccia that contains multiple

