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Abstract
Most models of early lunar evolution predict that the anorthositic highlands crust is the result of
plagioclase flotation on a magma ocean. However, the lunar highlands crust typically contains 4 wt%
FeO and so is more mafic than the strict definition of the anorthosites thought to comprise it. We used
new Clementine-based mineral maps of the Moon as inputs to a series of mixing models that calculate
the abundance and distribution of major highland rock types and shed light on three possible sources
of excess mafic material in the lunar highlands: mafic (15 vol% mafic minerals) anorthosites, postmagma ocean igneous activity, and mafic basin ejecta. Mixing models that feature pure anorthosites
like the purest anorthosite (PAN) described by Ohtake et al. (2009) and Pieters et al. (2009) are most
compatible with the data. They allow us to place an upper limit of 10–20 vol% mantle material that
could be mixed with the primary highlands crust. The upper limit on mantle material indicated by
the mixing models is significantly lower than the 30–40 vol% mantle material expected from simple
geometric calculations of the major lunar basins’ excavation cavities based on an excavation cavity
depth/diameter ratio of 1/10; this discrepancy allows us to conclude that the excavation cavities of the
three largest lunar basins may have been significantly shallower than those of the smaller basins. Our
results are consistent with excavation cavity depth/diameter ratios for these largest basins in the range
of 0.035 to 0.06, which agrees with previous gravity measurements by Wieczorek and Phillips (1999).
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Introduction
The magma ocean hypothesis (e.g., Smith et al. 1970; Wood
et al. 1970; Warren and Wasson 1977; Warren 1985; Snyder et
al. 1992) provides a framework for the story of the Moon’s early
history: a primary crust of anorthosite making up the lunar highlands formed from floating as a melt differentiated; the nearside
maria are the result of relatively recent volcanism (Neal and
Taylor 1992). Both samples (e.g., Wood et al. 1970; Korotev et
al. 2003; Warren 1990) and remote sensing (e.g., Hawke et al.
2003; Prettyman et al. 2006; Ohtake et al. 2009; Pieters et al.
2009; Cheek et al. 2013) provide strong support for the magma
ocean hypothesis. However, the typical lunar highlands surface
contains 4–5 wt% FeO (Korotev et al. 2003; Prettyman et al.
2006) or over 15 vol% mafic minerals, and so is more mafic than
strictly defined anorthosites (<10 vol% mafic minerals, Stöffler et
al. 1980), and much more mafic than the very anorthositic “purest anorthosites” (PAN) detected ubiquitously in craters larger
than 30 km by Ohtake et al. (2009), which contain less than 2
vol% mafic minerals. This raises the question of the source of
the excess mafic material in the lunar highlands that may not be
associated with magma ocean anorthosites.
Samples and remote sensing reveal the complexity of the
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lunar crust (e.g., James 1980; Ryder and Spudis 1980; Pieters
1986; Tompkins and Pieters 1999; Warren 1990) and attest to
the variety of processes that could lead to the observed elevated
mafic content of the lunar highlands. We examined three possible
explanations for the elevated abundances of mafic material: (1)
the lunar anorthosites are inherently more mafic than the strict
definition, as suggested by Warren (1990); (2) magma ocean
anorthosites are mixed with mafic post-magma ocean igneous
intrusions (POI) or extrusive volcanism (Ryder and Spudis 1980);
and (3) mafic lower crust or mantle material was excavated by
large-scale basins and is mixed with the anorthositic upper crust
(Ryder and Wood 1977). We used mineral maps derived from
Clementine UVVIS spectra and improved through reconciliation
with Lunar Prospector neutron and gamma-ray spectrometer
results by Crites and Lucey (2015) to examine the consistency of
various combinations of these non-mutually exclusive scenarios.
This allows us to constrain the probable mafic content of lunar
magma ocean anorthosites and plausible contributions of igneous
activity and mantle contamination to the lunar highland crust.

Method
We use a new set of global mineral maps (Crites and Lucey 2015) obtained
by reconciling the Clementine-based mineral maps of Lucey (2004) with Lunar
Prospector gamma-ray spectrometer (GRS) 2°/pixel oxide abundances (Prettyman
et al. 2006) to obtain estimates of the distributions of the major highland rock
types. Lucey (2004) used radiative transfer modeling combined with Clementine
UVVIS spectra of immature locations on the Moon to obtain maps of plagioclase,
orthopyroxene, clinopyroxene, olivine, and magnesium number. The maps were
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