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Introduction
The lunar crust provides a record of the planetary
formation and early evolutionary processes and
contains a wealth of information about the origin
and evolution of the Earth-Moon system (e.g.,
Taylor 1982; NRC 2007; Canup 2008, 2012;
Cuk and Stewart 2012; Young et al. 2016). Understanding these processes is crucial for the reconstruction of the early evolutionary stages of the
Earth, e.g., the early geological evolution of a
terrestrial planet, inner Solar System impact bombardment, and the solar and galactic environment
throughout the last 4.5 billion years (Ga) (e.g.,
NRC 2007; Crawford et al. 2012).
Our knowledge of the lunar highland crust has
advanced enormously. Studies of lunar meteorites; experimental and computational studies;
remote sensing of mineralogy, chemistry, and
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topography of the lunar surface; new gravity
data; geochronology; geochemistry, especially
isotopic constraints; and the abundances and
source reservoirs of lunar volatiles have brought,
and continue to bring, valuable insights to understanding the Moon’s geological evolution (e.g.,
Shearer et al. 2006; Elkins-Tanton et al. 2011;
Elardo et al. 2011; Zuber et al. 2013; Wieczorek
et al. 2013; Borg et al. 2015).
The Lunar Magma Ocean Paradigm
The early history and broad-scale petrogenesis of
the Moon were glimpsed from the ﬁrst manned
and unmanned missions to the Moon that returned
382 kg of lunar rocks and soils from the lunar
surface (Vaniman et al. 1991). These were collected by the Apollo and Luna missions from the
central and eastern nearside of the Moon (Fig. 1).
Based on numerous studies of these returned
Apollo and Luna samples, hypotheses of the
Moon’s differentiation and crust formation were
made. The most supported model for the formation and evolution of the Moon is that of a giant
impact between proto-Earth and another large
planetary body early in the Solar System history
(e.g., Canup 2008, 2012; Canup et al. 2015; Cuk
and Stewart 2012), chemically mixing the two
bodies (e.g., Young et al. 2016). This produced a
lunar magma ocean (LMO), although the global
extent of this ocean and depth of melting that
occurred is debated (Wood et al. 1970; Smith
et al. 1970; Solomon 1986; Binder 1986;
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Evolution, Lunar: From Magma Ocean to Crust Formation, Fig. 1 Clementine mission albedo map of the
Moon in a cylindrical projection, overlain with locations of
the Apollo sample return missions (as indicated by
crosses). (a) Map is overlain with the distribution and
concentration of regions with >2 ppm Th as mapped by
the Lunar Prospector mission (2 per pixel data calibration;
Prettyman et al. 2006) showing surface expression of
KREEP-bearing lithologies. Major crustal terranes as
mapped by Jolliff et al. (2000) are denoted as South PoleAitken (SPA) basin, feldspathic highland terrane (FHT)
and Procellarum KREEP Terrane (PKT). (b) Map is overlain with the distribution and concentration of regions with
<0.7 ppm Th (cyan-colored pixels) and <0.3 ppm Th
(dark blue-colored pixels) (Prettyman et al. 2006). The
threshold <0.7 ppm Th is taken as regolith with no or a
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positive Eu-anomalies (O’Hara and Nui 2015). It is important to note that the gamma-ray spectrometer data sample
the upper 30 cm of the lunar regolith, and mapped regoliths
will include a wide mix of igneous rocks, reworked impact
melt breccias, and impact glass over a scale of 60 km per
pixel, so we also highlight in Fig. 2b regoliths with
<0.3 ppm Th, taken as equivalent to signiﬁcant positive
Eu-anomalies akin to Apollo igneous FAN rocks
(<0.15 ppm Th, Taylor 2009), bearing in mind the average
uncertainty of the Lunar Prospector dataset (Prettyman
et al. 2006). An interesting point to note is that none of
the average Apollo landing site soils have positive Euanomalies as they all contain soil components rich in
negative Eu-anomalies-bearing KREEPy maﬁc impact
melt breccias and/or maﬁc mare basalt material
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Evolution, Lunar: From Magma Ocean to Crust Formation, Fig. 2 Schematic sketch of the (a) differentiation
and (b) crystallization of the global lunar magma ocean
(LMO). (b) The LMO crystallized maﬁc cumulates of
olivine and pyroxene crystals. These cumulates sank into
the interior to form the lunar mantle (Shearer et al. 2006
and refs. therein; Elardo et al. 2011). (c) After 75 to 80 %
of LMO crystallization, plagioclase began to crystallize
(Snyder et al. 1992) and ﬂoated to the top of the LMO
producing the global anorthositic crust, the light-colored

highlands seen on the lunar surface today. The residual
magma, trapped between the anorthositic crust and the
underlying ultramaﬁc mantle, continued to crystallize and
late-stage melt became increasingly enriched in KREEP. For more details, see text (Modiﬁed from the classroom
illustration of Jennifer Rapp (2013) from the Lunar and
Planetary Institute; Center for Lunar Science and Exploration
http://www.lpi.usra.edu/nlsi/training/illustrations/
planetaryInteriors)

Pritchard and Stevenson 2000; Shearer et al. 2006
and refs. therein; Delano 2009).
As this LMO cooled, crystals that precipitated
from the melt separated due to density differences
(Fig. 2). This has been modeled (e.g., Solomon
and Longhi 1977; Dreibus et al. 1977; Longhi
1980, 2003; Tonks and Melosh 1990; Snyder
et al. 1992; Meyer et al. 2010; Elkins-Tanton
et al. 2011) and experimentally tested (Elardo
et al. 2011; Rapp and Draper 2012, 2013). These
models consider two end-member forms: (1) fractional crystallization from start to ﬁnish (the “onestage model”) and (2) a “two-stage model” in
which early equilibrium crystallization occurred
followed by fractional crystallization of the residual magma ocean. In all models, Mg-rich olivine
is the liquidus phase, followed by orthopyroxene
crystallization. These dense maﬁc (Mg-rich) minerals sank and formed the mantle, enriching the
residual magma in iron and more incompatible
elements (e.g., Th, Ti, K).
After 75–80 % of the LMO had solidiﬁed,
the calc-end-member of plagioclase feldspar
(anorthite) began to crystallize. Recent studies

suggest that initialization of plagioclase crystallization occurred at depths of >75 km in the LMO
(Nakvasil et al. 2015). Upon formation, this
low-density plagioclase overcame a density contrast with dense comagmatically crystallizing
maﬁc phases by buoyantly rising and migrating
toward the lunar surface, forming a thick “onion
shell” anorthosite crust (Warren 1990; ElkinsTanton et al. 2011) (Fig. 2). This crystal separation
also removed the plagiophile compatible element
Eu from the magma ocean melt, providing the
anorthositic crust with a positive chondritenormalized (cn) Eu-anomalies (i.e., Eu/Eu* >1,
where Eu/Eu* = (Eucn /(Smcn + Gdcn)^0.5)) and
rocks that have low concentrations of incompatible trace elements. Analyses of Apollo returned
samples show that this primary feldspathic crust is
composed of anorthositic rock with plagioclase
An# (molar Ca/[Ca + Na + K]) of 94–98, with
maﬁc minerals that have a Mg# (molar Mg/[Mg +
Fe]) ranging from 40 to 70, although varieties
within that range exist (Warren et al. 1983; James
et al. 1989; Jolliff and Haskin 1995; Nyquist
et al. 2006) (Fig. 3a). These rocks are called the

4

Evolution, Lunar: From Magma Ocean to Crust Formation

Evolution, Lunar: From Magma Ocean to Crust Formation, Fig. 3 Graph of An (molar Ca/[Ca + Na + K]) in
plagioclase versus Mg# (molar Mg/[Mg + Fe]*100) in
maﬁc minerals (olivine and pyroxene) in feldspathic rock
fragments in lunar samples. (a) Apollo samples. (b)

Anorthosite clasts in lunar feldspathic meteorites
(Modiﬁed from Gross et al. (2014). Data from Warner
et al. (1976), Warren and Wasson (1979), Warren (1993),
and Meyer (2010) and from Gross et al. (2014) and references therein)

ferroan anorthosite suite (FAN; Fig. 3a). FANs are
common at the Apollo 16 highland landing site
and are also present at the mare regions visited by
the other Apollo missions (Wood et al. 1970).
The development of a thick “onion shell” anorthosite crust would have likely caused a large
thermal blanketing effect on the lunar interior
(Shearer et al. 2006). The rate of cooling in the
remaining molten lunar interior (be it the dregs of
a magma ocean, more localized melt environments, or Moon-wide partial melts) would have
rapidly slowed, and the melt itself would have
become increasingly FeO-rich and dense
(Warren 1990) and crystallized to yield abundant
ilmenite (FeTiO3). Very late-stage residual melt
products (after 90–95 % of crystallization) would
have ponded and crystallized in the intermediate
regions between the “buoyantly risen”
anorthosite-rich crust and the “sunken” maﬁc
cumulate mantle. Such residual melt was enriched
in incompatible and heat-producing elements like

thorium (Th), potassium (K), rare earth elements
(REE), and phosphorus (P) that were not incorporated into the previously formed cumulates. This
residual melt is called the KREEP (K, REE, and P)
geochemical component (Warren and Wasson
1979; Snyder et al. 1995; also see review by
Shearer et al. 2006 and refs. therein; Taylor and
McLennan 2009).
By the end of differentiation, the Moon had a
small dense core, an inner mantle made of Mgand Fe-rich silicate minerals (olivine and pyroxene), and an outer feldspathic crust, the so-called
“primary” crust which makes up much of the
white highland areas of the Moon (Fig. 1). Numerical models predict that upon solidiﬁcation of the
LMO, a density gradient existed, with denser
(cooler and more Fe-rich) cumulates near the surface, under the buoyant anorthosite crust, compared to less dense cumulates (Mg-rich) at depth.
This gravitational unstable stratigraphy leads to
overturn via Rayleigh-Taylor instability resulting
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in mixing and/or relocation of early- and latestage LMO cumulates (Ringwood and Kesson
1976; Herbert 1980; Spera 1992; Shearer and
Papike 1993, 1999; Hess and Parmentier 1995;
Elkins-Tanton et al. 2002, 2011).
Post-LMO magmatism: After the lunar anorthositic crust was formed, partial melts from the
interior of the Moon intruded into the plagioclase
rich crust and formed magmatic “secondary”
crustal rocks known as the high-magnesian suite
(HMS – maﬁc rocks with a wide range of plagioclase compositions, maﬁc minerals with Mg#
ranging from 65 to 90, and KREEP component;
Fig. 3a) and the high-alkali suite (HAS – rocks
with a high bulk alkali KREEPy component).
Magnesian-suite (Mg-suite) rocks (Fig. 4c) and
KREEP-rich material are present in rocks collected from all Apollo sites. Trace element geochemistry has shown that the Mg-suite rocks are
petrogenetically not related to the FAN crust
(Shearer and Papike 2005, and refs. therein).
Their typical KREEPy geochemical signatures
also suggest that Mg-Suite cumulates must have
been formed after the closure of KREEP formation in an LMO and, therefore, are sourced from
melting events that postdate LMO closure.
Geochemical modeling requires that this plutonic suite was generated by the melting of deep,
early-crystallized, magma ocean maﬁc cumulates
and the assimilation of KREEP during ascent
(Hess 1994; Hess and Parmentier 1995, 2001;
Longhi 2003). The presence of a KREEPy-ITE
signature and isotopic systematics suggest that
there is a petrologic link between the HMS rocks
and HAS samples (Shearer and Floss 2000;
Shearer et al. 2006). They are either likely to
represent a continuum of crystallized products of
parental magmas with compositions similar to the
KREEP basalts (Snyder et al. 1995) or to represent a more complex scenario with KREEP
magmas assimilating different amounts of crustal
ferroan anorthosites and/or magma mixing
(Shervais and McGee 1998, 1999).
Post-LMO crustal modiﬁcation: Throughout
the past 4.5 Ga, the Moon has been constantly
resurfaced by impacting asteroids and comets (see
review by Stöfﬂer et al. 2006). Before 3.8 Ga,
the rates of impact bombardment were notably
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higher, and large impactors created the lunar
basins >300 km in diameter, as well as many
smaller craters on the lunar surface. However,
the duration and magnitude of the duration of
basin formation is debated (Hartmann 1970;
Turner et al. 1973; Tera et al. 1974; Wetherill
1975; Turner 1979; Hartmann and Neukum
2001; Ryder 2003; Stöfﬂer et al. 2006; NRC
2007; Norman 2009; Morbidelli et al. 2012;
Fernandes et al. 2013; Miljkovic et al. 2013).
Young volcanism: After the youngest basin
(Orientale) was formed at 3.8 Ga, effusive volcanism became the dominant crust-forming process. Mare basalts, thought to be partial melts of
the cumulate mantle, ﬁlled many of the older
impact basins (see review by Hiesinger and
Head 2006). The mare basalt surface exposure is
about 15 % of the global lunar surface, and most
of it is concentrated on the lunar nearside, only a
few basalt outcrops exist on the lunar farside.
Trace element geochemistry has shown that the
source regions of the mare basalts are complementary to the plagioclase-rich crust, i.e., their source
regions had plagioclase removed, resulting in
rocks with negative Eu-anomalies (Eu/Eu*
<1.0) (Warren 1985; Delano 2009). The observation that the majority of igneous rocks from the
lunar highlands have a positive Eu-anomalies and
that the lunar mare basalts have a complementary
negative Eu-anomalies is generally taken as
supporting evidence for the LMO model of early
evolution (Warren 1985; Jolliff et al. 2000;
Shearer et al. 2006; Delano 2009). However, it
has been proposed that the negative Eu-anomalies
born by mare basalt may be the result of
low-pressure fractionation of lavas after ponding
into lava lakes (e.g., O’Hara 2000; O’Hara and
Niu 2015); hence, there is some debate about the
interpretation of this critical geochemical
indicator.

New Views of the Evolution of the Lunar
Crust
We have learned a great deal about the lunar
formation history from studies of Apollo samples.
However, these interpretations have been made
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Evolution, Lunar: From Magma Ocean to Crust Formation, Fig. 4 Photos of lunar crust samples. (a) NASA
curation photographs of pristine lunar anorthosite sample
15,415, which is also known as the “Genesis Rock”
(NASA photo S-71-42951). (b) NASA curation photographs of sliced section of pristine anorthosite 60025
(NASA photo S75-32823). (c) NASA curation photographs of igneous intrusive sample 76535, which is a
troctolite and part of the lunar Mg-suite (NASA photo

S73-19458). (d) Antarctic feldspathic regolith breccia
Allan Hills (ALHA) 81005 showing clast-rich interior
and brown fusion crust (Photo: NASA). (e) Antarctic feldspathic regolith breccia Yamato 791197 (Photo: NIPR). (f)
Polished slab of hot desert (Libya) feldspathic regolith
breccia Dar al Gani 400 (Photo: Katherine Joy; as studied
in Joy et al. 2010) (Figure adapted from those shown in
Crawford et al. (2014))

from a dataset that comes from a restricted geographically region (Fig. 1). Notably remotesensing data of K and Th abundances have subsequently shown that many of the Apollo and Luna
landing sites actually sampled a geochemically
unusual region, with enhanced concentrations of
the KREEP component (Jolliff et al. 2000). This
geochemical signature is not globally distributed
(see Fig. 1a), but instead is mostly localized and
closely associated with impact ejecta from the
nearside Imbrium impact basin (Lawrence et al.
2003; Gillis et al. 2004). It is, therefore, now
acknowledged that Apollo samples may not
necessarily represent the full range of the
Moon’s global geological makeup, and several
lines of new evidence are emerging to make us
re-examine the LMO paradigm (e.g., Longhi
2003; Arai et al. 2008; Gross et al. 2014; O’Hara
and Niu 2015; Borg et al. 2015; Yamamoto

et al. 2016) and question the formation mechanisms responsible for the formation of the Moon’s
crust (see also Pernet-Fisher and Joy 2016 for a
summary).
Remote-Sensing Records: A Compositionally
Variable Lunar Crust
The last 20 years have seen a renaissance in lunar
orbital missions with vast amounts of data being
acquired from mapping the morphology, gravity,
chemistry, and mineralogy of the lunar surface
and upper crust (see Crawford et al. 2014 for an
overview of lunar recent exploration). These new
global datasets have revealed the complex
makeup of the Moon’s crust, helping to test the
LMO paradigm and models of crust formation.
Remote-sensing data (optical reﬂectance,
gamma ray, and X-ray emission) have suggested
that a large portion of the Moon’s highland crust is
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anorthositic (Lucey 2004; Prettyman et al. 2006;
Ohtake et al. 2009; Greenhagen et al. 2010;
Narendranath et al. 2011; Yamamoto et al. 2012;
Piskorz and Stevenson 2014; Crites and Lucey
2015), supporting the model of a global
plagioclase-rich ﬂotation crust. This assumption
has recently been questioned by O’Hara (2000)
and O’Hara and Niu (2015) who argue that on the
basis of the relationship between bulk lunar sample Eu-anomalies (Eu/Eu*) and Th concentration
(Korotev and Haskin 1988; O’Hara 2000; O’Hara
and Niu 2015), global Th element maps do not
provide evidence that the lunar highlands have
positive Eu-anomalies. We examine this further
in Fig. 1b, using the threshold of <0.7 ppm Th
(where Th is derived from the 2 per pixel Th
dataset of Prettyman et al. 2006) to locate regolith
with equivalent positive Eu-anomalies (Eu/Eu*
>1), following the relationship deﬁned by
O’Hara and Niu (2015). Our results show the
lunar highlands typically do have low Th concentrations representative of positive Eu-anomalies,
supporting the long-standing view that the feldspathic highland terrane and outer regions
(FHT-O) are the surface expression of regolith
formed from plagioclase-rich underlying crust
(Taylor 2009 and refs. therein).
However, other compositional evidence does
indicates that the lunar feldspathic highland crust
is compositionally heterogeneous (e.g., Jolliff
et al. 2000; Spudis et al. 2000, 2002), with some
indication that the farside highlands may be more
magnesian than the ferroan central nearside highland crust sampled by the Apollo missions (Arai
et al. 2008; Ohtake et al. 2012; Crites and Lucey
2015). This observation, if conﬁrmed by future in
situ geological sampling efforts (Mimoun
et al. 2012) and high-resolution chemical mapping instruments, would imply that the lunar anorthositic crust may have been formed in a more
complex way than suggested by the simple compositionally homogenous onion ﬂoatation model
(Arai et al. 2008; Ohtake et al. 2012; Pernet-Fisher
and Joy 2016).
Moreover, the central peaks of impact craters
have been used to probe vertical stratigraphic
variation in the lunar crustal (e.g., Tompkins and
Pieters 1999). Outcrops of “pure anorthosite”
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(i.e., regoliths and rocks with <2 % Fe-bearing
maﬁc minerals) have also been observed in many
globally distributed uplifted crater center peaks
and peak rings (Donaldson Hanna et al. 2014;
Hawke et al. 2003; Ohtake et al. 2009; Yamamoto
et al. 2012). These observations have been used to
suggest that there was a global pure anorthosite
crust 50 km in depth (Yamamoto et al. 2012;
Piskorz and Stevenson 2014), supporting the
model of a globally extensive ﬂoatation crust.
Proﬁles of the central peaks using Clementine
mission data revealed that the crust increases in
maﬁc content with depth (anorthosite !
gabbroic-noritic-troctolitic anorthosite ! anorthositic norite) and that the lower crust is actually
much more compositionally diverse than implied
by surface mapping alone (Ryder and Wood 1977;
Spudis and Davis 1985). The survey also identiﬁed craters excavating “massive” maﬁc lithologies (gabbros and troctolites), consistent with
plutons being intruded at depth throughout the
lunar crust (Pieters 1991; Pieters et al. 2001).
Recent gravity model data from the GRAIL
mission estimate that the lunar crust is on average
only 34–43 km thick (Wieczorek et al. 2013; Taylor et al. 2013), which is much thinner than previously inferred from the simple global plagioclase
ﬂoatation magma ocean model (Taylor et al. 2013)
and the calculations of crustal thickness derived
from observations of pure anorthosite outcrops
(Yamamoto et al. 2012).
Another observation that argues against the
existence of a continuous onion shell-like LMO
crustal formation model is the compositional
diversity between the nearside and farside of the
Moon: if KREEP was formed in the LMO as a
late-stage precipitated globally extending layer,
then KREEPy rock signatures would be expected
to commonly appear across the whole of the
Moon. However, the large Th anomaly associated
with ejecta from the Imbrium basin in the nearside
Procellarum KREEP Terrane is not signiﬁcantly
seen in the farside South Pole-Aitken (SPA) basin
(Fig. 1a). As the SPA should have excavated more
deeply through the lunar crust than Imbrium, this
observation
suggests
that
LMO-derived
urKREEP may be asymmetrically spatially distributed, rather than forming a global uniform
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layer as dictated by the simple global LMO onion
skin more of crust formation (e.g., Jolliff
et al. 2000; Elphic et al. 2000; Wieczorek and
Phillips 2000; Haskin et al. 2000; Lawrence
et al. 2003; Gillis et al. 2004).
Lunar Meteorite Record
In addition to the new remote-sensing datasets,
there is also a new lunar sample resource – the
lunar meteorites – that can be used to test models
of lunar crust formation and provide insights to
the LMO model (e.g., Palme et al. 1991; Korotev
et al. 2003; Korotev 2005; Demidova et al. 2007;
Arai et al. 2008; Joy and Arai 2013; Gross
et al. 2014). Lunar meteorites are rock fragments
that were ejected from the Moon by impact
events. They provide samples of the Moon from
regions not visited by Apollo or Luna mission
(Korotev et al. 2003; Caldeza-Diaz et al. 2015)
and are presumably representative, on average, of
the compositional diversity of the lunar surface
(Korotev 2005).
About 60 % of lunar meteorites collected are
feldspathic (Fig. 4d–f), with low KREEP concentrations (<2 ppm Th, < 5 ppm Sm, < 1 % TiO2)
and high bulk-rock Al (>20 wt% Al2O3) compositions (Fig. 5) (Wieczorek et al. 2006; Joy
et al. 2010; Korotev 2005, 2012; Korotev
et al. 2013). These feldspathic meteorites

35

FAN

25
20
15

KREEP

100

35

90
80
FAN

70

25

60

20
KREEP

Mare Basalts

5

15

5

0
5

10

15

20

25

30

FAN

50

KREEP
Mare Basalts

40
30

10

10

0

40

30
AI2O3 wt%

AI2O3 wt%

30

1. Magnesian anorthosites (MAN): 56 % of all
the meteorites plotted have fragments that contain maﬁc minerals with a Mg# ranging from
65 to 90 (Fig. 3b).
2. Ferroan anorthosites FAN (19 %): maﬁc minerals within FAN fragments show a Mg# ranging from 50 to 68 (Fig. 3b), comparable to
those of pristine Apollo ferroan anorthosites
(Fig. 3a).
3. Continuous range (25 %): anorthositic lithologies that span a wide range of compositions
from hyperferroan (Mg# 35) to highly

Mg#

40

plausibly sample regoliths and impact breccias
derived from crust from the southern nearside,
polar regions, and the farside highlands (e.g.,
Palme et al. 1991; Korotev et al. 2003; Cahill
et al. 2004; Takeda et al. 2006; Arai et al. 2008;
Joy et al. 2010; Treiman et al. 2010; Calzada-Diaz
et al. 2015).
Many of these feldspathic meteorites contain
fragments of anorthositic material (fragments with
>75 % anorthite). Gross et al. (2014) noticed that
by plotting the compositions of minerals in these
clasts, i.e., the anorthite component (An#) of plagioclase versus Mg# of their maﬁc minerals, three
compositional distinct groups can be recognized
(Fig. 3b):

20
Mare Basalts

0
0.1

10
1

FeO wt%
Apollo ancient magmatics (High-Alkall Suite)
Apollo ancient magmatics (High-Magnesian Suite)
Apollo Impact melt groups (Averages)

10

100

Th (ppm)

0
0.1

1

10

100

Th (ppm)

KREEP
Lunar Meteorite Bulk Compositions

Evolution, Lunar: From Magma Ocean to Crust Formation, Fig. 5 Lunar meteorite bulk compositions
(electronic database of Wieczorek et al. 2006; Joy
et al. 2010; Korotev 2012) compared with Apollo samples
(electronic database of Wieczorek et al. 2006 and Clive

Neal’s mare basalt database). Mixing lines are drawn
between the bulk composition of KREEP (Warren 1989),
the estimated bulk composition of the lunar feldspathic
highlands (Korotev et al. 2003), and the center of the
mare basalt ﬁelds

Evolution, Lunar: From Magma Ocean to Crust Formation

magnesian (Mg# 90) (Fig. 3b; see Gross
et al. 2014 and refs. within).
Moreover, the Luna 20 and 24 missions
returned samples from outside the continuous
ejecta blanket of the Imbrium basin, and their
highland materials are also dominated by magnesian anorthositic rocks, not ferroan rocks (Korotev
et al. 2003; Arai et al. 2008). Taken together, this
suggests that the lunar crust represented by
Apollo-sampled FANs is characteristic only of a
small part of the lunar highlands, whereas MANs
seem characteristic of many other highland areas
(also see Arai et al. 2008; Takeda et al. 2006).
However, it is currently hard to account for such
MAN rocks with a Mg# >75 from the traditional
LMO plagioclase ﬂoatation crust model since it
predicts that at the time of plagioclase crystallization, the cogenetic maﬁc minerals – such as olivine and pyroxene – will crystallize with an
average Mg# of 75 or lower (Dreibus et al. 1977;
Snyder et al. 1992). In that model, MANs with
Mg# >75 could only be produced if these maﬁc
minerals became entrapped in the plagioclase
ﬂoatation matrix/mush right at the moment of
plagioclase crystallization (at the time of plagioclase saturation of the melt), before the LMO
could evolve to more ferroan compositions
(Gross et al. 2014). Thus, formation of abundant
MAN is difﬁcult to explain at this point.
Other compositional and isotopic discrepancies exist between the Apollo and lunar meteorite
anorthositic material. For example, plagioclase
fragments in relict clasts in these types of feldspathic lunar meteorites (Cahill et al. 2004; Joy
2013; Russell et al. 2014) have a wider range of
trace element concentrations and variably Euanomalies compared with plagioclase in Apollo
FAN samples (Papike et al. 1997; Floss
et al. 1998). Also, recent studies of neodymium
isotopes in Apollo samples and lunar meteorites
create complexities for FAN origin as primary
crust formed from a primordial LMO. Variation
in eNd values suggest that FANs originated from
both super- and sub-chondritic source regions
(Nyquist et al. 2006, 2010; see also the summary
by Arai et al. 2008), which is not consistent with
FANs originating from a LREE-depleted LMO
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from prior removal of early forming pyroxene
(Snyder et al. 1992).
Intriguingly, KREEP-bearing Mg-suite rocks
are almost completely absent in many of the feldspathic meteorites (Korotev 2005; Gross
et al. 2014; Shearer et al. 2015), but lunar meteorites contain a wealth of intriguing lithologies
that are not well represented in the Apollo suite.
An example is the magnesian granulites, which
are crystalline rocks with granulitic textures
(rounded grain shapes) that formed by recrystallization during prolonged annealing (Warner
et al. 1977; Lindstrom and Lindstrom 1986).
These granulites are chemically distinct in having
major element mineral compositions (i.e., Mg#)
similar to magnesian-suite plutonic rocks, but
containing no trace of KREEP component
(Warner et al. 1977; Lindstrom and Lindstrom
1986; Korotev and Jolliff 2001; Treiman
et al. 2010). They do not represent simple mixtures of FAN and KREEP-bearing Mg-suite rocks
(Korotev et al. 2003; Treiman et al. 2010). Their
protoliths are not known, but they could provide
evidence for magnesian plutonic rocks other than
Mg-suite, with distinctive chemistry including an
absence of KREEP (Korotev and Jolliff 2001;
Korotev et al. 2003, 2006, 2012; Takeda
et al. 2006; Treiman et al. 2010; Zeigler
et al. 2012; Shearer et al. 2015).
Taken together, the emerging compositional
evidence suggests that anorthositic protoliths
sampled by many feldspathic lunar meteorites
are compositionally variable from pristine Apollo
ferroan anorthosites. This suggests that they represent products of different parent melts, which is
inconsistent with a simple global LMO anorthosite ﬂotation crust (Gross et al. 2014; Russell
et al. 2014). However, the argument is controversial because of the usually small sample size (<
few mm) of rock fragments in currently available
lunar meteorites compared with hand specimensized Apollo pristine rocks (Warren 2012). The
sampling problem is caused by extensive impact
bombardment and mixing in the lunar highlands,
resulting in cataclastics and promoting annealing
and inter- and intra-mineral element diffusion that
may mask the true chemical and isotopic record of
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small highland rock fragments (McCallum
et al. 1997; Pernet-Fisher et al. 2016).
Sample Ages and Isotopic Anomalies
The radiometric age determination of lunar highland rocks are the primary tool that is used to place
constraints on their chronological relationships, as
well as to constrain the origin and evolution of
their sources (e.g., Carlson and Lugmair 1981;
Alibert et al. 1994; Borg et al. 1999, 2011, 2012,
2015 and ref. therein; Cohen et al. 2000, 2005;
Norman et al. 2003; Nyquist et al. 2006, 2010;
Boyet and Carlson 2007).
In the onion skin ﬂoatation crust LMO model,
FANs represent the primary lunar crust and, therefore, are expected to yield the oldest radiometric
ages of any lunar rocks. Age investigations of
FANs, however, are typically very difﬁcult
because FANs are often nearly monomineralic,
making isochron mineral separate isotopic analyses challenging (Fig.6a, b) Borg et al. 1999,
2015). They also often have had their isotopic
systematics disturbed by the heavy bombardment
of the lunar crust which could have reset their
radiometric clocks and/or geochemically mixed
them with younger material or fractionated elements through outgassing and volatilization from
the rock (Borg et al. 1999, 2015). Experimental
investigations of shocked and heated lunar samples demonstrate that Sm-Nd is least mobile during shock metamorphism and, therefore, is the
most reliable recorder of igneous events
(Gaffney et al. 2011; Borg et al. 2015). Application of this Sm-Nd system to lunar highland samples is hindered though, by the very low
abundances of Nd in FANs (Borg et al. 2011,
2012). In contrast, Ar-Ar, Rb-Sr, and U-Pb systems are more easily disturbed (Fig. 6b). Individual isochron age measurements have mostly not
been conﬁrmed by application of additional isotopic systems (Carlson and Lugmair 1988; Hanan
and Tilton 1987; Norman et al. 2003) leading to
non-reproducible ages and large uncertainties
(Fig. 6b) (Borg et al. 1999, 2015). These analytical challenges account for the wide range of ages
reported for lunar highland feldspathic samples
(Fig. 6b). When the ages of lunar samples are
assessed for reliability (using a number of key
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indicators such as agreement between isotopic
dating systems, consistency with petrogenesis of
the samples, and others – see Borg et al. 2015), it
appears that oldest ferroan anorthosite samples
have the least reliable age and overlap in age
with samples from the Mg-suite rocks (Fig. 6a)
(Borg et al. 2015). This is problematic for the
classic lunar magma ocean scenario, which proposes that the magmatic HMS rocks are intruded
into older FAN samples (Fig. 6a). This could
imply that the Moon either accreted relatively
slowly after the giant impact or that it retained
enough heat to delay cumulate formation or that
some FANs were produced by a more recent melting event(s) rather than being a product of the
magma ocean (Borg et al. 2011, 2015).

Alternative Crust Formation Models
If evidence continues to support complexities in
the simple magma ocean ﬂoatation crust onion
skin model (Figs. 2 and 7a), alternative crust formation mechanisms should be considered
(Longhi 2003; Arai et al. 2008; Gross
et al. 2014; Pernet-Fisher and Joy 2016; Yamamoto et al. 2016). Some alternative hypotheses are
summarized and discussed below and illustrated
in Fig. 7. Some of these hypotheses still necessitate a lunar magma ocean model to account for an
olivine- and pyroxene-rich mantle, prior to the
onset of plagioclase formation, but others seek
more complex non-magma ocean early lunar differentiation models:
1. Heterogeneous accretion and/or magma
ocean: It has been proposed that rigorous convection within a magma ocean may have
caused asymmetrical aggregation of refractory
parental melts or plagioclase ﬂoatation
mushes, accounting for the crustal thickness
variations and compositional variations
between the farside (more magnesian, early
precipitates) and nearside (more ferroan, later
precipitates) crustal regions (Fig. 7b; Arai
et al. 2008; Yamamoto et al. 2016). Such convection could have been driven by a range of
processes including (i) tidally driven
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Evolution, Lunar: From Magma Ocean to Crust Formation, Fig. 6 Summary of lunar ages modiﬁed after
Borg et al. (1999, 2011, 2012, 2015). (a) The diagram
shows the ages of the oldest lunar samples and model
ages of cumulate source regions. Symbols refer to ages
reported on individual samples. Diamonds (blue and the
gray scale) represent FANs, orange ﬁlled circles represent
Mg-suite samples, yellow triangles represent Alkali-suite
samples, the red square represents a model age for KREEP,
and the blue squares represent zircon ages for lunar

Mg-suite and Alkali-suite. Error bars are uncertainties
reported for individual age determinations. *denotes maximum age measured for zircons (After Borg et al. 2015).
# = age date for 60025 by Borg et al. (2011); t = age date
for 60025 by Carlson and Lugmair (1988) (Data are from
Borg et al. (1999, 2011, 2012, 2015) and references
therein). (b) The diagram shows the variation of ages for
FANs depending on the isotopic system that was used
(Borg et al. 2012)

convection (Garrick-Bethell et al. 2010),
(ii) asymmetric primordial accretion or thermally driven lunar magma ocean convection
as a result of one face of the Moon being tidally
locked facing the hot early Earth (Loper and
Werner 2002; Laneuville et al. 2013; Roy
et al. 2014), and (iii) potential regional differences in impact rates between the Moon’s leading and trailing hemispheres causing different
regions of melting and crustal thinning (Wood
1970; Wood et al. 1970; Wasson and Warren

1980; Morota and Furumoto 2003; Le Feuvre
and Wieczorek 2011; Miljkovic et al. 2013).
However, it is still not understood if the Moon
has always been locked in the same orbital
conﬁguration or has been at different orientations in the past (Wieczorek and Le Feuvre
2009), making it challenging to access the
cause(s) of these proposed LMO convection
mechanisms.
2. Serial magmatism: The long-standing alternative to the ﬂoatation crust model is that of
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Models of lunar crust formation
Quench surface crust

(1) Global ‘onion skin’ floatation crust

Plagioclase crystallises and buoyantly rises through residual
LMO magma to form a floatation crust

Quench surface crust

Global homogeneous layer of pure anorthosite (white crystals)
with some accessory trapped mafic melt (grey crystals)

(2) Asymmetric floation crust
t:
rus oon
nc
M
Thi e of
sid
ear

Far

Thic
k
side crust:
of M
oon

N

Convection in LMO mobilises crystallising plagioclase and
causes asymmetric floatation

Regionally asymmetric layer of pure anorthosite (white crystals)
with some accessory trapped mafic melt (grey crystals)

(3) Serial magmatism

Primary LMO quench crust grows from surface down
and is melted into the magma ocean

Plutons of different LMO plagioclase-rich diapirs are
emplaced serially into a primary LMO quency crust

Impactors
(4) Impact modification

Primary crust which is still warm is heavily bombarded by
material left over from accretion of Solar System

Primary crust is melted into large-scale magma seas. Upon cooling
these seas differentiate giving rise to crustal variation

Evolution, Lunar: From Magma Ocean to Crust Formation, Fig. 7 Schematic diagram of the differentiation
of the Moon and different lunar magma ocean models.
Subsequent models of crust formation are debated and
alternative models are illustrated here (see text for details):
(1) the traditional global ﬂoatation crust model, (2) heterogeneous magma ocean crust formation model involving

asymmetric ﬂoatation crust, (3) serial magmatism model
of crust formation, (4) modiﬁcation of the primary lunar
crust by widespread early impact bombardment, creating a
series of magma seas that differentiate to form regionally
variable crustal terranes (Adapted from Crawford and Joy
(2014) and Pernet-Fisher and Joy (2016))

serial magmatism in which the variation in
anorthosite chemistry can be explained as
products of repeated intrusions of pods of
basaltic magma into a preexisting crust or
when discrete “rockberg” plagioclase crystal

mushes ﬂoated as self-driven diapirs by
upward thermal convection (Fig. 7c) (Walker
1983; Longhi and Boudreau 1979; Longhi and
Ashwall 1985; Ashwall 1993; Jolliff and
Haskin 1995; Longhi et al. 1999; Longhi
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2003, 2006; Vander Auwera et al. 2006; Gross
et al. 2014).
The controversy for these models arises as
to whether the parent magmas of such diapirs/
rockbergs were precipitated from a magma
ocean of the same parent melt composition
(i.e., a global magma ocean with a simple
onion skin ﬂotation crust) or from discrete
pockets (i.e., individual magma seas) all with
different parent melt compositions or if the
diapirs are the result of melting of a previously
existing stratiﬁed lunar interior which had
overturned (Longhi 2003).
In the serial magmatism model, each diapir
could potentially have differentiated during
and after emplacement and would be generally
similar to large layered basic intrusion on
Earth, like the Stillwater complex (Raedeke
and McCallum 1980; Salpas et al. 1983), and
terrestrial massif anorthosites like the Nain
complex (Ashwal 1993). To account for the
wide range of Mg# in olivine and pyroxene
(Gross et al. 2014) and variable range of REE
(Russell et al. 2014) with essentially constant
plagioclase compositions observed in the anorthosite suites (Nekvasil et al. 2015), each
cooling plagioclase crystal mush zone may
have had fractionation of interstitial melt during emplacement (Jolliff and Haskin 1995) or
undergone further partial melting from
interacting with the residual hot magma ocean
(Longhi and Boudreau 1979). Deformation of
the diapirs could squeeze out the intercumulus
melts producing fairly pure anorthosite bodies
(Korotev et al. 2010) as observed spectroscopically on the lunar surface as the “PAN”
deposits (Donaldson Hanna et al. 2014; Ohtake
et al. 2012; Yamamoto et al. 2012). If this
emplacement and differentiation style continued throughout a long LMO closure period
(i.e., 200 Ma), this could account for the
different ages (Borg et al. 2015), compositions
(Gross et al. 2014), and isotopic chemistries
(Longhi 2003; Borg et al. 2009, 2011; Nyquist
et al. 2010) of highland anorthositic samples
(see Gross et al. 2014 for a more detailed
discussion).
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In this crust formation model, the sources of
mare basalts can form as mixtures of primitive
mantle with the complementary dense sinking
diapirs of maﬁc material (Longhi and Ashwall
1985; Gross et al. 2014). Such a model can
account for the hybridized nature of the lunar
mantle (Elkins-Tanton et al. 2002; 2011), for
example, each complementary maﬁc diapir
could have unique degree of Eu depletion, Ti
enrichment, and KREEP enrichment, accounting for the observed wide range of mare basalt
Ti contents and Eu-anomalies (Gross
et al. 2014).
3. Impact bombardment: Models involving the
modiﬁcation of the Moon by impacting bodies
have been evoked to explain near- and farside
discrepancies in thickness and composition.
For example, one end-member model proposes
to the early addition (i.e., within tens of millions of years of the Moon’s formation) of a
compositionally similar smaller “companion
moon,” impacting at very low velocity to the
lunar farside, generating a thickened crust
(Jutzi and Asphaug 2011).
Alternatively, it is plausible that ferroan anorthosites (and maybe even KREEP: Haskin
et al. 1981, 1998), that dominate the Apollo sample collection, are actually just localized products
of the Procellarum KREEP Terrane. The lunar
meteorites support this idea: of the 24 feldspathic
highland meteorites with adequate data, approximately about a quarter contain ferroan anorthosite
similar to Apollo ferroan anorthosite (Gross
et al. 2014); this proportion is comparable to the
proportion of the lunar highlands that is affected
by the continuous Imbrium ejecta. It may be that
FANs sampled by the Apollo missions are the
product(s) of a large regional melting event (i.e.,
a magma sea), and it is interesting to ask the
question if this was caused by the postulated
giant Procellarum basin, which may have formed
very early in the Moon’s history on the central
nearside of the Moon (Wilhelms 1987; Nakamura
et al. 2012). The presence of the Procellarum
basin is controversial (Spudis 1993; Schulz
2007) and has not been clearly identiﬁed in recent
gravity datasets (Zuber et al. 2013). However, it
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may be that such an event occurred when the lunar
crust was still warm and ductile and could not
support a typical basin structure (Soloman
et al. 1982; Miljkovic et al. 2013). Further, it
may be that such large basin-scale events would
form regional magma seas (Fig. 7d) that could
internally differentiate (Wetherill 1976; Vaughan
et al. 2013; Hurwitz and Kring 2014) to form
localized serial magmatism or plagioclase ﬂoatation crust (i.e., mini LMO) building episodes
(Fig. 7d) (Yamamoto et al. 2016).

Implications
The chemical evolution of large planetary bodies
has been thought to begin with the differentiation
through the solidiﬁcation of magma oceans many
hundreds of kilometers in depth (Wood
et al. 1970; Smith et al. 1970; Lapen et al. 2010).
The Earth’s Moon is the classic example of this
type of differentiation.
Evidence for a lunar crust formation comes
mainly largely from the ferroan anorthosite
(FAN) suite of Apollo sample, their compositional
and mineralogical characteristics, and ancient
ages. The FANs are considered to represent ﬂotation cumulates, crystallized from the LMO, that
formed the primary lunar crust (Wood et al. 1970;
Smith et al. 1970; Shearer et al. 2006 and refs.
therein). However, newly integrated results from
lunar meteorite studies; global chemical, mineralogical, and gravitational maps; experimental and
computational modeling; and age isotopic anomalies have revealed that the simple LMO model
has inconsistencies with the diverse crustal composition, stratigraphy (including thickness), and
age of the lunar highland crust. All these new
and integrated results show that the geologic history of our Moon is complex and that there is a
great need to study more lunar geological history
in great detail. Based on these new observations,
several new models have been proposed that
could explain the observed anomalies, ranging
from a heterogeneous magma ocean to serial
magmatism or an impact modiﬁed crust (Fig. 7).
All of these models need further investigations
through future sample return from targeted

Evolution, Lunar: From Magma Ocean to Crust Formation

geological ﬁeld locations, in situ geophysical
measurements, and high spatial resolution
remote-sensing mapping efforts coupled with
computational models and laboratory experiments. Ultimately, there is still much to do to
investigate the early geological evolution of our
nearest planetary neighbor (NRC 2007), and the
next phase of lunar exploration and science will
help us to better understand the Earth-Moon system through space and time.
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