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Introduction: The lunar crust is the most easily 

accessible part of the Moon to both remote sensing and 
sample analyses and provides an archive of infor-
mation about planetary formation, evolutionary pro-
cesses, and the origin of the Earth-Moon system [e.g., 
1-4]. For 50 years now the returned Apollo samples, in 
combination with global remote sensing, have provid-
ed the foundation for lunar science and given us a 
glimpse into the early history and broad-scale petro-
genesis of the Moon. Our understanding of the Moon 
and its early history have been transformed through 
analyses of these returned samples; hypotheses have 
been developed that span from the lunar magma ocean 
[LMO] [a, b], to the giant impact that explains the cur-
rent Moon-Earth system [e.g. 3-8]. And so the lunar 
crust has become the most well-studied stagnant plane-
tary lid and models of its formation serve as a bench-
mark for understanding crustal formation and evolu-
tion throughout our Solar System [e.g., 9-11]. 

Lunar Crustal Material – a view from Apollo: 
Returned Apollo samples provide the first samples 
from another planetary body for which we have geo-
logic context. All returned lunar samples represent 
either samples of the primary lunar crust, additions 
made to it, or modifications of it. These sample suites 
include lunar highland samples such as ferroan anor-
thosites (FAN), magnesian anorthosites (MAN), and 
granulites, as well as a variety of igneous rocks such as 
the Mg-suite (which include troctolites, norites and 
gabbronorites), alkali-suite rocks, mare basalts, and 
volcanic glasses [12]. To date, Apollo samples contin-
ue to reveal fundamental information about the com-
position and structure of the Moon and its geochemical 
and geophysical evolution from crust to core [e.g. 12].  

Lunar Crustal material – a view beyond Apollo: 
Apollo samples also helped us recognize lunar feld-
spathic meteorites [13]. The discovery of the first lunar 
meteorite Allan Hills(ALHA) 81005 on Earth, in com-
bination with global remote sensing, has profoundly 
altered our view of the types of planetary materials that 
we can expect to find on Earth, ultimately leading to 
the confirmation that rocks from other planetary bodies 
can land on Earth, including Mars [13]. Since 1983, 
the lunar sample collection is continually expanding as 
new meteorites are found. Lunar crustal rocks that are 
more prevalent in lunar meteorite compared to Apollo 
samples, and have been observed and discovered by 
global remote sensing, include: Mg-anorthosite 

(MAN), Mg-granulites, pink-spinel anorthosites 
(PSA), and pure anorthosites (PAN). MANs and Mg-
granulites are found in both the Apollo sample collec-
tion, though rare, and lunar meteorite [e.g. 14-17], 
while PSA and PAN have been described in meteorite 
and remote sensing observations only [18-20]. These 
new lunar materials provide random sampling of the 
lunar crust including areas not visited by Apollo mis-
sions, and thus are presumably representative of the 
whole lunar surface, and critical for our understanding 
of the whole Moon [21]. 

To infinity and beyond: The lunar community has 
made profound progress toward recognizing and un-
derstanding fundamental crustal evolutionary process-
es at a rapid pace, driven by the development of novel 
and improved analytical techniques with which Apollo 
samples can be studied under a new light, and the dis-
covery of new lunar meteorite samples that expand our 
view and understanding of lithologies from the Moon. 
High-quality global observations from new orbital mis-
sions continue to acquire critical data about the mor-
phology, gravity, chemistry and mineralogy of the lunar 
surface and upper crust and have revealed the complex 
global distribution of lunar crustal materials [e.g. 22-24]. 
These new discoveries and updated views have led to 
new questions. 

Mg-suite: Is KREEP the driver or just a contami-
nant? Samples of the Mg-suite have geochemical char-
acteristics indicating the involvement of KREEP in 
their petrogenesis and seemed to be linked to the Pro-
cellarium KREEP Terrain (PKT). However, it is un-
clear if (1) KREEP is needed for the formation of Mg-
suite magmatism and thus is limited to the PKT, or (2) 
whether Mg-suite magmatism was a global event that 
occurred also in other locations without significant 
KREEP contribution. Lunar meteorites such as 
NorthWestAftica (NWA) 10401, an anorthositic troc-
tolitc breccia [25], provide new views and constrains 
on this topic. Its bulk rock composition has the highest 
reported Mg # [=molar Mg/(Mg+Fe)] of 82 for a lunar 
highland sample and its mineralogy, mineral chemis-
try, and bulk Al content are more consistent with bulk 
and mineral chemistry observed in typical Apollo 
Mg-suite rocks, rather than ferroan anorthosites [25]. 
However, despite these many shared characteristics, 
NWA 10401 bulk rock and mineral chemistry is 
strongly depleted in REE, starkly separating it from the 
typical Apollo Mg-suite of the PKT [25]. This indi-
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cates that the protolith of NWA 10401 (and pairs) 
could be representative of a Mg-suite component out-
side the PKT and thus, (KREEP-poor) Mg-suite mag-
matism may have been a global phenomenon [25,26].  

Mg-Anorthosites and Mg-granulites and their 
precursor(s): Both MANs and Mg-granulites in Apol-
lo samples and lunar meteorites contain mafic minerals 
with higher Mg#s than typical FANs and plot in the 
compositional gap between the Mg-suite and the FAN-
suite (Fig. 1). They are more similar to Apollo Mg-
suite lithologies in that regard [e.g., 16-18,27,28], and 
new petrogenetic models suggest a co-magmatic rela-
tionship [29]. However, neither MANs nor Mg-
granulites exhibit the Na enrichment trend in plagio-
clase with decreasing Mg# or KREEP enrichment that 
is typical for the Mg-suite. Although many MANs and 
Mg-granulites in lunar meteorites are recrystallized 
polymict clastic breccias, and thus may not be repre-
sentative of igneous lithologies, some appear to be 
primary igneous rocks. Analyses suggest that their 
major and trace element compositions cannot represent 
simple mixtures of FAN and KREEP-bearing Mg-suite 
rocks [16,30,31], suggesting that they could represent 
a lunar crustal rock type not found in great abundance 
in the PKT. The protoliths of these lithologies are un-
known, but they could provide evidence for an atypical 
Mg-suite component with distinctive chemistry, in-
cluding an absence of KREEP [e.g., 25-28]. Conse-
quently, the significance of MAN and Mg-granulites in 
the lunar crust is a topic of discussion and a number of 
origins remain possible [32]. 

Pure Anorthosites: Recently, PAN with less than < 
2 – 3 vol. % mafic minerals has been detected with 
orbital remote sensing [33]. Such highly pure anortho-
site on Earth is mainly found in massif anorthosites, 
indicating that PAN on the Moon could potentially be 
the result of extremely efficient density-driven separa-
tion of plagioclase from either the LMO or serial 
magmatism [e.g., 17,34,35]. The global exposure of 

PAN outcrops associated with basins and large craters 
suggests that PAN occurs largely below the 
megaregolith debris [33,35]. Although pure anortho-
site clasts are relatively rare in Apollo samples and 
meteoritic feldspathic regolith breccias [35,36], a pris-
tine pure anorthosite lithology was recently reported in 
the Dhofar 479 feldspathic meteorite group [37], indi-
cating that PAN might be an important component of 
the primary crust. Understanding the formation and 
significance of the global PAN layer could lead to in-
sightful constraints for crustal formation, evolution, 
and LMO models.  

Conclusion: Integrated results of the study of lunar 
crustal evolution continue to demonstrate the complex 
geologic history of our Moon, and underscore the need 
for continued study of lunar samples, Apollo and me-
teoritic alike. Unexpected surprises and insights will 
continue to emerge as new samples are returned from 
unexplored terrain, new lunar meteorites are discov-
ered, and new globally and locally remotely sensed 
data are acquired with increasingly sophisticated sen-
sors that reveal compositional relationships and evolu-
tionary processes. Ample research opportunities re-
main for generations to come, and the next phase of 
lunar exploration will help us to better understand the 
Earth-Moon system through space and time. 
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Figure 1: a) Composition of crustal material in Apollo samples, 
b) composition of crustal material in lunar meteorites. After [14].
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