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Introduction: The Moon has been and will con-

tinue to be the scientific foundation for our under-
standing of the early evolution of the terrestrial plan-
ets. The detailed geologic record of these early events 
has long since vanished from the Earth and has been at 
least partially erased from Mars. The Moon contains 
the remnants of one of the basic mechanisms of early 
planetary differentiation: magma ocean (MO) [e.g., 1- 
3]. These remnants consist of a primary planetary crust 
and subsequent crustal additions that were products of 
melting of MO cumulates in the lunar mantle. The 
intent of this presentation is to summarize our initial 
insights into the very early evolution of the Moon, 
recent appreciation for the complexities of the early 
differentiation of the Moon, and inadequacies in our 
current perception of lunar differentiation. 

Past: Ever since initial petrographic studies re-
vealed anorthositic lithologies in Apollo 11 soils [1,2], 
researchers have appealed to buoyant segregation of 
relatively low-density plagioclase in an extensive, pri-
mordial melting event to explain the plagioclase-rich 
crust of the Moon and the complimentary mantle 
source for the mare basalts. In the 1970s and 1980s, 
numerous pioneering studies focused on the dynamics 
and crystallization history of a LMO (lunar magma 
ocean), size and duration of MO, and the petrogenetic 
relationships among all of its lithologic parts [e.g. 1-6].  

Present: 
Duration of Lunar Magma Ocean (LMO) Crystal-

lization. This aspect of initial lunar differentiation has 
received substantial attention over the last 8-10 years, 
although there is still interpretive ambiguity. Although 
initially hampered by cosmogenic production of W182, 
Hf-W chronometry has been interpreted as indicating 
that the LMO crystallized over a period of 20 to 50 
million years [e.g. 7-10]. More recently, Touboul et al. 
[11] suggests that εW for most mare basalts is 0 and 
therefore implies that LMO completely crystallized 
later than 60 million years. The former Hf-W observa-
tion contrasts with proposed thermal models for the 
crystallization of the LMO [12] and some Sm-Nd and 
Rb-Sr model ages for the last dregs of lunar magma 
ocean crystallization: urKREEP [13-16], whereas the 
most recent Hf-W observations are consistent with 
these models and data. By combining 147Sm-143Nd data 
for a young KREEP-enriched basalt (NWA733) with 
data from older “KREEP magmatic lithologies” (Mg-
suite, KREEP basalts, high-Al basalts), [17] and [18] 
recalculated the model age for urKREEP. This new 

model age suggests that the crystallization of urK-
REEP occurred at 4.492 ± 0.061 Ga. 

 Conceptually, most models for the crystallization 
of the LMO advocate the generation of a primary FAN 
crust that was subsequently invaded by episodes of 
basaltic magmatism produced by melting of distinct 
LMO cumulate packages. The thick primary crust iso-
lated the lunar mantle from the addition of siderophile 
elements via “late-veneer” [19]. The time of transition 
from LMO crust formation to post-LMO crustal 
growth should be distinct yet there is substantial over-
lap in ages between primary and secondary crustal 
lithologies [16]. Some of this interpretive problem is 
tied to the early impact environment of the Moon and 
the mineralogical-chemical character of the FAN 
lithologies. A relative geochemical timescale of LMO 
processes can be established by Ti/Sm and Ti/Y [5,20-
23]. These geochemical ratios indicate a petrogenetic 
sequence of very-low and low-Ti LMO cumu-
lates⇒FAN⇒high-Ti LMO cumu-
lates⇒urKREEP⇒Mg-suite.  The Mg-suite represents 
the first stage of post-LMO crustal building.  

LMO Cumulate Lithologies and Interactions.  Lu-
nar magmas were produced from melting of a wide 
compositional range of different LMO cumulate pack-
ages. The Mg-suite represents melting of cumulate 
sources distinctly different from mare basalt sources. 
Compared to mare sources, Mg-suite sources had a 
higher Mg′ and lower abundances of Ni, Co, and Cr 
[23]. The high Mg′ suggests that the magmas that pro-
duced the Mg-suite were derived from melting of the 
deep LMO cumulate pile (with the addition of KREEP 
by assimilation or mixing). This appears to contradict 
the low Ni and Co [1-6, 21-23]. However, parameteri-
zation of Ni behavior by Jones [24] and experimental 
studies by Longhi and Walker [25] demonstrated that 
Dol-liq

NiO is low at low values of Dol-liq
MgO. Therefore, 

complete melting of a bulk planetary composition 
(≈peridotite) will yield the lowest value of Dol-liq

MgO 
and consequently, the lowest values of  Dol-liq

NiO (≈ 1) 
during the crystallization of the first MO cumulate 
[25].  If correct, the LMO cumulates from which the 
Mg-suite magmas were derived provide the best ap-
proximation of the concentrations of Co and Ni in the 
LMO. 

Lunar materials unsampled by Apollo. Recent 
studies of lunar meteorites have given us further in-
sights into the initial differentiation of the Moon. For 
example, anorthosite lithologies within Y86032 may 
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be derived from highland terrain some distance from 
the Procellarum KREEP terrain and may imply an 
asymmetrical crystallization of the LMO [26] or that 
lunar anorthosites are produced by different petroge-
netic processes.  Initial studies of a lunar basalt repre-
sented by NWA 032, implies an evolved mantle source 
distinctly different from that of other mare basalts col-
lected by the Apollo program [27].   
Future, Examples of Inadequacies of LMO models:   

There are numerous inadequacies in our fundamen-
tal understanding of the differentiation of the Moon. 

Petrogenesis of FANs. Our concept for the forma-
tion of continental size masses of plagioclase flotation 
cumulates is still in its infancy. Combining  (1) com-
prehensive models for the behavior of plagioclase dur-
ing the latter stages of LMO crystallization, (2) distri-
bution and character of the primary FAN crust, and (3) 
isotopic and trace element characteristics of FANs 
would be a reasonable first step. 

Sampling of the Moon. The Moon is very asymmet-
ric with regards to the distribution of mare basalts, 
heat-producing elements (KREEP, Th), and primary 
FAN crust.  There are also terrains that are not repre-
sented in current lunar sample collections (i.e., Aitken 
basin). As the Apollo and Luna missions returned sam-
ples from a fairly limited geologic terrain in and adja-
cent to the Procellarum KREEP terrain, many of our 
models for lunar differentiation are based on a limited 
sampling of the Moon. Numerous lunar sites that could 
be sampled in the future to provide a more comprehen-
sive view of the differentiation of the Moon have been 
identified by [28,29].  

Lunar Interior. Although the Apollo seismic net-
work provided us with a glimpse of the lunar interior, 
the clustering of seismometers on the nearside of the 
Moon resulted in significant ambiguities in the inter-
pretation of the seismic data.  The 560 km seismic dis-
continuity has been interpreted as the base of the LMO 
or the transition between early olivine-rich LMO cu-
mulate and subsequent orthopyroxene-rich LMO cu-
mulates [30,31]. Recent inversions of several geo-
physical data sets cannot differentiate between a par-
tially molten Fe-FeS-C core with a radius less than 375 
km and a slightly larger partially molten silicate core 
[31]. A much more extensive geophysical network 
would allow us to better view the lunar interior and the 
anatomy of the LMO.  

Relevance of the Moon to the differentiation of the 
terrestrial planets. Clearly, the differences in size and 
style of accretion between the Moon and other terres-
trial planets have affected the pathways of early plane-
tary differentiation. Nevertheless, the Moon provides a 
valuable and nearly complete end-member record for a 
style of planetary differentiation. The similarities and 

contrasts with the other terrestrial planets provide a 
meaningful road to travel to understand planetary dif-
ferentiation as it applies to all planetary settings.  

The Moon illustrates that planetary differentiation 
occurs fairly rapidly over 10s of millions of years. Ap-
parent differences between the Moon and Mars in 
ε142Nd require differences in the timing of differentia-
tion or the efficiency of MO crystallization.  

Contrasts in density of the MO cumulate pile may 
contribute to the initial dynamics of early planetary 
mantles and the first stages of post-MO magmatism. 

Pressure regimes under which MO crystallize have 
a profound effect on composition and mineralogy of 
primary planetary crusts, cumulate lithologies, and 
final residual liquids. The primary crust of 4 Vesta is 
dominated by basalts, the Moon by FANs and Mars 
possibly by pyroxene-dominated assemblages. The 
early crystallization of garnet from the martian MO 
[32] strongly influenced the absence of plagioclase on 
the MO liquidus and the CaO/Al2O3 of the MO 
(+cumulates). The nature of the primary crust pro-
duced during MO evolution dictates the extent the 
“late-veneer” contributed to planetary mantles. The 
development of a thick and rigid FAN crust isolated 
the lunar mantle from contributions from late-stage 
accretion, whereas on Earth the “late-veneer” was in-
corporated into the mantle [20]. Late-stage liquid 
products of MO crystallization are strikingly similar 
between those estimated for the Moon (urKREEP) [3] 
and calculated for Mars (end-member source compo-
nent for the enriched shergottites)[32]. Differences 
reflect the appearance of plagioclase as a LMO liq-
uidus phase and MO bulk compositions.  
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