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Introduction:  This experimental study is aimed at 

understanding the mineralogical and chemical varia-
tions in cumulate assemblages that formed during the 
later stages of lunar magma ocean (LMO) crystalliza-
tion. One goal is to gain a better understanding of the 
cumulate remelting process that is widely agreed upon 
to form mare basalts and ultramafic glasses. Several 
investigators have modeled magma ocean crystalliza-
tion, most notably Snyder et al. [1] and Longhi 
[2,3,4,5]. These models utilize software calibrated on 
experimental data to model crystallization of a lunar 
magma ocean or more complex models not involving a 
single-stage global magma ocean.  This study builds on 
these previous models by producing melt compositions 
that have evolved by fractional crystallization using the 
stepwise experimental technique pioneered by Villiger 
et al. [6,7]. This method simulates fractional crystalli-
zation by making up new bulk compositions having the 
composition of the last residue with relatively high 
proportions of liquid. Each new experiment on evolv-
ing liquid compositions is performed at decreasing 
pressure, proportional to the fraction of crystallized 
minerals in the previous higher-temperature experi-
ments.  

Starting compositions and experimental condi-
tions:  Experiments are being conducted on the range 
of proposed LMO bulk compositions from the magne-
sian (LPUM, [4]) to more iron-rich compositions of 
Taylor [8] and O’Neill [9].  We assumed a LMO depth 
of 600 km and used Longhi’s modeled phase relations 
as a guide for olivine-only crystallization.  Liquid 
compositional evolution in each bulk composition was 
tracked by removing olivine (ol) to the point of low-Ca 
pyroxene (low-Ca-pyx) saturation at the appropriate 
depth (pressure) in the crystallizing LMO.  Starting 
compositions of this calculated evolved liquid were 
prepared and crystallized in experiments at the pres-
sure prescribed by the amount of olivine that has ac-
cumulated on the floor of the magma ocean. These 
experiments determined the stoichiometric coefficients 
of the ol + low-Ca-pyx saturation boundary and deter-
mine the next phase to crystallize for each bulk com-
position.  Figure 1 shows the results of experiments on 
two of our starting compositions at 0.8 GPa.  In exper-
iments using residual melts from the Taylor and 
O’Neill compositions, plagioclase is the next phase to 
crystallize followed by spinel. In the next stage of the 
study we will synthesize more evolved liquid composi-

tions near plagioclase saturation and then crystallize 
these at lower pressures to reproduce the progressive 
chemical differentiation that occurs as the magma 
ocean solidifies from the bottom up. Using this strate-
gy we will follow the evolution of differentiation with 
decreasing pressure of the magma ocean at the top of 
the cumulate pile. The next goal of the experiments 
will be to calibrate the low-Ca-pyx + high-Ca clinopy-
roxene + plagioclase +/- ol saturation boundary and 
then determine the compositions of phases and stoichi-
ometric coefficients of crystallizing phases when an 
Fe-Ti oxide appears.  At the end of these experiments 
we will have quantitative information on the composi-
tions of crystallizing phases and their proportions so 
that we can calculate magma ocean cumulate composi-
tions with confidence.  
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Figure 1. Experimental results at 0.8 GPa on fraction-
ated LMO liquid compositions.  O’Neill [8] and Taylor 
[9] results show plagioclase appearance between 1300 
and 1280 oC.  Vertical axis is T in oC.  Horizontal lines 
show phase appearances.  Abbreviations; liq = liquid, 
ol = olivine, opx = orthopyroxene, sp = spinel, pig = 
pigeonite, plag = plagioclase.  
 

Constraints on cumulate remelting processes:  
These new experimental constraints allow for more 
rigorous tests of models of magma ocean cumulate 
remelting to form the lunar ultramafic glasses and 
mare basalts.  Quantitative major element models can 
now be combined with trace element constraints to 
infer the origins of the mare glasses and lavas.  As an 
example, the major element compositions of the resid-
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ual liquid and solid residual assemblage can now be 
predicted for different magma ocean models.  Figure 2 
shows the Mg# of the residual melt and its coexisting 
olivine that are present when plagioclase first appears 
as a crystallizing phase. Data is shown for two differ-
ent magma ocean bulk compositions: O’Neill and Tay-
lor.  In the iron-rich O’Neill bulk composition, olivine 
and pigeonite are joined by plagioclase when the liquid 
Mg# is 0.35 and the olivine Mg# is 0.63.  For the more 
magnesian Taylor whole moon composition, olivine 
and orthopyroxene are joined by plagioclase when the 
liquid Mg# = 0.46 and the olivine Mg# = 0.72.  Also 
plotted in Figure 2 are the Mg# and Eu/Eu* values for 
the ultramafic lunar glasses and selected primitive 
mare basalts.   
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Figure 2.  Plot of Eu/Eu* vs. Mg# for lunar ultramafic 
glasses and primitive mare basalts. Higher values of 
Eu/Eu* indicate less influence of plagioclase crystalli-
zation on the rare earth element signature of mafic 
LMO cumulates. Vertical dashed lines give the Mg# of 
liquid and olivine at plagioclase saturation for O’Neill 
and Taylor LMO bulk compositions. 
 
The new major element constraint from the magma 
ocean crystallization experiments adds an additional 
variable that must be accounted for in geochemical 
models that produce mare lavas and glasses by cumu-
late remelting.  To date most cumulate remelting mod-
els for mare glasses and lavas utilized evidence from 
incompatible trace elements and rare earth elements 
(REE) (e.g. Shearer and Papike [10]).  These models 
fall into two broad classes: 1) melting of a heterogene-
ous lunar mantle produced by mixing of crystals de-
rived from early and late stage magma ocean cumu-
lates and 2) melting of distinct cumulate sources that 
are mixed together and erupted.  Either or both types of 
these processes may have occurred in the lunar mantle, 
but now the proportions of mixed components predict-

ed from trace elements must be consistent with major 
element constraints.  The major element constraints 
also provide information on the plausible lunar bulk 
composition that could produce the observed chemical 
characteristics in the ultramafic glasses and mare bas-
alts.  As an example we will use the constraint of first 
appearance of plagioclase to discuss the origin of the 
Apollo 15 group A green glasses (Delano [11]). 
    Constraints on the origin of the Apollo 15 Group 
A green glasses: The 15A glasses have the smallest Eu 
anomalies (Fig. 2) and lowest REE abundances of any 
lunar ultramafic glasses.  The very small Eu anomaly 
in the 15A glasses requires that the LMO cumulates 
that later remelted formed just after plagioclase satura-
tion.  Barr and Grove [12] propose a model that pre-
dicts melt compositions of undifferentiated lunar man-
tle along with estimates of compositions of LMO cu-
mulate remelts to test the possibility that the 15A 
glasses were produced by mixing melts of the hot, 
deep, convecting primordial lunar mantle with remelts 
of LMO cumulates.  They show that the Apollo 15A 
glasses represent mixed magmas and place limits on 
the proportion of remelted cumulate material that could 
be present in the 15A glass (80%) and the amount of 
primordial lunar mantle melt (20%).  To achieve the 
low REE abundances in the 15A glass, a partial melt of 
a LMO cumulate must be the dominant component 
with only a small contribution coming from a deep 
melt of lunar mantle. The mass balance model implies 
the 15A glass is dominantly composed of a nearly 
completely remelted late-stage LMO cumulate to 
which a small amount of primordial melt was added.  
On the Eu/Eu* vs. Mg# plot (Fig. 2) the high Mg# of 
the 15A glass along with its Eu/Eu* value near unity 
points to the near total melting of the cumulate source 
formed just when plagioclase appeared in the lunar 
magma ocean crystallization sequence.  
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