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Introduction:  Explaining the origin of the lunar 

volcanic ultramafic glasses has remained an outstand-
ing problem in lunar science.  The challenge is gener-
ating the observed negative correlation between CaO 
and TiO2 of the most-primitive compositions in each of 
the 25 lunar ultramafic glass suites (compositions at 
which olivine fractionation is calculated, Figure 2).  
No models or experiments have been able to quantita-
tively reproduce the observed trends. The best models 
for the formation of lunar ultramafic glasses, so far, 
are: 1) melting of variably hybridized LMO cumulates 
(e.g., [1][2][3], and references therein), or 2) by mixing 
of melts of compositionally distinct source regions 
with simultaneous olivine fractionation (e.g., 
[4][5][6][7]).  Mixing of melts can take many forms, 
such as a deeper melt mixing with a shallower melt, or 
two melts mixing at the same depth (see Fig. 9 from 
[7]) and typically includes the process of assimilation.  
For example, the assimilation process modeled by [8] 
assumes that the assimilating source is near to its soli-
dus temperature and so is effectively the same as a 
deeper melt mixing with a shallower melt.   

Major element within-suite compositional varia-
tions of the Apollo 14, 15 and 17 yellow glasses and 
the Apollo 15 green glasses are inconsistent with a (1) 
partial melting, or fractional crystallization, origin 
[5][6][7]. In the mixing of melts model (2), melts of 
olivine and orthopyroxene cumulates mix with either 
different melts of olivine and orthopyroxene cumulates 
and KREEP (e.g., [5]), or melts of clinopyroxene and 
ilmenite cumulates and KREEP [7].  

Furthermore, our new analysis of the invaluable da-
taset from [9] indicates that the compositional variation 
in all high titanium (orange, red, and black) glasses is 
also inconsistent with a partial melting, or fractional 
crystallization, origin (Figure 2).  Because mixing suc-
cessfully explains the compositional variations of at 
least some of the ultramafic glasses [5][7], it could 
explain the variations of the other glass suites. Hence, 
in this study we are testing the magma mixing model 
(2) by iterating between quantifying the end member 
mixing compositions and proportions (e.g., HT* and 
R3* in Figure 2) needed to generate the compositional 
variability of all 25 glass groups, and comparing to 
preexisting and new experimental data on the range of 
potential cumulate primary melt compositions. 

Experiments:  The compositions of lunar magma 
ocean cumulate melts, hybridized or not, with or with-
out trapped liquids, have never been fully experimen-
tally studied.  There has only been one previous inten-
tional experimental study of melting a clinopyroxene 
and ilmenite lunar magma ocean cumulate [3], and 
only one published study of melting a hybridized cu-
mulate [10]. Both studies concluded that their experi-
ments could not reproduce the lunar ultramafic glasses, 
due to the aforementioned CaO - TiO2 trend and diffi-
culties matching other trends (Figure 2).  However, 
neither study considered the full potential of mixing of 
cumulate melts as a potential important process in gen-
erating the ultramafic glasses, which would relax the 
constraints on generating specific trends of primary 
magmas.  

With mixing of cumulate remelts in mind, we are 
currently conducting high pressure phase equilibrium 
experiments melting lunar magma ocean cumulates 
over a range of pressures and temperatures.  A series of 
cumulate compositions, guided by the recent experi-
ments by [11], that span the late stages of lunar magma 
ocean solidification have been selected for investiga-
tion.  Here we present the first results of the experi-
mental melting of a late-stage cumulate layer 
(Trapped5) composed of 78% clinopyroxene, 11% 
ilmenite, 5% trapped plagioclase, 1% trapped silica, 
and 5% trapped melt (Figure 1). At this point in mag-
ma ocean solidification, the residual magma ocean has 
an Mg # (molar MgO / (MgO +FeO)) = 0.10. The 
Trapped5 bulk composition is similar to that used by 
[3] but has slightly less TiO2, less FeO, and more CaO.   

Results:  We have found that the concentration of 
titanium in our experimental melts increases with in-
creasing pressure (Figure 2). It is worth noting that 
these results appear to be in conflict with the results of 
the ilmenite saturation study of [12].  We have also 
confirmed this trend in experiments by [3], which they 
do discuss but do not consider a primary cause of the 
differences between lunar ultramafic glass groups.  
However, in a model of mixing of cumulate remelts 
such a trend is very significant.  For example, this 
pressure effect could explain the required variability in 
the high-titanium end member mixing component evi-
dent from the within- and between-suite compositional 
variability of all ultramafic glasses.  Further, our initial 
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results suggest that higher pressures are required to 
explain the natural data, which provides evidence for 
lunar mantle overturn and could potentially constrain 
the extent of overturn. 
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Figure 1: Phase diagram of melting experiments on 
the Trapped5 lunar magma ocean cumulate compo-
sition. 

 
 

 
 
 

Figure 2: Compositional variability exhibited by the lunar ultramafic glasses shown with modeled and exper-
imental cumulate remelt compositions.  Glass data is from [9], modeled cumulate remelt compositions (black 
unfilled stars) are from [13] [14] [6] [7]. Cumulate melt titanium content increases with pressure at similar melt 
fractions and equilibrium mineral phases. 
 

4 5 6 7 8 9 10 11
CaO

0

2

4

6

8

10

12

14

16

18

Ti
O 2

KREEP

model high titanium 
cumulate melt HT*

model opx with trapped 
liquid cumulate remelt R1

model lunar primitive 
upper mantle melt

model ol+opx 
cumulate remelt R3

[3] source

[10] source

Trapped5 
source

1300°C

1360°C

1420°C

1460°C

1260°C

1230°C

1200°C

1340°C

G11
Ga14
Gb14
Ga15
Gbc15
Gd15
Ge15
G16
VLT14
VLT17

Y14
Y15
Y17
O11
O14
O15
O1774220
Oi17
Oii17
R12
R15
B14

Experimental Melts

Ultramafic Glasses

Trapped5 1.4 GPa (this study)

Trapped5 2.0 GPa

[10] 1.5 GPa
[10] 1.7 GPa

[10] 1.0 GPa

[10] 2 GPa

Trapped5 2.6 GPa

[3] 1.3 GPa
[3] 0.0001 GPa 

[3] 1.8 GPa

10% olivine 
fractionation

Ca/Ti = 1

Ca/Ti = 2

model high titanium 
cumulate melt*

model opx 
cumulate remelt R2

model ol+opx 
cumulate remelt R3*

2716.pdfLunar and Planetary Science XLVIII (2017)


