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Introduction: The ultramafic glasses are believed 

to be high degree melts of lunar magma ocean (LMO) 
cumulates, but the nature of the melting processes, 
amount of source hybridization, and their ultimate 
depth of origin remain open questions. These high-Ti 
magmas also display unusual partitioning behavior of 
Fe and Mg between silicate minerals and melts [1].   

This abstract summarizes experimental data on the 
high-pressure, high-temperature phase relations of the 
high-Ti ultramafic glasses over a range of moon-
relevant oxygen fugacities fO2’s. The experiments span 
a range of temperatures and pressures from 1320-1570 
°C and 0.8 to 3.3 GPa and fO2 from Iron-Wüstite (IW) 
– 2 to IW + 1.  

We located multiple saturation points where olivine 
and orthopyroxene coexist on the liquidus of the 
orange and red glasses (Fig 1).  We find that variations 
in fO2 have a significant effect on the high pressure 
phase equilibria.  These effects are also expressed as 
changes in the silicate melt structure and valence state 
of titanium. We reexamine older experiments, and 
present for the first time a consistent data set on the 
high-pressure phase relations of the high-Ti glasses.  
These experiments resolve the differences in phase 
equilibria between experiments done at varying fO2 
conditions, and change our interpretation of the depth 
of origin for these magmas within the lunar mantle. 

Previous experimental studies on high-Ti magmas 
from the moon were carried out on a variety of compo-
sitions.  [2] performed high-pressure experiments on 
Apollo 17 mare basalts and [3-5] carried out studies on 
the Apollo 15 red (A15R), Apollo 17 orange (A17O), 
and Apollo 14 black glasses (A14B) respectively.  
However, the previous studies were conducted in dif-
ferent labs and with different experimental procedures 
that imposed different fO2’s on the experimental sam-
ple.  

Ti and fO2 effect on melt structure:  We have 
adapted the projection system from [6] for displaying 
the bulk rock compositions of high-Ti basalts in the 
plag+cpx-quartz-oliv plane (Fig 2).  This projection 
allows the Fe-Ti component of the melt to be varied, 
and allows direct comparison of highly variable Ti 
content melts.  Under reducing conditions we find that 
Ti3+ becomes an important element in the melt struc-
ture. This modifies the melt structure and stabilizes a 
melt component with a lower FeO/TiO2 than under 
more oxidizing conditions.  We show this effect in Fig. 
2 by projecting through different Fe-Ti components.  

Changing the Fe-Ti component (i.e. from ilmenite to 
ferropseudobrookite) in the projection shifts the sili-
cate melt composition to be more or less olivine nor-
mative.  

This explains the shift in multiple saturation points 
with pressure. At low fO2 the melt is more olivine 
normative, shifting the multiple saturation point to 
higher pressures. At high fO2 more FeO is tied to the 
Fe-Ti component, shifting the silicate composition to 
less olivine normative and decreasing the pressure of 
multiple saturation (Fig 2).  Using this new projection 
scheme, the multiple saturation points of the various 
high-Ti compositions studied form a trend in projected 
space; where deeper multiple saturation points are in-
deed more olivine normative compositions. 

In addition, by shifting the projected Fe-Ti melt 
component towards the TiO2 apex, the compositions 
that are higher in TiO2 are more sensitive, and their 
change in multiple saturation pressure is proportionally 
higher. This lends strength to the inference of the Fe-Ti 
coupling behavior in the melt. 

Buoyancy of high-Ti melts: We have calculated 
the density of these high-Ti melts by the method of [7].  
The densities of the A15R and the A17O suggest that 
they are both buoyant at their respective multiple satu-
ration points (MSP), over the entire range of fO2 ex-
plored, when compared to an overturned lunar mantle 
[8] (Fig 3).  However this is only one possible scenario 
for the density structure of the lunar interior and much 
more study needs to be done to determine the true 
mantle stratigraphy.  For the A14B, the melt is only 
buoyant at higher fO2's suggesting its source region is 
slightly more oxidizing than the A15R or A17O source 
region.  Recent studies of the A17O and A14B densi-
ties are in agreement with our calculated results [9, 
10]. 

Zonal heterogeneity in the lunar mantle: It is 
apparent from our data that the fO2 of the source region 
must be taken into account in determining the depth of 
origin for any high-Ti magma.  The MSP's for high-Ti 
glasses vary in depth from 1.8 GPa up to 2.9 GPa.  
These values correspond to a depth range of 360-580 
km in the moon. In addition these depths overlap com-
pletely with the depths of origin for the very low-Ti 
green glasses.  This suggests zonal heterogeneity with-
in the lunar mantle.  The new GRAIL mission may 
provide insight on this issue, as high-Ti cumulates will 
be denser than pure olivine+opx assemblages. 

Source of high-Ti mare basalts:  Attempts to re-
late the source region of the high-Ti glasses and basalts 
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have been unsuccessful.  Most models focus on assimi-
lation and/or fractionation [11-13].  However an unex-
plored way to derive the high-Ti mare basalts from 
primitive glasses is by liquid-liquid mixing.   

At low pressures and temperatures we have carried 
out long duration experiments that have orthopyrox-
ene, clinopyroxene, ilmenite, Cr-Ti-rich spinel and 
liquid as stable coexisting phases; a possible assem-
blage in equilibrium with low degree partial melts of 
late stage shallow LMO cumulates [14]. Using Apollo 
15 green A [15] as a mixing end member with our ex-
perimentally derived liquids, we calculated the densi-
ties of the derivative mixed liquids (Fig 3).  Mixtures 
of both liquids will be buoyant at the depths of genera-
tion of the green glasses.  These mixed liquids are used 
as starting compositions for deriving the high-Ti mare 
basalts by crystal fractionation. 

Olivine will be the first phase to crystallize from 
these hybrid liquids.  We have calculated two low 
pressure fractionation paths as end members: one for 
an olivine KD

Fe-Mg of 0.34 representing the green glass 
end member, and the other KD

Fe-Mg of 0.23 representing 
a high-Ti end member. 30-40% fractionation is re-
quired to achieve major element compositions in the 
range of the high-Ti mare basalts.  Thus it is feasible 
that the source for the high-Ti mare basalts is a hybrid 
liquid formed from mixing a low degree melt of late 
stage LMO cumulate with a pristine ultramafic green 
glass melt. 
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Fig 1: The experimentally determined pressures or 
oliv-opx multiple saturation for lunar ultramafic 
glasses.  Filled circles are experiments in graphite cap-
sules, and open circles are experiments in Fe capsules. 

 
Fig 2: Schematic representation of a part of the SiO2–
FeO+CaO+MgO–Al2O3–TiO2 composition space.  The 
more Ti-rich liquids show larger shifts in the oliv–qtz–
plag+cpx plane when changing the Fe-Ti projection 
component. 

 
Fig 3: Calculated densities for high-Ti ultramafic 
glasses (red, orange and black) as well as an experi-
mental liquid in equilibrium with a late stage LMO 
cumulate assemblage mixed with green glass.  Mantle 
density lines are from [8]. 
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