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INTRODUCTION AND MOTIVATION
The high-Titanium lunar ultrama�c glasses are among the most unusual ultra-
ma�c magma compositions in the solar system.  They erupted from explosive 
lunar �re fountains at temperatures between 1300 and 1500°C and are found to 
be ubiquitous in the lunar regolith samples collected at the Apollo landing 
sites.  The ultrama�c glasses are thought to represent melting of a high-Ti lunar 
magma ocean cumulate source region.  Previous experimental studies includ-
ing Wagner and Grove 1997 and Krawczynski and Grove 2013 have determined 
the high-pressure, high temperature near liquidus phase equilibria of the 
Apollo 14 Black, Apollo 15 Red, and the Apollo 17 Orange glasses.  These have 
some of the highest weight percent TiO2 of the lunar ultrama�c glasses, with 
16.4, 13.8, and 9.0 wt. % TiO2 respectively.  Experiments by Krawczynski and 
Grove showed that the phase relations of lunar high- and moderate-Ti ultramaf-
ic glasses were very sensitive to the sample container used in experiments (iron 
vs. graphite containers).  Iron capsules �x oxygen fugacity (ƒO2) at iron-wüs-
tite-2.1, (IW–2.1), and graphite capsules �x ƒO2 at IW+1.3. These di�erent ƒO2 
conditions strongly in�uence the pressure and temperature of phase appear-
ance.  The multiple saturation point (MSP), that is the region on the liquidus co-
saturated with olivine (ol) and orthopyroxene (opx) is used as a reference point 
for the e�ects of varying fO2 on phase relations, because it is a signi�cant point 
which re�ects the depth and temperature in the Moon where liquid was sepa-
rated from its residue.
 
Here we report new experimental constraints on the high-pressure near-liqui-
dus phase relations for the Apollo 14 Black (14B), the Apollo 15 Red (15R), and 
the Apollo 17 Orange (17O) glasses.  We have redone and re�ned the phase re-
lations for the 14B, 15R and 17O glasses in both iron and graphite.  The justi�ca-
tion for revisiting these phase relation is that earlier studies were carried out 
using only one capsule material (e.g., graphite 14B [2]) or the higher pressure 
liquidus phase relations were not explored in su�cient detail [3] to locate the 
oliv + opx saturation point in pressure – temperature space.

EXPERIMENTS
High-pressure, high- temperaature  experiments (1.4 to 4.0 GPa) were per-
formed in a 0.5” piston cylinder device [5] using iron and graphite capsules.  The 
starting materials were the same as those used by our MIT laboratory in previ-
ous experimental studies on these three glass compositions [2,3].  Experimental 
procedures are similar to those described in [3,4].  Mineral and quenched melt 
compositions were analyzed using methods discussed in [3,4] using the MIT 
JEOL 8200 Superprobe.  For all the compositions we reproduced the pres-
sure-temperature of oliv + opx multiple saturation in both iron and graphite 
capsules. 
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Phase diagrams of the composition 14B for experiments performed in graphite and Fe-metal capsules.  Grey sym-
bols indicate experiments performed by Wagner and Grove 1997.  The MSP in graphite is 1.8 GPa and 1425˚C.  The 
MSP in Fe-metal is 4.0 GPa and 1530˚C. 

Here we observe the change in oliv + opx multiple saturation temperature and 
pressure for the high-TiO2 ultramafic glasses, as well as the change in multiple 
saturation pressure found by Brown and Grove [4] in the intermediate TiO2 
Apollo 14 Yellow Glass (14Y, 4.5 wt% TiO2). While the effect of TiO2 content on Δ
MSP is clearly an important influence (with  ΔMSP = 2.2 GPa for the 14B glass at 
16.4 wt. % TiO2, and  ΔMSP = 1.6 GPa for the 15R glass at 13.8 wt. % TiO2), the 
effect is not a simple linear function of TiO2 content as the 17O at 9 wt. % TiO2 
has a ΔMSP = 0.8 GPa and the 14Y at 4.5 wt. % TiO2 has a ΔMSP = 0.6 GPa.

Figure from Brown and Grove 2015.  The lunar ultrama�c glasses exhibit a wide 
range of compositional variability, from 0.25-16.4 wt% TiO2 . Here we investi-
gate the moderate to high-Ti glasses (9.0-16.4 wt%), which have been shown to 
be sensitive to the ƒO2 of the sample container used.  

Black circles indicate experiments performed in graphite containers and gray 
circles indicate experiments in iron.  The ∆MSP of the 14B glass was much 
greater than expected.  This prompts a reinvestigation of the ∆MSP of the15R 
and the 17O glasses.  
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IMPLICATIONS AND FURTHER WORK

The high-TiO2 late stage cumulates of lunar magma ocean solidi�cation would 
have formed at shallow depths (50-60 km, [7]).  To explain the multiple satura-
tion depths of the high TiO2 lunar ultrama�c glasses therefore requires that 
these high-TiO2 cumulates sank into the lunar interior where remelting and 
mixing of the melts of diverse cumulate components gave rise to the lunar ul-
trama�c magmas. If the ƒO2 values of these high TiO2 ultrama�c magma source 
regions were near metal saturation, then the depth of melting could be very 
high (> 900 km).  This implies a signi�cant overturn and stirring event that de-
livered the diverse cumulate components to great depths.

We are currently exploring the melt exchange reaction now that we have quan-
titative constraints on the in�uence of variable ƒO2 on the phase equilibria for 
these four lunar glass compositions.   Other trivalent cations in the melt (e.g. 
Cr3+ and Al3+) could also play a role in stabilizing this melt component.  Addi-
tionally, it is important to note that the depth vs. density curve of the lunar dif-
ferentiated mantle from Hess and Parmentier 1995 suggests that in order for 
the 14B melt to be buoyant, the ƒO2 must be above IW. Otherwise, some other 
mechanism must have been involved in bringing the melt to the lunar surface, 
which we are exploring. 

In an e�ort to systematically explore the e�ect of ƒO2 and melt TiO2 content, 
Brown and Grove [4] proposed that the e�ect of ƒO2 in changing the multiple 
saturation pressure was to create an armalcolite-like melt component through 
an exchange reaction in the melt.  Under more reducing conditions, an armal-
colate melt component is produced that contains Ti3+, and 2x (Fe, Mg)O compo-
nent is released to produce more olivine.  As the melt is more olivine normative, 
olivine will remain on the liquidus at higher pressures.  
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Phase diagrams of the composition 15R for experiments performed in graphite and Fe-metal capsules. Grey sym-
bols indicate experiments performed by Krawczynski and Grove 2012.  The MSP in graphite is at 1.8 GPa and 
~1350˚C.  The MSP in Fe-metal is 2.8 GPa and ~1490˚C.  Note tha the di�erence in oliv-opx multiple saturation for 
the di�erent capsule types is smaller than for the 14B composition. 

Phase diagrams of the composition 17O for experiments performed in graphite and Fe-metal capsules.  Grey sym-
bols indicate experiments performed by Krawczynski and Grove 2012.  The MSP in graphite is at 2.5 GPa and 
~1530˚C.  The MSP in Fe-metal is 3.3 GPa and ~1570˚C.  Note tha the di�erence in oliv-opx multiple saturation for 
the di�erent capsule types is smaller than for the 15R composition. 
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