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Introduction:  One class of petrologic models de-

veloped to explain the chemistry of low - Ti  lunar 
ultramafic glasses, like the Apollo 14 and 15 green 
glasses, involves mixing of magmas derived from dif-
ferent depths within the moon [1].  These models in-
volve a deep melt of primordial lunar mantle that in-
teracts with shallower magma ocean cumulates, pro-
ducing a hybrid melt that is part undifferentiated moon 
and part remelted magma ocean cumulate.  Geochemi-
cal evidence supports the existence of a primordial 
lunar mantle component in lunar ultramafic glasses 
and suggests that this component would be produced 
in the presence of residual garnet in the source region 
[2]. Ignoring the affects of late stage lunar magma 
ocean (LMO) overturn [3], the minimum depth of pri-
mordial lunar mantle melting would constrain the 
maximum depth of the lunar magma ocean. Earlier 
experimental work  showed that a composition similar 
to that of the Apollo 15 green glasses was near satura-
tion with olivine + orthopyroxene + pigeonite + garnet 
on the liquidus at 2.5 GPa [1]. This could represent 
evidence for the existence of such a primordial lunar 
mantle melttherefore petrologically constraining the 
maximum depth of the LMO.  

Apollo 15 ultramafic glasses: Assimilants of 
magma ocean cumulates  The low – Ti ultramafic 
glasses from Apollo 15 record a complicated history of 
deep melt generation and assimilation. Previous work 
has shown that assimilation of LMO cumulates oc-
curred over a pressure range of >2.4 to ~1.3 GPa based 
on a petrologic barometer calibrated by experimentally 
determined multiple saturation points [1]. The depth 
estimates come from the pressure and temperature of 
liquidus multiple-saturation with residual magma 
ocean cumulate phases (olivine + orthopyroxene). 
These multiple-saturation points are used to infer the 
pressure and temperature at which the melt was ex-
tracted from its residue, and the phases remaining in 
the residue are assumed to represent the phases on the 
liquidus under these conditions. 

     Barr and Grove [4] reinvestigated the phase re-
lations of compositional end members of the Apollo 15 
Group A glasses characterized by Delano [5] in his 
comprehensive survey of lunar ultramafic glass types. 
They found that both of the end member compositons 
were saturated on their liquidus with olivine+ orthopy-
roxene at pressures between ~2.0 to ~2.2 GPa [4]. At 
the primitive end of the Apollo 15A compositional 

spectrum, Al2O3 and CaO exhibit the most significant 
variation [1]. Table 1 shows the major element compo-
sitions for these experimental starting compositions. 
Barr and Grove [4] had hoped to identify the primor-
dial mantle component and learn more about the con-
ditions of garnet saturation in the primordial lunar inte-
rior, but neither compositon is observed to have garnet 
as a saturating phase near its liquidus [4]. 

A pigeonite-bearing primordial lunar mantle? 
Early experiments carried out on an Apollo 15A glass 
composition [1] exhibited olivine + orthopyroxene 
multiple saturation on the liquidus at 2.2 GPa and 
1520°C. A multiple saturation involving olivine + or-
thopyroxene + pigeonite + garnet occurs for this com-
position at  2.5 GPa at 1524°C.  Fig. 1 shows the com-
position of this multiply saturated liquid compared 
with the Apollo 15 Group A glasses in a CaO – Al2O3 
diagram. The glass starting composition used to find 
this multiple saturation point was one reported by 
Hlava et al. [6], and his analytical work preceeded the 
recognition of the full spectrum of compositional het-
erogeneity of the Apollo 15 green glasses  found by 
Delano [5].  More importantly, when Delano reinvesti-
gated the lunar ultramafic glasses, he did not find any 
glasses that had Al2O3 and CaO contents that were 
similar to those found by Hlava et al. [6].  We do not 
know at this time how to resolve this compositional 
discrepancy, but the interesting result is that the Hlava 
composition does locate a multiple saturation point at 
pressures below the base of a lunar magma ocean (~ 
500 km) with a pigeonite – bearing primordial lunar 
mantle.  This liquid could represent a melt of primor-
dial lunar mantle.  

Liquids multiply saturated with olivine + or-
thopyroxene + garnet + clinopyroxene   

Unlike the Earth's mantle which contains augite as 
the clinopyroxene, the presence of pigeonite in the 
lunar mantle might suggest that the bulk lunar CaO 
content is different than that of the  primitive Earth. To 
further investigate the Apollo 15 green glass composi-
tions in search of a possible garnet + augite + olivine + 
orthopyroxene saturated liquid we have used the tech-
nique of Ebert and Grove [7] to predict liquids that 
would be derived from primordial augite bearing lunar 
mantle. Preleminary experiments in this study suggest 
that the increased CaO and Al2O3 of these predicted 
compositions (Table 1) will allow saturation with gar-
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net and clinopyroxene, and may be the most likely 
melts that assimilated the LMO cumulates. 
 

 
Figure 1.  CaO – Al2O3 variations of the Apollo 15 
group A glasses (grey diamonds) compared with the 
multiply saturated oliv + opx + pig + gar saturated 
liquid produced in experiments on the Hlava et al. [6] 
composition by [1] and the Ebert and Grove prediction 
of garnet – saturated melts of primordial lunar mantle 
[7]. 
 
Table 1.  Compositions of Apollo 15 green glasses. 
 XV55 EG 15A#57 15A* 
SiO2 46.7 44.9 45.7 45.4 
TiO2 0.45 0.39 0.39 0.35 
Al2O3 8.34 11.1 7.22 7.75 
Cr2O3 0.40 0.50 0.54 0.51 
FeO 17.2 17.1 20.0 19.9 
MgO 17.9 15.5 17.4 17.2 
CaO 8.40 10.7 8.38 8.55 
 
XV55 = oliv + opx + pig + gar sat. liquid from 2.5 
GPa and 1524 oC.  EG = calculated oliv + opx + cpx + 
gar saturated liquid at 2.6 GPa and 1470 oC.  15A#57 
and 15A* represent the extremes in CaO and Al2O3 at 
the primitive end of the Apollo 15 Group A glasses. 
 
Another possibility is that high temperature magmatic 
processes in the lunar mantle could saturate melts of 
the primordial mantle with a much lower Ca pyroxene 
as shown in Fig. 2. Once likely clinopyroxene+ garnet 
saturated melts are determined, they and the pi-
geonite+ garnet saturated melts can be tested for their 
suitability as mixing end members for the green 
glasses. 
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Fig. 2  Schematic diagram of pyroxene phase relations 
at 2.5 GPa that may explain the differences in melting 
conditions. 
 
A challenge posed by the lunar ultramafic glasses is 
the nature of the heat source that led to the melting 
processes required to produce them.  These lunar 
glasses represent some of the highest temperature 
melts known in th solar system, even exceeding most 
Archean komatiites [8]. Without the intraction of high 
temperature magma from deep within the lunar inte-
rior, melting and assimilation of LMO cumulates 
would be extremely difficult to explain. Thus a high-
temperature melt of a primordial lunar mantle seems to 
be the most likely mechanism for producing these en-
igmatic ultramafic glasses. 
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