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ORIGIN OF HIGH-Ti LUNAR ULTRAMAFIC GLASSES; T.P. Wagner and T. L. 
Grove, Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of 
Technology, Cambridge, MA 02 139 

We have performed a series of high pressure melting experiments on a synthetic analog 
of the Apollo 14 Black Glass. At 15 kb and 1400 OC, olivine is the liquidus phase. At 25 kb 
and 1450 OC, orthop~oxe_ne and Cr-spinel crystallize. A multiple saturation point with olivine 
+ orthopyroxene + spinel on the liquidus occurs at 20 kb and 1440 OC. We propose that the 
high-Ti ultramafic glass evolved from a low-Ti Green Glass generated deep in the lunar interior 
that assimilated shallow-level, late stage cumulates of magma ocean differentiation. Heat for 
assimilation is provided by superheat of the low-Ti magma and melts high-Ca pyroxene and 
ilmenite cumulates at a depth of 100 krn. This model is a variant of that proposed by Hubbard 
and Minear [I] and rejected by Ringwood and Kesson [2]. 

Table 1. Olivine + orthopyroxene multiple saturation boundaries for lunar ultramafic glasses. 
Glass composition Temperature Pressure Ti02 wt. % Reference 

(OC) (kb) 
Apollo 15 Green 1525 20 0.26 [31 
Apollo 14 VLT 1520 22 0.55 [dl 
Apollo 17 VLT 1500 18 0.63 [51 
Apollo 17 Orange 1482 22 9.12 [61 
Apollo 15 Red 1463 25 13.8 [71 
Apollo 14 Black 1440 20 16.4 [3l 

Table 1 summarizes the results of elevated pressure crystallization experiments on lunar 
ultramafc glass compositions. As previously noted [7,8,9] a remarkable characteristic of the 
phase relations is the similarity among their high pressure multiple saturation boundaries. These 
magmas would have formed between 500 km (Apollo 15 Red) and 360 km (Apollo 17 VLT), 
assuming a simple batch melting process. The results in Table 1 come from 5 different 
laboratories. Considering that inter laboratory differences in piston cylinder studies are 
commonly +I- 2 kb [lo], the pressures of multiple saturation are remarkably close and indicate a 
pressure of origin of 22 kb. There is a significant temperature variation (85 OC) that is 
correlated with Ti@ content; higher Ti02 corresponding to lower temperature of multiple 
saturation. This temperature effect can not be due to inter laboratory differences, since the 
maximum and minimum values in Table 1 come from the same laboratory. We propose that the 
temperature drop results from assimilation of a component with a lower melting temperature. 

Previous models for the origin of lunar ultramaflc glasses A process must be identified 
that can lead to a great diversity in chemical composition in ultramafic glasses that all come 
from the same depth (or depth interval). This part of the lunar interior is significantly deeper (by 
140 krn) than the portion where the differentiates of a lunar magma ocean reside (0 to 300 krn). 
The low-Ti Apollo 15 green glass has rare earth element abundances that are consistent with its 
derivation from a chondritic, undifferentiated lunar interior [ l  11. The remaining lunar 
ultramafic glasses show systematic variations in Ti02 content [8] and display geochemical 
characteristics indicative of contributions from at least two other sources: a high-Ti cumulate 
source and a KREEP-like large ion lithophile and incompatible element enriched source [12]. 
Longhi [9] proposes that the low-Ti ultramafic glasses formed by polybaric near-fractional 
melting of the deep lunar interior during adiabatic decompression over a depth range from 1000 
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to 100 km. Following terrestrial models of fractional melting and melt aggregation, the multiple 
saturation point of low-Ti green glass corresponds to the mean pressure of melt segregation (400 
krn). This model satisfies the geochemical requirements of Apollo 15 green glass, and is 
consistent with models of the thermal structure of the deep lunar interior [13]. To generate the 
ultrarnafic glasses with variable Ti02, Ringwood and Kesson [2] proposed that dense pods of 
TiO2-rich magma ocean cumulates from shallow depth sank into the undifferentiated lunar 
mantle and melted there to form hybridized zones. Partial melting of these zones led to the 
range of observed ultramafic glasses. Ringwood and Kesson rejected cumulate assimilation at 
shallower depths based on heat budget constraints and mass balance considerations. If the hi-Ti 
glasses were produced by melting of deep hybridized zones, there is the potential that they 
would sink into the lunar interior, as the high-Ti magmas becomes denser than their 
surroundings at depths exceeding about 500 km [14]. Hess [IS] has proposed a cumulate 
sinking model that overcomes this difficulty. 

Proposed model for the origin of Apollo 14 Black Glass We suggest a variant of the 
model of [I] that involves assimilation of shallow mantle consisting of the late-stage Ti-rich 
cumulates of the magma ocean. In magma ocean models these cumulates would be present over 
a depth range of 100 to 150 krn [16]. The base of the lithosphere lies near this depth at 3.2 b.y. 
[13]. Low-Ti ultramafic magmas are produced by near-fractional adiabatic melting as in [lo] 
and rise into the cooler shallow lithosphere. When these magmas reach a depth of 100 km, they 
have a potential superheat of >I60 OC (T of Green Glass multiple saturation - liquidus T of 
Black Glass at 100 km). This superheat provides thermal energy to melt the shallow level 
cumulates. Major element mass balance models produce the Black Glass from low-Ti Green 
Glass by assimilation of cumulates in the proportions: 

Black Glass + 0.02 Olivine = 0.69 Green Glass + 0.03 high-Ca Clinopyroxene + 0.30 Ilmenite 

This mass balance requires that about 50 caYgm of heat be supplied to assimilate the high-Ti 
cumulates. A superheat of 160 OC will provide about 49 cal/gm. As the Black and Green 
glasses represent the extremes of the low-Ti to high-Ti ultramafic glass trends [8], the entire 
spectrum of compositions can be reproduced by this process. With continued ascent through 
shallower lithosphere, the high-Ti magmas pass through the KREEP-rich trapped residual liquid, 
and inherit the trace element characteristics of this component. Previous models call upon a 
large scale mixing process that disrupts the magma ocean cumulates and distributes them over a 
large region of the lunar mantle. In these models the difference in temperature of multiple 
saturation must be caused by differences in the mantle interior temperature which influence the 
adiabatic decompression melting process. A revived Hubbard and Minear model has the 
advantage of simplicity; it does not require reshuffling of magma ocean cumulates. 
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