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POSSIBLE SOURCE COMPOSITIONS FOR LUNAR PICRITIC GLASSES: ILMENITE 
VS. KAROOITE A.M.Cazzaniga and P.C. Hess, Dept. of Geological Sciences, Brown University, 
Providence, RI, 02906 

A lunar magma ocean would produce unstable stratified layers: a light, Mg-rich olivine layer would 
settle initially, followed by a progressively less Mg-rich pyroxene layer, eventually leaving an 
incompatible-rich melt to crystallize into a dense ilmenite layer below the light anorthositic crust. 
The density contrasts cause a catastrophic overturn, allowing the layers to mix and the ilmenite to 
sink to form a core (1). A "mantle" layer with variable amounts of olivine and orthopyroxene 
(depending on the efficiency of the overturn) and small amounts of ilmenite, or other Ti-oxide, 
could be formed. Melting of such a layer could create the range of titanium found in the two arrays 
of medium to high Ti lunar picritic glasses. 

Two arrays of glasses have been identified (2): one high in Ca and A1 with slightly lower Mg# 
and the other low in Ca and Al with higher Mg#. Since Mg, Fe, Ti and Si oxides comprise over 80 
wt % of glass compositions, the study of the simple quaternary system may provide useful 
information. All other components beyond the basic four were removed from the most primitive 
glasses (2) according to the norm; the results have been renormalized and plotted in Fig 1. A 
cotectic drawn through the high aluminum/calcium suite of glasses appears to be radial to ilmenite 
whereas that through the low A1 suite appears radial to karooite. The nature of the titanium oxide 
phase in equilibrium with the melt source region may hold the key to the existence of the separate 
arrays. 

Little data is available for the phase relations in the Mg0-Fe0-Si02-Ti02 system, but the 
Mg0-Si02-Ti02 system has been studied previously (3) at pressures ranging from one 
atmosphere to 40 kb. Karooite (MgTi205) is the stable Ti-oxide in equilibrium with olivine and 
pyroxene at pressures up to lOkb, replaced by rutile at higher pressures. A tieline between karooite 
and olivine prevents an ilmenite-olivine-pyroxene assembly from being stable in the purely 
magnesian system. Preliminary experiments by authors indicate that ilmenite may be stabilized by 
the addition of Fe to the system. At 1265°C and 10 kb, ilmenite of Mg#45 was the stable Ti-oxide 
coexisting with olivines and pyroxenes of Mg# 81-83, whereas at 1275"C, karooite of Mg#59 was 
stable with olivines and pyroxenes of Mg#82-83. It is possible that these experiments were 
conducted in the region of a tieline switch from karooite-olivine to ilmenite-enstatite. 

The addition of Fe stabilizes karooite and enstatite with respect to rutile since the rutile 
structure cannot accomodate iron and since Fe prefers karooite to olivine as shown by the 
coexisting Mg#s in the experiments above. The reaction: 

2Ti02 + Mg2Si04 -> MgSi03 + MgTi205 (1) 
should proceed to the right. The olivine-pyroxene cotectic should shift to the left, towards olivine 
(4). The karooite-rutile cotectic should shift to the right, towards rutile. In the same manner, our 
experiments indicate that Fe prefers ilmenite to karooite, causing the reaction: 

Mg2SiOq + MgTi205 -> MgSi03 + 2MgTi03. (2) 
to favor the right side. The ilmenite-karooite cotectic should shift towards karooite. The effect on 
the olivineenstatite cotectic would be similar to that caused by Eqtn. (1). Further experimentation 
is necessary to better determine the phase relations. 

Melting of a pyroxenitic source along a cotectic could explain the variation in Ti content 
among glass suite members as well as explain their inverse Ti-AVCa relationship. The high AVCa 
glasses may outline such an olivinelpyroxene cotectic. If so, the cotectic is significantly shifted 
toward olivine in comparison to the one in the purely magnesian system. This could be in part due 
to of the addition of iron, and in part due to A1 and Ca, which stabilize pyroxene relative to olivine, 
thereby reinforcing the effect of Fe. The higher Fe content might suggest that the karooite-olivine 
tieline was broken and that ilmenite was stable in the source region. In a similar scenario, the more 
magnesian low AVCa suite could be produced by melting of an olivine-rich source along a cotectic 
less affected by the presence of cotectic-shifting elements: Fe, Ca, and Al. It is unclear whether the 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



222 LPS m 
SOURCES FOR LUNAR GLASSES- Cazzaniga,A.M. and Hess,P.C. 

cotectic shift is great enough for ilmenite to be stable in the source region. The difference in Mg# 
between the two glass arrays is not great, but if the compositions are close to a tieline switch, 
karooite may still be stable at the slightly higher Mg #s. 

The overturn model would mix the olivine, pyroxene and ilmenite layers creating 
heterogeneous source regions with a variable ratio of pyroxene to olivine and perhaps a small 
amount of a titanium oxide. Pyroxenes can dissolve up to 3 wt % Ti02 at temperatures of 
1200-1400°C and pressures up to 20 kb(5). If too little ilmenite is mixed into the source, it may 
completely dissolve into the pyroxene, leaving no crystalline titanium oxide phase. In this case, the 
presence of ilmenite vs. karooite is not a concern. If the glasses are truly related by melting along a 
cotectic, an appropriate melting model must explain the inverse Ti-A1 correlation. A batch melting 
model, regardless of whether or not a Ti-oxide is present, would produce parallel Ti and Al trends. 
The distribution coefficients of Al are known to increase with pressure (6) so it could be argued that 
polybaric melting could create an inverse trend, but this model cannot fully explain the situation 
since Ca follows much the same pattern as Al but the distribution coefficient of Ca is not known to 
have such a property. A non-modal melting model might be able to explain such a trend since 
preferential melting of titanium oxide would cause the titanium content to be high initially. Once the 
Ti-oxide melts out completely, pyroxenitic melts with higher calcium and aluminum contents could 
dilute the melt's titanium content, perhaps causing the inverse correlation seen in the glasses. This 
model, however, necessitates the presence of a Ti-rich phase. An increased knowledge of the phase 
diagram of ilmenite and karooite could add insight to possible source compositions and melting 
relations of the lunar glass suites. 
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Figure 1. (Mg,Fe)O-Ti02-Si02 mol % ternary diagram for renormalized components hypersthene, 
olivine, and ilmenite. Series A glasses are lower AVCa and slightly higher Mg #. These plot along a 
cotectic radial to karooite. Series B glasses are high AVCa and slightly lower Mg #. These glasses 
plot along a cotectic radial to ilmenite. 
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