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Introduction. It is generally a consensus of most models for the generation of lunar high Ti basalts that they 
were derived through the partial melting of late-stage, ilmenite-bearing lunar magma ocean (LMO) cumulates 
[1,2,3,4,5,6,7]. However, one point of contention among these models is the role of ilmenite in the source 
region: What percent of ilmenite existed in the mantle source for the high Ti basalts? Is ilmenite left as a 
residual phase or is ilmenite exhausted from the source during partial melting? These questions are of 
obvious importance in reconstructing the composition and crystallization of the LMO and understanding the 
petrogenesis of the high Ti mare basalts. Estimates of ilmenite in the sources for the high Ti basalts range 
from 0.5% to over 10% [e.g. 4,5,6]. In some models proposed [3,7], ilmenite is a necessary residual phase 
following partial melting. Experimental studies [8] and trace element and isotopic studies [4,5] require 
ilmenite to be completely consumed from the residual mineral assemblage. This is a preliminary report on the 
behavior of Nb and Zr in primitive mare basalt magmas represented by a suite of lunar picritic glasses. We 
analyzed these glasses for Zr, Nb, and Ce because of their similar behavior in most silicates (highly 
incompatible in olivine and orthopyroxene with Ds less than .006) and their contrasting behavior in ilmenite 
and armalcolite (D,, = 0.0001, D,= 0.33 and 0.9, respectively, and Dm = 0.81 and 1.4, respectively) [9]. 
Using the picritic glasses for this study allows us to partially eliminate the effects of post-melting processes 
commonly experienced by crystalline high Ti mare basalts. 
Experimental Technique. Our approach to better understanding the behavior of these elements is to analyze 
Zr, Nb, and Ce at high precision (better than 2% for Zr and Ce and better than 4% for Nb) using a Cameca 
IMS 4f ion microprobe. All of the picritic glasses thus far analyzed in this study had been previously 
analyzed for major elements by electron microprobe and other trace elements (REE, Ba, Zr, Li, B, Be, Ni, Co, 
Mn, Cr, V) using the ion microprobes at Woods Hole Oceanographic Institute and the University of New 
Mexico. Standards used in constructing calibration curves were well documented basaltic glasses. 
Conventional energy filtering techniques were used for the analysis of these elements. 
Observations. Plots below illustrate the relations among Zr, Nb, and Ce for the very low Ti (Apollo 15) and 
high Ti (Apollo 12, 15, 17) glasses thus far analyzed in this study. The Zr/Nb for these glasses range from 
9.8 to 17. Zr/Nb for C1 chondrite is approximately 16. The A12 high Ti glass is at the low end of this range, 
whereas the A1 5 very low Ti glasses tend to make up the upper end of this range. In the small data set that we 
have thus far collected, the crystalline mare basalts tend to have slightly lower Zr/Nb than glasses with similar 
Ti from the same site. For example, The Apollo 17 high Ti basalts have Z r N  of approximately 10.7, 
whereas the A17 high Ti glasses have Z r M  of 13.7 to 14.5. Estimates of KREEP have Zr/Nb (14 to 21) [lo] 
greater than the high Ti picritic magmas. The concentrations of Zr, Nb, and Ce increase from the very low Ti 
glasses to the high Ti glasses, and along that trajectory the NbICe and ZrICe increase. NbICe and Zr/Ce of 
the picritic glasses are greater than NbICe (.408) and ZrICe(6.53) for C1 chondrite. This is similar to the 
relative behavior of HE/Lu [5]. Superimposed on the Ce-Nb and Ce-Zr plots are calculated compositions of 
LMO cumulates and trajectories of melts produced with varying proportions of ilmenite in the residual 
mineral assemblage. The field of LMO cumulate compbsitions are defined by two end-member models (1) 
perfect fractional crystallization with no intercumulus liquid and entrained plagioclase and (2) fractional 
crystallization with small proportions of intercumulus trapped melt (to 5%) and entrained plagioclase (1%). 
These models also assume a LMO with chondritic ratios for Zr/Ce and Nb/Ce, Zr, Nb, and Ce concentrations 
of 3x chondrite, and a sequence of cumulate mineral assemblages as proposed by Taylor [ l l ]  and Snyder et a1 
[6]. At this point, the models are not dependent upon post-accumulation processes such as cumulate pile 
destabilization and overturn. In these models, the Nb/Ce and ZrICe ratios exhibit limited fractionation in the 
LMO cumulates during crystallization of olivine and olivine + orthopyroxene assemblages. Crystallization of 
late-stage cumulate assemblages, which include clinopyroxene and ilmenite, result in a larger fractionation of 
those ratios. Trajectories for melts produced by partial melting of a late-stage, ilmenite-bearing cumulate are 
also shown in the diagrams. 
Conclusions. Although these are our first set of Zr, Nb, and Ce data from the picritic glasses, there are some 
tentative conclusions that we can make: (1) The consistent enrichment in Nb and Zr, relative to Ce, in the high 
Ti glasses, relative to the very low Ti glasses and its similarity to enrichments in the model sources 

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



1278 LPS XXVI 

ILMENITE IN THE SOURCE FOR MARE BASALTS: SHEARER, PAPIKE, AND LAYNE. 

imply that these trace element signatures are a reflection of lunar mantle source. (2) Extremely high degrees 
of partial melting of the model sources is required to produce the Zr, Nb, and Ce signatures observed in the 
glasses. This appears to be unlikely based on other trace element and isotopic characteristics of the glasses 
and crystalline mare basalts. Therefore, some of our model assumptions are incorrect. Specifically, (i) the 
concentrations of Zr, Nb, and Ce in the LMO were less than 3x chondrite, (ii) clinopyroxene, plagioclase, and 
ilmenite appeared as cumulate phases earlier than our model assumes (80% cpx and plagioclase, 98% 
ilmenite) andlor (iii) the Zr/Ce and Nb/Ce signature of the LMO and the cumulate source was more 
fractionated fiom chondrite. The last possibility contrasts with the expected behavior of ZrICe and NbICe 
based on the previous studies of Hf-Lu in crystalline mare basalts [ 5 ] .  (3) The presence of ilmenite in the 
residual mineral assemblage would result in a decrease in the ZrICe and Nb/Ce in magmas produced relative 
to residual mineral assemblages without ilmenite. At low degrees of partial melting this difference is much 
more obvious. Therefore, if ilmenite is a residual phase for the high Ti- picritic glasses, their source should 
have higher Zr/Ce and Nb/Ce values than measured for the glasses. (4) KREEPy liquids should have ZrICe, 
NbICe, and Zr/Nb signatures that reflect ilmenite removal from the residual LMO melts. This difference in 
signatures may be useful in distinguishing which portion of the LMO cumulate pile participated in 
hybridization and assimilation during the evolution of mare basalts. 
References: [ l]  Longhi et al. (1974) Proc. LSC 5th, 447-469, [2] Duncan et al. (1974) Proc. LSC 5th, 1147-1157, [3] Shih et al. (1975) 
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[9] Jones (1995) in press , [lo] Warren (1989) Workshop on the Moon in Transition: Apollo 14 KREEP and Evolved Lunar Rocks, 149- 
153, [l 11 Taylor (1982) Planetary Science: A Lunar Perspective. Lunar Planet. Inst. 
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