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VOLATILITY I N  THE LUNAR CRUST: TRACE ELEMENT ANALYSES OF L U N A R  
MINERALS B Y  P I X E  PROTON MICROPROBE M. D. Norman (Planetary Geosciences, Dept. of 
Geology and Geophysics, University of Hawaii, Honolulu HI 96822 U.S.A.), W. L. Griffin, and C. 
G. Ryan (Division of Exploration Geoscience, CSIRO, North Ryde NSW 21 13 Australia) 

In  situ determination of mineral compositions using microbeam techniques can characterize 
magma compositions through mineral-melt partitioning, and investigate fine-grained or rare phases 
which cannot be extracted for analysis. Abundances of Fe, Mn, Sr, Ga, Zr, Y, Nb, Zn, Cu, Ni, Se, 
and Sb were determined for various mineral phases in a small number of lunar highlands rocks using 
the PME proton microprobe. SrIGa ratios of plagioclase and Mn/Zn ratios of mafic silicates show that 
the ferroan anorthosites and Mg-suite cumulates are depleted in volatile lithophile elements to about the 
same degree compared with chondrites and the Earth. This links the entire lunar crust to common 
processes or source compositions. In contrast, secondary sulfides in Descartes breccia clasts are 
enriched in chalcophile elements such as Cu, Zn, Ni, Se, and Sb, and represent a potential resource in 
the lunar highlands. 

PIXE is a non-destructive method utilizing a beam of high energy protons to generate x-rays 
which can be used for trace element analysis (Fig. 1; Tables 1,2). Methods are described by [I]. 
Plagioclase, pyroxene, olivine, ilmenite, and sulfide were analyzed in 5 lunar thin sections: 
67016,294: A noritic anorthosite clast with ancient components, affinities with ferroan anorthosites, 
and abundant sulfides [2,3]. 67016,333: A poikiloblastic granulite 141. Blocky plagioclase and 
euhedral olivines provide unequivocal evidence for crystallization from a melt, probably a pre- 
Nectarian impact melt. Fe-Ni metal compositions indicate a meteoritic component. 67016,360: A sodic 
anorthosite clast with mineral compositions unlike those of recognized pristine highlands rocks (Angl- 
94, opx Enqg-66; [2]). Pyroxenes with coarse exsolution lamellae suggest this rock is igneous. 
76535,52: A classic Mg-suite troctolite. 62237,8: A pristine ferroan anorthosite. Fused glass beads of 
USGS rock standards and one sample of natural rhyolite glass were also analyzed. Standard glasses 
were prepared by fusing 30 mg of rock powder on strips of either Mo (BCR) or Ir (AGV) under Ar or 
N2. The rhyolite glass (Tsr-1) is a melt inclusion from a Snake River Plain tuff. Comparison of the 
standard data with consensus values demonstrates the utility of the method (Table 2). Potential 
problems with the fusion method include the loss of volatile elements and contamination of the glasses 
by Mo or Ir. 

Sr and Ga are plagiophile elements with similar mineral-melt distribution coefficients. Sr/Ga 
ratios of plagioclase in the lunar samples are 40-60, reflecting the volatile-depleted nature of the lunar 
crust relative to chondrites and the Earth (Fig. 2). Plagioclase from ferroan anorthosites and Mg-suite 
cumulates have similar Sr/Ga ratios, consistent with the whole rock data [5]. Zn contents of pyroxene 
and olivine are remarkably low compared to their terrestrial counterparts, providing another measure 
of the depletion of volatile and chalcophile elements in the lunar crust. Enrichments in volatile 
chalcophile elements such as Cu, Zn, Ni, Sb, and Se in the 67016,294 sulfides contrast markedly 
with the bulk lunar crust (Table 1). 

Both of the major crust-forming suites of lunar highlands rocks, the ferroan anorthosites and Mg- 
suite, are depleted in volatile lithophile elements to about the same degree. This links virtually the 
entire volume of the crust to a common set of processes or source compositions. If the Mg-suite parent 
magmas came from a primitive reservoir deep within the Moon, this region must have shared the 
depletion of volatile elements with the magma ocean, the presumed parent of the ferroan anorthosite 
suite. The volatile-depleted sources of Mg-suite magmas appear distinct from those of pyroclastic mare 
glasses with surface-correlated volatile enrichments. Alternatively, Mg-suite magmas may have been 
generated from refractory magma ocean cumulates [6], or by late accretion of residual planetesimals 
following the initial differentiation of the Moon [7]. Sulfides enriched in chalcophile elements 
represent a potential resource in the lunar highlands. These vapor-phase or late magmatic sulfides may 
be another manifestation of the fumarolic component found in certain Apollo 16 breccia [8]. 
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Lunar Sulfides, sample 67016.234 

Fig. 2 An illustration of the ranges of SrIGa 
and Mn/Zn compositions of lunar plagioclase 
and mafic silicates, respectively, compared to 
chondritic and bulk Earth compositions. 
Samples given by split number only are from 
67016. M a n  values from 62237 should be 
interpreted cautiously because of high Zn 
contents found in the thin section epoxy. 
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Fig. 1 PIXE spectra from 67016,294 sulfides 
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