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PROBING THE CRUST OF THE EARTH'S MOON: TRACE-ELEMENTS IN 
MINERALS FROM POST-MAGMA OCEAN HIGHLANDS ROCKS -- Gregory A. Snyder, 
Ghislaine Crozaz, and Lawrence A. Taylor, Planetary Geosciences Institute, Dept. of  Geological 
Sciences, University of Tennessee, Knoxville, TN 37996; McDonnell Center for Space Sciences, 
Washington University, St. Louis, MO 63 130. 

The evolution of the lunar highlands crust involved two distinct stages: (1) the formation of anorthositic to 
leuconoritic crust as flotation cumulates (FANS) from an incipient lunar magma ocean -4.4-4.5 Ga ago; and (2) the 
modification of this early crust from 4.4 to 3.9 Ga through the crystallization of mafic and ultramafic plutonic rocks 
(and occasional, minor felsic rocks). The petrogenesis of these later mafic and ultramafic plutonic rocks has been 
the subject of intense debate. We present ion probe trace-element data on both individual pyroxene and plagioclase 
grains from these post-magma ocean highlands rocks. Parental liquids were calculated from these analyses and are 
similar in composition to differentiating KREEP basalts. 
INTRODUCTION: The postulated consanguinity of KREEP basalt volcanism and later plutonic rocks has led 
many workers to further hypothesize a genetic link between the two. Based on whole-rock chemical compositions, 
Snyder et al. [l-21 have argued that both alkali-suite and magnesian-suite cumulates can be derived from simple 
fractional crystallization of a KREEP basalt. It is speculated that these basaltic melts are the products of deep 
melting in the lunar interior and subsequent assimilation of primitive KREEPy residual liquids during passage of the 
basalt to the lunar surface. Those basalts which did not reach the surface could have crystallized within the upper 
lunar crust. With the advent of the ion microprobe, individual minerals, specifically orthopyroxenes, have been 
analyzed in both the magnesian suite [3-61 and alkali-suite rocks [7], in an attempt to determine plausible parental 
liquids for these minerals. In this abstract, we discuss analyses of orthopyroxene, as well as plagioclase and 
whitlockite, to M h e r  delineate the parental magmas for these important lunar highlands rocks. 
PETROGRAPHY AND MAJOR-ELEMENT CHEMICAL COMPOSITIONS -- A total of five samples each 
from the highlands magnesian-suite and alkali-suite have been studied petrographically and with the electron 
microprobe. These samples were chosen because they have been studied previously and have been found to be 
broadly representative of the diversity found in these important non-basaltic, often cumulate-textured plutonic 
rocks. Plagioclase and mafic mineral compositions of the highlands rocks analyzed in this study are within the 
ranges of magnesian-suite and alkali-suite divisions as previol~sly determined. Only one sample, a noritic 
anorthosite (14047,113) from the alkali-suite, was found to contain orthopyroxene, and only magnesian-suite 
samples contain cumulus olivine [l-21. 
TRACE-ELEMENT DISTRIBUTIONS IN INDIVIDUAL MINERALS - Trace-elements were determined by 
ion microprobe (secondary ion mass-spectrometry, or SIMS) and are presented in Figures 1 and 2 relative to fields 
for ferroan anorthosite (FAN) plagioclases and pyroxenes, 100 
respectively [8]. 

Plagioclase -- Alkali-suite plagioclases have larger 50 
positive Eu anomalies than do Mg-suite plagioclases (Fig. 
1). Only 15405,202 plagioclase has a Eu anomaly that is 
similar to Mg-suite plagioclases. Although the REE *C 20 
abundances are overlapping, the Mg-suite rocks of similar W 

a 10 mineral proportions to Alkali-suite rocks (e.g., anorthosites a 
of the two suites) tend to have lower REE abundances by a A 
factor of two. Plagioclases from the Alkali-suite have U 
higher Li (>lo pprn), P (>I3 1 pprn), Sc (15.6-18.5 ppm), Ti 

U (139-390 pprn), Cu (19.7-34.5 pprn), Sr (215-345 pprn), and , 2 
lower Ni (260-290 ppm) than those from the Mg-suite W 
(<9.61 ppm, 4 1 9  ppm, 13.9-15.7 ppm, 49.5-161 ppm, 
6.63-12.7 ppm, 148-215 ppm, and 294-323 ppm, 
respectively). 0.5 

Pyroxene -- Pyroxenes from the Mg-suite have much 
lower REE abundances (La = 0.0267-0.0500 ppm; Lu = 0.2 
0.371-0.816 ppm) and much deeper negative Eu anomalies La Pr EU Tb HO Tm LU 
than those from the Alkali-suite (La = 0.19 1-3.16 ppm; Lu = 

1.09-3.38 ppm) (Fig. 2). Sodium, K, and P abundances in Ce Nd Sm Gd Dy Er Yb 
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pyroxenes from the Alkali-suite (Na = 116-757 ppm, K = 

27.6-275 ppm, P = 47.9-183 ppm, respectively) are higher 
than those in the Mg-suite (Na = 57.1-86.1 ppm, K = 2.9-19 
ppm, P = 37.3-68.4 ppm, respectively). Alkali-suite 
pyroxenes also contain higher abundances of Sc (5 1.9-75.6 
pprn), Ti (3205-5600 pprn), Mn (2332-3835 pprn), Ni (60.1- 
132 pprn), Cu (58.2-93.5 pprn), Rb (18.4-31.4 ppm), Sr 
(0.423-16.6 pprn), Y (25.1-94.3 ppm), and Ba (0.159-34.7 
ppm), and lower abundances of V (30.4-79.3 ppm) and Cr 
(1415-3005 ppm) than pyroxenes t o m  the Mg-suite (Sc = 

38.5-45.8 ppm; Ti =1629-2254 ppm; Mn = 1512-2448 ppm; 
Ni = 34.9-50.1 ppm; Cu = 19.9-33.5 ppm; Rb = 8.32-17.5 
ppm; Sr = 0.132-0.148 ppm; Y = 16.9-30.4 ppm; Ba = 

0.0156-0.136 ppm; V = 130-169 ppm; Cr = 4553-6343 
P P ~ ) .  

0.01 CALCULATED EQUILIBRIUM LIQUIDS -- Based 
upon 1) a range of estimated proportions of the dominant 
minerals in these rock types, 2) the measured trace-element 

La Pr EU Tb HO Tm LU abundances of the various minerals (Cmineral) in alkali- 

ce ~d sm ~d D~ E~ ~b suite and magnesian-suite rocks, 3) published mineraymelt 
partition coeffients (kg), and 4) the distribution coefficient 

relationship, Cmineral/Cliquid = kD, we have calculated the chemical compositions of instantaneous liquids 
(Cliquid) which would have been in equilibrium with the minerals. 

Most notable is the enriched REE abundances for all 
calculated liquids (Fig. 3). Magnesian-suite minerals yield 
liquids with lower REE abundances than alkali-suite 10,000 

minerals by a factor of 4-5 in most cases. The abundances g 
of the calculated liquids vary over approximately an order -2 
of magnitude t o m  lOOx to 2000x chondrites for the 4 1,000 
LREE. Overall, the equilibrium liquids are slightly LREE- E 
enriched and the J~REEs tend to be-slightly depletld. Such 2 
liquids are similar to those calculated by Papike et al. [4] u 
and consistent with the model of Snyder et al. [l-21 ,+ 100 

whereby non-FAN highlands cumulates are the products of U 
crystallization of evolving KREEP basalt magmas (Fig. 3 2 
shows a field for calculated liquids and separate REE 
patternsplots for 0-90% crystallization of a primitive 
KREEP basalt; [I]). 

2 lo 

KREEP BASALT MAGMAS AND THE CRUSTAL 
DENSITY FILTER -- Pristine KREEP basalt magmas are 1 
rare in the lunar collections. Thus, the paucity of KREEP La Pr EU Tb HO Tm LU 
basalts may seem to obviate the widespread nature of this Ce Nd Sm Gd Dy Er Yb 
volcanism which is required by the scenario presented 
here. However, the lunar crust may have served as a density filter for the KREEP basalt magmas, not allowing them 
to reach the lunar surface. These KREEP basalt magmas may have crystallized within the lunar crust, precipitating 
later highlands plutonic rocks (the so-called Mg- and alkali-suites). 
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