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ences, Washington University, St. Louis, MO 63130. 

Three types of lunar highlands cumulate rocks with very high REE concentrations (greater than 
500 times chondritic abundances) have recently been identified as clasts in breccia [1,2,3,]. The REE in 
these clasts are present in phosphates, both whitlockite and apatite. The clasts are all small (<50mg) and 
relatively coarse grained such that  the extraordinarily high REE concentrations are due to modal enrich- 
ment in phosphates and not representative of the criginal bulk rock. Other clasts of each type do have 
phosphates, although not as much, and REE concentrations significantly higher than phosphate-free lunar 
cumulates (see (2) for discussion). Hence these phosphate-rich lunar highlands cumulates have some bear- 
ing on the distribution and evolution of REE in the lunar crust. We have measured the REE concentra- 
tions in the phosphates from each rock type using an ion microprobe, in order to evaluate the origins and 
possible relationships between these REErich lunar highlands cumulates. 

Sample descriptions - All three samples studied are coarse-grained rocks with cumulate to 
metamorphic textures and bulk compositions (including siderophile concentrations below detection limits 
of 2 ppb) which suggest that  they may be remnants of the early lunar crust. 14505,416 [bulk sample 
14305, 400 of (4) ]  is an alkali anorthosite consisting of 99.5 % plagioclase (An 75), .4% augite (Mg'70), 
and trace ilmenite and phosphate. The analyzed phosphate grain Is an inclusion in plagioclase. Although 
this sample is not as phosphate or REErich as the alkali anorthoslte clast (14305,C2) analyzed by Warren 
et  al [ I ] ,  It is hoped that  the phosphate may be representative of those in other alkali anorthosites. 
14521,1275 [bulk sample 1211 of (2)] is a magneslan anorthoslte made up of 98% plagioclase (An94) and 
1-296 whitlockite, with minor olivine and pyroxene (Mg'84). The maflc silicates occur as tiny inclusions or 
small interstitial grains, while the phosphate is a single large interstitial grain (500 x.120 fam). Four areas 
of this grain were analyzed. 67975,156 [same sample as (3)] is an alkali gabbronorite consisting of roughly 
equal amounts of alkali-rich plagioclase and Fe-rich pyroxene. Ilmenite and phosphate grains are scab 
tered throughout (5). The four analyzed grains were from a region where apatite and whitlockite are 
intergrown. 

Ezperimental- Concentrations of all the REE were measured in 20 pm spots with a Cameca I M S  
3F ion probe. The method used was described by Crozaz and Zinner [el. The samples were coated with 
Au and bombarded with a ' O K ~ V  0- beam, of 3-5 nA. Secondary ions were counted a t  masses 133 to 191 
and a t  repre~entat~ive masses of 0 ,  F,  P ,  C1 and Ca. Total count time per analysis is 20-35 minutes. 
Energy filtering (voltage offset of 100 V) eliminated complex matrix molecular ion interferences and the 
mass spectrum for the atomic masses 133 to 191 was deconvoluted into the elemental components Cs to 
)If and the monoxide components CsO to 1,110. Concentrations were determined from ion yields, relative 
to Ca, obtained from a standard (an homogeneous terrestrial apatite in which the REE concentrations 
were measured by isotope dilution and INAA). 

Results - REE concentrations in phosphates from the three lunar highland samples are given in 
Table 1 and plotted, normalized to chondritic abundanccs, in Fig. 1. All but the two apatite grains from 
67975 are whitlockite, with esse~~tial ly no detectable F or CI. Sources of errors are discussed in (6) and are 
responsible for minor pattern irregularit,ies for Gd and Yb. Reproducibility of the results on a single spot 
is generally better than 5% and most variations among analyses from a sample are within that  limit. La 
and Ce concentrations in analysis 143216 do slightly exceed that value. This is probably due to sample 
heterogeneity. Even these variations are much smaller than the differences between the three samples. 

Discussion - All three whitlockites are extremely rich in REE (> 10,000 times chondrites) and gen- 
erally similar to each other. Apatite concentrations are an order of magnitude lower. All three whitlockite 
patterns are distinct, however. The 14305 alkali anorthosite pattern has a steeper slope than those of the 
other two samples. While the other two whitlockite patterns are parallel, that  of 67975 alkali gabbronor- 
ite has 1.4 times higher concentrations than 14321 magnesian anorthosite. The Eu anomalies in the 
whitlockites are all extremely large, with that  in calcium-rich 14321 (Eu/Sm = 0.005) being considerably 
larger lhan t,hose in the two alkali-rich samples (Eu/Sm = 0.015). Thus the partitioning of Eu between 
phosphate and plagioclase appears to depend strongly on plagioclase and/or liquid composition. This can 
also be seen in Figs 3 and 4 of (2) where phosphate-free alkali anorthosites have larger positive Eu 
anomalies than comparable calcic piagioclase from magnesian anorthosites. The overall similarity of the 
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three whitlockites suggests t h a t  they were generated from systems with similar R E E  concentrations, how- 
ever t h e  distinctions in the  pat terns and  diffei-ences in their c t h e r  mineral conlpositions shows t h a t  they 
a re  not  genetically related. 

T h e  partitioning of R E E  between coexisting ap;bLil.r :ind whitlockite can be calculated from 67975 
da ta .  These partition coefficients a re  blotted in Fig. 2 as t "lunar" pattern. T h e  preferential partition- 
ing of light R E E  into whitlockite contrasts strongly u i t h  ! !!:it of the  St.  Severin chondrite \vilere t h e  
heavy R E E  are  favored by whitlockite [6]. Both sets  .>f n;: tural partition coefficients are  distinctly higher 
t h a n  t h e  values determined from experiments in a synthetic system [7]. Phosphate partitioning appears  t o  
be eztremely sensitive to phosphate structure, composition and conditions of formation. I t  is thus  very 
difficult to select phosphate/liquid partition c.oefficients for use in modeling t h e  origin of these phosphate- 
rich lunar  highlands samples. T h e  only set of phosphate distribution coefficients determined for lunar  
highlands compositions a re  the  d a t a  of Dickinson 2nd 1 T c . s ~  (8) for K R E E P  basalt 15386. These distribu- 
tion coefficients a r e  flat a t  about  10 for La-Gd (exc,c*p( Xu 2.6), and drop to 5.8 a t  Yb. Using any  of our  
lunar  whitlockites t o  calculate equilibrium liquid , .~ncen t ra t ions  would yield liquids with 1,REE around 
3000 times and H R E E  about  1500 times those of chondrites. These levels are  roughly 10 times those of 
K R E E P  and  no such lunar  liquids have been ol)served. Another problem arises when these 
whitiockite/liquid distribution coefficients a re  ~ i sed  t o  calculate apatite/liquid distribution coefficients. 
These range from .25 - .5, peaking 'in t h e  middle R E E  as is often seen for Lerrestrial apat i te  distribution 
patterns. However, distribution coemcients for apat i te  t h a t  are  less than uni ty a re  unheard of. These 
unusual results suggest t h a t  t h e  model for our. caic~ilations is wrong. Ei ther  these whitlockite/liquid dis- 
tribution coeflicients a r e  not  applicable t o  our  conditions o r  the  analyzed whitlockites and/or  apat i tes  did 
not  crystallize from what  we  think of as a n  evolved lunar highlands liquid. This  was the concliision 
reached by Lindstrom e t  al. [2] for the  magnesian anorthosites based on  t h e  evolved phosphate R E E  con- 
centrations and very primitive major  mineral compositions. Some form of fluid may  have generated t h e  
phosphates during metamorphism [2]. Further  studies of phosphate partitioning and  of R E E  in the  other  
phases of these samples a re  required to resolve these problems. 
Referee- 11; Warren P. H. el 81. 11083) P r o c  14th Lunnr Planet Sc! Con/ Ln J Gcaphy- Rrs 88. Ae lS630 .  9 L l n d ~ l m m  h< if, et  a l ,  il0RIl Ptor 15th Ltinnr Plonil 
Sct Conf In JGcophys R P S  89. C4l-C40 !3! Llndsfrom M.M IIQ8rl Pror 15th 1,unar Plane1 Sce Con/ In J Genphys R P F  89. CSC-CE?. 14 ShCNaB J.  \V. el .I. 118841 P ~ O C  
14th Lunar Planct Scr Conf In J Ceophyyr Res 89. C?5-C4o. '5; JalnpJ 0.B (1885) Lunar and Planet Sct S T %  rbis volume. 6 Crnzaz G and Zlonfr E 1 1 ~ ~ 5 1  Earth P lonf f  
Sct L e t t .  In p-. 171 Murrell M.T. et  a. (1084) Lunor and rianet  Sct SI', 579-58a. !8l Dlcklnmn J.E. and Hesy P.C. (1983) Lunar and Planrt Srz \71: IX+lsQ.  

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

Table 1. REF, In Lunar P h r x = p l ~ a t ~  5 
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67975 
B C . 4 a p D a p  

10.648 10.872 280 320 
28.190 28.670 853 998 

3480 3550 1136 133 
17.058 17,158 605 704 

4WS 4608 193 220 
70.0 71.9 13.2 15.0 

3674 3648 164 189 
780 796 36.8 40.31; 

5326 5332 240 276 
1150 1126 52.7 59.2 
2994 3014 139 162 

428 424 20.1 23.7 
3015 3125 180 170 
353 3 4 9  15.8 206 
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