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The primitive achondrites have approximately chondritic bulk chemical composition but achondritic 
textures. Clayton et al. [I] showed that nine of these meteorites, the acapulcoites and the lodranites, have similar 
oxygen isotopic compositions. The acapulcoites appear to be highly metamorphosed, but undifferentiated, meteorites 
of chondritic composition, whereas the lodranites appear to have lost a feldspathic partial melt. In order to learn 
more about metamorphic processes and partial melt removal, we have measured the trace element compositions of 
constituent phases of a number of primitive achondrites by ion microprobe. We have analyzed two acapulcoites, 
Acapulco and ALH81261 (paired with ALH77081), and three lodranites, Lodran, LEW88280 and MAC88177. In 
addition, we analyzed LEW88663, which has the bulk composition, mineral chemistry and oxygen isotopic 
composition [R. N. Clayton, pers. comm.] of L-chondrites, but is metal-free and has an achondritic texture; and 
Divnoe, a plagioclase-poor, olivine-rich primitive achondrite with an oxygen isotopic composition similar to that of 
the group IAB iron meteorites [2]. These meteorites show a variety of REE pattems in their constituent phases, and 
there are consistent differences between acapulcoites and lodranites that are consistent with removal of a LREE- and 
Eu-enriched melt that is apparently responsible for the low plagioclase content of lodranites. 

Modal abundances and mineral chemistry of analyzed phases are given in Table 1. REE pattems of 
constituent phases are shown in Fig. 1, along with expected REE patterns for chondritic composition (uniform bulk 
REE e~ichments  of 1.5 x CI chondrites), assuming equilibrium partition coefficients. Sources of partition 
coefficients are as follows: olivine [31, orthopyroxene [31, clinopyroxene[41, plagioclase [51, whitlockite [61 and 
apatite (estimated from apatite and whitlockite REE patterns in ordinary chondrites [7]). All Eu was assumed to be 
present as and E U + ~  was assumed to have the same partition coefficient as ~ r + ~ .  An equilibration temperature 
of 1200°C was assumed, based on mineral thennometry of Acapulco [8]. 

Acapulcoites. Only Acapulco shows near-equilibrium REE partitioning. The other acapulcoite, ALH81261, 
has REE concenuations in phosphates that are lower than expected. 

Lodranites. The three lodranites have rather unusual REE patterns in their phosphates. LEW88280 
phosphates are especially low in REE, with apatite containing lower enrichments of HREE than clinopyroxene. 
Phosphates in both LEW88280 and MAC88177 are enriched in HREE, unlike acapulcoite phosphates. This may 
have resulted from extraction of a plagioclase-rich melt from an original chondritic bulk composition, but does not 
explain the lack of equilibrium between phosphates and silicates. Lodran apatite has an especially unusual pattern 
that is suggestive of two components, a HREE-enriched one like that in the other two lodranites and a LREE- 
enriched one that is most enriched in Ce, Pr and Nd. Phosphates and clinopyroxene apparently did not equilibrate 
with one another in M a n ,  as clinopyroxene has a large negative Eu anomaly and the phosphates do not show Eu 
anomalies. 

LEW88663. This meteorite shows near-equilibrium REE partitioning, consistent with metamorphism of an 
L-chondrite. The complete absence of Fe-Ni metal implies metal loss, because L-chondrites contain 3-4 vo1% metal 
and silicate mineral chemistry of LEW88663 indicates that the metal was not oxidized into silicates. 

Divnoe. Only olivine and clinopyroxene could be found in our thin section of Divnoe. Clinopyroxene is 
lower in EEE than clinopyroxene in the other primitive achondrites analyzed here. The pattern is strongly HREE- 
enriched, with more LuILa fractionation than is normally seen in clinopyroxene. This might have been achieved by 
removal of a partial melt more enriched in LREE than in other primitive achondrites. Divnoe clinopyroxene is also 
unusual in that it does not have the strong negative Eu anomaly seen in clinopyroxene from other primitive 
achondrites. If plagioclase and phosphate extraction was responsible for the EEE pattern of Divnoe clinopyroxene, 
one would have expected Eu to have been extracted along with the LREE, unless conditions were so oxidizing that 
all of the Eu was present as E U ~ + .  

Conclusions. Despite the equilibrated-looking textural features of acapulcoites and lodranites, most of these 
meteorites do not show the equilibrium distribution of REE. Several different melt transport processes may have 
been involved in the formation of lodranites. Trace element data indicate that Divnoe is not related to the 
acapulcoites and lodranites, contrary to the relationship suggested by McCoy et al. [2]. 
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Table 1. Modal abundances and mineral chemistry. 

Phase Acapulco ALH61261 Lodran LEW88280 MAC88177 LEW88663 Divnoe 

Olivine 33.9 33.4 52.6 54.1 52.5 55.1 80.3 
Fa 11.9 10.3 12.6 12.5 12.9 24.0 26.6 
Orthopyroxene 40.4 43.6 47.1 37.3 39.4 27.1 11.5 
Wo 1.2 1.8 2.6 2.0 2.7 3.0 2.0 
Fs 12.6 9.8 13.3 11.0 12.4 20.1 23.3 
Clinopyroxene 7.4 7.2 trace 7.9 7.6 3.9 6.3 
Wo 44 44.2 43.3 43.0 42.5 44.9 43.3 
Fs 5 4.3 6.4 5.2 5.4 7.6 9.0 
Plagioclase 15.9 14.3 - - 0.2 12.8 - 
An 14 14.3 20 
Or 4 4.5 2 
Chromite 0.9 1.5 0.3 0.7 0.3 1.1 1.9 
Apatite 1.2 trace trace trace trace trace - 
Whitlockite 0.3 trace trace - - - - 
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