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A b s t r a c t - - T h e  meteorite Lewis Cliffs 88516 is a gabbroic lherzolite with geochemical and petrologic 
characteristics typical of the shergottites, a distinct subgroup of basaltic achondrites belonging to the 
SNC (Martian) meteorite clan. We report new INAA and microprobe data for LEW88516, noting small 
but significant differences between our results and those previously published for this meteorite, These 
discrepancies are mainly attributed to heterogeneities in the bulk rock powder which was distributed to 
several laboratories for geochemical studies. Other discrepancies are attributed to interlaboratory bias. 
We emphasize that even minor variations between datasets may have the potential to significantly affect 
geochemical models for Martian basalts. Small differences in bulk trace element chemistry between 
LEW88516 and Martian lherzolite ALH77005 may indicate that they crystallized from different magmas. 
Copyright © 1997 Elsevier Science Ltd 

1. INTRODUCTION 

LEW88516 is an achondrite of lherzolitic bulk composition 
having petrologic and geochemical ties to the shergottites, a 
subgroup of the SNC (Martian) meteorite clan. Of the twelve 
known SNC meteorites in existing collections, over half are 
shergottites: they include three lherzolites, three basalts, and 
a gabbro (Treiman, 1996). The shergottites are generally 
thought to represent fragments of Martian crust delivered to 
earth by one or more impact events, probably from a single 
young igneous province on Mars (see McSween, 1994 for 
a recent review). While most investigators now accept that 
the shergottites have igneous crystallization ages between 
330 and 180 Ma (Jones, 1986, 1989; Nyquist et al., 1995; 
Borg et al., 1997), isotopic dating techniques have revealed 
a unique and complex history involving multiple thermal 
events, making age interpretations difficult (e.g., Jagoutz, 
1991 ). However, despite these age uncertainties, the shergot- 
tites appear to constitute the youngest of any known group 
of meteorites (McSween, 1994). 

Several other aspects of the shergottites are puzzling, not 
least their highly fractionated rare earth element (REE) pat- 
terns and low A1 contents compared to terrestrial basalts 
(e.g., Longhi et al., 1992). It has been proposed that these 
geochemical peculiarities were produced in part by complex 
melting processes in the shergottite mantle source region 
involving the early removal of garnet, a primary alumino- 
silicate phase at pressures >2.3 GPa in the Martian upper 
mantle which strongly fractionates the light rare earth ele- 
ments (LREEs) from the heavy rare earth elements 
(HREEs) during melting (Longhi et al., 1992). Also puz- 
zling is the extremely wide variation in initial isotopic (Nd, 
St, and Pb) compositions (e.g., end = --7 to +47),  which 
most investigators now believe was produced by a late-stage 
process (e.g., crustal assimilation) that enriched shergottite 
magmas in LREE and other incompatible elements before 
final crystallization (Jones, 1989; Longhi and Pan, 1989; 
Wadhwa et al., 1994; Gleason et al., 1996; Borg et al., 1997). 
Regardless of interpretation, these data indicate that highly 
depleted Martian mantle sources and an ancient, long-term 
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incompatible-element-rich reservoir with high Rb/Sr and 
low Srn/Nd ratios relative to chondrites each played im- 
portant roles in shergottite petrogenesis (Jones, 1989; Borg 
et al., 1997). 

Previous authors have noted the petrologic and geochemi- 
cal similarities between LEW88516 and another Martian 
lherzolite from Antarctica, ALHA77005 (Boynton et al., 
1992; Lindstrom et al., 1992; Harvey et al., 1993; Treiman 
et al., 1994). Harvey et al. (1993) and Treiman et al. (1994) 
concluded that LEW88516 and ALHA77005 both crystal- 
lized as cumulates within shallow, fractionating magma 
chambers on Mars, possibly from the same magma body. In 
this paper, we describe the petrography, mineral chemistry, 
and bulk major and trace element chemistry of our samples 
of the lherzolitic shergottite LEW88516 and compare our 
results to those previously reported for LEW88516 and 
ALHA77005. Some of the new INAA data reported here 
were discussed in an earlier abstract (Boynton et al., 1992). 
Here, we discuss in more detail some apparent chemical 
heterogeneities in the LEW88516 bulk sample powder that 
was distributed to several laboratories for geochemical anal- 
ysis and discuss how even small discrepancies between data- 
sets may have significant implications for geochemical mod- 
eling and petrogenetic interpretations of Martian basalts. 

2. METHODS 

Mineral analyses of LEW88516 were performed on a Cameca 
SX-50 electron microprobe at the Lunar and Planetary Laboratory 
using the standard calibrations normally employed by our group 
(Kring et al., 1996). An accelerating voltage of 15 kv, a 10 nA 
beam current, a 1 micron beam size, and 10 sec count times were 
used for all analyses. For bulk instrumental neutron activation analy- 
sis (INAA), we obtained a 147 mg sample of split ,13 of the 
LEW88516 bulk powder sample, prepared and distributed by the 
Johnson Space Center (JSC) curatorial facility to several laboratories 
as part of an international scientific consortium (Treiman et al., 
1994). The original sample consisted of 0.620 g of material taken 
from the interior of the meteorite, which was then ground to 250 
~zm before being split into several aliquots at JSC (Treiman et al., 
1994). Our 147 mg sample of homogeneous powder was then further 
split into several smaller aliquots at LPL for bulk INAA study. 
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Fig. 1. a,b,c. Backscattered electron (BSE) images of LEW88516 
showing glass-rich magmatic melt inclusions in olivine (a,b,) and 
typical gabbroic igneous textures in our thin section (c). The melt 
inclusion in (a) consists of high-A1 augite (light crystalline phase) 
and two immiscible glasses: one 95% SiO2 (darker) and the other 
(lighter) 65% SiO2 (see Table 1 ), similar in composition to those 
reported by Harvey et al. (1993). They are interpreted to have 
formed from basaltic liquid trapped during early crystallization of 
olivine. Jagoutz (1989) also reports similar inclusions in olivine 
from the SNC meteorite ALHA77005. The dagger-like crystals in 
the large melt inclusion in (b) are probably spinel. Note fault in 
smaller inclusion at bottom right. In (c), maskelynite (Mask) fills 

Three separate irradiations were performed: a 1 min TRIGA Rabbit 
irradiation at 5 kW for the elements AI, Mn, V, and Mg; a 3 h 
TRIGA irradiation at 100 kW with a neutron flux of 0.7 × 10 ~2 
ncm -2 sec ~; and a 1 h irradiation at the University of Missouri 
(MURR) with a neutron flux of 5.00 × 1013 ncm -2 sec ~. Synthetic 
and rock standards were irradiated together with LEW88516 for all 
experiments in order to monitor neutron flux variations within the 
reactor. Counting was done at the Arizona Gamma-Ray Analysis 
Facility on an extended three-month schedule using three detector 
systems including a fast-timing anti-coincidence Compton suppres- 
sion spectrometer, which gives an improved signal-to-noise ratio 
over standard Ge detector systems (Boynton and Hill, 1983). 

3. PETROGRAPHY AND MINERAL CHEMISTRY 

LEW88516, a 13.2 g meteorite recovered from Antarctica 
during the 1988 field season, was first identified as a shergot- 
tite and a member of the SNC clan by Mason and Satterwhite 
(1991).  Harvey et al. (1993) and Treiman et al. (1994) 
previously described LEW88516 in detail, noting its close 
similarity to another Antarctic shergottite, ALHA77005. We 
obtained a thin section of  LEW88516 (split ,21 ) in order to 
integrate mineral chemistry and petrographic data with our 
bulk INAA study. Modal analysis was performed both by 
point counting ( 6 0 0 - 7 0 0  counts) the thin section optically 
and by point counting a backscattered electron (BSE)  
photomosaic (3700 points) of the thin section. Like 
ALHA77005, LEW88516 is a gabbroic-textured plagioclase 
lherzolite dominated by olivine (57%) ,  pyroxene (22%),  
and plagioclase (16%) ,  with abundant accessory chromite- 
ilmenite (3%) ,  whitlockite ( < 1%), and pyrrhotite ( < 1% ). 
We report a higher ol ivine/pyroxene ratio and more plagio- 
clase than Treiman et al. (1994),  indicating heterogeneities 
exist at the thin-section scale (0.22 cm 2) for this meteorite 
(Harvey et al., 1993). Our bulk INAA analysis based on 
several splits of  a powdered aliquot of  a larger sample (see 
section 4) indicates about 13% plagioclase and 2% chromite 
(based on K, Na, and Cr, respectively),  similar to our point 
counts. 

Texturally, our thin section shows a medium-grained 
( 0 . 5 - 3  mm),  olivine-rich gabbroic-textured rock over- 
printed by extensive shock deformation features similar to 
those described in Treiman et al. (1994).  Fractured olivine 
and pyroxene commonly exhibit shock- induced mosaicism 
and undulose extinction, making optical discrimination dif- 
ficult. However,  olivine commonly has a brownish, dusty 
appearance in plane polarized light, possibly due to shock- 
induced oxidation of Fe (Ostertag et al., 1984) and also 
contains small glass-rich igneous melt inclusions (Fig. la ,b)  
similar to those described for LEW88516 by Harvey et al. 
(1993) and for ALHA77005 by Jagoutz (1989).  Shock melt 
pockets similar to those described by Treiman et al. (1994) 
and Harvey et al. (1993) comprise approximately 2% of our 
thin section. Plagioclase has been completely converted to 
maskelynite by shock deformation and typically occurs as 
lath-shaped or blocky grains (-< 1 ram) of glassy material 

interstices between olivine (O1), augite (Aug), and pigeonite (Pig). 
Chromite, ilmenite, and pyrrhotite are the small, bright grains. Scale 
bars are 100/~m (a), 50 #m (b), and 500 #m (c), respectively. 
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Table 1. Representative compositions of minerals in LEW88516 determined by microprobe analysis. 
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Chromite Chromite Pigeonite Pigeonite Augite Augite 
core rim Olivine core rim core rim Maskelynite Whitlockite Ilmenite 

Wt% 

SiOa 0.17 0.30 36.47 53.37 53.10 52.52 51.97 53.39 0.06 0.05 
TiO2 1.03 12.32 0.02 0.19 0.55 0.29 0.41 0.09 0.01 51.96 
A1203 5.10 4.96 0.02 0.59 0.48 1.51 1.99 29.22 0.03 0.03 
Cr203 58.06 32.65 0.01 0.25 0.20 0.90 0.87 <0.01 0.03 1.10 
FeO* 30.90 43.92 0.04 18.87 18.67 9.98 9.95 0.49 0.81 41.79 
MnO 0.73 0.70 0.64 0.69 0.69 0.41 0.40 <0.01 0.08 0.60 
MgO 3.56 4.16 31.60 22.71 22.40 17.80 16.64 0.12 3.52 4.82 
CaO <0.01 0.24 <0.01 3.65 3.93 16.48 17.13 11.76 47.45 0.03 
Na20 0.01 0.03 <0.01 0.06 0.09 0.19 0.23 4.54 1.77 <0.01 
K20 <0.01 <0.01 <0.01 0.01 0.01 <0.01 0.01 0.21 0.05 <0.01 
P~_O5 0.02 0.12 <0.01 0.01 0.06 0.01 0.04 0.05 46.65 <0.0I 
Total 99.67 99.56 100.56 100.39 100.18 100.22 99.69 99.92 100.45 100.42 

Cations Per Formula Unit 

Si 0.006 0.011 0.989 0.984 0.982 0.969 0.966 
Ti 0.028 0.331 - -  0.003 0.008 0.004 0.006 
AI 0.214 0.208 - -  0.013 0.011 0.033 0.004 
Cr 1.640 0.921 - -  0.004 0.003 0.013 0.013 
Fe 0.921 1.310 0.713 0.291 0.289 0.154 0.155 
Mn 0.022 0.021 0.015 0.011 0.011 0.007 0.007 
Mg 0.189 0.221 1.277 0.624 0.618 0.490 0.461 
Ca - -  0.009 0.006 0.072 0.078 0.328 0.341 
Na - -  0.002 - -  0.002 0.003 0.007 0.009 
K . . . . . . .  
P - -  0.004 . . . . .  
Wo 7.3 8.0 33.7 35.6 
En 63.2 62.7 50.4 48.2 
Fs 29.5 29.3 15.9 16.2 
An 
Ab 
Or 
Usp 3.0 20.1 
Mt 97.0 79.9 

2.421 0.004 0.001 
0.003 - -  0.953 
1.561 0.003 0.001 
- -  - -  0.021 

0.019 0.052 0.852 
- -  0.005 0.012 

0.008 0.407 0.175 
0.571 3.949 0.001 
0.399 0.278 - -  
0.012 0.005 - -  
0.002 3.068 - -  

58.1 
40.6 

1.3 

* All Fe analyzed and reported as FeO. 

filling interstices between ol ivine (-< 3 mm)  and pyroxene 
(-< 2 mm).  Chromite  and i lmenite occur  both  as euhedral  
and subhedral  inclusions in olivine and as later crystallizing, 
interstitial grains typically associated with maskelyni te  and 

Table 1. (Continued) 

High-Ca f High-Si Low-Si Fusion 
Wt% pyroxene glass glass crust** 

SiO2 47.99 94.60 66.33 43.35 
TiO2 1.83 0.29 0.41 0.774 
A120~ 7.24 3.65 21.51 6.87 
Cr203 0.18 0.04 < 0.01 0.217 
FeO* 8.59 0.30 0.54 20.45 
MnO 0.47 0.02 0.07 0.48 
MgO 12.47 0.02 0.20 19.71 
CaO 21.51 1.15 6.02 6.08 
NazO 0.19 0.47 3.14 1.15 
K20 <0.01 0.08 0.18 0.045 
P205 0.38 0.01 0.88 0.832 
Total 100.86 100.64 99.27 99.96 

* All Fe analyzed and reported as FeO. 
** Fusion crust is average of 4 microprobe analyses. 

Wo47En38Fs15 

bladed whitlockite. Our thin section includes both the poiki- 
litic and interstitial gabbroic textures described by Harvey 
et al. (1993)  and Treiman et al. (1994)  for portions of  their 
thin sections of LEW88516.  However,  poikilitic textures are 
less prominent  in our thin section (Fig. l c ) ,  suggesting some 
textural heterogeneity in LEW88516.  Harvey et al. (1993)  
and Treiman et al. (1994)  concluded, based on the poikilitic 
textures they observed in their thin sections, that LEW88516  
is a cumulate  igneous rock and, therefore, not representat ive 
of a bulk melt. Harvey et al. (1993)  calculated a parent 
magma composit ion,  based on trapped phases in a magmat ic  
melt  inclusion, which was depleted in A1 and enriched in 
Fe, similar to the parent  melt  composi t ions calculated for 
other shergottites (Longhi  and Pan, 1989).  

Mineral  composi t ions determined for this study (Table  1 ) 
are generally similar to those determined by Harvey et al. 
( 1993 ) and Treiman et al. (1994)  for LEW88516.  Chromite,  
pigeonite, and augite all show strong core-to-rim zoning (Ta- 
ble 1 ). Chromite  is strongly zoned towards ulv/~spinel-rich 
rims (Harvey et al., 1993),  a l though composi t ions vary be- 
tween individual grains; however,  of  five large euhedral  
chromite  grains analyzed, all had nearly identical core com- 
positions but with strongly diverging ulv6spinel-rich ( low 
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Fig. 2. Al-Ti-Cr spinel ternary diagram for chromite in 
LEW88516. Compositions of large euhedral chromite grains are 
plotted (see text). Tie lines connect rim compositions (big symbols) 
with cores ( small symbols). Rim compositions are variable but ulvt~- 
spinel-rich (high Ti-A1), while cores have remarkably uniform, 
ulv6spinel-poor compositions. These compositions are similar to 
those described for ALHA77005 chromites by McSween et al. 
(1979) and may indicate partial post-crystallization (subsolidus) re- 
equilibration of Fe-Ti oxides. 

Cr, high Fe and Ti)  rim compositions (Fig. 2).  Though 
poorly understood, this zoning could reflect early equi- 
l ibrium crystallization of chromite in a homogeneous 
early melt, fol lowed by late-stage (subsolidus?) reactions 
within a heterogeneous groundmass. Pigeonite (average 
WoloEn61Fs29 ) and augite (average Wo33EnsoFs17 ) define two 
generally distinct populations on the pyroxene quadrilateral 
(Fig. 3),  but rare grains of orthopyroxene are also present, 
and an aluminous high-Ca augite (Table 1 ) is the dominant 
crystalline phase in the olivine melt inclusions (Harvey et 
al., 1993). Minor-element variations in pigeonite and augite 
indicate substantial scatter for the elements Na and A1 but 
smoother trends for Ti, Mn (which increase with Fe), and 
Cr (which decreases with increasing Fe towards Ti-rich rim 

ni  l id  

90 80 70 60 
Fig. 3. Pyroxene compositions in LEW88516 plotted as mole 

percent Wo (CaSiO3), En (MgSiO3), and Fs (FeSiO3). Data shown 
are for 111 microprobe analyses of thirty-six individual grains. Most 
grains analyzed are low-Ca clinopyroxene (pigeonite) or high-Ca 
clinopyroxene (augite), but three high-Ca augite analyses in 
LEW88516 are also reported from the olivine melt inclusion in 
Fig. 1 (see Table 1 ). Combined pyroxene composition fields for 
LEW88516 and ALHA77005 (Treiman et al., 1994) are shown for 
comparison. 

composit ions),  similar to those documented by Harvey et al. 
(1993) using the ion microprobe. Maskelynite compositions 
vary from An49 to An61, but most grains we analyzed cluster 
around values of Anss_6o, similar to compositions reported 
by Treiman et al. (1994) and Harvey et al. (1993) for 
LEW88516. Maskelynite core compositions tend to be 
slightly less sodic than rims, indicating plagioclase was nor- 
mally zoned. Olivine in our thin section shows a fairly re- 
stricted range of compositions between Fo63 and Fo68, similar 
to the nonpoikilitic olivines analyzed by Harvey et al. ( 1993 ) 
but distinctly more iron-rich than those analyzed in 
ALHA77005 by Harvey et al. (1993) and Treiman et al. 
(1994).  Our olivine compositions are within the range of 
calculated equilibrium compositions expected to coexist with 
LEW88516 pyroxene (Larimer, 1968), consistent with oliv- 
ine and pyroxene crystallizing together within a closed mag- 
matic system. 

Table 2. Bulk composition of LEW88516 Split 13 by INAA 

Split _+ la  Split +_ lc~ 
13,1 (%) 13,2 (%) 

Wt% 

SiO2 44.5* 43.0* 
TiO2 0.36 13 0.45 13 
A1203 3.45 2 3.86 2 
Cr203 0.92 1 0.96 1 
FeO 20.9 1 20.3 1 
MnO 0.5 l 1 0.51 1 
MgO 23.7 3 24.9 3 
CaO 4.25 5 4.54 5 
Na20 0.588 1 0.595 1 
K20 0.028 10 0.028 I 0 

ppm 

Sc 26.7 1 26.5 1 
Co 66.5 1 64.1 1 
V 171 1 178 3 
Ni 315 1 276 I 
Zn 62.1 2 60.6 1 
Ga 9.1 14 10.4 14 
Se 0.35 20 0.44 25 
Rb 1.41 19 0.97 30 
Sr 14.3 15 17.7 13 
Zr 12.4 15 9.6 20 
Cs 0.079 20 0.060 30 
La 0.410 3 0.410 5 
Ce 0.800 9 0.820 9 
Sm 0.474 1 0.502 1 
Eu 0.242 4 0.256 4 
Tb 0.167 3 0.172 3 
Ho 0.247 8 0.230 10 
Yb 0.658 2 0.656 2 
Lu 0.091 2 0.097 3 
Hf 0.514 3 0.548 2 
Ta - -  0.041 19 
lr** 3.6 7 3.8 20 
Th - -  0.044 25 
W 0.110 20 0.170 20 

* SiO2 calculated by difference (100% minus the total wt% of 
other oxides plus P205 value of fusion crust). 

** parts per billion (ppb). 
All Fe calculated as FeO. 
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Fig. 4. Chlorine chondrite-normalized bulk-rock REE patterns for LEW88516. Data are from this study (Table 2), 
Dreibus et al. (1992), Treiman et al. (1994), and Warren and Kallemeyn (1996), listed as Arizona, Mainz, Houston, 
and UCLA, respectively. SSMS is spark source mass spectrometry. Ion probe data represent calculated LEW88516 
parent melt from Harvey et al. (1993). Note large disagreements in Ce values between datasets. 

4. BULK CHEMISTRY: RESULTS AND DISCUSSION 

INAA data from this study were originally reported in 
preliminary form by Boynton et al. (1992),  and the complete 
data are shown in Table 2. Two aliquots of  split ,13 were 
prepared for INAA at Arizona to determine the bulk compo- 
sition of LEW88516. Each of  the two aliquots was further 
subdivided into three batches for the three separate irradia- 
tions and the data then combined to yield a weighted average 
for each aliquot. The data for these two aliquots agree ex- 
tremely well, indicating a high level of  reproducibility by 
this method (Table 2). 

Though splits of  the same powder were distributed to 
several labs, there are some discrepancies in the data indicat- 
ing either sample heterogeneity or interlaboratory bias for 

certain elements. Our bulk analysis is similar to that of  Drei- 
bus et al. (1992),  with only small differences in major and 
minor element abundances, the most notable exception being 
the higher ( - 2 0 % )  A1 and Na, probably indicating a larger 
maskelynite component in the Arizona sample. We note that 
the Na value reported by Treiman et al. (1994) is intermedi- 
ate between ours and the Dreibus et al. (1992) values. We 
report a bulk Fe/Mn ratio of  42, similar to other SNC's  and 
to the value of Dreibus et al. (1992) for this meteorite. A 
fusion crust (<0 .07ram width) preserved along one edge of  
our thin section is similar in major element composition to 
our bulk INAA analysis (Table 2),  although two analyses 
of fusion crust adjacent to maskelynite had a higher maskely- 
nite (AI, Na, K) component, reflected in the average compo- 
sition listed in Table 1. Enrichment of a maskelynite compo- 
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Fig. 5. Chlorine chondrite-normalized bulk-rock REE patterns for LEW88516 and ALHA77005. The highly precise 
ALHA77005 pattern obtained by isotope dilution mass spectrometry (Shih et al., 1982) is compared to the Mainz 
(SSMS) and Arizona (INAA) REE patterns for LEW88516 in Fig. 4. The patterns for the two meteorites are similar, 
but significant discrepancies in La/Ce ratios exist (see text). 
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Fig. 6. Lutetium vs. hafnium variation diagram comparing Lu/Hf ratios in LEW88516 and ALHA77005. Because 

the Lu/Hf ratio is unlikely to change during fractional crystallization of basalts, systematic differences in the Lu/Hf 
ratio between LEW88516 and ALHA77005 may reflect crystallization from separate magma bodies. Data are from 
this paper (Table 2), Treiman et al. (1994), Dreibus et al. (1992), Warren and Kallemeyn (1996), and Smith et al. 
(1984). 

nent in both the fusion crust and shock-melted glasses in 
LEW88516 was noted previously by Harvey et al. (1993). 

The chondrite-normalized bulk REE pattern of LEW- 
88516 (Fig. 4) is typical of shergottites in ( 1 ) being LREE- 
depleted (La/SmtN I <1) ,  (2) having no Eu anomaly, and 
(3) having a relative enrichment in the middle rare earth 
elements (MREE) over the heavy rare earth elements 
(HREE), or Yb/Dy I N1 < 1, the latter imparting the character- 
istic hump-shaped pattern which is a consistent feature 
among the shergottites (e.g., Gleason et al., 1996). Although 
it is LREE-depleted, the LEW88516 REE pattern also has 
the characteristic upward inflection in the LREEs displayed 
by other shergottites; however, in the case of our sample, 
the inflection (as measured by La/CeIN]) is much larger than 
that reported by Dreibus et al. (1992) using two different 

methods. They obtained La/CeiN ] of 0.75 by INAA and 0.93 
by spark source mass spectrometry (SSMS) compared to 
our value of 1.33. Because we did not obtain precise Pr and 
Nd data, we cannot rule out the possibility that our split 
has a negative Ce anomaly, a feature commonly found in 
weathered Antarctic meteorites (Mittlefehldt and Lindstrom, 
1991 ). Although Harvey et al. (1993) detected variable Ce 
anomalies in LEW88516 low-Ca pyroxenes by ion probe 
analysis, they used the pyroxene data to calculate a parent 
melt REE pattern with an intermediate La/CeiN ] of 1.06 and 
no Ce anomaly. Their calculated parent melt Ce value is 
identical to our bulk value (Fig. 4), and we note that three 
REE datasets produced by two labs (Arizona and Mainz) 
using two different techniques (INAA and SSMS) report 
identical bulk values for Ce. The Ce values from the other 
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Fig. 7. Chlorine chondrite-normalized bulk-rock REE patterns for six shergottites. Data are from Shih et al. (1982), 
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two labs (Houston and u c L A )  apparently suffer from very 
high analytical uncertainies, imparting spuriously high Ce 
anomalies to their REE patterns. Nonetheless, it seems possi- 
ble that sample heterogeneity may account for some of the 
discrepancies in La/Ce ratios between labs. The LEW88516 
sample powder may, therefore, be heterogeneous with re- 
spect to a LREE-rich phase in addition to maskelynite, most 
likely whitlockite (Harvey et al., 1993). 

Previous comparisons of the bulk chemical compositions 
of LEW88516 and ALHA77005 (Boynton et al., 1992; Drei- 
bus et al., 1992; Lindstrom et al., 1992; Treiman et al., 1994) 
demonstrated that they are nearly identical. The REE patterns 
are likewise very similar (Fig. 5). We note that the highly 
precise La/Ce ratio obtained by isotope dilution (IDMS) 
analysis (Shih et al., 1982) for ALH77005 is intermediate 
in value between the less precise values measured for 
LEW88516 at Arizona by INAA and the intermediate preci- 
sion SSMS (spark source mass spectrometry) values from 
the Mainz lab (Fig. 5 ). The Arizona LEW88516 pattern also 
shows some discrepancy in Yb and Lu values compared to 
those measured for ALH77005 by IDMS and LEW88516 
by SSMS. The higher Arizona values impart a slightly flatter 
REE pattern between Tb and Lu, more similar to the 
LEW88516 REE pattern reported by the UCLA and Mainz 
(INAA) labs. We also note systematic differences in the Lu/ 
Hf ratios between LEW88516 and ALHA77005 (Fig. 6) 
which, if real, may reflect true differences in the magmas 
from which they crystallized. Based on the limited data and 
the uncertainties (Fig. 6), however, such conclusions can 
only be made tentatively. The answer to whether LEW88516 
and ALHA77005 crystallized from the same magma must 
await radiogenic (Nd, Hf, Sr, Pb) isotopic analysis of 
LEW88516. 

The discrepancies noted above in the REE patterns for 
LEW88516 and ALHA77005 may reflect analytical uncer- 
tainties, true differences, or a combination of the two. Such 
discrepancies in bulk shergottite REE patterns are important 
to resolve because they potentially inhibit accurate quantifi- 
cation of important differences in the petrogenetic histories 
of these meteorites. For example, REE pattern variations 
between the elements Tb and Lu are potentially significant 
because the magnitude of the REE hump in shergottite REE 
patterns, as measured by the Yb/Dy ratio, is thought to be 
controlled by the mineralogy and degree of partial melting 
of the shergottite source region (Gleason et al., 1996). REE 
pattern variations between Nd and La are also potentially 
significant because differences in the amount of LREE in- 
flection in shergottite REE patterns are thought to reflect 
variable contamination of shergottite magmas by a LREE- 
enriched component (Jones, 1989; Longhi and Pan, 1989; 
Wadhwa et al., 1994; Gleason et al., 1996; Borg et al., 1997). 
The remarkable conformity in the shape of shergottite REE 
patterns between Tb and Lu (Fig. 7) strongly suggests that 
all shergottites inherited similar REE patterns as primary 
magmas, indicating a common petrogenetic linkage involv- 
ing complex melting processes at depth (Longhi et al., 
1992). Because it is now established that the most LREE- 
depleted shergottite, QUE94201 (eNd = +47) is ~150 Ma 
older than the other shergottites (Borg et al., 1997; Jones, 
1989), it appears that these processes were longqived on 

Mars. Further work is clearly required before a more inte- 
grated model of shergottite petrogenesis can emerge, how- 
ever, and a key component in this effort will be further 
improvements to the trace element dataset for these unusual 
meteorites. 

6. CONCLUSIONS 

Comparison of bulk INAA data for different splits of the 
LEW88516 meteorite from different labs indicates good 
agreement for most elements except AI and Na, indicating 
heterogeneous distribution of the feldspar component in the 
bulk sample powder prepared by JSC. Comparison of INAA 
data for LEW88516 and ALH77005 indicate systematic dif- 
ferences among compiled analyses in the Lu/Hf ratios for 
these meteorites, suggesting they may have had different 
parent magmas. Variations in REE values between different 
data sets for LEW88516 and for other shergottites have the 
potential to significantly affect geochemical models for Mar- 
tian basalts, underscoring the need to apply more precise 
analytical methods in all shergottite trace element studies. 
More routine application of isotope dilution mass spectrome- 
try, isotope dilution spark source mass spectrometry, and 
radiochemical neutron activation analysis, complemented by 
ion probe studies with improved distribution coefficient data, 
are recommended. 

Note Added In Proof" More phases have been identified in our thin 
section (#140) since preparation of the manuscript. These include 
Whitlockite, olivine (Fo67), small silica inclusions in pyroxene, and 
siliceous glass mixed with feldspathic glass. 
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