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Introduction:  Enstatite chondrites are important 
for constraining conditions and processes in the pro-
toplanetary disk and for understanding the accretion of 
the terrestrial planets. They are among the most re-
duced solar system materials as indicated by their 
unique mineral assemblages and compositions [1, 2].  
Their whole rock stable (O, Cr, Ti, Ni and Zn) isotope 
compositions are markedly similar to those of the 
Earth-Moon [3-5] and the surface chemistry of Mercu-
ry suggests reduced E chondrite-like precursors [6]. 
Thus, the E chondrites may represent the materials that 
were present in the source regions during accretion of 
the terrestrial planets. We previously studied the pe-
trology and oxygen isotope compositions of chon-
drules in the Sahara 97096, Y 691, Kota- Kota and 
LEW 87223 E3 chondrites and showed that they define 
a line, termed the enstatite chondrite mixing (ECM) 
line [7, 8], which is indistinguishable from the primi-
tive chondrule mineral (PCM) line defined by Acfer 
094 chondrules [9]. Here we report new, high preci-
sion, in situ oxygen isotope analyses of 30 clasts 
(chondrules, refractory inclusions and metal nodules) 
in the highly primitive ALH 81189 (and paired ALH 
85159) EH3 and, to our knowledge, the first oxygen 
isotope analyses of individual clasts in an EL3 (MAC 
88136) chondrite. 

Methods: We selected 21 clasts (chondrules, frag-
ments, metal nodules, refractory inclusions) from thin 
section ALH 81189, 3 (EH3), 9 clasts from ALH 
85159, 5 (paired with ALH 81189) and 13 clasts from 
MAC 88136, 37 (EL3) for oxygen isotope analysis. 
Element maps for all sections, BSE images of each 
clast and major mineral compositions (WDS) were 
collected using a combination of the Cameca SX 100 
electron probe (AMNH) and the JEOL DSM 950 SEM 
(CUNY). Oxygen isotopes silicates were analyzed in 
situ, using the Cameca IMS 1280 ion microprobe at the 
WiscSIMS laboratory. The goal was to measure six 
grains (olivine and pyroxene) in each clast, if grain 
size allowed, to achieve a representative average and 
test for internal homogeneity within each clast. The 
analytical procedure was similar to that described in 
[10] using three Faraday cups on the multi-collection 
system for high precision oxygen three isotope anal-
yses. A Cs+ primary beam of ~ 2 nA focused to a 12 
µm diameter was used. Average external reproducibil-

ity of bracketing standard analyses (2SD) were ~0.2 ‰ 
for δ18O and 0.3 ‰ for δ17O and Δ17O. 

Results:  Petrology. The clasts we studied from 
ALH 81189 and paired ALH 85159 included 20 por-
phyritic pyroxene (PP), 1 PP with Fe-rich pyroxene, 2 
porphyritic pyroxene-olivine (POP), 2 porphyritic oli-
vine (PO) chondrules, 1 barred pyroxene, 1 AOA, 1 
diopside-plagioclase fragment and 1 metal-rich nodule 
containing enstatite (En98). From MAC 88136 we stud-
ied an unusually large (>1mm) diopside-rich chon-
drule, a silica-pyroxene chondrule, a radial pyroxene 
and 7 PP’s and 3 metal nodules with enstatite laths.  

As typical of EH3 and EL3, most chondrules are 
dominantly enstatite and can be considered type IB. PP 
is the most common textural type. The PP chondrules 
we studied contain near-endmember enstatite (En>98 ). 
One PP in ALH 81189 was dominated by Fe-rich py-
roxene (Wo0.1En73-83). Unlike most other chondrite 
groups, olivine is minor in the E3 chondrites. It occurs 
mainly as poikilitically enclosed in enstatite in the py-
roxene-rich chondrules, but we also identified rare PO 
chondrules and isolated olivine mineral fragments 
(Fo98) up to 300 µm in size in ALH 81189.  

Several unusual clasts were also studied including a 
diopside–plagioclase clast in ALH 81189 unlike any 
chondrule or fragment previously described in E3 
chondrites. It is irregular in shape, ~300 µm across and 
composed mainly of laths of diopside (Wo44.8En54.3) 
having 2.5% Al2O3 and 1.5 TiO2 and plag 
(An71.9Ab20.9), with minor enstatite (Wo0.6En97.1) and 
silica. The AOA we studied is an irregular-shaped in-
clusion consisting of olivine (Fo99.3) surrounding nod-
ules of Ca-pyroxene and anorthite. 

The diopside-rich chondrule in MAC 88136 is 
~50% diopside (Wo46.4 En53.2) occurring with enstatite 
(Wo0.7 En98.9), silica and FeNi metal. Metal nodules in 
EL3 chondrites (also called metal-silicate inter-
growths) have been a target of controversy as to 
whether they are primary nebular-formed objects or 
products of impact melting. They contain laths of en-
statite (~En98) intergrown with metal. 

Oxygen isotopes. Average oxygen isotope ratios for 
each clast are plotted in Fig. 1. The average values for 
each clast was used since most of the chondrules are 
internally homogeneous with respect to their oxygen 
compositions. Interestingly, the data from the chon-
drules and other clasts in ALH 81189 and MAC 88136 
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form a trend that coincides with the slope~1 PCM line, 
with most clasts clustering at the intersection of the 
PCM with the terrestrial fractionation (TF) line (Fig. 
1). However, 5 chondrules from ALH 81189 and 2 
from MAC 88136 appear to form a resolvable second 
trend above and possibly parallel to the PCM line (in-
dicated by a green dashed line in Fig. 1.)  

The data from ALH 81189 (EH3) and the more 
limited data set from MAC 88136 (EL3) overlap and 
show a similar distribution. ∆17O for ALH 81189 and 
85159 chondrules range from –1.4 to 1.3‰ and for 
MAC 88136 the range is –0.6 to 1.3‰. 

One PP chondrule in ALH 81189 has a relatively 
16O-rich composition of δ18O = 2.3‰, δ17O = –0.2‰. 
Silica from the silica-rich and diopside-rich chondrules 
in MAC 88136 are also plotted. They are composition-
ally similar plotting on the TF line at δ18O = 8.7‰ and 
8.3‰, respectively. Olivine in the AOA from ALH 
81189 is 16O-rich with δ18O = –46.5‰, δ17O = –
48.0‰, similar to AOAs and refractory inclusions in 
other chondrite groups (Fig. 2). Aside from the AOA, 
there is no clear relationship between oxygen isotope 
composition and chondrule type or textural setting.  

 

 
 

 
 

Discussion and Conclusions: Whole rock oxygen 
isotope compositions for E chondrites plot along or 
close to the TF line on a three isotope diagram [e.g., 
11]. However, the individual chondrules from both 
EH3 and EL3 chondrites show a trend along the PCM 
line (Fig. 1), consistent with our previous studies of 
chondrules in E3 chondrites [7, 8] and similar to the 

findings of [12]. The data indicate a clear distinction 
between chondrules in the E chondrites and those in O, 
R and most C chondrite groups. The PCM line is inter-
preted to be a mixing line of the primary oxygen iso-
tope reservoirs of solids that accreted to form the ter-
restrial planets [9]. The trend in E3 chondrule oxygen 
was also interpreted to result from reactions between 
16O-rich olivine-rich chondrule melts and 16O-poor 
SiO-rich gas [12]. Chondrule oxygen isotopes in other 
chondrite groups may represent mixing of different 
precursors and/or modification by secondary alteration, 
not observed in E3 chondrules. 

Seven of the chondrules analyzed form a separate 
trend above but parallel to the PCM. These oxygen 
isotope compositions overlap those of some OC chon-
drules [10] suggesting limited mixing of materials be-
tween the different oxygen reservoirs. The overlap in 
oxygen isotopes between EH3 and EL3 chondrules 
suggest they share similar precursors but their mineral 
compositions indicate different degrees of reduction [1, 
2], suggesting different nebular environments and/or 
separate, possibly multiple [e.g., 13], parent bodies. 
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Fig. 1 Oxygen 3-isotope diagram showing average oxygen isotope 
ratios for clasts in ALH 81189, ALH 85159 and MAC 88136. 
Most data plot along the primitive chondrule mineral (PCM) line 
[9], mostly clustering at the intersection with the terrestrial frac-
tionation (TF) line. Y & R - Young and Russell, CCAM - carbona-
ceous chondrite anhydrous mineral. A green dashed line was 
drawn parallel to the PCM line through seven E chondrite clasts 
that lie above the PCM, possibly forming a second trend. 
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Fig. 2 Oxygen isotope composition of the AOA in ALH 81189. 
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