
Fig. 1. Oxygen isotopic compositions of CAIs [9,10, this 
study] and chondrules [7] from Isheyevo (CH/CB-like). In 
“a”, the data are plotted on a three-isotope oxygen diagram
(δ17O vs. δ18O). In “b”, the same data are plotted as devia-
tion from the terrestrial fractionation line (TFL), Δ17O; each 
column represents data for a single object. Errors are 2σ. 
Outlined regions are average compositions ± 2sd of the 16O-
enriched CAIs, (except the two most 16O-rich CAIs), 16O-
depleted CAIs, and magnesian cryptocrystalline chondrules.
CAIs shown in Figs. 2a,b are labeled in red. 
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Introduction: Most calcium-aluminum-rich inclu-
sions (CAIs) in primitive (unmetamorphosed) chondrites 
have uniformly 16O-rich isotopic compositions (Δ17O ~ 
−23.5‰) and the canonical (26Al/27Al)0 of ~5×10−5, con-
sistent with their early and brief (<0.1 Myr) formation, 
when the Sun was an infalling (class 0) and evolved 
(class I) protostar [1]. A small number of igneous CAIs 
in ordinary, enstatite, and carbonaceous chondrites are 
16O-depleted to varying degrees (Δ17O from −20 to −5‰) 
and have (26Al/27Al)0 similar to those in chondrules 
(<1×10−5), suggesting these CAIs experienced incom-
plete melting and isotope exchange in an 16O-poor gase-
ous reservoir, possibly during chondrule formation 
[1−3]. Here we report oxygen isotopic compositions of 
CAIs from the metal-rich carbonaceous chondrites (Ish-
eyevo, CH, and CB). We show that these meteorites con-
tain a common population of igneous CAIs which are 
isotopically uniform and 16O-depleted [Δ17O (avr ± 2 sd) 
= −7±4‰, −6±5‰, and −8±3‰, respectively] compared 
to other CAIs in these meteorites (Δ17O = −22±3‰). We 
infer that (i) the 16O-depleted CAIs crystallized from 
complete melts that experienced isotope exchange to 
varying degrees during formation of magnesian non-
porphyritic (cryptocrystalline and skeletal) chondrules in 
these meteorites, possibly in an impact-generated gas-
melt plume resulted from planetary-scale collision [4−6]. 
(ii) Metal-rich carbonaceous chondrites are genetically 
related rocks containing a common population of high-
temperature components (chondrules, metal grains, and 
CAIs) formed during this event [7].  

Analytical Techniques: The mineralogy and petrog-
raphy of CAIs from Isheyevo (CH/CB-like), HH 237 and 
QUE 94411/94627 (CB), and Acfer 182/214 (CH) were 
studied using a Cameca SX-50 electron microprobe and 
a JEOL 5900LV scanning electron microscope [8]. Oxy-
gen-isotope compositions of CAIs were measured in situ 
with the UH Cameca ims 1280 ion microprobe using 
~400 pA focused Cs+ primary beam rastered over 5×5 
µm2 area. A normal-incidence electron flood gun was 
used for charge compensation. Three oxygen isotopes 
were measured by combination of multicollection and 
peak-jumping: 16O− and 17O− were measured simultane-
ously using multicollection FC and monocollection EM, 
respectively. Subsequently, 18O was measured with 
monocollection EM. Mass resolving power for 16O− and 

17,18O− was set to ~2000 and 5600, respectively. Instru-
mental mass fractionation was corrected by analyzing 
San Carlos olivine, Cr-augite, Burma spinel, and Mi-
yakejima anorthite. 

Results: On a three-isotope oxygen diagram, compo-
sitions of the Isheyevo CAIs plot along ~ slope-1 line 
(Fig. 1a). Two main groups of CAIs can be identified: 
16O-enriched [Δ17O (avr±2sd) = −22.3±3.3‰, n=26] and 
isotopically uniform, 16O-depleted (Δ17O = −6.9±3.9‰, 
n=20) (Fig. 1b). The 16O-enriched CAIs are dominated 

by the grossite-rich, hibonite-rich, and melilite-rich types 

[8−10]. Two grossite-rich CAIs described in [9,10] are 
highly 16O-enriched (Δ17O = −32.3‰ and −34‰, respec-
tively). Most of the 16O-depleted CAIs, 16 of 20 ana-
lyzed, have igneous textures and consist of Al-pyroxene, 
spinel, ±melilite, and ±forsterite; they are typically 
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Fig. 2. Backscattered electron images of the uniformly 16O-
depleted igneous CAIs from Isheyevo (a,b), Acfer 214 (c,d) 
and HH 237 (e,f). px = Al-rich pyroxene; fo = forsterite; 
mel = melilite; sp = spinel. Red-yellow boxes indicate re-
gions sputtered during oxygen-isotope measurements.

Fig. 3. Oxygen isotopic compositions of (a) refractory in-
clusions from Acfer 182/214 (CH) and (b) refractory inclu-
sions and chondrules from HH 237, QUE 94627, and MAC 
02675 (CB). The uniformly 16O-depleted igneous CAIs are 
common in CH chondrites and dominant in CB chondrites. 
fo = forsterite; fr = fragment; grs = grossite; hib = hibonite; 
mel = melilite; px = Al-rich pyroxene; sp = spinel. Rim 
mineralogy is listed in brackets. CAIs shown in Figs. 2c−f 
are labeled in red. 

rimmed by forsterite±pyroxene layers (Fig. 2a). Some of 
these CAIs are texturally similar to chondrules (Fig. 2b). 
The mineralogically (Figs. 2c−f) and isotopically (Figs. 
3a,b) similar CAIs are present in CH [9,10] and CB [11] 
chondrites. Four 16O-depleted CAIs have igneous tex-
tures and consist of hibonite, spinel, Al-pyroxene, and 
melilite; they are either rimmed by a monomineralic 
layer of melilite or by a double layer of pyrox-

ene+forsterite. 
Discussion: Based on the presence of the miner-

alogically and isotopically similar magnesian non-
porphyritic (cryptocrystalline and skeletal) chondrules in 
Isheyevo, CH and CB chondrites, it was suggested [7] 
that these meteorites are genetically related rocks which 
contain common population of high-temperature compo-
nents (chondrules and Fe,Ni-metal grains) formed during 
a single stage highly energetic event, possibly from an 
impact generated plume resulted from collision between 
planetary embryos [4−6]. The common presence of the 
mineralogically (igneous sp-px±mel±fo) and isotopically 
(uniform and 16O-depleted) similar CAIs in these mete-
orites and chondrule-like textures of some of these ob-
jects (Figs. 2b,d,f) support this conclusion. These CAIs 
may have originated in the impact plume. Some of the 
hibonite- and grossite-rich CAIs in metal-rich chondrites 
are similarly 16O-depleted. These inclusions could have 
been originally 16O-rich CAIs which were melted in the 
plume. Measurements of trace element abundances in 
these CAIs may help to test this hypothesis. 
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