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Introduction: The recently discovered metal-rich 
chondrite Isheyevo [1] consists of at least two lithologies 
composed of the mineralogically similar components 
(Fe,Ni-metal, chondrules, refractory inclusions, and 
heavily-hydrated matrix lumps); the lithologies, how-
ever, differ in size, relative proportions, and textures of 
chondrules [2]. The coarser-grained, metal-poor (<20 
vol%) lithologies (CH-like) contain higher abundance of 
porphyritic chondrules than the finer-grained, metal-rich 
(~70 vol%) lithology (CBb-like), which is dominated by 
cryptocrystalline and skeletal olivine chondrules [2]. 
Here, we describe the mineralogy and petrography of the 
refractory inclusions and Al-rich (>10 wt% bulk Al2O3) 
chondrules in both lithologies and compare them with 
those in other chondrite groups. 

Results: Based on the major mineralogy, 37 refrac-
tory inclusions found in about 5 cm2 polished sections of 
Isheyevo can be divided into grossite-rich (35%), meli-
lite-rich (24%), hibonite-melilite ±pyroxene ±spinel 
(16%), spinel-rich (14%), and pyroxene-hibonite (8%) 
Ca,Al-rich inclusions (CAIs), rare isolated coarse spinel 
grains, and an amoeboid olivine aggregate (AOA) (3%); 
small perovskite grains occur in most CAI types (Figs. 
1a-d). The metal-rich lithology contains higher abun-
dance of CAIs than the metal-poor lithology (86% vs. 
14%); however, no systematic differences in the CAI 
types were found between the lithologies. Most CAIs are 
compact, rounded or ellipsoidal objects, 40 to 180 μm in 
apparent diameter (average = 75 μm), which appear to 
have igneous textures. They are typically surrounded by 
a thin single- or double-layered rim composed of melilite 
and/or Al-diopside; occasionally, a discontinuous layer 
of spinel is also observed. An AOA consists of forsterite, 
Al-diopside, and anorthite (Fig. 1d). 

The Al-rich chondrules are divided into Al-diopside-
rich and plagioclase-rich (Figs. 1e,f). The Al-diopside-
rich chondrules consist of euhedral forsterite and spinel 
grains surrounded by Al-diopside. The isolated coarse 
spinel grains could be the fragments of such chondrules. 
The plagioclase-rich chondrules are composed of low-Ca 
pyroxene, high-Ca pyroxene, forsterite, anorthitic pla-
gioclase, spinel, Fe,Ni-metal, and glassy mesostasis; they 
are mineralogically similar to the Al-rich chondrules in 
other carbonaceous chondrites [3,4]. Neither chondrules 
nor refractory inclusions show evidence for Fe-alkali 
metasomatic or aqueous alteration. 

Discussion: The Isheyevo CAIs are dominated by 
very refractory minerals, such as hibonite, grossite, 
perovskite, and gehlenitic melilite; AOAs are very rare. 
Some of the CAIs may have experienced high-
temperature alteration reactions, including replacement 
of grossite by melilite, and of melilite by diopside and 
anorthite; secondary anorthite, however, is very minor, 
suggesting a short residence time of the CAIs in the 

high-temperature condensation region. Most CAIs ap-
pear to have been melted. Some of the refractory inclu-
sions might have experienced remelting during chon-
drule formation resulting in formation of the Al-rich 
chondrules with abundant spinel grains.  

The CAIs and Al-rich chondrules in Isheyevo are 
texturally and mineralogically similar to those in other 
previously studied CH chondrites (Acfer 182, 
ALH85085, PAT91546, PCA91467, NWA 739, NWA 
770) [5-13] and to a lesser degree to those in the CBb 
chondrites Hammadah al Hamra 237 and QUE94411 
[14]. In contrast to the Isheyevo CAIs, those in CBs are 
dominated by the igneous, spinel-pyroxene±melilite 
CAIs, which are typically surrounded by a monominer-
alic layer of forsterite [14]. Although chemically-zoned 
Fe,Ni-metal grains and non-porphyritic chondrules in 
Isheyevo and other CHs may have formed by condensa-
tion from a vapor-melt plume produced during a large 
scale collision between planetary embryos [15,16], there 
is no evidence, however, that this process resulted in 
formation of the refractory inclusions, most of which are 
16O-rich [12] and some have high initial 26Al/27Al ratio 
[5,6,8]. 

As a population of refractory objects, the ones in Ish-
eyevo are distinct from those in other carbonaceous 
chondrite groups (CR, CM, CV, CO) and unique carbo-
naceous chondrites Acfer 094, Adelaide, and 
MAC88107 [17-21]. These observations suggest that 
either CAIs in different chondrite groups originated in 
different nebular regions with distinct physical-chemical 
conditions or CAI formation occurred several times un-
der a distinct set of physical-chemical conditions (e.g., 
dust/gas ratio, peak heating temperature, cooling rate, 
ambient temperature, isolation temperature, and number 
of recycling episodes) in a localized nebular region fol-
lowed by dispersal around the proto-Sun [22]. 
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Fig. 1. Backscattered electron images of the refractory inclusions and Al-rich chondrules from Isheyevo. a – Hibonite-rich CAI 
D2 contains abundant euhedral hibonite grains surrounded by Al-diopside and minor melilite; small spinel grains morphologi-
cally similar to hibonite occur in the CAI periphery and appear to replace hibonite. b – Grossite-rich CAI C2 consists of grossite, 
melilite, perovskite, and minor hibonite. Melilite is concentrated in the CAI core; it also forms a monomineralic layer around the 
CAI. c – Melilite-rich CAI C7 consists of irregularly-shaped spinel cores surrounded by melilite; tiny inclusions of perovskite 
occur in both minerals. The CAI is surrounded by a thin, monomineralic layer of Al-diopside. d – AOA S4 consists of forsteritic 
olivine overgrown by Al-diopside, and anorthitic plagioclase. e – Al-rich chondrule D1 consists of euhedral forsterite and spinel 
grains surrounded by Al-diopside. f - Al-rich chondrule D4 consists of anorthitic plagioclase, spinel, forsteritic olivine, Al-
bearing low-Ca pyroxene, Fe,Ni-metal, and glassy mesostasis. an = anorthitic plagioclase; grs = grossite; hib = hibonite; mel = 
melilite; mes = mesostasis; met = Fe,Ni-metal; ol = forsteritic olivine; pv = perovskite; px = Al,Ti-diopside or Al-bearing low-Ca 
pyroxene; sp = spinel. 
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