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Introduction: Amoeboid olivine aggregates (AOAs) 

are the most common type of refractory inclusions in 

carbonaceous chondrites and are typically irregularly-

shaped and fine-grained. They contain mostly forsteritic 

olivine and lesser, variable amounts of refractory Ca-Al-

rich phases such as Al,Ti-bearing pyroxene, ±anorthite, 

and ±spinel. Rarely, melilite and perovskite are present. 

Fe,Ni-metal grains also occur commonly in AOAs. 

Amoeboid olivine aggregates are interpreted as the 

products of nebular gas-solid condensation from the 

cooling solar nebula, which subsequently experienced 

high-temperature annealing and a small degree of melt-

ing [e.g., 1,2]. In addition, refractory Ca-Al-rich phases 

from AOAs show clear evidence of reactions between 

minerals and gas [3]. Here we report microstructural 

observations obtained by TEM on refractory Ca-Al-rich 

phases in AOAs from the primitive CO3.0 chondrite, 

ALHA 77307 [e.g., 4] in an effort to constrain the ori-

gins and thermal histories of AOAs.  

Methods:  Individual AOAs from two thin sections 

were studied using SEM/BSE imaging and elemental X-

ray mapping and then selected AOAs were sectioned 

using FIB techniques. Six FIB sections were prepared 

from refractory CAI-like objects within two AOAs (#02 

and #03) and were examined in detail by TEM tech-

niques to characterize their microstructure and micro-

chemistry. 

Results: SEM observations of two AOAs investi-

gated in this study show that they contain ~35 vol.% 

CAI-like objects enclosed by forsteritic olivine grains. 

These objects consist predominantly of spinel and Al,Ti-

bearing diopside. Melilite is found in both AOAs, whe-

reas perovskite is found only in AOA #03. Additionally, 

the CAI-like objects are texturally very different. 

AOA #02 contains four distinct, subrounded spinel-

rich nodules. The nodules are 50-100μm in size and con-

sist of a zoned sequence with a spinel-rich core, a layer 

of intergrown spinel and Al,Ti-bearing diopside, and a 

diopside rim. The grain boundaries between spinel core 

and diopside rim are highly irregular and embayed sug-

gesting a reaction relationship between them. Melilite 

only occurs in the largest, 100μm-sized CAI-like object 

and is surrounded by spinel and diopside. In AOA #03, 

the CAI-like objects occur as numerous, small patches 

consisting of a spinel-rich core rimmed by a thin, conti-

nuous layer of Al,Ti-bearing diopside. They are irregular 

in shape and are dispersed throughout the whole AOA. 

Unlike AOA #02, minor perovskite grains, <3μm in size, 

occur along the grain boundaries between spinel and 

diopside and are not in contact with surrounding olivine 

grains.  

Microtextures. The FIB sections from refractory ob-

jects in both AOAs consist mainly of spinel and Al,Ti-

bearing diopside. The sections from the core region of 

refractory objects are highly compact with no evidence 

of pores. The spinel in the spinel-rich cores consists of 

an aggregate of submicron to micron-sized grains with 

equilibrated grain boundary microstructures, i.e., 120˚ 

triple junctions. However, curved and embayed interfac-

es between spinel and Al,Ti-bearing diopside are com-

monly observed, suggesting a reaction relationship be-

tween the two phases. Most grains are free of disloca-

tions or defects, but some rare diopside and spinel grains 

have low densities of dislocations in localized regions. 

In AOA #02, the diopside rim of the CAI-like object 

consists of a submicron, complex intergrowth of Al,Ti-

bearing diopside, spinel, anorthite, and olivine with a 

highly unequilibrated grain boundary microstructures. 

Melilite grains from AOA #02 are highly irregular in 

shape and embayed by spinel and Al,Ti-rich diopside. 

Perovskite grains from AOA #03 are completely rimmed 

by a thin (0.1-0.5 μm) layer of fine-grained Al,Ti-rich 

diopside and spinel and are separated from melilite 

grains (Fig. 1). Both melilite and perovskite grains from 

the two AOAs indicate reaction relationships between 

the refractory phases and the nebular gas. 

 

 
Figure 1. Dark-field STEM image of perovskite and its peri-

phery, showing that perovskite grain is corroded by fine-

grained Al,Ti-rich diopside and spinel. The arrowed grains are 

refractory metal-rich nanoparticles. 

 

In one FIB section from the core region of a refrac-

tory object in AOA #02, numerous TiO2 nanoparticles, 

<100nm in size, occur along some grain boundaries be-

tween spinel and pyroxene grains. The nanoparticles are 

crystallographically oriented with respect to spinel and 

are a disordered intergrowth of rutile and anatase [7].  
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Chemical Compositions. From the CAI-like objects 

in both AOAs, olivine is very close to pure forsterite and 

plagioclase is nearly pure anorthite. Spinel is near end-

member MgAl2O4, whereas melilite is highly gehlenitic, 

but compositionally homogeneous. Perovskite in AOA 

#03 is nearly pure CaTiO3. In contrast, pyroxene from 

both AOAs exhibits large variations in Al2O3 and TiO2 

contents. Generally, pyroxene in the core of the CAI-like 

objects contains higher Al2O3 and TiO2 contents com-

pared to pyroxene in the rims of the objects [5]. The total 

range of Al2O3 contents in pyroxene from both AOAs is 

0 to 32 wt.%, and TiO2 contents from 0 to 17 wt.%. Py-

roxene grains with ≤ 10 wt.% Al2O3 show relatively con-

stant TiO2 contents ≤ 2 wt.%. The Al2O3 contents in py-

roxene from AOA #02 progressively increase from the 

rim of the object towards the spinel-rich core, but the 

TiO2 contents increase steeply by ~15 wt.% over a very 

short distance (≤ 2μm) towards the contact with the spi-

nel-rich core. In AOA #03, pyroxene grains in contact 

with perovskite have the highest TiO2 contents (16 

wt.%), while those furthest away from perovskite contain 

<5 wt.% TiO2.  

Refractory Metal-rich Nanoparticles. Submicron re-

fractory metal-rich nanoparticles are embedded within 

perovskite, spinel, melilite, and pyroxene, implying that 

they formed before or during condensation of all these 

phases. They are mostly ≤50nm in size with the largest 

being ~250nm. The nanoparticles within melilite or py-

roxene have higher Fe concentrations than those within 

perovskite or spinel. All particles contain elevated, but 

variable concentrations of highly refractory siderophile 

elements such as Mo, Ru, Os, and Ir. Similar nanopar-

ticles have been found previously in various CAIs and 

are widely accepted as condensation products [6].  

Discussion: The microtextures and chemical compo-

sitions of refractory CAI-like objects in two AOAs indi-

cate a high degree of textural and compositional disequi-

librium implying complex thermal histories for the ob-

jects. The following observations provide clear evidence 

of reaction relationships between minerals and gas; i) 

embayed interfaces between mineral grains, particularly 

diopside and spinel and perovskite and spinel, ii) a com-

plex intergrowth of fine-grained phases such as spinel, 

Al,Ti-bearing diopside, anorthite, and olivine in the rim 

of a CAI-like object in AOA #02, iii) a thin layer consist-

ing of fine-grained spinel and Al,Ti-rich diopside sur-

rounding perovskite grains from AOA #03, and iv) ex-

treme compositional variations in Al,Ti-bearing diopside 

over very short distances. These disequilibrium textures 

and chemical compositions suggest that gas-solid reac-

tions occurred under highly dynamic conditions.  

Several gas-solid reactions have been proposed to 

explain the observed phase assemblages and chemical 

compositions of refractory Ca-Al-rich phases in AOAs 

[1,3,7,8]. Our new observations provide additional con-

straints on the possible processes that affected these 

CAI-like objects in AOAs. In refractory objects from 

AOA #02, we observe the replacement of melilite grains 

by fine-grained spinel and Al,Ti-rich diopside possibly 

due to a reaction between melilite, spinel, and the nebu-

lar gas. The absence of perovskite as a source of Ti in 

this object requires an external source of Ti to form 

Al,Ti-rich diopside. The textures imply a back-reaction 

of the nebular gas with the early condensate phases, spi-

nel and melilite. As the reaction proceeded, TiO2 con-

tents in pyroxene appear to rapidly decrease outward 

from the interface with spinel, as Ti from the gas was 

incorporated into the solid phases. The disequilibrium 

back-reaction of spinel with Ti-saturated gas probably 

caused very rapid nucleation of metastable TiO2 nano-

particles onto the surface of spinel grains. Kinetically-

controlled condensation processes under disequilibrium 

conditions would form a simple oxide phase rather either 

perovskite or Ti-bearing pyroxene. Some relict melilite 

has survived, but most of melilite grains appear to have 

been consumed by the reaction. Another possible reac-

tion between spinel and diopside to form anorthite [1] 

appears to be kinetically inhibited because only small 

amounts of anorthite are found in the rim of a CAI-like 

object from AOA #02. In AOA #03, perovskite has evi-

dently undergone partial reaction to form narrow rims of 

fine-grained spinel and very Ti-rich Al-bearing diopside, 

followed by melilite. It is possible that melilite condensa-

tion is only stable once perovskite has been isolated from 

the nebular gas by the rim of spinel and diopside.  

Conclusions: These texturally different refractory 

CAI-like objects in two AOAs both preserve a record of 

gas-solid condensation reactions under disequilibrium 

conditions, probably as a result of fast cooling. One 

possible scenario to explain these observations is that the 

refractory objects were transported or injected into a 

hotter region of the solar nebula that had undergone only 

partial condensation. Evidence for such transport of re-

fractory materials is also indicated by recent isotopic 

studies of CAIs in the Allende [9]. Such events may be 

more widespread than has been previously recognized.  
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