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Introduction:  CO3 chondrites contain three major 

types of CAI; (1) spinel-pyroxene, (2) melilite-rich, and 

(3) hibonite-spinel inclusions [1]. Previous petrologic, 

mineralogical, and isotopic studies showed that different 

CAIs in CO3 chondrites preserve complex histories of 

formation in the early solar nebula and subsequent aque-

ous or/and thermal alteration that may have occurred 

either in the early solar nebula or on parent bodies 

[1,2,3]. To understand these processes in more detail, we 

have previously reported TEM observations of two spi-

nel-pyroxene inclusions in the ALHA 77307 CO3.0 car-

bonaceous chondrite. Both inclusions preserve a pristine, 

complex sequence of high-temperature condensation and 

gas-solid reactions in the early solar nebula [4].    

The broad goals of our study are to characterize the 

micro to nano-scale texture and chemistry of different 

types of CAI in CO3 chondrites to provide additional 

constraints on their formational and subsequent thermal 

histories. In this study, we present new FIB/TEM obser-

vations of melilite-rich inclusions in ALHA 77307.  

Methods:  Individual CAIs from a thin section of 

ALHA 77307 were investigated in detail by elemental 

X-ray mapping and BSE imaging on a FEI Quanta 3D 

FEG-SEM/FIB operating at 30kV. We used FIB tech-

niques to prepare TEM sections from three melilite-rich 

inclusions. In total, five FIB sections were extracted and 

characterized in detail using a variety of TEM tech-

niques, including bright-field TEM, dark-field scanning 

TEM, electron diffraction, and EDS X-ray analysis using 

a JEOL 2010 high resolution TEM and a JEOL 2010F 

FASTEM FEG scanning TEM both operating at 200kV. 

Results:  Melilite-rich inclusions in ALHA 77307 

typically consist of melilite grains with minor spinel and 

perovskite, often rimmed by a thin layer of diopside, 

consistent with previous observations [1,2]. The sizes of 

these inclusions range up to ~390μm, but most are 

≤150μm. They are usually irregular-shaped; only two 

inclusions are rounded. We selected three melilite-rich 

inclusions (Fig. 1) representing a range of textural char-

acteristics for detailed TEM study.  

CAI #04 (RIs #034) is 125μm×100μm in size and 

consists of a melilite-rich core with minor fine-grained 

perovskite, spinel, and Al-Ti-rich diopside. The melilite-

rich core is porous and surrounded by a zoned sequence 

of large perovskite grains, diopside, and finally 

forsteritic olivine on the exterior of the inclusion. The 

perovskite grains in the melilite-rich core are ≤~3μm in 

size, but the perovskite grains surrounding the porous 

melilite-rich core are up to ~25μm in size.  

CAI #05 (RIs #054) is rounded, ~110μm in diameter. 

This inclusion consists of a compact melilite-rich core 

(~70μm in diameter) with minor perovskite and spinel, 

enclosed by ~25μm-wide porous zone which consists of 

a complex intergrowth of fine-grained melilite, spinel, 

and perovskite, followed by a discontinuous thin layer of 

diopside up to ~2.5μm thick on the rim of the inclusion.  

CAI #06 (RIs #046) is 215μm×85μm in size and 

consists of a melilite-rich core surrounded by a complex 

intergrowth of fine-grained melilite, spinel, and diopside. 

The entire inclusion is rimmed by ~8μm-thick layer of 

diopside. Minor perovskite grains up to ~1.5μm in size 

are present in the melilite-rich core. Most spinel grains 

have an unusual elongated, lath-shaped morphology and 

have a corroded appearance that appears to be a result of 

replacement by surrounding melilite and diopside. Pores 

occur in the melilite-rich core and the intergrowth layer.  

TEM Observations. In total, five FIB sections were 

prepared from three melilite-rich inclusions (Fig. 1); two 

sections from CAI #04, one section from CAI #05, and 

two sections from CAI #06. Four of the FIB sections 

were cut as transects from the outer diopside rim toward 

the melilite-rich core except one FIB section cut from the 

melilite-rich core in CAI #04.  

The melilite-rich core in FIB section B from CAI 

#04 consists of perovskite, melilite, spinel, and diopside. 

All these phases have highly curved grain boundaries 

with one another. Perovskite grains (1-3μm in size) in 

the melilite-rich core occur either as aggregates or single 

crystals. Melilite grains have high densities of disloca-

tions and defects. In FIB section A, the perovskite grains 

which surround the melilite-rich core consist of dense 

grains (1.5 to 7μm in size) with straight grain boundaries, 

often with 120˚ triple junctions. The diopside layer that 

encloses the zone of perovskite aggregates consists of 

grains that have highly curved grain boundaries and con-

tain dislocations and defects.  

FIB section A from the porous zone of CAI #05 con-

sists of intergrowths of melilite, spinel, and diopside with 

highly curved grain boundaries. Two perovskite grains 

(1.3-2.5μm in size) are also present, mostly in direct 

contact with diopside. Melilite grains have high densities 

of dislocations and defects.    

FIB section A from CAI #06 contains ~3-5.5μm-

sized diopside grains within the diopside rim. In FIB 

sections A and B, the intergrowth zone between the 

melilite-rich core and diopside rim consists of fine-
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grained spinel and diopside. The spinel grains are typi-

cally elongated and diopside grains, ~0.3-1.5μm in size, 

fill the regions between the spinel grains. The melilite-

rich core of CAI #06 in FIB section B consists of a sin-

gle melilite crystal with minor spinel ~0.4-2.5μm in size. 

The melilite grain has high densities of dislocations and 

defects. Neither of two FIB sections from CAI #06 con-

tains perovskite.  

In all FIB sections, spinel is nearly pure MgAl2O4, 

whereas melilite is gehlenitic with MgO ≤3wt.%. 

Perovskite from CAI #04 is nearly pure CaTiO3, but 

perovskite from CAI #05 contains elevated Al2O3 (1.6-

2.1wt.%), compared to perovskite in CAI #04 which has 

≤0.9wt.% Al2O3. In all the FIB sections, diopside shows 

a very high degree of compositional heterogeneity both 

between and within grains. In CAI #04, diopside con-

tains 0.9-30wt.% Al2O3 and 0-15wt.% TiO2; the Al2O3 

and TiO2 contents generally increase toward the 

perovskite aggregate and melilite-rich core. Diopside 

from CAI #05 contains 28-31wt.% Al2O3 and 8.5-

13wt.% TiO2. In CAI #06, the outer diopside rim con-

tains ≤ 2wt.% TiO2 with a range of 0.6-10wt.% Al2O3, 

whereas diopside in the intergrowth layer shows a wider 

range of 1-30wt.% Al2O3 and 0.4-13wt.% TiO2, with an 

increase toward the melilite-rich core. 

Discussion:  Our TEM observations show that the 

three melilite-rich inclusions preserve a high degree of 

textural and compositional heterogeneity indicating that 

each inclusion experienced complex formational pro-

cesses that are recorded at the micron scale. However, 

we infer that similar processes affected all three inclu-

sions. In each inclusion, we observe highly curved and 

embayed grain boundaries between intergrown refractory 

phases. In addition, perovskite, spinel, and melilite asso-

ciated with Al-Ti-rich diopside all have a corroded ap-

pearance and there are marked compositional variations 

in the Al2O3 and TiO2 contents in the diopside. We in-

terpret these features as evidence of reactions between 

refractory phases and a nebular gas under disequilibrium 

conditions. The reactions appear to produce Al-Ti-rich 

diopside with variable Al and Ti contents in each CAI.  

In CAI #04, perovskite in the melilite-rich core is 

corroded by melilite, spinel, and Al-Ti-rich diopside, 

suggesting the reaction of perovskite, melilite, and spinel 

with SiO(g) to form Al-Ti-rich diopside in the melilite-

rich core. This texture is very similar to that in the po-

rous zone from CAI #05, suggestive of the same reaction 

in both inclusions. However, in CAI #05, the reaction 

proceeded after the formation of the dense melilite-rich 

core. Once the porous zone formed, CAI #05 was proba-

bly isolated from a nebular gas, preventing further reac-

tion to form a diopside rim.   

In CAI #04, the clusters of perovskite aggregates sur-

rounding the melilite-rich core have equilibrated grain 

boundary structures and probably experienced annealing 

during or after the condensation of perovskite. Textural-

ly, these perovskite grains appear to have condensed 

after the formation of the complex core assemblage. Evi-

dence of later reaction of perovskite and possibly spinel 

with SiO(g) is indicated by the presence of Al-Ti-rich 

diopside in a narrow zone adjacent to the perovskite. The 

decrease in Al2O3 and TiO2 contents in the diopside with 

distance from the perovskite interface suggests that the 

reaction occurred rapidly, isolating the perovskite from 

the gas and preventing diffusional equilibration of the 

diopside. Finally, forsteritic olivine condensed around 

the diopside as the last event recorded in CAI #04.  

In CAI #06, the complex intergrowth layer surround-

ing the melilite-rich core indicates reaction of spinel and 

melilite to form Al-Ti-rich diopside after the formation 

of the melilite-rich core. Due to a complete lack of a Ti-

rich phase (e.g., perovskite) in the intergrowth layer, we 

infer that the most likely source of Ti is a partially con-

densed nebular gas. Additionally, Ca(g) and SiO(g) may 

also be reactants with spinel because melilite is only in 

contact with the inner part of the intergrowth layer and 

may have become isolated as a reactant as the layer of 

intergrown reaction products developed.  

Conclusions:  Our TEM study has revealed that 

mineralogically- and compositionally-zoned melilite-rich 

inclusions record various high-temperature condensation 

and gas-solid reactions which occurred under disequilib-

rium conditions. However, although the melilite-rich 

inclusions all show evidence of disequilibrium reactions 

with a gas, in detail each inclusion appears to have expe-

rienced an unique formational and thermal history. 
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Figure 1. BSE images of 

three melilite-rich inclusions 

from ALHA 77307. (a) CAI 

#04. (b) CAI #05. (c) CAI 

#06. The scale bar is 50μm in 

length. The red bars indicate 

locations of FIB sections 

examined in this study.  
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