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Introduction: Hibonite is a highly refractory phase 

occurring in many CAIs and Wark-Lovering rims from 

different chondrite groups [1]. Hibonite is predicted to 

be one of the earliest refractory phases to form by equi-

librium condensation from a cooling gas of solar com-

position [2]. Therefore, hibonite can provide important 

insights into the earliest stages of solar nebular evolu-

tion.  

A previous FIB/TEM study of a hibonite-spinel 

CAI in ALH A77307 (CO3.0) presented the crystallo-

graphic relationship between hibonite and spinel, sug-

gesting that their structural similarity caused kinetic 

inhibition of melilite condensation and instead favored 

epitaxial nucleation and growth of spinel on the 

hibonite surfaces [3]. Here, we present the microstruc-

tures of two hibonite-spinel CAIs in ALH A77307 us-

ing FIB/TEM techniques to better understand their 

formation conditions and processes. 

Methods: Each FIB section of two hibonite-spinel 

CAIs in ALH A77307 was extracted from a region 

consisting of subparallel hibonite laths intergrown with 

spinel and minor perovskite. These FIB sections were 

cut normal to the elongation direction of the hibonite 

laths [3,4]. The FIB sections were investigated in detail 

using a variety of TEM techniques (BF- and HR-TEM, 

STEM, EDS, and electron diffraction).  

Results: Two hibonite-spinel CAIs (03 and 08) in 

ALH A77307 share characteristics common to this type 

of CAI [3,5]: (1) they are irregularly-shaped, porous 

objects with a small size of 70×40 µm for 03 and 

55×50 µm for 08, (2) lath-shaped hibonite grains 3-40 

µm long and 0.3-9 µm wide are embedded in spinel 

and are subparallel to each other, and (3) fine-grained, 

subrounded to elongated perovskite grains with a size 

of 0.2-4 µm commonly occur as inclusions in spinel 

and often in hibonite. In contrast, only CAI 03 contains 

melilite, but CAI 08 is melilite free.   

Both FIB sections (03-A and 08-A) consist mainly 

of hibonite and spinel with minor perovskite inclusions. 

Individual mineral constituents have similar micro-

structures. Hibonite grains are typically lath-shaped 

and intergrown with each other. Hibonite grains show 

various thicknesses and lengths; 0.2-5 μm long and 60 

nm-2.5 μm wide in 03-A and 2-11 μm long and 0.5-6.5 

μm wide in 08-A. Electron diffraction patterns of 

hibonite grains reveal that the grains are consistently 

elongated along the a axis, but have different orienta-

tions relative to one another. Spinel is usually irregular-

ly-shaped with a size of 0.5-3.5 µm in 03-A and 1-6.5 

µm in 08-A. Perovskite inclusions (0.2-5 µm in size) in 

hibonite and spinel are subrounded to elongated. In 

addition, FIB 03-A contains elongated melilite (0.2-2 

µm long) interstitial to hibonite laths. 

While spinel and perovskite are relatively feature-

less and free of defects, most hibonite grains in both 

FIB sections contain numerous planar defects; howev-

er, the concentration of planar defects varies among 

and within the hibonite grains. Electron diffraction 

patterns of hibonite show weak streaking along c*, 

indicating stacking disorder. As shown in Figure 1, 

HR-TEM images of hibonite grains show variations in 

spacing of the lattice fringes, suggestive of stacking 

disorder. In most cases, isolated layers that are 1.6 nm 

wide are randomly intergrown with the prominent 1.1 

nm wide (002) layers of stoichiometric hibonite. We 

also observe more complex intergrowth combinations. 

We observe the intergrowth of 7 nm wide layers with 

the 2.2 nm wide layers of stoichiometric hibonite. The 

most complex case is the intergrowth of layers of vari-

ous spacings ranging in width from 4.8 to 11.4 nm with 

the 2.2 nm wide layers of stoichiometric hibonite. Ana-

lytical electron microscopy shows that hibonite grains 

are close to Ca(Al,Si,Ti,Mg)12O19 in composition, but 

show Ca deficiencies by up to ~10 mol% where the 

defects are concentrated.  
 

 
Figure 1. HR-TEM image of hibonite from FIB 03-A. The 

1.6 nm wide layers (yellow dashed lines) are randomly dis-

tributed in ordered regions with the 1.1 nm wide layers (red 

dashed lines).   
 

Discussion: Our overall petrologic and mineralogi-

cal observations from two hibonite-spinel CAIs in ALH 

A77307 are generally consistent with the predictions of 

mineral formation from equilibrium condensation cal-

culations [2]. The irregular shapes and porous textures 
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of these CAIs also support a condensation origin. It is 

therefore very likely that hibonite formed by high-

temperature condensation from a nebular gas, followed 

by perovskite and spinel.   

Textural relationships in the hibonite-spinel CAIs, 

however, indicate that spinel, rather than melilite, con-

densed following hibonite condensation, inconsistent 

with equilibrium condensation calculations [2]. This 

suggests that conditions of condensation for these CAIs 

departed from thermodynamic equilibrium. Melilite 

condensation was extremely limited, demonstrated by 

its rarity in both CAIs. Instead, the occurrence of spinel 

in crystallographic continuity with hibonite demon-

strates that spinel condensed directly onto hibonite. 

Epitaxial nucleation and growth of spinel may have 

occurred on the surfaces of hibonite, probably due to 

the lower activation energy for spinel nucleation com-

pared with that of melilite [3].  

The presence of perovskite inclusions within 

hibonite may be attributed to simultaneous condensa-

tion of these phases over a limited temperature interval 

[2]. Early-condensed hibonite grains trapped adjacent 

condensing fine-grained perovskite grains and contin-

ued to nucleate and grow into larger crystals. As nebu-

lar cooling proceeded, hibonite condensation eventual-

ly ceased, but perovskite kept condensing and was later 

enclosed by spinel once spinel condensation com-

menced at lower temperatures [3]. 

The presence of planar defects in hibonite provide 

useful insights into possible formation conditions of 

these two CAIs. Ideal hibonite consists of a sequence 

of four-closely-packed O layers and Al ions in a spinel 

block (S) alternating with a Ca-containing layer (C), 

resulting in a unit cell containing 2 (S+C) blocks 

(S+C+S+C) [6]. The observed 1.1 nm wide lattice 

fringes correspond to the c dimension of the ideal 

hibonite structure consisting of one basic structural unit 

representing the combination of a spinel block and a 

Ca-containing layer (S+C) [6]. The local presence of 

1.6 nm wide lattice fringes can be interpreted as the 

result of modification of the stacking sequence due to 

the presence of a thicker spinel block with six ccp O 

layers (S+S+C) [6]. Therefore, the observed wide 

range of spacings can be interpreted as different stack-

ing combinations of the basic structural spinel block 

versus the Ca-containing layer. This interpretation is 

consistent with the observed Ca deficiency of hibonite.  

There are three possible explanations for the Ca de-

ficiency of hibonite; (1) reheating and partial evapora-

tion of Ca from hibonite, (2) equilibrium condensation 

of Al-rich spinel in hibonite, and (3) non-equilibrium 

condensation of hibonite and (S+S+C) phase. Evapora-

tive loss of Ca from hibonite may have occurred during 

or after hibonite condensation as a result of later re-

heating. Calcium loss requires extensive evaporation, 

resulting in complete loss of moderately refractory el-

ements (e.g., Mg). Therefore, Mg isotopic mass de-

pendent fractionation is expected without Ca isotopic 

mass dependent fractionation [7]. However, the ab-

sence of any Mg isotopic mass dependent fractionation 

from similar hibonite-bearing CAIs in CO3 chondrites 

[5,8] appears to rule out evaporation as an important 

mechanism, although Mg isotopic data for the CAIs in 

this study are lacking.  

Second, Al-rich spinel may have condensed as iso-

lated layers within hibonite. A thermodynamic mixing 

model for the spinel MgAl2O4-Al8/3O4 solid solution 

suggests that Al-rich spinel is stable between 1,920-

2,267 K [9]. However, equilibrium condensation calcu-

lations predict that, at these temperatures, Al-rich spi-

nel fails to condense due to dominant Al and Ca con-

densation, instead forming Ca-aluminates or liquids in 

dust-enriched systems [10].   

However, the lack of melilite in these CAIs indi-

cates that they did not form at equilibrium. Based on 

the observations, we propose that the intergrowth of 

hibonite and the (S+S+C) phase is the product of for-

mation under non-equilibrium conditions, where the 

formation of the defect-structured hibonite is energeti-

cally more favorable than corundum formation by di-

rect condensation. Under non-equilibrium conditions, 

corundum condensation may be inhibited. Excess Al in 

the gas phase was incorporated into the hibonite as 

extra spinel blocks, resulting in the planar defects with 

the (S+S+C) stacking sequence.  

Conclusions: Our TEM observations suggest that 

two hibonite-spinel CAIs in ALH A77307 formed by 

high-temperature condensation from the cooling solar 

nebula under non-equilibrium conditions. The planar 

defects in hibonite may have formed by the accommo-

dation of some excess Al into the hibonite in the form 

of the extra spinel blocks. Interestingly, similar micro-

structures are also observed in hibonites from Wark-

Lovering rims [11], indicating the common formation 

histories for the different occurrences of hibonite.  
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