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Introduction. Meteoritic hibonites occur in several colors: blue [l-41 in the Murchison (C2) 
chondrite and orange [5] or colorless [6] in the Allende (C3) chondrite. We report here the results 
of experiments in which we have synthesized blue, orange, and colorless hibonites corresponding in 
composition to those found in CAIs and in which we have begun to delineate the range of conditions 
(T, f02) under which each of the colors of hibonite is stable for these compositions. Hibonite is 
thought to be one of the earliest major oxide-bearing phases to condense from nebular gas; the results 
of our experiments may help to set constraints on the conditions prevailing in the environments in 
which hibonite-bearing inclusions formed and subsequently evolved. 

Starting Materials. The compositions 
studied are listed in Table 1. corresponds 
to the average corelblue region hibonite from 
the Blue Angel inclusion from Murchison [4]. 
All-2 is an orange hibonite composition from 
the Allende Qpe A Cell inclusion 51 V 
z s e n t s  a stoichiometric Ca(Al,V't)'20~9 
containing the same amount of V2O3 as iound 
in composition g. is based on the 
composition; all V2O3 has been removed and 
the A1203 has been increased accordingly to 
preserve stoichiometry. BA-VFC is also based 
on the g composition; all V2O3, 0203, and 
FeO have been removed and A1203 and MgO have 
been adjusted to preserve stoichiometry. 

All starting materials were prepared by mixing reagent grade chemicals (A1203, CaC03, MgO, 
V2O5, n02, Fe2O3, CrzOg, Si02) with an automatic agate mortar and pestle under ethanol for 5-7 hours. 
With the exception of BA-VFC, compositions were then pelletized in an 0.5" steel die using DuPont 
Elvanol polyvinyl alcohol in demineralized water as a binder. These pellets were then recrystallized 
at 1430°C for 6-30 hours. The recrystallized pellets consisted dominantly of hibonite as determined 
by X-ray diffraction and infrared spectroscopy; no other phases were detected by these techniques, but 
microscopic examination revealed up to a few percent of other as yet unidentified phases in some com- 
positions. These hibonite pellets were used as starting materials for the experiments; the BA-VFC 
experiments were conducted on unreacted mixed powder. 

Experimental Procedures. All experiments were conducted at 1430°C in a vertical quench furnace. 
Zhis temperature is one at which hibonite might be expected to be a stable condensate from nebular gas 

at Ptotal - bars [7]. Oxygen fugacities were fixed by H2-C02 gas mixtures at 1 atm total pres- 
sure and were measured with a solid electrolyte sensor calibrated at FeIFeO and in air. Experiments 
were mostly conducted for 16-50 hours. Some experiments were run for as little as 1 hour and this was 
found to be sufficient to produce color changes that were reversible in the sense that a blue starting 
material could be converted to orange and vice versa in this time period. Reaction rates were in fact 
so rapid that quenching represented a serious problem. Exterior surfaces of the run products often 
had to be disregarded even when quenching within the furnace atmosphere into ice water, LN2, or onto a 
glass plate at the bottom of the furnace tube. For all of these quenching techniques the samples 
ceased glowing after less than a second. 

Experimental Results. 'Ihe results of our experiments are summarized in Figure 1. The Murchison 
(g) and Allende (e) hibonite compositions show similar behavior. Both are blue under reducing 
conditions, orange under oxidizing conditions, 
and whitish-tan in air. The Allende composi- 
tion gives a somewhat darker blue and for both 
compositions the blue has a greenish tinge. 
For both compositions there is a transitional 
region, the extent of which is somewhat arbi- 
trary, where the color appears to be a mixture 
of the blue and orange colors; the blue to 
orange transition occurs at higher f02 for the 
Allende composition than for the Murchison 
composition. 

Figure 2 shows unpolarized'optical spec- 
tra (transmission) for a natural blue hibonite 
from the Blue Angel inclusion from Murchison 
141 and for one of our pol~crystalline (aver- . - .  
age grain size - 5-10 urn) experimental run 
products (g composition). A prominent 
absorption at - 700 nm and a smaller one at - 400 nm are the main features of the natural 
hibonite and these are clearly reproduced in 
our experimentally produced hibonites. In 
addition, the experimentally produced blue 
hibonites, like the natural ones, are strongly 
pleichroic from blue to nearly colorless. The 

Table 1. Compositions (wtX) of hibonite 
starting materials 

BA - - - BA-V F C V All-2 BA-V - 
CaO 8 .,4 8.4 8.5 8.5 8.4 
Al2O3 84.1 79.8 85.1 85.2 90.5 
v2°3 1.1 0.38 

- - 1.1 - Cr203 0.08 - 0.06 - 
- - Fe 0 - 0.07 0.01 

MgO 2 .O 3.8 2 .O 2.1 - 
n"2 4.1 7.3 4.1 4.1 - 
SiOz 0.19 0.29 0.18 0.19 - 
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spectrum of an orange experimentally produced 
hibonite is shown for comparison. FIGURE 2 

It is apparent that 73 is responsible in 
some way for the blue color. Zhe experiments 
on demonstrate that, contrary to the sug- 
gestion in [4], v3+ is not required for this WAVENUMBER, cm-' 
color. The 1 composition is pink + purple 
in color rather than blue under reducing con- 
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ditions. The results on BA-VFC demonstrate 
that interactions involving Fe or CT are also 
not required to produce the blue color and that 
it can be produced by l'l in the absence of 
other transition elements (unless contamination 
occurred in the course of starting material 
preparation or during the experiments). 
Significant amounts of Ti3+ cannot be invoked in 
view of the regularity in the Ti + Mg vs 2 Al 
correlation observed for meteoritic hibonites 
14-61 and since the blue color persists to f02 
levels higher than those normally re uired to Z 
stabilize substantial amounts of Ti3. Zhe blue G 
colors of and BA-VFC lack the greenish m 
tinge of the and All-2 compositions but have 
the same absorptions at 400 and 700 urn. Zhe 
transition from blue+ white for the v, 

m composition contrasts with the blue -+ orange 
transition of the and All-2 compositions; 
an interaction involving vanadium may be 
responsible for the orange color. 

Discussion. The results of our experi- 
ments demonstrate that the colors of Allende 
hibonites (orange, colorless) reflect more 
oxidizing conditions than the blue color of 
hibonites from Murchison. Eibonites condensing 
from a gas of approximately solar compos 
at 1430°C (H2/H20 - 500-2000, fO - 10- f h!gn 

bars) would be blue. &e orange 
and colorless hibonites from Allende would 300 600 900 
require ex remely oxidizing nebular gases 
(to, > lo-' bars, H,/)LIO < 0.07 at 1430°C) if WAVELENGTH, nm 
thelr colors were p;od;ced at the high temper- 
atures at which these phases condensed. The 
RAL hibonite [6], which is colorless, has been 
previously suggested to have equilibrated with 
very oxidizing gas based on its Ce anomaly [8, 91; this may reflect an unusual environment in the nor- 
mally very reducing solar nebula [8], or condensation in a supernova [9]. Another possibility is that 
the colorless HAL hibonite formed by re-equilibration of initially blue hibonites under oxidizing 
conditions; the difficulties that we experienced with preserving equilibrium colors upon quenching 
our experiments suggests that such color changes would be difficult to avoid if an inclusion passed 
even briefly through oxidizing conditions at elevated temperatures. Immersion of the HAL hibonite in 
the melt from which its black rim quenched or other stages of secondary alteration inferred by [6] 
could easily have oxidized this hibonite. It is unlikely that the oxidation state implied by the 
orange hibonites in the Cell Type A CAI [5] reflects high temperature conditions in the region of the 
nebula where these hibonites formed, since the ~3+/~i4+ ratios of fassaites in Allende, some of which 
are associated with orange hibonites in CG-11, suggest reducing conditions at high temperatures that 
are consistent with equilibration with gas of approximately solar composition [lo]. There is, however, 
evidence for extensive re-equilibration and alteration of the -11 inclusion through interaetion with 
an oxidizing non-solar gas at lower temperature than that at which the hibonite would have condensed 
[5, 111. 'Ihe orange color of hibonite in -11 would suggert, then, that although the presence of 
hibouite is a'result of high temperature processes, the hibonites have been altered at lover tempera- 
tures. lhe preservation of the blue color in Murchison hibonites may be a reflection of the fact 
previously noted by others [e.g., 2, 3) that Murchison inclusions appear to have been removed from 
the nebular gas and prevented from further re-equilibration earlier and at a higher temperature than 
thoee found in Allende. It should be noted, however, that Murchison inclusions also appear to have 
been altered, perhaps under oxidizing planetary conditions [4]; the failure of the hibonitee to change 
color may help to set limits on the temperatures accompanying this alteration. 
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