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Abstract-A corundum-hibonite inclusion, BB-5, has been found in the Murchison carbonaceous chon- 
drite. This is the first reported occurrence of corundum as a major phase in any refractory inclusion, 
even though this mineral is predicted by thermodynamic calculations to be the first condensate from a 
cooling gas of solar composition. Ion microprobe measurements of Mg isotopic compositions yield the 
unexpected result for such an early condensate that *6Mg excesses are small: 6,v*6Mg = 7.0 f 1.6%0 for 
hibonite and 5.0 + 4.8Ao for corundum, despite very large *‘Al/“‘Mg ratios, 130 and 2.74 X IO“, re- 
spectively. Within the errors, 6N26Mg does not vary over this exceedingly large range of 27Al/*4Mg ratios. 
The extreme temperature required to melt this inclusion makes a liquid origin unlikely, except possibly 
by hypervelocity impact involving refractory bodies. If, instead, BB-5 is a direct gas-solid condensate, 
textural evidence implies that corundum formed first and later reacted to produce hibonite. In this model, 
BB-5’s uniform enrichment in 26Mg must be a characteristic of the reservoir from which it condensed. 
Because severe difficulties are encountered in making such a reservoir by prior decay of Z6Al, nebular 
heterogeneity in magnesium isotopic composition is a preferred explanation. 

INTRODUCIYON 

THERMODYNAMIC calculations predict that corun- 

dum (A120S) is the first major phase to condense 
from a cooling gas of solar composition (Grossman, 

1972); yet, remarkably, this phase is absent from all 
but one of the many high-temperature condensate 
inclusions studied so far in Type 3 carbonaceous (C3) 

chondrites. Fewer refractory inclusions have been 
studied in Type 2 carbonaceous (C2) chondrites, but 
it appears that many of these stopped equilibrating 
with the solar nebular gas at a higher temperature 
than those in C3’s (Grossman et al., 1977; Macdou- 
gall, 1979). It is thus reasonable to expect that co- 
rundum will be more plentiful in refractory inclusions 
in C2’s than in those in C3’s. We describe here the 
first corundum-bearing inclusion discovered in a C2 
chondrite and discuss its origin and possible rela- 
tionships to other inclusions, 

In many refractory inclusions, the magnesium iso- 
topic composition differs from that of normal solar 

system matter in being enriched in 26Mg, known to 
be the product of in situ radioactive decay of now- 

extinct 26Al (Lee et al., 1976; Hutcheon, 198 1). Co- 
rundum-bearing inclusions would be expected to con- 
tain large enrichments of 26Mg because they ought 
to pre-date other refractory inclusions and probably 
have higher 27A1/24Mg ratios than them. Thus, we 
also discuss here the results of ion microprobe anal- 
ysis of the magnesium isotopic composition of this 
inclusion. 

TECHNIQUE 

Relatively little work has been done on refractory inclu- 
sions in Q’s, mainly because they are much rarer and 
smaller than those in C3’s, making them more difficult to 
find and dig uncontaminated from their matrix. After sev- 

era1 years of relatively unproductive attempts to extract 
large numbers of such inclusions from Murchison in this 
way, we resorted to a different technique which proved to 
be eminently successful. It consists of multiple freeze-thaw 
cycles to disaggregate the meteorite into a fine powder and 
separation of the powder into density fractions with heavy 
liquids (MacPherson et al., 1980). In the p 1 3.50 fraction 
are abundant spheroidal and irregularly-shaped inclusions 
rich in blue hibonite (MacPherson et al., 1980; Tanaka et 
al., 1980). Because of its intensely blue color and unusually 
large size, -250 pm in diameter, one such spheruie, BB- 
5, was split and made into a polished thin section which 
was viewed with an optical petrographic microscope and 
a scanning electron microscope (SEM). 

The electron microprobe was used to gather chemical 
analyses using wavelength dispersive analysis. These were 
obtained using an ARL-EMX-SM automated electron 
microprobe, operated at 15 keV accelerating voltage and 
0.5 PA beam current. Natural and synthetic minerals and 
glasses were used as standards. 

A modified AEI IM-20 ion microprobe (Banner and 
Stimpson, 1975; Steele et al., 1977) was used for the Mg 
isotopic analyses. Secondary ions were generated by bom- 
barding the surface of the sample with a mass-analyzed, 
‘60-primary beam of 20 keV impact energy and 2 to 3 nA 
current, focussed into a 3 to 8 Frn diameter spot. Isotopic 
data were collected by step-scanning the spectrometer mag- 
net in the sequence 2aMg-25Mg-24Mg-26Mg using a com- 
puter-controlled, Hall-effect peak switching system. Iso- 
topic ratios were calculated after each scan from the 
secondary ion intensities integrated over the central 35% 
of each peak. Depending on a sample’s Mg content, between 
100 and 350 scans were averaged for each analysis and 
errors were calculated as two standard deviations of the 
mean. Every 20 scans, the sequence was automatically in- 
terrupted to measure the 2’Al/24Mg ratio by scanning 
masses 27 and 24. The mass spectrometer source slit was 
manually adjusted prior to these scans to keep the 27AI+ 
count rate below 5 X 10’ counts/second. For those samples 
containing Ca, i.e., hibonite and anorthite in this study, the 
scan sequence was modified to include mass 20 every 5 
scans. No corrections for system dead-time losses were nec- 
essary. 
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The generation of polyatomic and multiply-charged sec- 
ondary ions in the sputtering process (Bakale et al., 1975; 
Steele et ol., 1980) creates potentially severe problems for 
low resolution ion probe isotopic analysis. To minimize the 
formation of hydride and hydrocarbon secondary ions (e.g., 
14MgH+ and “C2H2+, respectively), the sample chamber 
was maintained at a pressure of -2 X IO-’ torr and the 
ion extraction lenses were cooled to liquid nitrogen tem- 
perature. At the beginning of each day’s run, the secondary 
ion mass spectrum of a terrestrial hibonite was scanned at 
a mass resolution of - 3000 to check for possible interfering 
species in the region between masses 27 and 22. The only 
interference detected was %a++ at mass 24. Specifically, 
the following interferences were absent: 48Ti++ at mass 24, 
“‘Ti” and 24MgH+ at mass 25 and ‘*C,H,’ at mass 26. 
The upper limit to the fractional contribution from these 
species to the Mg’ signals is 2 X 10e4. Isotopic data were 
collected at mass resolutions between 200 and 300, for 
which 24Mg+ and ‘%a++ were not resolved. The 48Ca” 
correction was calculated from the @Ca” signal at mass 
20, assuming 4”Ca/40Ca = 1.9078 X 10-j (Russell et al., 
1978). The maximum correction to the signal at mass 24 
was 0.5%. 

The background in the region of the three Mg peaks was 
uniformly flat and less than 0.1 counts/second for all sam- 
ples regardless of the AI/Mg ratio. The background was 
evaluated before each analysis under the same operating 
conditions with which isotopic data were acquired and never 
exceeded 0.1 counts/second, less than 1 X 10-j of the *‘Mg+ 
signal in BB-5 corundum, the most Mg-poor sample. The 
absence of any diffuse background or specular scattered 
peaks is clearly shown in the mass spectrum of Yogo Gulch 
sapphire (Fig. 1). To check for background peaks which 
coincide exactly with the Mg peaks, we analyzed a synthetic 
A120, sample using the same analytical conditions. A peak 
of 50 counts/second was observed at mass 24, while the 
intensity at masses 25 and 26 was less than 0.5 counts/ 
second. Further analysis of the spectrum revealed that the 
sample contained Ti and that the mass 24 peak was most 
likely 4sTi++. The ratio of the intensities at masses 25 and 
26 was consistent with the normal 25Mg/26Mg isotope ratio 
and these small signals probably indicate a small amount 

of Mg, -80 ppb, in the A1203. The *‘Al+ signal from the 
synthetic AlzO, was -10’ counts/second and, while the 
mass 27 peak was slightly broadened at the base with tails 
of -30 counts/second at 0.1 mass units on either side of 
mass 27, the background returned to ~0.1 counts/second 
for a displacement of 0.3 mass units. No background cor- 
rections were applied to the data. 

The analysis of terrestrial minerals had shown that the 
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FIG. 1, Mass spectrum of Yogo Gulch sapphire. The con- 
stant, low level of the background and the absence of scat- 
tered ion peaks are evident. Total magnesium content of 
the sample is 113 ppm. 

amount of instrumental mass fractionation was very sen- 
sitive to the tuning of the secondary ion extraction system 
(Hutcheon, 1981). To optimize reproducible tuning, we fol- 
lowed the technique discussed by Hutcheon ( 198 1) in which 
the system is tuned for maximum 24Mgt intensity, flat- 
topped peaks and uniform transmission over the mass range 
48 to 20. The isotopic data were corrected for fractionation 
using the measured slope of the fractionation line after nor- 
malizing observed z5Mg/24Mg ratios to the NBS standard 
value, 0.12663 (Catanzaro et al., 1966): 

(26Mg/24Mg),v = (26Mg/24Mg),,.~ 

+ & [O. 12663 - (2’Mg/24Mg),,,s]. 

This fractionation correction removes the effect of mass- 
dependent fractionation both in the ion probe and in nature 
and the corrected 26Mg/24Mg ratios reflect only non-mass- 
dependent isotopic effects. With this fractionation correc- 
tion, the terrestrial Mg isotopic data define a “normal” 
26Mg/24Mg ratio of 0.13938 (Hutcheon, 1981) and varia- 
tions in 26Mg/24Mg ratios were calculated as &*‘Mg in 
permil relative to this normal value: 

b,vzhMg = (26Mg/24Mg), _ I x ,ooo, 
0.13938 

The 27A1/24Mg ratio of each sample was calculated from 
the 27A1+ and 24Mg+ intensities measured, as discussed 
above, at the exact locations analyzed isotopically. The sec- 
ondary ion intensity ratios were calibrated against electron 
probe measurements in hibonite. The calibration is linear 
over a range in *‘Al/*“Mg of 14 to 200 and the slope of the 
calibration line, 1.34, reflects the higher yield of 24Mg+ 
relative to *‘Al+. This calibration has remained constant 
during the 18 months we have analyzed hibonite, and is not 
affected by minor changes in instrument tuning. To correct 
the 27A1+/24Mg+ ratios measured in BB-5 corundum, we 
were forced to use the hibonite calibration since we were 
unable to find a terrestrial corundum or sapphire with suf- 
ficient Mg that it can be measured accurately with the 
electron probe. It is possible that the relative yields of “Al+ 
and 24Mg+ are different in corundum and hibonite but, since 
the slope of the Al/Mg calibration line for plagioclase, 1.22 
(Hutcheon, 1981), differs from that of the hibonite line by 
only -IO%, we feel that differences in matrix effects be- 
tween hibonite and corundum are unlikely. Errors are cal- 
culated as two standard deviations of the mean from, typ- 
ically, 20 measurements per analysis. 

RESULTS 

As seen in the SEM photo in Fig. 2, the inclusion 

is composed of three phases: corundum (23% by 
area), hibonite (77%) and perovskite (trace). The 
corundum appears in Fig. 2 as two compact masses, 
with hibonite surrounding one completely and en- 
closing the other partially. Subsequent re-polishing 
of the sample has shown, however, that these two 
areas merge into one in the third dimension. Hibonite 
may have surrounded the entire mass completely 
prior to splitting of the inclusion during sample prep- 
aration. Optically, the corundum is invisible and 
shows no birefringence, the latter suggesting that its 
optic axis is perpendicular to the plane of the thin 
section. It is so colorless and transparent that only 
the pleochroism and birefringence of hibonite crys- 
tals below the corundum can be seen. The fact that 
the corundum is largely, if not completely, sur- 



MURCHISON CARBONACEOUS CHONDRITE 33 

FIG. 2. SEM photomicrograph of BB-5 obtained by back- 
scattered electron imaging. Hibonite (H) mantling and, in 
places, enclosing corundum (C). Perovskite (Pv, white 
streaks) forms elongated crystals between hibonite blades. 
Some iron-rich phyllosilicate material (Ph, white amor- 
phous blobs) adheres to inclusion surface. Dark grey area 
at lower right is not corundum, but a shadowing effect. 

rounded by hibonite suggests that corundum formed 

before hibonite. The corundum has sharp, straight 

contacts with hibonite in some places but very irreg- 
ular contacts in others, as if the corundum were orig- 
inally a euhedral crystal which was later partially 

corroded in a reaction to form hibonite. Optical stud- 
ies show that the hibonite is blue, pleochroic and 
polycrystalline. Individual crystals are elongate 
blades, 30-70 pm by lo-20 pm. Long axes of hi- 

bonite crystals are locally parallel to one another and 
to long axes of perovskite grains which reveal the 

directions of orientation in Fig. 2: to the left, the 
direction is vertical and at the top, horizontal, as if 
the hibonite crystals “wrap around” the corundum. 

The control of the orientation of hibonite crystals 
suggested by this relationship again implies that hi- 
bonite formed after corundum. Perovskite is absent 
from the corundum. White grains at the edge of BB- 

5 are iron-rich phyllosihcates which are found in the 
matrix of this meteorite and are sometimes attached 
to the outsides of inclusions separated by the freeze- 
thaw technique. The positions of these grains thus 
define the outer surface of the inclusion and suggest 
that the spherule has a corundum core surrounded 
by a mantle of hibonite and perovskite. 

Electron microprobe analyses of corundum and 
hibonite are shown in Table 1. The corundum is vir- 

tually pure A1203. The hibonite is noteworthy for its 
low MgO and TiOz contents relative to most other 
meteoritic hibonites (Keil and Fuchs, 1971; Allen et 
al., 1978; Macdougall, 1979). A phase whose com- 
position is very close to pure AllO was observed by 
Kurat (1970) in the C3 meteorite Lance. The pri- 
mary phase assemblage of that inclusion was de- 
scribed as being composed almost completely of spi- 
nel, with some A1203 crystals in the interior. Without 
a more detailed textural description, it is difficult to 
comment on its relation to BB-5. 

All ion probe isotope data are presented in Table 

2 where we show the measured 2sMg/24Mg and 

26Mg/24Mg ratios, corrected only for the 48Ca++ in- 

terference, where appropriate. The normalized 

6N26Mg values and the 21A1/24Mg ratios measured 
with the ion probe and corrected by the calibration 

factor of 1.34 are also shown. Errors in all cases are 
two standard deviations of the mean. Four terrestrial 
samples were analyzed concurrently with BB-5: Loire 
Valley spinel, Madagascar hibonite, Miyake anor- 

thite and Yogo Gulch sapphire. At least one of these 

terrestrial samples was run prior to each BB-5 anal- 
ysis and the data in Table 2 show that all terrestrial 

samples consistently yielded bN26Mg = 0 within 

2%Iea”r independent of the sample’s AI/Mg ratio or 
composition. Additional data from terrestrial sam- 

TABLE 1 

Electron microprobe analyses of phases 
in the corundum-hibonite spherule 

(weight per cent) 

Corundum Hibonite 

CaO 0.01 8.34 

Ti02 0.32 2.01 

v203 n.d. 0.03 

Fe0 n-d. 0.03 

S iO2 0.04 0.01 

MgC 0.02* 0.65 

Al203 98.53 87.63 - - 

Total 98.90 98.70 

Cations on the basis of 

3(O) 19(C) 

Ca 0.00 1.01 

Ti 0.00 0.17 

V -- 0.00 

Fe -- 0.00 

Si 0.00 0.00 

Mg -- 0.11 

Al 1.99 11.69 

Total 1.99 12.98 

*4a upper limit. 

n.d. -- not detected. 
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TABLE 2 

Ion probe Mg isotope analyses 

Terrestrial Samples 

Loire Valley Spine1 12600 ? 12 13793 + 13 -1.1 ?r 2.0 
12693 ? 12 14007 f 12 0.5 ? 1.9 

-0.3 +_ 1.4 2.5 

Madagascar Hibonite (a) 12489 c 12 13569 + 14 -0.7 ? 2.1 
12556 * 13 13704 + 14 -1.0 -f- 2.2 
12534 + 14 13671 ? 16 0 f 2.3 
12623 + 13 13870 C 15 1.0 f 2.2 

-0.2 + 1.4 36 ? 1 

Miyake Anorthiteca) 12628 + 22 13859 ? 28 -0.5 + 3.3 
12594 + 24 13802 + 25 0.5 f 2.8 

0 ? 2.2 240 2 5 

Yogo Gulch Sapphire 12618 -I 25 13848 f 28 0.1 f 4.0 
12706 + 30 14036 f 36 0.6 -c 5.0 

0.3 i 3.0 5272 + 123 

Murchison BB-5 

Hiboniteca) 12479 * 15 13646 ? 14 6.3 ?r 2.3 
12494 f 14 13696 ? 15 7.7 f 2.4 
12515 + 16 13729 ?Y 17 6.9 & 2.6 

7.0 f 1.6 130 + 15 

Corundum 12534 + 38 13715 + 53 3.1 ?r 6.6 12750 + 2700 
12571 ? 30 13818 + 32 5.0 f 4.8 27430 + 715 

(a) Isotopic ratios corrected for 48Ca* interference at mass 24. 

(b) Grand mean values of 6N26Mg. 

ples discussed in Hutcheon (1981) also consistently 
show the same behavior, giving us confidence that 
6N26Mg values differing from zero by more than 

2(Llean reflect true variations in Mg isotopic compo- 
sition beyond the range of any instrumental effects. 

Two analyses of Yogo Gulch sapphire, containing 
only - 110 ppm of Mg, yielded hNz6Mg = 0, dem- 
onstrating the absence of any significant background 
in the presence of an intense “Al+ signal and the 
absence of any systematic effects in the ion probe’s 
ability to measure Mg isotope ratios at very low Mg 
concentrations. The grand mean values for (26Mg/ 
24Mg)N ratios and the corresponding 6N26Mg for the 
terrestrial samples are plotted on the 26Al-26Mg iso- 
chron diagram, Fig. 3. It is clear that there are no 
deviations from 8N26Mg = 0 over a range in “Al/ 

24Mg of -2000. 
The data from the terrestrial samples also define 

the range of instrumental mass fractionation expe- 
rienced during these analyses. Data from hibonite 
exhibited consistently negative 6*‘Mg and 626Mg val- 
ues and fractionation was observed over the interval 
from -13.7 to +2.4%o/a.m.u. The amount of frac- 
tionation is very similar to that reported by Hutcheon 

(198 1) but the range is shifted toward the light iso- 

topes by the hibonite analyses. Isotopic ratios from 
samples of undetermined isotopic composition falling 
within this fractionation range must be considered 
to reflect only instrumental and not natural effects. 

Three areas of BB-5 hibonite were analyzed on 

three different days and both the Mg isotopic and 

Al/Mg elemental ratios are consistent among all 
three runs. The grand mean value for the (26Mg/ 
24Mg)N ratio shows a small but distinct 26Mg excess, 
6N26Mg = 7.0 f 1.7%0, which is clearly resolved, even 
at the 4~ level, from 26Mg/24Mg ratios of the ter- 

restrial samples. The raw isotopic ratios from one of 
the BB-5 analyses lie slightly outside the range of 
fractionation observed for the terrestrial hibonite, but 
ratios from the other two analyses lie within the range 
and we attach no particular significance to the degree 
of fractionation in the first data set. The mean *‘Al/ 
24Mg ratio obtained from the ion probe data, 130 
f 15, agrees well with the 27Al/24Mg ratio measured 
with the electron probe, 133. Since the corrected 
6N26Mg values and 27A1/24Mg ratios for all three 
analyses overlap one another, only the grand mean 
values for (26Mg/24Mg)N and 27Al/24Mg are plotted 



MURCHISON CARBONACEOUS CHONDRITE 35 

MURCHISON 88-5 
- 0.142- 20 

- I5 

26Mlj 

24M9 0.140 

Terrestrial Standards 
V Spine1 A Anorthite 

0.138- 0 Hibonite 0 Sopphire 

1 I I I 

IO0 IO’ IO2 IO3 IO4 IO5 

27Al/24Mg 

FIG. 3. Al-Mg evolution diagram for Murchison BB-5. The correlation line for BB-5 hibonite and 
corundum has essentially zero slope, suggesting a uniform enrichment in ‘“Mg of -7%. A correlation 
line through the terrestrial samples, which were analyzed concurrently, also has zero slope but a much 
lower intercept. A semilogarithmic plot is used rather than the conventional linear one to accommodate 
the extraordinary range in 27A1/24Mg ratios. On it, the standard Allende AI-Mg isochron plots as a 
curve, rather than a straight line 

in Fig. 3. Two areas of BB-5 corundum were analyzed 
and, while the isotopic data from both runs are con- 

sistent, the 27Al/24Mg ratios from the two areas differ 
by about a factor of two. Higher precision was ob- 
tained in the second run, even though the second area 

contains less Mg than the first. This is due to greater 
stability of the secondary ion beam which is reflected 
in the standard deviations of both the isotopic and 

elemental ratios. The (26Mg/24Mg), ratio for the first 
area, 6,26M g = 3.1 f 6.5%0, lies within 117 of normal 
Mg, while the (26Mg/24Mg),v ratio for the second 

area, 6,v26 Mg = 5.0 * 4.7%~~ lies just outside of nor- 
mal Mg in the 2a limit. The raw isotopic ratios from 

both areas lie well within the range of fractionation 

observed for terrestrial samples and, together with 
the raw isotopic ratios for hibonite, provide no evi- 

dence for mass-fractionated Mg like that found in 

Allende FUN inclusions (Wasserburg et al., 1977) 
or in Murchison hibonite MH-8 (Macdougall and 
Phinney, 1979). Both of the corundum 27A1/24Mg 

ratios calculated from the ion probe data are con- 
sistent with the upper limit on Mg content (-200 

ppm) established with the electron probe. 

The polished section of BB-5 was examined with 
an SEM before and after the ion probe runs to verify 
that Mg detected in the corundum was not due to 
overlap of the primary beam onto relatively Mg-rich 
hibonite. The ion probe burn holes from both corun- 
dum analyses were completely contained within co- 
rundum, but we cannot exclude the possibility that 
Mg is concentrated in sub-micron-sized hibonite 
crystals dispersed throughout the corundum. The 

SEM study provided no insight into the variable Mg 
content detected in the ion probe analyses. 

DISCUSSION 

The small 26Mg effect in BB-5 contrasts strongly 

with the expectation of a large 26Mg excess in a pre- 

sumed very early condensate with such a high 27Al/ 
24Mg ratio. The (26Mg/24Mg), value for corundum 
overlaps normal Mg at the 2a limit, but even the 
upper 2u limit to the 26Mg enrichment, dN2’Mg = 

10%0, is remarkably small considering the very re- 
fractory composition of BB-5 and the extremely high 
27Al/24Mg ratios, up to 27,400. Because of the ex- 

ceedingly high 27A1/24Mg value of BB-5 corundum, 
an Al-Mg model isochron extending from normal Mg 
composition, 6N26Mg = 0 at 27Al/24Mg = 0 through 
the BB-5 hibonite point on Fig. 3 (6N26Mg = 7, 27A1/ 

24Mg = 130) would predict that nearly 25% of the 
total Mg in BB-5 corundum would be 26Mg, giving 
6,26Mg - 1470%0, corresponding to a 26Mg excess 

nearly 300 times that observed. The data from BB- 
5 clearly do not define the type of linear correlation 
between 26Mg/24Mg and 27A1/24Mg ratios common 

to many Allende refractory inclusions (Lee, 1979; 
Hutcheon, 198 I), as no straight-line isochron can be 
constructed which passes through normal Mg and 
the BB-5 data. The canonical Allende Al-Mg iso- 
chron with slope (26A1/27Al)0 - 5 X lO-5 becomes 
a curve on the semi-logarithmic scale of Fig. 3 and 
all of the BB-5 data lie far below this isochron. The 
only correlation lines defined by the BB-5 data are 
a series of nearly horizontal lines whose slopes differ 
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from zero by less than 3 parts in lOa with intercepts 

corresponding to 2aMg/24Mg ratios between 0.14170 

and 0.13960. 

Due to the size of the errors on the isotopic com- 
position of BB-5 corundum, the data do not define 
a unique Mg isotopic composition for BB-5 as a 
whole. The strongest statement supported by the 
isotopic data is that the 26Mg/24Mg ratio measured 
in BB-5 corundum is higher than that measured in 
any of the terrestrial samples analyzed in this study 
or by Hutcheon ( 198 1). In our view, the combination 
of isotopic data and petrographic evidence for a re- 

action relationship between corundum and hibonite 
strongly suggest, but do not prove, that the two 

phases have identical Mg isotopic compositions such 
that BB-5, as a whole, is isotopically homogeneous. 
This assumption forms the basis for much of the fol- 
lowing discussion. 

If BB-5 is isotopically heterogeneous, two classes 
of models arise. In the first, corundum and hibonite 
initially had the same isotopic composition but sub- 
sequent exchange with a reservoir of different iso- 

topic composition affected one phase more than the 
other. This scenario seems unlikely because of the 
intimate contact between the two phases and the 
small size of the inclusion. In the second class of 

models, corundum and hibonite formed in separate 
reservoirs with different Mg isotopic compositions. 
This would be possible if formation of hibonite were 

rapid enough that Mg was unable to diffuse across 
the corundum-hibonite contact to any appreciable 
degree. This model is viable, but is not pursued fur- 
ther here. 

The texture of BB-5 shows that corundum formed 
before hibonite and suggests that the latter formed 
by reaction of the former. It is difficult to tell from 
textures, however, whether BB-5 is a direct vapor-to- 
solid condensate or a product of crystallization from 
a melt, although interpretation of the Mg isotopic 

data in terms of internal heterogeneity would pre- 
clude melting after the heterogeneity was estab- 
lished. First, we explore the possibility that the in- 
clusion crystallized from a melt and then that it is 
a direct solid condensate from the solar nebula. 

Liquid Origin 

If BB-5 crystallized from a melt, the inclusion’s 
major element composition poses important con- 
straints on origin. From its modal mineralogy and 
the chemical analyses and densities of its phases, the 
bulk composition of BB-5 is 9 1.5% A1203, 6.4% CaO, 
1.6% Ti02 and 0.5% MgO. It is impossible to produce 
a liquid of this composition by normal magmatic 
differentiation processes on planets whose Al/!% ratio 
is anywhere near the solar ratio. The material that 
was melted must have been very Al,O,-rich and Si02- 
MgO-poor and could have been produced only in a 
very high temperature vapor-condensed phase frac- 
tionation process like that discussed below. Accord- 

ing to the one atmosphere liquid-crystal phase dia- 

gram for the system A1203-CaO (Morey, 1964), the 

temperature range required for melting material of 

the composition of BB-5 is 2120-2220°K. If it is 

assumed that this inclusion, like all other meteoritic 
materials, did not form deep within a planet, the 
origin of such extreme temperatures is a fundamental 

problem. In fact, the difficulty in finding the mech- 
anisms for production of these temperatures is the 
major obstacle to a liquid origin model for BB-5. 

Equilibrium condensation of liquids will yield re- 

fractory condensates with compositions similar to 
that of BB-5 (Blander and Fuchs, 1975), but the 

temperature and pressure ( lo2 atm.) needed to con- 
dense such materials at equilibrium are far higher 
than the temperatures and pressures thought to have 

existed in the primitive solar nebula (Cameron and 
Pine, 1973). A possibility worth considering, how- 
ever, is that, under conditions normally considered 
for the nebula, BB-5 might have condensed as a 

metastable liquid, subcooled relative to its liquidus, 

as suggested by Blander and Katz (1967) as a general 
mechanism for production of all meteoritic chon- 
drules. The problem with this model is that nuclea- 
tion occurs very quickly in Si02-free oxide melts at 
temperatures below their liquidi. Evidence for this 

may be seen in experiments by Keil et al. (1973) in 
which a laser beam was used to melt droplets from 
the end of a spinning A1203 rod. This technique was 
successful in subcooling the free-falling droplets so 
produced by about 450°K; yet, despite very high 
cooling rates, 800”K-set-‘, these melts were only able 
to persist metastably for ~0.6 set and could not be 

quenched to glass. Apparently, diffusion and for- 
mation of critical nuclei are so rapid in such melts 
that crystallization begins within one second after 

cooling below the liquidus. Because solar nebular 
cooling rates are believed to be many orders of mag- 
nitude lower than those of these experiments, such 
a droplet, if it could have formed in the nebula, would 
have subcooled much less than 450°K. Therefore, 

because the liquidus temperature of BB-5 is 2220°K. 
a liquid of that composition could not have persisted 

in the nebula, even metastably, below at least 1770°K 
without crystallizing, according to these experiments. 
Blander and Fuchs (1975) estimated that a liquid 
having a very similar bulk composition to that of BB- 

5 would condense metastably a few tens of degrees 
below the equilibrium condensation temperature of 
solid hibonite. Taking 1742”K, the condensation 
temperature of corundum at IO-’ atm. pressure 
(Lattimer and Grossman, 1978), as an upper limit 
to the condensation temperature of hibonite, we con- 
clude that Blander and Fuchs’ assertion requires per- 
sistence of such a melt to 1720’K at most, at least 
50” lower than seems possible from the above con- 
sideration of the maximum subcooling to be expected 
for such compositions. Further evidence that BB-5 
did not condense as a metastable liquid comes from 
textures. In experiments like those of Keil et al. 
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( 1973), Nelson et al. ( 1972) showed that A1203 drop- 

lets solidify with spherulitic textures as a result of 

being subcooled by amounts comparable to those in 
the work of Keil et al. (1973). We have seen that at 
least this degree of subcooling would have been re- 
quired for BB-5 to condense as a metastable liquid 
instead of corundum and hibonite, but no textures 

even remotely resembling those of Nelson et al. 

(1972) are present in BB-5. We conclude from both 
theoretical and textural arguments that formation of 

BB-5 as a metastable liquid condensate is highly im- 
probable. 

In a model for the origin of chondrites, Cameron 

(1979) suggested that a large number of giant gas- 
eous protoplanets developed in the solar nebula. The 

interiors of such objects were so hot that clumps of 
solids sinking inwards would have either melted to 
form droplets or would have vaporized. After escap- 
ing from the protoplanet, the products of quenching 
of the droplets and condensation of the gas would 

have accumulated to form asteroids. The mechanism 
for escape of condensed materials from the gravity 
field of a protoplanet is entrainment during tidal 

stripping of the gaseous envelope from the liquid 
core. Although temperatures predicted for such pro- 
toplanetary interiors are certainly high enough to 
melt solids having the composition of BB-5, there are 
still important unsolved problems with this class of 

model. First, difficulties are encountered in releasing 
both chondrules and materials which condensed di- 
rectly as solids from the same protoplanet, even 

though both types of objects are found in each car- 
bonaceous chondrite. Second, since the relative abun- 

dances of the non-volatile elements in the chondrites 
are the same as those in the sun, it is highly unlikely 
that the materials which accumulated to form them 
were made in these processes which have such great 

potential for fractionating the elements from one 
another and for keeping them separated. For these 

reasons, we consider this to be a very improbable 
model for the origin of chondritic material in general 
and BB-5 in particular. 

Hypervelocity collisions between grains in the neb- 
ula (Kieffer, 1975) and impacts between projectiles 
and asteroidal targets (Kieffer and Simonds, 1980) 
may have occurred occasionally with velocities high 
enough to achieve temperatures sufficient to melt 
materials of this composition. Production of such 
materials as liquid volatilization residues or liquid 

condensates from vapor made in impact events, how- 
ever, is considered unlikely because no objects of this 
composition have ever been observed in lunar samples 
and impact velocities are usually higher on the moon 
than on the asteroids. 

Thus, if BB-5 formed from a melt, the only model 
compatible with the required high temperatures 
seems to be collisions between grains of high-tem- 
perature condensates or impact on parent bodies 
made of refractory condensates. The uniform en- 
richment in 26Mg, independent of 27A1/24Mg ratio, 

in BB-5 is compatible with such a model, providing 

that almost all of the 26A1 decayed prior to the melt- 

ing event. The only previous case of uniform enrich- 

ment, Allende inclusion B-30, was also attributed to 

closed-system re-equilibration via melting (Lee et al., 

1976). In the case of BB-5, if the precursor began 
with normal Mg and melting was isochemical, BB- 

5’s bulk 27A1/24Mg ratio, 184, and dN26Mg, 7%0, imply 
that the precursor had an initial 26A1/27A1 ratio of 

5.4 X 10m6. If the solar system was homogeneous in 

Al isotopic composition, then the small, but clearly 
resolved, 26Mg excess in BB-5 places the time of ini- 

tial formation of the precursor -2.2 million years 
after the formation of Allende Type B inclusions 
whose initial 26A1/27A1 ratios were 5 X 10m5 (Lee et 

al., 1976). The maximum slope of an isochron al- 
lowed by the data for BB-5 hibonite and corundum 
corresponds to (26A1/27A1)0 < 2 X 1O-8. In order for 
the precursor’s 26A1/27Al ratio to evolve to this level 

from its initial value of 5.4 X 10e6, 6.1 million years 
had to elapse between formation of the precursor and 
the melting event which produced BB-5. Although 

it seems unlikely that primitive condensate grains 
would still be colliding with one another so long after 

condensation was over, this time-scale is consistent 
with a model in which BB-5 crystallized from a melt 

produced after repeated impact on a parent body of 
refractory composition. Alternatively, if the nebula 
was spatially heterogeneous in its 26A1/27A1 ratio 
(Lee, 1979; Hutcheon, 198 l), the precursor could 
have formed from a reservoir which had an initial 
26A1/27A1 ratio of 5.4 X 10e6. In this case, there is 

no necessary age difference between the precursor 
and Allende inclusions, but an origin by melting of 
condensate grains in the nebula is still improbable 
because of the 6.1 million year elapsed time between 
precursor formation and melting. 

Solid Condensate Origin 

The most recent equilibrium calculations of the 

sequence of condensation of minerals from a cooling 

gas of solar composition (Lattimer and Grossman, 
1978) predict that, at 10e3 atm. total pressure, co- 

rundum condenses first at 1743°K followed by pe- 
rovskite at 1677°K. Corundum begins to react with 

gaseous Ca, Mg and Si to form melilite (Ca2A12Si07- 
Ca2MgSi207) at 1625°K and the corundum remain- 

ing after all the Ca is condensed reacts with gaseous 
Mg to form spine1 (MgAl,O,) at 1533°K. Finally, 
melilite is predicted to react completely with the gas 
to form diopside, CaMgSi206, at 1438°K. Type A 
inclusions (Grossman, 1975) in C3’s like Allende 
have a primary phase assemblage consisting almost 
entirely of hibonite, perovskite, melilite and spinel. 
Of the large number of such inclusions so far studied, 
none contain corundum. Nevertheless, based on the 
presence of the other predicted condensates (Larimer 
and Anders, 1970; Marvin et al., 1970; Grossman, 
1972) and chemical compositions of these inclusions 
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(Grossman, 1980) most workers believe that Type 

A inclusions are aggregates of phases that condensed 
from the hot gas of the solar nebula. Two explana- 

tions have been advanced for the presence of hibonite 
in and absence of corundum from these inclusions. 
First, hibonite could have condensed before corun- 

dum (Grossman, 1972; Blander and Fuchs, 1975). 
Second, corundum could have condensed first and 
later reacted with the gas at a lower temperature to 
form hibonite (Blander and Fuchs, 1975). Although 
the latter authors attempted to estimate the free en- 

ergy of formation of hibonite, lack of precise ther- 
modynamic data for this phase prevents confirmation 
of either suspicion. 

If we assume that BB-5 condensed directly as a 
solid from the solar nebula and that it did so at 

equilibrium, important constraints can be placed on 
the condensation process. First, from the textures, 
corundum must have reacted with the gas to form 
hibonite, one of the suggestions of Blander and Fuchs 
( 1975). Thus, the fact that hibonite is a condensate 
does not invalidate the prediction of Grossman 

(1972) that corundum is the highest-temperature 
phase into which a large fraction of any major ele- 

ment condensed. Lattimer and Grossman (1978) ig- 
nored hibonite as a possible condensate phase be- 
cause of the lack of good thermodynamic data for 

it. Their condensation sequences show, however, that 
corundum consumes virtually all of the gaseous alu- 
minum before reacting to form melilite. We conclude 
from BB-5 that hibonite becomes more stable than 

corundum before melilite forms and we can therefore 
assume that aluminum was completely condensed 
prior to the appearance of melilite in this instance 
as well. Although the amount of calcium in a gas of 
solar composition is nine times more than that re- 

quired to store all of the aluminum in hibonite, it is 
impossible without thermodynamic data for that 
phase to tell if the reaction that converts corundum 
into hibonite was complete prior to formation of 

lower-temperature aluminous phases. Since corun- 
dum is still the first condensate and hibonite and 
perovskite are the only other phases present in BB- 

5, the assumption that this inclusion is an equilibrium 
condensate leads to the conclusion that all three 
phases condensed at higher temperatures than any 
other aluminous phases. Presumably, BB-5 stopped 
reacting with the nebular gas before it cooled to the 
point where lower-temperature condensates such as 
melilite, spine1 and diopside could form. BB-5 is thus 
the most refractory major phase assemblage known. 

It has been assumed throughout this section that 
BB-5 condensed from a gas of solar composition. 
One interpretation of the rarity of corundum-bearing 
inclusions, however, is that they condensed from a 
special reservoir of non-solar composition which was 
sampled only occasionally by carbonaceous chondrite 
parent bodies. According to this interpretation, the 
most abundant inclusion types condensed from a gas 
of solar composition in which hibonite, rather than 

corundum, may be the first condensate. The above 

discussion of the bearing of the existence of BB-5 on 

the general problem of condensation from a gas of 

solar composition should thus be considered with this 

caveat in mind. 
If BB-5 is interpreted as a direct vapor-solid con- 

densate which did not melt since it formed, a uniform 
enrichment in 26Mg in hibonite and corundum, span- 

ning a range in 2’Al/24Mg of 130 to 27,400, is con- 

sistent with only two types of models. In the first, 
BB-5 initially contained abundant 26Al but lost most 
of its radiogenic 26Mg through exchange with a res- 

ervoir of normal Mg isotopic composition, presum- 
ably the nebular gas. For example, if BB-5 condensed 
from a reservoir having an 26Al/27Al ratio of 5 

X 10e5, the corundum would contain -26 ppm of 
radiogenic 26Mg. Since the corundum now contains 

~40 ppm total Mg, the loss of 99.9% of the radiogenic 
26Mg would be required to produce the observed Mg 
isotopic composition. Because there is so little total 
Mg in the corundum, simple addition of normal Mg 
to it cannot produce the observed Mg isotopic com- 

position without exceeding the observed Mg content 
by a very large amount, unless the corundum origi- 
nally condensed with 26Al/27Al 5 8 X lo-‘. This class 

of models is considered unlikely since there is no 
textural evidence such as the presence of secondary 
phases or recrystallization of original phases that 

would be expected in any such two-stage model. 
In the second class of models, BB-5 condenses from 

a reservoir containing 7%0 excess 26Mg but very little 
“jA1. “Normal” Mg from this reservoir has 26Mg/ 
24Mg = 0.14036. An Al-Mg isochron connecting this 

intercept with the BB-5 data has a maximum slope 
corresponding to (26Al/27Al)0 - 1.5 X lo-‘. This ra- 

tio is the upper limit to the 26Al content of the res- 
ervoir when BB-5 condensed. The reservoir could 
have been enriched in 26Mg due to prior decay of 
26Al or due to nebular heterogeneity in the 26Mg/ 
24Mg ratio. If prior decay of 26Al was responsible, a 

whole family of models can be constructed for the 
production of a reservoir with suitable isotopic char- 

acteristics, but none of these possibilities seems very 
likely. If, for example, the reservoir began with a 
normal Mg isotopic composition and a chondritic 
27A1/24Mg ratio, an initial 26Al/27Al ratio of at least 
lo-* would be required to produce a 7%0 excess of 
26Mg. Such a high 26Al/27Al ratio is substantially 
greater than standard astrophysical calculations of 
the production ratio (Arnett and Wefel, 1978) which 
generally yield 26Al/27Al - l-2 X 10e3. Further- 
more, the 10%0 upper limit on the 26Mg excess in 
corundum, corresponding to 26Al/27Al < 1.5 X 10e8, 
requires that BB-5 would have had to condense at 
least 14 million years after the formation of such a 
reservoir. If the 2’Al/24Mg ratio is allowed to exceed 
the chondritic value, both the initial 26Al/27AI ratio 
of the reservoir and the time required for decay of 
this ratio to a value of 1.5 X lo-* can be reduced. 
Taking a liberal upper limit for the 27Al/24Mg ratio 
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of one thousand times the chondritic value gives an 
initial 26A1/27A1 ratio of - 1 X 10S5, but only reduces 

the decay time to 6.7 million years. This time scale 

would require condensation of BB-5 several million 
years after the formation of typical Allende inclu- 

sions and it is difficult to imagine how high-temper- 
ature condensation events could have occurred over 
such a protracted period. 

The extreme difficulty in producing a reservoir 
enriched in 26Mg due to decay of 26Al suggests that 

the 26Mg excess of the reservoir reflects spatial non- 
uniformity in the distribution of 26Mg. This non-ra- 

diogenic 26Mg excess requires that the Mg isotopic 
composition of the nebula was spatially heteroge- 

neous due to incomplete mixing of different nucleo- 
synthetic components with different 26Mg/24Mg ra- 

tios. Magnesium thus joins the list of stable nuclides 
which were heterogeneously distributed in the neb- 

ula. In this model, BB-5 is the first sample containing 
excess 26Mg not produced by decay of 26Al. Deple- 

tions in 26Mg observed in several Allende Type B 
inclusions (Wasserburg et al., 1977; Esat et al., 1980) 
may be further evidence of Mg isotopic heteroge- 
neity. If BB-5 is a direct gas-solid condensate, the 
non-radiogenic 26Mg excess requires a reservoir con- 

taining a previously unobserved nucleosynthetic com- 
ponent. The chemical composition of this reservoir 
is unknown, but quite possibly was different from 

solar composition. If so, this difference would lend 
support to the possibility mentioned above that con- 

densation of corundum did not occur in a gas of solar 
composition, but rather in a reservoir of exceptional 
composition. 

implications of BB-5 for the Condensation 
Sequence 

Hibonite is a common constituent of three kinds 
of refractory inclusions in carbonaceous chondrites. 
In Murchison and other C2 chondrites, the so-called 

blue spherules (MacPherson et al., 1980) and spinel- 
hibonite inclusions (Macdougall, 1979) are com- 
posed almost entirely of hibonite, spine1 and perov- 
skite. Melihte is either completely absent (Fuchs et 
al., 1973) or is present only as a very minor phase. 
The other kind is the Type A inclusions which contain 
abundant melilite and spine1 and minor hibonite and 
perovskite and which are found both in C2 and C3 
chondrites. The earlier assumption that BB-5 is an 
equilibrium solid condensate from a gas of solar com- 
position led to the conclusion that hibonite and pe- 

rovskite are higher-temperature condensates than the 
other constituents of these three kinds of inclusions. 
Because of the great abundance of hibonite compared 
to lower-temperature condensates in the blue spher- 
ules and h~bonite-spine1 inclusions and the relatively 
low abundance of hibonite compared to those phases 
in the Type A inclusions, the blue spherules and spi- 
nel-hibonite inclusions must be higher-temperature 
condensates than the Type A inclusions. 

As mentioned earlier, if BB-5 is an equilibrium 

solid condensate from a gas of solar composition, it 

is the highest temperature major phase assemblage 

observed so far. If the above deductions are correct, 

the next most refractory types would be the blue 
spherules and spinel-hibonite inclusions. According 
to this interpretation, corundum is absent from these 

inclusions because they equilibrated with the gas at 
a temperature below that at which corundum was 

completely converted to hibonite. Next would come 
the Type A inclusions, composed of abundant melilite 

and spine1 and minor hibonite and perovskite. These 

inclusions equilibrated with the gas at a low enough 
temperature that not only had corundum reacted 

away to form hibonite, but also the hibonite had al- 

most completely reacted to form spine1 and melilite. 
Finally, the Ca-, Al-rich inclusions with the lowest 

equilibration temperatures would be the Allende 

Type B inclusions. These are composed of fassaite, 
spinei, melilite and anorthite. Although many of 

these may have been melted after condensation 
(MacPherson and Grossman, 198 I), their bulk 

chemical compositions (Beckett et al., 1980) indicate 
that their precursors probably contained a large 
amount of diopside, a phase that is predicted to form 
when melilite reacts totally with the solar nebular 
gas. Thus, if this sequence is correct, most of the 
refractory inclusions in Murchison have higher equil- 

ibration temperatures than those in Allende. This 
suggestion was first made by Grossman et al. (1977), 
based on the fact that inclusions in Allende contain 
much melilite and little hibonite (Grossman, 1975) 
while the reverse is true in Murchison (Fuchs et al., 
1973). Further evidence of higher condensation tem- 
peratures comes from trace element data (Boynton 

et al., 1980; Tanaka et al., 1980). Despite the range 
of condensation temperatures represented by these 
different inclusion types, they can still be described 
as refractory because they all equilibrated above the 
temperature at which the bulk of the condensable 
matter of the solar system began to condense in the 
form of magnesium silicates and metallic iron. 

The sequence of equilibration tem~ratures in- 
ferred for the different types of refractory inclusions 
suffers from one major problem. The inference that 
blue spherules and spinel-hibonite inclusions have 
higher equilibration temperatures than Type A in- 
clusions implies that spine1 condensed before melilite, 
as the former inclusion types contain abundant spine1 
and little or no melilite, while the latter contain abun- 
dant spine1 and melilite. This is inconsistent with the 
calculated condensation sequence, according to which 
the gas reacts with corundum to form melilite first 
and with the remaining corundum to form spine1 
later. Thus, if the sequence of reaction remains un- 
changed when hibonite reacts instead of corundum, 
it should be possible to produce inclusions composed 
of hibonite, perovskite and melilite, with no spinel, 
by isolation of condensates from the gas above a cer- 
tain temperature, but impossible to produce the as- 
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semblage hibonite, spinel, perovskite, with no mel- 

ilite, in this way. Since the latter assemblage is the 

one observed in the blue spherules and spinel-hibonite 
inclusions, the inference that these condensed before 
the Type A’s leads to the conclusion that spine1 con- 
densed before melilite. There is also evidence from 
the Type A inclusions themselves that spine1 con- 
densed before melilite. Grossman ( 1980) concluded 

that the fluffy Type A’s condensed directly as solids 
from the solar nebular gas. In these inclusions, spine1 
is poikilitically enclosed by melilite, indicating that 

the sequence of crystallization is spine1 first, then 
melilite. One possible explanation for these obser- 
vations is that the sequence of formation of melilite 

and spine1 may be inverted when hibonite, rather 
than corundum, reacts with the gas. In order to pur- 
sue this, we have performed some calculations using 
data from the computer programs employed by Lat- 
timer and Grossman (1978). These show conclu- 
sively, even without thermodynamic data for hibon- 
ite, that, if a phase with the characteristics of 
hibonite, namely high aluminum content, relatively 

low calcium content and greater stability than co- 
rundum, reacts with the gas instead of corundum, 

melilite will still form before spinel. As yet, there is 
no good explanation for this lack of consistency with 
the calculated condensation sequence. It is possible 
that kinetic factors or maybe even errors in ther- 
modynamic data could be responsible. 

There is an apparent contradiction between our 
contention that corundum is to be expected as an 
equilibrium condensate from a gas of solar compo- 
sition and its complete absence from almost every 
high-temperature condensate inclusion which has 

been described. The explanation that would follow 
from the above discussion is that corundum is the 
tirst condensate of any of the major elements, but, 
for some unknown reason, equilibration of conden- 

sates with the gas was arrested in almost every case 
at temperatures below that at which corundum had 
reacted to form lower temperature minerals. Clayton 
(1979) argued that even the temperatures implied 

by these lower temperature assemblages are higher 
than was possible in the solar nebula and suggested 
that refractory inclusions condensed instead from hot 
supernova ejecta. Although this idea is far from 
widely accepted by cosmochemists, the problem of 
achieving high nebular temperatures is obviously ex- 
acerbated by BB-5 and it would take detailed isotopic 
studies of many elements in it to rule out such an 
origin for it conclusively. 

CONCLUSlON 

The inclusion BB-5 is composed of corundum, hi- 
bonite and perovskite. Ion microprobe data show that 
corundum and hibonite probably have the same Mg 
isotopic composition, 6N26Mg = 7%0, despite an enor- 
mous difference in their 27A1/24Mg ratios. Because 
of the extreme temperature required to melt an object 

with such a highly aluminous bulk chemical com- 

position, a liquid origin is unlikely for BB-5, except 

possibly by hypervelocity collisions between nebular 

high-temperature condensate grains or impacts on 
parent bodies made from such refractory materials. 
Consideration of the time-scale implied by the iso- 
topic data seems to rule out the former. If, instead, 
BB-5 is a direct gas-solid condensate from a gas of 

solar composition, it would be the highest-tempera- 
ture major phase assemblage known. In this model, 
the uniform enrichment in 26Mg must be a charac- 

teristic of the reservoir from which BB-5 condensed, 
as petrographic and isotopic data suggest that it is 
unlikely that a later process occurred in which the 
inclusion’s Mg isotopic composition was modified by 

exchange or addition. Because severe difficulties are 
encountered in making such a reservoir by prior de- 
cay of 26Al, nebular heterogeneity in Mg isotopic 
composition is a preferred explanation. 
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