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Abstract—We have studied both of the known glass-free, hibonite-pyroxene spherules: MYSM3, from Mur-
ray (CM2), and Y17-6, from Yamato 791717 (CO3). They consist of hibonite plates (~2 wt% TiO%") en-
closed in Al-rich pyroxene that has such high amounts of CaTs (CaAl,SiO¢) component, up to ~80 mol%,
that it must have crystallized metastably. Within the pyroxene, abundances of MgO and SiO, are strongly
correlated with each other and are anticorrelated with those of Al,O;, reflecting an anticorrelation between
the diopside and CaTs components of the pyroxene. In contrast with previous results for Type B fassaite,
however, we do not observe an anticorrelation between MgO and TiOX" , possibly reflecting different rela-
tive distribution coefficients for Ti3* and Ti4* in the aluminous pyroxene of the spherules from those found
for fassaite in Type B inclusions. Previously described hibonite-silicate spherules have 26Mg deficits but the
present samples do not. Furthermore, the pyroxene in Y17-6 has excess 26Mg, while the hibonite it encloses
does not, indicating that the two phases either had different initial 26A1/27Al ratios or different initial
26Mg/24Mg ratios. The Ti isotopic compositions of the present samples are highly unusual: 650Ti = 103.4 +
5.2%o in MYSM3 and —61.4 * 4.1%o in Y17-6, which are among the largest 50Ti anomalies reported for any
refractory inclusion. The textures suggest that hibonite crystallized first; but based on the calculated bulk
compositions of both spherules, it is not the liquidus phase in either sample, which suggests that the hibonite
in both samples is relict. The presence of ragged hibonite grains in MYSM3 and rounded hibonite grains in
Y17-6 and a lack of isotopic equilibrium between pyroxene and hibonite support this conclusion. The
spherules crystallized from liquid droplets that probably formed as a result of the melting of solid precursor
grains that included hibonite. The heating events were too short and/or not hot enough to melt all the hibon-
ite. The droplets cooled quickly enough that CaTs-rich pyroxene crystallized instead of anorthite. Based on
the observed differences in isotopic composition, it is unlikely that the precursors of the present samples
formed in the same reservoir as each other or as the previously described hibonite-silicate spherules, provid-

ing further evidence of the isotopic heterogeneity of the early solar nebula.

INTRODUCTION

Hibonite is one of the most refractory minerals found in mete-
orites. It is second only to corundum in the sequence of phases
predicted to condense at equilibrium from a gas of solar composi-
tion at total pressures <1 x 102 atm (Yoneda and Grossman, 1995).
Hibonite takes up rare earth elements and is commonly a carrier of
isotopic anomalies. These features make hibonite a potentially
powerful recorder of physico-chemical conditions and processes in
the very early stages of the solar system and, therefore, all types of
hibonite-bearing refractory inclusions are important.

Probably the most common hibonite-bearing inclusions are the
silica-poor, spinel-hibonite spherules found in CM2 chondrites (e.g.,
Macdougall, 1981; MacPherson et al., 1983; Simon et al., 1994).
Much less common are spherules in which hibonite laths are en-
closed in a silicate. Hibonite-glass spherules have been found in the
CH chondrite ALH 85085 (Grossman et al., 1988; MacPherson et
al., 1989), the CO3 chondrite Lancé (Kurat, 1975; Ireland et al.,
1991), and the Murchison CM2 chondrite (Ireland et al., 1991).
Spherules with hibonite laths enclosed in a pyroxene-glass inter-
growth have been reported from the CO3 chondrites Colony and
ALH 82101 (Russell et al., 1998). In addition to their mineralogy,
most hibonite-glass spherules are unusual in that they tend to have
26Mg deficits relative to terrestrial values. These deficits are not
well understood. Ireland et al. (1991) favor very early formation;
while Russell et al. (1998) also favor either very early formation,
prior to 26Al addition to the solar nebula, or isotopic heterogeneity
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in the early solar nebula as possible explanations of the 26Mg defi-
cits. The hibonite-glass spherules in ALH 85085 also have small
deficits in 26Mg that are not correlated with Al/Mg (MacPherson et
al., 1989; A. M. Davis, unpublished data).

Through freeze-thaw disaggregation of the Murray (CM2) car-
bonaceous chondrite, we have found a sample of one of these rare
types of hibonite-bearing inclusions: a hibonite-pyroxene spherule.
Only one other hibonite-pyroxene spherule is known, in a thin sec-
tion of Yamato 791717, a CO3 chondrite (Tomeoka et al., 1992).
We have studied both of these spherules and report here the first
petrologic, trace element and isotopic data for this type of inclusion.
We use these results to determine whether they contain relict hibon-
ite and to determine whether these spherules are related to the hi-
bonite-glass spherules. Some preliminary findings of this study
were reported by Simon et al. (1993, 1997a).

ANALYTICAL METHODS

The Murray spherule, MYSM3, was recovered by handpicking
from the high-density (p > 3.5) separate obtained from the products
of freeze-thaw disaggregation of a bulk sample following the meth-
od of MacPherson et al. (1980). Polished thin sections of both
(Murray and Yamato) spherules were examined with a JEOL JSM-
5800LV scanning electron microscope equipped with an Oxford/
Link ISIS-300 energy-dispersive x-ray microanalysis system.
Quantitative wavelength-dispersive mineral analyses were obtained
with a Cameca SX-50 electron microprobe operated at 15 kV with a
beam current of 40 nA. Data were reduced via the modified ZAF
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correction procedure PAP (Pouchou and Pichoir, 1984). Using an
LIF crystal, the interference from the TiKg peak at the wavelength
of VK, is small. Analyses of our V-free, pure TiO, standard typi-
cally give ~0.2 wt% V,Oj; so in the present samples, with <5 wt%
TiO,, the effect of Ti interference on V is negligible.

Trace element and Mg isotopic analyses were obtained using the
University of Chicago AEI IM-20 ion microprobe. The analytical
techniques used are similar to those described in Simon et al. (1991)
and MacPherson and Davis (1993, 1994).

The 50Ti anomalies in the spherules are so large that they could
be determined from the trace element scans. The data were cor-
rected for isobaric interferences from Mg,*, SiO*, Ca*, V*+ and
Crt and normalized to 48Ti. No significant corrections had to be
made to mass 47; corrections to mass 48 were 20—67%o for 48Cat
and <1%. for Mg,*; corrections to mass 49 were 0—2%o for Mg, *;
and corrections to mass 50 were 1-4%o for 50V +, 6-10%o for 50Cr*
and 0-2%o for Mg,*. Analyses of a number of isotopically normal
samples gave A47Ti, A*Ti and A50Ti values within 20 of normal.
This observation, coupled with the near normal A4’Ti and A%Ti
values in the hibonite-pyroxene spherules, gives us confidence that
all of the corrections for isobaric interferences were done properly
and that there was no instrumental mass fractionation within the
precision of £~7%o/amu under the energy filtering conditions used
for trace element analysis. These results (for 59Ti) were reported by
Simon et al. (1997a). Because this method is unorthodox, yielded
fairly large uncertainties due to poor counting statistics, and because
Ca isotopes could not be measured with the Chicago ion probe,
isotopic compositions of Ca and Ti were determined with the modi-
fied Cameca IMS-3f ion microprobe at Washington University. The
same analysis technique as that described by Zinner et al. (1986)
and Ireland (1990) was used. The data are normalized to terrestrial
40Ca/44Ca and 46Ti/48Ti ratios assuming an exponential mass frac-
tionation law. Corrections for interferences from 48Ti, 46Ca, 50V
and 30Cr were made during the measurement runs. Interferences
from Sr*+ to the 43Ca and #4Ca signals and contribution of the tail
of 48Ca to the 48Ti signal were negligible.

RESULTS
Petrography

Prior to sectioning, MYSM3 appeared to be a pale blue, dia-
mond-shaped object. In thin section, it is seen to be a spherule in
transmitted light, 70 um across, containing two colorless, anhedral
pyroxene grains with nearly uniform extinction. Both grains are 70
x 35 um in size. They enclose smaller, subhedral grains of hibonite,
also colorless. In a backscattered electron (BSE) image, Fig. 1a, the
hibonite plates, seen edge-on, are ~10 um thick and ~20 um long.
Two grains occur near the edge of the spherule and the others are in
the interior. Most have irregular, jagged ends. Two examples are in-
dicated by arrows. These grains are reminiscent of broken crystals
that might be found in a breccia. On the other hand, pyrox-
ene/pyroxene contacts are straight and smooth. The outermost mar-
gins of the pyroxene grains at the edge of the spherule are smooth
and rounded except where they are in contact with a porous, 1-10
um thick layer of forsterite. The pyroxene/forsterite contacts are
either straight or serrated. The forsterite encloses a NiFe grain that
is ~1 um across.

The Yamato spherule, Y17-6 of Tomeoka et al. (1992), is pres-
ent in a polished thin section of the host meteorite, Yamato 791717.
The spherule (Fig. 1b) is 120 um across and contains two colorless,
anhedral pyroxene grains with uniform extinction. One grain is
semicircular, 100 x 70 gm, and composes about half of the spherule.
The other is tabular and smaller (60 x 20 gm). Each partially to

Simon et al.

Murray spherule MYSM3. Arrows point to jagged edges of hibonite crys-
tals. (b) Yamato spherule Y17-6, from meteorite Yamato 791717. Pyx =
pyroxene. Hib = hibonite. Fo = forsterite. Neph = nepheline.

completely encloses several colorless hibonite grains, which are
euhedral to rounded plates, ~20 um across. Some are seen edge-on
and are 5-10 um thick and up to 40 um long. Most of the hibonite
is at or near the edge of the spherule, with only two grains in the
interior. Nepheline, a secondary alteration product, occurs in a
crack and in a single, large, continuous area that completes the
spherical outline of the inclusion. A hibonite plate crosses the
nepheline-filled vein but was not altered, which suggests that only
pyroxene, and not hibonite, was converted to nepheline.

Mineral Chemistry

Pyroxene-The pyroxene in the spherules is predominantly a
solid solution of diopside (Di; CaMgSi;O¢) and Ca-Tschermak’s
molecule (CaTs; CaAl,SiOg), with a minor Ti-pyroxene (Tpx; Ca-
TiAl,Og) component. Although some Ti probably occurs as Ti+,
we report all Ti as Ti4+ (or as Ti0t2°t) because the Ti contents of
both pyroxene and hibonite are too low for accurate calculation of
Ti3+/Ti** ratios.

The x-ray maps of the distribution of Mg, Al, Si and Ti in the
spherules are shown in Fig. 2. The maps of MYSM3 (Figs. 2a—d)
show that Mg and Si are strongly correlated with each other and
are anticorrelated with Al. These relationships are also observed
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FI1G. 2. Energy-dispersive x-ray maps of the spherules. Note strong zoning in MYSM3, in contrast with Y17-6. Forsterite and diopside-rich pyroxene are
not visible in the Al and Ti maps. (a) Mg in MYSM3. Line AB is the location of the electron probe traverse discussed in the text and is shown in a—d as a
reference point. (b) Al in MYSM3. (c) Si in MYSM3. (d) Ti in MYSM3. (e) Mg in Y17-6. Line AB is the location of the electron probe traverse dis-
cussed in the text. (f) Alin Y17-6. (g) Siin Y17-6. (h) Tiin Y17-6. Arrows indicate features discussed in the text.
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in fassaite from Allende Type B refractory inclusions (Simon ef al.,
1991). Abundances of TiOY" in the pyroxene are fairly uniform,
except in several places near the edge of the spherule where the
pyroxene is very Di (Mg, Si)-rich and Ti-poor. These regions are dark
in Fig. 2d. Fassaite that is relatively SiO,-rich and TiOE"t -poor is
typically texturally late in Type B inclusions (Simon et al., 1991).
Therefore, it is somewhat curious that, in MYSM3, the most SiO,-
rich, TiO¥" -poor pyroxene found in the sample occurs at the edge
where the earliest pyroxene might be expected to form, if the spherule
formed by crystallization of a molten droplet from the outside in.

Analyses of typical, Al-rich, and Si-rich pyroxene from MYSM3
are given in columns 1-3, respectively, of Table 1. Overall in the
inclusion, pyroxene compositions range from SiO,-poor (~30 wt%
Si0,) and very aluminous (~40 wt% Al,0O3) to aluminous diopside
with ~9 wt% Al,03 and ~50 wt% SiO,. Abundances of TiO¥' in
MYSM3 pyroxene range from below the detection limit of the elec-
tron probe (0.036 wt%) to ~4 wt%. An electron probe traverse across
an optically continuous, strongly zoned region of MYSM3 (A-B in
Fig. 2a) exhibits nearly the entire range of pyroxene compositions
observed in the sample. The traverse, summarized in Fig. 3, begins
in Si-, Mg-rich, Al-, Ti-poor pyroxene. The strong correlation of
MgO with SiO, and the anticorrelation between these oxides and
Al,O3 and TiOX" are clear from Fig. 3.

The x-ray maps of spherule Y17-6 (Figs. 2e-h) show that it has,
in contrast to MYSM3, mostly small variations in, and no large-
scale zoning with respect to, MgO, Al,03, and SiO, abundances in
pyroxene. The Ti x-ray map (Fig. 2h) shows that some of the py-

TABLE 1. Electron microprobe analyses of pyroxene.

) @ &) @ ®) ®
MgO 7.02 272 1438 6.07 3.16 9.04

Al, O3 27.20 39.38 9.41 29.16 37.67 21.08
SiO, 37.09 30.56 49.10 34.75 31.30 40.47
Ca0 25.93 25.75 26.15 25.45 25.64 26.10
Cr,0. 0.06 0.04 0.04 0.09 0.05 0.04

TiOF* 240 1.14 0.04 3.63 1.41 2.26

V,04 0.25 BLD 0.07 0.38 BLD 0.24
FeO BLD BLD 0.10 - 0.56 0.25 0.13
Total 99.95 99.59 99.29  100.09 99.48 99.36
Cations per six oxygen anions

Si 1.352 1.117 1.790 1.272 1.147 1.485
VAl 0.648 0.883 0.210 0.728 0.853 0.515
VIAL 0.521 0.814 0.195 0.531 0.773 0.397
Mg 0.381 0.148 0.781 0.331 0.173 0.495
Ca 1.013 1.008 1.022 0.998 1.006 1.026
Cr 0.002 0.001 0.001 0.003 0.002 0.001
Ti 0.066 0.031 0.001 0.100 0.039 0.062
v 0.007 0.0 0.002 0.011 0.0 0.007
Fe 0.0 0.0 0.003 0.017 0.008 0.004
Total 3.990 4.002 4.005 3.991 4.001 3.992
Di 39.4 14.9 79.9 344 17.6 51.9
CaTs 53.8 82.0 20.0 55.2 78.5 41.6
Tpx 6.8 31 0.1 10.4 39 6.5

References: (1) MYSM3, representative analysis. (2) MYSM3, Al-rich pyx.
(3) MYSM3, Si-, Mg-rich pyx. (4) Y17-6, representative analysis. (5) Y17-
6, Al-rich pyx. (6) Y17-6, Si-, Mg-rich pyx.

BLD = below limit of detection of electron microprobe of 0.024 wt% for
V,0; or 0.031 wt% for FeO. All of these analyses have Sc,0; contents
below the detection limit of 0.032 wt%.

roxene that is adjacent to hibonite is enriched in TiO¥" relative to

that elsewhere in the inclusion. One such location is indicated by
the arrow at the bottom of Fig. 2h. Note that, in Y17-6, the hibonite
has lower TiO%" contents than the host pyroxenes; whereas, in
MYSM3, the hibonite and the pyroxene adjacent to it have similar
TiO%" contents, and the two phases are indistinguishable in the Ti
x-ray map of the sample (Fig. 2d). The Ti-poor pyroxene in MYSM3

is very dark in Fig. 2d.
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FIG. 3. Results of an electron probe traverse across strongly zoned pyroxene
in MYSM3. Location is indicated in Fig. 2a. The Di (MgO, SiO,) compo-
nent is strongly anticorrelated with Al,0; and TiO¥" .
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The Ti map of Y17-6 also shows one small area of pyroxene,
indicated by the arrow at the upper left edge of the spherule in Fig. 2h,
that has less Ti than the pyroxene elsewhere in the spherule. It is
also low in SiO, and MgO and is enriched in Al,O; relative to the
rest of the pyroxene. The path of an electron probe traverse that
starts in this zone and continues across the inclusion is indicated in
Fig. 2e. The results (Fig. 4) show some very unusual features. Over
the first 15 um of the traverse, Al,05 decreases sharply and MgO,
Si0,, and TiOX" increase. In typical fassaite, TiO%" is anticorre-
lated with MgO and SiO, (Simon et al., 1991), as is the case in the
next 25 um of this traverse and in the MYSM3 traverse. The behav-
ior changes again, however, as the three oxides covary over the
remainder of the traverse, all generally decreasing while Al,O3 in-
creases. The places where TiOY! is correlated with MgO (and
SiO,) are relatively Al-rich areas. In two other traverses across
Y17-6, TiO%" is uncorrelated or anticorrelated with MgO and SiO,.

Analyses of typical, Al-rich, and Si-rich pyroxene from Y17-6
are given in columns 4-6, respectively, of Table 1. Contents of
Si0,, Al,03 and MgO in pyroxene in Y17-6 fall within the ranges
observed for the Murray pyroxene. Most of the present analyses are
similar to the one previously reported from this inclusion by Tomeoka
et al. (1992). The Y17-6 pyroxene tends to have higher TiO%* and
V,0;3 contents than the pyroxene in MYSM3. In several places in
Y17-6, Ti0t2°t contents of pyroxene adjacent to hibonite are 1-2 wt%
higher than they are further away. The Al-rich, Ti-poor compositions
of most of the pyroxene in these spherules are similar to the composi-
tions of the pyroxene-glass intergrowth in the spherules studied by
Russell et al. (1998) and are similar to those of the glass in the hibon-
ite-glass spherules studied by Ireland et al. (1991).

.The narrower range of pyroxene compositions in Y17-6 relative
to that observed in MYSMS3 is illustrated in Fig. 5 in which data
from both of these samples are plotted along with analyses of fas-
saite from four Allende Type B inclusions (three Bls and one B2)
and glasses from the hibonite-glass spherules studied by Ireland et
al. (1991). The strong correlation of MgO with SiO,, due to the
coupling of Mg and Si in the Di component of the pyroxene, is evi-
dent in Fig. 5a. The trend of the spherule pyroxene extends to much
lower MgO and SiO, contents and to much higher Al,O3 contents
(Fig. 5b) than the fassaite from Type B inclusions. The spherule
pyroxenes are dominated by their Di and CaTs components, basi-
cally plotting on a mixing line between the two, with small addi-
tional Tpx components. Fassaite from Type B inclusions has much
larger Tpx (both Ti3*+ and Ti4* end-members) contents than the
spherule pyroxene. Among the Type B fassaite analyses, decreasing
SiO, contents correspond to increasing TiOY'; so, as SiO, de-
creases (Fig. 5b), the Type B trend increasingly diverges from the
Di-CaTs trend of the spherules. The dramatic difference between
the pyroxene in the spherules and that in Type B inclusions is even
more evident in Fig. 5¢c, a plot of MgO vs. Ti0t2°t . In many pyrox-
ene analyses from the spherules, MgO and TiOf»zot contents are
much lower than in typical fassaite from Type B inclusions. Also,
the spherule analyses do not define a strong negative trend like the
one seen for the Type B fassaite in Fig. Sc. The latter pyroxene has
Ti3+/(Ti3*+ + Ti#*) ratios that are typically >0.5 and range up to
~0.85 (Simon et al., 1991).

In Type B inclusions, the fassaite/liquid distribution coefficient
(D) for Ti3+ is ~3 and that for Ti4+ is ~1 (Beckett, 1986; Simon et
al., 1991). Because most of the Ti in the Type B fassaite is triva-
lent, the crystals are zoned with Ti-rich cores and Ti-poor rims; and
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FIG. 4. Results of an electron probe traverse across pyroxene in Y17-6.
Location is indicated in Fig. 2e. Note the unusual positive correlation of
MgO and Ti0t2°t over parts of the traverse. The MgO and SiO, are posi-
tively correlated throughout.

the interelement relationships, such as the MgO- Ti0t2°t trend, re-
flect the behavior of Ti as a strongly compatible element. In con-
trast, the lack of a well-defined MgO- TiO¥* trend among the
spherule pyroxene analyses indicates that Ti did not strongly parti-
tion into this pyroxene, which is consistent with a D ~ 1. If the Ds
for Ti3* and Ti#* in the spherules were like those found for Type B
inclusions, this obsetvation would imply a very low Ti3*/Ti4+

ratio, which would require an f0, higher than that inferred for
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FIG. 5. Comparison of compositions of pyroxene in the spherules with those of fassaite from Allende Type B CAls (Simon et al., 1991) and with glass
compositions from hibonite-glass spherules (Ireland et al., 1991). The "L" indicates the glass in the spherule from Lancé. (a) MgO vs. SiO,. (b) Al,O; vs.

Si0,. (c) MgO vs. TIOX® . (d) V,0; vs. TIOY* .

almost all other refractory inclusions. On the other hand, it may be
that the relative Ds for Ti3*+ and Ti** in the CaTs-rich pyroxene of
the spherules are different from those of the fassaite from Type B
inclusions. Kimura et al. (1993) analyzed a suite of refractory in-
clusions from the unique chondrite ALH 85085, some with ex-
tremely aluminous pyroxene (exceeding 80 mol% CaTs). They
found no correlation between TiO, and Al,Oj in the aluminous
pyroxene of these inclusions; therefore, it is unlikely that TiO, and
MgO are anticorrelated in these pyroxenes. This is consistent with the

possibility that Ti partition coefficients for such aluminous pyroxenes
are different from those for fassaite in Type B refractory inclusions.

In the spherules, TiOY" is positively correlated with V,0; (Fig.
5d), but more tightly than in the fassaite from Type B inclusions.
The spherule pyroxene has higher V,05/ TiO§°t ratios than the Type
B fassaite, possibly because, unlike the latter, the spherule pyroxene
did not have to compete with spinel for V,03.

Compositions of glass from hibonite-glass spherules are more

similar to the compositions of spherule pyroxenes than to the Type B
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fassaite compositions. The glass in the spherule from Lancé over-
laps with the spherule pyroxene on all plots. In Fig. 5a,b, however,
the other two glasses, which are both from Murchison spherules and
have nearly identical compositions, plot slightly off the trends de-
fined by the spherule pyroxene. In addition, the Murchison glasses
have slightly lower CaO contents than the pyroxenes.
Hibonite—Representative analyses of hibonite from both sphe-
rules are given in Table 2. In both samples, hibonite has fairly low
TiO§°t and MgO contents; and individual grains have uniform com-
positions. The observed compositions are similar to those previ-
ously reported for hibonite in other hibonite-silicate spherules (Ireland
et al., 1991; Tomeoka et al., 1992; Russell et al., 1998). As illus-
trated in Fig. 6a, hibonite in Y17-6 generally has lower TiOEot
contents (1.5-2.2 wt%) than that in MYSM3 (1.9-2.7 wt%) and has
correspondingly lower MgO contents. The correlation of Ti0t2°t
and MgO, a common feature of meteoritic hibonite (e.g., Allen et

" al., 1978; Beckett and Stolper, 1994), is due to the coupled substi-

tution of Ti*+ + Mg for 2Al. The minor amounts of Si found in
meteoritic hibonite probably also substitute along with Mg for 2Al
(Kornacki and Wood, 1985; Simon et al., 1997b). A plot of Mg
cations vs. (Ti + Si) cations in hibonite typically yields a trend with
a slope of 1. On such a plot, Fig. 6b, analyses of the present sam-
ples have a slope of ~1 but do not plot along the 1:1 reference line.
Most analyses have excess (Ti + Si) relative to Mg. This probably
reflects the presence of Ti3*, which can substitute directly for Al
and is not coupled with Mg. If the observed excess (Ti + Si) is due
to Ti3*, then 10-20% of the Ti in the hibonite in the spherules is
trivalent.

In comparing the two spherules considered here, we note that
hibonite in Y17-6 has slightly lower TiOX" contents than that in
MYSM3; while the pyroxene in the former has higher TiO¥* con-
tents than that in the latter.

Major Element Bulk Compositions—We calculated the major
element bulk compositions of the spherules, normalized to 100%

TABLE 2. Electron microprobe analyses of hibonite.

S @ (©) @

MgO 0.98 1.10 0.88 091
Al,O; 8732 87.85 88.30 88.05
SiO, 0.38 0.10 0.07 0.08
CaO 8.73 8.67 8.64 8.57
Tio%" 199 246 189  2.04
Sc,05 0.04 005 BLD  0.04
V,0; BLD 0.04 BLD 0.03
FeO 0.03 BLD 0.12 0.24
Total 99.47 100.27 9990 99.96
Cations per 19 oxygen anions

Mg 0.165 0.183 0.147 0.152
Al 11.570 11.554 11.646 11.621
Si 0.043 0.011 0.008 0.009
Ca 1.052 1.036 1.036 1.028
Ti 0.168 0206 0.159 0.172
Sc 0.002 0.005 0.0 0.002
\'% 0.0 0.004 0.0 0.001
Fe 0.003 0.0 0.012 © 0.023

Total cations  13.003 12.999 13.008

References: (1), (2) MYSM3. (3), (4) Y17-6.

BLD = below limit of detection of electron micro-
probe of 0.030 wt% for Sc,0;, 0.022 wt% for V,0; or
0.028 wt% for FeO.

MgO + ALLO; + SiO, + CaO + TiOtz"t , from their average pyrox-
ene and hibonite compositions, and modal abundances converted to
weight percent from volume percent using the phase densities. We
assumed that the volume now occupied by nepheline in Y17-6 was
originally pyroxene. The results are given in Table 3. The Yamato
spherule has slightly more hibonite and a higher bulk Al,O5 content
than MYSM3. The Yamato spherule is richer in TiOY' than the
Murray spherule; while the latter is richer in MgO, SiO, and CaO
than the former. The bulk composition of MYSMS3 is similar to that
of the glass-hibonite spherule from Lancé given by Ireland et al.
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FIG. 6. Results of electron probe analyses of hibonite from the hibonite-
pyroxene spherules. (a) MgO vs. Ti0t2Ot . (b) Mg vs. Si + Ti, cations per
19 oxygen anions. A 1:1 correlation line is shown for reference.
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TABLE 3. Modes, average mineral compositions, and bulk compositions of
hibonite-pyroxene spherules.

Simon et al.

MYSM3 Y17-6
Hibonite Pyroxene Bulk - Hibonite Pyroxene Bulk
Wi% 159 841 172 828
No. of
Analyses 13 79 33 136
MgO 1.08  7.07 6.12 089 600 512
ALO, 87.68 2791 3741 8833 29.10 3927
Si0, 0.18 3722 3133 015 3535 2930
Ca0 873 2625 2346 872 2609 23.11
TiOF* 232 155 1.67 191 346 322

Sr and Ba contents and lack of a positive Eu anomaly are consistent
with formation of the nepheline from the aluminous pyroxene and
make it unlikely that it was derived from melilite or anorthite, the
more COmMmon precursors.

Isotopic Analyses—The isotopic compositions of Mg, Ca and Ti
in both samples were determined by ion microprobe mass spectrome-
try. Results for Mg are given in Table 5 and illustrated in Fig. 8. In
MYSM3, there is no significant isotopic mass fractionation of Mg;
also, there is no resolvable excess 26Mg in either the hibonite or the
pyroxene. In contrast, in Y17-6, while the hibonite has A25Mg ~0%o
and no excess 26Mg, the pyroxene has 25Mg deficits, and 26Mg ex-

TABLE 4. Major and trace element contents in hibonite-pyroxene spherules.

Densities used: Hibonite: 3.688 g/cc; Pyroxene: 3.30 g/cc.

(1991). The other hibonite-glass spherules from Murchison that
were described by Ireland et al. (1991), however, have 28.9 and
47.0 wt% Al,O5, which are much lower and higher contents, re-
spectively, than those found here.

Trace Element Abundances—Trace element abundances in both
spherules were determined by ion microprobe mass spectrometry.
Analyses are given in Table 4, and CI chondrite-normalized rare
earth element (REE) abundances are illustrated in Fig. 7. The two
patterns for MY SM3 pyroxene have positive slopes among the light
REE (LREE), with La at ~3 x CI and Sm at ~10 x CI, negative Eu
anomalies, and heavy REE (HREE) abundances from 10 to 30 x CL

We obtained one uncontaminated analysis of pyroxene in Y17-6
(no. 9), and it is quite similar to the analyses of pyroxene in MYSM3.
It has low LREE abundances with a positive slope from La through
Sm, a negative Eu anomaly, and HREE abundances that increase
from Tb through Lu. Chondrite-normalized REE patterns of fas-
saite from Type B1 calcium-aluminum-rich inclusions (CAls) are
typically flat or have positive slopes with strong negative Eu
anomalies (Simon et al., 1991). The present patterns are generally
similar to those, and the absolute abundances are at the lower end of
the range observed by Simon et al. (1991). The fassaite-glass inter-
growth analyzed by Russell et al. (1998) has much higher REE
abundances, ~70-200 x CI, than the present samples.

Hibonite in Y17-6 (no. 7) has flat REE abundances at ~50—60 x
CI for La through Dy, a negative Eu anomaly, and decreasing abun-
dances of the HREE from Ho through Yb. This pattern is similar to
those of most Murchison hibonites classified as PLACs by Ireland
et al. (1988) as well as the hibonite in the spherule from Lancé
(Ireland et al., 1991) and in the spherules analyzed by Russell et al.
(1998), although the latter hibonite has higher absolute REE abun-
dances than the present samples.

Abundances of some of the other trace elements in the present
samples exceed the ranges observed by Ireland et al. (1991) in hi-
bonite-glass spherules. The Yamato spherule, with 135-227 ppm
Sc in the pyroxene and 209 ppm in hibonite, has a much higher bulk
Sc content (~190 ppm) than the spherules analyzed by Ireland et al.
(1991), which have 2742 ppm Sc. The abundances of Ba and Sr in
the Yamato hibonite and fassaite are within the corresponding
ranges of the hibonite and glass, respectively, in the hibonite-glass
spherules (Ireland e al., 1991). .

An analysis of the nepheline in Y17-6 yielded a flat chondrite-
normalized REE pattern with no Eu anomaly and abundances
mostly between 10 and 20 x CI. Abundances of Sr and Ba in the
nepheline are ~4 x CI, which is much lower than is observed in
melilite in coarse-grained CAls (e.g., Kennedy et al., 1997). Its low

MYSM3-4  MYSM3-5  Y17-6-7 Y17-6-9
MgO* 9.64 5.57 225 6.75
AL,O, 20.5 30.5 79.2 26.7

Si0, 434 36.2 5.02 36.1

Ca0 25.8 25.7 8.70 25.4

TiO, 0.43 1.71 2.00 322

FeO 0.06 0.03 2.20 1.07

Li 0.062 = 0.019 0.156 + 0.029 0.179 + 0.038 0.153 * 0.033
Be 0787 0.847 2.59 0.335 % 0.047
B L11£0.18 1.07+0.17 184+025 139021
F 39.0 = 8.9 75+ 12 350 £9.0 50 % 10
Na 29.4 82.8 1970 1756

P 364 + 8.1 <33 134 + 18 89+ 13-
cl 68 + 34 251 + 61 99 + 44 124 + 47

K 30.1 73.0 429 377

Sc 349 + 6.3 130 209 227

Ti 2584 10234 11964 19331

v 272 677 281 2140

Cr 384 309 288 307

Mn <34 <41 70.1 + 8.8 38+ 18
Fe 474 £ 167 243 126 17108 8315

Co 6.5+3.6 91+36 433%58 25947
Ni <41 <37 943 419

Rb 050039 1.14+041 183066 3.68 +0.71
Sr 514 26.8 774 30.1

Y 20.8 26.5 429 40.1

Zr 51.1 89.7 134 147

Nb 138+028 3.04+039 1.08+028 736

Cs <027 048 £024 035025 <031

Ba 344050 094+ 024 12.3 2.78 +0.48
La 0.83+0.10 0.696 + 0.089 13.3 0.87 + 0.11
Ce 3.99 2.78 £029 333 338 +036 .
Pr 045016 059017 469058 077 £022
Nd 328+ 068  2.55+0.56 20.0 3.50 £ 0.76
Sm 180022 1.57+0.19 725+051 209 =025
Eu 0311 +£0.054 0.177 £ 0.045 070 = 0.12  0.344 + 0.060
Gd 301050 1.99+045 102+12  3.56 £0.55
Tb 034+010 051011 2.05+028 040 x0.11
Dy 296+ 041  3.88 + 0.44 13.9 5.45 + 0.57
Ho 062015 081016 191030 1.61+025
Er 269+031 390%034 357 %044 534

Tm 0276 +0.065 0.668 +0.092 0.203 +0.068 1.16 + 0.14
Yb 172+ 034 290 +039 046 +039 541 +0.58
Lu 074+012 044 +0.10 <026 1.48 +0.17
Th 037+0.11 041 +0.11 147+026 0.205 % 0.091
U 0.096 % 0.055 0.141 + 0.063 0.137 +0.079 0.32 + 0.11

*Oxide concentrations are given in wt% and element concentrations are given
in parts per million. Uncertainties are + 10 and upper limits are <20, based on
counting statistics. Uncertainties are only given when they exceed 10% (rela-
tive).
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FIG. 7. The CI chondrite-normalized REE abundances in hibonite (hib) and
pyroxene (pyx) in hibonite-pyroxene spherules.

cesses so large that they correspond to apparent initial 26A1/27Al
ratios of ~2-3 x 1074, which is much higher than the maximum value
found in undisturbed refractory inclusions, 5 x 105 (MacPherson et
al., 1995). Large apparent initial 26A1/27Al ratios have been ob-
served in disturbed CAIs and are generally attributed to redistribu-
tion of radiogenic 26Mg from phases with high A/Mg ratios to
phases with low Al/Mg ratios. However, this is unlikely to have
occurred in situ in Y17-6 because hibonite, the phase with the high-
est AUMg ratio in the spherule, has no radiogenic 26Mg. Perhaps
redistribution of 26Mg occurred among the precursors of Y17-6.
The present result is in sharp contrast with the 26Mg deficits re-
ported by Ireland et al. (1991) and Russell ez al. (1998). The analy-
ses of Y17-6 show that the hibonite and pyroxene in it are not in
isotopic equilibrium.

Table 5. Magnesium isotopic compositions of hibonite-pyroxene spherules.

Sample Phase 27TA1/24Mg A?5Mg (%o) 2Mg (%)
MYSM3 hib 448 05 27x37 -03x1.1
hib 49502 —69=*37 2646
pyx 7.7x0.1 -3.0x+34 0.8 x34
Y17-6 hib 66.4 2.0 56 +3.6 2442
hib 86.6 £ 0.3 1.1 24 1.6 +32
hib, pyx 7526 -103%x26 84 +42
pyx 10.8 £ 0.1 3415 9.7+25
pyx 5100 -62x15 127 21
pyx 4720 -38=%x18 10.7 £2.5

Uncertainties are *+20.
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FIG. 8. The 6°Mg vs. 27Al/2*Mg for both hibonite-pyroxene spherules.
Both phases in MYSM3 and hibonite in Y17-6 show no evidence of excess
26Mg. Pyroxene in Y17-6 has large excesses of 26Mg that, if representative
of an undisturbed composition, would correspond to a very lar_ﬁe initial
26A1/27Al ratio. Lines with slopes corresponding to initial 26A1/27Al ratios
of 0 and 5 x 1075 are shown for reference.

Another striking result of our analysis of these samples is the
discovery of huge Ca and Ti isotopic anomalies. The data are given
in Table 6 along with corrections for interferences from 43Ti, 46Ca,
50V and 30Cr. In each sample, analysis spot A sampled pyroxene
and hibonite while spots B and C are almost completely in pyrox-
ene. Despite this difference, the A analyses are within error of the B
and C analyses for all isotopes measured, which suggests that within
each spherule, the hibonite and the pyroxene that encloses it have
similar Ca and Ti isotopic compositions. Sample Y17-6 is strongly
depleted in 48Ca and 5°Ti, and MYSM3 is enriched in these iso-
topes. The sizes of the 42Ca and 43Ca depletions in both spherules,
as well as the 4°Ti depletion in Y17-6, are much smaller than the
anomalies in the most neutron-rich isotopes.

Our results are compared to those for glassy hibonite-bearing
spherules and coarse, platy hibonite crystals (the PLACs of Ireland
et al., 1988) in Fig. 9. The values of §°Ti reported here, —61.4 +
4.1%0 in Y17-6 and 103.4 = 5.2%0 in MYSM3, are very close to the
values of 69 * 16%o (Y17-6) and 101 = 17%0 (MY SM3) obtained
from the trace element scans and previously reported by Simon et
al. (1997a). These samples have two of the largest 5°Ti anomalies
reported in CAls to date (Hinton et al., 1987; Ireland, 1988, 1990,
Ireland et al., 1988). As shown in Fig. 9, their isotopic composi-
tions almost span the entire range found in the PLACs. In contrast,
analyses of hibonite-glass spherules by Ireland et al. (1991) and
Russell et al. (1998), shown in the open circles in Fig. 9, show no
30T depletions and excesses of up to only ~22%o. Although they
have much smaller Ti excesses than does MYSM3, several hibon-
ite-glass spherules have 48Ca excesses comparable to that of
MYSM3.

DISCUSSION

Predicted versus Texturally Inferred Crystallization Sequences

There are several ways to assess whether the hibonite grains
found in the spherules crystallized in equilibrium with their hosts or
are likely to be relict. If the hibonite had been dissolving in the melt
at the time of solidification, we might expect the hibonite crystals to
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Table 6. Calcium and Ti isotopic compositions of hibonite-pyroxene spherules and corrections for interferences in %o .
6%Ca 6%Ca 6%Ca BTi
Y17-6 Spot A -10.8 £ 49 -7.0 x50 —46.8 +3.8 3.8
Y17-6 Spot B -81%35 —4.1+34 456 3.8 32
Y17-6 Spot C -6.5+4.7 —49+52 -394 %56 5.5
Y17-6 average 8324 -5.0x25 449 24
MYSM3 Spot A —42+35 -22*49 34445 7.5
MYSM3 Spot B -7.0%x39 -37%55 26.6 £4.5 11.7
MYSM3 Spot C -19+82 -13+£7.0 385+09.1 9.3
MYSM3 average -5.1%25 -2.5+32 314 £ 3.0
S1Ti O*Ti 850Ti Ca,. OV o S0Cr ey
Y17-6 Spot A 04£54 -13.0 £5.1 —63.7+6.2 10.1 1.3 6.0
Y17-6 Spot B -3.7+59 -84 +63 -587x17.0 12.7 1.3 7.0
Y17-6 Spot C 52+172 -12.8 +7.8 —61.2 8.5 12.7 13 73
Y17-6 average 0.1 +35 -11.5 £ 3.5 —61.4 = 4.1
MYSM3 Spot A -22+52 31%55 103.6 = 7.8 16.5 12 9.0
MYSM3 Spot B -1.0+54 -0.6 £ 6.0 100.1 £ 8.2 14.7 13 85
MYSM3 Spot C 22+83 8.1+85 1125 + 14.1 25.1 0.8 17.5
MYSM3 average -1.0 + 3.4 27 +54 103.4 = 5.2
Averages are weighted means. Uncertainties are +20.
Instrumental mass fractionation on Madagascar hibonite: F., =—-52 * 1.3 %o/amu; Fy; =-18.9 + 1.9 %o/amu.

80 i i . addition, we can estimate hibonite/liquid Ds from the samples.
Distribution coefficients that are in the range of experimentally de-
termined values would suggest that the hibonite crystallized stably

6or i and in situ, as would evidence for isotopic equilibrium between

% /V hibonite and pyroxene.
40 10 . Spherule MYSM3-To predict their equilibrium crystallization
MUR13-13 . .

A sequences, we projected the bulk compositions of the spherules onto
20t SHBs& '] | two composition planes of the appropriate phase equilibria. When

PLACs . . 3 . .
- projected from spinel onto the gehlenite-anorthite-forsterite plane of
°§’ the Ca0-Mg0-Al,03-Si0, (CMAS) system (Fig. 10}, we find that
;S 0 "ér' @ 3) the composition of MYSMS3 is spinel-saturated and projects into the
Yo anorthite field (Stolper, 1982). As indicated by the arrow from the
20} 1 data point in Fig. 10, upon crystallization of anorthite, the composi-
® This study tion of the residual liquid will move directly away from the anor-
ok + Z E&%‘:SS spherules | thite apex and toward the anorthite-melilite join. Spinel + anorthite
D should be joined by melilite and then possibly by pyroxene at the
é R eutectic. Projecting the composition from hibonite onto the ge-
0T oos PLACS ] hlenite-anorthite-spinel plane of the same system, we find that it
plots well below the hibonite saturation surface of Beckett and

.80 P . . Stolper (1994) by ~25 wt% hibonite. This suggests that, at equilib-

-100 -50 0 50 100 150 rium, hibonite should not crystallize early. The observed textural
relationship of hibonite enclosed in pyroxene is, in contrast, consis-

8 S0 Ti (%) tent with early crystallization of hibonite, followed by pyroxene.

FIG. 9. Plot of 3*8Ca vs. 8°°Ti in hibonite-pyroxene spherules (this study),
hibonite-glass spherules (Ireland et al., 1991; Russell et al., 1998), and in
hibonite from other inclusions in Murchison and Murray. Fields for typical
platy hibonite crystals (PLACs) and spinel-hibonite inclusions (SHIBs) after
Ireland (1990) and Ireland et al. (1991). Data for anomalous PLACs (open
triangles) from Zinner et al. (1986) and Fahey et al. (1987).

appear somewhat embayed or rounded. We can also look for chem-
ical gradients in the host that would be consistent with hibonite
dissolution, such as increasing Al,O3 and decreasing SiO, contents
with decreasing distance from hibonite. We can use known phase
relations to assess whether hibonite would be expected to crystallize
stably from melts with the bulk compositions of the spherules. In

Because several of the plates have ragged ends and because hibonite
is not a member of the equilibrium crystallization sequence, it is
most likely relict. Ratios of (TiO¥'in hibonite)/(bulk TiOX")
ranging from 1.2-1.6, however, are well within the range (0.8-2.0)
of experimentally determined hibonite/liquid Ds (Beckett and
Stolper, 1994; Kennedy et al., 1994). The hibonite in this spherule
could be relict but perhaps crystallized originally from a liquid with
a TiO%" content similar to that of MYSM3. A similar situation
exists for MUR7-228, a hibonite-glass spherule from Murchison,
first described by Ireland et al. (1991). The bulk composition of
this spherule plots well outside of the hibonite stability field (Beckett
and Stolper, 1994), yet its hibonite/glass Ds for Ti and trace ele-
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due to dissolution of hibonite. In the chemical trends illus-
trated in Fig. 4, as Al,O3 decreases, the other major py-
roxene components, Di and Tpx, both increase despite the
fact that these two components are normally anticorre-
lated, as they are in the central part of the traverse. The
trends in the traverse can best be explained by crystalliza-
tion after a local increase in the Al,O5 content of the lig-
uid. This resulted in a sharp increase in the Al,O5 content
of the pyroxene with increasing crystallization, a reversal
of the trend seen in typical Type B fassaite. Because these
are essentially Mg-Al pyroxenes, this forced a complemen-
tary reversal of the typical MgO trend, causing MgO to
decrease with crystallization and to correlate with TiO%*.
Spinel is not a good candidate for the phase that dissolved
because, in addition to Al,Os, it would contribute MgO to
the melt, and MgO enrichment is not associated with the
Al,O5 enrichment.

For this spherule, the calculated distribution coeffi-
cients for Ti in hibonite, based on hibonite/bulk ratios, are
mostly between 0.5 and 0.7, which are slightly lower than
the experimentally determined range. The trace element
abundances are also roughly consistent with equilibrium
partitioning. For example, our ion probe analyses show
that pyroxene has a La content of 3.7 x CI, and hibonite

C T
Sp + Mont + L

0 20 70
k (mole %)

Gé

FIG. 10. Projection of bulk spherule and average pyroxene compositions, in wt%, from
spinel onto the gehlenite-anorthite-forsterite plane of the CMAS system. The predicted
trends of residual liquid composition during equilibrium crystallization are indicated by
the arrows extending away from the spherule compositions to the anorthite-melilite
cotectic. The spinel coordinates for the pyroxene compositions are given in parenthe-

ses. Phase equilibria after Stolper (1982).

ments are similar to experimentally determined values (Ireland et
al., 1991). Beckett and Stolper (1994) suggested that the results for
MUR?7-228 could reflect in situ, metastable crystallization of hibon-
ite that nucleated on relict cores, with the thin section sampling only
the overgrowths. Alternatively, Beckett and Stolper (1994) also sug-
gested that the thin section could have undersampled hibonite and that
hibonite could have crystallized stably from the true bulk composition.
Neither of these scenarios can be completely ruled out for MYSM3.

The pyroxene appears to have crystallized in situ around the
hibonite but is so CaTs-rich that it probably crystallized metastably.
Its presence is discussed below.

Spherule Y17-6-In the CMAS system, the bulk composition of
Y17-6, like that of MYSM3, is spinel-saturated. When projected
from spinel (Fig. 10), the composition of Y17-6 falls on the anor-
thite-hibonite cotectic. As indicated on the diagram, these phases
should be joined in the crystallization sequence by melilite. When
projected from hibonite, the spherule composition plots below the
hibonite saturation surface of Beckett and Stolper (1994), which
also indicates that hibonite is not the liquidus phase. The equilib-
rium sequence (in which spinel is first, then followed by anorthite
and hibonite and is joined then by melilite) consists mostly of
phases that are not found in the sample and contrasts with the tex-
turally inferred sequence of hibonite followed by pyroxene.

Petrographically, the hibonite crystals in Y17-6 are not em-
bayed, but some are rounded, possibly reflecting partial dissolution.
Although we did not detect any chemical gradients adjacent to the
observed hibonite, the most Al-rich, Ti-poor pyroxene in this sam-
ple may have formed as a result of local Al-enrichment of the melt

Fo

has 56.5 x CI. From the proportions of the phases given in
Table 3, we calculate a bulk La content of ~13 x CI, giv-
ing a ratio of La in hibonite/bulk La of ~4.4, which is
close to the hibonite/liquid Ds of 5—6 reported by Kennedy
et al. (1994). Although the mineral chemistry of Y17-6
does not rule out an in situ origin of the hibonite, the Mg
isotopic analyses (Table 5) strongly indicate that the py-
roxene and hibonite in Y17-6 are not in equilibrium; the
fassaite in this sample has a deficit in 2Mg and excess 26Mg but the
hibonite has neither. The isotopic data are not consistent with the
hibonite and pyroxene having the same initial 26A1/27Al ratio.

Crystallization of CaTs-rich Pyroxene

In fassaite from Type B inclusions, Mg and Si are strongly cor-
related and enriched in late relative to early pyroxene; while Al and
Si are strongly anticorrelated (Simon ef al., 1991). The same Mg-
Si-Al relationships are observed in the spherule pyroxene as well
(Fig. Sa,b), which suggests that it, too, crystallized from a liquid.
The trace element data are also consistent with crystallization of the
spherule pyroxenes from melts. The chondrite-normalized REE
patterns of the pyroxene are like those of igneous fassaite from Type
B inclusions (Simon et al., 1991).

Pyroxenes as aluminous as those in the spherules probably are
very rare because these compositions are unstable relative to the
assemblage spinel + anorthite. In a series of isothermal, equilib-
rium experiments at near-liquidus conditions in the Di-CaTs-Tpx
system, Yang (1975) synthesized Al-, Ti4*+-bearing clinopyroxene
and determined its stability field. The maximum amount of CaTs
component found in his synthetic pyroxene is ~23 mol%. In Type
B refractory inclusions, fassaite averages ~25 mol% CaTs (Beckett,
1986), and contents up to ~30 mol% have been observed (Simon et
al., 1991). All the pyroxene in the spherules, with the exception of
the extremely Di-rich pyroxene in MYSM3, has between 40 and 80
mol% CaTs; however, it is all too CaTs-rich to plot within the field
of Al-, Ti-bearing pyroxene of Yang (1975).
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If we assume that the hibonite in the spherules is relict and the
host liquid crystallized completely to the enclosing pyroxene, then
the average pyroxene compositions should represent the composi-
tions of the host liquids. To determine whether or not these com-
positions are spinel-saturated, we projected them from spinel onto
the gehlenite-anorthite-forsterite plane of the CMAS system (Fig.
10) to see where they plot relative to the spinel saturation surface of
Stolper (1982). The results show that they are slightly undersatu-
rated in spinel and plot within the field of primary anorthite crystal-
lization. Assuming that no other stability field intervenes and that
anorthite should have crystallized first, then its absence and that of
spinel are easily explained. Experiments by MacPherson et al.
(1984) showed that, in melts with the compositions of Type B in-
clusions, anorthite crystallization is suppressed relative to pyroxene
at cooling rates as low as 0.5 °C/h. This is believed to indicate that
melilite crystallization continues, even after the liquid composition
enters the anorthite field, until a metastable extension of the pyrox-
ene field is encountered (MacPherson et al., 1984). The spherule
liquids probably started in the anorthite field and did not crystallize
at all until the pyroxene field was encountered. A high or even
moderate ‘cooling rate, a liquid with pyroxene stoichiometry, and
perhaps pyroxene nuclei could have caused metastable crystalliza-
tion of pyroxene, rather than crystallization of anorthite or quench-
ing of the liquid to a glass. The lack of any prior crystallization of
aluminous phases that should have crystallized might account for
the extraordinarily high CaTs contents of the spherule pyroxene. It
is worth noting that Beckett and Stolper (1994) cooled a hibonite-
saturated melt at 5 °C/h and found that, like the present samples, it
did not follow its equilibrium crystallization sequence. In that run,
hibonite crystallized first, as expected, but it was followed by meli-
lite, UNK (a Ti-rich phase found in some CAlIs), and pyroxene with
~50 mol% CaTs, instead of spinel and grossite. We agree with the
conclusions of Beckett and Stolper (1994) that the cooling rate of
this run, although not extremely fast, was rapid enough that phases
that should have been stable did not nucleate and that this effect
could account for the occurrence of hibonite + CaTs-rich pyroxene
in spherules. Kimura et al. (1993) also concluded that the extremely
aluminous pyroxene they found had crystallized metastably.

Glass compositions in the hibonite-glass spherules (Ireland et
al., 1991) are generally similar to typical pyroxene compositions in
the hibonite-pyroxene spherules; so, the glass-bearing spherules
probably cooled at least as fast as the pyroxene-bearing ones. It is
not known, however, how fast such a melt would have to be cooled
either to be quenched to a glass or to crystallize pyroxene metasta-
bly. Reid et al. (1974) found a glassy chondrule in Vigarano and
attempted to quench to a glass a synthetic melt of the chondrule
composition: ~22 wt% SiO,, 40% Al,03, 13% MgO, and 25%
Ca0. This composition is more SiO,-poor than those of the
spherules; yet, even when cooled from 1800 °C to room temperature
in <30 s (i.e., ~60 °C/s), the run product was not glassy and was
thought to consist of fine-grained spinel + melilite. Even faster
cooling rates have been inferred for a crystalline, spinel-, grossite-
bearing inclusion from Murchison (Simon et al., 1994). It is possi-
ble that the hibonite-pyroxene spherules cooled at much more mod-
erate rates. If all that is required in the present case is suppression
of anorthite crystallization relative to pyroxene, then the hibonite-
pyroxene spherules could have cooled at rates similar to those in-
ferred for Type B inclusions. It is also possible that glass-bearing
and pyroxene-bearing spherules cooled at similar rates but the latter

had pyroxene nuclei present in the melts, causing pyroxene to nu-
cleate within the spherules and grow outward upon cooling, rather
than nucleating on the spherule edges or being quenched to a glass.

Are All Hibonite-Silicate Spherules Genetically Related?

The present results, with 48Ca and 50Ti enriched in one sample
and depleted in the other, are consistent with nucleosynthesis mod-
els in which these isotopes are cogenetic (Hartmann et al., 1985;
Meyer et al., 1996). This would lead to the existence of grains en-
riched in both isotopes, like the precursors of MYSM3, and grains
with low proportions of those isotopes, like the precursors of Y17-6.
Workers who have studied the glassy hibonite-silicate spherules
concluded that they all formed from an isotopic reservoir that was
enriched in 48Ca and 50Ti and lacked 26Al (Ireland et al., 1991;
Russell et al., 1998). The Murray sample could be from such a
reservoir, though it has by far a much greater 59Ti excess than re-
ported for the other spherules. The Yamato sample, however, could
not have formed in such a reservoir and, therefore, it is not geneti-
cally related to the other spherules. Unlike all of the other hibonite-
silicate spherules, it is strongly depleted in 48Ca and 3°Ti, and its
pyroxene contains excess 26Mg while its hibonite does not.

There are two possible interpretations of the Mg isotopic com-
positions in Y17-6. (1) Pyroxene in Y17-6 has low Al/Mg ratios
with 626Mg values of ~+10%o, giving an apparent initial 26A1/27Al
ratio of 2-3 x 10~4. Given the large 5°Ti anomaly and 25Mg deficit
in this spherule, one must consider the possibility that this object
has nucleosynthetic Mg isotopic anomalies not necessarily related to
the decay of 26Al. In this regard, the hibonite and pyroxene appar-
ently do not have the same Mg isotopic anomaly but do appear to
have the same anomalous Ca and Ti isotopic composition. (2) If the
26Mg anomalies are due to 26Al decay with no later redistribution of
Mg, two reservoirs are required for the formation of Y17-6: one
26A]-free (hibonite) and one 26Al-rich (molten precursors), with the
latter reservoir having an 26A1/27Al ratio ~5x the ratio found in any
other undisturbed CAI so far studied (MacPherson et al., 1995).
The presence of hibonite with no excess 26Mg implies that the hi-
bonite either formed prior to addition of 26Al to the solar nebula or
that the distribution of 26Al was heterogeneous and 26Al-free reser-
voirs persisted after addition of 26Al to the solar nebula. It is un-
likely that the hibonite in Y17-6 formed after the complete decay of
26A1 to 26Mg and then was enclosed in a liquid containing live 26Al.
This would require a second addition of 26Al to the solar nebula,
which would be inconsistent with the recognition of a single domi-
nant 26A1/27Al ratio of 5 x 10-5 (MacPherson et al., 1995). Another
problem with this scenario is that both pyroxene and hibonite in
Y17-6 show anomalously large deficits in 48Ca and 50Ti, which
argues against their being brought together by random capture.

The distinctive isotopic compositions of the present samples
indicate that they are not related to each other, and it is unlikely that
they are related to any of the previously described hibonite-silicate
spherules. The glass-bearing and the glass-free, pyroxene-bearing
spherules, therefore, do not simply represent materials from a single
isotopic reservoir that were cooled at different rates. We conclude
that they represent materials from different sources.

The present results somewhat weaken the arguments of Ireland
et al. (1991) against derivation of the PLACs from spherules, based
on isotopic and trace element differences. The Ca and Ti isotopic
compositions of MYSM3 and Y17-6, and presumably the hibonite
they contain, nearly span the wide range of compositions exhibited
by the PLACs. Also, the low Mg and Ti concentrations in hibonite
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of both spherules, as well as the chondrite-normalized abundance
pattern of REE and other trace elements of the hibonite in Y17-6,
are similar to those of several PLACs analyzed by Ireland (1990).
A serious problem with derivation of PLACs from spherules that
was pointed out by Ireland et al. (1991) remains: most PLACs are
fragments of once-larger crystals, yet they are still much larger than
the hibonite grains found in spherules. It still seems unlikely that
PLACs were derived from spherules.

CONCLUSIONS

Both spherules formed by solidification of melts. Beckett and
Stolper (1994) showed that a likely precursor phase assemblage for
hibonite-glass spherules is spinel + hibonite + melilite. From our
results and observations, we conclude that the present samples con-
tain relict hibonite, implying that hibonite was also present among
the precursor grains that melted to form the hibonite-pyroxene
spherules. The heating events that formed the melts were too brief
and/or not hot enough to melt all the hibonite. The droplets cooled
quickly enough that extremely aluminous pyroxene crystallized
metastably instead of anorthite. The Mg-Si-Al relationships in the
spherule pyroxenes are similar to those observed in fassaite from
Type B inclusions; but in contrast with typical fassaite, we do not
observe an anticorrelation between MgO and Tiog’t in the spherule
pyroxene. This may mean that the aluminous pyroxene of the
spherules has different relative distribution coefficients for Ti3+ and
Ti4* from those found for fassaite in Type B inclusions.

The precursor grains of the two spherules considered here did
not form in the same isotopic reservoir. One spherule, MYSM3, has
large excesses of 48Ca and 59Ti and no excess 26Mg; while the other
spherule, Y17-6, has large deficits of 48Ca and 3°Ti and excess
26Mg in its pyroxene. These results, especially for the latter sample,
contrast with those for hibonite-, glass-bearing spherules for which
no excess 26Mg and slight excesses of 5Ti have been reported
(Ireland et al., 1991; Russell et al., 1998). Although they are rare
and texturally similar to each other, hibonite-silicate spherules are
not all from the same source, having sampled at least two different
isotopic reservoirs, attesting to the heterogeneity of the early solar
nebula,
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