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Abstract. Our evaluation of three models of
the origin of spinel-rich chondrules and inclu-
sions includes new calculations of the major-
element refractory mineral condensation sequence
from a gas of solar composition over a wide pres-
sure interval. Our condensation calculations
show that spinel-rich chondrules did not ecrystal-—
lize from metastable liquid condensates, and that
spinel-rich inclusions are not aggregates of re-—
fractory nebular condensates. We propose that
spinel-rich objects are fractiocnated distillation
residues of small aggregates of primitive dust
that lost Ca,Si-rich partial melts by evapora-
tion, ablation, or splashing during collisions.
This model also explains why spinel-rich chon-
drules and inelusions: (1) are usually smaller
than melilite-rich chondrules and inclusions;

(2) often have highly fractionated trace-element

compositions; and (3) usually do not contain Pt-

metal nuggets even when they are more enriched in
the Pt-group metals than nugget-bearing melilite-
rich objects.

Introduction

Two types of spinel-rich objects occur in
chondrites: (1) spinel chondrules, which consist
primarily of spinel (and lesser amounts of hibo-
nite); and (2) spinel inclusions, which consist
primarily of spinel and clinopyroxene (and whose
irregular shape demonstrates that they were never
molten). Spinel-rich inclusions are usually in-
terpreted to be aggregates of refractory nebular
condensates, and spinel-rich chondrules are
usually interpreted to have formed by the melting
of such aggregates [Macdougall, 1979, 1981; Mac-
Pherson and Grossman, 1982; MacPherson et al.,
1983]. Therefore, the origins of these objects
are at least indirectly related, especially since
some of the inclusions have recently been inter-
preted to be complex aggregates of smaller,
rounded spinel-rich objects that, like spinel-
rich chondrules, may be igneous [Kornacki and
Cohen, 1983a; Cohen et al., 1983].

In this paper, we review the mineralogy and
chemistry of spinel-rich chondrules and inclu-
sions in carbonaceous and ordinary chondrites,
and discuss selected aspects of their chemistry
and petrology. We then examine the condensation
of major-element refractory phases in the solar
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nebula, since recent thermodynamic data for cal-
cium aluminates have allowed us to calculate new
stability fields for highly refractory conden-
sates in a gas of solar composition [Fegley,
1982al and the roles of hibonite (which is common
in spinel-rich objects) and calcium dialuminate
(which is rare in these objects) during condensa-
tion can now be investigated for the first time.
Finally, we use these data to evaluate three mo-
dels of the origin of spinel-rich objects: (1)
condensation of metastable liquids; (2) aggrega-—
tion and melting of refractory nebular conden-—
sates; and (3) melting and differentiation of
primitive dust aggregates.

Occurrence, Mineralogy: and Chemistry of
Spinel-rich Chondrules and Inclusions

Spinel-rich chondrules are one of three mine-
ralogical varieties of Ca,Al-rich chondrules (the
other two varieties are melilite-rich chondrules
and ‘basaltic’ chondrules). Spinel-rich chon-
drules are small (usually < 0.5 mm), rounded
objects that contain spinel, perovskite, and
(usually) hibonite; they are rimmed by layers of
Fe-rich phyllosilicate and Al-clinopyroxene. In
hibonite-bearing spinel-rich chondrules, sprays
of hibonite crystals radiate into an aggregate of
spinel and perovskite [Macdougall, 1981; MacPher-
son et al., 1983].

Spinel-rich chondrules are the most common
variety of refractory inclusion in C2 chondrites.
They have not been reported in type 3 carbona-
ceous or ordinary chondrites, but similar objects
are constituents of several kinds of irregular,
spinel-rich inclusions in chondritic meteorites.
These inclusions have been variously classified
as spinel-hibonite (SH) inclusions and spinel-
pyroxene aggregates (in C2 chondrites), and as
‘fine-grained’ CAI's and rimmed/unrimmed complex
CAI's (in C3 chondrites). Cohen et al. [1983]
called these rimmed, rounded constituents of re-
fractory inclusions ’concentric objects.’ The
'nodular’ spinel-{(clino)pyroxene inclusions in C2
chondrites [MacPherson et al., 1983] are aggre-
gates of rounded, rimmed spinel-rich objects;
similar aggregates occur in Allende (Figure 1a)
[Kornacki and Cohen, 1983b] and Mokoia (Figure
1b)., Many refractory inclusions in CV3 chon-
drites that are traditionally classified as
'fine-grained' CAI's are complex aggregates of
even smaller rounded spinel-rich objects (Figure
1c) that could have an igneous origin [Wark and
Lovering, 1977; Kornacki and Cohen, 1983al.
Bischoff and Keil [1983] have described spinel-
rich inclusions in ordinary chondrites. Finally,
small, rounded, spinel-rich objects (and aggre-
gates of these) form refractory nodules in oli-
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Fig. 1.
photomicrographs (crossed nicols); (c,d) Back-scattered electron images.
inclusions are botryoidal aggregates of rounded spinel-rich bodies (sp) rimmed primarily

by Al-clinopyroxene and olivine (bright).

of smaller spinel-rich bodies (sp) rimmed primarily by Al-clinopyroxene (r).

Spinel-rich objects in Allende (a,d) and Mokoia (b,c); (a,b) Transmitted light
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(a,b) These

‘Fine-grained' inclusions are aggregates
(d) This

refractory nodule in an olivine-rich inclusion (ol) has a core of spinel (sp) and perov-
skite (bright blebs) rimmed by Ti-Al-pyroxene (Tpx) and Al-diopside (di).

vine-rich inclusions in carbonaceous chondrites
(Figure 1d) [Ikeda, 1982; Kornacki, 1983] and
ordinary chondrites [Noonan et al., 1978].

There are only a few trace—element analyses of
spinel-rich chondrules. BB-3, a spinel-hibonite
chondrule, has a Group III REE pattern (i.e., the
volatile REE Eu and Yb are depleted relative to
the other REE). Refractory lithophile and side-—
rophile trace elements are enriched to ~30X chon-
dritic abundances, but trace phases enriched in
Pt-group metals have not been observed [Tanaka et
al,, 1980]. Spinel-rich concentric objects pro-
bably have Group II REE patterns, associated re-
fractory trace—element fractionations, and *°0
and *°Ti isotopic anomalies (since these chemical
features characterize spinel-rich inclusions of
which concentric objects are the major consti-
tuent [Grossman and Ganapathy, 1976b; Mason and
Martin, 1977; Clayton et al,, 1977; Niederer et
al., 1981]). Mg isotopic anomalies due to the
decay of *€Al occur in some spinel-hibonite chon-
drules (e.g., BB-1 and BB-4), but not in others
(e.g., BB-6) [Hutcheon et al., 1980].

Condensation of Aluminates in the Solar Nebula

Although hibonite is commonly found in many
varieties of refractory chondrules and inclusions
in primitive meteorites, no comprehensive chemi-

cal equilibrium calculations for hibonite and
other calecium aluminates were made until those of
Fegley [1982al], despite their potential impor-
tance for deciphering the history of these ob-—
jects. Grossman [1972] suggested that hibonite
is the first major-element condensate in a
cooling solar composition gas (because of the
relative rarity of corundum in refractory inclu-
sions), but lack of thermodynamic data prevented
him from calculating condensation temperatures.
Blander and Fuchs [1975] used activity coeffi-
cients measured in slags to estimate free energy
values for hibonite and calcium dialuminate
(CaAl,0,), and to caleculate their condensation
temperatures at p = 10~? bar. However, accurate
and internally consistent thermodynamic data for
all five calcium aluminates and Ca0-Al,0, melts
were not available until the study by Allibert et
al. [1981], which Fegley [1982a] used to calcu-
late the stability of corundum and the calcium
aluminates in a solar composition gas over wide
temperature and pressure ranges. These calcula-
tions have been extended and slightly revised in
the present paper.

Method of Calculation

Element abundances are from Cameron [1973].
Stability fields of the various aluminates were
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calculated using standard methods described by
Fegley [1980]. Thermodynamic data from several
sources were used: JANAF tables [1971 and sup-~-
plements] for gases, corundum, liquid Al 20;, and
spinel; Allibert et al. [1981] for calcium alumi-
nates; Haas et al. [1981] for gehlenite; and
Robie et al. [1978] for perovskite. (The use of
thermodynamic data from different compilations is
undesirable if different element reference states
and Gibbs energy functions are used by the diffe-
rent compilers. Since the same element reference
states and virtually identical Gibbs energy func-
tions were used in all of the above references,
however, there are no errors due to internally
inconsistent data. Uncertainties in the conden-
sation curves due to uncertainties in the thermo-
dynamic data were calculated, and they are too
small to reverse the condensation sequence for
any of the phases considered.)

Condensation Sequences

The results of the condensation calculations
for the calcium aluminates and other refractory
phases are shown in Figure 2 and Table 1. Hibo-
nite and CaAl,O, are the only two stable calcium
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Fig. 2. Stability fields of aluminate mine-

rals in a solar composition gas., The curves
labelled A1,0,(s), CaAl,,0,,(s), CaAl,0,(s),
and MgAl,0,(s) are the condensation curves for
corundum, hibonite, calcium dialuminate, and
spinel, respectively.
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TABLE 1, Refractory Mineral Condensation
Temperatures (K)
p(bars)

Mineral 1077 1077 107° 107% 107}
A1,03 1386 1487 1605 1741  t

CaAly019 1280 1401 1548 1730 1903
CaTiO3 1301 1404 1529 1677 1856
CaAl,0, 1233 1345 1480 1646 1856
CagAl,S8i0; 1228 1333 1457 1608 1790
MgAl,OL* 1113 1214 1337 1488 1678

*Upper limit only (see text).
tDoes not form.

aluminates; the other three calcium aluminates
(CaAl,0,, 3Ca0-Al,0,, and 12Ca0-7A41,0,) do not
form, Corundum is also stable. Blander [perso-
nal communication, 1982] reports that CaAl, 0, is
stable over a small temperature interval. Our
results do not confirm this, and the discrepancy
is unexplained. However, only this work and that
of Fegley [1982a] have included all five calecium
aluminates, used internally consistent thermo-
dynamic data, and have covered such a wide range
of temperature and pressure.

The nature of the initial condensate varies
with pressure: corundum for p ¢ 1072*¢? bar,
hibonite for p < 10*°** bar, CaAl,0,, and (at
highest pressures) a Ca0-Al,0, melt. Uncertain-
ties in the temperature and pressure at the
corundum-hibonite intersection are 10%°°* bar and
164 K (at T = 1769 K). The hibonite-Call, o,
intersection has uncertainties of 10%°-7%" bar and
107°°4% bar, and +75 K and -40 K (at T = 2023 K).
Our results for corundum, hibonite, and Cail 0,
agree qualitatively with those of Blander and
Fuchs [1975] at p = 10™? bar.

The effect of the prior condensation of the
calcium aluminates on the condensation of other

refractory minerals is shown in Figure 2 and
Table 1., The condensation seguence melilite —»
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spinel is not reversed by the use of more accu-
rate thermodynamic data, or by the prior conden-
sation of hibonite and CaAl,0,. (The spinel
condensation curve is only an upper limit, since
it is calculated assuming that the activity of
A1,0, is unity; the actual spinel condensation

curve is probably 5-10 K lower at any pressure.)
Discussion

Condensation of Metastable Liguids

Several factors lead us to consider the con-
densation of metastable liquids as a model for
the origin of spinel-rich chondrules. First, it
is possible that the parent liquids condensed
directly from a gas, rather than forming by the
melting of pre-existing solids. Second, the nu-
cleation constraints on liquids and solids indi-
cate that metastable liquids and amorphous so-
lids, not crystalline solids, probably condense
from low-pressure vapors [Blander and Katz, 1967;
Blander and Fuchs, 1975; Cohen, 198l1a; Cameron
and Fegley, 1982]. Third, several authors have
recently calculated the composition of metastable
liquids in the solar nebula.

Blander and Fuchs [1975] found that the first
liquid to condense is Al,0,-rich and contains
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~15 wt % Ca0. As the temperature decreases, the
amount of Ca0 and Si0, in the liquid condensate
increases. Only small amounts of Mg0 are present
in the initial liquid condensate: at an SiQ,
concentration of ~1-2 wt %, the 5i0,/Mg0 ratio
(in wt %) is ~150 (compared to the cosmic ratio
of ~1.4). Wagner and Larimer [1978] found that
the initial liquid condensate is Al1,0,- and TiO,-
rich, Substantial amounts of Si0,, Ca0, and Mg0
become incorporated in the liquid at lower tempe-
ratures. Fegley and Kornacki [1982] (using data
from Allibert et al. [1981] and Fegley [1982b])
found that the initial liquid condensate in the
Ca0-Mg0-41,0,-510, system is Al,0,-rich. They
also found a high Si0,/Mg0 ratio in the initial
liquid condensate (~210), and observed that the
amount of Mg0 in the liquid condensate increases
very slowly at lower temperatures.

The results of these three studies agree on an
important point: the most refractory metastable
liquid condensates contain abundant normative co-
rundum, hibonite, and Cail,0,, but only small
amounts of spinel. Their bulk compositions are
significantly different than those of spinel-rich
chondrules, which therefore probably did not cry-
stallize from metastable liquid condensates.

Aggregation and Melting of Refractory Nebular
Condensates

Macdougall [1981] and MacPherson et al. [1983]
concluded that spinel-hibonite chondrules in C2
meteorites formed by the melting of spinel-rich
aggregates of nebular condensates, and that the
irregular spinel-hibonite inclusions in C2 chon-
drites are their likely precursors. If the
spinel-rich concentric objects that are consti-
tuents of botryoidal inclusions, ’fine-grained’
CAI’s, and some olivine-rich inclusions are also
igneous objects, they could have a similar ori-
gin. If they are not igneous, they may also be
precursor material from which spinel-rich chon-
drules formed.

Condensation calculations lead to specific
predictions about the bulk composition, minera-
logy, and textural relationships that aggregates
of condensates should exhibit. The concept that
highly refractory phases formed by equilibrium
condensation reactions should be carefully eva-
luated to determine how well that model explains
the compositions, mineralogy, and textures of the
likely precurscrs of spinel-rich chondrules.

At p < 107%°¢? bar, the initial aluminate con-
densation sequence is:

corundum — hibonite —= CaAl O,

Perovskite also forms at comparable tempera-
tures and can coexist with hibonite and lower
temperature phases., If reactions were incom-
plete, condensate assemblages from this stage
that became isolated from further reactions would
consist of relict corundum surrounded by hibo-
nite, or relict hibonite surrounded by CaAl,oO,.
Perovskite crystals would occur on the surface of
hibonite (which forms at a higher temperature) or
enclosed in CaAl, 0, (which forms at a lower tem-
perature).

At lower temperatures, CaAl, O, reacts to form
gehlenite and then spinel; CaAl, 0, is consumed
during spinel formation. Condensate assemblages
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from this stage would consist of relict Cadl,oO,
surrounded by melilite, or melilite and relict
CaAl 0, surrounded by spinel. At higher pres-
sures, first corundum and then hibonite become
unstable and do not condense (Figure 2); similar
reasoning can be applied to predict the minera-
logy and texture of condensate assemblages under
those conditions,

The mineralogy and textural features of con-
densate assemblages formed during more complex
pressure-temperature excursions in the solar
nebula can also be predicted. Under these con-
ditions, 1t is possible to produce condensate
assemblages with more refractory minerals enclo-
sing less refractory ones. For example, an iso-
baric cooling path at 10~* bar from 1800 K to
1600 K followed by an isothermal pressure drop to
10~% bar would produce the following condensation
sequence:

corundum — hibonite —+ CaAl 0, —
hibonite — corundum

Cameron and Fegley [1982] and Morfill [1983]
discussed the feasibilty of such complex pres-
sure-temperature histories in the solar nebula;
they independently concluded that grain and vapor
transport mechanisms may be important processes
for producing the various types of refractory
chondrules and inclusions.

How well do the observed compositions, minera-
logies, and textural features of the most highly
refractory chondrules and inclusions compare with
those predicted by condensation calculations?
Fegley [1982a] concluded that BB-5, a corundum-
bearing Murchison inclusion described by Bar-
Matthews et al. [1982), and the ’'coarse-grained’
hibonite inclusions in Murchison described by
Macdougall [1979] could be aggregates of conden-
sates that were isolated before the onset of
CaAl 0, condensation. But Fegley [1982a] and
Kornacki and Cohen [1983al] concluded that spinel
and spinel-hibonite objects, which account for
the majority of refractory inclusions in C2 chon-
drites and which are common constituents of CAI’s
in C3 chondrites, do not have compositions, mine-
ralogies, or textural features consistent with
the predictions of condensation calculations.

Hibonite occurs in many spinel-rich chondrules
and inclusions, but CaAl, 0, is very rare in CAI's
[Christophe Michel-Lévy et al., 1982]1. More im-
portantly, the temperature at which spinel forms
by condensation (~1490 K at 10™* bar) is >100 K
into the stability field of melilite (Table 1).
Although these two minerals ought to coexist
during condensation, spinel-rich chondrules and
inclusions seldom contain melilite (or its alte-
ration products). There is no inherent reason
why spinel and melilite should fractionate in the
solar nebula: melilite-rich chondrules and in-
clusions contain both minerals in abundance
[Grossman, 1975]. Finally, perovskite is en—
closed in hibonite in some hibonite-bearing in-
clusions [MacPherson et al., 1983], although
hibonite condenses before perovskite at p >
107¢*¢ bar (Table 1),

Spinel-rich chondrules and inclusions are not
simply aggregates of crystalline condensates from
an unfractionated gas of solar composition. They
must have formed by more complex processes., The
simplest explanation, that there are major errors
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in the calculated condensation sequence, can be
easily dismissed., Using the best available ther-
modynamic data, we find that melilite condenses
at a significantly higher temperature than spi-
nel. Thermodynamic uncertainties are not large
enough to reverse the condensation sequence.
There is no reason to suppose that the uninten-—
tional neglect of another phase will reverse the
condensation sequence of melilite and spinel:
such a hypothetical phase would have to condense
before melilite to depress the condensation tem—
perature of that mineral, and this still leaves
the problem of the absence of the more stable
phase in spinel-rich inclusions. The solid solu-
tion of Al1,0, in spinel recently observed by El
Goresy et al. [1983] in an Essebi ultra-refrac-
tory inelusion will raise the spinel condensation
temperature, but this mechanism is not applicable
to most spinel-rich chondrules and inclusions
because they contain nearly pure (Mg,Fe)Al, O,
[MacPherson et al., 1983; Kornacki, 1983].

A second possibility can be explored. Some
spinel forms by equilibrium condensation at a
lower temperature (~1450 X) by the reaction
[Grossman, 19721:

melilite + vapor — spinel + diopside

Spinel-rich chondrules and inclusions contain
clinopyroxene, but the above reaction should pro-
duce spinel and clinopyroxene intergrown with a
reaction texture (sometimes rimming relict cores
of melilite), since they form together from con-
densed melilite, Instead, we see mineralogically
zoned objects with cores of spinel and (some-
times) hibonite that are rimmed by Ai-clinopyro-
xene (Figure 1), Furthermore, since Ca and Al
should be completely condensed by 1450 X (prima—
rily as intimately intergrown spinel and clino-
pyroxene), it is again difficult to understand
the low Ca/Al ratios in spinel-rich chondrules
and inclusions, which now require the separation
of spinel and clinopyroxene.

The third possibility involves the transport
of grains in the solar nebula. An implication of
this model is that a wide variety of condensate
assemblages (e.g., corundum-CaAl ,0,, corundum-
spinel, hibonite-melilite) would be produced by
grain condensation, transport, and isolation. It
is also reasonable to expect that the relative
abundance of different condensate assemblages
would be related to the size of their stability
fields, since phases stable over a wide tempera-
ture interval will also be stable over large dis-
tances in the solar nebula. However, although
hibonite has a smaller stability field than
CaAl,0,, spinel-hibonite assemblages are the most
common variety of refractory inclusion in C2
chondrites. Although a grain transport model is
qualitatively appealing, it does not explain the
almost perfect selectivity in producing spinel
and spinel-hibonite chondrules and inclusions.

The final possibility is condensation of
spinel-rich material from a fracticnated gaseous
reservoir with a noncosmic chemical composition.
Many spinel-rich inclusions have Group II REE
patterns [Grossman and Ganapathy, 1976b; Mason
and Martin, 1977] that can be explained by the
loss of highly refractory condensates prior to
their formation, but the separation of highly
refractory trace phases alone (e.g., perovskite)
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probably caused the trace—element depletions and
fractionations in Group II inclusions [Davis and
Grossman, 1979]. The major-element chemistry of
any region of the nebula should not have been
greatly altered by the loss of trace phases.
Indeed, the occurrence of Group II REE patterns
in melilite-rich CAI's (e.g., the Ca,Al-rich
chondrule A-2 of Conard et al. [1975], CG-5 of
Grossman and Ganapathy [1976al, CG-12 of Davis
and Grossman [19791, 3643 of Wark [1980], 4691 of
Mason and Taylor [1982], and the FUN inclusion

EK 1-4-1 [Nagasawa et al., 1982]) suggests that
Group II REE patterns were caused by the loss of
trace phases that did not significantly alter the
local chemistry of the nebula: the mineralogy
and Ca/Al ratios in these Group II CAI’s approxi-
mate those predicted for cosmic systems at high
temperatures. The loss of Ca-rich major phases
seems necessary for isolated spinel condensation,
but it is difficult to explain how to deplete Ca
(but not Al) from nebular gas, since gehlenite
(Ca,Al,Si0,) is the major Ca sink and the two
elements occur in subequal amounts in gehlenite
and in cosmic systems [Cameron, 1973].

Because it is difficult to produce spinel-
rich aggregates of crystalline nebular conden-
sates, we conclude that spinel-rich chondrules
and inclusions did not form from such material.

Aggregates

The interpretation that refractory inclusions
formed by the distillation and melting of primi-
tive dust aggregates, rather than by the aggrega-
tion of refractory nebular condensates, has been
a persistant (albeit a minority) one [Kurat,
1970; Chou et al., 1976; Clayton, 1977; Cohen et
al., 1983]. Experimental results [Notsu et al.,
1978; Hashimoto et al., 1979; King, 1982] and an
analysis of oxygen isotope anomalies [Wood, 1981}
support this model, as do recent models of solar
nebula physics (which suggest that the solar ne-
bula was not heated to a high enough temperature
to completely vaporize interstellar dust) [Came-
ron, 1978; Cameron and Fegley, 1982]. Distilla-
tion models have been applied primarily to the
origin of melilite-rich chondrules [Kurat et al.,
1975; Wark and Lovering, 1982al, which have re-
latively unfractionated major- and trace-element
chemical compositions [Mason and Taylor, 1982],

The formation of spinel-rich chondrules and
inclusions by any mechanism required the physical
separation of one or more Ca-rich phases from
spinel. Cohen [1981bl and Kornacki [1981] first
suggested that spinel-rich objects could form
from undifferentiated material by the separation
of partial melts from residual crystals during
evaporative metamorphism: since spinel is the
liquidus phase for CAl-composition material
[Stolper, 1982], partial melting of cosmic mate-
rial at high temperatures (>1600 K) will produce
a Ca,Si-rich melt and a spinel-rich residue as
the diopside, anorthite, and gehlenite components
sequentially melt in preference to spinel. There
are several mechanisms that could separate Ca,Si-
rich liquids from residual spinel crystals in the
nebula to produce the chemical and mineralogical
fractionation necessary to form spinel-rich chon-
drules and inclusions. These include evapora-
tion, ablation, and splashing during collisions.
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Fig. 3. Origin of spinel-rich and melilite-rich chondrules. Ca could have fractionated
from Al during partial melting and differentiation of unfractionated precondensed mate-
rial., (a) Fractionation was efficient in small inclusions, Ca,Si-rich ‘chaotic ob—
Jects’ [Cohen et al., 1983] formed from melt that was physically separated from residual
spinel. (Chaotic objects and small concentric objects are common in ’fine-grained’
inclusions.) (b) Fractionation was inefficient in large inclusions, which retained
typical CAI compositions. Spinel, melilite, and Ti-Al-pyroxene crystallized slowly from
the partial melt, forming ’coarse-grained’ melilite-rich chondrules,

Liquids are metastable under low-pressure
nebular conditions and would probably evaporate
more rapidly than residual spinel would subli-
mate [Cohen et al,, 1983; MacPherson et al.,
1983}. Wood [1983] has argued that chondrules
and CAI's were formed from interstellar dust
aggregates as they fell into the solar nebula
during the collapse of the interstellar cloud
fragment that became the solar system. The high
initial kinetic energy of the infalling solid
material was dissipated by aerodynamic drag in
the nebular gases, which converted it to heat.
Aggregates that fell into the nebula sufficiently
near the protosun would be heated to peak tempe-
ratures capable of distilling them to CAI compo-
sitions., During this process, partial melts
could be ablated from the surface of proto—CAIl's.

Finally, partially molten proto—CAI's involved
in energetic collisions would be disrupted into
their liquid and solid constituents., Individual
spinel c¢crystals and small clumps of crystalline
spinel that were liberated during these colli-
sions could have formed the individual spinel
crystals and spinel-rich concentric objects found
in spinel inclusions. They also could have
aggregated into the spinel ’‘palisades’ and chains
that were eventually incorporated into some meli-
lite-rich chondrules [Wark and Lovering, 1982b].

Several of the mineralogical and chemical pro-
perties of spinel~rich objects can be explained
if they distilled from relatively small aggre-
gates of primitive dust, which requires not only
the loss of a substantial amount (~95 wt %) of
precondensed material [Chou et al., 19761, but
also the loss of refractory Ca-rich components in
a molten state. Both processes would have ope—-
rated more efficiently in small aggregates of
primitive dust than in large ones (which are more
likely to have been the precursors of melilite-
rich objects). Two factors would have contri-
buted to this effect: diffusion path lengths and
surface area/volume ratios.

Since volatile constituents leaving a solid or
liquid object must diffuse through the volume to
reach the surface, small objects would devolati-
lize more efficiently than large ones, especially
if heating was relatively rapid. The effect of
the surface area/volume ratio (which for a sphere
is inversely proportional to the diameter) would
also be important for efficient differentiation.
The importance of the surface area during melting
and evaporation is utilized by materials engi-
neers in industrial processes, such as freeze-
drying and the fusion of silica (the 'G.E. Pro-
cess'’), in which raw materials are reduced to
small size to facilitate devolatilization and
melting. A more familiar analogy involves the
flow of heat rather than the flux of volatile
materials, but the reasoning is similar. Tsuchi-
yama et al. [1981] experimentally verified that
the volatilization rate of Na from liquid sili-
cate spheres is a function of their size.

Spinel-rich chondrules (and concentric objects
in spinel-rich inclusions) are typically ~10-100X
smaller than melilite-rich chondrules. In a 0.1
mm spinel-rich chondrule, the diffusion path
length from the core is 100X smaller and the sur-
face area/volume ratio is 100X larger than in a 1
cm melilite-rich chondrule. Both factors contri-
bute to the efficiency with which the smaller
precursor of the spinel-rich chondrule could have
lost Ca,Si-rich melt by either evaporation or
ablation from its surface (Figure 3).

The relationship between the initial size and
the final chemistry of primitive dust aggregates
can also explain why highly-fractionated Group II
REE patterns and refractory noble metal deple-
tions are usually found in spinel-rich inclu-
sions. Wood [1981] noted that Group II inclu-
sions could have distilled from primitive dust
aggregates that were already depleted in super-
refractory trace elements; Fegley and Kornacki
[1983] identified Fremdlinge (or their precur-
sors) as specific candidates for the trace phase
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that was fractionated in the presolar inter-
stellar cloud or the solar nebula to produce
Group II REE patterns. Small primitive dust
aggregates, which could fractionate efficiently
during evaporative metamorphism to form spinel-
rich objects, would have incorporated a smaller
number of dust grains than large aggregates did.
Thus spinel-rich objects are more likely to dis-
play chemical anomalies due to the absence of a
particular variety of refractory element-enriched
primitive dust grain.

Finally, this model can explain a puzzling
mineralogical feature of spinel-rich objects:
the absence of microscopic Pt-metal nuggets.
Cameron and Fegley [1982] and Fegley and Kornacki
[1983] interpret micron-sized Pt-metal nuggets
that occur in melilite-rich chondrules and inclu-
sions as evaporation residues, rather than as
refractory crystalline condensates. When vola-
tiles that are likely to have been present in
primitive dust aggregates fluxed through a dis-
tilling proto~CAI, they would have enhanced the
formation of metallic beads from smaller grains
(as do volatile fluxes during the fire-assaying
of terrestrial Pt-metal ores [Crocket and Cabri,
19811). If these microscopic nuggets formed from
submicroscopic grains, the absolute abundance of
refractory noble metals may simply have been too
low in small dust aggregates to have formed many
micron-sized nuggets (even though their relative
abundance is ~2X greater in some spinel-rich ob-
jects than in nugget-bearing melilite-rich chon-
drules [Tanaka et al., 19801).

The formation of Pt-metal nuggets during eva-
porative metamorphism also may have required the
presence of a slowly cooled silicate melt in
which immiscible metal droplets had sufficient
time to coalesce into larger nuggets. Pt-metal
nuggets in melilite-rich chondrules are usually
enclosed in melilite and Ti-Al-pyroxene (minerals
that probably crystallized from slowly cooled
Ca,Si-rich melts [Paque and Stolper, 1983]1), but
they only adhere to spinel [El Goresy et al.,
1978]. Since many spinel-rich objects may con-
sist of residual material from which partial
melts were rapidly lost by evaporation or abla-
tion, and the cooling rate of spinel-rich chon-
drules could have been faster than the cooling
rate of melilite-rich chondrules (since spinel
chondrules are usually smaller than melilite
chondrules), spinel-rich objects may not have
been suitable systems in which Pt-metal nuggets
could form.

Many spinel-rich inclusions have highly irre-
gular shapes that range from botryoldal aggre-
gates of nodules to sinuous sheets [MacPherson et
al., 1983]. These unusual contorted, convoluted
morphologies can be explained if spinel-rich con-
centric objects aggregated into complex botryoi-
dal or sheeted inclusions that subsequently de-—
formed plastically (during sintering) into their
present shapes [Kornacki and Cohen, 1983al. Un-
like the semimolten objects that could merge into
rounded melilite-rich chondrules [Wark and Love-
ring, 1982b], spinel-rich objects consisted
largely of crystalline material and thus retained
unusual aggregational textures. (The contorted,
convoluted shapes of 'fluffy' Type A CAI's can
also be explained by this model, except that they
are complex, welded aggregates of melilite-rich
objects [Wark and Lovering, 1982b; Kornacki and
Cohen, 1983bl.) Spinel-rich chondrules, on the

Origin of Spinel Chondrules/Inclusions

other hand, formed by the nearly total melting of
spinel-rich residual material.

Spinel-rich objects are rimmed by a layer of
Al-clinopyroxene that could have crystallized
either from a residual film of Ca,Si-rich melt
that coated the crystalline, spinel-rich core of
the proto—CAI, or from a liquid or amorphous
s0lid condensate that nucleated on the spinel
substrate [Cohen et al., 1983].

Conclusions

We conclude that the mineralogy, composition,
and textural features of spinel-rich inclusions
are inconsistent with the simple interpretation
that they are aggregates of crystalline equili-
brium condensates, and that more complex models
involving only vapor-solid condensation do not
adequately explain their formation. We also
doubt that spinel-rich chondrules crystallized
from refractory metastable liquid condensates
(which are enriched in Ca0O and A1,0, and contain
only small amounts of normative spinel).

Instead, we propose that spinel-rich objects
are distillation residues of small aggregates of
primitive dust that lost Ca,Si-rich partial melts
by evaporation, ablation, or splashing in the so-
lar nebula {(processes that could have been wide—
spread due to nebular turbulence or shocks at the
nebular accretion front). Furthermore, we pro-
pose that the initial size of precondensed dust-
balls influenced their final chemistry and mine-
ralogy, since small dust aggregates have large
surface area/volume ratios and small diffusion
path lengths, and thus can differentiate effi-
ciently by the removal of liquids from their sur-
face., Since they sampled fewer grains, small ob-
jects preferentially preserved chemical anomalies
caused by the absence of trace phases. We be-
lieve that these combined effects explain why
Group II inclusions are also usually spinel-rich.
We note that the absolute abundance of refractory
noble metals in small, spinel-rich objects may
simply be too low to have formed many microscopic
Pt-metal nuggets during distillation and melting,
especially if nugget formation occurred in slowly
cooled melts. Finally, we propose that spinel-
rich chondrules formed from molten spinel-rich
distillation residues, not from molten spinel-
rich aggregates of crystalline condensates, The
contorted, convoluted morphologies that characte-
rize spinel-rich inclusions may result from the
sintering of complex aggregates of smaller
spinel-rich objects,
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