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A compact, spheroidal Type B inclusion in Allende contains melilite laths that project radially inward from the
inclusion edge which show interference growth textures The combined textural and chemacal features of this object
cannot be explamed by independent vapor-solid condensation of grains in space, followed by random aggregation of
these grains into an inclusion Rather, 1t probably formed from a once-molten droplet that crystallized in response
to radiative cooling from 1ts outer surface The crystallization sequence 1n this and another similar inclusion 1n
which oxygen 1sotopes have been measured 1s melihte-spinel-anorthite-fassaite This sequence supports the 1dea that
oxygen 1sotopic heterogeneities in coarse-grained inclusions were formed after complete solidification of these
objects by partial exchange with a less 160.1ich gas, and not during or before a melting event

1 Introduction

Coarse-grained, calcrum-aluminum-rich inclusions
[17 1n Allende and other carbonaceous chondrntes
have been 1dentified with the highest-temperature
condensates predicted to have formed 1n the solar
nebula [2] Published petrographic evidence regarding
the ongin of these objects 1s ambiguous, however, and
the community studying them 1s therefore split over
the 1ssue of whether they are truly the primitive
vapor-to-sohd condensates [3—5] or whether they
passed through a molten stage either during or after
condensation [6—10] Grossman [11] suggested that
there are both melted and unmelted types of these
nclusions and we present here what we believe to be
the most convincing evidence given to date that some
of these inclusions were indeed molten

Most arguments that coarse-grained inclusions
were once molten are based on the spheroidal shapes
(6,7} and compact textures [6] of many of these
objects Blander and Fuchs [6] described six inclu-
sions from Allende and interpreted all of them 1n
terms of crystallization from liquuds Their evidence
for such an mterpretation 1s of two kinds (1) mineral

crystallization sequences deduced from textures in
these inclusions are not m accord with predicted
vapor-solid condensation sequences, e g. refractory
phases such as hibonite and perovskite are predicted
to condense prror to mehlite and spinel, yet these
phases occur at the margins of some inclusions, (2)
some of the mclusions have tight-fitting, potkilitic,
ophitic, or allegedly eutectic textures that are sup-
posedly charactenstic of a liquid origin In some of
these inclusions, no sequence of crystallization could
be determined from the textures

In the first argument, 1t 1s assumed that vapor-
solid condensation sequences are precisely known,
which 1s not the case For example, the condensation
temperature of fassaite, a major phase in Type B
inclusions, 1s not known relative to those of melilite
and spinel It s also assumed that, in a direct vapor-
solid condensation process, phases accrete in the same
order in which they condense This assumption 1s not
required and 1s discussed below The second argument
18 unjustified the textures described by Blander and
Fuchs [6] can just asavell be produced by metamor-
phism as by liquad crystallization It has never been
shown that tight-fitting or poikilitic textures could
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not be produced by vapor-sohd condensation For
example, one can envision that such a texture could
result from condensation of fassaite 1n a cloud
densely packed with spinel Also, liquid crystallization
15 generally expected to produce a well-defined
sequence of crystallization except in the very fortu-
1tous case where the liquid 1s eutectic or neareutectic
1n bulk composition Terrestrial igneous rocks usually
show such a sequence Blander and Fuchs’ [6] tnability
to determine crystallization sequences in their coarse-
gramed mclusions might argue just as strongly for a
metamorphic as for an 1gneous origin

Kurat et al [8] proposed supporting evidence by
reporting an inclusion 1n Balt in which refractory ele-
ment contents of mellite and pyroxene grains near
the margin of the inclusion are higher than those of
grains of the same phases in the core, while more
volatile elements are enriched n the core grains rela-
tive to those in the margin Kurat et al [8] expected
that inclusions formed by direct condensation of
solids from a gas would have grains in thetr cores that
are richer 1n refractories than those i their margins
Because this 1s contrary to what was observed, these
workers concluded that the inclusion did not form
in this way, but formed instead by volatilization and
condensation processes accompanying impact melting
Thas conclusion, however, 1s based on the assumption
that the gramns which formed true condensate
inclusions should have accreted in the order in which
they condensed from a monotonically-cooling gas in a
closed system But this assumption 1s an unnecessary
restriction, as one can envision solid material moving
mnto nebular regions with different pressures, temper-
atures and/or bulk compositions from that in which
1t formed. Such material could easily have acted as a
substrate for nucleation of phases that should have
condensed prior to 1t 1n 1ts onginal formation loca-
tion

More recently, Lorin et al [9] described an inclu-
sion with ophitic textures similar to terrestrial
1gneous rocks, and concluded by analogy that their
incluston was also once molten We see no reason,
however, why such ophitic-textured inclusions could
not be produced by vapor-to-solid condensation, in
a manner analogous to that discussed above for
potkilitic nclusions

Our purpose here 1s to describe an inclusion whose
textural features cannot be explained by direct con-
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densation of solids from a vapor, nor by metamor-

phism, but are completely consistent with a molten
origin

2. Analytical techniques

A highly compact inclusion with very little void
space was discovered on a slab surface of the Allende
meteortte and a pohished thin section, TS33, was
made of 1t and 1ts surroundings This was examined
optically and also with a JEOL JSM35 scanning elec-
tron mucroscope equipped with a KEVEX Si(L1) X-ray
detector Mineral analyses were obtamned by wave-
length-dispersive methods with an ARL-EMX-SM ,
3-spectrometer, automated electron microprobe,
operated at 15 keV accelerating voltage and 0.5 uA
beam current Beam spot size was approximately 2
um Natural and synthetic minerals and glasses were
used as standards. Data were reduced via an on-ine
NOVA 2/10 computer, using the program MAGIC
(JW Colby, Bell Laboratores) for matrix correc-
tions

3 Description

The inclusion, labelled TS33F1 1n thin section, 1s
a white, 1 1 cm diameter sphere A photomucrograph
1s shown m Fig 1. The most distinctive features are
the elongate (L/W < 10 1) melilite laths each of
which terminates at and projects inward from the
inclusion nm These melilites are up to 5 mm 1n
length and the smallest crystals are confined to the
inclusion margin, while the fewer long crystals pro-
ject all the way mto the core All are strongly
shocked, with kink-bands oriented perpendicular to
the length of the crystals Closer examimation (Fig
2) of the mehlites near the inclusion margin shows
that neighboring crystals abut against one another
and, 1n many cases, short crystals terminate against
the stdes of neighboring long crystals This kind of
wnterference growth texture, displayed by crystals
growing on a common surface, 1s similar to textures
found 1n devitrified glass shards 1n terrestral ash flow
tuffs and 1s referred to as axiohtic texture [12] All
of the melilites 1n TS33F1 are optically zoned, with
brght, first-order white or yellow birefringent cores
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Fig 1 TS33F1, containing long mehlite laths (white), anhedral fassaites (grey), sparse anorthites, and spinel as inclusions 1n all
the above phases The white “rim” 15 epoxy where the inclusion has separated from the dark Allende matrnix during thin section
preparation Transmitted light, the inclusion 1s 1 1 ¢cm 1n diameter

and grey or anomalous-blue birefringent nms These Subordinate to the melilites in both abundance
zoning patterns are directly correlated with composi- and shape are grey-green pleochroic fassaite crystals
tional zoning (see section 4) Fassaite 1s most abundant near the inclusion core,

Fig 2 (a) Enlarged photomicrograph of a portion of the margin in TS33F1 (b) Tracing of the photomicrograph 1n (a) showing
melilite (cleavage traces parallel to length), fassaite (stippled), anorthite (clear), and alteration products (black) Scale same as in
(a) (A4) A short stubby melilite on the inclusion rim abuts against a long melilite lath that extends from the upper left edge of the
drawing to the lower left margin of the inclusion (8) Several narrow melilite laths extending 1n criss-cross fashion away from the
inclusion margin Two laths intersect each other and both are narrower at the region of intersection, suggesting mutual inter-
ference during width-wise growth of each crystal (C) A euhedral melilite lath oriented nearly perpendicular to the inclusion
margin has blocked the growth of a small mehlite on the lower left of the big crystal Note also the large fassaite crystal that
envelops the euhedral termination of the large melilite, suggesting that the pyroxene grew after the melilite had formed (D)

A long melilite oriented at a small angle to the inclusion margmn has obstructed the growth of several small melilites that abut
against 1ts lower side (£) The end of the long melilite in (D) 1s abutting against the end of another, smaller melilite lath that
extends horntzontally from the right edge of the drawing
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Fig 3 Rkermamte contents of the core of a single melilite
crystal, as determuned by electron microprobe analysis, The
dkermanite content increases along the length of the crystal,
away from the margin of TS33F1

where 1t occurs as anhedral crystals. Fassaites near the
inclusion rim erther partially surround the euhedral
melilites or fill angular interstitial voids between them
All of the fassaite crystals are concentrically zoned,
being somewhat more intensely colored 1n their cores
Some crystals have faintly visible sector zoning

Anorthites are minor n abundance and occur
as wrregular to tabular crystals No optical zonation 1s
visible.

Spinels occur as inclusions within all other phases,
but are mostly concentrated toward the inclusion
core In melilite, the spinels occur mostly near crystal
rims Melilite crystals very near the margin of TS33F1
have virtually no spinel 1n their cores, suggesting that
melilite began to crystallize shightly prior to spinel
Fassaites, in contrast, are densely crowded with spinel
inclusions almost everywhere, suggesting that
pyroxene began crystalhizing long after spinel
Anorthites, 1n some cases, are nearly spinel-free, but
elsewhere contain many spinel inclusions,

Fremdhinge [13] have not been found in this inclu-
sion. Numerous tiny (£5 um) metal beads (mostly
Nt-Fe) do occur as inclusions associated closely with
spinel

The rim sequence around TS33F1 1s very thin and
consists of pink spinel, tiny anorthite blades, gros-
sular and nephehine These phases also occur in the
inclusion 1nterior as alteration products along frac-
tures and grain boundaries

4 Mineral chemistry

The compositions of individual melilite crystals
vary 1n two ways (1) the crystals are concentrically
zoned, and (2) crystals near and projecting inward
from the mclusion margin change composition pro-
gressively along their length  All melilite shows nor-
mal concentric zoning, with aluminum-rich (gehleni-
tic) cores and magnestum-rich (8kermanitic) nms
Crystals near the inclusion margin range 1n composi-
tion from cores of Ak ~ 10 to rims of Ak ~ 14
Crystals near the core of TS33F1 have a much more
extreme range, from cores of Ak ~ 15 to nims of
Kk ~ 60. The second kind of melilite composition
variation 1s shown in Fig 3 A single mehlite lath,
oriented approximately perpendicular to the inclu-
sion margin, changes composttion glong its length
from Ak 11 near the margin to Kk 20 toward the
inclusion core All of these analyses are from the core
of the crystal, so this is not an effect of the normal
core-rim zonation discussed above Minor element
contents of ail mehlites in TS33F1 are uniformly very
low FeO <007 wt %, K,0<002%,Na,0 < 002%

The fassaites in TS33F1 contain ~19-22 wt %
Al,03 and 5—11% T10, (calculated as T1i**) These
components tend to be somewhat enriched 1n the
crystal cores relative to the nms Two electron micro-
probe analyses showing the ranges 1n composition are
given 1n Table 1 No variation of pyroxene composi-
tion as a function of location within the inclusion
was detected Minor element contents 1n these
pyroxenes are low and show hittle variation (Table 1)

Spinels are near end-member MgAl,0, as shown n
Table I, with the exception only of pink spinels in
the rim layers that are FeO-nch (up to ~5.5%) On
average, V, O 1s shightly higher 1in spinels near the
inclusion margin than spinels near the core Also,
spinels enclosed 1n melilite are shightly richer in
V,03 (0 20—0 25%) than spinels in fassaite (0 10—

0 25%) Plagioclases show very little variation in com-
position and are uniformly An 99 0—99 3 The con-



TABLE 1
Electron microprobe analyses of phases in TS33F1
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1 2 3 4 5
Fassaite Fassaite Fassaite Spinel Spinel
(12%) 40%)

810, 42 68 3515 - -
Al, O3 1870 2185 70.47
Ti0, 5.30 10 80 0.39 014-069
MgO 9.79 719 27 95
FeO nd nd nd 006 nd -0 16
Ca0 25.03 2554 - —
Na, O nd nd nd - -
MnO nd nd nd - -
Ni1O nd nd nd - -
Cry04 0.06 004 0 03-0.06 013 009-016
V.03 - - - 023 012-025
Total 101.56 100 60 99 23

1 = most T1-poor fassaite, 2 = most Trrich fassaite, 3 = ranges of minor element contents in fassattes, 4 = spinel from the nterior

of the inclusion, 5 = ranges of mmor element contents in spinels

nd = not detected, — = not analyzed
* Number of analyses

centrations of FeO, K,0 and BaO are each less than
0 02 wt %. MgO contents are slightly lower 1n
anorthites near the inclusion margmn (0.13-0 14%)
than 1n anorthites near the core (0 150 27%),1n
accord with stmilar results in other Type B inclusions
[9,14]

5 Discussion

The melilite laths 1n the outer zone of TS33F1 all
share one feature i1n common despite great varia-
tions 1n therr lengths, one end of each crystal 1s
located on the inclusion margin The most logical
mterpretation 1s that the melilites all nucleated on the
outer surface and grew inward from 1t This interpre-
tation 1s strongly supported by the fact that the other
ends of the shortest melilite crystals abut against
and terminate at the sides of neighboring longer
crystals, implying that the long crystals hindered
further growth of the short ones and that, therefore,
the direction of growth was inward The longest
crystals are those that nucleated first and thus
encountered no obstructions during growth The fact
that the melilites grew so close together that they

interfered with one another’s growth cannot be
explained by independent condensation of separate
grains 1n space and subsequent random aggregation
of them 1nto an inclusion

Experimentally determined phase equilibria [15]
in the system gehlenite (Ca,Al,5107)—8dkermanite
(Ca,;MgS1,0,) support the interpretation that the
melilite laths did indeed grow inward This system
shows complete solid solution, with a mmnimum in
the hiquidus loop at Ak 72 On the aluminum-rich side
of the mimmum, both liquid and crystals become
progressively enriched 1n magnesium with falling
temperature and experiments {16] indicate that this
1s true even 1 the presence of additional components
Thus, raptdly-crystallized melilites will be zoned from
gehlemte-rich cores to 8kermanite-rich nms The
melilites in TS33F1 are concentrically zoned 1n just
this manner and, 1n addrtion, individual laths become
progressively ennched in magnesium along their
lengths away from the inclusion margin The highest
temperature portions of these crystals are thus located
at the inclusion margin, implying that the crystals
began crystallizing there and grew inward with falling
temperature
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Two hypotheses can be advanced to explain all of
the above features (1) vapor condensation of crystals
inside a hollow spherical shell, or (2) crystallization
of a molten droplet. We cannot envisage how, 1n the
first model, such a precursor shell might have formed
to act as a substrate for subsequent vapor-solid con-
densation 1nside 1t, or how 1t later became filled 1n
On the other hand, the textures of TS33F1 are entirely
consistent with crystallization of a freefloating hquid
droplet 1n response to radiative cooling from 1ts outer
surface

The textures 1n this inclusion could not have been
produced by metamorphism If this were the case,
the euhedral meltlite laths would have formed by
solid-state daffuston of comaponents toward the
growing crystals The problem 1s that no phase other
than spinel occurs as inclusions in melilite The other
phases that had to break down to supply components
to the growing melilites must have erther reacted
completely to form melilite only, or residual com-
ponents diffused away from the mehlites to form
other phases, or residual sohds were physically
pushed aside as the melilites grew The first case 1s
highly unlikely The second alternative requires that
diffusion was rapid relative to crystallization times, in
which case the melilite crystals should not be compo-
sitionally zoned as they now are In the third case,
since the melilites do contan inclusions of spinel,
they were apparently unable to push aside all solid
grains they encountered during growth Since they
contain only spinel, we conclude that the melilites
grew 1 a medmum 1n which spinel was the only other
solid phase. A second difficulty with the metamor-
phusm model 1s why melilite and only melilite,
nucleated preferentially at the outer surface of the
inclusion Without a thermal gradient, thus could
only happen if the outer zone had a composition
more favorable for the nucleation and growth of meli-
lite than of other phases In this case, melilite should
be largely confined to the outer zone where the
necessary components for growth were most readily
available Yet the mehiites often extend far into the
center of the inclusion, suggesting that any onginal
compositional heterogeneity was slight In terrestrial
metamorphic rocks, many phases, especially aluminum
silicates, are commonly confined largely to bands
with a favorable composition

6 Implications for oxygen isotope studies

The discovery by Clayton et al [17] that spinels
and fassaites are ennched in 160 by as much as 5%
relative to melilites within the same coarse-grained
inclusion 1s difficult to reconcile with a molten orngin
for any of these objects Two attempts to do so were
based on the assumption that the crystallization se-
quence of all Type B inclusions was that determined by
Seitz and Kushiro [18] 1n phase equilibrium studies
of a composition that lies within the range of bulk
compositions of coarse-grained mclusions In that
work, spinel and fassaite crystallized prior to melilite
durnng cooling In one attempt, Clayton et al [17]
proposed a model 1n which pre-solar, *¢O-rich spinel
and perovskite grains were introduced into the more
170- and '®0-1ich solar nebula during 1ts condensa-
tion and were mixed with lower-temperature solar
nebular condensates to form precursors to the
mnclusions Melting of all the solid phases except
spinel occurred at an intermediate stage of condensa-
tion Re-solidification of the liquid resulted in '*O-rich
spinels enclosed within more !70-and '80-nch
melilites and fassaites Clayton and his co-workers
were unable to explain why the fassaites are also '¢0-
rich In another attempt [11], completely molten
droplets were 1mtially rich in 10 During crystalhiza-
tion, the droplets were immersed 1n a more Q- and
18Q.rich gas that attempted to equilibrate 1sotopically
with the iquid The first minerals to crystallize,
spinel and fassaite, acquired the 160Q-rich signature
of the onginal iquud Melilite crystallized after sigmf-
1cant 1sotopic equilibration had occurred and thus
acquired more 170- and !30-rich compositions

Both of the above models require that spinel
crystaihzes at much higher temperatures than melilite,
so that the spinel either never melts or else crystallizes
long before melilite during solidification We infer,
however, that melilite crystallized first in TS33F1,
followed by spinel, anorthite and, finally, fassaite for
the following reasons The ends of melilite laths at
the mnclusion margin are spinel-free 1n their cores and,
towards the inclusion interior, the melilite cores have
fewer and smaller spinel inclusions than the melilite
rms We thus conclude that melilite began crystalliz-
ing before spmel Anorthites have spinel mnclusions
even near the margin of TS33F1 , and no relationship
exasts between the sizes of enclosed spinels or their



abundance and position within the anorthite crystals
Anorthite thus began crystallizing after spinel and
therefore after melilite Fassaites are everywhere
choked with numerous spinel inclusions, more
numerous than n either melilite or anorthite Further-
more, fassaite crystal shapes are determined by the
shapes of adjoining melilite laths Fassaite was thus
probably the last phase to nucleate

One of the samples studied by Clayton et al [17],
A13S84, and 1llustrated 1n their fig 4,15 1dentical in
almost every respect to TS33F1 Melilite was the
first phase to crystallize in it, but 1s nonetheless
depleted m 160 relative to spinel and fassaite as in the
case of all other inclusions studied by Clayton et al
[17] The 1sotopic heterogeneity cannot, therefore,
be explained by erther the model of Clayton et al
[17], or the model of Grossman [11], since both of
these models require spinel to crystallize before meh-
lite Rather, our evidence supports a model in which
the '60-rich coarse-gramed inclusions partially equi-
librated mn the solid state with a more '80-, 170-nch
gas This occurred after melting and complete crystal-
hization of A1384, perhaps during the same process
that caused alteration to grossular, nepheline and
other secondary phases In this model, the 1sotopic
compositions of the various phases are controlled by
the differing rates of oxygen diffusion into these
solids Spinels have a dense structure and therefore a
low oxygen diffusion coefficient relative to the more
open-structured melilites, and the fassaites are inter-
mediate 1n these proporties between melilites and
spinels The model adopted here 1s like that of Blander
and Fuchs [6] 1n that 1sotopic heterogeneity was pro-
duced by partial exchange after complete solidification
following melting, but here the stmilarity ends That
model required the oxygen 1sotopic composition
of the 1nit1al solids to be pure €0, while evidence
reviewed 1n Grossman [11] suggests that they began
at a §!70 of ~40%o

7 Conclusions

The textural and chemucal features of TS33F1
cannot be explamned by direct vapor-solid condensa-
tion, but suggest rather that this object sohidified
from a molten droplet Melilite crystallized before
spinel in TS33F1 and also 1n another, texturally
stmyar inclusion in which the spinels are enriched 1n
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180 relative to the melilites [17] This observation
suggests that oxygen 1sotope heterogeneities mn once-
molten coarse-gramned inclusions oniginated after com-
plete solidification of these objects, and not during or
before crystallization
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