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Abstract-Nine fine-grained feldspathoid-, grossular-, spinel-, pyroxene-bearing inclusions from the 
Allende meteorite were analysed by instrumental neutron activation analysis. On the average, these 
inclusions are enriched in the refractory lithophile elements Ca, SC, Ta and the rare earths by factors 
of 5-30 relative to Cl chondrites but are depleted in the refractory and volatile siderophiles, Ir, Co 
and Au. The volatile elements Fe, Cr and Zn are present at levels of 3.3%8.51x, 326-2516 ppm and 
308.-1376 ppm, respectively. Textural, mineralogical and chemical data suggest that the fine-grained 
inclusions formed in the solar nebula by the simultaneous condensation of volatiles and refractory 
lithophile elements which failed to condense into the coarse-grained, high-temperature condensate inclu- 
sions. The marked differences in the enrichment factors for different refractories in the fine-grained 
inclusions are caused by relatively small differences in their accretion efficiencies into the coarse-grained 
ones. The trace element data indicate that the refractories in the fine- and coarse-grained inclusions 
can onlv be the cosmic comnlements of one another if the fine-grained ones represent no more than 
- 20% of the most abundant refractory elements. 

INTRODUCTION 

IN ADDITION to mineralogical and isotopic informa- 
tion, trace element data have been used as evidence 
for the high-temperature condensation origin of the 
coarse-grained, Ca-rich inclusions in the Allende 
meteorite (GAST et al., 1970; GROSSMAN, 1973; MACON 
and MARTIN, 1974; WANKE et al., 1974; GROSSMAN 
and GANAPATHY, 1976). Another petrographic com- 
ponent of this chondrite, the fine-grained inclusions, 
was first discovered by CLARKE et al. (1970). Their 
mineralogical and bulk chemical analyses, combined 
with scanning electron microscope (SEM) information 

(GROSSMAN et al., 1975) and volatile element data 
(GROSSMAN and GANAPATHY, 1975) suggested to the 
latter workers that the fine-grained inclusions formed 
by the simultaneous condensation of refractories and 
volatiles from the solar nebula. Compared to the 
coarse-grained inclusions, relatively few trace element 
studies of the fine-grained ones have appeared in the 
literature (TANAKA and MASUDA, 1973; MARTIN and 
MASON, 1974) but these have shown remarkable 
refractory element enrichment patterns. As part of our 
ongoing program aimed at understanding the behav- 
ior of the elements during the condensation of the 
solar nebula, we decided to investigate the trace ele- 
ment characteristics of a suite of these inclusions by 
instrumental neutron activation analysis. 

specific samples from the Allende meteorite studied 
herein are described in GROSSMAN and GANAPATHY 
(1975). The sample numbers used here are the same 

as in that paper. 

SAMPLES 

General identifying characteristics of what we mean 

by fine-grained inclusions and the preparation of the 

Inclusions of this type have not been studied in 
detail by microprobe techniques because of their 
exceedingly fine grain size and because their high por- 
osity makes their preservation improbable during the 
preparation of polished sections (GROSSMAN et al., 
1975). Until now, the only mineralogical information 
reported from an inclusion described in enough detail 
to identify it as belonging to the class of inclusions 
discussed here is that in CLARKE et aI. (1970). They 
deduced the mineralogy of a single inclusion from 
a combination of X-ray diffraction and bulk chemical 
data, reporting gehlenite, anorthite, fassaite, spinel, 
sodalite, nepheline and grossular. It is not clear, how- 

ever, how many of these phases were actually identi- 
fied from the X-ray pattern alone. In the present 
study, an X-ray powder pattern was made of an ali- 
quot of each inclusion whose trace element content 
was determined. In addition, the white rims of inclu- 
sions 16 and 19 were X-rayed separately. The results 

are shown in Table 1, where all phases identified on 
the basis of at least one strong, characteristic, unam- 
biguous line are listed as definitely present and those 

indicated by only a single weak line are listed as poss- 
ibly present. Except for sample 15, all of the inclu- 
sions contain spine1 and pyroxene. Sodalite, nephe- 
line, grossular and possibly melilite are common con- 
stituents. Plagioclase and olivine are usually undetec- 
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Table I. Mineralogy of samples whose trace element contents were measured in this work 

x x 

x x x x 

x x x x 

x x x 

x 0 x x 

x x x x 

* X~~Definitely present; O~possihly present; blank---not detected. 
** Amoehoid olivine aggregate. 

table but they may occasionally be present. From its 
texture, color and mineralogy, inclusion 15 is an 
amoeboid olivine aggregate (GROSSMAN and STEELE, 

1976) which was mistakenly thought to be a fine- 
grained inclusion from its appearance on a slab sur- 
face. Its trace element data are reported here but their 
interpretation will be discussed in a later paper along 
with analyses of ten more of these objects. 

Nepheline and perhaps melilite are present in the 

core but absent from the rim of inclusion 16. In 19, 
sodalite is present in the rim and not in the core 
hut the rcvcrsc ma> be true for pyroxene. The olivine 

found in the rim of 19 is thought to be due to matrix 
contamination of the very small amount of material 
sampled for X-ray work (~0.05 mg). These appear to 

be the only mineralogical differences between core 
and rim samples. The color zoning is thus probably 
not due to the presence of a phase in the cores which 
is not present in the rims. It is more likely due to 
larger concentrations of colored phases in the centers 
of the inclusions. such as spine1 or grossular doped 
with tract amounts of transition metals. Perhaps 
sodalite sometimes also plays a part in the coloration. 

An estimate of the abundances of nepheline and 

sodalite in the finesgrained inclusions is attempted in 
Fig. I. From the X-ray work, these are the only signi- 
ficant phases containing Na and Cl. The graphical 
construction in Fig.1 is based upon the assumption 
that the nepheline and sodalite in these inclusions 
have the same mean compositions as in the amoeboid 
olivine aggregates in Allende (GROSSMAN and STEELI., 

1976). Plotting the Na and Cl contents measured in 
these samples by GROSSMAN and GANA~ATHY (1975) 

on the graph shows that the ratio of nepheline to 

sodalite varies widely and that, together. the two 

phases account for X -38”;, of the mass of the fine- 

prained inclusions. Further. the Na and Cl values 

satisfy an internal check in that all the data points 
fall within the triangle in Fig. I. 

EXPERIMENTAL 

The short neutron irradiation of IO coarse-grained and 
10 fine-grained inclusions from the Allende meteorite was 
reported in GROSSMAN and GANAPATHY (1975). In that 
work, the counting of the short-lived nuclides C13s, Dy”‘, 
Mn56 and Naz4 was described, and the abundances of Cl, 
Mn and Na were discussed. Here we report on further 
experiments on the same fine-grained inclusions as in that 
study. The Dy data from the earlier study are also reported 
here. 

These inclusions were re-irradiated along with the 10 
coarse-grained inclusions studied in GROSSMAN and GANA- 
PATHY (1976). The irradiation conditions. standards, flux 
monitors and blank were thus precisely those reported in 
that paper. The counting equipment used, its stability. the 
method of data reduction and the analytical peaks 
employed were also the same as in that paper. The only 
element determined in the fine-grained inclusions which 
was not seen in the spectra of the coarse-grained ones was 
Zn. For analytical purposes, we used the Zn65 peak at 
I1 15.5 keV (PAGDEN et al., 1971). having a half-life of 245 
days (LEDERER et al., 1968). 

Initially, each sample was counted for approximately IO“ 
set in the time period ranging from 4 to 6 days after the 
end of the irradiation in order to try to obtain good count- 
ing statistici for such short-lived nuclides as La14’, Smts3 
and Au19s. Between 9 and 21 days after irradiation, each 
sample was again counted for approximately I day to im- 
prove the statistics for Ca4’ and Yb”‘. Beginning 45 days 
after the irradiation, some of the samples were counted 
again for 2--3 days each in order to improve statistics for 
the longer-lived nuclides. 

RESULTS 

Because the samples discussed in this paper were run 
together with those discussed in GKOSSMAN and GANA- 
PATHY (1976), the comparison of our BCR-I data with 
literature values in that paper are perfectly applicable here 
as well. Because the Zn/Sc ratio is considerably lower in 



Trace elements in the Allende meteorite11 969 

- Nepheline ond Sodolite Contents of Fine-Grolned Inclusions 
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______ __-___: 25 

Na (%) 

Fig. 1. The nepheline and sodalite contents of the samples studied here can be determined from the 
Na and Cl measurements of GROSSMAN and GANAPATHY (1973 assuming that they are the only phases 
present which contain these elements and that they have the same compositions as in the amoeboid 

olivine aggregates (GROSSMAN and STEELE, 1976). 

BCR-1 than in the fine-grained inclusions, we were unable 
to determine Zn in the standard rock. This is also the 
reason why Zn was not detected in the coarse-grained in- 
clusions. Hf, W, OS and Ru were determined in the coarse- 
grained inclusions but these elements were not detectable 
in the fine-grained ones under the conditions of this exper- 
iment. 

Our analytical data for 16 elements in 10 fine-grained 
inclusions are shown in Table 2. Uncertainties quoted are 
based on la counting statistics for both samples and stan- 
dards. Additional uncertainties due to irradiation and 
counting geometry are estimated to be +2%. Very few 
analysed inclusions are described fully enough in the litera- 
ture to positively identify them as belonging to the fine- 
grained variety studied in this paper. Consequently, our 
ability to compare our data with literature values is 
limited. In general, however, where comparable, our data 
are in agreement with analyses reported by CLARKE et al. 
(1970) for an ‘irregular aggregate’, GRAY et al. (1973) for 
a ‘high-Rb aggregate’, TANAKA and MASUDA (1973) for 
their ‘inclusion G’ and MARTIN and MACON (1974) for their 
two ‘Group III Ca, Al-rich aggregates’ and with the range 
of analyses reported for their ‘Group II Ca, Al-rich aggre- 
gates’. The only exceptions are that the Ca content 
measured by CLARKE et al. (1970) and the highest Ca con- 
tent seen in the group II aggregates by MARTIN and 
MACON (1974) are both greater than the highest observed 
in this study. Also, the Fe concentrations reported by 
CLARKE et al. (1970) and MARTIN and MAKIN (1974) for 
group III aggregates are slightly below the lowest values 
seen here. The range of Fe contents reported for group 
II aggregates by MARTIN and MAKIN (1974) extends to 
slightly lower and slightly higher values than the range 
in Table 2. The inclusions are so variable in composition, 
however, that these discrepancies may not be particularly 
significant. 

DISCUSSION 

Chemical diferences between jine- and coarse-pained 
inclusions 

Excluding sample 15, the mean concentration of 
each refractory element in the remaining nine fine- 

grained inclusions was calculated, normalized to its 
abundance in Cl chondrites and plotted in Fig. 2. 
See GROSSMAN and GANAPATHY (1976) for the Cl 
data used and their sources. First, it is clear that the 
fine-grained inclusions, like the coarse-grained ones 
(GROSSMAN and GANAPATHY, 1976), are significantly 
enriched in refractory elements relative to Cl chon- 
drites. Unlike the coarse-grained inclusi&s, however, 
the refractory element enrichment is restricted to the 
lithophile elements. In the fine-grained inclusions, 
refractory siderophiles such as Ir are substantially de- 
pleted relative to Cl chondrites. Even among the 
refractory lithophile elements, large differences are 
observed between the coarse- and fine-grained inclu- 
sions. These elements are nearly uniformly enriched 
on the average in the coarse-grained inclusions 
(GROSSMAN and GANAPATHY, 1976), but marked vari- 
ations are seen among the mean enrichment factors 
for different refractory lithophiles in the fine-grained 
inclusions. In their case, the light rare-earth elements 
(REE) and Ta are even more highly enriched than 
in the coarse-grained inclusions while the heavy REE, 
Ca and SC are less enriched. The differences between 
the two types of inclusions are more clearly shown 
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T;tble 2. t_.lcmental concentrations 

in Fig. 3, for which the data used for coarse-grained 

inclusions are the mean concentrations measured in 
a suite of ten inclusions by GROSSMAN and GANA- 
PATHY (1976). In order to understand the meaning 
of the highly fractionated REE pattern. it may be sig- 
nificant to note that this phenomenon of differential 
enrichment is a general one. applicable to all the 
refractory lithophile elements, not only the REE. 

The uneven enrichment of light and heavy REE 
in fine-grained inclusions was first apparent in the 

data of TANAKA and MASUDA (1973) and later MAR- 
TIN and MACON (1974) and was discussed at length 

ALLENDE 1 
Refractory Elements in Nine 

Fine-Groinad Ca-Rich Inclusions 

Group in Periodic Table 

Fig. 2. The fine-grained inclusions possess a severely frac- 
tionated refractory element enrichment pattern relative to 

Cl chondrites. 

by BOYNTON (1975). The pink aggregate, inclusion G. 
studied by TANAKA and MASWA (1973) exhibits a 
marked negative Eu anomaly and a marked positive 
Yb anomaly superimposed upon a pattern of rapidly 
decreasing enrichment of the other REE with increas- 
ing atomic number. Hereafter. such inclusions will be 
called the ‘Tanaka--Masuda type’. MARTIN and 
MAWN (1974) found five fine-grained inclusions with 
such patterns, their ‘group 11 aggregates’, and two 
others with sharp negative anomalies for both Eu and 

Yb, their ‘group III aggregates’. In the latter two 
samples. the enrichments increase from Gd to Ho and 
the mean enrichment for the elements Gd through 
Tm is similar to that for La through Sm. Such inclu- 
sions will be referred to as the ‘Martin-Mason type’ 
in this paper. REE patterns for all inclusions exam- 

ined in the present study are shown in Figs. 4 and 
5. The Cl data used for normalization are the same 

Group in Periodic Toble 

Fig. 3. The line-grained mclusions contain severely frac- 
tionated refractory element abundances compared to the 
coarse-grained inclusions (GROSSMAY and GAKAPATHY. 

19761. 
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in fine-gwined Allende inclusions** 
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as in GROSSMAN and GANAPATHY (1976). In order to 13 may contain some olivine and grossular which are 
establish which of our inclusions have which of the not present in 14. Sample 19 is difficult to classify 
two types of REE patterns noted previously, it is because Tb is so much more enriched than Dy. It 
necessary to compare the Tb and Dy enrichments may contain olivine, unlike 14. Sample 16 has a REE 
with those of the light REE because we were unable pattern unlike any other so far reported from a fine- 
to obtain data for Ho, Er, Tm and Lu. Thus, inclu- grained inclusion. But for the absence of sodalite in 
sions 11, 12, 14, 17, 18 and possibly 20 belong to 16, its mineralogy is like that of 17. Thus, the minera- 
the Tanaka-Masuda type and inclusion 13 resembles logical differences are rather minor between inclu- 
the Martin-Mason type. From Table 1, the only sions 13, 16 and 19 and examples of the Tanaka- 
mineralogical difference between 13 and 14 is that Masuda type. 
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Fig. 4. Rare earth patterns in fine-grained inclusions often 
exhibit marked Eu depletions. Some are also depleted in 
Tb and Dy relative to the light REE but sample 13 is 

not. 
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Partially reflecting the major mineralogical differ- 
ences between the coarse- and fine-grained inclusions 
and in addition to the aforementioned refractory ele- 
ment differences, their volatile element concentrations 
are also quite distinct, as seen in Fig. 6. In this figure. 
the coarse-grained inclusion data are again the aver- 
ages from GROSSMAN and GANAPATHY (1976). except 
for Cl and Zn which are based on single determina- 
tions by W#NK~ et al. (1974). The volatile lithophile 
elements and Zn are enriched in the fine-grained in- 

clusions by factors of 4- 14 relative to the coarse- 
grained ones. Again the siderophiles. this time Co and 
Au, are strongly depleted in the fine-grained inclu- 
sions. Cr, which may show both lithophile and sidero- 
phile tendencies during condensation, shows little pre- 
ference for either type of inclusion. 

In an SEM study of a fine-grained pink inclusion, 

GROSSMAN rt ul. (1975) found it to be a delicate, caver- 
nous aggregate of beautiful. well-formed crystals. The 
large volume of void space between the crystals and 
their euhedral forms strongly suggest that the fine- 
grained inclusions are aggregates of solid condensates 
from the solar nebula. In fact, the textural evidence 
for the direct condensation of the fine-grained inclu- 

sions is more compelling than in the case of the coarse- 
grained ones (GROSSMAN, 1975). 

The coarse-grained inclusions are thought to be 
high-temperature condensates from the solar nebula 
because some of them, the Type A inclusions (GROSS- 

MAN, 1975), are composed of such phases as melilite. 
spinel, perovskite and diopside which equilibrium cal- 
culations predict would condense from a gas of solar 
composition between 1680 and 1440,K at IOm ’ atm 
total nebular pressure (GROSSMAL 1972; GROSSMAN 
and GANAPATHY. 1976). In spite of the fact that they 
are also enriched in refractory elements. the fine- 

Fig. 6. The fine-grained inclusions are enriched in volatile 
lithophiles but depleted in volatile siderophiles compared 

to the coarse-grdined inclusions. 

grained inclusions contain little obvious mineralogical 
evidence of being high-temperature condensates. Per- 
ovskite has never been detected in them and melilite 
could not be identified with certainty in any of our 
X-ray patterns. The crystal structure of the pyroxene 
is also unknown as is its TiOz and Al*O, contents. 
Spine1 is a high-temperature condensate phase but 
both it and the pyroxenc must be rich in Fe0 because 

of the high mean Fc content (6.1”,,) of the fine-grained 
inclusions and the absence of metallic nickel-iron and 
troilite from their X-ray patterns. High Fe0 contents 
are indicative of low’ solar nebular equilibration tem- 
peratures (- 8OO’K). Grossular, a major component 
of some inclusions. does not condense at high tem- 

peratures because of the greater stability of several 
other Ca Al-rich phases but it could conceivably 
form and persist mctastablq under certain non-equili- 
brium conditions, Nephcline and sodalite together 
make up 20”,, by mass of the fine-grained inclusions. 

on the average. As pointed out by GROSSMAN and 
STWLI. (1976). it is not known whether equilibrium 
calculations would predict tither of those phases to 
condense from a gas of solar composition but. if so. 
their condensation temperatures would be below 
1000°K at IO-” atm. It is evident that few mineralogi- 
cal similarities between fine- and coarse-grained inclu- 
sions are demonstrable at the present time. Significant 
differences certainly exist. however. as the coarse- 

grained inclusions only occasionally contain grossu- 
lar. nepheline and sodalite and then only as accessory 
phases. 

The high concentrations of both refractory and 
volatile elements in the fine-grained inclusions suggest 
that they may be mixtures of high- and low-tempera- 
ture condensates which formed when late-accreting, 
Cam-Al-rich refractory phases reacted with low-tem- 
perature (< 1000°K) nebular gases to form Na- and 
Cl-rich feldspathoids. GROSSMAN and GANAPATHV 
(1975) rejected this idea for two reasons. At tempera- 
tures intermediate between the condensation points 
of the refractory elements and the inferred tempera- 

ture of appearance of the feldspathoids, the bulk of 
the condensable matter of the solar system should 
have crystallized in the form of forsterite and metallic 
nickel-iron: yet. no trace of either of these mineral 
phases is observed in the inclusions. Another impor- 
tant observation was made in the SEM study of 
GROSSMAN ct al. (1975). The alkali-bearing aluminosi- 
licates often occur in the form of euhedral crystals 
intimately intergrown with the Ca-rich phases, sug- 
gesting simuhaneous condensation of refractory and 
volatile elements. Furthermore. Al should have been 
virtually totally condensed above 1600°K at 10-j atm 
pressure, leaving a vanishingly small amount in the 
gaseous state at the temperature of feldspathoid for- 
mation. One would then expect the feldspathoids to 
have derived their Al from prc-existing condensed 
phases. forming crusts. coatings or rims on them. 
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Rather, the SEM work shows that they exist as dis- 

crete crystals and grains, suggesting a primary origin 
in which both Al and Na condensed directly and 

simultaneously from the vapor phase to form the 
nepheline and sodalite. 

One more major objection to the mixing model 

is brought out in the present study. Theoretically, the 
> 1440°K high-temperature condensate fraction 
should contain all the refractory elements in Table 
2 in cosmic proportion to one another because each 
of them was virtually totally condensed above this 
temperature, according to equilibrium calculations. 
Experimental measurements on coarse-grained inclu- 

sions (GROSSMAN, 1973; GROSSMAN and GANAPATHY, 
1976) demonstrate that their trace element contents 
satisfy this important constraint. If some of this 
material did not accrete until the nebular temperature 
was much lower, the refractory elements would be 
expected to remain in cosmic proportion to one 
another, although they would all be diluted by the 
addition of volatile elements. This assumes that low- 
temperature condensation reactions did not result in 
the net release of selected refractory elements back 
into the vapor. As seen in Figs. 2 and 3, however, 
the refractory lithophile elements are severely frac- 

tionated from one another relative to their abun- 
dances in Cl chondrites and in the coarse-grained 
inclusions. Thus, the chemistry of the fine-grained in- 

clusions cannot be the result of simple addition of 
volatile elements to a previously unaccreted fraction 
of the coarse-grained inclusions. 

Incomplete condensation 

The presence of the coarse-grained inclusions in 

Allende shows that the refractory elements did not 
fractionate appreciably from one another during con- 
densation or accretion. This makes it difficult to 

explain the occurrence of condensate assemblages in 
Allende with fractionated refractory element abun- 
dances. Very few possibilities exist. The one that 

appears to hold the most promise is incomplete, non- 
equilibrium condensation. 

In this model, the coarse-grained indusions con- 

densed above 1440”K, leaving a small amount of each 

refractory element behind in the gaseous state. In con- 
trast to the equilibrium model which predicts total 
condensation of the refractories in this temperature 
range, this model proposes non-equilibrium, incom- 

plete condensation. As a result of burial of early- 
formed phases and/or a cooling rate which was rapid 
compared to diffusion and reaction rates, elements 

which must condense by entering into solid solution 
in pre-existing grains or into phases which form by 
reactions between such grains and the gas could have 
failed to condense completely. Hereafter in this paper, 
the terms ‘accretion efficiency’ and ‘condensation effi- 
ciency’ are used to designate the fraction of any 
refractory element which was incorporated into the 
coarse-grained inclusions in spite of these processes 
which could have occurred during the latter stages 

of their accretion. The high-temperature condensate 
grains were then efficiently removed from this part 

of the nebula by a process such as gravitational set- 

tling toward the median plane. Following this, metal- 
lic nickel-iron and forsterite condensed in the same 
region between 1475 and 1400°K. The appearance of 

the metal phase triggered the condensation of sidero- 
phile trace elements, including any residual refractory 
siderophiles which had been left behind after the for- 

mation of the coarse-grained inclusions. Gravitational 
settling of condensate grains continued and the region 
of interest was swept clean of condensed forsterite 
and nickel-iron and the accompanying siderophile 
trace elements. Again, some Fe, Mg and Si remained 

behind in the gaseous state because of non-equili- 
brium effects. Because the Al partial pressure would 
have been higher than in the equilibrium case, the 
temperatures of feldspathoid formation were elevated 
by as much as 10&200”, but not high enough for 
Na-rich silicates to appear before nickel-iron or for- 
sterite. Consequently, at temperatures below 120& 
1000”K, nepheline and sodalite condensed directly 
from gaseous Na, Al, Si, Cl and 0, forming primary 

euhedral crystals along with other Ca-, Al-rich sili- 

cates and oxides, such as pyroxene, spine1 and grossu- 
lar. These phases accreted together to form the fine- 
grained inclusions. The much smaller grain size in 

them compared to the coarse-grained ones suggests 
that the density of condensation nuclei was much 
higher for the fine-grained inclusions, perhaps a result 
of more rapid cooling (MARTIN and MASON, 1974) 
and/or greater supersaturation at this stage of nebular 
evolution. 

This model has several distinct advantages over the 
mixing model outlined above. First, it readily explains 
why the feldspathoids occur as primary, rather than 
secondary, phases. Second, the mixing model was 
never able to explain why forsterite and metallic nic- 
kel-iron are absent from the fine-grained inclusions 
because high-temperature condensate grains had to 
react with the nebular gas at temperatures below the 

condensation points of those phases. No process 
could be found to separate intermediate-temperature 
silicate grains from high-temperature silicate grains. 

In this model, all previously condensed grains are 
removed and the inclusions form at low temperatures 
by the simultaneous condensation of volatiles and 
residual refractories. 

Refractory element enrichment factors 

GROSSMAN (1973) estimated that the Type A coarse- 
grained inclusions (GROSSMAN, 1975) represent about 
4.46 wt % of the total condensable matter of the solar 
system. The presence in the Type B inclusions of large 
amounts of a Ti-Al-rich pyroxene, a mineral which 
does not appear in the equilibrium condensation 
sequence, introduces some uncertainty into the calcu- 
lation when the two inclusion types are considered 
as a single population. The mean bulk chemical com- 
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position of ten Type B inclusions, the ‘group I chon- 
drules’ of MARTIN and MACON (1974), suggests that 
they stopped equilibrating with the nebula after 

accreting between 4.5 and 6.3 wt “i, of the total con- 
densable matter. If the entire solar complement of 
any particular refractory trace element were concen- 

trated into this early, high-temperature condensate 
fraction, it would be enriched in it by a factor between 
22.2 and 15.9 relative to Cl chondrites. GROSSMAN 
and GANAPATHY (1976) found that the mean enrich- 
ment factor for 15 refractories in a suite of ten Type 
A and Type B coarse-grained inclusions is 18.6 rela- 

tive to Cl’s. If it is assumed that all of these elements 
were scavenged from the vapor by the inclusions with 
lOO%‘efficiency, this enrichment factor implies that 
the coarse-grained inclusions represent 5.4 wt “/‘, of 
the total condensable matter, a value within the range 
estimated above from independent data. If. however, 
the refractories were incorporated by the inclusions 
with slightly less efficiency, as suggested above. the 
mean enrichment factor leads to a different estimate. 
For example, if the mean condensation efficiency for 
these elements were only 9004, the mean enrichment 
factor of 18.6 would imply that the coarse-grained 
inclusions accreted only 4.9% of the total condensable 
matter, a value which is also within the 4.5.-6.3’:: 

range. In reality, probably each refractory element 
had its own particular accretion efficiency and this 
may be the ultimate cause of the fractionated refrac- 
tory element enrichment pattern in the fine-grained 

inclusions. 
If, as suggested above, the refractory elements in 

the fine-grained inclusions represent that fraction of 
the refractories that failed to condense into the 
coarse-grained ones, then the fine-grained inclusions 

should be most enriched in the refractory elements 
least enriched in the coarse-grained inclusions and 
vice versa. Thus, Fig. 2 suggests that Ta and Ce 
should be less enriched in the coarse-grained inclu- 
sions than SC and Yb if this model is correct. Examin- 
ation of Fig. 1 in GROSSMAN and GANAPATHY (1976), 
however, reveals that the opposite appears to be the 
case. Two important considerations must be taken 
into account, though, when comparing mean enrich- 
ment factors for different refractories in the coarse- 
grained inclusions. First, the concentration of any 
particular element is so variable from inclusion to 
inclusion that its mean enrichment factor usually has 
a standard deviation of 4@--60:; about itself. Add to 
this the different uncertainties for the concentrations 
of different refractories in Cl chondrites which are 
used for normalization and it is clear that little signiti- 
cance can be attached to the relatively small differ- 
ences (44% maximum) between mean enrichment fac- 
tors for different elements in the coarse-grained inclu- 
sions. Although the fine-grained inclusions are also 
highly variable in composition and the same Cl 
chondrite data are used for their normalization. mean 
enrichment factors for different refractory elements in 
them are so different from one another that their rela- 

tive enrichments can be assigned with certainty in 
many cases. 

Slight differences in the accretion efficiencies of dif- 
ferent refractory elements in the coarse-grained inclu- 
sions can lead to markedly different enrichment fac- 
tors in the fine-grained inclusions if the latter rep- 

resent only a small fraction of the total condensable 

matter. If about 15% of the abundant refractories were 
left in the vapor after the condensation of the coarse- 
grained inclusions, the fine-grained ones would rep- 
resent about 159<, of 5”,/, of the total condensable mat- 
ter, or 0.75:{, plus whatever Na, Cl, Fe0 and other 

volatiles were incorporated. Assuming that the fine- 
grained inclusions represent 1 O( of the total condens- 
able matter, total concentration of a trace refractory 
element in them would lead to an enrichment factor 
of 100 for it relative to Cl chondrites. If 95:/;, of the 
SC and only 70% of the Ta‘condensed into the coarse- 
grained inclusions, their enrichment factors in the 
fine-grained ones would be 5 and 30, respectively, as 
observed. Thus. differences in accretion efficiency 

which may not be detectable in the enrichment factors 
in coarse-grained inclusions can produce dramatic 

fractionations in the fine-grained inclusions. 
An important feature of the model is that the fine- 

grained inclusions cannot contain much more than 

about 20”/:, of the abundant refractory elements. 
Otherwise, the strikingly different enrichment factors 
for different trace refractories in the fine-grained in- 
clusions would require such severe fractionations of 
refractory elements from one another during high- 
temperature condensation that they would begin to 
produce detectable and significant differences among 
the enrichment factors in the coarse-grained inclu- 
sions. Furthermore, if massive fractions of selected 
refractory major elements failed to condense into the 
coarse-grained inclusions, the equilibrium condensa- 
tion model (GROSSMAN, 1972) using a gas of solar 
composition would be unable to predict their minera- 
logy so well. 

This model does not rule out the possibility that 

other refractory-containing condensate components 
may have also formed. Small amounts of some resi- 
dual refractories could have partially condensed from 

the gas after the high-temperature condensates 
formed but before the fine-grained inclusions 
appeared. Indeed this is probably the cause of the 

much greater depletion of Ir relative to the lithophiles 
in the fine-grained inclusions compared to the coarse- 
grained ones (see Fig. 3) as Ir could have condensed 
in solid solution in nickel -iron. Other residual 
gaseous refractories may have only partially con- 
densed into the fine-grained inclusions, leaving their 
remnants to condense at even lower temperatures. 

An attenrpt to test the model 

A crucial test of the incomplete condensation 
model can be made by estimating the relative propor- 
tions of coarse- and fine-grained inclusions in Allende. 
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If the model is correct, the mass ratio of coarse- to 

fine-grained inclusions should be no less than 3.2. 
Estimating the modal proportions of the two is diffi- 

cult because the coarse-grained inclusions are much 
larger and more heterogeneously distributed than the 
fine-grained ones. In order to sample as large a 
volume of the meteorite as possible, slab surfaces 

were used rather than thin sections. Considerable un- 
certainty was encountered in attempting to measure 
the total volumes of fine- and coarse-grained inclu- 
sions on slab surfaces. The depth of each inclusion 
had to be estimated by averaging its length and width. 

It was often difficult to tell whether small inclusions 
were fine- or coarse-grained. A large fraction of the 
material of interest is < 1 mm in maximum dimension 
and had to be ignored simply because there were too 
many inclusions of this size to complete the task in 

a reasonable length of time. The average aggregate 
density of 3 fine-grained inclusions was found to be 
2.1 g cmm3 k 10% by weighing the material exca- 
vated from regularly-shaped holes whose dimensions 
were measured. This low value reflects the high poro- 
sity of the fine-grained inclusions as observed by 
GROSSMAN et al. (1975). A density of 3.0 g cme3 was 

assigned to the coarse-grained inclusions by taking 
the weighted average of the densities of the major 
phases in their mean modal proportions. Using these 

densities and the total estimated volumes of fine- and 
coarse-grained inclusions, coarse/fine mass ratios of 
2.4 and 3.0 were found in two slabs from different 
stones. This suggests that the fine-grained inclusions 
account for about 25% of the cosmic complement of 
the major refractories, an estimate close to the upper 

limit proposed above. This is not only a highly uncer- 
tain result for the reasons cited previously, but also 
because the measurement ignores all the refractory 
elements which now reside in other petrographic 
components, such as chondrules (OSBORN et al., 1974) 
and amoeboid olivine aggregates (GROSSMAN and 
STEELE, 1976). These may have been derived via 
secondary processes from the original primary con- 
densates, the coarse- and fine-grained inclusions. It 
is not known whether either type of inclusion was 
sampled preferentially during the formation of these 
secondary components. Thus, it is clear that testing 
the model by the method attempted here is an over- 
simplification and not very accurate. 

Rare earth elements 

Our explanation for the highly fractionated REE 
patterns in the fine-grained inclusions is similar to 
that of BOYNMN (1975): these inclusions condensed 
from a vapor containing fractionated abundances of 
refractory elements due to prior condensation of the 
coarse-grained inclusions. Here the similarity ends, 
however, as severe pitfalls beset the assumptions in 
Boynton’s model, rendering the applicability of his 
fractionation mechanism questionable. BO~~NTON 
(1975) assumed that the REE pattern found in a sin- 

gle, fine-grained, pink inclusion by TANAKA and 
MASUDA (1973) was almost the same as that of the 

nebular gas after removal of a single phase, perovs- 

kite, into which REE had condensed in solid solution 
under equilibrium conditions. BOYNTON (1975) had to 

arbitrarily assign activity coefficients for the REE in 

perovskite in order to make the discrepancies between 
his simple model and the observed pattern disappear. 

As shown here, the REE patterns are highly vari- 

able from one fine-grained inclusion to the next. Thus, 
there can be no justification for singling out a particu- 
lar inclusion as being representative of the composi- 
tion of the gas phase, as Boynton did. The frac- 
tionated gas probably had a REE pattern much closer 
to the mean of the fine-grained inclusions studied 
here, as shown in Fig. 2. As demonstrated in MARTIN 
and MASON (1974) and in this paper, there is little 
mineralogical or textural difference between the 

Tanaka-Masuda and Martin-Mason types of fme- 
grained inclusions, indicating that they all belong to 

the same class of aggregates with similar condensation 
temperatures. While the Tanaka-Masuda inclusion 
has a normalized Sm/Dy ratio of 5, MARTIN and 
MASON (1974) reported two ‘Group III’ inclusions 
with a mean ratio of 0.5 and our inclusion 13 has 
a ratio of 1.4. The different patterns seen in individual 
inclusions may be the result of their incorporating 
different proportions of several phases, each of which 
preferentially accepted different REE into its structure 
during condensation. This provides further justifica- 
tion for averaging the compositions of many inclu- 
sions and suggests that the Tanaka-Masuda inclusion 
may be much more strongly depleted in heavy REE 
compared to the light ones than was the solar nebular 
vapor. In using only a single inclusion, BOYNTON 
(1975) ignored the mineralogical similarities between 

the two types of inclusions and may have unduly 
biased the gas phase composition. 

Another difficulty for Boynton’s model is its re- 

quirement that removal of a single, high-temperature 
condensate phase, perovskite, was responsible for the 
fractionated REE pattern of the vapor. GROSSMAN 
and GANAPATHY (1976) showed that REE patterns of 
bulk coarse-grained inclusions are independent of the 

major mineral phases in them, indicating that those 
phases were not solvents for the condensing REE. 
From the highly irregular and variable REE patterns 
in the coarse-grained inclusions, GROSSMAN and 
GANAPATHY (1976) concluded that REE must have 
condensed in the form of several trace, REE-rich 
phases. The presence of at least three such phases 
in these inclusions has now been confirmed by LOVER- 
ING et nl. (1976) although insufficient thermodynamic 
data are available to calculate whether they could all 

be primary condensates. It is extremely unlikely that 
each of these phases has the same relative REE acti- 
vity coefficients as those calculated by BOYNTON 

(1975). According to the model proposed in this 
paper, these phases or the interiors of their grains 
were isolated from continued reaction with the solar 
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nebular gas after most of the REE had condensed. 
leaving behind in the vapor a slightly larger fraction 

of the light REE than the heavy ones, as reflected 
in the pattern in Fig. 2. 

Coarsr-gruined inclusion 5 

Among the coarse-grained inclusions analysed by 
GKOSSMAN and GANAPATHY (1976). sample 5 has a 

REE pattern which appears to belong to the same 
family of patterns observed in fine-grained inclusions 
in this work and in the studies of TANAKA and 
MAKDA (1973) and MARTIN and MASON (1974). 
According to the model proposed above, however. 
high-temperature condensate inclusions should not 

contain such a REE pattern because it represents the 
composition of the gas phase after their removal. The 
physical appearance of inclusion 5 is exactly like that 
of many other coarse-grained inclusions except for 
its faint, but distinct, pink hue. Its X-ray powder pat- 
tern contains many strong lines of melilite. spinel, 
pyrosene and plagioclase. phases characteristic of 
coarse-grained inclusions. Weak lines of grossular are 
also present but nepheline and sodalite. minerals typi- 
cal of the fine-grained inclusions, are absent. The REE 
are not the only refractories whose levels in inclusion 
5 are like those in fine-grained and unlike those in 

coarse-grained inclusions. Its Ca content, 8.61;,. is the 
lowest of all the coarse-grained inclusions studied in 

GROSSMAN and GAUAPATHY (1976) and within the 
range of Ca contents reported here for fine-grained 
inclusions. Its Ir content, 162 ppb, is depleted by a 
factor of 46 relative to the average coarse-grained in- 
clusion in that study but is again within the range for 
fine-grained inclusions. Its SC and Ta contents are 
not unreasonable for fine-grained inclusions. It may 
be that not all coarse-grained inclusions have a simple 
origin as high-temperature condensates. Inclusion 5 
ma) have originally condensed as a fine-grained in- 

clusion which was subsequently melted and partially 
volatilized in the nebula, accounting for its lower 
volatile element content than that of the average fine- 
gruined inclusion. Crystallization of this small melt 
droplet could have produced the coarse grain size. 

When corrected for loss of volatiles, the average bulk 
chemical composition of the fine-grained inclusions 
(MARTIN and MASON. 1974) is similar to that for the 

coarse-grained ones. except for a lower Ca/AI ratio. 
A melt of this composition would probably crystallize 
into a mixture of the same phases as in the coarse- 
grained inclusions. Thus. melting and evaporation 
could have converted the texture and mineralogy of 
a fine-graincd inclusion into those of a coarse-grained 
inclusion while preserving its original refractory ele- 

ment enrichment pattern. When inclusion 5 is 
removed from consideration, the recomputed mean 
enrichment factors for all refractory elements in the 
remaining nine coarse-grained inclusions in GROSS- 

MAN and CANAPATHY (1976) are brought into signifi- 
cantly closer agreement with one another. 

CONCLUSION 

The fine-grained, Ca-rich inclusions in the Allende 
meteorite contain a highly fractionated refractory ele- 

ment enrichment pattern. Textural, mineralogical and 
chemical data suggest that they formed in the solar 
nebula by the simultaneous condensation of volatiles 
with refractory lithophile elements which failed to 
condense into the coarse-grained, high-temperature 
condensate inclusions in this meteorite. The marked 
fractionalions among the refractories, including the 
REE, in the fine-grained inclusions are caused by rela- 
tively small differences in their efliciencies of incor- 
poration into the coarse-grained ones. The trace ele- 

ment data suggest that the refractories in the fine- 
and coarse-grained inclusions can only be the cosmic 
complements of one another if the fine-grained inclu- 
sions represent no more than L 20:,, of the most 
abundant refractory elements. One coarse-grained in- 

clusion has refractory element concentrations which 
indicate that it may have formed by the melting and 
partial volatilization of a fine-graincd inclusion. 
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