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Major element differences between Types A and B, and extraordinary 

refractory siderophile element compositions 
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Abstract-We have measured the bulk major and trace element compositions of ten CAIs from Leoville, 
Efremovka, and Vigarano, members of the reduced subgroup of C3V chondrites. by INAA. Like CAls 
from the reduced subgroup studied previously and unlike CAIs from Allende, a member of the oxidized 
subgroup, nine of the ten CAIs studied here possess only small amounts of secondary phases and, hence, 
preserve their pre-alteration bulk major element compositions. Using those compositions and model pre- 
alteration compositions of Allende CAIs, we cannot distinguish Type Bls clearly from B2s, nor some 
CTAs from FTAs. All Type As and most Type Bs have superchondritic CaO/A&O, ratios, suggesting 
that their precursors condensed from a solar gas after -20% of the Al was removed by high-temperature, 
Al-rich phases. Type Bs possess higher concentrations of MgO and Si02 than do Type As because the 
precursor phases of Type Bs reacted with the cooling nebular gas to form fassaite. while those of Type 
As did not. 

Eight of the ten CAIs have unusual or unique refractory trace element characteristics compared to 
those seen in Allende inclusions. Vigl, L2, Efl, and Ef2 have remarkably high concentrations of Re and 
OS ( -57-145 X Cl ) because they sampled 4-9 times more hcp condensate metal alloy than did most 
Allende inclusions. Vigl, L2, Efl, Ef2, Ll, and Vig2 have unusually large Os/Ru ratios (up to 6.9 X C I ) 
because the removal temperatures of their hcp alloy precursors were unusually high (up to - 1655 K at 
10m3 atm). L2 and L4 have low Zr/Hf ratios (-0.4 X Cl ); Ll and Et’,?, low V/Yb ratios (-0.25 X Cl ): 

Ef2, high Th/La(-1.6 X Cl),andSr/Yb(-2.4 X Cl)ratios;and Ef3. high Hf/Lu(-2.6 X Cl), SC/ 

Lu (-3.1 X Cl ), and Zr/Lu (-2.8 X Cl ) ratios. Most of these fractionations are explained by non- 
representative nebular sampling of one or more of hibonite, zirconium oxide, perovskite, and melilite. 
which may be condensates or evaporation residues. Of twenty-five inclusions from the reduced subgroup 
now studied in this laboratory, seventeen have at least one pair of refractory trace elements which are 
more fractionated relative to one another compared to Cl chondrites than are the same elements in 
Allende CAIs, indicating that the host phases of these elements were not as thoroughly mixed together 
in the nebular region where CAIs of the reduced subgroup accreted as where those in Allende did. Parts 
of the nebula sampled by C3V chondrites of the reduced subgroup were not well sampled by Allende, 
and vice versa. 

Like most coarse-grained inclusions from the reduced subgroup studied previously, most of those 
analyzed here have lower concentrations of Na, Au, Fe. Zn, and Mn than their Allende counterparts. 
consistent with the idea that they experienced secondary alteration at a higher temperature or for a shorter 
time than did Allende inclusions. 

1NTRODUCTION There are two problems with basing so much of our 

BULK CHEMICAL COMPOSITIONS of Ca-, Al-rich inclusions 
knowledge about the early solar nebula on Allende inclusions 

( CAIs) from carbonaceous chondrites record information 
without also considering compositions of inclusions from the 

about temperatures and oxygen fugacities that existed in the 
reduced subgroup of C3V chondrites. First, MACPHERSON 

early solar nebula, compositions of oxide, silicate and metal et al. (1981), WARK (1981), BECKETT (1986). and 

alloy grains that condensed from the nebular gas, and gas- MCGUIRE and HASHIMOTO (1989) suggested that, during 

grain fractionations that occurred during condensation. low-temperature secondary alteration, some Allende inclu- 

Chemical compositions of many CAIs have been determined. sions lost CaO and gained SiO2. In order to obtain infor- 

but a large majority of the analyzed inclusions are from Al- 
mation about solar nebular conditions during the earlier, high- 

lende, a member ofthe oxidized subgroup of C3V chondrites temperature stage from the bulk, major element compositions 

(MCSWEEN, 1977). As a result, much of what has been in- of Allende CAIs, the latter must be corrected for the effects 

ferred about the early solar nebula is based on compositions of secondary alteration. This requires knowledge about the 

of Allende inclusions. compositions and modal abundances of the remaining pri- 
mary minerals and assumptions about the composition of 
material that reacted to form alteration products. Although 

* Pr~wnt uddtws: Research School of Earth Sciences, The Aus- coarse-grained refractory inclusions in the reduced subgroup 
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have nearly identical primary mineral assemblages to those 

3763 
in Allende. the former contain only small amounts of 



3764 P. J. Sylvester, S. B. Simon, and L. Grossman 

secondary phases (MACPHERSON et al., 1988). Their primary 

minerals are so well preserved that the bulk, major element 
compositions of these inclusions do not have to be corrected 
for alteration effects. 

Second, MAO et al. ( 1990) and SVLVESTER et al. ( 1992) 

found that nine of fifteen CAIs from Leoville and Vigarano, 

members of the reduced subgroup, have unusual refractory 
trace element characteristics compared to their mineralogi- 
tally and petrographically identical counterparts in Allende. 
This suggests that condensates were distributed heteroge- 

neously in the parts of the solar nebula where C3 chondrites 

formed, and Leoville and Vigarano inclusions sampled parts 
of the nebula that were not well sampled by Allende inclu- 
sions. It is important, therefore, to continue to search the 
reduced subgroup for inclusions with unusual refractory trace 
element compositions in order to gain a more complete 
knowledge of the range of conditions and processes that led 

to formation of early nebular materials. 
In this paper, we report bulk chemical compositions for 

ten CAls from three C3V chondrites of the reduced subgroup, 
five from Leoville (Ll -L5), three from Efremovka (Efl- 

Ef3 ), and two from Vigarano (Vigl and Vig2), which we 
measured by instrumental neutron activation analysis 
(INAA ). Six of these inclusions possess very large fraction- 
ations between refractory siderophile elements, and four of 
the six have remarkably high concentrations of those side- 
rophiles, compared to CAIs analyzed previously. Preliminary 

results of this study were presented by SYLVESTER and 

GROSSMAN ( I99 1) and SIMON and GROSSMAN ( I99 1). 

becoming less so toward the interior. Outward from the gehlenitic 
zone is a rim sequence of spine1 + perovskite, spine1 + hibonite, and 
an outer layer of melilite (Aklo-ro) -20 pm thick. Spine1 occurs as 
isolated, rounded to euhedral grains - 1 O-60 pm across in the interior 
ofthe inclusion and, near the rim, in a fine-grained intergrowth with 
melilite and perovskite, i- hibonite. Perovskite also occurs in the 
interior, as isolated, 50-100 pm grains, some of which have ragged 
boundaries and fassaite rims. An unusual feature of this inclusion is 
that it contains coarse wollastonite grains, up to -100 rm across, 
some of which contain fluffy veinlets of andradite. This inclusion 
also contains twa opaque assemblages, described by SIMON and 
GROSSMAN ( 1992), with lamellae of CRu-Fe in yNiFe. 

L2 

This is a typical Type B2 inclusion, 6 X 4.5 mm at the slab surface. 
lt has melilite laths up to 470 pm long and blocky fassaite crystals 
up to 300 pm across. Fassaite averages 6.6 wt% TiOY’ (all Ti as TiO,) 
and melilite averages Ak3s. Spine1 occurs as euhedral crystals 5-40 
pm across, scattered individually or as clumps - 100 pm across within 
both melilite and fassaite. Anorthite occurs as subhedral crystals IO- 
I50 km across, typically adjacent to fassaite crystals. 

L3 

This is an unzoned fine-grained inclusion whose original size was 
5 x 2 mm, Spine1 grains, which typically are - 10 pm across, enclose 
micron-sized perovskite grains and have thin (iI pm) rims of low- 
Ti (2-6 wt% TiO:“‘) fassaite. These grains are enclosed in a matrix 
of anorthite + aluminous diopside. Also present in the matrix are 
rare, 5 pm, rounded grains of melilite (Ak *o-25), suggesting that melilite 
may be a primary phase in this fine-grained inclusion. Possibly related 
to the survival of melilite in L3 is the lack of feldspathoids, which 
indicates that this inclusion was not subjected to alteration by Na- 
rich fluid, as were most Allende fine-grained inclusions. 

SAMPLE DESCRIF’TIONS L4 

Sawn slabs of Leoville, Efremovka, and Vigarano were acquired 
from the Field Museum of Natural History. White-colored inclusions 
are exposed on the surfaces and broken edges of those slabs. Using 
a microtrimmer in a clean room, fragments of each of ten inclusions 
were chipped away from their slabs for INAA. Matrix and rust ad- 
hering to fragments of some of the inclusions were removed using 
stainless steel dental tools and forceps, A single chip from the sampled 
material of each inclusion was made into a polished thin section. For 
each coarse-grained inclusion, a mineral mode was estimated from 
a backscattered electron photomosaic of the thin section and, in Table 
I. the mode observed in each thin section is compared to a mode 
calculated from the bulk chemical composition determined here from 
a split of the same inclusion (discussed later), Petrographic descrip- 
tions of all ten of the inclusions are given in the following text. 

Inclusion L4 was 10 X 3 mm and can be described as a “fluffy” 
Type A (FTA) ( MACPHERSON and GROSSMAN, 1984) that is more 
compact and less altered than those in Allende. It has a nodular 
texture, being composed of irregular, rounded bodies -200-500 /*rn 
across. These bodies consist of anhedral melilite grains (ak7_16) <SO 
pm across which enclose subhedral, 10 pm spine1 crystals (both iso- 
lated and in clumps - 100 pm across) and minor amounts ofanhedral 
fassaite ( IO- 15 wto/o TiO!p’) up to 20 pm across, fine perovskite, and 
OS-, Ir-, Pt-bearing NiFe grains up to 10 wrn across. The nodules 
have rims of aluminous diopside which are generally IO-20 pm thick, 
and in several places meteorite matrix is present between nodules. 
A few isolated grains of calcite up to - 10 pm across are present in 
the interior of the CAI, but no Na-bearing phases have been observed. 

LS 
Ll 

This is a compact Type A (CTA) inclusion, consisting predomi- 
nantly of coarse-grained ( 100-1000 pm), anhedral melilite (,&kZO- 
AkjO). which encloses minor spinel, perovskite, fassaite, wollastonite, 
and NiFe metal. Although individual melilite crystals are not zoned, 
the melilite is extremely gehlenitic (Ak,) near the rim of the inclusion, 

Table I. Comparison of ohserved andcabzulated mitral modes for coarse- 
grained inclusions studied in this woric 

% melilite 5% spine1 % pemvskite %f#%Tiaie WaInthiE 
Idusica ohs ate ohs udc ohs cdc ohs WC ohs a& 

s 
10 11 5 4 naao 

ii ii 18 19 0 0 31 
0 0 
11 9 

L4 55 61 24 13 0 0 21 2 
Ls 

:: 
10 12 

kz 10 
0 0 ID 10 ps 104 

Efl I 
3?4 1 

1.4 2 0 

:: 
9s 95 4 1.0 0 &A 
60 68 

Vigl 38 S : : : 
20 p? 0 0 

20 12 
vi@ :: 70 I5 16 0 0 : 14 a& 0 

This is an irregularly shaped, 7 X 3 mm inclusion. It has the min- 
eralogy of a Type B inclusion but an unusual texture and mode. It 
is melilite-rich f 65 vol%) and fassaite-poor ( 10 ~01%) for a Type B, 
with spine1 and anorthite also present. Melilite has been recrystallized 
forming a mosaic texture in which most grains are IO-30 qrn across. 
Melilite compositions range from ,&k15-Ak5, and average Ak,,. The 
melilite is predominantly spinel-free, except at the rim ofthe inclusion. 
Most spine1 occurs in a layer near the rim and, in the interior, as 

knots of euhedral, IO Frn crystals enclosed in - 100 pm patches of 
anhedral fassaite (6- 13% TiO :“’ , 16-23s Al203) or anorthite. Fassaite 
and melilite are intergrown, but fassaite and anorthite are not. An- 
orthite invades melilite along cracks and forms patches between grains, 
poikiliticafly encfosing small ( 10 Nm), individual melilite crystals, 
Melilite enclosed in anorthite ranges in shape from rounded to eu- 
hedral and in composition from ak,z-Ak,, This inclusion may have 
been shocked and reheated after its original crystallization, causing 
solid-state recrystallization of melilite and melting of anorthite. In 
addition, it is somewhat deformed, with a lobate protrusion into the 
matrix and displacement along at least one crack. 
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Efl 

This is a CTA inclusion, 5.5 X 2.5 mm, dominated by melilite 
(85 vol%), with spine1 and minor perovskite and fassaite. Melilite 
grains are anhedral, ranging in size from 70-350 pm and in com- 
position from Ak,-Akzs. They display wavy extinction and may have 
been shocked, but are not recrystallized. The inclusion has a rim 
sequence, from inside to out, of spine1 t perovskite, fassaite, and 
aluminous diopside. Each layer is approximately 10 pm thick. Inward 
from the rim there is a 100-200 pm-wide zone of melilite f perovskite. 
Further inward, subhedral, rounded spine1 grains lo-20 Frn across, 
along with finer-grained perovskite, are present. The inclusion has 
been fragmented and deformed. In some places, the rim is missing 
and, in others, it is highly convoluted or even separated from the 
inclusion by the meteorite matrix. There has been some alteration 
of melilite to anorthite, mostly near the rim, but no Na-bearing phases 
are present in this or any of the Efremovka inclusions we studied. 

Et.2 

This CTA inclusion has the most melilite (95 ~01%) and the least 
spine1 and perovskite of the four CTAs in this study. Melilite grains 
are anhedral to subhedral, 50-560 pm across, somewhat fractured 
and have wavy extinction. The melilite composition ranges from 
Ak,,-Akj5, and averages AkZ4. Spine1 occurs as subhedral grains 20- 
100 wrn across, several of which have fine, wormy perovskite grains 
along their contacts with melilite. Also present are a few isolated, 
interstitial grains of wollastonite and NiFe metal. No rim structure 
is present in the polished section. Melilite is in sharp contact with 
the meteorite matrix along a jagged boundary, suggesting that this is 
an interior chip of a once-larger inclusion. 

Ef3 

This inclusion is also a CTA, 4 X 2 mm on the slab surface. In 
part of it, melilite has been recrystallized to a mosaic of grains, each 
-70 pm across, with 120” triple junctions, but elsewhere in the 
inclusion laths >400 pm long are present. Melilite ranges in com- 
position from Ak,, to AkJ5. There is also a significant amount (-20 
~01%) of Ti-rich ( 18 wt% TiO:“‘) fassaite, which occurs as anhedral 
crystals 200-300 pm across and poikilitically encloses euhedral spine1 
crystals. Spine1 grains are up to 100 pm across, and many enclose 
perovskite which is otherwise rare. There are also many NiFe grains, 
IO-20 pm across, and one large ( - 100 pm in diameter) object con- 
sisting mostly of kamacite, taenite, and phosphate. 

Vigl 

This CAL originally a 3 X 2 mm oval at the slab surface, is a Type 
B2. Fassaite crystals are anhedral, typically 100 Frn across, and contain 
4-9 wt% TiO:O’. Some are enclosed in melilite. Spine1 occurs as 10 
pm, anhedral to subhedral grains enclosed in melilite, fassaite, and 
anorthite; in framboids, palisades, and palisade bodies (as defined 
by WARK and LOVERING, 1982); and as rounded crystals up to 50 
pm across enclosed in aluminous diopside in the thick ( - 100 wrn) 
Wark-Lovering rim ( WARK and LOVERING, 1977). Melilite has been 
recrystallized into polygonal grains -20 pm across, with compositions 
ranging from .&-AL,,, and averaging Ak4*. Numerous IO-20 pm 
NiFe grains are enclosed in melilite and fassaite. Unlike other inclu- 
sions in this study, but like Allende inclusions, Vigl contains abundant 
secondary alteration products. These include aluminous diopside, 
sodalite, and calcite, the latter two phases in 100-200 km-sized patches 
in melilite throughout the inclusion. There is also a large reentrant, 
-500 rrn across, filled with matrix material. Along the reentrant- 
inclusion contact, the inclusion contains 100 pm patches of Al-diop- 
side and spinel. and discontinuous sections of the Wark-Lovering 
rim. The many large, irregular patches of AI-diopside, the recrystal- 
lized melilite, the reentrant, the clumps of spinel, and the spine1 pal- 
isades give the inclusion a jumbled texture. 

Vig2 

This sample is a comma-shaped, 5 X 3 mm fragment of a Type 
Bl inclusion. The mantle is spinel- and fassaite-rich ( 14 and 8 vol%, 

respectively) compared to those in typical Allende Bls, containing 
anhedral fassaite crystals (with 6- 15 wt% TiOy) that are - 100 pm 
across, and spine1 framboids, 50-200 pm across. Melilite is partially 
recrystallized, with development of 20 em polygonal subgrains. Un- 
recrystallized grains are up to 400 pm across. In the mantle, melilite 
compositions range from -AkZO at the rim to Ak45-so at the core/ 
mantle boundary. Except for one melilite-rich (AkggA5), spinel-poor 
island, the inclusion core is extremely fassaite-rich (-60 ~01%) and 
melilite-poor, with coarse (200-500 pm), normally zoned fassaite 
(3- 12 wt% TiOy) and anorthite. The fassaite and minor melilite in 
the core poikilitically enclose numerous, uniformly distributed, - 10 
pm, euhedral spine1 crystals. Within the core is a framboid, 450 X 350 
pm across, consisting of a ring of relatively coarse ( - 30 pm), euhedral 
spine1 crystals which encloses melilite (Ak,,_,,), Ti-poor fassaite, spi- 
nel, and anorthite. The evolved compositions of minerals in the 
framboid indicate that it was the last part of the inclusion to crystallize 
(SIMON and GROSSMAN, 199 I ). The inclusion has a Wark-Lovering 
rim, except along the broken edge of the inclusion, where the mantle 
is in direct contact with the matrix of the meteorite. This indicates 
that the inclusion was broken after formation of the rim, but before 
incorporation into the meteorite. 

EXPERIMENTAL METHODS 

Rabbit Irradiation 

Experimental procedures and standards used for the short INAA 
irradiation, carried out at the University of Missouri Research Reactor 
(MURR), were the same as those of DAVIS et al. (1982) and 
SYLVESTER et al. ( 1992). Each sample was irradiated for 3 min with 
a neutron flux of 8 X IO I3 n/cm2/sec. Samples and standards were 
counted twice on one of two 2 1% efficiency, high-purity Ge detectors 
at the MURR: first, for 5 min, 2-1 1 min after irradiation: and next, 
for 20 min, 4-6 h after irradiation. Neutron flux corrections of 13.9% 
were applied to each sample and standard based on variations in the 
specific activity of “Co, assumed to change linearly with time, in Co- 
doped aluminum wires irradiated during the course ofthe experiment. 
Polyethylene pouches into which samples and standards were pack- 
aged for irradiation and counting required blank corrections of 0% 
for Ti, Mg, Ca, and Dy, 10.2% for Al, ~0.9% for V, and ~4.4% for 
Mn and Cl. Spccpure standards of Al,O, and Si02 were used to correct 
for the fast neutron reactions, 27Al(n, p)27Mg and 28Si(n, p)‘sAl. 
Element concentrations measured by INAA are shown in Table 2, 
which also lists the weight of each sample, and the standard, nuclide, 
photopeak energy. and half-life used for determination of each ele- 
ment. Errors quoted are 1 (T uncertainties due only to counting sta- 
tistics. Upper limits are based on 20 uncertainties. 

Long Irradiation 

Experimental procedures and standards used for the long INAA 
irradiation were the same as those of MAO et al. ( 1990) and SYLVES- 
TER et al. ( 1992). Samples and standards were irradiated and counted 
in supersilica tubes. The tubes were washed with ultra-pure HCl and 
HN03, double-distilled from Vycor glass, and sealed with a flame 
fed by filtered oxygen and methane gas. The package of sample, stan- 
dard, and empty supersilica tubes was irradiated in the flux trap of 
the MURR for 153 h at a flux of 3.5 X 10”’ n/cm2/sec. After irra- 
diation, each sample was counted three times at the University of 
Chicago on either of two high-purity Ge detectors with efficiencies 
of 35.7 and 37.9%: for 1.8-2.7 h, 19-32 h after irradiation; for 6.8- 
40 h. 2.8-8.3 days after irradiation; and for 6.0-7.0 days, 29-56 days 
after irradiation. 

Data reduction 

All corrections applied to the INAA data were made by procedures 
described in MAO et al. ( 1990) and SYLVESTER et al. (1992). Cor- 
rections for the spatial variation of neutron flux of ~4% were made 
to each sample and standard. Lanthanum interference on ““Ce by 
double neutron capture on “9La, Eu interference on 15’Srn by double 
neutron capture on “‘ELI, and Yb interference on “‘Lu by decay of 
reactor-produced “‘Yb resulted in corrections amounting to 0.4- 
0.5% 0.3-9.1% and 3.6-23%, respectively, in all samples. Corrections 
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for the overlap of the peak of one nuclide on that of another were 
based on the ratio of the area of the interfering peak to that of another 
peak of the same nuclide in a standard. These amounted to 8-20% 
for “‘Ta (84.7 keV) on ““Tm (84.3 keV), 0.2-2 1% for ‘56E~ (8 I 1.6 
keV) on 58Co (810.8 keV), 0.1-Y% for ‘52E~ (810.4 keV) on 58Co 
(810.8 keV), O-43% for lS4Eu (756.9 keV) on “Zr (756.7 keV), 
0.6-8.5% for 16’Yb ( 130.5 keV) on 19’Os (129.4 keV), O-82% for 
la2Ta (264. I keV) on 75Se (264.7 keV), 36-99% for 19*Ir (484.6 keV) 
on 18’Hf (482.0 keV). and O-53% for “‘Eu (411.1 keV) on 19’Au 
(4 I 1.8 keV). As a consequence of the large neutron flue&e of this 
irradiation, the specific activity of 15*Eu in the samples varied from 
6% less to 2% more than that of the REE standard, and corrections 
to the activity of ‘52E~ in each sample were made accordingly. Hol- 
mium was determined by the method of KAWABE et al. ( 1986): 36- 
67% of the total 166H~ counts in all samples were due to second- 
order activation of ‘64Dy, and appropriate corrections were made. 

Blank corrections 

Blank corrections were calculated from the mean amount of each 
element of interest present in four empty supersilica tubes prepared 
in the same way as, and irradiated along with, the tubes containing 
the samples. Standard deviations of the means of elements in the 
empty tubes are ~35% of those means, except for Cr (41%), Ni 
(44%), Na (48%), and Fe (48%). Blank corrections were ~0.3% of 
the amount present for La, Ce, Sm, ELI, Tb, Ho, Tm, Yb, Lu, Re, 
OS, Ir, Ru, MO, Th, U, Zr, SC, Ba, As, Ga, Se, Cs, Br, Sr, and Hf 
(except 8% in L3) in all samples. Blank corrections were < 1% of the 
amount present for Co (except 5% in L2), Cr (except 5% in EfL), 
and Fe; 13% for Ni (except 4% in ER, 9% in L2), Ta (except 6% in 
EfL), Au (except 9% in Ef2), and Zn (except 16% in Et7.); ~4% for 
W; ~5% for Sb; < 10% for Na (except 12% in Efl, 15% in L4, and 
17% in Ef2); and 12-49% for K in all samples. Corrections for Cr, 
Ta, Au. Zn, and Na in Et’2 are larger than in other samples because 
the sample weight of Et2 is smaller than the weights of all other 
samples. 

Filomena 

A small aliquant (84.5 pg) of the IIAB hexahedrite, Filomena, was 
included in the long irradiation as a secondary standard. Concentra- 
tions of Fe, As, W, Re, OS, Ir, Ru, and Au determined here are within 
2~ of those measured previously in this laboratory on 1.4 mg 
(SYLVESTER~~~~., 1990)and 168pg(SYLVESTERetaL, 1992)samples 
of Filomena. Concentrations of As, W, Re, OS, Ir, Ru, and Au are 
also within 2a of the means of these elements in replicate analyses 
of Filomena by PERNICKA and WASSON ( 1987) and WASSON et al. 
( 1989). Concentrations of Co and Ni measured here, however, are 
significantly larger and smaller, respectively, than in the previous 
determinations of those elements, and concentrations of Cr and Ga 
are within 2~ of those measured previously in only the 168 pg sample. 
These results indicate that heterogeneities in the concentrations of 
Fe, As, W, Re, OS, Ir, Ru, and Au in Filomena that are seen when 
only 84.5 fig are analyzed are smaller than the uncertainties of INAA, 
but this is not so for heterogeneities in Cr, Co, Ni, and Ga. Chromium 
heterogeneities in Filomena have been seen previously in larger sam- 
ples than that analyzed here, and may be the result of nonrepresen- 
tative sampling of daubreelite ( WASSON et al., 1989; SYLVESTER et 
al., 1992). 

MAJOR ELEMENTS 

Calculated Mineral Modes and Nonrepresentative 
Sampling 

Because melilite, fassaite, spinel, and other minerals are 
distributed heterogeneously within coarse-grained CAIs and 
because we performed INAA on fragments of CAIs, not whole 
inclusions, there is uncertainty as to whether those fragments 
have compositions representative of the inclusions from 
which they are derived. We examined this by calculating a 

modal mineralogical composition for the sample of each of 
the nine coarse-grained inclusions analyzed using its bulk 

major element (CaO, A1203, TiOz, MgO) composition, as 
determined by INAA, and the compositions of its constituent 
minerals, as determined by electron microprobe analysis. 

Weighted average compositions were used for pyroxene and 
melilite, phases exhibiting variable composition. For this cal- 

culation, the concentration of silica in each inclusion is de- 

termined by difference, which is probably a very good estimate 
of the actual concentration, because silica is the only major 

or minor element oxide not determined by INAA. Calculated 
modal abundances are compared to observed modal abun- 

dances in Table 1. There are good matches for Ll, L2, L5, 
Efl, and Ef2, but the results for L4, Ef3, Vigl, and Vig2 are 
discrepant. While it is possible that the analyzed sample, the 
thin section, or both are not representative of the bulk inclu- 

sion, a good match suggests that the INAA sample is repre- 

sentative. Poor matches are obviously suspect. 
For L4, the INAA sample is poorer in spine1 and slightly 

richer in melilite and fassaite than its corresponding thin sec- 
tion, and for Vigl, the INAA sample is poorer in melilite 

and richer in fassaite and anorthite than its thin section sam- 

ple. For Vig2 and ED, the INAA samples are poorer in fassaite 
and richer in melilite than their corresponding samples in 
thin section. Spine1 forms large clumps in L4, as just de- 
scribed, and the thin section sample of that inclusion probably 

possesses a larger proportion of those clumps than does the 
INAA sample. The entire discrepancy for Vig2, a Type Bl 
inclusion with a melilite-rich mantle and a fassaite-rich core, 
can be accounted for if the INAA sample has a weight ratio 
of mantle to core ( - 87: 13 ) that is larger than that of the 
thin section sample ( -60:40). 

Bulk Compositions of Coarse-Grained CAIs from C3V 
Chondrites 

There are two first-order questions about bulk major ele- 
ment compositions of coarse-grained refractory inclusions 
from C3V chondrites (e.g., GROSSMAN, 1980). Are com- 
positions of Type A (melilite-rich) inclusions the same as 
those of Type B (fassaite-rich) inclusions? Are compositions 

of both kinds of inclusions the same as those predicted from 
thermodynamic data for condensate assemblages from a 
cooling solar nebula gas? Neither question has been answered 

unambiguously using major element analyses of refractory 
inclusions from Allende. This is because Allende inclusions 

contain large amounts of low-temperature, secondary alter- 
ation products, such as anorthite, grossular, and nepheline, 
which typically comprise -70 ~01% of fluffy Type As and 
-25 ~01% of compact Type As and Type Bs (BECKETT, 
1986). Petrographic studies of mineral layers in the rims of 
coarse-grained ( MACPHERSON et al., 198 1). and in the cores 
and rims of fine-grained (MCGUIRE and HASHIMOTO, 1989), 
Allende inclusions suggest that the secondary phases formed 
by reaction of primary phases, largely melilite, with Si, Fe, 
and Na from the nebular gas, possibly resulting in loss of Ca. 
Thus, the present bulk compositions of Allende inclusions 
are not the same as the primary bulk compositions, and for 
each inclusion the precise changes in bulk composition caused 
by alteration are not known. 
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WARK ( 1981) and BECKETT (1986) recognized that Al- 
lende inclusions do not preserve their primary bulk com- 
positions and, hence, calculated pre-alteration compositions 
for those inclusions by making assumptions about the com- 
position of material that was altered to form secondary phases. 
An alternative approach to determination of the primary 
compositions of Types A and B inclusions, which is adopted 
here and which does not require calculation of model com- 
positions, is to use major element analyses of refractory in- 
clusions from the reduced subgroup of C3V chondrites. The 
present bulk compositions of inclusions from the reduced 
subgroup are probably very similar to their primary com- 
positions, because secondary mineral phases are much less 
abundant in these CAIs than in Allende inclusions (MAC- 
PHERSON et al., 1988). 

Composition dlrerences between Type A and Type B 
inclusions 

Table 3 lists the means and standard deviations of the 
means of concentrations and ratios of major element oxides 
in Type A and Type B CAIs from C3V chondrites. Hibonite- 
rich (>20-30%), melilite + spine1 inclusions, which have 
been found in Allende ( WARK, I98 1; WARK and BOYNTON, 
1983; WARK, 1986) and which WARK (1981; 1986) classified 
as Type As, are not included in this compilation because they 
are so different in composition from Type As, as defined by 
GROSSMAN ( 1975), which contain only minor amounts of 
hibonite. In Table 3, compositions of altered inclusions from 
Allende and of less altered inclusions from Efremovka, Leo- 
ville, and Vigarano, members of the reduced subgroup, are 
taken from this study, unpublished work from our laboratory, 
and various literature sources. Each composition was deter- 
mined by either neutron activation analysis of chips and 
powders of CAIs, or electron microprobe analyses of polished 
thin sections or fused glasses made from pieces of CAIs. 

Model, pre-alteration, bulk compositions of Allende in- 
clusions from WARK ( 1981) and BECKETT ( 1986) are also 
shown in Table 3. BECKETT ( 1986) calculated bulk com- 
positions for eight Type A and nine Type B Allende inclusions 
using compositions and modal abundances of melilite, spinel, 
perovskite, and hibonite in each Type A, and melilite, fassaite, 
spine], and anorthite in each Type B. In the calculation, the 
mean composition of each phase in each inclusion was de- 
termined by electron microprobe analysis, except in the cases 
of spinei, anorthite, and perovskite, for which stoichiometric 
compositions were used. Modal abundances of the phases 
were determined by point counting. As mentioned, petro- 
graphic observations of coarse-grained Allende CAIs (e.g., 
~A~P~~RSO~ et al., 198 1) indicate that the amount of sec- 
ondary phases formed at the expense of melilite is much 
greater than that formed from other primary phases. Thus, 
in BECKETT’S ( 1986) calculation of bulk inclusion compo- 
sitions, the amount of secondary phases now present is re- 
placed by an equivalent amount of melilite and included 
spine1 with the same bulk composition as unaltered melilite 
and included spine1 in that inclusion. 

WARK ( I98 i ) calculated model pre-alteration bulk com- 
positions for four Type A Allende inclusions from data ob- 
tained by manually rastering a 30 rm-wide electron micro- 

probe beam over representative areas of a polished thin sec- 
tion of each. Using this bulk composition, and mean 
compositions of all primary and secondary phases determined 
by electron microprobe analysis, he calculated the proportions 
of those phases and the bulk compositions of the primary 
phases and of the secondary phases. Like BECKETT ( 1986), 
WARK ( 198 1) assumed that secondary phases in Type A in- 
clusions were derived from melilite having the same com- 
position as unaltered melilite in those inclusions but, unlike 
BECKETT ( 1986), he did not assume that the amounts of 
secondary phases now present formed from equivalent 
amounts of melilite. Instead, WARK ( 198 1) assumed that 
A1203 was the only major element oxide to have remained 
immobile during alteration, an assumption which has been 
challenged by HASHIMOTO (1992), and, thus, the amount 
of melilite converted to secondary phases is that which has 
the same amount of Al203 as the bulk composition of those 
secondary phases. Despite their different methods of calcu- 
lation, WARK’S ( 198 I ) and BECKETT’S ( 1986) mean com- 
positions of pre-alteration Type A Allende inclusions are 
within error of each other. Thus, in order to derive the mean 
for pre-alteration Type As listed in Table 3, compositions of 
all twelve of their model Type A inclusions have been av- 
eraged together. 

Table 3 shows that model pre-alteration T)ipe A Allende 
inclusions have lower mean SiOz (22.8 rf 0.7 wt% ) concen- 
trations than do altered Allende Type As (27.7 + 1.5 wt% 
SK&), as was noted by WARK ( 198 1)) and higher mean CaO 
concentrations, 36.9 Ifr 0.5 vs. 28.3 i: 1.6 wt% CaO, as was 
noted by WARK ( 1981) and BECKETT ( 1986). 

In contrast to Type A inclusions, Table 3 shows that the 

Tnbk 3. Means and standard deviations of the III- of cwcenbatio~s (wt 96) 
and twice of major element oxides in CAIs from C3V chondritw 

<_________Type *s_________> <_________-&pe Bs_________, 

SiO, 27.7 22.8 22.2 29.9 28.6 21.3 
f 1.5 t: 0.7 * I.4 * 0.6 * 1.1 +_ I.1 

Ti% I.42 1.21 1.59 1.33 2.02 1.61 
f 0.22 * 0.24 f 0.24 i 0.05 * 0.17 f 0.14 

A1203 34.9 34.1 33.2 29.0 31.1 32.2 
f 1.9 f 1.1 f 1.6 * 0.6 f 1.5 * 1.2 

Fe0 1.51 0.04 0.56 0.78 0.03 0.54 
f 0.22 f 0.02 i 0.18 i 0.08 f 0.01 f a.@9 

Ml@ 5.06 4.91 5.17 10.9 10.6 11.9 
+ 0.97 f 0.61 i 0.73 f 0.5 + 0.8 + 0.7 

cat3 28.3 36.9 36.5 27.6 27.8 26.3 
f 1.6 + 0.5 t 1.3 f 0.7 + 1.4 i: 1.2 

NazO 0.94 - 0.05 0.32 - 0.11 
? 0.19 * 0.01 * 0.07 i 0.02 

CsO/A1203 0.849 1.10 1.13 0.962 0.923 0.840 
f 0.077 c 0.05 f 0.09 + 0.03 1 i 0.078 IO.062 

Mgo/Al$?~ 0.144 0.150 0.177 0.378 0.342 0.374 
f 0.026 f o.u23 t 0.022 * 0.019 * 0.019 i 0.023 

Ti02/A1203 0.042 0.035 0.048 0.046 0.065 0.050 
f 0.007 f 0.007 f 0.007 fO.M)Z f0.005 * 0.003 

SiOp’Al203 0.841 0.687 0.702 1.05 0.9so 0.876 
f 0.089 i 0.049 f0.098 +0&l f 0.075 f 0.073 

Note: n=aumbe of sample& 
Data wunxs: (1) GRAY and COMPSTUN (1974). DAVIS u al. (1978), WARK 
(1981). GROSSMAN (unpublished): (2) WARK (1981). BECKETT (1986); (3) 
NAZAROV et al. (1982), MAO ct al. (1990). SYLVESTER ct al. (19923, this 
shldy: (4) GRAHAM (1975), CONARD (1976). WARK and LOVERING (1982). 
GROSSMAN (tttptblisbed): (5) BECKETI’(1986); (6) AS in (3). ~1~s PALME 
and WLOTZKA (1979). WARK and LOVERING (1982). Vigl of this study is 
nc4 included in (6) bccaus. it umtaiirs lqe amounts of secondary phsses. 
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mean SiOz (28.6 f 1.1 wt%) and CaO (27.8 + 1.4 wt%) 
concentrations of model pre-alteration Type B Allende in- 
clusions are not very different from those of altered Allende 
Type Bs (29.9 + 0.6 wt% SiOZ and 27.6 + 0.7 wt% CaO). 
This observation has not been noted previously and suggests 
that the amounts of SiOZ gained and CaO lost during low- 
temperature secondary alteration of Type Bs, in contrast to 
Type As, are smaller than the errors of the methods employed 
to estimate them. This is presumably because melilite is much 
less abundant in Type Bs than in Type As, and because fas- 
sane, a major Si- and Ca-bearing phase in Type Bs, is not 
extensively converted to alteration products. 

RECKETT ( 1986) noted that model pre-alteration Type A 
Aiiende inclusions have bulk compositions that differ from 
those of their Type B counterparts. As can be seen in Table 
3, compared to the model Type Bs, model Type As have a 
higher mean CaO (36.9 + 0.5 vs. 27.8 Itr 1.4 wt%) concen- 
tration. lower mean Si02 (22.8 + 0.7 vs. 28.6 + 1.1 wt%) 
and MgO (4.9 ~fr 0.6 vs. 10.6 2 0.8 wt%) concentrations and 
lower mean SiOZ/A1203 (0.69 -t 0.05 vs. 0.95 * 0.08), TiOz/ 
A&O3 (0.035 +- 0.007 vs. 0.065 i: 0.005). and MgO/A&03 
(0.150 +- 0.023 vs. 0.342 I: 0.019) ratios. 

Compositions of Type A and Type B inclusions from the 
reduced subgroup are similar to the model pre-alteration 
compositions of their Allende counterparts. In Table 3, con- 
centrations of SiOZ. TiO*, Al203 , MgO. and CaO in Type 
As of the reduced subgroup are all within 1 u of those in the 
model Allende Type As, and concentrations of SiOl, A1203, 
MgO. and CaO in Type Bs of the reduced subgroup are within 
1 G (20 for TiO>) of those in the model Allende Type Bs. 
This also holds true if those samples thought not to be rep- 
resentative of their whole inclusions in MAO et al. ( 1990). 
SYI-VESTER et al. ( 1992). and this study are omitted from 
the compilation. Excluding those samples, the mean com- 
position of six Type As from the reduced subgroup is 22.5 
+ 1.9 wt% SiO*, 1.46 + 0.31 wt% TiOz, 32.7 + 2.2 wt% 
A1203. 5.0 + 0.7 wt% MgO, and 37.8 ? 1.2 wt% CaO, and 
the mean of seven Type Bs from the reduced subgroup is 
29.2 i: I.4 wt% SiOz, 1.44 IO.18 wt% TiO>, 31.9 2 1.7 wt% 
AlzOJ, il. 1 f 0.8 wt% MgO, and 25.5 i I .7 wt% CaO. 

The discovery that compositions of Types A and B inclu- 
sions from the reduced subgroup are very similar to the com- 
positions of their model pre-alteration Allende counterparts 
is important for two reasons. First, it suggests that any errors 
introduced by the methods of WARK ( 1981) and BECKETT 
( 1986) for computing the pre-alteration compositions of CAfs 
from the bulk compositions of altered Allende inclusions are 
small. Second, it seems to confirm the idea, derived from 
model compositions of Aliende inclusions, that Type A in- 
clusions are richer in CaO and poorer in SiOZ and MgO than 
Type B inclusions, and those differences reflect nebular pro- 
cesses that occurred before low-temperature secondary alter- 
ation. 

Type A and Type B inclusions from C3V chondrites are 
divided into petrographic subtypes called fluffy Type As, 
compact Type As, Type B I s, and Type B2s. Both FTAs and 
CTAs consist of melilite and some spine1 with minor hibonite 

and perovskite, but CTAS are spherical, probably once-molten 
objects, like Type B inclusions, whereas FTAs have convo- 
luted shapes and are thought to be unmelted, nebular con- 
densates ( MACPHERSON and GROSSMAN, 1984). Type Bls 
are concentrically zoned, with a thick melilite-rich mantle 
surrounding a core of fassaite. melilite, spinet, and anorthite; 
Type B2s have the same mineralogy as Type Bls but lack a 
melilite-rich outer rind ( WARK and LOVERING, 1982). 

Using model pre-alteration compositions of Allende in- 
clusions, BECKETT ( 1986) found that four FTAs have lower 
MgO and SiOz and higher A1203 concentrations than four 
CTAs. He suggested, therefore, that CTAs are not simply the 
melting and recrystallization products of FTAs, and that 
CTAs formed or evolved under nebular conditions which 
differed from those for FTAs. In fact, however, the mean 
concentrations of MgO (4.1 t 0.7 wt% ), SiOz (2 1.5 I 1 .O 
wt% ), and AlzOi ( 36.6 2 1.4 wt%) in the FTAs of BECKET’T 
( 1986) are within 2u errors of those in his CTAs (7. I + 1.1 
wt%) MgO, 25.3 f- 1.2 wt% Si02, 30.4 +- 2.1 wt% AI,O,). 
BE~KETT ( 1986) also found that three model Allende Type 
Bls have lower mean MgO (8.24 ir 0.30 wt%) and higher 
mean CaO (3 1.8 _t 1 .O wt%) concentrations than six model 
Allende Type B2s ( I 1.8 + 0.8 wt%> MgO, 25.8 i 1.5 wt% 
CaO), a difference he ascribed to a larger proportion of fassaite 
in the condensate precursors of Type B2s than in those of 
Type Bls. WARK and LOVERING (1982), using the bulk 
compositions of seventeen Type Bs, fifteen being altered in- 
clusions from Allende, reported that twelve Type Bls have 
lower MgO and higher CaO concentrations than live Type 
B2s. They suggested that Type B inclusions are evaporation 
residues of nebular dust, and Type B 1 s were heated to higher 
temperatures and. hence, have undergone more evaporation 
than Type B2s. In fact, however, the mean MgO ( 10.2 i- 0.4 
wt%) and CaO (28.8 -+ 0.6 wt%) contents of the Type Bls 
of WARK and LOVERING ( 1982) are within 24 errors ofthose 
of their Type B2s ( 11.5 -t 1.2 wt% MgO. 25.9 + I.:! 

wt%, CaO). 
From the data for model Aliende and reduced subgroup 

inclusions used to compile Table 3, we now re-examine 
whether the differences in composition between FTAs and 
CTAs, and between Types B 1 and B2, suggested by BECKEIT’ 
( 1986) in model Allende inclusions, persist in an expanded 
data base. We find no difference between FTAs and CTAs 
in mean CaO (36.3 t 0.8 vs. 36.9 _t- 1.0 wt%) or Ti02 ( 1.36 
+ 0.19 vs. I .27 & 0.24 wt%) concentrations, or between Types 
Bl and B2 in mean Si02 (27.0 -t 1.2 vs. 27.1 i 1.1 wt%), 
TiOZ(l.85+-0.19vs. 1.79~0.13~%)orA1~0~(30.8~ 1.3 
VS. 32.5 4 1.2 wt%) concentrations. From the data used for 
Table 3. we have plotted the concentrations of SiOZ vs. A1203, 
MgO vs. A1203, and CaO vs. AlZ03 for FTAs and CTAS in 
Fig. 1, and MgO vs. CaO, SiOz vs. CaO, and A&O3 vs. CaO 
for Types Bl and B2 in Fig. 2. In the Type A comparisons, 
the model Allende inclusion data of WARK (1981) were 
omitted because he did not distinguish between FTAs and 
CTAs. In the Type B comparisons, the reduced subgroup 
data of NAZAROV et al. ( 1982) were omitted because they 
did not distinguish between Types Bl and B2. 

Figure 1 indicates that, for both model Allende inclusions 
and inclusions from the reduced subgroup, FTAs generally 
fall within much tighter clusters on oxide-oxide plots than 
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FIG. 1. Comparison of SiOz vs. A&O,, MgO vs. A1203, and CaO 
vs. AiZ03 in model Allende and reduced subgroup CTAs and FTAs. 
I CJ error bars shown where larger than plotted symbols. Data points 
for possibly nonrcpresentati~~e samples marked by “n”. 

CTAs. Furthermore, although some CTAs have lower Al203 
and higher SiOz contents than do FTAs, as noted by BECKETT 
( 1986), other CTAS have nearly identical A&O3 and SiOz 
contents to the FTAs. In fact, two of the latter CTAs are 
inseparable from the FTA cluster on all other oxide-oxide 

plots. The latter CTAS, therefore, could simply be the solid- 
ification products of whole melts of FTAs. The low-Alz03, 
high-SiOz CTAs, however, must have melted from assem- 
blages of nebular condensates which had compositions that 
differed from those of FTAs. The foregoing results are not 
changed if inclusions which may be nonrepresentative sam- 
ples ( labetled “n” in Fig. 1 ) are excluded from consideration. 

In Fig. 2, there are simply too few samples in each category 
to determine whether any real differences exist between model 

Allende and reduced subgroup Type Bls or between model 

Allende and reduced subgroup Type B2s. pa~icularly when 

possibly nonrepresentative samples are neglected. Figure 2 

does indicate, however, that the ranges of MgO, SiOZ, A1203, 
and CaO concentrations in Type Bl inclusions almost com- 
pletely overlap those in Type 82 inclusions. Both inclusion 
types have similar interelement relationships, with negative 

co~eIations between MgO and CaO and between A1203 and 

CaO, and a positive correlation between SiOz and CaO. Be- 

cause of the concentric zonation of the mineral assemblage 

that is characteristic of Type Bl inclusions, the latter are 

notoriously difficult to sample properly, especially by means 

of a single thin section ( BECKETT, 1986). Because Type Bl 

mantles are composed predominantly of melilite and their 

cores of fassaite and spinet, a series of samples containing 
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FIG. 2. Comparison of MgO vs. CaO, SiOt vs. (30, and AI,03 vs. 
CaO in model Allende and reduced subgroup Type Bls and Type 
B2s. la error bars shown where larger than plotted symbols. Data 
points for possibly nonrepresentative samples marked by “n”. 
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different proportions of the core and mantle of a single Type 

Bl inclusion would be almost invariant in SiO2 and Al203 
while displaying a 50% variation in CaO concentration. The 

fact that a very good positive correlation between Si02 and 
CaO and a very good negative correlation between A&O3 and 
CaO are found for the Type Bl inclusions in Fig. 2 suggests 

that this particular kind of nonrepresentative sampling has 
not had a major effect on their bulk compositions. At least 

one Type B 1 -Type B2 pair can be identified (at -25 wt% 
CaO) in which the two inclusions have nearly identical MgO, 

SiOz, A1203, and CaO contents. This would seem to indicate 
that there are no systematic major element differences be- 
tween Types Bl and B2, contradicting the suggestion of 

BECKETT ( 1986) that the condensate precursors of Type B 1 s 
contained a smaller proportion of fassaite than those of Type 
B2s, and the idea of WARK and LOVERING ( 1982) that Type 

B 1 s are more evaporated than Type B2s. Unfortunately, a 
relatively large number of data points (labelled “n” in Fig. 

2) are from possibly nonrepresentative samples. When the 

latter samples are omitted from consideration, the degree of 
overlap on Fig. 2 decreases. The average concentrations in 

the remaining Types Bl and B2 are MgO, 9.4 f 0.7 and 11.0 
+ 0.8; CaO, 29.8 + I.5 and 26.6 + 1.4; Si02, 28.1 + 1.0 and 
28.6 f 1.3; Alz03, 30.7 * 0.9 and 32.0 t 1.7 wt%, respectively. 
These averages are either within or just beyond lu uncer- 
tainties from one another for all oxides, further indicating 
that there is no strong case to be made for differences in 
composition between Type B 1 s and Type B2s. 

Comparisons with calculated condensate compositions 

In a gas of solar composition, Al is slightly more refractory 

than Ti and both are more refractory than Ca. All three ele- 
ments are much more refractory than Mg and Si. Calculations 
describing equilibrium condensation from a cooling solar gas 
at a total pressure of 10e3 atm suggest that, by - 1600 K, all 
of the Al and Ti in the gas has condensed; by - 1550 K, 90% 
of the Ca has condensed; but, by - 1450 K, only small frac- 
tions of the Mg and Si have condensed (GROSSMAN, 1972, 
1977 ). Model condensate mixtures which stopped equili- 

brating with the nebular gas at temperatures greater than 
- 1600 K have subchondritic CaO/A1203 and Ti02/A1203 
ratios but, at equilibration temperatures less than - 1550 K, 
the condensates have nearly chondritic CaO/A1203 and Ti02/ 
Al203 ratios. At all temperatures above 1450 K, the model 
condensates have strongly subchondritic MgO/A1203 and 
SiOz/A1203 ratios. 

Figure 3 is a plot of CaO/A1203 vs. Ti02/A1203 ratios of 
inclusions from the reduced subgroup and of the model pre- 
alteration Allende inclusions of BECKETT (1986) used in 
compiling Table 3. None of the inclusions plotted have sub- 

chondritic CaO/A1203 and Ti02/A1203 ratios, as expected 
for very high-temperature (> 1600 K) equilibrium conden- 
sates, or chondritic CaO/Al,03 and Ti02/A1203 ratios, as 
expected for somewhat lower temperature ( < 1550 K) equi- 

librium condensates. Instead, most inclusions have super- 
chondritic CaO/A1203 ratios and, in those, Ti01/Alz03 ratios 
range from subchondritic to superchondritic. Most inclusions 
with subchondritic Ti02/A1203 ratios are Type As while most 
with superchondritic TiOa/A1203 ratios are Type Bs. These 
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FIG. 3. CaO/Al@3 vs. Ti02/AI203 ratios of model Allende and 
reduced subgroup CTAs, FTAs, Type B 1 s, and Type B2s. Ratios in 
C I chondrites are indicated by reference lines. 1 CT error bars shown 
where larger than plotted symbols. Data points for possibly nonrep- 
resentative samples marked by “n”. 

generalizations are valid whether or not the possibly nonrep- 

resentative samples are included. 

BECKETT ( 1986) noted previously that most model pre- 
alteration Allende inclusions have superchondritic CaO/ 
A&O, ratios and suggested that precursors of those inclusions 
condensed from a solar gas after - 20% of the Al was removed 
as corundum ( A1203), the first major phase to condense from 
a cooling solar gas (GROSSMAN, 1972). Inclusions with su- 
perchondritic CaO/A1203 and Ti02/A1203 ratios could have 
accumulated from such condensate precursors; however, re- 
moval of corundum alone cannot explain the origin of in- 

clusions with superchondritic CaO/A1203 and subchondritic 
TiOz/A1203 ratios. Those inclusions must have accumulated 
from precursors which condensed after a phase (or phases) 

with a subchondritic CaO/A&03 ratio and a super- 
chondritic TiOz/A1203 ratio, such as hibonite (Ca- 
A1120,9.CaMgTiAllo0,9), was removed from the gas. In four 
Allende FTAs studied by BECKETT ( 1986), hibonite has a 
mean CaO/A1203 ratio of 0.132 f 0.001 X Cl chondrites 
and a mean TiOz/A1203 ratio of 1.40 + 0.11 X C I chondrites. 
Hibonite forms by reaction of corundum with a solar gas at 

very high temperatures, 1727 K at 10m3 atm (HINTON et al., 
1988). 

BECKETT ( 1986) found that model pre-alteration Allende 
inclusions have higher SiOz and lower MgO concentrations 
than do model equilibrium solar condensates, as KERRIDGE 

( 198 1) observed using compositions of inclusions from var- 
ious C3V chondrites, including altered Allende inclusions. 
BECKETT ( 1986) showed, however, that compositions of cal- 
culated condensate assemblages in a system containing 80% 
of the solar Al abundance have SiOz and MgO concentrations 
which closely match those of many pre-alteration Type A 
Allende inclusions. STOLPER ( 1982) suggested that the dis- 

crepancy between compositions of Type B inclusions and 
model condensates is due to the fact that calculations assume 
that the first-condensing clinopyroxene is diopside, rather 
than fassaite. As pointed out by GROSSMAN and CLARK 
( 1973), fassaite is more likely, but insufficient thermody- 
namic data exist for this phase. According to STOLPER ( 1982) 

and BECKETT ( 1986 ), Type B inclusions formed by reaction 
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of Type As with the cooling nebular gas to form fassaite or 
by addition of fassaite to Type As. 

Figure 4 is a plot of MgO vs. SiOz concentrations of in- 

clusions from the reduced subgroup and of model pre-alter- 
ation Allende inclusions used to compile Table 3. Also shown 
are trajectories of model condensates at a total pressure of 
1 0m3 atm, calculated as in LATTIMER and GROSSMAN ( 1978), 
but updated with newer thermodynamic data in ROBIE et al. 
( 1978), ROBINSON et al. (1982), GEIGER et al. (1988), and 
CHAMBERLIN et al. ( 1991, and pers. commun.). The new 
results are similar to those of previous work except that, al- 
though diopside was a condensate in earlier work, no cli- 
nopyroxene appears in the latest calculations. The solid line 
labelled “no fass” in Fig. 4 is the resulting trajectory of equi- 
librium condensates from a solar gas. Another such trajectory, 
the solid line labelled “fass + sp” in Fig. 4, was calculated 
for the bulk condensate assemblage, assuming that fassaitic 
clinopyroxene condenses at 1450 K, slightly higher than the 
diopside condensation temperature of LATT~MER and 
GROSSMAN ( 1978), that the fassaite forms by complete re- 
action with the gas of the previously condensed melilite and 
perovskite, and that the fassaite contains equal moles of TiOz 
and Tiz03 and the average Al203 content, 15.1%, of Allende 
fassaite having the same Ti content as is produced by these 
assumptions. The dashed lines trace the paths of model con- 
densate compositions calculated in an identical manner to 
those represented by the solid lines but at 80% of the solar 
abundance of Al. 

Figure 4 indicates that compositions ofalmost all inclusions 
from the reduced subgroup, like model Allende inclusions, 
tend to have higher SiOz and/ or lower MgO concentrations 
than do equilibrium condensatC assemblages from a solar gas 
whose compositions are calculated assuming that fassaite is 
not a condensate, although three Type As and two Type Bs 
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FIG. 4. SiOz vs. MgO concentrations of model Alfende and reduced 
subgroup Type As and Bs, and of calculated condensate assemblages 
(see text). lo error bars shown on inclusion compositions where 
larger than plotted symbols. Data points for possibly nonrepresentative 
samples marked by “n”. Numbers on condensate trajectories are 
condensation temperatures, and tick marks are plotted at 10” tem- 
perature intervals. 

plot close to this condensation trajectory above and below 
1450 K, respectively. When fassaite condensation is included, 
only a few more Type As and Bs plot along the trajectory. 
The trajectory would pass through many more of the Type 
B compositions if fassaite were stable enough to condense at 
T > 1470 K. In both cases, however, a cluster of high-MgO, 
low-SiO* Type Bs are clearly bypassed. While it is possible 
that physicochemical conditions allowed fassaite condensa- 
tion in some parts of the solar nebula but prevented it else- 
where, we do note that a relatively large proportion (4/ 7 ) of 
the high-MgO, low-SiOz Type Bs may have been sampled 
nonrepresentativeIy. The effect of prior removal of 20% of 
the A&O3 is seen in the condensation trajectory for a system 
with 80% of the solar abundance of Al. As found by BECKETT 
( 1986), a large proportion of the Type As fall along this 
curve above 1450 K, but most Type Bs still have higher SiO;! 
and/or lower MgO contents than condensates formed in this 
way, assuming that fassaite is not a condensate. As predicted 
by STOLPER ( 1982) and BECKE~T ( 1986 ), however, the low- 
A&O3 conden~tion trajectory passes right through the com- 
positions of most Type Bs when the effect of the possible 
condensation of fassaite is taken into account. 

REFRACTORY TRACE ELEMENTS 

Enrichment factors relative to C 1 chondrites for refractory 
trace elements in Vigarano, Leoville. and Efremovka inclu- 
sions are plotted in Figs. 5, 6, and 7, respectively. In the 
figures, the rare earth elements (REEs) are plotted from left 
to right in order of decreasing ionic radius. Other refractory 
lithophile elements (Zr, Hf, SC, Th, Ta, V, Sr, Ba) and re- 
fractory siderophile elements (W, Re, OS, Ir. MO, Ru) are 
plotted in order of increasing volatility in a solar gas, as sum- 
marized by SYLVESTER et al. ( 1992 ) . C 1 chondrite-normal- 
ization factors used in these figures and throughout this paper 
are from ANDERS and GREVESSE ( 1989) and are listed in 
Table 2. 

Refractory Lithophiles in Inclusions with Group I REE 
Patterns 

Group I REE patterns are those in which no REE except 
Eu is fractionated beyond analytical uncertainty from any 
other REE relative to C 1 chondrites. In inclusions with such 
REE patterns, refractory lithophiles other than REEs may 
also be unfractionated from one another and from the REEs. 
More commonly, some refractory lithophiles are fractionated 
from others relative to Cl chondrites in individual Allende 
inclusions with Group I REE patterns. These fractionations 
are usually <20%, but larger fractionations do occur. For 
example, according to the summary of SYLVESTER et al. 
( 1992 ), some inclusions have Eu anomalies of up to a factor 
of two. Also, ratios of abundances of refractory lithophiles 
other than REEs to those of REEs with similar volatility (such 
as HflLu, Sc/Lu, ZriLu, Th/La, Ta/La, V/Yb, SrfYb, 
Ba/Yb) sometimes differ from the ratios of the same elements 
in Cl chondrites by as much as a factor of 4.5. Some inclu- 
sions even have significantly fractionated, so-called modified 
Group I REE patterns, in which REE enrichment factors 
vary Progressively with atomic number. Nevertheless, despite 
the sometimes large fractionations among refractory 
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FIG. 5. Cl chondrite-normalized concentrations of REEs, other refractory lithophiles. and refractory siderophiles in 
Vigarano inclusions. Refractory lithophiles and siderophiles are arranged in order of increasing volatility from left to 
right. 1 r error bars shown where larger than plotted symbols. Arrows indicate 20 upper limits. (a) Vigl: (b) Vig2. 

lithophiles in individual Allende Group I inclusions, GROSS- 
MAN and ~AN~P.~THY ( I976a) and GROSSMAN et al. f 1977) 
showed that fractionations among these elements are always 
much smaller when averages oftheir concentrations in suites 
containing as few as nine inclusions are considered. This is 
thought to imply that precursors of refractory inclusions with 
Group I REE patterns were isolated from the nebular gas at 
temperatures low enough that each refractory lithophile ele- 
ment was fully condensed into them. In the average AlIende 
Group I inclusion, refractory lithophile efement concentra- 
tions are - 18 times C I chondrites, suggesting that their pre- 
cursors formed from the most refractory 5.6% of chondritic 
matter. 

Large fractionations among refractory lithophile elements 

in individual inclusions with Group I and modified Group I 
REE patterns may reflect nonrepresentative nebular sampling 
from this overall unfractionated assemblage of condensate 
phases, which have strong crystal-chemica1 preferences for 
one refractory lithophile element relative to another. Activity 
coefficients required to take these effects into account when 
calculating the distribution of refractory lithophiles among 
possible condensate phases are unknown, but it has been 
inferred that hibonite. perovskite, and zirconium oxide were 

the major hosts for SC. Th, Zr, Ta, Hf. and REEs other than 
Eu (DAVIS et al., 1978: FAHEY et al., 1987; HIWTON et al., 

1988; IRELAND et al., 1988), whereas melilite was the major 
host for Eu and Sr (GROSSMAN et al., 1977). Hibonite, pe- 
rovskite, and melilite are thought to have preferred light REEs 

( LREEs) to heavy REEs ( HREEs) during condensation, 
whereas zirconium oxide probably preferred HREEs over 
LREEs. Another possible explanation for large fractionations 
among refractor-y elements in such inclusions is laboratory 
sampling in such a way that the material selected from an 
inclusion is not representative of the whole. In the case of 
compact Type A and Type B inclusions, in which the original 
nebular phases were melted after accumulation into inclusion 
precursors, nonrepresentative laboratory sampling results in 
fractionations related to element redistribution caused by 
crystal-liquid partitioning rather than condensation or evap- 
oration processes. 

These inclusions have Group I REE patterns. In Vigl’s 
pattern (Fig. ja), enrichment factors are -20 X Cl and 
there is a small positive Eu anomaly. In contrast to Allende 
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Group I inclusions, which have Hf/Lu ratios of -0.40- 1. I 
X Cl (SYLVESTER et al., 1992), the Hf/Lu ratio of Vigl is 

- 1.5 X Cl. Thus, the precursor phase or phases that carried 

much of the Hf into Vigl probably had a strong crystal- 
chemical preference for Hf relative to Lu. Of zirconium oxide, 

perovskite, and hibonite, thought to be the major condensate 
hosts for Hf. there is evidence only for condensate hibonite 
having Hf/ Lu ratios as high as 1.5 X C 1. In inclusion 1105- 

42 from the Ornans C30 chondrite, zirconium oxide that 

possesses an ultrarefractory REE pattern and thus almost 

certainly had a condensate origin (DAVIS, 199 I ) has Hf/ Lu 

ratios of 0.89-l .2 X Cl (A. Davis, pers. commun.). In the 

Murchison C2M chondrite, IRELAND et al. ( 1988) found that 

three perovskite and thirty-two hibonite grains which may 
be nebular condensates have mean Hf/Lu ratios of 0.17 

+ 0.02 and 3.1 ? 0.7 X C 1, respectively. Preferential sampling 

of hibonite alone probably cannot explain the superchondritic 
Hf/Lu ratio of Vigl , however, because, while the Zr/Lu and 

Sc/Lu ratios of Vigl are only marginally superchondritic 
( - 1.1 X C I ) 1 the hibonites of IRELAND et al. ( 1988) have 

mean Zr/Lu and Sc/Lu ratios of 3.9 f 0.9 and 5.1 f 1.0 

X C 1, respectively. 

The Group I REE pattern of ED (Fig. 7c), like that of 
Vig I, has a positive Eu anomaly. Enrichment factors for REEs 

except Eu are - 16 X C I. Ef3 is unusual compared to Allende 

Group I inclusions in that sizes of fractionations between Lu 

and Zr (Zrf Lu -2.8 X Cl), Hf (Hf/Lu -2.6 X Cl) and 

SC (Sc/Lu - 3.1 X Cl ) equal or exceed the largest of those 
in Allende Group I CAls (Zr/Lu -0.54-1.1 X Cl, Hf/Lu 

-0.40-1.1 x Cl, Sc/Lu -0.66-2.7 X Cl; SYLVESTER et 
al., 1992). Also, the V/Yb ratio of ED is superchondritic 
( - 1.5 X C 1 ), while Allende Group I CAIs have subchondritic 
to chondritic V/Yb ratios (-0.22-0.99 X Cl; SYLVESTER 

et al., 1992). The anomalously high Zr/Lu, Hf/Lu, Sc/Lu, 
and V/Yb ratios of ED cannot be related to the fact, noted 
earlier. that our INAA sample is poorer in fassaite than the 

corresponding thin section. This is because the flat REE pat- 
tern and positive Eu anomaly of Et3 are strong evidence that 
the sample taken for INAA was more representative of the 
whole inclusion than was the thin section. When fassaite and 

melilite cocrystallize from a melt, fassaite is substantially en- 
riched in HREEs and depleted in Eu compared to melilite. 
If the bulk composition of Ef3 were actually enriched in 
HREEs, it would be most fortuitous if we had undersampled 
fassaite relative to melilite by just the right amount to result 
in a flat REE pattern. 

Preferential nebular sampling of hibonite and/or zircon- 

ium oxide, either condensates or evaporative residues, has 
probably led to the anomalous Zr/Lu, Hf/Lu, Sc/Lu, and 

V/Yb ratios of Ef3. The probable crystal-chemical preference 
of hibonite for Zr, Hf, and SC over Lu was discussed in the 
preceding text, using compositions of Murchison hibonite 
grains from IRELAND et al. ( 1988). Many ofthose same grains 
have superchondritic V/Yb ratios, the highest being - 11 
X Cl. In the zirconium oxide in Ornans 1105-42 (DAVIS, 

199 I ), Sc/Lu and Zr/Lu ratios are only 0.02-0.07 and 0.6% 
1.1 X Cl, respectively (A. Davis, pers. commun.). HINTON 

et al. ( 1988 ), however, found that, in a corundum-hibonite 
inclusion (BB-5) from Murchison, a trace phase, probably 
zirconium oxide and thought to be a nebular condensate, 

has Sc/Lu and Zr/Lu ratios of -4.4 and - 18 X Cl, re- 

spectively. The Hf/Lu and V/Yb ratios of this phase were 

not measured. 
In L2, enrichment factors for REEs (Fig. 6b) are -22-24 

x Cl and there is no Eu anomaly. The CA1 has strongly 
subchondritic V/Yb( -0.53 X Cl)andZr/Hf( -0.41 X Cl) 
ratios, as do many Allende Group I inclusions. but is unusual 

in that Hf is fractionated from Zr to a degree that has yet to 

be seen in Allende Group Is (Zr/Hf -0.76-1.5 X Cl; 
SYLVESTER et al., 1992). The condensate or residue phases 

that carried much of the Hf and Yb into L2 apparently had 
subchondritic Zr/Hf and V/Yb ratios, which seems to rule 

out hibonite and perovskite. In Murchison. the thirty-two 

hibonite grains of IRELAND et al. ( 1988) that may be con- 
densates have a mean Zr/Hf ratio of 1.5 f 0.1 X C 1 and, as 

noted, many of those same grains have superchondritic V/ 

Yb ratios. Three Murchison perovskite grains analyzed by 
IRELAND et al. (1988) have strongly subchondritic V/Yb 

ratios ( ~0.08 X C I ), but strongly superchondritic Zr/ Hf ra- 
tios (22.9 X Cl ). Zirconium oxide is a possible carrier of 

substantial amounts of Hf and Yb into L2, but the Zr/Hf 
ratios of the probable condensate grains of this phase in Or- 

nans (0.76-0.95 X Cl, A. Davis, pers. commun.) are not as 

low as that in L2. 

Ll, &f2, Vig2, Efl. LS 

These inclusions have modified Group I REE patterns. 
There is no evidence from comparisons of observed and cal- 

culated modes (Table 1) that any of the five, except perhaps 
Vig2, is a nonrepresentative sample of the bulk inclusion 
from which it was derived. 

Two of the five inclusions, Ll and Ef2, have refractory 

lithophile element characteristics that are rare or absent in 
Allende inclusions. In L 1, C 1 chondrite-normalized emich- 
ment factors (Fig. 6a) for LREEs ( -20-22) are smaller than 

those for HREEs (-25-29), there is a small positive Eu 
anomaly, and Zr/Lu (-1.2 X Cl), Hf/Lu (-1.7 X Cl), 

and Sc/Lu ( - 1.5 X Cl ) ratios are superchondritic. What 
makes Ll unusual compared to Allende Group I inclusions 
is its extremely low V/Yb ratio, 0.25 f 0.01 X Cl. Sub- 
chondritic V/Yb ratios, as noted, may reflect preferential 
sampling of perovskite relative to other condensate or residue 
phases in the nebula. Because the Murchison perovskites of 

IRELAND et al. ( 1988) have chondritic Sc/Lu ratios and sub- 
chondritic Zr/Lu and Hf/Lu ratios, however, Ll must have 
preferentially sampled not only perovskite precursors, but 

also another phase such as the zirconium oxide of HINTON 
et al. ( 1988). That phase, like Ll, has smaller Cl chondrite- 

normalized enrichment factors for LREEs than for HREEs 
and, as noted, superchondritic Sc/Lu and Zrf Lu ratios. 

In the REE pattern of ER (Fig. 7b), enrichments decrease 
slightly from La (-14 X Cl) to Sm (-12 X Cl), increase 
slightly from Tb ( - 12 X Cl ) to Yb ( - 14 X Cl ), and there 
is a very large positive Eu anomaly. What makes Et2 unusual 
compared to Allende inclusions is its high Eu/Sm (-2.2 
XCl),Sr/Yb(-2.4XCl),andTh/La(-1.6XCl)ratios 
and, like Ll, described in the preceding text, its low V/Yb 
(0.25 f 0.01 X Cl ) ratio. The unusually large Eu/Sm and 
Sr/Yb ratios in El2 probably reflect sampling of melilite in 
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preference to other condensate or residue phases in the neb- 
ula, because melihte is thought to carry the bulk of the Eu 
and Sr, but not the bulk of the Sm and Yb, into refractory 
inclusions (GROSSMAN et al., 1977). The large Th/La ratio 
of Et2 is consistent with the suggestion of SYLVESTER et al. 

( 1992) that the bulk of the Th was carried into inclusions by 
a condensate or residue phase that did not contain the bulk 
of the REEs. SYLVESTER et al. (1992) found two Vigarano 
inclusions with strongly subchondritic Th/La ratios, sug- 
gesting that the Th carrier phase was undersampled in the 
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nebula, whereas in El?,, that phase seems to have been ov- 

ersampled. 
Vig2 (Fig. 5b) and Efl (Fig. 7a) have LREE-enriched 

chondrite-normalized REE patterns, with positive Eu anom- 
alies. In Vig2, REE enrichment factors decrease slightly from 

-17XCl forLaandCeto - 13-14 X Cl for the HREEs. 
In Efl, REE enrichment factors decrease slightly from - 19 
XC1 forLaandCeto -16-17 X Cl for HREEs. In both 

inclusions, Zr, Hf. SC, Th, Ta, V, and Sr are each fractionated 
from a REE of similar volatility by less than a factor of 2, 
relative to Cl chondrites. The Sc/Lu ( - 1.7 X Cl ) and Hf/ 
Lu ( - 1.4 X Cl ) ratios of Vig2 are particularly large. Sr/Yb 

~tiosofbothVi~(~l.9XCl)andEfl(~l.6XCl)are 
also large, but still smaller than that of Ef2. 

For Efl, the positive Eu anomaly, LREE enrichment and 
high Sr/Yb ratio may all be due to preferential nebular sam- 
pling of melilite relative to other condensate or residue phases. 
For Vig2, however, Table 1 indicates that our INAA sample 
has more metilite and less fassaite than its co~es~nding 
thin section. Because melilite prefers LREEs over HREEs 
(KUEHNER et al., 1989) and fassaite prefers HREEs over 
LREEs (SIMON et al., 199 1) relative to C 1 chondrites in melts 
having the compositions of Type B inclusions, it is possible 
that the mode of our thin section accurately represents that 
of the whole of Vig2 and that the latter actually has a flat 
REE pattern. While this would explain the LREE enrichment, 

positive Eu anomaly, and high Sr/Yb ratio of our sample of 

Vig2, it would also imply that the Sc/Lu and Hf/Lu ratios 
of the whole of Vig2 are even higher than those measured 

because fassaite prefers SC and Hf over Lu during crystalli- 
zation of melts of these compositions (SIMON et al., I99 I ). 
enhancement of these ratios may be due to sampling of un- 
usually large amounts of condensate or residue hibonite 
amongst the precursors of Vig2. 

L5 (Fig. 6e) has a REE pattern in which Tm, Yb, and Lu 
( - 15 X C 1) are slightly enriched relative to La, Ce, Sm, Tb, 
Dy. and Ho ( - 12 X C 1 ), and Eu and Sr have large enrich- 

ment factors ( -22 X C 1). Vigarano 1623- 1 I, an inclusion 

analyzed by SYLVESTER et al. { 1992), has similar character- 
istics which were explained in terms of preferential nebular 
sampling of condensate melilite, carrying the bulk of the Eu 

and Sr, and of zirconium oxide, carrying the bulk of the 
HREEs, relative to perovskite, carrying the bulk ofthe LREEs. 
This may also be the case for L.5. In addition, Zr. Hf, and 
SC, which have enrichment factors like those of Tm, Yb, and 

Lu in L5, may have been largely concentrated in zirconium 
oxide, while Th and Ta, which are enriched to about the 

same degree as La, Ce, Sm, Tb, Dy, and Ho, may have been 
largely in perovskite. Enrichment factors for V (-8 X Cl) 
and Ba ( <9 X C 1) are smaller than those of all other refractory 
lithophiles in L5. GROSSMAN et al. ( 1977) inferred that Ba 
was carried into Allende inclusions by an unknown phase 
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that did not possess significant amounts of other refractory 
lithophiles. L5 may have undersampled that Ba-rich phase. 

Refractory Sider~ph~le~ in Group I inclusions 

Six of the eight Group i inclusions studied here have un- 
usual or unique refractory siderophile element compositions 
compared to most Allende Group I inclusions. In nine of the 
latter, mean Cl chondrite-normalized concentrations of each 
of Re, OS> Ir, and Ru are 16.2 + 0.4 and, in each of the nine 
inclusions, these siderophiles are fractionated from one an- 

other by ~20% (GROSSMAN et al., 1977). Enrichment factors 
for Re, OS, Ir, and Ru are similarly unfractionated in L5 and 
Ef3, mean concentrations being - 15 X Cl in each. 

L 1 is unusual in that Ru has an enrichment factor relative 
to Cl chondrites ( - 17) that is less than those of Re and OS 
by 28% and of Ir by 2 I %. Vig2 is unusual in that the enrich- 
ment factor of OS ( -23 X Cl ) is greater than those of Re 

(by 37%) and Ir and Ru (by 26%). This enrichment pattern 
is similar to that of Vig 1623-3, a Vigarano inclusion analyzed 

by MAO et al. ( i990), in which concentrations of Re, Ir, and 
Ru are -11 X Cl, while that of 0s is -27 X Cl. 

Some of the refractory siderophile element enrichment 

factors, and fractionations between those siderophiies, in the 
four other Group I inclusions of this study, Vigl, L2, Efl, 
and Ef2, are the largest ever discovered in bulk CAIs. In 
Vigl, enrichment factors relative to Cl chondrites decrease 
from Re and OS ( -57), which are most refractory, to those 
for fr (-44) and Ru (-25), which are progressively less 

refractory. In L2, Re, OS, and fr are uniformly enriched to 
-110 X Cl, whereas Ru is -66 X Cl. In Efl, Re and OS 
are --I 15 X Cl and Ir and Ru are -22 and 17 X Cl, re- 
spectively. In Ef2, Re and OS are - 145 X Cl, Ir is - 114 
X Cl, and Ru is -8 1 X Ct. Although refractory siderophile 
element en~chment factors as large as those found here have 
not been reported previously for bulk CAIs, NAZAROV et al. 
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( 1987) described two Efremovka inclusions that contain very 

abundant, large grains of refractory siderophile element-rich 

FeNi metal. Those two inclusions, like Efl and Ef2 reported 
here, presumably have bulk compositions with large refrac- 

tory siderophife enrichment factors. The present work extends 

the observation of very high refractory siderophile enrichment 
factors to CAIs in two other members of the reduced 

subgroup, Vigarano and Leoville. 

model hcp alloys in L 1. L2, Vigl , Efl . and Ef2 range from 

-1655 K for Eff to -1590 K for Ll. 

In individual Alfende Group 1 inclusions, Cl chondrite- 

normalized concentrations of W and MO are equal to or less 
than those of Re, OS, Ir, and Ru (GROSSMAN et al., 1977; 

FECLEY and PALME, 1985). Those with subchondritic Wj 
Re and Mo/lr ratios are said to possess negative W and MO 

anomalies, respectively. Of the eight Group I inclusions of 

this study, L5 and Vigl have nearly chondritic W/Re and 

Mo/Ir ratios. Vig2 and Ef3 have negative W anomalies but 

Mo/Ir ratios of -1.2 X Cl and - 1.1 X Cl, respectively. 

Ll, L2, Efl, and Ef2 have both negative W and negative MO 

anomalies. In Ll, W/Re and Mo/Ir ratios are both -0.6 
x CI. Negative MO anomalies are larger than negative W 
anomalies in L2 and Ef2, but in Efl the reverse is true. 

The remarkably large enrichment factors for Re and OS 
in L2, Vigl, Efl, and El2 relative to those in typical Affende 

Group I inclusions imply that the total amount of hcp alloy 
accreted by L2, Vigl, Efl, and El2 is 3.5-9.1 times that ac- 

creted by those Affende inclusions. It may seem curious that 

Re, OS. and Ru are averaged out to their chondritic propor- 

tions in Allende inclusions even though they sampled fess 
hcp alloy than did L2, Vigl, Efl, and Ef2, in which Ru is so 

strongly depleted relative to Re and OS. The latter inclusions, 
however. as well as the millimeter-sized metal nugget with 

Ru/Re -0.3 X Cl reported by NAZAR~V et al. (1987) from 

an Efremovka inclusion, sampled hcp alloys which, on av- 

erage, were removed from the nebular gas at temperatures 

above which Ru fully condenses, whereas Allende inclusions 

sampled hcp alloys with lower mean equilibration temper- 

atures. 

Refractory siderophiles are thought to have been carried 
into refractory inclusions by metal-alloy condensate phases. 

SYL.VESTER et al. ( 1990) proposed that W and MO, whose 
high-temperature crystal structures are body-centered cubic 
(bee), condensed into one alloy phase; Re, OS, and Ru, which 
are hexagonal close-packed (hcp), condensed into a second 
alloy phase: and Ir, Pt. and Rh, which are face-centered cubic 

(fee), condensed into a third alloy phase. If an alloy is re- 
moved from the nebular gas at a temperature above that at 
which its constituent refractory siderophiles have fully con- 

densed. depletions of the more volatile siderophiles relative 
to the less volatile ones will result, relative to Cl chondrites. 
SYLVESTER et al. ( 1990) inferred that such fractionated alloys 
accreted into precursors of Allende inclusions because, in 
one such inclusion, metal-alloy assemblages (Fremdfinge) 
have large fractionations of refractory siderophiles from one 
another. Thus. in inclusions with nearly chondritic ratios of 
Re, OS, Ru, and Ir, such as LS, EE.3. and most Aflende Group 
I inclusions, large numbers of hcp and fee alloy grains must 
have been sampled so that fractionations between refractory 

siderophiles of the two different alloys, and those between 
siderophiles of the same alloy, were averaged out. This ap- 

parently was not the case for the six unusual Group I inclu- 
sions studied here, L1, L2, Vigl, Vig2, Efl, and Ef2. 

Vig2 has subchondritic Re/Os and su~rchond~tic OS/ 

Ru ratios. Because Re is more refractory than 0s:hcp alloy 
grains with subchondritic Re/Os ratios can condense from 

a cooling solar gas only if high-temperature hcp alloy grains 
with superchondritic Re/Os ratios were removed from that 

gas previously. Single-stage removal of hcp alloy grains at 
1840 K yields a subsequently condensing hcp alloy at 1630 

K with the Re/Os and OS/ Ru ratios of Vig2. 
Negative W and MO anomalies in Ll, L2, Efl, and El2 

probably reflect undersampling of bee relative to hcp and fee 

condensate alloy grains in the nebula. Negative W anomalies 
without accompanying negative MO anomalies in Vig2 and 

El3 may be the result of preferential nebular sampling ofbcc 
condensate alloy grains with subchondritic W/MO ratios. 

Such grains can condense after removal of early, high-tem- 
perature bee alloys which, because W is more refractory than 
MO in a solar gas (e.g., SYLVESTER et al., 1990), have su- 
perchondritic W/MO ratios. An alternative model for W and 
MO depletions in bulk inclusions is condensation from an 
oxidizing gas ( FEGL.EY and PALME, 1985). Because MO is 
more volatile than W in an oxidizing gas, negative MO anom- 

alies should be larger than negative W anomalies in conden- 
sates from such a gas, which is the case for L2 and Efl, but 

not for Ll, Efl, Vig2, and Ef3. 

Indusion with a Group II REE Pattern 

In Vigl, Efl, and ER, Cl chondrite-normalized enrich- L3, the only fine-grained inclusion of this study, has a 
ment factors for Ir are significantly lower than those for Re Group II REE pattern (Fig. 6c) like most Alfende fine-grained 
and OS. Either Ir was incompletely condensed into the fee inclusions. REEs with the largest enrichment factors are L.a 
alloy grains sampled by those inclusions or; relative to their f-123 X Cl), Ce (-107 X Cl), Sm f-104 X Cl), and 
nebular proportions, those fee grains were unde~mpied Tm ( -8 I X C I). Enrichment factors for other HREEs pro- 
compared to hcp grains. In Lf. L2, Vigl, Efl, and Et2, en- gressively decrease with increasing atomic number from Tb 
richment factors for Ru are significantly lower than those for (-62 X Cl) to Lu (-0.2 X Cl ), and enrichment factors 
Re and OS. which are present in nearly chondritic ratios. 
Precursors of these inclusions probably oversampled hcp 

for EU (-6 X Cl) and Yb (-2 X Cl) are anomalously 

grains with chondritic Re/Os and superchondritic OS/&J 
small. In L3, as in Allende Group Ils, the most refractory 

ratios. At a pressure of IO-” atm, hcp alloys removed from 
(Zr, Hf. SC) and most volatile (V, Yb. Eu, Sr, Ba) of the 

a solar gas below - 
refractory fithophifes, and the refractory siderophifes, have 

I750 K, where Re and OS are fully con- 
densed, and above - 

lower enrichment factors than those of refractory lithophiles 
1490 K, where Ru is fully condensed, 

will have chondritic Re/Os and superchondritic Os/Ru ra- 
of’ intermediate volatility (Th. Tm, La, Ce, Sm, Ta). This 

tios. Removal temperatures for the mean compositions of 
strongly suggests that the precursor phases of L3. like those 
of’A1lende Group IIs, condensed from the nebular gas after 
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removal of an early, ultrarefractory condensate containing 

the most refractory of the lithophiles ( BOYNTON, 1975; DAVIS 

and GROSSMAN, 1979) and the refractory siderophiles. Those 

precursors were then isolated from that gas before the most 
volatile of the refractory lithophiles could completely con- 

dense into them. 

Inclusion with a Group VI REE Pattern 

C I chondrite-normalized Group VI REE patterns are those 

in which no REE is significantly fractionated from any other 
REE, except for Eu and Yb, which exhibit positive anomalies 

(MASON and TAYLOR, 1982 ). Inclusions with such patterns 

probably sampled two nebular components, one of which 
had a Group I REE pattern. The other condensed from the 

nebular gas at low temperatures, after high-temperature re- 
moval from that gas of each of the REEs, except for the most 

volatile ones. Eu and Yb. 
L4 (Fig. 6d) has a Group VI REE pattern with an Eu/Sm 

ratio of - 1.4 X Cl and a Yb/Lu ratio of - 1.2 X Cl. Chem- 
ical compositions of only a small number of Allende Group 

VI inclusions have been reported, but in the one (NM3529yc) 
analyzed by CONARD ( 1976 ), the one (5 17 1) by MASON and 

MARTIN ( 1977), and the two (3529-44,3529-Y) by MASON 
andT~~~0~(1982),Eu/Smand/orEu/Gdratiosare-1.2- 
1.5 X Cl and Yb/Er, Yb/Tm, and/or Yb/Lu ratios are 

-1.3-1.4 X Cl, as in L4. 
In a solar gas, assuming ideal solid solution, Ta and V are 

about as volatile as Eu and Yb, and Sr slightly more so (DAVIS 
et al., 1982). The low temperature condensate component 
of a Group VI inclusion should thus contain large concen- 
trations of Sr, Ta, and V, in addition to large concentrations 
of Eu and Yb. Thus, Group VI inclusions should have en- 
richment factors for Sr, Ta, and V that are larger than those 
for trivalent REEs and about as large as those for Eu and 
Yb, assuming that the Group I component contains chon- 

dritic proportions of Sr, Ta, V, and REEs. In L4, Sr/Eu and 
Sr/Yb ratios are nearly chondritic but Ta/La and V/La ratios 
are subchondritic, suggesting that enrichment factors for Ta 
and V in the Group I component of L4 are much smaller 
than those for REEs. Among Allende Group VI inclusions, 
sample NM3529yc of CONARD ( 1976) not only has sub- 
chondritic Ta/La and V/La ratios, but also subchondritic 
Sr/Eu and Sr/Yb ratios. Strontium may have condensed 
incompletely into the low-temperature component of 
NM3529yc. Sample 5 171 of MASON and MARTIN ( 1977), 
in contrast, has a Sr/Eu ratio of -1.3 X Cl and a Sr/Yb 
ratio of - 1.1 X C I, suggesting complete condensation of Sr 
into its low temperature precursors. 

Because Zr, Hf, and SC are among the most refractory 

lithophile elements, they are thought to have condensed, along 
with trivalent REEs, into the Group I component of Group 
VI inclusions. Among Allende Group VI inclusions, Hf and 
SC are fractionated from Lu and/or Er by -35% or less, 
relative to Cl chondrites, and Zr is fractionated from Hf by 
- 17% or less. L4 is therefore unusual in that Hf/Lu and SC/ 
Lu ratios are - 1.7XClandtheZr/Hfratiois-0.44XCl. 
AS noted earlier for L2, subchondritic Zr/Hf ratios may be 
the result of preferential nebular sampling of zirconium oxide, 
although probable condensate grains of this phase have not 

been found with Zr/Hf ratios as low as this. Furthermore, 

those zirconium oxide grains that have been found with sub- 

chondritic Zr/Hf ratios also possess strongly subchondritic 
SC/ Lu ratios and nearly chondritic Hf/ Lu ratios, in contrast 
to L4. 

Refractory siderophiles in L4 have enrichment factors of 
-24-26 X Cl, except for W, which has a lower enrichment 

factor of - 17. The chondrite-normalized refractory sidero- 

phile element pattern of L4 is thus like that of many Allende 

Group I inclusions. Too little is known about the refractory 
siderophile element patterns of Allende Group VI inclusions 

to make comparisons with L4. 

NONREFRACTORY ELEMENTS 

Coarse-grained Inclusions 

Nonrefractory elements, including Ni, Co, Mg, Fe, Si, Cr, 

Au, Mn, As, K, Na, Ga, Sb, Cl, Se, Cs, Zn, and Br, which 
were analyzed here, were probably added to refractory inclu- 

sions during low-temperature reaction with the nebular gas, 

producing secondary alteration products. Mg, Si, Cr, Ni, and 
Co are somewhat exceptional compared to other nonrefrac- 
tory elements in that substantial fractions of the amounts 

present began condensing at high temperatures. Most coarse- 

grained inclusions of the reduced subgroup of C3V chondrites 
probably experienced secondary alteration at temperatures 
far above those at which many nonrefractory elements com- 
pletely condensed from the nebular gas, or for a time that 
was far too short for many of those elements to be completely 
condensed in those inclusions. In contrast, most inclusions 
from the oxidized subgroup of C3V chondrites were probably 
altered at comparatively low temperatures or for longer times, 
although still not low or long enough for complete conden- 
sation. The evidence for this is from BISCHOFF et al. ( 1987), 

MAO et al. (1990), and SYLVESTER et al. (1992), who col- 
lectively found that coarse-grained inclusions from Arch, Ef- 
removka, Leoville, and Vigarano, members of the reduced 
subgroup, possess Na and Au contents that fall below or 

within the lowermost parts of the ranges of concentrations 
of those elements in coarse-grained inclusions from Allende 
and Grosnaja, members of the oxidized subgroup. SYLVESTER 

et al. ( 1992) further showed that six coarse-grained refractory 
inclusions from Vigarano and Leoville tend to have lower 
Fe and Zn contents than do Allende inclusions, as compiled 
by DAVIS et al. ( 1982). 

GROSSMAN and GANAPATHY ( 1976a) suggested that high 
concentrations of Fe, Co, and Mn seen in some Allende in- 
clusions are due in part to contamination of those inclusions 
with meteoritic matrix material during laboratory sampling, 

but that the high concentrations of Cr, Au and Na in those 
inclusions are largely indigenous. In this study and those of 

MAO et al. ( 1990) and SYLVESTER et al. ( 1992), however, 
we were careful to avoid sampling near inclusion/matrix in- 
terfaces, so we believe that the concentrations of nonrefractory 
elements in inclusions of the reduced subgroup analyzed by 
us are indigenous. 

In Figure 8a, Na and Au concentrations are plotted for 
each of the nine coarse-grained inclusions studied herein, 
and the inclusions considered previously by BISCHOFF et al. 
(1987), MAO et al. (1990), and SYLVESTER et al. (1992). 
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Coarse-grained CAls in C3V Chondrites 
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FIG, 8. Concentrations of Na and Au in (a) coarse-grained and 
(b) fine-yrained CAIs of the oxidized and reduced subgroups of C3V 
chondrites. 1 (r error bars shown where larger than plotted symbols. 
Arrows indicate 20 upper limits. 

Like coarse-grained inclusions of the reduced subgroup stud- 
ied in previous work, the nine analyzed here have lower Au 
( < 1.1-5.0 ppb) contents than those of the oxidized subgroup 
(6-800 ppb Au). Concentrations of Na in the nine inclusions 
of this study ( 170-860 pptn), except for Vigl (2020 ppm) 
and Vig2 ( 1540 ppm), are lower than those of twenty-nine 
of thirty-seven inclusions of the oxidized subgroup. These 
observations are consistent with the paucity of secondary al- 
teration products in the coarse-pined inclusions of this work, 
except Vigl, and support the idea that most coarse-grained 
inclusions of the reduced subgroup were altered in the nebular 
gas at a higher temperature or for a shorter time than most 
of those of the oxidized subgroup. 

In Fig. 9, concentrations of Cr, Mn, Fe, Co, Ni, and Zn 
in the coarse-grained CAIs studied here are compared to those 
of coarse-grained Allende CAis, as compiled by DAVIS et al. 
( 1982). Concentrations of Cr, Mn, Fe, and Zn in most coarse- 
grained inclusions of this study fall below or within the Iow- 
ermost parts of the ranges of concentrations of those elements 
in Allende coarse-grained inclusions. The low concentrations 
of Cr in the coarse-grained inclusions studied here contrast 
with generally higher concentrations of Cr (mean of 0. I8 
+ 0.03 X Cl ) seen in the six Vigarano and Leoville inclusions 
of SYL.VESTER et al. (1992), so that Cr concentrations in 
coarse-grained inclusions of the reduced subgroup are not 
uniformly low and are, on average, comparable to those of 
Allende. 

As in the six inclusions of SYLVESTER et al. (1992), the 
ranges of concentrations of Ni and Co in the coarse-grained 

inclusions of this study overlap with the corresponding ranges 
of Ni and Co contents in their Allende counterparts (Fig. 9). 
Even excluding two coarse-grained inclusions with anoma- 
lously high Ni and Co contents, Vigl and Ef3, the remaining 
seven inclusions studied here have lower Ni concentrations 
than only nine of sixteen, and lower Co concentrations than 
only thirteen of thirty-two of the Allende inclusions of DAVIS 
et al. ( 1982). Thus, coarse-grained inclusions of both the 
reduced and oxidized subgroups may not have been removed 
from the nebular gas until significant amounts of Ni, Co, and 
Cr, which have the highest condensation temperatures of the 
nonrefractory elements considered here (e.g.. PALME et al., 
1988). condensed. 

Fine-grained Inclusion 

In Allende, fine-grained inclusions were more intensely 
altered by reaction with low-temperature nebular gas than 
their coarse-grained counterparts. Thus, for example, the 
mean concentrations of Na (2.9%), Mn (468 ppm), Fe 
(6.1%), and Zn (9 17 ppm) in nine fine-grained Allende in- 
clusions analyzed by GROSSMAN and GANAPATHY ( 1975, 
1976b) are greater than those for Na ( 2 122 ppm), Mn (98 
ppm), Fe ( 1.2%), and Zn ( 105 ppm) in ten coarse-grained 
Allende inclusions analyzed by GROSSMAN and GANAPATHY 
( 1975, 1976a) and GROSSMAN et al. ( 1977). 

in contrast, fine-grained inclusions of the reduced subgroup 
were altered under a variety of conditions such that some are 
more enriched in nonrefractory elements than are their 
coarse-grained counterparts, while others are not. Thus, the 
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FIG. 9. Concentrations of Cr, Mn, Fe, Co, Ni, and Zn in coarse- 
grained CAIs of this study and from Allende, as compiled by DAVIS 
et al. ( 1982). For CAIs of this study, 1 d error bars are shown where 
larger than plotted symbols, and they are displaced from the vertical 
lines for clarity. Arrows indicate 2a upper limits. 
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two fine-grained Vigarano inclusions of SYLVESTER et al. 

(1992) have concentrations of Na (3.17 and 7.14%), Mn 

(282 and 114 ppm). Fe (3.8 and 2.6%). and Zn ( 1320 and 
1380 ppm) that are greater than the mean concentrations of 
Na (550 ppm), Mn (42 ppm), Fe (0.59%/o), and Zn (~28 
ppm) in eighteen coarse-grained Vigarano, Leoville, and Ef- 
removka inclusions analyzed by MAO et al. ( 1990), SYLVES- 

.I ER et al. ( I992 ), and in this study. Compared to the latter, 

however, the Leoville fine-grained inclusion of MAO et al. 

( 1990) has lower concentrations of Na ( 185 ppm). Mn (3 1 
ppm), Fe (0.2 j% ), and Zn ( ~0.3 ppm), and the Efremovka 

fine-grained inclusion of BOYNTON et al. ( 1986) also has a 

lower concentration of Na ( -250 ppm). 
In Fig. 8b. a plot of Na vs. Au concentrations of fine- 

grained inclusions from the oxidized and reduced subgroups, 

the two Vigarano inclusions of SY LVESTER et al. ( 1992 ), Vig 
I623- 14, and Vig 1623- 16, plot among Allende inclusions, 
while the Leoville inclusion of MAO et al. ( 1990). Leo 3536- 

1, has lower Na and Au contents than both Allende and 
Vigarano inclusions. The Efremovka inclusion of BOYN~ON 

et al. ( I986 ). E 14. has a low Na concentration, like that of 
Leo 3536-l. and a high Au concentration, like those of the 

Vigarano and Allende inclusions. These results suggest that, 
while Leo 3536-I was altered at a higher temperature or for 
a shorter time than were Allende fine-grained inclusions, Vig 
1623- I4 and Vig 1623- I6 were altered under conditions sim- 
ilar to those experienced by Allende fine-grained inclusions. 
Because Na has a lower initial condensation temperature than 
Au in a solar gas (PALME et al., 1988), El4 was probably 
altered at a temperature above which Na is significantly con- 
densed. but below which Au is significantly condensed. 

The fine-grained Leoville inclusion of this study, L3, has 
concentrations of Na (641 ppm). Au (<l.l ppb), Mn (21 
ppm), Fe (0.33%) ). and Zn ( < 1 1 ppm) which are comparable 
to those in coarse-grained inclusions of the reduced subgroup. 
As shown in Fig. 8b. L3 is like Leo 3536-l in that it has Na 

and Au contents that are lower than those of Allende and 
Vigarano fine-grained inclusions. Like Leo 3536- 1, L3 prob- 
ably experienced secondary alteration at a higher temperature 
or for a shorter time than Allende and Vigarano fine-grained 
inclusions. 

CONCI,USlONS 

Major element compositions of pristine CAIs from the 
reduced subgroup of C3V chondrites, like those of model 
Allende CAIs determined by BECKETT ( 1986). suggest that 

Type A inclusions formed from a different population of high- 
temperature nebular condensates than did Type B inclusions. 
Although many CTAs are distinct in major element com- 

position from FTAs, some CTAs could be crystallization 
products of whole melts of FTAs. Nebular precursors which 
melted to form Type Bls had bulk compositions similar to 
those which melted to form Type B2s. All Type As and most 
Type Bs have superchondritic CaO/A1203 ratios, suggesting 
condensation of their nebular precursors after early removal 
of an Al-rich phase from a solar gas, as noted by BECKETT 

( 1986). For inclusions with subchondritic Ti02/A1203 ratios, 
mostly Type As. the early-removed phase may be hibonite, 
whereas for inclusions with superchondritic TiOz/A1203 ra- 

tios, mostly Type Bs, that phase is probably corundum. High- 

temperature condensate precursor phases of most Type Bs 

seem to have reacted with the nebular gas to form fassaite at 

low temperatures and hence tend to possess larger concen- 
trations of MgO and SiOz than Type As. 

Refractory inclusions of the reduced subgroup are similar 

to their counterparts in Allende in that they have Groups 1. 
11, and VI REE patterns and nearly chondritic ratios of many 

non-REE lithophiles to REEs with similar volatility. For in- 

stance, Sr/Eu ratios are nearly chondtitic in the inclusions 
studied here (0.93-1.25 X Cl ), as in Allende inclusions 

(mean of 0.83 ? 0.05 X Cl) in the ten of GROSSMAN and 

GANAPATHY ( 1976a) and GROSSMAN et al. ( 1977), strongly 

supporting the inferences of GROSSMAN et al. ( 1977 ) that Eu 

was divalent when it condensed from the solar nebula, and 

Eu and Sr were carried into CAIs by melilite. Eight of the 
ten refractory inclusions of this study, however, have unusual 

or unique refractory trace element characteristics compared 
to those seen in Allende inclusions. Particularly striking are 

the extraordinarily large concentrations of Re and OS ( - 57- 
145 X Cl ) in Vigl. L2. Efl, and Ef2. which suggests that the 

total amount of hcp condensate metal alloy sampled by those 
inclusions is 4-9 times that sampled by most Allende inclu- 
sions. L 1, L2. Vig I. Vig2, Efl, and Ef2 have unusually large 

OS/ Ru ratios ( up to 6.9 X C 1 ), suggesting that removal tem- 
peratures of hcp alloy precursors of these inclusions were 
unusually high (up to - 1655 K at IO-’ atm) compared to 
Allende inclusions. Unusual refractory lithophile element 
characteristics found in inclusions of this study include low 
Zr/ Hf ratios ( -0.4 X C 1) in L2 and L4. possibly because 
of oversampling of zirconium oxide; low V/Yb ratios ( -0.25 
X C I ) in L 1 and El2. possibly because of oversampling of 

perovskite: a high Sr/Yb (-2.4 X Cl ) ratio in Ef2, probably 
because of oversampling of melilite; and high Hf/Lu ( -2.6 

XCl),Sc/Lu(-3.1 XCl).andZr/Lu(-2.8XCl)ratios 
in ED, probably because of oversampling of hibonite and/ 
or zirconium oxide. 

Of twenty-five inclusions from the reduced subgroup now 
studied in this laboratory (five by MAO et al.. 1990; ten by 
SYLVESTER et al., 1992: ten here), seventeen have refractory 
element characteristics which are unusual or distinct from 
those in Allende inclusions. MAO et al. ( 1990) and SYLVES- 

I’ER et al. ( 1992) found their unusual inclusions in Leoville 
and Vigarano. In this study, we have shown that Efremovka, 

too, contains unusual inclusions. A large proportion of in- 

clusions in the reduced subgroup possess greater fraction- 

ations relative to C 1 chondrites of refractory siderophiles from 
one another. of trace refractory lithophiles from one another, 

and of refractory siderophiles from trace refractory lithophiles 

than are found in Allende CAIs. Much of this we have at- 

tributed to preferential sampling of nebular host phases of 
some trace elements relative to others during accretion of 

inclusion precursors. Why did this happen to a greater degree 
in the region where CAIs of the reduced subgroup formed 

than where Allende CAIs formed? The host phases of refrac- 
tory trace elements were at least partially separated spatially 

from one another in both regions but the mixture of these 
phases apparently was not as vigorously stirred in the region 

where CAIs of the reduced subgroup formed as where those 
in Allende did. pointing to possible differences in the intensity 
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and/or type of gas-grain separation processes in the two re- 

gions. at seems clear that C3V chondrites of the reduced 

subgroup sampled parts of the nebula which were not well 

sampled by Allende, a member of the oxidized subgroup. 
What is less clear, and what future studies should attempt to 
determine, is whether it is only Aliende which did not sampie 
a wide variety of early nebular assemblages, or whether this 

is a characteristic common to all members of the oxidized 

subgroup. 
Like most coarse-grained inclusions from the reduced 

subgroup studied previously, most of those analyzed here 

have lower concentrations of !%a, Au, Fe, Zn, and Mn than 
their Allende counte~a~s. This is consistent with the idea 

that they experienced secondary alteration at a higher tem- 

perature or for a shorter time than Allende inclusions. The 

fine-grained Leoville inclusion studied here has lower con- 

centrations of nonrefractory elements than Allende fine- 
grained inclusions, as is the case for another fine-grained 

Leoville inclusion analyzed by MAO et al. f 1990). Unlike 
Viganno fine-grained inclusions (SYLVESTER et al., 1992), 
those in Leoville experienced secondary alteration at a higher 
temperature or for a shorter time than Allende fine-grained 

inclusions. 
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