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Abstract-Samples from ten refractory inclusions in Murchison, some of which are splits of inclusions 
whose mineralogical and petrographic characteristics are known, have been analysed for thirty-six elements 
by neutron activation. Six inclusions have group II or group III patterns or variants of such patterns. Two 
inclusions, BBS and MUCH- I, have large negative Yb anomalies unaccompanied by correspondingly large 
negative Eu anomalies. It is possible that the latter condensed originally with group III patterns and 
preferentially took up Eu in later exchange processes under raking conditions. One inclusion, SH-2, has 
heavy REE enrichment factors that increase with the refractoriness of the REE, indicating the presence of 
an extremely high-temperature, or ultramfiactory, REE condensate, but it also has a heavy REE/light REE 
ratio that indicates mixing of that component with a lower-temperature REE condensate. The frequency 
of hiily fractionated REE patterns and absence of group I patterns suggest that refractory inclusions in 
Murchison stopped equihbrating with the nebular gas at higher temperatures than most Allende coarse- 
grained inclusions. The lower Ir/Os and Ru/Re ratios of some Murchison inclusions compared to those 
of Allende coarse&tied inclusions indicate that condensate alloys that contributed noble metals to the 
former also stopped equitibrating with the nebular gas at higher temperatures than those that contributed 
noble metals to the latter. Murchison indusions tend to be lower in non-refractory elements than Allen& 
coarse-grain& inclusions, suggesting that, on average, the former underwent less severe secondary alteration 
than the latter. 

INTRODUCTION 

REFRACTORY INCLUSIONS in the Allende C3 chondrite 
have provided a wealth of information about processes 
and conditions in the early solar nebula. Trace element 
analyses of these objects have been used to establish 
that these objects formed in high-temperature, vapor- 
condensed phase fractionation processes and to de- 
termine what fraction of condensable solar system 
matter is represented by them, the chemical charac- 
teristics of the different reservoirs in which they formed 
and the degree of secondary alteration that has affected 
them. For a review, see GROSSMAN (1980). 

Much less attention has been paid to refractory in- 
clusions in C2 chondrites such as Murchison. From 
the petrographic and mineralogical work that has ap 
peared (MACDOUGALL, 1979, 198 1; ARMSTRONG et 

al., 1982; BAR-MNTHEWS ef al., 1982; MACPHERSON 
et al., 1983), it is clear that ref?actory inclusions in 
Murchison differ mineralogically from those in Allende 
in being mom hlbonits and corundum-rich, suggesting 
that the former have higher solar nebular equilibration 
temperatures. Until now, trace element data have been 
published for only one refractory inclusion from Mur- 
chison (BOYNTON et al., 1980) and they indeed show 
that object has a very high condensation temperature. 
The purpose of this study is to explore the range of 
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trace element patterns present in a large number of 
refractory objects from Murchison, to determine the 
physico-chemical similarities and differences between 
the formation sites of refractory inclusions in C2 and 
C3 chondrites, to ascertain if any relationship exists 
between chemical and mineralogical compositions of 
Murchison inclusions and to see how common it is 
for these objects to have higher equilibration temper- 
atures than Allende coarse-grained inclusions. 

TECHNIQUE 
Sampling 

Five of the samples discus& in this paper were found on 
smfaces of rough samples of the Mumhison meteorite. Material 
for trace element analysis was removed from these inclusions 
by excavation with stainless steel dental tools and tweexers 
and/or tungsten needles while each inclusion was viewed with 
abinocularmicnwcopcinaclean~.InthecaseofMUCH- 
1 and SH4, material remaining in the matrix was made into 
polished thin sections whose mineralogical and textural de- 
sctiptionsaregiveninMAcFNEXW NCIal.(1983).Thesampk 
of MUCH-I taken for trace element analysis is expected to 
be 100 per cent hibonite, far richer in this phase than the 
thin section, because blue material was easily excavated Born 
the inclusion as relatively coarse crystah while remaining 
whitish material was very fine-grained and crumbled readily 
at each attempt to sample it. BB-6 is a blue spherule that 
was dug Born the matrix in its entirety and then split into 
pieces One of these was studied by SEM and found to contain 
major spine1 and hibonite and minor perovskite and melihte. 
Texturally and mineralogically, it is very similar to BE I de- 
scribed by MX~FGON et al. (1983). Very fine-gmined blue 
and white material was sampled from SH-2, an irm@ar sug- 
sty-textured inclusion, for trace element analysis but the sam- 
ple remaining in matrix and intended for mineralogical study 
was lost in the polishing step of section preparation. Several 
Years before analysis of l-10 m samples became routine 
in this laboratory, samples from two irm@uly-shaped blue 
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and white inclusions were scraped thoroughly from their ma- 
trix. Afraid that each of these samples would be to0 small to 
anaJyse for trace elements, we saved no material for miner- 
alogical studies, mixed the two samples together prior to anal- 
ysis and labeled the combined sample M-1 I _ 

The other five inclusions were hand-picked from the p 
z- 3.50 &action foliowing f&exe-thaw disaggreeaton of the 
bulk macorite and heavy liquid separation as described by 
MACPHgRSON ef ul. (1980). BE5 was split into fragments, 
one of which was made into a polished thin section described 
by ~-~~~ d al. (1982). MUM-3 was split into bag- 
ments, one of which was made into a polished motion that 
wasfoundtobesosi~inmineralogyandtexturetoMUM_ 
1, described by MKPBERSON et al. (1983), that it may be a 
piece of the same inclusion. 

DJ-2 was aJso split but the fragment taken for mineralogical 
study was lost during sectioning. Because of its similarity in 
appearance to other members of the DJ series of samples, 
DJ-2 is assumed to be identical to the latter, found by MAC- 
PHERSON et al. ( 1983) to be chips of blue hitxmite cryamls 
SP-2, a pale blue 0ctah&mn, was anaiymd without taking a 
sample for mineml0gicaJ study. It is assumed t0 he identical 
toSP-1,anotherpaleblue octahedron found by hh@HJXRSON 
ef al. (1983) to be a spine1 crystal. 883, a blue spherule, was 
also analysed in its entirety. It is assumed to be identical in 
inept and texture to other blue spherulcs described by 
MACPHERSON et al. ( 1983). 

Analytical 

Eight of these samples were analysed t0gether in the same 
series of short and long irradiations, but the remaining two, 
BE3 and M-l 1, were each analyzed in separate series of 
irradiations. 

The procedure for the first eight samples was patterned 
aAerthat~~byD~visetal.(l978)for~~~from 
the inclusion CG-1 I. The first irradiation was d&gncd t0 
determine Mg, Al, Ca, Ti, Mn, V and Dy. The samples, 
Johnson-Mat&y Specpum MgG, Also,, CaCGs and TiOs, 
standard Pottery SP (PERLMAN and AsARo, 1%9), BCR- 1 
~Su~~~~~~at~~~~~~ 
a Perkin-Blmer AD2Z electtonic micr0balance. They were 
then sealed into pouches weighing 1.9-4.6 mg which were 
made fnom HNOs-washed, 38 rcrn thick, Dow 530 polyeth- 
ylene film. They and some empty pouches for blank correc- 
ti~~in~~~~~~~of~~~ 
n&cm of the University of Mtss0uri Research Reactor 
(MURR) for 5 min. at a flux of 1 .O X 10” n-cm-2-set-1 using 
a pneumatic tram& system. After the irradiations, samples 
were mounted in their pouches on ahtminum wuntittg cards, 
A~ralO~.~~~~~w~~~5~ 
sec. for nMg, mAl, *f&, “Ti and saV using a Ge(ti) detector. 
After 1.8-7.8 hr., they were counted again for 10s sec. for 
“Mn and ‘*sDy. Neutron tlux variations were mcvnitond by 
periodicallg~ Au- or C&oped aluminum wins and 
countina * Au OT Q Jmraj days iater at t&e University 
of chic&. No &niikat ariatio& wen found tlmu$m~t 

the runs. The counting data for Spwpure Al203 and Suprasil 
SiGswereusedt0c0rtoctforthef0B0winginterferingfast 
neutron reactiontu nAl(n,p)s?!& and ssSi(n&aAl. 

~~~~n~~~~~~ 
~~~~-ti~~~on~~~~.~~~ 
were removed from their polyethylene pouches sad together 
withnewsamplesofSPandBCR-1,wereweighedandseaJed 
into SuprasiI vials Wighing JO-25 m& much smaller than 
those used ptevi0usJy. A &andard solution of each RBB was 
prepamd as outlined by DAWS et al. (1982) but these were 
then combined into two sepamte gtoup stand& s0lutiOnS, 
onecon~ngLqPr,Eu,Tb,Ho,TmandYb~theother 
Ce, Nd, Sm, Gd, Dy, Br and Lu. This separation makes it 
p0ssible to evaluate experimentally, rather than theontically 
as in DAVIS et ul. ( 1982), the magnitudes of interferenoes of 
neighboring RBE on one another due to double neutmn cap 

ture. Three other group standard solutions, Gs-Ru, Au-lr-Re 
and Ag-Ni-Pd-PtSe-Zn, were made exactly as in DAVIS et 
al. (1982). A small amount of each of these solutions was 
weighed into its own 17-57 mg Suptasil vial. The vials con- 
taining samples or standards, together with some empty blank 
vials, were divided into groups of five or six, each of which 
was sealed into a Supraail vial equal in sixe to individual 
sample vial used previously. Included in each group was a 
small vial containing a piece of Co-doped aluminum wire for 
monitoring spatial variations in neutron fhrx. Samples stan- 
dards, empty viah and flux monitors were irradiated in the 
flux trap of the MURR at a flux of 6.0 X IO’* n-cm-2-set-’ 
for 93.2 hr. The largest deviation of tbe thermal neutron flux 
ftom the mean was found to be 3.7%. Corrections based on 
these variations were applied to ail n&ides utilixed in this 
study, including ssCo which is produced by fast neutrons via 
?Ji(n,p)yco. Bemuse of the large neutron fluences and high 
cmss-sections for production of ‘ssBu and ItiDy, flux cor- 
rections for Eu and Dy were applied in the way described by 
DAVIset al. (1982). ABer cooling for two days, the small vials 
wem washed successiveiy in aqua regih nitric a+ distilled 
water, double distilled water, acetone and ethanol. They were 
then taped on aluminum at&, in such a way that the samples 
were centered, and counted with Ge(Li) detectors at Chicago. 
Bach sample was counted three timesz (1) for I .O to 10.5 hr. 
each, 2 to 4 days after irradiation; (2) for 4.6 to 25.3 hr. each, 
4 to 9 days after irradiation; (3f for 1.8 to 8. I days each, 9 
to 54 days after irradiation. 

The short irradiation of BE3 was identical to the above 
short irradiation. The long irradiation of BB3 was similar to 
the long irradiation described above, except that all RBE were 
present in a single group chemical standard, spatial variations 
in neutron flux were monitored in the same way as in the 
RNAA irradiation of DAVlS et al. ( 1982), the irradiation time 
wns I 16.6 hr., the maximum flux variation was 9.6%, the 
second cotlnt lasted 42.1 hr. and a fourth oount was performed 
for 7.3 days, 4.5 mo. after irradiation. 

M-I 1 was run with SP, BCR-1 and chemical standards for 
OS, Ru, Pt, Au and Ag which were prepared as described in 
GROSSMAN and GANAPATHY (1976a). Sampks and reck 
standards were weighed with a MettIer H-51 baiance and 
sealed into large Sup&l viah. Chemical standards were micro- 
pipetted into similar vials. All sample and standard vials and 
an empty blank vial were irradiated for 1 hr. at a gux of 5 
X lOI2 nsm-2-sec-’ in the isotope tray of the CP-5 reactor 
at Argonne National I_ab0ratoty. Ah sample vials were counted 
for 15-30 min. each for %Mn and then 5O-100 min. each 
for 24Na at the University of Chicago. Spatial variations in 
neutron flux, determined by measuring activities of impurities 
in household aluminum foils, were found to be negligible. 
The vials were again irradiated for 75 hr. at a flux of 5 
x 10” n-cm-2-set-’ in the flux trap of the MURR. After two 

days of cooling, the vials were washed in aqua regia and the 
sample and rock standards were transferred into new vials 
for &unting Bach was counted three times: (I) for 2-10 hr.; 
(2) for 5-49 hr.; (3) for 30-165 hr. Spatial variation of the 
net&ton flux was monitored and cotrected for in the same 
way as described by GR~MAN ef al. ( 1981) for the long 
irradiation of the bulk samnle of ALHA 76005. Ditferen~ -___ 
in ~tlux of up to 17% were-found. M-l 1 underwent a third 
irradiation for RNAA along with several samples of the in- 
clusion HAL. The standards used and prooedures followed 
were thus precisely those described by DAVIS er oi. (I 982) 
for the RNAA irradiation of HAL. 

Datu reduction 

Calculated corrections for -Na produced by fast neutron 
reactions on nAl and uMg total less than 1% of the total 
%Na counts for all samples except M- 11 where they approach 
2%. Fast neutron reactions with 2’Al produce “Mg and with 
%i produce “Al which interfere with Mg and Al determi- 
nations, mspectively. Corrections for these interferences made 
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by counting pure AlsO3 and SiQ, amounted to 2-59% of 
the total nMg counts and a negligible fraction of the ?ii 
counts, respectively, for all samples. Production of 9sZr by 
neutron-induced fission of sssU interfems with determination 
of Zr, as does a ‘%Eu peak at almost the same energy as %Zr. 
Corrections for these effects, amounting to cl-% and l- 
16%. mspectively, of the total counts at 756.7 keV, were made 
as in ~ROSMAN ef al. (1977) and DAVE et ol. (1982), IW 
spectively. Interference of ‘“Ce produced by double neutron 
capture on lsxLa with determination of Ce viu “‘Ce was eval- 
uated as in DAVIS et al. (1982) for M-l 1 and BE3 but by 
counting “‘Cc in the Ce-free La standard for the other eight 
samples. This effect was found to be negligible for all samples, 
as were interference with determination of Ce by overlap of 
a “‘Yb peak and interference with determmatioo of Sm via 
‘3rn by overlap of X-rays from ?‘u. The latter were eval- 
uated as in D~vts et al. (1982) and GROSSMAN et ai. (1979), 
mspectively. Determination of Sm via ‘?Sm can also be corn- 
plicated by production of this ouclide by double neutron 
capture on “‘Eu. Corrections for this e&a amounting to 
< l-4% of the total lssSrn counts were made to the first eight 
samples by determining the number of lssSrn counts in the 
Sm-free Eu standard The contctions to M-11 and BB-3. 
0.7% and 1.7% of the total ‘ssSm counts, mspectively, were 
made as in DAVIS et al. ( 1982). Using the ratio of lssTa counts 
at 84.7 keV to those at 1221.4 keV in a sample of pure Ta 
and the counts at 1221.4 keV in the samples, we were able 
to correct the 84.3 keV peaks of “@Tm in our samples for 
interference from *@Pa. This correction amounted to l-2 1% 
of the total counts at 84.3 keV. Corrections of <l-3% of the 
total counts at 208.4 keV were made for the interference of 
208.2 keV lssAu from double neutron capture on ‘*Au and 
from decay following neutron capture on ‘=Pt with the 208.2 
keV peak of “‘Lu as in GROGSUAN et al. (1977). As in DAVIS 
ef al. (1982), corrections were also made to the Lu data for 
interference of “‘Lu produced from Yb, < 1- 17% of the total 
counts at 208.4 keV. and of Comntoo backscattered y-rays 
from +, l-20%. 

_ 

Because of large neutron thtences and high cross-sections 
for production of lssEu and IssDv. corrections for neutron 
flux-variations were applied in the~special way described by 
DAVIS et al. (1982). 10 the irradiation of the hrst eight samples, 
the sample with the hugest di!Tereoce in neutron flueoce from 
the REE standa’ds experienced a 6.2% higher fluence than 
the standard. In it, the specific activities of ls2Eu and ‘&Dy 
were 7.2% lower and 10.8% higher, respectively, than in the 
standard. The specitic activities of ‘ssEu and lasDy were Cal- 
culated to be 2 I .7% lower and 25.1% higher, respectively, in 
BE3 than its REE standard, though the latter experienced a 
14.9% lower tlux than BE3. Because M-11 experienced a 
higher flux than its REE standam by 10.6%, the specific activity 
of ‘@Dy was 16.7% higher in M-l 1 than in the standard but 
the specific activity of IssEt’ was also higher by 50.9% in M- 
l 1. The mason why the “‘Eu mechic activitv was not lower 
inM-1lthanini~standardisthatMllwasinadiatedfor 
a shorter period of time than its REE standard. 

REsuLm 

MAA data for all samples are given in Table 1, along with 
the isotope and standard used for each element and the ir- 
radiation in which each ehxneot was determined. Table 2 
showsRNAAdatafbrREE.SrandBainM-ll.TbeRNAA 
dataaminexcellent agmement with vahles obtained by IN& 
except for those for Ce and Eu which am lower than their 
INAA values by 14% and 12%, mspectively. We have adopted 
the RNAA data in this paper. 

Sample weights 

M-l 1 was weighed with a chemical balance. Since major 
elements were not determmed in it via a rabbit irradiation, 
there was no transfer of sample from a polyethylene pouch 

to a silica vial prior to a longer irradiation. Sample loss during 
tier from an inadiatioo vial to an unhmdiated counting 
vial following the long inadiation was assumed to be negligible 
because Sc contents determined after short and long had& 
tioos were! within error of one another. This was also assumed 
to be the case during removal of the sample from this vial 
following the RNAA irradiation, as Y!ic activity remaining 
in the vial was a negligible fraction of its pm-removal value. 
Each of the other samples was weighed with a microbalance 
and underwent a rabbit irradiation in a polyethylene pouch 
to determine major elements, followed by transfer to a silica 
vial for a long irmdiatioo. The weights of seven of these 
samples are uncertain for two reasons. The fhst is the possibility 
of loss of sample during tmnsfer from pouch to vial. Visual 
inspection revealed this to be the case for two samples which 
were m-weighed prior to the long irradiation. The remaining 
five were not ‘e-weighed but comparisons of concentrations 
of elements determined in both the short and long inadiations 
revealed no compelling evidence for sample loss in each of 
these samples. The second source of uncertainty in the weights 
is the erratic behavior of the microbalance which was found 
much later to have heeo yielding erroneous results due to a 
malfunctioning torque motor. The weight of each of these 
samples was derived as follows. 

SP-2 was found to weigh 2.24 f 0.41 j’gm by microbalance. 
An independent estimate was obtained 6om the Al& content 
determined by INAA, 1.97 + 0.10 pgm, by assuming that 
SP-2 has the same composition as SP-1, another blue spine1 
octahedron, whose electron probe analysis yielded 71.69% 
Allo, (MACPHERSON et al., 1983). The computed mass which 
we adopt herein is 2.75 + 0.14 rgm. The resulting MgO 
concentration, <23.3%, is in fair agreement with that of SP- 
1, 27.6%. 

DJ-2 was found to have a mass of 5.12 f 0.67 ccgm by 
microbalance The AlrOs concentration of other DJ hibonite 
samples is remarkably constant, the average of 14 electron 
probe analyses from this laboratory being 89.12 + 0.84%. 
Using this value and the A&O, content of 4.80 + 0.16 m 
in DJ-2 obtained by INAA, we calculate the adopted mass, 
5.39 f 0.23 uam. The resultma CaO. Ti(X and MaG con- 
centrations, i0.5 f 1.3%, ~2.6% and’<lO.!~%, re&ctively, 
are consistent with electron probe analyses of DJ hibonite, 
8.4 f 0.3%, 1.7 f 0.3% and 0.89 + 0.15%, respectively. 

MUCH-l was found to weigh 6.65 + 0.38 m by micro- 
balance. The only major oxides detectable by INAA am A&O, 
and CaO, consistent with our earlier assumption that hibonite 
is the only phase present. The sum of the masses of these 
oxides is 3.13 ? 0. I3 wgm and, considering upper limits to 
the masses of MgO and TiOs, MUCH-I must weigh ~3.88 
+ 0.13 pgm. Electron probe analyses by MACFWERSON et al. 
(1983) of hibonite in a split of this inclusion yield A&O’- 
88.35 f 0.57. CaO-8.87 + 0.14. TiCh-1.82 + 0.33 and 
MgO-0.91 i 0.20%. Using the AlsO’ &unent obtained by 
INAA, 2.9 1 f 0.13 pgm, and the mean Al203 concentration 
in MUCH-I hibonite found by electron probe, we calculate 
the adopted sample weight of 3.30 f 0.16 rcgm. The resulting 
CaO concentration, 6.4 i 1.196, is in fair agreement with the 
average hibonite analysis and the upper limits for TiOs and 
MgG, x4.2 and < 18.3% respectively, are also consistent with 
hibonite. 

Although the weight of BE5 obtained by microbalance is 
3.92 + 0.49 pgm, MAA showed that this sample contains 
7.89 + 0.03 pgm A&O’ alone. From the modal mineralogy 
and electron probe analyses of the constituents of a chip of 
this inclusion, BAR-MATTHEWS et ul. (1982) calculated its 
bulk composition to be 9 I .5% A&Or, 6.4% CaO, 1.6% Ti4 
and 0.5% MgO. Assuming the chip analysed herein has the 
same Al’03 concentration, we cahmlate the adopted mass of 
8.62 + 0.03 rcgm from the mass of Also, found by INAA. 
The resulting CaO concentration, 6.1+ O.%, is in excellent 
agreement with the above estimate. 

Using the mass obtained by micmbalance, 63.08 + 0.25 
pgm, the sum of the concentrations of all oxides determined 
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Table 1. Elentcntal Abundances’ in Uurchison Inclusions 
----- 

wt. wt. Nap0 w Alzo 3 Ca0 SC TiOi? V 
Sample Description ug 118 % % 0 0 % 

-- llll-____l __ 

MUCH-1 Hibonite from 
irregular inclusion 

3.30 a. 0260 <IS 88.4 6.48 
+.I& i.0013 i3.8 1.79 

18.02 7.42 1.6995 8.6 38.3 27.49 
t.60 5.43 f .0052 t3.6 t1.1 f.98 

0.58 co.01 n.d. n.d. ~0.26 
t.37 

353.12 
! .34 

SH-4 Spinel-hibonite- 
feldspathoid inclusion 

115.36 
d.23 

BB-6 Blue hibonite- 
spine1 spherule 

13.078 
-.061 

SH-2 Bluish, sugary- 0.90 0.1720 c59 Cl8 13.5 1511.4 
textured inclusion t.31 t .0059 t4.6 t2.3 

BB-5 Blue corundum- 8.62 0.02572 s7.3 E91.50 6.18 367.96 
hibonite spherule +.os 1.00031 t.30 +.ss t.21 

WM-3 Melilitt-spinel- 63.08 0.02232 12.3 55.71 25.03 lTl.82 
hibonite inclusim i.?S +.00021 f1.9 +.72 2.72 r.16 

OJ-2 Chip of blue 
hibonite crystal 

5.39 0.02891 ~11 zag. 12 10.5 
A.23 f .00056 r2.89 t1.3 

2.75 0.0402 <23 72.8 0.82 
5.14 i.0079 t3.8 f.27 

421.76 
t.50 

SF-Z Pale blue spine1 
octahedron 

88-5 Dark blue spherule 

M-11 Mixture of tw blue 
and white inclusions 

Irradiation*, standsrdS 

Isotope 

10.4 9.62 co.03 17.1 75.07 4.76 
t.4 t.26 +2.7 i.78 t.49 

106 0.0735 n.d. n.d. 15.33 
ts t.0017 r.33 

I 2 2s l*C 1.C 2,B 

24138 2’Mg l8Al Q7Ca 

Cl Chondrites 

6.470 
2.019 

161.87 
t.20 

112.20 
+ 04 

?,S 

Q&SC 

0.6627 IS.80 1.581 1.259 5.695 0.0711 55.65 

by INAA to be >O. 1% (A1203, CaO, MgO, TiC& and FeO) Using the microbalance, SH-4 was found to weigh 18.02 
in MUM-3 is 93.1%. From the mineralogy of a split of this + 0.60 rgm prior to the short irradiation but only 7.42 
inclusion, SiQ is the only major oxide present which was * 0.43 m after partial removal lkom its polyethyiene pouch. 
not determined by MAA. if the sample l~~pg is correct, the Concentmtion data for CaO, Na20, Sm, Eu, Dy and SC from 
Si@ content obtained by diikzence shotid be in the range the short irradiation are in excetknt qpeement with those 
0- 1496, considering maximum uncertainties. Using electron from the long one when these weights are used. Further ev- 
probe analyses of the phases in MUM-3 and the bulk com- idence that these weights are correct is the consistency of the 
position based on the above masf calculated mineral assem- bulk composition determined by INAA with the mineral as- 
blages are in good agreement with the one in thin section. semblage in a spiit of this inch&on (MACON et Ot., 
We thus adopted the mass obtained by microbalance. 1983). 

C4.3 ~610 

2.94 1040 
2.59 t87 

” d. <5200 

<15 CM0 

81.9 <170 

f.78 816 
1.25 iSO 

~2.6 <210 

G.2 3000 
r330 

2.46 1965 
t.15 *66 

1.97 ~5200 
2.23 

1,C 1,s 

5’Ti 52V 

Table 1. (Continued) 

Sample Nd Sm EU Tb DY Ho Tm Yb LU Hf Re 

MUCH-I <32 6.222 1.79 1.181 8.48 
+.022 i.17 t.083 t.83 

w-4 Cl4 4.436 2.195 
+.018 2.063 

BB-6 <39 4.63 0.80 
r.13 t.33 

m-2 c280 11.99 
i.16 

BB-5 30.3 5.003 
i9.S +.010 

w-3 19.84 6.7251 1.709 
f.64 i .0075 t.045 

OJ-2 

SF-2 

<44 11.454 
2.061 

<7.0 co.021 

BB-3 n.d. 

M-11 28.6 7.090 
c3.9 i.063 

5.692 1.057 
1.027 2.037 

hr.*, 
Std.l 2,C 2.c 

Isotope ““14 ‘*3S, 

Cl Chon. 0.4488 0.1461 

0.489 3.96 
lr.032 2.29 

co.47 2.00 
A.96 

r1.3 3.95 53.9 
f.55 t3.6 

1.557 
+.090 

1.542 9.9s 
t.054 ‘.17 

1.356 10.190 
t.033 t.089 

2.55 2.08 12.81 
13 t.10 *.a4 

co. 16 -co.090 co.27 

1.352 8.51 
i.089 1.18 

0.6089 1.168 n.d. 
t.0091 +.026 

2,C 

’ =Eu 

1.64 0.425 
k.47 k.077 

0.51 0.530 
c*zt f.030 

co.77 co.46 

16.1 
t2.3 

2.79 
t.11 

2.174 
3.064 

2.14 
+.34 

<O.lS 

5.02 1.94 
r.72 t.68 

0.868 
f-045 

1.220 
t.027 

0.56 
*,12 

<0.090 

n.d. 

n.d. 

0.850 
+.099 

n.d. 

2.C 
lm& 

co.30 

4.881 0.330 1.761 1.469 
t.097 +.a51 f.039 2.041 

1.88 
r.37 

0.179 
t .055 

5.141 
t.052 

CO.56 

co. 12 

3.70 
6.12 

3.118 
t.064 

?,C 

lf5n, 

0.390 4.356 co.14 
*.045 t.079 

~0.18 co.70 CO.56 

25.29 186.3 139.0 
r.40 2l.S il.1 

0.834 5.659 <O.IS 
f.024 f.072 

1.223 4.859 1.553 
f.012 *.059 e.024 

<a,13 5.36 11.02 
L.19 t.18 

<0.022 <O.lZ 0.183 
t.035 

0.847 3.71 1.671 
f.020 t.15 t.034 

0.2236 0.832 0.484 
t.0090 r.063 t.061 

2 ,c 2,s L .i. 

I”LU 18lHf l@RC? 

0.05504 0.03606 0.2397 0.05542 0.02395 0.1587 0.02391 0.1265 0.0368 
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Table 1. (Continued) 

CT W Fe co Ni 7% 8r sr 7x Ru CS Ia C.S 
# 

59 0.185 
a0 i-011 

59.1 0.4881 
a.1 f.0046 

1.76 c47 c30 
f.18 

<0.29 234 
i87 

7.941 503 c9.5 2.07 80 
t.075 ilO t.56 f34 

3.32 181 <27 
f.49 t32 

4.00 c330 ~380 
f.76 

~2.3 ~250 

e190 e1.7 

44 21.74 
i20 t.36 

c220 3.3 
il.5 

4860 115.0 
f760 t9.3 

165 s1.3 
i62 

10.22 23.02 
f.15 2.56 

362.7 
il.4 

476.0 
il.0 

1108.2 <50 0.470 
is.5 r.025 

373 
f20 

26.27 
f.79 

314.3 
il.1 

53.3 
is.1 

~23 co.05 

40.2 0.5003 
e2.7 f.0081 

14.20 0.2670 
t.91 i.0057 

23.5 co.03 
i4.9 

911.4 
22.4 

x15 0.1026 2.706 84.1 419 
t.0044 f.098 f7.5 

517.3 
t6.6 

612.3 
f4.1 

2,s 

S'cr 

47.9 0.286 19.81 41 n.d. 
i2.4 t.014 f.42 fl6 

153.8 1.2442 16.880 415.2 <I20 
f9.6 2.0067 f.048 f7.2 

1,s 2,s 2,s 2,s 2‘S 

5% =Fe 60~0 5% %l 

1.01 38 <8.1 
f.10 fl8 

4.80 15.86 
f.11 5.32 

7.91 26.7 
f.83 t2.6 

e1.2 4700 28.71 63 
2.97 t14 

<0.59 <I20 7.767 17.66 
f.017 i.37 

11.493 26.07 
lt.060 t.42 

28.21 61.9 
5.34 il.9 

148 214 14.66 
i35 f37 t.47 

2.757 145 cf.8 
t.047 fl0 

eO.23 

1.21 <63 ~26 
t.15 

Q.94 300 
fll0 

<70 

~240 156.4 
e1.6 

<0.66 cS7 1.61 
t.30 

co.15 0.92 
t.43 

~0.61 n.d. 9.70 27.5 
f.21 il.4 

11.928 27.28 
1.077 2.68 

2,C 2,C 

1wJh l*'CII 

4.72 a70 7.36 
f.29 f.70 

2,s 

%r 

2606 1887 18.32 SOS.2 10630 311.8 3.285 7.776 3.807 0.7131 0.1832 0.2347 0.6096 

BE3wesfoundtowcigh9.08f0.81rgmby~~, mass, 9.62 f 0.26 wgm, was used for the long irradiation 
but the sum of the masses of its cxmstituent AlzO,, MgO, since this resuhcd in SC, Sm. Eu and Dy concentrations which 
CaO, TiQ, V,O, and Fe0 was d&rmined to be 10.4 f 0.4 arc in excelknt agreement with tbosc found from the short 
rgm by INAA. Assuming that BE3, like otbcr BB%, has a irmdiation. 
ncgiigibk SiG content, we adopted the latter as the weight Long alter irradiation, SH-2 and BB-6 were weighed with 
for the short irradiation. After pwtial transfer, the sample the microbalance atIer it was repair&. These weigh& 0.90 
was re-weighed prior to tile long irradiation. The resulting f 0.31 and 0.58 * 0.37 figm, reqectivcly, were adopted for 

Table I. (Continued) 
OS Ir Au Th II 

cl.0 0.345 co.12 Cl.1 <2.0 
t.O1O 

14.82 
k.28 

~2.7 

13.94 eo.046 x0.18 go.79 
f.21 

0.065 co.11 so.80 <3.6 
f.013 

1506.8 
f8.0 

<0.59 

815.7 qo.37 e5.3 ~7.6 
t1.7 

co.028 <0.027 io.31 <0.44 

16.89 
i.19 

IS.51 co.012 1.212 0.40 
f.20 f.059 at.10 

151.0 125.4 co.11 co.50 c2.0 
il.1 il.9 

1.21 
*.19 

27.66 
f.lS 

4.54 
t.13 

2.C 

1910s 

0.977 0.0264 <0.17 qO.26 
*.010 f.M)lS 

15.001 0.016 1.96 0.94 
h.020 t.30 t.26 

3.952 0.0220 1.16 0.156 
2.034 t.OO1O f.11 t.014 

2.C 2.C 2,s 2,s 

1921r 198h 23JPl 23gNp 

*l indicates dafa determined vCa the short 
INAA irradiation; 2, the long INM 
ilmdilticm. 

% indicates we of USGS standard rock X&l; 
S, WI) of the Staadmd Pottery, SP fPsrlm 
and Assm. 196S);md C, use of. chemical 
standard except for REE in M-11 for which 
either SR or 8CR-1 was used. 

'Ti was determined in M-11 Aa '%c, using 
BCR-1 es 8 standard. 

0.5017 0.467s 0.1484 0.0293 0.008119 
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Table 2. Radiochemical neutrm activation analyses of M-11 (concentrations in ppmi 

La C.5 Nd Sm EU Gd l-6 DY TIP n Lu ST Ba 

11.39 23.37 24.9 7.147 0.533 c6.4 1.111 5.986 0.8087 3.106 0.2270 36.8 15.9 
r0.05’ to.06 +1.2 to.064 *0.011 to.006 co.096 f0.0071 to.017 to.0025 t4.4 51.5 

l Uncertainties quoted are based on lo counting statistics alone. Additional error dw to uncertainty in 
chemical yield determinations is 4-9s for most elements hut 25% for Ce 

both irradiationa aa there ia no compelling evidence for sample 
loss during transfer. &cause the weight of BB-6 is smaller 
than its 20 error, the reader should be particularly wary of 
the concentrations repotted for this sample. It should be noted, 
however, that uncertainty in the weight of a aample produces 
uncertainty in the absolute concentrations of elements in it 
but not in the fractionation patterns within it became the 
latter depend only on abundances of elements relative to one 
another. 

Holmium 

Thii is the lkst time that we have reported INAA data for 
Ho. The major complication is that Ho is determined via 
ltiHo which is also produced both during and after high 
fluence irradiation from ‘%y through tbe reaction chains 
listed by D~vts d al. (1982) and- also through lUDy- 
(n.r~““DvlB)‘6sHdn.~l’~Ho. This interference could be . ,.I 

corrected ioi d the &of the lirat eight samples because 
HoandDywerepreaentinseparateREEatandardadming 
the irradiation of those samples. The Dy standard was used 
to determine Dy in the aamplcs via lWDy and to obtain the 
number of counts of ‘@I-lo produced per m of Dy. The 
latter was feasible because the number of l”Ho counts due 
to impurity Ho in the RBE standard containing Dy was cal- 
culated to be <lo-’ of the Dy-produced ‘“Ho counts. The 
Dy-produced lbbHo counts wem then deducted from the total 
‘66Ho counts in the samples and Ho was dekrmined from 
the remaining counta by compatison with the Ho peak in 
the Ho standard. Despite the fact that from S-75% of the 
total r”Ho counts in the aamplea were due to Dy, data for 
some samples have mlatively small errora because of good 
counting atatiatics in both standarda and those samples. Ho 
data obtained in this way for RCR-1, 1.22 + 0.08 ppm, are 
in excellent agreement with literature valuer obtained after 
low-fluence irradiations, I .2 ppm (LAUL and ScHMrrr, 1975) 
and 1.26 ppm (CONARD, 1976). Similarly, our result for SP 
is 0.98 rt 0.04 ppm which compares favorably to 1.07 & 0.07 
ppm, a value determined by interpolation between the Cl- 
normalized JDy and Yb data of FTRLMAN and ASARO ( 197 1). 

RRFRACl-ORY LITHOPHILRS 

Existing models 

MARTIN and MASON ( 1974) classified refractory in- 
clusions in the Allende C3 chondrite according to their 
REE patterns. The lkt type, which they called group 
1, have flat patterns in which ah REE are enriched by 
a factor of 15 to 20 relative to Cl chondrites. Group 
II inclusions are uniformly enriched in light REE and 
Tm by a factor of 20 to 60 relative to Cl chondrites, 
are strongly depleted in Eu and Yb relative to light 
REE and otherwise show progremively greater deple- 
tions with increasing atomic number from Gd to Lu 
relative to light REE. Group III inclusions are uni- 
formly enriched in REE by a factor of 15 to 50 relative 
to Cl chondrites except for negative Eu and Yb anom- 
alies. 

All of these REE patterns have been interpreted in 
terms of condensation models. Group I REE patterns 
are a common feature of coarse-grained, C&rich in- 

elusions in Allende, as defined by GROSSMAN and 
GANAPATHY ( 1975). As shown by GROSSMAN ( 1973) 
GROSMAN and GANAPATHY ( 1976a) and GRWSMAN 
et al. ( 1977), group I REE patterns are only a part of 
a broader chemical pattern in which the average con- 
centration of every refractory element in a group of 
such inclusions, including siderophiles and lithophiles 
other than REE, divided by the abundance of that 
element in Cl chondrites yields the same enrichment 
factor, 17.5 + 1.8. That coarse-grained inclusions did 
not fractionate refractories from one another relative 
to Cl chondrites was interpreted by GROSSMAN et al. 
(1977) to imply total condensation of each element 
from a gas of solar composition and incotporation of 
all condensate components, regardless of chemical dif- 
ferences, into coarse-grained inclusions. As argued by 
GROSWAN et nl. ( 1977), the enrichment factor of 17.5 
implies that coarse-grained inclusions represent the 
first 100/17.5 = 5.7 wt.% of the total condensable 
matter of the solar system to condense from the cooling 
solar nebula, a value in excellent agreement with in- 
dependent estimates from condensation calculations 
of the fraction of matter that should have condensed 
above the accretion temperature of the inclusions, 
-1440°K at a total nebular pressure of lo-’ atm. 
(GROSSMAN, 1980). An alternative, that coarsegrained 
inclusions are refractory residues (KURAT, 1970) re- 
maining alter volatilization of 94.3% of the matter 
from Cl chondrites, cannot be dismissed. 

Group II patterns are a common feature of fine- 
grained inclusions (TANAKA and MASUDA, 1973; 
CONARD, 1976; GROSMAN and GANAPATW, 1976b), 
as defined by GROSSMAN and GANAPATHY (1975). 
BOYNTON ( 1975) showed that a REE pattern with these 
general characteristics would result if these inclusions 
condensed with the REE remaining in the gas after 
prior removal of the most refractory REE in an earlier, 
very high-temperature condensate, as Tm and the light 
REE are more volatile than the heavy REE whose 
depletions in these inclusions increase in the order of 
their re.fiactoriness. The Eu and Yb depletions in these 
inclusions were caused by accretion at a nebular tem- 
perature high enough that these two elements, the most 
volatile REE, had not yet fully condensed. DAVIS and 
GROSSMAN (1979) showed that a more realktic way 
of matching calculated and actual REE patterns in a 
wide variety of group II inclusions could be achieved 
if these inclusions were considered mixtures of two 
REE-bearing components, one which formed in this 
way and the other with a flat REE pattern. The idea 
that a component with a flat REE pattern is present 
in these inclusions was originally proposed by TANAKA 
and MASUDA( 1973). 
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~mup III patterns are usually found in GROSSMAN 
and GANAPATHY’S (1975) coarsagtained inclusion 
category and are thought to have formed in the same 
way as group I patterns but at a slightly higher nebular 
equilibration temperature such that Eu and Yb, the 
two most volatile REE, were excluded when most other 
refractory elements were fblly condensed. 

These considerations alone lead to the conclusion 
that refractory inclusions in AlIende did not all form 
in a single nebular reservoir but, inskad, represent a 
variety of nebular locales which had little or no contact 
with one another at the time of REE condensation 
(BOYNTON, 1978). For example, inclusions with group 
II, highly fractionated REE patterns formed from a 
gas of solar composition after removal of a very high- 
temperature condensate with a complementary pat- 
tern. Assuming that these inclusions represent a sig- 
nificant fraction of the total rare earths in the nebular 
site where this fractionation occurred, it is impossible 
to form in that same reservoir inclusions with group 
I patterns, representing total condensation of all REE 
without fractionation from one another, or with group 
III patterns, representing total condensation of all REE 
except Eu and Yb. Furthermore, groups I and III pat- 
terns could not have originated in the same reservoir. 
This is because inclusions with group III patterns 
formed at a higher temperature than those with group 
I patterns and, had they come from the same reservoir, 
the latter would not be flat but, instead, would contain 
excess Eu and Yb which were excluded from the for- 
mer. Finally, REE components from separate nebular 
reservoirs may be present within individual inclusions 
as well as within the Allende meteorite as a whole. If 
DAVIS and GROSSMAN (1979) are correct, fine-grained 
inclusions contain a component that formed after 
condensation of the most refractory REE and a com- 

t 1 
I- -4 

1 4 IO3 

L----JJ 
Lo Ce Nd %I Eu Tb Oy Ho Tm Yb Lu 

ponent with a lIat REE pattern which, as we have 
already seen, could not have originated in the same 
reserVOiL 

Cl chondrite-nor-ma&d REE patterns for all in- 
clusions studied herein except SP-2 are shown in Fii 
1. First, we note that, despite their high frequency of 
occurrence in refractory inclusions in Allende, group 
I REE patterns have not been observed in any of these 
refractory inclusions in Murchison. 

M-II and BB-6 

These samples have group II patterns This is certain 
for M-l 1 but, because of poor counting statistics due 
to the small sample size of BB-6, is only inferred for 
the latter from the depletion of lb, Dy and Ho as well 
as Eu and Yb relative to light REE and from the de 
pletion of Lu relative to Yb compared to C 1 chondrites. 
Recall that M-l 1 is a mixture of two, irregularly-shaped 
inclusions for which the only mineralogical infor- 
mation, provided by their deep blue color, is that they 
contain hibonite. BE6, on the other hand, is a typical 
blue spherule (MACDOUGALL, 198 1; MACPHERSON et 
al., 1983), containing major amounts of spine1 and 
hibonite with minor perovskite and melilite. The REE 
patterns of these inclusions must have formed in the 
same way as group II patterns in Allende inclusions, 
although that for M-l 1 is slightly unusual in that the 
Cl chondrite-normal&d Yb/Sm ratio, 0.40 k 0.01, 
is much larger than that for Eu/Sm, 0.20 k 0.01. It 
is normal in group II patterns for these ratios to be 
similar (DAVIS and GROSSMAN, 1979), although at 
least one in an Allende fine-grained inclusion, sample 
15 of NAGASAWA et al. (1977), also has a substantially 
larger Cl chondrite-normalized Yb/Sm ratio, 0.2 1, 
than its Eu/Sm ratio, 0.14. The ratios of SC, Th, U, 

FIG. 1. a and b. Rare earth patterns in refractory inclusions from Murchison. 
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Sr and Ba to La in M-11 are 0.41, 0.78, 0.38, 0.098 
and 0.14, respectively, relative to C 1 chondrites, very 
similar to those found in Allende group II inclusions 
(GROSSMAN and GANAPATHY, 1976b MASON and 
TAYLDR, 1982; unpublished data from this laboratory), 
but its Cl chondrite-normalized Hf/La ratio, 0.13, is 
an order of magnitude greater than in those inclusions 
(unpublished RNAA data from this laboratory). The 
Cl chondrite-normalized St/La ratio of BB-6, 0.068, 
is similar to that of many Allende group II inclusions 
(GROSSMAN and GANAPATHY, 1976b). 

SH-4 

From the fact that its light REE and Tm are twice 
as enriched as Tb, Dy, Ho and Lu, a third inclusion 
from Murchison, SH-4, has a REE pattern with strong 
affinities to group II’s. It is not identical to the latter, 
however, since it has positive, instead of negative, Eu 
and Yb anomalies. It is very similar to patterns reported 
from Allende inclusions A-2 (CONARD, 1976) and A- 
19 (PALME, pers. commun., reproduced in DAVIS and 
GROSSMAN, 1979). No mineralogical or textural in- 
formation is available for A-19 but A-2 appears to be 
a normal Type B coarse-grained inclusion, based on 
its description by GRAY et al. (1973). Although MAC- 
PHERSON et al. (1983) show that SH-4 is highly altered, 
they point out that this inclusion contains primary 
fassaite and hibonite, suggesting that it has little re- 
lationship to Type B inclusions like A-2 which contain 
no primary hibonite. Formation of such REE patterns 
must involve removal of the most refractory REE in 
an earlier condensate just as in the case of group II’s 
but, unlike the latter, must also involve mixing of the 
residual REE with a component, either gaseous or 
condensed, having higher-than-chondritic Eu/Sm and 
Yb/Sm ratios. Such a component could form by frac- 
tionation of Eu and Yb, the two most volatile REE, 
from their cosmic complement of all other REE which 
had largely condensed elsewhere. There is evidence 
that this component may have contained other lith- 
ophiles in non-chondritic proportion to one another. 
The St/La ratio of SH-4 is 1 .O relative to Cl chondrites, 
instead of two to five times less than this as in Allende 
group II inclusions, and Zr/Ia and Hf/I_a ratios are 
-0.6, rather than -0.01. Sr and V, whose volatilities 
are similar to those of Eu and Yb (DAVIS et al., 1982), 
might be expected to be enriched in SH-4 relative to 
light REE compared to Cl chondrites but they are 
depleted instead. 

MUM-3 and BB-3 

Figure I shows that these two inclusions have normal 
group III REE patterns which presumably formed in 
the same way as those in Allende inclusions. MAC- 

PHEFLSON et al. ( 1983) showed that MUM-3 is similar 
in mineralogy and texture to Allende coarse-grained 
Type A inclusions, which do not normally have group 
III patterns (GROSSMAN and GANAPATHY, 1976a), but 
quite different from blue spherules like BB-3 which 

has a group III pattern. As expected for an inclusion 
with a group III pattern, enrichments of Zr, Hf, Th 
and U in MUM-3 are like those of most of the REE, 
-40-50, while those of more volatile V and Sr, like 
those of Eu and Yb, are lower, - 15-19, relative to 
Cl chondrites. The enrichment factor for Sc, 30.2, is 
unusually low compared to those of other highly re- 
fractory elements. In BB-3, enrichment factors for Sc, 
V and Hf are nearly uniform, 28.4, 35.3 and 29.3, 
respectively, though slightly lower than those of REE. 
Th and U appear to have greater enrichments than 
all of these but this may not be real because of their 
very large error bounds. 

DJ-2 

This hibonite crystal fragment has a negative Eu 
anomaly and, although we only have upper limits to 
the enrichments for Yb and Lu, the data also allow a 
negative Yb anomaly. The remainder of the REE in 
this sample show progressively decreasing enrichment 
factors with increasing atomic number, rather than 
the flat pattern typical of group III’s. Such a steady 
decline in enrichment factor was observed in hibonite 
from the isotopically-unusual inclusion HAL, although 
the La/Tm ratio in it is -27 relative to Cl chondtites 
(DAVIS et al., 1982), rather than the ratio of -5 seen 
in DJ-2. DAVIS et al. (1982) interpreted the HAL hi- 
bonite pattern to mean that that phase coexisted in 
the gas cloud with other phases having a crystal chem- 
ical affinity for heavy relative to light REE which con- 
densed preferentially into hibonite while heavy REE 
condensed preferentially into the other phases. The 
same thing could have happened to DJ-2, in which 
case some complementary material preferentially en- 
riched in heavy REE must exist which we have not 
sampled. A similar crystal chemical a5nity of hibonite 
for Sc, which has been invoked to account for the 
unusually high Sc contents in HAL and in a hibonite- 
rich sample from Allende (DAVIS et al., 1978), may 
account for the Sc enrichment factor of -74 in DJ- 
2 relative to Cl chondrites, a value much higher than 
that of Hf, -42, whose volatility is similar to that of 
Sc (DAVIS et al., 1982). Similarly, the relatively low 
enrichment factor, < 17, for Th, whose volatility is like 
that of Lu (DAVIS ef al., 1982), may also be due to 
crystal chemical effects as the ionic radius of Th in 
the tetravalent state is like that of heavy REE. Negative 
anomalies in both Eu and Yb would indicate cessation 
of equilibrium between hibonite and the gas phase at 
a temperature high enough that these elements had 
not yet totally condensed. This interpretation is sup- 
ported by the fact that V, whose volatility is like that 
of Eu and Yb, is only enriched by a factor of ~3.8 
relative to Cl chondrites, much less than most other 
refractory lithophiles. 

BB-5 

The results of mineralogical, textural and Mg iso- 
topic studies of this unique, corundum-rich inclusion 
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were presented by BARMA~THEWS et al. (1982). De- 
spite vastly different s’Al/=Mg ratios, corundum and 
hibonite have the same 26Mg/s%4g ratio, 7?60 higher 
than normal Mg. Figure 1 shows that this inclusion 
also-has a very unusual REE pattern. Except for yb, 
the pattern is nearly flat, with heavy REE enriched by 
factors of 35-50 and light REE by factors of 30-35 
relative to Cl chondrites. It has a very large negative 
Yb anomaly, the Yb/Sm ratio being 0.033 + 0.010 
relative to C 1 chondrites, but a much smaller negative 
Eu anomaly, the Eu/Sm ratio being 0.83 f 0.05. We 
have seen how Eu and Yb are generally enriched or 
depleted together in refractory inclusions and that the 
sixes of Cl chondrite-normalized Eu/Sm and Yb/Sm 
ratios are always within a factor of two of one another 
in any given inclusion. To our knowledge, this is the 
first time that a REE pattern has been reported in 
which a large negative Yb anomaly is not accompanied 
by an Eu anomaly of comparable size. Condensation 
calculations show that, although the two elements have 
very similar volatilities, Yb begins to condense from 
a gas of solar composition at a slightly higher tem- 
perature than Eu (DAWS and GROSSMAN, 1979). Thus, 
even if it were possible to separate Eu from Yb by 
their slight difference in volatility, negative Eu anom- 
alies without Yb anomalies would be expected instead 
of the reverse which is observed. In a gas more reducing 
than one of solar composition, the difference in vol- 
atility between Yb and Eu narrows somewhat (DAVIS 
and GROSSMAN, 1979). In a gas more oxidizing than 
a solar gas, both Yb and Eu become more refractory, 
Yb more so than Eu (DAVIS et al., 1982). In all cases 
considered, Yb remains less volatile than Eu, providing 
no explanation for the REE pattern of BB-5. Perhaps 
BBS originally condensed with a group III pattern 
but later requilibrated with an Eu-bearing condensed 
phase under reducing conditions. If Eu2+ strongly fa- 
vored a phase or phases in BB-5 over the unknown 
phase, the Eu anomaly in BE5 would shrink while 
the anomaly in trivalent Yb would be largely unaf- 
fected. That this process would have been capable of 
adding just enough Eu to yield the near-chondritic Euf 
Sm ratio seen in BE5 seems highly improbable. Such 
a process would, however, support one possible in- 
terpretation of the Mg isotopic data advanced by BAR- 
MATTHEWS et al. (1982), that BE5 originally con- 
densed with live 26Al which decayed to %Mg in situ 

but became homogeneous in Mg isotopic composition 
during exchange with an external reservoir containing 
normal Mg. This was considered unlikely by BAR- 
MA-ITHEWS et al. ( 1982) and is still considered unlikely 
by us because there is no petrographic evidence for 
such a twostage model. Nevertheless, we have no other 
explanation for the REE pattern of BE5. Zr and Hf 
have enrichment factors of -44 relative to Cl chon- 
drites, like the heavy REE, but that of Sc, 64.6,is higher 
than that of any REE, presumably because of the large 
amount of hibonite in BBS. In addition to Yb, upper 
limit data show that V, Sr and Th are substantially 
less enriched than other refractories relative to Cl 

chondrites. The relative depletion of V and Sr lends 
support to the idea that the Yb anomaly is due to its 
greater volatility than most other REE. 

MUCH-I 

The REE pattern of MUCH-l hibonite is very sim- 
ilar to that of BE5 in that it has a very large negative 
Yb anomaly and a comparatively small Eu anomaly, 
the Yb/Sm and Eu/Sm ratios being co.044 and 0.76 
f 0.07, respectively, relative to Cl chondrites. In this 
inclusion, however, light REE are enriched by a factor 
of -40 and Tm and Lu only by a factor of - 17 
relative to Cl chondrites, a fact which tends to make 
the Yb/Sm ratio an overestimate of the size of the 
anomaly of Yb relative to its immediate neighbors. 
Nevertheless, even comparing the Cl chondrite-nor- 
malixed ratio of Yb/Tm, ~0.11, to that of Eu/Sm 
reveals a very much larger Yb than Eu anomaly in 
this inclusion. hb@HERmN et al. ( 1983) showed that 
this inclusion consists of a radial aggregate of hibonite 
crystals rimmed by layers of alteration products in- 
cluding calcite, gypsum, iron-rich phyllosilicate and 
iron-free diopside. Thus, unlike BE5, there is abundant 
petrographic evidence for a two-stage history for 
MUCH-l. In this case, an origin by condensation of 
a group III pattern into hibonite followed by parti- 
tioning of Eu into it by exchange with an external 
reservoir is more plausible than for BB-5, although it 
would have to be regarded again as highly coincidental 
for Eu addition to have resulted in an Eu/Sm ratio so 
close to the Cl value. Because Eu only behaves dif- 
ferently from other REE under reducing conditions, 
however, the reservoir was not the Murchison parent 
body which was rich in water and oxidized iron. Al- 
though it is conceivable that the iron-rich phyllosilicate 
in MUCH-l formed by alteration in the parent body, 
the diopside, requiring less hydrous and more reducing 
conditions, did not. Perhaps Eu exchange, ifit occurred 
at all, was associated with that stage of secondary al- 
teration that produced diopside. Relative to C 1 chon- 
drites, Hf is enriched by the same factor as light REE 
but the enrichment factor for Sc is much greater, 62, 
presumably because of the hibonite effect. The en- 
richment factor for V, -cl 1.0, is again less than that 
of most other refractory lithophiles, presumably be- 
cause of its similar volatility to Yb. 

SH-2 

In this sample, light REE are enriched by factors 
of 80-120 relative to Cl chondrites and the negative 
Eu anomaly is not significantly smaller than that for 
Yb, the Cl chondrite-normalized Eu/Sm and Yb/Sm 
ratios being <0.29 and 0.15 f 0.05, respectively. The 
remarkable feature of the REE pattern of SH-2 is the 
progressive enrichment of the refractory heavy REE 
relative to light REE with increasing atomic number. 
The Cl chondrite-normalized Tb/Sm, Dy/Sm, Ho/ 
Sm and Lu/Sm ratios are 2.01 f 0.21, 2.74 f 0.22, 
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3.54 + 0.55 and 12.89 Ir. 2.23, respectively. It might 
be possible to produce such a pattern by condensation 
of REE at a high enough temperature that Eu and Yb 
were excluded and into an assemblage of host phases, 
one or some of which, represented by SH-2, have a 
preference for heavy relative to light REE compared 
to other phases. Alternatively, perhaps SH-2 condensed 
with a group III pattern but preferentially lost light 
REE in a later exchange process. Both of these pos- 
sibilities seem to be ruled out, however, by the fact 
that the Cl chondrite-normalized Tm/Sm ratio, 2.55 
+ 0.40, falls off the smooth trend for the other heavy 
REE. Because Tm is slightly more volatile than Ho 
or Lu, the depletion of Tm relative to these suggests 
that the REE pattern is the result of a vapor-condensed 
phase fractionation process. In order to produce the 
observed large fmctionations among the heavy REE 
during solar nebular condensation, extremely high 
temperatures are required, as we will now show. 

LAXXMER and GRQSSMAN ( 1978) presented results 
of full equilibrium, solar nebular condensation cal- 
culations for major elements. Using the same technique 
as in that paper and an updated set of thermodynamic 
data, it is found that corundum condenses first at 
1743%. It reacts with the gas to form hibonite at 
1727% and then perovskite condenses at 1676°K at 
a total pressure of 10e3 atm. (J. M. LA’ITIMER, pers. 
commun.). These results are in precise agreement with 
those of KORNACKI and FEGLEY ( 1984) but the latter 
workers also calculate that CaA40, condenses next 
by reaction of the gas with hibonite at 1646°K. We 
have not included CaAl,O, in our calculations because 
uncertainty in thermochemical data makes its stability 
questionable in a solar gas (MAC~E~ON and GROSS- 
MAN, 1984) and because it is absent from SH-5 and 
SH-6, direct vapor-solid condensate inclusions that 
clearly preserve a record of the lower-temperature re- 
action of hibonite with the gas to form spine1 (MAC- 
PHER~~N~~ al., 1984). 

Using the above results and the calculation technique 
and thermodynamic data for REE species employed 
by DAVIS et al. (1982), we have calculated the REE 
pattern of the condensate under several conditions. 
All calculations assume ideal solid solution. Although 
absolute condensation temperatures are uncertain by 
at least ten degrees, it is known that the heavy REE 
fractionations appear and disappear within only a few 
one-hundredths of a degree of the condensation tem- 
perature of the first-appearing major REE host phase. 
Consequently, a larger number of significant figures 
are quoted here for absolute condensation temperatures 
than are justified by the sixes of uncertainties in ther- 
mochemical data. Hibonite is the first-appearing PO_ 
tent&l REE host phase. Its precise condensation tem- 
perature iscalculated to be 1726.97% Figure 2a shows 
that, at this temperature, there are strong fi-actionations 
among the heavy REE in the condensate, the order 
of increasing enrichment being I&, Ho - Tb, Er and 
Lu. Such material is also strongly depleted in light 
relative to heavy REE, predicted Cl chondrite-nor- 

FIG. 2. a (ups). During solar nebular condensation, fiac- 
tionations among heavy rare earths are only possible by iso- 
lation of condensates From further reaction with the gas at 
an extremely high temperature, just below their initial eon- 
den&ion temperature. Fractionation ofbcavy kom light REE 
persists to lower temperatures. b (lower). The REE pattern 
of SH-2 can be approximated by mixing an ukarefraetory 
condensate with a relatively low-temperature condensate and 
losing an intermediate temperature condensate (see text). 

malized Sm/Lu ratios being - 1 X 10e3. The figure 
also shows, however, that all of the above heavy REE 
are so reBactory that, when the temperature falls to 
oniy O.@t” below the condensation temperature of hi- 
bonite, each of them is nearly totally condensed and 
the fractionations among them disappear as a con- 
sequence. Note that ~~ona~o~ among the heavy 
REE disappear at such a high temperature that they 
are not at all a&c&d by the presence or absence of 
CaAl& in the condensation sequence. Also seen in 
Fig. 2a is that the light REE onIy approach total con- 
densation when the temperature fauS another 125”, 
at which point the Eu and Yb anomalies are consid- 
erably smaller than at higher temperatures. We con- 
clude that the heavy REE pattern of SH-2 indicates 
cessation of equilibrium with the nebuiar gas at a tem- 
perature above 1726.93’K. 

PALME ef al. ( 1982) reported an inclusion from the 
C3 chondrite Omans in which they found both the 
fractionation pattern among the heavy REE seen in 
SH-2 and the required several hundmdfoid dephstion 
of tight relative to heavy REE. As the authors claim, 
the REE pattern of that inclusion indicates cessation 
of ~uilib~um with the solar nebular gas at a much 
higher temperature than any other refractory inclusion 
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mn and has those characteristics requirtd of the ma- 

terial that was or&idly postdad by BOYNTON 
(1975) to have been isohued from the gas prior to 

condensation of group II BEE pattcrm. Earlier, BOYN- 
TON et-al. (1980) had found a hibonite-bauing Mur- 
&son inclusion, MI-I-1 15, in which light BEE are 
depleted relative to heavy BEE by a factor of 3 com- 
paredtocl chondrites,afactwhichsuggestedtothose 
workers that the BEE pattern resulted from cessation 

of equilibrium with the gas at an extremely high tem- 

perature. It is clear, however, from the lack of signif- 
icant liactionations among the heavy BEE in MH- 
115 and the much smaller fractionation of light from 
heavy BEE in MI-I- 115 than in the inclusion of PALME 
et al. (1982) that the latter has a higher equilibration 
temperature than the former. The Cl chondrite-nor- 
malixed Lu/Dy ratio of SH-2,4.70 f 0.39, is not quite 
as great as that for the inclusion of Pw et al. ( 1982), 
6.4, indicating a slightly lower equilibration temper- 
ature for SH-2. On the other hand, the depletion of 
light relative to heavy BEE in SH-2 as measured by 
the Cl chondrite-normal&d Sm/Lu ratio, 7.7 X 10m2, 
though much lower than that of MI-I-1 15, is much 
higher than predicted by condensation calculations for 
such a high equilibration temperature and much higher 
than that of the inclusion of PALME ef al. ( 1982). Per- 
haps a second BEE-bearing component brought light 
BEE into SH-2 without significantly a&cting the heavy 
REE pattern. This is illustrated in Fig 2b in which 
we attempt to model the BEE pattern of SH-2 by 
mixing two condensate components. The first is hi- 
bonite which stopped equilibrating with the solar ne 
bular gas at 1726.97% just below the initial con- 
densation temperature of hibonite where only -0.9% 
of the hibonite which can ultimately condense has 
done so. This temperature dictates the slope of the 
BEE pattern from Th to Lu. The model requires the 
BEE to continue to condense into hibonite until the 
temperature falls to 1686.8% at which point the next 
80.6% of the hibonite is condensed The second mixing 
component forms when this second batch of hibonite 
is separated from the system and the BEE remaining 
in the gas continue to condense into hibonite and 
perovskite until the temperature reaches 1604.6% at 
which point 97.8% of the perovskite which can ulti- 
mately condense has done so, as well as virtually all 
of the remaining hibonite. Figure 2b shows the best 
fit to the data for SH-2 which is obtained by mixing 
16.4% of component one with 56.5% of this perovskite 
hibonite mixture and 27.1% of REE-free material. The 
mixing in of the relatively low-temperature, perovskite- 
bearing component is necesary in to raise 
light BEE their approximate in SH-2. the 
model correct, the is that formed 
in region of nebula in grain transport 

operated which capable of 
condensates from formation site of reuniting 

with later from the place. 
As be expected a sample a 

component such a nebular equilibration 

SH-2 is strikingly emiched in Other 

very &&tory elements. Zr and Hf, whw ~~latilities 

are comparable to that of Lu (DAWS et al., 1982), are 
enriched in SH-2 by factors of 1277 + 200 and 1473 
f 12whileSc,whichisnotquiteasr&actoryasthese 
elements, is enriched by a factor of 265 and V, one 

of the most volatile of the elements normally consid- 
ered refractory, is only enriched by a factor of < 11.3. 

SP-2 

Most refractory lithophiIes are below detection in 
SP-2, presumably because of the well-known intol- 
erance of the spine1 shuctum for most large ion lith- 
ophiles. Exceptional in this regatd is the high V content 
of SP-2,300O + 330 ppm, probably due to the crystal- 
chemical a&t&y of spine1 for V’+. This is about a 
factor of two higher than that found in a similar Mur- 
chisonspinelnystalSP-I (MA CPHERWNt'fd.. 1983), 
spine1 in the Murchison Blue Angel inclusion (ARM- 
STRONG et al., 1982) and spinel in an Allen& Type 
B inclusion (MACPHERSBN and GROSSMAN, 1981) but 
equal to or lower than that of other low-iron spinels 
in Allende @dEERERet al., 1983; hdA@HERSoN and 
GROSSMAN, 1984). 

Relationship between mineralogical and 
chemical composition 

Mineralogical and petrogmphic characteristics give 
few clues as to the type of BEE pattern to be expected 
in any particular kind of Aiactory inclusion in Mur- 
chison. For example, among inclusions with group II 
patterns are objects like BB-6 and SH-4 with little 
petrographic or mineralogical relationship to one an- 
other. Similarly, MUM-3 and BE3 both have group 
III patterns but are quite distinct from one another 
pctrographically. In fact although we have not studied 
a thin section of BB3, it is probably very similar in 
mineralogy and texture to BB-6, a typical blue spherule, 
which has a group II pattern. 

These observations are at least partiahy understand- 
able even though they demonstrate that these trace 
element patterns cannot be predicted from mineralogy. 
Inclusions with group III patterns record cessation of 
equilibrium with the gas above the temperature at 
which Yb is fully condensed, - 1575°K at lo-’ atm. 
total pressure. Those with group II patterns record loss 
ofan ultrarefractory REE component which, according 
to Fig. 2a, condenses above 1725°K where only co- 
rundum and a small amount of hibonite have con- 
densed. These inclusions also have negative Yb anom- 
alies and thus stopped equilibmting with the gas above 
-l575”K,liketbosewitbgroup~patternsIndusions 
with different mineralogical compositions from one 
another represent mixtures of condensates that equil- 
ibrated with the gas at di&rent temperatures. BB-6, 
the only group II inclusion studied herein whose min- 
eralogical composition is known, has a primary phase 
assemblage consisting of hibonite, spine& perovskite 
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and a trace of melihte. This is quite compatible with 
the requirement that it formed after prior loss of an 
ultrarefractory component consisting only of corun- 
dum and a small amount of hibonite, as are phase 
assemblages in most refractory inclusions in Allende 
and Murchison. BB-3 and MUM-3 are the only group 
III inclusions studied herein whose mineralogical 
compositions are known or can be inferred with rea- 
sonable certainty. According to equilibrium conden- 
sation calculations, however, neither these two inclu- 
sions nor BE6 have mineralogical compositions that 
are entirely compatible with cessation of equilibrium 
above 1575°K as is indicated by their REE patterns. 
Recall that these calculations predict that corundum 
reacts completely to form hibonite at 1727’ and pe- 
rovskite condenses at 1676’K at low3 atm. total pres- 
sure. MeliIite begins to condense by reaction of hibonite 
with the gas at 1606°K and the amount of melilite 
increases at the expense of hibonite with falling tem- 
perature until the remaining hibonite reacts totally to 
form spine1 at 15 11 “K. Thus, although the presence 
of hibonite, perovskite and melilite in the three in- 
clusions in question is compatible with equilibration 
above 1575”K, the presence of spine1 suggests equil- 
ibration well below this temperature. Hibonite can 
coexist with spine1 but only for a few degrees and only 
after abundant melilite has condensed. BAR-MAT- 
THEWS et al. (1982), MACF’HERSON et al. (1983) and 
MACPHERSON and GROSSMAN (1984) discussed the 
anomalous coexistence of hibonite and spine& partic- 
ularly in inclusions that lack melihte, and suggested 
that spine1 somehow condensed before melilite, in 
conflict with the calculated condensation sequence. 
Negative Yb anomalies in groups II and III REE pat- 
terns of hibonite-, spinel-bearing Murchison inclusions 
suggest that these assemblages stopped equilibrating 
with the solar nebular gas at some temperature above 
a point just below the condensation temperature of 
melilite. The presence of spine1 in these inclusions 
may imply that this phase condensed at a higher tem- 
perature than predicted by equilibrium calculations. 
This could have occurred, for example, if no Al-bearing 
condensate precursors of spinel, e.g. corundum and 
hibonite, nucleated, leaving relatively large amounts 
of Al in the vapor. If spine1 indeed condensed at a 
higher temperature than melilite, then the mineral- 
ogical compositions of BB-6, MUM-3 and BE3 are 
all compatible with their negative Yb anomalies, de- 
spite the different melilite contents of these inclusions. 

We have already seen that groups II and III inclu- 
sions formed in separate nebular reservoirs from one 
another. Thus, the fact that blue spherules exist in 
both groups implies that similar condensate assem- 
blages accreted to form inclusions in different nebular 
reservoirs. Furthermore, the fact that mineralogicahy- 
different inclusions have the same REE patterns implies 
that different condensate assemblages were able to ac- 
Crete within the same nebular reservoir. The fact that 
group I REE patterns are rare and those indicative of 
high-temperature, gas-condensed phase REE fraction- 

ation processes are so common in refractory inclusions 
in Murchison suggests that most of the latter stopped 
equilibrating with the nebular gas at higher temper- 
atures than most Allende coarse-grained inclusions, as 
is also indicated by the greater abundance of hibonite 
and, in some cases, corundum in the Murchison in- 
clusions. 

Another example of the failure of mineralogical 
composition to serve as the basis for predicting the 
REE pattern is BB-5. Ihis inclusion possesses the most 
refractory phase assemblage seen in any high-temper- 
ature inclusion so far, corundum + hibonite + pe- 
rovskite. It is the type of object for which an ultra- 
refractory REE pattern like that in SH-2 would be 
expected; yet, instead, it has a flat REE pattern except 
for an enigmatic negative Yb anomaly. In trying to 
understand the relationship between mineralogy and 
trace element content, the lack of mineralogical data 
for SH-2 is very unfortunate, making it ah the more 
important to find other inclusions with ultrarefractory 
REE patterns in order to determine their mineralogical 
and petrographic characteristics. 

Possibility of a liquid origin 

KORNACIU and FEGLEY (1984) grouped together a 
wide range of objects under the heading “spinel-rich 
chondrules and inclusions”. A feature common to ail 
of them is that they are rich in spine1 and perovskite. 
Occasionally, they also contain abundant hibonite that 
forms radiating sprays of crystals. KORNACIU and 
FEGLEY (1984) proposed that aggregates of primitive 
dust were distilled into residues consisting of a spinel- 
rich solid assemblage and a Ca-rich melt and that “spi- 
nel-rich chondrules and inclusions” are merely samples 
of the solid assemblage remaining after physical re- 
moval of the liquid phase. Because REE would have 
partitioned themselves between the solid assemblage 
and the liquid phase, the REE patterns of such inclu- 
sions would be expected to exhibit characteristic sigmas 

of liquid-solid fractionation pmcesses superimposed 
upon the usual gas-solid fractionation patterns. A 
comparison of our inclusions with KORNACKI and 
FEGLEY'S (1984) descriptions of “spinel-rich chon- 
drules and inclusions” suggests that those workers 
would include at least two objects studied here in this 
category, BE3 and BB-6. BB3 has a normal group 
III and BE6 a normal group II REE pattern. Both 

REE patterns are easily interpretable as being the result 
of gas-solid fractionation processes and neither shows 
signs of any additionai fractionation process. We con- 
clude that BE3 and BE6 did not exchange REE with 
a liquid phase which was later lost and, therefore, that 
the model of KORNACK~ and FEGLEY (1984) is not 
applicable to such blue spherules. On the other hand, 
models for explaining REE patterns of three other 
hibonite-bearing samples studied here, DJ-2, MUCH- 
1 and BB-5, require the same gas-solid fmctiOnatiOn 
process that resulted in the group III pattern of BB-3 
to be modified by at least one additional constraint. 
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For DJ-2, it is preferential uptake of light relative to 
heavy REE that furtherco nstmins the model. For BE 
5, it is preferential uptake of Eu relative to Yb and 
for MIXI-I-1, it is both of these. The modification 
u&earlier in this paper was crystal-chemical control 
over the partitioning of REE between each of these 
samples and either the nebular gas or other solid con- 
densates but we cannot use the REE patterns alone 
to rule out the possibility that the phase with the com- 
plementary REE pattern was liquid. Although a liquid 
phase might be an aazptable carrier ofthe REE pattern 
complementary to that in DJ-2, BAR-MATTHEWS et 
al. (1982) and MACPHERS~N et al. (1983) have pre- 
sented cogent mineralogical and petrographic argu- 
ments against the involvement of a liquid phase in 
the origin of BE5 and MUCH-l, respectively. 

Origin of hibonite fragments 

DJ-2 is a hibonite crystal fragment recovered after 
Reexe-thaw d@gregation of a bulk sample of Mur- 
chison. MUCH-l consists of hibonite removed from 
an inclusion. Although it is not known whether objects 
like DJ-2 existed as isolated crystals in Murchison or 
as parts of inclusions containing other phases, MAC- 
FMERSON et al. (1983) pointed out that the similarity 
in major and minor element contents between hibonite 
Ragments like DJ-2 and hibonite crystab in MUCH- 
1 supports the idea that the fragments could have come 
from inclusions like MUCH- 1. From the dilference in 
steepness between the REE patterns of these two hi- 
bonite samples, however, it is clear that DJ-2 did not 
come from an inclusion exactly like MUCH-l. 

REPRACIORY SIDEROPHILES 

Re, Gs, Ir and Ru are often highly enriched relative 
to Cl chondrites in refractory inclusions in Murchison, 
as they are in coarsagrained Allende inclusions. Ir, 
for example, is emiched in seven of the ten samples 
studied herein, by factors ranging from 2 to 1750 rel- 
ative to Cl chondrites. Although Allende coarse- 
grained inclusions are enriched in Ir by a factor of 
15.9 relative to Cl chondrites on average (GROSSMAN 
el al.. 1977), the Ir enrichment factor varies consid- 
erably from inclusion to inclusion, the maximum ob- 
served by GROSSMAN and GANAPATHY ( 1976a) being 
28. Five of the seven Murchison inclusions that are 
enriched in Ir have enrichment factors greater than 
this. 

In Allende inclusions, group II REE patterns are 
almost always accompanied by depletions in refractory 
siderophiles which average a factor of -4 but which 
sometimes reach a factor of 100 compared to C 1 chon- 
drites (GROSSMAN and GANAPATHY, 1976b). This is 

FresUCdy not the case in refractory inclusions in 
Mm&son. While one with a group II pattern, BE6, 
shows the normal Ir depletion, another, SH-4, with 
positive Eu and Yb anomalies superimposed on a 
group II REE pattern, is enriched in Ir by a factor of 
30 relative to Cl chondrites. It is interesting that A- 

f9, one of the Allende inclusions with such a REE 
pattern, is also enriched in Ir, this one by a factor of 
4.3. Another group II inclusion studied herein, M- 11, 
is enriched in Ir by a factor of 8.5 relative to Cl chon- 
d&es. DAVIS and GROSSMAN (1979) calculated 
amounts of REE that must be added in the form of 
a flat REE pattern to fractionated REE components 
produced by prior condensation and removal of ul- 
trarefractory REE in order to best match group II 
patterns observed in Allende fine-grained inclusions. 
They found a correlation between Ir contents of such 
inclusions and amounts of REE that must be added 
in the flat component. The slope of the correlation 
line in that work suggests a Cl chondritic Ir/REE ratio 
in the flat component. According to their model, the 
REE pattern of M- 11 is such that essentially all of the 
Lu, which is enriched by a factor of 9.5 relative to 
C 1 chondrites, was contributed by the flat component. 
The relatively large Ir enrichment factor in M- 11,8.5, 
is about what is expected since the model predicts 
equal enrichment factors for Ir and Lu in this case. 
While both components are present within each of the 
Allende inclusions discussed by DAVIS and GROSSMAN 
( 1979), however, there is some question about this in 
thecaseofM-ll.Becausethissampleisamixtureof 
two inclusions, it is conceivable that only one has a 
group II pattern with the usual low Ir content and that 
the other has a group III pattern with a high Ir content. 
The high Ir concentrations in SH-4 and the Allende 
inclusion A- 19, and in M- 11 if both of its constituent 
inclusions have group II patterns, pose a serious ob- 
stacle to the model proposed by F~GLEY and KOR- 
NACKI (1984) in which group II inclusions form from 
aggregates of dust which are depleted in refractory 
noble metals. The two remaining Murchison inclusions 
that are depleted in siderophiles are MUCH- 1 and BE 
5, those with large negative Yb anomalies unaccom- 
panied by Eu anomalies of similar size. In both of 
these inclusions, most reliactory litbophiles have higher 
enrichment factors than the refractory siderophiles 
relative to Cl chondrites. 

In Allende coarse-grained inclusions, refractory sid- 
erophiles are found as nuggets of platinum metal alloys 
(PALME and WLOTZKA, 1976; WARK and LOVERING, 
1976; EL GORESY et af., 1978) up to several pm in 
size. Although such nuggets were only rarely found by 
MACPHERSON et al. (1983) in Murchison inclusions, 
no special search was conducted for them and they 
could have been easily overlooked at the magnihcations 
normally employed in that study. GROSSMAN (1973) 
predicted that Ru, OS and Ir would condense from 
the solar nebula in metallic form and calculated what 
their condensation temperatures would be if each con- 
densed as the pure element. PALME and WLOTZKA 
(1976) calculated the fraction of each siderophile ele- 
ment that would condense from a gas of solar com- 
position into a common alloy as a function of tem- 
perature. From that work, we have constructed Fig. 
3 which shows how the Ir/Gs and Ru/Re ratios of 
condensate alloys vary with temperature at a total 
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Ru/Re 
FIG. 3. Rcfmctory sidcrophilc ckment ratios in refractory inclusions from Murchison comparxl with 

those in Allcndc mncd inclusions and in calculated condensate alloys. 

nebular pressure of IO-’ atm. Both Ck and Re are 
totally condensed above 1800°K but it is only below 
this temperature tbat a signilicant fraction of the Ir 
and Ru condense. Thus, the Ir/Ck and Ru/Re ratios 
increase together with falling temperature until the Ir 
and Ru are also totally condensed at I SOO’K, at which 
point the condensate alloy has b/OS and Ru/Re ratios 
equal to their Cl chondritic values. 

Also plotted in Fig. 3 are the Ir/Gs and Ru/Re ratios 
of seven of the Murchison inclusions studied herein 
as well as the field defined by eight AIIende coarse- 
grained inchrsions studied by GROSSMAN and GAN- 
APATHY (1976a) and GROSSMAN et al. (1977). It is 
seen that the AIIende inclusions cluster around the 
I5OO”K calculated point, where these ratios have their 
Cl chondritic values. As mentioned above, this has 
been interpreted to mean that each of these elements 
was totally condensed when AIIende coarse-gtained 
inclusions formed, implying that the alloy into which 
the refractory siderophik condensed stopped equili- 
brating with the solar nebular gas at 1500°K or slightly 
higher, if the total pressure was 10m3 atm. In contrast 
to these, the Murchison inclusions do not cluster 
around the I5OtY”K point but have significantly lower 
Ir/Ck and Ru/Re ratios than AlIende inclusions, im- 
plying that the refractory SiderophiIe condensate alloys 
in the former have higher equilibration temperatures 
than those in the latter. Four of the Murchison inclu- 
sions lie along the composition trajectory for conden- 
sate alloys and three of these, SH-4, DJ-2 and M- 1 I, 
plot near 164%1620°K at the high temperature edge 
of the field of AIIende inclusions. MUM-3 falls very 
close to the condensate trajectory but clearly distinct 
from and at a higher temperature, - 1650% than all 
~IIende inclusions. These temperatums ate compatible 
with the equilibration temperature of the condensate 
host phase that contributed REE to DJ-2, M-l I and 
MUM-3 in that the REE patterns of these inclusions 
have negative Yb anomalies, indicating that the REE- 
bearing condensate phase Iast equilibrated with the 
solar nebular gas above 1575°K. Two inclusions, SH- 
2 and BE3, have drastically lower Ir/Gs and Ru/Re 

ratios than Cl chondrites and also deviate strongly 
from the condensate trajectory. Individual metal par- 
ticles with IrIGs and Ru/Re ratios very similar to the 
ratios in SH-2 have been reported from an Allende 
coarse-grained inclusion by BLANDER et al. (I 980). 
The simplest explanation for the deviations is con- 
densation of the refractory siderophiles remaining in 
the gas after prior condensation and removal of some 
of the 0s and Re, the most refractory of these elements. 
Not only will the Ir/Gs and Ru/Re ratios of the resulting 
alloys be higher than their Cl chondritic vaIues after 
total condensation of the remainder of these four ele- 
ments but also these ratios will be higher at any given 
equilibration temperature than in the case of no prior 
removal. According to this explanation, SH-2 formed 
after prior removal of much of the 0s and BE3 after 
removal of some of the Re and possibly some of the 
Ck as well. The refractory siderophile components in 
both inclusions have much higher equilibration tem- 
peratures than those in Allende coarx-gmined inclu- 
sions. It is interesting that unusually high equilibration 
temperatures are indicated for both the refractory lith- 
ophile and the refractory siderophile components in 
SH-2. If inclusions such as SH-2 represent a significant 
fraction of the refractory siderophiks in the reservoir 
in which they formed, this reservoir must have been 
distinct from the one in which those inclusions formed 
that lie along the calculated trajectory in Fig. 3, as the 
fiactionations that give rise to SH-2 would not, in 
general, lead also to compositions along the trajectory. 
Thus, just as in the case of the refractory lithophiles, 
removal of a portion of each of the most refractory 
siderophiles in an early, very high-temperature con- 
densate is necessary to produce the fractionations ob 
served in some Murchison inclusions and occurred in 
reservoirs distinct from those that produced the re- 
fractory siderophile components in other Murchison 
inclusions. 

NON-REFRACTORY ELEMENTS 

GROSSMAN and GANAPATHY (1976a) divided the 
concentration of every non-refractory element in each 
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Al&t& amw+ained inclusion which they Studied 
by its abundance in the bulk meteorite. They found 
that Fe, Co and Mu eonsi!&entiy had the lowest nor- 
malized abundances of all the non-refractories, attrib- 
uted-them to contaminaticm by Allende matrix ma- 
terial during excavation of inclusion samples from the 
meteorite and attributed the higher normal&& abun- 
dances of the remaining non-mfinctories to indigenous 
concentrations of these elements in the inclusions. 
Nodal the eonamtrations of non-refractory ele- 
ments in the inclusions studied in this work to their 
respective concentrations in bulk Mu&&on reveals 
many of the same characteristics but the normalized 
abundances of Fe, Co and Mn are frequently lower 
than those in AiIende coarse-grained inclusions, re- 
sulting in lower average values for each of them, as 
seen in Table 3. Although the Allende inclusions and 
five of those from Murehison were dug from their 
mat&es, the other five Mumhison samples were ob- 
tained by freexe-thaw dimggnqtion which tends to 
sepamte inclusions from matrix more cleanly. As might 
be expected, the mean normaExed abundances in the 
entire sample of Murchison inclusions are lower than 
those in the subset which was obtained by excavation. 
Nevertheless, even when the Allende inclusions are 
eompamd to the subset of those corn Murchison which 
were excavated, the former have much higher average 
normalized abundances of non-refractory elements. It 
is difficult to believe that we were able to excavate 
these samples from Mumhison mom cleanly than those 
which we dug from Allende and which are one thou- 
sand times larger. We thus conclude that the concen- 
trations of even Fe, Co and Mn in the Allende coarse- 
grained inclusions studied by GROFMAN and GAN- 

APATHY (1975,19%a) are hugely in~genou~ that the 
Mur&ison inclusions studied here tend to have lower 
indigenous concentrations of non-refractory elements 
than the Allende inclusions and that the levels of matrix 
con~na~on in our --sixed Mutton inclusions 
seldom exceed a few percent. 

The different concentrations of non-refractory ele- 
ments in refractory inclusions from the two meteorites 
are conveniently summarized in Fig 4 which shows 
the Cl chondrite-normalized abundances of Na, Cr, 
Mn, Fe, Co and Ni in the Murchison inclusions along 
with corresponding literature data for Allende coarse- 
grained inclusions. Refinctory inclusions in both me- 
teorites are generally depletul in these elements relative 
to Cl chondrites but those in Murchison are more 
depleted than those in Allende. Except for Cr, the 

Table 3. Mapns and standard deviations of normalized 
abundances of scme non-refracton elements in 
high-tempsrstun inclusions. . 

Mean concentration in 
Allsnde Coarsa-Grained 
Inclusions t Concentra- 

Mean Concentration in 
Murchison Refractory 
Inelusions l Concentr&- 

tion in Bulk Allmde tion in Bulk Murchison 
Excavated Only All 

Fe .OSl t .046 .027 * .019 .020 * .OlS 

CO .072 t .ORtl ,011 * .009 .OlO * .Oll 

MB .064 * -079 .5S4 + ,927 .034 f ,026 

5.0 

LG 

0.5 

0.1 

0.0: 

0.01 

~~n-~efrDc~or~ Elements 

-in Murchison Inclusions 

- ! 

_ 

‘j 

I 
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0 BB-5 
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n DJ-2 
A SP-2 
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A M-II 

-L_L 
e Co Ni 

FIG. 4. Most non-refmctory elements have lower concen- 
trations in most refractory inclusions from Murchison than 
in Allende eoawgained inclusions. The data for Aflende 
cwxeqained idusions are marked by horizontal lines and 
are taken from the references listed in Fig. 8 of DAVIS et al. 
( 1982). 

concentmtion range for each non-~fm~o~ element 
in the Murchison inclusions extends from the low end 
of the concentration range for the same element in 
Allende coarse-grained inclusions to below it. While 
Allende inclusions are seldom depleted in non-refrac- 
tory elements by as much as a factor of one hundred, 
this is frequently the case for Mumhison inclusions. 

We have seen that the higher concentrations of non- 
refractory elements in Aliende coarse-grained inclu- 
sions are due mostly to greater indigenous amounts 
of these elements than in the refractory inclusions in 
Murchison. This is a surprising result, as it is generaliy 
believed that non-refractory elements were introduced 
into these ~~-tem~mt~ condensate assemblages 
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during relatively low-temperature secondary alteration 
processes which would be expected to have produced 
more severe effects on the Murchison inclusions be- 
cause of their smaller sixes and greater porosities than 
most of the AIlende inclusions. Apparently, the con- 
ditions of alteration were more intense and/or their 
duration longer in the case of Allende coarse-grained 
inclusions. Of the five samples studied herein which 
were also studied by BAR-MATTHEWS et al. ( 1982) and 
MACPHERSON et al. ( 1983), SH-4 and MUCH- 1 show 
the most, and BB-5 the least, petrographic evidence 
of low-temperature metasomatism. This is confirmed 
in the present work for SH-4 and BB-5 in that, for 
each non-refractory element, SH-4 and BB5 are con- 
sistently among the few Murchison inclusions with the 
highest and lowest concentrations, respectively. Despite 
petrographic indications that MUCH-l was altered, 
however, the hibonite removed from this inclusion 
and studied herein shows little evidence of this, judging 
from its very low concentrations of non-refractory ele- 
ments. DJ-2 is one of the lowest and M- 11 one of the 
highest inclusions in non-refractory elements. Although 
no direct petrographic information is available for ei- 
ther of these, we may conclude that DJ-2 was not 
significantly a&cted by secondary alteration but that 
M-l 1 was altered extensively. 

Cr is the only non-refractory element which has 
similar concentrations in Allende and Murchison re- 
fractory inclusions but the fact that its Cl chondtite- 
normalized abundance is higher than those of other 
non-refractory elements may indicate that, unlike the 
latter, it was not incorporated during low-temperature 
alteration of refractory inclusions but, instead, is a 
primary constituent. Indeed, calculations suggest that 
small amounts of Cr may condense from a gas of solar 
composition above 1450% at a total pressure of 10e3 
atm. by entering into solid solution in spinel. 

GROSSMAN and GANAPATHY (1976b) pointed out 
that a characteristic of Allende fine-grained inclusions 
is the coexistence therein of group II REE patterns 
and concentrations of non-refractory elements such 
as Na, Mn and Fe which are live to ten times higher 
than in Allende coarse-grained inclusions. Thus, al- 
though M-l 1 and BB-6 have group II REE patterns, 
they can be distinguished chemically from Allende 
fine-grained inclusions by their much lower concen- 
trations of these non-refractory elements. 

CONCLUSIONS 

Refractory inclusions in Murchison fall into four 
trace element categories. Those in the hrst have group 
II REE patterns (M- 11, BE6) or a group II pattern 
modified by enrichment, rather than depletion, in Eu 
and Yb (SH-4). Those in the second have group III 
patterns (MUM-3, BE3) or a group III pattern mod- 
ified by preferential uptake of light relative to heavy 
REE (DJ-2). Those in the third (BE5, MUCH-l) have 
large negative Yb anomalies unaccompanied by cor- 
respondingly large negative Eu anomalies. It may be 

that these condensed originalIy with group III patterns 
and preferentially took up Eu in later exchange pro- 
cesses under reducing conditions. Finally, SH-2 has 
an ultrarefractory REE component in it that has been 
mixed with a REE component that condensed at lower 
temperature. 

Inclusions with similar petrographic and mineral- 
ogical characteristics, such as BB6 and BB-3, have 
different REE patterns, indicating that similar refrac- 
tory assemblages formed in different nebular reservoirs. 
Also, inclusions with no apparent petrographic simi- 
larities to one another, such as MUM-3 and BB3, 
have similar REE patterns, indicating that a variety 
of types of refractory assemblages formed within the 
same reservoir. The frequency of highly fractionated 
REE patterns and absence of group I patterns suggest 
that refractory inclusions in Murchison stopped equil- 
ibrating with the nebular gas at higher temperatures 
than most Allende coarse-grained inclusions which 
usually have group I patterns. Similarly, the lower Ir/ 
0s and Ru/Re ratios of some Murchison inclusions 
compared to those of Allende caarse-grained inclusions 
indicate that noble metal alloys in these Murchison 
inclusions also stopped equilibrating with the nebular 
gas at higher temperatures than their Allende coun- 
terparts. Murchison inclusions tend to be lower in 
non-refractory elements than Allende coarse-grained 
inclusions, suggesting that, on average, the former un- 
derwent less sevem secondary alteration than the latter. 
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