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(S 770K) and High f0 -@,. Blnm,J.D., Wasserburg,G.J., Hutcheon,I.D., Beckett,J.R., & 
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C a  Al-rich inclusions (CAIs) , olivine chondrules and matrix material in the Allende C3V chon- 
drite all contain opaque assemblages (OAs). OAs in CAIs and chondrules consist primarily of Ni-Fe 
metal (Ni, Fe,; NiFe), magnetite (Fe,O,; mt), pyrrhotite (Fe -=S; po), pentlandite [(Fe,Ni) S,; pn] 

h and Ca p osphate [Ca (PO,), or Ca,(PO,),(F,OH,Cl); cap\]. OAs in CAIs contain additional 
refractory-siderophile-rica phases including Pt-group-metal alloys (most com monly Ru-0s) , molyb- 
denite (MoS ) and scheelite-powellite solid solution [Ca(W,Mo)O,]. OAs in the matrix consist pri- 
marily of ~ i h e  and pn, sometimes have C q h  rims and rarely contain mt and po. OAs are typically 
spheroidal and 10 to lOOOpm in diameter in CAIs [I] and chondrules [2]; OAs in matrix are usually 
irregular and 5 to 25pm across. 

We recently suggested that OAs in CAIs originated as immiscible metal droplets during the 
melting of CAIs and later reacted with oxygen and sulfur at low temperature (I 770K) to form the 
phases now observed [3]. This scenario contrasts with previous models that required that OAs in CAIs 
(Tremdlinge") preserve the textural and mineralogical characteristics of individual metal, oxide and 
sulfide phases aggregated at low temperature in the solar nebula prior to incorporation of OAs into 
CAIs [ll.  In this study we present new analytical data on OAs in CAIs, chondrules and matrix. These 
data are used to determine the conditions of OA equilibrium for each component of the Allende 
meteorite and to evaluate the applicability of our model for OAs in CAIs to the origin of OAs in 
chondrules and matrix. We have also extended our previous experimental work [3] in the Ni-Fe-Ru 
system to lower temperatures and evaluated existing data for the Ni-Fe-0 [2] and Ni-Fe-S [4] systems 
as analogs for the various equilibria observed in OAs. In Fig. 1 we plot the relevant phase diagrams 
and the range of compositions of coexisting phases in OAs from CAIs, chondrules and matrix. There 
is a narrow, overlapping range of compositions of coexisting phases in the three types of OAs imply- 
ing that they equilibrated under similar conditions. The temperature- fT) -fS2 conditions can be 
quantified by comparison of phase compositions in OAs to the experimend data (see Fig. 1). CAI 
and chondrule OAs contain Ni-poor pn (< 18% Ni) coexisting with NiFe metal and po (OAs in matrix 
contain pn and NiFe metal), indicating a temperature of equilibration below '770 K at an fS, close to 
the Fe-FeS buffer. For OAs in CAIs and chondrules, Ni-poor mtJc 0.1% Ni) equilibrated with NiFe 
metal below '1 100 K at an m2 close to the Fe-Fe 0+ buffer ('lo times more oxidizing than a solar 
gas). In addition. Ni-poor Ru-0s alloys (< 10% N$ m OAs from CAIs equilibrated with NiFe metal 
below '770 K. 

We propose that our model for the origin of OAs in CAIs [3] can also explain the origin of OAs 
in chondrules. In this view, bulk compositions of OAs in CAIs and chondrules were determined by 
partitioning between silicate and metallic liquids during melting of CAIs and chondrules; melting is 
believed to have occurred under highly reducing, approximately solar j0 s [3,5,6]. OAs contain abun- 
dant Fe. Ni. and P; since these elements are highly siderophile at the f6, of a solar gas, they would 
have strongly partitioned into metallic liquids during the melting of CAIs and chondrules. The Fe,Ni, 
and P-rich oxides and sulfides presently observed are proposed to have formed by subsequent oxida- 
tion and sullidation reactions at low temperature. Refractory siderophile elements such as 
Ru,Re,Os,Ir,Pt,W,Mo and V would have also strongly partitioned into the immiscible metallic dro- 
plets. CAIs are highly enriched in these refractory elements relative to chondrules; as a result, 
discrete refractory siderophile phases are formed in OAs in CAIs but not in OAs in chondrules. The 
compositional variability of exsolved Ru-0s alloys in OAs in CAIs may record the progressive remo- 
val of Fe from Ni-Fe metal to form Fe oxides and sulfides during low temperature exsolution [3]. 

The origin of Ni-Fe metal in the matrix is problematic because there is no consensus on the ori- 
gin of matrix material. The original Ni-Fe metal could have either formed by condensation from the 
solar nebula or as immiscible metallic liquids during the melting of a matrix precursor. We speculate 
that the scarcity of mt in the matrix is due to the complete reaction of Ni-Fe metal with S to form pn 
and NiFe before the exposure of Allende to high m,. The occurrence of mt in chondrules and CAIs 
suggests that the sulfidization reaction did not go to completion, thus leaving some Fe-rich metal that 
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was later oxidized to form NiFe and mt. The porous texture of matrix may have allowed the tran- 
sport of S to all metal grains in the matrix whereas the transport of S to metal in the CAIs and chon- 
drules was restricted to cracks that allowed access to only some of the Ni-Fe metal grains. 

Previous workers have suggested that Ca was redistributed among phases within the Allende 
meteorite during low temperature alteration [7] and that Caph formed in the matrix from reaction of 
Ca with P oxidized from metallic alloys [81. We suggest that Ca-rich phases (excluding silicates) asso- 
ciated with OAs in CAIs and chondrules formed by a similar process. In this scenario P, W and Mo. 
which are all stable as metals under the reducing conditions of CAI and chondrule melting, formed Ca 
oxides under the much more oxidizing conditions of final equilibration. Caph that crystallizes from 
melts tends to have extremely high REE contents. Hence the low REE abundances reported for a 
Caph bearing OA from an Allende CAI [9] are consistent with our model. 

We suggest that opaque assemblages in CAIs and chondrules formed from Fe-rich immiscible 
metallic droplets during the melting of CAIs and chondrules at the low j02 of a solar gas. Final 
equilibration of all OAs in Allende appears to have taken place under the similar conditions of low 
temperature (I 770K) and much higher than solar values o f P 2  andf12. This scenario for the origin 
of OAs provides an explanation for the occurrence of Caph m CAIs, chondrules and matrix; the 
occurrence of W and Mo as Ca(W,Mo)O, in CAIs; and the phase compositions of NiFe-mt, NiFe-pn, 
NiFe-pn-po, and Ru-0s alloy-NiFe assemblages. The conditions of final equilibration could have 
occurred either in the solar nebula or during planetary metamorphism. 
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Figure 1. Generalized phase diagrams (in atom %) showing two and three phase regions 
relevant to the equilibration of OAs. Shaded areas indicate the total range of analyses of OA phases 
from CAIs, chondrules and matrix analysed in this study and reported in the literature [1,2]. 
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