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EVIDENCE FOR NI-PT-GE-TE-RICH 'OPAQUE ASSEMBLAGES' IN CV3CAI BEING 
TRUE FREMDLINGE AND NOT LOW TEMPERATURE ALTERATION; 
J. T. Armstrong, Division of Geological and Planetary Sciences, California Institute of 
Technology, Pasadena, CA 91 125. 

Among the more enigmatic components of CAl's are the complex opaque assemblages known as 
Fremdlinge. Although a number of investigators have studied these objects in detail, considerable 
disagreement remains about their origin and history. There is general agreement that the atoms of Pt-group 
elements found concentrated in these assemblages originally formed by high temperature condensation of 
metal alloys in the solar nebula [I], however, what then happened remains in dispute. One hypothesis 
(El Goresy/Armstrong) is that these assemblages contain, in varying states of preservation, some of the 
earliest phases condensed from the solar nebula and provide information regarding variability of T and fQ 
during early solar nebula history [e.g., 2-41. Another hypothesis (Wark/Blum/Wasserburg) is that these 
objects formed as late alteration products inside the CAI and provide constraints about the low temperature 
thermal history of the CAI [e.g., 5-61. 

The two most common types of Fremdlinge are (a) those composed dominantly of Ni-Fe metal, 
refractory metal nuggets (RMN) rich in F't-group elements, and Fe-V-rich oxides (metal-magnetite) and (b) 
those composed dominantly of Fe-Ni-sulfides and RMN with varying amounts of Ni-Fe metal (sulfide-rich). 
According to the WBW hypothesis, these objects evolved as immiscible liquid metal droplets in the CAI that 
were altered after the CAI solidified by low temperature oxidation and sulfidization. According to the EGA 
hypothesis, at least some Fremdlinge were originally composed of metal, oxide (and perhaps in rare cases 
sulfides) and then were incorporated into the CAl's followed by partial or total melting and varying degrees 
of alteration with neighboring phases (including, in some cases, oxidation and sulfidization). EGA argue that 
some Fremdlinge show signs of considerable reequilibration, suggesting considerable alteration in the CAI, 
while other Fremdlinge show much less equilibration. There is a significant difference in interpretation 
between these two models regarding veins and patches of altered opaque phases in the vicinity of 
Fremdlinge. WBW argue that all opaque assemblages formed by in-situ oxidation and sulfidization of 
preexisting metal after the CAI solidified, and thus that vein transport of 0 ,  S and other volatiles N o  the 
assemblages had to occur. EGA argue that, while in certain instances this is true, in many cases veins and 
patches result from the melting and alteration of pre-existing oxide-phase-containing Fremdlinge. They note 
that numerous 'well-preserved' Fremdlinge have no evidence of veins or other conduits for volatile transport 
in their vicinity. They also argue that, in many cases, Fremdlinge occur embedded in spinel crystals (an 
early crystallizing phase in CAls) that conform perfectly to the Fremdling boundaries, suggesting (a) that the 
Fremdling (or precursor) preexisted the spinel, and (b) that there was no significant volume expansion of 
the Fremdling after spinel crystallization. Unfortunately, the compositions of the veins and alteration patches 
around Fremdlinge provide ambiguous mineralogical evidence for use in evaluating the WBW and EGA 
hypotheses. The veins contain NiFe metal, oxides and sulfides that would be consistent both with transport 
in or melting and alteration of the Fremdling precursor. In fact the phases found in the veins typically - 
do not contain refractory siderophile elements and are also consistent with low temperature alteration on 
the meteorite parent body totally unassociated with the original CAI or Fremdlinge. 

In order to provide a test for WBW and EGA hypotheses, a detailed petrographic and chemical study 
was performed on CAI that contain a third, relatively rare type of Fremdlinge, those rich in Ni, Pt, Ge, Sn and 
Te, originally reported by 171. Our current study indicates these are t h e w  type of Frerndlinge that occur 
in the CAI that contain them. These Fremdlinge are considerably more abundant than earlier thought and 
are found in a number of CAI from the Allende and Bali meteorites. They are unique in containing, in high 
concentrations, several volatile elements (Ge, Sn, and Te) not found in low temperature opaque alteration 
(either in CAls or elsewhere in the meteorites). According to the WBW hypothesis, these elements should 
have been introduced after the CAls solidified by low temperature vapor or fluid phase alteration, and some 
evidence of concentration of these elements should be found in the veins or other alteration areas of the 
CAls. According to the EGA hypothesis, these elements could have been introduced into the Fremdlinge 
or their precursors before incorporation into the CAls, and thus there would not necessarily be any evidence 
of these elements in opaque alteration in the CAI except where produced by melting and digestion of the 
preexisting Fremdlinge. Thus a detailed study of the chemical composition of phases in Fremdlinge, veins 
and opaque alteration patches of CAI containing Ni-Pt-Ge-Te-rich Fremdlinge was conducted. 

RESULTS. Typical Fremdlinge of this type are composed dominantly of Ni-F't-Ge-rich metal alloys, 
heazelwoodite (NSS,), RMN of OsRu, a new Ni-Ge-sulfide/telluride Ni, [Ge,Sn] [S,Te], and a new phosphorus 
end member of perryite (NljP,). (Representative compositions of metal and telluride are given in Table 1. 
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It is clear from the data that (1) Ge, Sn and Te are enormously concentrated in the Fremdlinge compared 
to any other phase in a carbonaceous chondrite and (2) the Ni content of the metal phase in these 
Fremdlinge is significantly higher than either the metal in other types of Fremdlinge or the matrix metal in 
the Allende and Bali meteorites (typically about 60% Ni, 40% Fe). If the source of these phases comes from 
the surrounding veins and alteration patches, they should be considerably different in composition from 
those found in CAls containing only the other two types of Fremdlinge. 

The Allende inclusion Egg3 was chosen for the initial detailed study of alteration chemistry since we 
have abundant area of this inclusion in thin section containing numerous Ni-Pt-Ge-Te-rich Fremdlinge and 
significant numbers of veins and alteration areas (71. Three petrographic types of alteration were studied: 
(1) veins in the CAI unassociated with Fremdlinge (as determined with backscattered electron SEM imaging 
and transmitted optical microscopy), (2) veins adjacent to Fremdlinge, and (3) patches of opaque alteration 
found in the vicinity of Fremdlinge that give the appearance of being altered, broken-up pieces of the original 
Fremdlinge [3,4]. No evidence of Pt, Ge, Sn or Te was found in any vein unassociated with Fremdlinge 
(type 1). The mineralogy and chemical composition of phases found in these veins were identical to those 
found in veins of CAls that do not contain Ni-Pt-Ge-Te-rich Fremdlinge. The phases found in these veins 
include Pt-Ge-absent NiFe metal (of typical 60:40 composition, not Fe-poor, Ni-rich as in the Fremdlinge), 
troilite, pentlandite, and Fe-oxide. No heazelwoodite or tellurides were found. 

Veins touching or immediately adjacent to Fremdlinge have a similar mineralogy and chemistry to 
the isolated veins with one exception, small concentrations of Ge were detected in the NiFe metal (typically 
< < 0.5 weight %) in the Ni-Fe metal. No Sn, Te or Pt was detected in any phase; no heazelwoodite was 
observed; and, interestingly, the Ni-Fe composition of the metal was the same as that found in typical matrix 
or unassociated veins, -60:40, not Fe-poor as in the adjacent Fremdlinge. It should be noted that the Ge/Ni 
abundance in these associated veins is < 10% of that found in the Fremdling metal. As is seen with other 
types of Fremdlinge, the patches of opaque phases leading away from Fremdlinge in Egg 3 that appear to 
have been partially melted or broken up contain the same phases found in the adjacent Fremdling. They 
thus appear to have been pieces of the original Fremdlinge. In these cases, the neighboring Fremdling is 
typically irregularly shaped and appears to be missing some of its original material. 

Conclusions: The mineralogy and chemistry of veins and alteration areas in Egg 3 provide n o  
supporting evidence that the volatile elements Ge, Sn and Te found in high concentrations in all Fremdlinge 
in the CAI were introduced by vapor or liquid transport at low temperatures after the CAI solidified, as 
proposed for other types of Fremdlinge by the WBW model. In order for the data to be consistent with the 
WBW model, another alteration event, after opaque assemblage alteration, would have had to have taken 
place erasing all evidence of the transport of Ge, Sn, Te. Alternatively, a scenario could be proposed that 
Ge, Sn and Te were preferentially leached out of the transport veins into the surrounding CAI silicates or 
oxides (unlikely at the low temperature predicted by the WBW model and inconsistent considering relative 
metal/silicate distribution coefficients for Ni, Co and Ge [e.g., 81. Even ignoring the improbability of the 
above alternatives, in order to be consistent with the WBW model, a means of concentrating Ge, Sn and Te 
with respect to other elements at low T would have to be discovered. However, the evidence is consistent 
with the EGA hypothesis that these volatile elements were incorporated into the Fremdling precursors before 
they were emplaced into the CAI. The only distribution of these elements in the rest of the inclusion is seen 
in what appear to be broken-up fragments of the original Fremdlinge. 

The probable incorporation of the volatile elements Ge, Sn and Te into Fremdlinge precursors in the 
solar nebula before incorporation of the Fremdlinge into the CAI, as suggested by the EGA model and this 
new evidence, is suggestive but does not demonstrate conclusively that any significant number of metal- 
magnetite or sulfide-rich Fremdlinge formed in a similar manner. However, it does underscore the principal 
conclusion reached by EGA in the study of other types of Fremdlinge, namely that these objects 
demonstrate that the early solar nebula had to be quite variable in its temperature, fQ, fS,, and chemical 
composition in the region of formation of CAI precursors. 
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Table 1. Typical compositions of phases from Allende EGG 3 Fremdlinge (wt. %). 
Phase N i Co Fe P t  Ge Sn S Te Total 
Metal 1 74.0 4.4 10.0 7.4 2.6 --- --- --- 98.4 

2 72.0 4.2 9 .8  9 .0  2 .5  --- --- --- 97.5 
Tellur.  1 61.3 0.5 1 .1  0.6 11.2 8.3 9 . 2  7.2 99.4 

2 64.2 0.3 1 .5  0.5 16.7 3 .7  7.9 4.7 99.5 
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