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Fremdlinge and refractory metal nuggets (RMN) are perhaps the most exotic 
and least understood components of Ca-Al-rich inclusions (CAI). The large com- 
positional variability among Fremdlinge and RMN and the enigmatic nature of 
Fremdlinge, with coexisting refractory-rich and volatile-rich, highly reduced 
and highly oxidized phases, have prevented a clear understanding of their ori- 
gin. Origins as disparate as mechanical aggregation of pre-solar grains [1,2] 
and alteration of existing CAI [3] have been proposed. In a mineralogical and 
chemical study of Ur-Fremdling "Willy" [4], we concluded that Fremdlinge 
formed prior to incorporation into CAI and suggested that Fremdlinge, RMN, and 
CAI all originated within the solar nebula. An extra-solar source for Fremd- 
linge and RMN could not, however, be excluded. We report the first isotopic 
measurements of Mg, Ca, Fe, Mo, and Ru in Fremdlinge and RMN and discuss the 
implications for Fremdlinge and RMN origin. We have used the PANURGE/IMS-3F 
ion microprobe to determine the isotopic composition of discrete phases within 
Fremdlinge and of single RMN with a spatial resolution of - 1.5 to 5 um. Data 
were collected in an automated peak jumping mode at a resolution adequate to 
resolve all significant molecular interferences, ranging from - 4000 for Mg to - 5700 for Fe. Isobaric single ion interferences are discussed below. The ion 
transfer optics were normally operated in the 150 um image field to provide 
maximum sensitivity and stability and the spatial resolution was limited by 
the primary beam diameter, - 3 urn. Some Fremdlinge and all RMN analyses re- 
quired higher spatial resolution and a 25 pm image field was used; a field 
aperture then limited the transmitted secondary ion beam to the central 1.5 um 
of the sample. After all analyses the samples were examined in the SEM to con- 
firm the identity of the phases. In this initial study texturally simple 
Fremdlinge were chosen from Allende Type B CAI 5241 [5] and Egg 6 [6]. We also 
analyzed Willy in 5241, sulfide-rich Zelda in Egg 6 [7], and RMN in FUN CAI 
C1. Data are tabulated as ~ ~ i j ,  absolute deviation from normal composition 
(with no corrections) ,and Gmij , deviations after normalizing and correcting 
for fractionation. Mg. The isotopic composition of Mg was measured in (1) 
V-rich magnetite (V-Mt) in Fremdlinge 1 (Frl) in Egg 6 and Willy and Fr6 in 
5241, (2) V-rich fassaite in the rim of Egg 6 Frl and Willy, and (3) Ni-Fe 
metal in Fr3 and Fr6 in 5241. The ion probe analyses confirm the presence of 
Mg and A1 in Fremdlinge metal. The data io Table 1 reveal no significant dif- 
ferences between the isotopic composition of Mg in Fremdlinge and terrestrial 
material or Mg-rich phases in CAI. Large matrix-dependent isotopic effects due 
to ion sputtering are observed, as Mg in both terrestrial and Fremdlinge Mt 
exhibits mass-dependent fractionation of - 20°/oo/amu favoring the heavy 
isotopes. Ca. The Ca isotopic measurements concentrated on fassaite in Fremd- 
linge rims in this initial study and the data show no differences between Ca 
in Fremdlinge rim fassaite and fassaite in host CAI. Fe. The isotopic compos- 
ition of Fe was measured in (1) V-Mt from Egg 6 Frl a n T ~ r 6  and 5241 Fr3, Fr6, 
Fr7, and Willy, (2) Ni-Fe metal from 5241 Fr7, and (3) Fe-sulfide from 5241 
Fr6 and Fr7. Measurements were performed at RP - 5700 to separate 5 6 ~ e ~ C  and 
57~e+; 5 8 ~ e  was not measured due to 5 8 ~ i  contamination from the duoplasmatron. 
The correction for 5 4 ~ r ,  typically < 1°/oo, assumed 54~r/52~r=0.02753. The 
data in Table 1 show no significant deviations between Fe in Fremdlinge and 
terr. samples. The isotopic data for Fe metal disagree with literature values 
and we normalized to the measured composition of Fe metal. Matrix-dependent 
isotopic effects are again prominent as both terr. Ti-Mt and Fremdlinge V-Mt 
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(but not terr. Fe304) exhibit mass-dependent enrichment of heavy isotopes. 
Mo. The Mo isotopic composition was measured in a 20 x 50 um lath of MoS2 
Golybdenite) in Zelda. As Mo is a major element, molecular interferences were 
insignificant; Ru is a possible isobaric interference at masses 95, 98, and 
100 but the measured Ru concentration was - 80 ppm. Hydrides were negligible 
as the 92~o~+/92~o+ ratio was 1.3 x loe4. The data in Table 2 show that except 
for mass-dependent fractionation of l.bO/~~/arnu, the isotopic composition of 
Mo in Zelda is indistinguishable from that of Mo in Mo metal at the 3'/0o 
level. These high precision data severely limit the abundance of exotic nuclei 
in Fremdlinge. Ru. In a search for Fremdlinge in the FUN CAI C1 (none found), 
we discovered several RMN comprised of Ru and Ir with minor Fe and Cr. The 
largest, RMN-1, - 3 x 10 urn, was analyzed for Ru using the 25 m image field 
and a resolution of - 4200. The measured Ru isotopic composition of RMN-1 
exhibits two unusual features - an apparent 40°/00 9 8 ~ u  excess and mass- 
dependent fractionation of - 5O/oo/amu relative to Ru in terr. osmiridium 
(OsIr). A significant contribution from molecular interferences such as 
40~a42~a160+ at 98 is excluded but a contribution from 9 8 ~ 0  is possible. MO of 
0.4 wt% would produce apparent excesses of 10°/oo at 96 and 40°/oo at 98. Al- 
though the nugget was consumed, final scans revealed traces of Mo and, since a 
10°/oo excess at 96 lies within 20 of data, the 98 excess is most likely due 
to Mo. Ru in Zelda is fractionated relative to Ru in OsIr but not relative to 
normal Ru (Ru in OsIr shows a 5O/00/amu fractionation). Additional measure- 
ments are required to see if Ru belongs to the list of FLTN elements in C1. 

If Fremdlinge or RMN contain relic grains from an exploding star, large 
isotopic effects would be expected for some elements. Our data show no large 
(percent level) isotopic variations even for high Z elements Mo and Ru, 
suggesting that Fremdlinge and RMN originated within the solar nebula. 

Table 1(') N ~25~,(') &(3) - F~ 

(1) Units are Magnetite Magnetite 
Errors t 20,; (2) Terr. - 1 9 i 4  l i 4  Terr. 
Absolute deviation Egg 6 Frl -20 i 4 2 i 7 Terr. V-Mt 
relative to 5241 Willy -20 i 5 -1 i 7 Egg 6 Fr6 
25~g124Mg=0.12663; Fr3 -17 i 3 -2 i 5 Frl 
(3) Corrected for frac- 5241 Willy 
tionation assuming Fr3 
25Mg/24Mg=~.12663, Metal Fr6 
relative to 5241 Fr6 -2 i 3 1 i 16 Fr7 
2 6 ~ g / 2 4 ~ = ~  .13980; Fr3 -4 i 11 0 t 19 Metal 
(4) Absolute deviations Fassafte Terr. 
relative to Egg 6 CAI -4 i 2 1 i 4 5241 Fr7 
54~e/57~e=~.~6673, Frl - 2 i 2  - 2 i 3  Sulfide 
57~e/56~e=0.022515; 5241 CAI -7 2 -3 i 3 Terr. 
(5) Corrected for frac- Willy -8 i 1 0 i 2 5241 Fr6 
tionation assuming 
54~e/56~e=0.06673. 

Fr7 

Table 2(') 
&.La 

Mo Mo Metal Zelda MoS2 - - Normal Terr. Osmiridium 
A ~ M ~ ( ~ )  6 m ~ ~ ( ~ )  d4) 

92/93 0.62892i55 13i4 3*4 961102 0.1741 0.17975i35 Of2 
94/98 0.38887i60 3i3 -3f3 981102 0.05886 0.06012fll M 2  
95/98 0.66686f73 5*3 Of3 991102 0.4019 0.40881i54 If1 
96/98 0.69581f63 2f3 -1f3 1001102 0.3987 n.40200i54 -2i2 
97/98 0.39731f45 0*3 -1f3 1011102 0.5380 0.54298i61 3*2 

100/98 0.39557f53 -1f3 -2f3 1041102 0.5918 0.5~476i75 -1il 
- .--- - 

(1)-Units are O / * O ;  errors f 20,. (2) Absolute deviation relative to Mo metal. (3) 
for fractionation of -1.h0/~~/amu. (4) Deviation corrected for fractionation of -5 

0.1747 i16 3i9 
0.06127i46 40i8 
0.4015 i37 -2i9 
0.3984 i35 2i9 
0.5353 i5R -Xi10 
0.5930 ihh 5ill 
Deviation corrected 
.4"/../amu relative . . . . 

to normal. (5) Deviation corrected for fractionation of 5.1°/oo/amu relative to osmiridium. 
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