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The discovery of traces left by extinct L b ~ l  in some Allende inclusions 
and the existence of isotopic (I'FuN") anomalies in the EK1-4-1 and C1 inclu- - 
sions have inspired numerous investigations, many of which have looked for 
ways in which nucleosynthesis components of abnormal composition could be in- 
jected into the primitive solar nebula. The presence of a nearby supernova 
has been suggested both as the source of the 26~1, and as a possible trigger 
for the formation of the primitive solar nebula from an interstellar cloud 
(1). However, there is serious question as to whether this supernova was 
responsible for the anomalies of the "FUN1' inclusions. These inclusions show 
no evidence for extinct 26~1. More significantly, the recent evidence for 
the short-lived radionuclide lo7pd, coupled with the inferred abundances of 
12'1, indicated that a typical fraction of freshly s nthesized material in- 
jected by the supernova was in the range loq4 to lo-? (2). The anomalies seen 
in EKl-4-1 are an order of magnitude larger than this for elements in the 
same mass range. Thus the freshly-synthesized material is unlikely to form 
these anomalies. The need for the supernova still remains, owing to the 
short half-lives of 2 6 ~ 1  and lo7pd. But its availability as a source of 
anomalous isotopes, made by some unknown nuclear process, no longer seems 
likely. We wish to take the UN out of FUN. 

The general principles and hypotheses upon which we base our current 
analyses are as follows: There is no evidence that any freshly synthesized 
material injected into the primitive solar nebula is of abnormal isotopic 
composition. Isotopic anomalies in solar system samples may be decomposed 
into individual nucleosynthetic components which have been subjected to sepa- 
rate mass and component fractionations. 

There are two distinct types of fractionation at work. The first is 
simply mass fractionation, the preferential evaporation or chemical exchange 
of one isotope relative to another on the basis of its mass. Such fractiona- 
tions are common both in nature and in the instruments used to measure iso- 
tope abundances. Clearly mass fractionation is most important in the lightest 
elements, where the relative mass differences between isotopes are greatest. 
The other type might be called component fractionation. The isotopes of most 
elements may be made by several different nucleosynthetic processes; if one 
process should contribute more than its normal share of material, then iso- 
topes made by that process will appear to be anomalous. 

Our method of decomposition into nucleosynthetic components differs from 
that of D.D. Clayton (3) (to whom we are indebted for a useful discussion of 
neutron capture cross sections) in that he attempted to make the case for 
special and general anomalies in the data,while we have looked to see, for 
any particular element,whether the nucleosynthesis components have been re- 
mixed in different proportions in EK1-4-1 and C1. For a typical heavy ele- 
ment, we have begun by removing a general mass fractionation (which could be 
instrumental) in such a way that the products of the s-process have zero ex- 
cess abundances. In separating s-process contributions fromthose of the r- 
process, we have had considerable freedom to make adjustments, because the 
probable errors of calculated cross sections are about a factor of two (41,  
and measured probable errors are substantial (3). Within these fairly gene- 
rous error limits, we have found that for every heavy element measured in 
EK1-4-1 and C1 it is possible to interpret the p-process and r-process abun- 
dances as having a constant (positive or negative) excess. Therefore, for each 
element, a renormalization of the nucleosynthetic components is an allowable 
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interpretation. The renormalized abundances of these components are shown in 
Table I. 

A discussion of the decomposition of calcium into nucleosynthetic compo- 
nents has been given elsewhere by one of us (5). It appears probable that 
42~a, 43~a, and 4 4 ~ a  are primarily products of the s-~rocess, and the decompo- 
sition was so based. The depletion of 40Ca in EK1-4-1 indicates a depletion 
of Si-burning (or possibly explosive oxygen burning) for that inclusion. 48~a, 
a product of neutron-rich silicon burning, varies between the inclusions; 4 6 ~ a  
may have a contribution from this process and possibly also an r-process con- 
tribution, but the measurement errors are so large for this isotope that no 
secure conclusions can be drawn about its behavior. 

The light elements Mg, Si, and 0 have no s-process components, and they 
show large mass fractionation trends in EK1-4-1 and C1. All of the Mg iso- 
topes are products of explosive carbon burning. The Mg isotopes in Cl and 
EK1-4-1 show very large fractionations -- as much as 6% -- with a non-linear 
trend that follows naturally from such large fractionations (Table 111). 

Silicon has a similar fractionation attern, except that the apparent 
"deficit" of 3 0 ~ i  is larger than that of q6Mg. Here the situation is compli- 
cated by the fact that 2 9 ~ i  and 3 0 ~ i  are the products of explosive carbon- 
burning, but 28~i is partly made by this process, partly by explosive oxygen- 
burning, and partly by silicon-burning. Therefore there may be a deficit in 
the contribution of one of these processes in addition to the natural slightly 
non-linear mass fractionation effect. 

Oxygen isotopes 170 and 180 show a relative fractionation trend of 10%o 
in both Cl and EK1-4-1 similar to (for EK1-4-1, almost exactly halfway bet- 
ween) the levels of enrichment seen in Si and Mg. Presumably this oxygen also 
participated in the mass fractionation process, perhaps as MgO and SiO. There 
is also an enrichment of 160, presumably representing an addition of a product 
of helium-burning or explosive carbon-burning. The excess 160 needed to be 
compatible with the mass fractionation trend is 43%0, typical of a number of 
Allende inclusions (6) . 

Having separated the anomalous isotopes by their nucleosynthetic ances- 
try, we must now consider how such a separation could have occurred. Products 
of the s-process are mixed into red giant stellar envelopes, a region not too 
different from typical "solar nebula" conditions; the elements we considered 
here should form oxides by the normal condensation sequence and be located in 
similar mineral phases. The r-process appears to occur in a supernova He 
zone, which is H-poor and may be C-rich; Sm, Nd, Mg and Si may still be 
oxides, but Ca, Ba and Sr could be sulfides and thus separated from the other 
elements. In any event, the mineralogy of the region could be quite different 
from a solar nebula. The p-process is spread over zones of explosive carbon- 
and oxygen-burning, with a varying C/O ratio, with likewise varying mineral 
phases condensing. 

Upon stellar injection, grains are formed which become part of the inter- 
stellar medium. Different nucleosynthetic contributions to a given element 
will be spread over different mineral phases. It is likely that a high degree 
02 homogenization per unit v~lume of space will be achieved by grain mixing, 
and the initial solar nebula is likely to have a uniform mixture of the 
various types of grains. Hence it is not surprising that most solar System 
materials do not exhibit detectable isotopic anomalies. 

What is required to produce the component fractionation is selective eva- 
poration from these grains of the different mineral phases under conditions in 
which the evaporated gas becomes physically separated from the evaporating SO- 
lid. Different process components, present in different mineral phases, will 
thus evaporate at different rates. Note that precisely this environment can 
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TABLE 11 Anomalies, parts in 10 
4 

TABLE I Anomalies, parts in 10 
4 

TABLE I11 Anomalies, parts in loJ 

process 

P 
r 
S 

also lead to large mass fractionations. 
It has been emphasized by Cameron (7, 8, 9) and D.D. Clayton (10, 11) 

that the primitive solar nebula was not hot enough beyond the orbit of Mercury 

Nd 

model 
20.1 
39.6 1 

7.5 1 
14.7 1 

Mg 25 
Mg 26 

Si 29 
Si 30 

to completely evaporate interstellar grains. Nonetheless, we know such eva- 

Sm S r 
C1 

4 
0 

model assumes N/N = exp ( -  ( (m/nbaSe) 1/2-1) const .t) 
0 .----------------- ................................................... 

poration and recondensation must have occurred (cf. Boynton (12)). One candi- 

C1 
15+5 
224 

- 0  

- 
C1 
-822 
0220 
0 

Ba 
' EK1-4-1 

32.421.6 
0 

C 1 
29.421 
57.7t0.7 

12.5 
23.4 

date to provide a suitable environment for this process is a giant gaseous 

EK1-4-1 
3123 
36+3 
0 

EK1-4-1 
-32t2 
0220 
0 

C1 
-6+10 

-2.6k1.0 
0 

protoplanet (13) formed as a result of a gravitational instability in the so- 

EK1-4-1 
0210 
17t3 
0 

model I EK1-4-1 

lar nebula. The evolution of these objects is expected to lead to the forma- 
tion of a planetary core through growth and rainout of liquified mineral drop- 
lets (14). Subsequently the region of molten droplets will overlie a region 
where minerals will evaporate. Falling droplets thus satisfy the component 

29.5 
58.1 

12.5 
24.5 

fractionation requirements. Upon tidal stripping of the envelope, condensa- 

20.8t0.8 
38.2k1.5 

7.5 
12.8 

tion of material in the evaporation region may produce objects like Allende 
inclusions. 
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