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      Introduction:  The building blocks of our Solar Sys-
tem were formed away from our Sun in energetic proc-
esses such as nucleosynthesis in stars, neutron addition 
processes in AGB stars and in supernovae explosions, and 
in a proton rich process also probably taking place in su-
pernovae. These processes have been going on since the 
formation of the first stars and their products were mixed 
together in the molecular cloud that ultimately collapsed 
to form our solar nebula. A fundamental question in cos-
mochemistry is how effectively isotopes formed by these 
processes were mixed in the early Solar System. Was 
mixing incomplete such that planetary bodies received 
different amounts of various stellar products? 
   Pre-solar grains provide evidence that such heterogenei-
ties do exist, at least on the scale of mineral grains.  We 
see evidence of at least three separate end members in the 
meteoritic data.  Refractory inclusions in some carbona-
ceous chondrites show large r-process (supernova) ex-
cesses [1] while most silicon carbide (SiC) and nano-
diamonds found in the residue of these carbonaceous 
chondrites show material produced solely by the s-process 
(AGB stars) [2].  A small class of SiC grains found in the 
Murchison meteorite exhibit a different isotopic pattern 
thought to be formed in a neutron burst in the He mantle 
of a supernova having a different neutron flux than the 
canonical r-process and hence another stellar component 
[3].  There are no pure p-process materials though some 
meteorites show evidence of p-process anomalies.  
     Even though the heterogeneities in pre-solar grains and 
CAIs are well classified and accepted, extending these 
differences to bulk planetary bodies have proven more 
controversial.   Small isotopic differences between chon-
dritic meteorites and the Earth have been found in O, Mo, 
Zr, Os, Cr, Sm and Nd [4-9]. We recently reported Ba 
isotopic variations in bulk chondrites with the goal of 
deducing the source and extent of these heterogeneities 
[10].   Ba is an ideal element to study because of the large 
number of isotopes, and having isotopes that are made by 
only the p-process (130,132), only the s-process 
(134,136), and isotopes made by both the r- and the s-
process (135,137,138).   Here we report results from sub-
stantial improvements in measurements of the smallest Ba 
isotopes (130 and 132, both p-process isotopes) as well as 
improved precision in 135Ba.  We also extend this work to 
include measurements of Ba from the Moon, Mars, and 
Vesta.  We will discuss problems with normalization and 
isotope fractionation.  
      Three Component Mixing:  Figure 1 shows known 
nucleosynthetic components for Ba isotopes.  Mainstream 
SiC grains have almost pure s-process material.  The stel-
lar s-process model of [11] is shown in Fig. 1a as devia-
tions from solar Ba indexed to 136Ba.  134Ba is pure s-
process so there is no deviation from solar Ba.  This 
model has solar Ba made up of 81% s-process and 19% r-

process.  The isotopic composition of the pure r-process is 
simply the inverse of the pattern seen in Fig. 1a. The neu-
tron burst in a supernova (n-process) has been modeled by 
[12] but for a more physical example, we use the heavy 
element isotope composition of SiC X-grains, specifically 
the Murchison X-grain 113-3 [13] (Fig 1b).  The Allende 
refractory inclusion EK1-4-1 [1] has moderate excesses of 
135Ba and 137Ba when normalized to 134Ba/136Ba (Fig. 1c).  
This clearly shows an r-process excess.  Mass balance of 
all the components requires a 0.075% excess of pure r-
process material to solar Ba in order to match the devia-
tion seen in 137Ba.  However, if you add an additional 
0.05% excess of X-grain material the 135Ba and 137Ba 
anomalies both come closer to the values observed in EK1-
4-1.   

  Figure 1.  Nucleosynthetic components for Ba isotopes. 
  Data from [1,11,12,13].   
    If Allende has a 0.03% excess in X-grain material com-
pared to the Earth this will match the pattern in [10] very 
well.   Thus, it seems that there must have been a method 
where the n-process material was decoupled from the r-
process material and was then heterogeneously distributed 
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throughout the inner solar system.  This apparent n-
process excess is extended to other elements besides Ba.  
Excesses in 95Mo and 96Zr have been reported in samples 
of bulk chondrites [5,6]. Also, by using Mo and Zr iso-
topic measurements in X-grains 113-2 and 113-3 [13] an 
excess of 0.01 to 0.001% neutron burst material is needed 
to fit these anomalies.   
       p-process Nuclides:  Previous studies of Ba isotopes 
[10,14] did not measure the p-process nuclides, 130Ba and 
132Ba.  Recently, it was suggested that heterogeneities in 
Sm and Nd isotopes are related to heterogeneous distribu-
tion of p-process nuclides in Sm and Nd on the order of 
100 ppm [15].  130Ba and 132Ba are such small isotopes of 
Ba that it is not possible to measure these with enough 
precision at the same time as measuring the major iso-
topes 137Ba and 138Ba.   We have established a new meas-
urement technique to obtain ultra-high precision on the p-
process nuclides where we first measure isotopes 134 
through 138, then moving the faraday cups away from 
masses 137 and 138, and raising the beam intensity to 
what would be 70V on 138Ba. The internal precision ob-
tained for each run is better than 15 ppm on both the 
130Ba/136Ba ratio and the 132Ba/136Ba ratio.  With this 
higher sensitivity, internal precisions on 135Ba/136Ba are on 
the order of 2 ppm.  Progress is now underway to repeat 
previous measurements of both ordinary and carbona-
ceous chondrites to investigate p-process heterogeneities 
and obtain improved 135Ba data.  The Sm data suggests 
that the p-process must be decoupled to the r-process, 
both taking place in a supernova as was previously also 
found for Mo [6].  Our ongoing Ba isotope measurements 
will be able to confirm this decoupling if it exists. We 
have also made a Ba double spike using both 135Ba and 
137Ba.   The double spike will be used to determine differ-
ences between samples due to isotope fractionation.   
       Barium Isotopes of Other Planetary Bodies:  Cr 
and oxygen isotopic differences are found throughout the 
inner Solar System in both differentiated and undifferen-
tiated bodies.  It is imperative to study other planetary 
bodies besides the Earth and chondrites to see if these 
isotopic heterogeneities are present throughout the Solar 
System.  The Nd isotopic composition of the Moon is 
thought to be similar to chondrites and different from the 
Earth.  Measurements are currently underway to deter-
mine the Ba isotope composition in a variety of planetary 
materials including the Moon (Apollo 14 lunar soils), 
Mars (Nakhla), and Vesta (Juvinas) among others.    
      Discussion: Ba isotopic data from both carbonaceous 
and ordinary chondrites give strong evidence of incom-
plete mixing in the solar nebula.  Other isotope heteroge-
neities such as differences in 142Nd/144Nd between Earth 
and chondrites have been explained by an early differen-
tiation process on Earth fractionating Sm from Nd with 
subsequent 146Sm decay leading to differences in the 
142Nd/144Nd ratio in the measurable silicate Earth [8]. This 
theory is difficult to prove since the Earth and chondrites 
may have started out with different 142Nd/144Nd ratios 
because of incomplete mixing in the solar nebula.  Data 

for all heavy elements with isotopic differences show an 
excess of some sort of supernova component in carbona-
ceous chondrites relative to Earth.  This fits into the pic-
ture given to us by the study of extinct nuclides.  There is 
abundant evidence for the existence of many extinct nu-
clides in the early Solar System such as 26Al and 60Fe, two 
potentially important heat sources for young planetesi-
mals.  These two nuclides were most likely created in a 
supernova within a million years of the formation of our 
Solar System.  A late injection of supernova material may 
not have been able to perfectly homogenize itself 
throughout the inner Solar System.   Investigating de-
coupling of the s-, r-,p- and n-process materials in various 
Solar System bodies in both stable isotope systems as well 
as extinct nuclides can allow us to make conclusions as to 
the source and time scales of these heterogeneities, distin-
guishing whether these heterogeneities are due to a late 
injection or if it is evidence of an old component from the 
ISM  It has been shown that anomalies in 54Cr (another 
neutron heavy isotope most likely enhanced in the n-
process) vary systematically with O isotope anomalies 
[9].  If this can be reproduced for other heavy elements it 
can help explain the origin and source of O isotope het-
erogeneities throughout the Solar System.  Our current 
isotope work is focused on exploring whether there is any 
relatively simple mixing systematics in the heavy isotopes 
of Ba, Nd, and Sm similar to that for O and Cr.  If that 
can be established then more reliable reference values for 
142Nd/144Nd for individual planetary bodies may be possi-
ble to establish. 
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