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Introduction:  Variations in the non-radiogenic 

isotope compositions of meteoritic samples (including 
bulk samples, leachates and residues of chondritic 
meteorites, as well as refractory inclusions in chon-
drites) have often been interpreted as nucleosynthetic 
signatures resulting from distinct inputs of materials 
produced as a result of p-, s-, and r-processes [1-9]. 
These isotopic compositions have been used to identify 
heterogeneity and the degree of mixing in the early 
solar nebula as well as the nature of potential carriers 
of the isotope anomalies. 

Barium, neodymium and samarium each have mul-
tiple stable isotopes. The isotopes of each of these ele-
ments have variable inputs from p-, s-, and r-process 
nucleosynthesis, making these elements ideal for an 
integrated study of nucleosynthetic signatures in me-
teoritic material. 

Previous work on refractory inclusions and various 
bulk carbonaceous chondrites (and their leachates) has 
shown excesses in the isotopes of Ba that include sig-
nificant r-process contributions (135Ba and 137Ba) [1-7]. 
Other studies have shown p-process depletions in Sm 
and Nd isotopic signatures of bulk carbonaceous chon-
drites [4,8]. In this study, we present Ba, Nd and Sm 
isotope compositions of eleven Allende refractory in-
clusions for which we have previously reported U iso-
tope compositions [10]. 

Samples and Methods: Aliquots from previously 
dissolved calcium-aluminum-rich inclusions (CAIs) of 
the Allende meteorite (from which U was separated, as 
described in [10]) were obtained for Ba, Nd, and Sm 
isotope measurements. This sample set includes three 
group II CAIs (CAI 166, 167, 175) [10]. Barium was 
separated from the CAI matrix and interfering elements 
using AG50W-X8 cation exchange resin, following the 
procedure outlined in Carlson et al. [4]. Nd and Sm 
were separated from the CAI matrix in a light rare 
earth element cut in the same column procedure. Com-
plete separation of Nd and Sm from one another (and 
other isobaric interferences) was accomplished using 
multiple passes through methalactic acid column che-
mistry.  

Isotopic measurement.  The Ba, Nd and Sm isotop-
ic compositions of the samples and standards were 
measured on a Thermo Triton thermal ionization mass 
spectrometer at Lawrence Livermore National Labora-
tory (LLNL). Internal normalization was used for cor-
rection of instrumental mass bias for all three isotope 
systems. The values of the internal normalization ratios 
used are: 134Ba/136Ba = 0.3078, 146Nd/144Nd = 0.7219, 
148Sm/150Sm = 1.523370. 

Results: Our results are shown in Figs. 1-3. In each 
figure, the patterns for group II CAIs are shown as red 
lines with red symbols, while those for non-group II 
CAIs are shown as black lines with colored symbols; 
external reproducibilities (2SD, based on multiple rep-
licates of the standard) are shown as the error bars on 
the standard (black line with solid circle symbol).  

Barium Isotopes: The Ba isotopic data for each 
CAI represents the average of three or more replicate 
analyses, with ≥200 cycles per analysis. Relative to a 
terrestrial ICP standard, CAIs of this study show an 
average excess of 0.55±0.09 ε in 135Ba/136Ba and an 
average excess of 0.17±0.10 ε in 137Ba/136Ba. The 
group II CAI 167 is not included in these statistics, as 
it represents only a one analysis consisting of 260 
cycles.  

 
 
Fig. 1 – Ba isotopic compositions of Allende CAIs, where the y-axis 
(εBa) shows the value for each Ba isotope ratioed to 136Ba, relative 
to that same ratio in the terrestrial standard in parts per 104.  In this 
and following figures, the main nucleosynthetic process and the 
percentage proportion that it represents, is shown in parenthesis 
below each isotope The prominent excess of ~0.25ε in 138Ba/136Ba in 
the group-II CAIs is the result of decay from 138La, as discussed in 
[11].  

The data (Fig. 1) show clear excesses in those Ba 
isotopes that have a significant r-process component 
(135Ba and 137Ba). These r-process excesses are consis-
tent with previous work on refractory inclusions [1,6], 
but slightly higher than reported values for bulk chon-
drites [2-5,8]. No resolvable excesses or depletions 
were detected in 130Ba and 132Ba, the isotopes produced 
by p-process only. 

Neodymium isotopes: The Nd isotopic data for the 
Allende CAIs were collected during a single dynamic 
run consisting of ≥500 cycles for most samples, and are 
shown relative to the JNdi terrestrial standard (Fig. 2). 
Data for 142Nd and 143Nd contain significant radiogenic 
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components from the decay of 146Sm and 147Sm, re-
spectively. All CAIs analyzed here display apparent 
deficits in the predominately r-process isotopes, with 
the average values: 145Nd/144Nd= -0.23±0.09 ε, 
148Nd/144Nd= -0.29±0.19 ε, 150Nd/144Nd= -0.64±0.39 ε.  

 
 
Fig. 2 – Nd isotopic compositions of Allende CAIs, where the y-axis 
(εNd) shows the value for each Nd isotope ratioed to 144Nd, relative 
to that same ratio in the terrestrial standard in parts per 104.  Note 
143Nd data is divided by 10 to fit on the same scale.  

Samarium isotopes: The Sm isotopic data represent 
one analysis of 300 cycles for each sample and are 
shown relative to the AMES terrestrial std. (Fig. 3).  

 
 
Fig. 3 – Sm isotopic compositions of Allende CAIs, where the y-axis 
(εSm) shows the value for each Sm isotope ratioed to 150Sm, relative 
to that same ratio in the terrestrial standard in parts per 104.  

Possible neutron capture effects on 149Sm and 150Sm 
were evaluated using 147Sm/152Sm normalization and 
were determined to not measurably affect these sam-
ples. The p-process only isotope 144Sm shows a signifi-
cantly greater deficit (144Sm/150Sm -1.9±0.6 ε) than that 
previously reported in bulk Allende [8]. The predomi-
nantly r-process isotopes of Sm show apparent deficits: 
147Sm/150Sm = -0.4±0.1 ε, 149Sm/150Sm = -1.1±0.3 ε, 
152Sm/150Sm = -1.6±0.5 ε, 154Sm/150Sm = -2.2±0.6 ε.  

Discussion and Conclusions: Within the analytical 
uncertainties (and with the exception of Ba isotopes in 
CAI 167), the non-radiogenic Ba, Nd and Sm isotope 
compositions of all Allende CAIs analyzed here are 
identical, implying that these CAIs formed in a region 

with a homogenous isotopic composition. However, 
this homogenous isotopic composition seen in these 
CAIs is clearly distinct from the variations seen in bulk 
meteorites, and their leachates and residues. Our data 
indicate that the Ba, Nd and Sm nucleosynthetic ano-
malies in CAIs could be largely, if not entirely, respon-
sible for the previously reported anomalies in bulk car-
bonaceous chondrites. Furthermore, using the p-
process only isotope 144Sm as a proxy for 146Sm (a p-
process only short-lived isotope that decays to 142Nd), 
it is suggested that 146Sm abundance could be overes-
timated by ~2.0 ε in CAIs. The nucleosynthetic effect 
on 142Nd directly would be much less, as only ~4% of 
142Nd is created by the p-process, with the remaining 
created during the s-process. Lastly, these data clearly 
show that r-process excesses in Ba isotopes are pre-
served along with p- and r-process deficits in Nd and 
Sm isotopes in the exact same samples. Thus, an ex-
planation is required for how relative r-process ex-
cesses in one isotope system (Ba) are recorded along 
with relative r-process deficits in other isotope systems 
(Nd and Sm) in CAIs. Central to this explanation must 
be the mechanism of how the nucleosynthetic signa-
tures preserved in CAIs relate to the average “bulk 
Solar System” composition. 

One possible scenario is injection of a small 
amount of H-event supernova material [12] between 
the time of CAI formation and condensation of the less 
refractory phases found in chondritic meteorites. Be-
cause H-event material is depleted in the r-process 
isotopes A≤140 (e.g., Ba) and enriched in r-process 
isotopes 140≤A≤200 (e.g., Nd, Sm) [13], the addition 
of a small amount of this material to the solar protopla-
netary disk from this type of supernova could theoreti-
cally explain the isotopic differences between CAIs 
and bulk Solar System material. This scenario is being 
investigated using supernova production models with 
regard to p-, s-, and r-isotope ratio variation. 
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