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Barium isotopes in individual presolar silicon carbide grains from the Murchison meteorite
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Abstract—Barium isotopic compositions of single 2.3–5.3�m presolar SiC grains from the Murchison
meteorite were measured by resonant ionization mass spectrometry. Mainstream SiC grains are enriched in
s-process barium and show a spread in isotopic composition from solar to dominantlys-process. In the
relatively coarse grain size fraction analyzed, there are large grain-to-grain variations of barium isotopic
composition. Comparison of single grain data with models of nucleosynthesis in asymptotic giant branch
(AGB) stars indicates that the grains most likely come from low mass carbon-rich AGB stars (1.5 to 3 solar
masses) of about solar metallicity and with approximately solar initial proportions ofr- ands-process isotopes.
Measurements of single grains imply a wide variety of neutron-to-seed ratios, in agreement with previous
measurements of strontium, zirconium and molybdenum isotopic compositions of single presolar SiC
grains. Copyright © 2003 Elsevier Ltd

1. INTRODUCTION

Pristine interstellar grains that predate the formation of the
solar system were first isolated from meteorites fifteen years
ago (Lewis et al., 1987). A number of different minerals have
been identified as presolar, including diamond (Lewis et al.,
1987), SiC (Bernatowicz et al., 1987; Tang and Anders, 1988),
graphite (Amari et al., 1990), corundum (Hutcheon et al., 1994;
Nittler et al., 1994), Si3N4 (Nittler et al., 1995), spinel (Choi et
al., 1998), and hibonite (Choi et al., 1999). In addition, presolar
silicates have been discovered in interplanetary dust particles
(Messenger et al., 2002). All types except diamond occur as
grains that are large enough to be analyzed individually. Their
identification as presolar grains rests on isotopic compositions
of major and minor elements, which are so anomalous com-
pared to solar composition that they must be of nuclear, not
chemical, origin. These large isotope anomalies also require
that presolar grains escaped homogenizing processes that took
place during the formation of the solar system. Each grain
samples ejecta from a single star and records evidence of
nucleosynthetic processes in that star and those that contributed
to the initial composition of that star. The best-studied presolar
grains to date are SiC, largely because they are relatively
abundant compared to other kinds of presolar grains and con-
tain a number of elements of nucleosynthetic interest.

The isotopic compositions of major elements in presolar SiC
grains have been well characterized, and this has led to a
classification based on carbon, nitrogen, and silicon isotopic
compositions (e.g., Zinner, 1998). Ion microprobe studies have
shown that�90% of SiC grains belong to the mainstream type,
the main features of which are12C/13C ratios between 20 and

100, and enhancements in14N/15N, 29Si/28Si and 30Si/28Si
compared to solar system ratios. Mainstream SiC grains are
believed to have condensed in the mass-losing envelopes of
carbon-rich low mass (�1.5 to �5 MJ) thermally pulsing
asymptotic giant branch (TP-AGB) stars. Many of these stars
are known to show SiC emission lines from circumstellar dust
(Treffers and Cohen, 1974; Olnon et al., 1986; Volk et al.,
1991) and to be enriched in the products ofs-process nucleo-
synthesis, in which neutron capture occurs at a rate slow
enough for unstable nuclei to decay before capturing another
neutron (Burbidge et al., 1957; Clayton, 1968; Wallerstein et
al., 1997). See Wallerstein and Knapp (1998) for a review of
carbon stars.

The AGB is the most advanced nuclear-burning phase of
normal stellar evolution of low- to intermediate-mass stars (up
to �8 MJ), in which the extended envelope is progressively
lost by efficient stellar winds, leaving an electron-degenerate
carbon-oxygen core as a white dwarf (Iben and Renzini, 1983;
Lattanzio and Boothroyd, 1997; Straniero et al., 1997; Mow-
lavi, 1999; Goriely and Mowlavi, 2000; Herwig, 2000). By the
time a star has reached the AGB, it has a carbon-oxygen core
and a hydrogen-rich envelope, between which is a helium- and
carbon-rich region referred to as the helium intershell. Most of
the time, hydrogen burning occurs in a shell at the base of the
envelope, producing a growing region of nearly pure helium.
This newly formed helium sinks, increasing the mass, density
and temperature of the helium intershell until helium begins
burning to12C at the base, causing a thermal runaway (Schwar-
zschild and Ha¨rm, 1965). This thermal instability causes the
helium intershell to become convective (developing a pulse-
driven convective zone) for a few tens to a few hundred years,
and mixing newly formed12C ands-process products through-
out the helium intershell. The large amount of energy released
in the thermal runaway causes the entire star to expand and
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cool, turning off hydrogen-burning at the base of the envelope.
Shortly after the quenching of the thermal pulse, the hydrogen-
rich convective envelope of the star may extend into the helium
intershell, dredging up newly synthesized material, including
helium, 12C and s-process products, in a so-called “ third
dredge-up” (TDU) event. Although the ability of stellar models
to produce third dredge-up is debated (Frost and Lattanzio,
1996; Straniero et al., 1997; Mowlavi, 1999; Herwig, 2000),
there is no question that it occurs in nature. The entire cycle of
hydrogen-burning, thermal pulsing and third dredge-up occurs
recurrently, with interpulse periods of a few thousand to a few
tens of thousands of years. With successive third dredge-up
events, the initially oxygen-rich envelope (C/O�1) becomes
progressively enriched in carbon and may eventually become
carbon-rich (C/O�1). It is generally believed that in interme-
diate-mass stars (M � �5 to �8 MJ), proton captures on
carbon at the bottom of the convective envelope (hot bottom
burning) prevent the stellar envelope from becoming carbon-
rich (Boothroyd et al., 1993).

In low-mass AGB stars, s-process nucleosynthesis occurs in
the helium intershell (see section 4.1 for more details on how
this occurs), and the products are mixed into the envelope
during third dredge-up events. Stellar winds drive mass loss
from the envelope. Oxide and silicate grains may condense in
these outflows early in the AGB phase when the envelope is
oxygen-rich. SiC grains with s-process enhancements condense
in stellar outflows during the later stages of the AGB when the
envelope is carbon-rich (Lodders and Fegley, 1995; Sharp and
Wasserburg, 1995). For a more detailed discussion of the AGB
phase and s-process nucleosynthesis see, for example, Busso et
al. (1999).

Measurements of isotopic compositions of heavy trace ele-
ments in bulk samples (aggregates of many grains) of presolar
SiC grains have shown enhancements in the s-process isotopes
of the noble gases xenon (Srinivasan and Anders, 1978; Lewis
et al., 1990, 1994) and krypton (Alaerts et al., 1980; Ott et al.,
1988; Lewis et al., 1990, 1994), as well as barium (Ott and
Begemann, 1990a,b; Zinner et al., 1991; Prombo et al., 1993),
strontium (Ott and Begemann, 1990b; Richter et al., 1992),
neodymium (Zinner et al., 1991; Richter et al., 1992, 1993),
samarium (Zinner et al., 1991; Richter et al., 1992, 1993), and
dysprosium (Richter et al., 1994a,b).

Previous studies of individual presolar SiC grains have
shown that most are enhanced in the s-process isotopes of
zirconium (Nicolussi et al., 1997a; Davis et al., 1998), molyb-
denum (Nicolussi et al., 1998a; Davis et al., 1999) and stron-
tium (Nicolussi et al., 1998b), but that the degree of s-process
enhancement can vary widely from grain to grain. These stud-
ies and the work of Gallino et al. (1997) on the interpretation of
isotopic data for heavy elements in aggregates of presolar
grains strongly suggest that most presolar SiC grains form in
mass-losing envelopes of TP-AGB stars, and that: (1) the
parent AGB stars were initially of near-solar isotopic compo-
sition and near-solar metallicity; (2) the grains came from many
AGB stars with a wide range of neutron/seed ratios, since a
particular AGB stellar model with one choice of parameters is
only capable of producing a narrow range of isotopic compo-
sition; and (3) the grains must come from AGB stars of low
mass, �1.5 to �3 MJ (Davis et al., 2001; Lugaro et al., 2003).

Our prior studies of heavy elements in single grains focused

on the first peak in the solar s-process abundance curve vs.
atomic mass at the neutron magic number N � 50. This paper
describes new measurements of the isotopic composition of
barium, the most abundant element in the second peak at the
next neutron magic number (N � 82), in single presolar grains.
Barium has seven stable isotopes. In Figure 1, the main s-
process path in the Ba region, which consists of neutron cap-
tures and �� decays, is indicated by a heavy line. Branchings
that can be activated under conditions of higher neutron density
or temperature are indicated by lighter lines. The branches at
unstable cesium isotopes are particularly important. Overall,
barium is an s-process element: �80% of its abundance in the
solar system derives from the s-process in AGB stars (Käppeler
et al., 1989; Arlandini et al., 1999; Travaglio et al., 1999).
130Ba and 132Ba are produced by the p-process and are of very
low abundance; 134Ba and 136Ba are exclusively s-process
isotopes; neutron magic 138Ba is mostly of s-process origin;
and the odd isotopes 135Ba and 137Ba are of mixed r- and
s-process contribution. While most of solar 135Ba is produced
by the r-process (74%), 137Ba has a low neutron capture cross
section and 65% of solar 137Ba is of s-process origin (Arlandini
et al., 1999; Travaglio et al., 1999).

Previous studies of barium isotopes in presolar grains used
Thermal Ionization Mass Spectrometry (TIMS) and Secondary
Ion Mass Spectrometry (SIMS) to measure isotopic composi-
tions of aggregate samples containing large numbers of �m and
sub-�m grains segregated by size, and found large enhance-
ments of the s-only isotopes 134Ba and 136Ba compared to all
other barium isotopes (Ott and Begemann, 1990a,b; Zinner et
al., 1991; Prombo et al., 1993). Ott and Begemann (1990a)
measured two aggregate SiC samples from a Murchison acid-
resistant residue and extrapolated from solar isotopic compo-
sition through their measured data to calculate the isotopic
composition of a pure s-process component. This extrapolation
was possible since they were able to measure the abundances of
the p-only isotopes 130Ba and 132Ba. Indeed any p-only isotope
is bypassed by the main s-process flow and its initial abundance
in the s-process region is destroyed by neutron captures. Since
the ratio of neutron magic 138Ba to s-only 136Ba is sensitive to
the mean neutron exposure, the extrapolated pure s-process
component compositions (which corresponds to �138Ba �
�290 � 64‰) led Ott and Begemann to conclude that the total
neutron exposure needed to explain this component was about
half that needed to explain the solar system s-process compo-
nent (which corresponds to �138Ba � �138 � 30‰). They also
found a nonsolar 134Ba/136Ba ratio, but could not show that it
was not due to instrumental mass fractionation; some later
work hinted that the nonsolar 134Ba/136Ba ratio was character-
istic of presolar SiC (Ott and Begemann, 1990b). Zinner et al.
(1991) measured size-separated SiC aggregates by SIMS in the
Murchison KJ-series separates (Amari et al., 1994) and found a
correlation between grain size and isotopic composition. Al-
though they did not measure p-only 130Ba and 132Ba, the
correlations were consistent with mixing between an s-compo-
nent and normal solar isotopic composition. They were able to
show that the grains have a nonsolar 134Ba/136Ba ratio, despite
the fact that both 134Ba and 136Ba are s-only isotopes, which
provided an additional indication that the grains sampled an
s-process component that differed from that of the solar system.

Prombo et al. (1993) measured all seven barium isotopes
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with high precision in some of the same grain size separates as
Zinner et al. (1991). They were able to decompose their barium
isotopic compositions into a pure s-process component (the
“G-component” ), and a component of solar system isotopic
composition (the “N-component” ), which they assumed to rep-
resent an initial stellar atmosphere component. Both Zinner et
al. (1991) and Prombo et al. (1993) were able to show that a
spread of G-components vs. grain size exists (�138BaG ranges
from �260 � 85 to �397 � 65‰), with decreasing values
(lower mean neutron exposures) inferred for increasing grain
size. Gallino et al. (1993) compared all of the aggregate data
with models of nucleosynthesis in low-mass AGB stars. These
models were sufficiently robust that the discrepancy between
models and grain data led these authors to suggest that the best
neutron capture cross sections for 134Ba, 135Ba, and 137Ba
available at that time, from Beer et al. (1992), were incorrect.
This suggestion was confirmed in precise measurements by
Voss et al. (1994), whose Maxwellian average cross sections of
135Ba and 137Ba are a factor of two higher than those of Beer
et al., but some additional recent measurements by Koehler et
al. (1998) have brought back a 20% discrepancy in the cross
section for 137Ba (Lugaro et al., 2003).

The long-lived isotope 135Cs (T1/2 � 2.3 Ma) accumulates
during the thermal pulsing phase of AGB stars. Lugaro et al.
(2002) compared the linear correlation between 135Ba/136Ba
and 130Ba/136Ba in the TIMS data (Ott and Begemann, 1990a;
Prombo et al., 1993) with calculated isotopic compositions for
AGB stars to show that there is no contribution to 135Ba from

decay of 135Cs after grain formation, which is consistent with the
timescale of AGB star evolution.

In this paper, we report barium isotopic compositions of single
presolar SiC grains of the dominant mainstream type. For the first
time, we report major element (carbon, nitrogen, and silicon)
isotopic compositions on the same grains for which heavy
element isotopic compositions were measured. The new data
confirm the conclusions reached from earlier studies on stron-
tium, zirconium, and molybdenum isotopes in single grains,
and we show here how the new data further constrain param-
eters in models of s-process nucleosynthesis in TP-AGB stars.

2. EXPERIMENTAL

The silicon carbide grains were separated from the Murchison me-
teorite as described by Amari et al. (1994). In brief, an interior sample
of the meteorite was disaggregated and subjected to a series of chem-
ical dissolution steps to remove silicates, metals, sulfides, and organic
matter, and separated by density into a variety of fractions containing
diamond, graphite, and silicon carbide. The SiC was further separated
by grain size. The grains studied in this work are from the size fraction
KJG (�6% by mass of the parent KJ SiC separate), with diameters
ranging from 2 to 5 �m, and having an average grain diameter of 3.02
�m (Amari et al., 1994). An aliquot of �1400 grains of KJG was
pressed onto a thin sheet of gold attached to a scanning electron
microscope mount. The grains on this mount, CHRL 108, were mapped
for silicon isotopic composition by ion imaging on the Washington
University Cameca ims-3f SIMS (Amari et al., 1999). Most were
identified as mainstream, although 11 X-grains (Pellin et al., 1999,
2000a), one Z-grain (Pellin et al., 2000b) and a unique grain with
extremely high 29Si/28Si and 30Si/28Si (Amari et al., 1999) were also
found. All of the rarer types of grains were analyzed by SIMS at

Fig. 1. Barium region of the chart of the nuclides. Percent abundances (nonitalic) are shown for each stable isotope and
laboratory half-lives (italic) for each unstable isotope (half-lives at stellar temperatures may be different, as discussed in the
text). The main s-process path is shown as a bold line and branches along the s-path are shown as finer lines; s-only isotopes
are outlined in bold lines.
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Washington University for carbon, nitrogen, and silicon isotopic com-
position, as were �50 mainstream grains. The mount was then imaged
with a scanning electron microscope and the mineralogy of all grains
was determined by energy dispersive X-ray analysis. We have previ-
ously analyzed some of the SiC grains on this mount for zirconium,
molybdenum, strontium, and barium (Pellin et al., 1999, 2000a,b,
2001). We report here the barium isotopic compositions of mainstream
grains; isotopic compositions of minor types of grains will be reported
elsewhere.

Barium isotopic compositions were measured by Resonant Ioniza-
tion Mass Spectrometry (RIMS) on the CHARISMA instrument at
Argonne National Laboratory, which has been previously described in
detail elsewhere (Ma et al., 1995; Nicolussi et al., 1997b). A description
of the most recent version of the instrument, along with a detailed
procedure for the barium analysis, is given in a companion article in
this issue (Savina et al., 2003). All data were normalized to the barium
isotopic composition of BaTiO3 powder, which was measured daily
and assumed to have normal terrestrial barium isotopic composition as
given by Lewis et al. (1983) and reproduced in Table 1 of the com-
panion article. The only significant reported variations in terrestrial
barium isotopic composition are from the Oklo natural reactor (Hidaka
et al., 1993). A total of 19 presolar SiC grains were analyzed, of which
15 had sufficient barium to permit isotopic analysis.

Barium isotopic analysis was complicated by the fact that the SiC
grain mount had been previously mapped for silicon isotopes, and most
of the grains we studied were spot-analyzed for carbon, nitrogen, and
silicon by SIMS, all using a Cs� primary ion beam. This left a
considerable amount of implanted 133Cs in the grains, which interfered
with the 134Ba and, to a lesser extent, 135Ba peaks. Figure 2 illustrates
the difficulty in extracting the 134Ba peak from the 133Cs interference.
The region near 135Ba is little affected and the baseline correction is
straightforward: an exponential function is fit to the tail of the 133Cs
peak on either side of the m/z � 135 peak and subtracted from the
spectrum. The same method was used for the m/z � 134 peak, but the
tail of the 133Cs peak here is too large and noisy to permit an accurate
baseline correction and obtain meaningful 134Ba/136Ba ratios. The
uncertainty in the measurement after baseline correction (expressed in
136Ba-normalized � values) is given by:

2� � 2(��1000)� (xBagrain �N b)

(xBagrain � Nb)
2 �

1
136Bagrain

�
1

xBastd
�

1
136Bastd

,

(1)

where Nb is the number of baseline counts subtracted from the peak,
and xBagrain, etc. are the number of atoms counted.

Barium is present in decreasing concentration in SiC grains of
increasing average size. While there are no concentration measure-
ments for KJG, about half of the single grains in size fraction KJH, the

next coarser fraction, contain less than 15 ppm Ba by weight (Amari et
al., 1995; Savina et al., 2003). Therefore, it is difficult to analyze a
virgin grain for barium and yet leave enough of the grain for carbon,
nitrogen, and silicon isotopic analysis by the usual SIMS microprobe
method, although there has been some recent success in doing so with
presolar SiC from the Indarch EH4 chondrite (Jennings et al., 2002).

Table 1. Carbon, nitrogen, silicon and barium isotopic compositions of single presolar SiC grains in Murchison grain size fraction KJG.
Uncertainties are �2�, calculated from counting statistics as explained in the text. Barium isotopic compositions are normalized to 136Ba; �xBa is
defined in the text.

Name
Diam.
(�m) 12C/13C 14N/15N

�29Si
(‰)

�30Si
(‰) �135Ba (‰) �137Ba (‰) �138Ba (‰)

031-1 3.6 59.7 � 0.7 2136 � 231 0 � 7 13 � 11 �179 � 171 �135 � 127 57 � 120
053-1 3.3 56.3 � 0.8 555 � 91 40 � 7 42 � 11 �272 � 476 �214 � 226 �232 � 170
053-5 2.8 50.3 � 1.0 646 � 136 144 � 8 108 � 12 73 � 97 33 � 70 �147 � 47
061-3 3.3 64.6 � 1.1 1215 � 187 60 � 6 67 � 11 334 � 993 �50 � 677 �185 � 466
070-1 — — — — — �552 � 111 �334 � 122 �293 � 96
089-2 5.3 27.4 � 0.3 1577 � 148 88 � 6 98 � 11 �107 � 90 �112 � 68 �168 � 51
090-5 4.0 54.2 � 0.8 3702 � 321 114 � 6 91 � 11 �713 � 33 �431 � 39 �284 � 35
113-1 3.3 57.7 � 0.8 435 � 90 73 � 6 56 � 11 �723 � 434 �672 � 395 �705 � 232
153-1 3.0 21.7 � 0.3 5370 � 1021 90 � 10 76 � 13 �408 � 76 �343 � 67 �201 � 60
166-2 3.4 52.9 � 0.8 1765 � 476 27 � 8 58 � 12 37 � 158 166 � 142 83 � 109
323-1 — 49.1 � 0.8 2176 � 492 14 � 11 13 � 14 �127 � 130 �132 � 104 �62 � 88
326-1 2.8 41.7 � 0.7 3479 � 766 51 � 10 59 � 13 �264 � 110 �256 � 87 �232 � 68
327-2 3.7 51.0 � 0.7 387 � 38 187 � 10 127 � 13 �427 � 62 �210 � 51 �257 � 37
327-4 2.3 50.1 � 1.0 2160 � 475 132 � 12 109 � 15 �72 � 194 �89 � 142 �34 � 118
342-4 2.7 63.2 � 1.5 1473 � 470 41 � 11 31 � 14 �275 � 137 �74 � 107 �141 � 79

Fig. 2. Barium resonant ionization time-of-flight mass spectra of a
terrestrial BaTiO3 standard, mainstream presolar SiC grain 327-2,
uncorrected, and mainstream presolar SiC grain 327-2, baseline-cor-
rected in the m/z � 135 region. The large peak at m/z 133 is due to
nonresonant ionization of cesium implanted during previous SIMS
analyses.
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Presolar SiC grain classification requires isotopic analysis, since the
various kinds of presolar SiC grains cannot be distinguished on the
basis of morphology or concentrations of minor elements measurable
by electron microprobe. A method of determining silicon and carbon
isotopes in these grains without using Cs� ion bombardment would
therefore be valuable.

3. RESULTS

The � values for 135Ba through 138Ba for each grain are
given in Table 1, and are plotted against one another and
compared with literature data on presolar SiC aggregates in
Figures 3 and 4. We have not plotted data for three grains for
which 2� uncertainties in �135Ba exceed 300‰. In addition to
the single grain data, an average for all grains is given in Table
2 and plotted in these figures for comparison with grain aggre-
gate studies. To obtain the average, the uncorrected spectra
were summed and the summed spectrum was baseline-cor-
rected to give a final spectrum. (This is equivalent to measuring
all the grains at once.) Table 1 shows that nearly all the grains
studied exhibit the s-process signature: 136Ba is enhanced rel-
ative to 135Ba, 137Ba, and 138Ba. This effect is expressed as
negative �135Ba, �137Ba, and �138Ba values. Such s-process
enhancements were found in previous TIMS and SIMS studies
on aggregates of many SiC grains (Ott and Begemann, 1990a;
Zinner et al., 1991; Prombo et al., 1993).

When � values are plotted against one another, the aggregate
data of Ott and Begemann (1990a), Zinner et al. (1991), and
Prombo et al. (1993) lie approximately along straight lines that
pass through solar isotopic composition (�xBa � 0‰). Solid
gray lines connecting the G- and N-components calculated by
Prombo et al. (1993) for the KJ aggregate, the parent of the size
fractions analyzed by Zinner et al. (1991), Prombo et al. (1993),
and us, are plotted in Figures 3 and 4. The single grain data
group along these lines, as does the KJG average (Figs. 3 and
4). In comparing our data for single grains with literature data
for aggregates of grains, there is a tendency for the single grains
to lie below the KJ line on plots of �138Ba vs. �135Ba and
�138Ba vs. �137Ba (Figs. 3 and 4); this is more apparent for the
pooled average composition. An incorrect 133Cs background
correction for 135Ba would cause single grain analyses to
deviate from the literature data on �137Ba vs. �135Ba and
�138Ba vs. �135Ba plots (Fig. 3) in the same way, but, since
there is no background correction for 137Ba and 138Ba, the
�138Ba vs. �137Ba plot (Fig. 4) is not affected. Thus, the 135Ba
background correction procedure does not appear to be the
cause of the discrepancy. The simplest explanation is that there
is a deficit in 138Ba in the KJG grains we analyzed.

Zinner et al. (1991) noted that their grain size separates do
not lie along a single straight line on a plot of �138Ba vs.
�135Ba, and that aggregate data for coarser grain size fractions
lie increasingly below a line passing through the KJA, KJB and
KJC data points and the origin. Our KJG average continues this
trend. Following Prombo et al. (1993), we have calculated the
G-component compositions of all literature data and our KJG
average assuming an N-component of normal solar system
barium isotopic composition and that the G-component for
each size fraction has the �135Ba value of the G-component in
KJ, �839‰. The results are shown in Table 2 and indicate that
the G-component for �137Ba remains constant at approximately
�520‰, but for �138Ba there is a clear decrease with increas-
ing grain size. In Figures 3 and 4, we have plotted lines

Fig. 4. �138Ba vs. �137Ba, comparing single presolar SiC grains and
aggregates of presolar grains. Uncertainties are �2�. Grains with
uncertainties larger than 300‰ for �135Ba are not plotted. A gray line
connects the G- and N-components calculated by Prombo et al. (1993)
for aggregate KJ. Dashed lines connecting these components for ag-
gregates KJA to KJF of Zinner et al. (1991) and KJG (this work) are
also plotted, with thicknesses increasing from KJA to KJG. See Figure
3 for legend.

Fig. 3. �137Ba and �138Ba vs. �135Ba, comparing single presolar SiC
grains and aggregates of presolar grains. Uncertainties are �2�. Grains
with uncertainties larger than 300‰ for �135Ba are not plotted. Gray
lines connect the G- and N-components calculated by Prombo et al.
(1993) for aggregate KJ. Dashed lines connecting these components for
aggregates KJA to KJF of Zinner et al. (1991) and KJG (this work) are
also plotted, with thicknesses increasing from KJA to KJG.
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connecting the G- and N-components of aggregates KJA
through KJH from our data and that of Zinner et al. (1991).

Previous studies on size-separated fractions from Murchison
have shown an isotopic composition dependent on average
particle size (Amari et al., 1994) for fractions covering the
range 0.38 to 1.86 �m (Zinner et al., 1991; Prombo et al.,
1993), and this effect may account for the fact that the new data
on KJG single SiC grains show less s-process enrichment than
previous data on aggregates of smaller-sized SiC grains. Amari
et al. (1994) found that presolar SiC grains from Murchison
follow a log-normal size distribution. Thus, in Figure 5 are
plotted �-values vs. log particle size (as measured directly by
scanning electron microscopy) for the individual grains we
analyzed, for the average data for all grains we analyzed, and
for the literature data on aggregates. A log-linear correlation
line was fitted to the grain size separates of Zinner et al. (1991)
and Prombo et al. (1993), excluding the smallest fraction, KJA,
which is anomalous and may represent the limits of centrifu-
gation in isolating grains. The average data for all the KJG
grains we analyzed lies on or very close to the correlation line
through the smaller grain size separates. The � values for 135Ba,
137Ba and 138Ba are within 3, 4 and 2 standard deviations of the
line, respectively. However, the uncertainties for the average
KJG spectra are based on counting statistics alone and, given
the real spread in � values among individual grains and the low
number of grains analyzed, are clearly an underestimate of
present uncertainties in mean � value of mainstream KJG
grains. The data sets plotted in Figure 5 were acquired by three
different techniques, yet the agreement among them for aggre-
gates is excellent and our results are consistent with the prior
observation that smaller mainstream SiC grains show the most
s-processing.

The wide grain-to-grain variability evident in the single grain
data shows that each grain is unique and retains the nucleosyn-
thetic signature of its astrophysical site of origin. Size fraction

Table 2. Barium isotopic composition calculated from the summed counts for all individual grain mass spectra, compared with previous
measurements on aggregate samples. Barium isotopic compositions are normalized to 136Ba; �xBa is defined in the text.

Average grain
size (�m)a

�135Ba �137Ba �138Ba �137Ba �138Ba

Measured G-componentb

KJGc 3.59d �302 � 24 �189 � 23 �185 � 18 �525 � 76 �514 � 65
KJFe 1.86 �496 � 40 �327 � 31 �229 � 7 �554 � 67 �387 � 32
KJEe 1.14 �560 � 51 �358 � 36 �230 � 27 �536 � 73 �344 � 52
KJDe 0.81 �716 � 2 �448 � 29 �284 � 7 �524 � 34 �332 � 8
KJCe 0.67 �711 � 27 �454 � 29 �266 � 25 �536 � 40 �314 � 32
KJBe 0.49 �721 � 21 �438 � 12 �255 � 26 �510 � 20 �297 � 31
KJAe 0.38 �306 � 40 �190 � 30 �108 � 23 �521 � 106 �295 � 74
KJEf 1.14 �595 �372 �246 �526 � 7 �348 � 10
KJDf 0.81 �601 �375 �235 �526 � 7 �331 � 10
KJCf 0.67 �622 �388 �235 �526 � 6 �319 � 9
KJf 0.24–5.9 �658 �409 �250 �522 � 5 �319 � 9
R1CPDg — �255 � 2 �159 � 1 �98 � 1 �523 � 5 �322 � 4
R1CPFg — �260 � 2 �158 � 1 �93 � 1 �510 � 5 �300 � 4

a Amari et al. (1994).
b Calculated isotopic composition of the G-component, assuming a solar isotopic composition N-component (see text).
c This work, � 2�.
d Average grain size of KJG grains analyzed in this work, weighted by the total number of Ba atoms detected.
e SIMS data of Zinner et al. (1991), from Zinner (personal communication) because the published paper contained no data table, � 2�.
f TIMS data of Prombo et al. (1993), � 2�.
g TIMS data of Ott and Begemann (1990a), � 2�.

Fig. 5. Barium isotopic composition vs. log grain diameter for
individual presolar grains, the average of the individual grains, and
aggregate samples of grain-size separates from previous studies. The
data of Zinner et al. (1991) were determined by SIMS; the remaining
literature data on aggregates were determined by TIMS. A regression
line is fitted through the aggregate grain-size separates, excluding the
KJA value of Zinner et al. (1991). Note that the KJG average, derived
from the total counts of all single grain spectra, which was not included
in the regression, lies close to the regression line.
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KJG represents only �4% of the SiC in the KJ separate from
the Murchison meteorite. We are currently improving our in-
strument and method to enable us to analyze smaller grains
(Veryovkin et al., 2001; Savina et al., 2003). This will extend
the data over a wider range and allow us to sample much
smaller grains. It is clear that there is much grain-to-grain
variation in barium isotopic composition among the large
grains, and it remains to be seen if the same is true of the
smaller grains that constitute the majority of the presolar SiC in
the meteorite.

4. DISCUSSION

We begin by discussing nucleosynthesis of barium in AGB
stars and then compare the barium isotopic compositions of
single mainstream presolar SiC grains with model predictions.

4.1. s-Process Nucleosynthesis in AGB Stars

In the last few years, detailed studies of s-process nucleo-
synthesis in AGB stars have been performed by Gallino et al.
(1997, 1998), Busso et al. (1999, 2001), Goriely and Mowlavi
(2000), and Lugaro et al. (2003). According to these studies,
the s-process in AGB stars is driven by two neutron sources:
13C(�,n)16O, activated during the interpulse period; and
22Ne(�,n)25Mg, activated during the thermal pulse. At the end
of each third dredge-up episode, some hydrogen is assumed to
be ingested into the top layers of the helium intershell. When
the helium intershell contracts after the thermal pulse and
hydrogen reignites at the base of the convective envelope, this
hydrogen reacts with the abundant 12C, via
12C(p,�)13N(���)13C, to enrich this region in 13C, making a
so-called 13C pocket. All of this 13C burns in radiative condi-

tions in the interpulse period, via 13C(�,n)16O, releasing a large
time-integrated neutron flux with relatively low neutron densi-
ties (in the range of 106 to 107 cm�3, depending on the
efficiency of the 13C pocket). The amount of hydrogen ingested
and its distribution within the helium intershell, which deter-
mines the amount and profile of the 13C pocket, depends on
hydrodynamic effects that are not well understood, so these are
relatively free parameters in AGB models (see discussion in
Busso et al., 1999). In the calculations presented here, the 13C
profile of Gallino et al. (1998) was used and only the amount of
13C was varied. Note that the extent in radial mass fraction of
the 13C pocket, where proton diffusion was assumed to occur,
is kept constant in all cases, �1/20 of the helium intershell
mass. As shorthand, we refer to this variable as 13C pocket
amount. The 22Ne is produced in the thermal pulse by the chain
14N(�,�)18F(���)18O(�,�)22Ne, where 14N results from hy-
drogen-burning ashes by the operation of the CNO cycle in the
hydrogen-burning shell. The second neutron source, the
22Ne(�,n)25Mg reaction, is marginally activated in the pulse-
driven convective zone near its maximum extension when the
bottom temperature briefly reaches 3 � 108 K, producing a small
time-integrated neutron flux with high neutron density (up to
several 109 cm�3). The duration of the neutron burst is only �6 yr
and the corresponding total neutron exposure is low. However,
the 22Ne neutron source can significantly affect the abundances
of nuclides sensitive to branchings along the s-path.

A series of s-process models for solar metallicity AGB stars
of 1.5, 3, and 5 MJ were calculated for a variety of 13C pocket
amounts. The predictions of these models for the barium iso-
topes are plotted in Figures 6 and 7. Each model assumes
initially solar isotopic and elemental composition. As 12C and
s-process isotopes are dredged up after thermal pulses, the C/O

Fig. 6. �137Ba and �138Ba vs. �135Ba, comparing single presolar grain data and predictions for (a) 1.5, (b) 3, and (c) 5
MJ AGB stars. Each point corresponds to the envelope composition after third dredge-up following each thermal pulse;
points are plotted only for pulses for which the envelope C/O � 1. The heavy straight line in each panel represents the range
of isotopic compositions previously measured in aggregate KJ by Prombo et al. (1993) (see Fig. 3). In the bottom panels
of (a) and (b), the N- and G-components are plotted with small symbols for each 13C pocket size and connected with dashed
lines.
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ratio and the proportion of s-process isotopes in the envelope
increases. In Figures 6 and 7, each case starts with a solar
isotopic composition and evolves along a line. Progressive

departure from the initial isotopic composition is due to pro-
gressive addition of s-process material from the helium inter-
shell by TDU episodes. Loss of the envelope by stellar winds
and from erosion by the advancing hydrogen-burning shell is
accounted for in the calculation. TDU is obtained self-consis-
tently in the FRANEC models used in this work (Straniero et
al., 1997), but it may depend on the specific choice of the mass
loss rate and of different algorithms for the treatment of the
border between the radiative and convective zone. Symbols are
plotted on the AGB envelope compositional evolution line only
for those pulses for which the envelope has C/O � 1. For AGB
stars of initial mass 1.5 and 3 MJ, the standard case (ST)
corresponds to the choice of the 13C pocket amount and profile
adopted by Gallino et al. (1998), which has been proven to
reproduce the main component solar abundances of low mass
AGB stars of one half solar metallicity (see also Arlandini et
al., 1999). A total range of a factor of 24 in 13C pocket amount
was explored, from one-twelfth the ST case (D12), to twice the
ST case (U2). The D12 case corresponds to essentially no
hydrogen ingestion after thermal pulses to make 13C; U2 cor-
responds to the maximum plausible 13C pocket amount. Indeed,
higher proton abundances penetrating into the top layers of the
helium intershell during TDU would not result in a higher
production of 13C nuclei, because of the concurrent effect of
proton captures on previously formed 13C to make 14N. Also,
when 13C nuclei later release neutrons via the reaction
13C(�,n)16O, the 14N acts as a strong neutron poison, thus
decreasing the effective 13C neutron exposure.

Because metallicity and 13C pocket efficiency are approxi-
mately complementary (since the ratio of the 13C pocket
amount to the metallicity determines the number of neutrons
per seed nucleus for the s-process, neglecting in first order the
effect of the 22Ne neutron source), a similar isotopic distribu-
tion can be obtained by scaling the metallicity and 13C pocket
amount by the complementary factors. For example, the s-
process isotope distribution obtained using the ST case in an
AGB model of one half solar metallicity is almost the same as
that obtained by a model with solar metallicity and U2 case.
The range of 13C pocket amounts adopted in this study has been
demonstrated by Busso et al. (2001) and Abia et al. (2001,
2002) to cover the range of s-element abundances observed in
chemically peculiar AGB stars and their descendants. It should
be clear that the solar system s-process abundance distribution
is in reality the outcome of all previous generations of AGB
stars of varying masses and metallicities lower than solar, each
of them producing a different s-process distribution of abun-
dances (see discussion in Busso et al., 1999). For 5 MJ stars,
the helium intershell and TDU efficiency are an order of
magnitude smaller than in 1.5 and 3 MJ stars, so only the D12,
D6 and D3 cases are plausible, and the mass dredged up after
each thermal pulse is an order of magnitude lower (Lugaro et
al., 2002). The 22Ne source is more efficient here, since the
maximum temperature in the bottom of the pulse-driven con-
vective zone reaches 3.2 � 108 K. Consequently, effects on
branching-dependent nuclei are more pronounced.

4.2. s-Process Nucleosynthesis of Barium

With regard to the p-process isotopes, we have calculated,
but not plotted, �130Ba and �132Ba, because the abundances of

Fig. 7. �138Ba vs. �137Ba, comparing single presolar grain data with
predictions for (a) 1.5 and (b) 3 MJ AGB stars. Each point corresponds
to the envelope composition after third dredge-up following each
thermal pulse; points are plotted only for pulses for which the envelope
C/O � 1. The heavy straight line in each panel represents the range of
isotopic compositions previously measured in aggregate KJ by Prombo
et al. (1993) (see Fig. 4). See Figure 6 for legend.
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130Ba and 132Ba were too low to measure in single SiC grains.
The calculations predict a variation in �130Ba and �132Ba from
0 to nearly �1000‰, reflecting the progressive mixing of the
G-component with the N-component. As shown in Figure 1,
130Ba and 132Ba are bypassed by the s-process path, but their
high neutron capture cross sections (Bao et al., 2000) dictate
that their initial abundances are fully destroyed by the s-process
in the helium intershell. The mass fractions of 130Ba and 132Ba
remain essentially constant in the envelope of an AGB star,
with only �2% loss of their initial abundances at the last TDU
episode, maintaining a memory of the initial N-component
composition, whereas the fraction of 136Ba and other s-process
isotopes increase with successive third dredge-up episodes.

�135Ba is linear with �130Ba and �132Ba, but the calculated
G-component has �135Ba of �846‰, not �1000‰, because a
small amount of 135Ba is produced in the s-process. This value
is in good agreement with the value of �839‰ inferred by
Prombo et al. (1993) from measurements of the Murchison KJ
fraction, the parent for the KJA to KJH grain size separates of
Amari et al. (1994).

There are a number of branchings in the s-process path (Fig.
1) that can be affected by the two neutron sources in AGB stars.
Although 134Ba and 136Ba are both s-only, their predicted ratio
shows a spread of values induced by the branch point at 134Cs.
This unstable nucleus has a half-life that is very sensitive to
temperature: the laboratory half-life is 2.06 a, while at 1 � 108

K (typical of the 13C neutron source) it decreases to 0.67 a. For
this work, the half-life at 3 � 108 K (typical of the 22Ne source)
was calculated as 33 d by averaging the �-decay rates com-
puted at selected temperatures and electron density values by
Takahashi and Yokoi (1987) over the convective pulse. In fact,
during a thermal pulse, a very large gradient in temperature and
density exists, from T � 3 � 108 K, � � 2 � 104 g cm�3 in
the bottom layers where most of the exposure occurs, to T � 1
� 107 K, � � 10 g cm�3 in the top layers. Whereas neutrons
are produced and captured locally in the various layers, the
convective overturn time in the convection zone is less than one
hour (Gallino et al., 1988; Käppeler et al., 1990; Wisshak et al.,
2001). In the 13C pocket, 134Ba is more strongly produced than
136Ba (relative to solar), because the low neutron density makes
the �-decay channel at the 134Cs branch point dominant. Dur-
ing the thermal pulse, the neutron capture channel at 134Cs is
substantially activated, despite the higher �-decay rate of
134Cs, thus 134Ba and 135Ba are partly bypassed. The abun-
dance of 134Ba in the helium intershell at the quenching of the
thermal pulse depends on the temperature at the bottom of the
convective intershell, which varies from pulse to pulse and is
sensitive to stellar mass.

The branch point at 134Cs affects other isotopes, in particular
the production of 135Ba. The neutron capture channel at 134Cs
feeds 135Cs, which is a long-lived nucleus (T1/2 � 2 Ma). Since
135Cs accumulates during the s-process, 134Ba and 135Ba are
bypassed during the thermal pulse. In the model predictions,
135Cs decays to 135Ba in the helium intershell and the envelope,
but no 135Cs was allowed to decay after SiC grain formation,
because cesium is a volatile element and is not expected to
condense into SiC grains. Lugaro et al. (2003) point out that
such AGB models show excellent agreement with the aggre-
gate data of Prombo et al. (1993) on a plot of �135Ba vs. �130Ba.
If 135Cs were allowed to decay completely before barium was

incorporated into SiC, the predicted G-component would be
�100‰ higher in �135Ba. Although the Maxwellian average
neutron capture cross sections of 134Ba, 135Ba,136Ba, and137Ba
have recently been determined with an uncertainty of 3% at 30
keV (Bao et al., 2000), the situation concerning the neutron
capture cross sections for unstable cesium isotopes is much less
satisfactory. An experimental determination has been obtained
for 135Cs, with a 10% uncertainty, whereas for the other un-
stable cesium isotopes only theoretical estimates exist with
estimated uncertainties of 30–50%. Also, the �-decay rate of
134Cs at stellar temperatures is rather uncertain (Takahashi and
Yokoi, 1987). However, using the recommended Bao et al.
(2000) cross sections and the stellar �-decay rate of 134Cs
averaged over the convective pulse, Arlandini et al. (1999)
were able to reproduce the solar 134Ba/136Ba ratio rather well
for an AGB model that best reproduces the main s-process
component of the solar system. The same was true for the
prediction of this ratio by the chemical evolution of the Galaxy
considering the contributions of all previous generations of
AGB stars preceding the formation of the solar system (Trava-
glio et al., 1999), indicating that the differences between esti-
mated and true values of the �-decay rate of 134Cs and of its
neutron capture cross section most likely compensate. Concern-
ing single presolar SiC grains, much more precise measure-
ments of barium isotope ratios in a larger number of grains are
needed to better constrain the effects of the branchings in-
volved. An important conclusion has already been reached with
respect to the measurement of the 134Ba/136Ba ratio in aggre-
gates of many grains, in which the ratio of these two s-process
isotopes was found to be nonsolar (Ott and Begemann, 1990a;
Zinner et al., 1991; Prombo et al., 1993): such nonsolar ratios can
be matched by the present AGB model predictions of low mass
stars of solar metallicity (Gallino et al., 1997; Lugaro et al., 2002).

The neutron capture channel at 135Cs produces short-lived
136Cs (T1/2 � 13 d), which decays to 136Ba. However, during
the peak neutron density from the 22Ne neutron source, a small
branch feeds the neutron magic unstable 137Cs (T1/2 � 30 a).
This nucleus has a low neutron capture cross section and
accumulates during the thermal pulse. It decays to 137Ba during
the subsequent interpulse phase. The 22Ne source is of rela-
tively increasing importance with increasing stellar mass, be-
cause of progressively higher temperatures during late thermal
pulses. On the plot of �137Ba vs. �135Ba (Fig. 6), the predicted
curves are fairly straight for 1.5 MJ (Fig. 6a), where the
�-decay channel dominates at the 136Cs branch; they bend
upwards at the end for 3 MJ (Fig. 6b), because of some
activation of the neutron capture channel of the 136Cs branch;
and the curves have a negative slope for 5 MJ (Fig. 6c),
because of the dominance of the neutron capture channel of the
136Cs branch during the later pulses when the envelope is
carbon-rich. The major uncertainties in AGB model predictions
for barium isotopes come from uncertainties in neutron capture
cross sections for the unstable cesium isotopes, all of which are
based on theoretical estimates. Additional uncertainties arise
from calculated �� decay rates.

Finally, we discuss 138Ba. As already discussed in the Intro-
duction, the 138Ba/136Ba ratio depends almost entirely on the
major neutron exposure provided by the 13C neutron source.
This is to be expected, since 138Ba is a neutron magic nucleus
and consequently has a very low neutron capture cross section.
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It therefore acts as a bottleneck in the s-process path and its
abundance increases only slightly during a thermal pulse. As
the 13C pocket amount increases, the final �138Ba in the enve-
lope varies significantly, first dropping from 0 to �300 to
�350‰, then rising to �100 to �175‰ (Figs. 6 and 7). The
model curves for each 13C pocket amount bend upwards for the
last thermal pulses, due to changes in the composition of the
G-component. To emphasize this point, we have plotted in
Figures 6a and b lines connecting the G- and N-components for
the last pulse for each 13C pocket amount. These changes
reflect the fact that the s-process distribution (in particular the
ratio of neutron magic 138Ba to s-only 136Ba) changes with the
efficiency of the 13C pocket (mean neutron exposure) as shown
in the bottom panels of Figures 6a and b. Even with a given
choice of 13C pocket amount, the s-process distribution changes
with thermal pulse number. The effect is related to both the
increased contribution of the 22Ne source and to the structural
variations of subsequent thermal instabilities, in particular to
the progressive decrease of the helium intershell mass (see
Straniero et al., 1997). The G-component in the envelope must
be considered to be the astrated helium shell material cumula-
tively mixed with the envelope by all previous third dredge-up
episodes, diminished by the fraction lost in winds.

4.3. Comparison of SIC Grains with AGB Model
Predictions

In prior studies of barium isotopes in presolar grain aggre-
gates (Ott and Begemann, 1990a; Zinner et al., 1991; Prombo
et al., 1993), the N-component was assumed to represent the
initial compositions of AGB stars, but contamination of aggre-
gates with solar system material was considered a possibility.
Comparisons of aggregate and single-grain measurements with
predictions on �138Ba vs. �135Ba plots (Fig. 6) are particularly
revealing. The isotopic composition in the envelope after each
TDU episode is indicated with a large symbol when C�O.
From Figures 6 and 7, it can be seen that predictions for AGB
stellar envelopes lie along curves, due to the changing isotopic
composition of the G-component with progressive thermal
pulses. We noted earlier that the single grain measurements
tend to lie at lower �138Ba values than the aggregate correlation
line on plots of �138Ba vs. �135Ba. Examination of Figure 6
shows that the lower �138Ba of the single grain data are con-
sistent with the model predictions for 1.5 and 3 MJ AGB stars
within analytical uncertainties, although we cannot rule out the
possibility that the single grains have some level of contami-
nation. The higher precision aggregate data lie along lines
between model predictions and solar system barium isotopic
composition. It is likely that the aggregates have suffered
varying degrees of contamination with solar system barium.
There are many potential causes for this, including: barium
contamination of SiC during laboratory separation from bulk
Murchison; the presence of barium-rich solar system phases
(Amari et al., 1994), such as hibonite, into the aggregates; and
introduction of barium into SiC grains during aqueous activity
on the Murchison parent body.

The conclusion that the aggregates lie along a line between
likely AGB envelope barium isotopic composition and solar
system composition due to varying degrees of solar system
contamination brings up the issue of whether the N-component,

the initial isotopic composition of AGB stars, is really of solar
barium isotopic composition. The fact that single SiC grains
with small �135Ba values lie near solar isotopic composition
suggests that the average N-component is of approximately
solar composition, but, as might be expected, there is some
scatter among the single grains. The AGB stellar models as-
sume solar initial isotopic composition and it appears from the
single grain data that there are no gross exceptions to this
assumption. Strontium, zirconium and molybdenum isotopic
data in single mainstream presolar SiC grains also suggest that
the parent AGB stars had initially solar proportions of p-, r- and
s-process isotopes (Nicolussi et al., 1997a, 1998a,b). A sub-
stantial improvement in analytical precision of barium isotopic
measurement of single SiC grains will be needed to further
resolve this issue.

As long as the N-component is of solar composition, the
calculated G-component is insensitive to possible contamina-
tion of presolar SiC with solar system barium. The variation in
the �138Ba of the G-component in the models parallels the
variation in the �138Ba seen in grain aggregates (Table 1 and
Figs. 3 and 4). This suggests that the population of stars
sampled in the different grain size aggregates varies in a
systematic manner such that stars characterized by smaller 13C
pocket amounts tend to grow larger SiC grains in their circum-
stellar envelopes. The reasons for this are not clear.

Despite the limited amount of data presently available, the
large spread observed in the single-grain data on the 3-isotope
plots is a strong indicator that mainstream presolar SiC grains
derive from many distinct AGB stars. The stellar models pre-
dict that the envelopes of carbon-rich 5 MJ AGB stars will
have large positive �137Ba (from the �� decay of 137Cs, see
section 4.2), which is not observed in grains within reasonable
error limits (Fig. 6c). Similar comparisons of strontium, zirco-
nium, and molybdenum data on individual SiC grains with
AGB model predictions also show that 5 MJ AGB stars pro-
duce isotopic compositions not seen in grains (Nicolussi et al.,
1997a, 1998a,b; Davis et al., 1998; Lugaro et al., 2003). This is
consistent with the fact that intermediate-mass stars are gener-
ally prevented from becoming carbon-rich because of hot bot-
tom burning. Furthermore, recent calculations show that even if
such stars do become carbon-rich, the 12C/13C ratio would lie
far outside the range observed in mainstream grains (Frost et
al., 1998). Because stars of less than �1.5 MJ do not experi-
ence third dredge-up (Straniero et al., 1997), and our data
preclude stars of 	5 MJ, the mass of the progenitor stars is
limited to �1.5 to �3 MJ. The range of the isotopic compo-
sitions observed in single grains shows that the nuclides in the
grains experienced a range of neutron exposures, consistent
with the current interpretation of spectroscopic data on various
classes of s-enhanced stars (Abia et al., 2001; Busso et al.,
2001). Although the array of possible 13C pocket amounts for
AGB stars of any given stellar mass can produce a wide array
of isotopic compositions, each 13C pocket amount can only
produce grains with a narrow range of isotopic composition.
Thus, the mainstream SiC grains must come from stars with a
variety of 13C pocket amounts. Over a limited range of metal-
licities, there is also a rough equivalence of metallicity and 13C
pocket amount: decreasing metallicity by a factor of two has
about the same effect as increasing the 13C pocket amount by
a factor of two, because both cause the neutron/seed ratio to

3210 M. R. Savina et al.



increase by a factor of two. At one-third solar metallicity and
below, this equivalence goes away, because of the increasing
importance of the 22Ne source.

Comparison of the barium data with zirconium and molyb-
denum data reveals a remaining puzzle. Zirconium and molyb-
denum measurements imply that most grains have more than
50% G-component, corresponding to �96Zr/94Zr and �92Mo/
96Mo of less than �500‰ (Nicolussi et al., 1997a, 1998a;
Davis et al., 1998). In contrast, only four of the twelve grains
plotted in this study have more than 50% G-component, cor-
responding to a �135Ba value of less than about �400‰. AGB
models clearly show that grains that have more than 50%
G-component zirconium and molybdenum should also have
more than 50% G-component barium. The discrepancy could
be due to statistics, since relatively few grains were analyzed,
but we note that strontium isotopic compositions of single SiC
grains also show many grains with less than 50% G-component
strontium (Nicolussi et al., 1998b). Strontium and barium may
be somewhat more susceptible to contamination with solar
system material, because strontium and barium elemental con-

centrations tend to show depletions relative to zirconium (Am-
ari et al., 1995). It may also be that improvements in analytical
techniques over the past few years (Savina et al., 2003) permit
analysis of grains with lower trace element contents that might
have been passed over in the earlier studies.

Most of the grains analyzed for barium isotopic composition
also had their carbon, nitrogen, and silicon isotopic composi-
tions measured. Single mainstream SiC grains are compared
with predictions for 1.5 and 3 MJ AGB stars on plots of
12C/13C, 14N/15N, �29Si and �30Si vs. �135Ba in Figure 8. There
are no statistically significant correlations between any of the
light element and barium isotopic compositions, except pos-
sibly for carbon. This is not surprising in the case of silicon,
as silicon isotopes are not significantly affected by processes
in solar metallicity AGB stars; Lugaro et al. (1999) suggest
that silicon isotopes in mainstream grains may represent
local heterogeneities in the interstellar medium at the time
the parent stars of these grains were born combined with the
general Galactic chemical trend, although Nittler (2002)
argues that the interstellar medium was well-mixed and that

Fig. 8. Light element isotopic and barium isotopic compositions in single presolar SiC grain data compared with
predictions for 1.5 and 3 MJ AGB stars. The models assumed initially solar elemental and isotopic compositions. SiC grains
with uncertainties larger than 300‰ for �135Ba are not plotted. Calculated points are plotted only for pulses for which the
envelope C/O � 1. (a) 12C/13C vs. �135Ba; (b) 14N/15N vs. �135Ba; (c) �29Si vs. �135Ba; (d) �30Si vs. �135Ba.
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the silicon isotopic variations in mainstream grains reflect
Galactic chemical evolution. Similarly, nitrogen isotopes are
not affected by third dredge-up episodes in AGB star evo-
lution. Nitrogen isotopes are modified in the envelope by
first and second dredge-up (Huss et al., 1997), but these
earlier stages do not affect barium isotopes. Nitrogen iso-
topes are significantly modified by the extramixing pro-
cesses inferred to have modified carbon isotopes in carbon
stars (see below). Extramixing before third dredge-up is a
plausible explanation of the range in nitrogen isotopic com-
position in mainstream grains.

Carbon isotopic compositions of the envelopes of AGB stars
are modified substantially during the thermal pulsing stage, as
12C from helium-burning is mixed into the envelope with each
third dredge-up episode. The 12C/13C ratio at the surface of a
low mass AGB star of initially solar metallicity is assumed to
be 89 at the end of the star’s main sequence lifetime, but it must
be different deep within the stellar envelope. Observations of
carbon stars indicate that the assumption of an initial solar
12C/13C ratio is reasonable (Wallerstein and Knapp, 1998). As
the star ascends the red giant branch, first dredge-up lowers the
12C/13C ratio at the surface to a canonical value of 20–30 and
subsequent extramixing processes may further reduce this
value (Charbonnel, 1994; Wasserburg et al., 1995). The extra-
mixing process, which may occur in red giant stars with masses
less than �2.5 MJ, lowers the 12C/13C ratio further. Compel-
ling evidence for extramixing comes from spectroscopic obser-
vations of red giant stars (Gilroy, 1989; Gilroy and Brown,
1991). Thus, the envelopes of 1.5 and 3 MJ stars have been
taken in our models to have 12C/13C ratios of 12 and 25
respectively before the first thermal pulse with third dredge up
(Fig. 8). The distribution of single mainstream grains on Figure
8a suggests that most come from stars with mass less than �2.5
MJ; none of the grains analyzed had 12C/13C in the higher
range expected for 3 MJ AGB stars. Two grains lie below the
range expected for 1.5 MJ AGB stars, which might imply a
more efficient extramixing process. Examination of carbon
isotopic analyses of all mainstream grains analyzed to date (see
Lugaro et al., 1999, for a recent plot of 14N/15N vs. 12C/13C)
shows that most mainstream grains have 12C/13C � 40. The
two grains we analyzed with lower 12C/13C trend in the direc-
tion of A and B grains (which have 12C/13C � 10) and their
origins may be related. For a discussion of A and B grains, see
Amari et al. (2001).

5. SUMMARY

Comparison of barium isotopic compositions of single main-
stream presolar SiC grains with predictions for s-process
nucleosynthesis in AGB stars shows that the grains come from
AGB stars of 1.5 to perhaps 3 MJ with initially solar propor-
tions of r- and s-process isotopes and a wide variety of 13C
pocket sizes. The average composition of the grains studied
here agrees with earlier results on grain aggregates that show
that smaller grains tend to be more enriched in s-process
isotopes than larger ones. Our data and that of Zinner et al.
(1991) suggest that stars characterized by smaller 13C pocket
size tend to produce larger diameter SiC grains. The predicted
isotopic signatures of stars of 5 MJ are not seen in any grain,
and support observations that the most massive progenitors of

carbon stars do not exceed 3–5 MJ. Carbon isotopic composi-
tions suggest that the upper mass limit of the parent AGB stars
of mainstream SiC grains may be further restricted to �2.5 MJ.
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