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SYNTHESIS OF ELEMENTS IN STARS

STARS SHOWING RESULTS OF s-PROCESS
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PLAT. E 5„.
PxATE 3. Portions of the spectra of stars showing the results of the s process. Upper: (a) Normal G-type star,

a Geminorum. (b) Ba II star, HD 46407, showing the strengthening of the lines due to the s-process elements
barium and some rare earths. Middle: (c) M-type star, 56 Leonis, showing TiO bands at XX 4584 and 4626. (d)
5-type star, R Andromedae, showing Zro bands which replace the TiO bands. Lines due to Sr I, Zr I, and BaII are
all strengthened. Lower.' (c) Another spectral region of the M-type star, 56 Leonis; note that Tc I lines are weak or
absent. (d) R Andromedae; note the strong lines of Tc I. The spectrum of R Andromedae was obtained by P. W
Merrill, and the upper two spectra by K. M. and G. R. Burbidge.
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Microscopic stardust is found inside meteorites    
Allende meteorite 

(Mexico, 1969) 
Carbonaceous 

chondrite  

Chondrules 
size ~ 1 mm 

Matrix: 
amalgam of 
amorphous 
material and 
crystals of 
very small 

dimensions 
size ~ 1 µm 

Stardust grains 

Can we derive stellar 
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How do we know that this 
grain came from a star? 



Ø  In the Solar System 12C/13C=89  
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How do we know that this 
grain came from a star? 



Ø  In the Solar System 12C/13C=89  
Ø  In this grain 12C/13C=50 

How do we know that this 
grain came from a star? 



How did stardust travel to us? 

Stellar grains were 
ü  born in circumstellar regions 

around ancient stars, 
ü  ejected into the interstellar 

medium, 
ü  preserved during the 

formation of the solar 
system, and 

ü  trapped inside primitive 
meteorites from where they 
are now extracted and 
analysed. 
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S. Desidera et al.: Is beryllium ultra-depletion in solar-type stars linked to the presence of a white dwarf companion?

Fig. 1. Example of the spectra for our sample stars in two different
wavelength regions.

vate communication). For consistency with our previous analysis
and s-process element abundances, we assumed Teff,⊙=5770K,
log g⊙=4.44 cm s−2, ξ⊙=1.1 km s−1, and log n(Fe)⊙=7.52. Our
analysis results in a carbon solar abundance of A(C)⊙=8.30,
which is lower than typical literature values, such as e.g.,
A(C)=8.52±0.06 by Grevesse & Sauval (1998). However, since
our analysis is strictly differential with respect to the Sun, this
does not affect our conclusions.

Stellar parameters (Teff, logg, microturbulence velocity ξ)
and metallicity ([Fe/H]) were retrieved from the study by
Takeda et al. (2007), who published Li abundances for our
four stars (within a total sample of 118 stars). We refer to
Takeda et al. (2007) for an extensive discussion on the accu-
racy of the atmospheric parameters derived trough the spec-
troscopic procedure (excitation/ionisation equilibrium condition
and curve-of-growth matching). Uncertainties on the derived
abundances were evaluated following the same approach as in
D’Orazi et al. (2009, 2011, 2012). The total internal errors re-
lated to the best-fit determination and to the adopted set of stel-
lar parameters range from 0.13 to 0.15 dex, depending on the
species, with Ba affected by larger uncertainties given the almost
saturated behaviour of the line at 5853 Å (ξ is by far the domi-
nant source of error). Following Takeda et al. (2007) we adopted
errors of 20 K, 0.05 dex, 0.10 kms−1, and 0.02 dex for Teff, logg,
ξ, and input metallicity [Fe/H], respectively.

3.2. Results

Our results are reported in Table 1, where we list stellar parame-
ters (from Takeda et al. 2007), V magnitudes and B − V colours,
along with abundances for carbon and s-process elements. We
found a solar composition in terms of Y, Zr, Ba, and La for HIP
32673, with a mean value [s/Fe]=0.01±0.01 (rms=0.03). The

Fig. 2. Spectral synthesis for star HIP 64150 for the Y ii, Zr ii, Ba ii and
La ii lines.

Fig. 3. Comparison of HIP 64150 (blue solid line) and HIP 75676 (red
dotted line)

star HIP 17336 exhibits, on the other hand, a sub-solar s-process
element content, being the average [s/Fe]=−0.27±0.03; in this
case we could not derive the La abundance because of a cosmic
ray falling on the La line at 4087Å.

Interestingly, we identified a new Ba star, i.e., HIP 75676:
this star is characterised by a high over-abundance of s-process
elements, both first-peak Y and Zr and second-peak Ba and La,
with a mean value of [s/Fe]=1.16±0.02.

Finally, HIP 64150 reflects a mild super-solar abundance pat-
tern in terms of s-process elements ([s/Fe]=0.21±0.01). This star
has been previously analysed by Ramírez et al. (2009), who de-
rived [Ba/Fe]=0.15±0.05; the small difference (∆=0.09±0.10),
which is within the measurement uncertainties, can be explained
by the difference in the microturbulence velocity since we
have adopted the value of ξ=1.03 by Takeda et al. 2007, while
Ramírez et al. 2009 obtained ξ=1.14 kms−1.
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Takeda et al. (2007), who published Li abundances for our
four stars (within a total sample of 118 stars). We refer to
Takeda et al. (2007) for an extensive discussion on the accu-
racy of the atmospheric parameters derived trough the spec-
troscopic procedure (excitation/ionisation equilibrium condition
and curve-of-growth matching). Uncertainties on the derived
abundances were evaluated following the same approach as in
D’Orazi et al. (2009, 2011, 2012). The total internal errors re-
lated to the best-fit determination and to the adopted set of stel-
lar parameters range from 0.13 to 0.15 dex, depending on the
species, with Ba affected by larger uncertainties given the almost
saturated behaviour of the line at 5853 Å (ξ is by far the domi-
nant source of error). Following Takeda et al. (2007) we adopted
errors of 20 K, 0.05 dex, 0.10 kms−1, and 0.02 dex for Teff, logg,
ξ, and input metallicity [Fe/H], respectively.

3.2. Results

Our results are reported in Table 1, where we list stellar parame-
ters (from Takeda et al. 2007), V magnitudes and B − V colours,
along with abundances for carbon and s-process elements. We
found a solar composition in terms of Y, Zr, Ba, and La for HIP
32673, with a mean value [s/Fe]=0.01±0.01 (rms=0.03). The
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star HIP 17336 exhibits, on the other hand, a sub-solar s-process
element content, being the average [s/Fe]=−0.27±0.03; in this
case we could not derive the La abundance because of a cosmic
ray falling on the La line at 4087Å.

Interestingly, we identified a new Ba star, i.e., HIP 75676:
this star is characterised by a high over-abundance of s-process
elements, both first-peak Y and Zr and second-peak Ba and La,
with a mean value of [s/Fe]=1.16±0.02.

Finally, HIP 64150 reflects a mild super-solar abundance pat-
tern in terms of s-process elements ([s/Fe]=0.21±0.01). This star
has been previously analysed by Ramírez et al. (2009), who de-
rived [Ba/Fe]=0.15±0.05; the small difference (∆=0.09±0.10),
which is within the measurement uncertainties, can be explained
by the difference in the microturbulence velocity since we
have adopted the value of ξ=1.03 by Takeda et al. 2007, while
Ramírez et al. 2009 obtained ξ=1.14 kms−1.
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racy of the atmospheric parameters derived trough the spec-
troscopic procedure (excitation/ionisation equilibrium condition
and curve-of-growth matching). Uncertainties on the derived
abundances were evaluated following the same approach as in
D’Orazi et al. (2009, 2011, 2012). The total internal errors re-
lated to the best-fit determination and to the adopted set of stel-
lar parameters range from 0.13 to 0.15 dex, depending on the
species, with Ba affected by larger uncertainties given the almost
saturated behaviour of the line at 5853 Å (ξ is by far the domi-
nant source of error). Following Takeda et al. (2007) we adopted
errors of 20 K, 0.05 dex, 0.10 kms−1, and 0.02 dex for Teff, logg,
ξ, and input metallicity [Fe/H], respectively.

3.2. Results

Our results are reported in Table 1, where we list stellar parame-
ters (from Takeda et al. 2007), V magnitudes and B − V colours,
along with abundances for carbon and s-process elements. We
found a solar composition in terms of Y, Zr, Ba, and La for HIP
32673, with a mean value [s/Fe]=0.01±0.01 (rms=0.03). The

Fig. 2. Spectral synthesis for star HIP 64150 for the Y ii, Zr ii, Ba ii and
La ii lines.

Fig. 3. Comparison of HIP 64150 (blue solid line) and HIP 75676 (red
dotted line)

star HIP 17336 exhibits, on the other hand, a sub-solar s-process
element content, being the average [s/Fe]=−0.27±0.03; in this
case we could not derive the La abundance because of a cosmic
ray falling on the La line at 4087Å.

Interestingly, we identified a new Ba star, i.e., HIP 75676:
this star is characterised by a high over-abundance of s-process
elements, both first-peak Y and Zr and second-peak Ba and La,
with a mean value of [s/Fe]=1.16±0.02.

Finally, HIP 64150 reflects a mild super-solar abundance pat-
tern in terms of s-process elements ([s/Fe]=0.21±0.01). This star
has been previously analysed by Ramírez et al. (2009), who de-
rived [Ba/Fe]=0.15±0.05; the small difference (∆=0.09±0.10),
which is within the measurement uncertainties, can be explained
by the difference in the microturbulence velocity since we
have adopted the value of ξ=1.03 by Takeda et al. 2007, while
Ramírez et al. 2009 obtained ξ=1.14 kms−1.
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and s-process element abundances, we assumed Teff,⊙=5770K,
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our analysis is strictly differential with respect to the Sun, this
does not affect our conclusions.

Stellar parameters (Teff, logg, microturbulence velocity ξ)
and metallicity ([Fe/H]) were retrieved from the study by
Takeda et al. (2007), who published Li abundances for our
four stars (within a total sample of 118 stars). We refer to
Takeda et al. (2007) for an extensive discussion on the accu-
racy of the atmospheric parameters derived trough the spec-
troscopic procedure (excitation/ionisation equilibrium condition
and curve-of-growth matching). Uncertainties on the derived
abundances were evaluated following the same approach as in
D’Orazi et al. (2009, 2011, 2012). The total internal errors re-
lated to the best-fit determination and to the adopted set of stel-
lar parameters range from 0.13 to 0.15 dex, depending on the
species, with Ba affected by larger uncertainties given the almost
saturated behaviour of the line at 5853 Å (ξ is by far the domi-
nant source of error). Following Takeda et al. (2007) we adopted
errors of 20 K, 0.05 dex, 0.10 kms−1, and 0.02 dex for Teff, logg,
ξ, and input metallicity [Fe/H], respectively.

3.2. Results

Our results are reported in Table 1, where we list stellar parame-
ters (from Takeda et al. 2007), V magnitudes and B − V colours,
along with abundances for carbon and s-process elements. We
found a solar composition in terms of Y, Zr, Ba, and La for HIP
32673, with a mean value [s/Fe]=0.01±0.01 (rms=0.03). The

Fig. 2. Spectral synthesis for star HIP 64150 for the Y ii, Zr ii, Ba ii and
La ii lines.

Fig. 3. Comparison of HIP 64150 (blue solid line) and HIP 75676 (red
dotted line)

star HIP 17336 exhibits, on the other hand, a sub-solar s-process
element content, being the average [s/Fe]=−0.27±0.03; in this
case we could not derive the La abundance because of a cosmic
ray falling on the La line at 4087Å.

Interestingly, we identified a new Ba star, i.e., HIP 75676:
this star is characterised by a high over-abundance of s-process
elements, both first-peak Y and Zr and second-peak Ba and La,
with a mean value of [s/Fe]=1.16±0.02.

Finally, HIP 64150 reflects a mild super-solar abundance pat-
tern in terms of s-process elements ([s/Fe]=0.21±0.01). This star
has been previously analysed by Ramírez et al. (2009), who de-
rived [Ba/Fe]=0.15±0.05; the small difference (∆=0.09±0.10),
which is within the measurement uncertainties, can be explained
by the difference in the microturbulence velocity since we
have adopted the value of ξ=1.03 by Takeda et al. 2007, while
Ramírez et al. 2009 obtained ξ=1.14 kms−1.
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star HIP 17336 exhibits, on the other hand, a sub-solar s-process
element content, being the average [s/Fe]=−0.27±0.03; in this
case we could not derive the La abundance because of a cosmic
ray falling on the La line at 4087Å.

Interestingly, we identified a new Ba star, i.e., HIP 75676:
this star is characterised by a high over-abundance of s-process
elements, both first-peak Y and Zr and second-peak Ba and La,
with a mean value of [s/Fe]=1.16±0.02.

Finally, HIP 64150 reflects a mild super-solar abundance pat-
tern in terms of s-process elements ([s/Fe]=0.21±0.01). This star
has been previously analysed by Ramírez et al. (2009), who de-
rived [Ba/Fe]=0.15±0.05; the small difference (∆=0.09±0.10),
which is within the measurement uncertainties, can be explained
by the difference in the microturbulence velocity since we
have adopted the value of ξ=1.03 by Takeda et al. 2007, while
Ramírez et al. 2009 obtained ξ=1.14 kms−1.

Article number, page 3 of 6

Wavelength	
  (Å)	
  

N
or
m
al
ise

d	
  
Fl
ux
	
  

Large	
  
uncertainMes!	
  
typically	
  100%	
  	
  

Need	
  a	
  
model	
  

Telescopes	
  versus	
  Stardust:	
  the	
  uncertainCes	
  

Courtesy	
  of	
  
ValenMna	
  
D’Orazi	
  



Mass	
  
Spectrometry,	
  
no	
  need	
  of	
  
models	
   10x103

8

6

4

2

0

To
ta

l c
ou

nt
s

60
50
40
30
20
10

0

80

60

40

20

0
100989796959492

Mass

C-113-3
X-grain

C-113-1
mainstream grain

Terrestrial standard

Telescopes	
  versus	
  Stardust:	
  the	
  uncertainCes	
  

Small	
  uncertainMes!	
  typically	
  10%	
  	
  

Courtesy	
  of	
  
Andrew	
  
Davis	
  	
  



Telescopes	
  versus	
  Stardust:	
  the	
  isotopes:	
  	
  

Isotopic	
  abundances	
  
are	
  impossible	
  or	
  
difficult	
  to	
  derive:	
  

Isotopic	
  abundances	
  
are	
  the	
  standard	
  
output:	
  



Telescopes	
  versus	
  Stardust:	
  the	
  isotopes:	
  	
  

Isotopic	
  abundances	
  
are	
  impossible	
  or	
  
difficult	
  to	
  derive:	
  

Isotopic	
  abundances	
  
are	
  the	
  standard	
  
output:	
  

fr(151Eu)=151Eu/Eu	
  

L68 AOKI ET AL. Vol. 592

TABLE 1
Program Stars and Observations

Star Exposurea Signal-to-Noise Ratiob
Observation Date

(JD)
Radial Velocity
(km s!1) [Fe/H]/T / log g/ veff micro

vmacro
(km s!1)

LP 625!44 . . . . . . . . . . 270 (9) 137 2002 Aug 22 (2,452,509) 28.41 ! 0.19 5500/2.5/!2.7/1.2 6.69 ! 0.13
CS 31062!050 . . . . . . 390 (13) 124 2002 Aug 23 (2,452,510) 11.51 ! 0.17 5600/3.0/!2.4/1.3 5.30 ! 0.40
HD 6268 . . . . . . . . . . . . . 100 (5) 304 2002 Aug 22 (2,452,509) 40.13 ! 0.15 4600/1.0/!2.5/2.1 7.27 ! 0.27

a Total exposure time (in minutes) and number of exposures.
b Signal-to-noise ratio per 0.012 Å pixel at 4000 Å.

Fig. 1.—Comparison of the observed spectra (filled circles) and synthetic
ones (lines) for the Eu ii 4205 Å line. The name of the object and the adopted
fr(151Eu) value are presented in each panel. The solid line shows the synthetic
spectra for the adopted fr(151Eu); the dotted and dashed lines show those for
ratios that are smaller and larger by 0.10 in fr(151Eu), respectively. The dot-
dashed lines show the synthetic spectra for no Eu. The weak blending at
4205.09 Å in the spectrum of HD 6268 (top) is due to V ii, whose effect is
negligible in the two subgiants. The wavelengths and relative strength of the
hyperfine components for 151Eu and 153Eu are shown in the top panel.

strong Eu lines, comparable to those in the two s-process
element–enhanced stars.
The [Ba/Eu] values of LP 625!44 and CS 31062!050 de-

rived in our previous studies (Aoki et al. 2002a, 2002b) are
1.09 and 0.46, respectively. These are more than 1 dex higher
than the value of the r-process component in solar system
material (!0.69; Arlandini et al. 1999). While the [Ba/Eu]
value of LP 625!44 is similar to that of the solar system s-
process component ("1.15), the value of CS 31062!050 is
significantly lower. However, low [Ba/Eu] values (∼0.4) are

predicted by some AGB nucleosynthesis models (e.g., Goriely
& Mowlavi 2000) for metal-deficient stars, for which high
neutron exposure is expected because of the high ratios of
neutrons per seed nuclei. Indeed, the value of [Ba/Eu] ∼ 0.4 is
not unusual in carbon-rich metal-deficient stars such as CS
31062!050 (e.g., Aoki et al. 2002a; Johnson & Bolte 2002).
To explain these [Ba/Eu] values by contamination from the r-
process, we must assume a very large enhancement of r-process
elements ([Eu/Fe] ∼ "1.5–1.8), similar to that in extremely
r-process–enhanced stars, such as CS 31082!001 (Cayrel et
al. 2001), which are known to be quite rare. For these reasons,
we assume in the following discussion that the majority of the
Eu in CS 31062!050, as well as in LP 625!44, originates
from the s-process.
The observations that we report here were made with the

Subaru Telescope High Dispersion Spectrograph (HDS; No-
guchi et al. 2002) in 2002 August. The wavelength range cov-
ered was 3100–4700 Å, with a resolving power .R p 90,000
The total exposure times and signal-to-noise ratios obtained are
listed in Table 1.
The heliocentric radial velocities measured for our spectra

are given in Table 1. Aoki et al. (2000) already reported a
variation of radial velocities for LP 625!44, which is con-
firmed by the present measurement. For CS 31062!050, a
change of radial velocity from the previous measurement
( km s!1 by Aoki et al. 2002a) was also detected.V p 7.75r

These results suggest the binarity of these stars and strongly
support the mass transfer scenario for the enrichment of s-
process elements.

3. ANALYSIS AND RESULTS

We adopted the Eu line data, including the hyperfine splitting
and isotope shifts, provided by Lawler et al. (2001). The isotope
fractions of 151Eu [fr(151Eu)p 151Eu/(151Eu" 153Eu)] were mea-
sured by fitting observed spectra with synthetic ones calculated
for the Eu lines, using the model atmospheres of Kurucz (1993)
and atmospheric parameters derived in the previous studies
(Aoki et al. 2002a, 2002b). The macroturbulent velocity was
estimated by fitting a Gaussian profile to clean Fe and Ti lines
detected in the same spectrum for each object (see Table 1).
Our careful investigation of the HDS instrumental profiles
around the Eu lines used in the analysis showed that the profile
is quite symmetric. Hence, a Gaussian profile approximation
is sufficient for the analysis of stellar spectra that are further
broadened by macroturbulence.
Figure 1 shows the spectra of the Eu ii l4205 line in our three

program stars. In the calculation of synthetic spectra, blending
by other species is included using the comprehensive line list of
Kurucz & Bell (1995) and the CH and CN line lists produced
in Aoki et al. (2002a). The dot-dashed lines show the synthetic
spectra calculated without the Eu ii contribution. The absorption
around 4205 Å is dominated by Eu ii. In the top panel, the line
positions of both Eu isotopes are shown. Since the hyperfine

Aoki	
  et	
  al.	
  
(2003)	
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TABLE 1
Program Stars and Observations

Star Exposurea Signal-to-Noise Ratiob
Observation Date

(JD)
Radial Velocity
(km s!1) [Fe/H]/T / log g/ veff micro

vmacro
(km s!1)

LP 625!44 . . . . . . . . . . 270 (9) 137 2002 Aug 22 (2,452,509) 28.41 ! 0.19 5500/2.5/!2.7/1.2 6.69 ! 0.13
CS 31062!050 . . . . . . 390 (13) 124 2002 Aug 23 (2,452,510) 11.51 ! 0.17 5600/3.0/!2.4/1.3 5.30 ! 0.40
HD 6268 . . . . . . . . . . . . . 100 (5) 304 2002 Aug 22 (2,452,509) 40.13 ! 0.15 4600/1.0/!2.5/2.1 7.27 ! 0.27

a Total exposure time (in minutes) and number of exposures.
b Signal-to-noise ratio per 0.012 Å pixel at 4000 Å.

Fig. 1.—Comparison of the observed spectra (filled circles) and synthetic
ones (lines) for the Eu ii 4205 Å line. The name of the object and the adopted
fr(151Eu) value are presented in each panel. The solid line shows the synthetic
spectra for the adopted fr(151Eu); the dotted and dashed lines show those for
ratios that are smaller and larger by 0.10 in fr(151Eu), respectively. The dot-
dashed lines show the synthetic spectra for no Eu. The weak blending at
4205.09 Å in the spectrum of HD 6268 (top) is due to V ii, whose effect is
negligible in the two subgiants. The wavelengths and relative strength of the
hyperfine components for 151Eu and 153Eu are shown in the top panel.

strong Eu lines, comparable to those in the two s-process
element–enhanced stars.
The [Ba/Eu] values of LP 625!44 and CS 31062!050 de-

rived in our previous studies (Aoki et al. 2002a, 2002b) are
1.09 and 0.46, respectively. These are more than 1 dex higher
than the value of the r-process component in solar system
material (!0.69; Arlandini et al. 1999). While the [Ba/Eu]
value of LP 625!44 is similar to that of the solar system s-
process component ("1.15), the value of CS 31062!050 is
significantly lower. However, low [Ba/Eu] values (∼0.4) are

predicted by some AGB nucleosynthesis models (e.g., Goriely
& Mowlavi 2000) for metal-deficient stars, for which high
neutron exposure is expected because of the high ratios of
neutrons per seed nuclei. Indeed, the value of [Ba/Eu] ∼ 0.4 is
not unusual in carbon-rich metal-deficient stars such as CS
31062!050 (e.g., Aoki et al. 2002a; Johnson & Bolte 2002).
To explain these [Ba/Eu] values by contamination from the r-
process, we must assume a very large enhancement of r-process
elements ([Eu/Fe] ∼ "1.5–1.8), similar to that in extremely
r-process–enhanced stars, such as CS 31082!001 (Cayrel et
al. 2001), which are known to be quite rare. For these reasons,
we assume in the following discussion that the majority of the
Eu in CS 31062!050, as well as in LP 625!44, originates
from the s-process.
The observations that we report here were made with the

Subaru Telescope High Dispersion Spectrograph (HDS; No-
guchi et al. 2002) in 2002 August. The wavelength range cov-
ered was 3100–4700 Å, with a resolving power .R p 90,000
The total exposure times and signal-to-noise ratios obtained are
listed in Table 1.
The heliocentric radial velocities measured for our spectra

are given in Table 1. Aoki et al. (2000) already reported a
variation of radial velocities for LP 625!44, which is con-
firmed by the present measurement. For CS 31062!050, a
change of radial velocity from the previous measurement
( km s!1 by Aoki et al. 2002a) was also detected.V p 7.75r

These results suggest the binarity of these stars and strongly
support the mass transfer scenario for the enrichment of s-
process elements.

3. ANALYSIS AND RESULTS

We adopted the Eu line data, including the hyperfine splitting
and isotope shifts, provided by Lawler et al. (2001). The isotope
fractions of 151Eu [fr(151Eu)p 151Eu/(151Eu" 153Eu)] were mea-
sured by fitting observed spectra with synthetic ones calculated
for the Eu lines, using the model atmospheres of Kurucz (1993)
and atmospheric parameters derived in the previous studies
(Aoki et al. 2002a, 2002b). The macroturbulent velocity was
estimated by fitting a Gaussian profile to clean Fe and Ti lines
detected in the same spectrum for each object (see Table 1).
Our careful investigation of the HDS instrumental profiles
around the Eu lines used in the analysis showed that the profile
is quite symmetric. Hence, a Gaussian profile approximation
is sufficient for the analysis of stellar spectra that are further
broadened by macroturbulence.
Figure 1 shows the spectra of the Eu ii l4205 line in our three

program stars. In the calculation of synthetic spectra, blending
by other species is included using the comprehensive line list of
Kurucz & Bell (1995) and the CH and CN line lists produced
in Aoki et al. (2002a). The dot-dashed lines show the synthetic
spectra calculated without the Eu ii contribution. The absorption
around 4205 Å is dominated by Eu ii. In the top panel, the line
positions of both Eu isotopes are shown. Since the hyperfine
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Figure 1. fr(151Eu) values measured for single grains (LS+LU fractions) and the SiC-enriched bulk sample (KJB fraction). The fr(151Eu) values are compared with two
CEMP-r + s stars, LP 625-44 and CS 31062-050 (Aoki et al. 2003b). The black dashed line indicates fr(151Eu)⊙ given by Lodders (2003). The gray band corresponds
to the fr(151Eu) value (weighted mean ±1σ ) derived from measurements of the SiC-enriched bulk sample (KJB fraction). Error bars are 1σ .

2. EXPERIMENTAL METHODS

2.1. Carbon, Nitrogen, and Silicon Isotopic Measurements

Carbon, N, and Si isotopic ratios for the KJB fraction have
been previously reported by Amari et al. (2000), and are
reproduced in Table 1. Two different mounts containing SiC
grains from the LS + LU fractions were analyzed in the present
study, namely LU and WU. Grains from the LU mount have
been analyzed previously with a modified Cameca IMS-3f ion
microprobe at Washington University (St. Louis) for their C,
N, and Si isotopic compositions as well as for their trace-
element concentrations (Virag et al. 1992). Some of these grains
were analyzed for their Ti, Ba, and W isotopic compositions
with the Sensitive High Mass-Resolution Ion Microprobe at the
Australian National University (Ireland et al. 1991; Ávila et al.
2012, 2013). Grains from the WU mount were analyzed for their
C, N, and Si isotopic compositions with a Cameca NanoSIMS
at Washington University. The NanoSIMS measurements were
performed by rastering a ∼100 nm Cs + primary beam (∼1 pA)
over a sample area of 2−10 µm2 while secondary electrons
and the negative secondary ions 12C−, 13C−, 28Si−, 29Si−,
and 30Si− were simultaneously counted in electron multipliers.
Subsequent to the C and Si isotopic measurements, nitrogen
isotopes were measured as CN− ions at masses 26 (12C14N−)
and 27 (12C15N−). Synthetic SiC was used for normalization of
the C and Si isotopes, while a fine-grained mixture of SiC and
Si3N4 was used for calibration of the N isotopes.

2.2. Europium Isotopic Measurements

Europium isotopic measurements in stardust SiC grains
were carried out with the SHRIMP-RG at the Australian
National University. We performed both “bulk analyses” on
an aggregate of many grains from the KJB fraction and “single-

grain analyses” on grains from the LS+LU fractions. Out of
25 single grains investigated from the LS+LU fractions, 13
had sufficiently high Eu concentrations for isotopic analysis.
SHRIMP-RG measurements were performed with an O2

−

primary beam of 2–5 nA focused to sputter an area of ∼20 µm
in diameter. Secondary ions were extracted at 10 keV and
measured by single collector analysis on the ETPTM multiplier
in magnetic peak-jumping mode. The acquisition time for each
grain was ∼5 minutes, which consisted of 5–6 scans through the
following peaks: 138Ba + , 139La + , 140Ce + , 151Eu + , and 153Eu + .
We systematically bracketed three unknowns by a suite of
standard reference materials (NIST-610 silicate glass, USGS
BCR-2G silicate glass, and a SiC ceramic doped with heavy
elements; Ávila et al. 2013).

The measurement of 151Eu + and 153Eu + in stardust SiC
grains is challenging because of potential isobaric interfer-
ences. The secondary ion signals at masses 151 and 153 con-
sist of contributions from 151Eu + and 153Eu + , as well as from
BaO + (135Ba16O + and 137Ba16O + , respectively). In order to
resolve the 151Eu + and 153Eu + peaks from monoxide interfer-
ences, SHRIMP-RG was operated at a mass resolving power of
m/∆m = 8000 (at 10% peak height). At this level, the BaO +

species were well resolved from the Eu isotopes, with insignif-
icant tailing contributions.

Further investigation of a “pure” synthetic SiC revealed
the presence of molecular interferences in the mass region of
interest. The ratio 151/153 in the “pure” synthetic SiC was
found to be ∼0.5 (fr(151Eu) = 0.33), which is considerably
different from the solar system 151Eu/153Eu ratio of 0.916
(Lodders 2003). The mass offset between the atomic species
(151Eu + and 153Eu + ) and the molecular interferences is too
small to be resolved by mass separation without drastically
compromising the secondary ion yields. Therefore, to suppress
molecular ion contributions to the atomic species, we used an

2
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TABLE 1
Program Stars and Observations

Star Exposurea Signal-to-Noise Ratiob
Observation Date

(JD)
Radial Velocity
(km s!1) [Fe/H]/T / log g/ veff micro

vmacro
(km s!1)

LP 625!44 . . . . . . . . . . 270 (9) 137 2002 Aug 22 (2,452,509) 28.41 ! 0.19 5500/2.5/!2.7/1.2 6.69 ! 0.13
CS 31062!050 . . . . . . 390 (13) 124 2002 Aug 23 (2,452,510) 11.51 ! 0.17 5600/3.0/!2.4/1.3 5.30 ! 0.40
HD 6268 . . . . . . . . . . . . . 100 (5) 304 2002 Aug 22 (2,452,509) 40.13 ! 0.15 4600/1.0/!2.5/2.1 7.27 ! 0.27

a Total exposure time (in minutes) and number of exposures.
b Signal-to-noise ratio per 0.012 Å pixel at 4000 Å.

Fig. 1.—Comparison of the observed spectra (filled circles) and synthetic
ones (lines) for the Eu ii 4205 Å line. The name of the object and the adopted
fr(151Eu) value are presented in each panel. The solid line shows the synthetic
spectra for the adopted fr(151Eu); the dotted and dashed lines show those for
ratios that are smaller and larger by 0.10 in fr(151Eu), respectively. The dot-
dashed lines show the synthetic spectra for no Eu. The weak blending at
4205.09 Å in the spectrum of HD 6268 (top) is due to V ii, whose effect is
negligible in the two subgiants. The wavelengths and relative strength of the
hyperfine components for 151Eu and 153Eu are shown in the top panel.

strong Eu lines, comparable to those in the two s-process
element–enhanced stars.
The [Ba/Eu] values of LP 625!44 and CS 31062!050 de-

rived in our previous studies (Aoki et al. 2002a, 2002b) are
1.09 and 0.46, respectively. These are more than 1 dex higher
than the value of the r-process component in solar system
material (!0.69; Arlandini et al. 1999). While the [Ba/Eu]
value of LP 625!44 is similar to that of the solar system s-
process component ("1.15), the value of CS 31062!050 is
significantly lower. However, low [Ba/Eu] values (∼0.4) are

predicted by some AGB nucleosynthesis models (e.g., Goriely
& Mowlavi 2000) for metal-deficient stars, for which high
neutron exposure is expected because of the high ratios of
neutrons per seed nuclei. Indeed, the value of [Ba/Eu] ∼ 0.4 is
not unusual in carbon-rich metal-deficient stars such as CS
31062!050 (e.g., Aoki et al. 2002a; Johnson & Bolte 2002).
To explain these [Ba/Eu] values by contamination from the r-
process, we must assume a very large enhancement of r-process
elements ([Eu/Fe] ∼ "1.5–1.8), similar to that in extremely
r-process–enhanced stars, such as CS 31082!001 (Cayrel et
al. 2001), which are known to be quite rare. For these reasons,
we assume in the following discussion that the majority of the
Eu in CS 31062!050, as well as in LP 625!44, originates
from the s-process.
The observations that we report here were made with the

Subaru Telescope High Dispersion Spectrograph (HDS; No-
guchi et al. 2002) in 2002 August. The wavelength range cov-
ered was 3100–4700 Å, with a resolving power .R p 90,000
The total exposure times and signal-to-noise ratios obtained are
listed in Table 1.
The heliocentric radial velocities measured for our spectra

are given in Table 1. Aoki et al. (2000) already reported a
variation of radial velocities for LP 625!44, which is con-
firmed by the present measurement. For CS 31062!050, a
change of radial velocity from the previous measurement
( km s!1 by Aoki et al. 2002a) was also detected.V p 7.75r

These results suggest the binarity of these stars and strongly
support the mass transfer scenario for the enrichment of s-
process elements.

3. ANALYSIS AND RESULTS

We adopted the Eu line data, including the hyperfine splitting
and isotope shifts, provided by Lawler et al. (2001). The isotope
fractions of 151Eu [fr(151Eu)p 151Eu/(151Eu" 153Eu)] were mea-
sured by fitting observed spectra with synthetic ones calculated
for the Eu lines, using the model atmospheres of Kurucz (1993)
and atmospheric parameters derived in the previous studies
(Aoki et al. 2002a, 2002b). The macroturbulent velocity was
estimated by fitting a Gaussian profile to clean Fe and Ti lines
detected in the same spectrum for each object (see Table 1).
Our careful investigation of the HDS instrumental profiles
around the Eu lines used in the analysis showed that the profile
is quite symmetric. Hence, a Gaussian profile approximation
is sufficient for the analysis of stellar spectra that are further
broadened by macroturbulence.
Figure 1 shows the spectra of the Eu ii l4205 line in our three

program stars. In the calculation of synthetic spectra, blending
by other species is included using the comprehensive line list of
Kurucz & Bell (1995) and the CH and CN line lists produced
in Aoki et al. (2002a). The dot-dashed lines show the synthetic
spectra calculated without the Eu ii contribution. The absorption
around 4205 Å is dominated by Eu ii. In the top panel, the line
positions of both Eu isotopes are shown. Since the hyperfine
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small neutron burst with a high neutron density peak (up to
∼1010 neutrons cm−3).

Branching points on the s-process path at 151Sm, 153Sm, 152Eu,
and 153Gd affect the production of 151Eu and 153Eu isotopes in
the He-intershell of AGB stars (Figure 2(a)). The competition
between neutron capture and β-decay at these branching points
can be expressed by a branching factor (fn), calculated from

fn = λn

(λn + λβ)
,

where λn = Nn νT ⟨σ ⟩ and λβ = ln2/t1/2 are the neutron
capture rate and the β-decay rate, respectively. Here, Nn, νT ,
⟨σ ⟩, and t1/2 are the neutron density, the thermal velocity, the
Maxwellian averaged (n, γ ) cross section (MACS), and the half-
life, respectively. Branching factors were calculated for 151Sm,
153Sm, 152Eu, and 153Gd as a function of neutron density for
thermal energies of kT = 8 keV (T ∼ 0.9 × 108 K) and kT =
23 keV (T ∼ 2.7 × 108 K). The results are given in Figures 2(b)
and (c). We used the β-decay rates reported by Takahashi
& Yokoi (1987) and the latest accepted neutron-capture rates
from Dillmann et al. (2006). Note that the branching at 152Eu
is peculiar, since it involves the competition between neutron
capture, β-decay, and electron capture (EC). The branching at
153Gd is governed by electron capture and neutron capture.

During the interpulse periods most of the s-process flow
proceeds via the sequence 151Sm(n, γ ) 152Sm(n, γ ) 153Sm(β, ν)
153Eu bypassing 151Eu. After the neutron flux is extinguished,
151Eu is fed by the radioactive decay of 151Sm. During the
thermal pulses, the β-decay rate of 151Sm is increased by a
factor of ∼26 (Takahashi & Yokoi 1987) and the s-process
path can branch toward 151Eu. However, the neutron-capture
channel on 151Sm is also enhanced since higher neutron densities
are produced together with higher temperatures. The branching
points at 153Gd and 153Sm are largely open at these high neutron
densities, feeding 154Gd and 154Sm, respectively, which result
in a smaller s-process contribution to 153Eu. The AGB model
predictions shown in Figure 3 demonstrate that the final result
is a very mild enhancement of fr(151Eu) values in the stellar
envelope.

In Figure 3, the stardust SiC-enriched bulk data are compared
to the s-process AGB predictions from the FRUITY database
(for details, see Cristallo et al. 2009, 2011). In all stellar
models, the fr(151Eu)envelope is not significantly different from
the solar value. The close-to-solar metallicity models (Z =
0.01 and Z = 0.014, Figures 3(a) and (b), respectively) show
fr(151Eu)envelope approximately 2% higher than the fr(151Eu)⊙
value (Lodders 2003). The low-metallicity models (Z = 0.0001
and Z = 0.0003; Figures 3(c) and (d), respectively), on the other
hand, show fr(151Eu)envelope values that are about 4% lower than
the fr(151Eu)⊙ value. It is important to note that Cristallo et al.
(2009, 2011) adopted the experimental 151Sm(n, γ ) cross section
reported by Marrone et al. (2006), which is significantly higher
than the value used by Arlandini et al. (1999). This higher cross
section results in a lower fr(151Eu) as more 151Sm is destroyed
by neutron captures. The fr(151Eu) derived for the SiC-enriched
bulk sample (KJB) shows a higher fr(151Eu) value than those
predicted by Cristallo et al. (2009, 2011).

The fr(151Eu) values derived from our measurements agree
well with fr(151Eu) values derived from astronomical observa-
tions (Figure 1). Aoki et al. (2003b) reported fr(151Eu) for two
CEMP stars, LP 625-44 and CS 31062-050, which show ex-
cesses of s-process elements. These stars are very metal-poor
subgiants with [Fe/H] of −2.7 (LP 625-44; Aoki et al. 2000)
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Figure 4. Evolution of fr(151Eu) in the envelope as a function of ∆tTP-AGB (time
from the beginning of the TP-AGB phase) for a M = 2 M⊙ and Z = 0.01
AGB model using two different 151Sm(n, γ ) reaction rates. The shaded area
(plotted only for the C-rich phases of the evolution) represents the associated
uncertainties. M06 represents the experimental rate from Marrone et al. (2006)
multiplied by the SEF from Bao et al. (2000). R12 represents the stellar rate
computed using the method of Rauscher (2012) including the experimental data
from Marrone et al. (2006).

and −2.4 (CS 31062-050; Aoki et al. 2002). Both stars show
variations of their radial velocities, indicating that they belong to
binary systems (Aoki et al. 2000, 2003b). According to the clas-
sification suggested by Jonsell et al. (2006), LP 625-44 and CS
31062-050 are CEMP-r+s stars, showing both s- and r-process
enhancements. One possible scenario to explain the enrichment
observed in CEMP-r+s stars is to assume that the parent cloud
of the binary system was already enriched in r-process elements,
while the s-process elements (and also carbon) were the result
of mass transfer from an AGB star to the lower-mass compan-
ion (e.g., Bisterzo et al. 2010). Lugaro et al. (2012) instead
propose that the composition of CEMP-r+s stars is the result
of a neutron-capture process in-between the s-process and the
r-process. The fr(151Eu) values derived by Aoki et al. (2003b)
for LP 625-44 and CS 31062-050 are 0.60 and 0.55, respec-
tively. These values are clearly higher than fr(151Eu)⊙ of 0.48
and current AGB model predictions from Cristallo et al. (2009,
2011).

To address this mismatch we performed several tests varying
the neutron-capture cross sections and beta-decay rates that
affect fr(151Eu) and found that the 151Sm(n, γ ) reaction rate
plays the major role in setting the predicted fr(151Eu) value.
In Figure 4, we show fr(151Eu) in the envelope of a 2 M⊙
model with Z = 0.01 computed with different theoretical
151Sm(n, γ ) reaction rates and their uncertainties. Models have
been calculated with the FUll-Network Stellar Evolutionary
Code (Straniero et al. 2006 and references therein). The results
labeled as “M06” were obtained using the experimental data
by Marrone et al. (2006), multiplied by the theoretical stellar
enhancement factor (SEF) from Bao et al. (2000). Marrone et al.
(2006) reported an experimental uncertainty on the order of
5%, which results in a narrow predicted range of fr(151Eu).
In previous investigations, applying the SEF was thought to
account for the contribution of excited nuclear states in stellar
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Telescopes	
  versus	
  Stardust:	
  the	
  challenge	
  

We	
  know	
  which	
  star	
  
we	
  are	
  looking	
  at…	
  

We	
  need	
  to	
  guess	
  which	
  
was	
  the	
  parent	
  star	
  

In	
  most	
  cases	
  we	
  can	
  make	
  an	
  iniMal	
  qualitaMve	
  
guess,	
  but	
  it	
  is	
  only	
  via	
  conMnuous	
  effort	
  in	
  the	
  
modelling	
  of	
  stellar	
  nucleosynthesis	
  that	
  we	
  can	
  
truly	
  interpret	
  and	
  exploit	
  the	
  stardust	
  data!	
  	
  



•  Supernova	
  and	
  nova	
  explosions	
  	
  
•  Structural	
  and	
  evoluMonary	
  properMes	
  of	
  single	
  
and	
  binary	
  stars	
  	
  

•  The	
  origin	
  of	
  the	
  elements	
  heavier	
  than	
  iron	
  
•  The	
  chemical	
  and	
  dynamical	
  evoluMon	
  of	
  the	
  
Milky	
  Way	
  Galaxy	
  

•  Dust	
  formaMon	
  around	
  stars	
  and	
  (super)novae	
  
•  The	
  nucleosyntheMc	
  components	
  in	
  the	
  solar	
  
protoplanetary	
  disk,	
  the	
  presolar	
  dust	
  inventory	
  
and	
  its	
  distribuMon	
  

Some	
  examples	
  of	
  the	
  applicaUon	
  of	
  stardust:	
  
The stardust revolution!	
  



Core-­‐collapse	
  supernovae	
  
•  The	
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  fate	
  of	
  

massive	
  stars	
  
•  Some	
  of	
  the	
  most	
  

mysterious	
  
astrophysical	
  
objects	
  	
  

•  No	
  agreement	
  yet	
  
on	
  the	
  explosion	
  
mechanism	
  

•  Abundance	
  
determinaMons	
  
are	
  rare…	
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mechanism	
  

•  Abundance	
  
determinaMons	
  
are	
  rare…	
  

Courtesy	
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…but	
  we	
  have	
  
stardust	
  that	
  
formed	
  in	
  
these	
  objects!	
  	
  



Core-­‐collapse	
  supernovae	
  

possibly	
  the	
  high-­‐temperature	
  tail	
  of	
  a	
  distribuMon	
  of	
  
condiMons	
  in	
  asymmetric	
  supernovae.	
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Most	
  of	
  the	
  grains	
  
can	
  be	
  explained	
  by	
  
explosive	
  He	
  burning	
  
in	
  supernovae	
  with	
  
high	
  shock	
  velociUes	
  
and	
  	
  temperatures:	
  	
  



Core-­‐collapse	
  supernovae	
  

H50. Model 25T-H has the largest H concentration and the
highest explosion temperature and density. At the bottom of the
He shell at M6.8~ :,

28Si is made by capturea‐ on 16O, forming
a C/Si zone (Pignatari et al. 2013a). Between 6.83 and M7.04 :
the abundance of 12C drops, forming an O-rich zone. We call
this the O/nova zone. It has C/O < 1, and the abundances carry
an explosive H-burning signature. Qualitatively there are
features similar to those of nova nucleosynthesis (e.g., José
& Hernanz 2007) except in the deepest region of the O/nova
zone, which shows unique nucleosynthesis features. In
particular, 12C(p, γ)13N depletes 12C, while 13N feeds 14O
and 16O via the 13N(p, γ)14O and the 13N(α, p)16O reactions.

Similar nucleosynthesis of explosive H burning is obtained
in the 25d models but within a much smaller region ( M0.1< :),
and most of the He-shell material is not affected by the
explosion. These layers are mostly carrying the pre-SN
signature of H burning under He-shell conditions. The 13C
and 14N abundances are 0.5% and 0.3%, respectively. A mass
fraction of a few 10−6 and 10−7 is obtained for 26Al and 22Na.

In the model 25T-H protons suppress the SN neutron burst in
the He shell (e.g., Meyer et al. 2000). Protons power the 22Ne
(p, γ)23Na reaction, in competition with the 22Ne(α, n)25Mg
reaction. The presence of pre-explosive 13C provides the 13C
(α, n)16O alternative neutron source, mitigated by the presence
of the neutron poison 14N(n, p)14C, and by the competition of
the 13C(p, γ)14C reaction. The H-burning products 22Na and
26Al are boosted (and X(44Ti)10−6 is made from proton
captures on Ca isotopes), while neutron-burst products such as
60Fe are reduced (Figure 1, bottom panel). This effect depends
on the explosion energy and on the H abundance. In model
25T-H the 26Al peak is three orders of magnitude larger than in
model 25T-H50. The 22Na peak is about five orders of
magnitude larger. On the other hand, 60Fe is efficiently
produced only in model 25T-H50. These results might have
implications for the observation of the emissiong‐ from the
decay of 26Al and 60Fe in the Galaxy and for their relative
abundances (Diehl 2006).

In our simulations 22Na is made in the O/nova zone by
proton captures, with 20Ne being made by α-capture on 16O as
the main seed. In model 25T-H the abundance peak for 22Na is
almost 10%. This scenario may explain the Ne-E(L)
component in LD graphite grains (Amari et al. 1990). This
component consists mostly of 22Ne, suggesting that it is of
radiogenic origin from 22Na originally condensed into the
grains. In baseline massive star models, 22Na is made by C
burning in the deeper O-rich O/Ne zone, however it was
unclear how to mix Na into the C-rich zones without admixing
large quantities of O. For the first time, we identified a potential
pathway to produce 22Na in the He-shell layers.

3. COMPARISON WITH PRESOLAR GRAINS

In this section, the nucleosynthesis models described in
Section 2 are compared with measurements of different types
of C-rich grains with 12C/13C ratios lower than solar from the
Washington University Presolar Grains Database (Hynes &
Gyngard 2009 and original references in the database). We
focus on the abundances in the C-rich regions in the He shell
(the C/Si zone and the C-rich He/C zone above) and in the O/
nova zone, which lies in between.

In Figure 2, C and N isotopic ratios of presolar SiC grains
are shown together with the predictions from our models in the
He shell (He/C zone). For 12C/13C lower than solar, the

theoretical curves for the models 25T-H5, 25T-H10, 25T-H20,
25d-H5, 25d-H10, and 25d-H20 reproduce the ratios observed
in nova grains, and are compatible with X grains with low N
isotopic ratios assuming some degree of dilution with material
of close-to-normal composition. The 25T-H model produces
the lowest 12C/13C ratios, due to large contributions from
radiogenic 13C from 13N (Figure 1). The 25T-H5, 25T-H10,
25T-H20, 25d-H5, 25d-H10, and 25d-H20 models show
similar 12C/13C ratios. The lower limit of the 14N/15N ratio
depends on both explosion energy and H concentration. 15N
requires high temperatures to be made as a radiogenic product
of 15O. The 25d-H10, 25d-H20, 25d-H50 and 25d-H500
models directly reproduce for the first time the isotopic
compositions of SiC-AB grains with N isotopic ratios lower
than solar. The 25d and 25d-H5 models show ratios lower than
observed, and dilution with normal material is needed. Most of
graphites show the well-known signature of N isotopic
equilibration or contamination (Zinner 2014). Our predictions
for C and N ratios might also provide a solution for mainstream
SiC grains with 14N/15N  100, not reproduced from low-mass

Figure 2. Isotopic ratios 14N/15N and 12C/13C across the He/C zone predicted
by the sets of models 25T (upper panel) and 25d (lower panel) are compared
with measured data for single SiC grains (type AB, mainstream, nova, X and
C) and LD graphites. Errors of grain data are shown (1σ). The solid vertical
and horizontal lines indicate the solar isotopic ratios for C and N. For N we
used Marty et al. (2011). The terrestrial N ratio (14N/15N = 272) is also shown
(dashed horizontal line).
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If	
  H	
  is	
  ingested	
  into	
  
the	
  He	
  shell	
  and	
  the	
  
supernova	
  shock	
  
hits	
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  shell	
  with	
  
some	
  H,	
  	
  
the	
  models	
  
reproduce	
  grains	
  
with	
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  and	
  
14N/15N	
  raMos	
  lower	
  
than	
  solar.	
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They	
  show	
  evidence	
  of	
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  than	
  the	
  Sun!	
  

mainstream SiC from Murchison and the previous data are
absence or lower abundances of the grain groups defined by
Huss et al. (1997). We note that this difference is not due to
grain size. Although most of our grains were smaller than the
Orgueil grains, our dataset still includes !200 grains larger
than 1.5 !m, comparable to the 140 grains measured by Huss
et al. It is possible that the different abundances of the grain
groups indicate that the parent bodies of Orgueil and Murchi-
son accreted differing populations of SiC grains, but this seems
unlikely given the very similar abundances of different presolar
grain types in all types of chondrites (Huss and Lewis, 1995).
More likely, we think the differences are statistical in nature,
owing to the relatively small numbers of grains analyzed in the
Huss et al. (1997) study.

5.3. AB Grains

AB SiC grains are defined as having 12C/13C ratios "10
(Table 2, Hoppe and Ott, 1997; Amari et al., 2001c). We found
90 AB grains in our study, corresponding to an abundance of
2.7%, smaller than the 5% abundance found in earlier studies.
As discussed earlier in Section 5.1, some, but not all, of this
difference is attributable to terrestrial contamination or grain
aggregation on sample mounts. The Si isotopic ratios for the 90
new AB grains are shown in Figure 13a. Also shown for
comparison are the compositions of previously identified AB
grains and mainstream SiC grains. The new data are in very

Fig. 11. Si-isotopic ratios, expressed as delta values for mainstream
SiC grains: (a) 1897 grains from the present study with errors in both
29Si/28Si and 30Si/28Si smaller than 20‰; open symbols indicate grains
with errors smaller than 10‰. One grain is more enriched in the heavy
Si isotopes than any previously observed mainstream grains. (b) 570
grains from previous studies (see Fig. 8 for references) with errors
"20‰. The solid line indicates the best-fit line to the 688 grains from
both panels with errors smaller than 10‰: "29Si # –18.3 $ 1.35 •
"30Si. Ellipse indicates a cluster of grains observed in an Orgueil acid
residue (Huss et al., 1997), but not present in the large Murchison
database presented here.

Fig. 12. Probability distribution of mainstream SiC Si-isotopic com-
positions generated by summing Gaussian distributions corresponding
to measurement uncertainties for individual grains. (a) Contour plot of
probability distribution. The solid line is the best-fit line to the main-
stream grains (Fig. 11). (b) Shaded surface representation of distribu-
tion. The location of grain groups IV, V, and VI, defined by Huss et al.
(1997) are indicated; groups V and VI were not seen in the present
study (Fig. 11) and group IV has a much a lower abundance in
Murchison than in Orgueil data of Huss et al. (1997).
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Stars	
  with	
  different	
  metal	
  content	
  (depending	
  
on	
  where	
  they	
  are	
  born)	
  migrate	
  through	
  the	
  
Galaxy	
  -­‐>	
  stardust	
  are	
  GalacCc	
  …	
  (Don	
  Clayton)	
  
	
  
This	
  migraMon	
  effect	
  is	
  also	
  observed	
  from	
  large	
  
stellar	
  surveys,	
  	
  
stardust	
  represent	
  an	
  independent	
  constraint	
  
but	
  shows	
  a	
  more	
  pronounced	
  effect	
  
SelecMon	
  effect	
  due	
  to	
  more	
  efficient	
  dust	
  
formaMon	
  as	
  the	
  metal	
  content	
  increases?	
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