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Isotopes in Stardust:
presolar silicon carbide grains

“The nitrogen in our DNA, the calcium in our teeth, the iron in our blood, the 
carbon in our apple pies were made in the interiors of collapsing stars. We 
are made of star stuff.”

― Carl Sagan, Cosmos



Indebetouw et al. (2014) ApJ



Where the telescope ends, 
the microscope begins. 



See Ann Nguyen’s lecture that introduces
presolar grains, solar system, and

meteorites
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Why are They Presolar Grains?
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Huge Isotopic Anomalies!
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How can we find 
presolar grains in 

pristine meteorites?



Burn down the
haystack to find the

needle!

Cooking 
meteorites 

in acids

SiC
graphite
Si3N4

nanodiamond
oxides



Outline
1. Analytical Techniques

2. Different Types of Grains 
and Their Stellar Origins

2.1 AGB Dust
2.2 Type II Supernova Dust
2.3 Mysterious 13C-rich SiC Dust



SIMS versus RIMS: Sputtering

Ga-Gun

(focused ion

beam, ~ 2nm)

RIMS

NanoSIMS

Cs-Gun for negative ions (~100 nm)
O-Gun for positive ions (~100 nm) 

electrostatic
sector

secondary
ions/neutrals:10−5−10−2

SIMS: secondary ion mass spectrometry
RIMS: resonance ionization mass
spectrometry

laser beam

(~ 1 μm)



SIMS Ionization

Ga-Gun
Laser

RIMS

NanoSIMS

Cs/O-Gun

Mass Spec.
§ High Transmission
§ High Mass Resolution

12C15N

13C14N



RIMS Ionization

RIMS

NanoSIMS

Cs/O-Gun

Mass Spec.

Post-ionization
lasers

1

λ2 = 405.214nm

λ1 = 460.860nm

e

Sr+

Sr

Sr autoionizing state

§ High Transmission
§ High Ionization Efficiency

Ga-Gun
LaserSr+



NanoSIMS 50L
(double focusing)

CHILI
(Chicago Instrument
for Laser Ionization)

NanoSIM
S 50L CHILI

Ionization secondary
ions

neutrals+post-
ionization

Selectivity Low High
Mass Res. High Low

Mass
Spec.

magnetic
sector time of flight

Detecto
r: E

M (<
106

cps) o
r F

araday C
up 

(>106
cps)

qE=mv2/R

Tf∝(m/z)1/2
(m/q)=(B2r2/2U)1/2



Elements Accessible to SIMS and RIMS
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Outline
1. Analytical Techniques

2. Different Types of Grains 
and Their Stellar Origins

2.1 AGB Dust
2.2 Type II Supernova Dust
2.3 Mysterious 13C-rich SiC Dust

See Amanda Karakas’s lecture on s-
process and AGB stars



Stellar Origins of Presolar SiC
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Nittler & Ciesla (2016) ARA&A

formed in C-rich 
envelope of low-
mass asymptotic 

giant branch 
stars



AGB: Asymptotic Giant Branch, an advanced evolutionary stage of
stars with masses below ~8 M8.
C-rich AGB: Parent stars of C-rich presolar grains, ~1.5⎻3 M8.

AGB Phase: An Advanced Evolutionary Stage
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Stellar Origins of SiC from AGB Stars

Data compiled in presolar
grain database
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Asteroidal and Terrestrial Contamination

A mainstream SiC
coated by organic 
gunk.

Additional terrestrial 
contamination caused by 
e.g., acid dissolution and 
laboratory analysis.

Andrew Davis
Larry Nittler



Approach to Suppress Contamination
Extensive Sputtering



solar

terrestrial

PSD Data New Data



solar

terrestrial

PSD Data New Data

Liu et al. (2021) ApJL, submitted



solar

terrestrial

PSD Data New Data

Liu et al. (2021) ApJL, submitted

• The majority of MS, Y, and Z grains came from classical
AGB stars, N-type stars (the most abundant type of
carbon stars).

• Contamination is always a problem when interpretating
presolar grain data.



AGB Stars: main stellar site for s-process
Tc absorption lines

Shetye et al. (2020) A & A

In situ production of Tc inside AGB stars!
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s-Process: slow neutron-capture process

Käppeler et al. (2011) RvMP, 83, 157

solar system main
s-process path



s-Process: slow neutron-capture process

88Sr

138Ba

Käppeler et al. (2011) RvMP, 83, 157

insensitive to the
details of formed 13C.

bottlenecks 
of s-process 

Features
1. Three regions with decreasing y

values, representing decreasing
amounts of neutrons reaching
heavier mass regions.

2. Within each region, constant y
denotes equilibrium due to the
slow reaction rates.

208Pb



Major Neutron Source for s-Process:
13C(α,n)16O

convective envelope
(H)He intershell

(12C)

13C(α,n)16O: providing neutrons with a
density of 107 to 108 cm-3, in agreement
with solar system s-process distribution
and astronomical observations of s-
process elements.



Problem for AGB Stellar Modelers: local mixing of
H into He-intershell

convective envelope
(H)He intershell

(12C)

Mixing H 
into He 

intershell

overshoot rotation

magnetic buoyancy
gravity 

waves

12C(p,γ)13N(β+ν)13C



Discrepant Modeling Results for Mixing

Vescovi (2020) ApJL

1. Varying mixing depths.
2. Varying 13C mixing profiles.
3. Varying 13C concentrations.

OuterInner

overshoot mechanism

magnetic buoyancy



Smoking Guns for Constraining 13C Formation

88Sr

138Ba

Käppeler et al. (2011) RvMP, 83, 157

insensitive to the
details of formed 13C.

bottlenecks 
of s-process 

Key: Measuring 88Sr and 138Ba
abundances in mainstream SiC
grains from AGB stars.

208Pb
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Delta Notation
δ88Sr= [(88Sr/86Sr)SiC/(88Sr/86Sr)std−1]×1000

MS SiC Isotopic Data of Sr, Ba
2σ errors
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Smoking Guns for Constraining 13C Formation

88Sr

138Ba

Käppeler et al. (2011) RvMP, 83, 157

insensitive to the
details of formed 13C.

bottlenecks 
of s-process 

Ni isotopes: Starting point of the s-
process, determining what fraction
of neutrons is trapped here.

Ni isotopes



Post-process Nucleosynthesis Calculations
Stellar Evolution Model Included : 1H, 3He, 4He, 12C, 13C,

14N, 15N, 16O, 17O, 18O, 19F, 20Ne,
21Ne, 22Ne, 23Na, 24Mg, 25Mg,
26Mg, 28Si, energy-providers!

(P, T) conditions with time

Post-process nucleosynthesis model: the
whole nucleosynthesis network is included!

Gallino et al. (1998) ApJ

H mixing profile

Advantage: easy test of various
stellar parameters.
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Mixing of H by Magnetic Buoyancy

Mixing H 
into He 

intershell

overshoot rotation

magnetic buoyancy
gravity 

waves
1. deeper mixing
2. lower 13C density on average
3. relatively more flattened



Yes, Trippella Pocket works!
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The small discrepancies left 
can be well accounted for by 

nuclear uncertainties.

Liu et al. (2018) ApJ, 865, 112



Fully Coupled Stellar and Nucleosynthesis
CalculationsStellar Evolution Model

FRUITY AGB Model Calculations
(Cristallo et al. 2009, 2011)

full nucleosynthesisnetwork

full evolution from

main-sequence to AGB

Follow 13C formation by
magnetic buoyancy

Vescovi et al. (2020)



The Crucial Role of Magnetic Buoyancy is Further Supported!

Overshoot: no consistent match
Magnetic: consistent match

Vescovi et al. (2020) ApJL



The Crucial Role of Magnetic Buoyancy is Further Supported!

Providing a natural explanation of the 
grains’ distribution! 

Vescovi et al. (2020) ApJL



Outline
1. Analytical Techniques

2. Different Types of Grains 
and Their Stellar Origins

2.1 AGB Dust
2.2 Type II Supernova Dust
2.3 Mysterious 13C-rich SiC Dust



X Grains from Type II Supernovae
Fun Facts

1969: Murchison fall v.s. 
Lunar sample return

1987: SN 1987A explosion 
v.s. discovery of 
presolar SiC

Nature (1987)



Supernova Explosion & Dust Formation 

Scientific visualization of supernova evolution (A. Angelich)



Supernova Nucleosynthesis
44Ti (formed during α-rich freeze-out)

In
cre

as
ing

 T

1×107 K

4×109 K

Fusion Reactions
1H+1Hà2He
16O+16Oà28Si+α



Grebenev et al. (2012) Nature

Also observed for Cas A 
(Grefenstette et al. 2014)   

44Ti



Extinct 44Ti in X Grains
δiCa= [(iCa/40Ca)grain/(iCa/40Ca)std−1]×1000

solar

SN models predict large excesses in 43Ca compared to 44Ca. The 
observed 44Ca excesses therefore point to the decay of 44Ti.

Amari et al. (1996)



28Si Excesses in Si/S Zone
Si/S zone: 

28Si, 48Ti, 49V
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Mösta et al. (2014) ApJLGrefenstette et al. (2016) ApJ

observed

simulated



28Si Excesses in Si/S Zone
Si/S zone: 

28Si, 48Ti, 49V
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49Ti Correlates with 28Si Excesses
Si/S zone: 

28Si, 48Ti, 49V

He/C zone
(12C, 28,29,30Si, 48,49,50Ti)

1:1
 lin
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Ungrouped SiC, MS-like Si signature
Ungrouped graphite (Amari et al. 1996)
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26Al/27Al=0.02

41Ca/40Ca=0.003
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δ
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δ
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Supernova grain data indicate that 
in He/C zone, 49Ti ≈ 50Ti.
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δ49TiSi/S Constrains Timing of SiC 
Formation in Supernovae

The 95% lower limit of
δ49TiSi/S derived by the linear
fit constrains condensation to
occur at least 2 yrs after SN
explosions, consistent with
astronomical observations.

Derived by the linear fit,
LOWER LIMIT.

lower 95% confidence
band of the linear fit.

Liu et al. (2018) Sci. Adv.



Wesson et al. (2015)

Prediction: 90% of the dust 
would form between 10 to 
40 years.

qDust formation can occur as early as a few months after SN explosions (e.g., Andrews et al.
2016).

qBut VERY FEW SNe have been observed to quantify dust production later than 1000 days.
qThe inferred timescale for grain formation in SN 1987A is CONSISTENT with the grain data,

>2 yrs.

SN 1987A

ALMA

Dust Production in SN 1987A Over 30 Years
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13C-rich Grains: What are Their Stellar Sources?

Solar System
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See Pignatari et al. (2015) ApJL
Liu et al. (2016) ApJ



Linking AB Grains to Stars
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Consistent differences in N, Al, and Si isotope ratios
Liu et al. (2016) ApJ, 820, 140; Liu et al. (2017) ApJL, 844, L12; Liu et al. (2017) ApJL, 842, L1

stronger explosive H 
burning signatures



14N-rich AB : Mainly J-type Stars
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Similarities between 14N-
rich AB grains and J-

type stars 
§ near-solar metallicities.
§ similar C and N isotope 

ratios.
§ close-to-solar heavy-

element isotopic 
compositions.

§ Both are relatively 
abundant.Liu et al. (2017) ApJL, 844, L12

J-type star observations: Abia
& Isern (2000) ApJ, 536, 438
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15N-rich AB Grains : Supernovae?
The coexistence
of 13C, 15N, 26Al,
and s-process
enrichments
together point to
supernovae as
their progenitor
stars.

Liu et al. (2018) ApJ, 855, 112

More observational
data are NEEDED!



solar

terrestrial

• 14N-rich AB grains overlap with J-
type carbon stars and a few 13C-
rich SC-type carbon stars in their
C and N isotopic composition.

• No carbon stars lie in the region
where 15N-rich AB grains are
located, pointing out that these
grains were likely sourced from
the ejecta of explosive events,
e.g., supernovae.

Liu et al. (2021) ApJL, submitted
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