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Introduction:  Short-lived radionuclides (SLRs) 
are those for which the primordial abundance in the 
solar system has completely decayed away.  Their 
presence in the early solar system provides information 
about the presolar and the early solar system environ-
ments and the plausible source(s) of the last nucleosyn-
thetic material added to the solar system.  They poten-
tially provide high-resolution chronometers of early 
solar system events, and some of these radionuclides 
were also potential heat sources in planetary bodies.   

There are three types of sources for the SLRs in the 
solar system: the galactic background abundance, stel-
lar nucleosynthesis just before solar system formation, 
and irradiation.  The galactic background can be a sig-
nificant source of SLRs with half-lives longer than ~2-
3 Myr.  Recent work suggests that molecular clouds 
form in only a few Myr, and star formation is initiated 
within ~1 Myr after that [1].  Thus, SLRs with half-
lives of a few Myr, if present in the material that be-
comes a molecular cloud, would survive to be incorpo-
rated into a newly forming stellar system. 

Nuclides with half-lives ≤1 Myr require a source 
operating just before or during solar system formation.  
Irradiation as a source of SLRs will be discussed by 
Chaussidon et al. [2].  Our task is to discuss stellar 
sources.  We review some possible stellar sources, 
discuss criteria by which to distinguish between them, 
and attempt to draw some tentative conclusions about 
the source for the SLRs in the solar system.  SLRs 
produced in stars are listed in Table 1.   
Table 1:  Short-lived radionuclides in the solar system. 
Nuclide t1/2 (Ma) Nuclide t1/2 (Ma) 

41Ca 0.1 107Pd 6.5 
36Cl 0.3 182Hf 9.6 
26Al 0.73 129I 16 
60Fe 1.5 247Cm 23 

53Mn 3.7 244Pu 80 
Potential Stellar Sources:  Stars from 1 to 120 M 

are known to produce SLRs.  Low- to intermediate-
mass stars (1-8 M) end their lives by ejecting newly 
synthesized material via strong stellar winds.  The 
mass-loss starts in the Red Giant stage and the rate 
increases through Asymptotic Giant Branch (ABG) 
phase and into the Planetary Nebula stage.  Low-mass 
stars typically become carbon stars due to dredge-up of 
12C produced in the He-burning shell, and some expe-
rience additional CNO burning due to extra mixing 

(cool bottom processing).  Intermediate-mass stars (4-8 
M) experience additional CNO burning at the base of 
the convective envelope during the AGB (hot bottom 
burning) and typically fail to become C stars.  Nucleo-
synthesis in these stars eventually ceases and they be-
come white dwarfs.  Stars of 8-10 M also become 
white dwarf stars but proceed through C burning; thus, 
the core composition is dominated by O, Ne, and Mg.  

Stars more massive than ~10 M end their lives as 
core-collapse supernovae.  In these stars, nuclear burn-
ing in the core proceeds all the way to Fe and Ni.  Pro-
duction of heavier nuclei requires input of energy, so 
the thermal pressure supporting the star disappears and 
it collapses.  Solar metallicity stars with initial masses 
in the range 10 to ~(30-33) M do not lose their entire 
H envelopes prior to explosion. The resulting super-
nova spectra thus show H, which classifies them as 
type II events.  A shock wave, generated as the col-
lapsing material reaches the incompressible core, ejects 
the outer layers of the star and explosive nucleosynthe-
sis takes place.  For very massive stars (> ~(30-33) 
M), the envelope may be completely ejected while 
nuclear burning is still going on in deeper layers, leav-
ing material that has experienced extensive nuclear 
processing at the surface.  Winds of these Wolf-Rayet 
stars can have extreme compositions.  These stars end 
their lives as type Ib/Ic core-collapse supernovae.   

Novae and type Ia supernovae, which occur in bi-
nary systems when a white dwarf accretes matter from 
its companion, are also potential sources of SLRs.  

Criteria for Identifying the Stellar Source(s):  
To identify the stellar source(s) of the SLRs, we can 
ask the following series of questions:  1) Can the pro-
posed source produce most of observed SLRs?  2) Can 
it produce the SLRs in the right relative abundances, 
allowing for dilution by solar system material, radioac-
tive decay, and the dynamics of injection into the pro-
tosolar cloud?  3) Are there stable nuclide signatures 
accompanying the SLRs that can be identified?  4) 
What is the probability that the proposed source was in 
the right place at the right time to contribute to the 
solar system?  5) Was the stellar source also responsi-
ble for triggering the collapse of the presolar cloud? 

Evaluating Two Likely Sources of SLRs:  AGB 
stars have long been considered possible sources of 
solar system SLRs [3-5].  AGB stars can produce 41Ca, 
36Cl, 26Al, 60Fe, and 107Pd.  They do not produce sig-
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nificant 53Mn, 182Hf, 129I, or the actinides.  Model cal-
culations done explicitly to evaluated 1.5-5 M AGB 
stars as potential sources of solar system SLRs can 
approximately reproduce solar system abundances for 
41Ca, 26Al, 60Fe, and 107Pd using a 3 M star, assuming 
~0.5% AGB material injected into the solar system 
material and ~0.7 million years to get the material into 
the solar system [5].  Lower-mass stars have trouble 
making enough 60Fe, while higher-mass stars have 
trouble making enough 26Al.  The model does not pro-
duce enough 36Cl, but this may not be a strong con-
straint because proton irradiation can make 36Cl [2].  

Type II supernovae produce all of the SLRs listed 
in Table 1.  Several calculations have been done of 
nucleosynthetic yields for supernovae of different 
masses [e.g., 6-9].  Models based on these calculations 
that assume the canonical solar system initial 26Al/27Al 
(5×10-5) and reasonable dilution factors and time de-
lays can approximately match the abundances of 41Ca 
and 26Al, but the inferred abundance of 60Fe is some-
times too high and 53Mn is always much too high to 
match observations [e.g., 5, 10].  These studies use the 
bulk output of the supernova above a relatively deep 
mass cut (e.g., r ≈ 1.43 M for a 25 M star).  How-
ever, the radionuclides are produced in different zones 
in the pre-supernova star, with 53Mn produced in the 
deep interior, 60Fe produced in intermediate zones, and 
26Al produced in an intermediate zone and in the outer 
regions.  A 25 M model with a mass cut at r ≈ 2.5 M 
has very little 53Mn in the ejecta [10, 11].  The 25 M 
model of [11] was able to approximately match the 
abundances of 41Ca, 36Cl, 26Al, 60Fe, 129I, and 182Hf, 
with 53Mn coming most from the galactic background.  
Higher mass cuts also minimize the size of predicted 
isotopic effects in stable isotopes [12].   

Observations of the Cas-A supernova remnant 
show that layers in the ejecta mix during the supernova 
explosion.  If mixing of adjacent zones is permitted 
prior to establishing the mass cut [9, 11], it is possible 
to produce supernova models that match solar system 
abundances of 41Ca, 26Al, 36Cl, 60Fe, and 53Mn for a 
range of masses > 20 M [13].  These models are very 
preliminary and do not address issues like synthesis of 
heavy radiogenic isotopes and the nature and expected 
magnitude of correlated stable-isotope anomalies. 

It is worth noting that observed abundances of 
182Hf and 129I in the solar system and in old stars ap-
pear to require two types of “r-process” sources [14, 
15].  For these isotopes, background galactic synthesis 
may play the dominant role, leaving open the question 
of how much was provided by the last stellar input. 

Is an AGB star or type-II supernova source more 
likely?  The fraction of stars that form in clusters, such 
as the star-forming region in Orion, has been estimated 

at 70-90% [16].  In such regions, massive stars and 
low-mass stars form in close proximity over several 
Myr.  The winds of early-formed massive stars and the 
supernova explosions that end their lives may both 
trigger star formation and disperse the cloud, ending 
star formation.  If a cluster lasts long enough, the earli-
est-formed massive stars could explode as supernovae 
as the last stars are forming.  Thus, one can envision a 
causal association between a supernova and a newly 
forming stellar system.  However, once the protostellar 
system has formed, the probability that it will be en-
riched by supernova ejecta drops to ≤1% [17].  In con-
trast, low-mass stars live for billions of years, and by 
the time they reach the AGB phase, their spatial asso-
ciation with other stars that formed in the same cluster 
has long since disappeared.  Thus, a chance encounter 
is required to put an AGB star close enough to the so-
lar system to provide the SLRs.  The probability that 
an AGB star would encounter a molecular cloud within 
a 4-million-year window is estimated at ~5% [18].  
The probability is lower if the time window is shorter 
and lower still if only a fraction of AGB stars has 
ejecta of suitable composition.  The probability that an 
AGB star could add SLRs to and already-formed pro-
tostellar system is infinitesimal. 

Conclusions:  Based on current understanding, 
both AGB and type-II-supernova sources are possible 
sources of SLRs in the early solar system, but a super-
nova source seems more probable.  Both sources have 
problems, but other stellar sources have even more 
problems.  Two different “r-process” sources are re-
quired to explain observed 182Hf and 129I abundances.  
Understanding of these processes and how they relate 
to the source of the last input of SLRs to the solar sys-
tem is limited.  Better models and better abundance 
data are resulting in significant progress in our under-
standing, but much remains to be done.  The role of 
irradiation [2] must also be defined.   
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