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Introduction:  The presence of 60Fe in the early 

Solar System strongly suggests the Solar System 
formed in close proximity to a supernova [1,2].  Be-
sides 60Fe, this supernova probably also injected other 
SLRs, too [3].  Matches to the meteoritic abundances 
are possible if the supernova injected SLRs into a mo-
lecular cloud core a few pc away, or into a protoplane-
tary disks a few x 0.1 pc away [3,4].  However the 
injection occurred, SLRs were homogeneously distrib-
uted by the time the first meteoritic solids formed [5], 
implying efficient mixing.  Here we discuss mecha-
nisms of SLR injection and mixing. 

Meteoritic Evidence: In recent years, evidence 
from meteorites for the presence of many SLRs in the 
early solar system has been discovered.  In addition to 
60Fe, the presence of 10Be, 26Al, 36Cl, 41Ca, 53Mn, 107Pd 
and 182Hf has been confirmed [6].  Their initial solar 
system abundances [6] are given in Table 1; some bulk 
isotopic analyses suggest 26Al/27Al was initially as high 
as 6 x 10-5 [7].  All of these SLRs can be explained by 
injection from a supernova, except 10Be which can be 
attributed to the trapping of 10Be cosmic rays in the 
Sun's molecular cloud [8].  It has been proposed that 
53Mn and 182Hf were also inherited from the Sun's mo-
lecular cloud [9], and either injection or inheritance 
could account for these isotopes.  The presence of re-
fractory inclusions devoid of 26Al and 41Ca suggests 
that the injection occurred after the first solids had 
already formed [10]; this has been dubbed the “late 
injection” scenario.  In addition, recent work by Biz-
zarro et al. [11] suggests that 26Al was well mixed in 
the presolar disk before 60Fe was injected.  Their 60Fe-
60Ni isotope data show that most meteorites originating 
from differentiated planetesimals that accreted within 1 
million years of the Solar System’s formation have a 
lower 60Ni/58Ni ratio than samples from Earth, Mars 
and chondrite parent bodies.  This indicates that the 
oldest planetesimals in the Solar System formed in the 
absence of 60Fe, and that this isotope was injected 
within 1 million of the Solar System formation, when 
26Al was already homogeneously distributed. 

Supernova Trigger: As supernovae are rare, a 
causal link must exist between the supernova and the 
birth of the Solar System.  The "supernova trigger" 
model describes one possible link, wherein the shock 
wave from a supernova triggered the collapse of the 
presolar cloud [12].  The SLRs were injected when 
ejecta lagging the shock mixed into the presolar cloud 

via Rayleigh-Taylor fingers at the shock/cloud inter-
face [13,14].  Computer simulations have shown that a 
range of shock speeds between 5 and 30 km/s are able 
to trigger the collapse of the disk and inject radioactive 
material in it without shredding the cloud. 

Aerogel Model: The "aerogel model" describes a 
second possible link. Observations of star-forming 
regions such as the Orion Nebula, the Carina Nebula 
and NGC 6611 show protoplanetary disks commonly 
form within a few tenths of a parsec of massive stars 
doomed to explode as supernovae [15-17].  The ejecta 
of these supernovae, and the SLRs they contain, will 
hit the nearby protoplanetary disks.  Previous work has 
shown that disks are not destroyed by the ejecta, even 
as close as 0.1 pc away [18].  Little gaseous ejecta 
makes it into the disk (~1% of the intercepted ejecta), 
but dust grains that condense out of the ejecta are effi-
ciently injected.  The majority of the SLRs will have 
condensed into such grains and enter the disk.  Simula-
tions show that > 90% of dust grains > 0.1 um, con-
taining > 90% of the mass of SLRs, will penetrate to 
within 3 scale heights of the protoplanetary disk mid-
plane [19,20].  Supernova dust grains penetrate and 
lodge in the disk in a manner reminiscent of how 
aerogel captures interplanetary dust particles. 

Late injection: Both injection models described 
above are compatible with "late injection" of SLRs, 
after the first refractory solids form in the disk.  In the 
supernova trigger model, there is a lag of a few x 104 
yr between the compression of the presolar cloud core 
and the arrival of the SLRs behind the shock wave 
material [14].   This delay may be long enough for the 
first solids to form in a SLR-free environment.  In the 
aerogel model, the disk has already formed when the 
SLRs arrive; hence there is ample opportunity for the 
first solids to form.  The aerogel model is further com-
patible with a gap in time between injection of 26Al 
and 60Fe if the supernova progenitor was massive 
enough to enter a Wolf-Rayet phase before exploding 
[11].  During this phase, powerful winds from the star 
will eject large amounts of 26Al (and possibly other 
SLRs like 41Ca and 107Pd); later, during the supernova 
proper, 60Fe and other SLRs are injected 

Mixing: The initial abundance of 26Al/27Al is taken 
to be ~4.5 x 10-5, and thought to be homogeneous 
throughout the disk [5].  Meteoritical components with 
lower values are attributed to crystallization times a 
few Myr later, after some 26Al has decayed.  Neither of 
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the above two scenarios predicts an initially homoge-
nous distribution of SLRs in the disk.  In the super-
nova trigger model, the injection occurs via narrow 
Rayleigh-Taylor fingers, spiking the disk with SLRs 
non-uniformly, on 10-AU scales [14]. In the aerogel 
model, supernova ejecta explode non-isotropically, 
and injection is complicated by disk orientation.  Even 
if the ejecta are isotropic and injected into a face-on 
disk, the final distribution of SLRs in the disk could 
not be homogeneous, because the column density of 
disk material is lower farther from the Sun.  Hence the 
concentration of SLRs with respect to disk material 
will be higher in the outer parts.  In either model, a 
mechanism must be present in the disk to rapidly ho-
mogenize the SLRs before the majority of the solids 
form.  Computer simulations have shown that mixing 
in a marginally gravitationally unstable disk can trans-
port and disperse SLRs within the disk.  Although per-
fect homogeneity cannot be achieved throughout the 
disk, the dispersion approaches a value of ~10% on 
timescales of ~1000 yr [21].  In addition, SLRs in-
jected at the surface of the disk, where the gas is easily 
ionized and unstable to the magnetorotational instabil-
ity [22], may be mixed by turbulent diffusion. In this 
turbulent layer, marked by turbulent diffusivity 
ν = αH2Ω (where H is the disk scale height, Ω the or-
bital frequency and α ≈ 0.01), the injected dust grains 
can be mixed across the entire disk on timescales of 
only r2/ ν < (r/H)2α−1Ω−1. Assuming r/H ≈ 10, this is < 
105 years at 20 - 30 AU.  Other dynamical effects may 
also be important.  As the radial pressure and density 
gradients vary with height above the midplane, differ-
ences arise in the rates at which materials are redistrib-
uted by large-scale flows associated with mass trans-
port and gas drag [23].  These effects will further serve 
as a way of mixing freshly injected material both in-
ward and outward within the disk [24].  

Injected SLRs: A supernova has been well estab-
lished as the source of 60Fe [6].  However many other 
SLRs, like 26Al, 36Cl, 41Ca and 53Mn are formed in 
massive stars and ejected during their explosions.  
These isotopes would all be injected in the early Solar 
System, by direct dust injection or Rayleigh-Taylor 
fingers.  Taking the ejecta of a 25 M  supernova from 
Woosley and Weaver [25] and mixing it into a “mini-
mum-mass disk” [26], assuming a dilution ratio of 
~1.7 x 10-7 (caused by either geometric dilution or 
mixing with the presolar cloud), enough SLRs are in-
jected to explain the abundance of 60Fe, 26Al, 36Cl, 41Ca 
and 53Mn (Table 1). 

Some complications must however be considered 
in this simple injection model.  First, the ratios from 
Table 1 assume the ejecta are well mixed during the 

supernova explosion, which will probably not be the 
case.  Certain shells of the pre-supernova star should 
be sampled more than others, which would alter the 
predicted ratio.  In addition, if there is a delay between 
the injection and the formation of the majority of the 
solids, the SLRs with the shorter half-lives, (e.g., 41Ca 
and 36Cl), will decay proportionally more than longer-
lived ones (e.g., 60Fe). Table 1 demonstrates neverthe-
less that a single supernova is capable of supplying the 
early Solar System with the meteoritic abundances of 
SLRs. 

 
Ratio Measured Predicted 
26Al/27Al 4.5 × 10-5 4.4 × 10-5 
36Cl/35Cl 1.4 − 3.0 × 10-6 3.4 × 10-5 
41Ca/40Ca 1.5 × 10-8 6.2 × 10-6 
53Mn/55Mn 1.4 × 10-5 5.6 × 10-4 
60Fe/56Fe 3 − 10 × 10-7 3.7 × 10-7 

 Table 1: Measured meteoritic ratios of various 
SLRs and the ratios expected when the average com-
position of the ejecta of a 25 M  supernova explodes 
isotropically and is injected into a “minimum-mass” 
protoplanetary disk [26]. 
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