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Numerous isotopes have been detected that did not
originate in the material from which the Solar System
formed [e.g. 12]. The elements/isotopes we focus on in
this abstract/project are the unstable isotopes 26Al,41Ca
(half lives ∼1 million years), and the stable oxygen
istopes (16−18O). Some of these elements are consid-
ered essential for or conducive to the formation of live
on Earth. 26Al, for example, is considered important for
the melting and differentiation of planetesimals, and oxy-
gen is necessary for cellular respiration for all complex
life on earth. 41Ca has been shown to originate from the
same source as 26Al [11].

The most popular origin for isotopes like 26Al is
through injection of supernova material into the forming
solar system. As observations of star formation indicate,
most stars form in a cluster with at least one massive
star that will go supernova before the cluster disperses
[4], giving a natural and probable setting for this sce-
nario. We examine constraints on the production of the
radioactive isotopes injected into the early solar system
and tracers of 26Al in extrasolar environments.

One method for constraining such an origin has been
suggested by Gounelle & Meibom [3], hereafter GM07.
Using the isotopic abundances in bulk supernova ejecta
[10] they computed the isotopic shifts that would accom-
pany 26Al injection sufficient to explain the solar nebula
meteoritic ratio of 26Al/27Al ≈ 5 × 10−5 [6] GM07
concluded both that the pre-injection solar nebula would
necessarily be more 17O-rich than the disk after injec-
tion, and also the shifts in the solar nebula’s δ17O and
δ18O values.

However, several caveats accompany this analysis.
First, SMOW is widely understood not to reflect the oxy-
gen isotopic ratios of the solar nebula immediately after
injection. Second, the magnitude of the shifts in oxygen
isotopes are dependent on the fraction of ejecta oxygen
that is assumed to accompany Al (and other SLRs in-
jected along with it). Injection of only dust, for example,
(as advocated by Ouellette et al. [8]) could lead isotopic
shifts in oxygen that would be negligible (< 0.001 0/00
for Al2O3 only). Third, because supernovae explode
asymmetrically and in 3 dimensions, the different den-
sity and temperature trajectories taken by their fluid el-
ements can alter the nucleosynthetic yields and oxygen
isotopic ratios in various portions of the ejecta.

Based on these caveats, it is not at all clear that a
supernova origin for 26Al and the correlated 41Ca can
be ruled out on the basis of oxygen isotopes. Therefore,
we have performed nucleosynthesis calculations, in both
1-D and 3-D, to assess where in supernovae 26Al is pro-
duced, and to follow the oxygen isotopes and 41Ca pro-
duction in those zones. We use a large set of thermally
driven 1D explosions with varying kinetic energies and
delays, of single and binary progenitor stars of different
masses. For the 3-D simulation we used the output of one
of our 1-D explosions (23 M� binary star) and mapped
its structure into 3 dimensions with 1 million SPH parti-
cles. The initial intent of the 1-D and 3-D simulation was
to produce a Cassiopeia A type supernova remnant, and
thus we imposed a bipolar, energy conserving velocity
asymmetry (HVSs) on to the 3-D simulation.

We then calculated the shifts in oxygen isotopic ra-
tios and the 41Ca/40Ca in the solar nebula that would
accompany injection of 26Al under a variety of scenar-
ios. In the 1-D cases we find that the ejecta is almost
always to 16O rich, resulting in large and negative shifts
in the δ17O and δ18O values. One exception are the
23m simulations, which resulted in very small (and neg-
ative) shifts of ∼ 3 0/00. In all cases, though, the shifts
are roughly downward a slope 1 line in a three-isotope
plot (δ17O vs. δ18O).

The asymmetry in the 3-D simulation resulted in no-
tably different nucleosynthesis than in 1-D. The rapid ex-
pansion of the HVSs resulted in a faster drop in density,
quenching some nuclear reactions. This freeze-out of nu-
clear reactions suppressed the subsequent destruction of
26Alin the 3-D simulation which significantly increased
the yield of that isotope in the explosion. The freeze-out
also increased the production of 17O and most notably
18O in the simulation. We identified two 26Al rich re-
gions in the 3-D simulation, two ”Bubbles”, one at each
the terminal end of the HVSs, and two ”Rings” closer to
the center, where the HVSs first emerge into a lower den-
sity region (see figure 1). We considered the Bubble, the
Ring, and the bulk separately for a supernova injection
scenario to calculate the resulting isotopic shifts in oxy-
gen, and found that each produced much more 17O and
18O rich ejecta than the 1-D cases.

Starting with composition (δ17O, δ18O) ≈
(−60 0/00,−60 0/00) before the injection, addition
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of the supernova material plausibly could have shifted
the solar nebula to (δ17O, δ18O) ≈ (−70 0/00,−70 0/00).
It is notable that some very 16O-rich meteoritic samples
in this range are known ( some CAIs in Isheyevo, at
≈ (−68 0/00,−66 0/00) [2]). Subsequently the mass-
independent fractionation process would have shifted
the nebula upward along the slope-1 line, erasing this
isotopic shift and eventually producing the composition
(δ17O, δ18O) ≈ (−40 0/00,−40 0/00) common to most
CAIs [e.g. 5]. This scenario—moderate isotopic shift
downward along the slope-1 line due to supernova in-
jection, followed by mixture with a mass-independently
fractionated component and movement upward along
the slope-1 line—is compatible with the isotopic
measurements of supernova material.

As 26Al might be essential for habitable planets we
thought it useful to find observationally detectable prox-
ies for enhancement of 26Al in supernova ejecta and
stellar systems. We consider the cospatial production of
elements in supernova explosions for both the 1-D and
the 3-D cases and find that the most reliable indicator of
the presence of 26Al in unmixed ejecta is a very low
S/Si ratio ( 0.05). Production of N in O/S/Si-rich regions
is also indicative. The biologically important element
P is produced at its highest abundance in the same re-
gions. Due to sensitivity limits and resolution of current
gamma-ray instruments detection of 26Al-rich material
in core-collapse supernova remnants is the favored situa-
tion. The characteristically low S/Si ( 0.05) will be undi-
luted by mixing with ISM material in young remnants,
so we should be able to predict which ejecta knots have
high 26Al in well-resolved cases like Cas A. The pri-
mary difficulty in this endeavor is the lack of Si lines in
the optical. The S/Si ratio of these knots would then pro-
vide a strong test of whether they would contain 26Al at
high abundance. The MEKs in Cas A may also be excel-
lent candidates. Previously they were assumed to be the
result of mixing or superimposed ejecta knots because of
the simultaneous presence of N, O, and S emission lines.
However, as our simulation shows, it is also possible to
produce N enhancements in the O-rich regions that pro-
duce 26Al. The MEKs are then most likely produced in
the same conditions favorable to 26Al production
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Figure 1: Shown is a 2.0× 1011cm thick slice in the x-z
plane of the 3D simulation. 26Al abundances are in red-
tones (amount per particle in M� ) and number ratio of
18O/16O per particle in blue-tones. The sizes of the data
points are arbitrarily chosen, but scale with their values.
A color gradient was also used to visualize the different
abundances per particle. The ligher colors/bigger data
points correspond to higher abundances. Apparent is a
Ring on either side of the center along the axis of sym-
metry, and further out from them the Bubbles, where the
highest 26Al abundance is found.
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