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Introduction
Supernovae are a fact of life in the Galaxy. At least
twice in its lifetime, our Solar System appears to have
been affected by supernovae, with consequences for
life on Earth. At its birth, either before or during its
protoplanetary disk stage, the Solar System acquired
a suite of short-lived radionuclides (SLRs) including
60Fe (t1/2 = 2.6 Myr [1]) and 26Al (t1/2 = 0.7 Myr)
[2]. The origins of these SLRs are debated, but are
probably only consistent with injection of ejecta from
a core-collapse supernova a few parsecs away, within
the Sun’s star-forming region, especially for 60Fe [2-
4]. Some 4.5 Gyr later, the Sun’s star-forming cluster
has dispersed and any massive stars in it have perished,
but distant supernovae still touch Earth. Recently [5]
reported the discovery of live 60Fe in 3 Myr-old ferro-
manganese crusts from the Pacific Ocean seafloor, and
[6] have reported preliminary findings of live 60Fe in a
lunar drill core (at levels ∼ 1/10 the terrestrial value).
The amounts of live 60Fe are small but consistent with
a single supernova ∼ 102 pc away [7], Injection of
26Al by a supernova during the Solar System’s birth
had major consequences for the internal heating of as-
teroids: [8-9] hypothesize that Earth’s inventory of wa-
ter and other volatiles was severely reduced by 26Al-
induced devolatilization of asteroids, and that in plan-
etary systems lacking 26Al terrestrial planets can ac-
quire masses of water exceeding 10-100 Earth oceans,
an outcome that would obviously affect the develop-
ment of life. More recent supernovae have long been
recognized as sources of radiation and cosmic rays that
could potentially change climate or otherwise cause
mass extinctions [10-14], especially inside 8 pc [13-
14]. Clearly supernovae are of great importance to as-
trobiology. Our goal here is to use the observations of
60Fe from 3 Myr ago to constrain the conditions un-
der which the early Solar System received 60Fe from a
nearby supernova.

Delivery of Supernova Ejecta 3 Myr Ago
The 60Fe discovered in ferromagnese crusts or the lu-
nar drill cores implies that supernova ejecta somehow
entered the Solar System, where it could be swept up
by the Earth or Moon at 1 AU from the Sun. Injection
of ejecta gas into the Solar System is difficult because
the ejecta must overcome the ram pressure of the solar
wind; previous work [15] has shown that the supernova
must be < 10 pc away for gas ejecta to reach 1 AU
(Figure 1). A supernova this close 2.8 Myr ago, deliv-

Figure 1: Left: Density map of SN-SW collision, for SN
10 pc away, exploding within the Local Bubble. Right:
Contamination map of the same region. Red denotes
SN material. The Sun is at the origin, and the black
circle marks a distance of 1 AU.

ering 60Fe, is likely to have caused a major extinction
[13-14], which is not observed. We infer that the 60Fe
arrived in the form of dust grains that condensed from
the ejecta.

Supernova dust grains entering the Solar System
will decouple from the ejecta gas that is slowed by the
solar wind, and will follow trajectories subject to the
Sun’s gravity, radiation forces, and Lorentz forces de-
riving from the magnetic field in the solar wind. In
other work we have solved for these trajectories [16];
for example, grains of radius 0.1 µm, charged to 5
V, travelling at 100 km s−1, are laterally deflected (al-
most entirely by the solar magnetic field) by only 7
AU. Being sensitive to mass, grains larger than 0.1 µm
in radius entering the Solar System with velocities v≥
100 km/s, suffer little deflection within the solar sys-
tem. Consequently, the penetration of such grains to 1
AU has essentially 100% transmission probability, but
smaller grains are very strongly deflected.

Given the abundances of 60Fe on the Earth and
Moon, and the variable yields of 60Fe in supernova
ejecta (depending on the progenitor mass and mass
cut in the ejecta), if 100% of the 60Fe condensed into
dust grains, the distance dSNR,0 to the supernova can
be estimated. If only a fraction f of the 60Fe con-
denses into dust grains, the distance must be revised to
dSNR = f1/2 dSNR,0. Correcting for the revised half-
life of 60Fe [1], [7] would estimate dSNR,0 = 30−180
pc for the level in the ferromagnanese crusts, and
dSNR,0 = 90 − 540 pc for the level in the lunar drill
core. We fix the distance to the supernova by assigning
it to the nearest star-forming region likely to have ex-
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perienced a supernova about 3 Myr ago, the Sco-Cen
association,≈ 100 pc away [17]. In that case, f can be
as low as 0.04 (using the lunar signal and the highest
possible yields of 60Fe). Some supernova yields imply
f > 1, especially if more distant supernovae are as-
sumed or if the ferromanganese crust levels of 60Fe are
used, and these can be excluded. As deposition of Fe
into these crusts is subject to environmental effects, we
consider the lunar value to better represent the actual
flux of supernova grains, provided the results can be
reproduced. Depending on the mass of 60Fe produced
in the explosion, the lunar signal of 60Fe is consistent
with a supernova in Sco-Cen, at 100 pc, if at least 4%
of the 60Fe condenses into grains larger than 0.1 µm.

Delivery of Supernova Ejecta 4.5 Gyr Ago
The abundance of 60Fe in the early Solar System has
been explained by injection of supernova material into
its protoplanetary disk [3,18-19]. Like the solar wind,
the internal gas pressures within a protoplanetary disk
can resist the ram pressure of the ejecta, even for a
supernova as close as 0.1 pc. Even disks this close
are not destroyed by the supernova; on the other hand,
< 1% of the ejecta intercepting the disk are mixed into
it [19]. The ejecta instead are deflected around the
disk by a bow shock that forms about 20 AU off the
disk. Dust grains condensed from the ejecta, however,
have large stopping lengths and are not immediately
deflected around the disk; grains > 0.1 µm in radius,
in particular, have stopping lengths > 20 AU and will
pass straight through the bow shock and will enter the
disk [18-20]. In other work [20], the injection effi-
ciencies as a function of grain size, accounting for the
time-varying velocity of the ejecta and the sputtering
of particles have been calculated. Grains∼ 0.01 µm in
diameter are both easily deflected around protoplane-
tary disks and are sputtered, and are essentially not in-
jected into disks. Grains ≥ 0.1 µm in radius are mini-
mally sputtered, and tend to travel along straight lines
directly into the disk, with > 80% efficiency [20].

Based on these injection efficiencies, we estimate
the fraction of 60Fe from a supernova that is injected
into a nearby (distance d) protoplanetary disk with ra-
dius Rd. For an isotropic explosion, the fraction is
(Rd/2d)2 × 0.8 × f , where f is again the fraction
of 60Fe that condenses into grains ≥ 0.1 µm in radius.
The fraction that must enter a face-on, 30 AU-radius
protoplanetary disk to explain a meteoritic abundance
ratio 60Fe/56Fe = 3 × 10−7 [21] from a 40 M� pro-
genitor [22] is ≈ 6 × 10−8 [18]. For an isotropic ex-
plosion, therefore, the meteoritic 60Fe requires a dis-
tance to the supernova of d ≈ 1 f1/2 pc. For f = 0.04
this implies a distance of 0.2 pc. If the supernova ex-
plodes anisotropically, so that the ejecta are clumpy,

some nearby disks may be hit with extra amounts of
60Fe while other disks may be hit with less or none.

The evidence for anisotropic explosions and clumpy
ejecta was reviewed by [20]. The X-ray observations
of the Cas A supernova remnant inparticular show
that the innermost ejecta are concentrated into ∼ 104

clumps∼ 1016 cm in radius some 2 pc from the explo-
sion center. If all of the innermost ejecta in a supernova
(especially those supernova layers containing 60Fe)
explode in such an asymmetric fashion, it is straight-
forward to show that the ejecta will only strike a frac-
tion ∼ 10−2 of nearby disks. On the other hand, those
disks will receive on average ∼ 102 times the ejecta
they would in an isotropic explosion. In that case, the
meteoritic abundances of 60Fe could be injected into a
0.01 M� protoplanetary disk from a 40 M� progenitor
supernova at a distance of 2 pc. This distance is consis-
tent with the distances at which new planetary systems
are forming, at the time of the supernova explosion of
a ∼ 40 M� star ≈ 4 Myr after the birth of the clus-
ter [24]. The implication, though, is that injection of
26Al and 60Fe at the observed meteoritic abundances,
may be a rare event, happening for as few as 1% of all
planetary systems if f = 0.04. If f can be constrained
to be much higher, the solar system could be even far-
ther from the supernova, or could receive the required
abundances even if the ejecta were not clumpy.
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