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How to study stellar explosions
with deep-sea sediments and 

ocean crusts?
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The Australopithecus afarensis 2-3 million years ago
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Crab Nebula
Herschel (red) and Hubble (blue) composite

Credit: ESA/Herschel/PACS/MESS Key Programme Supernova Remnant Team; NASA, ESA 
and Allison Loll/Jeff Hester (Arizona State University).

Supernova Remnants



10/11/2021 ChETEC-INFRA SNAQs – Jenny Feige: Studying stellar explosions with deep-sea samples 4

Observation of Supernova Remnants
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1. Introduction
2. Supernova Dust on Earth

• Experimental
• Theoretical

3. Conclusions

Outline
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The Solar Environment

×

Image credit: NASA/JPL-Caltech/R. Hurt/Wikipedia Commons Simulation by D. Breitschwerdt & M. de Avillez (2006) 
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The Solar Environment

Copyright © Pearson Education, Inc. Simulation by D. Breitschwerdt & M. de Avillez (2006) 

Local
Bubble

Loop I
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The Solar Environment

Copyright © Pearson Education, Inc. Simulation by D. Breitschwerdt & M. de Avillez (2006) 

Age: 14 Myr
Origin: 14-20 SNe
T = 106 K        
n = 5 × 10-3 atoms cm-3

V = 2002 × 600 pc3
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The Solar Environment

Copyright © Pearson Education, Inc. Simulation by D. Breitschwerdt & M. de Avillez (2006) 

T = 7000 K        
n = 0.3 atoms cm-3

d = 9.2 pc
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The Solar Environment

Copyright © Pearson Education, Inc. Simulation by D. Breitschwerdt & M. de Avillez (2006) 
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Radiocarbon 38:68 (1996) 

Half-lives in the order of
0.3-80 million years!

Supernova Traces on Earth
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Solar System Formation 4.57 Gyr ago

Half-lives in the order of
0.3-80 million years!

Radioactive decay since Solar System formation
Detection on Earth: Recent influx!

mobile.arc.nasa.gov
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Radiocarbon 38:68 (1996) 

Half-lives in the order of
0.3-80 million years!

Implications for Earth
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Crab Nebula
Herschel (red) and Hubble (blue) composite

Credit: ESA/Herschel/PACS/MESS Key Programme Supernova Remnant Team; NASA, ESA 
and Allison Loll/Jeff Hester (Arizona State University).

60Fe, t1/2 = 2.6 Myr
(Rugel et al. 2009, Wallner et al. 2015)

• s- and r-process

➢ (S)AGB stars, Core-collapse
supernovae, Electron-
capture supernovae

26Al, t1/2 = 0.7 Myr

• 25Mg(p,γ) reaction

➢ (S)AGB stars, Core collapse
supernovae, Wolf-Rayet stars

Nucleosynthesis
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Crab Nebula
Herschel (red) and Hubble (blue) composite

Credit: ESA/Herschel/PACS/MESS Key Programme Supernova Remnant Team; NASA, ESA 
and Allison Loll/Jeff Hester (Arizona State University).

Nucleosynthesis

Modified from Feige et al., PRL 121, 221103 (2018)
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Radioactivity in the Milky Way

Supernova-rate in our Milky Way
2 supernovae per century

26Al

Modified from Feige et al., PRL 121, 221103 (2018) Plüschke et al., ESA Sp. Publ. 459, 55 (2001); Diehl et al., Nature 439, 45 (2006)
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Radioactivity in the Milky Way

26Al

60Fe

60Fe/26Al = (0.184 ± 0.042) 

Modified from Feige et al., PRL 121, 221103 (2018) Plüschke et al., ESA Sp. Publ. 459, 55 (2001); Diehl et al., Nature 439, 45 (2006), Wang et al., A&A 469, 1005 (2007); Wang et al., APJ 889, 169 (2020)



Space.com
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Radioactive Supernova Traces

Other 60Fe sources negligible
neutron

Ar

26Al

Continuous atmospheric
26Al production:

1250 ats cm-2 yr-1

(Auer et al., 2009)

10 – 150 pc

26Al
60Fe
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Radiocarbon 38:68 (1996) 

Supernova Traces on Earth
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Supernova Traces on Earth

Alessandro Airo demonstrates where not to search for Supernova traces on Earth.
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Undisturbed archives
with a long-term memory!

Supernova Traces on Earth

Deep-sea sediments

• Accumulation rate: mm/kyr
• Ideal for resolving SN events!!!

Deep-sea crusts and nodules

• Growth rate: mm/Myr
➢ Rough time estimation

• Cover a large time range
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Take-Home Message I

Million-year-old remnants of Supernova can leave traces on Earth if close enough

• Our Sun is located in a region with turbulent history: The Local Bubble!

• Suitable geological archives: Deep-sea records

• Suitable isotopes: Long-lived radionuclides

➢ No leftover from the Solar System formation period

➢ Negligible terrestrial production

➢
60Fe and 26Al both have been observed within our Milky Way:                 
Continuous and fresh input from stellar explosions
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1. Introduction
2. Supernova Dust on Earth

• Experimental
• Theoretical

3. Conclusions

Outline
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Supernova Traces in a Deep-Sea Crust

Pacific 
Crust 237 KD
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Supernova Traces in a Deep-Sea Crust

Pacific 
Crust 237 KD

Klaus Knie cuts the crust into separate layers
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Supernova Traces in a Deep-Sea Crust

Pacific 
Crust 237 KD

www.mll-muenchen.de/tandem/index.html

Accelerator Mass Spectrometer (AMS) 
at the TU Munich

60Fe :  Fe
1  : 1015
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Supernova Traces in a Deep-Sea Crust

Pacific 
Crust 237 KD 60Fe Signal!!!
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Searching for Global Supernova Traces

Indian Ocean 
Sediments

Pacific 
FeMn Crusts

South Atlantic
FeMn Nodules

ANU 
Canberra 
Australia

Less than
10 60Fe atoms
in a 3 g sediment
sample!



Imagine 20 kg 
of flour spread 
over Earth. Can 
you detect it?
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Global Supernova Traces

Indian Ocean 
Sediments

Pacific 
FeMn Crusts

Signal!

Another
signal

Peak-flux: About 30 ats/yr/cm2

Absolute amount of 60Fe 
distributed on Earth: ~20 kg
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Global Supernova Traces

Indian Ocean 
Sediments

Pacific 
FeMn Crusts

Signal!

Another
signal

The 2nd signal is real and has been
confirmed in another crust!
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Supernova Traces in Fossil Bacteria

Pacific 
Sediments

Two sediment cores from
equatorial pacific

• Magnetotactic bacteria

• Chemical extraction of
magnetofossils

• Time-resolved 60Fe signal in 
biogenic reservoir
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Alan Bean takes Lunar samples
(Apollo 12, 1969)

Everything points to one
or more supernovae in 
the past Myr

• 60Fe is everywhere it
shouldn' t be!

• We are living in the
Local Bubble!

Supernova Traces on the Moon

• No sedimentation
• Gardening effect
• Cosmogenic 60Fe
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26Al in deep-sea sediments

Sources of 26Al

• Supernova
• Atmospheric

neutron

Ar

26Al

Indian Ocean 
Sediments
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26Al in deep-sea sediments

Sources of 26Al

• Supernova
• Atmospheric

neutron

Ar   

26Al

• A low 60Fe/26Al nucleosynthesis ratio should result
in a visible 26Al signature. 

• The measured data suggests a limit of 0.18+0.15
.

• Comparable to observations (0.184 ± 0.042) .

26Al

60Fe
-0.08

Plüschke et al., ESA Sp. Publ. 459, 55 (2001); Diehl et al., Nature 439, 45 (2006), Wang et al., A&A 469, 1005 (2007); Wang et al., APJ 889, 169 (2020)
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26Al in deep-sea sediments

Sources of 26Al

• Supernova
• Atmospheric

neutron

Ar   

26Al

• A low 60Fe/26Al nucleosynthesis ratio should result
in a visible 26Al signature. 

• The measured data suggests a limit of 0.18+0.15
.

• Comparable to observations (0.184 ± 0.042) .

• Comparable to stellar nucleosynthesis models.

-0.08
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Indian Ocean 
Sediments

Recent Supernova Influx

5 surface samples
Age: ~33.000 years

Martin Leonhardt / Alfred-Wegener-Institut (AWI

Wikipedia

500 kg of Antarctic snow
Age: <20 years

60Fe Flux today
1/10 of peak flux
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Take-Home Message II

Million-year-old Supernova traces have been detected in

• Deep-sea crusts, nodules and sediments all over the world
• Fossil magnetotactic bacteria
• Lunar samples

Two distinct 60Fe signals around 2-3 and 6-7 Myr ago

• SN-derived 26Al is overwhelmed by atmospheric background
➢ Lower 60Fe/26Al limit of ~0.18

Still today 60Fe is reaching our Earth

Further findings

• 53Mn in deep-sea crusts (Korschinek et al., PRL 125, 031101, 2020)
• 244Pu in deep-sea crusts (Wallner et al., Science 372, 742, 2021; D. Koll’s talk)
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1. Introduction
2. Supernova Dust on Earth

• Experimental
• Theoretical

3. Conclusions

Outline
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Supernova Signatures

Copyright © Pearson Education, Inc.

Signal!

Another
signal!

Which stars created the Local Bubble and 
the 60Fe signals?

Why is 60Fe still arriving on Earth today?

Wallner, Feige et al., Nature 532, 69 (2016)
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Nearby Stellar Moving Groups

Solar environment (r = 200 pc) was searched for
suspicious stars.

UCL – Upper Centaurus Lupus
LCC – Lower Centarus Crux

Subgroups of the Scorpius-Centaurus association!

Ages: ~20 Myr
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Nearby Stellar Moving Groups

UCL – Upper Centaurus Lupus
LCC – Lower Centarus Crux

×
Sun

Fuchs et al., MNRAS 373, 993 (2006)
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Modelling the 60Fe Signal and the Local Bubble

Homogeneous ambient medium (0.3 ats cm-3)

Resolution: 0.7 pc

Number of Supernovae: 16

Local Bubble shell crosses Solar System 2.2 Myr ago!

Breitschwerdt, Feige, Schulreich et al., Nature 532, 73 (2016)

Fluence:

• Number of atoms that
reach the Earth per cm2

F =
U

4

Mej

4πr2Amp
e−t/τ

t ....... time since explosion
Mej ... ejected 60Fe mass
r ....... distance of the explosion site
A ...... mass number
mp .... proton mass
τ ....... 60Fe mean lifetime
U ...... uptake factor
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Modelling the 60Fe Signal and the Local Bubble

Local Bubble shell

Single supernova

Reflected material
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Modelling the 60Fe Signal and the Local Bubble
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Most recent supernovae

• UCL: 2.6 Myr at 106 pc, 9.4 Mʘ

• LCC:  2.3 Myr at 91 pc, 9.2 Mʘ

• UCL: 1.5 Myr at 96 pc, 8.8 Mʘ

Observable today in

• Libra (UCL)

• Lupus (LCC)

Antares

Courtesy: Michael M. Schulreich

Modelling the 60Fe Signal and the Local Bubble

3D simulation of the Local Bubble and the Loop I
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Recent Supernova Influx

Reflected
material Local Bubble shell

Single supernova

Schulreich et al., A&A 604, A81 (2017)Copyright © Pearson Education, Inc.

Koll et al., PRL 123, 072701 (2019), Wallner et al., PNAS 117 (36) 21873 (2020)
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Copyright © Pearson Education, Inc.

Recent Supernova Influx

Our Sun is moving through the Local Fluff

Koll et al., PRL 123, 072701 (2019)
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Take-Home Message III

Subgroups of Sco-Cen association most prominent for producing the
2-3 Myr old 60Fe signal as well as our Local Bubble!

Numerical models point to recent 60Fe Supernova influx on Earth!

Is this influx coinciding with our Sun’s travel through the Local Fuff?
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1. Introduction
2. Supernova Dust on Earth

• Experimental
• Theoretical

3. Conclusions

Outline
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Supernova Signatures

Copyright © Pearson Education, Inc.

Signal!

Another
signal!

Wallner, Feige et al., Nature 532, 69 (2016)

Open questions:

Which stars created the second signal?
Where does the recent influx come from?
What is the 60Fe/26Al ratio?

50
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Related Studies
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Related Studies
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Related Studies



10/12/2021 ChETEC-INFRA SNAQs – Jenny Feige: Studying stellar explosions with deep-sea samples 54

Related Studies
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Related Studies
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Related Studies
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Related Studies
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Conclusions

Daily Journalist/Scientific American

The Australopithecus afarensis
2-3 Myr ago…
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Conclusions

The Australopithecus afarensis
2-3 Myr ago…

Thank you for your attention!


