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Abstract: <p>A very close supernova explosion could have caused a mass extinction</p>

<p>of lifein Earth. In 1996, Brian Fields, the late Dave Schramm and the<br />
speaker proposed looking for unstable isotopes such as Iron 60 that could<br />
have been deposited by a recent nearby supernova explosion. A group from<br />
the Technical University of Munich has discovered Iron 60 in deep-ocean<br />
sediments and ferromanganese crusts due to one or more supernovae that<br />
exploded O(100) parsecs away about 2.5 million years ago. These results<br />
have recently been confirmed by a group from the Australian National<br />
University, and the Munich group has a so discovered supernova Iron 60 in<br />
lunar rock samples and in microfossils of magnetotactic bacteria.& nbsp;<br />
This colloguium will discuss the data and their interpretation<br />

in terms of supernova models, and the possible implications for<br />

life on Earth.</p>
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Radioactive Iron Rain
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Radioactive Iron Rain

-

The discovery of °Fe from a nearby
supernova explosion

@

~ 2.5 million years ago
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A Killer Supernova Explosion?

Distribution of distances to 105 SN: | -+ Asupernova within
1 GG el by about 10pc could have
0(10%) SN caused/would cause a
mass extinction

— Radiation/destruction
of ozone layer, ...

Such an event
expected every few
108 years
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A Killer Supernova Explosion?
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A Killer Supernova Explosion?

— Galactic supernova rate today:RSN

— corrections: spiral arms, molecular clouds,
exponential disk... rabot & Newman 77

— multiple events < 10 pc in the last 4.5 Gyr!
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Mass extinctions

* Many mass extinction events in Earth’s history
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Extraterrestrial Cause for the
Cretaceous-Tertiary Extinction|

Experimental results and theoretical interpretation

Luis W. Alvarez, Walter Alvarez, Frank Asaro, Helen V. Michel
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A Killer Asteroid
Impact

e Alvarez, Alvarez, Asaro &
Michel searched for
evidence of a SN

* Found Iridium layer

* Not accompanied by
Plutonium 244: “not SN”
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A Killer Asteroid

Alvarez, Alvarez, Asaro &
Michel searched for
evidence of a SN

Found Iridium layer

Not accompanied by
Plutonium 244: “not SN”

Due to asteroid impact

¥y
t}*
’s

A

Gulf of Mexico

. ! Chicxulub impact crater

}

Yucatan
peninsula
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JE & Schramm, astro-ph/9303206
Effects of a Nearby Supernova

* Flash of gamma rays DayidSchramm

1945-1997

— Optical light not harmful for biosphere

* Increased flux of cosmic rays
— Neutral: 7.4 % 10° (11)0) ergs/cm’ - y

pe

2 T
. Charged: 6.6 x 10° (11)0 ) »*:1”158/c1u"2 for 3.Dpc2}’ :
pe i

— Cf, usual cosmic rays: 9.10* ergs/cm?/y

— Increased NO production, destruction of ozone

* Bad for land life, plankton & marine life

* Deposition of dust
— Small effect on sunlight, observable signature?
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°OFe Production in Supernova Cores

e Stellar fusion terminates with an iron core

Core-Collapse ®°Fe: Theoretical Yields
Tur+ 2010; Limongi & Chieffi 2006

1.E-03

Nonburning hydrogen

Hydrogen fusion )
Helium fusion 271
Carbon fusion '
Oxygen fusion

Neon fusion  J/ &
Magnesium 458

fusion W<~ : | !
Silicon fusion” N, o Ty p-

Progenitor Mass, M [M ]
Iron ash

ejected %0Fe

SN mass

* Followed by collapse, explosive energy release
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JE, Schramm & Fields, astro-ph/9605128

Unstable Isotope Signatures

Interested in lifetimes < few 108 years: candidates
1OBe 26A| 36c| 41Ca 53Mn 59Ni 60Fe 129| 1465m 244Pu

10Be anomalies reported in ice cores from ~ 35 and
60 kiloyears ago, also deep-ocean sediments

Could have been produced directly by supernova
— Or swept up by supernova shock front

— Also possible cosmogenic backgrounds

Made calculations for SN @ 20pc
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JE, Schramm & Fields, astro-ph/9605128

Calculations of Unstable Isotopes

* Interested in lifetimes < few 108 years

[sotope SN ejecta Swept, Cosgen. TOT. SIGNAL | Cosgen. bgd. Rad. bgd. TOT. BGD.
Be 1.9x 10° 1.9 x 10° 2.2 x 10° 2.2 x 10°
A1 8.4x10° 93x10" 3.1x10° 8.4 x 10° 3.5 x 108 3.5 x 10°
BCl 4.8x10° 22x10* 6.6 x 104 4.9 x 10° 7.5 x 104 7.5 x 101

1.5x10° 6.7 x 10° 1.4 1.5 x 10° 1.6 1.6
23x 10" 1.3 x10° 0.7 2.4 x 107 0.79 0.79

1.2 x 10°
. . : - o 3
146Qm 0.32 0.50 0.82
2py 69 86 1.6 x 10?

* Calculations for SN @ 20pc
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First Evidence for ®OFe
(t,, ~ 2.6 million years)




Technical University of Munich (TUM)

Accelerator Mass [
Spectrometry

* Used to analyze
ferromanganese crusts &
deep-ocean sediments
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Used to analyze
ferromanganese crusts &
deep-ocean sediments
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Knie et al (TUM), PRL 83, 18 (1999)

First Indication for SN ®%Fe on Earth

* Excess of ®Fe in
deep-ocean
ferromanganese

crust
* Deposited during =
last~5 Myears |

e Strongest signal/‘
<3 M years 10°

age [Myr]
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Knie et al (TUM), PRL 93, 171103 (2004)

Follow-up on SN ®9Fe Anomaly

* Confirm excess of
®OFe in deep-
ocean
ferromanganese
crust
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Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Time Profile of ®°Fe Deposition

Fobs, @ Fa
- T — =
Al = I.U‘k\.”.‘ li’l'l—‘ - ,“'."‘ S —

25-M, SN

- 21-M_ SN

- ECSN
6.5-M_ SAGB

* Dispersion during
propagation
through the
interstellar
medium

* Sedov profile

See also Fields & JE, astro-ph/9811457
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Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Comparison with ®%Fe Data

““Fe / °® Fe with decay

SN arrives, 2.2 Myr

ECSN, Ug, = 0.5, At = 880 kyr
ECSN, Ug, = 0.5, At = 440 kyr |]
Knie et al. 2004
Fitoussi et al. 2008

Age [Myr]
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Fields, Hochmuth & JE, astro-ph/0410525

Estimated Yields of Other Isotopes

* Depend on SN model: prospects with >3Mn, 26Al?

Lot Woosley & Weaver 65 Raucher el al 2002
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Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Estimated Yields of Other Isotopes

* Depend on mass, type of SN progenitor

Progenitor

QESAI
5SMn
UUI?E
41Ca
EI:{ZI,
e

15-M,,
COSN®

2.6 x 10 3
1.8 x 10 °
6.6 x 10°°

4.3 x 10
1.3 x 10
4.8 x 10

19-M..
CCSN®

3.2x 10"
2.1 x 10

1.1 x 10

27x10°°
4.7 x 10°°

4.2 x 10

20-M,

CCSN®
3.0 x 10
1.3 x 10
3.6 x 10
4.3 x 10
9.8 x 10
1.9 x 10

a
-+
a
T
b

10

21-M,
CCSN®

4.6 x 10"
2.3 %10
25x 10 °
6.9 x 10"
5.9 x 10"

1.3 x 10

25-M,,
CCSN®
70x 1077
3.6 x 10 4

1.5x 104

32x10°°
1.5x10° 7
8.3 x 10

8-10-M_,
ECSN?
4.4 x 1078
1.1 x 10 ©
36 x10°°
2.0x 1077
N/AY
N/A?

- 107pq

146G m

4.1 x 10
3.9 x 10

84 % 10
6.3 x 10

4.6 x 10
3.4 x 10

10

10

1.4 x 10"

8.5 x 10

1.4 x 10°°
1.2 x 10

N/A¢
N/A¢

IhEIIr
2441}1f

1.4 x 10
2.0x 10

1. x 107

22x10

2.5 x 10
3.7x 10

10

11

5.5 x 10
8.1 x 10

4.3 x 10
6.3 x 10

N/AY
N,f,‘\'f

Progenitor

6.5-Mo,
SAGB*

7.0-Mo
SAGB*®

7.5-Mg
SAGB*®

8.0-M
SAGB¢

8.5-M:
SAGB*

9.0-M.,
SAGB*®

26 Al
SMn

50x 10"

0

5.0x 10
0

50x10°°

0

8.0 x 10
0

1.0 x 105
0

1.1 x 10°°

0

UUI?O

5.0 x 10

3.0x 106

4.0 x 10

_ 9.0x 10°°

1.4 x 10°°

1.4 % 10°°
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Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Estimated Yields of Other Isotopes

* Depend on mass, type of SN progenitor

Pirsa: 17020094

Progenitor

15-M,,
COSN®
2.6 x 10

6.6 x 10 °

1.3x10°°
48x 101

19-M,,
CCSN®
3.2x10°

4.7x10°°
4.2 x 10"

20*1‘-'1;;\‘;
CCSN*®

3.0 x 10~

x 1

3.6 x10°°

1.9 % 10

TOLM,,
CCSNe

4.6 x 1077

2.5 x 107

5.9 x 10
1.3 x 10

25-M,
CCSNe
7.0 x 107

1.5 x 10

1.5x10° "
8.3 x 10

8-10-M..
ECSN®
44x10°°

Ux 10
N
N;rAn‘

4.1x 10710
3.9%x 1010

84 %1010
6.3 x 1012

4.6 x 10
3.4 x 10

14 x 10"

8.5 x 10

1.4x10°"Y
1.2x 107

NfAd
N/A4

1.4x 101"
20x 101

1.5 x 10
2.2x 1010

2.5 x 10
3.7x 10

5.5 x 10
8.1 x10

4.3 x10°
6.3 x 101!

N/A¢
Ni},\.f

Progenitor

6.5-M
SAGB*

7.0-Mo,
SAGB*®

7.9-Mg

SAGB*®

8.0-M
SAGB¢

8.5-M:
SAGB®

9.0-M,
SAGB*®

WA
53N

5.0 % 1076
0

50x 10
0

50x10°°

0

8.0 x 10
0

1.0x10°°
0

1.1x10°°
0

li(]Fo

50x10°°

3.0x10°6

4.0 x 10

9.0 x 10

* Core-collapse or electron-capture?

1.4x10°°

1.4 % 10°%
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Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Estimated Yields of Other Isotopes

* Depend on mass, type of SN progenitor

Progenitor

QESAI
53Mn
60 Fe
1Cq
Elztzr
EI?'T-C

15-M,,
COSN®

2.6 x 10~ °
1.8 x 10
6.6 x 107
4.3%10 °

1.3 x 10
4.8 x 10

19-M,
CCSN*
3.2x 1077
2.1x10 %
1.1 x 104
27x 1078
4.7 x10°°
42 x 101

20-M,.
CCSN®
3.0 x 10
1.3 x 10
3.6 x 10
4.3 x 10
9.8 x 10
1.9 x 10

<)
4
a
b

10

21-M,,
CCOSN®

4.6 x 1077

23 x 107
25x10°°
6.9 x 10

5.9 x 10
1.3 x 10

25-M,,
CCSN®
70x10°
3.6 x 10
1.5 x 10
32x10°°
1.5x 107

8.3 x 10

,463if‘

ECSN®

4.4 x10°°

1.1 x 10°©

3.6 x10°°

0x 107

1“1,’}5‘1!l

l(]‘.’[_‘nd

1469 m

4.1 x 10
3.9 x 10

84 x 1010
6.3 x 10 2

4.6 x 10
3.4 %10

10

10

1.4 x 10"

8.5 x 10

1.4x10°?
1.2 x 107

N/Ad
N/AY

IhEIIr
244 I‘)ur;

1.4 x 10
2.0x 10

1.5x 10
22x 1010

2.5 x 10
3.7x 10

10

11

5.5 x 10
8.1x10

4.3 x10° "
6.3 x 101!

N/A¢
:\‘TIA.E

Progenitor

6.5-Mo
SAGB*

7.0-Mo,
SAGB*®

7.5-M:
SAGB*®

8.0-M
SAGB¢

8.9-Ma
SAGB*

9.0-Mg
SAGB*

WA
S\

5.0 x 10
0

50x 10 °°
0

50x10°°

0

8.0 x 10
0

1.0x10°°
0

1.1x10°°
0

!i(]Fe

5.0 x 10

3.0x10°6

4.0 x 10

6

9.0 x 10

* Core-collapse or electron-capture?

1.4%x10°°

1.4 % 107°




Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Estimated Yields of Other Isotopes

* Core-collapse SN would have given large >3Mn
signal: not seen, so electron-capture SN?

B gy = 3 Kyr, Uy, = 0.5
21-M SN, foymn = 0.1
21-M_ SN, foy m, = 0.01
21-M SN, foy p, = 0.001
15-M SN, fon mn = 0.1
15-M onmn = 0.01

| 16-M, SN, fop yp = 0.001 |

ECSN, fuy pn = 0.1
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Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Estimated Yields of Other Isotopes

* Core-collapse SN would have given large >3Mn
signal: not seen, so electron-capture SN?

B gy = 3 Kyr, Uy, = 0.5
21-M SN, foymn = 0.1
21-M_ SN, foy m, = 0.01
21-M SN, foy p, = 0.001
15-M SN, fon mn = 0.1
15-M onmn = 0.01

| 16-M, SN, fop yp = 0.001 |

ECSN, fuy pn = 0.1
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Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Estimated Yields of Other Isotopes

* Core-collapse SN would have given large >3Mn
signal: not seen, so electron-capture SN?

53 5%
Mn /7" Mn 26 27
Blpy = 3 kYL, Uy = 0.5 Al 7T Al

Al =3 kyr, Uy = 0.5

Jsnoa =1, SN ex.

21-M, SN, [y, = 0.00 6.5 SAG
18 SN, frer = . .5-M , SAGB
1

1

L

7.0-M_ SAGB
7.5-M, SAGB
8.0-M_ SAGB
8.5-M_ SAGB
9.0-M, SAGB
e ELT49.53
« ELT 45-21

16 1.8 20 22 2.4 26 28 3.0 ’ )
Ado [Myr) Age [Myr]

* Electron-capture SN: expect small 2°Al signal
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Fry, Fields & JE, arXiv:1405.3210 [astro-ph.SR]

Would this SN have been Dangerous?

* Estimated
distance ~ 50 to
150 pc, well
beyond “kill

| i
| |
X I
] by
: "o
] Y
: '
| [
| S19L
'
sts o !
l
(]
|

radius” S M

Distance [pc]

Ry, s »
TNSNeKN 7., kill, ECSN
' 1 L

0 5 10 15 20
Progenitor Mass [M ]
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Wallner et al (ANU), Nature 532, 69 (2016)

Locations of ©°Fe Measurements
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Wallner et al (ANU), Nature 532, 69 (2016)

Time Profile of ®°Fe Signal

T

T T T T T 7T
Eltanin sediments

- FeMn Crust-1
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>1 SN~ 2.5 M years ago? + SN~ 7 to 8 M years ago?
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Wallner et al (ANU), Nature 532, 69 (2016)

60Fe Measurements in Sediments

Table 1 | Averaged S0Fe/Fe atom ratios from AMS measurements at ANU of the sediment samples

Background- and
Time “re “Fe/Fe decay-corrected  Fe concentration  “Fe concentration  ““Fe deposition  *'Fe deposition
Sediment period counts (10 "atoms  "Fe/Fe (107 (10 grams (10" atoms rates (atoms (10° atomscm *
Sediment cores samples (Myr) detected per atom) atoms per atom)  per gram) per gram) cm ‘yr 1) per layer)

45-21/50-02 5 <02 2 0064004 002+002 0.30+0.10 <0.2 <0.2 NA
49-53/45-21 14 1.71-2.0 123 1674015 2524023 0234001 60406 228+23 65407
49-53/45-21/50-02 11 20-23 51 1514021 248+035 0.24+001 67+1.0 248+36 74411
49-53/45-21/50-02 23-26 33 1964034 3504061 0.17+001 65412 27,1250 81115
49-53/45-16 26-29 54 3404046  661+090 0.16+0.01 103+£15 348+52 104415
49-53/45-16 ' 29-3.18 27 1184023 241+047 0.13+001 34+07 114+24 30+06
45-16 ~4-7 1 011+011 020+£030 0.14+001 <04 <l NA
Commercial iron Background 7 0.0421£0015 NA NA NA NA NA
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Sediment
Sediment cores samples

Time
period
(Myr)

counts
detectad

(10 ' atom
per atom)

Wallner et al (ANU), Nature 532, 69 (2016)

60Fe Measurements in Sediments

ackground- 2

aecay-correctec
“Fe/Fe (10 7
atoms per atom)

Fe concentration
(10 * grams

“Fe concentration
(10° atoms
per gram)

“Fe deposition

rates (atoms
cm ")'r )

“Fe deposition

(10°atomscm ©

per layer)

45-21/50-02 5
49-53/45-21 14
49-53/45-21/50-02 11
49-53/45-21/50-02
49-53/45-16

49-53/45-16

45-16

Commaercial iron

<0.2
1.71-20
20-23
2326
26-29
29-3.18
~A-7"

Background

2
123
51
33
54
27

|

7

16740,
15110,
19610
34040,
1.18+0.2
0114011
004210015

0.02+£002
252+023
248+035
350+061]
6.61+090
241+047
0.20+0.30

164001
0.13+001
0.14+001
NA

<02
60+06
6.7+1.0
65412
103+£15
3407
<04

NA

<0.2
228+23
248+36
27,1250
348+52
114+24
<l

NA

NA
6.5+0.7
74+11
81115
104+15
30+06
NA

NA
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Wallner et al (ANU), Nature 532, 69 (2016)

°OFe Data from Different Locations

Ceep-sea Time pericd ““Fe detector ““Fe depaosition
archive Location (Myr) events (10° atemsecm )

Sediment Indian 1.71-3.18 288 354+26
QOcean

FeMn Crust-1 Pacific 0-4.35 97 59+08
Ocean

FeMn Crust-1 6.52-8.70 26 35+14
FeMn Crust-2 1.2-3.1 94 22+02

FeMn nodules Atlantic 1.8-3.3 13 0.6+02
Ocean

0-3.3 20

FeMn ?'.jona Pacific 0-59 21
Pihoa'? Ocean

FeMn Pacific 1.74-
237KD*! Ocean 261*

Lunar Moon Integral
material??
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Breitschwerdt et al, Nature 532, 73 (2016)

Modelling the
Local Bubble

Several nearby supernova explosions?

irsa: 17020094 Page 41/76




. Homogeneous background medium mode|
Supernova 16
Inhomogeneous background medium model

Supernova 14

Modelling
®OFe Profile |«

Local Bubble shell (includes supermovae 1-15)

Local Bubble shell (includes supernovas 1-13)

e Better fit with >

one SN (width of
signal)? op

Local Bubble shell analytical model

Raf. 2

Homogeneous background medium model

9

Inhomogeneous background medium model

“FefFe (10

Page 42/76
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Fimiani et al (TUM), PRL 116, 151104 (2016)

Apollo Lunar Rock Samples

. Several sample return missions
AS12-49-7286

A(*Fe) (dpm/(kg Ni))

1 1 L 1 1 1
200 300 400 500 600 700
A(**Mn) (dpmi(kg Fe))

* Significant excess of ®0Fe in several samples
No timing information
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Ludwig et al (2016), www.pnas.org/cgi/doi/10.1073/pnas.1601040113

°0Fe in Magnetotactic Bacteria

* Bacteria that orient along magnetic field lines

* Live near water/sediment interface

r e % g c
' ‘
| 4 : - "

* Magnetite crystals identified in sediments
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Ludwig et al (2016), www.pnas.org/cgi/doi/10.1073/pnas.1601040113

°OFe in Magnetotactic Bacteria

A 10 A

¢ Core 848 “Fe/Fe
Blank level
1-o u.l. blank level

(- -}

» ®0Fe signal found
in two sediment
samples

o

“FelFe (10 )

‘ 15 20 25 70 75 80
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Ludwig et al (2016), www.pnas.org/cgi/doi/10.1073/pnas.1601040113

°OFe in Magnetotactic Bacteria

A 10 s
5 ¢ Core 848 “Fe/F
* ®0Fe signal found |_ ¢ Blank level
in two sediment
samples

1-o u.l. blank level
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Wallner et al, Nature Comms DOI: 10.1038/ncomms6956 (2015)

Search for Live SN Plutonium

* Expect to produce ?**Pu (t,, = 81 My) in r-process
nucleosynthesis

— SN or neutron-star mergers?
* Amount in deep-ocean

sediments < expected

production by SN
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Wallner et al, Nature Comms DOI: 10.1038/ncomms6956 (2015)

Search for Live SN Plutonium

* Expect to produce ?**Pu (t,, = 81 My) in r-process
nucleosynthesis

— SN or neutron-star mergers?
* Amount in deep-ocean
sediments < expected
production by SN
* r-process

] 244py flux measured : Previous work
10° 4 = 244py, flux upper limit (20)
BN 24py) fux 1SM-model

z
?
5]
%
g

nucleosynthesis sites
infrequent, rare?

244py, 1SM flux at earth orbit (
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Candidate origins of 60Fe Signal

Scorpio-Centaurus
Association (Sco-Cen) "

s WY
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Candidate origins of 60Fe Signal

Scorpio-Centaurus Tucana-Horologium
Association (Sco-Cen) ™% Association (Tuc-Hor)

s WY

® Candidates
m Members
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]
Where was the SN?

* Implied source distance
(depending on uptake fraction of ®°Fe = U_,,):

Case Standard High Low
YKnie = 0.43 Ucrust = 0.5 Ucrust = 1.0 Ucrust = 0.1
8 — 10-M» ECSN 461" pc 4510 pe
15-M; CCSN 6474 pc 6115 pc
9-M, SAGB 84f;3 pc SQf;R pc
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]
Where was the SN?

Implied source distance

(depending on uptake fraction of ®°Fe = U_, ,):

Case Standard High Low
YKnie = 0.43 Umm =0.5 Ucrust = 1.0 Ucrust = 0.1
8 — 10-M, ECSN 461" pe 45t 0
15-M CCSN o4+;4 pe 61“4 pc
9-M, SAGB 84+;? pc 82+;q pc

Better fit to distance to Tuc-Hor (< 60 pc) than
to distance to Sco-Cen (~ 130 pc)
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]
Where was the SN?

* Implied source distance
(depending on uptake fraction of ®°Fe = U_, ,):

Standard High Low
U’.rust — 0 1

R — 10-My ECSN 461"

15-Mg CCON

» Better fit to distance to Tuc-Hor (< 60 pc) than
to distance to Sco-Cen (~ 130 pc)
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Radioactive Iron Astronomy?

Dust Trajectories through the Heliosphere
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sposition [Al]

Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Radioactive Iron Astronomy?

Dust Trajectories through the Heliosphere

] 1

; THHH LY
RSN f[.‘}‘ 1 it
3 0]

Y
]

T,
-
&
*

r-position [AU] r-position [AU]

Directionality retained
before the SN dust reaches the Earth: ————
(trajectories after passing the Earth:
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Radioactive Iron Astronomy?

Dust Trajectories through the Magnetosphere

3 _gﬂ' &
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Radioactive Iron Astronomy?

Dust Trajectones through the Magnetosphere

Directionality retained
before the SN dust reaches the Earth:
also after passing the Earth:
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

The Terrestrial Journey of *°Fe

*“Fe dust enters the atmosphere and is
nearly completely ablated /vaporized.

Upper Atmosphere Deposition
(Fig. 3. this paper)

“Fe oscillates in north /south & east/west
Mesosphere /Lower Thermosphere ‘U\‘lnds< winds as it descends through atmosphere.
(Fig. 1. Plane, Feng, & Dawkins 2015)

““Fe rains out of atmosphere to surface.

Mean Atmospheric Iron Deposition
(Fig.3b, Dhomse, et al. 2013)

|_ Highly soluble “Fe is consumed by plankton
and other ocean life.

Mean Annual Iron Concentrationat 0 - 103 m
(Fig. 11d, Moore & Braucher 2008)

Mean Annual lron Concentrationat 103 - 502 m

(Fig. 124. Moore & Braucher 2008) *“*Fe descends along a “conveyor belt”

remaining in the same fluid clement

>

Mean Annual lron Concentrationat 502 - 945 m
(Fig. 13d, Moore & Braucher 2008)

Mean Annual Iron Concentration at > 945 m
(Fig. 14d, Moore & Braucher Z008)

““Fe reaches sample location and is incorporated
into sediment /Fe-Mn crust / magnelosomes
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Wallner et al (ANU), Nature 532, 69 (2016)

Locations of ©°Fe Measurements

Previous samples

New samples

et ot —
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Wallner et al (ANU), Nature 532, 69 (2016)

Locations of ®°Fe Measurements

Previous samples

60K 180
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Wallner et al (ANU), Nature 532, 69 (2016)

Locations of ©°Fe Measurements

Major ocean currents

T hl= 2] P

: ‘U--‘
s ™

» .. 'r' ._-'f“ ‘ ” B, % " e ":‘ \
T ;
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However Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

60Fe Distribution on the Moon

* Signal smeared out in longitude, not latitude
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However Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

60Fe Distribution on the Moon

* Signal smeared out in longitude, not latitude

ok Locations of
el Apollo landings Tuc-Hor

region region

) 0 1

« Calculations for two possible SN locations
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Lunar Latitude Distributions

* Calculations for two possible SN locations

¢« 5= 110°% Sco-Cen 15 ' 12, 14, 16 o
D e - 5= 155° Tuc-Hor | f -

¥ W 1202514 PR
OHY ¥ 15008,1050 [t i Tuc-Hor

4 4 15008,1051 :
S|4 ¢ 60007,517 region

f + 69921310

b
un

1

Relative Fluence, v

g
o

.- Sco-Cen
ST region
*

o
w

.'.'-

Equator

&C
D_C

Lunar Latitude, ¢

Pirsa: 17020094 Page 64/76



Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Lunar Latitude Distributions

* Calculations for two possible SN locations

4.0

* = 110;. Sm—fe‘n 15 17 11 : 12, 14, 16 s
S e - =155 Tuc-Hor - mRI
¥ 1202514 -
OHY ¥ 15008,1050 fl | i =
e uc-Hor

4 4 15008,1051
Sté ¢ 60007,517 region

F ¥ 69921,31,0

L

Relative Fluence, ¢

region

= ._._i_‘(..].“_};.___ e

* Showing results from Apollo sample returns
* Future sample return missions could distinguish?
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Fry, Fields & JE, arXiv:1604.00958 [astro-ph.SR]

Lunar Latitude Distributions

* Calculations for two possible SN locations

4.0 .
¢« n=110°% Sco-Cen 15 ' | 12, 14, 16 )
S5t = - ;= 155° Tuc-Hor - m T

® 91202514 PR

OHY¥ ¥ 15008,1050 _ et
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¥ 2.5/|¢ & 60007517 ' it region
f § 69921310 ‘

5
o

P
-

1

Relative Fluen

g
o
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o
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}

* Showing results from Apollb sample returns
* Future sample return missions could distinguish?
* Want high latitudes, controlled sampling
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Binns et al, Science 10.1126/science.aad6004 (2016)

Observation of °°Fe in Cosmic Rays

* Clear separation between different isotopes
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Binns et al, Science 10.1126/science.aad6004 (2016)

Observation of °°Fe in Cosmic Rays

* Clear separation between different isotopes
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e 15%Fe vs. (7.5 £ 2.9) x 10° °%Fe
* Independent evidence for recent SN(e)
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Kachelriess, Neronov & Semikoz, arXiv:1504.06472 [astro—ph.HE]

Other Evidence from Cosmic Rays:

* Excesses of cosmic rays due to SN ~ 2M years ago?
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Kachelriess, Neronov & Semikoz, arXiv:1504.06472 [astro—ph.HE]

Other Evidence from Cosmic Rays:

* Excesses of cosmic rays due to SN ~ 2M years ago?
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Kachelriess, Neronov & Semikoz, arXiv:1504.06472 [astro-rph.HE]

Other Evidence from Cosmic Rays:

* Excesses of cosmic rays due to SN ~ 2M years ago?
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Thomas et al, arXiv:1605.04926 [astro-ph.HE]

Cosmic Ray Flux from Nearby SN

* Enhanced cosmic-ray flux for ~ 5000 years

ID‘ T ||lr||r| T L L R B L T

st GeV')GeV)

(]
=
o
8
Q
=
w
s
€
5

Proton Energy (GeV)

Pirsa: 17020094 Page 73/76



Thomas et al, arXiv:1605.04926 [astro-ph.HE]

Cosmic Ray Flux from Nearby SN

* Enhanced cosmic-ray flux for ~ 5000 years
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* Increased ionization rate
* Enhanced mutation rate?
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Ksepka, Ware & Lamm, Proc. Roy. Soc. B281 20140677 (2014)

Biological Effects of Nearby SN?

Compare fossil ‘clock” with molecular ‘clock’
based on DNA mutations

Discrepancy seen in the
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data on birds
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First discovery of effect on Earth of an
interstellar event: ®°Fe on ocean floors

Also seen in lunar samples

Indications of recent nearby supernova
explosion also in cosmic rays

No threat to life on Earth

How to look for previous SN explosion that
might have caused a mass extinction?

235U? (t,, ~ 700 million years)
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