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The age of the Solar System:

+ 4567.18 = 0.50 Million years (Amelin et al

. Pb-Pb age of CAls in Allende meteorite

Image Credit: H. Raab









The First Solid of the Solar System

NWA 2086

Image Credit: Martin Horejsi
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The age of the Earth:
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Geochimica et Cosmochimica Acta, 1936, Vol. 10, pp. 230 to 237. Pergamon Press Ltd,, London

Age of meteorites and the earth

CLAIRE PATTERSON

Division of Geological Sciences
California Institute of Technology, Pasadena. California

(Received 23 January 19356)

Abstract—Within experimental error, meteorites have one age as determined by three independent
radiometric methods. The most accurate method (Pb207/Pb%%¢) gives an age of 4:55 — 0-07 x 10¥ yvr.
Using certain assumptions which are apparently justified, one can define the isotopic evolution of lead
for any meteoritic body. It is found that earth lead meets the requirements of this definition. It is
therefore believed that the age for the earth is the same as for meteorites. This is the time since the earth
attained its present mass.



The Formation of the Solar System

 The age of the Universe: 13.787+0.020 Billion years
* The age of the Solar System: 4.567 + 0.0005 Billion years

* The age of the Earth: 4.55+0.07 Billion years



The Formation of the Solar System

 The age of the Universe: 13.787+0.020 Billion years
l ~9 Billion years
* The age of the Solar System: 4.567 + 0.0005 Billion years

l ~0 Billion years

* The age of the Earth: 4.55+0.07 Billion years



The Formation of the Solar System

 The age of the Universe: 13.787+0.020 Billion years
l ~9 Billion years
* The age of the Solar System: 4.567 + 0.0005 Billion years -
' l ~30-100 Million years (Hf-W)

* The age of the Earth: 4.55+0.07 Billion years
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After “Big Bang”

First-Generation Stars Formed

Image Credit:Science Photo Library/Getty



Stellar nucleosynthesis creates heavier elements (up to Fe)

Nonburning hydrogen

Hydrogen fusion

Helium fusion

Carbon fusion

Oxygen fusion

Neon fusion

Magnesium
fusion

Silicon fusion

lron ash

Copyright © 2005 Pearson Prentice Hall, Inc.



Supernova produced elements heavier than Fe
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Sun-like Star

Massive Star ~ Reg
(more than 8 to 10 times the mass o! our Sun) Supergiant

Protostars

Red Giant

Neutron Star / Supernova

Planetary Nebula o .
White Dwarf Black Hole g

Image Credit: NASA and the Night Sky Network



The Formation of the Solar System

 The age of the Universe: 13.787+0.020 Billion years
l ~9 Billion years
* The age of the Solar System: 4.567 + 0.0005 Billion years -
' l ~30-100 Million years (Hf-W)

* The age of the Earth: 4.55+0.07 Billion years



The Formation of the Solar System

a. Molecular Clouds

200,000 AU

Clouds of gas and dust are
disturbed and form clumps

Image Credit: ASIAA



The Formation of the Solar System

a. Molecular Clouds

Bl b. Gravitational Collapse

200,000 AU

10,000 AU

Gravity increases
and the cloud collapses

Image Credit: ASIAA



The Formation of the Solar System

a. Molecular Clouds

Bl b. Gravitational Collapse
10-100
thousand years

il c.Protostar |

| ‘__,,,,-Jet

200,000 AU

10,000 AU e =~ Disk

Envelope: :

500 AU

Collapse of rotating clouds
forms a disk

Image Credit: ASIAA



The Formation of the Solar System

a. Molecular Clouds

10-100
thousand years

Bl c.Protostar |

| ‘__,,,,-Jet

200,000 AU

\ Disk

10,000 AU /8
Envelope

500 AU

hot, dense core ignites
hydrogen fusion and becomes protostar

Image Credit: ASIAA



Image Credit: H.ub'ble Space Telescope
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The Formation of the Solar System

a. Molecular Clouds

10-100
thousand years

) c.Protostar |
' ‘_,,,,,-Jet

200,000 AU

\ Disk

10,000 AU s ,
Envelope

500 AU

T Tauri stars with bipolar outflows

Image Credit: ASIAA/ NASA, A. Watson (UNAM), K.
Stapelfeldt (JPL), J. Krist (STScl) and C. Burrows
(ESA/ STScl)




The Source of the Solar System

Presolar grains

= star dust =» formed in other stars and remained intact
throughout its journey into the solar system where it was
preserved in primitive extraterrestrial materials.

e (characterized by large isotopic anomalies): C, N, O, Al (Mg), Si,
Ca (K), Ti, V.....

: Graphite Graphite

Image Credit: Pierre Haenecour



The Source of the Solar System

Presolar grains

e = star dust =» formed in other stars and remained intact
throughout its journey into the solar system where it was
preserved in primitive extraterrestrial materials.

e (characterized by large isotopic anomalies)
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The Source of the Solar System

Presolar grains

Image Credit: Hoppe (2010)



The Source of the Solar System

Presolar grains
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The Source of the Solar System

Presolar grains

10° 3 Presolar SiC
- AGB star grains resolar ol
1 J-type C stars ® Mainstream
4 Born-again AGB € Type AZB
© Type Y&Z
4
10 = Type X
- A Nova
- € Unus./Type C
3
2 107 =
n - i)
~L 4} - G oA - TTT
— -
§ .
- 10° 3
1
10" 3 :
E = . Supernova grains
- Nova grains %’:
0 a
10 1 llllllll 1 llllllll 1 llllllil 1 llllllll rrrrrn
-1 0 1 2 3 4
10 10 10 10 10 10
12¢c/13C

Image Credit: Hoppe (2010)



The Source of the Solar System

Presolar grains
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The Source of the Solar System

Presolar grains
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The Source of the Solar System

Presolar grains
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The Source of the Solar System

Presolar grains
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The Source of the Solar System

Presolar grains

Mineral Abundance (ppm) | Stellar Source %
AGB (1.5-3M) >90
: J-type C stars <5
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Image Credit: Hoppe (2010)




The Source of the Solar System

Presolar grains

Sun’s Post-Main Sequence Evolutionary Track
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The Source of the Solar System

Presolar grains

Schematic view of an AGB star
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IC 3568

NGC 6826

NGC 3918

Hubble 5

NGC 7009

>
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NGC 5307

Planetary Nebula Gallery
Hubble Space Telescope « WFPC?2

PRC97-36b « ST Scl OPO « December 17, "9S7 » H. Bornd (57 Scl). B, Balick (Lniversity of Wasaington) and NASA




The Source of the Solar System

Presolar grains

Mineral Abundance (ppm) | Stellar Source %
AGB (1.5-3M) >90
: J-type C stars <5
SiC 30 SNI| ]
Novae 0.3
SNII 60
. AGB 30
Graphite 10 J-type C stars 10
Novae 2
SisNa4 0.002 SNII 100
AGB (1-2.2M) 70
AGB (<1M) 15
Oxides/silicates 50/200 AGB (low M&Z) 5
SNII 10
Novae <1

Image Credit: Hoppe (2010)




Supernova Triggered the Formation of the Solar system?

ICARUS 30, 447-461 (1977)

The Supernova Trigger for Formation of the Solar System

A. G. W. CAMERON

Cenler for Astrophysics, Harvard College Observatory and Smithsonian Astrophysical
Observatory, Cambridge, Massachuselts 02138

AND

J. W. TRURAN

Department of Astronomy, Unaiversity of Illinois at Urbana—Champaign, Urbana, Illinois 61801

Received July 27, 1976

It is suggested that the explosion of a Type II supernova triggered the collapse of a nearby
interstellar cloud and led to the formation of the solar system. Estimates of the abundances
resulting from nuclear processing of the supernova ejecta are presented. It appears promising
that nucleosynthesis in this single supernova event can account for most isotopic anomalies
and traces of extinct radioactivities in solar system material.



Supernova Triggered the Formation of the Solar system?

Evidence: short-lived (~<10Myr) radionuclides: 26Mg, 41Ca, 53Mn, 50Fe, 10Be

] 1 ' ’ I

ALLEND
INCLUSIONS

o

$26Mg (PERCENT)
o
(4

o

2701124 g
Fig. 2. Al-Mg evolution diagram for Allende samples. The correlation line
for BG2-6 yields (*°Al/27Al), = 0.6 x 107 and contrasts sharply with
the correlation line for B30 which has essentially zero slope and much
higher initial 2Mg/?*Mg.

Image Credit: Lee et al. (1976)



Supernova Triggered the Formation of the Solar system?

Evidence: short-lived (~<10Myr) radionuclides: 26Mg, 41Ca, 53Mn, 50Fe, 10Be
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Supernova Triggered the Formation of the Solar system?

Evidence: short-lived (~<10Myr) radionuclides: 26Mg, 41Ca, 53Mn, 50Fe, 10Be
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Number of samples

How old are presolar grains?

Presolar grains
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3000

Exposure ages to
Galactic cosmic
rays (e.g., 3He, 21Ne
isotopes)

time that the grains
spent floating in ISM
and solar nebula

60% of SiC grains
have exposure ages
of < 300 Myrs

(~8% of grains > 1
Gyr)

Image Credit: Heck et al. (2020)
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The age olar System:

'+ 4567.18 + 0.50 Million years (Amelin et al) |

“« Pb-Pb age of CAls in Allende meteorite




The Formation of the Solar System

a. Molecular Clouds

10-100
thousand years

Bl c.Protostar |

| ‘__,,,,-Jet

200,000 AU

\ Disk

10,000 AU /8
Envelope

500 AU

hot, dense core ignites
hydrogen fusion and becomes protostar

Image Credit: ASIAA



The First Solid of the Solar System
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The First Solid of the Solar System
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The age olar System:

'+ 4567.18 + 0.50 Million years (Amelin et al) |

“« Pb-Pb age of CAls in Allende meteorite




The First Solid of the Solar System
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Cosmochemical Classification of Elements
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Cosmochemical Classification of Elements
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Cosmochemical Classification of Elements

Condensation Temperatures of the Elements
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Cosmochemical Classification of Elements

AL ARA

-

-

:
DR +

9

b

Fraction of Total Element

Fraction of Total Element

_Feldspar

: - blAAlptatay
—Ca-px

]

1

CMAS

M EI.’I‘F;J
Liquid

Liqui

Al-Spincl

L
™YY

b o

T

P TY Dbt

100 x C1
P™=10" bar

Olivine

Orthepyroxeme

TR ITHRIRTENY
L]

Ca-px Cr-Spinel

A Si

CMAS

Ca

(zas) F

........................

Liquid 3
E
.
<
+
Pernvskite 3
g
[T —— | 3
e A N

2000

AAAAAAAAAAAAAA

2200 2400

=

=]

e
A

0.02

0.01

Fraction of Total Element

bobo A A L L ALAL LA AL

=~
=

1200

Cr-Spinel

Ca-px

1400

-+

Metal T

Olivine

1600
Temperature (K|

Fe

1800

MELTS

(gas) T

2000

Orthopyroxene

Olivine

1;- Feldspar

4
LANL A 0 BN B BN B AN BN B B B LI LBl

1600

d
LB LI L B B

200

1.0 gttt

.........

.......

0.8

AlAsdaliia s

L

W x
. '
. 1
'

)

W By K .., and Na
, "\.\.' Nain

Na in
MELTS

/Liquid

1400 1500

0.4 3 \, Feldspar

0.2 i"
3

8.0 Frrrrrrr
1200

Temperature (K)

MELTS
Liquid

16041
Image Credit

dust-rich
100xCl
10-3 bar

: Ebel and Grossman (2010)



Cosmochemical Classification of Elements
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Cosmochemical Classification of Elements

(RSRIOZNP210/0] QI Refractory Elements

Calcium, Aluminum, and Titanium Oxide

1250-1350K

Magnesium and Silicon -> Forsterite/enstatite

Fe, Ni, Co ->Metal

640 -1230K

Alkalis and moderately volatile elements (Cl, K, Zn)

Below 640K

Halogens and inert gases



Cosmochemical Classification of Elements

Lithophile Siderophile + chalcophile

Al, Ca, Ti, Be, Ba, Sc, V, Sr,
Y, Zr, Nb, Ba, REE, Hf, Ta, Mo, Ru, W, Re, Os, Ir, Pt
Th, U, Pu

Refractory
(50% Tc=1850-1400K)

Main component

(50%Tc=1350-1250K) Mg, Si, Cr, Li Fe, Ni, Co, Pd

Moderately volatile
(50% Tc=1230-640)

Au, As, Cu, Ag, Ga, Sb, Ge,

Mn, F)’ Na’ B’ Rb’ K’ F’ Zn Sn, Se, Te! S

Highly volatile Cl, Br, I, Cs, Tl, H, C, N, O,

(50%Tc<640K) He. Ne, Ar, Kr, Xe In, Bi, Pb, Hg




Cosmochemical Classification of Elements

Elements with most Cosmic abundances
commonly used isotopes (atoms relative to 10° Si)
cosmogenic Cosmochemical H Highest abundance, >10°
— : meli C Next 14 most abundant elements, >104
radioactive (short-lived) Periodic Table Ti Next 11 most abundant elements, >102
_KE radiogenic Sc Next 14 most abundant elements, >1
W Elements in trace abundances, <1
Refractory Main Component Moderately Volatile Highly Volatile
1850-1400K 1350-1250K 1230-640 K <640 K
Siderophile + Chalcophile—— 186
29 31 | 32 34
Cu Ga | Ge Se /fn y
a7 50 | 51 | 52 . —r—r
Ag sn | sb| Te /60 22 B3
79 Hg/ /Bb/ 9' Z
Au

Lithophile

7y
/H/
9
F
15
P
30
Zn
55
/Gé
69 70 71 £

66
Dy

67
Ho

68
Er

59 60 61 62 63 64 65
Pr Nd Pm Sm Eu Gd Tb

94

Tm Yb Lu

Pu

(McSween and Huss, 2010)



Cl carbonaceous chondrites
vs. solar photosphere
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Photospheric vs. Cl-Chondritic Abundances
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Cl carbonaceous chondrltes

vs. other chondrites

Abundance Relative to GCI Chondrites
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Concentration normalized to Cl and Mg

Cl carbonaceous chondrites

vs. other chondrites
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Cl carbonaceous chondrites

vs. other chondrites

Abundances normalized to Ti and CI
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Processes to explain these progressive depletion patterns

* 1) initial incomplete condensation from the solar nebula

e 2) partial evaporation of interstellar dusts prior to incorporation
iInto the solar nebula

* 3) mixing of chondrite components formed in distinct volatile-
rich and volatile-poor reservoirs of the early Solar System



Cl carbonaceous chondrites

vs. other chondrites

Abundances normalized to Cl and Si
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Cl carbonaceous chondrites

vs. other chondrites
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Cl carbonaceous chondrites

vs. other chondrites
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Concentration normalized to Cl and Mg
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Concentration normalized to Cl and Mg

Cl carbonaceous chondrites

vs. other chondrites
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Carbonaceous chondrite mixing model

gk Cl-like matrix

4 Chondrules
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Image Credit: Braukmdller et al. (2018)
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Carbonaceous chondrite mixing model
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Carbonaceous chondrite mixing model
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Carbonaceous chondrite mixing model

Bulk chondrite
Mg/Si = CI

Cl normalized

 Ca, Mg, Fe, Si show no isotope fractionation

increasing volatility

 /n, Cu, Ga, Rb and K show significant isotope fractionation

Plateau volatile elements

e Sn, Tl, Te, Se, and Cd show no isotope fractionation

Image Credit: Braukmliller et al. (2018)



Carbonaceous chondrite mixing model

g Cl-like matrix
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Carbonaceous chondrite mixing model

g Cl-like matrix
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Carbonaceous chondrite mixing model
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Carbonaceous chondrite mixing model
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Highly
_ volatileo
A
— -w /)
- ®
g - Rb &
8 - @ g) K
' N O
] ®
] Q
_ As @
- NP
O Lithophiles Au@®
® Siderophiles
1 | AChalcophiles O (M Refractory
500 700 900 1100 1300 1500

Image Credit: Alexander (2019)



Chondrule Formation
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The timing of events in the early Solar System
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The great isotopic dichotomy of the early Solar System

Isotopic anomalies (mass-independent isotope systems): refractory elements
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The great isotopic dichotomy of the early Solar System
mass-dependent isotope systems): moderately volatile elements
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\a Early infall (t 0 Myr) Outward transport of CAls
and initial disk formation by outflow

— Enriched in nuclides from neutron-rich stellar environments
Depleted in nuclides from neutron-rich stellar environments
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ALMA image of the planet-forming disk around the young Sun-like star

Image Credit: The Atacama Large Millimeter/
submillimeter Array (ALMA)
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ALMA high-resolution images of nearby protoplanetary disks
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The Formation of Planets
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The Formation of Planets
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The Formation of the Solar System and Planets

 The age of the Universe: 13.787+0.020 Billion years

~9 Billion years

r The age of the Solar System: 4.567 + 0.0005 Billion years -
2 3

i l ~30-100 Million years (Hf-W)
I

r The age of the Earth: 4.55+0.07 Billion years
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