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Geologists use fossils to reconstruct paleo-environments

RuBbach fossil wall Cretaceous reef fauna



Meteorites as fossils of solar accretion disk

ESO ALMA, HL Tau



Isotopic anomalies in meteorites
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Tracer of solar system evolution



Isotopic anomalies in meteorites

What is the solar system made of?

ESA/Herschel/PACS, G305



Isotopic anomalies in meteorites

How did the disk form/disk dynamics?



Isotopic anomalies in meteorites

What is the Earth made of/How did it form?



Isotopic anomalies in meteorites

Heritage of Earth’s volatiles?



Meteorites 101

Meteor, meteoroid Meteorite



Meteorites 101

/3665 official meteorites
473 falls
379 Mars
666 Moon

i * \\ = 3
Search the Meteoritical Bulletin Database , 3 . ; E 1 - i f_': ) L 5
e 6 Fe et o j A

Known Near-Earth Asteroids Jan. 1, 2009



Meteorite 101: phenomenological classification

Undifferentiated

Chondrites: “nebular sediment”



Meteorite 101: phenomenological classification

Undifferentiated

Chondrites: “nebular sediment”



Meteorite 101: phenomenological classification

Undifferentiated Differentiated

.....

Chondrites: “nebular sediment” Achondrites: crystallized from a melt



Meteorite 101: phenomenological classification

Class

Clan

Group

Chondrites
I
[ I I
Carbonaceous Ordinary Enstatite
I
[ I 1 | |
Cl-Clan CM-CO CV-CK CR-Clan H-L-LL EH-EL
| — =i F—t—1 11 =
Cl CM co cv CK CR CH CB H L LL EH EL

Weisberg, 2006



Meteorite 101: phenomenological classification

Chondrites
I
I I I
Class Carbonaceous Ordinary Enstatite
I
. . . . I I
Clan Cl-Clan CM-CO CV-CK CR-Clan H-L-LL EH-EL
| —4 =4 | I | —t —
GI’DUP Cl CcM Co CV CK CR CH CB H L LL EH EL R K
Achondrites
I
I I ]
Clan Vesta? Moon Mars
f|_| | N —— | I | I T I I I 1 [ I : I 1
MG ES PP
GI’DUP ANG AUB EUC || DIO [JHOW]| | MES eal |l paL Il paL IC HAE || IC 1D HE [|IMAB]|| IIIE lIF VA || IVB SHE || NAK || CHA || OPX

Weisberg, 2006




Meteorite 101: phenomenological classification

Chondrites Primitive Achondrites
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Meteorite - asteroid links
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|sotope variations

mass-dependent mass-independent

PROCESSES AGES, TRACER



|sotope variations

mass-dependent mass-independent
sample A
OFE
0
isotopes
S'E= ¢—1 x10°

R standard



|sotope variations

mass-dependent
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|sotope variations
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|sotope variations

mass-dependent mass-independent
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|sotope variations

mass-dependent mass-independent

sample B sample B

Except presolar grain data all meteorite isotope anomaly data
IS internally normalized
and hence may not show you the true absolute anomaly!
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Example

Ru96 Ru98 Rul00 | RulOl Rul04
552 1.88 18.7

Mo94 Mo96 1097 | Mo98 Mo100
9.25 16.68 2413 _ 6

7190 7192 719 Ie E :
51.45 7.38 2.80



Example

94Mo

/

o 9%Mo

98Mo

97Mo

Mo
®

terrestrial Mo

100
® Mo

92Mo ’



Example

s-deficit

0]



ciMo

0.5+

true

94Mo /

92Mo ’

T T
92 94 95 96 97 98 100

iMo

/
/

s-deficit

97Mo
95M0




. true / . internally normalized

= 2
= 4 = i
& 05 [ G 05
7N
\__/
0 T T T T T T 0 I T I I I h T I
92 94 95 96 97 98 100 92 94 95 96 97 98 100
iMo iMo
/ , s-deficit \
94|\/|O / |
92M0 ’/ \Q 1OOMO




1,
(@)
E 0.5
w
0 I 1 I I I I
92 94 95 96 97 98 100
iMo
94Mo
92Mo

internally normalized

%Mo
98)\/ 17
o)
= o5
‘ w
N
\\\77///
\ 0
r-excess

92

[ [ [ T
94 95 96 97 98 100
iMo

100Mo




Example @ Mo

/ \
true / \ internally normalized
17 N o8 17
/ . M
/ \
/ \\
o A=)
= 5. L= 054
w ‘ w
7N
~__
0 T T | | | | 1 0 I ' I | | | | 1
92 94 95 96 97 98 100 92 94 95 96 97 98 100
iMo iMo
/ \
/// \\\\
94Mo

92Mo ’ Q 100Mo




Isotopic anomalies in meteorites
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What is the solar system made of?

ESA/Herschel/PACS, G305



Chondrites

CAls: 4567.2 Ma

Chondrules

Matrix



PreSOIar g rai nS (Lewis et al., 1987)

Hoppe et al. 2010
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Stephan et al. 2019
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Short-lived nuclides




Short-lived nuclides
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Short-lived nuclides

AGB star
ma_:teriq

«

R\

‘ Daughter

Half-life (Myr)

Ref.

Solar System Abundance at {=0

ISM Production Ratios

41 K
."I()'All.‘ Z.S(iS
2[’5:\[g
l(}B
60 Fo
53 Cr
1 []qug
182 W
235 U
12”}{(?
'2():':r'l'l
92 7r
142Ng
Q:MU, z:ijTh
lI.i-.':-B.rl

0.0994 + 0.0015
0.301 + 0.002f
0.717 + 0.017
1.387 + 0.012

2.62 4+ 0.04
3.98 +0.11
6.5+ 0.3
8.896 + 0.089
15.6 + 0.5
16.14 +0.12
17.3+ 0.7
34.7+0.71
103+ 5
80.0 + 0.97
2.3 +0.3¢

[1]

[6]
[9]
[11]
[14]
[17]
[20]

[25]

[31]

1Ca/0Ca = 4.2 x 10—?
601250 & (1.7~ 3) x 10~
AN — B2 % 100
10Be /9Be = (7.1 £0.2) x 10~
60Fe /56Fe = (0.9 +0.1) x 1078
53Mn/>*Mn = (7.8 £ 0.4) x 10~
107Pd /198Pg & (7.7 £0.5) % 10~°
\B2HE I80HF = (1.044:0.1) x 10~*
2ATCm/*PU = (5.6 4 0.3) x 107
L30T 3TT — (1,744 0.02) % 104
AP ANPh — (144 0.3) x 104
VNbh/=Nb=[1.72408) ¥ 10~
1468m /14%Sm = (8.28 + 0.44) x 103
APy /ST = (T4 1) % 1072
186 0s /19805 — (4.8 4+0.8) x 1074
L0/ 1S 0s < 3B X 10°Y

110a/40Ca = 2.3 x 10~3
001/29%C] =2.63 x 1072
zﬁAl/ETAl = 1.667 x 102

60Fe /5Fe = 1.23 x 104
SS0in/5"Mn = 7.52 x 10~}
P AR = 6.5 % 10~
IHE O =0 e T
P Om /[ Th =101 2 16—
AT = 128 % 1P

92Nb/93Nb = 5.65 x 10~3
1460m /1448m = 9.5 x 10~
24Py /232Th = 6.67 x 10~
W8 Ce/19¥Cs =8,0 X 1071

Desch et al. 2023




Short-lived nuclides
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Isotopic anomalies

How did disk form? /disk dynamics?



: . AGB star
Isotopic anomalies materia

SN/r-process enrichment in CAls



AGB star Supefmoval

Isotopic anomalies material K"O”QV%
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Materials forming in disk inherit cosmic memory!

92 93 94 95 96 97 98 99 100
Mo

SN/r-process enrichment in CAls



Distribution




Distribution

Different bodies have distinct
Isotopic compositions




Planetary-scale nucleosynthetic isotope anomalies
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Planetary-scale nucleosynthetic isotope anomalies

3 2
2
Fundamental isotopic dichotomy
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Phenomenological classification
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Genetic classification
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Genetic classification
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Temporal variation?







Kruijer, Burkhardt, Budde, Kleine (2017) PNAS



Approach: Combining age + anomaly information

0 1 2 3 <t

Time of accretion of meteorite parent bodies after solar system formation [Ma]




Combining age + anomaly information

0 1 2 3 <t

Time of accretion of meteorite parent bodies after solar system formation [Ma]




Combining age + anomaly information

Differentiated CC

0 1 2 3 <t

Time of accretion of meteorite parent bodies after solar system formation [Ma]




Combining age + anomaly information

Differentiated CC Undifferentiated CC

1 1

0 1 2 3 3

Time of accretion of meteorite parent bodies after solar system formation [Ma]




Combining age + anomaly information

Differentiated CC Undifferentiated CC

Minimum time of NC-CC isolation
- =

1 1

0 1 2 3 3

Time of accretion of meteorite parent bodies after solar system formation [Ma]




Combining age + anomaly information

Differentiated CC Undifferentiated CC

Minimum time of NC-CC isolation
- =

likely due to Jupiter formation

1 1

0 1 2 3 3

Time of accretion of meteorite parent bodies after solar system formation [Ma]




Kruijer, Burkhardt, Budde, Kleine 2017 PNAS



¥ ot

. Coexisting, spatially separated disk reservoirs

. Core of Jupiter (~20M_) within 1 Ma -

« Consistent with core accretion model and disk observations

Kruijer, Burkhardt, Budde, Kleine 2017 PNAS



c Coexisting, spatially separated disk reservoirs

. Core of Jupiter (~20M_) within 1 Ma

« Consistent with core accretion model and disk observations

 Naturally explains scattering of CC bodies into inner solar
system

Kruijer, Burkhardt, Budde, Kleine 2017 PNAS



' ';'_Coexisting, spatially separated disk reservoirs

. Core of Jupiter (~20M_) within 1 Ma

« Consistent with core accretion model and disk observations

 Naturally explains scattering of CC bodies into inner solar
system

o Jupiter formation explains why solar system lacks super-Earth

Kruijer, Burkhardt, Budde, Kleine 2017 PNAS
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WHAT CONTROLS PLANETARY SCALE ANOMALIES?

_\

Burkhardt et al. (2019) GCA



Heterogeneous infall?
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Burkhardt et al. (2019) GCA



Disk processing?

|

Mixin
.... Transport

Recycling

Burkhardt et al. (2019) GCA



Burkhardt et al. (2019) GCA



Approach

Investigate multi-element anomaly relations between:
- Presolar grains
- CAls
- Chondrules
- Matrix
- Bulk bodies

Burkhardt et al. (2019) GCA
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CC offset from NC towards CAl
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Offset not limited to refractory elements!
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CC offset from NC towards CAl
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.. WHAT CONTROLS PLANETARY SCALE ANOMALIES?

_\

Variable mixing of disk materials!

CC = NC + inclusion-like chondritic (IC) reservoir




Model for the formation of the solar system

i
N\

Outward transport of early infalling material
through viscous spreading of the disk

Burkhardt et al. (2019) GCA



Model for the formation of the solar system

Y AAY

Material processing/transport/mixing
p—

AN

Burkhardt et al. (2019) GCA



Model for the formation of the solar system

rayai

Material processing/transport/mixing
m—.

NN RN

Burkhardt et al. (2019) GCA



Model for the formation of the solar system

T ol NC bodies CC bodies

Burkhardt et al. (2019) GCA



Model for the formation of the solar system

NC bodies

\ )
b £

'\‘r'

Highly processed
Volatile-poor
NC isotopic composition

CC bodies

Excess refractories (CAls)
More unprocessed dust
Volatile-rich

CC isotopic composition

Burkhardt et al. (2019) GCA



Model for the formation of the solar system

Isotopic variability set very early!
- Reinforces usability of anomalies for tracing genetics

Burkhardt et al. (2019) GCA



How did the terrestrial planets form?

- -

Oligarchic growth in 10s to 100s Ma Pebble accretion in < 5 Ma

Limited outer solar system input Significant outer solar system input



l. Classic accretion Inward scattering
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Planetary embryos

Il. Pebble accretion

~50%

proto-Venus proto-Earth

Burkhardt et al. 2021 Sci. Adv.



l. Classic accretion Inward scattering
of CC bodies
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CC amount in Earth, Mars

3
5L CC meteorites
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CC amount in Earth, Mars

e24Cr

3

NC meteorites

CC meteorites

i 0

2
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~40% CC

Warren 2011 EPSL, Schiller et al. 2018, Nature, 2020 Sci Adv.



CC amount in Earth, Mars

3

5L CC meteorites
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CC amount in Earth, Mars

Earth contains material
unsampled by meteorites!

Burkhardt et al. 2011 EPSL; Budde, Burkhardt et al. 2019 Nat. Astro



CC amount in Earth, Mars

Earth contains material
unsampled by meteorites!

Burkhardt et al. 2011 EPSL; Budde, Burkhardt et al. 2019 Nat. Astro



Fundamental issue with use of nucleosynthetic
Isotope anomalies | meteorites

Aim: sort this out




Approach

* Look at all anomalies in
multi-elemental space

e Constrain composition and
origin of unsampled component

e New data for Mars

Burkhardt et al. 2021 Sci. Adv.



Results
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Results
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Results
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Results

e0Ti
Pe._

Burkhardt et al. Sci. Adv.



Compositions of Earth and Mars governed by two-
component mixing among inner solar system materials

Limited CC contribution




Results

Earth & Mars must
contain some CC material

£PMo
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I

Burkhardt et al. Sci. Adv.



Results

Earth & Mars must
contain some CC material

Burkhardt et al. 2021 Sci. Adv.



Results

Earth & Mars must
contain some CC material

Model:
Mo in Earth, Mars

mixture:
NC, ..+ NGC_, S+ CC

t rl

Burkhardt et al. 2021 Sci. Adv.



Results

Earth & Mars must
contain some CC material

Model:
Mo in Earth, Mars

mixture:
NC, ..+ NGC_, S+ CC

t rl
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Results

Earth & Mars must
contain some CC material

Model:
Mo in Earth, Mars

mixture:
NC, ..+ NGC_, S+ CC

t rl
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Burkhardt et al. 2021 Sci. Adv.
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Results | | I |
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Results

Earth & Mars must T
contain some CC material ozl 406 CC
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Burkhardt et al. 2021 Sci. Adv.



Mode of terrestrial planet formation

-----
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Planetary embryos

proto-Venus proto-Earth

Burkhardt et al. 2021 Sci. Adv.



Heritage of Earth’s volatiles

Few % CC in Earth, Mars

0.4 0.6 0.8
bulk CC fraction




Heritage of Earth’s volatiles

Few % CC in Earth, Mars
Valid for refractory elements




Heritage of Earth’s volatiles

Few % CC in Earth, Mars
Valid for refractory elements

Suffice to explain all of Earth’s
& Mars’ volatiles by CC
addition




Heritage of Earth’s volatiles

A ~ | // Few % CC in Earth, Mars
\Q | -
Valid for refractory elements

Suffice to explain all of Earth’s
& Mars’ volatiles by CC
addition

Can’t differentiate between
wet & dry accretion (f,

C volatiles)



Heritage of Earth’s volatiles

A | // Few % CC in Earth, Mars
\Q | -
Valid for refractory elements

Suffice to explain all of Earth’s
& Mars’ volatiles by CC
addition

Can’t differentiate between
wet & dry accretion (f,

C volatiles)

- Data from volatile elements



Heritage of Earth’s volatiles

// H, C, N only 2 isotopes!

- Data from volatile elements

(Piani et al. 2020 Science



Heritage of Earth’s volatiles
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Heritage of Earth’s volatiles

// X 4+ isotopes, NC CC distinct

- Data from volatile elements
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~70% of Zn in Earth of NC heritage, 30% CC
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fccvolatiles s ~ 30%




Fraction of CC in bulk Earth?

[ZH]B.SE

fec(Earth) = fec(Zn)pse-
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Fraction of CC in bulk Earth?
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Cl chondrites: 52 %
CV chondrites: 12 +4 %



Fraction of CC in bulk Earth?
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Burkhardt et al. 2021 Sci. Adv.



Fraction of CC in bulk Earth
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Heritage of volatiles

" ldentification of isotopic
| / dichotomy for volatile element Zn

Heritage of BSE volatiles

Volatiles present in inner solar system
— Wet accretion!



Isotopic anomalies in meteorites
What is Solar System made of?

How did disk form/disk dynamics?
What is Earth made of?

How did Earth form?

Heritage of Earth volatiles?



Isotopic anomalies in meteorites

AGB star
material

What is the solar system made of?

ESA/Herschel/PACS, G305



Isotopic anomalies in meteorites

How did the disk form/disk dynamics?



Isotopic anomalies in meteorites

~4% CC

Mars

o

ik

no
T
—

0.04 |-
Earth

0.02 |

0

0 0.2 0.4 0.6 0.8 1
bulk CC fraction

What is the Earth made of?



Isotopic anomalies in meteorites
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Isotopic anomalies in meteorites
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Open questions

Origin NC trend?

Nature of |
unsampled reservoir?

Inheritance vs.
disk processing?
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. Ru
O, Ca, Ti, Nd j Highly ——

Lithophile . siderophile

0 0 0 =1 0 = e
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Mass fraction accreted Mass fraction accreted Mass fraction accreted Mass fraction accreted Mass fraction accreted

Dauphas 2017 Nature



Infall of cloud parcel with
CAl-like isotopic compasition

////

Qutward transport of early infalling material
through viscous spreading of the disk

\\\\

Infalling material changes to
NC isotopic composition

a

F

Expanding centrifugal radius adds thermally
unprocessed dust to outer disk regions

A A

e —al D NC bodies ’ CC bodies
b
Highly processed Excess refractories (CAls)
\olatile-poor Maore unprocessed dust
NC isotopic compaosition Volatile-rich

CC isotopic composition



Star and planet formation is diverse!
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Planetary Mass (Mjup)

-
T T T TTT00T T T T TTTIIT | B B i T T T TTITIT T 1
le-1 les ¢

y e+l : le+2 T ”1::‘»3
Semi-Major Axis (AU)

ESO ALMA, HL Tau https://exoplanet.eu
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