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What asteroids from?




We know the origins of 7% of meteg
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The asteroid-meteorite conundrum
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Compositional differences between meteorites and
near-Earth asteroids

P. Vernazza®™, R. P. Binzel, C. A. Thomas, F. E. DeMeo, S. J. Bus, A. S. Rivkin & A. T. Tokunaga
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How do asteroids move around in the Solar System?

Stochastic processes

 Chaotic diffusion
 Planetary encounters
 Collisions

ASTEROID’S

SPIN ’ Yarkovsky Drift
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Deterministic processes

* Yarkosky drift
« Mean-motion resonances \ e Gsolie Ohi
 Secularresonances

 Kozairesonances

* Poynting Robertson (dust)



Orbital
distribution of

the main belt

Color means albedo
From bright to

Figure from
Broz, Vernazza, Marsset
et al. 2024, Nature
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SpeX

Medium-resolution

0.8-5.4 um spectrograph

Mounted on the

Spectroscopic Cassegrain focus of the

3m IRTF telescope at

S u rvey Mauna Kea

Used in the low-resolution

Of aSte r0|d 0.8-2.5 um prism mode
families




Spectroscopic
survey

of asteroid
families

o
S
2
8
o
2
k9]
4
o
>
2
8
o}
4

05 15 25 05 15 25 05 15 25 05 1.5 5 05 15 25 05 15 25 05 15 25 05 15 25 05 15 25 05 15 25

T T T

364 364 453 913 929 1412
Flora Flora Flora Flora Flora Flora Flora

Y RV Y A as

20 20
Massalia Massalia

20 20 20 4579 " 4579 7760 8446 10719 11376 13127
Massalia Massalia Massalia Massalia * Massalia Massalia Massalia Massalia Massalia Massalia

Y o N e e

13841 15115 25361 25361 27062 27965 29081 38768
Massalia Massalia Massalia Massalia Massalia Massalia Massalia Massalia

15 1329
Eunomia Eunomia

2463 4580 18810 21646 44028 46456 53233 55543 83463 88604
Eunomia Eunomia Eunomia Eunomia Eunomia Eunomia Eunomia Eunomia Eunomia Eunomia

695 808 808 ' 847
Merxia Merxia

3430 3491 1839 2157 2373 2386
Agnia Agnia Gefion Gefion Gefion Gefion Gefion Gefion Gefion

S A O S

H ! ’
2386 2521 2521 2875 2911 2977 3788 3860 3910 - 5159
Gefion Gefion Gefion Gefion Gefion Gefion Gefion Gefion Gefion Gefion
—_———

I e e e e T e B e o e e T B o o e e e e e T e e e e S e s s |
05 15 25 05 15 25 05 15 25 05 15 25 05 15 25 05 15 25 05 15 25 05 15 25 05 15 25 05 15 25

Wavelength (um)




Reflectance

H, L, LL chondrites:
how to identify them?
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Silicate data from Kohout (2021)
Meteorite data from RELAB
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https://sites.brown.edu/relab/relab-spectral-database/

Spectral modelling

Inputs

= Optical constants (n+ik)

= (Observing geometry
(incidence & reflect. angles)

= (Grain sizes

= Reddening function

= Qthers...

Spectral model
e.g., Hapke, Shkuratov
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Output

Synthetic mineral spectra

Reflectance
] e

Orthopyroxene

0.330

Reflectance
o

10 15 2.0
Wavelength [um]

Olivine

1.0 15 2.0
Wavelength [pm]

Reflectance
°

0.3

0.295

Clinopyroxene

00

0.270

Reflectance
)

o
w
&

1.0 15 2.0
Wavelength [um]

Iron

1.0 15 2.0
Wavelength [um]



Optimization

Synthetic mineral spectra

Clinopyroxene

Asteroid (20) Massalia
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H chondrltea
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L-ordinary-like composition for

the Massalia family

Mineralogy distribution Spectral fits
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A rain of L chondrites during the
mid-Ordovician period!
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Back-scattered electron image
of chromite grain (light gray) in
an Antarctic micrometeorite.
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SCIENCE ADVANCES | RESEARCH ARTICLE

PLANETARY SCIENCE

An extraterrestrial trigger for the mid-Ordovician ice
age: Dust from the breakup of the
L-chondrite par2ic oot

Birger Schmltz'* Kenneth A. Falrliey2 Steven Goderis?, Phi.2n R.
Samwala Boezyi', Philippe CIaeys Vinciane Debaille®, Andrei Dn

Matthuas van Ginneken'', David A.T. Harper'?, Faisal Iql:ml1 Joha

Ellinor Martin’, Matthias M. M. Meier'>'%, Bernhard Peucker-Ehre

Rainer Wieler'®, Fredrik Terfelt' -, Ao

The breakup of the L-chondrite parent body in the asteroid belt 466 millio
third of all meteorites falling on Earth. Our new extraterrestrial chromite 2

show that the breakup took place just at the onset of a major, eustatic se ¢ =
Ordovician ice age. Shortly after the breakup, the flux to Earth of the mosi
increased by three to four orders of magnitude. In the present stratosphere ’

all the dust and has no climatic significance. Extraordinary amounts of dust
>2 Ma following the L-chondrite breakup cooled Earth and triggered Ordov
and major faunal turnovers related to the Great Ordovician Biodiversificati



Most (all?) present-day L chondrites

trace back to the mid-Ordovician event

Argon isotope age of ordinary chondrites e
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Middle Ordovician 458 Ma

Ancient landmass ‘
Modern landmase (2

Subduction Zona (triangles point in the
direction of subduction) &

Sea Floor Spreading Ridge 8
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1. Near-Earth Objects



Orbital pathways to the Earth
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Yarkovski drift rate
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The asteroid-meteorite conundrum
(partially) solved!
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Planetary Spectroscopy at MIT

SABEI MITHNEOS MIT-Hawaii Near-Earth Object Spectroscoplc Survey

Observations

Published Datasets Cristina A. Thomas (NAU)
Francesca E. DeMeo (MIT)
Dare Purmal: rejectian, Michael Marsset (MIT)
Richard P. Binzel (MIT)

David Polishook {(Weizmann Institute)
Brian Burt (Lowell Observatory)
Andrew 5. Rivkin (APL)

Schelte ). (Bobby) Bus (University of Hawaii)
Alan Tokunaga (University of Hawaii)

[ J
Where do km-size
The resources and asteroid observing expertise of MIT,

the University of Hawaii, and the NASA IRTF are being .
combined in a joint campaign to perform routine spectroscopic reconnaissance of near-Earth objects (NEOs). All
spectroscopic observations obtained in this joint campaign are being made publicly available in near-real time via this
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Where do km-size
NEOs come

from?
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2. The Zodiacal dust
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Credit: ESO/Paranal ALPACA



A zodiacal dust band intersecting

the Massalia family
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Simulations by Mira Broz
Boulder code - Morbidelli et al. 2009
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Simulations by Mira Broz
Boulder code - Morbidelli et al. 2009
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3. The “faint” main belt
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Thb&faint”

main belt

Now, only small objects!
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4. Meteors
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FRIPON cameras
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Camera
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Colas et al. 2020
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Pre-atmospheric orbits

vs. forward particle integrations

Transport model

- N-body simulations for the orbital evolution of a set of particles starting from a given location in the
asteroid belt

- Physicsinclude:
= Gravity,
= Yarkovski,
= YORP,
= collisional reorientations.

- When an object enters the near-Earth space (q<1.3 au), we record its orbit at each step of the
simulation until it “dies”.

-  We then produce probability maps showing where the objects spent most of their life.




Pre-atmospheric orbits
vs. forward particle integrations
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Pre-atmospheric orbits

vs. forward particle integrations
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A few words about the companion papers...

“Young asteroid families as the primary source of meteorites”

Broz, Vernazza, Marsset et al. (2024), Nature

“Source regions of carbonaceous meteorites and near-Earth objects”
Broz, Vernazza, Marsset et al. (2024), A&A



Reflectance
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The Koronis family as the source of H chondrites

Spectral fit
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The Koronis family as the source of H chondrites

Ongoing collisional cascade! / | Family age = cosmic-ray exposure age
(backward integrations)
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Summary

- The present-day meteorite flux is dominated by two meteorite classes:
the ordinary L and H chondrites, accounting for 37% and 33% of falls,

- Their pre-atmospheric orbits perfectly align with two asteroid families
that happen to have the exact same composition,

- The location of the families in the main belt also coincides with
overabundances of small main-belt asteroids and near-Earth Objects,

- These two families happen to exhibit the steepest size frequency distributions (SFD)
observed in the main belt,

- Each of these families is aligned with a zodiacal dust band. When extrapolating their SFDs,
they can account for the observed abundances of zodiacal dust and meteorites,

- The age of the families agrees well with the argon isotope and cosmic-ray exposure ages
of their associated meteorites.

- Lesson learned: young (<40 Mvr-old) families dominate the flux of meteorites!




The meteorite flux finally explained!

Broz, Vernazza, Marsset et al. 2024, Nature
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The asteroid-meteorite conundrum

{partiatty) solved!

Near-Earth
Asteroids Meteorites

Silicate-rich
Carbonaceous
Metallic
Others




Some predictions about Massalia...

Size-frequency distribution LSST will find that it remains steep down to the completeness limit of the survey

NEO composition Spectroscopic surveys will find that the relative fraction of L-chondrite-like
(11) Parthenope (8) Flora (173) Ino
Pre-atmospheric orbits :s have short semi-major axis

Spin orientation h different spin orientation

Shape of (20) Massalia We will image a large crater or a rejunevated surface on Massalia




What’s next?

e 72 M1:2 3:1. 8:3 5:2 73 » »9:4 11:5‘ 21
0.25 | ¢ 2
o = a1 We explained 70% of meteorites,
i e . let’s get the rest of them!
5 o Konig Veritas |
iy | - VLT/X-SHOOTER large spectroscopic
Sy oo survey of 18 asteroid families

proper semimajor axis a, [au]




None of this would have been possible without...

Miroslav Broz Pierre Vernazza
Charles University Laboratoire d’Astrophysique
Prague de Marseille



None of this would have been possible without...

Francesca DeMeo Richard Binzel Cristina Thomas
MIT MIT Northern Arizona University

And all co-authors...
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ESO 2025 opportunities

Studentship Programme
for Ph.D. students

duration: 6months -2 years
deadline October 30t

Fellowship Programme
for PostDocs

duration: 3+1 years

deadline October 15"

La Silla Summer School

for Ph.D. students
February 10 - 21, 2025
deadline September 30"

Internships
for Master and Ph.D. students




	Slide 1: The Massalia asteroid family as the main source of meteorites  Marsset, Vernazza, Brož et al. (2024) - Nature  
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75: ESO 2025 opportunities  Studentship Programme for Ph.D. students duration: 6months – 2 years deadline October 30th  Fellowship Programme for PostDocs duration: 3+1 years deadline October 15th  La Silla Summer School for Ph.D. students February 1

