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Meteoroid

Meteor

Meteorite

Parent body

Definitions 2

Meteoroid: 
From 30 m to 1 m 


Asteroid:  
A large meteoroid!

μ



‣ 97 scientists, 22 countries, 100+ citizen 
collaborators


‣  research communities

‣ Independent techniques & data sets

≠

https://www.vigie-ciel.org/2024/10/21/2023cx1-splv-consortium/





I Discovery
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‣ Discovered on Feb. 12, 2023 at 20:18:07 UTC


‣ About 0.61 times the Earth-Moon distance

Discovery 6
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8Discovery



Atmospheric entry 9

On February 13, at 02:59 UTC, a bright fireball was captured by FRIPON! 
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Thomas Petit 
@MegaLuigi

Josselin Desmars

Credit: Jamie Olver

Credit: Simon Saunders

Credit: Simon Anghel Credit: Josselin DesmarsCredit: Gijs de Reijke

Credit: @tymlaly76700

Credit: Mike Rushton

Credit: @MegaLuigi

Credit: Nick Russell



A worldwide observation effort 11
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Seismo-acoustic signal 12
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Accurate data from


‣ several CTBTO stations, 
KNMI, the CEA


‣ RESIF (Réseau 
Sismologique et Géodésique 
Français), the Great Britain 
Seismograph Network


‣ the Raspberry Pi Shake & 
Boom citizen science 
initiative

‣ A seismo-acoustic signal was detected as far as ~5500 km away in Russia!



I Discovery

II Recovery
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Trajectory 14

High-resolution photographs and videos from the public

+ GMN/UKMON & FRIPON data

Credit: Simon Anghel Credit: Denis Vida



Dark flight 15
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Credits: FRIPON/Vigie-Ciel

Atmospheric  
entry

Space

Dark flight

Meteorite Meteorite

Dark flight



Strewn field 17
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Field search 18

Credit: Vigie-Ciel
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Meteorite recovery 20

Feb 15, 2023
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Meteorite recovery 21

‣ >100 fragments were 
recovered along a line 
of ~8 km


‣ Recovered mass of 
~1.34 kg


‣ L5–6 chondrite breccia


‣ S3 shock stage
Credit: Vigie-Ciel

Saint-Pierre-Le-Viger meteorite



Predicted asteroid impacts 22

11 predicted impacts:

‣ 4 led to meteorite 
recovery

‣ 2 provided accurate 
atmospheric data

‣ Only one L-chondrite 
fall: 2023 CX1! 



Laboratory measurements 23

⚛
Noble Gas Spectrometry

Non-destructive Gamma-Ray 
Spectrometry

Destructive Accelerator Mass 
Spectrometry

Bulk chemistry

Petrography, bulk density

3He,21Ne, 38Ar (Kr, Br)


22Na, 26Al, 54Mn, 57Co, 60Co, 48V (16 d) 

26Al, 41Ca

Credit: Bill Bungay

‣ Classification, structure

‣ Size, collisional history



I Discovery

II Recovery

III Analysis
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A Multi-disciplinary investigation 25

 

1 In space
Asteroid: size, shape, orbit and origin

2 In the atmosphere
Fireball : size, energy, trajectory, fragmentation, strewn field

3 In laboratory
Meteorites: size, shielding depth, composition, structure, 
collisional history 

‣ Multi-technique & complementary analyzes



26Telescopic observations

‣ 22 observatories 
targeted 2023 CX1


‣ Careful (re)processing 
of 11 datasets
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Credit: TJO observatory, Toni Santana-Ros

Shape

‣ 2023 CX1 was likely spherical

Photometry ‣ Flat light curve  (tres < 2s)

X



Orbit 28

‣ Trail-fitting techniques

‣ Timing bias

‣ Geographic coordinates   ~90 m offset in the predicted impact location!⇒

Astrometry

X



Refining the trajectory 29

First estimate: Post-impact processing:



Orbit 30

‣ After correction, offset <30 m 

‣ Cross-calibration of telescopic & fireball data

  SPLV is one of the most accurate meteorite orbit 
       ever measured!
⇒

Investigating differences:


‣ Significant errors in the observatory 
coordinates sent to the Minor Planet Center

‣ ~55% of the heights reported were MSL and 
not above the ellipsoid



‣ 2023 CX1’s orbit indicate an origin in the Inner 
Asteroid Belt

Dynamical origin 31

Marsset, Broz & Vernazza 2024:


‣ ~94% probability of originating from the young 
Massalia family 

‣ CX1 was ejected from its parent ~30 Ma ago


Credit: P. Wiegert



Initial size 32

72  3 cm 
650  160 kg

±
±

It’s a meteoroid!

Asteroid magnitude

Fireball light curve

Infrasound analysis

Cosmogenic 21Ne/22Ne

26Al (IAMS)

26Al (GS)

60Co (GS)

‣ Initial mass computed from 7 independent methods



33Strewn field

‣ From the observed trajectory, speed, 
height, and direction 

Dark flight
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34Strewn field

‣ From the observed trajectory, speed, 
height, and direction 

‣ Usually, main mass at the end and 
smaller pieces at fragmentation points

‣ Unknown parameters that modify the 
dark flight:


1) The meteorite’s shape

- changes the drag for each rock


2) The “ejection” (release) point 

- At the end of the trajectory (V < the 

ablation limit at 4 km/s)

- At a fragmentation point

Ejected in the end

Main flare ejection

Different shapes shift the masses 
along the central line

Dark flight



35Strewn field

‣ Small meteorites

‣  Ejected at the flare, high drag

Dark flight



36Strewn field

‣ Small meteorites

‣  Ejected at the flare, high drag

‣ Fragment #4 and meteorites SE 
of Angiens


‣ A <5° northward deviation after 
the flare 


‣ A late separation + strong drag

Dark flight

‣ Large masses match the individual 
fragments identified in the video 
records



Dark flight

Strewn field 37

‣ Small meteorites

‣  Ejected at the flare, high drag

‣ Large masses match the individual 
fragments identified in the video 
records

‣ Fragment #4 and meteorites SE 
of Angiens


‣ A <5° northward deviation after 
the flare 


‣ A late separation + strong drag



Strewn field 38

‣ Remarkable homogeneity 
among the samples


‣ No correlation with the 
meteorites’ position


‣ 2023 CX1 was small 


‣ Complex & unusual 
fragmentation behavior

Cosmogenic nuclides 
concentrations:



Atmospheric fragmentation 13

‣ Two consecutive flares at heights 
of 27-29 km 
 
 

 2023 CX1 lost ~98% of its mass   
 during a single, catastrophic            
 disruption around 4 MPa

⇒
⇒
⇒

 Confirmed by seismo-acoustic  
     analysis!
⇒

‣ Peak absolute magnitude of -17


‣ No fragmentation nor significant 
mass loss measured before the flares



‣ No significant fragmentation at low 
dynamic pressures


‣  from the 22 meteorite-dropping events 
analyzed by Borovicka et al., 2020
≠

Unusual behavior 14

‣ Only 4 known events that resisted 
disrupting to such high pressures 


‣ Prairie Network (Ceplecha et al., 1993, 5 
MPa, sparse data)


‣ Carancas in Peru (H4-5, 13 m-wide 
crater, no unique trajectory solution)


‣ 2015 superbolide over Romania (3 MPa, 
no meteorite)


‣ Novo Mesto, 2020 (3 MPa). 



A new class of risky L-chondrites? 15

‣ 80% mass loss at ~3 MPa


‣ 0.3 kt airburst, minor earthquake on the ground 


‣ Also delivered heavily shocked L5 chondrites


‣ ~96% probability of originating from Massalia 

‣ Both are L-chondrite-like m-sized bodies


‣ They deposited all their energy in a 
single, catastrophic event 


‣ Possibility of causing greater ground 
damage than gradually fragmenting 
bodies (e.g., Chelyabinsk). 

Credit: D. Vida, EPSC 2021

A new class of L-chondrite-like asteroids 
capable of producing disproportionately 
large airbursts? 

 ⇒

NM & 2023 CX1



Conclusion 2

‣ Extremely accurate impact prediction 

‣ Novel observational strategy deployed by ESA 

‣ Timing accuracy of a few seconds


1

Credit:  J. Desmars

3
‣ Efficient ground search & SF computation


‣ First meteorite recovered within 2 days of the fall 

‣ Analyzed in laboratory within a week


2
‣ Efficient media communication


‣ First large-scale, targeted observations of a fireball

‣ Comprehensive dataset of 2023 CX1 atmospheric entry 

4
‣ Best characterized L-chondrite fall


‣ Multi-disciplinary analysis

‣ Validation & improvements of reduction techniques




Conclusion 43

5
‣ A new class of risky L-chondrite-like asteroids? 


2104 / 10 h 
      vs

20 000 / yr



Conclusion 44

5
‣ A new class of risky L-chondrite-like asteroids? 


Imminent impactor checklist:


‣ Meter- & decameter-sized 
bodies 


‣ Origin consistent with the 
inner main belt 


‣ Spectra / color similar to L-
chondrites


‣ Particular caution below the 
3-4 MPa pressure threshold
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