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de quoi la poussière est-elle le nom ?

10 AL

1000 UA

100 UA

nuage moléculaire disque d’accrétion

que se cache-t-il derrière le terme de poussière ? 

astéroïdes – planètes

disques d'accrétion = lieux de formation et d'agglomération de la poussière

↓


structure fondamentale pour comprendre les conditions 

de formation des planètes



définitions : dust – pebbles – planetesimals

Drązkowska+ 2023

→ astrophysique = solides < mm

→ dust (= poussières) et pebbles (= galets) 
= poussières dans les disques

évolution de la poussière dans les disques 



structures difficiles à observer

(luminosité des étoiles)


↓

apparaissent comme des 


structures continues

observations 
astronomiques

observations astronomiques des disques d'accrétion



la révolution ALMA – distribution de la poussière millimétrique

ALMA = interféromètre de 66 
radiotélescopes (Atacama, Chili)


↓

distribution hétérogène 


des pebbles millimétriques

(Andrews+ 2018)

observations 
astronomiques



avantages et limitations

Figure 3. Gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au scalebars are shown in the lower left
and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce the dynamic range (accentuate fainter details without over-
saturating the bright emission peaks). For more quantitative details regarding the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al.
(2018).
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limitations


→ instantané de la distribution

de la poussière


→ résolution spatiale = 

quelques unités astronomiques


(distance Terre-Soleil)

avantages


→ nombre important de  
disques observés

météorites comme complément aux observations astronomiques 



How can planetesimal formation be dated?

Age of youngest chondrule

26Al-26Mg; 207Pb-206Pb; 182Hf-182W

Age of core formation + thermal 
modelling

182Hf-182W
météorites de fer = noyaux planétésimaux  

= processus magmatiques
chondrites = agglomérats de poussière 

= météorites primitives

How can planetesimal formation be dated?

Age of youngest chondrule

26Al-26Mg; 207Pb-206Pb; 182Hf-182W

Age of core formation + thermal 
modelling

182Hf-182W

diversité des météorites

météorites sont des roches 
résiduelles du disque


↓ 
témoins de la formation 


du système solaire



Calcium-Aluminium Inclusions

Amoeboid Olivine Aggregates
matrice à grains fins

40 µm 

100 µm 

80 µm 

1 µm 0.2 cm 

Kaba (CV3) CAIs

AOAs

inclusions réfractaires

1 μm 1 µm

chondres

plus anciens solides du système solaire = t0 = 4568.7 Ma (Piralla+ 2023)  
↓

formés par des processus de condensation à partir
d'un gaz de composition solaire (Tcond CAIs > Tcond AOAs) 



Calcium-Aluminium Inclusions

Amoeboid Olivine Aggregates

40 µm 

100 µm 

80 µm 

1 µm 0.2 cm 

Kaba (CV3) CAIs

AOAs

1 μm 1 µm

matrice à grains fins

poussière la plus abondante formée dans le disque
↓

résultent de processus magmatiques complexes (> 1200 K) 

inclusions réfractaires chondres



chronologie de formation des chondrules

 → chondrites = enregistrement

continu de l’évolution de la poussière


→ chondrites se sont formées  
tardivement (après la formation  

du dernier chondre)

formation des chondres pendant centaines de milliers d'années 
→ même au sein d'une chondrite donnée 

(Bollard+ 2017; Sirion+ 2021, Fukuda+ 2022, Piralla+ 2023)



chondrites enregistrent également la structure du système solaire

→ compositions isotopiques spécifiques 
(anomalies nucléosynthétiques) 

révèlent une dichotomie fondamentale
entre les chondrites NC et CC 
(Warren 2011 ; Kleine+ 2020)

→ au moment de la formation des chondres,

 le disque était divisé en deux réservoirs (Warren, 2011)



→ compositions isotopiques spécifiques 
(anomalies nucléosynthétiques) 

révèlent une dichotomie fondamentale
entre les chondrites NC et CC 
(Warren 2011 ; Kleine+ 2020)

→ avantage : bonnes résolutions spatiales et temporelles
 pour étudier l’évolution de la poussière


→ limitation : données sur un seul disque

avantages et limitations



10 UAH2 - CO 200 km 

nebular planetary

aucun consensus aujourd'hui sur leurs conditions de formation

→ fusion incomplète de précurseurs µm 
 (Hewins+, 2005; Tenner+, 2017)

→ recyclage des condensats précoces
(Marrocchi+ 2018, 2019)

→ collisions entre protoplanètes
(Libourel & Krot 2007, Faure+, 2017)

→ goulettes d’impact
(Lichtenberg+ 2018, Libourel+ 2022)

quel processus est à l'origine des chondres ?



plus de 90 % des chondres sont porphyriques (= grands minéraux)

chondres de type I

 ↓ 

conditions réductrices

(Fe dans des billes de métal)

chondres de type II

 ↓

conditions oxydantes

     (Fe dans les silicates)

Type I Type II

>

CAIs, AOAs et chondres de type I et type II 

coexistent dans les chondrites carbonées



chondres de type I

 ↓ 

conditions réductrices

(Fe dans des billes de métal)

chondres de type II

 ↓

conditions oxydantes

     (Fe dans les silicates)

Type I Type II

>

→ conditions différentes = chronologie différente et/ou régions différentes


→ dérive les uns des autres = liens génétiques entre les ≠ poussières

plus de 90 % des chondres sont porphyriques (= grands minéraux)



Type I Type II

 lien génétique est attesté par la présence de minéraux reliques  

→ hérité de la génération précédente de poussière

dust #1

dust #2

dust #3



Type I Type II

comment reconnaître et caractériser les minéraux reliques ?

 lien génétique est attesté par la présence de minéraux reliques  

→ hérité de la génération précédente de poussière

dust #1

dust #2

dust #3



→ chondres de type I riches en olivine semblent homogènes
→ high-current X-ray maps revealed overlooked textures

(Marrocchi+ 2018, 2019)
comment reconnaître et caractériser les minéraux reliques ?

facile	en	théorie,	plus	compliqué	en	pratique



→ chondres de type I riches en olivine semblent homogènes
→ high-current X-ray maps revealed overlooked textures

(Marrocchi+ 2018, 2019)
développer et utiliser des méthodes permettant  

de “voir” à l’intérieur des minéraux

développement	de	nouvelles	méthodes



→ chondres de type I riches en olivine semblent homogènes

→  cartes en rayon X à fort courant révèlent des textures inédites
(Marrocchi+ 2018, 2019, 2022, 2024)

cartographies	RX	fort	courant



permet de déterminer les compositions isotopiques en oxygène  
de grains d'olivine caractérisés chimiquement = mesures sonde ionique

→ chondres de type I riches en olivine semblent homogènes

→  cartes en rayon X à fort courant révèlent des textures inédites
(Marrocchi+ 2018, 2019, 2022, 2024)

mesures	spatialement	localisées
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1.06.1 INTRODUCTION

Oxygen isotope abundance variations in
meteorites are very useful in elucidating chemical
and physical processes that occurred during the
formation of the solar system (Clayton, 1993). On
Earth, the mean abundances of the three stable
isotopes are 16O: 99.76%, 17O: 0.039%, and 18O:
0.202%. It is conventional to express variations in
abundances of the isotopes in terms of isotopic
ratios, relative to an arbitrary standard, called
SMOW (for standard mean ocean water), as
follows:

d18O ¼
! ð18O=16OÞsample

ð18O=16OÞSMOW

2 1

"
£ 1;000

d17O ¼
! ð17O=16OÞsample

ð17O=16OÞSMOW

2 1

"
£ 1;000

The isotopic composition of any sample can then
be represented by one point on a “three-isotope
plot,” a graph of d17O versus d18O. It will be seen
that such plots are invaluable in interpreting

meteoritic data. Figure 1 shows schematically
the effect of various processes on an initial
composition at the center of the diagram. Almost
all terrestrial materials lie along a “fractionation”
trend; most meteoritic materials lie near a line of
“16O addition” (or subtraction).

The three isotopes of oxygen are produced by
nucleosynthesis in stars, but by different nuclear
processes in different stellar environments. The
principal isotope, 16O, is a primary isotope
(capable of being produced from hydrogen and
helium alone), formed in massive stars (.10 solar
masses), and ejected by supernova explosions. The
two rare isotopes are secondary nuclei (produced in
stars from nuclei formed in an earlier generation of
stars), with 17O coming primarily from low- and
intermediate-mass stars (,8 solar masses), and 18O
coming primarily from high-mass stars (Prantzos
et al., 1996). These differences in type of stellar
source result in large observable variations in
stellar isotopic abundances as functions of age,
size, metallicity, and galactic location (Prantzos
et al., 1996). In their paper reporting the discovery
of 18O in the Earth’s atmosphere, Giauque and
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variations dépendantes de la masse


(18-16/17-16 ~ 0.52)

concept géochimique – isotopes de l’oxygène

→ tous les processus ou réactions chimiques produisent
des variations dépendantes de la masse 

(évaporation, condensation, cristallisation…)

→ tous les échantillons terrestres 
s’alignent le long d’une droite 
de pente 0.52 (Robert+ 1992)

Terre
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tout écart par rapport à la TFL est 
exprimé à l'aide de la notation ∆17O


∆17O = δ17O − 0.52 × δ18O
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concept géochimique – isotopes de l’oxygène
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TFL

→ CAI/AOA ont des ∆17O = –23 ‰


→ chondres ont des compositions

 isotopiques s’alignant sur la PCM


→  différence type I/type II

processus 
de recyclage
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concept géochimique – isotopes de l’oxygène

TFL = terrestrial fractionation line = 

variations dépendantes de la masse (pente 0.52)

→ 



Sample

Source

Primary 
ions

Secondary 
ions

Electrostatic

sector

Magnetic

sector

Secondary 
ions

Detection

M1

M2
M3

primary ions
secondary ions

20 µm

qu’est-ce	qu’une	mesure	sonde	ionique	?



permet de déterminer les compositions isotopiques en oxygène  
de grains d'olivine caractérisés chimiquement = mesures sonde ionique

→ chondres de type I riches en olivine semblent homogènes

→  cartes en rayon X à fort courant révèlent des textures inédites
(Marrocchi+ 2018, 2019, 2022, 2024)

mesures	spatialement	localisées
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Marrocchi+ 2018

chondres sont composés de deux types d’olivines : 

– olivine reliques hérités des précurseurs 


– olivines hôtes cristallisées lors de la formation des chondres

deux	types	d’olivine	dans	les	chondres

→ variations indépendantes de la masse

→ incompatible avec une origine planétaire 
(fragments solides de planétésimaux, Libourel+ 2007)



Marrocchi+ 2018

quelle est la nature et l’origine des

olivines reliques?

∆17 O

∆17O = δ17O − 0.52 × δ18O

→ variations indépendantes de la masse

→ incompatible avec une origine planétaire 
(fragments solides de planétésimaux, Libourel+ 2007)
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nature	des	olivines	reliques	?



nature	des	olivines	reliques	?

→ olivines reliques sont pauvres en Ca-Al-Ti et ont des ∆17O < -15 ‰ (Marrocchi+ 2019)

→ caractéristiques chimiques et isotopiques similaires à celles des olivines des 
AOAs (Weisberg+, 2004, Ebel+, 2012; Komatsu+ 2019) 

→ olivines hôtes formées lors de l’épisode magmatique à l’origine

des chondres tels qu’observés aujourd’hui



caractéristiques	chimiques	des	grains	d'olivine	reliques

extérieure

→ olivines reliques sont pauvres en Ca-Al-Ti et ont des ∆17O < -15 ‰ (Marrocchi+ 2019)

→ caractéristiques chimiques et isotopiques similaires à celles des olivines des 
AOAs (Weisberg+, 2004, Ebel+, 2012; Komatsu+ 2019) 

→ olivines hôtes formées lors de l’épisode magmatique à l’origine
des chondres tels qu’observés aujourd’hui

∆17O = 5 ± 1 ‰



formation	de	chondrules	de	type	I	par	recyclage	d’AOAs

AOA chondre
type I

les chondres de type I sont des agents doubles

→ implique la fusion partielle des AOA plusieurs dizaines de milliers 

d'années après leur condensation

→ nécessite un processus efficace de chauffage nébulaire dans le disque externe

pour atteindre des températures magmatiques (> 1200 K)



formation	de	chondrules	de	type	I	par	recyclage	d’AOAs

AOA

processus ayant largement affecté le disque externe

→ AOAs représentent les condensats les plus abondants (Krot+ 2004)

→ textures et ∆17O similaires dans la plupart des chondrites carbonées

(CM-CO-CV chondrites = ~ 90% des CCs)

chondre
type I



modèle	de	formation	des	chondres	CC
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y-a-t-il	eu	des	épisodes	de	recyclage	multiple	dans	le	disque	?

quels chondres analyseriez-vous dans cette chondrite CR ?



quels chondres analyseriez-vous dans cette chondrite CR ? 

sans doute les plus gros (comme tout le monde)

y-a-t-il	eu	des	épisodes	de	recyclage	multiple	dans	le	disque	?



information	intéressante	mais	parcellaire

Y. Marrocchi, M. Piralla, M. Regnault et al. Earth and Planetary Science Letters 593 (2022) 117683

Fig. 1. (A, C) Back-scattered electron images of type-I PO chondrules Ch-78 and Ch-45, respectively, in CR2 Renazzo. Bright spots are metal beads. (B, D) Cathodoluminescence 
maps of the same respective chondrules revealing their internal structures. Chondrule Ch-78 shows textures typical of CM-CV-CO chondrules, with inner olivine grains that 
are depleted in trace elements and surrounded by larger, outer olivine crystals that are enriched in trace elements. Conversely, chondrule Ch-45 is larger and displays a more 
complex texture; its central part is enriched in trace elements and surrounded by large outer shells of olivine grains depleted in trace elements.

tical deviations from the TFL in a triple oxygen isotope diagram). 
Typical 2σ measurement errors, accounting for internal errors on 
each measurement and the external reproducibility of the stan-
dards, were estimated to be ∼0.4! for δ18O, ∼0.7! for δ17O, 
and ∼ 0.7! for #17O.

3. Results

Among the 77 Mg-rich type I chondrules examined in two 
sections of Renazzo and Dar al Gani 574, the seven porphyritic 
chondrules chosen for detailed characterization were mostly com-
posed of olivine crystals (i.e., porphyritic olivine, PO, chondrules). 
The selected chondrules had apparent maximum diameters rang-
ing from 300 to 2,000 µm (Figs. 1 & S1-S7). Their olivine is 
uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
(Fig. 2; Table S1). CL maps revealed different textures depending 
on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
Jacquet et al., 2021; Marrocchi et al., 2018, 2019a, 2019b). Con-
versely, larger chondrules show more complex textures where one 

or several regions may be broadly similar to small chondrules, e.g., 
chondrule Ch45 in Renazzo whose core is surrounded by large 
outer shells of Al-Ti-depleted olivine grains (Fig. 1D; Table S1). 
Olivine minor and trace element concentrations range from 90 to 
1,075 ppm TiO2, 130 to 4,600 ppm Al2O3, 1820 to 6,700 ppm CaO, 
110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
ppm NiO (Figs. 2-S8, Table S1).

Olivine O isotopic compositions plot along the primitive chon-
drule mineral line (PCM; Fig. 2A; Ushikubo et al., 2012) with δ17O 
and δ18O values ranging from −12.1 to +1.8! and from −6.9
to +5.4!, respectively (Fig. 2A, Table S1). Within errors, most of 
our CR chondrules show constant #17O value (despite variable mi-
nor element abundances), around −2! or −6! (Fig. 2; Table S1), 
both modes (the latter minor) being already known from past CR 
chondrite literature (e.g., Schrader et al., 2013, Tenner et al., 2015), 
with #17O anticorrelating with Mg# (Fig. 2D). Since these two 
populations will be of most importance in the discussion, and for 
ease of reference, we shall call (i) those type I chondrules (in CR 
or other CCs) with (host) −4! < #17O < −0.5! “type I-CR” (be-
cause they comprise most chondrules in CR chondrites) and (ii) 
those type I chondrules with #17O < −4! “type I-CO” (as they 
dominate chondrules in other CCs, in particular CO and CO-like 
Acfer 094 where the dichotomy has been first identified; Ushikubo 
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→ les petits chondres ont une texture similaire à celle 
des autres chondres CC (Libourel & Portail, 2018)
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Fig. 1. (A, C) Back-scattered electron images of type-I PO chondrules Ch-78 and Ch-45, respectively, in CR2 Renazzo. Bright spots are metal beads. (B, D) Cathodoluminescence 
maps of the same respective chondrules revealing their internal structures. Chondrule Ch-78 shows textures typical of CM-CV-CO chondrules, with inner olivine grains that 
are depleted in trace elements and surrounded by larger, outer olivine crystals that are enriched in trace elements. Conversely, chondrule Ch-45 is larger and displays a more 
complex texture; its central part is enriched in trace elements and surrounded by large outer shells of olivine grains depleted in trace elements.

tical deviations from the TFL in a triple oxygen isotope diagram). 
Typical 2σ measurement errors, accounting for internal errors on 
each measurement and the external reproducibility of the stan-
dards, were estimated to be ∼0.4! for δ18O, ∼0.7! for δ17O, 
and ∼ 0.7! for #17O.

3. Results

Among the 77 Mg-rich type I chondrules examined in two 
sections of Renazzo and Dar al Gani 574, the seven porphyritic 
chondrules chosen for detailed characterization were mostly com-
posed of olivine crystals (i.e., porphyritic olivine, PO, chondrules). 
The selected chondrules had apparent maximum diameters rang-
ing from 300 to 2,000 µm (Figs. 1 & S1-S7). Their olivine is 
uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
(Fig. 2; Table S1). CL maps revealed different textures depending 
on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
Jacquet et al., 2021; Marrocchi et al., 2018, 2019a, 2019b). Con-
versely, larger chondrules show more complex textures where one 

or several regions may be broadly similar to small chondrules, e.g., 
chondrule Ch45 in Renazzo whose core is surrounded by large 
outer shells of Al-Ti-depleted olivine grains (Fig. 1D; Table S1). 
Olivine minor and trace element concentrations range from 90 to 
1,075 ppm TiO2, 130 to 4,600 ppm Al2O3, 1820 to 6,700 ppm CaO, 
110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
ppm NiO (Figs. 2-S8, Table S1).

Olivine O isotopic compositions plot along the primitive chon-
drule mineral line (PCM; Fig. 2A; Ushikubo et al., 2012) with δ17O 
and δ18O values ranging from −12.1 to +1.8! and from −6.9
to +5.4!, respectively (Fig. 2A, Table S1). Within errors, most of 
our CR chondrules show constant #17O value (despite variable mi-
nor element abundances), around −2! or −6! (Fig. 2; Table S1), 
both modes (the latter minor) being already known from past CR 
chondrite literature (e.g., Schrader et al., 2013, Tenner et al., 2015), 
with #17O anticorrelating with Mg# (Fig. 2D). Since these two 
populations will be of most importance in the discussion, and for 
ease of reference, we shall call (i) those type I chondrules (in CR 
or other CCs) with (host) −4! < #17O < −0.5! “type I-CR” (be-
cause they comprise most chondrules in CR chondrites) and (ii) 
those type I chondrules with #17O < −4! “type I-CO” (as they 
dominate chondrules in other CCs, in particular CO and CO-like 
Acfer 094 where the dichotomy has been first identified; Ushikubo 
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→ les petits chondres ont une texture similaire à celle 
des autres chondres CC (Libourel & Portail, 2018)

→ ∆17O similaires aux autres CC également
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Fig. 1. (A, C) Back-scattered electron images of type-I PO chondrules Ch-78 and Ch-45, respectively, in CR2 Renazzo. Bright spots are metal beads. (B, D) Cathodoluminescence 
maps of the same respective chondrules revealing their internal structures. Chondrule Ch-78 shows textures typical of CM-CV-CO chondrules, with inner olivine grains that 
are depleted in trace elements and surrounded by larger, outer olivine crystals that are enriched in trace elements. Conversely, chondrule Ch-45 is larger and displays a more 
complex texture; its central part is enriched in trace elements and surrounded by large outer shells of olivine grains depleted in trace elements.

tical deviations from the TFL in a triple oxygen isotope diagram). 
Typical 2σ measurement errors, accounting for internal errors on 
each measurement and the external reproducibility of the stan-
dards, were estimated to be ∼0.4! for δ18O, ∼0.7! for δ17O, 
and ∼ 0.7! for #17O.

3. Results

Among the 77 Mg-rich type I chondrules examined in two 
sections of Renazzo and Dar al Gani 574, the seven porphyritic 
chondrules chosen for detailed characterization were mostly com-
posed of olivine crystals (i.e., porphyritic olivine, PO, chondrules). 
The selected chondrules had apparent maximum diameters rang-
ing from 300 to 2,000 µm (Figs. 1 & S1-S7). Their olivine is 
uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
(Fig. 2; Table S1). CL maps revealed different textures depending 
on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
Jacquet et al., 2021; Marrocchi et al., 2018, 2019a, 2019b). Con-
versely, larger chondrules show more complex textures where one 

or several regions may be broadly similar to small chondrules, e.g., 
chondrule Ch45 in Renazzo whose core is surrounded by large 
outer shells of Al-Ti-depleted olivine grains (Fig. 1D; Table S1). 
Olivine minor and trace element concentrations range from 90 to 
1,075 ppm TiO2, 130 to 4,600 ppm Al2O3, 1820 to 6,700 ppm CaO, 
110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
ppm NiO (Figs. 2-S8, Table S1).

Olivine O isotopic compositions plot along the primitive chon-
drule mineral line (PCM; Fig. 2A; Ushikubo et al., 2012) with δ17O 
and δ18O values ranging from −12.1 to +1.8! and from −6.9
to +5.4!, respectively (Fig. 2A, Table S1). Within errors, most of 
our CR chondrules show constant #17O value (despite variable mi-
nor element abundances), around −2! or −6! (Fig. 2; Table S1), 
both modes (the latter minor) being already known from past CR 
chondrite literature (e.g., Schrader et al., 2013, Tenner et al., 2015), 
with #17O anticorrelating with Mg# (Fig. 2D). Since these two 
populations will be of most importance in the discussion, and for 
ease of reference, we shall call (i) those type I chondrules (in CR 
or other CCs) with (host) −4! < #17O < −0.5! “type I-CR” (be-
cause they comprise most chondrules in CR chondrites) and (ii) 
those type I chondrules with #17O < −4! “type I-CO” (as they 
dominate chondrules in other CCs, in particular CO and CO-like 
Acfer 094 where the dichotomy has been first identified; Ushikubo 
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Fig. 1. (A, C) Back-scattered electron images of type-I PO chondrules Ch-78 and Ch-45, respectively, in CR2 Renazzo. Bright spots are metal beads. (B, D) Cathodoluminescence 
maps of the same respective chondrules revealing their internal structures. Chondrule Ch-78 shows textures typical of CM-CV-CO chondrules, with inner olivine grains that 
are depleted in trace elements and surrounded by larger, outer olivine crystals that are enriched in trace elements. Conversely, chondrule Ch-45 is larger and displays a more 
complex texture; its central part is enriched in trace elements and surrounded by large outer shells of olivine grains depleted in trace elements.

tical deviations from the TFL in a triple oxygen isotope diagram). 
Typical 2σ measurement errors, accounting for internal errors on 
each measurement and the external reproducibility of the stan-
dards, were estimated to be ∼0.4! for δ18O, ∼0.7! for δ17O, 
and ∼ 0.7! for #17O.

3. Results

Among the 77 Mg-rich type I chondrules examined in two 
sections of Renazzo and Dar al Gani 574, the seven porphyritic 
chondrules chosen for detailed characterization were mostly com-
posed of olivine crystals (i.e., porphyritic olivine, PO, chondrules). 
The selected chondrules had apparent maximum diameters rang-
ing from 300 to 2,000 µm (Figs. 1 & S1-S7). Their olivine is 
uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
(Fig. 2; Table S1). CL maps revealed different textures depending 
on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
Jacquet et al., 2021; Marrocchi et al., 2018, 2019a, 2019b). Con-
versely, larger chondrules show more complex textures where one 

or several regions may be broadly similar to small chondrules, e.g., 
chondrule Ch45 in Renazzo whose core is surrounded by large 
outer shells of Al-Ti-depleted olivine grains (Fig. 1D; Table S1). 
Olivine minor and trace element concentrations range from 90 to 
1,075 ppm TiO2, 130 to 4,600 ppm Al2O3, 1820 to 6,700 ppm CaO, 
110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
ppm NiO (Figs. 2-S8, Table S1).

Olivine O isotopic compositions plot along the primitive chon-
drule mineral line (PCM; Fig. 2A; Ushikubo et al., 2012) with δ17O 
and δ18O values ranging from −12.1 to +1.8! and from −6.9
to +5.4!, respectively (Fig. 2A, Table S1). Within errors, most of 
our CR chondrules show constant #17O value (despite variable mi-
nor element abundances), around −2! or −6! (Fig. 2; Table S1), 
both modes (the latter minor) being already known from past CR 
chondrite literature (e.g., Schrader et al., 2013, Tenner et al., 2015), 
with #17O anticorrelating with Mg# (Fig. 2D). Since these two 
populations will be of most importance in the discussion, and for 
ease of reference, we shall call (i) those type I chondrules (in CR 
or other CCs) with (host) −4! < #17O < −0.5! “type I-CR” (be-
cause they comprise most chondrules in CR chondrites) and (ii) 
those type I chondrules with #17O < −4! “type I-CO” (as they 
dominate chondrules in other CCs, in particular CO and CO-like 
Acfer 094 where the dichotomy has been first identified; Ushikubo 
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Fig. 1. (A, C) Back-scattered electron images of type-I PO chondrules Ch-78 and Ch-45, respectively, in CR2 Renazzo. Bright spots are metal beads. (B, D) Cathodoluminescence 
maps of the same respective chondrules revealing their internal structures. Chondrule Ch-78 shows textures typical of CM-CV-CO chondrules, with inner olivine grains that 
are depleted in trace elements and surrounded by larger, outer olivine crystals that are enriched in trace elements. Conversely, chondrule Ch-45 is larger and displays a more 
complex texture; its central part is enriched in trace elements and surrounded by large outer shells of olivine grains depleted in trace elements.

tical deviations from the TFL in a triple oxygen isotope diagram). 
Typical 2σ measurement errors, accounting for internal errors on 
each measurement and the external reproducibility of the stan-
dards, were estimated to be ∼0.4! for δ18O, ∼0.7! for δ17O, 
and ∼ 0.7! for #17O.

3. Results

Among the 77 Mg-rich type I chondrules examined in two 
sections of Renazzo and Dar al Gani 574, the seven porphyritic 
chondrules chosen for detailed characterization were mostly com-
posed of olivine crystals (i.e., porphyritic olivine, PO, chondrules). 
The selected chondrules had apparent maximum diameters rang-
ing from 300 to 2,000 µm (Figs. 1 & S1-S7). Their olivine is 
uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
(Fig. 2; Table S1). CL maps revealed different textures depending 
on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
Jacquet et al., 2021; Marrocchi et al., 2018, 2019a, 2019b). Con-
versely, larger chondrules show more complex textures where one 

or several regions may be broadly similar to small chondrules, e.g., 
chondrule Ch45 in Renazzo whose core is surrounded by large 
outer shells of Al-Ti-depleted olivine grains (Fig. 1D; Table S1). 
Olivine minor and trace element concentrations range from 90 to 
1,075 ppm TiO2, 130 to 4,600 ppm Al2O3, 1820 to 6,700 ppm CaO, 
110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
ppm NiO (Figs. 2-S8, Table S1).

Olivine O isotopic compositions plot along the primitive chon-
drule mineral line (PCM; Fig. 2A; Ushikubo et al., 2012) with δ17O 
and δ18O values ranging from −12.1 to +1.8! and from −6.9
to +5.4!, respectively (Fig. 2A, Table S1). Within errors, most of 
our CR chondrules show constant #17O value (despite variable mi-
nor element abundances), around −2! or −6! (Fig. 2; Table S1), 
both modes (the latter minor) being already known from past CR 
chondrite literature (e.g., Schrader et al., 2013, Tenner et al., 2015), 
with #17O anticorrelating with Mg# (Fig. 2D). Since these two 
populations will be of most importance in the discussion, and for 
ease of reference, we shall call (i) those type I chondrules (in CR 
or other CCs) with (host) −4! < #17O < −0.5! “type I-CR” (be-
cause they comprise most chondrules in CR chondrites) and (ii) 
those type I chondrules with #17O < −4! “type I-CO” (as they 
dominate chondrules in other CCs, in particular CO and CO-like 
Acfer 094 where the dichotomy has been first identified; Ushikubo 
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population) appears to have produced chondrules over a
broadly similar timeframe as Mg# < 99 FeO-poor chon-
drules (Fig. 11a).

4.4. Comparisons to other carbonaceous chondrites and from
Wild 2 comet particles

When comparing Al-Mg isotope systematics, Mg#’s,
and D17O to other chondrite chondrules and cometary
materials, chondrules from CR chondrites exhibit similari-
ties in some cases, but in other instances there are differ-
ences. Comparisons are available for LL3 (Kita et al.,
2000, 2010), Acfer 094 (Ushikubo et al., 2012, 2013), and
CO3 chondrite chondrules (Kurahashi et al., 2008a;
Tenner et al., 2013), as well for Stardust comet particles Iris
(Ogliore et al., 2012) and Pyxie (Nakashima et al., 2012,
2015).

LL3, Acfer 094, and CO3 chondrite chondrules have dis-
tinct D17O and Mg# groups, even though they have similar
ranges of (26Al/27Al)0 (Fig. 13a). LL3 chondrite chondrules
have uniform D17O (!0 "1‰) over a wide chondrule Mg#
interval (75–96.3), indicating constant precursor O-isotope
ratios, even though redox conditions varied (e.g. Eq. (2)).
Acfer 094 and CO3 chondrite chondrules mainly cluster
into two groups: those with Mg#’s # 97 largely have
D17O values of !"5‰, while those with Mg#’s < 97 have
D17O values near "2.5‰ (Fig. 13a). Like CR chondrites,

the link between decreasing chondrule Mg# and increasing
D17O among CO and Acfer 094 chondrites is attributed to
increased 16O-poor H2O ice in chondrule precursors, and
elevated dust-to-gas ratios (Ushikubo et al., 2012; Tenner
et al., 2013). As chondrules from LL3, CO3, and Acfer
094 chondrites have similar 26Al age ranges, their distinct
oxygen isotope signatures (D17O: !0 " 1‰ for LL3;
D17O: !"2.5‰ and !"5‰ for CO3 and Acfer 094) suggest
the parent bodies were spatially separated. If true, this
would support a hypothesis for physically separated ordi-
nary and carbonaceous chondrite accretion regions, which
is based on their distinct Cr, Ti, Mg and O-isotope relation-
ships (Warren, 2011; Van Kooten et al., 2016; Gerber et al.,
2017). This division is interpreted to have been caused by
Jupiter’s formation and its influence on dynamic properties
of the protoplanetary disk, including pressure regimes,
aerodynamic drag, and turbulence (Walsh et al., 2011,
2012; Desch et al., 2018).

CR chondrite chondrules with Mg#’s # 99 and with
D17O values of !"5‰ have similar (26Al/27Al)0 as those
from Mg# # 97, D17O !"5‰ CO3 and Acfer 094 chon-
drite chondrules (e.g. Fig. 13b). This suggests an anhydrous
and low dust density chondrule-forming environment that
was common to multiple carbonaceous chondrites over a
similar timeframe. In contrast, the lack of resolvable excess
26Mg in most Mg# < 99 CR chondrite chondrules with
D17O higher than "5‰ (Fig. 13b) differs from lower Mg#
CO and Acfer 094 chondrite chondrules, which also have
higher D17O (predominantly near "2.5‰), but have excess
26Mg (Fig. 13a). Thus, while H2O ice abundances and dust
to-gas ratios in the CO and Acfer 094 chondrule-forming
environments varied spatially, these characteristics of the
CR chondrite chondrule-forming environment likely varied
temporally.

Mafic minerals from comet Wild 2 have Mg#-D17O
characteristics similar to those of CR chondrite chondrules
(Nakashima et al., 2012; Defouilloy et al. (2017) and
included references). Two comet particles, Iris (Ogliore
et al., 2012) and Pyxie (Nakashima et al., 2012, 2015), have
Mg#’s of 64 and 95, respectively, D17O values of "0.3‰
and "1.1‰, respectively, and neither have resolvable excess
26Mg (Fig. 13b). These features are similar to Mg# < 99 CR
chondrite chondrules that are relatively 16O-poor and lack
resolvable excess 26Mg (Fig. 13b). One possibility for these
similarities is that at least some CR chondrite-associated
materials were transported to comet-forming regions, possi-
bly involving disk wind (Cuzzi and Hogan, 2003). Evidence
for such long-distance transport comes from the presence of
CAI-like materials within Stardust particles (Brownlee
et al., 2006; Zolensky et al., 2006, Ishii et al., 2010).
Ciesla (2007a, 2007b) also show models of a viscously
evolving protoplanetary disk induce large-scale outward
flows about the midplane, with the ability to carry chon-
drule and CAI-sized materials to 10 AU.

4.5. Comparisons to other isotope systematics of CR
chondrite chondrules

Budde et al. (2018) report a concordant mean age of CR
chondrite chondrule formation when comparing Pb-Pb
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population) appears to have produced chondrules over a
broadly similar timeframe as Mg# < 99 FeO-poor chon-
drules (Fig. 11a).

4.4. Comparisons to other carbonaceous chondrites and from
Wild 2 comet particles

When comparing Al-Mg isotope systematics, Mg#’s,
and D17O to other chondrite chondrules and cometary
materials, chondrules from CR chondrites exhibit similari-
ties in some cases, but in other instances there are differ-
ences. Comparisons are available for LL3 (Kita et al.,
2000, 2010), Acfer 094 (Ushikubo et al., 2012, 2013), and
CO3 chondrite chondrules (Kurahashi et al., 2008a;
Tenner et al., 2013), as well for Stardust comet particles Iris
(Ogliore et al., 2012) and Pyxie (Nakashima et al., 2012,
2015).

LL3, Acfer 094, and CO3 chondrite chondrules have dis-
tinct D17O and Mg# groups, even though they have similar
ranges of (26Al/27Al)0 (Fig. 13a). LL3 chondrite chondrules
have uniform D17O (!0 "1‰) over a wide chondrule Mg#
interval (75–96.3), indicating constant precursor O-isotope
ratios, even though redox conditions varied (e.g. Eq. (2)).
Acfer 094 and CO3 chondrite chondrules mainly cluster
into two groups: those with Mg#’s # 97 largely have
D17O values of !"5‰, while those with Mg#’s < 97 have
D17O values near "2.5‰ (Fig. 13a). Like CR chondrites,

the link between decreasing chondrule Mg# and increasing
D17O among CO and Acfer 094 chondrites is attributed to
increased 16O-poor H2O ice in chondrule precursors, and
elevated dust-to-gas ratios (Ushikubo et al., 2012; Tenner
et al., 2013). As chondrules from LL3, CO3, and Acfer
094 chondrites have similar 26Al age ranges, their distinct
oxygen isotope signatures (D17O: !0 " 1‰ for LL3;
D17O: !"2.5‰ and !"5‰ for CO3 and Acfer 094) suggest
the parent bodies were spatially separated. If true, this
would support a hypothesis for physically separated ordi-
nary and carbonaceous chondrite accretion regions, which
is based on their distinct Cr, Ti, Mg and O-isotope relation-
ships (Warren, 2011; Van Kooten et al., 2016; Gerber et al.,
2017). This division is interpreted to have been caused by
Jupiter’s formation and its influence on dynamic properties
of the protoplanetary disk, including pressure regimes,
aerodynamic drag, and turbulence (Walsh et al., 2011,
2012; Desch et al., 2018).

CR chondrite chondrules with Mg#’s # 99 and with
D17O values of !"5‰ have similar (26Al/27Al)0 as those
from Mg# # 97, D17O !"5‰ CO3 and Acfer 094 chon-
drite chondrules (e.g. Fig. 13b). This suggests an anhydrous
and low dust density chondrule-forming environment that
was common to multiple carbonaceous chondrites over a
similar timeframe. In contrast, the lack of resolvable excess
26Mg in most Mg# < 99 CR chondrite chondrules with
D17O higher than "5‰ (Fig. 13b) differs from lower Mg#
CO and Acfer 094 chondrite chondrules, which also have
higher D17O (predominantly near "2.5‰), but have excess
26Mg (Fig. 13a). Thus, while H2O ice abundances and dust
to-gas ratios in the CO and Acfer 094 chondrule-forming
environments varied spatially, these characteristics of the
CR chondrite chondrule-forming environment likely varied
temporally.

Mafic minerals from comet Wild 2 have Mg#-D17O
characteristics similar to those of CR chondrite chondrules
(Nakashima et al., 2012; Defouilloy et al. (2017) and
included references). Two comet particles, Iris (Ogliore
et al., 2012) and Pyxie (Nakashima et al., 2012, 2015), have
Mg#’s of 64 and 95, respectively, D17O values of "0.3‰
and "1.1‰, respectively, and neither have resolvable excess
26Mg (Fig. 13b). These features are similar to Mg# < 99 CR
chondrite chondrules that are relatively 16O-poor and lack
resolvable excess 26Mg (Fig. 13b). One possibility for these
similarities is that at least some CR chondrite-associated
materials were transported to comet-forming regions, possi-
bly involving disk wind (Cuzzi and Hogan, 2003). Evidence
for such long-distance transport comes from the presence of
CAI-like materials within Stardust particles (Brownlee
et al., 2006; Zolensky et al., 2006, Ishii et al., 2010).
Ciesla (2007a, 2007b) also show models of a viscously
evolving protoplanetary disk induce large-scale outward
flows about the midplane, with the ability to carry chon-
drule and CAI-sized materials to 10 AU.

4.5. Comparisons to other isotope systematics of CR
chondrite chondrules

Budde et al. (2018) report a concordant mean age of CR
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Fig. 1. (A, C) Back-scattered electron images of type-I PO chondrules Ch-78 and Ch-45, respectively, in CR2 Renazzo. Bright spots are metal beads. (B, D) Cathodoluminescence 
maps of the same respective chondrules revealing their internal structures. Chondrule Ch-78 shows textures typical of CM-CV-CO chondrules, with inner olivine grains that 
are depleted in trace elements and surrounded by larger, outer olivine crystals that are enriched in trace elements. Conversely, chondrule Ch-45 is larger and displays a more 
complex texture; its central part is enriched in trace elements and surrounded by large outer shells of olivine grains depleted in trace elements.

tical deviations from the TFL in a triple oxygen isotope diagram). 
Typical 2σ measurement errors, accounting for internal errors on 
each measurement and the external reproducibility of the stan-
dards, were estimated to be ∼0.4! for δ18O, ∼0.7! for δ17O, 
and ∼ 0.7! for #17O.

3. Results

Among the 77 Mg-rich type I chondrules examined in two 
sections of Renazzo and Dar al Gani 574, the seven porphyritic 
chondrules chosen for detailed characterization were mostly com-
posed of olivine crystals (i.e., porphyritic olivine, PO, chondrules). 
The selected chondrules had apparent maximum diameters rang-
ing from 300 to 2,000 µm (Figs. 1 & S1-S7). Their olivine is 
uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
(Fig. 2; Table S1). CL maps revealed different textures depending 
on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
Jacquet et al., 2021; Marrocchi et al., 2018, 2019a, 2019b). Con-
versely, larger chondrules show more complex textures where one 

or several regions may be broadly similar to small chondrules, e.g., 
chondrule Ch45 in Renazzo whose core is surrounded by large 
outer shells of Al-Ti-depleted olivine grains (Fig. 1D; Table S1). 
Olivine minor and trace element concentrations range from 90 to 
1,075 ppm TiO2, 130 to 4,600 ppm Al2O3, 1820 to 6,700 ppm CaO, 
110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
ppm NiO (Figs. 2-S8, Table S1).

Olivine O isotopic compositions plot along the primitive chon-
drule mineral line (PCM; Fig. 2A; Ushikubo et al., 2012) with δ17O 
and δ18O values ranging from −12.1 to +1.8! and from −6.9
to +5.4!, respectively (Fig. 2A, Table S1). Within errors, most of 
our CR chondrules show constant #17O value (despite variable mi-
nor element abundances), around −2! or −6! (Fig. 2; Table S1), 
both modes (the latter minor) being already known from past CR 
chondrite literature (e.g., Schrader et al., 2013, Tenner et al., 2015), 
with #17O anticorrelating with Mg# (Fig. 2D). Since these two 
populations will be of most importance in the discussion, and for 
ease of reference, we shall call (i) those type I chondrules (in CR 
or other CCs) with (host) −4! < #17O < −0.5! “type I-CR” (be-
cause they comprise most chondrules in CR chondrites) and (ii) 
those type I chondrules with #17O < −4! “type I-CO” (as they 
dominate chondrules in other CCs, in particular CO and CO-like 
Acfer 094 where the dichotomy has been first identified; Ushikubo 
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uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
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on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
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110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
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and δ18O values ranging from −12.1 to +1.8! and from −6.9
to +5.4!, respectively (Fig. 2A, Table S1). Within errors, most of 
our CR chondrules show constant #17O value (despite variable mi-
nor element abundances), around −2! or −6! (Fig. 2; Table S1), 
both modes (the latter minor) being already known from past CR 
chondrite literature (e.g., Schrader et al., 2013, Tenner et al., 2015), 
with #17O anticorrelating with Mg# (Fig. 2D). Since these two 
populations will be of most importance in the discussion, and for 
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Fig. 1. (A, C) Back-scattered electron images of type-I PO chondrules Ch-78 and Ch-45, respectively, in CR2 Renazzo. Bright spots are metal beads. (B, D) Cathodoluminescence 
maps of the same respective chondrules revealing their internal structures. Chondrule Ch-78 shows textures typical of CM-CV-CO chondrules, with inner olivine grains that 
are depleted in trace elements and surrounded by larger, outer olivine crystals that are enriched in trace elements. Conversely, chondrule Ch-45 is larger and displays a more 
complex texture; its central part is enriched in trace elements and surrounded by large outer shells of olivine grains depleted in trace elements.

tical deviations from the TFL in a triple oxygen isotope diagram). 
Typical 2σ measurement errors, accounting for internal errors on 
each measurement and the external reproducibility of the stan-
dards, were estimated to be ∼0.4! for δ18O, ∼0.7! for δ17O, 
and ∼ 0.7! for #17O.

3. Results

Among the 77 Mg-rich type I chondrules examined in two 
sections of Renazzo and Dar al Gani 574, the seven porphyritic 
chondrules chosen for detailed characterization were mostly com-
posed of olivine crystals (i.e., porphyritic olivine, PO, chondrules). 
The selected chondrules had apparent maximum diameters rang-
ing from 300 to 2,000 µm (Figs. 1 & S1-S7). Their olivine is 
uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
(Fig. 2; Table S1). CL maps revealed different textures depending 
on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
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Olivine minor and trace element concentrations range from 90 to 
1,075 ppm TiO2, 130 to 4,600 ppm Al2O3, 1820 to 6,700 ppm CaO, 
110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
ppm NiO (Figs. 2-S8, Table S1).

Olivine O isotopic compositions plot along the primitive chon-
drule mineral line (PCM; Fig. 2A; Ushikubo et al., 2012) with δ17O 
and δ18O values ranging from −12.1 to +1.8! and from −6.9
to +5.4!, respectively (Fig. 2A, Table S1). Within errors, most of 
our CR chondrules show constant #17O value (despite variable mi-
nor element abundances), around −2! or −6! (Fig. 2; Table S1), 
both modes (the latter minor) being already known from past CR 
chondrite literature (e.g., Schrader et al., 2013, Tenner et al., 2015), 
with #17O anticorrelating with Mg# (Fig. 2D). Since these two 
populations will be of most importance in the discussion, and for 
ease of reference, we shall call (i) those type I chondrules (in CR 
or other CCs) with (host) −4! < #17O < −0.5! “type I-CR” (be-
cause they comprise most chondrules in CR chondrites) and (ii) 
those type I chondrules with #17O < −4! “type I-CO” (as they 
dominate chondrules in other CCs, in particular CO and CO-like 
Acfer 094 where the dichotomy has been first identified; Ushikubo 
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posed of olivine crystals (i.e., porphyritic olivine, PO, chondrules). 
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ing from 300 to 2,000 µm (Figs. 1 & S1-S7). Their olivine is 
uniformly magnesian, with Mg# spanning from 97.0 to 99.4 
(Fig. 2; Table S1). CL maps revealed different textures depending 
on chondrule size. Chondrules with maximum apparent diame-
ters smaller than ∼ 800 µm showed relatively simple textures 
with inner-chondrule olivine cores depleted in Al and Ti, whereas 
outer-chondrule olivine crystals were enriched in those elements 
(Fig. 1B; Table S1), comparable to our results in other CCs (e.g., 
Jacquet et al., 2021; Marrocchi et al., 2018, 2019a, 2019b). Con-
versely, larger chondrules show more complex textures where one 

or several regions may be broadly similar to small chondrules, e.g., 
chondrule Ch45 in Renazzo whose core is surrounded by large 
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110 to 4,800 ppm MnO, 1,500 to 7,300 ppm Cr2O3, and 20 to 1,200 
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our CR chondrules show constant #17O value (despite variable mi-
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→ chondres NC and CC ont des compositions isotopiques différentes

→ impliquent différents précurseurs et différentes histoires de formation

qu'en	est-il	du	disque	interne	échantillonné	par	les	chondrites	NC	?
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→ textures similaires dans les chondres NC et CC = processus de recyclage

→ processus omniprésents dans les zones interne et externe du disque

chondre CCchondre NC

textures	similaires
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→ processus de recyclage AOAs-chondre-chondre dans le réservoir CC
→ no timing available for NC chondrules (∆t ~ 1.5 Myr in CC)

→  small NC and CC chondrules are isotopically heterogeneous

→  not stored in early-formed planetesimals unless evoking small
bodies < 20 km for avoiding melting (and thus isotopic homogenisation)

→ if not planetesimal-related, this would imply that some dust escaped agglomeration

due to disk-related structures in both the inner and outer disk (e.g., pressure bump)
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→ processus de recyclage AOAs-chondre-chondre dans tout disque ?

→  small NC and CC chondrules are isotopically heterogeneous

→  not stored in early-formed planetesimals unless evoking small
bodies < 20 km for avoiding melting (and thus isotopic homogenisation)

→ if not planetesimal-related, this would imply that some dust escaped agglomeration

due to disk-related structures in both the inner and outer disk (e.g., pressure bump)
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origine des petits chondres NC ?


→  small NC and CC chondrules are isotopically heterogeneous

→  not stored in early-formed planetesimals unless evoking small
bodies < 20 km for avoiding melting (and thus isotopic homogenisation)

→ if not planetesimal-related, this would imply that some dust escaped agglomeration

due to disk-related structures in both the inner and outer disk (e.g., pressure bump)
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→  petits chondres d’une même chondrite NC et CC sont hétérogènes isotopiquement

→  pas de stockage dans de gros planétésimaux formés tôt dans le disque
(taille maximum < 5-10 km sinon fusion complète)

→ cela implique que la poussière a été stockée longtemps dans le disque

interne et externe = GROS PROBLEME ASTROPHYSIQUE
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différentes	conditions	de	formation	des	chondres	NC	et	CC

→ olivine reliques sont plus abondantes dans les chondres CC que NC
 =  production de poussière plus efficace dans le disque interne

→ processus de recyclage plus intenses dans le disque interne + pas de stockage
dans des planétésimaux = GROS PROBLEME ASTROPHYSIQUE

différences	de	conditions	de	formation	entre	les	chondres	NC	et	CC
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évolution de la poussière → tout est question de recyclage

→ chondres NC et CC résultent d'épisodes répétitifs de fusion et de 
recyclage de la poussière nébulaire

→ le processus haute température permettant de former les chondres est
toujours mystérieux

→ la poussière est constamment reprocessé lors de l’évolution du disque

→ recyclage local et partiel = certaines poussières ne sont pas affectées



Type II

que nous ne comprenons pas, c'est le mécanisme de chauffage
↓

éclairs
↓

ondes de chocs

doit être extrêmement localisé et répétitive tout au long de 
l'historique du disque interne et externe

évolution des chondrules

Type I
chondrulesCAIs AOAs Type II

chondrules

↓
nappes de courant


