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Constituents of primitive meteorites

Allende CV3
y (Mexico, fall, February 8, 1969)

Matri
(nm - 10s um)

(10 um - 2 cm) ‘
Chondrules
(10 um - 0.2 cm)

Oldest solids
in the solar system (t=05
4,567 MA

20-80 % by volume of primitive meteorites (chondrites)



Constituents of primitive meteorites
B

* Chronology & isotope chemistry

* Mineralogy & petrology
* Chemistry

* Thermodynamic

* Experiments
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Chondrules document:widespread.heating in the early inner.solar .
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Questions, questions:... (Alexander and Ebel, 2012)
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@& - how they have formed (T, P+, f0,, dust/gas ratio, ...)
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- - about the heating mechanism-(astrophysical or planetary process)

...are not yet resolved
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Diversity of chondrule textures & chemistry

& -large variations in
sizes, textures,
mineralogy,
chemistry

: -porphyritic &
nonporphyritic

~ -olivine-rich &
pyroxene-rich

-FeO-poor (Type I)
: FeO-rich (Type Il),

Al-rich




Dynamic crystallization (cooling rate) experiments

- -

porphyritic
nonporphyritic

pyroxene t“ xe,: ;,q, 30 ¢ 8. o s I 4“&_‘300pm

‘\" n "
' . Olivine

Connolly et al. 1998



Chondrule formation process

Conditions of fash-melting of dust precursors

Pressure 103 - 106 bar
Temperature 1400 - 1750°C
Cooling rate 10 - 1000°C.hr-!
time min to hours

| relict
metal

grains

AN

Molten
droplet

silicates
Precursor Chondrul
dustball ondrule

Jones et al., 2005

Chondrules form by brief heating events



Chondrule formation process
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Chondrule formation process
I

Table 2. Constraints on chondrule thermal histories.

Bow GI
Constraint X-wind Lightning shocks shocks
Ambient T < 650 K X v v ooV
Heating duration X v v ?
<10 min®
Peak T > 2000 K X ? v v
Cooling rate from X ? v v
peak ~10°-10*
K h—l Q€
Crystallization v X ? v
cooling rate
~10-10° K h™'
(porphyritic)
Crystallization X X ? v
cooling rate
~10°-10° K b~
(barred)
Cooling rate X X ? v

correlates with
chondrule density

(Desch et al., 2011)



Chondrule formation process

How Shock Waves Melt

Shock waves heat up

chondrules in three

ways:

« Gas-drag friction

«Thermal exchange
with hot gas

* Thermal radiation
from dust,
chondrules

(Hood &Horanyi

1993; Ruzmaikina &

Ip 1994; Desch &

Connolly 2002)
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Chondrule formation process
I

Porphyritic chondrule thermal histories * Crystallization
cooling rate

REEEEAARAE RS RN R T 10-103 K.h!
2500— shock model 0-10°K-A

X_Wiﬂd mode] i e Time at high
2000 |ig htﬂiﬂg N temperature
1 >50-100 h

Experim =
< 1500 082l Constrainys @
S~——
I_U
T OOO § Tg Chondrule formation:

Quicker and faster?
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(Desch et al., 2011)



Chondrule formation process
B

T[K] A

evaporated
nebula compartment episodic (ineffective) chondrule forming events

2000 -

condensation

fractional of CAls

condensation

chondrule
N precursors

\\

1000 -

incorporation
into planetesimals

1
N

cAl N < Yy

formation ?

S >

0 1 2 t [Ma]

Schematic model of the formation of solid matter in the early solar system



Chondrule formation process

B
Shock-
Disk annealed
winds dust

Planetesimals

T

Chondrules ?

Presolar,

: largely
Crystalline amorphous
refractory _ diich
dust and Crystalline and
inclusions amorphous nebular

condensates
l I I |
0.1 1 10 100 AU

(Scott and Krot, 2005)

Constraints on the protoplanetary disk evolution



Diversity of chondrule textures & chemistry
.

Type I porphyritic chondrules
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Diversity of chondrule textures & chemistry
B

Type IT Porphyritic olivine chondrules

olivine

:




Chondrule formation process

0 @ Closed system
. —>

\ Metal and refractory grains

(Gooding et al., 1983, Grossman, 1988; Hewins, 1991;
Jones, 1994, Alexander et al. 2008 ...)

Information on precursors



Chondrule formation process
I

Ne K 2 Open system

Condensation?
-%
Na,O
Fe ? ?
0 0 0
0 0 0 — Q — — 4._S
0o 0
Na,O %
Si0 ?

(Lewis et al., 1993, Georges et al., 2000, Matsunami et al., 1993, Alexander,
1996, Tissandier et al., 2002, Krot et al., 2005, Libourel et al. 2007 ...)

Evaporation and reduction from Sears et al. 1996

Information on the protoplanetary disk conditions



Chondrule formation process
EE

Type | chondrules are complex objects composed of:

— fragments of differentiated planetesimals

and
—an igneous component “equilibrated” with the

gaseous environment

Si-Na rich glass + low-Ca pyroxene

+ high-Ca pyroxene t silica phase.

Impacts on planetesimals with a vapor plume




Pyroxene (Mg, Fe),Si,O,
Plan w g Ty, T

Mg-rich olivin
(Mg, Fe),SiO,

Fe-Ni Metal
Glass

(Si, Al,
Ca, Mg,
Fe,
+Na)

- Evidence for interaction with gas phase

- Mg-rich olivines from differentiated planetesimals?

- Constraints on the formation of chondrules



Type I FeO-poor chondrules in Semarkona ( PO, POP, PP)

Forsterite Enstatite
Mg-Ka x-ray maps Grossman et al. 2000




Texture

"? P

(from Grossman et al. 2000)

Pyroxene-rich (high-Si) zone ® Alkali-rich zone

Increasing ag;p, from core to rim in the mesostase.



Gas - melt interaction experiments : Nebulotron

Alumina rod

Thermocouple

Motion wires

feedthrough

Thermocouple
connector
Source of gaseous
Gas outlet, species
Alumina rod pumping

W basket
Gaseous species

SiOZ(Silica) + C(graphite) = SiO(gas) + CO(gas)

Gas inlet

Tissandier et al., 2002



SiO gas - melt interaction
50 ga5) * 1/2 O g05) = S1Ozmerr)

! fffJ tr

Semarkona POP Chondrule SiMS3-9, 300 s a 1451°C, Psioy,

Mineralogical zonation similar to chondrules
& Direct 5i0y,,s) condensation into chondrule melts




SiO gas - solid interaction

SiO evaporation-condensation experiments

ource + sample in closed crucible

Source (evaporation):
Sj (source) 4 8102 (source) < 2

SiO (9as)

Sample (condensation):
SjOas) + 1/2 02 <> S,’OZ(sample)

= (Psio) - (Pon)"* /7 ( Keq(T,P)- Y sioa%aMPe) )



SiO gas - solid interaction

Production of SiO(g)

* Tep = 1723 K = 1450°C:

 using "amorphous” SiO powder: Sig) + SIO, ) = 2
10

coexisting SiO,(s) and Si(s) Si-O diagram (Lou et al., 1985)

in the source matter: ) (1
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Results: © pure forsterite monocrystallin
* in aIISﬂ)ﬁH@J% experiments

30 minutes formation of an enstatite rim
_ * En thickness 10-30 pm
forsterite - all samples have Si-rich melt with 70-98 wt.% SiO.

_enstatite

s
e 2N

P

BEC 15kV WD10mm  $S69 x1,500 10|Am7 —

bar=10um

60 minutes

BEC 15kV WD10mm  SS65 X270 50pum

v x1,300  10um, e—
¥ L

bar=10um




Application to chondrules and refractory forsterite

| N~

Enstatite replaces olivine!
(enstatite is not condensed)

Refractory forsterite in Vigaran
‘ = .0:'5; AT RS A
" ok '

120 minutes



Chondrule formation process

» a:. /!x_ ’-:‘.".

Sem-Ch2 Sem-Ch8 Sem-Ch10
type | PO type | POP type | PP
(SiOy = 54,44%; Nay0 = 1,31%; K;0 = 0,07%) (Si0y = 61,47%; NayO = 5,16%; K;0 = 0,59%) (Si0y = 65,58%; NayO = 6,19%; K;0 = 0,59%)

- SiO, [ Nag), Kg)]
Gas-melt interactions

(e.g. Tissandier et al., 2002; Krot et al., 2004; Libourel et al., 2003, 2006, Chaussidon et al. 2008)



Plan

Glass

- Evidence for interaction with gas phase
- Mg-rich olivines from differentiated planetesimals?

- Constraints on the formation of chondrules



Libourel & Krot, 2007



Chondrule #2 Vigarano




Chondrule #2 Vigarano (PO)

<ol-ol-ol> triple juncrions



Triple junctions indicate equilibrium textures

Earth mantle peridotite

-

'

)
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Such textures (sintering and annealing) can not be produced by
crystallization from chondrule melts but could have been achieved on
differentiated parent bodies.




Crystal growth: ostwald ripening

30
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0 100 200 300 400 500
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Cabanne et al. 2005; Faul & Scott, 2006



Ostwald ripening

d’> =36.1t+13.4

Duration (Years) Mean grain size (um)
Olivine®

] 68 + 10

10 147 +£21

1,000 680+ 100

10° 3160 + 460

Cabanne et al. 2005; Faul & Scott, 2006



Chondrule #3 Vigarano (POP)

Transmitted light



Chondrule #3 Vigarano (POP)

Olivines with triple junctions.

Olivine grains separated by glass
have rounded outlines and
embayments, indicating dissolution.







Magnesian chondrule formation

aSiOZ(melt) = XSi O2(melz‘) ) VSiOZ(melt) = PSi O(gas) ' K[ T] )
(fO,) 12
Mg,SiO 4 5iine + SiOymey = MgoSihOpgon.-ca




Terrestrial analogy

basalt = liquid

xenolith = mantle

Mg-rich olivines in chondrules:

- Xenocrysts (isolated grains) §
- xenoliths (fragment)

San Carlos, AZ/ USA



5170 (%o)

10

Two very different predictions for the distribution of A0 values
of Mg-rich olivines depending on their origin

Solar wind = Solar nebula (gas + grains) .
0 -50 -40 -30 -20 -10 0 10 20
0180 (%o)

T
X Continuum of A0 values

A0 (%)

Planetary origin

0.4 T T T 1 ]
03F  +0.301+0.013 —da-eo-eo-m-@J—o—MF'- L
02} -
0.1} -

0 L ¢

AFL
ol 0,072 + 0.007
0.1} .
—20.2F EFL -
m&—%ﬂ— -0.239 + 0,007

_0 3 | | | 1 |

3.0 3.5 4.0 4.5 5.0 5.5 6.0

3180 (%)

Greenwood et al., 2005

S —
Several distinct A0 values



Mg-rich olivines aggregates: Oxygen isotopic compositions

0

Mesostasis

—h
o
+—t

Low-Ca pyroxene -

0170smow (%e)

15 - Mg-rich olivine

Mg-rich olivines within coarse-grained

aggregates are in isotopic o] vrw ven ceaw paw paw paa
disequilibrium with pyroxene and B 10 5 0 5
mesgs’rasis Py 86180smow (%o)

Chaussidon et al., 2008

Mg-rich olivines preserved their pristine oxygen isotopic composition even if
they underwent partial dissolution (consistent with oxygen diffusion).



Mg-rich olivines in type I chondrules of Semarkona LL3.0

F(x) distributions

Kita et al. (2010)

Tl

-12 -10

5160

A7 O (%o0)

§17.180

- No continuum of A0 values
- 3 discrete A70 (+ 0.5%o)
modes

- 2 modes are consistent with
Kita et al. 2010.




Mg-rich olivines in type I chondrules

ocC

CR

CvV

F(x) distribution

a Semarkona
-12 -10 -8 -6 -4 -2 2 4 6
AY0 %o

b CR chondrites

F(x) distribution

F(x) distribution

4
C Efremovka
1 1 1 1 1 1
-12 -10 -8 -6 -4 -2 0 2 4

F(x) distribution F(x) distribution

F(x) distribution

d Allende
L L ||l | |I 1 1
-12 -10 -8 -6 -4 -2 2 4 6
AY0 %o
e Vigarano
1 1 1 1 1 1
-12 -10 -8 -6 -4 -2 2 4 6
AY0 %o
f Mokoia
1 1 1 1 1 1
-12 -10 -8 -6 -4 -2 2 a4
AY0 %o

cV

Chaussidon et al. MetSoc 2010

CcV

CcV



Mg-rich olivines in type I chondrules

Mmodes 2 [F[E[D  Jc B |A

F(x) distribution

-12 -10 -8 -6 -4 -2 0 2 4 6
A17O 0/00 Libourel and Chaussidon, 2011

Mg-rich olivines originating from the disruption of the mantles of
differentiated planetesimals
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Mg-rich olivines in type I chondrules

" Carbonaceous Chondrules Ordinary Chondrules
W Y-81020,CO 3.0, Type | <) Semarkona, LL 3.0, Type |
| Y-81020,CO 3.0, Type | BO > Semarkona, LL 3.0, Type ll
L ¢ Y-81020, CO 3.0, Type ll < Bishunpur, LL 3.15, Type |l
v + Y-81020, CO 3.0, relict v Krymka, LL 3.2, Type ll
& o Acfer 094, ungr. 3.0, Typel X Ordinary chondrule relict
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> e - 4} ;
l [ - ~ b -
‘,/' saaatasaalsssstaaaa s tiaaay
ol ; 1.0 2.0 3.0 40
Al T Relative Age (Ma)
0 R . .
2 Fig. 3: a) A0 versus the Al age relative to CAL Relative
n

h ages are from [2, 4, 5]. Chondrules from Y-81020 form 2



Plan

Glass

- Evidence for interaction with gas phase
- Mg-rich olivines from differentiated planetesimals?

- Constraints on the formation of chondrules



e Type | and type Il chondrules seem contemporaneous from 26Al chronology
e Type | and type Il chondrules are both chondritic in bulk composition

e Type I-relict phases (forsterite, metal) are often occurring in type Il chondrules

+ Relict olivine abundance -

v

Type | < Typelll
Can PO type | be transformed into type Il by oxidation ?

(an alternative to classical dichotomy)

YES (Villeneuve 2010)



Isothermal oxidation experiments

- ------—---__-_-.—--------------------—
e - -

-
—
-
o
-
-

15k

Canonical nebula

) (Allende Prieto et al. 2002) il
20F -
l L L A l 1 L L l L L L l

1400 1500 1600 1700 1800 1900
Temperature (K)

Type | proxy
Starting Composition: Forsterite + Ca, Al-rich glass + 0, 5, 10, 15, 20 wt% Fe metal



Isothermal oxidation experiments

IW+1 (1450°C)

Start. Comp. 55 wt% Forsterite + 25 wt% Ca, Al-rich glass + 20 wt% Fe metal

. Iron-rich mesostasis
1 min 30 15 min . 360 min 1440 min

Olivine up to Fa,,

— Relict olivine abundance

v =d§/dt = dFeO/dt = d(Fe, Mg),SiO./dt

Fe (metal) + %2 O, ——> FeO (liq)

FeO (liq) + MgO (liq) + SiO, (liq) ——> (Fe, Mg),SiO, (olivine)
Fe-rich olivine



Chemical evolution of olivines

1450°C, IW +1, 24 hours




Chemical evolution of olivines

1450°C, IW +1, 24 hours

T I I T
10} Forsterite i N Fayalite
| § Sg
IS =i 1 :
8 | S | ._ Forsterite
| = A
§ 4 Y ¥y
ok Diffusion | Overgrowth . Hpass v
L m | e RN S
< g | —> Overgrowth g SeeSRECH CULE
4+ gN ! \ S— -
N | .
; | FeO-rich
2+ s | glass
El ]
N
EIISI
0 —E‘NNN 1 | |
-100 -50 .0 50 100
Distance (um)

Driving force for overgrowth and diffusion = AC (and not AT)



Chemical evolution of olivines

FeO-rich melt FeO-rich melt

sostasis

Fayalite

Fayalite
overgrowth

vergrowth

T>1500°C
f05 ~ IW+1
FeO
: relic
i diffusion

Time

Fe-rich olivine crystallization

Fe (metal) + 2 O, ——> FeO (liq)

FeO (lig) + MgO (liq) + SiO, (liq) ——> (Fe, Mg),SiO, (olivine)



Semarkona Type Il PO chondrule

t

i Fa overgrowth § '»;,égd ol

j




Semarkona Type Il PO chondrule

Phosphorus lron Chromium
LR N T

o

- ‘ ", .0' A" . . ‘. ‘ﬁ’
N > ';‘
" 2 - i

50.pm P ¥a 15KV 50.pm FeFa 153V 50.pm CeEa 153V

e Enrichment of Fe, Ni, Co, Cr, P siderophile elements
e Oxidation and dissolution of Fe, Ni metal blebs in mesostasis



Application to the thermal history of chondrules

Fayalite ! Forstérite

e AT is the driving force for Fe-rich olivine crystallization

C1 (and relict olivine resorption).

e As a consequence, diffusion profiles provide information

Overgrowth on chondrule thermal history.

Concentration

AR

Relict RT(t)

2

Cooling laws (S = cooling rate)

i
0

distance () e Linear:
2000 [T —————— T(t) — TO _St (Lasaga, 1983)
| Shock-wave model o Asympt0t|c .
’ ] 1/T(t) = 1/T, +nt with S = n T2 (Ganguly et al.,, 1994)

« Exponential :
T(t) =T, xe®twith S = aT

Driving force for diffusion = AC (and not AT)

0 Lo ) ] Caution on the use of diffusion profile to

—10 0 10 20 30 40 30 obtain cooling rate of chondrules !!
Desch and Connolly, 2002 t<h r)



Application to the thermal history of chondrules

Semarkona 13 66A

Hewins et al., 2010

a o Re“Ct -15 .;o

0,30 -

0,20 -

X (Fa)
@)
<
D
]
Q
)
(@)
=
~
=

0,10 -

0,00

Diffusion profile

Relict

-5 Dist: Omicron$ 10 15

1634°C

S= 400 K/h, t= 108(

Overgrowth .

- AC @

0.25F

0.2}

a)

< 0.15}
0.1}

0.05 Overgrowth

0 1 1

S= 0 K/h, t = 303s

o | Relict

-10 -5

0 5 10 15
pas (um)

(Do, E) Dohmen and Chakraborty (2007)
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Profil A

Fe/Fe+Mg

Relict

Fa
overgrowth

25 30 35 40

Distance um

Fo relict

Phosphors Xr map









Profil 2 Fe/Fe+Mg

Fa overgrowth

___,_,—// Near edge

overgrowth




Second Fa

overgrowth
v
é
5€
First Fa £ <
overgrowth <
Distance um
e First fayalitic overgrowth

- Sub isothermal oxidation

e Second fayalitic overgrowth

- Rapid cooling (glass)



Diffusion distance /um

First Fa overgrowth

- -E
Ax=2.V(Txt) D =Do><eXP(—R J
KT
Diffusion time
1.E+03 3 —
1 month /
1.E+02 E
/'MGY/‘
1.E4+01 §
/h R—
L E+00 //
1min
1.E-01 /
/ 1sec
1.E-02
1.E-03
1000 1200 1400 1600 1800 2000

Temperature /°C



Diffusion distance /um

Second Fa overgrowth

RT(t)

E
D(T(t)) =Dg x exp (—j T(t) =T, -St (Lasaga, 1983)

1.E+03 ¢
1.E+02
1.E+01
1.E+00 }
1.E-01 |

1.E-02 F

1.E-03

COO“ng rate /OV
1/

— 107
L 106
_ 10°
L 104
— 103
L 102
— 10!
L 100
— 10!
— 102

1000

1200 1400 1600 1800 2000

Temperature /°C

t" = Diffusion time /s



Thermal histories for type | and type || PO chondrule formation

2000 |

1500

500 |

T

~ 1000

- = = = exp8
EEEEEEEREEEN exp26

(Wick and Jones, 2012)

ot

||||||||| | ISR ETI SR RTER AT FNRRR NN IRNNNENETE FRRERNNET

—10 0 10 20 30 40 50

t(hr)

g

Shock wave model
(Morris and Desch, 2010)

S=10-10°K/h

x= 2. (D,.t )y
t = diffusion time

=R-T,2 (E-s)”"

t >50-100h

t' is well too long to match:
- Elements with fast and slow
diffusion

- occurrence of glass



Thermal histories for type | and type Il PO chondrule formation

2000 ' ' ' '
a
?ﬁ
1500 f 1
. L \Kf 1000t Tg
Sub-isothermal oxidation paths — |
Tm
SOOJ 1
2 3
-’ @ 0 ; s st b
© g ~10 0 10 20 30 40 50
GLJ %K; t(hr)
£ 2
0 o
S 5-10 min<t <5h
Tg
R R T N T
Type | PO > Type Il PO ~_
time

Chondrule formation:
Quicker and faster



Strategy: closed system experiments

Sample Source (evaporation)

g Na(g}g Nazo ISOUfcel <> 2Na(g) T 1/2 OZ(Q)

- Sample (condensation)

2Na(g) + 1/2 OZ (9) <> NaZO (sample)

A .—

/'—\_’

Keq( T,P) = (P Na) . (P OZ) 2/ (X NaZO(Sample) -V NaZO(Sample))

At equilibrium ANano S0UCe) = Ay 4on'SEMPIe)

Mathieu et al. 2008, 2010



Model of Na solubility

30
O-.... O semeeees NS1; aNa,0= 4.83*10%; PNa=5.99%1094
...... ® ———  NS2;aNa,0=2.11*1077; PNa=1.25*10%¢
25 ONLC o T, A -08 -05
° Oo = == NS3.5;aNa,0= 1.19*108; PNa=2.97*10
[ “®.
- ° b'(? A — - NS8; aNa,0= 2.34*10%%; PNa=1.32%10"%5
—_ F T T e N8 T f0,=2.11%10%:; Ni/NiO, T=1400°C
© 20 ?
O - .'t
S O & 8ee,
= t 8 e, T
....%... 15 o Yo,
o
=
10
(]
5 B %A A
~ ~
~ ~
~ 4}@
SO ATS,
0 i i i i 1 1 1 1 1 1 i i i i 1 1 1
0.48 0.53 0.58 0.63 0.68

Optical basicity (:A, Na-free basis)

Na,0O (wWt%) = 106.84 — 110.87*A + 4.06*log(aNa;,0)  (R?=0.88)




Model of Na solubility

Kegm = = (Pna)? . (Po2)"?/ @ pgpo™
Log Keqr)=-2.6717 *10000/ T + 12.522

Na,O (Wt%) = 106.84 — 110.87*A + 4.06*log(aNa,0) (R2=0.88)



Alkalis in chondrules
B

100.00
chondrule melt
2Na, + 1/2 0, <> Na,O | )
PNa(g) = 5E-2
10.00 =
[ S R
§ o
g Tie7
%
=
1.00 -
0.10 1 | : 1 '; 1 1 1 : 1 1

048 0.5 052 054 056 0.58 0.6 0.62 0.64 0.66 0.68
Optical basicity (:A, Na-free basis)



Chondrule formation process

Precursors:

Fe metal abundance in precursors

. Heating time and interaction with vapor plume (SiO, Na, Fe,...)

planetesimals ??




Constraints from short-lived radionuclides on the timing of
chondrule formation and primary accretion
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Chondrule formation process
B

1.

The chemistry and the oxygen isotopic compositions indicate
that Mg-rich olivines are unlikely to be of nebular origin (i.e.,
solar nebula condensates) but are more likely debris of
broken differentiated planetesimals (each of them being
characterized by a given A70).

Considering the very old age of chondrules, Mg-rich olivine
grains or aggregates might be considered as millimeter-sized
fragments from disrupted first-generation differentiated
planetesimals.

The finding of only a small number of discrete A7O modes for
Mg-rich olivines grains or aggregates in a given chondrite
suggests that these shattered fragments have not been
efficiently mixed in the disk and/or that chondrite formation
occurred in the first vicinity of the breakup of these planetary
bodies.



Chondrule formation process
B

4. Type | chondrules or their fragments are very likely the main
precursor material involved in the formation of Type Il
chondrules.

5. Chondrule formation must be preferentially the result of
processes generating crystal growth by chemical
disequilibrium at high temperature, i.e., dC/dt as in our sub-
isothermal open system behavior experiments, rather than
processes generating crystallization by cooling rates, i.e., dT/
dt as in dynamical cooling rate experiments, questioning the
reliability of cooling rate values hitherto inferred for producing
porphyritic textures.

6. Last, PO chondrule formation is a very fast process. After
periods of sub-isothermal heating as short as several tenths
of minutes and no longer than few hundreds of minutes in
the range of 1500 -1800°C, PO chondrules terminates their
formation by a very fast cooling (>> 10% K/h).



Chondrule formation: quicker and faster
B

Chondrules are interpreted as resulting from various degrees of
interaction of the ejected fragments of the collisions with the gas
during their ballistic trajectory through the impact vapor plume;

-The most reducing conditions recorded by type | PO chondrules

are interpreted as remnant of the conditions of their parental
planetimals from which they were ejected during the impact

- The most oxidizing conditions recorded in type || PO chondrules

being very likely the closest to those imposed by the impact
vapor plume.

High velocity impacts (>> 1km.s™") Low velocity impacts (< 1km.s™")

Johnson and Melosh, 2012 Asphaug et al., 2011



Semarkona PO chondrule
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Thermal model for type | and type || PO chondrules formation
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