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Primitive meteorites (chondrites) are divided in 3 «broad» classes

Enstatite C. OrdinaryC. CarbonaceousC.

Iron oxidation level

Enstatite Olivine (Forst., Faya)

Refractoryatoms+ CAIs



(Urey & Craig, 1953) 
adaptedfrom

Yoshizakiet al. (2021) 
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The Urey-Craig Diagram (1953) : a proxy for the oxidationstate of chondrites

Å Discontinuousmineralogies



The «EquilibriumCondensation Sequence»
Grossman 1972, and manyothersΧ  Woitkeet al., 2016, Ebelet al., 2023

Gas of Solar composition

Minimizationof Gibbs free energy=>

Chemical equilibrium=>
« moststable minerals»

ÝNON ςEQUILIBRIUM MUST BE INTRODUCED =>
Ý Fractionatedcondensation , isolation factor
Ý (Work of Petaev)

=> Importance of secondaryprocesses.



Woitkeet al., 2017



But «equilibrium» is maybeNOT a fully right assumptionΧΦ 

Å CAIsdisappearsat low temperature:  =>needΨƛǎƻƭŀǘƛƻƴ ŦŀŎǘƻǊΩ όseePetaevet al.)
Å Equil. : Doesnot tell WHAT reactionleads to equilibrium(=>just lowestGibbs E. )

Ahmad et al., 2024

MHD collapse simulations show complexinflow structure & short timescales



Complexinflow structure

Ahmad et al., 2024

Commerçonet al., 2024



Rapid condensation of fine grainedamoeboidolivine aggregates
(Marrocchiet al., 2019) 

Large mass dependantSi fractionation, light isotopes dominate=> condensation process

Condensation time : 105 seconds only (1-2 days!!!)



Kineticcondensation sequence? How to calculate?

Write all possible reactionsΧόwell.. most important..)

Condensation/ Evaporation

HERTZ-KNUDSEN Formalism

Nebularreactions
Mineral1 + Gas 1+Gas 2 
=> Mineral2

Gas  (solar)

Following :
Tsuchiyamaet al. (1988)  
Richter et al. (2002)
39 minerals

Following :
Fegley(1988, 2000)
Lauretta et al. (2006)
38 reactions



╟▌ȟ░Ḋpartilal pressures  in the gassurroundingthe mineral

╟▼╪◄ȟ░for everyspecies.  :  saturatingvaporpressure for everymineral

Thesevalue dependon the local chemistryof te gas, and in the abundanceof H

Condensation evaporationin Hydrogen: Hertz Knudsenlaw

Richter et al. (2002, 2004, 2007) Fedkinet al. (2013)

One big unknownthe «stickingcoefficient» : The gamma term in the HZ equation
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╟░▼╪◄ȟ░for everyspecies.  :  Pre-Calculatedby compurtingmineral-H2 equlibrium

Weuse a chemicalcode (CEA/NASA)  with mineralcondensation to pré-calculatethe ╟░▒ȟ▼╪◄

for 38 minerals, in the presenceof H

╟▌ȟ░Ḋpartial pressures  in the gassurroudingthe mineral

computed for the instantaneouscomposition of the gas

Weassume local thermodynamicalequlibriumof GAS

Weuse a chemicalcode (CEA/NASA)   to computethe gasmolecularspeciesassuming

For all atomsin gas(H, O,C,  Fe, Ni, Ca, Mg, Si, K, Cr..)

Our approach: Wepre-computeevaporativeflux (look-up tables)

we computein real time condesationfluxes

ASSUMPTIONS/SIMPLIFICATIONS: (1) gasis at thermodynamicEquilibrium
(2) mineralscontact surface is constant (no nucleationmodel)



Comparisonwith experiment(Tsuchiyamaet al., 1998)

Charnozet al., 2024

Tabulatedevaporationrate in H2



Gas-mineralinteractions : «nebularreactions»
One pre-existingmineral(M1)  is transformedinto anotherone (M2)

ManyreactionsΧ Simplestform :

Mineral1 + Gas => Mineral2

The kineticsof theserections dependon  detailsof surface  physics:

Theydependson an activation energy



The mostsimplestcase : The Simple KineticTheory (Fegleyet al., 1999)

Mineral1 + gas=> Mineral2
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ὉὥḐρππὑὮȾάέὰfor Fe+S=> FeS(Fegleyet al., 1993)
Ý Iron can be sulfidized into FeSduringSolar nebulalife
Fegleyet al., 1993 (at T=700K)

ὉὥḐχπὑὮȾάέὰfor  phyllosilicates  or magnetiteformation from
But T< 400K



Fegleyet al. 1993



But this isa simple representationof gas-grains reactions.

Surface reactionsare important and they are presentin 2 regimes:
Linearand parabolic

Lauretta et al.,  1996
Sulfidationof iron :`
Fe_solid+S_gas=> FeS(solid)



Transition from linearto Kineticreactions
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The reactionrate isproportional
to the flux of H2S

The reactionrate iscontrolledby the 
Diffusion of  S insidethe reactionlayer



Comparisonwith experiments

Imae1993

ὓὫὛὭὕ ὛὭςὕᵼςὓὫὛὭὕ

P Ḑρπ ὦὥὶ

They found an activation energyin parabolic
Regime: ḐυππὑὮȾάέὰ



Our simulation
(usingEaexperimentallymeasured)

Comparisonwith experiments(Imaeet al, 1993)
Growthof enstatite at the surface of a forsterite mineral



Onlyveryfew data existfor the activation energyof nebularreactions
In our code we will treat different en members

Weconsider3 cases



Our choiceof 38  (amongabout 50) REDUCED nebularreactionswith the simple form
Mineral1 + Gas 1 + Gas 2 => Mineral2

Eachreaction
Stands for 
Manyreaction
With same
Gas-grain exchanges.

Charnozet al., 2024



Results

1) Close-to equilibrium condensation (high pressure, long coolingtime)

1) out-of-equilibrium condensation (low pressure, short coolingtime)  



Condensingslowly (1000 yrs) and at high pressure (10-3 bar) 

Forsterite(condens.)

Enstatite
(nebularreac.)

Iron metal (condens.)

CAIs

CAIS minerals

Kinetic(fast nebularinteractions)

cg

h

g

Do we recover« equilibrium» condensation sequenceon long time ?
Yes + we preserveCAIsat low temperature



Comparisonwith classicalequilibrium condensation sequence
Obtainedby Gibbs Energy minisation (P=10 -̂3 bar)

Forsterite(condens.)

Enstatite
(nebularreac.)

Iron metal (condens.)

CAIs

CAIS minerals

cg

h

g

Yoneda& Grossman 1972



Condensingrapidly(10yrs)and at low pressure(10-7 bar) : 
surprises !

Iron metal (cond.)

Fayalite (cond.)

Phyllosilicate 1 (C)

Magnetite(condensà

Enstatite (nebularreac.)

Forsterite(condens.)

richdiversityof minerals

Formation of oxidizedphases :
Fayalite, 

phyllosilicates, magnetiteetc..

Final mineralogy« apparently»
oxidizedΧ  without
more water nor O2 !

Troilite (condens.)

Phyllosilicate 2 (condens)

High temp. Min.

CAIsFeO

Eitherrapidor slow nebularreactions=> 



What happensin low pressure/fast cooling? 

Major elements in the gas(Si, Al, Fe..) have no time to condense in fast cooling
at high temp.

Theybecomeavailableto reactat low temperature
whereoxides becomesuper-saturated

10-5 bar

Super saturation



Systematicexploration of P and Tc : coolingtime



whenvarying(P, Tcool) => Only3 types of  dustmineralogyappear



Reduced(type A)

Oxidized(type C)

whenvarying(P, Tcool) => Only3 types of  dustmineralogyappear



Only3 types of  dustmineralogyappear(whenvarying(P, Tcool)) 

fayalite

Reduced(type A)

Oxidized(type C)

Troilite
Fayalite,



Why3 discontinuousclasses of mineralogies?

=> Fast temperaturedrop allowsto condense lower temperatureminerals(if  condensation is incomplete)

Reduced(A):
All atoms condensedabove 1200K

(slow coolng)

slightlyoxid. (B):
All atoms condensedabove 1100K
ContainsFayalite + Fe metal
(quite fast  cooling)

Very oxidized(C):
Most atoms condensedbelow 800K
ContainsFayalite, phyllos., magnet.,etc.
(veryfast  cooling)

Hertz KnudsenFluxes

Type A

Type B

Type C

P=10-5 bar


