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

Enstatite C. Ordinary C. Carbonaceous C.

Iron oxidation level

Enstatite Olivine (Forst., Faya)

Refractory atoms + CAIs



(Urey & Craig, 1953) 
adapted from

Yoshizaki et al. (2021) 
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The Urey-Craig Diagram (1953) : a proxy for the oxidation state of chondrites

• Discontinuous mineralogies



The « Equilibrium Condensation Sequence »
Grossman 1972, and many others…  Woitke et al., 2016, Ebel et al., 2023

Gas of Solar composition

Minimization of Gibbs free energy =>

Chemical equilibrium=>
« most stable minerals »

NON –EQUILIBRIUM MUST BE INTRODUCED =>
 Fractionated condensation , isolation factor
 (Work of Petaev )

=> Importance of secondary processes.



Woitke et al., 2017



But « equilibrium» is maybe NOT a fully right assumption…. 

• CAIs disappears at low temperature:  =>need ‘isolation factor’ (see Petaev et al.)
• Equil. : Does not tell WHAT reaction leads to equilibrium (=>just lowest Gibbs E. )

Ahmad et al., 2024

MHD collapse simulations show complex inflow structure & short timescales



Complex inflow structure

Ahmad et al., 2024

Commerçon et al., 2024



Rapid condensation of fine grained amoeboid olivine aggregates
(Marrocchi et al., 2019) 

Large mass dependant Si fractionation, light isotopes dominate=> condensation process

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



Kinetic condensation sequence ? How to calculate ?

Write all possible reactions…(well.. most important..)

Condensation / Evaporation

HERTZ-KNUDSEN Formalism

Nebular reactions
Mineral 1 + Gas 1+Gas 2 
=> Mineral 2

Gas  (solar)

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

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



𝑷𝒈,𝒊 ∶ partilal pressures  in the gas surrounding the mineral

𝑷𝒔𝒂𝒕,𝒊 for every species.  :  saturating vapor pressure for every mineral

These value depend on the local chemistry of te gas, and in the abundance of H

Condensation evaporation in Hydrogen : Hertz Knudsen law

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

One big unknown the « sticking coefficient » : The gamma term in the HZ equation
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𝑷𝒊𝒔𝒂𝒕,𝒊 for every species.  :  Pre-Calculated by compurting mineral-H2 equlibrium

We use a chemical code (CEA/NASA)  with mineral condensation to pré-calculate the 𝑷𝒊𝒋, 𝒔𝒂𝒕

for 38 minerals, in the presence of H

𝑷𝒈,𝒊 ∶ partial pressures  in the gas surrouding the mineral

computed for the instantaneous composition of the gas

We assume local thermodynamical equlibrium of GAS

We use a chemical code (CEA/NASA)   to compute the gas molecular species assuming

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

Our approach : We pre-compute evaporative flux (look-up tables)

we compute in real time condesation fluxes

ASSUMPTIONS/SIMPLIFICATIONS: (1) gas is at thermodynamic Equilibrium
(2) minerals contact surface is constant (no nucleation model)



Comparison with experiment (Tsuchiyama et al., 1998)

Charnoz et al., 2024

Tabulated evaporation rate in H2



Gas-mineral interactions : « nebular reactions »
One pre-existing mineral (M1)  is transformed into another one (M2)

Many reactions… Simplest form :

Mineral 1 + Gas => Mineral 2

The kinetics of these rections depend on  details of surface  physics:

They depends on an activation energy



The most simplest case : The Simple Kinetic Theory (Fegley et al., 1999)

Mineral 1 + gas => Mineral 2

𝑑𝑁2
𝑑𝑡

= 𝐹𝑙𝑢𝑥 𝑔𝑎𝑠 ∗ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ∗ 𝑒−𝐸𝑎/𝑅𝑇

𝐸𝑎 ∼ 100 𝐾𝑗/𝑚𝑜𝑙 for Fe+S => FeS (Fegley et al., 1993)
 Iron can be sulfidized into FeS during Solar nebula life
Fegley et al., 1993 (at T=700K)

𝐸𝑎 ∼ 70 𝐾𝑗/𝑚𝑜𝑙 for  phyllosilicates  or magnetite formation from
But T < 400K



Fegley et al. 1993



But this is a simple representation of gas-grains reactions.

Surface reactions are important and they are present in 2 regimes :
Linear and parabolic

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



Transition from linear to Kinetic reactions

𝐻 ∝ 𝑒−
𝐸𝑎𝑙
𝑅𝑇 × 𝑡

𝐻 ∝ 𝑒−
𝐸𝑎𝑝
𝑅𝑇 × 𝑡

1
2

The reaction rate is proportional
to the flux of H2S

The reaction rate is controlled by the 
Diffusion of  S inside the reaction layer



Comparison with experiments

Imae 1993

𝑀𝑔2𝑆𝑖𝑂4 + 𝑆𝑖 + 2𝑂 ⇒ 2𝑀𝑔𝑆𝑖𝑂3

P ∼ 10−7 𝑏𝑎𝑟

They found an activation energy in parabolic
Regime : ∼ 500 𝐾𝑗/𝑚𝑜𝑙



Our simulation
(using Ea experimentally measured)

Comparison with experiments (Imae et al, 1993)
Growth of enstatite at the surface of a forsterite mineral



Only very few data exist for the activation energy of nebular reactions
In our code we will treat different en members

We consider 3 cases



Our choice of 38  (among about 50) REDUCED nebular reactions with the simple form
Mineral 1 + Gas 1 + Gas 2 => Mineral 2

Each reaction
Stands for 
Many reaction
With same
Gas-grain exchanges.

Charnoz et al., 2024



Results

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

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



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

Forsterite (condens.)

Enstatite
(nebular reac.)

Iron metal (condens.)

CAIs

CAIS minerals

Kinetic (fast nebular interactions)

cg

h

g

Do we recover « equilibrium » condensation sequence on long time ?
Yes + we preserve CAIs at low temperature



Comparison with classical equilibrium condensation sequence
Obtained by Gibbs Energy minisation (P=10^-3 bar)

Forsterite (condens.)

Enstatite
(nebular reac.)

Iron metal (condens.)

CAIs

CAIS minerals

cg

h

g

Yoneda & Grossman 1972



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

Iron metal (cond.)

Fayalite (cond.)

Phyllosilicate 1 (C)

Magnetite (condensà

Enstatite (nebular reac.)

Forsterite (condens.)

rich diversity of minerals

Formation of oxidized phases :
Fayalite, 

phyllosilicates, magnetite etc..

Final mineralogy « apparently »
oxidized…  without
more water nor O2 !

Troilite (condens.)

Phyllosilicate 2 (condens)

High temp. Min.

CAIsFeO

Either rapid or slow nebular reactions=> 



What happens in low pressure/fast cooling ? 

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

They become available to react at low temperature
where oxides become super-saturated

10-5 bar

Super saturation



Systematic exploration of P and Tc : cooling time



when varying (P, Tcool) => Only 3 types of  dust mineralogy appear



Reduced (type A)

Oxidized (type C)

when varying (P, Tcool) => Only 3 types of  dust mineralogy appear



Only 3 types of  dust mineralogy appear (when varying (P, Tcool)) 

fayalite

Reduced (type A)

Oxidized (type C)

Troilite
Fayalite,



Why 3 discontinuous classes of mineralogies ?

=> Fast temperature drop allows to condense lower temperature minerals (if  condensation is incomplete )

Reduced (A):
All atoms condensed above 1200K

(slow coolng)

slightly oxid. (B):
All atoms condensed above 1100K
Contains Fayalite + Fe metal
(quite fast  cooling)

Very oxidized(C):
Most atoms condensed below 800K
Contains Fayalite, phyllos., magnet.,etc.
(very fast  cooling)

Hertz Knudsen Fluxes

Type A

Type B

Type C

P=10-5 bar



Computing oxydation level and
Evolution in the Urey-Craig Diagram Oxidation diagram



(Urey & Craig, 1953) 
adapted from

Yoshizaki et al. (2021) 
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The Urey-Craig Diagram (1953) : a proxy for the oxidation state of chondrites

• Discontinuous mineralogies



• Discontinuous mineralogies : nothing between the 3 classes
• For Fast cooling => kinetic of nebular reactions play a minor role=> Condensation dominates

Slow nebular reactions

Recovering the « classical » Iron Oxidation Diagram (Urey Craig)
Rapid nebular reactions



Computing Equivalent FO2

What would be the apparent fO2 of the 
Mineral assembage we calculated ?



Re-equilibrating our mineralogies with FACTSAGE

Apparent fo2 of mineral assemblage Type A



Re-equilibrating our mineralogies with FACTSAGE

Apparent fo2 of mineral assemblage Type B



Re-equilibrating our mineralogies with FACTSAGE

Apparent fo2 of mineral assemblage Type C



But the TRUE fO2 is :

Very different
From mineral
Assemblages 



The model of planetesimals formation in 2 sites
(Morbidelli et al., 2022)



 NC planetesimals should form
in a water free environement

 NC population should be
« oxygen poor » 
=>reduced



A ‘stone in the shoe ’=> Grewal 2024 paper
 Interested in Iron meteorites
 (cores of an old population of differentiated planetesimals)
 Very old (comparable to CAIs age)





Scott et al., 2022

Kruijet 2024, age of differenciation
Of magmatic iron meteorites



The Oxidation state of Iron meteorite :

It is possible to determine the oxidation state of the 
PARENT BODY of  iron meteorites by measure their
Iron/Nickel and Cobalt/Nickel ratio
 Their ratio depend on the amount of oxygen during

differenciation..

fo2



Oxidation state of Iron NC and CC
Meteorites is similar !

 NC  Iron meteortie
are not particularly « less oxidized » 
Than CC meteorties

 Grewal concludes that NC formed
At the snow line in the presence of 
Liquid/solid water

Grewal 2024



Kinetic condensation offers a possible way (?) to reconcile

 Kinetic condensations shows that rapid condensation may lead to
Oxidized state, if accretion occurs in an hydrogen rich environment

 The Oxidation state is more a sign of the « out of equilibrium » nature
Of the condensation process , rather than the Oxygen environement

=> Heat and Cool my open a solution



We know there are heating and cooling processes in the early S.S.

=> Example : chondrules

Molten silicate beads
heated > 1500 K





THERMAL PULSE 1: in a hot disk

Reduced mineralogy form
 Close to enstatite.



THERMAL PULSE 2 : in a warm disk

Produce a mineralogy close to ordinary chrondrites :

Presence of Fayalite + interestingly we have  a little bit
of sulfure trapped



THERMAL PULSE 3: in a cold disk

Produce a very rich and diverse mineralogy

And OXIDIZED mineralogy. :
Phyllosilicates : 
Lizardite, greenalite, and a little bit of Talc
Very oxidized : Magnetite also



what would be the cause of these thermal pulses ?
How to change the oxidation state of the precursors ?
 Problem somewhat similar to chondrules formatio…

but different epoch..

Impacts/collisions ?

Shockwaves in the disk ?

Electric discharge ?

Other ?

=> A problem of timescale and volume of material to processs



Need early big bodies to collide …  and vaporise… then recondense..
=> high velocity ? Not easy

Early planetesimals shocks



Masset et al., 2000

Shockwave in the wake of planetary bodies

Steam shock



Electric discharge

Pb : how to process big quantities of material… 



How to heat and cool material rapidly AND early
An unclear situation 

Most of heating cooling processes invoque a shock with a fully grown
Planetary body…
 Only the surface is affected and melted
 Big planetary bodies appear late
➢ Difficult to process vast quantities of material early in the disk

➢ electric disharge is appealing : may happen any time .. BUT
➢ problem to process big quantities of material..

..=> This is still an open question 

Condens ation above the midplane in outflow..??? New speculative idea.. 
Needs exploration..



CONCLUSIONS

IMPORTANCE OF NON EQUILBRIUM CONDENSATION
LOW PRESSURE / FAST COOLING 
 Equilibrium condensation give a very incomplete view
 Origin of the 3 chondrites families

-Oxidation state may reflect
out of equilibrum condensation processes rather than
presence of water… a new idea that must be explored

=>
Potential implication for the oxidation state of NC 
chondrites
And accrection of CC chondrites
=>
Open questions
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