Out of equilibrium condensationprocesses
In the SolaMebula from thermodynamicsto MHD simulations
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Primitive meteorites (chondrites) aredividedin 3 «broad » classes

Enstatite C. OrdinaryC. Carbonaceou€.
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The UreyCraig Diagram (1953) : a proxy for thadationstate of chondrites
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(Urey & Craig, 1953)
adaptedfrom
0.2 : 0.6 0.8 Yoshizakét al. (2021)
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The «EquilibriumCondensatiorSequence»
Grossman 1972, andanyothersX Woitkeet al., 2016Ebelet al., 2023

9 w—Fe-Ni metal

0.04{ 8, Akermanite Gas of Solar composition
Fe-Ni metal s

Minimizationof Gibbs freeenergy=>

Gehlenite

. Corundum
Enstatite

Chemicakquilibrium=>
« moststableminerals»
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=> Importance o$econdaryprocesses
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Fig. 6. The onset of condensation at p = 1bar for solar abundances

in phase equilibrium. The graph show the concentration of the various
condensed species with respect to hydrogen nuclei.
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But «equilibrium» ismaybeNOT dully right assumptionX @

A CAldisappearsat low temperature =sneedWA & 2 f | ( SexRetadwdt &).)
A Equil : Doesnot tell WHATreactionleads toequilibrium (=>just lowestGibbs E

MHD collapse simulations sha@mplexinflow structure & shortimescales
Equilibration timescale of Fe and Olivine

Ahmad et al., 2024
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Complexnflow structure

Edge-On view

Fig. 5: Unbroken velocity vector field streamlines of run G1 at
t ~ 322 days after the birth of the inner disk, illustrating the dy-
namics of accretion onto the disk and protostar in a top-down
(panel a) and edge-on (panel b) view. The scale bar in panel (b)
applies to panel (a) as well. An animated version of these stream-
lines, made using windmap, is available in the online journal.

Ahmad et al., 2024

Fig. 13. Dynamics of gas as the envelope accretes onto
the disk. It is obtained from the simulations described in
Commercon et al. (2024), after averaging over the ellip-
tic motion of the gas streamlines around the star. The
main plot shows the net radial flux, which is directed
toward the star at the surface of the disk (red color) and
outward near the midplane (gray color), whereas there
is no net radial component beyond ~6 au, where instead
the motion of the gas is vertical. The latter is illustrated
by black arrows in the inlet, where the color depicts the
density of gas.

density (gcm™?)

Commercoret al., 2024




Rapid condensation of fingrainedamoeboidolivine aggregates
(Marrocchiet al., 2019)

_ MDFL = mass-dependent
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e p y X‘;GO - '%an'.l Fig. 2. Silicon 3-isotope plot showing the large range of mass-dependent
< 38 MIL 07342 (black), and Kaba (blue).

Fig. 1. A representative AOA and the Si isotopic compositions of its olivines. (A) Back-scattered electron image of AOA N1-8 from the CM-related
chondrite NWA 5958 (30, 31). SIMS measurements are indicated by colored ellipses and the Si isotopic compositions associated with each analysis point.
The color of the ellipses indicates the variability of the Si isotopic compositions by the range of the §3°Si value: blue, —3%o < 5°°Si < 0%o, orange, —6%o <
83%Si < —3%o, and red, 53°Si < —6%o. (B) 5°°Si — 5°°Si diagram showing the mass-dependent variation observed in N1-8; MDFL, mass-dependent fraction-

ation line.

Large masdependantSifractionation light isotopeslominate=> condensation process

Condensation time : PGecondonly (1-2 days!!!)




Kineticcondensationsequence? How tocalculate?

write all possiblereactionsx well.. mostimportant..)

Condensation Evaporatiori

‘ Nebularreactions

Minerall + Gas 1+Gas

HERTAKNUDSEIRormalism =>Mineral 2

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

39 minerals

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




Condensatiorevaporationin Hydrogen: HertzKnudserdaw

Condensation
*os s

¥ j -”|| 1 y/ Z]

Richter et al. (2002, 2004, 200Hedkinet al. (2013)
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\h ﬁ;g;;DoartiIaI pressures In th@assurroundingthe mineral

Thesevaluedependon the localchemistryof te gas and in theabundanceof H

One bigunknownthe «stickingcoefficient» : The gammérm in the HZequation



Ourapproach: We pre-computeevaporativeflux (lookup tables)
we computein real timecondesatiorfluxes

We use achemicalcode (CEA/NASAyith mineralcondensation to precalculatethe
for 38 minerals in thepresenceof H

|h @;Doartial pressures In thgassurroudingthe mineral
computed for the instantaneouscomposition of thegas

We assume locahermodynamicakqulibriumof GAS
We use achemicalcode (CEA/NASA) t¢omputethe gasmolecularspeciesassuming

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

ASSUMPTIONS/SIMPLIFICATIONS: (1) gasis at thermodynamicEquilibrium
(2) mineralscontact surfacdas constant (nonucleationmodel)



Tabulatecevaporationrate in H2
Comparisorwith experiment(Tsuchiyamaet al., 1998)

Forsterite evaporation flux, comparison with Tsuchiyama et al., 1998
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Fig. 1 Comparison of the Mg2SiO4 evaporation flux tabulated in KineCond (solid lines) and
measured flux in laboratory experiments [3] (crosses). P is the total pressure of hydrogen
species in the gas. At low hydrogen pressure, the vaccuum evaporation flux is revovered,
whereas at high hydrogen pressure, the effect of hydrogen increases the evaporative flux.

Good match between the model and experimental data is observed. C h arn O Et al 202 4
|




Gasmineralinteractions : «nebularreactions»
Onepre-existingmineral(M1) istransformedinto anotherone (M2)

Manyreactions< Simplestform :

Mineral1l + Gas =Mineral 2

Thekineticsof theserectionsdependon detallsof surface physics

Theydependson anactivationenergy




Themostsimplestcase : The Simpl€neticTheory Fegleyet al., 1999)

Mineral 1 +gas=>Mineral 2

o ’~
E "O0 G@e)izi 01 "QHD QT

OdD p it f € for Fe+S>FeYFegleyet al., 1993)
Y Iron canbe sulfidized into FeSduring Solamebulalife
Fegleyet al., 1993 (af=700K)

O x ™ Tk ¢ for phyllosilicates omagnetiteformation from
But T< 400K
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Butthisisa simplerepresentationof gasgrainsreactions

Surfacereactionsare important andhey are presentin 2regimes:
Linearand parabolic

Lauretta et al., 1996
L] L] L] \
n
Sulfidationof iron :
. 3. Reflected light photomicrographs illustrating variations of sulfide layer morphology with increasing reaction e
formed in ~1,000 ppm H,S at 778 K. Reaction times are 5, 24, 48, and 450 hr for a, b, c, and d respectively. Each scale bar corresponds to 32 um. F I i | I S ; F a I i D



Transitionfrom linearto Kineticreactions

Reaction Progress (g/cmz)
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FIG. 15. Plots of reaction progress versus time along four isotherms
(673, 778, 848, and 923 K) for samples formed in ~1,000 ppm H,S. The
dashed lines are linear least-squares fits to data points for experiments
=10 hr. The solid curves are parabolic fits to longer reaction time experi-
ments. Experiments at all temperatures show a transition from linear to
parabolic kinetic behavior.
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Thereactionrate is proportional
to the flux of H2S

08 Q7§

Thereactionrate is controlledby the
Diffusion of $hsidethe reactionlayer



Comparisorwith experiments

An experimental study of enstatite formation reaction
between forsterite and Si-rich gas

Naoya Imae °*, Akira Tsuchiyama ® and Masao Kitamura ?

“ Department of Geology and Mineralogy, Faculty of Science, Kyoto University, Kyoto 606, Japan
b Institute of Earth and Planetary Sciences, College of Education, Osaka University, Toyonaka 560, Japan

Received October 13, 1992; revision accepted April 26, 1993
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Fig. 1. Cross secuon or the aoubpie capsule. Uuter capsule, ’
with an orifice of 0.1 mm, acts as a Knudsen cell. OC = outer
capsule (Mo); IC = inner capsule (Mo); Fo = single forsterite
crystal (1 X1.25 X5 mm); V' = cristobalite powder.

Imae 1993 Theyfound an activationenergyin parabolic

Regime Du mot fh £ &



Comparisorwith experiments(imaeet al, 1993)
Growth of enstatite at the surface of farsterite mineral

MgSiO3 rim thickness vs. time on Mg,SiO4 crystal
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Fig. 2 Enstatite growth over a forsterite crystal in a SiO rich atmosphere, simulated with
the KineCond code. Here the active rim thickness is plotted as a function of time for different
temperatures. Compare with Figure 4 of [23]
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Fig. 4. Logarithm of enstatite width plotted against logarithm

of time in nearly constant temperature ranges. (a) 1458-
1472°C. (b) 1484-1498°C. (c) 1514~1522°C.




Onlyveryfew dataexistfor the activationenergyof nebularreactions
In our codewe will treat different en members

We consider3 cases

e Fast nebular reaction : (end member) E! = 0 and E} = 0K J/mol

e Moderate nebular reaction : E! = 20K3j/ml and E:f) = 20K J/mol
e Slow nebular reactions : E' = 80K j/mol and E? = 500K J/mol




Ourchoiceof 38 @mongabout 50) REDUCHIBbularreactionswith the simp

Minerall + Gas 1 + Gas 2 Mmeral 2

Eachreaction
Stands for
Manyreaction
With same

Gasgrain exchanges.

0O~ Uk W

Fe(s) + S — FeS(s)
Fe(s) + O — FeO(s)
3 FeO(s) + O — Fe304(s)

2 FeO(s) + Si + 2 O — Fe2SiO4(s)
Al;O3(s) + 2 Na + O — 2 NaAlOx(s)
NaAlO2(s) + 3 Si + 6 O — NaAlSisOs(s)
NaAlOz(s) + 2 Si + 4 O — NaAlSizOg(s)
NagO(s) 4+ 2 Al 4+ 3 O — 2 NaAlOa(s)
CaAl12019(s) + 2 Ca + 2 O — 3 CaAlsOr(s)
2 AlxO3(s) + O + Ca — CaAl O7(s)
Al203(s) + O + Ca — CaAl04(s)
Aly03(s) + O + Mg — MgAlyOy(s)
CaAlzO4(s) + 2 Al + 3 0 — 1 CaAl407(s)
CaAl4O7(s) + 8 Al + 12 O — CaAli12019(s)
6 AlsO3(s) + O + Ca — CaAli2019(s)
MgoSi04(s) + Si + 2 O — 2 MgSiO3(s)
MgSiOs(s) + Mg + O — MgaSiOa(s)
SiOa(s) + 2 Mg + 2 O — MgaSiO4(s)
SiO2(s) + 1 Mg + O — MgSiOa(s)

2 SiOz(S) +2K+0— KQSi205(S)
Si02(s) + Ca + O — CaSiOs(s)
Si0O2(s) + 2 Fe 4+ 2 O — FeaSi04(s)
SiOz(s) + 2 Ca + 2 O — CagSiO4(s)
CaAlsO7(s) + Ca + O — 2 CaAl204(s)
CaAlyO7(s) + 8 Al + 12 O — CaAl12019(s)
CaA1204(s) +2Al+30— CaA1407(s)
CaAlaOy(s) + 2 Si + 4 O — CaAlySinOg(s)
CaAly04(s) + 10 Al + 15 O — CaAl;2019(s)
CaQSiO4(S) +2Al+30 — CaQAIQSiO’,’(S)
Ca3SiO4(s) + Si + 2 O — 2 CaSiO3(s)
Mg38iO4(s) + 2 Ca + 3 Si + 8 O — 2 CaMgSizOg(s)
Mg2SiO4(s) + 4 Ca + 3 Si + 10 O — 2 CapMgSizO7(s)
AlyO3(s) + Mg + O — MgAlyOy(s)
MgSiO3(s) + Ca + Si + 3 O — CaMgSi20g(s)
CaSiO3(s) + Mg + Si + 3 O — CaMgSi2Og(s)
CagMgSi207(s) + Mg + 2 Si + 5 O — 2 CaMgSiaOg(s)
NaAlO2(s) + Si + 2 O — 1 NaAlSiOa(s)

3 Fe(s) + 4 O —Fez0y4(s)

Charnozt al., 2024



Results

1) Closeto equilibrium condensation (high pressure, longolingtime)

1) out-of-equilibrium condensation|pw pressure, shortoolingtime)



Condensinglowly (1000yrs) and athigh pressure (I®bar)

Dowe recover« equilibrium» condensatiorsequenceon long time ?
Yes +we preserveCAlsat low temperature

Kinetic(fast nebularinteractions)
R=10.0 microns, P=0.001bar, Cool Rate=1.9 ll<6ygar
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Comparisorwith classicakquilibrium condensationsequence
Obtainedby Gibbs Energgninisation (P=1023 bar)

Yoneda& Grossman 1972
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Condensingapidly (10yrs)and atlow pressure(16 bar):
surprises !

Eitherrapid or slownebularreactions>
R=10.0 microns, P=1e-05bar, Cool Rate=190001%J§/year rich diversityof minerals

Formation ofoxidizedphases :
Fayalite,
phyllosilicatesmagnetiteetc..
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What happensin low pressure/fastcooling?
. o

Major elements in the gas(Si, Al, Fe.have no time to condense In fagboling
a%qvh temp.
Theybecomeavailableto reactat low temperature
where oxidesbecomesupersaturated

Supersaturation in a gas of solar composition

—— Fayalite
Magnetite

— Troilite

— lron

—— @Greenalite

— S=1

107° bar

Log10(Super Saturation coef)

800 1000 1200 1400 1600
Temp K




Systematicexploration of P and Tccoolingtime



whenvarying(P, T.,,) =>0nly3 typesof dustmineralogyappear
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Only3 types ofdust mineralogyappear(whenvarying(P, T...))
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Why 3 discontinuousclasses omineralogies?

=> Fastemperaturedrop allowsto condensdower temperatureminerals(if condensationsincomplete)

HertzKnudsenFluxes

ReducedA):
All atoms condensedabove 1200K
(slowcoolng

slightlyoxid. (B):
All atoms condensedabove 1100K

Containd~ayalite + Fenetal
(quite fast cooling

VeryoxidizedC):
Most atoms condensedelow 800K

ContainsFayalite,phyllos., magnet.etc.
(veryfast cooling




