Vth School on Chronology of the Formation of the Solar System

Calcium-Aluminume-rich Inclusions
&
Chondrules

Guy Libourel
CRPG-CNRS, Nancy, France

@ms
Institut national des sciences de I'Univers




Constituents of Primitive Meteorites

Allende CV3
(Mexico, fall, February 8, 1969)
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Ca - Al-rich inclusions (CAl)
(10 um - 2 cm)
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(10 um - 0.2 cm)

20-80 % by volume of prirr@itive meteorites (chondrites)




CAls and Chondrules
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(From Clayton. R., 1993, Oxygen lsotopes in Meteorites. Annu. Rev. Earth
Planet. Sci., v21, p. 123)

(From Connelly et al., 2012, Science, v. 338, p.651-655, doi: 10.1126/science.1226919.)

CAls average age is 4567.30 £ 0.16 My,
which overlaps stage of Class O
protostars. Chondrule formation began at
the same time and continued for 2-3 My.




Calcium-aluminum-rich inclusions

Oxygen Isotopic Compositions of CAls and AOAs
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{From Krot ef al., 2010, The Asfrophysical Journal, v. 713, p. 1158-1166.)

» Refractory inclusions (left) condensed from gas of solar composition with
O-isotopes similar to the Sun (see Genesis data point).







Calcium-Alur \clusions WORLD

( B1>
S [yp
Compact Type A PLAC

AOA

Fluffy Type A Hib-CTA

SHIB
Type B2
Sp-Px Inc

FUN

Hib-FTA Wark-Lovering rim



Calcium:Alur clusions WORLD
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Calcium-Aluminume-rich Inclusions

QD Mineralogy and petrology

P Phase relations, thermodynamic

D Case study

2 Experiments



CAIl = refractory inclusion = White inclusion

Allende CV3 meteorite (fall 1969)




CAl = refractory inclusion = White inclusion

Ca-Al-rich inclusio




Calcium-aluminum-rich inclusions

- minor component: 0.1-5 vol%
- large size range: 10 um to several cm
- sizes of CAls differ between chondrite groups: size-sorted in the nebula

PCA91082, CR




~4.7 Ga ago, “protosun”

@ first solids (inner Solar System) formed by gas/solid
condensation

Gas-solid “condensation” ef H,O on a tree



Condensation calculations
@ minerals that occur in CAls condense at high temperatures

MAJOR ELEMENT CONDENSATION TEMPERATURES

Solar System Photospheric
Composition Composition
Ideal Formula Mineral Name (K) (K)
_____________ ALO;3 ..o, Corundum 1677 1665
CaAl;)0p9...u.e.... Hibonite 1659 1647
0 CaAlO,.............. Grossite 1542 1531
C_U CﬂzAleiO'] ......... Gehlenite 1529 1519
b CaTiO; ... Perovskite 1593 1584 » Mmi nerals
GCJ CayTi3010 crvvenn. Ca titanate 1578 1567 T
= CasTiyOr.. Ca titanate 1539 1529 rich in Ca,
CayT130qg ........... Ca titanate 1512 1502 .
z CaTiOs . Perovskite 1441 1429 Al and Ti
MgALOq............. Spinel 1397 1387
O CaAl,Si,Oq ......... Anorthite 1387 1378 (CAI S)
Mg,SiOy ...cuu.. Forsterite 1354 1346
MgSiO;....uuuennen. Enstatite 1316 1308
CaMgSiOg......... Diopside 1347 1339
_____________ | S Fe alloy 1357 1351
FesP.ooeii. Schreibersite 1248 1245
FeS . Troilite 704 693 from Lodders
Fe;O4.invnnnnnnnnn. Magnetite 371 365
Hy0 i, Water ice 182 181 (2003) Astrophys.
Journal

NoTe.—At 10~4 bar total pressure.



Condensation calculations

@ condensation temperatures increase with increasing

pressure

Condensation
temperatures are
always a
function of

- pressure
- oxygen fugacity
- thermodynamic
data used

Condensation
temperatures can
be given for

- minerals (in-out)

Table 3.  Temperatures of appearance and disappearance of stable condensates at several
representative total pressures in the pressure regime where liquids are not stable.

| Pt (atm) 1x106 1x10-3 1x104 1x103
Condensate
In Out In Out In Out In Out

1571 1481 1633 1558 1699 1643 1770 174(
Hibonite 1485 1292 1562 1350 1647 1421 1743 1500
Perovskite 1471 1257 1537 1317 1609 1380 1688 1448
CaAlO4
Melilite ss 1444
Spinel ss 1409
Plagioclase ss
Rankinite . i
Fsaitess | [ncreasing pressure -
Spinel ss
Forsterite i i i
Plagioclase ss INncreasing condensation

- Sphene

sene | temperature
Spinel ss 1161 1196 1217 1221
TizOs 1386 1361
TiyOy 1252 1217 1324 1216 1361 1217
Sphene 1222 1217 1216 1217
Metal 1214 1287 1370 1464

from Ebel and Grossman (2000) Geochim. Cosmochim. Acta



P, = 103 bar

Petaev & Ebel & Yoneda & Wood &
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Fig. 1. Comparison of published results for vapor of solar composition (see section 3.1.2). Mineral abbreviations are t3 = Ti;Os, t4 =
Ti4O7, C4T3 = Ca Ti30,y, C3T2 = Ca;3Ti,O4, sp = Al-spinel, cpx = Ca-pyroxene, and as listed in Table 1.
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Condensation With Partial Isolation model*

As condensation proceeds a specified fraction of the existing condensate is

withdrawn from reactive contact with the residual gas so that:
System contains two categories of condensate — Reactive solids and Inert solids

Reactive solids (M,) are exposed to the residual gas and remain in complete

equilibrium with it
Inert solids (M, are isolated from the residual gas

Isolation degree & is the relative amount (% per K) of reactive solids that is withdrawn

from the reactive system at any given temperature interval

Isolation rate (dM/dT) is the absolute amount of reactive solids, Am, (moles), that is

withdrawn from the reactive system at any given temperature interval

* Petaev M. I. and Wood J. A. (1998) MAPS 33, 1123-1137.



Condensation With Partial Isolation model

Temperature, K
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Fine-grained inclusions

Agrégat amoeboide d oiv:n (AOA) Inclusion & grain fin riche en spinelles
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Coarse-grained inclusions
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Hibonite-bearing inclusions

Hibonite en plaquelle (PLACS) Sphérule a hibonile el verre
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7, A PN
'y : ./ - —- S o=

Sphérule a hibonite et spinelle (SHIBS) Sphérule a hibonite et pyroxéne



Calcium-aluminum-rich inclusions

- irregularly-shaped (unmelted?) & spheroidal (melted) CAls; coexist within a
chondrite

irreg.-shaped, fine-grained, porous inclusions with characteristic volatility-
controlled rare earth element (REE) patterns (Type Il): solid condensates

Refractory inclusion Igneous Ca, Al-rich inclusion




Corundum bearing fine-grained inclusions

. . d X
Ca-Al-rich inclusion® v




Fine-grained spinel-rich CAl
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Amoeboid olivine aggregates (AOAS)

- aggregates of CAls, forsterite
(Mg,Si0O,), and metallic Fe-Ni

- minor component: 0.1-5 vol.%;
10 um to S mm in size

- fine-grained: 5-20 um; porous;
irregularly shaped

- condensed from gas of solar
composition at 1350-1450 K
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Corse-grained inclusions

Type A CAl ONO1 of the Allende carbonaceous chondrite (Park et al. 2012)

Compact Type A




Corse-grained inclusions

Type B1 CAl Efremovka CV




Igneous CAls: Compact Type A, Type B, Type C
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Complex Igneous CAls

MacPherson et al. 2012



Type C Mantle Type B Interior | | Type A Island

Fig. 2. False-color X-ray element maps of the three lithologic units in Vigarano 3138 F4, superimposed onto back-scattered electron images. Colors as in Fig. 1.



Not all CAls formed at “time zero”,
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Fig. 2. False-color X-ray element maps of the three lithologic units in Vigarano 3138 F4, superimposed onto back-scattered electron images. Colors as in Fig. 1.



SHIBS Inclusions




Hibonite spherules
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Al,04

Type ACAls
Type B CAls

Type C CAls

A . Al-rich Chondrules
Equilibrium Condensation |
[Yoneda & Grossman, 1995] ¥ Amoeboid Olivine

Aggregates

Types IA, 1B, IAB
Chondrules

Spinel Projection
Wt. %



50 R R L B

ol oten solar Ca/Al

F8o, ;

L A -

oNF -,., 0\\\ .

~ - * Q,\:,/ * QAAAK A -

O | JAvto’ \o\ad. :

20 r @/‘,.,,_ G59,6\n0 ‘3, N (iro '

. QA %9 @& 4 * ‘\\ Hib 4

- > ib -

10 ‘&@@ e e N0 T

) ¢ \ A

L * A
Otl|||||l|||||||||l||||||||||||1|||11||||||||||>— Cor

0

20 40 80 100

ALO;

O Type ACAIs A Grossite-Bearing CAls ® Type | Chondrules

H Type B CAls 4 Hib-Rich Spherules © Al-rich Chondrules

- Type C CAls % Fine-Grained Sp-Rich CAls Equil. Condensation




Si and Mg Isotopic Compositions

in Refractory Inclusions Grossman et al. (2000)

4 | v v v I v v v [ d v v I v v v ] ' ’ v I '[i]' ] ' ’ v N 25 —l L L] T ] L] 1 T T l 1 Ll L] ] 1 T Ll L) I T T L) L) I L L L T
I ® Typehs 1623-8
3 '_. N [ O TypeBs :
! a=al' 20 - E55 o -
- ) I + TS33 q’ i
- el = - ] D I E56 E60(§ ._é':_z
@ -— B
% W.. ., @ © 15| é {) ch ATSE2
< 1L o 0O B b Q 3537—2‘% *é é
e s 15 B :
3 = 2 o[ Eaorg TS34 -
L 9 O N
~ B 2 I
@ ) ° [ E107
10 ® TypeA| ] 5 [ Golfbau%, h
- g O TypeB| - -
'2 I e e e L e L L e L 1 | 0 i PR T TR W (T W TN TN WA Y WY TR WY TN N W U U TN NN UN SN N NN N N WY N |
-2 0 2 4 6 8 10 12 0 10 20 30 40 50 60
o)
F Mg Joo/lamu %Mg evaporated

- Bulk compositions of igneous CAls are depleted in Si & Mg compared
to the calculated compositions of condensates

- Such depletions can be explained by non-equilibrium evaporation into

H, gas at 1700 K from melt droplets with compositions on a condensation
trajectory
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Equilibrium Condensation

at 10™ atm
[Yoneda & Grossman, 1993]
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CAls in ACFER 094

Table 1. Mineralogy of refractory inclusions found in
thin section USNM 7233-1.

Mineralogy No. of objects % of objects

Sp +Mel + Py 65 225
Sp +Pv 47 16.3
Sp 28 9.7
An+Pyx 28 9.7
Hib+Sp+ Mel + Pv 20 7.0
Sp + An+ Diop 17 5.9
Sp + Pyx 11 3.8
Sp +An 10 3.5
Sp + Mel + Tpyx 8 2.8
Hib+ Gro+Sp+ Mel + Py 8 2.8
Mel+ An+Sp 8 2.8
Mel+ An+ Pyx 7 24
Hib+Sp+Pv 6 2.1
Gro + Sp + Mel + Pv 5 1.7
Mel+ An 5 1.7
Sp + Mel + Diop + An 2 0.7
Mel + Pv + An 2 0.7
Gro +Pv+Sp 2 0.7
Tpyx + Diop+ pv 2 0.7
Cor+Hib 1 0.3
Hib+Sp+ Fo 1 0.3
Hib + Mel 1 0.3
Sp +Tpyx + An 1 0.3
Sp + Mel + Diop + Pv 1 0.3
Sp +Mel+ Fo + FeS + Diop 1 0.3
Mel + Pv 1 0.3
Mel + Diop + Fo 1 0.3

Sp = spinel; Mel = melilite; Pv = perovskite; An = anorthite;
Pyx = pyroxene; Hib = hibonite; Diop = diopside; Tpyx =
Ti-bearing pyroxene; Gro = grossite; Cor = corundum; Fo =
forsterite. “Pyx” indicates that some members of the group contain
diopside and others contain Tpyx.

Simon & Grossman. 2012



Log (Pressure, bars)

—3 LILIL I I 1 1 LI I 1 1 1 1 I LI I I 1 ) I 1 1 1 1 L

Stability field of Sp, An A/ —Cpx

A/
/,

Stability field of Gros

o
LI I LI I LI I LI | LI | LI
1 1 1 I 111 I 11 1 I 11 1 | I T | I 111

_9IIIlA'""””’vlllllIlIllllllllllllllllll|ll||
1000 1100 1200 1300 1400 1500 1600 1700 1800

Temperature, K

There are no known nebular conditions under which the
refractory phases found in Acfer 094 could acquire FeO
enrichments to the observed levels !l

Simon & Grossman. 2012



Redox of the solar gas
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In the high-temperature interval where reaction kinetics are most favorable, the fO2 of a

gas of solar composition lies so far below IW that only vanishingly small concentrations
of FeO would be expected in silicates that equilibrate with metallic Ni-Fe.



Enhancing fo, at fixed total pressure
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Mole Fraction Fayalite

FeO enrichment in silicates
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Origin of oxidized iron in the solar system

CONQENSATION ’
£ WPFRATLRES 40, -
Jxygen fugncity Mosl,0
incregse by dust -0
gnrichment
2000| "5, - 10 boer i
B
r solar
| febulo
1800 | 1 oxygen S0,
l '.‘;0(""’ F9~SUL
— I ol solution
‘ .
= 1600 1
[« ¥}
-
=
S 1400 N
<£O
(== 'R
=
o
1200 +

[ \ N
A " |

50 500100 0
Dust Enrichment Foctor
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sures of all other elements. The results of such calculation are
shown here. The forsterite-fayalite solid-solution field is shifted
to higher temperatures, suggesting that olivine in Allende may
never have experienced an environment as reducing as that of
the solar nebula. Palme & Fegley 1990




Evaluation of the redox of the solar gas
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Ti3*/Ti4* ratio in refractory phases

Table 1. Ti valence by XANES. Sp: spinel; Px: pyroxene;
Hb: hibonite; Pv: perovskite; Mel: melilite.

Sample Mineral. Spinel Pyroxene Hibonite
MO9SL1 |Sp-Pv-Px | 3.63=0.07 | 3.45+0.06 -
MO98L4 Hb-Sp- 3.74=0.07 - 3.82+0.07
Pv-Mel
MO98LS |Hb-Sp-Pv | 3.77+0.08 . 3.73+0.04
MO98L6 Hibonite - - 3.43+0.16
MO9SL10 | Sp-Px 3.35£0.07 | 3.27+0.07 -
MO98L12 | Sp-Px 3.45+0.05 | 3.500.08 -
3.9 LA B DL B B 2L B 38 TYT[rrrr[rrrrT[rrTrfrrrrprryrprryyprreey
Ti valence in . [ :
: 1V . ] _ M98L12 Pyx/Sp
> - coexisting phasesin  —H R [ ]
S 58 - Murchison inclusions . 37 ¢ XANES Traverse -
0 L R .
£ a7f | ® pyxinsp-pyx . ]
o [ B hib in sp-hib ] -
&  aef AN 8
2 : 11 line ] = .
g : for reference 1 © .
Q 35 N 2
c [ ] = )
© [ ] 7
3 34 [ ] :
o B ] .
E 33 . Tl —— Spinel
Fig. 1 ; ~©— Pyroxene Fig. 2 -
%52 33 34 35 36 a7 ae a9 S e s 0 25 a0 a0
Ti valence in spinel Distance from rim (um)

Simon et al. 2009, 2011



Tis*/Ti** ratio in hibonite

Figure 1. The hibonite structure
(Bermanec et al. 1996). Orange

spheres = Ca sites; dark green
spheres = M1 octahedral sites; light
green spheres = M2 trigonal

bipyramidal sites; red tetrahedra =
M3 sites; blue octahedra = M4 sites;
yellow octahedra = M5 sites.

Ti3+/Ti4+ ratio can be used to estimate the oxygen fugacity,

M3+ :Al3+ , M2+ +M4+ :2A]3+ , 2M2+ +M5+ :3A]3+

~ ~ -~

Beckett et al. (1988)
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Fig. 1. BSE image of Leoville 144A Wark-Lovering rim. Bands of
spinel + hibonite + perovskite (sp-hib, pv), melilite (mel), Al-Ti
diopside (Ti-rich px), and Al-diopside (Al-di) are observed.




Type A CAI

A37 Mineral Composition

mEm melilite =3 perovskite [ pyroxene

mm spinel Em sodalite @ olivine
(% hibonite)

A37 Oxygen Isotopic Composition

@ Melilite interior
¢ Melilite interface
® WL rim (spinelthibper)

i [0 WL rim (pyroxene)
¢ WL rim (olivine)
e Spinel standard

20

...........................................................................

-50 #
50-45-403510251015105 0 5 1015202530
0" Ospow (%o)

(From Simon, efal. (2011) Science, v. 331, p.1175-1178.)

(From Simon, etal. (2011) Science, v. 331, p.1175-1178.)

Minerals from a CAl and its prominent rim have a wide range of oxygen
isotopic composition, suggesting formation in more than one reservoir.




Oxygen Isotopic Zoning

A37 Oxygen Isotope Zoning

Traverse |

mm melilite 3 perovskite [ pyroxene
B spinel B sodalite B olivine
(+ hibonite)
(From Simon, efal. (2011) Science, v. 331, p.1175-1178.)

« Melilite interior has high 16O
(low A'70O)

« A0 increases (so '°0
decreases) towards the rim

» Spinel-rich region of Wark-
Lovering rim has extremely
low A7O

» Most of the rim oscillates
around the value of the CAl
interior

» These data clearly indicate
exposure of the CAl and its
rim to environments that
varied in oxygen isotopic
composition

* Implies extensive migration
throughout the solar nebula




CAl formation

rayonnement IR dans le vide

i

accrétion e
tion= dilatation
formation des solides —_—
(-
\ \
[ | | | -
0.01 0.1 1 10 Distance radiale (UA)
l I l -
2200 470 100 Température (K)
[ I [ ¥
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(Larimer & Grosmmann, 1977, etc

See E. Talllifet poster



Occurrence of CAl in Wild 2 comet

Ti+V nitride
and
FeNi metal




High temperature condensation
of a solar gas : Nebultron

Goals :
v Equilibirum or non

equilibrium condensation

v’ condensation of refactory
gases

v P, T, t controlled
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verre |\ :
P An experimental

exploration



High temperature condensates from a
solar gas composmon

Al-diopside

Melilite 50 nm

Forsterite — we—

d
Corundum /
150 nm il hldiul Melilite



Solar gas composition, 10-3 bar
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New generation of Nebulotron (V)

Kropf et al., 2010
Marrocchi et al., 2010, 2011
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New generation of Nebulotron (V)
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Condensation of the first so

Refractory inclusions (CAl) in chondrites

Id In

F4

F3

F2

A.DeGiovanni, ENSEM,

modelled temperature
profiles for different ‘&\
Ju  electric powers

i

%

7 7 7

i
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h—— :
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Analysis of condensates: post-mortem (TEM)
or in-situ (SAXS, WAXS at ESRF)

Calculated stability fields of phases
condensing from a solar gas

Primordial sequence of condensation
Solar and others stellar environments
Kinetics & condition of formation (P, T, fO,)

Log (Pressure, bars)

v 1A
1200

1100

Temperature, K

t solar system

Experimental condensates from
a solar gas,

P, = 2*10% mbar; T, = 1473 K

cond —




Constraints on the origin of refractory
inclusions

- formed early, possibly within 10° years of Sun formation

- formed in the high-temperature nebular region(s) (>1350 K), probably in the
inner part of the disk

- formed under reduced (solar) conditions (e.g., Ti%*)

- preserved volatility-controlled REE patterns — CAls or their precursors
formed by evaporation-condensation processes; some were subsequently
melted & cooled at 1-100 K/hr

- CAl melts experienced volatilization (experienced mass-dependent
fractionation of Mg, Si, O isotopes) — low total pressure (<10 bar)

- were subsequently isolated (physically or kinetically) from hot nebular gas



Calcium:Alur clusions WORLD

Gehlinite Splnel Fassaite
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Condensation calculations
@ How do they work?

@ starting composition: Solar composition, analysis of
photosphere (spectroscopy) & chondrites (chemical

anaIySIS) Table 1. First ionization potential, photospheric and solar atmosphere
abundances above quiet regions”
Photospheric
Ionization abundance Log)o solar abundance above typical quiet regions
potential

Element  (eV) Logo 3x10°<T<8x10°K ~1.4x10°K

1 H 13.6 12.00 12.00 12.00

2 He 24.6 10.93 10.93 10.93

6 C 11.3 8.52 8.52 8.52

7 N 14.5 7.92 7.92 7.92

8 O 13.6 8.83 8.83 8.83
10 Ne 21.6 8.11 8.11 8.11
11 Na 5.1 6.32 6.62 6.92
12 Mg 7.6 7.58 7.88 8.18
13 Al 6.0 6.49 6.79 7.09
14 Si 8.2 7.56 7.86 8.16
16 S 10.4 7.33 7.33 7.33
18 Ar 15.8 6.59 6.59 6.59
20 Ca 6.1 6.35 6.65 6.95
26 Fe 7.9 7.50 7.80 8.10
28 Ni 7.6 6.25 6.55 6.85




Starting composition

@ Solar photosphere and meteorites have approximately the
same (relative) abundances of condensable elements

10 T I T
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Condensation calculations: HowTo
@ Calculation of gas phase chemistry

@ basic thermodynamic data (c,-functions, S%;qg, AH%,4s)

are available from various sources (NIST-JANAF
tables, CODATA, Robie et al., 1984, ...)

@ example: which are the stable components of “Si”
@ three gaseous components: Si(g), SIO(g) & SiO,(g)
Si(g) + 0.5 O, = SiO(g) (1)
Si(g) + O, = SiO,(9) (2)

What are the proportions of the components in the gas?
@ two equations, two unknowns (e. g. SiO, SiO,)
@ third is then known: n(Si) = n(Si,,) — n(SiO) — n(SiO,)



Condensation calculations: HowTo
@ Calculation of gas phase chemistry
@ three gaseous components: Si(g), SiO(g) & SiO,(g)
Si(g) + 0.5 O, = SiO(g) (1)

(1): | -AG
K, =—250  with In(K, ) = ——=0
Psi X4/ Po, RxT

re-aranging gives

_AG |
B 1 0.5%In(p,, ) = InLsi0
RxT 2 P

» AGg(T,p) can be taken from thermodynamic
databases



Condensation calculations: HowTo
@ Calculation of gas phase chemistry
@ three gaseous components: Si(g), SiO(g) & SiO,(g)

Si(g) + O, = SiO,(g) (2)
(2): . ~AG
K, =—5%_ Gith In(K,) = ———£Q
Psi X Po, RxT
re-aranging gives
~AGy, |
+ ln(po ) _ 1 p5102
R x T ’ Dy

» AGg(T,p) can be taken from thermodynamic
databases



What are the proportions of the components in the gas?
@ two equations, two unknowns (e. g. SiO, SiO,)
@ third is then known: n(Si) = n(Si,;) — n(SiO) — n(SiO,)

@ proportions can be calculated from tabulated (or
calculated) AGg data (for calculating Ky's)

Gas-solid condensation (example forsterite condensation)
@ 2 Mg(g) + SiO(g) + 3/2 O, = Mg,SiO,(s)

a -AG
K, =— P with In(K;) = R
Pig X Psio X Po, RxT
re-aranging gives
-AG a
22 1 31n(p,, ) =In—=
R X T pSiO X ng




Oxygen fugacity buffered in a Solar gas
@ gas is dominated by H & He (>99%)
@ C/O ratio of 0.5 (determines f,,):
@ all C is bond to O as CO
@ rest (50%) of O is bond to H as H,O
@ ratio H,0O/H, buffers £, in early Solar System
reaction: H+ O, = H,0

®» Solar nebula was VERY reducing

log f(O,) = Fe/FeO-buffer — 6.5



Gas phase = condensates

@ the pressure (H, + He) in the inner Solar System was
approximately 10-3 to 10-° bar

@ condensation accompanied by drastic volume reduction
@ very pressure sensitive

gas forsterite
@ Reaction: 2 Mg(g) + SiO(g) + 3/2 O, = Mg,SiO, T=1400K

ideal gas (p = 10~° bar) mineral grains
cube: V=374 x374x374m V=35x35x%x3.5cm

®» condensation = volume reduction (!)
®» condensation = oxidation reaction (in many cases)



Gas phase - condensates

@ condensation temperatures increase
@ with increasing pressure
@ with increasing oxygen fugacity

@ principle of Henri Le Chatelier (1850—1936)

If, to a system at equilibrium, a stress be applied, the
system will react so as to relieve the stress.



“Full condensation code”
@ e. g. Ebel and Grossman (2000):
@ 24 elements
@ 324 gas species
@ 84 pure minerals
@ 8 complex solid solutions (e. g. metal alloys, pyroxene)
@ silicate melt

@ requires simultaneous solution of >400 non-linear equations

@ numerical solution (requires approximations, e. g.
Newton-Ralphson method)



Condensation calculations

@ condensation temperatures increase with increasing
pressure

Table 3. Temperatures of appearance and disappearance of stable condensates at several
representative total pressures in the pressure regime where liquids are not stable.

PY (atm 1x106 1x10°3 1x 104 1x103 10-2
Condcnsatc\ (atm) % % X Ix10

48 O ) l O D4
Hibonite 1485 1292 1562 1350 1647 1421 1743 1500 1846 1590 .
Perovskite 1471 1257 1537 1317 1609 1380 1688 1448 1775 1523
CaAlO4 1724 1711
Melilite ss 1711 1505
Corundum —
Spinel ss 1591 1481
Plagioclase ss
Rankinite . .
Fassaite s increasing pressure -2 1524
pinel ss i . .
Forsterite increasing condensation 1525
Plagioclase ss 1488
- Sphene
Sphene temperature 435
Spinel ss 1161 1196 1217 1221 1219
Ti3O5 1386 1361 1454 1358
TiyOy 1252 1217 1324 1216 1361 1217 1358 1220
Sphene 1222 1217 1216 1217 1220
Metal 1214 1287 1370 1464 1574

from Ebel and Grossman (2000) Geochim. Cosmochim. Acta
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Condensation calculations
@ minerals that occur in CAls condense at high temperatures

MAJOR ELEMENT CONDENSATION TEMPERATURES

Solar System Photospheric
Composition Composition
Ideal Formula Mineral Name (K) (K)
_____________ ALO;3 ..o, Corundum 1677 1665
CaAl;)0p9...u.e.... Hibonite 1659 1647
0 CaAlO,.............. Grossite 1542 1531
C_U CﬂzAleiO'] ......... Gehlenite 1529 1519
b CaTiO; ... Perovskite 1593 1584 » Mmi nerals
GCJ CayTi3010 crvvenn. Ca titanate 1578 1567 T
= CasTiyOr.. Ca titanate 1539 1529 rich in Ca,
CayT130qg ........... Ca titanate 1512 1502 .
z CaTiOs . Perovskite 1441 1429 Al and Ti
MgALOq............. Spinel 1397 1387
O CaAl,Si,Oq ......... Anorthite 1387 1378 (CAI S)
Mg,SiOy ...cuu.. Forsterite 1354 1346
MgSiO;....uuuennen. Enstatite 1316 1308
CaMgSiOg......... Diopside 1347 1339
_____________ | S Fe alloy 1357 1351
FesP.ooeii. Schreibersite 1248 1245
FeS . Troilite 704 693 from Lodders
Fe;O4.invnnnnnnnnn. Magnetite 371 365
Hy0 i, Water ice 182 181 (2003) Astrophys.
Journal

NoTe.—At 10~4 bar total pressure.



P, = 103 bar

Petaev & Ebel & Yoneda & Wood &
Wood, 2000 Grossman, 2000| | Grossman, 1995 | (Hashimoto, 1993

Piot = 107 bar

[
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Fig. 1. Comparison of published results for vapor of solar composition (see section 3.1.2). Mineral abbreviations are t3 = Ti;Os, t4 =
Ti4O7, C4T3 = Ca Ti30,y, C3T2 = Ca;3Ti,O4, sp = Al-spinel, cpx = Ca-pyroxene, and as listed in Table 1.
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Condensation With Partial Isolation model*

As condensation proceeds a specified fraction of the existing condensate is

withdrawn from reactive contact with the residual gas so that:
«  System contains two categories of condensate — Reactive solids and Inert solids
* Reactive solids (M,) are exposed to the residual gas and remain in complete equilibrium with it
* Inert solids (M, are isolated from the residual gas

« [solation degree § is the relative amount (% per K) of reactive solids that is withdrawn from the

reactive system at any given temperature interval

« Isolation rate (dM/dT) is the absolute amount of reactive solids, Am; (moles), that is withdrawn

from the reactive system at any given temperature interval

* Petaev M. I. and Wood J. A. (1998) MAPS 33, 1123-1137.



Condensation With Partial Isolation model
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The condensation calculations
have been further improved by
e.g. Lodders 2003 or Ebel 2006

Mineral Abbreviation Chemical Formula
corundum cor ALO,

hibonite hib CaAl 0,
grossite £r1s a
Ca-monoaluminate CAl CaAl, 0,
perovskile pry CaTi0,

melilite mel Cay(Al,, MpSi)Si0,
Al-spinel Al-spn Al-rich (Fe,Mg,Cr,ALTi),0,
Cr-spinel Cr-spa Cr-rich (FeMg,Cr,ALTi)O,
olivine olv (Mg, Fe,, MgCa)SiO,
metal alloy met Fe Ni,Co,Cr,Si
feldspar fsp (CaAl, NaSi, KSi)AlSi, 0,
Ca-pyroxene Ca-px Ca(Mg Fe,Ti*,ALS1),0,
orthopyrexene apx MgSi0,-FeSio,
rhombohedral oxide rhm oxide (Mg, Fe2+ Tit* Mn) O,
pyrophanite - MnTiO,
whitlockite wi Ca(PO,),

troilite — FeS

oldhamnite — CaS

oshornite —_ TIN

graphile - C

cohenite — FB;C
Suppressed.:

cordierite — Mg;ALSi0,,
sapphirine — Mg, ALSi,Oy

Equilibrium stability relations of vapor, minerals and silicate liquid as a function of temperatbre (T
and total pressure (P) in a system with solar bulk composition.

2(m-8. L Ll l-: ) l‘? Ll 1 l‘:
Ebel, 0.5, (2006) Condenzation of rocky d In astrophyskcal environments.
1900 = 0 Meracrites and the Early Solar System 1 1D. Lauretta ot al, ads)
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EQUILIBRIUM CONDENSATION TEMPERATURES FOR A SOLAR-SYSTEM COMPOSITION GAS

Condensation Te Initial Phase 50% T
Element K {Dissolving Species} K Major Phase(s) or Host(s
temperatures are (1) ((2)) l (38; ’ ‘ ((4)) J (é)) v
always d 1S DU 182 H,O ice
. He..oooovoeeeeeiin. <3 He ice
funCtIOH Of Ll 1 L14S10y4, Li,Si104) 1142 Forsterite 4 enstatite
Be oo {BeCa,Si,0)} 1452 Melilite
B {CaB,S1,04} 908 Feldspar
- preSSU re Coaeeeeeeieeeee 78 CH47H,O 40 CH47H,0 + CHyice
. N o, 131 NH;-H>0 123 NH;-H,0O
- Oxygen fugaCIty O e, 182 Water ice® 180 rock + water ice
. F o 739 Cas[POy4sF 734 F apatite
- thermodynamic .. 93  Neice 9.1  Neice
Naooiiiiiiiinnne. {NaAlS1;0g] 958 Feldspar
data used Mg 1397 Spinc
1354 Forsterite® 1336 Forsterite
Al 1677 AlL,O; 1653 Hibonite
Condensation S 1529 Gehlenite ‘ .
1354 Forsterite® 1310 Forsterite + enstatite
tem peratu res Can P 1248 Fe;P 1229 Schreibersite
. S e 704 FeS 664 Troilite
be given for (el DR 954 Nag[Al;Si;0,5]Cl 948 Sodalite
. . AT i, 48 Ar-6H,O 47 Ar-6H>O
- minerals (in-out) =TT (K AISi;Oy) 1006 Feldspar
Caceiiiiiiiinen 1659 CaAl;,0y9 1517 Hibonite + gehlenite
- elements (T5O%) SCoreerereeeeresons {Sc;05) 1659 Hibonite
B S DOUTT 1593 CaTiO; 1582 Titanate
Voo, VO, V>0 1429 Titanate
Cr o, {Cr} 1296 Fe alloy
Mn.i, {Mn,Si0,4, MnSiO;) 1158 Forsterite + enstatite
| 3R 1357¢ Fe metal® 1334 Fe alloy
COreveeiiiii {Co} 1352 Fe alloy
Ni i, {Ni} 1353 Fe alloy
Cliviieeiiiie {Cu} 1037 Fe alloy




Concept of the “50% condensation temperature”

not condensed condensed
1.0]- S :
in gas phase fraction in solids
T
()
5
© Tso "50%" » an element
50.5|- <ondensation condenses in a very
Is temperature small temperature
g interval (~100 K)
0.0 >

1800 1400 1000 K
temperature



Cosmochemical element classification

oo o)

............
...........

Li |Be

K Ca|Sc|Ti|V |CrjMn|Fe§CofiNi}

Rb|Sr| Y |Zr Nb/Mo|/c | Ru

CsiBalLa|Hf [Ta| W|Re|Os

............

...........

Frafa | Ac|104|105|106|107 108

Ce [Pr [Nd|Am| Sm
Th\Pa| U Wp \Pu

Volatiles <600 K

Condensation behavior of the elements. Short-lived radioactive elements are shown in ital-
ics (after Morgan and Anders, 1980).

Early Condensate Silicate [ Mefol | | Volatiles 1300-600 K




