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Vth School on Chronology of the Formation of the Solar System 



Constituents of Primitive Meteorites 



CAIs and Chondrules 

CAIs average age is 4567.30 ± 0.16 My, 
which overlaps stage of Class 0 
protostars. Chondrule formation began at 
the same time and continued for 2-3 My. 



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

Mineralogy and petrology 

Case study  

Experiments  

Phase relations, thermodynamic  



Allende CV3  meteorite (fall 1969) 

CAI = refractory inclusion = White inclusion 



CAI = refractory inclusion = White inclusion 



Calcium-aluminum-rich inclusions  
- minor component: 0.1-5 vol% 
- large size range: 10 µm to several cm 
- sizes of CAIs differ between chondrite groups: size-sorted in the nebula 



~4.7 Ga ago, “protosun” 
"   first solids (inner Solar System) formed by gas/solid 

condensation 

Gas-solid “condensation” of H2O on a tree 



Condensation calculations 
"   minerals that occur in CAIs condense at high temperatures 
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from Lodders 
(2003) Astrophys. 
Journal 

"  minerals 
rich in Ca, 
Al and Ti 
(CAIs) 



Condensation calculations 
"   condensation temperatures increase with increasing 

pressure 

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

 
 
increasing pressure  
increasing condensation 
temperature 

Condensation 
temperatures are 
always a 
function of 
 
- pressure 
- oxygen fugacity 
-  thermodynamic 
data used 

Condensation 
temperatures can 
be given for 
-  minerals (in-out) 



Ptot = 10-3 bar Ptot = 10-4 bar 
Ptot = 10-5 bar 



Petaev et al., 2005 





Courtesy of A. Davis 



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withdrawn from reactive contact with the residual gas so that: 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 (Mr) are exposed to the residual gas and remain in complete 

equilibrium with it 

•  Inert solids (Mi) are isolated from the residual gas 

•  Isolation degree ξ is the relative amount (% per K) of reactive solids that is withdrawn 

from the reactive system at any given temperature interval 

•  Isolation rate (dMi/dT) is the absolute amount of reactive solids, Δmi (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 



Fine-grained inclusions 



Coarse-grained inclusions 



Hibonite-bearing inclusions 



Calcium-aluminum-rich inclusions 
- irregularly-shaped (unmelted?) & spheroidal (melted) CAIs; coexist within a 

chondrite 
- irreg.-shaped, fine-grained,   porous  inclusions with characteristic volatility-

controlled rare earth element (REE)  patterns  (Type II): solid condensates 



Corundum bearing fine-grained inclusions 



Fine-grained spinel-rich CAI  



Fine-grained spinel-rich CAI  



Amoeboid olivine aggregates (AOAs) 
- aggregates of CAIs, forsterite       

(Mg2SiO4), and metallic Fe-Ni 
- minor component: 0.1-5 vol.%;           

10 µm to 5 mm in size 
- fine-grained: 5-20 µm; porous;      

irregularly shaped 
- condensed from gas of solar     

composition at 1350-1450 K 
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Type A CAI ON01 of the Allende carbonaceous chondrite (Park et al. 2012) 

Corse-grained inclusions  

Compact Type A  



Type B1 CAI Efremovka CV 

Corse-grained inclusions  

Compact Type B  



Igneous CAIs: Compact Type A, Type B, Type C  

mel+sp  

mel+px+an 
+fo+sp 

mel+px+an 
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 ±mel 



MacPherson et al. 2012 

Complex Igneous CAIs 





Not all CAIs formed at “time zero”, 

MacPherson et al. 2012 



SHIBS Inclusions  



Hibonite spherules 



Wark-lovering rims  
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Grossman et al. (2000) 

- Bulk compositions of igneous CAIs are depleted in Si & Mg compared 
to the calculated compositions of condensates  
- Such depletions can be explained by non-equilibrium evaporation into 
H2 gas at 1700 K from melt droplets with compositions on a condensation 
trajectory 



Grossman et al. (2000) 



Grossman et al. (2000) 



forsterite 
first 

anorthite 
first 

(Krot et al. 2004; Petaev & Wood, 1998 





CAIs in ACFER 094  

Simon & Grossman. 2012 



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

Simon & Grossman. 2012 



Grossman et al.  2011 

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. 

Redox of the solar gas  
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Enhancing fO2 at fixed total pressure 

Fedkin & Grossman  2011 



FeO enrichment in silicates 

Fedkin & Grossman  2011 



Origin of oxidized iron in the solar system 

Palme & Fegley  1990 



Evaluation of the redox of the solar gas  

Elligham diagram 



Ti3+/Ti4+ ratio in refractory phases 

Simon et al. 2009, 2011 



Ti3+/Ti4+ ratio in hibonite 

Beckett et al. (1988) 

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



… and the comments 
of Simon et al., 2012  



Type A CAI 

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



Oxygen Isotopic Zoning 
•  Melilite interior has high 16O 
(low Δ17O) 
•  Δ17O increases (so 16O 
decreases) towards the rim 
•  Spinel-rich region of Wark-
Lovering rim has extremely 
low Δ17O 
•  Most of the rim oscillates 
around the value of the CAI 
interior 
•  These data clearly indicate 
exposure of the CAI and its 
rim to environments that 
varied in oxygen isotopic 
composition 
•  Implies extensive migration 
throughout the solar nebula 



CAI formation 

See E. Taillifet poster 
(Larimer & Grosmmann, 1977, etc 



Occurrence of CAI in Wild 2 comet 



High temperature condensation 
of a solar gas : Nebulotron 

Goals :  
ü  Equilibirum or non 
equilibrium condensation 
 
ü  condensation of refactory 
gases 
 
ü  P, T, t controlled 
 

Stellar environments : 
 
An experimental 
exploration 



High temperature condensates from a 
solar gas composition.  

Melilite 

Al-diopside 

Forsterite 

Corundum Spinel 

Melilite 





New generation of Nebulotron (VI) 

Kropf et al., 2010 
Marrocchi et al., 2010, 2011 



New generation of Nebulotron (VI) 



Condensation of the first solid in the solar system 

Nebulotron VI 

 

CaAl2SiO7 

CaAl4O7 

Experimental condensates from 
a solar gas, 

Ptot = 2*10-4 mbar; Tcond = 1473 K 

CaAl4O7 

CaAl12O19 
Al2O3 

Refractory inclusions (CAI) in chondrites 

Calculated stability fields of phases 
condensing from a solar gas 

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

Primordial sequence of condensation 
Solar and others stellar environments 

Kinetics & condition of formation (P, T, fO2) 
100 nm 



Constraints on the origin of refractory 
inclusions 

- formed early, possibly within 105 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., Ti3+) 

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

- CAI melts experienced volatilization (experienced mass-dependent 
fractionation of Mg, Si, O isotopes) → low total pressure (<10-4 bar) 

- were subsequently isolated (physically or kinetically) from hot nebular gas 
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Condensation calculations 
"   How do they work? 

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



Starting composition 
"   Solar photosphere and meteorites have approximately the 

same (relative) abundances of condensable elements 



Condensation calculations: HowTo 
"   Calculation of gas phase chemistry 

"   basic thermodynamic data (cp-functions, S0
298, ΔH0

298) 
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) & SiO2(g) 

Si(g) + 0.5 O2 = SiO(g)   (1) 
Si(g) + O2 = SiO2(g)    (2) 

What are the proportions of the components in the gas? 
"   two equations, two unknowns (e. g. SiO, SiO2) 

"   third is then known: n(Si) = n(Sitot) – n(SiO) – n(SiO2) 



Condensation calculations: HowTo 
"   Calculation of gas phase chemistry 

"   three gaseous components: Si(g), SiO(g) & SiO2(g) 
Si(g) + 0.5 O2 = SiO(g)   (1) 
Si(g) + O2 = SiO2(g)    (2) 
(1): 
 
 
 
 
 
"   ΔGR(T,p) can be taken from thermodynamic 

databases 
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Condensation calculations: HowTo 
"   Calculation of gas phase chemistry 

"   three gaseous components: Si(g), SiO(g) & SiO2(g) 
Si(g) + 0.5 O2 = SiO(g)   (1) 
Si(g) + O2 = SiO2(g)    (2) 
(2): 
 
 
 
 
 
"   ΔGR(T,p) can be taken from thermodynamic 
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What are the proportions of the components in the gas? 
"   two equations, two unknowns (e. g. SiO, SiO2) 

"   third is then known: n(Si) = n(Sitot) – n(SiO) – n(SiO2) 
"   proportions can be calculated from tabulated (or 

calculated) ΔGR data (for calculating KR’s) 
 
Gas-solid condensation (example forsterite condensation) 

"   2 Mg(g) + SiO(g) + 3/2 O2 = Mg2SiO4(s) 
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Oxygen fugacity buffered in a Solar gas 
"   gas is dominated by H & He (>99%) 

"   C/O ratio of 0.5 (determines fO2): 
"   all C is bond to O as CO 
"   rest (50%) of O is bond to H as H2O 
"   ratio H2O/H2 buffers fO2 in early Solar System 

reaction: H + O2 = H2O 

"   Solar nebula was VERY reducing 

log f(O2) ≈ Fe/FeO-buffer – 6.5 



Gas phase  condensates 
"   the pressure (H2 + He) in the inner Solar System was 

approximately 10–3 to 10–6 bar 
"   condensation accompanied by drastic volume reduction 

"   very pressure sensitive 

"   Reaction:  2 Mg(g) + SiO(g) + 3/2 O2  = Mg2SiO4  T ≈ 1400K 

ideal gas (p = 10–5 bar) 
cube: V = 37.4 × 37.4 × 37.4 m 

mineral grains 
V = 3.5 × 3.5 × 3.5 cm 

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

gas forsterite 



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 

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

 
 
increasing pressure  
increasing condensation 
temperature 



Petaev et al., 2005 



Condensation calculations 
"   minerals that occur in CAIs condense at high temperatures 
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from Lodders 
(2003) Astrophys. 
Journal 

"  minerals 
rich in Ca, 
Al and Ti 
(CAIs) 



Ptot = 10-3 bar Ptot = 10-4 bar 
Ptot = 10-5 bar 





Courtesy of A. Davis 



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 (Mr) are exposed to the residual gas and remain in complete equilibrium with it 

•  Inert solids (Mi) are isolated from the residual gas 

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

reactive system at any given temperature interval 

•  Isolation rate (dMi/dT) is the absolute amount of reactive solids, Δmi (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 







Condensation 
temperatures are 
always a 
function of 
 
- pressure 
- oxygen fugacity 
-  thermodynamic 
data used 

Condensation 
temperatures can 
be given for 
-  minerals (in-out) 
-  elements (T50%) 
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fraction in solids  in gas phase 

"  an element 
condenses in a very 
small temperature 
interval (~100 K) 

Concept of the “50% condensation temperature” 



Cosmochemical element classification 


