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Introduction: Astrophysical models suggest that at 2-3
AU, ambient midplane pressures would have been 10-4 bars
or less. Transient events, such as the passage of shock waves,
may have increased midplane pressures by roughly an order
of magnitude [1]. Thus, at 2-3 AU 10-3 bars is a likely upper
limit for chondrule and CAI formation.
To explain both the elemental and isotopic compositions
of chondrules and CAIs, recent studies have suggested that
they may have formed at significantly higher pressures than
this [2, 3]. If correct, this suggests that chondrules and CAIs
must have formed much closer to the Sun (<<1 AU) where
midplane pressures would have been higher. This would
have profound implications for our understanding of nebular
evolution. In addition, CAIs may have formed from high
temperature equilibrium condensates rather than solar composition material [3, 4].
However, neither study considered the effect of gas-melt
exchange during formation. Upon heating, chondrules and
CAIs would have experienced some evaporation. Unless the
vapor generated by this evaporation was immediately removed from the system, it will have interacted with the
chondrules/CAIs, possibly significantly modifying the isotopic fractionations that develop.
Here, a kinetic code for modeling silicate-metal evaporation-condensation is used to explore whether, when gas-melt
exchange is taken into account, chondrules and CAIs could
have formed under more canonical nebular conditions from
solar composition material.
Summary of Model : Details of the evaporationcondensation model are given in [5]. Heating and cooling of
the dust and gas assemblage is assumed to occur in a closed
system at constant pressure. The evaporation-condensation
model used here is the diffusionless PCR Case 1 model. It
best reproduces the O, Mg and Si mass fractionations in
evaporation experiments.
The aim of this paper is to follow the elemental and isotopic evolution of solar composition material upon heating. If
temperatures rapidly rise above the solidus of the precursor
material, it will partially or completely melt. Melting and
crystallization are not included to avoid introducing numerous additional free parameters and uncertainties (rates of
nucleation, growth-dissolution and diffusion, initial compositions, sizes and abundances of minerals, etc.). Many chondrules (e.g. barred olivine chondrules) and CAIs were largely
or wholly molten near their peak formation temperatures,
when most evaporation would have taken place. Thus, for
these first order calculations ignoring crystallization is justifiable. Past studies have assumed thermodynamic equilibrium was always maintained [6], although numerous features
of chondrules and CAIs indicate that they are not equilibrium
assemblages. Despite being entirely molten, bulk ‘equilibrium’ compositions calculated here are not very different
from previous studies [6].
An initially CI-like bulk solid composition is used, but
the silicate-metal is assumed to be anhydrous with all S is
present as FeS and all remaining Fe as FeO. The excess O (in
H 2O/OH, sulfate, magnetite and carbonate) and all C, per-

haps associated with ices, are assumed to evaporate instantaneously on heating.
The range of conditions explored were: Ptot=10 -4-10-3
bars, constant temperatures of 1400-1700°C, and
solid/gas/solar enrichments of 10-40,000.
Results: Figure 1 shows the ‘equilibrium’ compositions
for one set of conditions. Also marked is the region where
CAI-like compositions would form, and the Mg#
(100*Mg/Mg+Fe) of the melts. CAIs form under a very restricted range of conditions solid/gas/solar=60-80. At 1400°C
the range is 20-30 To estimate ‘equilibrium’ compositions at
lower pressures, simply divide the solid/gas/solar ratios by
Ptot * 1000 . Chondrule-like compositions form over a
much broader and higher range of solid/gas/solar ratios. Perhaps this broader range explains the greater abundance of
chondrules.
In evolving to these equilibrium compositions, isotopic
fractionations that develop are much less than would be expected from Rayleigh fractionation. Using Rayleigh fractionation to infer the amount of an element that has been lost
is potentially very misleading. To illustrate the effects of gasmelt exchange, Figure 2 compares the Allende chondrule
compositions from [2] with simulation results for chondrules
heated to 1500°C with Ptot=10-3 bars and solid/gas/solar≥60
for 290 minutes. As can be seen, the Allende chondrule compositions are reproduced very well. Also shown are the
maximum isotopic compositions that develop in these chondrules as they evolve.
Figure 3 compares the isotopic evolutionary paths of objects that develop CAI-like elemental compositions with the
CAI data [7, 8]. The starred points are FUN or FUN-like
inclusions. The simulations reproduce most of the CAI data
very well if: they partially re-equilibrated with the gas, that
T≤1500°C and the solid/gas/solar ratios are in the range for
producing CAI-like elemental compositions. At 1600°C the
paths lie entirely to the left of the data. Slightly lower
solid/gas/solar ratios are needed to produce the most fractionated FUN inclusions. All the FUN inclusions are best
explained if they have experienced relatively little reequilibration with the gas, perhaps explaining why they still
preserve UN anomalies.
Conclusions: Kinetic modeling shows that when gasmelt exchange is taken into account, chondrule and CAI
compositions can be explained by formation from CI dust
compositions under canonical nebula conditions at 2-3 AU.
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Figure 1. The ‘equilibrium’ compositions at 1500°C
and Ptot=10-3 bars. Also marked are the Mg# for the melts.

0

10
20
25
δ Mg (‰)

30

40

30

40

20

15

ax

M

10

5

s

on

ati

igh
Rayle

on

cti

fra

6

Ο (‰/amu)

10

4
2

n
atio
r
b
uili
-eq
e
R

1000
solid/gas/solar

δ25Mg (‰)

5

80

10

8

10

Evaporation

SiO2

CaO

on
ati
r
b
i
uil
q
e
Re

0

290 min.

-10
0
0.1
Normalized Mg/Al

Evaporation

40

δ29Si (‰)

Mofe fraction (%)

50

CAIs
T=1500, d/g=80
T=1500, d/g=60
T=1500, d/g=40

15

1.0

Figure 2. The compositions of Allende chondrules [2] are
compared the compositions of model chondrules heated at
1500°C with Ptot=10 -3 bars and solid/gas/solar≥60 for 290
minutes. Also shown are the maximum fractionations that the
model chondrules develop as they evolve.
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Figure 3. Comparison of CAI isotopic mass fractionations
with model evolutionary paths. O mass fractionations were
estimated assuming all CAIs started on a slope 1 line that
went through the origin in a O 3 isotope diagram. With the
exception of the 1500°C, Dg=40 path, the paths are for objects that form under conditions where CAI-like ‘equilibrium’ compositions are produced. Starred symbols are for
FUN or FUN-like inclusions. D/g=solid/gas/solar.

