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Olivine as an Indicator of Convection in the Solar Nebula 
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Convection at a late stage in the gas mass, i. e., that no sediments 
solar nebula formed pairs of loops existed and at no special temperature 
through the midplane. Each pair ex- would the opacity drop due to sublima- 
tended radially about one atmosphere tion or melting of aggregates. It can 
scaling height and was coherent (tor- be shown that if most of the mass now 
oidal) in its motion for a large angle in planets were distributed near the 
in azimuth around the Sun. Sediments disk plane as grains of interstellar 
were concentrated in ringlets in the size, then Brownian motion alone would 
midplane between vertical gas flows. permit growth of large aggregates in 
Buoyancy waves propagated vertically less than one orbit anywhere in the 
and heated the upper atmospheres of solar system. The low-density dust 
the nebula. The convection lofted a balls that would result would not 
mixture of growing crystals and smoke 
into the hot zone. Where aggregates of 
smoke on the crystals melted, the 
opacity of the atmospheres decreased 
markedly because the liquid densified 
the aggregate. Thus forming a liquid 
phase provided a "thermostatn for the 
convection. Isolated olivine crystals 

decrease the opacity much, so the 
temperature would rise without limit 
until sublimation or melting happened. 
The physics included in the simulation 
describes buoyancy waves of the same 
kind known to heat the Earth's middle 
and upper atmosphere [4,51. Thus the 
gas temperature fluctuations T'(z) 

carried by the convection grew by this rose with z, away from the disk plane. 
process, as revealed by an onion-like Chondrules When the density of 
zoning of incompatible elements in the sediments exceeds that of the gas (an 
olivine crystals. Because the surface increase by 300x in the inner solar 
melts on olivine contained impurity system), the sediments can push the 
crystals, transfers of volatiles con- gas around. They will tend to act like 
trolled some fractionations in the an oscillator coupled to the gas. The 
nebula which have seemed puzzling. simulation C31 contained no gas flow 
Chondrules were made from precursor which would correspond to a bipolar 
solids when the convection adjusted outflow, so the transfer of angular 
itself episodically at shock wave momentum due to the toroidal rolls 
speeds toward Keplerian rotation. would be expected to be zero or small. 

Convection When dust grains dominate The transfer was surprising: it was 
the opacity of a nebular disk, the inward, which would make the disk 
opacity increases with temperature, structure unstable episodically. The 
provided that the grain size is rather simulation showed that the regular 
less than the radiation peak wave- rolls did relax. When a relaxing back 
length. But then a rise in gas temper- toward Keplerian motion happens and 
ature T causes the containment of heat there are ringlets of sediments in the 
to improve and T tends to rise still midplane, one expects some disruption 
further. Buoyancy forces tend to drive of both the ringlets and of the gas 
a vigorous convection I11 perpendi- flow after it moves through the sedi- 
cular to a nebular disk, whose main ment openings. Episodic relaxations 
mode is shown in Figure 1. As predict- should cause oblique shock waves and 
ed by C21 and confirmed by three- the flash heating events which caused 
dimensional calculations by [ 31, the chondrules. 
lowest mode is a toroidal flow through Crystal Grovth Solid grains not 
the disk midplane such that ringlets trapped in the sediments will be 
of sediments can form in or near the pushed by the convection around the 
midplane where the gas velocities are loops in Figure 1. Even if the convec- 
small in a finite volume. tion were near Mach 1 (the simulation 

Sediments The simulation C31 assumed showed much less) the time interval 
that all grains were small and distri- for a particle to go around a loop 
buted as a constant fraction of the would be several local years. The 
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transit through a "warmtt region is not latory zoning in the +3 ions 112, 131, 
a flash heating. The time for hydrogen which is known only for insertion from 
to remove a layer of olivine of 1 pm a liquid. Given that 160 was carried 
dimension is of the order of an hour into the nebula by some refractory 
at 2000 K C 6 1  with no material present solid, the enrichment of core olivine 
to react back. The rate at 1500 K is in ''0 C141 is most easily understood 
of more interest; the e~trapolat~on if refractory dust stuck to the oli- 
may be about an order of magnitude vine and in contact with CMAS liquid 
slower per 100 K decrease, thus a few contributed to core growth by melting, 
years at 1500 K. However, the baclc the liquid offering a barrier to large 
reaction should be large for such slow exchange with the surrounding gas. 
changes of the gas temperature at the Zoning of the olivine mantle could be 
particle. Some additional information sought by etching a polished surface 
is available from the electronics and viewing it in reflection 1151. 
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Figure 1. Nebular convection near the 
midplane PQ. Gas flows in toroidal 
rolls through the plane and around 

which have much sharper gradients quiet regions S where sediments can 
where the low-Feu core (with blue-CL) collect. The mean temperature T(z) 
changes to a high-Feu mantle (with red and the fluctuations T'(z) are 
or no CL). The cores also have oscil- sketched at right. 
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