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Introduction: Among the challenges in reconciling 

our astrophysical models for the evolution of the solar 
nebula with the meteoritic record is understanding how 
Calcium-Aluminum-rich Inclusions (CAIs) were pre-
served for >1 million years prior to their incorporation 
into chondritic meteorite parent bodies [1,2].  Due to 
gas drag, these 0.1-1 cm sized objects are expected to 
spiral into the sun on timescales of ~105 years [3], yet 
CAIs are intimately mixed with much younger chon-
drules and matrix in chondritic meteorites and many 
appear to have experienced very little pre-accretionary 
alteration since their formation via condensation and 
evaporation processes in the nebula.  Even more chal-
lenging is the identification of a CAI-like particle 
dubbed “Inti” in the Stardust samples collected from 
Comet Wild 2 whose mineralogy and oxygen isotopic 
compositions suggest that this particle formed in the 
same environment as chondritic CAIs and was then 
transported outward to ~20 AU [4,5].  Here I present a 
new model for radial transport in protoplanetary disks 
which investigates how CAIs could have been redis-
tributed in the solar nebula in a manner that is consis-
tent with what is observed in chondritic meteorites and 
comets. 

Previous Work:  One model recently proposed for 
transporting CAIs outward in the solar nebula and pre-
serving them for longer thant 1 million years involves 
these objects diffusing outwards due to turbulence [6].  
While the source of this turbulence remains an issue of 
debate, it is thought to be related to the mass and angu-
lar momentum transport associated with protoplanetary 
disk evolution [7].  The turbulence allows particles to 
diffuse along concentration gradients, and in this case, 
away from high concentrations near the sun to lower 
concentrations further away.  While some CAIs would 
be able to avoid being lost to the sun as the outward 
diffusion would offset their movements due to the in-
ward flows associated with mass transport and gas 
drag, the number is very low, with only a small frac-
tion surviving for incorporation into chondritic meteor-
ite parent bodies.   

The turbulence model of Cuzzi et al [6], was one 
dimensional, tracking the concentration of CAIs rela-
tive to the surface density of hydrogen in the solar 
nebula.  In this treatment, the dynamics of the CAIs are 
determined by allowing them to diffuse relative to the 
hydrogen gas and calculating the net advective flow of 
the disk due to mass transport and by determing the 
motions due to gas drag (which generally involves 

determing the motions that would occur at the mid-
plane of the nebula and applying them to all particles).   

Particle Dynamics in 2-D: I have recently begun 
to investigate the differences in radial transport rates as 
a function of height above the disk midplane.  These 
differences arise due to the variation in the radial gas 
density and pressure gradients with height and impact 
all modes of transport for particles: gas drag, flows 
associated with mass transport, and diffusion. 

In the case of gas drag, the radial velocities of the 
particles are proportional to the radial pressure gradi-
ents in the disk.  In the case of negative gradients, such 
as at the disk midplane, the gas is partially supported 
against the central force of gravity due to the star and 
thus rotates at sub-Keplerian rates [3].  Particles thus 
feel a headwind in their orbits as they attempt to follow 
Keplerian orbits and move inwards over time.  At 
higher altitudes, however, the pressure gradient 
switches directions (becomes positive).  This is a result 
of the decrease in the vertical component of gravity 
pulling the gas toward the midplane at larger distances, 
resulting in greater pressure scale-heights.  Due to the 
positive pressure gradients at these higher altitudes, the 
solids experience tailwinds in their orbits, allowing 
them to move outwards with time. 

The large-scale flows associated with mass trans-
port in the disk are driven by the viscous stresses that 
develop between neighboring annuli of gas.  In the 1-D 
treatments, the calculated stresses are averaged over 
the vertical extent of the disk, allowing the net radial 
motions of the gas (and the particles suspended within) 
to be determined.  In 2-D, however, the stresses can be 
determined as a function of height.  When this is done 
[8-10], it is found that mass is driven rapidly inwards 
at high altitudes above the midplane due, in part, to the 
positive radial density gradients, wheras the flow de-
creases in magnitude closer to the midplane.  In fact, 
around the midplane, where large negative radial den-
sity gradients can exist, the flows can also switch di-
rections, resulting in the outward motion of materials 
around the disk midplane. 

This outward transport of material at the disk mid-
plane can be enhanced by diffusion.  Outward diffu-
sion is found to work most efficiently when the radial 
density gradient is negative, whereas inward diffusion 
occurs most easily when the radial density gradient is 
positive. 

These variations in the radial transport rate with 
height above the midplane thus can lead to very differ-
ent dynamical behavior than that found in the 1-D 
models often used.  In essence, it is found that outward 
transport is much more efficient than previously be-
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lieved, because particles will diffuse outwards along 
the midplane without having to battle any inward flow 
associated with mass transport (though gas drag may 
still be a factor).  Thus the outward transport efficiency 
of materials will be determined by how long they re-
side in this region around the midplane—those parti-
cles that diffuse to high altitudes will be transported 
inward very rapidly by the large-scale flows present 
there.  This leads to the surprising result that outward 
transport can be more efficient for larger particles due 
to the fact that vertical gravity (settling) will keep them 
closer to the midplane for longer periods of time as 
they will not diffuse upwards as easily as smaller parti-
cles.  This result is counter to that expected from the 1-
D models.   

Application to CAIs:  Due to the increase in the 
outward transport efficiency, a larger fraction of CAIs 
are able to preserved in the solar nebula than found in 
the previous work which employed a 1-D model to 
examine their dynamics.  These CAIs are found to be 
transported as far outward as ~20-30 AU (results are 
sensitive to disk structure and level of turbulence), 
which is consistent with the observation of grains like 
Inti in the Stardust samples. 

The redistribution of CAIs by this process would 
also be strong functions of the particle size, offering an 
explanation of the size sorting observed in chondritic 
meteorites [e.g. 11].  This sorting would be even fur-
ther enhanced if the turbulence decays away or shuts 
off over time, as those particles that were transported 
out beyond the chondrite formation region (assumed to 
be 2-4 AU) would drift inward at a rate that depended 
on their size.    In fact, if some CAIs were transported 
out to such large distances (>5 AU) and then drifted 
inwards again to be incorporated into chondritic mete-
orite parent body, this would explain how they avoided 
being processed in chondrule formation events and 
remain unmelted.  This possibility and the dynamical 
relations of the different types of CAIs are the focus of 
ongoing work. 
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Figure 1: Comparison of the radial transport results for 
a 1-D disk model and the 2-D model described in the 
text.  In this particular case, the disk is assumed to be 
in steady-state with a surface density distribution that 
goes as 3400(r/1 AU)-1, a temperature distribution that 
goes ass 1400(r/1 AU)-0.5, and a turbulence parameter 
given by α=3x10-3, giving a mass accretion rate 
through the disk of ~5x10-7 M⊙/yr.  The particles are 
all assumed to be 1 mm in size. The contours represent 
the fraction of materials processed at temperatures 
above 1000 K (appropriate for annealing amorphous 
precursors).  While this temperature is lower than that 
needed for CAIs, this plot does demonstrate how ac-
counting for the transport in 2-D leads to much more 
efficient outward redistribution of materials from the 
inner solar nebula. 
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