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Introduction: Refractory objects, those which 
formed in regions of the solar nebula with tempera-
tures in excess of ~1350 K, have been found in primi-
tive bodies throughout the solar system.  Calcium, 
Aluminum-rich Inclusions (CAIs) and Amoeboid Oli-
vine Aggregates (AOAs) have been identified in nearly 
all  classes of chondritic meteorites, though the abun-
dances and properties of these refractory materials do 
vary among the different meteorites [1].  More re-
cently, CAIs have been identified in the materials col-
lected from the Stardust spacecraft from Comet Wild 2 
[2-4], with possible AOA-like materials also having 
been identified [5].  Along with these are Mg-rich, 
crystalline silicates that are thought to have formed via 
condensation or annealing at high temperatures [6]. 

Refractory objects are thought to provide very im-
portant clues about the early evolution of our solar 
nebula.  The CAIs found in chondritic meteorites (par-
ticularly the CV chondrites) have the oldest ages of all 
the materials that have been dated in our meteorite 
collections, predating the chondrules with which they 
co-accreted by at least 1-2 million years [7].  The min-
eralogy and chemical compositions of these objects are 
similar to what is expected to form when a gas of solar 
composition begins to condense as it cools [8], with 
subsequent, and possibly multiple, evaporation and 
condensation processing occurring at high tempera-
tures [9].  AOAs are composed of forsterite, but also 
contain some of the minerals found in CAIs and Fe-Ni 
metal and have oxygen isotope ratios very similar to 
CAIs, suggesting a genetic relationship exists between 
the two types of objects [1].  Given these properties, 
these refractory objects are thought to record informa-
tion about the hottest, earliest stages of our solar neb-
ula. 

Recently, efforts have been made to gain further in-
sight into the timing of the formation of these refrac-
tory objects and what they can tell us about processes 
and conditions that were present within the solar neb-
ula.  Rather than just look at the age differences be-
tween the CAIs and chondrules, efforts have been 
made to date the duration of CAI formation, with some 
studies suggesting a period of just 20,000 yrs [10,11]. 

An important aspect of the story of refractory ob-
jects, however, is that they experienced significant 
dynamical evolution within the solar nebula prior to 
their incorporation into the bodies in which they are 
found.  Here we present results of models showing 
how the  dynamical evolution of a protoplanetary disk 
and transport of solids contained within impact in-
ferred ages and/or formation duration of the CAIs and 
other refractory objects. 

Model:  We adopt a similar approach as Cuzzi et al 
[12] by using the standard α-viscosity model to de-
scribe the mass and angular momentum transport in the 
solar nebula by attributing them to shear stresses 
within the differentially rotating gaseous disk.  We 
define the formation region for refractory objects as 
being wherever temperatures are above 1350 K.  This 
temperature is close to the condensation temperature of 
forsterite at inner nebula pressures [13], and thus rep-
resents the region where processing of CAIs and 
AOAs may occur, or the region from which crystalline 
objects may condense [6]. 

Refractory objects are then redistributed by the 
combined effects of the large-scale flows associated 
with disk evolution, turbulent diffusion, and inward 
drift from gas drag.  We consider refractory objects of 
different radii in order to investigate any size depend-
ence that is expected in the absolute ages or spread in 
ages of the refractory objects available to be incorpo-
rated into planetesimals throughout the solar system as 
a function of time. 

Results:  The results of a typical model simulation 
are shown in Figures 1-3.  For this run we considered 
the dynamics of a 0.1 M


 solar nebula, with the mass 

distributed from 0.1 to 10 AU, and a turbulence pa-
rameter of α=10-3.  Figure 1 shows the initial surface 
density of the disk (heavy line) and the surface density 
at 500,000 year intervals.  There is substantial dynami-
cal evolution of the disk, as it thins and grows in radial 
extent due to mass and angular momentum transport.  

As the disk evolves, it cools over time, as shown in 
Figure 2, which gives the temperature distribution of 
the inner disk at 500,000 year intervals.  During the 
earliest stages of evolution, temperatures in excess of 
1350 K extend out to nearly 3 AU.  The plateau in the 
temperatue at 1350 K is due to the changes in opacity 
associated with the evaporation of forsteritic dust [13].  
Temperatures in excess of 1350 K persist for just over 
1 million years in this simulation, allowing refractory 
objects to be produced over this time interval. 

Figure 3 shows the age distribution of the refrac-
tory objects remaining in the disk after 2 million years 
of evolution, with each line representing the fraction of 
objects that formed in 105 year intervals.  The solid 
line represents those refractory objects that formed 
between t=0 and t=105 years, the dashed lines those 
that formed between t=105 and t=2x105 years, and so 
on.  The particular results here are for 1 millimeter 
diameter objects but similar results are found for 
smaller and larger sizes.   Those objects that formed 
during the very earliest stages (t<105 yrs) of disk evo-
lution make up over 99% of the survivors. 
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Discussion:  We have performed a series of model 
runs like that shown here, varying key parameters, and 
find that the general results are robust: the population 
of refractory objects that is most abundant after >1 
million years of evolution are those that formed during 
the earliest stages (<105 yrs) of disk evolution.  There 
are two main reasons for this result.  The first is that 
the greatest number of refractory objects are produced 
during the earliest epoch of disk evolution.  This is 
when the disk is most massive and when the highest 
temperatures are reached.  As the disk evolves, it cools 
reducing the rate at which refractory objects produced. 

Further, outward transport occurs most readily dur-
ing the initial stages of disk evolution.  As mass is 
transported inward through the disk due to its viscous 
evolution, the disk grows in radius due to angular mo-
mentum transport.  The most rapid expansion occurs 
early on, with net outward velocities existing very 
close to the star.  As the disk evolves, the location 
marking the division between net inward and net out-
ward velocities of disk materials migrates outwards, 
meaning that objects formed at later times would be 
subjected to inward flows throughout much of the disk, 
making survival for long periods of time difficult.   

Large objects will also develop increasingly larger 
inward velocities due to gas drag as the gas densities 
decrease, making survival difficult.  As with previous 
studies [e.g. 12], these inward velocities pose a chal-
lenge to keeping the needed number of large refractory 
objects to explain the observed abundances of CAIs in 
CV chondrites.  We are currently exploring possible 
solutions to this issue, including variations  in the ef-
fecitive α of the disk as would be expected in a gravi-
tationally unstable solar nebula [14] and investigating 
the dynamical evolution of the nebula as mass is added 
to it through infall of the parent molecular cloud [15].  
Preliminary results from both possibilities continue to 
support our main conclusion: Refractory objects 
formed during t<105 years will dominate the popula-
tion accreted into a given meteorite parent body or 
comet. This limits the time when short-lived nuclides 
could be introduced into the solar system and con-
strains where the t=0 in meteoritics falls in the astro-
physical stages of star and disk formation. 
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Figure 1: The surface density evolution of the disk considered 
here, with the heavy line indicating the initial structure and other 
lines indicating the structure at 500,000 year intervals. 

 
Figure 2: The thermal evolution of the inner disk at 500,000 year 
intervals, with the heavy line indicating the temperature at the 
beginning of the simulation.  The plateau at 1350 K is due to the 
evaporation of fine dust, which lowers the opacity [13]. 

 
Figure 3: The distribution of ages for refractory objects surving 
in the disk for 106 years.  Each line indicates the fraction of ob-
jects formed at different 105 year intervals, with the heavy line 
indicating those that formed earliest (0<t<105 yrs).  
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