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WERE CHONDRULES FORMED EARLY OR LATE IN THE PROTOSOLAR 
NEBULA? John A. Wood, Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, 
Cambridge MA 02 138 

Abstract of the abstract: The protosolar nebula is understood to have gone through two very 
different stages of evolution [e.g. ,  11: First, a brief (-0.5 My) active period during which 
interstellar material fell onto the disk, and most of it accreted to the sun; second, a much 
longer (-10 My) period when the sun, a T Tauri star, was surrounded by a low-mass (per- 
haps minimum-mass), relatively quiescent, nebula. It is commonly assumed that chondrules 
were formed and chondrites accreted in this leisurely second stage of nebular history. How- 
ever, high-energy processes were needed to create chondrules (and CAIs), and it is important 
to recognize that -99.99% of the mechanical energy which was dissipated as heat during 
solar system formation was expended in the infall stage. The author submits that the infall 
stage is a much more promising setting for chondrule and chondrite formation than the quies- 
cent nebula stage. 

During the first stage, most infalling matter was constrained by its angular momentum 
content to join the disk, not the protosun directly. There being no (known) orderly process 
that would promptly remove its angular momentum and allow the material to migrate into 
the sun, matter accumulated in the disk, driving the disklsun mass ratio to high values. 
When M d i , ~ , , ,  exceeded 113 - 114 the disk became gravitationally unstable [2,3] and proba- 
bly separated into a pattern of spiral density waves [e.g., 41; tidal interactions in this complex 
gravitational field had the effect of transferring angular momentum outward in the system, 
and mass inward to the sun. Thus the pileup of infalling mass in the solar nebula was a self- 
correcting process. If the correction described was efficient and rapid, gravitational stability 
could be reestablished and some time might elapse before continued infall made the system 
unstable again. In this case accretion of disk material onto the protosun would have been 
episodic. FU Orionis eruptions, which are observed to accompany the formation of some 
solar-mass stars in the current epoch, may mark episodes of disk instability and rapid accre- 
tion onto these protostars, a process which would entail the dissipation of much mechanical 
energy as heat (mostly at the disklprotosun interface, but also throughout the disk) [ 5 ] .  
Chondrules may have been melted and chondrites aggregated during the interactions between 
shock waves associated with this rapid reconfiguration of disk mass, and concentrations of 
dust in the disk. 

Chondrite formation during the infall stage is different in several ways from the pro- 
cesses traditionally pictured during the protracted quiescent stage of nebular evolution. First, 
since the sun and disk were still growing they had a mass c1  M,, thus an object orbiting at 
a given distance had a lower specific angular momentum than bodies have at that distance 
now. Therefore chondritic material had to be formed at some distance >3 AU in the disk, to 
end up at 3 AU now. 

Second, concentration of dust relative to gas by gravitational settling to the disk mid- 
plane can probably be ruled out; the disk would have been too active and turbulent during 
epochs of mass migration to permit this. Dustlgas fractionation, which appears to be re- 
quired by chondrite chemistry, was more likely accomplished by the process of turbulent 
concentration of solids [6]. 
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The strongest objection to this model comes from the radiometric data. Most CAIs 
contained live 26A1 when they formed (26Al/27Al -5~10-'), while those chondrules that have 
been studied appear to have contained much less or none [7]. Taken at face value, this indi- 
cates that CAIs formed early and chondrules formed several My later, more widely separated 
in time from them than the duration of the infall stage of star formation. However, this 
reading relies on the assumption that A1 was isotopically homogeneous in the solar nebula. 
The evidence that 26Al might have been heterogeneously distributed is reviewed by [8]. FUN 
inclusions C-1 and HAL contain little or no anomalous 2 6 ~ g  attributable to the decay of 2 6 ~ 1 ,  
yet they display stable isotope anomalies that seem to militate against formation late in nebu- 
lar history (surely mixing of precursor material in the nebula for millions of years after infall 
had ceased would have homogenized its isotopic composition). [9] describe a rimmed Type 
A CAI in which the rim contained higher 26Al/27Al than the core, an arrangement that cannot 
be ascribed to 2 6 ~ 1  decay between the times of core and rim formation. Distinctive popula- 
tions of hibonite and corundum grains that contained little or no live 26A1 have been found in 
the Murchison CM2 chondrite [10,11]. Thus the difference between (most) CAIs and (all 
studied) chondrules could point to their formation from precursor materials that, respectively, 
did and did not contain 26Al, instead of their formation at times differing by millions of 
years. 

There are other reasons to prefer making CAIs and chondrules coevally. It is very 
awkward to have to store CAIs, made early, in the solar nebula for 5-10 My before accreting 
them in late-formed chondrite parent bodies. In a quiescent nominal minimum-mass nebula, 
drag-induced radial drift would cause chondrule-size objects to migrate from anywhere in the 
disk to the sun in <10 My [12]. Centimeter-size objects (e.g., some CAIs) would make the 
trip much more rapidly. Further, CAIs were very unevenly distributed among the various 
chondrite groups. The types, sizes, and abundances of CAIs differ among CV3, C03, CM2, 
ordinary, and enstatite chondrites [13]. A way would need to be found not only to keep the 
CAIs from drifting inward in the nebula, but of allocating them selectively to various sites of 
chondrite formation. It is arguably more straightforward to form characteristic populations of 
CAIs and characteristic populations of chondrules together, then accrete them promptly. 
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