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BIPOLAR OUTFLOWS AND A NEW MODEL OF THE EARLY SOLAR SYSTEM. PART 11: 
THE ORIGINS OF CHONDRULES, ISOTOPIC ANOMALIES, AND CHEMICAL FRACTIONATIONS; 
William R. Skinner, Department of Geology, Oberlin College, Oberlin, OH 44074 

A dynamic physical model is proposed which identifies the process that 
formed chondrules, the source of heat that drives the process, and the 
location of chondrule formation in the early solar system. The model is based 
on recent observations of solar-mass young stellar objects (YSOJs), on current 
astrophysical theories of accretion disks and bipolar outflows from YSO's, and 
on textural, chemical, and isotopic characteristics of chondritic meteorites. 
The model has major implications for planetary compositions, comets, and 
environments in the early solar system (see Part I). 

Massive bipolar outflows and high-velocity, collimated jets are 
associated with many pre-main-sequence solar-mass stars and may reflect common 
evolutionary stages in star formation (1,2). Disks and bipolar jets may 
extend for hundreds of AU's from central objects, which include visible T- 
Tauri stars and "embedded objects" still shrouded by placental clouds (1,3). 
Spectral characteristics suggest that gravitational potential energy and part 
of the rotational energy of the disk have been converted into heat in a 
postulated "boundary layer" as high velocity material in the disk falls onto 
the slowly rotating protostar (2). This boundary layer may be the source of 
bipolar outflows and collimated jets, with a small portion of the disk mass 
being ejected at high angles to the plane of the disk with velocities ranging 
up to several hundred kilometers per second (4). 

I propose an extension to this model in which "fountaining" of material 
ejected below escape velocity falls back onto the faces of the disk. 
Observations interpreted as infall of ejected matter have been noted ( 5 ) ,  but 
no correlation was made with the origin of meteorites or planetary systems. 
In my model, processed materials (amoeboid aggregates, fine grains, CAI's, and 
chondrules) are spewed across the faces of the nebula by the bipolar 
fountains. This transport to distant regions of the nebula permits mixing 
with unprocessed nebular dust as observed in primitive meteorites. Nebular 
dust is carried to the midplane as coatings (dust rims) and aggregates 
adhering to chondrules and other coarse particles, and perhaps as "dirty 
iceballs" in the regions where CI and CM chondrites form. 

Dust and coarser materials, including planetesimals, are strongly 
concentrated toward the nebular midplane. Thermal processing of this region 
can explain the ferrous contents observed in unequilibrated silicates in 
meteorites (see Part I). This processing also produces the metal now observed 
in meteorites as well as the metal fractionated from silicates (6) during 
bipolar fountaining (see below). 

Chondrules grow by droplet coalescence and agglomeration as the 
precursor materials cycle through the hot boundary layer and associated 
fountains; CAI's form from refractory residues of presolar grains aggregated 
and variously processed before and during fountaining. Metal/silicate 
fractionation is achieved by' extensive gravitational and/or dynamical 
separation of silicate and metal droplets into different regions during 
processing and coalescence. Metal deficiencies in meteorites arise because 
denser metal particles are not launched by gas drag to velocities as great as 
those achieved by silicate particles of the same size. A large fraction of 
metal is thus deposited at small radial distances, producing a decreasing 
metal/silicate ratio with distance from the protosun. 

Enhancements and depletions of highly refractory elements, the origins 
of CAI's, and many isotopic anomalies originate from the nature of 
interstellar dust particles (7) that survived incorporation into the solar 
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nebula. Refractory cores of concentrically layered particles preserve 
chemical memories of high-temperature condensation in oxygen-16 rich shells 
around supernovae (8), and refractory condensates of Al, Ca, Ti, etc., contain 
isotopic memories of this and other environments (9,10,11). Evaporative 
residues enriched in oxygen-16 and in refractory materials mix with other 
components during accretion of parent bodies in the nebula to produce the 
"mixing linen associated with CAI's and their host chondrites (12). 
Subtraction of such residues from average CI composition produces depletions 
in oxygen-16 (13) and refractory elements (6) seen in ordinary chondrites. 
Two oxygen reservoirs are required by the model: an 0-16 rich refractory 
solid and nebular gas which evolves in composition with time. 

CI chondrites form before fountaining and chondrule production begin or 
at distances not reached by chondrule re-entry into the nebula. Primitive 
compositions and absence of even microchondrules favor the first alternative. 
CI parent bodies and those of other chondrite groups avoid protosolar capture 
by achieving a size that permits stable Keplerian orbits. The variety of 
materials found in meteorites, asteroids, planets, and comets is produced by 
decreasing temperatures at increasing radial distances from the young sun, 
together with fluctuations in the kinds of materials added by fountaining at 
various times and radial distances during evolution of the early solar system. 
CAI-rich meteorites containing a high proportion of thermally processed matrix 
grains and partially fused, agglomerated masses reflect highly erratic and 
variable conditions in the fountaining, perhaps associated with early stages 
in establishment of the boundary layer. Ordinary chondrites with highly 
sorted, well-formed chondrules suggest steady state operation of the fountains 
during the main stage of disk accretion. Observed sorting of chondrules in 
meteorites implies sorting in the fountains and/or during settling to the 
nebular midplane where parent bodies form. Enstatite chondrites may form or 
be processed in hydrogen rich environments produced by the loss of dust to the 
nebular midplane or by decreased dust/gas ratios in late stages(?) of nebular 
evolution. Variations among chondrite groups reflect nebular conditions where 
various parent bodies form as well as the nature of the input from 
fountaining. Fountaining ceases when the nebula has been accreted and/or 
dispersed, a conclusion consistent with a growing conviction that bipolar 
outflows and jets are produced by disk accretion (14). 
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