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STAR FORMATION AND THE PROTOPLANETARY NEBULA 

Patrick Gassen 
Theoretical Studies Branch 
NASA-Ames Research Center 

In the past few years, observations of star-forming regions have provided a 
great deal of new information that can be used to test our ideas about the 
formation of the solar system. Low mass (0.2 - 3.0 M0) stars are being formed 
in abundance within molecular·c1oud complexes such as Taurus-Auriga; detailed 
observations of these clouds at optical, infra-red, and radio wavelengths have 
provided an outline of the sequence of events that lead to the birth of stars 
like the Sun. The stars are formed from the collapse of dense "cores" within 
the cloud complex (Myers and Benson, 1983; Beichman et al., 1986). These 
cores have mean densities an order of magnitude or two greater than the 
background cloud, are centrally concentrated, and have apparently lost angular 
momentum during their condensation. Many of them are infra-red sources; if 
their_6umino�

5
ty is due to the release of gravitational energy, collapse rates 

of 10 - 10 M
0

/yr are indicated, in agreement with the theoretical 
expectation based on the cloud temperature (e.g., Shu, 1977). 

Observations of non-luminous cloud cores, cores that are IR sources, 
disturbances in the ambient molecular gas, and revealed T-Tauri stars suggest 
the following sequence of events. Cores form by some process of density 
enhancement (perhaes magn�tic decoupling by ambipolar diffusion; Shu, 1983) on 
a time scale of 10 b - 10 7 yrs., eventually reaching a state of gravitational 
instability. At that point, dynamic collapse commences, causing the core to 
become an IR source, with the nascent protostar still obscured. Because some 
obscured sources produce double-lobed molecular flows (observed in the radio 
emission of CO), it is deduced that bipolar winds begin before the end of 
accretion, with the wind first emerging along the rotational poles. Optical 
and radio jets are also seen, presumably at a later stage, along with high 
proper motion HH objects (shocked gas) and other phenomena that indicate the 
interaction of the winds with residual surrounding gas. The initially 
narrowly channeled wind eventually spreads out so that the fully revealed star 
possesses a classical T-Tauri wind. The T-Tauri stars are known to be 
rotating at speeds considerably less than break-up (Vogel and Kuhi, 1981), 
which indicates that they have already lost angular momentum, via a wind or 
some other process, by the time they are revealed. 

There is considerable circumstantial evidence, and in some cases direct 
evidence, that suggests that disks around T-Tauri stars are common. Adams and 
Shu (1986) have modeled the spectrum expected from a rotating, accreting 
protostar, taking into account, at least in an approximate way, the effects of 
the non-spherical distribution of ambient material and the presence of a 
disk. They show that the IR radiation from several protostellar objects can 
be explained by the presence of disks. In more recent work, they identify 
young stellar (low mass) objects whose spectral properties can be explained in 
terms of active (accreting) and passive circumstellar disks. The passive 
disks do not possess intrinsic luminosity but simply intercept and reprocess 
stellar radiation, thereby altering the spectrum. Recently Bertout (1987) has 
attempted to explain the UV excesses of certain T-Tauri stars in terms of the 
boundary layer between a disk and the more slowly rotating star (see Lynden-
Bell and Pringle, 1974). This type of modeling, combined with moderate or 



high resolution spectral data, has great potential for determining 
protostellar disk characteristics. 

The key question for understanding the solar nebula is: By what process was 
its angular momentum redistributed? It is the redistribution of angular 
momentum that allows the gravitational energy stored in the disk to be 
released as thermal energy. The rate and spatial distribution of this process 
therefore determines both the thermal environment experienced by a 
preplanetary specimen in the disk and the radiative appearance of the disk to 
an outside observer. Most recent models of the solar nebula have assumed it 
to be a viscous accretion disk (Cameron, 1978, 1985; Lin and Bodenheimer, 
1982; Ruden and Lin, 1986; Cabot et al., 1987). Lynden-Bell and Pringle 
showed that the radiation from such disks would have a characteristic spectral 
shape, regardless of the specific form of the viscosity. However, Adams and 
Shu (1986) have shown that a passive disk with no viscosity produces the same 
spectral shape at long wavelengths (where it might be distinguished from the 
star). The result is that only viscous accretion disks with intrinsic 
luminosities greater than 1/4 of the stellar luminosity could be identified as 
such. But many, perhaps most, of the sources that appear to have large 
intrinsic disk luminosities do not have the spectral shape characteristic of 
viscous disks. Thus, observations of protostars lead us to consider other 
processes capable of driving disk evolution. 

Theory indicates that an inviscid disk formed by the collapse of a rotating 
interstellar cloud core would grow in mass to the point where it becomes 
gravitionally unstable (e.g., Cassen and Moosman, 1981). Gravitational 
instablity can lead to the generation of torque-producing spiral density waves 
or, in extreme situations, fragmentation. The energy dissipated in such a 
process is not necessarily simply related to the local rate of gravitational 
energy released, as in a viscous accretion disk. Whether the resultant 
spectrum is similar to any of those observed has not yet been determined. 

Evidence that the solar nebula evolved under the influence of gravitational 
torques might come from estimates of the mass of comets contained in the 
postulated inner Oort cloud (see Weissman, 1985). These estimates range up to 
values that would imply a total mass of the solar nebula of about 0.5 M

0
, 

enough to cause it to be gravitationally unstable. Such a nebula resembles 
the models long advocated by Cameron (1973) and Cameron and Pine (1973), who 
noted their susceptibility to instability. The thermal and evolutionary 
properties of this kind of nebula can be expected to differ substantially from 
viscous accretion disk models. 
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PHASE RELATIONS RELEVANT TO NEBULAR CONDENSATION 

Bjorn 0. Mysen 
Geophysical Laboratory 

2801 Upton St., N.W. 
Washington, D.C., 20008 

The minerals, melts and mineral-melt phase assemblages formed during condensation, evaporation 
and melting in the early solar nebula can be determined as a function of pressure, temperature, 
oxygen fugacity time and distance from the Sun provided that the following information is available. 
(i) The bulk chemical composition of the nebula must be known, (ii) the pressure, temperature,
time and space parameters are available and (iii) accurate thermodynamic data exist for all relevant
chemical species in crystalline, liquid and gaseous form as a function of pressure, temperature and
other intensive variables.

The commonly most used information on bulk composition of the nebula is simply the solar 
abundance. From this information, oxygen fugacities can be calculated as a function of temperature. 
Values 5-7 orders of magnitude below those defined by the equilibrium; 2Fe + 02 <=> FeO (IW 
buffer), have been suggested. Direct information on the phases likely to be the first to condense 
is obtained from inclusions in chondritic meteorites. Textural and compositional evidence suggest 
that metals such as Os, W, and Re and oxides such as corundum (Al2Os), hibonite (CaO•6Al2Os), 
gehlenite (Ca2Al2O1), spinel (MgA12O,) and perovskite (CaTiOs) may have condensed directly 
from a gas phase. Ferromagnesian minerals (forsterite; Mg2Si0,, enstatite; MgSiOs, and diopside, 
CaMgSi2Ocs) appear to follow. However, the textural observations from chondrites indicate that 
melting may have been involved in the formation of the latter group of minerals. 

The pressure-temperature-oxygen fugacity-bulk chemical composition conditions governing the 
relative stabilities of these and other phases have been calculated from thermodynamic data and 
have also been studied by direct experimentation in the laboratory. These experimental data are 
consistent with the order of appearance (decreasing temperature) inferred from natural observations 
in that regardless of pressure chosen, corundum is the first oxide phase to condense from the nebula. 
This phase reacts, however, with the gas as the it is cooled by perhaps 10-20 ° C to form hibonite. 
At essentially the same temperature, pervoskite will crystallize followed by gehlenite. Olivine is the 
first ferromagnesian silicate to crystallize. It reacts, however, with the gas to form clinoenstatite 
at temperatures approximately 50 ° C below the forsterite condensation temperature. Diopside will 
crystallize at temperatures another 150 °C lower. 

In the suggested oxygen fugacity range of condensation of silicate and oxide phases in the early 
solar nebula, the heat and entrop of evaporation of most major components vary by 10% or less. 
The only exception is the rare silica phases, where these values may change by as much as 20%. 
These phase relations are insensitive, therefore, to oxygen fugacity (/0

2 
) in the /0

2 
-range suggested 

for condensation of the highest temperature phases in in chondritic meteorites. 
The relative stabilities of, in particular, forsterite and diopside and enstatite and diopside are 

sensitive to the hydrogen/(metal+oxygen) ratio in the nebula. The temperature difference between 
forsterite and diopside appearance decreases, for example, with increasing 
hydrogen/(metal+oxygen). This ratio is also centrally important in deterr.uiing whether or not 
molten oxides and silicates could have existed in the nebula. In the absence of a diluent (e.g., hy
drogen) of the gas phase, liquids at relevant temperatures are generally stable to 10-7 to 10-5 bar
total pressure. Thus, it is likely that most condensation processes would have invluded formation of 
liquid. However, the hydrogen/(metal+oxide) more likely is near 10•. This dilution of the gas phase 
causes an increase in this pressure by several orders of magnitude. For example, liquid forsterite, 
will be unstable at pressures less than about 2.5xl0-2bar, and liquid diopside and gehlenite at even
higher pressures. Liquid corundum and hibonite requires pressures near or above 1 bar with H/(Al 
+ Ca + 0) near 10°'. Thus, it appears that condensation of liquid from the solar nebula most likely
occurred only very near the Sun. Melting further out most likely was a local phenomenon caused,
for example, by impact or similar processes.

Differences in bulk chemical compositions of condensates as a function of distance to the Sun may 
have developed provided that a pressure-temperature gradient differed significantly from those of 
the condensation curves for the relevant minerals. There must have been a front of near the Sun 
behind which melt condensed. Because condensing liquid will have a substantially different chemical 
composition than condensing crystalline materials, the existence of such a front might be recorded 
in the bulk composition of the innermost planet(s). 



GRAIN FORMATION AND ACCRETION: INITIAL STAGES: Bertram Donn; Code
690, NASA/GSFC. Greenbelt. MD 20771. 

Althouah the mechanism whereby small particles stick together has not
been satisfactorily explained, it is well known that aggregation is very 
effective and hard to avoid. Many proposals have been made for different 
circumstances: sticky surfaces. electrostatic and maqnetic effects, van der
Waals forces. shape factors. These will be reviewed. 

Recent experiments on vapor phase condensation of refractory grains has
shown that: unsaturated bonds will occur and non-sphericals grains form. 
These effects will contribute to grain aggregations. It d

:J 
not seem that

efficient accretion is a problem. 
The nature of the aggregate has received little study a has generally

been assumed to be a very compact structure. There is now experimental and
th��retical evidence that the nucleus is porous with low density (0.2-0.6 g
cm ) that has the characteristics of a fractal. i.e., self-similar at all 
scale lengths. 

Meteors and interplanetary dust particles (I.D.P.'s) collected in the 
stratospheric also are low density, porous structures. On a much larger 
scale (up to 1000 kg), the majority of the Prairie Network Fireballs are 
fragile. low density objects. Meteor shower fireballs have even more 
extreme characteristics. 

Such fractal-like aggregates are what is expected from low velocity. 
random accretion in the solar nebula. The densities of solid smoke 
aggregates fall in the range 1-50% of that of the bulk material. Numerical
simulations of random accretions by cluster-cluster collisions with 
ballistic trajectories yield fractral structures with low densities. An 
analysis of such processes up to several hun�

3
ed meter size aggregates 

indicates compression to densities ~o.7 q cm will occur in the region of 
the interface. 

This accumulation mechanism produces objects with dimensions of several
kilometers which are consistent with known characteristics of cometary 
nuclei. 

Investigations of asteroidal and planetary accumulation need to start
with the growth of irregular shaped, fragile, porous. low density 
aggregates. 
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CONSTRAINTS ON NEBULA ACCRETION PROCESSES DERIVED FROM 
INTERPLANETARY DUST STUDIES: 
Ian D. R. Mackinnon, Department of Geology, University of New Mexico, Albuquerque 
NM 87 131. 

The total flux of extraterrestrial dust particles <lmm in size which intersects 
Earth orbit contains a wide variety of particle types from a number of potential sources 
[l]. These sources primarily include comets and asteroids, and to a far lesser extent, 
interstellar clouds and large-scale planetary impact processes [2]. There are > I 011 comets 
and ~ 106 asteroids larger than a kilometer in diameter [l ], as well as innumerable 
smaller-sized asteroidal bodies and dust belts [3] in our Solar System. Thus, the dust 
fraction of all extraterrestrial materials at lAU provides a rich source of data about past 
and present processes which may not involve significant degrees of planetary 
differentiation. Despite specific sampling biases introduced by atmospheric entry 
requirements [l ], these interplanetary dust particles (IDP's) can be investigated in great 
detail for important clues to early Solar System and/or nebula processes [2]. At the 
moment, sufficient criteria have not been developed to distinguish unequivocally 
between cometary and asteroidal sources, although specific subsets of the IDP flux can 
be identified as likely candidates for these two types of sources [1,2]. In addition, the 
relative proportions of cometary and asteroidal dust at lAU are not well known. In 
contrast, the meteorite record provides source-specific data on early solar system 
processes, including planetary differentiation, at or near the present asteroid belt [4]. 

Within stratospheric dust collections, chondritic IDP's have been the most 
extensively studied and in many cases, unequivocably proven to be of extraterrestrial 
origin [1,2]. This proof lies in the observation of solar flare tracks [5], the relative 
abundance and isotopic ratios of noble gases [6] and the observation of anomalous D/H 
ratios [7]. Chondritic IDP's have bulk elemental abundances similar to the CI and CM 
chondrites, but do not show similar mineralogies to any known matrices of CI and CM 
chondrites [2]. The mineralogy, morphology, porosity, density and presumed dynamic 
strength of chondritic porous (CP) IDP's is consistent with an origin from comets [1,2,6]. 
In general, data from the Comet Halley missions [8] also support this notion. Other, more 
fragile or porous (cometary) IDP's are likely to reach lAU, but may not survive 
atmospheric entry. 

IDP's from cometary sources are critical to an understanding of early Solar 
System processes because (a) they have presumably endured minimal processing prior to 
release from the comet and (b) the putative formation locations for most comets is at a 
greater radial distance in the solar nebula [9] than that of meteorite parent bodies (4). 
The Uranus-Neptune region is the shortest radial distance suggested for comet formation 
in an early solar nebula [9]. Thus, accretion of solids at radii >>3AU may be recorded by 
the components of cometary nuclei, provided consolidation by gravitational forces are 
minimal during the comet lifetime. Since temperatures at the midplane decrease rapidly 
with radius from the nebula centre (10], both pre-solar and (re)condensed nebula grains 
may be included in this cometary accretion stage [11]. The probability of an earlier 
turbulent phase [1 2], enhances the possibility for transport of higher temperature 
condensates (formed at shorter nebula radii) to comet formation sites. 

Various empirical observations on CP IDP's may be consistent with nebula 
accretion processes, or alternatively, may provide constraints for models of early Solar 
System evolution. Grain sizes in CP ID P's range from micrometers to a few nanometers; 
with the predominant grain size <100nm [2]. An amorphous matrix is commonly present 
and much of this fine-grained material is of low-atomic number (Z) elements. Small 
sub-units, christened "tar-balls" [13] also consist of loosely aggregated nm-size minerals 
in a low-Z matrix. Nevertheless, major element abundances are nominally chondritic to 
grainsizes <100nm, in contrast to that observed for CI and CM matrices (1 4]. ·The porous 
nature of these fine-grained aggregates suggests a relatively gentle accretion process, 



perhaps aided by the amorphous matrix components, if formation occurred during the 
late (relatively quiescent) stages of nebula evolution. Accretion of CP IDP components at 
a late stage of nebula evolution may be consistent with disequilibrium mineral 
assemblages which include (a) vapor-deposited enstatite whiskers and low-Z, carbon-rich 
phases [15], (b) refractory minerals (diopside, spinel) as symplectites in association with 
amorphous carbon or hydrocarbons [16] and bulk chemistry such as volatile element 
abundances substantially greater than CI abundance [17,18,19]. High D/H ratios in a 
number of CP IDP's also suggests the incorporation and preservation of interstellar 
material [?]. Incorporation of interstellar prains is unlikely during the interplanetary orbit
phase of present-day IDP's (lifetimes 10 -105 yrs; [5]) due to large velocity differentials 
between the Solar System and galactic components and hyperbolic trajectories. However, 
residual interstellar material from the solar nebula (i.e. that component not included in 
high temperature reprocessing) may become part of the cometary accretion process at 
large nebula radii. In most cases, these high D/H ratios appear related to high carbon 
abundances and would also be consistent with late stage accretion in the early solar 
nebula. 

The formation of chondritic IDP's by a first order accretion process during solar 
nebula evolution, whilst the modus operandi behind many current investigations, requires 
careful evaluation of likely formation timescales as well as other formation processes in 
an evolved Solar System. For example, the formation of fine-grained, fluffy and/or 
porous silicate structures via sublimation processes has been demonstrated under "comet
like" experimental conditions [20]. This process, as well as possible chemical reactions at 
low temperature (or "diagenetic" processes [21]), may mask original accretion structures 
within cometary particles. A variety of tests can be performed on currently available 
models and datasets in order to address the type of aggregation process(es) represented 
by chondritic IDP's. These tests include(a) reliable estimates of "sticking probabilities" 
for nm-sized grains perhaps using micro-gravity experiments [22]; (b) detailed 
comparison of sublimation aggregates and aggregates formed by vapor deposition and 
collision; and (c) fractal analysis of chondritic IDP morphologies. For the latter test, 
many porous materials and aggregates frequently display self-similarity, usually limited 
only by the particle (or pore) size and the cluster size [23]. Fractal behaviour of 
aggregate growth in both hydrodynamic and non-hydrodynamic regimes have been 
investigated [24,25] and provide criteria by which the formation of chondritic IDP's 
may be determined. In this particular application, widely different grain sizes (and 
shapes) may prevent accurate determination of characteristic length-scales [26]. However, 
results from experimental aggregation processes [23] show that the fractal dimension 
depends on growth kinetics and fundamental aggregation mechanisms (eg. particle
cluster and cluster-cluster aggregation). 

References: 1. Brownlee DE (1985) Ann. Rev. Earth & Plr..net. Sci. 13, 147-173; 2. Mackinnon IDR and Rietmeijer 
FJM (1987) Rev. Geophya., in press; 3. Low FJ et al. (1984) Astrophys. J. 278, L19-L22; 4. Wood JA (1985) in 

Protostars & Planets II 687-702; 5. Bradley JP et al. (1984) Science 226, 1432-1434; 6. Fraundorf P et al. (1982) 

in .Q.Qmfil 383-409; 7. McKeegan KD et al. (1985) Geochim Cosmochim Acta 49, 1971-1987; 8. McDonnell JAM et 

al. (1986) � 321, 338-341; 9. Weiasman P (1985) In Protostars & Planets II 895-918; 10. Boynton WV 

(1985) op cit. 772-790; 11. Clayton DD (1986) NASA CP2403 WG85-WG120; 12. Morfill GE (1983) Icarus 53, 41-

54; 13. Bradley JP et al. (1983) � 301, 473-477; 14. Brownlee DE et al. (1984) LPSC XV, 94-95; 15. 

Chri11toffersen R and Buseck PR (1986) Science 234, 590-592; 16. Mackinnon IDR & Rietmeijer FJM (1984) 

Nature 311, 135-138; 17. Van der Stap CCAH et al. (1986) LPSC XVII, 1013-1014; 18. Rietmeijer FJM (1987) 

LPSC XVIII, in preu; 19. Saunders RS et al. (1986) Icarus 66, 94-104; 20. Rietmeijer FJM (1985) LPSC XVI 696-

697; 21. Squyres SW et al. (1985) Microgravity Particle Research on the Space Station, NASA Ames Workshop 

Rpt; 22. Stanley HE and Ostrowsky N (1986) On Growth and Form, Martinus Nijhoff Pubs. Dordrecht; 23. Weitz 

DA and Olivera M (1984) Phys. Rev. Lett. 62, 1433-1436; 24. Martin JE et al. (1986) Phys. Rev. A 33, 3540-3543; 

25. Matsushita M (1985) J. Phys. Soc. Japan 54, 857-860. 

. 
. 



. . 

COLLISIONAL AND GAS DYNAMICS OF ACCRETION; S.J. Weidenschilling, 
Planetary Science Institute, Tucson, AZ 85719 

Gas in the solar nebula dominated the evolution of solid particles in 

the size range ~10-4 to i105 cm. Its effects were strongly size-dependent,
and controlled such processes as radial transport and mixing of condensates, 
settling to the central plane of the disk with local enhancement of the 
dust/gas ratio, possibility of planetesimal formation by gravitational 
instability of a dust layer, and collisions producing coagulation or 
erosion/disruption. 

The disk was probably turbulent during the formation (infall) stage. 
The magnitude and duration of later turbulence is uncertain; existing models 
include disks with no turbulence (1), and those with turbulence Mach 

numbers, M, from a few xl0-2 (2) to �1/3 (3). Turbulence may have been
localized or intermittent. Whether turbulent or laminar, the nebula had a 
radial pressure gradient (8P/8r<O) partly supporting the gas (4), causing 
rotation at slightly less than the Kepler velocity. Plausible models have 

-3fractional deviation, AV/Vk, of a few xlO Small particles strongly 

coupled to the gas share its angular velocity, with solar gravity causing 
inward radial drift with velocity proportional to size. Large bodies move 
in Kepler orbits; the "headwind" of magnitude AV causes orbital decay at a 
rate inversely proportional to size. Transition between these regimes 
occurs at� meter size, with ldr/dtl(max)=AV. 

Turbulence and Settling. The z-component of solar gravity causes small 

particles to settle toward the central plane at a rate dz/dt = sp o2z/pc 
s 

(Epstein drag; s = particle radius, p =particle density: p=gas density, 
s 

c=thermal velocity). If global turbulence is present, small particles (s�lO 
cm) are coupled to the largest eddies, which have rms velocity Vt. Equating

settling and eddy velocities yields the equilibrium half-thiclmess of a

particle layer, z'~Mpc2/p rr's. For plausible nebular parameters, settling 
s 

-5to form a layer with dust/gas ~1 requires M~lO x(s/1 cm); i.e., large 
(icm-sized) particles and turbulent velocities� a few cm/s. If the dust 
layer is to become thin enough for "Goldreich-Ward" gravitational 

-6 -5 instability (5), �10 x(s/1 cm), or Vt~0.1 cm/s for s=l cm (Vt~lO cm/s

for s=l µm!). Published values ~10 cm/s for random particle velocities in a 
marginally unstable layer implicitly assume that their motions are not 
controlled by gas, which is the case only for si100 cm. 

If a dust layer has space density of dust i that of the gas and is 
optically thick, the dust controls the motion of the gas in the layer. Such 
a layer will acquire Keplerian rotation (6). Even if the nebula is 
perfectly laminar, shear between the dust layer and the surrounding gas 
would cause localized turbulence in a boundary layer (7). Neither density 
stratification nor viscous dissipation can prevent this turbulence from 
stirring the dust layer to velocities �l cm/s. The probable result is that 
the dust layer would thicken to an equilibrium state with dust/gas ~1 until 



CX>LLISIONAL AND GAS DYNAMICS OF AOCRETION 

S.J. Weidenschilling 

collisional coagulation produces bodies large enough to decouple from the 
gas (sllOO cm). 

Coagulation and Settling. At submicron sizes, particle relative 
velocities are dominated by thermal Brownian motion; coagulation will 

produce aggregates up to ~10 µm in size on timescales ~102-103y. Larger 
aggregates have relative velocities dominated by turbulent motions and/or 
differences in systematic radial and vertical drift rates. Vigorous 
turbulence (M�l/3) promotes collisions with rapid coagulation. However, 
relative velocities increase with size as particles can cross eddies and 
their motions become uncorrelated. Aggregates with sizes ll cm collide with 

velocities of magnitude ~Vt. Disruption occurs at size s~l0-7E/psr, where

E is impact strength. For plausible E=105 erg/cm3, aggregate growth stops 
at s--0.1 cm for M=l/3. The result is a steady state between coagulation and 
disruption (8). In order for aggregates to grow large enough for 
appreciable settling, M must be �0.01. For such low turbulent velocities, 
differential settling dominates relative velocities. 

The rates of vertical and radial drift are proportional to particle 
size. If coagulation occurs, then large aggregates grow by sweeping up 
smaller ones and individual grains. Self-similar fractal structures (9) 
will not be produced on scales llO µm, where differential settling dominates 
over thermal motion. Minimum growth timescale (e-folding for mass) is 

T~l/fO (£=solids/gas mass ratio), typically a few xl02y. Numerical 
simulations (7,10) show non-homologous settling with a small fraction 
(0.01-0.1) of the total surface density of solids incorporated into m-sized 
bodies in a thin layer near the central plane, with solids/gas ~1 after 
�10T. Radial drift during this stage is --0.lr. Bodies larger than �-size
have mainly transverse motion relative to gas, and grow by sweeping up small
particles, with growth rates rates of the order of a few crn/y; km-sized

planetesimals form in ~104y. Planetesimals spiral inward at a decreasing 
rate during growth; there is an asymptotic limit for the change in orbital 
radius. For dust/gas space density �1. the final orbital radius is �2/3 the 
initial value. As most of the planetesimal mass is accreted late en route, 
the mean change in heliocentric distance is less than O.lr during this 
growth. At sizes l 1 km, mutual gravitational perturbations among 
planetesimals dominate over gas drag-induced motions, and will govern their 
further growth. 

References: (1) C. Hayashi et al., in Protostars and Planets II, 1985. 
(2) W. Cabot et al., submitted to Icarus; (3) D. Lin, Ap. J. 246, 972, 1981.
(4) S. Weidenschilling, MNRAS 180, 57 (1977); (5) P. Goldreich, W. Ward, Ap.
J. 183, 1051 (1973); (6) Y. Nakagawa et al., Icarus 67, 365 (1986); (7) S.
Weidenschilling, Icarus 44, 172 (1980); (8) S. Weidenschilling, Icarus 60,
553 (1984); (9) B. Donn, Lunar Planet Sci. XVIII, 243 (1987): (10) Y. 
Nakagawa et al., Icarus 45, 517 (1981). 
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ACCRETIONARY PROCESSES: CLUES FROM CHONDRITES: 
Edward R. D. Scott and G. Jeffrey Taylor, Institute of Meteoritics and 
Department of Geology, University of New Mexico, Albuquerque, NM 87131 

Nature of nebular record in chondrites. Most workers agree that chondrites 
retain a record of accretion processes in the solar nebula (1, 2). The Table 
shows the proportions of the various kinds of chondritic ingredients in the six 
classes of chondrites. Chondrules are mm-sized silicate spheroids that formed 
by brief melting of solids in the nebula and subsequent cooling at rates of 
1-5000 °C/hour (3,4). Refractory or Ca, Al-rich inclusions are commonly
larrger and formed by complex sequences of evaporation and condensation in
the nebula ( 5, 6). Some inclusions crystallized from liquids at cooling rates of
1-50°C/hour (7). Matrix is a fine-grained mixture of chondrule precursor
material, altered and heated precursor material, nebular condensates, and
assorted chondritic debris (8). Lithic and mineral fragments formed by
fragmentation of other ingredients in the nebula and in parental asteroids. The
sequence, E, H-L-LL, CV, CO, CM, CI

J 
may be one of increasing heliocentric

distance of their formation locations; possibly 1-5 AU (9) but probably 2-3 AU,
their present locations (10). Chondrule production probably peaked at 2.5 AU,
refractory inclusions at 2. 5-3 AU. Brief high temperature events that produced
chondrules and inclusions were rare at �3 AU and matrix dominated there.

Extent of planetary processing of chondrites. Most chondrites (>90%) are rocks 
that have been grossly affected by planetary processes of metamorphism, 
recrystallization, alteration, deformation, compression, and repeated mixing and 
fragmentation by impacts (11, 12). Rare type 2 and 3 chondrites show minimal 
processing and suggest that the nebular record can generally but not always be 
disentangled from the planetary processing. although some workers are less 
optimistic (13). Because chondritic material was generally weak, ingredients in 
most, perhaps all, chondrites experienced many cycles of compaction and 
brecciation, possibly during accretion, but certainly afterwards. Thus, 
chondrites are not rocks that formed during accretion. 

Chondrules and refractory inclusions. These formed by the melting of 
pre-existing dust aggregates. Therefore, dust had already accreted into mm
to cm-sized aggregates. Because chondrules vary in their ratio of olivine to 
pyroxene, unknown processes must have fractionated these minerals during 
accretion of mm-sized aggregates. Heating may have been from nebular flares 
(14). reconnecting magnetic field lines (15), lightning (16) or other sources 
( 17) �d could have been triggered by the onset of accretion and the
consequent decrease in opacity. Evidence for collisions of hot. plastic
cho�rules shows that :f Ust densities �l;!�g chondrule formation wer�5 high:
1-10 chondrules per m (18), i.e., 10 times m�!:.-S dust than at .10 atm. 
Thus. dust-gas ratios were already enhanced by 10 , possibly as a result of 
settling to the nebularmidplane. Chondrule sizes vary among chondrite classes 
( CV > H, L, LL = E > CO • CM) and even between chondrites of the same class 
(19); this may be largely due to the dependence of settling rate or gas drag 
forces on aggregate size (20). Chondrules collided with dust aggregates and 
acquired rims typically 10-50 rm wide, (21-22) some of which were sintered 
during or after chondrule formation (23). Erosion of chondrule rims during 
periods of increased turbulence (23a) cannot be excluded, but impact velocities 
were < 25 m/sec (24). as unrimmed chondrules or fragments are rare in some 
type 3 chondrites such as Semarkona. Cm-sized chondritic inclusions with 
fine-grained rims may be accretionary remnants. Rapid accretion of rimmed 
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chondrules is suggested by the high frequency of collisions between hot plastic 
chondrules (25). 

Chondrules to �lanetesimals. Evidence concerning the physical properties and
nature of chon ritic ag·g·regates during accretion is lacking, and little can be 
deduced about the role of gravitational instabilities, rate of accretion, etc. 
However, firm conclusions can be drawn about the deg-ree of mixing of 
chondritic ingredients between the accretion zones of various chondrite classes. 
Oxygen isotopic data for 32 chondrules from ordinary chondrites, 22 from E and 
26 from CV show that each group has distinct populations of chondrules (26). 
Lack of mixing between zones implies rapid accretion ( 8). Within zones, 
chondritic ingredients were well mixed: elemental concentrations in lg samples 
of H, L or LL chondrites differ by< 10%, except for volatiles. Thus chondritic 
asteroids are amazingly homogeneous, and chondrules, dust aggregates, 
inclusions etc. must have been thoroughly mixed in this brief interval. 
Correlations between chemistry and degree of metamorphism in ordinary 
chondrites constrain the nature of planetesimal accretion (27). Clasts of 
foreign chondrites are also rare ( < 1%), implying little subsequent collisional 
mixing of asteroids. How > 99% of the solids in the asteroid belt could be 
removed (28) without causing more mixing or impact melting is not known. 
Removal must have predated chondrule formation. 

References: (1) J.A. Wood (1963) Icarus 2, 152. (2) J.T. Wasson (1974) Meteorites - Classification 
and Properties, Springer-Verlag. (3) G.J. Taylor et al. (1984) in Chondrules and Their Origins 
(ed. A.A. King) pp. 262, LPI. (4) R.H. Hewins (1984) ibid pp. 122. (5) W.V. Boynton (1985) in 
Protostars & Planets II (Ed. D.C. Black and M.S. Matthews), pp. 772, Univ. of Ariz.. (6) R.N. 
Clayton et al. (1985) ibid, pp. 755. (7) G.J. MacPherson et al. (1984) J. Geol. 92, 289. (8) 
J.A. Wood (1985) in Protostars & Planets II, pp. 687. (9) J.T. Wasson (1985) Meteorites: Their 
Record of Early Solar-System History, W.H. Freeman. (10) J.f.Bell (1986) LPS XVII, 985. (11) R.T. 
Dodd (1981) Meteorites - A Petrologic-Chemical Synthesis. Cambridge Univ. (12) D.J. Barber (1985) 
Clay Minerals 20, 415. (13) T.E. Bunch and S. Chang (1986) LPS XVII, 89; R. Hutchison (1982) Phys. 
Earth Planet. Int. 29, 199. (14) E.H. Levy (1985) In Protostars & Planets II, p. 10. (15) C.P.
Sonnett (1979) Geophys. Res. Lett. 6, 677. (16) K.L. Rasmussen and J.T. Wasson (1986) Preprint. 
(17) J.A. Wood (1984) EPSL 70, 11-26; D.D. Clayton (1980) Astrophys. J. 239, 137. (18) J.L.
Gooding and K. Keil (1981) Meteoritics 16, 17. (19) A.E. Rubin and K. Keil-rl.984) ibid 19, 135.
(20) S.J. Weidenschilling (1980) Mon. Not. Roy. Astron. Soc. 180, 57; Icarus (1980) 44, lTI. (21)
J.S. Allen et al. (1980) GCA 44, 1161; T.V.V. King and E.A.:-7<ing (1981) Icarus 48--;- 460. (22)
E.R.D. Scott et al. (1984) GCA 48, 1741. (23) A.E. Rubin (1984) GCA 48, 1779:- (23a) S.J.
Weidenschilling (1984) Icarus 60, �3. (24) W.K. Hartmann (1978) Icarus 33,50. (25) R. Hutchison 
et al. (1979) Nature 280, 116;8.A. Holmen and J.A. Wood (1986) Meteoritics, in press. (26) R.N.
Clayton and T.K. Mayeda (1985) LPS XVI, 142; R.N. Clayton et al (1983) in Chondrules and Their 
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Icarus 26, 361. 
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Ingredients Enstatite Ordinary Carbonaceous 
(vol.%) EH H,LILL CV co CM CI 

Refractory inclusions 1 1 10 15 5 0 
Chondrules 30 50 45 40 10 0 
Lithic/Mineral fragments 50 30 2 10 10 0.1 
Matrix <l 10 40 30 70 80 
Metal, metal oxides 20 5-15 5 5 1 20 

and sulfides 
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VAS CBOIDllTIC KI.TBRI£1. FOBIIBD DURDG LABGB-SCALB, PROTRACTED 
IIBBOLAB EVOLOTIOII OB BY TIWISIBIIT LOCAL BVBITS D '!IIB IIBBULA? John A. Wood, 
Harvard-Smithsonian Center for Astrophysics, Cambridge HA 02138, USA 

The title of this abstract expresses one of the major, overreaching ques
tions that remain open in the field of meteorite studies. Many bodies of 
meteoritic data are subject to fundamentally different interpretations, de
pending upon which of these alternatives is correct. To better define the 
question, I elaborate upon two possible settings for chondrite formation. 

I. Large-Scale Protracted BYolution. The solar nebula was initially
very bot, and everything was totally vaporized in the inner solar system. As 
the nebula cooled, minerals condensed. Condensation rates, mineral assem
blages, dimensions or condensates, settling rates in the nebula, rates of 
radial migration and mixing of grains near the midplane, and temperatures at 
which accretion commenced were all smoothly-varying functions of radial dis
tance in the nebula. These processes and properties tended to work chemical 
fractionations, so when accretion into planetesimals occurred the accreted 
materials bad compositions that were not uniform, but varied (smoothly) with 
radial distance and time. The distance scale or formation was the order of an 
AU (.1&.., a given chondrite might contain objects that were formed -1 AU apart 
in the nebula). The time scale was -105 yr (a sizeable fraction of the puta
tive lifetime of the nebula; .1&.., grains that were formed or altered fairly 
early and fairly late in the history of the nebula might be incorporated in 
the same chondrite). The chemical groups of chondrites represent isolated 
samples of the smoothly varying spectrum of chemical compositions that was 
produced, which remains preserved in the asteroids. This framework is embod
ied in the models or Wasso� [.L8&, 1,2] and others. 

II. Transient Local B-.enta. The nebula in the zone of the asteroid belt
was never hot enough, on a global scale, to vaporize the interstellar grains 
that were added to it (other than HCNO compounds). Transient, local high
energy events or processes (undefined at present) were responsible for the 
melting, vaporization, and recondensation of this presolar matter into the 
components of cbondrites, and for the fractionated (not-exactly-solar) compo
sitions of most chondrites. Differences in the intensity and character of 
these high-energy events or processes (to some degree related to radial dis
tance, but also partly random in character) produced batches of chondritic 
components with discrete chemical and morphological signatures, which accreted 
promptly into planetesimals that have retained these signatures to the present 
day. Because cbondrite formation occurred in small, discrete elements of 
space and time, and because of random variations in the formative events/pro
cesses, there was never a smoothly varying spectrum of compositions among the 
planetesimals/asteroids. The present author feels that the evidence favors 
this framework [3]. I think it likely that the distance scale or formation of 
a chondrite class was a fraction of an AU, and the time scale was less than a 
few tens of yrs (the time it would take material processed by a discrete event 
that occupied a fraction or an AU to become significantly smeared out by 
differences in orbital periods, and mixed with materials from other events). 

The evidence in favor or small time- and length-scales for chondrite 
formation is as follows. 

Cbondrule and CAI cooling ratea. These were, respectively, 5-S000K/hr 
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[4] and 0.5-501/hr (for a subset of CAI•a) (51, too tast to represent cooling
of the whole nebula or motion of material from a bot to a cool region of the
nebula. Thus the chondrite components .u.c!. to a large degree shaped by rela
tively local, transient heating (of unknown origin). Questions remain as to
whether there was not also a global hot-nebula background, and bow local and
transient the beatings were.

Textures or CY3 and C03 obondrite groups. These are strikingly dif
ferent, in spite of the fact that the major element compositions of the groups 
are almost identical. Preaccretional aerodynamic sorting could not have 
produced the two groups from a common precursor without introducing chemical 
differences. Clearly the chondrule/CAI-forming process operated differently 
on two batches of precursor material. Accretion must have followed promptly, 
before the chemical and textural integrity of each particle assemblage could 
be degraded by mixing in the nebula with unrelated solids [3]. 

The Murchison C2 chondrite. Although Fe/Si (molar) in the chondrules and 
CAI's or Murchison (-0.20) and in the matrix (1.23) are distinctly different 
from the solar ratio (0.90), Fe/Si for bulk Murchison (0.81) is nearly solar. 
There is a complimentarity in the compositions and proportions of chondrules/ 
CAI's and matrix: apparently Fe that was evaporated from the cbondrules and 
CAI's by the beating event that processed them recondensed and joined the 
matrix dust, after which chondrules, CAI•s, and dust accreted almost quantita
tively. This had to happen promptly, to forstall aerodynamic fractionation of 
the dust from the larger components [3]. (Murchison is one of the few chon
drites where it would be possible to observe this effect. Most other C2's are 
more affected by planetary hydrothermal alteration, which causes secondary Fe 
exchange; the chondrules of C3's and OOC's have intrinsically higher Fe con
tents-- their Fe does not seem to have been as extensively evaporated during 
the chondrule-forming event.) 

Indented chondrulea. Chondrules in OOC's appear to have begun to aggre
gate with matrix dust while some of the chondrules were still hot and plastic, 
Judging from the way they indent and mold around one another [6]. This would 
require that accretion (a process still very poorly understood) at least began 
very promptly, indeed as a continuation of the chondrule-forming thermal event 
(with a time-scale of hours or less, from the cooling rates). 

Astrophysical Nodela. These do not predict high temperatures at the zone 
or the asteroid belt. The accretion disk models developed by astrophysicists 
in the last ten years yield global gas temperatures at 3 AO of only a few 100K 
[7]. Something other than the global gas temperature must have thermally 
processed the cbondrite components, and the considerations summarized above 
indicate that its effect was transient and local. 
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