
Chondrites and the Protoplanetary Disk 
ASP Conference Series, Vol. 341, 2005 
A. N. Krot, E. R. D. Scott, & B. Reipurth, eds.     

732 

 
 

Nebular Evolution of Thermally Processed Solids: Reconciling Models 
and Meteorites 
 
 
J. N. Cuzzi and F. J. Ciesla 

Space Science Division, Ames Research Center, NASA, Moffett Field, CA 94035, 
USA 

M. I. Petaev 

Harvard-Smithsonian Center for Astrophysics and Department of Earth and   
Planetary Sciences, Harvard University, Cambridge, MA 02138, USA 

A. N. Krot and E. R. D. Scott 

Hawai‘i Institute of Geophysics and Planetology, School of Ocean and Earth Sci-
ence and Technology, University of Hawai‘i, 2525 Correa Rd., Honolulu, HI 
96822, USA 

S. J. Weidenschilling 

Planetary Science Institute, 1700 E. Fort Lowell Drive, Tucson, AZ 85719, USA 

Abstract. We relate current protoplanetary nebula process models to the observed 
properties of chondrites and their individual constituents. Important nebula properties 
and processes that affect the evolution of small solid particles include the nebula tem-
perature and pressure, the generally inward radial drift of particles under gas drag, and 
nebula gas turbulence. We review these nebula properties and describe how they affect 
particle evolution, emphasizing the primary accretion stage whereby the first primitive 
meteorite parent bodies are accumulated. We then turn to chondrite properties and dis-
cuss how they constrain the models. We treat physical properties (chondrule and re-
fractory inclusion size distributions, fine-grained and coarse-grained accretionary rims, 
coarse-grained igneous rims), chemical and mineralogical properties (Wark-Lovering 
rims, redox state, and elemental fractionations), and isotopic compositions (primarily 
oxygen). We note how currently inferred accretion and melting ages of asteroidal bod-
ies seem to imply that primary accretion of existing 100-km-sized objects was delayed 
by 1 Myr or more relative to Ca,Al-rich inclusions, and sketch scenarios for primary 
accretion in a temporally evolving protoplanetary nebula which allows for this hiatus. 
We advance a new perspective on explaining non-equilibrium mineralogy in terms of 
evolutionary timescales for small particles across nebula radial thermal gradients, 
which should be testable using meteoritical data, and present a specific application to 
Wark-Lovering rims.  
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1. Introduction 
Understanding any geological formation requires understanding context, and meteor-
ites are no exception. Context leads to insights into current puzzles, and to testable 
hypotheses. It is widely accepted that meteorite parent bodies formed in the proto-
planetary nebula, at least tens of millions of years before the Earth formed (e.g., 
Kleine et al. 2002; Yin et al. 2002). Chondritic meteorites (chondrites) consist of four 
major components: refractory inclusions [Ca,Al-rich inclusions (CAIs) and amoeboid 
olivine aggregates (AOAs)], chondrules, Fe,Ni-metal, and fine-grained matrix mate-
rials; almost all of them appear to have been thermally processed to various degrees 
in the protoplanetary nebula prior to accretion into their parent bodies (Alexander and 
Scott & Krot, this volume and references therein). The simplest hypothesis is that all 
chondrite components (except for the traces of stardust and organic material in the 
matrix) formed at high temperatures in the solar nebula and accreted into their parent 
bodies. Chondritic components may have experienced low temperature alteration in 
the nebula, but most alteration of this type occurred in an asteroidal setting (e.g., 
Brearley 2003). 

A traditional context has been that there was, at some significant point in time, a 
“minimum mass nebula” with some radial temperature (and associated composi-
tional) gradient, containing locally some fraction of “cosmic abundance” which could 
be solid, and that primitive parent bodies represent spatial samples of that material, at 
that time (see, e.g., Wood & Morfill 1988, Morfill & Wood 1989). In this context, the 
diversity of well-defined chondrite groups, and the radial zoning of asteroid types, 
suggests rapid accretion of chondritic components before their constituents can be 
mixed significantly. This context lends itself to models in which planetesimal forma-
tion begins everywhere at a specific time, perhaps at the midplane, perhaps by some 
sort of instability.  

In recent years, this scenario has been increasingly challenged by the growing 
body of evidence that the formation of meteorite components, and their accretion into 
parent bodies, extended over several million years (MacPherson et al. 1995; Amelin 
et al. 2002, 2004; Bizzarro et al. 2004; Kunihiro et al. 2004; Kurahashi et al. 2004; 
Russell et al. 2005; Kita et al. this volume, and references therein). It is known from 
theory and observations that, over a period of millions of years, protoplanetary nebu-
lae evolve dramatically, with significant changes in surface mass density, tempera-
ture, and other properties (Calvet, Hartmann, & Strom 2000; Hartmann, this volume; 
D’Alessio et al. this volume). This context of extended evolution must be incorpo-
rated into scenarios of the primary accretion of parent bodies, and its implications 
explored. For instance, under these circumstances, primary accretion of some particu-
lar body – perhaps of an entire meteorite group - represents a temporal sample of the 
nebula as well as a spatial sample. Even if the nebula were radially homogeneous at a 
given time (an unlikely situation), its temporal evolution might contribute to or even 
dominate the varying properties of the chondrite groups. In this chapter, we empha-
size a context in which the nebula remains weakly turbulent for a significant fraction 
of the evolution of thermally processed solids into primitive parent bodies. This has a 
number of implications for meteoritics, and makes a number of predictions that 
should be testable. Some initial tests of the predictions seem to be encouraging, but 
more testing and observations are required. Theoretical arguments for or against 
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weak nebula turbulence remain unsettled (e.g., Stone et al. 2000; Cuzzi & Weiden-
schilling 2005, and references therein), and are subjects of active research. Nonethe-
less, the potential advantages it offers are, we think, significant. We also note the 
natural predictions of nonturbulent scenarios, and press both scenarios for implica-
tions with the intent of stimulating new ways of thinking about the possibilities. 

In section 2, we sketch the types of models in question, referring to prior work 
for all details. In section 3, we discuss how some different aspects of meteoritic ob-
servations (physical and mineralogical properties, chemical and isotopic composi-
tions) can constrain the models better. In section 4, we summarize the things that 
puzzle us most, and note a few key potential observational and theoretical advances 
that would be pivotal.  

2. Models: A Brief Review 

2.1. The Gaseous Nebula 
The properties of the evolving nebula are discussed in more detail by Hartmann and 
by D’Alessio et al. in this volume. Here, we touch on the aspects of greatest rele-
vance to the evolution of thermally processed solids. The nebula is almost entirely 
hydrogen gas, with abundances of rock-forming elements measured in the fractions 
of percent on average. Nebula pressures vary with gas density and temperature (thus 
with radius at any given time, and also with time). Time can be measured from any 
resolvable event which is on a shorter timescale than those presented here – for in-
stance, the first gravitational collapse of the protostar, on timescales of tens of thou-
sands of years. In the hot inner nebula during the era when refractory minerals (CAIs) 
apparently formed, pressures might have been as high as 10-3 bar. One or two Myr 
later, in the cooler and lower density asteroid belt region, the pressures might have 
been 10-6 bar (D’Alessio et al, this volume; Cuzzi & Weidenschilling 2005). As the 
disk evolves and its mass density decreases, its accretion rate decreases. Observations 
indicate that mass accretion rates decrease on about the same timescale as disk 
masses (Fig. 1). So in some sense, disk accretion rate is a metric for disk age - high 
when young, low when old. However, considerable scatter exists in observations of 
accretion rate as a function of time, most of which is apparently real (Calvet et al. 
2000; Hartmann and D’Alessio et al. this volume).  

The nebula starts with all its solids in submicron interstellar grains, which are 
very effective (per unit mass) at absorbing optical and infrared radiation. As accretion 
proceeds, the opacity (area per unit mass) of nebula solids decreases roughly in-
versely as the typical particle size increases; thus the opacity of cm-size particles is 
four or five orders of magnitude smaller than that of interstellar grains. The most 
likely scenario is that some small fraction of the mass can remain in very small 
grains, keeping the opacity at least moderate, for a long time − consistent with obser-
vations of T Tauri disks (Dullemond & Dominik 2005). Because of this dust at high 
altitudes, astronomical observations often detect only radiation from the cool upper 
surface of a disk. Woolum & Cassen (1999) derived the much warmer midplane tem-
peratures for a number of T Tauri-like disks using their observed properties and as-
suming a small-grain opacity. Because the mass of the gaseous disk is also inferred 
using this assumption, a larger grain size (lower opacity) would raise the disk mass to 
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which it applies, leaving the midplane temperature, which depends on both the opac-
ity and disk mass, only weakly affected. In Figure 2, we plot the midplane tempera-
tures of Woolum & Cassen (1999) as a function of disk accretion rate (their Table 2). 
There are two sets of symbols, because the two different observational groups on 
which Woolum & Cassen based their analysis adopted different disk masses, and in-
ferred different accretion rates, for the same set of objects; this scatter indicates the 
uncertainty in the results. Objects with disk masses less than 10-2 solar masses are not 
shown. 

 
Figure 1. Schematic of nebula mass accretion rate dM/dt as a function of time, or age, in 
years. The mass accretion rate onto the star (solid line) decreases significantly from the 
early days of the nebula, when CAIs and AOAs formed (on the 105 year timescale), to the 
time when asteroids formed (several Myr later). The dashed line shows how the remnant 
envelope around the star-disk system disappears, revealing the star. From Calvet et al. 
(2000). 

We adopt a nominal forsterite evaporation temperature of 1400K. We note that 
some recent observations show evaporation of solid material at this temperature 
(Muzzerolle et al. 2003). Inspection of Figures 1 and 2 suggests to us that, early in 
nebula history (when mass accretion rates were larger than a few times 10-7 
M_sun/yr), midplane temperatures in the terrestrial planet region of actively accreting 
disks are adequate to evaporate ferromagnesian material, in contrast to some earlier 
thinking (e.g., Wood & Morfill 1988). Some recent models also indicate this (e.g., 
Bell et al. 1997). While the midplane temperatures for the observed systems of Figure 
2 do not quite fit the criterion, the same systems probably did fit the criterion just a 
little earlier in their evolution, when their accretion rate was only slightly higher (cf. 
Fig. 1), but while they were still obscured. 
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Figure 2. Nebula midplane temperatures at 1 AU as inferred by Woolum & Cassen 
(1999) from two different observational datasets of revealed T Tauri objects, which had a 
wide range of accretion rate dM/dt. Disks less massive than 0.01 M_sun are not shown. 
Given the trend and variance of the data, midplane temperatures > 1400K, the evapora-
tion temperature of forsterite, seem quite plausible for accretion rates > 2-3×10-7 
M_sun/yr. 

The mechanism by which this accretion is implemented is not presently known 
(Hartmann, this volume, and references therein). Fundamentally, for matter to accrete 
onto the star, it must lose angular momentum. The debate surrounds the mechanism 
by which this angular momentum transport occurs. Turbulent viscosity by itself has 
been thought unlikely to provide this transport on dual grounds: (1) the radial gradi-
ent in rotation rate makes the nebula stable against turbulence, so it is hard to main-
tain, and (2) turbulence, even if it does occur, transports angular momentum the 
wrong way. However, a number of recent efforts are focussing on turbulence-
generating nonlinear effects that are absent from current simulations, but might come 
into play at the very large velocities and spatial scales characteristic of the nebula 
[see e.g., Sreenivasan & Stolovitsky (1995) for a basic overview, and references 
therein]. Generation of turbulence by the magnetorotational instability, which is 
known to be robust in well-ionized regions, is problematic in the dense gas of the 
terrestrial planet region - maybe between 1 and 10 AU (Gammie 1996; Sano et al. 
2000). In the young nebula, when ample dust opacity maintains strong thermal gradi-
ents, the baroclinic instability might generate turbulence (Klahr & Bodenheimer 
2003), but as accretion proceeds and opacity decreases, this might become problem-
atic. Nevertheless, accretion is proceeding and gravitational energy is being released. 
A simple calculation indicates that only a tiny fraction of this accretional energy, 
converted into turbulent gas motions, maintains weak turbulence at levels adequate to 
dominate particle evolution (Cuzzi et al. 2001; Cuzzi & Weidenschilling 2005). We 
can somewhat simplistically relate observations, which determine the mass accretion 
rate dM/dt, to theoretical models, which parameterize turbulent intensity by the pa-
rameter α, by  

α = (dM/dt)/(3πσgcH) 
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where σg is the nebula surface mass density, c is the sound speed, and H is the verti-
cal scale height (cf. Hartmann this volume; D’Alessio et al. this volume). For typical 
values of the parameters in the above equation, α =10-4 to 10-2. By comparison, the 
turbulent wind fluctuations on a mild, breezy day (average winds of 5-30 mph with 
10% fluctuations), have α approximately 10-4 to 10-3. 
 Accretion and stellar winds are correlated, perhaps even causally in the sense 
that accretion might power the winds (Hartmann this volume). How the alternative 
theories for stellar winds (the x-wind theory and the disk wind theory) relate to mete-
oritics and what their key parameters are, are discussed by Hartmann (this volume) 
and by Cuzzi & Weidenschilling (2005). 

2.2. Solids: Incremental Accretion and Decoupling from the Gas 
One of the most important take-home messages of this paper is that solids evolve 
quite differently from the gas in which they are embedded. This applies both to small 
particles like chondrules and refractory inclusions, and, in a different way, to meter-
size boulders. This has important implications for not only the mass distribution of 
parent body precursors, but also for their chemistry, mineralogy, and isotopic compo-
sition. Here we introduce the physics of this evolution, and in section 3 we discuss 
the meteoritical implications. All of the interaction between a particle and the gas is 
captured by its gas drag stopping time  

ts = rρs/cρg 
where r and ρs are the radius and density of a particle, and c and ρg are the sound 
speed and density in the gas. Particles with r or ρs in the range observed for chon-
drules and CAIs, for instance, are firmly coupled to the gas and have very small rela-
tive velocities. This expression is valid for all meteorite constituents; expressions for 
m-size and larger particles vary, as discussed in more detail by Cuzzi & Weiden-
schilling (2005) and references therein. 

We separate the evolution of solids into several stages. In the first stage, from 
interstellar grain size to perhaps meter size, the combination of low relative velocities 
and crushy, porous, velcro-like surfaces probably ensures that grains can grow by 
sticking. This growth process, which we call incremental accretion, is probably not 
perfectly efficient, and a lot of uncertainty surrounds sticking coefficients and ero-
sional effects even in this size range, but overall we do not think it presents an insur-
mountable barrier even in the presence of weak turbulence (see Blum 2004 and Cuzzi 
& Weidenschilling 2005 for discussions). As particles grow and collisional energies 
slowly increase, particles become more compacted, probably reaching densities of 
order unity. However, this growth might only be temporary; the energy of most col-
liding meter-sized compacted aggregates in even weak turbulence at relative velocity 
cα1/2 is probably enough to destroy them, releasing their constituents to retrace the 
accumulation process  (Weidenschilling 1988; Cuzzi & Hogan 2003; Cuzzi & Wei-
denschilling 2005).  
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2.2.1. Radial Drift due to the Nebula Headwind 
As long as the nebula gas persists, particles have a tendency to drift radially inwards. 
This tendency for radial drift, first noted by Whipple (1972), arises because the gas, 
in general, does not rotate at the same speed that particles do. This in turn is because 
the gas experiences radial pressure gradients - usually inward - leading to outward 
radial forces which offset a small part of solar gravity. Thus, in general, the gas ro-
tates more slowly than the particles, which lose angular momentum to this headwind 
and drift inwards (Adachi et al. 1976; Weidenschilling 1977; Cuzzi & Weiden-
schilling 2005). The headwind, and the drift velocity, increase with particle size but 
are only weakly dependent on nebula location (Fig. 3). 
 
 

 

 
Figure 3. Logarithm of radial drift velocity in cm/sec (plotted vertically) for particles with 
internal density of 1 g cm-3, plotted at distances from 1 AU to 30 AU (varying by factors 
of 1.4), for a nebula with gas surface density proportional to R-1. The horizontal lines 
bracket the range of nebula gas advection, or systematic drift, velocity under viscous an-
gular momentum transport, assuming α = 10-3. For larger (smaller) density, the curves 
shift to the left (right) proportionally. Adapted from Cuzzi & Weidenschilling (2005). 

2.2.2. Vertical and Radial Diffusion by Turbulence 
In weak turbulence, particles of cm-size and smaller are unable to "settle to the mid-
plane" because turbulence keeps them stirred up (Dubrulle, Morfill, & Sterzik 1995; 
Cuzzi & Weidenschilling 2005). Figure 4 shows vertical profiles of the ratio of the 
actual particle mass density ρd(z) to its global average value.  The profiles are deter-
mined by the ratio S of the particle Stokes number Ω ts to the nebula value of 
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α. Larger particles (with larger  ts), in weaker turbulence, settle into denser layers. 
For example, mm-radius particles, with α = 10−4, lie on the curve labeled S = 5, 
showing only a small tendency to settle towards the midplane. This vertical diffusiv-
ity has a parallel in the radial direction as well (as discussed below). This eddy diffu-
sion is 6-9 orders of magnitude larger than the molecular diffusion associated with 
molecular random motions in a macroscopically stagnant gas, which is entirely neg-
ligible for any of the processes mentioned here. 

 

Figure 4. Vertical profiles of steady state particle mass density ρd, for several different 
values of the parameter S = Ω ts/α. Particles of different stopping times ts are prevented 
from settling to the nebula midplane by turbulence with intensity α. The thickness of a 
layer hp (and thus the density it may achieve) is given by hp/H = (Ω ts/α)1/2,where H is the 
gas scale height and Ω is the orbit frequency. At 2.5 AU, where Ω  =  5×10−8, a mm-size 
particle has ts ~ 1 hour, so the curve labeled S = 5 would prevail if the nebula had turbu-
lent intensity α = 10−4.  From Cuzzi et al. (1996). 

With turbulence keeping the volume density of ''feedstock" low, meter-sized 
particles grow slowly, and drift radially so rapidly and by such large distances 
(1AU/century), that those which escape destruction by mutual collisions reach 
warmer, inner regions of the nebula where they evaporate. We discuss this more in 
section 2.3. Thus, we envision a first stage, which might be quite extended and per-
sist as long as does weak turbulence, during which the particle size distribution re-
mains stalled in the micron-to-meter size range. Radial drift is important throughout 
this stage. During this time, a mm-sized particle might diffuse radially in turbulence, 
be accreted into a meter-sized particle, drift radially inwards, and be released in a 
collision - a number of times. All this time, particles are sweeping up smaller ones 
due to their small, but finite, velocity differences; some features, such as fine-grained 
dust rims on chondrules and refractory inclusions, might be produced this way (sec-
tion 3.1.2).  

Turbulence allows for quite extensive radial mixing for particles of different 
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types, both by inward radial drift, as mentioned above, and by radial gradient diffu-
sion. Small particles like chondrules and CAIs, and certainly finer grains, are mostly 
coupled to the nebula gas, and diffuse in turbulence nearly as well as gas molecules 
during this stage. The mass flux of a particle of a specific kind is proportional to the 
radial gradient of its concentration. As one very relevant example, if a certain kind of 
particle is only produced at small radii, there will be a net diffusive flux of them out-
wards. This effect may resolve the longstanding puzzlement as to how CAIs can be 
produced 1-3 Myr earlier than chondrules, and yet survive their net inward radial 
“headwind” drift (Cuzzi et al. 2003). A prediction of this theory is that, because large 
inclusions drift inwards faster than small ones (Fig. 3) and are thus harder for diffu-
sion to preserve, chondrites containing large refractory inclusions (CVs) must be 
older than other groups which lack them (see section 3.4.1). In a similar way, crystal-
line grains might be mixed outwards into cold comet-formation regions (Nuth 1999; 
Nuth et al. 2000; Bockelee-Morvan et al. 2002) and unprocessed presolar grains and 
volatile organics found in matrix might be mixed inwards into parent body accretion 
regions (Boss 2005; Keller & Messenger and Huss et al. this volume; see also section 
3.4.3).  

However, no studies to date have addressed the fact that these radially diffusing 
particles must run a gauntlet of large particles, onto which they may be swept up or 
accreted as they diffuse outwards. Once accreted onto a large particle, the diffuser is 
either immobilized (if its host is large enough) or even quickly transported radially 
inwards at a rate much faster than its outward diffusion rate! So, there is an effective 
“loss term” for outwardly diffusing particles which will lead to a steeper radial gradi-
ent than found by these previous studies. This process needs to be studied in more 
detail. An example of its application is noted in section 3.2.1.  

Finally, stellar winds might account for outward mixing of tiny grains, as well 
(Shu, Shang, & Lee 1996; cf. also Cuzzi & Weidenschilling 2005).  

One aspect of radial mixing is the ability of particles to escape the parcel of gas 
in which they formed, before it cools sufficiently to alter the mineralogy of the parti-
cle. The presence of non-equilibrium minerals in CAIs, AOAs, and other objects has 
led to the belief that these particles must be removed, or isolated, from the gas in 
some way before alteration can occur (Krot et al. 2002a; Wood 2004). Departure 
from the region of formation is one way to achieve this. Burial in a large, immobile 
planetesimal has also been suggested – but presents very serious problems (Wood 
2004; also section 2.6). The main question is, on what timescale must this removal 
occur? Radial diffusion in turbulence, and radial ejection in a stellar wind, to take 
two specific examples, occur on very different timescales. It may be that mineralogi-
cal tests can distinguish between these different scenarios (see section 3.3.1). 

In a nebula which is not turbulent, perhaps at the end of a prior stage which was 
turbulent, particle growth can be quite different. Even fairly small particles can settle 
into a layer that is considerably denser than the nebula gas before the very presence 
of the layer itself generates enough (highly localized) turbulence to halt further set-
tling. What qualifies as nonturbulent depends on the particle size: for meter size par-
ticles α < 10-4, but for mm-size particles  α < 10-7 (Cuzzi & Weidenschilling 2005; 
see Fig. 4)! These values are much smaller than estimates based on accretion rates 
(section 2.1). In such dense layers, the particles dominate the motion of the gas rather 
than vice versa, and radial drift gets much slower. At the same time, relative veloci-
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ties between particles get smaller. Smaller relative velocities, combined with higher 
feedstock densities, allow growth to proceed quite quickly beyond the meter-size 
range (Cuzzi et al. 1993; Weidenschilling 1997). It is this regime for which various 
midplane instabilities have been proposed, as discussed by Cuzzi & Weidenschilling 
2005). Nonturbulent growth scenarios – both incremental growth and instabilities - 
share the characteristic that growth occurs relatively rapidly, without significant re-
cycling or radial mixing of solids (see below). Overall, turbulence is fundamental to 
the growth process, and one expects that there should be observable differences be-
tween the predictions of turbulent and nonturbulent scenarios. In section 3.1 we men-
tion several candidate observations. Further complexities (which we will not discuss 
here) might include intermittent turbulence, allowing alternating periods of extended 
dispersal and planetesimal formation.  

Once large (> 100 m) objects are able to form, radial drift slows or ceases be-
cause of mass/area effects (Fig. 3); these growing planetesimals can accrete smaller, 
drifting material as well as outwardly diffusing and condensing vapor. This might be 
regarded as the final stage of accretion. We discuss this stage further in sections 2.3 
and 2.5. 

2.3. Evaporation Fronts  
Inward radial drift, especially of meter-size particles, can lead to very significant in-
ward mass flow rates of solids. The fate of these particles has largely not been con-
sidered, and it is often merely assumed that they are lost into the Sun. However, a 
more interesting (if less dramatic) fate may await them. Meter-size particles reside 
near the midplane unless turbulence is implausibly large, and the temperature at the 
midplane increases inwards at any given time. Drifting particles become warmer and, 
at some point, enter a region where the temperature exceeds the evaporation tempera-
ture of some or all of their material. Within a radial span that depends on the evapora-
tion rate, but is generally smaller than the distance to the Sun, the particle evaporates 
(it drifts more slowly as it evaporates so the process culminates rapidly). Once the 
material is vaporized, it is coupled to the local nebula gas and can evolve only by 
advection with that gas, or by gradient diffusion. Since gas advection is much slower 
than the radial drift of most solids (Fig. 3), the local abundance of material in the va-
por builds up until diffusion and advection can balance the inward flow. This en-
hancement of material in the vapor form inside its evaporation/condensation bound-
ary will characterize all volatiles; it has been studied in the context of silicates by 
Cuzzi et al. (2003) and in the context of water by Cuzzi & Zahnle (2004) and Ciesla 
& Cuzzi (2005). The effect complements and differs from enhancement of solids out-
side the evaporation/condensation boundary (the cold-finger effect) as studied for 
water by, for instance, Stevenson & Lunine (1988) and Cyr, Sears, & Lunine (1998), 
which rely on some immobile traps outside the condensation boundary. An early 
study by Morfill & Völk (1984) included both effects, but was applied to particles too 
small to show much of an effect. 

Cuzzi & Zahnle (2004) identify three distinct regimes of this process (Fig. 5): in 
regime 1, shortly after the inward flow of solids becomes significant, a “plume” of 
gaseous volatile material can appear just inside the evaporation boundary. In steady 
state, after some time tss, the entire region inwards of the evaporation front can fill up 
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with an enhanced abundance of the volatile (regime 2). In this simple model, the en-
hancement parameter Eo = fL/α, where fL is the mass fraction of solids in meter-sized 
rubble. Both of these enhancement regimes would lie within the first stage of accre-
tion mentioned above. However, if immobile trapping planetesimals form outside the 
condensation boundary, and accrete both inwardly drifting meter-sized rubble and 
outwardly diffusing condensable vapor, the inner nebula can be dried out onto this 
cold finger (regime 3; Stevenson & Lunine 1988). The value of tss is given by either 
the inward advection or diffusion time, depending on nebula viscosity and diffusivity 
(they are different); in the context of the “waterline” (evaporation front of water ice), 
tss is in the range of a few times 105 to a few times 106 years - thus very interesting 
for compositional variation during nebula evolution of chondrite constituents and 
parent body formation. A similar scenario applies to silicates earlier in solar system 
history, when the inner nebula is hot enough for an evaporation front to exist for sili-
cates. While the simple, analytical steady state solutions of Cuzzi & Zahnle (2004) 
indicate that enhancements can reach several orders of magnitude, the numerical so-
lutions of Ciesla & Cuzzi (2005) find them to be typically more modest (for the water 
evaporation front), a factor of several up to a factor of 30 or so in regime 1, because 
of finite supply considerations. 

 

Figure 5. Enhancement of the concentration of some volatile C above its cosmic abun-
dance Co, as a function of distance from the Sun. A water evaporation front is assumed at 
Rev = 5 AU. Transient regime 1 evolves into steady state (regime 2) by time tss. A sub-
stantial sink of immobile planetesimals just outside the condensation boundary can serve 
as a “cold finger” and dry out the inner nebula in regime 3. From Cuzzi & Zahnle (2004). 



 Nebular Evolution of Thermally Processed Solids 743 

 

This process, together with the radial drift described in section 2.2, has a number 
of meteoritical and even astronomical implications. First, the concept of "cosmic 
abundance" has meaning only in the most globally averaged sense. This was first 
emphasized by Stepinski & Valageas (1997), who noted that some nebula regions 
could be greatly enhanced in solids at the expense of other regions. It now appears 
that this enhancement extends to the vapor phase, which can affect the chemistry, 
mineralogy, redox state, and even isotopic composition of objects which are solid 
(section 3.4). Various aspects of meteorite constituents (redox states of major sili-
cates in AOAs, Type I and Type II chondrules, and enstatite chondrites), seem to call 
for non-cosmic abundances (both enhancements and depletions) of oxygen, which 
could be related to the water evaporation front rather than, or in addition to, frac-
tionation and evaporation of silicate material (which is required to stabilize silicate 
melts). Several authors have noted the difficulties of matching the observations 
merely by enhancing CI material (Wood & Hashimoto 1993; Fedkin & Grossman 
2004; Ebel & Alexander 2005). Sulfur is another obvious player in this game (Pasek 
et al. 2005). Something else that must be considered in general is ongoing and possi-
bly irreversible refinement of nebula solids as this process unfolds. For instance, the 
most primitive nebula solids, like cometary dust, contain a significant amount (20-30 
wt%) of refractory carbon phases, which is significantly higher than in CI chondrites 
(Fomenkova 1997; Wooden 2002). Perhaps carbon was combusted away as primitive 
silicate-carbon rubble evaporated, with the carbon becoming stable CO and the sili-
cates being recycled. In another application, perhaps the isotopic content of outer so-
lar system solids (meter-sized snowballs) was carried inwards to alter the oxygen iso-
topic content of inner solar system chondritic silicates (Yurimoto & Kuramoto 2004; 
Krot et al. 2005a). We discuss these ideas in section 3.4.2. 

In the discussion above regarding water, it was assumed that solids were made 
of pure water ice and that water vapor was able to readily escape from their surfaces. 
In reality, solids in the outer nebula would be mixtures of ices, silicates, and refrac-
tory organic material. As these objects migrate inside the snow line, water near the 
surface would likely vaporize and escape easily, resulting in a more refractory rind 
forming on the outside of the body. Some of the fine silicate and/or organic material 
which had been embedded in this frost might also escape into the local nebula gas; 
whether it accumulates there along with the water vapor, or reaccretes on a larger 
migrating body to be removed, needs more careful modeling. While temperatures 
inside these objects continue to climb, the buried water may vaporize, but only 
slowly diffuse outwards through the rind. This could allow the water vapor pressure 
in the interior of these objects to increase to the point where liquid water becomes 
stable, resulting in hydration reactions between the water and the silicates/organics. 
The extent to which this reaction proceeds and the amount of hydration that occurs 
has been calculated for silicates in large bodies (Cohen & Coker 2000), but it has not 
been studied in detail for objects 1-10 meters in size. If hydration takes place on these 
bodies before they are rearranged by collisions, then some of that water will be stabi-
lized in silicates to quite high temperatures (possibly helping us explain how the 
Earth got its own water). However, we feel it is even more likely that, for objects of 
these sizes, collisions are frequent enough to continually expose the buried water so 
that it can then be reintroduced to the nebula. More detailed study is needed. 
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2.4. The Chondrule Formation Processes  
Several chapters are devoted to this subject, and we will not dwell on it. We do want 
to note that there might have been different chondrule formation processes responsi-
ble for different chondrite classes, which imply different formation environments. 
For instance, chondrules in the CH and CB carbonaceous chondrites are looking in-
creasingly like they formed not only much later than chondrules in most other chon-
drites (Amelin et al. 2004), but in a very different environment and probably by a 
very different process (Wasson & Kallemeyn 1990; Rubin et al. 2003; Krot et al. 
2002a, 2004a, 2005c).  

We note that chondrule formation processes - which to most people mean chon-
drule melting processes (Desch et al, this volume) - might have other interesting ap-
plications. As one example, relative velocities between chondrules in plausible turbu-
lence (meters per second) seem too feeble to break chondrules (velocities are even 
lower in nonturbulent scenarios), and yet a significant fraction of chondrite material 
appears to be “clastic fragments” of once-molten, larger, droplet chondrules. A proc-
ess is needed to break up chondrules which is independent of ambient turbulence; 
efficiency of hypotheses would favor formation mechanisms, such as shocks, which 
can also do this. Finally, we note that chondrule-forming processes must allow for 
significant post-formation and post-cooling evolution to mix together objects which 
were melted with those which apparently escaped melting (section 3.3.2).  

2.5. Primary Accretion  
We define primary accretion as the process by which the parent bodies of the primi-
tive chondrites were put together, from what appear to be individual mineral objects 
which floated around in the nebula. These parent bodies are “sedimentary rocks” in 
that their constituents derive from a variety of distinct environments but are brought 
together, perhaps over long distances and times, by some common process. We envi-
sion as an archetypal chondrite parent body the parent body of the H chondrites, 
which is inferred to be a single object, roughly 100 km in radius, composed initially 
of H3.0-like material with a homogeneous distribution of chondrules, refractory in-
clusions, and matrix (McSween et al. 2003; Ghosh et al. 2003; Trieloff et al. 2003). 
In any region of the nebula, a number of objects with comparable, but not identical, 
properties, might be forming at the same time. We seek to understand how such ob-
jects can form. Most chondrites also show the effects of planetary processing - colli-
sions (sometimes violent and disruptive), thermal and aqueous alteration, and even 
melting or dissolution which obliterate the primitive fabric of their predecessors. 
These planetary processes would constitute yet a third stage (following early incre-
mental accretion and true primary accretion; Weidenschilling & Cuzzi 2005). How-
ever, we need to peer back through these subsequent processes to glimpse the pri-
mary processes which brought the parent bodies together in the first place. 
 We distinguish the primary accretion stage from the incremental accretion 
which probably started with the earliest days of the nebula, but which might have 
stalled at meter size for a long time. Particles can be stored in meter-size chunks for 
indefinite times without any irreversible effects, but once they become part of some-
thing larger than a few km or so, their properties might be noticeably altered (sections 
2.6 and 3.1.3). Incremental growth might lead to primary accretion, if nebula turbu-



 Nebular Evolution of Thermally Processed Solids 745 

 

lence vanishes and objects can bypass the meter size barrier in a dense midplane 
layer. Also if nebula turbulence vanishes, one or more of the various midplane insta-
bilities might play a role (but probably only if the density of solids were enhanced 
over cosmic by at least an order of magnitude). It is in the nature of all these mid-
plane accretion scenarios that accretion happens quickly once the appropriate condi-
tions are met in some part of the nebula. Incremental growth occurs on the 103-104 

year timescale, and 105 years or so after the onset of nonturbulent conditions, tens of 
thousands of 100-km radius bodies can have formed in the asteroid belt region, which 
can actually be problematic as discussed further in section 3.1.3. Midplane instabili-
ties are discussed in more detail by Ward (2000) and Cuzzi & Weidenschilling 
(2005). 

If nebula turbulence is ubiquitous in space and time, at an intensity > α ~ 10-5 or 
so, only one primary accretion process has been advanced so far which might over-
come the meter-size barrier - turbulent concentration (Cuzzi et al. 2001). In this 
process, particles that have a stopping time in the gas equal to the overturn time of 
the smallest eddy in turbulence are selected for concentration, by orders of magni-
tude, relative to their average abundance. This possibility was actually first imagined 
by John Wood (1963a,b). This theory makes some encouraging predictions about the 
properties of concentrated particles (section 3.1.1) but is incomplete, in the sense that 
it has not yet been shown that it leads to anything more than particle-rich zones in the 
nebula which are still of far lower density than an actual planetesimal. Work is in 
progress on delineating the subsequent steps between high-particle-density zones and 
actual planetesimals. While details are beyond the scope of this chapter, below we 
sketch the direction of current work.  

A look ahead: Particle-rich, high concentration zones favor regions where the 
vorticity, or angular velocity, of the gas is a local minimum (Cuzzi et al. 2001). Our 
current thrust is to determine the volume fraction in the nebula which contains zones 
of sufficiently high particle density, in regions of sufficiently low angular velocity, 
for the self gravity of the particle-rich zone to become important. It appears that the 
role of gas pressure in precluding actual gravitational instability has been widely 
overlooked (Sekiya 1983; Cuzzi & Weidenschilling 2005) and will need to be closely 
explored in future work in the particle size regime of interest.  

Furthermore, a region having particle density orders of magnitude larger than 
the gas density will experience solar gravity as a unit and begin to move as a unit 
relative to the surrounding gas (which is orbiting at a different speed). The ensuing 
relative velocity leads to a ram pressure on the clump which can disrupt it, at least in 
the absence of other forces. For example, consider a drop of liquid falling in a less 
dense liquid - say, ink in water. The pressure induced by the terminal velocity of the 
dense liquid disrupts it and it dissolves in the less dense liquid. However, where the 
dense liquid has a surface tension - say water in oil - the situation is different. Surface 
tension holds the drop together against ram pressure, and it settles as a coherent unit 
at terminal velocity. Self gravity in the clump may play a role analogous to surface 
tension; expressions can be derived which constrain the particle mass density needed 
to stabilize dense clumps against the ram pressure associated with their relative ve-
locity through the gas. Dense clumps, once stabilized by self gravity and either col-
lapsing quickly under self gravity, or even shrinking more slowly because of gas 
pressure effects, might undergo an extended coagulation scenario with each other in 
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the nebula as they evolve. Parameters of the problem indicate that the initial stable 
agglomerates are much more massive than the problematic meter-size range; thus, in 
principle, this scenario might allow us to leapfrog directly to stable planetesimal size 
objects even in ubiquitous nebula turbulence. Numerical simulations of this process 
require modeling more complex physics (compressible entrained gas) than presently 
available. Further studies are needed to quantify whether particle-rich regions can 
indeed become actual planetesimals, and if so, at what rate. 

While the later stages of this process remain speculative at this time, it seems to 
have some potential for leading to sporadic but ongoing production of planetesimals 
even while turbulence persists. At any given time and place, all the newborn 
planetesimals would share the same physical characteristics (i.e., particle size, as se-
lected by turbulent concentration), so they could collide and merge without notice-
able changes in their properties except possibly increasing compression. Each parent 
object (perhaps a few hundred meters across) would represent a sample of local parti-
cles as constrained by their aerodynamic stopping time (section 2.2). Even if radial 
mixing homogenizes the nebula radially over several to ten AU lengthscales, this lo-
cal mix might change chemically or isotopically with time by virtue of a change in its 
gaseous environment, its temperature, or other global-scale property, and these vari-
able properties might be preserved as temporal snapshots of an evolving nebula mix-
ture. In this scenario, primary accretion could occur continually - and sporadically – 
even while stage 1 type diffusion and drift of meter-and-smaller objects continues. 

2.6. Modeling Thermal Evolution of Parent Bodies  
Objects larger than a certain size can build up heat produced by their radioactive 

materials faster than they can radiate it away; their internal temperatures increase, 
producing first thermal alteration and eventually melting of their silicates. The litera-
ture on this subject contains a number of increasingly detailed thermal evolutionary 
models of the internal temperature of large (100 km size) objects, most recently in-
cluding growth over time (Ghosh et al. 2003). Woolum & Cassen (1999) find that 
objects larger than 5 km radius which contained the fractional abundance of radio-
genic 26Al/27Al found in typical CAI material, would melt in, at least, their central 
regions. Parameters include the unknown thermal conductivity of the subsurface, and 
of the porous, insulating, regolith layer. Complications include whether or not early 
melt (basalt) moves to the surface, carrying with it an inordinate amount of radio-
genic atoms. La Tourrette & Wasserburg (1998) state that objects larger than 15 km 
radius, even if formed 0.5 Myr after CAIs, would reset Al-Mg systematics in more 
than half their volume. Because the heat production increases with volume, and the 
heat loss with area, one can estimate that an object of, say, 10 times this large in ra-
dius − about 100 km, or the size of asteroid 6 Hebe (the putative H chondrite parent 
body) would have to wait to accrete until the 26Al had decayed to 10% of its canoni-
cal abundance (26Al/27Al = 5×10-5) − about three half-lives, or 2 Myr. This very crude 
estimate is consistent with more sophisticated models by Grimm & McSween (1993), 
McSween et al. (2003) and Ghosh et al. (2003). Presence of water ice in the initial 
body would complicate the evolution further, leading to less melting. However, for 
most meteorite parent bodies, water seems to have been present in only small to 
moderate abundance, and its effects may not change the picture significantly. The 
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role of 60Fe must be allowed for in future models of this sort, as its abundance be-
comes more well constrained (Yoshino et al. 2003) . Thermal models of this sort are 
essential for interpreting well-defined closure ages in terms of accretion or formation 
ages (section 3.1.3). 

3. Chondrites: What They Do, or Could, Tell Us About the Models 

3.1. Physical Properties 

3.1.1. Size Distributions 
The most striking physical property of most chondrites is that they are composed 
mostly of chondrules and chondrule fragments (rimmed with fine dust, interspersed 
with fine-grained matrix material, and accompanied by a sprinkling of other kinds of 
particles as discussed below). As mentioned in section 2.5, there is reason to believe 
that all primitive chondrite bodies were initially composed entirely of this same sort 
of mixture – with variations on this theme defining the different groups. Furthermore, 
several studies have found that certain very primitive chondrites, or primitive clasts 
within chondrite breccias, seem to have escaped much of the collisional fragmenta-
tion, grinding, and physical stirring on the parent body which characterized subse-
quent planetary processing in the asteroid belt. In these rare meteorites or clasts, only 
dust-rimmed chondrules seem to be present – nestled against each other as if only 
gently compacted. This material is referred to as “primary texture” (Metzler, Bisch-
off, & Stöffler 1992, Brearley 1993 – see Figure 6), and we suggest it corresponds 
directly to primary accretion. While some chondrites are essentially solid rocks, 
many chondrites can be disaggregated with only mild effort – freeze/thaw cycles, 
acoustic vibration, etc. with entire chondrules emerging intact, complete with their 
fine-grained rims.  

The well-defined and highly characteristic size distribution of chondrules is one 
of their more remarkable features. In a number of studies, Hughes (1980a,b) and 
Martin & Hughes (1980) noted that both rounded, complete, droplet chondrules and 
broken fragments of originally larger chondrules share the same size distribution. 
Also, tiny “microchondrules” are found embedded within chondrule rims along with 
other fine grained material (Krot et al. 1997). The average chondrule size varies be-
tween chondrite groups, with CO having the smallest (CH chondrites are not consid-
ered here) and CV the largest (Grossman 1988), but in the five ordinary and carbona-
ceous chondrites explored carefully by disaggregation, the size distributions, once 
normalized to the median size, were essentially identical (Fig. 7; Paque & Cuzzi 
1997; Cuzzi et al. 2001). Thus, the chondrule formation process produced a wider 
range of molten chondrule sizes than normally observed in an individual chondrite, 
and some subsequent process imposed the same narrow size distribution on the ac-
creted chondrule fragments as on the unbroken droplet chondrules (Fig. 8 shows 
some examples of chondrule fragments). Specifically, the very good agreement 
shown in Figure 7 between the size distribution predicted by turbulent concentration 
(which has, essentially, no free parameters regarding its shape) and the observed size 
distributions in a number of different meteorites (when appropriately normalized) is 
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what we call one of the “fingerprints” of turbulent concentration. The meteorite data, 
originally obtained in terms of the measured chondrule radius-density product rρs, 
was simply renormalized to a Stokes number (section 2.2) Stη = Ω ts = 1 at the peak 
concentration, as predicted by turbulent concentration (Cuzzi et al. 2001) so we are 
really seeing the constancy of the shape of the distribution here. The fingerprint is 
found in ordinary and carbonaceous chondrites. More observations along these lines 
would be quite valuable. 

 
 

Figure 6. Elemental map in Mg X-rays of the ungrouped carbonaceous chondrite 
MAC88107. The meteorite is unbrecciated and shows primary accretionary texture; i.e., 
all coarse-grained components (CAIs, AOAs, chondrules, and chondrule fragments) are 
surrounded by continuous, fine-grained accretionary rims. The Mg-rich chondrules 
(CHD) are the bright and light-grey objects. The dark-grey material is the more Fe-rich 
fine-grained rims, which surround all the larger objects. Black regions are Fe,S opaque 
assemblages and empty space. 

Other evidence for aerodynamic processing of chondrite components was re-
viewed in Cuzzi & Weidenschilling (2005), and will not be repeated here in detail. If 
aerodynamics ruled, everything should scale with the particle stopping time ts (sec-
tion 2). Metal grains (except in the unusual CB chondrites) are typically smaller than 
chondrules by an amount consistent with their larger density (Skinner & Leenhouts 
1993; Keubler et al. 1999), but their irregular shape confuses the situation. Size dis-
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tributions have never been systematically measured for CAIs or AOAs (cf. May, 
Russell, & Grady 1999). Because CAIs and AOAs are very metal-poor, they have 
lower density than chondrules and would be expected to be larger in general, if aero-
dynamically sorted together with chondrules. Scott & Haack (1993) note that density 
difference alone is insufficient to explain the large size differences between chon-
drules and CAIs in CV chondrites. However, many CAIs and AOAs are also porous 
or “fluffy”; this factor should be addressed. Sometimes one finds lumps of material 
called dark inclusions, which are matrix-rich but contain tiny chondrules and which 
appear to have been gently emplaced – sometimes after acquisition of fine-grained 
rims (next section); the sizes of these lumps are comparable to those of other objects 
in the same chondrite (cf. Krot et al. 2004e). 

 
 

 

Figure 7. Chondrule size distributions from four different ordinary chondrites (filled 
symbols) compared to predictions of turbulent concentration (open symbols). The quan-
tity N plotted is simply the number of disaggregated chondrules observed in each size 
bin; the chondrule radius-density product was converted to a Stokes number (horizontal 
axis). The theoretical profile, obtained from numerical simulations, has no free parame-
ters (Hogan & Cuzzi 2001). See also Paque & Cuzzi (1997) for Allende (CV3). 

Establishing whether CAI/AOA/matrix lump size distributions were, or were 
not, aerodynamically the same as chondrules and fragments in the same meteorite 
would be a valuable test. These types of particles are often irregular in shape and po-
rous besides, so determining their size-density product is tricky. In a general sense, 
chondrite groups with large chondrules (CVs) also have large CAIs, and groups with 
small chondrules (COs) tend to have small CAIs (Scott et al. 1996). However, CRs 



750 Cuzzi et al. 

also have large chondrules, like CVs, but virtually lack large CAIs (Krot et al. 2002a; 
Aléon et al. 2002). Part of the explanation might be temporal evolution. Even with 
turbulent diffusion, large (5-10 mm) CAIs and AOAs are harder to preserve against 
gas drag drift than are smaller ones, so groups containing them must be older than 
groups lacking them (Cuzzi et al. 2003). Results of Amelin et al. (2002, 2004) and 
Bizzarro et al. (2004) indicate that chondrules in CVs are older than those in CRs; so, 
perhaps there were simply not any large AOAs or CAIs left around when CRs accu-
mulated.  

3.1.2. Fine-Grained and Coarse-Grained Rims around Chondrules and CAIs 
Chondrules and refractory inclusions in primitive chondrites are typically surrounded 
by fine-grained rims (Metzler et al. 1992; Figs. 6 and 8). Intriguing relationships have 
been found between rim thickness and core chondrule size (Metzler et al. 1992; 
 

 
Figure 8. Backscattered electron images of fine-grained accretionary rims around broken 
fragments of chondrules in CM chondrites (Metzler et al. 1992). Notice how the fine-
grained material fills in irregularities in the surfaces of the chondrules. 

Paque & Cuzzi 1997). Morfill et al. (1998) and Cuzzi (2004) presented models of 
how fine-grained rims could form in the nebula, and showed that rim thicknesses are 
diagnostic of ambient dust density and the time duration between melting of a chon-
drule and its accretion into a parent body. Wasson et al. (2005) present concerns 
about rim porosities which can be produced this way. Although Bunch et al. (1991) 
and Symes et al. (1998) have argued that fine-grained rims formed as a result of im-
pact processing on asteroids, studies of distributions of noble gases (Nakamura et al. 
1999) and radiation tracks (Metzler 2004) have shown that rims did not form on as-
teroids. Bland, Prior, & Hough (2003) have detected a layered structural fabric of 
ferrous olivine grains in fine-grained rims around chondrules in the Allende meteor-
ite, which seems to support a gentle, extended, accretion evenly from all sides, as the 
chondrule floated and tumbled through the nebula gas for an extended period. We 
note, however, that ferrous olivine in the Allende matrix (and thus perhaps also fine 
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grained rims) probably formed during extensive alteration on the CV asteroidal body 
(Krot, Petaev, & Bland 2004; Nuth, Brearley, & Scott this volume). Thus, it is impor-
tant to extend these observations to unaltered meteorites. 

In many chondrites, there is also interstitial fine-grained matrix material, which 
is chemically and mineralogically similar to fine-grained rims, but often more porous 
and coarser-grained (Scott et al. 1996). The discovery of clasts, or entire meteorites, 
containing primary accretionary texture (Metzler et al. 1992; section 3.1.1) suggests 
that fine-grained dust in the very first sizeable bodies may have been accreted mostly, 
or only, on the surfaces of chondrules and other large particles, and that the more 
common, interstitial matrix per se might be a product of grinding, abrasion, and 
aqueous alteration on parent bodies. In pristine carbonaceous chondrites, rims and 
interstitial matrix material are essentially identical in mineralogy and composition 
(Brearley 1993; see Nuth et al. this volume). CI chondrites are exceptional as they 
lack chondrules, perhaps due to overwhelming aqueous alteration, and consist almost 
entirely of matrix material.  

Some chondrules are surrounded by coarse-grained igneous rims (Fig. 9), 
thought to result from melting of fine-grained rim precursors by some “flash heating” 
event too weak to melt the entire chondrule (Krot & Wasson 1995). We note, how-
ever, that fine-grained accretionary rims are dominated by ferrous silicates, whereas 
coarse-grained igneous rims are compositionally similar to the enclosed chondrules; 
e.g., Type I chondrules are surrounded by magnesian silicates, whereas Type II chon-
drules are surrounded by ferrous silicates (Krot & Wasson 1995). In addition, there 
are no mineralogically transitional rims between the fine-grained accretionary and 
coarse-grained igneous rims. Based on these observations, we infer that there is no 
simple genetic relationship between fine-grained accretionary rims and coarse-
grained igneous rims. 

 
 

 
Figure 9. Backscattered electron image of a porphyritic olivine-pyroxene magnesian 
chondrule (chd) from the CR carbonaceous chondrite EET87747. The chondrule is sur-
rounded by a continuous layer of Fe-Ni metal (Fe,Ni) and a coarse-grained igneous rim 
(ign. rim) composed of low-Ca pyroxene, high-Ca pyroxene, glassy mesostasis, and 
Fe,Ni-metal. 
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If CAIs were transported from the hot, inner solar nebula to the cooler region 
where chondrules formed, one would expect that accretionary rims around CAIs 
would have recorded spatial or temporal differences between the CAI- and chon-
drule-forming regions. MacPherson, Hashimoto, & Grossman (1985) described ac-
cretionary rims around Allende CAIs. These rims consist mainly of crystalline fer-
rous olivine and Ca-Fe-rich silicates [wollastonite (CaSiO3), andradite 
(Ca3Fe2Si3O12), hedenbergite (CaFeSi2O6)] and often show mineralogical layering 
which was thought to reflect variable physico-chemical conditions in the solar neb-
ula. It was later shown that these minerals resulted from alteration on the CV parent 
body (Krot et al. 1998a,b). Krot et al. (2001b, 2004b) described less altered, coarse-
grained, forsterite-rich accretionary rims around CAIs in the reduced CV chondrites 
Efremovka, Leoville, and Vigarano. These rims lack secondary minerals and consist 
of forsterite, Fe,Ni-metal, Al-diopside, anorthite, and minor spinel. Mineralogical and 
isotopic observations and thermodynamic analysis suggest that these rims are aggre-
gates of condensates from an 16O-rich nebular gas, much like AOAs, suggesting for-
mation in the CAI-AOA forming region. The forsterite-rich accretionary rims are 
surrounded by fine-grained accretionary rims, which appear to be similar to fine-
grained rims on chondrules. However, systematic studies of primitive chondrites are 
required to check this.  

3.1.3. Melting/Parent Body Formation Timescales  
If 26Al was the primary heating source and was homogeneously distributed in the pro-
toplanetary disk (section 2.6), igneously-differentiated asteroids larger than 50 km in 
diameter or so must have accreted less than 2.5 Myr after formation of CAIs, and, 
conversely, the parent asteroids of (unmelted) chondrites must have accreted at a later 
time (Fig. 7b; McSween et al. 2003; Woolum & Cassen 1999). Current radiometric 
ages of a number of chondrites and achondrites are consistent with this scenario, 
within their stated uncertainties (see reviews by Keil 2000 and Shukolyukov & Lug-
mair 2003).  
 For instance, detailed modeling studies involving various closure ages have de-
rived accretion ages for Vesta, the putative HED parent body, and for Hebe, the puta-
tive H chondrite parent body. Even allowing for gradual accretion, Hebe had to ac-
crete no sooner than 2.7 Myr after CAIs (Ghosh et al. 2003). McSween et al. (2003) 
have Vesta forming initially at about 2.9 Myr after CAIs, and differentiating at 4.6 
Myr after CAIs. These results are consistent with 53Mn-53Cr isotope dating (Shu-
kolyukov & Lugmair 2003); different absolute ages for CAIs derive from different 
isotope systems, but the age differences inferred are both consistent with a few Myr 
hiatus between CAIs and chondrules. Other achondrites dated fall in the same age 
range, or later (Shukolyukov & Lugmair 2003). Formation of an iron core is a key 
aspect of asteroid accretion and evolution. Because of their relative strengths there 
are more examples of asteroid iron core fragments than of igneous asteroid surfaces 
(the associated achondrites are preferentially destroyed in transit); there are about 60 
different asteroid cores represented amongst the iron meteorites (Burbine, Meibom, 
& Binzel 1996). Sugiura & Hoshino (2003) have estimated using a thermal model 
that about 1.7-1.9 Myr had to pass before formation of the 15-20 km radius parent 
body of the IIIAB iron meteorites. It could be important to extend studies like this to 
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the other iron meteorite groups, to see if any contain evidence for extremely early 
accretion (interesting results will have uncertainties of less than a few times 105 
years). The role of 60Fe as an additional heat source should also be allowed for.  

In addition to radioisotope age dating of meteoritic samples, the relative abun-
dances of melted and unmelted asteroids, as determined telescopically, can be applied 
to theories of parent body formation. Studies of the reflection spectra of asteroid sur-
faces (Gaffey et al. 2003; Binzel 2003) and the relative numbers of achondrites (Mei-
bom & Clark 1999; Keil 2000) suggest that, while a significant proportion of both 
asteroids and meteorites show some evidence for melting, or at least heating, only a 
small fraction show evidence for near-total melting. However, the evolution of the 
surfaces of these objects is very complex (see, e.g., Keil 2003; Scott 2003), and more 
work – telescopic observations, sample return, and modeling – is needed to infer their 
initial melting state from their current reflectivity. 

 

Figure 10. top - Model results of incremental accretion in a nonturbulent nebula; the dots 
are individual objects, and abundances increase in a powerlaw fashion to even smaller 
sizes. Our moon has a mass of about 1026 g, and Ceres has a mass of about 1024 g. A 100 
km radius Hebe-sized parent body has mass of about 1022 g. Dotted lines represent a 
range of estimates of the mass a growing object can reach before it isolates itself from 
surrounding material. These results are comparable to those in Ghosh et al. (2003), who 
assumed a nebula with a steeper density falloff. In either model there are many, many ob-
jects the size of Hebe after only 105 years of accretion. bottom - Results from McSween 
et al. (2003), showing how silicate bodies larger than about 80 km diameter would melt 
from 26Al heating if 26Al were homogeneously distributed and they formed less than 2.5 
Myr after CAIs. Contours are labeled by their central temperatures (degrees K). 
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The simplest explanation of the achondrite and asteroid data, taken together, 
seems to be that most asteroid formation was delayed by 1-2 Myr or more – consis-
tent with the age spreads of chondrules; this is readily explained if the nebula were 
weakly turbulent (sections 2.2 and 2.5). However, clearly, puzzles remain.  Moreover, 
not all achondrites (or chondrites) need to have formed at the same time. The general 
properties of achondrites (e.g., oxygen isotopes, Clayton & Mayeda 1996) suggest 
that some of their parents may have formed from components much like those in 
some known chondrites. CV chondrites contain what seem to be the oldest chon-
drules; how large could the CV parent have been, without melting? Perhaps other, 
larger, objects which formed from this same material did melt and become achon-
drites. Formation of chondrite (and achondrite) parent bodies might have continued 
for quite a long time, and in parallel. More, and more precise, studies of crystalliza-
tion ages on more samples would be useful. 

These constraints have important implications for the primary accretion process 
and its timing. Figure 10a shows results of an incremental accretion model after only 
105 years in a nonturbulent nebula for a nebula density profile proportional to R-1 
(Weidenschilling, unpublished), which is only slightly different from that published 
in Ghosh et al. (2003) for a steeper density profile. Based on the number of 1025 g 
objects seen in these results, and assuming equal mass per decade (Weidenschilling 
1977, 2000, 2003), one estimates that tens of thousands of Hebe-sized objects also 
had formed by this time. Models of asteroid belt formation (Chambers 2004) suggest 
that the current belt is a randomly selected, but tiny, fraction of the original belt – 
perhaps 1%. If, as in Figure 10a, all these Hebe-sized objects formed in such a short 
amount of time (105 years after CAIs), they would all have completely melted.  

From the modeling standpoint, to go beyond the current sophistication of ther-
mal models and derive more precise accretion times from observed crystallization 
times is a challenge, but perhaps not an insurmountable one. The onset of melting 
must be characterized under a range of parameters and conditions. The effect of core 
formation and the removal of early melt must be considered. Formation of these two 
kinds of parent bodies may well have been going on simultaneously, after some ini-
tial delay, with the larger and/or earlier ones becoming achondrites and the 
smaller/later ones remaining chondrites.  

3.2. Chemical Properties 
Some of the most fundamental properties of chondrites, which help to classify them 
into groups, are chemical differences (Krot et al. 2004c and references therein). Some 
of these relate to major rock-forming elements such as Fe, Si, and Mg. There are 
strong signatures of fractionation of various elements – enhancement or depletion 
relative to “solar” (as represented in practice by CI chondrites). Some of these frac-
tionations are clearly related to volatility of the element (temperature at which it en-
ters solid minerals). Even this is somewhat complicated by the fact that local pressure 
and even chemistry can affect volatility. Condensation of sulfur, as one example, is 
strongly affected by the oxidation state of the gas (Larimer 1975; Pasek et al. 2005). 
In turn, this might affect the abundance of the chalcophile elements in different 
groups (see, e.g., Sears & Dodd 1988, their Fig. 1.1.10). 
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In both this section and section 3.3, a critical role will be seen for differential 
evolution of the particles which ended up in meteorities, from their parent nebula gas. 
Meteoriticists allude to this possibility by distinguishing between chemi-
cal/mineralogical evolution in closed and open systems, where closed system behav-
ior would imply that a growing and cooling solid always remained in perfect chemi-
cal communication with its original parent volume of gas, and open system behavior 
implies that the nature of the gas surrounding a cooling (or heating) particle changes 
independently over time.  

3.2.1. Volatility Fractionation 
One fractionation that is of obvious importance to nebula evolution of solids is the 
fractionation of moderately volatile elements (Palme & Jones 2004). It is generally 
believed that volatile depletions resulted from nebula-scale thermal processing of 
dust and gas in the protoplanetary disk, when high-temperature solids accreted before 
more volatile elements could condense, and all the while the gas, containing these 
volatile elements, was being removed (Wai & Wasson 1977; Cassen 1996; see, how-
ever, Yin, this volume, for a different view). Whatever the cause of this depletion, it 
must represent the physicochemical processing of individual constituents, including 
gas-solid mixing of some kind, because at some local temperature an element will be 
partitioned between the gas and one or more condensed phases, with the fraction of 
element present in the gas (while dependent upon the ambient pressure and chemical 
composition) being very well determined.  

Several kinds of mixing which may change the local chemical composition are 
possible. Perhaps the simplest is spatial transport of solids relative to the gas – by 
turbulent diffusion, gas-drag driven inward drift, or stellar wind ejection. Another 
kind of mixing is temporal – as modeled most recently by Cassen (1996); here, vola-
tiles are gradually removed with the (somehow) dissipating nebula gas, so the last-
condensing solids are depleted relative to the earliest-condensing solids. This ap-
proach requires that the condensation timescale (thermally driven) must be somehow 
aligned with the gas removal timescale; Cassen (1996) envisioned that removal of the 
gas decreased the opacity and caused nebula cooling. Another form of mixing, which 
decouples gas removal from condensation, is the CWPI model of Petaev et al. (1998). 
In this model, solids larger than a certain size become isolated from reaction with the 
gas. The size required for this isolation depends on the timescale on which the gas is 
ultimately cooled and removed (see section 3.3), but can be mm-size. “Mixing” can 
be accomplished in this model either by physical mixing of subsequent condensates, 
or by partial alteration of condensates (near their surfaces) by ongoing gas reactions, 
perhaps as regulated by temperature-dependent diffusivity (section 3.3.1).  

Interestingly, ordinary and carbonaceous chondrite groups differ in their refrac-
tory lithophile contents by an amount which is larger than can be explained by the 
greater enhancement of CAIs in carbonaceous chondrites. Furthermore, CI chondrites 
show no enhancement in refractory elements relative to solar abundances. Can this be 
used to rule out augmentation of the CI source region in any outwardly diffusing CAI 
particles, as has been suggested by Cuzzi et al. (2003) for other chondrite groups? 
The models of Cuzzi et al. (2003) show outward radial diffusion to be a powerful 
homogenizing process spatially. However, these models do not account for loss of 
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outwardly-diffusing particles to accretion by drifting, meter-sized rubble, which 
could limit their propagation to large distances (section 2.5). This sort of modeling 
might eventually lead to some constraints on the location of the CI source region, the 
efficiency of diffusion, or both.  

3.2.2. Oxidation States 
Oxidation states of chondrite minerals vary widely. CAI silicate properties are con-
sistent with formation in a gas of solar composition (Beckett et al. 1988; Krot et al. 
2000b and references therein). Certain refractory metal grains within CAIs, were 
thought to require locally enhanced oxygen fugacity to explain observed depletions in 
Mo and W (Fegley & Palme 1985), but these depletions might also reflect later, low-
temperature alteration (Krot et al. 1995; Campbell et al. this volume – see their Fig. 
8). AOAs and Type I chondrules imply about 50× solar oxygen enhancement (Petaev 
& Wood, this volume), and Type II chondrules require an even higher degree of oxy-
gen enhancement. Type I and Type II chondrules are often found in the same meteor-
ite, probably indicating mixing of materials from two distinct environments separated 
in space and/or in time. Enstatite chondrites appear to have formed under extremely 
reduced conditions – but the common presence of relict ferrous silicates inside ensta-
tite chondrite chondrules (Lusby, Scott, & Keil 1987; Fagan, Krot, & Keil 1999) in-
dicates that these reduced conditions postdated more oxidizing conditions (e.g., 
Hutson & Ruzicka 2000). 

Regarding the evidence for substantial redox-state variations, it has long been 
thought that evaporation of silicates – perhaps locally, related to the chondrule-
forming events themselves - provides the needed enhancement in oxygen fugacity. 
Wood & Hashimoto (1993) and Ebel & Grossman (2000) have modeled enhance-
ment by various separate components – rock, oxygen-rich ice, and carbon-rich tar. 
Petaev & Wood (this volume) assume enhancement in full solar relative abundance 
of everything except hydrogen and helium. These models have produced encouraging 
matches with observations, but their various starting conditions are as yet uncon-
nected with any nebula scenario.  

Some of the evaporation front (EF) effects discussed in section 2.3 might be 
helpful in this regard. For instance, an obvious implication of the evolution of the 
water evaporation front (section 2.3) is that oxygen fugacity can be initially nominal, 
and later enhanced in the vapor everywhere inside the EF, but to varying degrees de-
pending on the distance from the evaporation front and on time, and then depleted 
once a “cold finger” forms (Stevenson & Lunine 1998). For this effect to occur, rap-
idly drifting meter-sized particles must make up a non-negligible fraction of the total 
mass budget of solids, and must be able to drift long distances without growing. En-
hancements of an order of magnitude – or usually less - are being found in ongoing 
numerical models of this effect (Ciesla & Cuzzi 2005). The larger oxygen fugacities 
inferred from the minerals must then rely on an additional effect – perhaps the den-
sity and pressure increases associated with passing shocks. The possibility of time 
evolution of nebula oxygen fugacity – first increasing and then decreasing – may 
have been recorded by chondrules in enstatite chondrites (Lusby et al. 1987; Fagan et 
al. 1999; Hutson & Ruzicka 2000). This late-stage decrease in oxygen fugacity may 
have resulted from the partial removal of water from the inner solar nebula during 
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regime 3 of the evaporation front model (Fig. 5; Stevenson & Lunine 1988). 
Evaporation front effects of this sort are most naturally accomplished in the 
framework of a mildly turbulent nebula. In a non-turbulent nebula, even if meter-
sized particles did drift past an EF, there is nothing to redistribute the vapor 
(molecular difffusion is negligible), so it would just sit there as a very intense, 
localized, enhancement ring rather than diffusing and advecting through the inner 
nebula. This evolution might then also suggest that Type I chondrules form earliest, 
perhaps in regions which were hotter and/or further from the water EF, followed by 
Type II chondrules. Because FeO-poor relict grains are rather common in Type II 
chondrules and vice versa, mixing of Type I and Type II chondrule precursors is 
required. The extent of the cross-mixing of these types might help us understand the 
radial and temporal extent of mixing processes, and the survival/wandering time of 
typical chondrules before accretion (see section 3.4.2 for more discussion). 

Another element with powerful redox potential is carbon (Connolly et al. 1994). 
Even the most primitive CI chondrites are depleted in carbon by about an order of 
magnitude compared to either solar or cometary abundances. A significant fraction 
(about 20-30 wt%) of all primordial carbon is in some refractory form (Jessberger & 
Kissel 1991; Lawler & Brownlee 1992; Fomenkova 1997; Wooden 2002), which was 
seen in comet Halley and Wilson dust, and which must be stable at several hundred 
degrees K. How did most of that carbon escape chondrites and where did it all go? 
Could it have all been oxidized to CO during chondrule formation events, or prior to 
those events? If carbon had been widely present in very early solids, it might help 
explain the CAI redox state (Cuzzi et al. 2003), but if it were still abundant in chon-
drule precursors several Myr later, it might make the presence of some oxidized iron 
in even Type I chondrules hard to understand. A scenario might be constructed where 
chondrite precursor material was simply hot enough very early on to evaporate (or 
combust) its refractory carbon locally prior to the era of chondrule formation and 
parent body accretion (Huss et al. this volume and references therein). Another pos-
sible explanation is that a large fraction of primordial carbon in all chondrite (and 
chondrule!) precursors had already been stripped away, transformed into chemically 
inert CO by a massive reprocessing of drifting rubble in the innermost solar system 
(Cuzzi et al. 2003), at a silicate evaporation front existing well inwards of, and long 
before, the place and time of chondrule formation, recondensing and diffusing out-
wards, to be recycled millennia later into chondrites. A possible intermediate situa-
tion might be an evaporation front for carbon-rich organics, with location external to 
the asteroid belt. The redox story is likely to resolve into a battle between carbon, 
oxygen, and hydrogen, with each playing the dominant role as their abundances ebb 
and flow.  

3.3. Mineralogy 
Here, we focus primarily on one, very general, aspect of chondrite mineralogy: the 
fact that many particles, and minerals within particles – even while showing all the 
aspects of nebula condensation - never achieved complete equilibrium with a cooling 
gas of solar composition. This points to an important role of kinetics during nebular 
processing of solid material. Although a number of papers dealing with kinetic as-
pects of gas phase reactions (Lewis & Prinn 1980; Fegley & Prinn 1989; Prinn & 
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Fegley 1989; Mendybaev et al. 1985) and gas-solid reactions (e.g., Fegley 1988; 
2000; Hong & Fegley 1998; Lauretta et al. 1998; Mendybaev et al. 1989, 2002) rele-
vant to the solar nebula has been published, unfortunately none of them addresses the 
kinetics of gas-solid condensation reactions of interest here. Moreover, there are no 
experimental data relevant to the high-temperature gas-solid reactions taking place 
during the evolution of a nebula of solar composition. 

Equilibrium condensation sequences have been extremely valuable (e.g., 
Grossman 1972); however, discrepancies exist which are indicative of unmodeled 
nebula processes or properties. Refractory inclusions (CAIs and AOAs) are prime 
examples of this puzzle. Indeed they do consist of the refractory oxides and silicates 
that condense first from a cooling gas (or crystallize from melts of early conden-
sates). The ubiquitous difference in the order in which spinel and melilite condense 
have been explained recently by Petaev & Wood (this volume) by disequilibrium 
condensation, where the observed sequence is seen at pressures less than a few times 
10-4 bar. Incidentally, this pressure is somewhat lower than the 10-3 bar one might 
expect close to the star in the energetic early years of the nebula, but significantly 
higher than expected in the asteroid belt during the low-accretion rate “revealed” T 
Tauri stage (see section 2.1). However, if inclusions were to remain in that same 
cooling gas, they would continue to react with it, absorbing silicon, iron, magnesium, 
etc., and would transform into a mixture of Ca,Al-rich minerals and ferromagnesian 
silicates. The very presence of primary refractory oxides shows that this ongoing re-
action sequence did not go to completion (see, e.g., Wood 2004 and MacPherson et 
al. this volume). Similar arguments apply to AOAs in which forsterite (Mg2SiO4) 
would expect to be extensively replaced by enstatite (MgSiO3), which is, however, 
extremely rare and volumetrically insignificant (Krot et al. 2004c).  

This interrupted reaction sequence requires that the particle in question be iso-
lated from its parent gas “quickly”, before alteration can proceed to completion. 
“Quickly” means that the isolation timescale must be faster than the alteration time-
scale. The isolation of condensates is a complex physical and chemical process, with 
the actual mechanisms still remaining to be understood. Petaev & Wood (1998) dis-
cussed a number of possible physical and chemical mechanisms, focussing on isola-
tion by “burial”: (1) the growth of mineral grains, (2) the envelopment of grains of 
earlier condensate in layers of later condensates, and (3) the aggregation of mineral 
grains to form larger objects. An example of the case (1) is the condensation of zoned 
metal grains from the CH and CBb chondrites (Petaev & Wood, this volume; Camp-
bell et al. this volume). An application of case (2) is discussed below. 

Another way to think of isolation, is by separation or removal of the grain from 
its parent gas parcel without further growth. At least three factors determine the rate 
at which a mineral can be altered, even assuming it is in full contact with the nebula 
gas. First, energetics implies that there might be an energy barrier to overcome before 
the reaction can proceed; this might require supercooling. Second, supply of altering 
atoms from the surrounding gas can, in principle, be slow enough to limit the reaction 
rate. Third, diffusion of altering atoms into the lattice must occur in order for the 
minerals there to be altered. The first of these three factors is hard to assess because 
of the lack of experimental data. The very fact that the alteration of melilite to an-
othite ± other minerals is widespread, and has proceeded to a different extent in dif-
ferent inclusions, suggests that the activation energy must have been overcome 
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somehow. So, we assume that it is not a rate-limiting step. The second is fairly easy 
to assess; if all requisite elements are indeed present in cosmic abundances, the sup-
ply rate can be calculated from the gas density and molecular sound speed. It turns 
out that for midplane densities and cosmic abundances, not to mention dust-enriched 
systems, the supply rate of altering atoms is not a problem. These atoms, after hitting 
the surface of a particle, need to diffuse into the mineral lattice to alter pre-existing 
minerals, and this may be the rate-limiting step in cases of most interest. Crudely, 
since diffusion is a random walk process, an atom will diffuse a distance L in time t if 
its diffusion coefficient in the mineral is D, where L2 = D t. Diffusion is faster along 
cracks and through porous media, and things can quickly get complicated. In the 
simplified case, one can estimate alteration times for various depths from (limited) 
diffusion coefficient data available in the literature, and compare these with removal 
timescales associated with different nebula mechanisms.  

From the standpoint of closed or open system behavior raised first in section 
3.2, closed system behavior ensues for a particle of radius r when r2/D < td, where td 
is some dynamical timescale for the particle – either physical removal from its parent 
gas or burial, and open system behavior ensues when this is not the case. Specifically, 
the good agreement of refractory silicate mineralogy with closed system, equilibrium 
models is due to the high temperatures (and D) which characterize these objects, 
which ensures that they remain in chemical communication with the surrounding gas 
on timescales long compared to their evolution time. At lower temperatures, as D 
decreases, open system behavior becomes more likely and the disagreement with 
equilibrium models grows.  

3.3.1. A Simple Model for Nebula Alteration 
To test this simple idea, we selected one aspect of non-equilibrium mineralogy that 
we thought was appropriately simple. Virtually all CAIs are surrounded by Wark-
Lovering rim layers, which appear to have resulted from interaction between solid 
CAIs and nebular gas. In the simplest case, as seen in the reduced CV chondrites 
which experienced only minor alteration on the parent body, Wark-Lovering rims 
have three layers: an inner spinel±hibonite-perovskite layer - evaporative residue 
(Wark 2004; Wark et al. 2005), overlain by a middle melilite condensation layer, 
which is often altered to anorthite completely or partially, and which is itself overlain 
by the condensation layers of Al-diopside and forsterite (Fig. 11). 

The removal process which prevents particles from achieving mineralogical 
equilibrium is simply that the particle leaves its parent gas volume at some tempera-
ture T, moving (perhaps irregularly, but inexorably) to regions of lower temperature. 
As the temperature decreases, the diffusion coefficient D, and thus the rate at which 
atoms can penetrate the lattice, decreases exponentially as: 

D(T) = D0exp(-d0/T). 
Moreover, at some point, the abundance of altering atoms falls off because the parti-
cle enters gas regions where they are either already condensed out, or quickly con-
dense on pre-existing fine-grained dust rather than alter the wandering particle itself; 
we do not treat that complication here. For the system in question, the altered mineral 
is the middle layer of initial melilite, which is altered by silicon and oxygen diffusing 
inwards through the outer pyroxene layer. The slow diffusion rate of Si and O in py-
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roxene limits the absorption depth. Diffusion times to several depths, at constant 
temperature, are given in Table 1 below (using Do and do for Si and O in pyroxene 
from Dimanov et al. 1996): 

 
Table 1. Timescales t for diffusion to depth L at various temperatures.  

 L(µm)       t(1500K)       t(1300K)      t(1100K) 
     2               10 yr              300 yr           105 yr 
   20               103 yr             3×104 yr       107 yr 
 200               105 yr             3×106 yr       109 yr 
 

 

 
Figure 11. Backscattered electron image of an outer portion of a Type B CAI from the 
CV chondrite Efremovka. The CAI is made of melilite (mel), Al,Ti-diopside, spinel (sp), 
and anorthite (an), and is surrounded by Wark-Lovering rim (WLR) layers composed of 
spinel, perovskite (pv), anorthite, Al,Ti-diopside (px), and forsterite (ol); the latter is sur-
rounded by a forsterite-rich accretionary rim (AR) composed of forsterite and CAIs com-
posed of spinel, Al-diopside, and anorthite.  

Removal on shorter timescales than these would prevent alteration. Because of 
how rapidly diffusion coefficients (and perhaps reaction kinetics) decrease with tem-
perature, the particles do not actually have to change their temperature very much – 
or move very far – depending on the nebula thermal gradient, in order for diffusion to 
become so slow that the particle decouples from the gas chemically.  

To explore this, we have modeled a viscously heated and evolving solar nebula 
using analytical expressions derived from those of Lynden-Bell & Pringle (1974), 
and released into it at T = 1500 K a number of tracer “CAI’s” which were allowed to 
diffuse using a crude random walk formulation. Their thermal histories are followed 
and, for the survivors (about 10-3 of the initial population), converted into probability 
distribution functions giving the time spent at greater than some temperature. Typical 
results are shown in Figure 12.  
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It can be seen from Figure 12 that the time spent by a typical particle (the 50% 
contour) at temperatures over 1300 K is a few thousand years, sufficient to result in 
alteration to a depth of some tens of microns (Table 1) but not more. To some extent 
this is a selection effect; particles which evolve outwards rapidly are most likely to 
escape being swept into the forming sun with the bulk of the nebula gas. Thus, out-
ward radial diffusion is a natural explanation for the alteration observed in the meli-
lite-anorthite layer. The few CAIs with Wark-Lovering rims containing unaltered 
melilite layers could be rare, fast escapees from the alteration region (the 99% con-
tour of figure 12). As objects diffuse outwards from hotter formation regions into 
cooler regions, not only is the diffusion of altering atoms through the lattice slower, 
but the supply of altering atoms goes down because there is less altering material in 
the vapor form. The particle is not remaining in a slowly cooling, “chemically adia-
batic”, or closed gas. Thus, the removal timescale that is consistent with the observed 
alteration could be longer in reality. Another interesting potential application of a 
diffusion (random walk) model might be in explaining certain reversely zoned, fine-
grained refractory inclusions (melilite-rich mantle, anorthite-rich core) as described 
by Krot et al. (2004b). Such particles might have experienced cooling and alteration 
of anorthite throughout, followed by re-heating and alteration of melilite in the outer 
layers, before escaping. 

 

 
Figure 12. Averaged probability density functions for the fraction of particles which 
spend more than some amount of time at greater than a certain temperature. These tem-
peratures get somewhat higher than seen in Figure 2, because this process occurs at ear-
lier times and accretion rates, when nebula temperatures were higher than those in Figure 
2. This is allowed for in the model.  

By comparison, ejection by a stellar wind is on the orbital timescale (years), is a 
one-way trip, and is also at fairly low gas density which is problematic from a supply 
standpoint. It might be difficult to achieve the observed alterations under these condi-
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tions, without simply postulating the needed residence time in regions suitable for 
alteration, for the appropriate time, prior to ejection. 

Other objects might be treated in similar ways. For instance, corundum → hi-
bonite alteration in CAIs or individual grains (Simon et al. 2002; Krot, Huss, & 
Hutcheon 2001; Nakamura et al. 2005), macro-zoning in fine-grained inclusions 
(Krot et al. 2004b) and forsterite → enstatite alteration in AOAs (Krot et al. 2004c) 
might be profitably studied in this way. Can fluffy Type A CAIs, largely composed 
of melilite, be explained by the alteration of more refractory condensates? Can this 
occur without any evidence of surface alteration to anorthite? These speculations 
merit some thought. More study could be devoted to quantifying alteration and evolu-
tion timescales of small mineral particles in protoplanetary nebulae. More experimen-
tal measurements of diffusion of different atoms in different minerals – both clean 
lattices and disordered, fractured ones, would be very helpful.  

3.3.2. A CAI for Every Chondrite Group? 
A concept that has recently received considerable attention is: to what extent does 
each meteorite class have its own distinct population of refractory inclusions, and 
what might the implications of this be (e.g., Krot et al. 2002a; McKeegan et al. 2004; 
Gounelle & Russell, this volume; Alexander, this volume)? We have already dis-
cussed the possibility that the unique presence of large CAIs and AOAs in CV chon-
drites can be readily explained if they accreted the earliest (section 2.2). The next 
question is whether chemical or mineralogical differences between CAIs in different 
groups are diagnostic of differently produced populations, or merely differently 
evolved populations. One might first ask the extent to which parent body processes 
(aqueous alteration) might be responsible. Next one might ask the extent to which the 
differences involve non-equilibrium nebular alteration, which is size, time, and tem-
perature dependent. Groups accreting mainly small inclusions might well find all of 
them more heavily altered from their original mineralogy even before accretion. Of 
course, to make sense of this, we need to understand what the original mineralogy 
was for all these different inclusions. We cannot solve this problem, but merely sug-
gest issues that might need to be considered by others.  

The presence in the same meteorite of components which suffered an extensive 
melting event locally (chondrules) and components of the same size which did not 
(some CAIs, most AOAs) presents a puzzle for how melting events are separated 
from accretion by nebula transport and mixing. However, are we sure that the appar-
ently unmelted objects were really not present in the chondrule-forming regions? 
Some isotopically-normal (non-FUN) CAIs show no evidence for 26Al. How sure are 
we that these do not represent a population that was, at least, reheated in the chon-
drule formation region? This idea can be tested by detailed study of the oxygen iso-
topic composition of 26Al-depleted CAIs (section 3.4.2). In contrast to CAIs, which 
originated in an 16O-rich gaseous reservoir (Clayton 2002; Krot et al. 2002b), chon-
drule formation occurred in an 16O-poor gas and resulted in oxygen isotope equilibra-
tion between the molten silicate droplets and the gas (Boesenberg et al. 2004; Krot et 
al. 2005a,b) reported several igneous, anorthite-rich (Type C) CAIs from the Allende 
meteorite that they interpreted as experiencing late-stage melting with addition of 
chondrule material in the chondrule-forming region. These CAIs are 16O-depleted 
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and have low (26Al/27Al) ratio similar to those observed in chondrules. Observations 
such as these could be extended to other CAI types.  

MacPherson & Huss (2003) have found that Al-rich chondrules lie along an ap-
parent mixing line between normal chondrules and anorthite-pyroxene–rich, Type C-
like CAIs. They pose a conundrum for melting of simple mixtures of CAI and chon-
drule material as an explanation for Al-rich chondrules (Krot et al. this volume), in 
that this pattern shows no evidence for any melilite-rich material in the precursors – 
yet, melilite-rich CAIs are found in the same meteorites. We suggest that this effect 
can be explained by the rarity of melilite-rich CAIs in general, and specifically 
amongst the (small) size range most likely to be incorporated into chondrule precur-
sors (because the smaller CAIs are more easily altered). 

Of interest here, is the recent discovery of chimeric, but mainly H-type, chon-
drites with unusually abundant matrix and refractory inclusions (described by the 
authors as CO-like; Kimura et al. 2002). Could this have arisen by an unusually late 
mixing event, which brought together normally matrix-poor H type chondrules, and 
more primitive matrix-like material?  

3.4. Isotopic Properties  
Here we emphasize three aspects of this very broad subject: age differences from 
short- and long-lived isotopes; oxygen isotopes; and the apparent homogeneity of 
chondritic isotopic compositions.  

3.4.1. Isotopic Age Dating 
One of the most important advances in recent years is the ability to date various 
chondritic components with high precision. This capability continues to improve, and 
we look forward to further progress with great anticipation. Current observations tend 
to support the legitimacy of the Al-Mg chronometer (Amelin et al. 2002, 2004; Rus-
sell et al. 2005; Kita et al. and Goswami et al. this volume). However, it will always 
be valuable to have independent estimates from different chronometers (Pb-Pb, U-Pb, 
Rb-Sr, Fe-Ni, Mn-Cr). Even as of this writing it seems clear that the few Myr age 
difference between most CAIs (and AOAs) and most chondrules is real (Amelin et al. 
2002, 2004; Bizzarro et al. 2004). It is also becoming clear that there are discernible 
age differences between chondrules in different chondrite groups, with chondrules in 
CB chondrites being the youngest, those in CRs distinctly older, and with CVs appar-
ently containing the oldest chondrules.  

What is the age difference between CAIs and chondrules in CV chondrites? 
Currently CV chondrule ages scatter across about 1.4 Myr after CAIs, with stated 
measurement errors of maybe a few 105 years (Bizzarro et al. 2004). Were any of 
these forming at the same time as CAIs or not? Nebulae can evolve significantly in 
temperature and density over the first 105 – 106 years, and over this time 26Al decays 
enough for some small planetesimals to form and remain unmelted. The dearth of 
melted asteroids argues rather strongly against the formation of most parent bodies 
contemporaneously with most CAIs (section 3.1.3); this argument becomes even 
more stringent if 60Fe provides a significant heat source. Models of CAI preservation 
by turbulent mixing (section 2.2) are strongly sensitive to exactly how long the time 
difference is in this general window.  
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Currently inferred variances of chondrule ages within a given chondrite are 
comparable to the typical differences between the groups (Kita et al. this volume). 
Yet, measurement errors remain at the level of these differences. So, while these dif-
ferences are certainly interesting, much more remains to be done. The variance will 
tell us how long a given object needs to wander around in the nebula between its 
formation and its accretion. CAIs can apparently do this for millions of years, so 
chondrules could also, as long as the same environment persisted. However, nebular 
lifetimes this extended would have implications for accretion of fine-grained rims, 
processing in subsequent chondrule-forming events, mixing with other chondrule 
types and unprocessed matrix material, and so on. Some chondrite groups have such 
well-defined properties that one imagines accretion must have occurred very quickly, 
before too much mixing occurred (see section 3.5, and Alexander, this volume). Ul-
timately, self-consistent primary accretion scenarios will need to reconcile radial 
mixing and formation of fine (and coarse) grained rims with whatever levels of turbu-
lence might be most consistent with, say, turbulent concentration or other accretion-
ary hypotheses. 

Observations could address whether Type I (FeO-poor) and Type II (FeO-rich_ 
chondrules in a given chondrite have distinguishable ages, and whether Type I chon-
drules from different chondrite groups have distinguishable ages. This will constrain 
the nebula lifetime of these objects, and the spatial and temporal scales of the differ-
ent environments in which these objects form. If their redox differences are explained 
by oxygen coming from the water evaporation front, its abundance can increase or 
decrease with time, and with distance from the Sun, depending on the epoch. 

All these age differences will ultimately provide the constraints for primary ac-
cretion models. For instance, turbulent accretion models aim to provide a planetesi-
mal formation rate as a function of time (section 2.5), which can continue for as long 
as turbulence and chondrule formation continues without depleting all the solids. 
However, if the nebula ever becomes nonturbulent, growth (incremental or instabil-
ity) seems to proceed very quickly (<< 105 years) converting all available solids to 
planetesimals large enough to be parent bodies, which soon embark on collisional 
evolution of their own (stage 3). One would need to introduce new sources of solids 
and postulate intermittent chondrule formation epochs, one for each chondrite group 
perhaps, to explain the emerging picture, and still be left without a satisfactory expla-
nation for the remarkable chondrule size distribution – the shape of which is the same 
in all chondrites (except CH and CB) regardless of age, composition, or actual chon-
drule size (section 3.1.1).  

3.4.2. Oxygen Isotopic Composition 
On a three-oxygen isotope diagram (δ17O vs. δ18O), oxygen isotopic compositions of 
chondrules and refractory inclusions follow a mass-independent fractionation slope 
of ~1, with refractory inclusions being systematically enriched in 16O relative to 
chondrules (Clayton et al. 1977; Clayton 1993; McKeegan et al. this volume and ref-
erences therein).1  
                                                      
1 δ17O and δ18O are the deviations in parts per thousand of the 17O/16O and 18O/16O ratios from those of 
the standard mean ocean water. Vertical deviations from the terrestrial line on the standard three-isotope 
plot are characterized by the parameter ∆17O = δ17O - 0.52 δ18O (e.g., Clayton 1993). 
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 Several hypotheses have been proposed to explain these observations. Accord-
ing to one hypothesis, the protoplanetary nebula was initially 16O-enriched to a level 
recorded by CAIs and AOAs in primitive chondrites (∆17O ~ -25‰) (Nuth et al. 
1999; Clayton 2002; Yurimoto & Kuramoto 2004; Lyons & Young, this volume). 
Over some amount of time, irradiated CO in the upper reaches of our nebula, or in 
the parent molecular cloud, became depleted in 17,18O, and the heavy O, combined 
into H2O, condensed as ice, grew to large particles, which drifted inwards to evapo-
rate and enhance the inner solar system in isotopically heavy oxygen (Yurimoto & 
Kuramoto 2004; Krot et al. 2005a; Lyons & Young, this volume). Thermal process-
ing, such as evaporation, condensation, and melting of 16O-rich solids in an 17,18O-
enriched inner solar nebula gas resulted in their oxygen isotope exchange and forma-
tion of 17,18O-enriched solids (e.g., Yu et al. 1995; Yurimoto et al. 1998; Jones et al. 
2004; Krot et al. 2005a). Thus the later forming silicates (including those that formed 
the Earth) became more enriched in 17,18O. An alternate hypothesis envisions that the 
nebula oxygen was terrestrial-like (∆17O = 0‰), and that 16O was enhanced in rock-
forming vapor in the hot, inner, early solar system where CAIs and AOAs formed – 
by evaporation of large amounts of 16O-rich primitive solids (Scott & Krot 2001) or 
by chemical-quantum effects (Thiemens & Heidenreich 1983; Thiemens 1996; Mar-
cus 2004). These hypotheses will soon be better constrained using GENESIS data. 
Once we understand the evolution of oxygen isotopic compositions of materials in 
the solar nebula, we might be able to use oxygen isotopes as a chronometer for chon-
dritic ingredients. 

Type I and Type II chondrules in the same chondrite appear to have comparable 
oxygen isotopic compositions, but Types I and II chondrules in carbonaceous chon-
drites  (CCs) are more 16O-rich than those in ordinary chondrites (OCs).  One might 
ask how this can be, if Type I and II chondrules require different redox environments 
for their formation (section 3.2.2)? We suggest that, under realistic conditions, chon-
drule redox properties depend to a larger extent on their precursor mineralogy 
(mainly Fe speciation) than on the redox state of the ambient gas, providing that the 
O isotopic exchange between a silicate melt and the ambient nebular gas is fast but 
oxidation kinetics of the Fe,Ni metal is slow. For example, melting a type I chondrule 
precursor enriched in Fe,Ni metal will lead to Fe-poor silicate melt containing im-
miscible metal globules - and the metal globules might even get spun out of the sili-
cate melt. Even if the ambient gas were highly oxidizing relative to solar, slow oxida-
tion kinetics of the Fe,Ni metal would prevent formation Fe-O-enriched silicates 
(e.g., a Type II chondrule), but, the O in the type I silicate melt could equilibrate iso-
topically with the local gaseous O, leaving the cooled product with a Type I chemis-
try and redox state, but with isotopic composition more like its co-melted Type II. 
What is needed to make the Type II FeO rich is precursor silicate minerals which are 
FeO rich - that is, grains which previously condensed from an O-rich gas. This sug-
gests that the precursors of Type I chondrules in OCs could have been originally 
made in a different environment from the standpoint of O-isotopes and redox state, 
but were mixed into the location where Type II chondrule precursors were being 
made and melted – resetting their isotopes but leaving their mineralogy and redox 
state (more or less) the same. Relict grains of Type I and Type II material are found 
in chondrules of the other type; chondrules of intermediate composition might simply 
be fully molten versions of these.  
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3.4.3. Isotopic Homogeneity 
Finally we mention the perhaps too-obvious fact that more than 99% of all material 
in chondrites – including fine-grained matrix material - is isotopically “normal”; that 
is, has only small variance from its mean. Chondrite matrix contains less than 100 
ppm of isotopically anomalous material, while interplanetary dust particles (IDPs) 
contain nearly 1000 ppm (e.g., Messenger et al. 2003; Nagashima, Krot, & Yurimoto 
2004). So, there is evidence for only a small amount of verifiably unprocessed, preso-
lar material in both populations, and there is a clear gradient outwards. Perhaps both 
IDPs and primitive chondrite matrices are telling us the same story: they could all be 
mixtures of materials from the hot inner nebula (16O-rich dust and refractory inclu-
sions), materials from terrestrial regions (16O-poor crystalline and amorphous dust 
and chondrule debris), and materials from outer regions (unprocessed presolar grains 
with isotopic anomalies) – all mixed by turbulence.  

3.5. Complementarity 
“Complementarity” has been cited as the property of chondrules and matrix in a 
given meteorite to differ systematically in their chemical properties, but in combina-
tion to have a bulk composition more closely resembling CI than either does sepa-
rately. This property has been used to suggest that chondrules and their associated 
matrix resided in much the same region and there was not a huge amount of mixing 
with material from other regions. Most discussion has focused on Fe/Si complemen-
tarity of chondrules and matrix (Wood 1985, 1988; Taylor 1992). However, matrix is 
generally closer to CI than is bulk composition, and even bulk Fe/Si ratios for chon-
drites show wide variations, so these data do not appear to be conclusive. Further-
more, both chondrules and matrix are generally depleted in moderately volatile ele-
ments relative to CI (to different degrees; Bland et al. 2005). Perhaps a stronger ar-
gument, although not yet fully documented, is that while Ti/Al ratios in CR matrices 
are lower than in CI, and those in CR chondrules are higher, the bulk chondrite has 
CI Ti/Al (Klerner & Palme 2000). In addition, we have the K chondrites, admittedly 
few in number, which have chondrules and matrices that are almost identical in their 
mineralogy and chemical and oxygen isotopic compositions, which is very unusual 
(Scott & Krot 2003, 2005). These properties suggest that the matrix in K chondrites 
is predominantly composed of dust that was processed in the vicinity of the enclosed 
chondrules. This does not mean that each of the 15 chondrite groups has a unique set 
of chondrules and associated matrix rims. Chondrule properties suggest that there 
were at least six quite distinct sets of chondrules, but most carbonaceous chondrites, 
for example, probably had similar matrices (but not identical; cf. Bland et al. 2004).  
 Clearly complementarity does place some restrictions on how disconnected the 
formation regions for chondrules and their associated matrix can be. However, turbu-
lent mixing would have affected chondrules, CAIs, matrix, and gas almost exactly the 
same, so if two different batches of material were each individually complementary 
in their (different) formation regions, and they were mixed without loss over dis-
tances which were not too far, the mixture would also be complementary. Improved 
measurements of major and trace element abundances and oxygen isotopic composi-
tions in chondrules and matrices of primitive chondrites will ultimately tell the tale. 
For a more detailed discussion of complementarity see Huss et al. (this volume). 
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4. Major Current Puzzles and Key Diagnostic Observations 
 1) Clearly, more high precision age dating of various constituents in all chon-
drite and achondrite groups will continue to be critical to unraveling the story of neb-
ula processing and parent body accretion (sect 3.4.1). It would be important to date 
Type I and Type II chondrules within an individual chondrite separately, in order to 
understand whether their formation was separated in time or in space. While the Al-
Mg chronometer is gaining support, it must be continually tested against long-lived 
isotopic clocks in all samples. Achondrites and iron meteorites might hold important 
clues to the presence or absence of parent bodies that formed contemporaneously 
with chondrules or CAIs. Improved thermal evolution models will be an essential 
aspect of these latter studies (section 3.1.3).  
 2) Studies of the physical fabric of chondrites still have critical things to tell us. 
Primary texture is of special interest (section 3.1.1), because it retains material with 
the highest likelihood of having really accreted together. The size distributions of 
CAIs, AOAs, and clastic fragments should be measured in different chondrite groups 
(3.1.1), together with their internal densities, and if possible accounting for their 
shapes and porosities. Disaggregation or tomographic techniques might be needed. 
The rim-core relationships should be determined for a variety of different constitu-
ents in different chondrite groups, and systematic variation of rim chemical and iso-
topic properties determined – especially for CAIs, AOAs, and chondrules - as a met-
ric for nebula evolution (3.1.2).  
 3) The nebula lifetime of chondrules between melting and accretion might be 
better understood by careful studies of the relationships between fine-grained accre-
tionary rims and coarse-grained igneous rims on different types of chondrules and in 
different groups. Radial mixing might be constrained by studying the ages of Type I 
and Type II chondrules in different groups. The discovery of unusual chondrites 
(such as H types with abundant matrix and CAIs; section 3.3.2) may have implica-
tions for turbulent mixing.  
 4) During its extended temporal evolution, the nebula might have experienced 
substantial deviations from nominal solar abundance – both radially and temporally 
(sections 2.3 and 3.2). Essentially all elements would be affected, with variations in 
carbon, oxygen, silicon, and sulfur being perhaps the most critical. Moderately vola-
tile element variations might be tied to these effects. Observational correlations of the 
oxygen isotopic content with the redox state of chondrules and other objects would 
be one useful approach to assessing this effect.  
 5) Regarding nonequilibrium mineralogy (sect 3.3.1), can we further test the 
idea that plausible timescales of nebula transport are consistent with various observed 
cases where alteration to equilibrium mineralogy has been truncated? Which nebula 
models provide the best opportunities for explaining these effects? Do we need more 
experimental measurements of diffusion coefficients as functions of temperature for 
different elements in different minerals? Can any observations of AOAs, hibonite 
grains, and CAIs as a function of size rule out such a scenario?  

6) Are separate formation times/places required for different kinds of CAIs 
found in different chondrite groups (section 3.3.2)? Can we distinguish different neb-
ula alteration histories from different initial formation environments? Can we use 
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oxygen isotopes as metrics for nebula thermal alteration? What fraction of CAIs pre-
sent in chondrule melting regions escaped melting?  

7) Better models are needed of the evolution, under solar and self gravity, of the 
dense particle-rich zones produced by turbulent concentration, including mutual in-
teractions leading to coagulation and dispersal. These are strengthless “objects”, but 
their self-gravity might play a role in stabilizing them, or even in collapsing them into 
planetesimals as once the Goldreich-Ward particle midplane instability was envi-
sioned to. Mutual encounters might create more stable objects as well as disrupting 
objects.  

8) Improved models are needed for incremental accretion, which allow for 
large-scale decoupling of solids from the gas, and gradients in chemical or isotopic 
properties, to be tracked. Specifically, we need models which incorporate “loss” of 
small, diffusing particles into large objects which evolve in very different ways. 

9) Astronomical observations of the relative abundances of water, SiO, CO, and 
other molecules in the vapor form, relative to each other or to hydrogen, as a function 
of location (distance from the star) and time (or accretion rate), might be capable of 
revealing evidence for or against evaporation fronts.  
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