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Condensation of Chondrules 

Milton Blander 
Argonne National Laboratory, 9700 South Cass A venue, Argonne, Illinois 60439 

By the imposition of well-known kinetic constraints on processes involved in condensation, crystallization, 
and chemical or crystal reactions, it is shown that the major properties of chondrules could have been 
produced by the direct condensation of droplets of metastable liquid silicates followed by subsequent 
crystallization, accretion, and partial comrninution of these droplets. Important kinetic factors include 
nucleation constraints on condensation and crystallization, slow transformations and chemical reactions 
involving chain silicates and slow diffusion of ions. These factors can lead to the variety of compositions and 
textures of chondrules, as well as the compositions and content of metals within chondrules. Superimposed 
on these kinetic factors is the expectation of other effects due to the nature of a cooling nebula. For example, 
convection in a cooling nebula would impose an oscillatory component on the temperature. Thus, the 
condensation of chondrules would be followed by reheating of chondrules and accreted "chunks." This 
would lead to changes in crystallization behavior and "automorphism,v as well as the enhancement of 
reactions with surficial deposits and accretions. It is likely that all observations on chondrules, as well as on 
calcium-aluminum-rich inclusions (CAi's), can be reconciled with this picture. Non-equilibrium effects 
make the interpretation of chondrule properties difficult. However, with sufficient information on kinetic 
factors, they provide us with much more information on chondrule (and meteorite) origins than if 
chondrules and other meteorite features were formed at equilibrium. 

INTRODUCTION 

1 

The formation of chondrules directly by condensation from an ancient body of gas remains as 
a prominent and quite probable mechanism. Critiques of this mechanism have rested on an 
incorrect or incomplete understanding of the consequences of the process of condensation and of 
properties of a primordial nebula. It is the purpose of this paper to better define some of these 
consequences, many of which result from the non-equilibrium effects, which played a likely role in 
fixing the chemistry and mineralogy of chondrules. A picture of the chondrule formation process 
will be created based on known physical principles. Because information on kinetic factors is 
incomplete, not all properties of chondrules can be predicted a priori. However, as will be seen 
later in this paper, the number and importance of the properties of chondrules that are predicted in 
this picture, based on a small number of physical principles, make this an appealing and probable 
mechanism. 

In order to limit the complexity of the paper, we will define the properties of one possible 
gaseous source of chondrules, which is considered to be a hot gas with a solar composition 
(Cameron, 1973) in which the pressure range includes 10-4- 10-2 atmosphere. The physical 
principles discussed here are not limited to this gas, but will also apply to a broad spectrum of other 
possible sources. 
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2 Chondrules and their Origins 

PROCESSES FOR FORMATION AND DISPOSITION OF CHONDRULES 

The process of chondrule formation in a nebula is followed by a series of other processes, 
which leads to a complex variety of forms and compositions. This complexity is, at least in part, the 
result of expected departures from equilibrium. Consequently, before discussing the processes 
involved, a brief discussion of some significant kinetic factors is given. 

From known physicochemical principles, we can deduce several important kinetic con-
straints on chondrule formation. Nucleation constraints must have played an important role in the 
initial condensation process, as well as in the crystallization of liquid condensates. Because 
surface-free energies of solids are greater than those of liquids, the critical supersaturation with 
respect to the condensation of an equilibrium solid is greater than that for the condensation of a 
metastable liquid. Because entropies of fusion of solids (including silicates) are relatively small, 
only relatively small differences in such critical supersaturations are needed to condense a 
metastable liquid, rather than a stable solid, when one is not extremely far below liquidus 
temperatures. For silicates, it is known from experiments (Blander et al., 1976) that such 
metastable liquids could be formed hundreds of degrees below liquidus temperatures. Conse-
quently, one predicts that metastable liquids will condense directly from the gas in a manner 
analogous to the formation of metastable liquid water below 00 C in terrestrial clouds. There 
probably exists a lower limit below which metastable liquids cannot form. For enstatite chondrites 
and from experiments on Mg0-Si02 liquids (Blander et al., 1976), this lower limit appears to be 
about 1300K. In addition, very large constraints on the formation of metallic iron are predicted 
from nucleation theory (Blander and Katz, 1967). Measurements by Frurip and Bauer (1977) 
have confirmed that very large supersaturations ( e.g., for liquid iron at 1600K, ln Sc= 6.3, where 
Sc is the critical supersaturation) are necessary to nucleate iron condensation. However, their 
results are somewhat smaller than predicted by nucleation theory (e.g., 1n Sc= 8.5-10). The 
tendency of the metastable liquid silicates to crystallize will also be blocked by nucleation 
constraints. Since nucleation is a stochastic (probabilistic) process and rates of liquid to crystal 
nucleation generally do not have large temperature coefficients, the nucleation of crystals from 
liquid droplets can take place over a range of temperatures. This will be true whether nucleation is 
heterogeneous or homogeneous. 

Another important kinetic factor is related to diffusion and material transfer between 
particles in the gas. As the temperature is lowered, diffusion coefficients decrease. Consequently, 
materials deposited or accreted onto a crystallized chondrule can enter by diffusion only if 
temperatures are high enough. In silicates, low valent ions such as Na+ are usually more mobile 
than high valent ions (St4, Ai+3), so that there will be selective diffusion and/ or exchange of ions of 
lower valence in certain temperature regimes. On the other hand, transfer of materials between 
two particles ( e.g., chondrules and a later condensate) separated from each other by the gas will 
tend to be much slower than for particles in contact, since it involves the relatively slow 
vaporization of the material, transport through the gas, and slow recondensation. The vaporization 
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M. Blander: Condensation of chondrules 3 

and recondensation steps are especially slow if the partial pressures of the materials volatilizing are 
very low (as the result of low abundances or of a majority of it having already condensed). 

Another class of kinetic constraints that should be important is related to reaction rates of 
solids with the nebula. For example, chain silicates have complex structures that are usually 
difficult to form or decompose at low temperatures. An examination of enstatite chondrites 
indicates that on the time scale of their formation, reactions involving MgSi03 such as 3MgSi03 + 
Fe(s) _... 3/ 2 Mg2Si04 + Si (solid solo.)+ 1/ 2 Fe2Si04 (solid solo.), "froze in" at temperatures near 
1300-1400K. Such constraints would freeze in much of the chemistry and mineralogy of 
chondrules. This temperature is consistent with the expected temperatures to which Mg0-Si02 

liquids could be subcooled (Blander et al., 1976). Thus, the crystallization of molten chondrules to 
solid chain silicates would have stopped the further reaction of the major minerals in the chondrule 
with the nebula. In addition, reactions of non-chain silicates to form crystalline chain silicates 
would also be stopped because of the kinetic barriers to the formation of the crystalline chain 
silicates. 

With these kinetic factors in mind, we can examine the processes that lead to the formation of 
chondrules in a large cloud of gas. If the gas is initially hot, it will cool with the consequent 
formation of metastable liquid silicates as well as some metal. The liquids continue to react with 
the nebula and become more siliceous as the temperature decreases. The liquids will then 
crystallize in a range of temperatures defined by crystal nucleation kinetics and, if heterogeneous 
nucleation is important, by the kinetics of collisions between crystal nuclei and the liquid drops. 
Further cooling of the gas will lead to the condensation of more volatile solids to form a dust. 

Simultaneously with the process of condensation, there will be accretion and comminution 
of condensed materials. Any metal nucleated will tend to be coated by co-condensing silicates and 
will be swept up in collisions with liquid droplets. Colliding molten droplets will form larger 
droplets, and crystallized chondrules that encounter each other will tend to accrete to form 
"chunks." The rate of formation of such "chunks" at low temperatures will increase if low 
temperature condensates, which form surficial deposits, act to bind chondrules together. Chon-
drules accreted at fairly high temperatures will be more "automorphosed" than those accreted at 
lower temperatures. Lower temperature condensates will condense or accrete onto exposed 
surfaces of chondrules. Since individual and comminuted chondrules have larger average exposed 
surfaces than those in chunks, and since the accretion process should occur parallel with nebular 
cooling and condensation, there will be a distribution of volatile materials that will be the most 
non-uniform for the most volatile materials and more uniform for the less volatile materials. 
Incorporation of chunks into meteorites will lead to stones with higher "automorphic" grades and 
less of the volatiles than when the stones have incorporated a large fraction of individual and 
comminuted chondrules that have survived to lower temperatures. Automorphic grades should be 
correlated with volatile contents and the specific volatiles that are more or less depleted should 
reflect the temperature range of accretion and the average relative exposed surface of the accreted 
material in that temperature range. 
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4 Chondrules and their Origins 

CONSEQUENCES OF KINETIC EFFECTS 

If there is a lower limit below which metastable liquids do not form, then the fraction of 
silicates that can form chondrules will decrease with pressure. In Fig. 1 are plotted the nominal 
temperatures of first condensation of a molten silicate, as well as a nominal lower limit of 1300K. 
For a fixed pressure ( or even for an adiabat ), the length of the line between the temperatures of first 
condensation and the lower limit reflects the fraction of the silicates that have condensed. If, for 
example, the "average" silicate crystallizes at 1350K, then the approximate fraction that could 
have condensed as a liquid is 1-10-4-3 / p, where pis the nebular pressure. (Between 10-4-0 atm and 
10-4-7 atm, this approximation is somewhat inaccurate.) From this, we can deduce that at pressures 
of 10-2- 10-1 atm, a major fraction of the magnesiosilicates (and of other chondrule components) 
could condense as liquids before 1300K, a smaller fraction at 10-4 atm, and none at 1 o-s atm. We 
have postulated (Blander and Katz, 1967; Blander, 1971, 1979) that E chondritesformedathigh 
pressures (10-2 - 10-1 atm ), ordinary chondrites formed near 10-3 atm, and C chondrites formed at 

Fig. 1 Representation of the con-
densation temperatures of liquid 
magnesium silicates as a function 
of pressure. The line labeled "ini-
tial" silicate condensation repre-
sents temperatures at which about 
5% of the silica and magnesia have 
already condensed into a molten 
mixture, which also contains the 
more refractory oxides. The verti-
cal line is a representative "lowest" 
temperature for the formation or 
maintenance of metastable liquid 
silicates (see text). A major frac-
tion of droplets are crystallized 
before cooling to this temperature. 
This "lowest" temperature would, 
of course, be a function of the time 
scale and should decrease with a 
decrease in time scale. Because 
crystallization of metastable liq-
uids occurs over a range of temper-
atures, many droplets will be crys-
tallized before cooling to the 
"lowest" temperature, and a small 
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fraction could survive to lower temperatures. At high pressures (10-2- 10-1 atm), liquids can 
condense for ~200K beyond the initial condensation, and essentially all the silicates will have 
formed a liquid, whereas at low pressures ( 10-s atm) the initial condensate forms below 1300K and 
no liquid can form. 
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M. Blander: Condensation of chondrules 5 

1 o-s -10-4 atm. Thus, we see that this picture is consistent with the fraction of igneous-like material 
in the different chondrite classes, since E chondrites contain a large proportion of chondrules and 
other igneous-like materials, whereas many C chondrites (presumably those formed in the lower 
part of the pressure range for C chondrites) contain little, if any, materials that appear to have been 
molten. 

Of course, the phenomenon is more complex than is indicated above. Because of the 
stochastic nature of the nucleation process, there is not a sharp lower limiting temperature, but 
rather a range of temperatures where the probability of condensing liquids is possible, and the 
temperature range is also a function of the composition of the liquid that tends to form. For 
example, at high pressures, most of the magnesiosilicates condensed before the limit was 
approached, and the liquids are consequently more siliceous than at low pressures. Thus, the limit 
is likely to be lower for the more siliceous materials at high pressures than for the less siliceous 
materials at low pressures, and the pressure range for the formation of the different classes of 
chondrites would be narrowed. In addition, the "lower" limit may not be 1300K. However, any 
change in this temperature merely shifts the pressure range in which the same phenomena should 
occur. 

Each chondrule constitutes a relatively independent chemical system, partly because of slow 
equilibration through the gas phase. Thus, each liquid drop will have a somewhat different 
composition, depending on the constituents incorporated by direct condensation and by collisions 
between drops. Superimposed on this, each droplet will nucleate crystals at a different tempera-
ture. The range of nucleation temperatures can be fairly large if homogeneous nucleation is the 
only mechanism, because of the generally low temperature coefficients ofliquid-solid nucleation. 
The range of nucleation temperatures will be even larger if (as would appear from radiating 
chondrules) heterogeneous nucleation is also important, since the rates will depend on the rates of 
collision of crystal nuclei with droplets. 

Melts equilibrated with the gas at low temperatures are more siliceous than those at higher 
temperatures. If reactions of the nebula with the silicates essentially stop upon crystallization 
(because chain silicates are a reactant or product), then the resultant droplets that had crystallized 
at different temperatures will have different Si/Mg ratios. This effect can lead to the compositional 
variability of chondrules that is observed. In addition, the differences in nucleation temperatures, 
modes of nucleation (homogeneous or heterogeneous), and compositions of droplets could lead to 
the variability of textures and morphologies that is observed in chondrites. 

Because equilibration between solids in contact is generally much more rapid than between 
materials separated in the gas, accretion and the formation of condensates on surfaces are 
important precursors of equilibration. Consequently, a collection of crystallized and comminuted 
chondrules in a cooling gas before accretion will collect later condensates of more volatile 
materials (perhaps Na+ and K+ bearing) on their surfaces. With accretion to chunks, the mobile 
portions of these surficial deposits, such as Na+, will equilibrate within the chunks, whereas the 
individual chondrules will be different in a manner dependent on the quantity of the surficial 
deposits. In addition, if accretion to chunks occurred at a high enough temperature for sintering of 
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6 Chondrules and their Origins 

the chondrules, they will "automorphose" to a higher grade. These chunks, having smaller surface 
areas per unit mass than whole or comminuted chondrules, will collect less of the very low 
temperature surficial deposits of most volatile materials. The amount of volatiles incorporated will 
depend on the rates of accretion, which is a continuous process (that can have temperature 
dependent rates) occurring during the cooling of the nebula. The particular volatiles incorporated 
or not incorporated into chunks will be related to the relative values of the accretion and 
condensation temperature ranges. 

METAL 

Because of non-equilibrium effects, understanding the origins of metal particles in chondrules 
presents some complexities. Iron-nickel alloys can be considerably supersaturated before condens-
ing because oflarge surface-free energies and the consequent nucleation constraints (Blander and 
Katz, 1967). Frurip and Bauer (1977) have shown that measured supersaturations are large, but 
somewhat smaller than predicted from classical nucleation theory. [For example, at 1600K, the 
natural logarithms of the critical supersaturation for (metastable) liquid iron is about 6.3, 
compared to theoretical values of 8.5 to 10 for rates commensurate with the method of measure-
ment.] Consequently, some metal could nucleate during the condensation of chondrule precursors. 
Since liquid silicates tend to wet metals (i.e., small wetting angles), any metal particles formed 
would be good nucleation sites and tend to be coated by co-condensing liquids. Metal particles 
formed during silicate condensation would thus be removed from direct contact with the nebula 
and cease to be metal condensation nuclei. The co-condensation of liquid silicates provides a 
removal mechanism for metal nuclei and would serve to increase the supersaturations possible 
with respect to metal to a higher level than one would have if no liquids had formed. Thus, 
early-formed metal particles will be effectively isolated from the nebula and will usually be able to 
react with it only indirectly. 

Of the nebular reactions possible with such particles imbedded in silicates, the most 
significant will involve the relatively oxidizable metals. These can have significant concentrations 
dissolved in the silicates, which provides a mechanism for diffusive transport. Equilibration of 
relatively oxidizable metals ( e.g., Fe and Ni) between metal particles immersed in a liquid drop 
should be relatively rapid, but equilibration between metals in separated droplets or between 
metals in droplets and the gas should be slow. Equilibration of Fe and Ni between crystallized 
chondrules in contact is possible, as long as the interdiffusion of Fe++ and Ni++ is rapid enough in 
the solid silicates. Consequently, different chondrules that remain separated to low temperatures 
can preserve inherited differences in compositions of even the oxidizable metals, and all chon-
drules can preserve differences for metals ( e.g., platinum metals) that are noble enough so that no 
good transport mechanism exists by which they can be equilibrated even at high temperatures. 
Because the metal content has been emplaced by a stochastic process, and because the number of 
metal particles in chondrules is generally small, one would expect large variations in total metal 
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M. Blander: Condensation of chondrules 7 

content and compositions, with larger variations for noble metals, which are expected to co-
condense with the silicates in chondrules. 

OTHER NEBULAR PROCESSES 

Misconceptions concerning the formation of chondrules by direct condensation from a gas 
stem from the lack of consideration of the many possible post-condensation processes ( other than 
crystallization) that might have influenced the chondrules (or CAI's that could have formed in a 
manner similar to chondrules). For example, in a large, cooling, hot gas cloud, one expects 
convection of the gas that would transport gas, dust, chondrules, and chunks in a convective loop. 
As the gas travels outward toward the nebular periphery, the gas pressure decreases and the gas 
cools. When the gas loops back, the pressure increases and the gas temperature rises. Thus, local 
regions in a cooling nebula do not necessarily cool monotonically, but rather have a local 
oscillating temperature variation superimposed on the overall falling temperature. The magnitude 
of the oscillation depends on the magnitude of the ratio between the maximum and minimum 
pressure in the convective loop ( or cell), as determined by the equation for adiabatic expansion of 
gases: 

(1) 

where T is temperature, P is pressure, and the prefactor of the expression on the righthand side 
averages 0.27 for hydrogen at temperatures ranging from 1000- 1300K. Thus, the final tempera-
tures for different expansion ratios, R, of a gas initially at, e.g., 1300K, are 1165K for R = 1.5, 
1078K for R = 2, and 894K for R = 4. This oscillatory temperature component can lead to many 
important influences on chondrules (and CAi's). For example, droplets condensed, crystallized, 
and partly accreted during the expansive cooling part of the cycle will be reheated during the 
compression of the gas. This would enhance the tendency toward automorphism and equilibration 
of materials ( e.g., Na+ -containing condensates) and chondrules in contact. If there are different 
convective cells with different ranges of pressure and temperature, it would lead to a tendency 
toward quantization of the range of chondrule compositions in each cell. Since gravitational fields 
would tend to cause the condensates to fall to the gravitational center, materials from one cell can 
fall into other cells, especially if they are large aggregations for which gravitational effects are large. 
Thus, if there are differences in isotopic compositions between inner and outer cells, material 
condensed in an outer convection cell (let us say one with no 17 0 or 180) can fall into another cell 
(with, say, "normal" oxygen isotopic abundances) and react with the new gas. This could lead to 
the isotope anomalies found in CAi's by the diffusion process discussed by Blander and Fuchs 
(1975). This diffusion process is not necessarily limited by the size of aggregations (unless they 
become extremely large and non-porous), since intergranular and surface diffusion is generally 
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8 Chondrules and their Origins 

large relative to bulk diffusion into individual mineral grains. Chemical effects could also be 
possible in the transfer of chondrules and CAI's between cells. One could thus mix condensed 
materials formed in different cells in different temperature ranges, and materials in a given 
chondrite are not necessarily formed in a single location. Convection will also hasten accretionary 
processes, since materials with different kinematic properties ( different sizes, different densities) 
will tend to possess more relative motion than in a stationary gas and collide more often. 

We see that a nebular origin should lead to complex thermal histories for chondrules and can 
lead to more complex chemical histories than envisioned in simplistic models involving a 
stationary gas. A common reason for not accepting an origin of chondrules or CAI's by 
condensation in a nebula (e.g., see Lofgren, 1982; Wark and Lovering, 1982) is because of the 
assumption that there was a process of either condensation or reheating. In a large nebula, one 
could (and probably should) have both condensation and reheating in the gas. In addition, there 
are other complexities in properties imposed on chondrules and CAI's by probable nebular 
processes. Chondrule textures will reflect oscillations in nebular temperature, which can alter 
crystal forms and relationships. It is well known that oscillations in temperature can dramatically 
increase rates of crystallization and recrystallization (Kahlweit, 197 5) and, in fact, protein crystals 
have been grown using oscillatory temperatures when they could not be grown in a reasonable 
time with monotonically decreasing temperatures. Oscillatory temperatures in convection cells ( or 
in any other place) will have a major influence on crystal textures and forms in chondrules. 

CONCLUSIONS 

Condensation from a solar-type gas can produce materials that have all the properties of 
chondrules if kinetic constraints are imposed on the processes involved. The observed variability in 
compositions, textures, degrees of equilibration of minerals and metals, and the "automorphic" 
grade of chondrules (or collections of chondrules) can all be reconciled with an origin by direct 
condensation to liquid droplets. Nebular conditions can affect chondrules. For example, convec-
tion in a nebula can lead to oscillatory temperatures and to major effects on automorphism, crystal 
forms, and equilibration, and can also alter chemical, mineralogical, and physical properties of 
chondrules. Condensation and reheating of chondrules can both occur in a nebular setting, and 
indications of either of these two processes in meteorites do not necessarily exclude the other. 

The kinetic constraints on chondrule formation are not completely understood, and much 
more experimentation is needed to fully define their influence. Thus, although all of the most 
important properties of chondrules can be deduced from what is known of the kinetics, much 
more information is necessary to quantify our predictions. Non-equilibrium effects present 
difficulties for those attempting to quantify our understanding of the origins of chondrules and 
meteorites. The rewards of all these experimental and conceptual difficulties that one must 
surmount is that a definitive understanding of non-equilibrium effects will ultimately provide us 
with a great wealth of information on the nebula and/ or the processes that produced meteorites 
4.6 billion years ago. 
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