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Dynamic Crystallization Experiments as Constraints on 
Chondrule Genesis 

Roger H. Hewins 
Department of Geological Sciences, Rutgers University, New Brunswick, New Jersey 08903 

Silicate spheres with compositions and textures similar to those of chondrules have been produced in a 
number of dynamic crystallization studies. Pyroxene excentroradial chondrules have been simulated by 
cooling totally melted charges at low rates (pyroxene-olivine-normative composition) or at a large range of 
cooling rates (more Si-rich composition). Textures similar to those of barred olivine chondrules have been 
produced experimentally by cooling totally melted charges (pyroxene-olivine-normative and less Si-rich 
compositions) at moderate and high rates. Spherules comparable to olivine microporphyritic chondrules 
have been made in two ways: Cooling melts lacking obvious nucleii at moderate rates produced large 
hopper olivines, but melts rich in heterogeneous nucleii generated granular and granular-poikilitic textures 
with low or high cooling rates. This review of experimental studies shows that many chondrules have 
textures consistent with heating in the range l 400°- l 600°C and cooling at rates from a few degrees to many 
thousands of degrees per hour. This constraint rules out mechanisms for chondrule genesis that require 
exclusively either nearly instantaneous or really slow cooling. Textural, chemical, and isotopic data suggest 
that chondrules were generated from primordial particles and several mechanisms might have operated to 
heat them as they settled towards the median plane of the nebula. Of these heating mechanisms, friction with 
nebular gas (Wood, 1983) and possibly heating by flares (Levy, personal communication, 1982) appear to 
have the potential, when fully worked out, of providing thermal histories for chondrules consistent with 
those required by dynamic crystallization experiments. 

INTRODUCTION 

In the last three years, studies of chondrules using a wide variety of techniques have very 
much reduced the number of possible interpretations of their origins. In short, the large fraction of 
chondrules that have textures resulting from the cooling of silicate melt can be explained by the 
rapid heating and cooling of independent primordial particles (Hewins et al., 1981 ). Some of the 
more important evidence leading to this working hypothesis is discussed below. 

Some chondntles include large olivine grains, often dusty and inclusion-rich but surrounded 
by clear olivine, which by virtue of their reversed zoning appear to be unmelted relict grains 
(Rambaldi, 1981; Rambaldi and Wasson, 1981, 1982; Nagahara, 1981.). A second type of 
inclusion consists of very fine-grained silicate similar to some chondrite matrix (Scott et al, 
1982b). These occurrences require a solid (rather thiu1., say, a vapor) precursor for these chon~ 
drules and the simplest assumption to make is that ali igneous chondrules formed by melting 
pre-existing solids. If the cbondrule-forming process was repeated, the fine-grained material might 
represent the original precursor material, whereas the large relict olivine grains might represent 
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earlier chondrules or fragments. Some material in chondrites ( matrix and accretionary chon-
drules) appears not to have been melted. 

Analyses of separated chondrules show that chondrules from different kinds of unequili-
brated chondrites have essentially the same average composition ( Gooding et al., 1980a; Scott et 
al., 1982a ). There is, of course, a range of chondrule compositions ( e.g., Dodd, 1978b; Scott and 
Taylor, 1983; Bischoff and Keil, 1983), but in a general way chondrule compositions resemble 
bulk solar composition except for enrichments in lithophile elements and depletions in siderophile 
elements. Chondrules and chondrule fragments in ordinary and carbonaceous chondrites have 
been shown to be unequilibrated in oxygen isotopes (Mayeda et al, 1980; Gooding et al, 
1980b; Onuma et al, 1982). The chemical data on chondrules show that they (and their 
precursors) were never equilibrated in a planetary body. 

The textures of droplet and microporphyritic chondrules have been reproduced in a number 
of experimental studies (e.g., Planner and Keil, 1982; Tsuchiyama and Nagahara, 1981; Hewins 
et al, 1981). It has been shown previously that the thermal history data from these studies are 
compatible with the model for chondrule origin by melting of primordial particles (Hewins et al, 
1981). As this working hypothesis gains widespread support, the importance of the dynamic 
crystallization studies becomes clear. Such experiments offer our principal indication of the 
physical conditions obtaining at the time of chondrule genesis and thus directly constrain the 
nature of the heating mechanism. This paper, therefore, discusses the extent to which chondrule 
textures have been reproduced (for pyroxene-rich, olivine-rich, and refractory bulk compositions) 
by dynamic crystallization and the significance of the thermal histories involved. 

REVIEW OF DYNAMIC CRYSTALLIZATION EXPERIMENTS 

Lofgren (1980) has reviewed recent work on the dynamic crystallization of basaltic liquids 
and has shown that the interpretation of thermal histories of rocks is not at all simple. Chondrules 
are less well understood than b~lts, and extrapolation from melt droplets produced on wire loops 
in vertical furnaces to the meteoritic chondrules is even more "complex. A large number of 
assumptions must be made in applying experimental results to an individual chondrule. For 
example, to infer, say, the cooling rate of a chondrule by matching textures with those of 
experimental charges, the latter should have idendcal bulk composition, degree of superheat 
and/or number of nucleii, oxygen fugacities, etc., to the natural chondrule. It is unreasonable to 
expect exact duplication of every parameter pertaining to a single chondrule. However, when the 
textural variations within chondrule suites are compared to different groups of experimental 
charges, there is a better chance of having typical parameters duplicated within the experiments, 
and indeed general guides to chondrule thermal history have emerged. Furthermore, although 
these guides will be shown below to involve ranges of cooling rates, the differences seem relatively 
insignificant as the inferred cooling times are all very short on a cosmic scale. 
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124 Chondrules and their Origins 

Pyroxene excentroradial chondrules 

Three sets of experiments have used highly pyroxene-normative bulk compositions (Planner 
and Keil, 1982, Hsil composition; Tsuchiyama and Nagahara, 1981; Hewins et al, 1981). 
Hewins et al. (1981) produced exclusively pyroxene as a crystalline phase, whereas olivine was 
important in the other experiments. Tsuchiyama and Nagahara (1981) explained the difference as 
due to differences in chemical composition, since Hewins et al ( 1981) used starting material with 
more SiO2 (58%). Tsuchiyama and Nagahara produced barred-radial olivine with high and 
moderate cooling rates (down to 125°/hr) but barred-radial pyroxene at low cooling rates 
(5°-46° /hr). Planner and Keil (1982) did not use such low cooling rates and olivine is the only 
liquidus phase in their experiments. The less silica-rich compositions have a significant olivine field 
at the liquidus and presumably only olivine is found when kinetics are unfavorable for pyroxene 
nucleation. Planner and Keil made many runs in which the droplets were cooled to about 1460°C 
for up to 93 minutes but no pyroxene grew, even with this isothermal episode. Donaldson (1979) 
showed that even olivine can have its nucleation delayed for many hours, particularly when 
undercooling is not very great. 

Both Tsuchiyama and Nagahara ( 1981) and Hewins et al. ( 1981) cooled some charges that 
were not totally melted. These charges contain stubby crystals, so that it is certain that pyroxene 
excentroradial chondrules cooled from a totally molten state. Hewins et al ( 1981) found that 
cooling from the liquidus to 1000°C before quenching produced pyroxene-glass charges resem-
bling excentroradial chondrules, whereas quenching from higher temperatures yielded more glass 
than is found in natural chondrules. It is inferred that the ambient temperature of the chondrule 
environment was at least as low as 1000°C. 

Cooling rates for excentroradial chondrules may be estimated from the experimental run 
products, by comparing mean widths of the largest dendrites. Estimates derived from the Hewins 
experiments are ten times faster than from the Tsuchiyama experiments. This suggests that 
crystallization is sensitive to bulk compositions, with an increase in silicate content making 
pyroxene nucleation and/ or growth easier. The experimental charges of Hewins et al (1981) seem 
well suited to interpret chondrules in Manych (Dodd, 1978b) on which their composition was 
based. Pyroxene dendrite widths correlate with Fe-Al enrichment patterns in both the natural and 
synthetic droplets. In addition, Hewins et al ( 1981) grew some very slender dendrites at high 
cooling rates, similar to those in some chondrules, whereas Tsuchiyama and Nagahara (1981) 
produced olivine at comparable rates using material poorer in SiO2• 

The total range of cooling rates from experiments that produced excentroradial pyroxene is 
5°-3000° /hr. Since some natural chondrules contain pyroxene slightly coarser and finer than in 
the run products, they could have experienced a slightly wider range of cooling rates. The inferred 
rates are listed in Table 1 for easy comparison with the apparent cooling rates of other kinds of 
chondrules. Note that the cooling times are variable and not instantaneous, but all are short on a 
cosmic time scale. 
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Table 1. Summary of cooling rates used in experiments that produced textures comparable to those 
in chondrules. 

Type SiO2 Nuclei Rates (°C/hr) Reference 

Pyroxene excentroradial 58.2 50-3000 Hewins et al., 1981 
53.5 5-46 Tsuchiyama and 

Nagahara, 1981 

Barred olivine 53.5 125-500 Tsuchiyama and 
Nagahara, 1981 

53.2 330 ( + ioothermal) Planner, 1979 
46.1 3,000 Tsuchiyama et al., 1980 

Olivine microporphyry 
granular/ poikilitic 44. + 5-800 Nagahara, 1983 

granular 43.6 + 1200-4800 Tsuchiyama and 
Nagahara, 1981 

granules and blades 44.9 + 1200-14400 Tsuchiyama et al., 1981 
granular 38.6 + 412-3678 Planner, 1979 
hopper 38.6 223-421 (+isothermal) Planner, 1979 
elongate hopper 38.6 3680 Planner, 1979 

Ca-Al-rich 31.1 + 20 Paque and Stolper, 1982 

Barred olivine chondrules 

Spherules resembling barred olvine chondrules were produced by Tsuchiyama et al. (1980) 
with material containing 40% normative olivine. They showed that dendrite widths increased over 
a series of experiments as cooling rates decreased from about 8000° /hr to about 2000° /hr. They 
also showed dendrite widths increasing as initial degree of superheat was decreased (Tsuchiyama 
and Nagahara, 1981) in experiments on different bulk composition (see Table 1 and discussion 
below). Experimental charges cooled from below the liquidus contained small equant olivine 
grains, presumably partly relict unmelted material overgrown during cooling. It is therefore certain 
that barred olivine chondrules were totally melted. The charges most like natural barred olivine 
chondrules (although perhaps not as coarse and regular) were formed by cooling at about 
3000°C/hr from close to the liquidus. 

Planner ( 1979) illustrated in detail textures like those in barred olivine chondrules, which he 
produced in the experiments on highly pyroxene-normative material described above. The 
charges contain parallel groupings of highly elongate, somewhat skeletal olivine crystals. They 
might be described as varying from very close to natural barred olivine chondrules to transitional 
between microporphyritic and barred, although Planner termed the "transitional" examples 
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porphyritic. The matrix to the olivine is unlike that in barred olivine chondrules because of 
differences in composition. The factors leading to these textures in silica-rich material seem to 
involve moderately high growth rate for olivine (initial cooling rates were 319°-382° /hr) and 
suppression of pyroxene nucleation. Final temperature and length of an isothermal episode do not 
seem to have major systematic effects on textures, possibly because much of the olivine grew at 
very high temperature. 

Cooling rate estimates for barred olivine chondrules are summarized in Table 1. It is 
interesting that although the results of Planner (1979) and Tsuchiyama and Nagahara (1981) 
appear to agree closely, the latter authors produced rather fine olivine dendrites in many charges, 
which bear little resemblance to most barred olivine chondrules. Compositions differ, except for 
SiO2, with 12% minor elements present in Tsuchiyama's charges. Furthermore, since silica-rich 
barred olivine chondrules are rare [e.g., Dodd (1978b) lists only one example for Manych], the 
best guide to the thermal history of barred olivine chondrules appears to be the work of 
Tsuchiyama et al (1980). However, barred olivine chondrules are mainly more highly olivine-
nonnative than their bulk composition (see Dodd, 1978b), and it would be valuable to extend 
dynamic crystallization experiments to these difficult, more refractory compositions. 

Olivine microporphyry 

The difficulties of applying controlled crystalli:zation runs to chondrules are compounded in 
this category by semantic problems: the word "porphyritic" is used in very different senses by 
different petrographers and experimentalists. Dodd (1978a) used the term "microporphyry" for 
chondrules in a correct petrographic sense, in that the olivine crystal, with maximum size a few 
tenths of a millimeter, are microphenocrysts. Since chondrules are at most a few millimeters 
across, with no very big olivine grains, "porphyritic" has come to be used as synonymous with 
microporphyritic, which is regrettable, particularly in cases of very fine-grained olivine. Mcsween 
(1977) has appropriately termed olivine in some chondrules "granular," compatible with Donald-
son (1976), and yet others have called such textures porphyritic or microporphyritic. Experimen-
talists have lumped a number of textures, involving relict granules, stubby blades, and elongate 
hopper crystals, into the general category of "porphyritic." The reader is therefore warned that the 
experiments described below may not closely constrain the textures most often associated with the 
term "porphyritic" [e.g., those illustrated by Dodd (1978a)]. 

Donaldson (1976) summarized the hierarchy of olivine morphologic types grown in totally 
melted basaltic material, in a sequence by crystal growth rate. Polyhedral olivine crystals, hopper 
crystals, elongate hoppers, chains, and more complex dendritic forms were found systematically, 
with the former in slower-cooled and the latter in faster-cooled experimental charges. Part of this 
hierarchy is represented in olivine microporphyritic chondrules, but barred olivine chondrules 
represent the higher growth rates. The microporphyritic chondures contain polyhedral, hopper or 
elongate hopper olivine grains (e.g., Dodd, 1978a; Klein et al., 1980; Planner and Keil, 1982). In 
many cases, particularly those illustrated in the above papers, pyroxene dendrites nucleated in the 
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chondrules containing polyhedral olivine but not in those with hopper olivinei consistent with the 
idea of more rapid cooling in the latter case. 

Planner (1979) and Planner and Keil (1982) were able to match chondrule textures with 
hopper olivine in runs using initial cooling rates of 223°-421 ° /hr and with elongate hopper 
olivine in a single charge cooled at 3650°/hr. In Donaldson's work (1976), order of magnitude 
differences in cooling rate are found between polyhedral, hopper, and elongate crystals. Projecting 
similar differences between the experiments of Planner and Keil, an estimate of about 30° /hr for 
polyhedral olivine is reached. Since it is based on compositions closer to natural chondrules, this 
estimate supercedes the 1 ° /hr suggested by Klein et al (1980) using Donaldson's data. 

Most of Planner's (1979) experimental charges contain one or very few hopper crystals, 
whereas some microporphyritic chondrules contain more abundant crystals. However, he also 
performed three runs that produced abundant, fine, granular olivine ( which he likened to 
"microporphyritic" chondrules ). Planner showed that the abundant nucleation in these runs was 
due to the presence of trapped air bubbles. The dramatically different textures are due not to 
different cooling rates but to the presence of nucleii. Tsuchiyama and Nagahara (1981) also 
produced fine-grained olivine in runs cooled from below the liquidus at the same rates that 
produced barred olivine from initially totally melted charges. Many of these experimental charges, 
and also those of Tsuchiyama et al. ( 1980) with both relict granules and short olivine blades, do 
not closely resemble common microporphyritic chondrules. However, runs from just below the 
liquidus with larger crystals that are subhedral presumably because of overgrowth do look like 
microporphyry with polyhedral olivine. There appear to be (at least) two possible ways to 
simulate olivine microporphyry: cool from above the liquidus at low rates or cool from just below 
the liquidus at moderately high rates. The key question in chondrule thermal history therefore 
becomes one of the maximum temperature reached. 

Many chondrules, particularly those with dendritic pyroxene or hopper olivine, look nothing 
like experimental charges cooled from below the liquidus, suggesting that a range oflow cooling 
rates from above the liquidus applies. On the other hand, Nagahara (1981) and Rambaldi (1981) 
have identified certain olivine grains in chondrules as unmelted relicts, and more recently 
Nagahara (1982) has suggested that granular olivine in some poikilitic chondrules may also be 
relict. If this interpretation is correct, such chondrules might have experienced higher cooling rates 
comparable to those of barred olivine chondrules. However, Nagahara (1983) has also reported 
experiments simulating granular/poikilitic chondrules by cooling from below the liquidus as 
slowly as 5° /hr. This new result is consistent with Lofgren's (1980) finding that textures are not 
very sensitive to cooling rate when initial nuclei are present and underscores the fact that a wide 
range of thermal histories is possible for olivine-rich chondrules. 

Planner and Keil (1982) argued that chondrules were quenched from high temperature, 
because continuous cooling of experimental charges to about 600°C failed to produce glass. The 
matrix to the larger olivine grains in their charges consists of olivine-silica and silica-magnetite 
intergrowths. Addition of elements found in chondrules, such as Al, to their simple bulk 
compositions would make glass formation much easier. New experiments on natural chondrule 
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128 Chondrules and their Origins 

compositions are needed to see if glass is formed by continuous cooling to low temperatures. At 
this point, both quenching and continuous cooling seem possible histories for chondrules. 

Planner and Keil (1982) developed a fractional crystalfuation model to relate olivine 
compositions and cooling rates. They concluded that olivine in natural chondrules did not have the 
appropriate composition for continuous cooling and that equilibrium (Fe-Mg exchange) with the 
liquid in an isothermal event was required. This kind of modeling is difficult: ideally, the effects of 
diffusion and composition gradients in the liquid should be incorporated (Onorato et al., 1978). 
To check on the necessity of an isothermal event for olivine microporphyritic chondrules, which 
does not seem to be required for pyroxene excentroradial chondrules, it would be desirable to test 
the fractionation models with data from new experiments performed at the appropriate oxygen 
fugacities on compositions matching chondrules. Lofgren (1982) suggested that the composition 
range of olivine in chondrules would be greatly influenced by the presence of heterogeneous 
nuclei, possibly associated with unmelted relicts, which might explain the apparent partial 
equilibration in the chondrules studied by Planner and Keil. Additional petrographical, experi-
mental, and analytical work should clarify how mineral compositions and textures vary for 
droplets with abundant and minimal nuclei. 

Refractory chondrules 

Chondrules and inclusions with refractory compositions (Ca-Al-rich) occur in many carbo-
naceous and ordinary chondrites (Reid et al, 1974; Mcsween, 1977; Bischoff and Keil, 1983). 
Paque and Stolper (1982) conducted the only crystalfuation experiments on a composition that 
was at all close to that of the refractory chondrules, specifically representing Type B calcium-
aluminum-rich inclusions. They achieved the closest approach to natural textures by cooling from 
below the liquidus (1550°C) at 20° /hr, and lower cooling rates are indicated to achieve the grain 
size of the coarse-grained inclusions. Some of the refractory chondrules contain glass and skeletal 
crystals and doubtless experienced more rapid cooling. In addition, they were probably totally 
melted, although the liquidus temperatures are unknown since the chondrules are more SiO2-rich 
than the material studied by Paque and Stolper. The simplest models for the early solar system 
might suggest simple differences in temperatures or bulk compositions between melted, partly 
melted, and unmelted refractory materials in chondrites, but more work may very well reveal the 
absence of such simple patterns. 

Volatilization data 

An interesting by-product of dynamic crystallization studies involved melt-vapor equilibria 
and kinetics. Tsuchiyama et al. ( 1981) studied sodium volatilization as a function of temperature, 
oxygen fugacity, and melt-sphere size. Their sodium loss data suggest that any chondrules with 
moderate sodium contents have spent very little time (at most a few hours) at high temperature. 
Dodd's data (1978a,b) for chondrules show great variety in chondrule Na2O contents. Barred 
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olivine chondrules tend to have less Na2O than olivine microporphyry (typically, 0.2-0.3 vs. 
1-2% Na2O). Since there is no theoretical reason to suppose a higher initial Na in the micropor-
phyry and it most likely spent longer time at temperature (although peak temperatures are not 
known), the difference may be due to the greater size of the microporphyritic chondrules. The 
differences in Na2O and size between barred and rnicroporphyritic chondrules are of the order 
expected from Tsuchiyama et al. 's (1981) results, but it should be remembered that there are no 
simple correlations between size and Na content within each chondrule type (Dcx:ld, 1978a,b ). If 
barred olivine chondrules did initially have the maximum Na2O content of microporphyry, they 
spent 1-10 hrs at liquidus temperatures according to the results of Tsuchiyama et al. (1981). 
Unless the lost Na was excluded from the chondrite aggregates, the initial Na could not have been 
much higher than this and, of course, it could have been lower (requiring a shorter time at 
temperature). The extraordinary variability of Na contents of chondrules (e.g., Dcx:ld 1978a,b) 
makes it difficult to derive rigorous time-temperature information, but the more highly sodic 
chondrules must have spent minimal time at high temperature. 

CONSTRAINTS ON CHONDRULE GENESIS 

Given the presence of unmelted material in chondrules and oxygen isotope differences 
between chondrules, it seems reasonable to set aside condensation and regolith models for the 
origin of most chondrules. The above review indicates that dynamic crystallization studies are 
generally consistent with the working hypothesis of melting of primordial particles to generate 
chondrules. The challenge now is to extract from these studies information on the physical 
environment in which chondrules formed, so as to constrain the nature of the heating events or 
heating mechanism. Although it may not be possible to uniquely define the thermal history of 
every specific chondrule, because of individual fluctuations in bulk composition and maximum 
temperature, it should be clear that on a cosmic scale, most droplet chondrules had a similar 
history. 

The cooling rates used in all experiments that produced spherules resembling chondrules are 
summarized in Table 1 and range from a few degrees to many thousand degrees per hour. The 
maximum and minimum liquidus temperatures of chondrule analogues used in these experiments 
are 1580°C and 1440°C [coincidentally, both are from Tsuchiyama and Nagahara (1981) ]. Some 
chondrules undoubtedly reached temperatures somewhat above their liquidi (finely dendritic and 
nearly glassy chondrules ); others were not totally melted ( chondrules with relict grains and 
poikilitic chondrules). Accretionary chondrules and some inclusions were apparently not melted 
at all, while rare Al2O 3-MgO droplets may have reached 2000°C (Macdougall, 1982). However, 
the success with which the textures of Fe-Mg chondrules have been duplicated suggests that many 
particles were heated to 1400°-1600°C. Also of concern are the final temperatures after chon-
drule cooling. Planner and Keil (1982) rarely produced glass in their Al-free runs and argued from 
their experiments that glass-bearing chondrules must have been quenched from very high 
temperatures. Hewins et al (1981) produced abundant glass in charges continuously cooled to 
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1000°C, which suggests that a quenching episode may not be required, provided that the ambient 
temperature was less than the glass transition of the residual glass. The ambient temperature is thus 
undefined, except that it must be less than glass transition temperatures. 

The thermal history of a very large number of particles in chondrites can thus be summarized 
as follows: Chondrules were heated to high temperatures, typically about 1500°C, spending at 
most only hours at these temperatures (based on Na contents) and were cooled to relatively low 
ambient temperatures in times ranging from a few seconds to a few days. The importance of this 
conclusion is that it may rule out a number of otherwise possible origins for chondrules (e.g., 
models requiring exclusively very rapid or very slow cooling). Condensation and impact models 
have already been set aside because of textural and isotopic constraints. Any types of "transient 
high-temperature events of unknown nature" (Wood, 1981) that demand instantaneous cooling 
may also be rejected, while any mechanism linked to the general cooling of the solar nebula seems 
totally inappropriate in time scale. The cooling rates of chondrules do require the presence of a 
blanketing medium, presumably an opaque or chondrule-rich portion of the nebula that prevented 
rapid radiative cooling (Hewins et al, 1981 ). It seems that this portion of the nebula was relatively 
cool at the time of chondrule formation, although Tsuchiyama et al (1980) entertained the idea 
that the nebula cooled rapidly along with the chondrules. 

Several mechanisms for chondrule formation have recently been discussed that appear 
capable, when fully worked out, of yielding thermal histories compatible with those inferred from 
the chondrule crystallization experiments. Levy (personal communication, 1982), in an approach 
described briefly in Cameron and Mercer-Smith (1983), has proposed flares as the heating 
mechanism. A smooth transition is assumed from the protosun to the adjacent hot turbulent nebula 
with magnetic activity and therefore flares from the disk at considerable distances from the 
protosun. The flares would heat and melt dust particles settling towards the median plane of the 
nebula. What is not yet defined for this mechanism is whether the flares would subside gradually 
enough, or whether there would be a sufficient density of gas and dust far from the median plane, so 
as to provide for low enough cooling rates. This restriction would seem even more severe for the 
case of heating by lightning, and yet Fujii and Miyamoto (1983) have suggested that lightning may 
be effective shortly prior to planetesimal formation when the gas-dust mixture was adequately 
thick. 

Wood (1983) bas proposed that chondrules formed when interstellar dust particles, settling 
toward the median plane of the nebula, entered the nebula and were heated by friction. The 
analogy with particles entering the Earth's atmosphere makes this model intuitively very attrac-
tive. The heating is rapid and chondrules would have appropriate cooling rates if the median plane 
was particle-rich and at a moderate or low ambient temperature. Like heating by flares, this 
mechanism involves aspects of chance that could account for the variety of objects in chondrites. 
Particles fulling in from short distances might not accelerate enough to be melted, while melt 
droplets could impinge on other particles to form complex objects. This scenario would also allow 
for partial evaporation of some melted material to produce Ca-Al-rich material (King, 1982) and 
should provide suitable cooling rates for any spatter chondrules formed as a by-product 
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FUTURE WORK 

It is desirable to extend dynamic crystallization studies of compositions closely matching 
chondrules under appropriate redox conditions, as listed below. One technique that might yield 
considerable insight into chondrule crystallization would be to mount the charge on the junction of 
a thermocouple (Paque, personal communication, 1983). Comparison of temperature measure-
ments with the reference thermocouple would show when crystallization occurred and indicate the 
amount of undercooling before nucleation. 

(1) Runs should be continuously cooled down to 600°C to check for glass or total 
crystallization. This will serve to constrain the ambient temperature and test whether a quenching 
event is necessary. 

(2) Experiments are needed on a wider range of compositions, including those of highly 
olivine-rich and Ca-Al-rich chondrules. 

(3) Most importantly, for a composition typical of olivine-bearing chondrules, systematic 
experiments using both low and high cooling rates are needed, starting both above and below the 
liquidus. This would show under what conditions textures most like chondrules occurred, and if 
similar textures can indeed be produced using different thermal histories. It will be important to test 
how closely mineral compositions, as well as textures, match those in natural chondrules. 

( 4) Once systematic results are obtained as in (3) above, it should be simple to test specific 
models of chondrule origins ( e.g., by using specific bulk compositions or specific thermal or redox 
histories). 

CONCLUSIONS 

Dynamic crystallization studies suggest that many chondrules were heated to temperatures in 
the range 1400°-16000C and were cooled at rates ranging from a few degrees to many thousand 
degrees per hour down to a relatively low ambient temperature. This constraint rules out any 
model for chondrule origins that requires exclusively very rapid or very slow cooling. Heating by 
infall of particles into nebular gas (Wood, 1983), and possibly heating by flares from the nebular 
disk (Levy, personal communication, 1982), appear capable of providing suitable thermal histories 
for chondrules. More detailed accounts of these mechanisms should be compared closely with 
results from new experiments that more accurately reproduce textures and phase compositions in 
chondrules. 
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