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The hypothesis that chondrules are formed in a thermal impulse event with subsequent radiative cooling, as 
expressed in the Whipple discharge heating of dust balls model and in impact jetting models, has been 
examined by experiment. The experiment demonstrates a difficulty with those models if the precursor 
contains volatiles. An apparatus was contructed that heats ground Allende meteorite in a 5 kJ gas discharge 
and allows the fused material to radiatively cool while free-falling. Spherules produced in the experiment are 
vesiculated. If chondrules were produced by very short duration impulse heating, as in lightning and 
hypervelocity impact of precursor material incorporating volatiles as absorbed, structural, or admixture 
components and cooled rapidly by radiation, they also would be expected to contain vesicles. The absence of 
vesiculation in chondrules suggests that most are not the product of very short duration impulse heating and 
radiative cooling. 

INTRODUCTION 

In 1966 Whipple proposed that chondrules were formed by the fusing of dust in electrical 
discharges occurring in the primordial solar nebula. He invoked the pinch effect as the mechanism 
responsible for heating. Cameron ( 1966) extended the details of the model to include accumulation 
processes. Experiments by Salisbury involving electrical discharges in an atmosphere containing 
granite dust were disclosed by Whipple (1975). Those experiments produced spherules with an 
efficiency of the order of 1 %. However, it was also reported that Ursula Marvin and John Wood 
stated the composition was not like that of chondrules. Because of the interest in the Whipple 
mechanism, experiments utilizing Allende meteorite material have been carried out. 

EXPERIMENT AND ANALYSIS 

The experiment consists of apparatus (Fig. 1) capable of discharging 5 kJ of energy, from a 45 
microfarad capacitor bank charged to 15 kV, at a pressure of0.35 torr, through an electrode gap in 
which a dust ball of ground Allende meteorite is suspended by a thread. The discharge is triggered 
with an ignitron, which in turn is fired by a thyratron circuit. Equating magnetic and gas pressure 
provides a calculated estimate of discharge temperature in the range of 103 -104K. The heated 
material free-falls 1.5 m while radiative cooling takes place, and is collected at the bottom by a 
funnel and test tube. The dust balls were prepared by wetting the cotton thread with water, dipping 
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Fig. 1 Experimental appara-
tus constructed of Kimax with 
brass electrodes 1 cm in 
diameter. 

it into the dust, and transferring it to the apparatus where it was held at 0.35 torr and room 
temperature for at least 20 minutes while the capacitor bank was charged. 

Microscopic examination revealed that although some of the dust was fused into spherules in 
the size range of 10 to 200 microns, the bulk experienced melting just sufficient to agglomerate the 
fines. Spherules were separated out and placed upon Teflon plates where they were potted in 
thermoplastic for purposes of sectioning. Sectioning was accomplished by using abrasives on glass. 
Light and SEM microscopy (Fig. 2) revealed interior bubbles. Surface bubbles were also evident 
for spherules that had not been sectioned. The existence of vesicles is due to the presence of volatiles 
including sulfur in the meteorite ( -100 ppm), residual water from the dust ball preparation process, 
volatized thread, and atmospheric gases. 

It is not unreasonable to expect dust of the primordial solar nebula to contain volatiles such as 
water, sulfur, and organics as absorbed, structural, or admixture components. The experiment 
suggests that chondrules produced by the Whipple mechanism would probably contain vesicles as 
the laboratory-produced spherules do. The absence of vesicles in chondrules indicates it is unlikely 
that they have been formed by the Whipple mechanism. Impact mechanisms (Kieffer, 1975) have 
an aspect in common with the discharge mechanism in that both involve impulse heating and rapid 
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Fig. 2 SEM microphotograph of two spherules sectioned to show interior vesicles. The scale 
is 100 microns in length. 

radiative cooling. Chondrules produced by hypervelocity impact would also be expected to 
contain vesicles, as do some of the glassy spherules found in the lunar regolith ( von Englehardt and 
Stoffier, 1970). These are thoughtto be due to meteoroid impacts. Also, the Clayton model (1980) 
of highly exothermic chemical reactions providing energy for fusion of dust into chondrules could 
be expected to suffer similar consequences. 

The presence of bubbles in spherules that have been produced by impulse heating of precursor 
solids with subsequent radiative cooling, and why the bubbles would remain, can be understood by 
considering the effect of decreasing temperature on the volume of a gas bubble and the viscosity of 
the melt. Examination of viscosity-temperature data (17 vs. T) for various basaltic melts (Oark, 
1966) indicates a first-order relationship of 17 ex: T-N where N 10 and can be as high as 30! This, 
coupled with a radiative cooling rate of dT/dt ex: -T4, results in bubble entrapment. Indeed the 
rapid increase in viscosity with decreasing temperature is conducive to retaining the bubble at a 
greater volume than determined by gas law contraction-bubbles are frozen in! 
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The result of the experiment is verified by the presence of bubbles in some of the glassy 
droplets found in lunar regolith samples (von Engelhardt and Stoffler, 1970). Such droplets are 
quite likely the result of hypervelocity impact of meteoroids on the lunar surface. Droplets not 
having bubbles can be understood in terms of the lunar precursor material being lacking in volatiles 
in those cases. If chondrules were produced by very short duration impulse heating and radiative 
cooling as in the Whipple and impact hypotheses, the precursor material would have to have been 
devoid of volatiles. The apparent lack of vesiculation in chondrules and its presence in the 
experimental spherules and in some lunar samples indicate that if chondrules are of secondary 
origin, the melt must have been held at elevated temperatures longer than radiative cooling in a low 
temperature environment permits. The recent work of Planner and Keil (1982) and King (1982) 
suggests that chondrules have been held at elevated temperatures for extended times much longer 
than radiative cooling times. Other investigations have cast some doubt on primary origin models 
(Wood, 1981; Rambaldi, 1981; Nagahara, 1981). 

CONCLUSIONS 

The results of this study and others cited suggests chondrule formation involved melting of 
precursor solids in a non-impulsive manner with cooling at a slow rate as compared to the radiative 
process. Perhaps this occurred during the sun's T Tauri stage and may have involved sustained 
heated gas, ionic bombardment, or electromagnetic heating. The Whipple electrical discharge has 
also been invoked (Miller et aL, 1976) to explain the presence of amino acids in carbonaceous 
chondrites via a Miller synthesis. Doubt cast upon the reality of electrical discharge heating by this 
study forces reexamination of the corollary hypothesis of meteoritic amino acid synthesis by 
discharge. 
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