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IS NON-LINEAR, RAPID COOLING PLAUSIBLE FOR CHONDRULE 
FORMATION? EVlDENCE FROM OLIVINE ZONING PROFILES. Yang Yu and 
Roger H. Hewins. Dept. of Geological Sciences, Rutgers University, Piscataway, NJ 08855. 

Introduction Dynamic crystallization experiments with rapid heating and controlled 
non-linear cooling processes have demonstrated that high cooling rates are needed for 
chondrules to retain most of their moderately volatile elements, e.g., Na and S [I,  21. 
However, the high cooling rate required to retain volatile elements seems to contradict the 
relatively low cooling rate suggested by a recent study on the compositional zoning in 
olivines from both natural chondrules and experimental charges [3]. Naturally, the question 
would be what kind of textures the non-linear, high cooling rate process can produce and 
whether the olivine zoning profiles observed in natural chondrules can only be produced with 
low cooling rates. We have conducted a series of experiments under conditions similar to 
the Na and S retention experiments reported in [I] and [2], and performed detailed electron 
microprobe analyses on the major and minor elements of the olivine phenocrysts from 
charges with porphyritic olivine textures. The results show that the textures and olivine 
zoning profiles observed in natural chondrules can also form under the heating and cooling 
conditions employed in our experiments. These, combined with the volatile loss 
experimental results, suggest that non-linear cooling with high initial cooling rate is a 
plausible process that chondrules might have experienced. 

Experiments The experiments were conducted with a Deltech vertical muffle tube 
furnace. The samples used include the type IIAB and type I chondrule analog composition of 
[4], with or without sulfide. The experimental procedures follow that described in [I] and 
[2]. The sample was heated to the maximum heating temperature, which took about one 
minute, and then immediately cooled. The maximum heating temperatures were 1470°C for 
type IIAB composition, and 1530°C for type I composition. The cooling rates were 
controlled to follow different non-linear cooling profiles shown in Fig. 1. The initial cooling 
rates range from about 5000"CIhr to 500°C/hr. The quench temperatures ranged from 
900°C to 1250°C. The fO, of the furnace was maintained at IW-0.5 and -2 respectively with 
a gas mixture of H, and CO,. Electron microprobe analyses were carried out on a Jeol 8600 
superprobe, at an accelerating voltage of 15 kV with counting times of 10 sec. for major 
elements and up to 160 sec. for minor elements. 

Results The textures of the experimental charges depend on the peak heating 
temperature, the liquidus temperature of the starting composition, and the cooling rate. In 
general, a charge will develop barred olivine (BO) or glass textures if heated to a maximum 
temperature above its liquidus, and porphyritic olivine (PO) or relict olivine textures if the 
maximum temperature is lower than the sample liquidus. The cooling rate determines 
whether the charge will form glass or BO texture, because melting continues during initial 
cooling, but does not have obvious effect on the formation of PO texture. In the type IIAB 
charges with PO texture, olivine grains are euhedral, and all of them develop Mg-rich cores 
(FO*~~)  and relatively Fe-rich rims (Fo,,). Minor elements such as Mn, Ca, and Cr also 
increase from core to rim. The compositional difference between the core and the rim of the 
olivine varies among different olivine grains in the same charge. On average, charges cooled 
rapidly show larger corelrim compositional differences than those cooled slowly. Typical 
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zoning profiles for FeO are shown in Fig. 2. Compositional zoning is not obvious in 
olivines from type I chondrule composition. 

Discussion Previous results of the cooling rate for chondrules derived from olivine 
zoning observations are controversial: Radomsky and Hewins favored cooling rates of 100 to 
100O0C/hr [4], but Jones and Lofgren [3] suggested relatively low cooling rates of 5 to 
10O0C/hr7 both using linear cooling rates. The concern raised by the low cooling rate results 
is that chondrules might stay at elevated temperature for too long and lose most of their 
volatile contents. The volatile loss experiments of [I] and [2] used non-linear cooling rates, 
and the results favor much higher initial cooling rates of 2500°C/hr, or even 5000°C/hr to 
retain a significant fraction of the original Na, or any sulfide minerals. The results from this 
study indicate that with non-linear, initially high cooling rates, chondrule textures and 
significant compositional zoning for both major and minor elements in olivine phenocrysts 
can still be reproduced. The compositional zoning profiles are very similar to those reported 
for olivines from Semarkona type II chondrules [5]. Apparently the olivine zoning is not a 
strong argument against the fast cooling rate. The low cooling rates deduced by [3] may be 
due to the very long melting time used in their experiments. This permits differentiation of 
the charge by settling of early Mg-rich olivine and subsequent growth of rims from Fe- 
enriched liquid. In any case, the results from this study suggest that non-linear cooling with 
rapid initial cooling rate is a plausible process for chondrule formation not only for retaining 
volatile elements, but for producing the chondrule textures and olivine zoning profiles as 
well. 
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Fig. 1. Sample thermal history. Fig. 2. Typical Fe zoning profile in olivine. 
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