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Introduction:  Determining the cooling rates 
experienced by chondrules is crucial in constraining 
potential transient heating mechanisms within our 
solar nebula. The main technique used to define 
cooling rates is experimental petrology.  For over a 
decade, typical cooling rates of porphyritic 
chondrules, the most abundant textural type, have 
been assumed to be in the range 5-1000o/hour [1-5].    
Recently, Wasson and co-workers have argued for 
cooling rates approximately 3000 times faster [6-8]. 
Here we discuss the petrologic-chemical 
interpretation of cooling rates experienced by 
porphyritic chondrules. 

Determination of cooling rates:  The process of 
crystallization within a silicate melt is governed by 
the nucleation temperature, the abundance of crystal 
nuclei, the reaction rate at the crystal / melt interface, 
and the diffusion rates of elements to the boundary of 
the growing crystal.  The first two factors are directly 
related to the initial melting conditions.   

Chondrules are not in equilibrium.  The obvious 
evidence of this fact is that chondrule phenocrysts are 
zoned from cores to rims in major and minor 
elements (and in rare cases their trace element 
abundances) [9].  As a qualitative statement, FeO-
rich chondrules deviate far more from equilibrium 
than FeO-poor chondrules.  

Dynamic crystallization experiments provide the 
best method for determination of chondrule cooling 
rates [1-5]. Accurate textural and chemical 
comparisons between synthetic and natural samples 
provide the framework for interpretation of chondrule 
cooling rates. It is critical to understand what samples 
are being compared and why.   The most important 
variables to correctly duplicate experimentally (or 
theoretically) are (1) the overall texture and (2) the 
elemental zoning within phenocrysts.  

Chondrule cooling rates:  The experimentally 
determined cooling rates experienced by chondrules 
and the limitations of the data were reviewed by [5]. 
Throughout the 1990’s, cooling rates of 100-1000°/hr 
were applied to modeling chondrule formation [2]. 
However, the data of [1,3] show a lower limit of 2-
10o/hr.  The data of [3], who compared the textures 
and zoning profiles of olivine grains tens of 

micrometers across in natural chondrules and 
experimental analogs, clearly show that the range of 
cooling rates experienced by type IIA chondrules was 
5-100o/hr.  

The rates determined by [1,3] were performed 
with a starting composition that closely matches an 
average type IIA chondrule composition from 
Semarkona. The cooling rates determined are 
applicable to type IIA chondrules in UOCs. Although 
a comparable study has not been made for type IIA 
chondrules in carbonaceous chondrites (which are 
more Fe-rich than those in OCs), olivine zoning in 
CC chondrules has comparable properties and it is 
reasonable to assume that similar cooling rates apply. 
More pyroxene-rich type II chondrule compositions 
have been investigated experimentally [10]. 
However, since chemical zoning information was not 
reported in this study, the cooling rate interpretations 
are not so robust.  The rates of [2], which have been 
widely used, were determined for a composition 
intermediate between type II and III (radial pyroxene 
chondrules). Thus caution is needed when using these 
data for direct comparisons to type II chondrules. 

The experimentally determined cooling rates of 
type IIA chondrules were challenged by [6-8].  They 
concluded that type IIA chondrule cooling rates are at 
least three orders of magnitudes greater than the rates 
discussed above. One of the key observations that 
these authors have cited is the thickness of FeO-rich 
olivine overgrowths on FeO-poor olivine cores (Fig. 
1).  The FeO-poor cores are considered to be relict 
grains. The argument is that narrow overgrowths (< 5 
µm thick) on relict grains represent the only material 
that grew in the final cooling event that the chondrule 
experienced. Hence, large phenocrysts in the same 
chondrule, several hundred micrometers across, must 
represent multiple successive growth episodes in 
many short-duration heating and quenching cycles. 
[8] calculated cooling rates experienced by the 
overgrowth portion of olivine phenocrysts by 
assuming that the overgrowth represents the 
maximum amount of material that can reach the 
crystal/melt interface by diffusion in the melt during 
the cooling interval. Wasson argues that since the 
diffusion rate of elements in the melt is essentially 
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fixed, and the thickness of the growth layer is a factor 
of 30 lower than has been assumed, the cooling rate 
must be a factor of 302 (=900) higher (x2 = Dt). This 
calculation produces a cooling rate for type II 
chondrules of 1000º/s.  

Discussion: In our opinion, several complications 
exist with the methods and interpretations of [6-8]. 
Porphyritic textures reproduced experimentally 
clearly include grains tens to hundreds of 
micrometers across that grew during the (slow) 
cooling interval, with zoning profiles that match 
those in natural chondrules---they are phenocrysts.  

Experimental charges also commonly include 
relict grains that were present in the starting material 
and survived melting [11-13]. In the most direct 
analog for type II chondrules, these relicts are San 
Carlos olivine, which is more Mg-rich than melt-
grown olivine.  Charges in these experiments were 
heated to sub and superliquidus temperatures and 
were always continuously cooled.  We commonly 
observe relict olivine grains with overgrowths that 
are much thinner than the average radius of melt-
grown phenocrysts in the same charges (Fig. 2). This 
texture is consistent with production of the entire 
charge by continuous, single-stage cooling from peak 
melting temperatures. Our interpretation of the thin 
rims on relicts is that the relict grain begins to be 
resorbed into the melt during heating, and continues 
to be resorbed into the melt at the peak temperature 
as well as during the cooling interval. The point at 
which the overgrowth begins to grow on the relict is 
during the last stages of growth of the large melt-
grown phenocrysts in the same charge. Thus, the 
overgrowth is thin because it grew over only a very 
short (late) part of the cooling interval. The system is 
kinetically controlled and is not in equilibrium.  
Thus, the diffusion argument made by [8] is too 
simplistic in a system where resorption is taking 
place at the crystal/melt interface.   

[7] proposed that type IIA chondrules contain a 
high percentage of relict grains.. We argue that where 
it is not possible to say with certainty (on chemical 
grounds) that the core of a grain is a relict, then the 
grain is likely to be a phenocryst grown from the melt 
by fractional crystallization.  

A further problem with the cooling rate proposed 
by [6-8] is that this rate is approximately twice as 
rapid as the blackbody radiation for a molten 
chondrule in a typical nebular gas [Steve Desch, per. 
comm.], and this is clearly not possible.   

Conclusion:  Although there are clearly examples 
where a chondrule experienced a complicated 
thermal history, most type IIA chondrules contain 
smoothly zoned olivine phenocrysts whose zoning 

properties have been reproduced experimentally at 
continuous cooling rates of 5-100º/hr. We see no 
compelling textural or chemical arguments to 
question the assumption that type IIA chondrules 
cooled under these conditions. These cooling rates 
are applicable in current models that attempt to 
constrain chondrule heating and cooling 
environments. 
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Fig. 1. Relict MgO-rich grain with FeO-rich overgrowth from type 
IIA chondrule in Semarkona (image from A. Rubin). 
 

 
Fig 2.  Synthesized type II chondrule with texture of interpreted 
overgrowth discussed by [6-8]. Arrows point to relict with 
overgrowths.  Note the numerous phenocrysts associated with the 
relict grains with overgrowths. Scale bar = 100µm 
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