
NEW CONSTRAINTS ON CHONDRULE FORMATION FROM EXPERIMENTAL REPRODUCTION OF 
ALUMINUM AND TITANIUM ZONING IN CHONDRULE OLIVINE.  J. P. Greenwood1 and W. Herbst2, 
1Dept. of Earth & Environmental Sciences, Wesleyan University, Middletown, CT 06459, 2Dept. of Astronomy, 
Wesleyan University, Middletown, CT 06459. 

 
Introduction:  Chondrule formation is one of the 

most enigmatic problems in the field of planetary 
science [1]. Previous experimental studies have shown 
that these round igneous objects require rapid heating 
and cooling to reproduce their mineral textures and 
high contents of volatile elements [2]. Most previous 
studies found cooling rates <100˚C/hr necessary to 
form porphyritic chondrules and 300-3000˚C/hr to 
form barred and radial chondrules [2].  Recent work 
using cathodoluminesence (CL) and electron beam 
mapping of chondrules have shown intricate zoning of 
Al and Ti in olivine [3-5].  A correlation between 
oxygen isotopes and Al zonation in olivine showed 
that numerous relict grains survive chondrule 
formation [4,5]. The origin of the Al-Ti zonation in 
chondrule olivine is suggested to be due to changing 
melt composition of an originally Ca-Al-Ti-rich melt 
that became progressively enriched in MgO and SiO 
from the surrounding vapor during a high-temperature 
gas-melt stage [3].  Here we show that Al and Ti minor 
element zonation in olivine can be reproduced with 
both homogenous and heterogenous melt 
compositions, and that cooling rate is the fundamental 
parameter that determines its character, not gas-melt 
interactions [3].  

Methods:  We have developed a new experimental 
technique using a remote control sample assembly that 
allows us to access higher cooling rates than prior 
experimental studies on chondrule formation, which 
typically did not exceed rates of ~3000˚C/hr [2]. This 
allows us to access cooling rates of ~12,000˚C/hr.   

 

 
Fig. 1. Four different heating and cooling cycles for 

experiments from [7]. All curves are for 2 km closest 
approach to a 100 km radius planetesimal with exposed lava 

coverage on the surface ranging from 100% (red), 25% 
(blue), and 7% (green) for parabolic orbits, and 25% lava 
coverage for a circular orbit (purple).  See [7] for details. 

The 1 atm Deltech furnace is also run under 
controlled atmospheres of CO and CO2 and was run at 
IW-1 for the experiments described here. Experiments 
were undertaken using several starting compositions to 
simulate average Type IA composition of [6] and 
follow techniques described in [7]. Experimental 
charges run in Pt loops, and underwent four controlled 
heating and cooling sequences determined from 
thermal modelling of the radiative heating of porous 
aggregates from the Flyby model for chondrule and 
chondrite formation [7,8].  

 Results:  The heating and cooling rates of the 
Flyby model are non-linear, but for comparison with 
previous studies, we use a linear approximation of the 
cooling rate of these experiments from 1400-1200˚C.  

 
1100˚C/hr (Fig. 2, above): Experiments with this 

heating and cooling rate show minimal zonation of Al 
and Ti in olivine. The texture of the zonation in Al and 
Ti appears linear and symmetrical when evident (Fig. 
2, above, denoted with arrows).  Oscillatory, or 
curving zonation of Al and Ti is absent in olivine at 
these conditions. 

3000˚C/hr (Fig. 3, below): Experiments at this 
higher heating and cooling rate show some of the 
textures of Al and Ti zonation of chondrule olivine.  
Rounded Al-,Ti-poor core regions have successive 
overgrowth layers of varying Al content (Fig. 3), and 
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the linear, symmetric zonation seen at 1100˚C/hr is not 
seen.   

  
Fig. 3. 3000˚C/hr (above) Fig. 4 6000˚C/hr (below) 

 
6000˚C/hr (Fig. 4, above): Experiments at these 

very high heating and cooling rates best approximate 
minor element zonation of Al and Ti in chondrule 
olivine. Successive overgrowth layers can be seen on 
Al-poor core regions.  Also, dendritic crystals show 
Al-rich interior bar (yellow arrow in swallowtail 
olivine above), typical of barred olivine crystals [3].  
Experiments with heterogeneous composition can also 
produce the Al zonation seen above in Fig. 4.  

12,000˚C/hr (Fig. 5 (below): Experiments at this 
cooling rate display different features. Dendritic 
crystals continue to show the Al-rich interior bar seen 

in barred olivine chondrules (not shown), but equant 
olivine grains do not show oscillatory zoning of Al and 
Ti (below).  Instead, an Al-poor core region is overlain 
by successively higher Al overgrowth layers, similar to 
normal crystal growth.   

 
Fig. 5 12,000˚C/hr (above). 

Discussion and Implications: Al and Ti 
oscillatory zoning in chondrule olivine is determined 
by cooling rate, and not by gas-melt interactions [3].  
Oscillatory zoning near chondrule surfaces is likely 
due to the outer chondrule surface acting as a 
nucleation site for chondrule olivine shells. We find 
that we can make porphyritic textures at much higher 
cooling rates than prior experimental studies [2]. 
Cooling rates of 3000-6000˚C/hr appear to best 
replicate chondrule texture, chemistry, and minor 
element zonation of Al and Ti in olivine.  Cooling rates 
less than 1100˚C/hr for Type IA compositions will 
likely not produce Al and Ti minor element zonation. 

The short thermal histories we employ in these 
experiments also lead to many relict grains and 
retention of volatile elements, such as Na. A successful 
chondrule formation model must satisfy all of these 
constraints, and only the Flyby model [7,8] can. 
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