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 Introduction: Our understanding of chondrule 

formation conditions is furthered by the use of experi-

mental analogs that provide constraints on chondrule 

thermal histories. Several experimental studies have 

replicated the textures of porphyritic olivine (PO) 

chondrules [e.g. 1]. An investigation of the formation 

conditions of type IIA chondrules indicated peak tem-

peratures around 1550 °C, and cooling rates between 

10 and 100 °C/hr [2,3]. Experiments at cooling rates 

less than 100 °C/hr had phenocrysts generally larger 

than those observed in chondrules [2]. Cooling rates 

determined for type I chondrules are similar to or high-

er than those of type II chondrules, 100-1000 °C/hr [4].  

Igneous plagioclase is observed in some type I 

chondrules, particularly in CO chondrites. A recent 

study [5] investigated conditions under which plagioc-

lase crystallizes as a late-stage mineral in type I chon-

drules. Plagioclase crystallization requires slow cool-

ing, including cooling rates down to 1 ˚C, and quench 

temperatures below 1000 °C. The presence of plagioc-

lase thus places upper limits on cooling rates for the 

type I chondrules in which it is observed. 

In contrast to type I chondrules, type IIA chon-

drules do not contain plagioclase [e.g. 6]. Plagioclase 

is difficult to nucleate, and has not been reproduced in 

type IIA analog experiments, even at slow cooling rates 

of 2 ºC/hr [2]. The absence of plagioclase in experi-

ments may be because runs are typically quenched 

from temperatures above which plagioclase may nuc-

leate. We are carrying out experiments that attempt to 

duplicate textures and mineral compositions observed 

in type IIA chondrules. Since plagioclase has not been 

observed in type IIA chondrules, defining the condi-

tions that produce plagioclase within an FeO-rich melt 

will determine a lower limit on the cooling rates of type 

II chondrules.  

 Analytical Methods:  For our experiments we 

used a bulk composition based on the average bulk 

composition of type IIA chondrules in the LL3.0 chon-

drite Semarkona [6]. The major element composition is 

given in Table 1: we also added trace elements includ-

ing 500 ppm each of the REE yttrium, samarium, euro-

pium, dysprosium, and ytterbium, for use in determin-

ing partition coefficients at a later date.  

An oxide powder was prepared, ground to provide 

a homogeneous mix, and pressed into pellets. The pel-

lets were suspended in a Deltech one-atmosphere gas-

mixing furnace on Re wire. Charges were initially 

heated to a peak temperature of 1600 °C for 12 to 18 

minutes at fO2 = IW. We performed several quench 

experiments from this temperature to determine the 

composition of the starting material. We also carried 

out experiments that were cooled to final temperatures 

between 750° and 900 °C, at 

cooling rates ranging from 1 

to 30 °C/hr. Several charges 

were cooled in sequential 

stages, with slower cooling 

rates in each successive 

stage, to approximate the 

non-linear cooling rates that 

chondrules may have expe-

rienced. The experiments 

were not sealed, and sodium 

was lost during the runs. Af-

ter quenching from the final 

temperatures, charges were 

cut, polished, and analyzed 

with an electron microprobe. 

Results: Run products cooled at the same rate dis-

played similar textures. Over the range of cooling rates 

we have investigated so far, we have bracketed the 

conditions for plagioclase crystallization. 

30 ˚C/hr. Charges cooled at a continous rate of 30 

ºC/hr contain zoned subhedral olivine in a glassy me-

sostasis (Fig. 1). Small olivine phenocrysts 10 to 50 

μm in size were concentrated at the bottom of the 

charge and larger phenocrysts, tens to hundreds of μm 

in size, were observed at the top. The olivine pheno-

crysts exhibit “ragged” edges which may represent an 

overgrowth grown during quenching (Fig. 1).  

30 - 5 - 1 ˚C/hr. The slowest cooling rate we have 

examined included a stage from 1600 ºC to 1300 ºC at 

30 ºC/hr, a stage from 1300 ºC  to 950 ºC  at 5 ºC/hr, 

and a stage from 950 ºC to 900 ºC at 1 ºC/hr. Run 

products contain zoned euhedral to subhedral olivine, 

low-Ca pyroxene, Ca-rich pyroxene, plagioclase, and 

very little glass (Fig. 2). Olivine and low-Ca pyroxene 

are intergrown, and Ca-rich pyroxene occurs as rims on 

low-Ca pyroxene. At the bottom of the charge, olivine 

and pyroxene have grain sizes of 25 to 50 μm, and no 

plagioclase is observed.  At the top of the charge, oli-

vine and pyroxene occur as larger grains, >100 μm, 

and plagioclase occurs as elongate grains, interstitial to 

olivine and pyroxene, with grain sizes from 50 to 100 

Table 1 

SiO2 44.5 

TiO2 0.12 

Al2O3 2.37 

Cr2O3 0.51 

FeO 16.2 

MnO 0.40 

MgO 32.2 

CaO 1.79 

Na2O 1.43 

K2O 0.18 

P2O5 0.30 

Total 100.0 
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μm in length. Small (<20 m) grains of silica are asso-

ciated with plagioclase. 

We also observe small grains (<20 m) of a REE-

rich silicate phase, which occurs interstitially between 

pyroxene and plagioclase (Fig. 2). These grains appear 

to have grown from small pockets of residual melt that 

had become highly enriched in the incompatible REE. 

We are currently working to identify this phase. 

Fig. 1: Backscattered electron (BSE) image of texture characteristic 

of the 30 ˚C/hr cooling-rate experiments. Bright specks included in 

olivine (ol) are pieces of Re metal from the wire. Scale is 100 m. 

Fig. 2: BSE image of the slow-cooled plagioclase-bearing charge. 

Fig. 3: Zoning profile from the core (left) to the rim (right) of an 

olivine grain, from an experimental charge cooled at 30 °C/hr. 

Mineral compositions. Olivine grains in the expe-

rimental charges have average compositions around 

Fa17. Most olivine grains are zoned, for example from 

Fa16 at the core to Fa26 at the rim (Fig. 3). MnO and 

Cr2O3 contents are also zoned and correlated with faya-

lite contents (Fig. 3).  These zoning profiles are similar 

to profiles in Semarkona type IIA chondrules [6]. The 

atomic Fe/Mn ratio of olivine in the experiments, 39-

48, is similar to olivine in type IIA chondrules in ordi-

nary chondrites (Fe/Mn = 44) [7]. The average compo-

sition of low-Ca pyroxene is En80Fs19Wo1 and plagioc-

lase in the slowest-cooled experiment has a composi-

tion of An97Ab3.  

Discussion: Our experiments successfully repro-

duced Type II chondrule textures, as well as mineral 

compositions and zoning. Experiments at cooling rates 

of 30 ˚C/hr reproduced the PO textures of type IIA 

chondrules. The slowest-cooled experiments have sig-

nificant amounts of pyroxene, and more closely resem-

ble porphyritic olivine/pyroxene (POP) chondrules. 

The cooling rates we investigated are at the low end of 

the 10 to 1000 ˚C/hr range for porphyritic chondrules 

that has been proposed previously [1-3]. The experi-

ments do not necessarily exclude faster cooling rates 

for type IIA chondrules, but they show that slow cool-

ing rates are plausible.  

In our experiments, plagioclase crystallized under 

very slow cooling conditions, with a final cooling stage 

of 1 ºC/hr, while run products cooled at 30 ºC/hr did 

not contain any plagioclase. Hence, these conditions 

bracket the cooling rate at which plagioclase crystalli-

zation occurs, and indicate that a lower limit to the 

cooling rate of type II chondrules lies between the two 

sets of conditions. For type I chondrule analogs, pla-

gioclase crystallization occurs under similar conditions 

to those we examined [5]. Since natural type IIA chon-

drules do not contain plagioclase, we can infer that 

natural type II chondrules did not experience very slow 

cooling rates, unlike some type I chondrules. We plan 

to conduct further experiments to better constrain the 

conditions under which plagioclase forms in type II 

chondrules.  
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