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Introduction:  Understanding the thermal histories 

of chondrules is essential to determining how they 
formed. Simulation experiments suggest that they 
typically cooled at 10-1000°C/hr. Much less is known 
about the thermal histories of chondrules prior to 
crystallization. From simulation experiments, it is clear 
that chondrule textures were largely determined by the 
extent of melting/dissolution of their precursor 
materials – e.g., porphyritic chondrules never exceeded 
their liquidus temperatures or did so only briefly. 

The extent of melting/dissolution that a chondrule 
experienced will have been a function of temperature, 
time, bulk and mineral compositions and mineral grain 
size. It will be impractical to cover experimentally the 
entire range of conditions. The experiments themselves 
are also somewhat limited in their applicability 
because grain settling and convection in the melt will 
influence dissolution and crystallization. There is no 
evidence for grain settling in chondrules, and in a low 
gravity environment convection will only occur if the 
chondrules experienced large accelerations or were 
spinning rapidly. 

If there was no convection or movement of grains, 
dissolution/crystallization will have been controlled by 
diffusion in the melt. Here I present the preliminary 
results of a model for diffusion controlled dissolution 
and crystallization. The ultimate aim is to be able to 
predict grain sizes and compositional zoning in relict 
grains and phenocrysts over a wide range of conditions 
in both chondrules and CAIs. However, here I only 
consider dissolution of olivine, first in experiments 
with basalt and then in chondrule melts. 

Elements of the model:  
Diffusion model. [1] showed that their molecular 

(MCF) and ionic (ICF) common force models were  
most successful at reproducing their experimental data 
in the CaO-Al2O3-SiO2 system. These models require: 
(1) the self-diffusion coefficients of all components, 
(2) molar volumes of all components, and (3) the 
gradients in the activity coefficients of all components 
rather than the compositional gradients. 

Self-diffusion coefficients. The empirical model of 
[2] is used to calculate the self-diffusion coefficients of 
all the oxide components. A pressure correction is 
applied to the HFSE elements (e.g., Si, Al and P) using 
the formula of [3], but not to the other elements [2]. 
The self-diffusion coefficients for many elements in 
the model of [2] are a function of viscosity, which was 
estimated using the model of [4]. For water, the 

measured diffusion rates for ≤0.2 wt% water in basalt 
at 1 GPa were used [5].  

Molar volumes. The molar volumes of most oxide 
components are calculated using the models of [6] and 
[7]. The molar volumes of MnO and Cr2O3 are taken to 
be the same as FeO and Fe2O3, respectively. For P2O5, 
the room temperature molar volume of crystalline P2O5 
is used. For water, the molar volume is calculated 
using the expression of [8]. 

Dissolution kinetics at the crystal-liquid interface. 
The crystallization and dissolution rates can be 
described by the general rate equation 
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where T is the temperature (K), η is the viscosity (Nm-

2s) of the melt at the crystal-liquid interface, R is the 
gas constant (Jmol-1K-1) and Aff (Jmol-1) is the affinity 
[9]. The affinity is the difference between the chemical 
potentials of the crystal and its components in the melt 
at the crystal-liquid interface.  

The coefficient C is assumed to be a constant and 
was estimated from experiments in which diopside was 
dissolved in a melt with the same composition [10]. In 
these experiments, diffusion and convection are not 
important, the viscosity of the melt is known and the 
affinity can be calculated with the model of [11]. 

Thermodynamic parameters. Since all the systems 
being considered here are FeO-bearing, the affinities of 
reactions and the activity coefficients were calculated 
using MELTS [12]. For the diffusion modeling, the 
activities of the individual oxides are required. MELTS 
does provide the activities of SiO2, Al2O3, H2O and 
TiO2, but the other oxides are tied up in multi-oxide 
components (e.g., Mg2SiO4). The calculation of 
individual oxide activities from the MELTS activities 
was done using the approach of [13]. 

Results:   
Comparison with experiments. The most careful 

study of diffusive dissolution is that of [14], in which 
San Carlos olivine (Fo90) was allowed to dissolve in a 
basaltic melt (~0.3 wt.% H2O) over a range of 
pressures and super-liquidus temperatures. 

Figure 1 compares the experimental and model 
results conducted at three temperatures and a pressure 
of 0.47 GPa. As can be seen, the model is able to 
reproduce the experimental data with striking 
accuracy. It should be emphasized that no attempt has 
been made to adjust any parameters to fit the data. 
However, the excellent agreement may be somewhat 
fortuitous. At higher pressures the correspondence is 
not quite as good, although generally within the 
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experimental errors. Also, while the model captures the 
essential elements of the diffusion profiles in the melt 
(e.g., uphill diffusion of Fe), quantitatively there are 
some modest differences. Nevertheless, it is clear that 
the model is able to provide good estimates of 
diffusive dissolution rates. 

Dissolution rates in chondrules. Figures 2 and 3 
show the predicted diffusive dissolution rates as a 
function of temperature for two olivine compositions 
(Fo90 and Fo100) in type IIA and type IA chondrule 
melts. In type A chondrules, olivine is the dominant 
mineral. Temperatures range from just below the 
liquidus to 40°C above it. Temperatures are not 
extended far below the liquidus, as crystallization will 
then modify the melt compositions. It can be seen that 
for olivines with compositions that are close to those of 
the near-liquidus equilibrium composition (Fo90 in the 
type IIA and Fo100 in the type IA), dissolution rates 
are slow near the liquidus, but increase rapidly above 
the liquidus. At 40°C above the liquidus, dissolution of 
a 50 µm radius grain with a near liquidus composition 
will take <60 s. For olivine compositions that are very 
different from the liquidus olivine compositions 
(Fo100 in type IIA and Fo90 in type IA), dissolution is 
rapid even below the liquidus, particularly in type IA 
melts. For the type IIA composition, above the liquidus 
dissolution of both olivine compositions are fairly 
similar, but in the type IA simulations Fo90 olivine 
dissolve much faster than Fo100. 

Discussion: These preliminary calculations show 
that for olivines with near-liquidus compositions 
subliquidus temperatures could be maintained for long 
periods without their complete dissolution. However, 
for olivines with compositions that are farther from the 
liquidus compositions, dissolution below the liquidus 
is quite rapid. The type 1A  simulations show why it is 
not surprising that ‘fayalitic’ relict grains are not found 
in them. The dissolution of forsteritic olivine is slower 
in type IIA melts, explaining why relict forsterites are 
found in porphyritic type IIAs, and it should ultimately 
be possible to use them to place more stringent 
constraints on chondrule thermal histories. However, 
future simulations will have to include the competition 
between dissolution and crystallization of an olivine 
overgrowth at sub-liquidus temperatures. To first 
order, crystallization should follow the same kinetics 
as dissolution. A model that follows dissolution  and 
crystallization during heating and cooling is being 
developed that includes diffusion in the olivine. The 
dissolution of other minerals is also being explored. 
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