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INTRODUCTION

Recently pattern formation in geochemical systems has been 
recognized as an important Þ eld of study. Various patterns of 
crystal textures have been observed under disequilibrium con-
ditions in crystal-melt systems. For example, tabular crystals, 
dendrites, and spherulites are formed by rapid crystallization due 
to their high degree of supersaturation (Lofgren 1980; Muncill 
and Lasaga 1987). Such patterns are important indicators of the 
environment of crystal growth and provide keys to understanding 
the mechanism of crystal growth.

Oscillatory zoning (OZ) in crystals is a common pattern 
formed by relatively slow crystallization (Lofgren 1980; Muncill 
and Lasaga 1987). Plagioclase, which is a common rock-form-
ing mineral in volcanic rocks, is a well-known example of a 
mineral that exhibits OZ in natural systems. Certain character-
istics of OZ in natural plagioclase, such as its amplitude and 
wavelength, have been investigated by electron microprobe 
analysis, laser interferometry, back-scattered electron imaging, 
and Nomarski differential interference contrast imaging (e.g., 
Pearce and Kolisnik 1990; Higman and Pearce 1993; Singer et 
al. 1993; Ginibre et al. 2002; Wallace and Bergantz 2002, 2004; 
Perugini et al. 2005). In general, the compositional amplitude 
ranges from <1 to 10 mol% anorthite, and the wavelength ranges 
from 1 to 10 μm (Pearce and Kolisnik 1990). The origin of the 

compositional proÞ le is divided into two categories according 
to the magnitudes of the amplitude and wavelength (Shore and 
Fowler 1996). The origin of the smaller variation is related to 
a self-organization process, whereas that of the larger variation 
is associated with a dynamical behavior of the magma chamber 
such as magma mixing. 

The origin of the OZ in plagioclase also has been studied 
using mathematical approaches (e.g., Haase et al. 1980; Al-
lègre et al. 1981; Lasaga 1982; L�Heureux 1993; Wang and 
Merino 1993; L�Heureux and Fowler 1994, 1996; Wang and 
Wu 1995). The diffusion coefÞ cient of the components in the 
melt is considerably smaller than the thermal diffusivity; thus, it 
has been proposed that the oscillatory growth is induced by the 
diffusion of the components. Therefore, many proposed models 
are based on the diffusion equation that describes the dynamics 
of the concentrations of the relevant chemical components. For 
example, Haase et al. (1980) considered a mechanism based on 
the diffusion equation and an ad hoc expression describing an 
autocatalytic reaction. Allègre et al. (1981) proposed the concept 
that the actual velocity does not immediately correspond to the 
concentration in the melt at the growth front. This study showed 
that a necessary condition for oscillatory growth is moderate 
supersaturation. 

On the other hand, Sibley et al. (1976) proposed a qualita-
tive model based on an isothermal undercooling (constitutional 
undercooling) mechanism. Isothermal undercooling takes place 
when the concentration of the relevant component in the melt at * E-mail: tsune@sakurajima.gr.jp
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ABSTRACT

According to the model of Sibley et al. (1976), the alternate switching of the crystal surface be-
tween smooth and rough states results in a drastic change in the growth velocity and the subsequent 
development of oscillatory zoning (OZ). In the present paper, we develop the isothermal undercooling 
mechanism of the Sibley et al. model and calculate the magnitudes of the amplitude and wavelength 
of OZ to check the validity of the Sibley et al. model. We assume that the growth velocity depends 
on the roughness of the crystal surface. The roughness is expressed as a function of the surface area, 
and it is found that the growth velocity varies twice due to the switching. We also assume that the 
surface states change when steady states are achieved or when the growth and diffusion velocities 
are balanced. Simulating the diffusion-reaction on the supposition that the thickness of the diffusion 
layer is Þ xed, we determine the concentrations at which the switching takes place. We simulate the 
OZ growth based on these mathematical considerations. The results show that the magnitudes of the 
calculated amplitude and wavelength agree with those observed in nature. 
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