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Statistical characteristics and origin of oscillatory zoning in crystals
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ABSTRACT
Complex intracrystalline zoning patterns in hydrothermal garnet and vesuvianite and
magmatic plagioclase were analyzed by statistical methods to test for fractal behavior. The
zoning data were collected by electron and proton microprobe, and backscattered electron
images and polarized micrographs were digitized. The analysis shows that self-affine fractal geometry can be used to characterize the zoning patterns of vesuvianite and some garnet
patterns. The range of power-law scaling extended up to two decades. The results from
the plagioclase samples were not sufficient to determine whether or not the zoning patterns
were self-affine. The measured Hurst exponents are mostly in the range 0.25–0.45, indicating fractal scaling and anti-persistent behavior. This means that an increasing compositional trend in the past favors a decreasing trend in the future and vice versa. No distinct
periodic components of the zoning patterns were found.
The influence of environmental changes (external fluctuations) on a simple crystal
growth model was investigated by numerical simulations. The concentration at the boundary of a diffusion layer was allowed to vary as a Brownian-motion curve, and the effect
of the external fluctuation on diffusion and local growth kinetics was investigated. We
conclude that factors operating on scales much larger than the local interface processes
are most important in controlling the zonation.

INTRODUCTION
Oscillatory zoning in minerals is a common phenomenon (Shore and Fowler 1997), and has been reported
from a variety of geological environments. The rich structure represented by such zoning patterns contains potentially valuable information about crystal-growth processes as well as changes in the environment in which the
crystals grow. Attempts to explain complex mineral zoning patterns commonly have been based on either of two
different assumptions: (1) The zonation is a result of internal crystal growth processes (Haase et al. 1980; Allegre et al. 1981; Simakin 1983; Wang and Merino 1992;
Ortoleva 1990; L’Heureux and Fowler 1994), or (2) the
zonation mainly reflects changes in the external geological environment during crystal growth (Yardley et al.
1991; Jamtveit et al. 1993; Jamtveit et al. 1995). The first
model implies that oscillatory zonation is generated without any external template, i.e., by self-organization. This
requires that the geological processes of interest take
place far from equilibrium. Nonequilibrium situations result from a large mass or heat flux through or into an
open system or by some other means, but in general require some sort of interaction with the environment to
drive the system away from a time-invariant state. The
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second model accounts for oscillatory zonation in a system in which the crystal is near local equilibrium with its
environment and the zonation pattern is a direct reflection
of changes in the environment. Such changes are commonly ascribed to a variable mass flux through an open
system, but also they may reflect fluctuation in variables
such as temperature and pressure. In both cases, however,
oscillatory zoning represents the response of a local system to some external forcing. In magmatic systems, this
forcing may be represented by magma mixing, rapid
cooling, or degassing whereas in metamorphic and sedimentary systems the forcing may be related to fluid flow
with associated advective transport of mass and heat or
fluctuations in the pore-fluid pressure. A priori assumptions about the role of internal vs. external controls on a
given mineral zonation pattern are clearly not warranted
unless it can be unambiguously demonstrated that fluctuations in the environment (i.e., external forcing) operate
on time scales very different from the crystal-growth rate.
In our experience this is rarely the case.
In this paper we first analyze the statistical properties
of complex zonation patterns from magmatic plagioclase
and hydrothermal garnets and vesuvianite by methods
well known from the literature on fractal geometry. We
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