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Abstract

In this paper, I demonstrate that the complex structure observed in natural dendritic zircon, which 
crystallized from a mafic magma, can be approximated by a simple model of deterministic volume-
filling fractal growth. The model comprises a novel dendritic growth process that reveals a previ-
ously unrecognized underlying structure to complex dendritic crystals, and provides an ideal way of 
maximizing surface area at the crystal-melt interface during dendritic crystal growth. This addresses 
the important kinetic effect of creating interfacial area. In turn, this relates to dissipation of the latent 
heat of fusion from the moving crystal-melt interface, which, in addition to chemical diffusion, is 
known to be a fundamental rate-controlling process in dendritic crystal growth.

A new mechanism of tip-splitting branch formation in dendritic crystals is proposed. Although both 
types of branch formation seem to occur simultaneously, the newly proposed mechanism operates at 
larger length scales and independently of classical side-branching linked with periodic perturbations 
caused by thermal noise. It is shown that this type of modeling potentially has applications in metal-
lurgical engineering; and in predicting the relative lengths, orientations, and spacings of branches in 
mathematical modeling studies of natural and experimentally grown dendritic crystals.
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Introduction

Dendritic crystals are widespread in nature, ranging from 
snowflakes (Reiter 2005) to highly branched minerals that 
form in hydrothermal (Jones et al. 2000) and igneous (Lofgren 
1974) systems, and they are ubiquitous in numerous commercial 
applications such as alloy castings and industrial weldments 
(Glicksman and Lupulescu 2004). In supercooled magmatic 
systems, dendritic crystals grow as they reject impurities, which 
flow away by chemical diffusion through the melt, and because 
the growth rate of the crystal overwhelms diffusion of the species 
being added (Lofgren 1974; Glicksman and Lupulescu 2004). For 
instance, plagioclase in mafic rocks commonly exhibits dendritic 
quench textures in lunar basalts and in pillow lavas erupted and 
cooled on the seafloor (Lofgren 1980).

The morphologies of dendritic crystals in igneous rocks can 
be used to constrain the conditions of supercooling and cooling 
rate at the time of their formation, which is done by comparison 
with dynamic crystallization experiments (Lofgren 1974; Don-
aldson 1976; Faure and Schiano 2004). Dendrite morphologies 
can potentially also record earlier information about magma 
evolution. For instance, some olivine dendrite morphologies in 
mid-ocean ridge pillow lavas can be explained by pre-eruptive 
events taking place at depth in the magma source region, such as 
fluctuating thermal conditions, fluctuations of magma composi-
tion, episodes of convective turbulence, or liquid segregation 
processes (Faure and Schiano 2004).

Defining the exact growth mechanisms and structure of 
dendrites is also important from a materials engineering stand-

point. Dendritic solidification accompanies an incredibly wide 
range of commercial applications, including the formation of 
industrial weldments, and the casting of alloys and primary 
metal ingots (Glicksman and Lupulescu 2004). The resultant 
dendritic microstructure in these materials is linked with a wide 
range of physical properties such as homogenization kinetics, 
microsegregation, resistance to corrosion, toughness, and other 
mechanical, chemical, and electrical properties that may persist 
even after subsequent thermomechanical processing (Okamoto 
and Kishitake 1975; Corrigan et al. 1999; LaCombe et al. 1999; 
Glicksman and Lupulescu 2004; Giummarra et al. 2005).

Because of the non-linear behavior of side-branching in den-
dritic crystals, the problem of pattern formation during dendritic 
crystal growth has also received much attention from physicists 
and mathematicians (Corrigan et al. 1999; Li and Beckermann 
1999; Beckermann et al. 2001). It has been studied extensively 
by comparing mathematical theories with experimental obser-
vations of synthetically grown dendritic crystals (Glicksman et 
al. 1994; LaCombe et al. 1995, 1999; Corrigan et al. 1999; Li 
and Beckermann 1999; Beckermann et al. 2001; Glicksman and 
Lupulescu 2004; Yoshioka et al. 2004; Giummarra et al. 2005). 
With the aim of understanding the incipient formation of dendritic 
crystals, most of these studies have focused on determining the 
mechanisms that control the spacing and length of secondary 
side-branches that form in the vicinity of the primary tip of a 
growing needle crystal (see summaries in Li and Beckermann 
1999; Glicksman and Lupulescu 2004; Giummarra et al. 2005). 

Numerical simulation of dendritic crystal growth is classically 
done using sharp interface free boundary formulation models that 
address heat flow in the liquid and solid phases separated by a * E-mail: jef@ualberta.ca


