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ABSTRACT
The microtopography of {001} surfaces on single crystals of graphite from a Neoproterozoic
marble of the Swakop group, near Wlotzkas Baken, western Namibia, has been studied using differential interference contrast (DIC) microscopy and atomic force microscopy (AFM). A unique aspect
of the observed surface microtopography is the presence of growth spirals and hillocks on three
different length scales. The largest spirals are polygonized and can be seen without magnification.
Steps on this feature are roughly 4 µm high and 90 µm apart. The second-order features are hexagonal growth hillocks with an average step height of 1.5 nm and total lateral dimensions of 5–40 µm.
The apex of these hillocks coincides directly with the apex of reentrants in the macrosteps of the
large spiral. Morphology suggests the formation of these polygonized hillocks by some mechanism
other than simple spiral growth. We speculate that these features may be due to pinning of the macrostep
by impurities and subsequent formation of the second-order hillocks. The third length-scale features
are spirals found on terraces forming the vicinal faces of the second-order hillocks. These spirals
have steps that are 6.7 Å high (unit-cell length along [001]) and an average step spacing of 900 Å.
These double-layer steps also show some regions with partial step separation into 3.3 Å high monolayer steps. The observed microtopographic features give us insight into the conditions in, and mechanisms by which these graphite crystals formed during carbonate metamorphism. Crystal growth,
unrestricted by the surrounding calcite, was from a fluid phase at low graphite supersaturation and
was dominated by the spiral growth mechanism. Comparison with theoretical and simulation studies
suggests a critical radius for two-dimensional nucleation on the (001) surface on the order of 100 Å.

INTRODUCTION
With the advent of new techniques, such as scanning probe
microscopy, that allow study of the surfaces of materials at
molecular and atomic scales, new insights have been gained
about the mechanisms of crystal growth from solution (i.e.,
Gratz et al. 1993; Pina et al. 1998; Teng et al. 1999). Such
studies have focused on real-time observations of growth processes. However, the insights that have been gained can be used
to interpret growth mechanisms and conditions ex situ. This is
particularly relevant to the study of natural materials whose
age of formation can range from seconds to billions of years
before observations are made. Surface microtopographic features commonly provide important clues to the conditions in
which, and mechanisms by which, crystals have formed
(Sunagawa 1987; Rakovan et al. 1999). Thus, surface
microtopography can be a powerful tool for the interpretation
of the growth history of minerals from the rock record where
growth conditions are no longer present. One geologic process
in which crystal growth is poorly understood is metamorphism.
In this study we use molecular scale observations of crystalsurface microtopography and modern crystal-growth theory to
constrain the formation conditions and growth mechanism of
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graphite in a ∼640 million-year-old marble. In addition, unique
microtopographic features exhibited by the graphite samples
in this study lend information about layer growth processes in
general.
Graphite occurs in nature in several forms. (1) It is found as
graphitized masses, formed through solid-state transformation
of carbonaceous sediments that are usually rich in organics (e.g.,
Buseck and Huang 1985; Pasteris and Wopenka 1991; Bustin
et al. 1995). Such material exhibits varying degrees of crystallinity and purity. (2) Graphite is also found as crystalline masses
that form from igneous melts (Kvasnitsa et al. 1999; Tsuchiya
et al. 1991). (3) Interesting examples of graphite are known
from many meteorites, in which they occur as nodules, spheres
(Bernatowicz et al. 1991), and a polycrystalline variety known
as “cliftonite” (Brett and Higgins 1967). (4) Epigenetic precipitation from C-O-H fluids can lead to massive, polycrystalline graphite vein deposits and to well-ordered euhedral crystals
or spherulites in metamorphic and igneous rocks (Rumble et
al. 1986; Luque et al. 1998; Pasteris 1999). (5) Graphite pseudomorphs after diamond have been found in the Beni Bousera
Massif, Morocco and in southern Spain (Pearson et al. 1989).
(6) Finally, graphite occurs commonly in metamorphic rocks
such as marbles, schists, and gneisses (Kwiecinska 1980). In
this environment, graphite can be found as fragments, masses,

