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ABSTRACT

We describe unusual forms of graphite crystals in anorthosites from the Korsun-Novomfugorod pluton in Ukraine. A com-
plete series of crystal morphologies exists, from tabular, to columnar, to pseudodipyramidal and pseudodipyramidal-prismatic, to
nearly spherical. On the basis of our morphological observations, we present a possible mechanism of growth based on spiral-
layer and polycentric growth in the presence of negative wedge disclinations.

Keryords: graphite, morphology, crystal growth, hypomorphism, disclinations, anorthosite, Korsun-Novomirgorod pluton,
Ukrainian Shield

Soulaanr

Nous d6crivons des formes inhabituelles de cristaux de graphite provenant de roches anorthositiques du massif de Korsun-
Novomirgorod, en Ukraine. Un s6rie morphologique compldte existe, en partant de cristaux tabulaires et en colonnes, d pseudo-
bipyramidaux et pseudo-bipyramidaux-prismatiques, et finalement d presque sph6riques A la lumibre de nos observations
motphologiques, nous proposons un m6canisme possible de croissance polycentrique fond6 sur I'addition de couches en spirale,
en pr6sence d'une d6clinaison ndgative en biseau

(Traduit par la R6daction)

Mots-cl6s: graphite, morphologie, croissance de cristaux, hypomorphisme, d6clinaison, anorthosite, pluton de Korsun-
Novomirgorod, Bouclier Ukrainien.

hunooucrroN

A large variety of crystal forms of natural graphite
has been documented by Veselovsky (1936), and nu-
merous other investigators (Palache 1941, Ramdohr
1980, Kvasnitsaet al. 1988, Shafranovskii 1981,1982,
1983, 1986, Jaszczak 1991, 1994, 1997, Yalter et al.
1992). Modern knowledge about different exotic forms
of natural and synthetic graphite and the mechanisms of
their formation have recently been reviewed (Jaszczak
1995). In spite of the number of recent publications, the
morphology of graphite crystals is still insufficiently
studied. This is confirmed by investigations of new
samples of graphite crystals and spherical aggregates
from different crystalline rocks that yield unexpected
results (Kvasnitsa & Yatsenko 1997, Kvasnitsa e/ a/.

1998, J aszczak l99 5, 1997, J aszczak & Robinson 1 998).
The crystal habit of natural graphite in most cases is

determined by its highly anisotropic, layered structure.
However, anomalous habits of graphite, determined not
only by its structure, but also by the peculiarities of the
growth environment, are frequently encountered. Out-
standing examples include the "skeletal" crystals of
graphite in Precambrian marbles from New York and
Montana (Weis 1980) and New Jersey (Jaszczakl99i 1,
and compact spherical aggregates from various locali-
ties, including Franklin and Sterling Hill, New Jersey
(Jaszczak 1995), Gooderham, Ontario (Jaszczak &
Robinson 1998), and Ukraine (Kvasnitsa et al. 1998).

In this paper, we describe other unusual forms of
graphite, especially pseudodipyramidal and pseudo-
dipyramidal-prismatic crystals, which are found rn
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anorthosites of the Korsun-Novomirgorod pluton, cen-
hal Ukraine, and we address the mechanism of their
formation.

GeoI-ocv AND Mn{ERALocY
oF TrrE GRAPHTTn OccumeNce

The Korsun-Novomirgorod intrusive complex is
situated in the central part of the Ukrainian Shield
(Fig. 1) and belongs to the anorthosite - rapakivi gran-
ite association. The area ofthe pluton is about 5400 km2.
The country rocks are lower Proterozoic metasedim-
entary rocks (gneisses of the Ingulo-Inguletskaya
Series).

There are two groups of rocks in the Korsun-
Novomirgorod pluton: the mafic series includes an-
orthosites, mafic anorthosites and gabbronorites, and the
felsic series, rapakivi granites. Velikoslavinsky er a/.
(1978) proposed that the pluton was formed by
multiphase intrusion. In the first phase, the mafic rocks
were emplaced. Later, the rapakivi granites were in-
truded, breaking the mafic rocks into separate blocks
(massifs). The age of emplacement of the anorthosite -
rapakivi granite is between 1.9 and 1.7 Ga (Shcherbak
et al.1978).

The most abundant graphite mineralization is con-
nected with the Smelansky anorthosite massif (Fig. 1),
which is si tuated in the center of the Korsun-

Novomirgorod pluton. Samples of graphite-bearing
rocks were collected from drill core at depths ranging
from 85 to 252 m. Medium-grained mafic anorthosites
near the contact with giant- and coarse-grained an-
orthosites are the most enriched in graphite (try to lOVo
by volume). Plagioclase is a prevalent component in the
rock, represented mainly by prismatic grains of andesine
(Ana6). Altered pyroxene and olivine make up 5-107o
of the rock. In addition, ilmenite, sulfides, apatite,
quartz, carbonates, chlorite, white mica and, locally,
biotite are present in small quantities. Typically, the
graphite-bearing volumes show more fracturing and
cataclasis than other parts of the rock.

Graphite displays two distinctive types of occur-
rences. The first type is dispersed flakes. In this type,
discrete crystals of graphite are located between
subidiomorphic grains of plagioclase or, more rarely,
are partly included in the exterior zone of a plagioclase
grain. The graphite is either in direct contact with the
plagioclase host, or rarely, is surrounded by a thin rim
of amphibole. The second type of graphite is a nest-type
formation. Graphite, together with quartz, carbonate and
chlorite, form round or irregular nests from 0.5 to 5.0
cm, containing abottTlVo graphite. In both occurrences,
graphite crystals dominantly have the usual idiomorphic
tabular or irregular flakelike habit. The unusual crys-
tals of this study mainly occur among the dispersed
graphite flakes of the first type of occurence.

FIc. 1 Sketch of the geological sfiucture of the region of graphite mineralization in the
Smelansky massif: (1) site of graphite sampling, (2) anorthosites, mafic anonhosites,
(3) rapakivi granite. Inset: position of the (4) Smelansky massif, part of the Korsun-
Novomirgorod pluton in the (5) Ukrainian Shield.
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A carbon isotope study of the graphite (Kvasnitsa &
Yatsenko 1992)has demonstrated a very wide range of
6r3C values, from -9.5 to -28.3%o (PDB). The graphite
crystals with the unusual forms described here have
613C = -14.7%0 (PDB), based on a single derermination
(on account of the rarity and small size of the unusual
crystals). All observations suggest that most of the
graphite was deposited from a carbon-rich fluid during
the early postcumulus stage of crystallizatron as a com-
ponent of the intercumulus association. Thus, the gen-
esis of the graphite studied here is to be considered
late-magmatic.

Monpsolocrcar- OesBnvarroNs

The results of initial morphological studies of these
uncommon crystals of graphite have been concisely in-
terpreted by Kvasnitsa et al. (1988). We are now able to
document a complete transition from thin tabular flakes
to uncommon columnar individuals with pseudo-
dipyramidal terminations. In this section, we describe
the unusual crystals and aggregates in this transition
series. The crystals described here represent only a sub-
set of the graphite found in the anorthosites. Other more
typical morphologies include pinacoidal, pinacoidal-
prismatic and prismatic individuals (Kvasnitsa er al.
1988) .

Graphite crystals were isolated from the anorthosite
rock by chemical decomposition using hot HCI and HF,
and examined by scanning electron microscopy. The
size of the crystals is typically 0 2 to 0.5 mm, only rarely
reaching 1.0 mm in diameter. Crystals are usually
equidimensional in the (0001) plane.

The majority of the graphite crystals from the an-
orthosites show prominent (0001) layered growth,
which is typical for graphite, without visible evidence
of dislocations. Growth spirals and associated micro-
steps (Horn 1952, Weiner & Hager 1987) have been
observed on some of the tabular graphite crystals from
the anorthosites (Kvasnitsa & Yatsenko 1997), but such
growth spirals have not been observed in the unusual,
thicker graphite crystals that are the focus of this paper.
Instead, the early stages of growth of the unusual crys-
tals seems to be connected to spiral-layer growth of
macrospirals. In these crystals (Ftg. 2), straight
macrosteps originate at or near the center of the pinacoid
faces, and in some cases give the impression of over-
lapping lobes from a single crystal (Fig. 2b) [compare
Double & Hellawell (1975) and Jaszczak(1997)1.

Somewhat thicker crystals appear to be polygonized
into separate blocks of individual crystallites (Figs. 2c,
3, 4), in some cases leaving hexagonal cavities (Figs.
2b, c) and intruding cofirers (Figs. 2c, 3) on the overall
crystal aggregate. It is interesting that the polygonization
typically takes place systematically every 60o or 120"
around the center of the crystal (Figs. 3b, 4). Such
growth is generally accompanied by twinning of indr-
vidual crystals according to the law of Veselovsky, by

FrG . 2 . Tabular graphite crystals from the anorthosites , show-
ing various stages (a-c) of macrospiral growth. Crystal
sizes ranse from 0.2 to 0.5 mm across.
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Frc. 3. Unusual graphite crystals from the anorlhosites, show-
ing the formation of separate polygonized blocks around
the macrospiral (a-b) and the formation of pseudo-
hexagonal dipyramids (c) A low-energy twist grain bound-
ary @y -13' about [0001]) also is shown in (a).

Frc. 4. Schematic diagram showing early-stage growth of
(0001) layers about a macrospiral, with subsequent polyc-
entric growth of polygonized blocks with pinacoidal or
pinacoidal-prismatic morphology. Here the polygonized
growth is shown taking piace around the central macro-
spiral every 120'. Polygonization also occurs at 600 inter-
vals.

30o rotation about [0001] and in contact on the (0001)
plane (Wesselowski & Wassiliew 1934), as has been
confimed by X-ray diffraction (Kvasnitsa et al. 1988).
Rotation of crystallites by approximately 13' about

[0001] also leads to relatively low-energy (0001) inter-
faces in graphite (Double & Hellawell 1969, 1974,
1975) and is commonly encountered in our samples
(Fig. 3a).

Thicker polygonized blocks of crystals show a de-
viation from parallelism of the (0001) planes, and their
predominance (Figs. 3b, c) leads to the formation of
more unusual pseudodipyramidal and pseudodipyra-
midal-prismatic aggregates. Optical goniometry shows
that the deviation of the separate blocks from the stan-
dard orientation of pinacoidal facets is typically by an
angle of 9-10" from the [0001] axis, mimicking a hex-
agonal dipyramid (Figs. 3c, 5). Pseudodipyramids are
represented by blunt forms with p angles ranging from
9"02' to 10o35', closely coffesponding to {10./} forms
where 17 < I < 20. The deviation from parallelism of
polygonized crystallites (Fig. 6) also may result in more
dramatic splitting of the overall aggregate into separate,
pinacoidal or pinacoidal-prismatic, individual crystal-
lites.

Nearing the end of the series, it appears that poly-
centric growth of crystals and the deviation of parallel-
ism of the crystallite blocks may result in nearly
spherical aggregates (Fig. 7), various dipyramidal-pris-
matic crystal forms (Fig. 8) and even columnar mor-
phologies (Fig. 9). Natural crystals of graphite showing
pronounced columnar habit are quite rare; the Sterling
mine in Ogdensburg, New Jersey is the only other
known source of such exceptional crystals (Palache
1941, Jaszczak 1994). Some crystals show a distinct
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Ftc. 5. Schematic diagram showing polycentric growth of
polygonized blocks of crystals, with dominant growth in-
clined 9-10'from the original [0001] axis, giving rise to
the appearance of pseudohexagonal dipyramid forms

Frc. 6. Unusual crystals of graphite from anorthosite show-
ing a splitting of the crystal into separate pinacoidal or
pinacoidai-prismatic blocks. The steps on the surfaces of
some of the blocks are evidence of the twist-tilt srain-
boundary mechanism of growth.

FIG. 7 Nearly spherical aggregate ofgraphite resulting from
polycentric growth.

Frc 8 Pseudodipyramidal-prismaticcrystalshowingdistinct
bending in the layers.

bending ofthe pinacoidal plates (Fig. 8). Such bending
can result in hypomorphism for the overall aggregate of
crystals, in which the external symmetry is lower than
that dictated by the structure In the present case, the
hypomorphic crystals show an overall 3-fold instead of
6-fold symmetry about [0001]. The hypomorphism rs
less distinct on some crystals (Figs. 8, 9) and is clea.r on
others (Fig. 10a). On the last crystal (Fig. 10a), as a re-
sult ofthe bending ofthe blocks, the pseudodipyramidal
ends appear as though faceted by the combination of
two rhombohedra. The ends of such crystals commonly
acquire a round contour approaching that of a spherical
aggregate (Fie. 10b).
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Frc. 9. Unusual elongate, columnar morphology

DrscussroN

Because of the complexity of these unusual crystals
and the ease with which graphite can deform under ap-
plied stresses, thorough X-ray, electron microscope, and
atomic force microscope studies of these samples are
extremely difficult. Although we plan to carry out such
investigations in the future, we present a hypothetical
model here to explain their growth based upon the mor-
phological and limited X-ray data (Kvasnitsa et a/.
1988) at hand.

It is well known that the structure of graphite con-
sists of stacked layers of "graphene" sheets, where a
graphene sheet is composed of strongly bonded carbon
atoms in a planar honeycomb arrangement. In contrast,
the bonding between graphene sheets is relatively weak
and leads to the strong anisotropy of graphite. As a re-
sult, graphite typically grows fastest by attaching atoms
at the edges of the graphene sheets, and crystals there-
fore tend to be quite tabular (short along the c axis).

As suggested by the moryhological sequence de-
scribed above, the first step in the formation of the
unusual crystals of this study is the formation of macro-
steps. Double & Hellawell (1975) have proposed that a
macrostep could form from overlapping lobes of a
single, thin crystal of graphite early in the growth pro-
cess. Such lobes might be expected to form and overlap
during rapid edge-growth of a thin, flexible graphite
crystal in a dynamic environment. Figure 5 of their pa-
per illusfrates this process and shows a striking similar-
ity to Figure 2b of this study Similar to microsteps
produced by screw dislocations, such a macrostep would
produce a macrospiral and a perpetual step that pro-
motes growth along [0001].

Owing to the flexibility of the graphene sheets, grow-
ing lobes forming a macrospiral need not overlap each
other in perfect registry, but are likely to be rotated with

FIG. 10. Unusual crystals ofgraphite (a, b) showing distinct
bending of the pinacoidal plates and hypomorphism.

respect to each other. As has been discussed by Double
& Hellawell (1969,1974, 1975) and Amebnckx et al.
(1992), such a rotation inffoduces another class of crys-
tal defects, disclinations (Romanov & Vladimirov
1992), which can promote unusual growth-forms. For
example, positive wedge disclinations (Fig. 11) with a
screw dislocation component have been proposed to
explain the cone-helix growth of graphite crystals and
whiskers (Double & Hellawell 1974, 19'75, Amelinckx
et aI.1992). Rotation angles to equal to 0" (basal screw),
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Fto. 1 1 Schematic representation of disclination geometries (with twist angle o) and re-
sulting spiral-growth morphology where combined with a screw-dislocation compo-
nent. (a) Positive wedge disclination and (b) corresponding cone-helix growth (with
apex angle o). (c) Negative wedge disclination and (d) corresponding wavy spiral
srowth

957

13.2o,27.8",27.8o, and multiples of 60o are all expected
to be relatively low-energy orientations for overlapping
graphene sheets because ofthe resulting high densities
of atoms placed in similar coordination states (i.e.,rel.a-
tively small number of unit cells per moir6 pattem ele-
ment; Fig. 12) (Double & Hellawell 1969, Bollmann &
Lux 1975). Different angles ofoverlap lead to different
apex angles for the resulting cone-helix structure
(Double & Hellawell 1974, 1975).

For the unusual crystals described in this study, we
propose that the bending of the graphene sheets, and
ultimately the resulting polygonization and hypo-
morphism, are consequences of early-stage macrospiral
growth with the introduction of a negative wedge
disclination (Figs. 1 lc, d). In this case, the overlap rota-
tion angle o influences the degree of waviness and
bending in the graphene sheets. Evidence for such
discl inations can be found in the bending of the
graphene sheets (Fig. 8), the approximately 13'twist

angle obsefl/ed in the macrospiral ofFigure 2b, and in
the existence of cavities in the centers of some crystals
(Figs.2a, b). Cavities would be expected at the centers
of the tabular crystals owing to the high strain from the
disclination and the macrostep formation. After fur-
ther growth and polygonization, the cavities would be-
come concealed. The bending of the graphene sheets
induced by the disclination could lower the overall sym-
metry to three-fold, leading to hypomorphism of the
overall aggregate. Shorter wavelengths for the waviness
as a function of the angle around the macrospiral would
result in greater elastic energy from the increased cur-
vature of the graphene sheets and thus would be less
likely.

Subsequent growth ofthe macrospiral is expected to
produce increasing lattice strain owing to the bending
of the sheets. At some cdtical thickness, this elastic
energy derived from bending would get too large, and
polygonization would be expected to take place, leading
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to the formation of separate crystal l i tes sl ightly
misoriented with respect to each other. Subsequent
growth would lead to a pseudodipyramidal-prismatic
morphology. Whereas this is a natural explanation of
the inclination of the polygonized blocks, it is not clear
why the observed inclination amounts to 9-10' to the
[0001] direction. We surmise that it is related to the
disclination angle and the degree of subsequent bend-
ing of the early-stage macrospiral sheets.

In order to explain the pronounced growth along the
c axis in the unusual habits of graphite crystals (e.9.,
columnar crystals or spherical aggregates of graphite
that occur in cast iron), dislocations or other defect-
mediated growth mechanisms are usually invoked
(Double & Hellawell 19'75, 1995). These mechanisms
still rely on growth being fastest at the edges of graphene
sheets, but allow crystals to elongate parallel to [0001]
through geometrical means supplied by crystal defects.
For example, as growth proceeds in the presence of a
screw dislocation, a graphene sheet is lifted by one
Burger vector, forming a perpetual step that can dra-
matically increase the growth rate along [0001]. In ad-

THE CANADIAN MINERALOGIST

Frc. 12. Schematic diagram of two graphene sheets rotated by 13.2" about [0001] show-
ing the moird repeat pattem (large white parallelogram) and the unit cell of the graphene
sheet (small white parallelosram).

dition, the accumulation of microsteps resulting from
many dislocations can result in the formation of a
macrostep (Frank 1958). Spiral microsteps, however,
are difficult to see if the step heights are sufficiently
small. Whereas screw dislocations are not manifested
by microspirals on the basal planes of the unusual crys-
tals of this study, the observed polycentric growth
(Fig. 7) suggests that screw dislocations may neverthe-
less play a role in promoting growth along [0001].

Another possible growth-mechanism, a "twist-tilt
boundary mechanism", has been suggested by Frank
(1949) and applied by Double & Hellawell (1975) to
graphite growth (Fig. 13). In this mechanism, small-
angle tilt or twist boundaries between adjacent grains of
graphite perpetually provide nucleation sites for en-
hanced growth, with resulting elongation along the c
axis. This mechanism seems to fit well with the pro-
posed mechanism of bending-induced polygonization
described above. Some evidence for this growth mecha-
nism can be seen from the arrangement of steps on the
pinacoid surfaces in Figure 6. Polycentric growth and
enhanced growth along the c axis also may be promoted
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FIc. 13. Schematic diagram ofthe twist-tilt grain-boundary
mechanism of growth applied to graphite for enhanced
growth along the c axis Modif,red from Double & Hellawell
(1975). Evidence of this growth mechanism can be seen in
Fisure 6.

further by increasing carbon supersaturation associated
with cooling of the magma.

The twist-tilt growth mechanism may also be a rea-
son for the observed inclination of the crystallites by
9-10'to the [0001] direct ion. Different angles of
misorientation between adjacent grains would have dif-
ferent rates of nucleation and growth on the terraces.
We contend that kinetic and geometrical factors may
lead to an overall predominance of the small range of
tilt angles. It is interesting to note that in studies of the
microstl'ucture of spherulitic graphite in cast iron, Miao
et al. (1990) observed that graphite platelets in the
spheres are largely arranged such that the [0001] direc-
tion nearly parallels the sphere's radius, but the graph-
ite sheets show a f l0o misorientation.

Coxcr,usroNs

A series of morphologies for graphite crystals and
aggregates has been described that ranges from typical
tabular crystals to unusual pseudodipyramidal-prismatic
crystals or nearly spherical aggregates. The entire range
of morphologies can be qualitatively explained by the
flexibility of thin graphite flakes early in the growth

stages and the formation of macrospirals with a nega-
tive wedge disclination, and the subsequent interplay of
geometry, kinetics, and elasticity. Macrospirals with
negative wedge disclinations account for the twist
misorientations between graphite layers, enhanced
growth along the average [0001] direction, and cavities
near the center of the aggregates Elastic instability leads
to the formation of separate polygonized blocks of crys-
tals misoriented with respect to each other, thus provid-
ing further sites for the enhanced nucleation and growth
along the average [0001] direction. The waviness in-
duced by the disclination also accounts for the observed
bending ofthe graphite layers and a commonly observed
hypomorphism for the overall aggregates.
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