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Metamorphic diamonds: Mechanism of growth and
inclusion of oxides

L.F. Dobrzhinetskaya
H.W. Green Il
Institute of Geophysics and Planetary Physics, University of California, Riverside, California 92521, USA
T.E. Mitchell
R.M. Dickerson
Center for Materials Science, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

ABSTRACT

We report a detailed series of electron microscope observations of metamor phic mi-
crodiamonds included in and separated from garnets and zircons from a single specimen
of garnet-biotite-feldspar gneiss from the Kokchetav massif, Kazakhstan. The mor phology
of the diamonds ranges from skeletal forms composed of thin {111} plates through cuboid
and octahedral forms. Included within the diamonds is a diverse suite of nanometric
oxides, suggesting that the C-O-H fluid from which the diamonds grew may have carried
chemical components derived from both the sediments and the mantle. The spectrum of
mor phologies and their abundant tiny inclusions can all be explained by a simple model
based on theratio of therate at which {111} plates grow and the rate of random nucleation

of new plates at their edges.
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INTRODUCTION

The discovery of microdiamonds within metamorphosed rocks of
continental affinity (Kazakhstan, China, Norway, and Germany) and
their subsequent study have revolutionized our understanding of con-
tinental collision zones and the processes of subduction and exhuma-
tion (Rozen et d., 1972; Sobolev and Shatsky, 1990; Xu et al., 1992;
Dobrzhinetskaya et al., 1995; De Corte et al., 1998, 2000; Nasdala and
Massonne, 2000). The site of the original discovery, the Kokchetav
massif, is situated in the northern part of Kazakhstan. More than 90%
of the diamondiferous metamorphic rocks of the massif are represented
by feldspathic gneiss and quartz-rich rocks, although diamonds aso
occur in garnet pyroxenite and calc-silicate rocks. These rocks formed
as sediments at Earth’s surface and subsequently underwent metamor-
phism at a minimum pressure of 3.5-4 GPa and temperature of ~900—
1100 °C (Zhang et al., 1997) at =120 km depth during continental
collision ca. 520-540 Ma (Claoue-Long et al., 1991). The diamonds
(10-100 wm diameter) occur as inclusions in garnet, quartz, biotite,
phlogopite, diopside, kyanite, and zircon as well as at grain boundaries,
even though many of these minerals are unstable under conditions of
diamond formation. The lower pressure overprint represented by quartz
and the hydrous minerals occurred at perhaps 500700 °C and resulted
in partial replacement of diamond by graphite.

The mechanisms and conditions of growth of these microdia-
monds are still poorly understood, athough growth from a C-O-H fluid
is strongly implied by the infrared spectroscopic results of De Corte et
al. (1998, 2000). These authors also showed lithol ogy-specific diamond
populations distinguished by color, morphology, nitrogen concentra-
tion, and 313C values. Shatsky et al. (2000) showed that many of these
morphologies are also displayed by microdiamonds from Siberian kim-
berlite pipes. However, Katayama et al. (1998) showed evidence for
solid-state transformation of graphite to diamond in a single inclusion
in zircon.

Here we focus on a single specimen of garnet-biotite gneiss that
records diverse morphologies of microdiamonds, arich inclusion suite
of oxides, and graphitization and ateration during exhumation. We
examined diamonds in situ (i.e., included in garnet and zircon) as well

as diamonds extracted from garnets. The systematic variations across
the large spectrum of morphologies observed lead us to a simple model
of diamond growth that explains the diversity of forms and the abun-
dance of nanometric inclusions.

METHODS

Specimen #K-123/93 of garnet-biotite quartzofeldspathic gneiss
was collected from an outcrop at the northeast shore of Lake Kumdikol.
This specimen also contains graphite, calcite, and chlorite; tourmaline
and sphene are accessory minerals. Wet chemical analysis of the bulk
rock yielded (Wt%): SIO, = 53.26, Al,O; = 17.14, Fe,0; = 8.61,
TiO, = 1.09, MgO = 3.37, CaO = 5.93, Na,O = 3.04, K,O = 3.09,
MnO = 0.13, Cr,03 = 0.00, P,Og = 0.35, loss = 3.73; sum = 99.73.
Garnet composition determined by Cameca SX-50 EMMA is (wt%):
SO, = 38.26, Al,0; = 21.05, Fe,03 = 21.48, TiO, = 0.26, MgO =
7.33, CaO = 11.04, Na,©O = 0.07, K,0O = 0.01, MnO = 0.13, Cr,05
= 0.00; Sum = 99.63.

Diamonds were prepared by zircon and garnet separation. We sep-
arated ~5 mg of zircons from 10 kg of rock by standard electromag-
netic and heavy-liquid separation and hand-picking under the optical
microscope. Selected zircons were mounted on glass slides and pol-
ished using a dlurry of 0.06 wm colloidal SIO, at high pH. Garnet
separation involved thick polished sections (50-70 pwm) prepared with
Crystalbond as a mounting medium. Examination with an EDGE mi-
croscope identified individual garnets containing 25-50 microdiamonds
each. The sections were removed from the glass, gently crushed, and
the garnets were hand-picked. The resulting clean garnet concentrate
was ground to a particle size of 30-50 wm in an agate mortar and
immersed in reagent-grade HF for 7 days, after which diamonds 5-30
wm diameter were separated by rinsing and centrifugation in H,O and
ultrasonic cleaning. Both the diamonds isolated from garnets and the
polished diamond-containing zircons were examined by scanning elec-
tron microscope (SEM; Philips XL30 FEG). Transmission electron mi-
croscope (TEM) foils were prepared from 10 skeletal and 3 cuboid-
octahedral diamonds (Alani et a., 1997) and observed in a Philips
CM300 and JEOL 3000F
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Figure 1. Scanning electron microscope images of diamonds sep-
arated from garnet. A, B: Skeletal crystals with house of cards mor-
phology. C: Cuboid crystal with antiskeletal cavities on cuboid sur-
faces. D: Cuboid-octahedron with abundant small {111} facets on
cuboid faces. E: Cuboid-octahedron with graphite-filled cavities ex-
posed on cuboid faces. F: Detail of crystal shown in E.

RESULTS

A selection of microdiamonds separated from garnets was spread
on a glass dide and a region was randomly chosen for counting. The
156 diamonds were classified as: (1) skeleta (62.40%); (2) cuboid-
octahedron (36.32%; no pure end members were observed); and (3)
irregular forms (58.37%). Representative examples of types 1 and 2
are shown in Figure 1. Skeletal forms are dominated by {111} plates
assembled into a house of cards morphology (Fig. 1, A and B). These
forms grade into antiskeletal crystals approximating cubic habit (cf. De
Corte et a., 2000; Shatsky et al., 2000) with octahedral facets on their
corners and along their edges and large numbers of octahedrally faceted
cavities in their roughly {100} surfaces (Fig. 1C). Fully dense crystals
also exhibit cuboid-octahedral habit, generally with larger { 111} facets
(Fig. 1, D—-F). Note that the cuboid surfaces of C and D in Figure 1
show no {100} facets per se. Instead, cuboid surfaces consist of myriad
small facets of variable size representing all four orientations of { 111} .
In rare cases, the cavities on cuboid faces of antiskeletal crystals are
filled by graphite (Fig. 1, E and F). The faceted boundaries of the
graphite-filled channels exposed on the cuboid face of E and F in
Figure 1 are parallel to octahedral faces, yielding channel margins par-
alel to <110> directions. Cavity boundaries intersecting cuboid sur-
faces parallel to <110> also can be seen on the left-facing surface of
Figure 1C. Among the irregular forms, rose crystals, in which one
orientation of octahedral faces dominates, are common (not shown).

Identifiable evidence of etching such as curved faces and trigonal
etch pitsis rare. Figure 2A shows a two-phase inclusion in garnet. The
surfaces of both phases are curved and irregular, except for the octa-
hedral facet on top of the diamond that contains a deep triangular pit.
The dark phase surrounding the diamond is chlorite (energy dispersive
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Figure 2. Scanning
electron microscope
images of diamonds in-
cluded in slightly zoned
garnet (Grt, A, B) and in
homogeneous, unzo-
ned zircon (C-E). A:
Deep triangular pit on
exposed {111} surface
and traces of natural
etching visible on
curved diamond (dia)
faces; this diamond,
surrounded by second-
ary chlorite (Chl), is sit-
uated in central part of
host garnet, which is
characterized by higher
CaO (8.03 wt%) and
lower MgO (8.72 wt%)
and FeO (20.26 wt%) in
comparison with rim (in
wt%: CaO = 7.69; MgO
= 8.87; FeO = 20.47). B:
Energy-dispersive
spectrum of chlorite. C:
Five diamond inclu-
sions, three of them
rose-like—one well-ex-
posed (center of linear
group), one just emerg-
ing (top), and other
(bottom) partly sur-
rounded by secondary
chlorite. Zr is zircon. D:
Detail of diamond-zir-
con interface of framed
area in C showing
sharp edges of rose
petals. E: Graphitized
diamond in zircon; core
of inclusion is still dia-
mond surrounded by
thick graphite (graph)
rim.

13 0keV

Lo A0 50 7.0 90 1L

spectrum [EDS] is shown in Fig. 2B; identification confirmed by wave-
length-dispersive spectroscopy [WDS]). Chlorite also occurs around
etched diamonds in zircon (Fig. 2C) and cracks filled with similar
material radiate from other altered inclusions.

The same variability of shapes exhibited by diamonds observed
in and extracted from garnets is observed for inclusions in zircon.
Figure 2C shows five diamonds in a single zircon. Note the rose-like
shape of the diamond in the middle of the linear group of three and
the similarity between the left-most diamond of that group and the
cuboid-octahedron in FigurelD. More difficult to see in this image are
the delicate and complicated borders of the two diamonds above and
below the linear group and the small patches of chlorite. A detail (Fig.
2D) of the lowermost diamond in Figure 2C shows a diamond rose
that has been faithfully enveloped by the growing zircon, preserving
the sharp edges of the petals of the rose. In contrast to these perfectly
preserved diamonds, partial or complete graphitization has occurred in
others (Fig. 2E); in this case and many others, an extremely irregular
interface with zircon suggests that they, too, were originaly diamonds
of skeletal or rose morphology.

Transmission electron microscope analysis of skeletal diamonds
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shows that they contain a wide variety of nanocrystalline oxides as
well as carbonate and rare silicates. Although we have obtained energy
dispersive spectra of the inclusions, because of their occurrence within
diamonds formed at pressures in excess of 4 GPa; we need to establish
their crystal structures by electron diffraction before we can confidently
identify them. The possibility that some may represent high-pressure
minerals holds the potential for defining more precisely the pressures
to which these rocks have been subducted. Figure 3 provides a few
representative images and energy dispersive spectra of such inclusions.
Note that some are essentialy pure phases (e.g., Fig. 3C), whereas
others obviously have small components of other phases. We have
successfully prepared foils from a restricted number of cuboid-octa-
hedral microdiamonds for transmission electron microscope analysis
(Alani et al., 1997), revealing dislocations and platelets but few solid
inclusions. An exception within a fluid inclusion bounded by {111}
crystal facets is shown in Figure 3E.

DISCUSSION

Irregular skeletal forms develop if atoms are added to the edges
and corners of a growing crystal more rapidly than to the centers of
crystal faces (e.g., Chernov, 1974). During rapid edge growth, internal
cavities may develop on crystal faces, with the possibility of entrap-
ment and preservation of the fluid from which the crystal grows. Our
direct observations of skeletal crystals with myriads of partially formed
cavities bounded by {111} planes (Fig. 1, A and B), of a single fully
enclosed, faceted, cavity (Fig. 3E), and of diamonds with {111} bound-
ed cavities open to cuboid surfaces (Fig. 1, C, E, and F), suggest that
development of such cavities and their entrapment may have been com-
mon in growth of Kokchetav diamonds.

Diamond growth can be divided into three broad categories based
upon the ratio of driving force for growth to reaction kinetics; Suna-
gawa (1990, 1997) identified three kinetic-morphologic fields, includ-
ing a region at low driving force and/or rapid kinetics where highly
perfect crystals grow, a region at high driving force and/or slow ki-
netics where highly imperfect growth is expected to occur, and aregion
in between, where hopper and/or skeletal crystals predominate. Suna-
gawa considered the kinetic effects to be due to temperature alone, but
Kanda (1985) and Pal’yanov et al. (1999) showed that the fluid from
which diamonds grow (H,O and carbonate melt, respectively) can have
an important additional effect on kinetics and hence on morphology
(H,0 increases skeletal morphology and carbonate melt yields perfect
octahedra). Thus, increasing the driving force for growth and decreas-
ing the kinetics of growth have similar effects on diamond morphology,
but the kinetics cannot be simply described in terms of temperature.

In the suite of diamonds reported here, only {111} crysta facets
develop to any significant degree. Nevertheless, the morphological di-
versity ranges from skeletal varieties consisting only of {111} plates
to fully dense cuboid crystals and octahedra. Moreover, transitional
types between the major groups are also observed (e.g., antiskeletal
cuboid forms, Fig. 1C). There is an underlying theme that suggests
variations on a common mechanism of growth. We propose that al of
these morphologies are a consequence of growth dominated by {111}
platelets in which the morphology that developsin an individual crystal
depends on the ratio between the rate at which new plates nucleate at
the margins of existing plates (N) and the rate plates grow in their own
plane (G). Variation of N/G has the following consequences.

1. If the ratio of new plate nucleation rate to in-plane growth rate
isvery small (N/G << 1), the result will be open skeletal forms con-
sisting of large plates surrounding a wide variety of cavity sizes, some
of significant size compared to the crystal as a whole, such as shown
in Figure 1 (A and B). Progressively larger ratios of N/G will result
in progressively smaller plate and cavity sizes.

2. If the nucleation of new octahedral plates along the edges of
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Figure 3. Transmission electron microscope images of dia-
monds with nanocrystalline inclusions. A: MgCO, (magnesite?).
B: TiO, (rutile?) and BaSO, (barite?). C: ThO,, D: Cr,05 (esko-
laite?). E: Negative crystal fluid inclusion with solid inclusions
on its walls (note black spot near base of inclusion that is
strongly diffracting electrons). F-H: Energy dispersive spectra
of BaSO,, ThO,, and Cr,O, (Cu peaks originate from support
grids).

old plates is statistically random in space and time, and if N/G is
moderate and is constant with time, symmetry constraints require that
the macroscopic form of the crystal must show statistically cubic sym-
metry. Combining this constraint with the fact that {100} planes are
furthest away in terms of orientation from the {111} planes that ac-
complish crystal growth, it follows that the hypothetical {100} faces
that are approximated by cuboid surfaces are effectively the slowest
growing and therefore dominate macroscopic form. The result, there-
fore, is development of cuboid forms with octahedral facets on their
corners and aong their edges, and with {111} bounded cavitiesin their
irregular {100} surfaces, such as in Figure 1C (see aso Fig. 3, d and
e, of de Corte et al., 2000; Fig. 3b of Shatsky et al., 2000). The cavity
boundaries will intersect in <110> directions, such as in Figure 1 (E
and F). As N/G becomes larger, cavity sizes decrease and the mor-
phology grades into fully dense cuboid crystals in which the irregular
cuboid surfaces do not exhibit cavities, but nevertheless retain their
<110> lineations defined by large numbers of intersecting small
{111} facets, such asin Figure 1D.
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3. In the limit as nucleation of new {111} plates becomes greatly
dominant over plate growth (N/G >> 1), the barrier to nucleation of
new layers on existing plates is removed and the concept of plate
growth becomes meaningless; normal crystal growth then proceeds in
which crystal habit is controlled by the inherent differences in growth
rate of different forms. As a consequence, {111} faces will dominate
at all times, internal cavities will not form, and octahedral habit will
be observed.

Observation in this single rock specimen of almost the full spec-
trum of forms to be expected from kinetically controlled platelet
growth underlines kinetic control of morphology. The Sunagawa model
would predict that the temperature changed significantly during the
course of diamond mineralization or that the degree of supersaturation
of the fluid in carbon changed greatly. The additional observations of
Kanda (1985) and Pol’yanov et al. (1999) suggest, however, that the
composition of the fluid could have changed in other ways. L ate graph-
ite growth in cavities records change of temperature (or pressure) dur-
ing diamond growth; the observation of widely different solid inclu-
sions in diamonds aso shows at least loca variation in fluid
composition.

Our model, as presented, presumes that N/G remained constant
through the growth of individual crystals. Alternatively, if N/G should
increase during growth of an individual crystal, an evolution of forms
from skeletal through cuboid to octahedral habit could occur. The in-
filling of cavities on cuboid surfaces by graphite is evidence for such
change in growth habit upon return of the rock to the graphite stability
field. Similar infilling by diamond could have occurred in other dia-
monds and would escape detection unless there is some memory pre-
served in the diamond of the former growth mode. Early skeletal
growth followed by bulk growth is consistent with cathodol uminescent
images of diamond plates from Yakutian microdiamonds containing
cores of skeletal and cuboid forms (see Fig. 8, b and d, of Shatsky et
a., 2000). It would not be unreasonable for infilling carbon to have a
different isotopic composition from initia carbon, hence it might be
possible to find diamonds with intricately intertwined isotopic micro-
domains, reflecting such infilling.

A corollary of our model is that the diamonds grew from a fluid
that originally filled the void spaces and precipitated the nanocrystal-
line oxides, each perhaps in its unique microchemical environment
largely isolated from that of others. Whereas BaSO, and ThO, suggest
continental affinity and probably have their source in the host rocks of
sedimentary origin, Cr,O3 is potentially an indicator of a component
imported from the mantle. Further investigations should allow stronger
statements to be made about whether clearly external components are
present and, if so, whether they are rare or common. Given the diver-
sity of the inclusions in individual diamonds, it seems unlikely that
these inclusions formed in global equilibrium with the mineralogy of
the rock; they more likely formed in isolated microenvironments within
cavities in the diamonds. The inclusion-bearing cavity shown in Figure
3E supports this view.

In summary, our results amplify and extend the findings of De
Corte et al. (1998, 2000). We show an image of an entrapped cavity
of the sort they inferred and we directly identify magnesite within the
diamonds, as well as a diverse population of oxide inclusions, strongly
supporting their spectroscopic evidence for growth from a hydrous flu-
id. This fluid was sufficiently enriched with oxygen to produce oxi-
dized species, including MgCO; (recorded also as carbonate and water
in microdiamonds from Kumdikool garnet pyroxenites; De Corte et al.,
2000), but it was not high enough to oxidize diamond. CH, and other
reduced species have not been reported in any Kokchetav diamonds.
The diversity of solid inclusions suggests that this fluid may have car-
ried both crustal and mantle components. The variety of diamond forms
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preserved in this single rock specimen is consistent with a simple
growth model that explains both the spectrum of forms observed and
the abundance and diversity of nanometric inclusions. Based upon the
similarities between Kokchetav and Yakutian microdiamonds (Shatsky
et a., 2000), our growth model may aso hold for other types of
microdiamonds.
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