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OPTICAL MICROSCOPY

Graphite is a rather abundant inclusion in natural dia
mond and occurs mostly as sheet-like masses parallel to
any of the diamond octahedral {111} planes and at any
location inside its host (Harris, 1972; Harris and Vance,
1972).

In contrast to this, all but one of our 14 so far investigated
specimens consist of an isolated centred graphite single
crystal of linear extensions up to 300 mm. All diamonds
are colourless, clear octahedra with rounded edges of 2 to
3 mm lengths, similar to those shown in Fig. 1, and weigh
between 23 and 26 mg. They are derived from the Panda
kimberlite (Carlson et al., 1999) in the Ekati Diamond
Mine, Canada, and collected by one of us (J. W. Harris).
The inclusions exhibit typical euhedral graphite crystal
forms, i.e. hexagona lamellae (11 specimens) or hexag-

onal dipyramids with pinacoids (2 specimens). Optical
inspection revealed the graphite inclusions to lie with their
(001) faces parallel to (111) faces of their diamond hosts
(Fig. 1).

A 14th specimen (PAGO02) is rather different from the
others just described. The diamond exhibits in its centre a
large (about 300 nm edge length) region with a sharp hexa-
gonal borderline filled with a " patchwork® of tiny graphite
"idands’ (Fig. 2). Several parallel lamellae up to approxi-
mately 5 nm thickness can be distinguished, resulting in a
hexagonal pyramidal form (Fig. 2, right). These special
features suggest a " dissolution” of a graphite seed in a to-
potactic reaction with a growing diamond. In that case this
graphite inclusion would be protogenetic with respect to its
diamond host. The lamellae are approximately parallel to
(not developed) (110) faces of diamond.

Figure 1: Two colourless, clear, octahedral diamonds with a single graphite inclusion. Left: complete specimens; middle: inclusions
magnified, same view as left; right: inclined view. Arrows a, b, ¢ in left indicate the directions of the diamond cubic crystallographic
axes, arrows a, b, ¢ in middle and right indicate the directions of the graphite hexagonal crystallographic axes.
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Figure. 2: Left: Specimen PAGO2 with its large, thin inclusion exhibiting

a sharp hexagonal borderline; middle: inclusion magnified to

highlight the , patchwork" of graphite. Right: sideview; several thin, adjacant graphite sheets combine to a hexagonal pyramidal form.

X-RAY SINGLE-CRYSTAL DIFFRACTION The mutual crystallographic orientation of diamond host

and

graphite inclusion in each specimen was computed

MUTUAL ORIENTATION OF DIAMOND HOST AND from a number of diffraction angles of both phases on a
GRAPHITE INCLUSION single crystal diffractometer (CAD 4, Enraf Nonius). A
summary is provided in Table 1. The orientations clearly

In-house classical Laue-diffraction experiments confirm areregular. A detailed discussion of these results along the

the optical observations on the euhedral graphite inclu- concept of 'coincidence site lattices (CSL)" is given by
sions (13 specimens): they are well crystallized single Glinnemann et al. (2003).
crystals, as judged from sharp X-ray reflections (Fig. 3). The X-ray investigations show these 13 graphite inclusions

to be hexagonal, space group P6s/mmc (no. 194).

Table 1: Experimental angles between
selected lattice directions of graphite
inclusions and their diamond hosts

Figure 3: Example (specimen PAGO07) of an X-ray Laue-
diffraction pattern. Incident X-ray along one of the <111> direc-
tions of diamond. Large, intense reflections belong to the dia-

mond host. Circled, faint, sharp reflections stem from the
graphite inclusion. The graphite hexagonal axis [001] deviates
by about 1.5° from the diamond [111] direction. (Mo-radiation,
50 kV, 40 mA; 40 mm crystal-to-film distance, arbitrarily

scaled here; diameter of primary X-ray beam 0.5 mm.)

Specimen Angle/® Angle/®
PAGno. G[001]/D<111> G<100>/D<110>
01 4.3(6) 32.7(2)
07 1.4(4) 33.1(2)
10 0.0(5) 35.3(1)
14 1.4(4) 34.7(2)
15 0.2(6) 37.0(2)
18 0.1(5) 34.3(2)
12 0.2(6) 15.6(5)
03 0.0(6) 3.5(1)
06 0.0(4) 3.3(1)
13 4.0(5) 4.0(1)
17 0.0(4) 4.4(1)
19 2.7(6) 54(1)
Angle/° Angle/°
G[001]/D<100> G<100>/D<110>
16 6.0(4) 0.4(1)
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From the 14th specimen (PAGO02, Fig. 2) only a broad
002 reflection (most intense reflection of the hexagonal
graphite crystal structure) could be obtained so far.
However, its position confirms the optical finding (Fig. 2,
left), that graphite (001) is approximately parallel to a
(110) internal face of diamond in this specimen.

FossILIZED PRESSURE ON GRAPHITE INCLUSIONS
IN DIAMOND

The graphite crystal structure is exceptional anisotropic.
Its hexagonal atomic layers paralel (001) are mutually
only loosely bonded. An isostatic pressure of up to 3.5
GPa causes no significant compression of the a lattice
parameter, but the c/cq ratio is aready reduced to 0.94
(Zhao and Spain, 1989).

Table 2: Experimental lattice parameters of
graphite inclusions in diamonds and
estimated remnant pressures

Sample Lattice parameters P
PAG ag/A ala, co/A clc, GPa
gclx 2457(1) 0998 6569(3) 0980 1.1
03 2456(1) 0.998 6570(2) 0980 1.1
06 2455(1) 0997 6.392(1) 0954 26
07 2.458(1) 0.998 6.411(1) 0.957 24
10 2459(1) 0999 6.423(1) 0959 2.3
12 2459(1) 0999 6.447(1) 0962 2.1
13 2453(1) 0.997 64481 0962 21
14 2457(1) 0998 6557(2) 0978 1.2
15 2452(1) 0996 6552(1) 0978 1.2
16 2454(1) 0997 6.443(1) 0961 2.1
17 2.456(1) 0.998 6.508(1) 0971 16
18 2455(1) 0997 6580(1) 0982 1.0
19 2458(1) 0.998 6.696(1) 0999 0.1

L atttice parameters of hexagonal graphite at ambient conditions:
ap=2.462(1) A, ¢, = 6.701(2) A (Zhao and Spain, 1989).

In relation to ambient conditions (a, Co), our in situ
measurements of the lattice parameters of graphite inclu-
sions also revea only a significant shortening of ¢ (Table
2). Assuming isostasy, a comparison of our experimental
c-values with those of Zhao and Spain (1989) shows
residual pressures between 1.0 and 2.6 GPa (Table 2).
Specimen PAG19 is not representative in this respect,
because the graphite is located close to an outer diamond
(111) fracture face. No correlation between size, crystal

shape or orientation of a graphite inclusion with the meas-
ured remnant pressure and size of the diamond host is
observed.

The estimated fossilized pressures agree well with those on
other inclusions in diamond. For example, Sobolev et al.
(2000) report remnant pressures of about 3.6 GPa for
coesiteinclusions.

MICRO-RAMAN SPECTROSCOPY

The spectra given in Fig. 4 were obtained on specimen
PAGO7 with a LabRAM system (Jobin Yvon), 100x ob-
jective lens, 1mm confocal laser spot, 633 nm laser excita
tion wavelength, and a HeNe laser power less than 1 mW.
The excited laser beam was along that diamond [111]
direction which is approximately parallel to the graphite
[001] direction (Table 1). So far, only a qualitative analysis
of these spectra can be given.

Due to the high refractive index of diamond (about 2.41 for
the wavelength used) the original (in air) laser spot of 1 mm
will distinctly broaden with depth of penetration into the
diamond. To hit the surface of the graphite inclusion in
specimen PAGOQ7, this path length may be up to 0.6 mm,
thus a broadening of the spot to some tens of micrometers
has to be taken into account. Also the focus will move and
elongate with depth, both in the order of magnitude of 100
to 200 mm.

We took the appearance of maxima of the two graphite
signals at 1593 and 2722 cm™ as the position of highest
laser intensity on the graphite surface (Fig. 4, second spec-
trum from bottom). The spectrum at the bottom was ob-
tained by moving the sample further 20 nm against the ob-
jective. The opaqueness of graphite forced the signals to
weaken and nearly disappear at this position. At 20 nm
‘above’ the graphite surface (third spectrum from bottom)
the graphite signals are also already significantly reduced,
but they are still observed even in the uppermost spectrum,
after a 100 nm move of the sample away from the
objective. The diamond signal at 2470 cm™ is too faint to
appear in the spectrum with the most intense graphite lines
(second from bottom), but rises with distance from
graphite.

With increasing distance of the objective from the graphite
inclusion severe fluorescence and a broad band around
3100 cm™ arise. A decision about the nature of these
features and whether they are linked to the graphite/-
diamond interface or to the bulk of the diamond host
deserves further investigations. Remarkably, the broad sig-
nal around 3100 cm™ covers the range of C—H stretching
modes in methane under pressure (Wu et al., 1995) and of
similar modes of optical centres caused by hydrogen atoms
in diamond (Wilks and Wilks, 1991).
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Figure 4: Micro-Raman spectra of specimen PAGO7. The second line from bottom (red) shows most intense signals from graphite. The
signals above this spectrum are obtained after stepwise increase of the distance between sample and objective lens by 20 mm. For the
spectrum at the bottom the distance was reduced by 20 nm with respect to that for the second spectrum from bottom. The origin of the
broad band around 3100 cm and the increase in fluorescence with the distance from the graphite deserve further investigation.
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