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Mineral inclusions in an Arkansas diamond
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Abstract

Six isolated and totally enclosed inclusions were recovered from an Arkansas diamond by
burning it in air at 850°C. They are identified as (a) three euhedral crystals of chromian
diopside, (b) a euhedral bicrystal of chromian diopside + orthopyroxene with minor uniden-
tified included matter, (c) anhedral olivine (Foy,) + a small amount of attached unidentified
vitreous-like silicate rich in Si and Al with minor Fe, Ti, Zn and K, (d) finely polycrystalline
periclase + minor magnetite. X-ray diffraction, chemical, and morphological data are given.
The periclase may have existed in the diamond as magnesite. If so, the observed inclusions
bear resemblance to equilibrium phases recently reported for silicate + carbonate reactions
under mantle-like conditions. Interpretation of P-T equilibrium conditions for the diamond-
inclusion system based on the silicate-carbonate reaction and two-pyroxene geothermometer
suggests 5 X 10* kbars and 1300°C, but the olivine + vitreous-like phase inclusion may

indicate a pressure well below 5 X 10* kbars

Introduction

The questions of kimberlite and diamond genesis
are important for both scientific and economic rea-
sons. Considerable attention has been given in recent
years to foreign matter trapped within diamond. Be-
cause diamond is relatively inert, such matter pro-
vides an historical record of kimberlite evolution dur-
ing and after diamond formation.

To date, most studies have been on African, Sibe-
rian, and South American diamonds (Harris, 1968;
Sobolev et al., 1970, 1972; Meyer and Boyd, 1969,
1970, 1972; Meyer and Svisero, 1975; Fesq et al.,
1975; Prinz et al., 1975). Only a few studies exist on
North American diamonds (Melton and Giardini,
1975; Giardini and Melton, 1975a, b). To further
extend knowledge on North American diamond and
kimberlite, we report on included solids recovered
from a diamond from the Prairie Creek kimberlite
near Murfreesboro, Arkansas.

Experimental method

The diamond was cleaned in the following ways:
(1) 10 minutes in concentrated HF + 10 percent
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HNO; in an ultrasonic bath followed by a 24-hour
soak in the acid, (2) ultrasonic washing in water
followed by one hour of boiling in aqua regia, (3)
repeated ultrasonic washings in deionized distilled
water. The diamond was dried at 105°C, examined
with a binocular microscope to 90X, and found free
of surface cleavage cracks.

Inclusions were recovered by burning the diamond
in air at about 850°C for 48 hours. It was contained
in a clean platinum boat within a 2.5 cm diameter X
91 c¢m long quartz-glass tube capped at both ends
with 400-mesh nylon screens. Heat was supplied by a
Lindberg furnace with its controller set at 850°C.

After burning, residual included matter was recov-
ered from the bottom of the platinum boat with
sharply-pointed wood sticks moistened with distilled
water. Inclusions were examined by optical micros-
copy, scanning electron microscopy, X-ray dispersive
qualitative chemical analyses relative to reference
standards, single-crystal X-ray diffraction anal-
ysis (Enraf-Nonius CAD-4 diffractometer, CuKa
radiation), X-ray powder diffraction analysis (11.46
cm dia camera, CuKa radiation), and for one in-
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clusion, a dipyroxene crystal, electron-probe chem-
ical analysis.

Analytical study

The diamond showed no crystal form. It was
rounded with a high surface gloss, oblong in shape,
transparent, tan in color, and weighed 0.361 carats.
Several totally enclosed and isolated crystal in-
clusions were observed. Short cleavages in the dia-
mond extended from three of the inclusions, but all
terminated well within the diamond. Recovered crys-
tal inclusions ranged from about 50 to 150 um in
maximum dimensions.

Three inclusions were transparent, light green, eu-
hedral crystals. Each showed a high surface gloss,
rounding at some corners, and irregular morpho-
logies. An example is shown in Figure 1. These in-
clusions were identified as diopside by single-crystal
X-ray diffraction. Fifteen reflections were located and
accurately centered by use of the diffractometer pro-
gram SEARCH and indexed by program INDEX (Enraf-
Nonius, CAD-4 System, Delft, Holland, 1972). Unit-
cell parameters obtained for the monoclinic system
area = 9.685A,b =8873 A, c=5258Aand 8 =
107.01°. These parameters are in agreement with
published diopside cell dimensions. As further con-
firmation of the diopside structure, a full set of dif-
fraction intensities was measured and the space group
determined as C2/¢ or Cc from systematic absences
(hkl: h + k = 2n + 1; hOl: | = 2n + 1). Previous
diopside structures have been reported to be space
group C2/c.

The chemistry of the diopside inclusions was eval-
uated by S.E.M./X-ray dispersive analyses relative
to diopside standards. All yielded consistent compo-

Fig. 1. A euhedral chromian diopside single-crystal inclusion.
The unusual morphology, including some rounded surfaces, sug-
gests an origin pregenetic to the diamond. The longest dimension
of the inclusion is about 70 micrometers.

sitions of (in decreasing order of abundance) Si, Mg,
Ca, Fe, Na, Al, Cr and Ti. They are chromian diopside.

Another inclusion showed separate green and yel-
low regions, and was initially interpreted as a twin
(Fig. 2). Micron-size inclusions were observed in the
yellow region adjacent to the sharp optical boundary
of the bicrystal. The larger were transparent and
square in outline. The smaller were reddish-brown
and of indeterminate form.

Single-crystal X-ray analysis of the bicrystal pro-
duced several sets of 15 reflections from various re-
gions of space. Upon indexing the various sets, it was
found that the » and ¢ dimensions were consistent
among sets and practically identical to the diopside
structure. The cell dimension a, however, was much
longer than the diopside dimension and varied widely
among data sets (@ = ~ 32 to ~ 60A). Cell angles
involving a were also variable but v was consistently
90°. It was concluded that the green portion of the
bicrystal was diopside, and that the variations in the
cell dimensions were due to reflections arising from
the yellow section. The data suggest that the b,¢ ori-
entations are nearly aligned in the two sections of the
bicrystal, thus accounting for the variation in the a
dimension.

Subsequent to diffraction analysis, the bicrystal
was mounted in epoxy glue, polished, and given an
electron-probe chemical analysis. The green region
was confirmed as a low-calcium chromian diopside.
The yellow region showed a composition consistent
with orthopyroxene (Eng;). The minute inclusions
within the orthopyroxene were not exposed at the
polished surface and could not be analyzed. Chemical
data are given in Table 1.

An elongated irregularly-shaped orange-brown

Fig. 2. The chrome diopside + orthopyroxene bicrystal in-
clusion. The striated forward section of the bicrystal is chromian
diopside. The upraised flat rear section is orthopyroxene. The
longest dimension of the bicrystal is about 100 micrometers.
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grain was identified as olivine. It was friable and
displayed an easy mica-like apparent cleavage. Mi-
cron-size protrusions were observed on parts of the
outer surface (Fig. 3). A small quantity of glass-like
grayish-white material was attached to one end of the
olivine. Dispersive analysis of the olivine showed ma-
jor Si and Mg, and minor Fe. No relative difference
was detected on surfaces with and without minute
crystal-like protrusions. The attached vitreous-like
phase showed Si and Al as major constituents, with
minor Ti, Fe, Zn, and K.

Powder diffraction analysis of the fragmented in-
clusion gave a good olivine pattern, plus a few broad
and very weak reflections (d, I/1,: 4.36, 5; 3.32, 3;
3.18, 8; 2.89, 10; 2.10, 3; 1.94, 3). The latter could be
from either or both the olivine surface protrusions or
the attached aluminosilicate. The averaged dys, spac-
ing from two olivine films was 2.771 A, indicating
approximately a 92 + 1 percent forsteritic content
(Yoder and Sahama, 1957). The unusual orange-red
color of the olivine may be due to iron oxidation
during the combustion process (Roedder, 1965).

Two small loose concentrations of finely poly-
crystalline, light tan ““ash” were also recovered from
the platinum boat. Dispersive analysis showed major
Mg, minor Fe, and a trace of Ca. Powder X-ray

Table 1. Electron-probe analyses of a chrome diopside +
orthopyroxene bicrystal inclusion from an Arkansas diamond

green colored yellow colored

chrome diopside orthopyroxene

wt. % cations wt. % cations
Si0g 55.90 2.013 57.49 2.011
Mgo 17.21 0.923 31.70 1.652
cao 13.79 0.532 0.97 0.036
FeO 5.12 0.154 7.95 0.253
MnO 0.10 0.003 0.11 0.003
NiO 0.12 0.003 0.23 0.006
Na,0 2.85 0.199 0.42 0.028
Kp0 0.15 0.007 0.05 0.002
Al,03 2.95 0.125 0.52 0.021
Cr,03 1.16 0.033 0.19 0.005
TiO,p 0.31 0.008 0.05 0.001

99.66 4.000 99.68 4.018

Valence states cannot be distinguished in probe
analyses. Total iron is given as FeO.

Fig. 3. Olivine: note the micron-size crystal protrusions ob-
served on some parts of the outer surface of the anhedral shard-like
inclusion, and cleavage-like fracturing. The largest dimension of
the bright center fragment is about 25 micrometers.

diffraction gave a good periclase pattern plus three
weak reflections corresponding to the strongest of
magnetite. We conclude that the ash consists of ma-
jor periclase and minor magnetite.

Concentrations of finely polycrystalline matter
were not noted during examination of the diamond.
The two post-combustion ash-like concentrations
may be residue from calcinable magnesium-bearing
crystals such as magnesite.

Discussion

The suite of inclusions recovered from the Ar-
kansas diamond is ultramafic. The high forsteritic
content of the olivine (~92%) is typical of olivines
included in diamond (Meyer and Boyd, 1972). But its
irregular shardlike form and attached unidentified
glass-like aluminosilicate phase are unusual. Olivine
inclusions are often euhedral orthorhombic crystals.
Sometimes they show orientational influence by. the
host diamond (Mitchell and Giardini, 1953). They
also have been found as internal molds in the host
diamond (Sobolev et al., 1972; Prinz et al., 1975).

The outwardly monocyrstalline but sharply parti-
tioned orthoclinopyroxene bicrystal is unusual, al-
though such have been previously recognized (Sobo-
lev et al., 1970, Prinz et al., 1975). According to the
two-pyroxene geothermometer of Davis and Boyd
(1966), the 0.37 Ca:(Ca + Mg) ratio of the diopside
indicates an equilibration temperature of roughly
1300°C.

Neither periclase nor periclase + magnetite have
been previously reported as included matter in dia-
mond. In view of its ash-like state and the absence of
observable ash in the diamond prior to combustion,
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it is possible that the periclase (+ magnetite) existed
in the diamond as crystals of impure magnesite.

If this assumption is true, the inclusion suite con-
sisting of chrome diopside + orthopyroxene, chrome
diopside, and magnesite is reasonably consistent with
the high pressure and temperature reaction,

dolomite + enstatite + diopside < diopside
+ magnesite,

explored by Kushiro et al. (1975). They found the
P-T equilibrium boundary for this reaction to be
very close to that for graphite and diamond. Kushiro
et al. predicted a possible presence of magnesite in the
upper mantle. Our finding of periclase appears to
support their prediction.

It has been shown by Wilshire and Jackson (1975)
that the two-pyroxene geothermometer is subject to
serious error. But if it is assumed that the 1300°C
equilibrium temperature for the bipyroxene inclusion
is reasonably correct, then, from the above work of
Kushiro et al., the pressure can be set at about 5 X
10* kbars. Since individual inclusions were isolated
and apparently randomly distributed in the host dia-
mond, the conditions, 5 X 10* kbars and 1300°C, can
be interpreted as those under which the diamond
formed. They do fall in the range of diamond syn-
thesis with catalytic-solvent systems (Giardini and
Tydings, 1962).

But the inclusion of olivine + attached vitreous-
like phase may conflict with the above. The glassy
phase seems to have had its origin as a liquid. This
inclusion, therefore, resembles a product of in-
congruent melting. Two minerals found in diamond
which do melt incongruently to yield olivine plus a
liquid are phlogopite and enstatite. Phlogopite melts
at pressures below 4 X 10* kbars (Giardini et al.,
1974) and enstatite below 3 X 10* kbars (Davis and
Boyd, 1966).-

Since the inclusion possessed a very irregular
shape, it seems unlikely that it melted from a parent
mineral while occluded in the diamond. Alternatives
are that it existed at the time of inclusion, or that it
formed during the diamond-burning process. The
former seems more probable since both enstatite and
phlogopite are stable at the recovery temperature.

If the above argument is valid, it can be inferred
that at least part of the enclosing diamond formed at
a pressure below 4 X 10* kbars. Natural diamond
formation at such a low pressure would be a signifi-
cant departure from published speculations (P > 5 X
10* kbars).
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