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INTRODUCTION

Since intense investigations of mineral inclusions in
diamonds from kimberlites started in China only in the
mid-1980s, these inclusions have until now remained
poorly studied as compared with inclusions in dia-
monds from the well-known African and Yakutian
deposits. Relatively large inclusions distinguishable
under an optical microscope were studied in represen-
tative collections (tens of thousands of samples) of dia-
monds from Liaoning (Harris et al., 1994; Meyer et al.,
1994) and Shandong (Meyer et al., 1994) provinces. It
was established that mineral inclusions of the ultrama-
fic assemblage (olivine, chromite, enstatite, Cr-garnet,
sulfides) are predominant. Minerals of the eclogite
assemblage (garnet, omphacite) were revealed more
rarely.

The study of microinclusions in diamonds from the
China kimberlites by analytical scanning electron
microscopy showed their great variety. Native iron and
chrome, Fe–Cr–Ni and Bi–Te–Sb intermetallic com-
pounds, Cr-spinel, magnetite, rutile, chalcopyrite, apa-
tite, graphite, calcite, and some other minerals were
detected in almost opaque diamonds of cubic habit
from Liaoning Province (Vinokurov et al., 1998; Gor-
shkov et al., 1997a). Microinclusions of olivine, native
iron and lead, Fe–Cr solid solutions, sulfides (gersdor-
ffite, siegenite, and polydymite), apatite, phlogopite,
and other minerals were established in polycrystalline
aggregates of octahedral diamond microcrystals from
kimberlites of Shandong Province (Gorshkov et al.,
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1999, 2000). Along with inclusions of native iron, spo-
radic inclusions of native silver and Fe–Au intermetal-
lic compounds with a Ag admixture were also revealed
in diamonds from the China deposits (Zhao, 1995).

Microingrowths of lonsdaleite phase with hexago-
nal packing of carbon, as well as many inclusions of
sellaite and fluorite along with other minerals (zircon,
magnetite, rutile, graphite, siderite, and barite), were
detected in some diamond microcrystals (Gorshkov
et al., 1997b).

Microingrowths of silicon carbide (polytypes 6H
and 3C) surrounded by a thin layer of K–Al–Si glass
with carbonate and calcium sulfate microsegregations
were also established in diamonds from the China
deposits (Leund, 1990).

The purpose of this work was to study mineral
microinclusions in octahedral diamond crystals from
kimberlites of Shandong Province in eastern China
using analytical scanning electron microscopy.

As elsewhere, crystals of octahedral habit and rhom-
bic dodecahedrons formed as products of their dissolu-
tion are the most abundant morphological type of dia-
monds in kimberlites of Shandong Province.

The studied transparent crystals were about 2 mm
across and contained a small amount of black inclu-
sions. Crystals 1–3 were taken from the Shengli kim-
berlite pipe and crystal 4, from the Hongxi kimberlite
pipe.

RESEARCH METHODS

Microinclusions in diamond crystals from kimber-
lite pipes of eastern China were studied on a JSM5-5300
scanning electron microscope (Japan) equipped with a
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Abstract

 

—Microinclusions in octahedral diamond crystals from kimberlites of Shandong Province, eastern
China, have been studied with analytical scanning electron microscopy. Native iron, tungsten, and lead; Fe–Cr
intermetallic compounds; polydymite; ilmenite; halite; and matlockite (PbFCl) have been identified on the crys-
tal surfaces. Microinclusions of native iron and chrome, Fe–Cr intermetallic compounds, pentlandite, Cr-free
garnet, calcite, and apatite, as well as a relatively large (100 

 

×

 

 270 

 

µ

 

m) inclusion representing an intergrowth
of clinopyroxene, calcite, and apatite, have been revealed on the surfaces of fresh chips of the samples. The deep
geological processes that could have resulted in the formation of such unusual mineral assemblages are dis-
cussed in the light of new experimental data.
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Link ISIS energy dispersive spectrometer (United
Kingdom), which allows detection of chemical ele-
ments from Be to U (oxygen included) in particles frac-
tions of a micron in size.

First, the morphology of diamonds was studied
along with microinclusions on their surface. Then the
diamonds were split on a diminutive metallic anvil, tak-
ing precautions to avoid the contamination of speci-
mens by metallic particles. For this purpose, a diamond
sample was wrapped in several layers of heavyweight
paper. Afterwards, microinclusions from inner parts of
diamonds were studied on fresh surfaces of split chips.
Prior to the study, thin carbon films were sprayed on
diamonds and their chips for charge sinking. The chem-
ical composition of microinclusions was analyzed on
unpolished surfaces, so the results should be considered
semiquantitative. Nevertheless, their accuracy was
quite sufficient for identification of mineral phases.

MORPHOLOGY OF DIAMOND CRYSTALS

Sample 1 is a distorted diamond crystal of octahe-
dral habit with thin parallel–jagged striation (Fig. 1a).
Typical etching trigons are observed on its surface. It

also has a sizable mechanical fracture, probably, of
technogenic origin, on one side.

Sample 2 is a crystal of octahedral habit with jagged
striation and polycentric development of crystal faces
(Fig. 1b). A considerable mechanical fracture, probably
of technogenic origin, is observed on one side.

Sample 3 is a chip of a highly distorted crystal of
octahedral habit with polycentric development of crys-
tal faces (Fig. 1c). It has uneven, rounded surfaces with
a blocky sculpture as a result of postcrystallization dis-
solution. One of its apexes was chopped off and a rather
large inclusion was exposed, as is clearly seen in the
BSE image.

Sample 4 is an irregular intergrowth of two octahe-
drons with almost flat faces and insignificant parallel
striation on crystal edges (Fig. 1d). Separate etching
trigons are developed on faces.

MICROINCLUSIONS EXPOSED 
ON DIAMOND CRYSTAL SURFACES

Mineral particles and their aggregates and segrega-
tions exposed on the surface of octahedral diamond
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Fig. 1.

 

 Morphology of diamond crystals. SEM images in secondary electrons. (a) Sample 1; (b) sample 2; (c) sample 3; (d) sample 4.
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crystals usually occur at growth steps; in microfractures
or caverns; or, less frequently, on relatively even faces.

 

Crystal 1

 

Fe–Cr intermetallic compounds

 

 are the main min-
erals found on the surface of this crystal. The preva-
lence of Fe over Cr and compositional similarity are
their distinctive features. Intermetallic compounds of
the compositions Fe

 

87

 

Cr

 

13

 

, Fe

 

85

 

Cr

 

15

 

, and Fe

 

80

 

Cr

 

20

 

 were
identified from the results of the semiquantitative anal-
ysis. These compounds occur as separate micron-sized
particles and their aggregates. They are mainly con-
fined to growth steps of the crystal. The energy disper-
sive (ED) spectra obtained for these intermetallic com-
pounds yielded only Fe and Cr peaks.

In addition, some other mineral phases were
detected on the crystal surface in minor amounts.

 

Native tungsten.

 

 Several particles of this metal
were detected. One of them, ~2.5 

 

µ

 

m in size, occurs in
a small hollow formed during the diamond crystal
growth (Fig. 2a). The ED spectrum yielded only W
peaks (Fig. 2b). Small carbon peaks, here and hereafter,
belong to diamond.

 

Native lead.

 

 Discrete isometric particles of this
metal tenths of a micron in size occur on a relatively
smooth surface of the diamond crystal faces (Fig. 2c).
The ED spectra contain only Pb peaks (Fig. 2d).

 

Quenselite (PbMnO

 

2

 

OH

 

3

 

).

 

 Separate particles and
aggregates of the mineral are commonly arranged along
growth steps of the diamond crystal. They vary in size
from fractions of a micron to several microns; the
aggregates reach 20 

 

µ

 

m in size. The ED spectrum
obtained for one of the aggregates yielded mainly O,
Pb, and Mn peaks, as well as small peaks of Ca and Ti
impurities. According to the results of the semiquanti-
tative analysis, the Pb : Mn ratio equals 1 : 1, as is typ-
ical of quenselite.

 

Crystal 2

 

Fe–Cr intermetallic compounds

 

 are predominant
on the surface of this crystal but occur in a smaller
amount as compared with diamond crystal 1. Fe–Cr
intermetallic compounds are represented by elongated
aggregates arranged along growth steps of the diamond
crystal and by isometric and occasionally rectangular
particles 1–5 

 

µ

 

m in size. As was detected by the semi-
quantitative analysis, Fe prevails over Cr. The Fe : Cr
ratio is close to that in the intermetallic compounds of
crystal 1. Furthermore, a Fe–Cr intermetallic com-
pound Cr

 

73

 

Fe

 

27

 

 was revealed.
Several other mineral phases were identified in this

diamond in lesser amounts.

 

Native iron.

 

 This mineral was found in microfrac-
tures on an uneven surface of the diamond crystal as
clusters of micron-sized particles. The ED spectra
yielded Fe peaks only.

 

Matlockite (PbFCl).

 

 One elongated particle of this
mineral was revealed on a crystal surface exhibiting a
stepped relief. The particle is 15 

 

µ

 

m long and 2.5–
0.6 

 

µ

 

m wide. As follows from the ED spectrum, the
mineral consists of Pb, Cl, and F; Al, Mn, and Fe were
detected in minor amounts. The semiquantitative anal-
ysis yielded Pb : F : Cl = 1 : 1 : 1, as is typical of mat-
lockite.

 

Crystal 3

 

Fe–Cr intermetallic compounds

 

 are also prevalent
in this crystal. Both discrete particles from one to sev-
eral microns in size and aggregates of a size exceeding
10 

 

µ

 

m were revealed. The ED spectra show only Fe and
Cr peaks. As was established by the semiquantitative
analysis, Fe always prevails over Cr and the Fe : Cr
ratio is nearly equal to this ratio in the corresponding
inclusions from diamond crystals 1 and 2.

 

Native iron.

 

 This mineral was established on the
surface of diamond crystal 3 as micron-sized separate
particles and their chains confined to growth steps of
the crystal. The ED spectra exhibit only Fe peaks.

 

Polydymite (Ni

 

3

 

S

 

4

 

).

 

 Several oval particles of this
mineral were found on a relatively even surface of the
crystal face (Fig. 2e). The size of particles is 1 

 

µ

 

m. The
ED spectra (Fig. 2f) exhibit only Ni and S peaks. The
peaks of some impurities from silicate particles occur-
ring nearby were also recorded. An Ni : S ratio of 3 : 4
was established by the semiquantitative analysis. This
allowed this mineral to be referred to polydymite.

 

Crystal 4

 

Fe–Cr intermetallic compounds

 

 are observed as
separate isometric particles and as aggregates and clus-
ters. They are exposed on the even surface of crystal
faces and are confined to growth steps of the crystal.
Iron in these compounds always prevails over chrome.
The compositions Fe

 

82

 

Cr

 

18

 

, Fe

 

86

 

Cr

 

14

 

, and Fe

 

87

 

Cr

 

13

 

were established by the semiquantitative analysis.

 

Native iron

 

 particles were occasionally found on
the surface of this crystal. The largest particles are as
long as 5 

 

µ

 

m. The ED spectra always exhibit a small sil-
icon peak.

 

Amphibole.

 

 Two linearly arranged phases were
revealed along the boundary of the two octahedral dia-
mond microcrystals grown together. One of these
phases contains Na, Mg, Si, Fe, K, and Ca in propor-
tions characteristic of silicates from the amphibole
group.

 

Mn-bearing ilmenite.

 

 This mineral was detected in
close association with amphibole and differs from it by
a higher brightness. Judging from the spatial relation-
ship between these two phases, amphibole was crystal-
lized earlier than ilmenite. The ED spectrum for one of
the sectors of this aggregate exhibits Ti, Fe, Mn, and O
peaks. The formula of this mineral was calculated as
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Fig. 2.

 

 BSE images and ED spectra of microinclusions exposed on the surface of diamond crystals. (a, b) Native tungsten; (c, d) native
lead; (e, f) polydymite; (g, h) sylvite.
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(Mn

 

0.18

 

Fe

 

0.82

 

)TiO

 

3

 

 from the result of the semiquantita-
tive analysis. According to this formula, the mineral
belongs to the ilmenite subgroup (Semenov, 1998) and
has a composition transitional between ilmenite
(FeTiO

 

3

 

) and pyrophanite (MnTiO

 

3

 

) but is closer to
ilmenite. Therefore, this mineral may be called Mn-
bearing ilmenite.

 

Sylvite (KCl).

 

 Segregations of this mineral were
revealed on the even surface of one of the crystal faces.
The segregations are dendritic and consist of isometric
and elongated crystals varying from fractions of a
micron to several microns in size (Fig. 2g). Smaller
crystals make up networks. The ED spectra, one of
which is shown in Fig. 2h, demonstrate K and Cl peaks.
Insignificant Fe and Cu peaks are related to mechanical
impurities. According to the semiquantitative analysis,
the K : Cl ratio equals 1 : 1. An insignificant Fe peak
indicates a mechanical impurity.

INCLUSIONS THAT OCCUR 
WITHIN OCTAHEDRAL DIAMONDS

 

Crystal 1

 

Native iron (

 

a

 

-Fe).

 

 Several particles and native iron
aggregates as large as 0.2–0.3 

 

µ

 

m were revealed. The
ED spectra include the main Fe peaks and insignificant
Mn and Co peaks. According to the semiquantitative
analysis, the Mn content is 1.5 wt % and the Co content
is about 1 wt %.

 

Fe–Cr intermetallic compounds

 

 occur as numer-
ous particles and aggregates. In particular, a feather-
shaped aggregate 20 

 

µ

 

m in size was found (Fig. 3a).
The ED spectra of intermetallic compounds yield Fe
and Cr peaks; Fe always prevails over Cr (Fig. 3b).
According to the semiquantitative analysis, the Cr con-
tent in intermetallic compounds varies from 0.8 to
11 wt %.

 

Calcite (CaCO

 

3

 

).

 

 Several isometric calcite aggre-
gates as large as 5–7 

 

µ

 

m were found. Their ED spectra
are characterized by Ca, C, and O peaks. According to
the semiquantitative analysis, these elements occur in
the ratio 1 : 1 : 3, which allowed us to write the formula
as CaCO

 

3

 

.

 

Crystal 2

 

Native chrome.

 

 This metal is represented in the dia-
mond by a rather large isometric aggregate about 10 

 

µ

 

m
in size (Fig. 3c). The aggregate is surrounded by a scat-
tering of nanoparticles of this metal. The ED spectrum
of the aggregate includes the main Cr peaks and an
insignificant Ca peak characterizing a mechanical
impurity (Fig. 3d).

 

Fe–Cr intermetallic compounds

 

 are the main
inclusions in this diamond sample and are exposed on
chip surfaces as separate micron-sized particles and
aggregates in the form of chains 20 

 

µ

 

m long. In some
places, they form dendritic aggregates of the same size.

The ED spectra exhibit Fe and Cr peaks, the former
being higher than the latter. According to the semiquan-
titative analysis, the Cr content in the intermetallic
compounds varies from 12.8 to 13.2 wt %.

 

Pentlandite [(Fe, Ni)

 

9

 

S

 

8

 

].

 

 Several particles of Fe–
Ni sulfide were revealed on the surfaces of chips of dia-
mond crystal 2. They are devoid of crystallographic
forms and do not exceed 1 

 

µ

 

m in size (Fig. 3e). The ED
spectra demonstrate Fe, Ni, and S peaks (Fig. 3f).
According to the semiquantitative analysis, their for-
mula fits pentlandite [(Fe, Ni)

 

9

 

S

 

8

 

].

 

Garnet.

 

 One microcrystal about 5 

 

µ

 

m across was
revealed. It corresponds to pyrope–andradite in compo-
sition, i.e., belongs to the eclogite assemblage of inclu-
sions in diamonds.

 

Crystal 3

 

Native iron (

 

a

 

-Fe) 

 

is represented in the sample by
several particles measuring fractions of a micron in size
and their aggregates. The ED spectra of these segrega-
tions reveal only Fe peaks.

Fe–Cr intermetallic compounds are represented
by many discrete rounded and tear-shaped particles.
Their size does not exceed 0.5 µm. The ED spectra con-
tain only Fe and Cr peaks (Fe � Cr). According to the
semiquantitative analysis, the Cr content varies from
11.5 to 12 wt %.

Apatite was revealed as a single elongated microc-
rystal about 10 × 15 µm in size. Fluorine was detected
in its composition in addition to Ca, P, and O; thus, the
mineral belongs to fluorapatite.

An aggregate of diopside [(Ca, Mg)Si2O6], cal-
cite, and apatite [Ca5(PO4)3OH] makes up a large
inclusion of irregularly curved shape about 270 µm
long and 80–100 µm wide related to rather a large
mechanical fracture that initially cut this crystal
(Fig. 4a). The bulk of this inclusion consists of clinopy-
roxene, the composition of which at most analyzed
points is close to diopside [(Ca, Mg)Si2O6] (Fig. 4b). In
one portion of this silicate, fine-grained segregations
somewhat brighter than diopside were detected in the
BSE image (Fig. 4c). The ED spectrum of these segre-
gations (Fig. 4d) contains main Ca, C, and O peaks. The
results of the semiquantitative analysis indicate that this
mineral is calcite (CaCO3).

On another part of the diopside surface, bright iso-
metric and sharp-cornered areas with dimensions of 5–
30 µm were exposed (Fig. 4e). In composition, this
mineral corresponds to apatite (Fig. 4f) containing
about 4 wt % F and 1 wt % Sr.

Crystal 4

A porous texture typical of polycrystalline diamond
aggregates is observed on the surfaces of some chips of
this diamond. Pores vary from 3 to 5 µm in size.
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Locally, the chip surface exhibits a microblock struc-
ture.

Fe–Cr intermetallic compounds are the main
inclusions in this sample. Clusters of their particles and
aggregates were revealed on the chip surfaces, with
their size varying from fractions of a micrometer to
10 µm. The ED spectra of different particles contain Fe
and Cr peaks (Fe � Cr). The Cr content varies from
1.0 to 13.7 wt %.

Native iron (a-Fe) is detected on the chip surfaces
less frequently than the Fe–Cr intermetallic com-
pounds. Native iron is detected as both separate grains
and aggregates. The size of discrete particles reaches 1
µm. According to the semiquantitative analysis, the
bulk of α-Fe contains no impurities.

Calcite. Aggregates of this mineral form irregular
segregations in some parts of the sample; their size var-
ies from 5 to 10 µm.
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Fig. 3. BSE images and ED spectra of microinclusions on the surfaces of chips of diamond crystals. (a, b) Fe–Cr intermetallic com-
pounds; (c, d) native chrome; (e, f) pentlandite.
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DISCUSSION

The scanning electron microscopy results show that
rather perfect transparent diamond crystals of octahe-
dral habit from the China kimberlites generally contain
a relatively small amount of microinclusions as com-
pared with previously studied opaque diamond crystals
of cubic habit (Gorshkov et al., 1997b; Vinokurov et al.,
1998) and polycrystalline aggregates (bort) (Gorshkov
et al., 2000) from the same deposits.

The occurrence of native metals as inclusions is a
common feature of octahedral crystals and the previ-

ously studied crystals of cubic habit and polycrystalline
diamond aggregates from the China kimberlites. Native
iron and Fe–Cr intermetallic compounds, which are
exposed on the surface of samples and occur within
them, are the most abundant. Inclusions of native
chrome and lead, as well as native tungsten, identified
for the first time, were also revealed on the surface of
crystals.

It should be noted that inclusions of native iron and
silver, as well as Fe–Au intermetallic compounds with
a Ag admixture, were previously reported from dia-
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mond crystals incorporated into the China kimberlites
(Zhao, 1995).

The studied crystals are similar in respect to native
metal microinclusions to most imperfect semitranspar-
ent diamonds studied previously at different deposits of
the world using analytical electron microscopy. Micro-
inclusions of native metals were detected in polycrys-
talline aggregates from the Yakutian deposits, in poly-
crystalline aggregates (carbonado) from placer deposits
of Brazil and central Africa, in rounded crystals from
lamproites of Australia, in shapeless dark diamonds
from impactites of the Popigai ring structure, and in
samples from other sources (Gorshkov et al., 2003; Tit-
kov et al., 2003, 2004). Relatively large inclusions of
native metals in diamonds from the Yakutian deposits
were revealed using standard microprobe analysis
(Sobolev et al., 1981; Bulanova et al., 1998).

One microcrystal of Cr-free garnet and a large
aggregate of clinopyroxene heterogeneous in composi-
tion were established in the studied samples. These
minerals belong to the eclogite assemblage of inclu-
sions in diamonds, although a considerable prevalence
of inclusions of the peridotite assemblage was previ-
ously established in diamonds from the China kimber-
lites (Harris et al., 1994; Meyer et al., 1994). Clinopy-
roxene heterogeneous in composition forms close inter-
growths with calcite and apatite. Intergrowths of
CaCO3 and MgCO3 phases with clino- and orthopyrox-
ene aggregates as inclusions in diamonds were previ-
ously reported from placer deposits of Namibia (Leost
et al., 2003). Intergrowths of CaCO3 phase with olivine
(McDade and Harris, 1999) and with phlogopite (Sobo-
lev et al., 1997) were also noted. Enstatite–calcite inter-
growths in diamonds have been observed in imperfect
diamond crystals from the Yakutian deposits; the results
of their investigation will be considered in a forthcom-
ing paper.

The intergrowths of silicates with carbonates as
inclusions in diamonds have important genetic implica-
tions. As has been experimentally established recently,
diamonds may crystallize directly from carbonate and
carbonate–silicate melts (Akaishi et al., 1990), as well
as during interaction of carbonates and silicates
(Pal’yanov et al., 2002). The data on carbonate–silicate
inclusions indicate that similar processes probably took
place during the formation of natural diamonds as well.
The intergrowths of clinopyroxene and apatite show
that phosphorus was involved in this process.

The dendritelike sylvite structures established on
the surface of one of the samples and discrete matlock-
ite particles hardly are random findings. Inclusions of
chlorides (sylvite and halite) were observed previously
in very imperfect diamonds: in a crystal of cubic habit
from the China kimberlites (Vinokurov et al., 1998), in
rounded crystals from lamproites of Australia (Gorsh-
kov et al., 2003), and in coarse-grained aggregates from
the Yakutian kimberlites (Titkov et al., 2003). Fluid
inclusions containing carbonates, Cl, K, Na, and other

elements that were found in central parts of perfect dia-
mond crystals from the South African kimberlites
(Izraeli et al., 2003) indicate that chloride inclusions are
genetically related to diamond crystallization and did
not form in the course of epigenetic processes. As was
mentioned above, one possible explanation for the for-
mation of unusual associations of inclusions in natural
diamonds is their crystallization during injection of flu-
ids into deep-seated rocks (Taylor and Green, 1988).
Metasomatism of deep-seated rocks and formation of
carbonate–silicate melts and chloride–carbonate brines
might have taken place in the course of this compli-
cated dynamic process (Izraeli et al., 2003). The fluids
were probably a source of native metals, inclusions of
which are detected in natural diamonds. It should be
pointed out in this connection that a mantle origin was
also established for chlorides and carbonates of alka-
line metals from slightly altered kimberlites of the
Udachnaya–Vostochnaya pipe (Kamenetsky et al.,
2004).
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