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Abstract—Experimental results are presented on the etching of diamond crystals in a system including silicate
minerals from mantle xenoliths and C-O-H fluid at 5.5-6.0 GPa and 1450-1500°C. Slight etching patterns
were established in the experiments with gamet lherzolite, eclogite, and spinel lherzolite samples. No changes
in the weight and morphology of diamond crystals were detected in experiments with dunite and garnet pyrox-
enite samples. Water was the major component of the experimental fluid; CO, and CH, occurred in minor
amounts. Hydrogen was detected in two runs, and traces of heavy hydrocarbons were noticed. Our study dem-
onstrated that (1) diamond can in principle be etched with fluids under parameters of its thermodynamic stabil-
ity and (2) the composition of fluid captured in mantle minerals is close to equilibrium with diamond. Therefore,
it can be assumed that diamond is stable for an infinite time under high P-T parameters, if the equilibrium con-

ditions are maintained.

INTRODUCTION

A hypothesis of the deep mantle origin of diamonds
from kimberlites is currently regarded as the most plau-
sible, whereas the kimberlitic magma itself is consid-
ered to be a transporting agent [1]. Taking into account
the older age of most diamonds relative to their host
kimberlites [2], it is reasonable to suggest that dia-
monds, before their capture by kimberlitic melt,
occurred in a mantle environment that was inert with
respect to diamond; otherwise they could not be pre-
served. The conditions of diamond preservation under
high total pressure must, first, fit the P-T field of the
thermodynamic stability of diamond; second, diamond
must be incorporated in solid mantle rocks in order to
prevent its recrystallization in a silicate melt; and, third,
the long-term preservation of diamond requires equilib-
rium with the fluid phase. There are direct facts sup-
porting these statements. Diamond crystals from man-
tle xenoliths entrained by kimberlites show the lowest
degree of dissolution in comparison with diamonds
hosted by the kimberlites themselves [3, 4]. The dia-
mond crystals that have survived during xenolith disin-
tegration were probably conserved in mantle rocks for
the longest time [5]. For example, large diamonds from
the Arkhangel’sk kimberlite pipes are mainly rounded
tetrahexahedrons and rhombododecahedrons, which is
indicative of their extensive dissolution. The advanced
disintegration and resorption of mantle xenoliths from

the Arkhangel’sk deposits are supported by the rela-
tively low content of the minerals accompanying the
diamonds [6]. Fine crystals (<1 mm) that were found in
serpentine pseudomorphs after olivine are plane-faced
octahedrons almost without any signs of etching [7].
The variable degree of diamond preservation, espe-
cially in a single deposit, e.g., in the Lomonosov pipe,
suggests that small diamond crystals were conserved in
large olivine grains.

The objective of this work is to investigate experi-
mentally diamond preservation in mantle mineral
assemblages with natural contents of volatile compo-
nents.

EXPERIMENTAL

The experiments were carried out on a multianvil
high-pressure apparatus of the split-sphere type. The
experimental technique was described in detail in [8].
Experiments were conducted in sealed platinum cap-
sules at 5.5-6.0 GPa and 1450~1500°C. The high-pres-
sure cell consisted of refractory oxides (ZrO,, MgO,
and CaO). Pressure was determined using a calibration
curve based on phase transitions in Bi and PbSe at room
temperature. Temperature was measured with a
PtRh30/6 thermocouple. The run duration was one
hour.
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Table 1. Microprobe analyses of minerals from the diamond-bearing assemblages used in the experiments

Sample | SiO, | TiO, | ALO; | Cry0; | MnO | FeO | MgO | CaO | Na,0 | NiO | Total
YB-609/89
Ga 414 | 0411 | 1797 | 605 | 0363 | 742 | 2027 | 539 | 0083 | - 99.36
ol 41.06 - - 0067 | 0.118 | 877 | 4942 | 0035 | - 0352 | 99.83
Opx 58.17 | 0.104 | 0454| 0253 | - 489 | 3495 | 0.746 | 0.135 | - 99.72
YB-1467/89
Sp - 0044 | 267 |423 - 16.64 | 14.1 - - - 99.72
ol 41.18 - - - 0.121 | 746 | 505 | 0007 | - 0.341 | 99.61
Opx 5701 | 0017 | 203 | 0532 | - 477 | 3452 | 0548 | 0041 [ - 99.48
Cpx 5436 | 0018 | 204 | 1.06 - 148 | 17.14 2224 | 0.87 - 99.21
YB-140/93
Ga 414 | 007 | 1564 | 1043 | 044 | 725 | 2133 | 321 | 005 - 99.83
ol 4153 - - 003 | 0102 | 72 | 5107 | 0007 | - 0.356 | 100.29
Crt - 0.006 | 3725 |31.37 - 1408 | 17.05 - - - 99.76
RV-3
Ga 4201 | 0.185 | 2218 | 0407 | - 1118 | 17.96 | 505 | 0055 | - 99.03
Cpx 5485 | 0099 | 1.55 | 0.083 328 | 1671 {2134 | 1.1 - 99.02
YB-25/84
Ga 4154 | 0323 | 2211 | 046 | 0465 | 995 | 1861 | 62 0075 | - 99.75
Cpx 5484 | 0.189 | 236 | 0439 | - 292 | 1585 |20.58 | 1.84 - 99.02

Note: Samples: RV-3/91, eclogite; YB-140/93, dunite; YB-609/89, garnet lherzolite; YB-1467/89, spinel therzolite; and YB-25/84, garnet

pyroxenite.

The compositions of natural diamond-bearing
assemblages corresponding to the dunite, garnet lher-
zolite, spinel lherzolite, and garnet pyroxenite from the
Udachnaya-Vostochnaya kimberlite pipe in Yakutia and
to the eclogite from the Roberts Victor kimberlite pipe
in South Africa were used as starting silicate mixtures.
The chemical compositions of minerals are given in
Table 1. Natural plane-faced and sharp-edged octahe-
dral and synthetic cuboctahedral diamond crystals were
used in this study.

After experiments, the platinum capsules with sam-
ples were placed into a special unit connected with a
chromatographic system. The capsules were heated to
150°C and then pierced with a striker. The released gas
was analyzed using the method described in [9, 10].
The molecular composition of fluid in equilibrium with
diamond under experimental P-T conditions was cal-
culated for the H/(O + H) ratio determined after the run
by the minimization of the free energy of the system
regarding the fluid as an ideal mixture of real gases. The
computational technique and the sources of the thermo-
dynamic data are given in [8].
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After experiments the diamond crystals were suc-
cessively washed in HF, HCI, and an oxidizing mixture
consisting of K,Cr,0; and H,SO,. The loss of crystal
mass was determined by weighing with an accuracy of
10.01 mg. The crystal morphology was examined under
MBS-10 and MBI-15 optical microscopes and a JSM-35
scanning electron microscope.

RESULTS

The experimental conditions and results are given in
Table 2. The melting temperature of the silicate sam-
ples was never attained. The silicate minerals were ana-
lyzed after experiments with an electron microprobe,
which showed that their chemical compositions did not
change. Diamonds from the samples of garnet lherzo-
lite and eclogite were partly etched. The diamonds of the
garnet lherzolite association lost 0.04 mg (2.8 wt %). The
most substantial weight loss was detected in diamonds
from runs with eclogite: 7.0 and 3.2 wt %. The greater
loss was found in the experiment in which pyroxene
prevailed over garnet. In run 7-9-99 with spinel lherzo-

2004



522

ZHIMULEV et al.

Table 2. Conditions and results of experiments in the presence of natural minerals from diamond-bearing mantle assemblages

Run : Compo-| Weight, mg ; Starting Final g
number Sample sition (%) Diamonds weight, mg|weight, mg Eich-figures
4-36-97 |Dunite 0l 108.6 (93) 1, natural 0.57 0.57 None

YB-140/93
Ga 8.2(7)
7-28-98 | Eclogite Cpx 67.7 (60) 1, natural 0.57 0.53 Negative trigons and parallel
RV-3/91 striation
Ga 45.1 (40)
7-9-99 | Spinel lherzolite | O! 95.0 (95) 1, natural 127 1.27 None
YB-1467/89
Opx 3.0(3)
Sp 2.0(2)
7-14-99 | Garnet pyroxen-| Ga 73.45 (83) 2, synthetic 1.57 1.57 None
ite YB-25/84
Cpx 15.0 (17)
8-25-99 | Garnet lherzo- | Ol 80.37 (82.7) | 2, synthetic 1.43 1.39 Negative trigons, parallel stria-
lite YB-609/89 tion, and serrate sculpture
Opx 6.9 (7.1)
Ga 9.95(10.2)
8-30-99 |Eclogite Ga 51.5 (50.7) | 2, synthetic 1.54 1.49 Faces (111): negative trigons,
RV-3/91 1 parallel striation, and serrate
Cpx 50.0 (49.3) sculpture; faces (100): square
etch pits
8-37-99 | Spinel lherzo- | O! 86.40 (81.3) | 2, synthetic 1.48 1.48 Faces (111): negative trigons,
lite YB-1467/89 parallel striation, and serrate
Opx 15.15 (14.3) sculpture; faces (10(_)): square etch
Sp 477 (4.4) pits; imprints of solid phases

lite, no signs of diamond crystal etching were detected.
In run 8-37-99 the silicate material contained more
orthopyroxene and spinel and less olivine than that of
run 7-9-99. Only a slight change of face micromorphol-
ogy was detected in this run without any measurable
weight loss. The weight and morphology of the crystals

Fig. 1. Triangular etch pits on the (111) face of a diamond
crystal, run 8-25-99. Magnification 120.
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did not change in the experiments with dunite and gar-
net pyroxenite.

Changes in the micromorphology of diamond crys-
tals included the appearance of triangular etch pits,
both flat-bottomed and pyramidal, showing a negative
orientation to the (111) faces (Fig. 1). Square pyramidal
etch pits with sides parallel to the edges of octahedral
faces were formed on the (100) faces. Parallel striation
was seen in places near the edges of octahedral faces,
and a serrate sculpture (terminology of Orlov [5]) was
formed near the edges between the octahedral and
cubic faces (Fig. 2). The reentering angle between par-
ticular dents equals 60°. The edges of the steps making
up this sculpture, as well as the walls of the etch pits are
oriented parallel to the surfaces of a trigon-trioctahe-
dron. In addition, an unusual sculpture consisting of
flattened hillocks of varying size with polygonal
(largely rectangular) contours independent of the face
symmetry was found in run 8-37-99 (Fig. 3). These fig-
ures are probably imprints of the solid silicate grains
that screened the crystal surface during etching.

Chromatographic analysis showed that water was
the major fluid component in the experiments, and CO,
Vol. 42
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Fig. 2. Serrate etch sculpture on the (111) face and square pyramidal etch pits on the (100) face of diamond crystals from (a) run
8-30-99, magnification 200, and (b) run 8-37-99, magnification 1330.

Fig. 3. Flattened polygonal hillocks and triangular etch pits on (a) the (111) face, magnification 240, and (b) the (100) face of dia-

mond crystals, magnification 320; run 8-37-99,

and CH, occurred in much smaller amounts. Hydro-
gen was detected in two runs. In addition, traces of
heavy hydrocarbons were noticed (Table 3). The cal-
culated compositions of fluid in equilibrium with
diamond under the experimental parameters are
shown in Table 4.

DISCUSSION

The solidus of dry mantle rocks lies at high temper-
atures (Fig. 4). According to these data, only alkaline
basic rocks could be melted at the parameters of our
experiments. The amount of water was insufficient to
significantly lower the melting temperature of the sam-
ples (Table 3), because the addition of <5 wt % H,O
lowers melting temperatures in silicate systems by no
more than 100-150°C [19, 20]. Therefore, the samples

GEOCHEMISTRY INTERNATIONAL  Vol. 42 No. 6

in our experiments were not subjected to melting. Thus,
it can be concluded that the partial etching of diamond
crystals was induced by the fluid that occurred initially
in the silicate minerals and was captured during sample
preparation. However, since etching did not take place
in all runs, it was probably controlled by the fluid com-
position. It can be suggested that etching did not occur,
if the fluid composition was originally close to equilib-
rium with diamond. In contrast, if the fluid composition
departed from equilibrium with diamond, slight etching
was observed.

The resulting etch figures are similar to the sculp-
tures described on natural crystals [5, 21, 22] and repro-
duced previously by diamond etching in silicate melts
of alkali basalt [23-25], lamproite [26], and kimberlite
[27]. The chromatographic results testify to a relatively
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Table 3. Results of the chromatographic analysis of experimental products, mg/kg (mol %)

Run number CO, H,0 Co H, CH, CH,
4-36-97 50 (1.8) 1100 (97.9) 0 0 0 0
7-28-98 160 (2.3) 2400 (84.2) 0 40 (12.6) 20 (0.8) 4(0.1)
7-9-99 0 390 (99.7) 0 0 1(0.3) 0
7-14-99 410 (4.4) 3600 (95.5) 0 0 2 (0.06) 0.3 (0.005)
8-25-99 100 (1.1) 2600 (69.6) 0 120 (28.9) 10 (0.3) 6 (0.1)
Run number C;Hg CHyg CsH, C;H, H/(O + H)
4-36-97 3(0.1) 7(0.2) 0 ' 0 0.67
7-28-98 0 1(0.01) 1(0.01) 0 0.69
7-9-99 0 0 0 0 0.67
7-14-99 1(0.01) 0.2 0 0 0.65
8-25-99 2(0.02) 0.8 (0.005) 0.7 (0.005) 0 0.73

narrow range of H/(O + H) values and, correspond-
ingly, oxygen fugacity in the fluid phase (-log fO, =
5.0-5.7). Nevertheless, in the runs where diamond
etching was detected, the fluid was somewhat more
reduced (Table 3). The presence of hydrogen and the
absence of CO were noticed. It can therefore be sug-
gested that diamond etching was caused by the reaction
of oxidation by water, 2H,0 + C = CO, + 2H,. The etch-
ing ceased when equilibrium was achieved in the sys-
tem (this likely occurred rather rapidly). This is con-

Table 4. Calculated composition (mol %) of C—O-H fluid in
equilibrium with diamond at 5.5 GPa and 1500°C

Compo-|H/O +H) = |H/(O + H) = {HAO + H) = |H/O + H) =
nent | 065 0.67 0.69 0.73
H,0 |84 85 82 79
co, | 8 5.2 43 1.6
co 13 1.1 0.96 0.62
CH, | 41 5.1 8.6 14
H, 23 2.6 33 42
CH, | 12E-05 | 14E-05 | 18E-05 | 2.4E-05
CH, | 54E-03 | 56E-03 | 1.1E-02 | 1.8E-02
C,H¢ | 4B-02 | 49E-02 | 0.11 0.22
C,Hy | 9E-05 IE-04 | 3.8E-04 | BE-04
CHy, | 1.5B-04 | 1.5E-04 | 8E-04 1.9E-03
0, 37BE-11 | 24E-11 | 1B-11 7.5E-12
logfO, | -5.0 52 -53 5.7

GEOCHEMISTRY INTERNATIONAL  Vol. 42

firmed by the very small weight losses of diamond
despite the high temperature of the experiments.

The oxygen fugacity in the fluid phase under our
experimental conditions lay between the IW and CCO
curves and close to the CCO values [8]. The lower val-
ues in comparison with the CCO buffer are due to the
fact that the equilibrium curve is shifted in the
C-H-0 system toward more reduced values relative
to the C-O system, and this shift depends on the
hydrogen content [28].

According to the chromatographic data, H,O and
CO, are the main components of mantle fluid, and the
maximum amount of water is 80-90 mol % [29]. The
most reduced fluid was found in dunite and harzburgite
samples, and the most oxidized, in spinel peridotites.
Garnet lherzolites, pyroxenites, and eclogites occupy
an intermediate position. However, the oxygen fugacity
of fluid captured in all samples of mantle rocks falls
within the IW-CCO range. Direct electrochemical
measurements of the redox state of mantle samples
yielded similar results, and inclusions in diamond and
the least oxidized peridotites have an oxygen fugac-
ity at the level of the IW buffer [30]. Oxidized fluid
species (H,O and CO,) are stable in the upper man-
tle, whereas methane becomes stable within deeper
zones near the boundary between the upper mantle
and the transitional zone [31]. The oxidation of man-
tle rocks up to the CCO level is considered as the
main trend of mantle evolution during the formation
of the ancient lithosphere.

Our study has shown that diamond etching with
fluid is principally possible under the parameters of its
thermodynamic stability; however, the composition of
fluid captured in mantle minerals is close to equilibrium
with diamond. Taking into account the minor extent of
etching and its absence in some mantle samples, one
can suggest that diamond is stable for an infinite time

No.6 2004



DIAMOND STABILITY WITH RESPECT TO OXIDATION IN EXPERIMENTS

T,°C
1800
1600
1400

1200}

1000

6
P, GPa

Fig. 4. Dry solidi of natural mantle-derived rocks according
to published data. (/, 2) Olivine tholeiite and alkali olivine
basalt, respectively [11]; (3, 4) high-alumina quartz tholei-
ite and basaltic andesite [12]; (5) olivine tholeiite MNS
[13]; (6-8) garnet clinopyroxenite R392, spinel-garnet
websterite R394, and garnet-plagioclase clinopyroxenite
R130 [14]; (9) peridotite HK66 [15]); (10) natural lherzolite
KLB-1 [16]; (1) peridotite sample PHN1611 [17]; and
(12) peridotite KR4003 [18]. The filled rectangie shows the
P-T parameters of our experiments.

under high P-T parameters, if equilibrium conditions

are maintained.
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