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Sulphide inclusions are common features of natural diamonds. They can provide an insight into
the nature of diamond-forming reactions and are especially important for Re-Os dating of diamond
formation. A discrete molybdenite (MoS;) phase has been identified for the first time by Raman
spectroscopy in 73 out of 80 syngenetic sulphide inclusions in 7 eclogitic diamonds from the Mir
kimberlite (Yakutia, Russia). The sulphide inclusions were chemically and texturally characterised by
electron probe microanalyses (EPMA), focused ion-beam scanning electron microscopy (FIB-SEM) and

Keywords: synchrotron-based X-ray tomographic microscopy (SXRTM). Our observations suggest the molybdenite
sulphide inclusions has unmixed from an original sulphide melt or monosulphide solid solution. It occurs as sub-micron
diamonds sized grains, commonly in association with the chalcopyrite rims of the inclusions and sometimes, within
Re-Os dating surrounding decompression cracks. Molybdenite has also been identified by Raman spectroscopy in at
molybdenite least 50% of sulphide inclusions in preliminary studies of eclogitic diamonds from Argyle (NW Australia),

Raman spectroscopy Orapa, Letlhakane, Damtshaa (Botswana) and Dachine (French Guiana), and peridotitic diamond-hosted

inclusions from Udachnaya (Yakutia, Russia) and Murowa (Zimbabwe). We have modelled the effects that
different amounts of Re loss - through its segregation into an unrecovered molybdenite phase - could
have on the radiometric ages of diamonds dated using the Re-Os system. In general Re loss through
this process will lead to isochron ages older than the true age, and variable degrees of Re loss will
lead to increased scatter around the apparent isochron. For model age calculations, the effects would
depend on the 187Re/1880s ratio of the inclusions (if their compositions evolved above or below that
of the chondritic mantle evolution curve) but Re loss could generate unrealistically old or future ages,

particularly in eclogitic inclusions.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Diamond-hosted sulphide inclusions can offer an insight into
the processes responsible for diamond formation. Their composi-
tions record mantle melting processes, subduction input and the
cycling of volatiles through Earth’s interior (e.g. Stachel and Harris,
2008; Walter et al., 2011). Diamond is an ideal container mate-
rial and can shield mineral inclusions from subsequent alteration
and recrystallization events. Therefore syngenetic inclusions, which
grew at the same time as the host diamond, can yield valuable in-
formation on the geochemical state of their mantle source region.

Diamonds commonly form by different redox reactions (e.g.
Haggerty, 1986; Stachel and Harris, 2009) or isobaric cooling of
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hydrous fluids containing both CH4 and CO, (Stachel and Luth,
2015). Several workers have proposed that sulphides act as re-
ducing agents interacting with oxidised components to promote
diamond growth (Bulanova et al., 1998; Palyanov et al., 2007) and,
depending on their metal-sulphur ratios, sulphide melts can store
significant amounts of carbon at depth (Zhang et al., 2015). Al-
though sulphides are often the most common phase in inclusion-
bearing diamonds (e.g. Taylor and Liu, 2009), their overabundance
relative to the expected abundance of mantle sulphide remains
enigmatic. Diamond-hosted sulphide inclusions are also partic-
ularly important because they can be used to date diamond-
forming events using the Re-Os chronometer (Pearson et al., 1998;
Harvey et al., 2016).

Sulphides typically exist as Fe-Ni-Cu sulphide melts in the
deeper parts of continental lithospheric mantle, where most di-
amonds form (Zhang and Hirschmann, 2016). Upon sub-solidus
cooling inside diamond, a Fe-rich monosulphide solid solution

0012-821X/© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(MSS) can crystallise from such melts at around ~1200°C, leav-
ing a residual Cu- and/or Ni-enriched sulphide liquid. At ~1000°C
the MSS field can accommodate more Cu and Ni-rich composi-
tions, and an intermediate solid solution (ISS) can progressively
form below ~950°C (Barton, 1973; Ebel and Naldrett, 1997;
Harvey et al., 2016). Depending on their initial composition and
pressure-temperature-time history, originally homogeneous sul-
phide inclusions within the diamonds will unmix into assemblages
of pyrrhotite + pentlandite + chalcopyrite (Taylor and Liu, 2009;
Harvey et al., 2016). During cooling and exhumation, many inclu-
sions develop characteristic rosette-shaped or disc-shaped decom-
pression fractures (Harris, 1972) because of the different equations
of state of diamond and sulphide. These fractures may be lined
with sulphides (Richardson et al., 2004; Wiggers de Vries et al.,
2013a; Harvey et al, 2016) extending outwards from the main
sulphide body.

Lithospheric diamonds usually belong to two parageneses: the
eclogite (E-type) or peridotite (P-type) suite. These parageneses are
distinguished by the silicate or oxide inclusions they contain, in-
dicating whether their main growth substrate was an eclogite or
peridotite (Harris, 1968; Shirey et al., 2013). Sulphides in P-type
are richer in Ni (> ~12 wt.%; Bulanova et al, 1999) compared
to those included within E-type diamonds (Harvey et al.,, 2016).
Eclogitic diamonds frequently contain a component derived from
subducted oceanic crust (Schulze et al.,, 2013).

The majority of samples studied here are eclogitic diamonds
from the Mir kimberlite pipe (Yakutia, Russia). They have com-
plex crystallisation histories interpreted in terms of growth under
different conditions in a reducing upper mantle environment be-
neath the Siberian craton (Bulanova et al., 1998). Diamond growth
is thought to have occurred in the presence of a fluid which was
accompanied by immiscible Fe-Ni-Cu sulphide melts, and their
variable inclusion compositions are thought to reflect their source
region’s changing chemistry (Bulanova et al, 1996, 1998, 2014;
Wiggers de Vries et al.,, 2013a).

The Re-Os geochronology of inclusions in peridotitic diamonds
and eclogite xenoliths from the Udachnaya kimberlite gives an
Archean age for the Siberian lithosphere (Pearson et al, 1995;
Richardson and Harris, 1997). The Mir diamonds are reported to
have formed in the Proterozoic in two separate events at ~2.1 and
between 0.9-1.1 Ga (Wiggers de Vries et al, 2013a). Rudnick et
al. (1993) had also inferred a 1 Ga difference in ages for the core
and rim-located sulphides in one Udachnaya peridotitic diamond.
Overall, it has been demonstrated that some Yakutian diamonds
were formed episodically at <200 Ma intervals through multiple
interactions with different evolving metasomatic fluids (Taylor et
al., 1998; Wiggers de Vries et al., 2013a, 2013b; Bulanova et al,,
2014).

The complex exsolution observed in sulphide inclusions in di-
amonds has the potential to cause problems with Re-Os age
determinations if the whole inclusion is not extracted and dis-
solved. Chalcopyrite-rich rims have been observed previously (e.g.
Bulanova et al., 1996; Anand et al., 2004) and even low abundances
of other phases, especially if they are enriched in Re or Os, could
lead to significant heterogeneity in platinum group element distri-
bution within the inclusion. Similar issues have been discussed in
the literature concerning the validity of using Laser Ablation ICPMS
to obtain Re-Os data for sulphides in mantle xenoliths. As well as
technical issues surrounding Re corrections (Pearson and Wittig,
2008) several authors have pointed out the importance of sampling
the whole inclusion (e.g. Harvey et al., 2016), which is impossible
if the inclusion is exposed by polishing. Therefore, laser ablation
analyses of sulphides should be avoided for radiometric dating of
sulphide inclusions.

In this study we have performed detailed high-resolution Ra-
man spectroscopic mapping of sulphide inclusions and discovered

that molybdenite is a relatively widespread, if low in abundance,
exsolved phase in many sulphide inclusions in diamonds. The im-
plications of molybdenite unmixing and segregation for Re-Os dat-
ing are explored.

2. Material and methods
2.1. Samples

Seven previously studied macrodiamonds from the Mir kimber-
lite pipe were used in this study (Fig. S1). The characteristics of
the samples are described in table S1; the diamonds are colour-
less, ranging in size from 3 to 6 mm, and define shapes from
well-defined to distorted octahedra. Most diamonds display step-
layered octahedral faces and minor dissolution features at their
edges. Cathodoluminescence (CL) imagery has shown the complex
growth history and occasional features of internal resorption of
some of the diamonds (Bulanova et al., 1999, 2014; Wiggers de
Vries et al,, 2013a) (Fig. S2). All diamonds are eclogitic based on
the presence of inclusions of eclogitic affinity and their carbon
isotopic composition (§13C) (Table S1). The Mir samples were pre-
viously selected, cut and polished for sulphide inclusion study at
the Diamond and Precious Metal Institute (Siberian Branch RAS,
Russia) but still contain abundant unexposed sulphide and some
silicate inclusions (including omphacite, pyrope-almandine garnet
and coesite, consistent with the findings of Bulanova et al., 1999).
The sulphide inclusions have varying shapes, sizes and fractures
associated with them. Some of them exhibit typical rosette-shaped
fracture systems around the central sulphide inclusion and others
have more discrete and relatively straight cracks surrounding them.
All Mir sulphide inclusions examined have a euhedral to sub-
euhedral body (in a negative diamond crystal shape), and range
in size from 2 to 100 pm.

In addition, a few sulphide inclusions in one diamond from
Udachnaya (Yakutia), three from Murowa (Zimbabwe), two from
Argyle (Australia), two from Dachine (French Guiana), two from
Orapa, three from Letlhakane, two from Damtshaa, five from Jwa-
neng (Botswana) three from Collier-4 and four from Juina-5 (Brazil)
were studied, and the presence or absence of molybdenite in these
samples will also be reported here.

2.2. Sample preparation

The Mir diamonds were sawn and polished on dodecahedron
planes into 1-3 mm thickness plates at the Institute of Geology of
Diamond and Precious Metals (Yakutsk, Russia). All the studied in-
clusions were below the polished surface of the diamond (i.e. were
completely encapsulated) before and during Raman measurements.
Based on CL imaging and optical microscopy, there appear to be
no cracks or healed cracks leading from the inclusions to the di-
amond surface. All mechanical polishing procedures for exposing
inclusions to the surface were completed using an industrial dia-
mond wheel. Molybdenum disulphide was not used at any stage in
the preparation of the studied diamonds.

2.3. Analytical methods

2.3.1. Raman spectroscopy

A Thermo Scientific DXRxi Raman imaging microscope was used
with blue (455 nm) and green (532 nm) lasers. Laser power of
10 mW was used throughout, with 50 pym or 25 pm confocal
pinholes. Long working distance objectives were used throughout
(10x and 50x ). Exposure times ranged up to 8 s with a maximum
of 1000 scans. The blue laser provided better results because of the
smaller excitation volume and less interference from diamond lu-
minescence. The spectra were processed with the Raman OMNICxi



LI Kemppinen et al. / Earth and Planetary Science Letters 495 (2018) 101-111 103

408

382

Molybdenite (measured
in diamond)

Second order peaks

Molybdenite (RRUFF.info)

900 850 800 750 700 650 600 550 500 450 400 350
Raman shift (cm-')

Fig. 1. Comparison of the depolarised 532 nm laser Raman spectra of molybdenite
(382, 408 cm~—!) measured with a blue 455 nm laser in sulphide inclusions in Mir
eclogitic diamonds and a spectrum available on The University of Arizona’s online
RRUFF mineral spectra database (Lafuente et al., 2015).

software. A diamond signal at 1332 cm™!

every measurement.

was present in virtually

2.3.2. Electron probe microanalysis (EPMA)

For one sample, an inclusion was exposed by polishing. Wave-
length-dispersive spectroscopy (WDS) was undertaken at 30 kV us-
ing a Cameca SX100 microprobe with a slightly defocused (~3 pm
size) beam to increase the analytical volume.

2.3.3. Focused ion beam SEM (FIB-SEM)

The FIB procedure was undertaken at the Interface Analysis
Centre (School of Physics, University of Bristol) using a FEI He-
lios NanoLab 600 with three-axis micromanipulator, Oxford Inst
X-Max50 energy dispersive system (EDS) with 7 nm resolution,
platinum deposition and force measurement. During the FIB op-
eration, a maximum beam current of 20 nA and a beam energy of
30 kV were used. EDS measurements were made at 20 and 30 kV.
EDS element maps were acquired at 30 kV.

2.3.4. Synchrotron-radiation X-ray tomographic microscopy (SRXTM)

Three of the Mir diamonds were analysed at the TOMCAT
beamline at the Swiss Light Source, Paul Scherrer Institut, Villigen,
Switzerland. Absorption-Contrast Imaging (ACI) computed micro-
tomography was performed using a 1 ym wide monochromatic
beam in conjunction with a 20x objective, producing a voxel (3D
pixel) of 0.325 pm, and a 40x objective, producing a voxel size of
0.163 pm.

3. Results
3.1. Raman spectroscopy

Molybdenite has a clear diagnostic Raman spectrum (Mernagh
and Trudu, 1993) which has been observed in 73 out of 80 Mir sul-
phide inclusions (Fig. 1). Molybdenite has two first-order peaks at
408 and 392 cm~!, as well as small second order peaks at ~450,
596 and 757 cm~! (Chen and Wang, 1974). Pyrrhotite (po), which
is presumed to be the most abundant sulphide mineral is only
weakly Raman active due to its crystal structure and was usually
unobservable. The characteristics of some inclusions in Mir dia-
monds from which a molybdenite Raman signal was obtained are

listed in Table S2. Many of the diamonds contain several sulphide
inclusions that are distributed from the core to rim zones. There
is no discernible correlation between the position of the inclusion
within the diamond and the presence or absence of molybdenite.
Maps of the 408 cm~! peak intensity for various inclusions with
spatial resolutions of 0.6-0.8 pm were produced, with examples
shown in Fig. 2. The maps show the distribution of molybdenite
(red areas show where its Raman signal is most intense) but can-
not be used to quantitatively assess the volume fraction of molyb-
denite in the inclusion because of potential scattering of the laser
light, absorption of the laser by opaque phases and focusing limita-
tions. Nonetheless, the data show unambiguously that molybdenite
is widespread in the inclusions. It appears to form small (typically
around 1 pm) and unevenly distributed grains, often seen near the
edges of the sulphide inclusions. Molybdenite is commonly mani-
fested as an irregular film near the inclusion walls (e.g. Fig. 2A).

In 61 out of 80 inclusions, molybdenite is found closely associ-
ated with chalcopyrite, possibly in an intergrowth relationship (e.g.
Fig. 2B). Chalcopyrite is also commonly seen inside the decompres-
sion cracks surrounding an inclusion, where the material present
can exhibit patchy or weave-like textures. Diamond 1702 hosts
a cluster of molybdenite-bearing sulphide inclusions in its core.
A Raman signal for pyrrhotite (Fig. S3) was obtained in the frac-
tures surrounding most of these, where chalcopyrite and molyb-
denite are also present. Fig. 2C shows an inclusion in the rim zone
of diamond 1702, which hosts molybdenite within its body while
the cracks contain chalcopyrite.

An inclusion located in the intermediate zone of diamond 1703
(inclusion 1) contains omphacite adjacent to a non-Raman-active
sulphide, but no molybdenite was detected. The inclusion is par-
tially exposed, having lost some of its rim portions. Molybdenite
is, however, found inside the sulphide inclusions that occur in the
outer intermediate zone (zone of resorption and regrowth) of this
diamond (Fig. S2).

Fig. 3A shows sulphide inclusion 1704-2 oriented to the Ra-
man optical microscope light in such a way that a dark phase with
a mottled appearance can be seen on the surface of a hexago-
nal inclusion body (Fig. 3B). Although the typically rhombohedral
crystal shape of molybdenite cannot be discerned, Raman peak
height maps show its presence is restricted to this surface (Fig. 3C).
Molybdenite (that seems to be in the form of plates with a maxi-
mum diameter of 3 ym) is also found within the rosette fractures
surrounding this inclusion: the distribution of molybdenite in the
inclusion’s cracks, as shown by Raman peak height maps (Fig. 3E),
coincides with the pale-coloured points visible in transmitted light
(Fig. 3D).

Fig. 4A shows sulphide inclusion 1584r-3 which exhibits a neg-
ative diamond shaped-body connected to relatively straight disc-
shaped decompression cracks. A Raman peak height map in Fig. 4B
indicates that molybdenite is present. As the penetration depth
of the blue laser light into the opaque sulphide inclusion is low,
the observation of molybdenite peaks indicates that molybden-
ite is located at the surface of the inclusion. Molybdenite could
also be present inside the inclusion body, but would be unobserv-
able. In this example, no material was found inside the inclusion’s
fractures. In addition to molybdenite, the inclusion also contains
chalcopyrite (Table S2). The diamond was polished in an attempt
to expose the molybdenite for further analyses. Subsequent Raman
peak height maps showed that the molybdenite was still present
in some of the unexposed portions of the inclusion, very close to
the edge of the exposed surface. However, no molybdenite was ob-
served at the polished surface, possibly because it is so soft that it
is removed as soon as it is exposed.

In summary, we have studied 80 sulphide inclusions in 7 dia-
monds from the Mir pipe using Raman, and of these, 73 inclusions
clearly contained molybdenite. This is a minimum number, because
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MoS, ccp

Opticalimage MoS, ccp MoS,

Fig. 2. Optical images and Raman maps of molybdenite-bearing sulphide inclusions. The Raman maps are based on the baseline-corrected peak heights at 408 cm~' peak
for molybdenite and 293 cm~! for chalcopyrite. The colour scaling was chosen to best represent the distribution of each phase; otherwise the colour scales are arbitrary and
not comparable between images. Red indicates where the signal for the mapped phase is most intense. Yellow and green colours show areas where the signal is present, but
weaker and/or barely detected). A) In diamond 1584-i, the body of an inclusion contains molybdenite (MoS;) forming irregular disseminations at its edge. Scale = 50 pm.
B) In inclusion 1704-2, chalcopyrite (ccp) and molybdenite appear to be intergrown. Scale = 30 um. C) An inclusion in diamond 1702 is surrounded by rosette fractures
lined with patchy intergrowths of dark material presumed to be sulphide and/or graphite. Raman peak height maps show the occurrence of molybdenite at the edge of the
inclusion body while chalcopyrite is found in the decompression fractures. Scale = 50 pm. (For interpretation of the colours in the figure(s), the reader is referred to the web

version of this article.)

Fig. 3. A) Optical microscope image of inclusion 1704-2. The hexagonal body of the
inclusion exhibits dark patches on its surface, a higher magnification view of which
(B) and corresponding Raman map of molybdenite distribution (C) are provided;
molybdenite is distributed in the area where the dark mottled phase occurs. The
inclusion is surrounded by planar decompression fractures, speckled with pale yel-
low grains (magnified in D). The corresponding Raman map in E shows molybdenite
forming in points within the decompression fractures (Scale bars: A = 50 um; B, C
= 5 um; D, E = 10 pm). The significance of the colours in the Raman maps is ex-
plained in the caption to Fig. 2.

it is possible that in other inclusions molybdenite was present, but
undetected because it was obscured by other opaque sulphides. So,
at least 90% of studied Mir sulphide inclusions contain molybden-
ite, hence it cannot be considered to be a mineralogical oddity;
this observation has major implications for the analytical tech-
niques used in the study of trace element abundances and Re-Os
geochronology of sulphide inclusions in diamond. Additional tech-
niques were therefore applied in order to obtain a better under-
standing of the molybdenite distribution.

D
S KB
Mo La
p1
p2
57000 58000 59000 60000

Spectrometer position

Fig. 4. A) Optical plane-polarised image of unexposed inclusion 1584-1-3 shows a
hexagonal inclusion body connected to disc-shaped decompression fractures. B) The
Raman map shows the location of molybdenite inside the unexposed inclusion (the
outline of which is drawn in white). The molybdenite is at the top surface of
the inclusion in this projection. All the Raman signal originates from the surface
of the inclusion as the laser light does not penetrate a significant depth into the
opaque sulphide inclusion. C) Back-scattered electron (BSE) image of exposed in-
clusion 1584-r-3 showing the location of WDS point measurements 1 and 2 (grey
crosses). Scales are 30, 5 and 10 um in A, B and C respectively. D) WDS spectrum
from point 1 (red) shows Molybdenum (Mo) enrichment relative to point 2 (blue).
The y axis of the spectrum at point 2 has been scaled down by ~3.5, to make the
sulphur K-beta (S KB) peaks in both spectra the same height. Less sulphur was mea-
sured at point 1 because of its proximity to the edge of the inclusion and presence
of diamond.

3.2. EPMA and FIB-SEM

Exposed inclusion 1584-r-3 was studied by electron probe mi-
croanalysis (EPMA), but no features attributed to molybdenite
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A

Fig. 5. A) Back-scattered electron image of a Focused-lon Beam (FIB) cross-section of exposed inclusion 1584-r-3 (Pt refers to the line of platinum deposition). Back-scattered
electron images are also provided to show the surface of inclusion before (B) and after (C) FIB cleaning. The rectangular feature in B and C is the FIB trench, the wall of
which is shown in A. EDS X-ray element maps (at 30 kV) show the distribution of Fe, Ni and Cu in sulphide inclusion 1584-r-3, parallel to the FIB-trench wall (D-F) and
parallel to the polished exposed surface (G-I). X-ray maps show a Cu-rich rim and lamellae in a seemingly homogeneous Fe-Ni sulphide matrix. The scales = 8 (A, D, E

and F), 15 (B and C) and 20 pm (G, H and I).

were observed by back-scattered electron (BSE) (Fig. 4C) or X-ray
imaging of the exposed inclusion surface. The sulphur Ko peak
overlaps with that of molybdenum L-lines so energy dispersive
spectroscopy (EDS) cannot be used. Wavelength-dispersive spectra
(WDS) were therefore obtained from near the edge of the inclu-
sion wall (point 1) and the centre of the inclusion (point 2) (the
locations are shown Fig. 4C). WDS spectra in Fig. 4D show that Mo
is concentrated near the edge of the inclusion, although pure MoS;
could not be identified presumably because the MoS, particles are
much smaller than the analysed volume (~3 pm).

Fig. 5A shows the ~20 um wide FIB-SEM section that was
produced to study the diamond/sulphide interface of inclusion
1584-r-3. The inclusion was polished by focused-ion beam milling
to achieve a cleaner surface (Fig. 5B and 5C). The FIB cross-section
was imaged by EDS X-ray mapping (Fig. 5D, 5E and 5F), but no
MoS; was observed in the Mo element maps at 30 kV, again sug-
gesting that the abundance is very low. It should be noted how-
ever, that molybdenite is a particularly soft sulphide, and could
have been sputtered away during FIB-polishing. EDS X-ray maps
were also acquired parallel to the polished surface (Fig. 5G, 5H and
5I). Maps of both FIB-polished surfaces reveal an iron and nickel-
enriched matrix with exsolved Cu-rich lamellae; these very clearly
show the exsolution of chalcopyrite in veins and, crucially, at the
rim of the inclusion.

3.3. SXRTM (X-ray tomography)

A total of 32 unexposed molybdenite-bearing sulphide inclu-
sions within diamonds 1584-r, 1591 and 1607 were analysed
by synchrotron-based X-ray microtomography. Absorption Contrast
Imaging (ACI) results presented in Fig. 6 show a complex network

of cracks radiating from the body of 29 of these inclusions (e.g.
Fig. 6A and 6B). The decompression fractures surrounding the in-
clusions contain high-density (bright) sulphide. Most of the inclu-
sions also exhibit features resembling exsolution of a lower-density
(darker) material within the sulphide body (Fig. 6C). In two cases,
the sulphides contain fractures that do not extend into diamond.
Most of the sulphide inclusions analysed in diamonds 1591 and
1607 exhibit relatively uniform textures, with discrete lower den-
sity exsolution features near the inclusion walls. Although molyb-
denite could not be positively identified by SXRTM, the data clearly
show the complex unmixing and extrusion of sulphide material
along cracks.

3.4. Occurrence of molybdenite in different types of diamonds

The common occurrence of molybdenite in Mir diamonds
(>90% of inclusions) raises important questions about previous
interpretations of sulphide inclusion compositions in diamonds.
We have found one previous report of molybdenite in diamond;
Davies et al. (2002) discovered molybdenite included in a grossu-
lar garnet inclusion from a New South Wales alluvial diamond. To
assess whether molybdenite is an ubiquitous phase, or unique to
the eclogitic paragenesis, a total of 35 inclusions in 27 samples
from 10 other suites, including both eclogitic and peridotitic dia-
monds, were studied. So far, we have identified molybdenite in 3
out of 3 sulphide inclusions and an inclusion cloud in 1 peridotitic
diamond from Udachnaya, 3 out of 3 inclusions in 3 peridotitic
diamonds from Murowa (Zimbabwe), 2 out of 2 inclusions in 2
eclogitic diamonds from Dachine (French Guiana), 3 out 7 inclu-
sions in 3 eclogitic diamonds from Argyle (Australia), 2 out of 3
inclusions in 2 diamonds from Orapa (Botswana), 2 out of 2 in-
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Fig. 6. Synchrotron-based X-ray tomographic microscopy (SXRTM) images through molybdenite-bearing sulphide inclusions in diamond (original pixel size = 0.163 pm).
Absorption Contrast Imaging (ACI) detects density differences between different higher-density (bright) sulphide and lower-density (darker) diamond. A) Sulphide infills the
rosette fractures radiating from the body of an inclusion in diamond 1591 (the main body of the inclusion is not seen in this slice of the 3-D image). B) A slice taken
10 pm from (A) showing the body of the sulphide inclusion. C) A sulphide inclusion in diamond 1584-i contains meandering lamellae of a darker, lower-density sulphide
(chalcopyrite, ccp) within a brighter, higher density matrix (presumed Fe-Ni sulphide). The scales = 20 pm.
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Fig. 7. Simplified model of sulphide exsolution within molybdenite-bearing inclusion 1584-r-3. (A) The inclusion is trapped as melt before (B) exsolving into different phases,
including a Cu-enriched liquid and monosulphide solid solution (MSS). Upon further cooling (C) the residual melt crystallises to intermediate solid solution (ISS) and possibly
a Mo-bearing phase. On final cooling to room temperature (D) further unmixing produces a pyrrhotite (po) groundmass, closely associated with a discrete Ni-phase (e.g.
pentlandite, pn), chalcopyrite (ccp) veinlets and rim and peripheral molybdenite (MoS;) some of which is extruded along fractures (in D). For simplicity, the represented
volumes of Cu-rich liquid, ISS and ccp are almost the same in (B), (C) and (D) respectively, although the small differences in composition between the phases will lead to
some changes in relative mineralogical modes. Most of the steps in this scheme (including crystallisation of molybdenite) are thought to occur upon ascent of the diamond

during kimberlite eruption.

clusions in 3 diamonds from Letlhakane (Botswana) and 2 out of
3 inclusions in 2 diamonds from Damtshaa (Botswana). However,
molybdenite has not yet been seen in any of 7 inclusions in 5
diamonds from Jwaneng (Botswana) or in 7 studied sulphide in-
clusions from sub-lithospheric diamonds from Collier 4 and Juina-5
(Juina kimberlite field, Brazil). The reasons for the presence or ab-
sence of molybdenite is not yet clear. The presence of molybdenite
in inclusions from both peridotitic and eclogitic diamonds implies
that enrichment of Mo in sulphides to a level that causes molyb-
denite exsolution is not related to any specific paragenesis. Factors
such as different sources of materials for sulphide and silicate in-
clusions or variations in oxygen fugacity may instead play a role.

4. Discussion
4.1. Unmixing from a sulphide melt

Sulphides mainly exist in molten form at the formation pres-
sures and temperatures of lithospheric diamond formation, al-
though under cooler conditions crystalline monosulphide solid so-
lutions could also occur (Sobolev, 1974; Li and Audétat, 2012;
Zhang and Hirschmann, 2016). The composition of mantle sul-
phide liquids would be significantly different from MSS (particu-
larly in terms of Cu concentration), therefore if a sulphide liquid
is trapped in diamond there are two possible scenarios for the pe-
riod between diamond growth and exhumation depending on the

prevailing conditions: (i) the inclusion consists of a sulphide lig-
uid only; (ii) the liquid partially crystallises to MSS and Cu-rich
residual liquid. It is likely that further changes in sulphide miner-
alogy only occur during exhumation of the diamond to the surface
by kimberlite transportation, and subsequent cooling. Raman data
(Figs. 2 and 3) and X-ray element maps (Fig. 5) of molybdenite-
bearing sulphide inclusion 1584-r-3 are consistent with unmixing
from an original Fe-Ni-Cu-Mo sulphide melt. In this section we
will describe the likely changes occurring if sulphide inclusions are
trapped as liquids, although the unmixing pathway would be sim-
ilar if the trapped sulphide is MSS.

The proposed post-entrapment crystallisation sequence is illus-
trated in Fig. 7. Following the trapping of sulphide liquid (Fig. 7A)
a Fe-rich MSS is the first solid to crystallise from melt at about
1200°C, leaving a residual Cu-enriched sulphide liquid (Barton,
1973; Ebel and Naldrett, 1997) (Fig. 7B). Upon further cooling be-
low ~950°C, a Cu-rich intermediate solid solution (ISS) may de-
velop (Ebel and Naldrett, 1997). Either Mo is partitioning into the
Cu-rich phase, or a separate Mo-rich phase crystallises around the
same time (Moh, 1978). It is not clear which of these processes is
dominant, but ultimately the Mo is segregated into molybdenite at
the edge of the inclusion. The textures observed in the SXRTM data
of molybdenite and chalcopyrite-bearing inclusions (Fig. 6) show
that some sulphide inclusions in diamond (e.g. 1584 in Fig. 6C)
have a higher proportion of chalcopyrite than others, perhaps re-
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flecting a different source or simply trapping as sulphide melt
rather than Fe-rich MSS. The details of the exsolution pathway are
uncertain, because the phase equilibria of sulphide systems at high
pressure are not well known. Moh (1978) showed that the liquid
eutectic of the Cu-Mo-S system at 1 bar occurs at 1063 °C and
phases in the Fe-Cu-Mo-S sulphide system can begin to crystallise
around 1000°C (Moh, 1978). There is no data on the analogous
system including Ni.

Finally, the system of fractures develops around the inclusions.
Molybdenite and chalcopyrite are disproportionately sequestered
into the cracks because they occur at the edges of the inclusions
(Fig. 7D). Perhaps the ductility of molybdenite (Anthony et al.,
2003) also plays a role in the injection of molybdenite deep into
the narrow fractures.

The range of formation temperatures established for Siberian
eclogitic diamonds spans the range of coexistence of sulphide
melts and MSS crystals (e.g. Sobolev, 1974) and variable fluid com-
positions could also influence sulphide solidii. As shown by the
CL zonation of many of the Mir diamonds, the different diamond
zones may have grown under distinct thermal or chemical con-
ditions, thus in the same Mir diamond population it is possible
that some inclusions were captured as Fe-rich MSS and others as
sulphide melt. It is tempting to speculate that sulphide trapped
as melt may contain more Mo than sulphide trapped as MSS, but
more work would be required to confirm this idea.

4.2. The potential effect of molybdenite on Re-Os systematics

There is a distinct possibility that the molybdenite inside frac-
tures in particular, will not be recovered for dissolution and analy-
sis. The recognition that molybdenite is commonly associated with
sulphide inclusions in diamonds has important implications for
Re-0s dating of the inclusions, because Re will be strongly par-
titioned into molybdenite relative to the rest of the sulphide inclu-
sion, whereas Os will be retained in the inclusion. When the dia-
mond is ‘cracked open’ to retrieve the inclusion for Re-Os dating,
there is a distinct possibility that the molybdenite inside fractures
in particular, will not be recovered for analysis. Any molybdenite
would be modally insignificant, and may be invisible under a mi-
croscope. Here we will explore the implications of not recovering
the molybdenite for Re-Os dating of sulphide inclusions.

The decay of '87Re to '870s has been used to date inclusions
in diamond based on their measured ratios of parent !37Re and
daughter 1370s to non-radiogenic 1830s. These compositions can
be plotted and a best fit regression can then be derived to de-
termine an isochron age; alternatively model ages (Tya or Trp)
can be calculated with reference to chondritic '8’Re/!830s and
18705/188 s ratios (Harvey et al., 2016).

Because Re partitions strongly into molybdenite relative to Os
(e.g. Stein et al., 2003), '870s and '880s would both remain in
the sampled part of the inclusion, but a disproportionate amount
of parent Re would potentially be lost from the sampled inclu-
sion. Re-loss could potentially lead to incorrect dates being calcu-
lated, because the measured Re contents, contributing to the mea-
sured radiogenic Os would be lower than in the parental sulphide,
so the 1870s/1880s ratio would be unsupported by the measured
187Re/1880s ratio. However, the details of how dates would be af-
fected depend on many factors:

i) The modal abundance of molybdenite in the inclusions (con-
trolled by the bulk Mo concentration of the inclusion and the
solubility of Mo in the non-molybdenite phases).

ii) The proportion of molybdenite missed when extracting the in-
clusion.

iii) The bulk Re and '87Re/!880s ratio of the inclusion.

iv) The partition-coefficient of Re between molybdenite, chalcopy-
rite and the residual sulphide inclusion.

v) The timing of molybdenite exsolution (i.e. shortly after trap-
ping of the inclusion, or during diamond exhumation by kim-
berlite).

vi) The method of age determination (Re/Os isochron age versus
Re/Os model age).

4.2.1. Modelling the partitioning of Re into Mo-bearing sulphide

To model the potential distribution of Re between molybdenite
and the coexisting sulphides, we have estimated how much molyb-
denite could form from sulphide melt trapped inside diamond. We
consider the scenario of sulphide inclusions trapped as a homoge-
neous Fe-Ni-Cu-Mo sulphide melt ultimately forming molybdenite
upon eruption and unmixing. The reported Mo concentration in
sulphide inclusions in diamonds is around 10-700 ppm, (Bulanova
et al., 1996; Wiggers de Vries et al., 2013a; Aulbach et al., 2012). If
120 ppm Mo (the mean of the reported values) were exsolved as
MoS;, this would correspond to 0.02 wt.% MoS;.

Due to the similar geochemical properties of Re*t and Mo*",
molybdenite hosts Re in higher concentrations relative to other
sulphides. Published concentrations of Re in molybdenite relative
to coexisting iron and copper sulphides (e.g. Mathur et al., 2002;
Barra et al,, 2003; Zu et al,, 2015) were used to approximate the
partition coefficients used in our model. The derived Re partition-
coefficient for molybdenite relative to chalcopyrite and pyrrhotite
is in the range 5000-190000. Fig. 8A shows the percentage of Re
that remains in the residual sulphide (po, ccp etc.) as a function
of the modal percentage of molybdenite, modelled with partition
coefficients between 5000 and 100000. For realistic parameters as
much as 95% of the Re could be sequestered in molybdenite (al-
though not all of it need be lost during extraction of the inclusion).

Further calculations have been performed to explore the rel-
ative importance of molybdenite and chalcopyrite in hosting Re.
Surprisingly the Re partition-coefficient for chalcopyrite/pyrrhotite
is rather poorly known. Studies of coexisting chalcopyrite and
pyrrhotite in mineral deposits (Barnes et al., 2006; O'Driscoll et
al., 2009; Pifia et al., 2012, 2016; Wang et al,, 2015) suggest that
Re has a small preference for pyrrhotite, with partition coefficients
DgeP?/€P = ~1.5-56. This contrasts with literature concerning un-
mixed sulphide inclusions in diamonds, which always states that
Re is enriched in chalcopyrite relative to pyrrhotite. The latter idea
originates from the study of Richardson et al. (2001) which mea-
sured the Re concentrations in a Cu-rich fragment from the edge
of a sulphide inclusion and a Cu-poor part of the same inclu-
sion. It was found that the Re concentration was higher in the
Cu-rich part and it was therefore assumed that Re partitions into
chalcopyrite. Our calculations using the Richardson et al. (2001)
data and assuming that both fragments of inclusion DP9 contained
only pyrrhotite and chalcopyrite suggest a value of DCRCep/ PO ~2. Fur-
thermore, the time-resolved laser-ablation data of McDonald et al.
(2017) suggest that Re is enriched at the Cu-rich edges of unmixed
inclusions. However, the results of our study could suggest that
in fact the higher Re concentration in both studies resulted from
the incorporation of small amounts of Re-rich molybdenite along
with Re-poor chalcopyrite from the edge of the inclusion. Bearing
in mind these considerations we have modelled the partitioning of
Re between the three main phases with 5% chalcopyrite and values
of chfep/po in the range 0.5-5 and D?:/MSS = 5000-100000 (Fig. 8B
and 8C). In these figures we consider the extreme case that all the
MoS; and ccp is lost from the inclusion during the extraction pro-
cess and the more realistic scenario that 10% of the ccp and 50% of
the MoS; are lost during extraction. Obviously less Re is lost in the
latter case, but even with conservative assumptions about partition
coefficients and the mode of lost MoS, and ccp, the Re loss could
be very significant (Fig. 8B). The relative importance of MoS; and
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Fig. 8. (A) Model defining the relationship between the amount of molybdenite in a
sulphide inclusion and the proportion of Re remaining in residual sulphide (MSS +
chalcopyrite + pentlandite etc.) for different partition coefficients, DELU/MSS (5000,
40000 and 100000) worked out from literature (see section 4.2.1). (B) and (C) con-
sider partitioning of Re between three coexisting phases, molybdenite, chalcopyrite
and pyrrhotite, where the mode of chalcopyrite is set to 5%. (B) shows the percent-
age of Re in the residual po (i.e. excluding the Re hosted in unrecovered MoS; and
ccp) and (C) shows the relative importance of MoS; and ccp for hosting Re. In (B)
and (C) two scenarios are modelled, either all the Re in MoS; and ccp is lost from
subsequent analysis (labelled “All” in the legend and considered to be an extreme
assumption that is unlikely to be true) or 10% of the ccp and 50% of the MoS; are
lost (labelled “Partial” in the legend and a more realistic possibility). For both cases
two extreme combinations of partitioning are used in the model, either a high value

of DEPP° (5) and a low value of D?:/po (5000) or a low value of D;Cep/p(’ (0.5) and a

high value of DrR":/W (100000). The legend in (C) also applies to (B).

ccp for Re loss is explored in Fig. 8C. For all the scenarios modelled
here, MoS; is more important for Re loss than ccp with any MoS;
mode above 0.005%. For the reasonable values of 0.02% MoS;, in
the inclusion, 10% loss of ccp and 50% loss of MoS; with partition
coefficients of D™ = 0.5 and DR°™ = 100000, MoS; is 4000
times more effective than ccp in causing Re loss from the analysed
part of the inclusion.

One final complication would pertain if the crystallisation and
unmixing occurred faster than the rate of reequilibration. In that
case the key process would be the partitioning of Re between MSS
and a Cu-enriched liquid. Experimental data and observations on
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Fig. 9. A) Isochron plot illustrating the effect of Re-loss, which is to increase the
slope and therefore calculated age. B) Plot of the difference in isochron age from
the true age (At) as a function of the timing of the Re-loss relative to the true age
of the sulphide. In this calculation the true age of the sulphide was 2000 Ma, but
At scales linearly with true age (i.e., for the same model parameters, if the true
age was 1000 Ma, At would be half the value plotted in the figure). The four lines
correspond to four different degrees of Re loss, 1, 5, 10 and 20%.

natural samples (Brenan, 2002; Barnes et al., 2008) imply that Re

is compatible in MSS (DyesslliclLIiCI ~2.5-9) and this would lead to
higher Re in pyrrhotite (crystallised from MSS) than chalcopyrite
(crystallised from ISS, which itself would have crystallised from the

liquid).

4.2.2. Modelling the effects of Re-loss on radiometric ages

Dating of sulphide inclusions can be accomplished by produc-
ing an isochron, from co-genetic inclusions. Alternatively ages can
also be derived using the model age equation by making assump-
tions about the initial isotope composition (usually a chondritic
mantle). While the isochron method is preferable, much published
dating of individual sulphide inclusions in diamonds has by neces-
sity also used the model age method. Our work suggests that the
molybdenite is formed at the time that the kimberlite host for the
diamond/inclusion is erupted. In most cases this eruption is signif-
icantly later than the putative age of the diamond. Therefore, it is
worthwhile undertaking some simple calculations to illustrate the
effects of Re-loss on isochron and model age determinations.

Any form of open system behaviour will compromise an
isochron and detection of this behaviour is assessed by the qual-
ity of fit of the isochron (mean square weighted deviate; MSWD).
Taking the simplest possible effect of Re-loss, which is that the
proportion of Re-loss is equal for each sulphide, will maintain
both the quality of fit and value of the intercept of the isochron
(see Fig. 9A). However, the isochron will give an age greater than
the true age as Re-loss rotates the isochron anti-clockwise (steep-
ens the slope). This increase in isochron age occurs irrespective of
whether the points have Re/Os ratios greater or less than chon-
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dritic mantle (see discussion below). Fig. 9B illustrates the effect
of variable amounts of Re-loss on the isochron age by parameteris-
ing the ratio of when the Re-loss occurred relative to the true age
of the sulphides. The calculations indicate the isochron age will in-
crease with both increasing Re-loss and increasing time of Re-loss
relative to the initial formation age of the sulphide. In nature, it
is highly unlikely that each sulphide would lose proportionally the
same amount of Re (or the recovery of molybdenite is equally effi-
cient). The effect of variable Re-loss is to reduce the quality of the
fit of the isochron and can produce an incorrect initial 1870s/1880s
ratio. Modelling (not shown here) suggests that as little as 5% rela-
tive variability in the Re-loss of sulphides would produce isochrons
with MSWDs significantly greater than 2.5. This may explain why
many published isochrons for sulphide inclusions from diamonds
have MSWDs with values greater than 10.

The effect of Re loss on Re-Os model ages depends on whether
the sulphide inclusion evolved with a Re/Os greater or less than
the chondritic mantle. If the included sulphides evolve with a
Re/Os ratio less than chondritic mantle, the evolution curve has a
shallower slope than the mantle evolution curve. If Re loss occurs
at some time after the formation of the sulphide it will then evolve
along an even shallower slope. The resultant model age (Tya) must
always be younger than the true age of the sulphide (see Fig. 10A).
By contrast, when a sulphide has a Re/Os ratio greater than chon-
dritic mantle, the sulphide will initially evolve on a steeper curve
than the primitive mantle. Loss of Re at some point after formation
of the inclusion will produce model ages with a greater age than
the true age of the sulphide. However, there is a critical amount of
Re loss whereby the model age will exceed that of the age of the
Earth. Increasing loss will produce unrealistic ages until the model
age line comes into parallelism with the mantle evolution curve
and there is no solution. Further Re loss then produces future ages
(Fig. 10B).

In a similar manner to the isochron calculation we have cal-
culated the deviation in the model age from the true age as a
function of the timing of Re-loss, but also the initial '87Re/'880s
ratio. Some representative calculations are illustrated in Fig. 10C,
with 187Re/880s ratios from 0.3-10. Increasing the Re-loss will in-
crease the disparity in the age as will increasing the time between
Re-loss and the true age. A key part of the calculations is that
sulphides that are slightly super-chondritic (e.g. '87Re/'880s ratio
of 0.5 in Fig. 10C) are highly sensitive to Re-loss and will readily
generate unrealistically old ages or even future ages. By contrast,
sulphides with highly super-chondritic ratios (e.g. 87 Re/1880s ratio
>10), such as those commonly found in eclogitic sulphide inclu-
sions, are much less sensitive to Re-loss and are not included in
Fig. 10C for clarity. This predictive aspect of the model can be
tested, but we have not assessed the literature data in detail be-
cause we do not know whether molybdenite was lost. However,
unrealistically old or future age Tya are not uncommon in the lit-
erature and it is interesting to note that many of the sulphides
that give spurious ages have '87Re/1880s ratios that are slightly
super-chondritic (<5) or could have started with a slightly super-
chondritic 18’Re/1880s ratio. However, we should make it clear
that both robust and spurious model ages have been found for
sulphides from a wide range of 187Re/!880s ratios. Robust ages
may simply reflect a lack of molybdenite loss (or formation) and
spurious ages could be explained by an incorrect choice of initial
18705/1880s ratio or a multi-stage history. Clearly, isochron ages are
far the best method for dating sulphide inclusions in diamonds,
but we note that differential loss of molybdenite can impact on
both the age and the initial '870s/'880s ratio derived from the
isochron.

We conclude that while the formation of molybdenite and sub-
sequent non-recovery of molybdenite during analyses might not be
the only reason for disturbing Re-Os ages, the presence of molyb-
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Fig. 10. A) Plot illustrating the effect of Re-loss on the Os isotopic evolution of a sub-
chondritic sulphide ('87Re/'830s = 0.3). In this example the sulphide was formed
at 2000 Ma, but suffered Re-loss at 1000 Ma. The extreme case of 100% Re-loss
will give a minimum model age of ~1300 Ma (TRD =TMA). The case of 50% Re-
loss gives an older TMA of ~1500 Ma, but in all cases Re-loss will give model ages
younger than the true age. B) Plot illustrating the effect of Re-loss on the Os iso-
topic evolution of a supra-chondritic sulphide ('8’Re/!880s = 1) with the same age
and timing of Re-loss as above. Small amounts of Re-loss (e.g., 15% ) result in a
model age greater than the age of the sulphide. Increasing loss will give progres-
sively greater ages up to the age of the Earth (in this case 41% loss). Further loss
will yield ages older than the Earth and ultimately future ages (e.g. 80% loss). C) Plot
of the difference in model age from the true age (At) as a function of the timing of
the Re-loss relative to the true age of the sulphide and '37Re/'880s ratios of the sul-
phides, so 0.3 10% represents an initial '8’Re/'®30s of 0.3 and 10% Re-loss. In this
case the true age of the sulphide was 2000 Ma so a At of 2500 Ma is essentially
the age of the Earth. Again At scales linearly with true age.

denite around many sulphide inclusions makes Re-loss a distinct
possibility. Our clear recommendation for future work is that Ra-
man investigation of unexposed sulphide inclusions should be an
essential precursor to breaking out inclusions for analysis. Raman
would show whether molybdenite was present or not, and would
be the best way to assess whether molybdenite extrusion along
cracks had occurred. We note that identification of molybdenite by
standard electron beam-based X-ray analysis is surprisingly chal-
lenging because Mo K lines are not excited by standard operating
conditions (15 kV accelerating voltage) and Mo Lo lines overlay
S Ka lines are too close to resolve from by EDS. The use of higher
accelerating voltages could also be problematical for thin layers



110 LI Kemppinen et al. / Earth and Planetary Science Letters 495 (2018) 101-111

of molybdenite because of the increased penetration depth of the
electron beam. A further test of the presence of molybdenite after
careful extraction of the inclusion would be to leach any remaining
material from the walls of the diamond and from fractures, and to
measure Re in the resulting solution.

5. Conclusions

Molybdenite was identified by Raman spectroscopy in 73 out
of 80 syngenetic sulphide inclusions in Mir eclogitic diamonds.
Molybdenite most commonly occurs as sub-micron-sized grains
near the walls of the inclusions and is interpreted as exsolved from
originally homogeneous sulphide melts (or MSS) that were encap-
sulated in diamond over a range of trapping temperatures. Molyb-
denite often accompanies chalcopyrite, and both are commonly
seen inside the decompression fractures surrounding an inclusion,
therefore these phases may not be quantitatively recovered dur-
ing extraction of the sulphide inclusion for Re-Os dating. However,
mass balance calculations indicate that molybdenite has a larger
inventory of Re relative to chalcopyrite and the non-recovery of
molybdenite dominates the budget of Re that is potentially lost
from the analyses of the inclusion. This Re-loss may have signif-
icant effects on the resultant model ages and potentially induce
significant scatter on the isochron ages of the sulphides and host
diamonds.

We have modelled the potential effect of molybdenite loss on
the Re-0Os age systematics of diamond-hosted sulphide inclusions.
For ages calculated with the isochron method, different propor-
tions of Re loss from the inclusions would affect the quality of
fit of the isochron. Re-loss could lead to unrealistically old or even
future model ages being calculated, in particular if the 187Re/1880s
of the sulphide is slightly super-chondritic.

The presence of molybdenite in diamond-hosted sulphide inclu-
sions is not unique to the Mir eclogitic diamonds. Raman indicates
that several other eclogitic and peridotitic diamond-hosted sul-
phide inclusions from Argyle, Dachine, Udachnaya, Murowa, Orapa,
Letlhakane and Damtshaa also contain molybdenite. In order to
militate against the problems identified in this study, we suggest
that Raman investigations should precede sulphide extraction for
Re-Os dating, in order to identify the presence of any molybdenite
and its location within an inclusion in diamond.
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