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ABSTRACT

We report new §C data and N content and aggregation state values for microdiamonds recovered from peridotites and chromitites of the
Luobusa ophiolite (Tibet) and chromitites of the Ray-lz ophiolite in the Polar Urals (Russia). All analyzed microdiamonds contain significant
nitrogen contents (from 108 to 589 atomic ppm + 20%) with a consistently low aggregation state and show identical infrared spectra domi-
nated by strong absorption between 1130 cm™ and 1344 cm™', and therefore characterize type Ib diamond. Microdiamonds from the Luobusa
peridotites have §°C (PDB) values ranging from —28.7%o to —16.9%., and N contents from 151 to 589 atomic ppm.The §°C and N content val-
ues for diamonds from the Luobusa chromitites are —29%. to —15.5%. and 152-428 atomic ppm, respectively. Microdiamonds from the Ray-Iz
chromitites show &"°C values varying from —27.6%. to —21.6%. and N contents from 108 to 499 atomic ppm.The carbon isotopes values have
features similar to previously analyzed metamorphic diamonds from other worldwide localities, but the samples are characterized by lower
N contents. In every respect, they are different from diamonds occurring in kimberlites and impact craters. Our samples also differ from the
few synthetic diamonds we analyzed, in that they show enhanced §'°C variability and less advanced aggregation state than synthetic dia-
monds. Our newly obtained N aggregation state and N content data are consistent with diamond formation over a narrow and rather cold
temperature range (i.e., <950 °C), and in a short residence time (i.e., within several million years) at high temperatures in the deep mantle.
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INTRODUCTION

Studies of diamonds are significant because the understanding of the
occurrence of natural diamonds reveals critical information about the
deep Earth geological processes in the continents and in the mantle, and
about the scale of and the nature of carbon cycle in the Earth. Diamonds
can also form due to metamorphism at sufficiently high pressures (>35
kbar) and temperatures (>900 °C) to cross the graphite-diamond transi-
tion. Following the original report of metamorphic diamond occurrence
in the Kokchetav massif in Kazakhstan (Sobolev and Shatsky, 1990),
metamorphic diamonds have been described in garnets from the Dabie
Shan ultrahigh-pressure (UHP) complex in China (Xu et al., 1992), the
Western Gneiss region in Norway (Dobrzhinetskaya et al., 1995), the
Erzgebirge massif in Germany (Massonne, 1999, 2003), gneissic samples
of the Maksyutov complex in Russia (Bostick et al., 2003), the ophiol-
itic UHP unit in the Italian Western Alps (Frezzotti et al., 2011), and
the Variscan granulites of the Boehemian Massif in the Czech Republic

*Corresponding author: xuxiangzhensjl@aliyun.com

https://doi.org/10.1130/L625.1

(Kotkova et al., 2011; Naemura et al., 2011). The identification of dia-
mond in situ, e.g., using Raman spectroscopy, is usually taken as strong
evidence that diamond formed within the host rock (but see Menneken
et al., 2007; Dobrzhinetskaya et al., 2014), as opposed to physical and
chemical extractions from the heaviest samples of rocks for which the
lack of contamination cannot be demonstrated.

Over the past 30 yr there have been several reports of diamond occur-
rences in ultramafic rocks of ophiolites in southern Tibet (Institute of Geol-
ogy, Chinese Academy of Geological Sciences, 1981; Bai et al., 1993).
These findings from ophiolite-hosted peridotites were initially received
with caution and skepticism, due to the lack of in situ diamond occurrences
as well as the strong resemblance of cuboctahedra crystal habit of both
synthetic and ophiolite-hosted diamonds (Taylor et al., 1995). However,
amuch larger number (i.e., >100) of diamonds have been recovered from
different ophiolites in different orogenic belts in recent years. Diamond
was discovered in the Kangjinla chromite deposit in the Luobusa ophio-
lite (Tibet; Xu et al., 2009), and a diamond inclusion in an Os-Ir alloy of
chromitite from the same ophiolite, associated with other high-pressure
minerals, including coesite and kyanite, was reported in Yang et al. (2007).
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Very reducing conditions were deduced from the occurrence of osbornite
(TiN), cubic boron nitride (cBN), TiO,-II, moissanite (SiC), and zangboite
(FeTisSi,) (Li et al., 2009; Dobrzhinetskaya et al., 2009), and these reduced
conditions were seen as consistent with diamond stability at depth and
preservation from oxidation during uplift. More recent studies discov-
ered the existence of abundant diamonds in peridotites and chromitites
of ophiolites in China, Myanmar, Russia, and Turkey (Xu et al., 2015;
Yang et al., 2014a, 2014b, 2015; Lian et al., 2017), and in metamorphic
peridotites and chromitites. The occurrence of six in situ diamonds in
the chromitites from both Luobusa and Ray-Iz ophiolites was confirmed
(Yang et al., 2014a, 2015). Consequently, ophiolitic peridotites and chro-
mitites have been identified as a new and significant environment for
natural diamond occurrence (Yang et al., 2015). Nevertheless, the source
of carbon for ophiolite-hosted diamonds and the formation and the mode
of integration of microdiamonds into ophiolitic chromitites are still not
well known, and are debated (Liou et al., 2014).

In this paper we evaluate and discuss the origin and formation of ophi-
olite-hosted diamonds by utilizing N contents, N aggregation states, and
carbon isotope ratios of natural microdiamonds recovered from the peri-
dotites and chromitites of different ophiolites. Nitrogen is the most abun-
dant impurity in natural diamonds and is present in many combinations
of nitrogen-vacancy centers, as can be detected with Fourier transform
infrared spectroscopy (FTIR) (e.g., Mendelssohn and Milledge, 1995).
The significance of nitrogen in diamond studies is that the N aggregation
characteristics can be utilized to constrain diamond residence time and
temperatures in the mantle. Carbon isotopic composition in diamonds
varies considerably, depending on the diamond type and the petrogenetic
processes in different physical conditions. Thus, the combined N and C
isotope data from ophiolite-hosted diamonds help us better constrain their
C source and formation in oceanic mantle peridotites. We first briefly dis-
cuss the crystal morphology in different diamond types and establish the
natural occurrence of diamonds in fossil oceanic peridotites, then discuss
various mineral inclusions found in these natural diamonds and present
our N and C isotope data. We show that the analyzed microdiamonds
likely formed from light, recycled surface carbon in a narrow range of
temperatures, in highly reducing conditions in the mantle, and that they
had relatively short residence time (several million years). In our catego-
rization of ophiolite-hosted diamonds we use the classification scheme
based on infrared characteristics of diamonds.

GEOLOGICAL SETTING AND SAMPLE DESCRIPTION

Our microdiamond samples come from a larger sample set of several
thousand of diamond grains recovered from the peridotites and chromitites
of the Kangjinla chromite deposit in the Luobusa ophiolite (Tibet) and from
chromitites of the Ray-Iz ophiolite (Russia). The Luobusa ophiolite at the
eastern end of the Yarlung-Zangbo suture zone (YZSZ) (Fig. 1) consists
mainly of harzburgite, lherzolite, and dunite, with minor crustal gabbro
and basalt (Yang et al., 2014a; Fig. 1A). It hosts economically significant
podiform chromitites with lenticular-tabular masses of high-Cr magnesio-
chromite (Fig. 1B) (Zhou et al., 1996). These podiform chromitite deposits
are estimated to contain ~5 x 10° t of chromite reserves (Zhang et al., 1996).

The Ray-Iz ophiolite in the Polar Urals consists mainly of depleted
harzburgite-dunite, and contains podiform chromitites similar to those
in Luobusa (Fig. 2; Savelieva et al., 2007). The central chromite deposit
(CCD; Fig. 2B) is the largest of the more than 200 ore bodies in the massif.
The W214 orebody is ~100 m long and 5 m wide, extending to >100 m
at depth, and is partly surrounded by a thin dunite envelope and locally
in direct contact with a coarse-grained, weakly serpentinized harzburgite.
It is estimated to contain ~10 x 10° t of chromite ore.

All studied microdiamonds were processed at the Institute of Multipur-
pose Utilization of Mineral Resources, Chinese Academy of Geological
Sciences, Zhengzhou, by a combination of gravity, magnetic, and elec-
trostatic techniques. Details of the mineral separation procedures were
given in Xu et al. (2009). Our microdiamond samples belong to four well
characterized types: (1) Kangjinla chromite (Luobusa ophiolite), herein
referred to as KCr (Fig. 1); (2) mantle peridotite of the Kangjinla chromite
deposit, herein referred to as Ky (Fig. 1); (3) chromitite of the CCD from
the Ray-Iz ophiolite, herein referred to as WR (Fig. 2); and (4) chromitite
of the W214 from the Ray-Iz ophiolite, herein referred to as WP (Fig. 2).

The separated diamonds are all pale yellow to colorless, euhedral
to subhedral crystals, 100—500 um across, with octahedral, cuboctahe-
dral, hexoctahedral, and dodecahedral morphologies (Fig. 3; Appendi-
ces 1-4 in the GSA Data Repository'). Some grains are single crystals,
whereas others are polycrystalline or skeletal. We also analyzed a series
of synthetic diamonds for comparison. These synthetic diamonds were
purchased from HuangHe Whirl Wind Limited Company, Henan, under
the reference type HSD80+; they are the typical yellow, regular crystal
with hexoctahedron structure, with strong thermal stability and almost
no impurities (Appendix 5 in the GSA Data Repository).

ANALYTICALTECHNIQUES

We selected clean, large, transparent, and flat diamond grains from
the chromitites and mantle peridotites of the Luobusa ophiolite and from
the chromitites of the Ray-Iz ophiolite. The grain sizes of these diamonds
range between 100 and 300 um.

Nitrogen contents and aggregation states of representative diamonds
were determined by transmission infrared (IR) spectroscopy at the Labo-
ratoire de Géochimie des Isotopes Stables, Institut de Physique du Globe
de Paris, using an IR-Plan microscope (Spectratech) equipped with a
MCT-A (mercury cadmium telluride—narrow band) detector following
the procedure described by De Corte et al. (1998). The microscope was
coupled with a Nicolet 6700 Magna IR FTIR spectrometer, and spectra
between 4000 and 850 cm™' were recorded at a resolution of 8 cm™'.
Diamonds were mounted on an ~300-um-thick BaF, plate and the best
results were obtained using 1400 scans of crystals of <200 pm and 300
scans of larger samples. The use of BaF, as holder made it possible to
obtain spectra of acceptable low signal/noise ratio in the region above
850 cm™. In order to reduce scattered IR radiation, the diameter of the IR
beam was adjusted to fit the size of the diamond grains by masking with
variable apertures. To examine the homogeneity of the diamonds and the
overall reproducibility of the procedure, three spectra at different faces
for each crystal were collected.

The measured spectra were baseline corrected and normalized to a
thickness of 1 mm assuming an absorption coefficient of 11.94 absorption
unit/cm! at 1995 cm™'. Nitrogen abundances and aggregation states were
estimated by deconvolution of the IR spectra in the 1400-900 cm™' region
using a 23 point least-square regression fit. As described in the following,
we did not find any evidence for any significant advanced aggregation
of nitrogen, i.e., no laB component, only Ib, possibly Ib-IaA. The spec-
tra were thus deconvoluted using a two-component linear least-squares

'GSA Data Repository Item 2017288, Appendix 1: Topography of microdiamonds
from chromitite of the Luobusa ophiolite, Tibet; Appendix 2: Topography of micro-
diamonds from mantle peridotite of the Luobusa ophiolite, Tibet; Appendix 3:
Topography of microdiamonds from chromitite (WR) of the Ray-Iz ophiolite, Po-
lar Urals; Appendix 4: Topography of microdiamonds from chromitite (WP) of the
Ray-1z ophiolite, Polar Urals; Appendix 5: Topography of the synthetic diamonds,
is available at http://www.geosociety.org/datarepository/2017, or on request from
editing@geosociety.org.
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Figure 1. (A) Index map showing the location of the Yarlung-Zangbo suture zone (revised after Xiong et al., 2016). (B) Simplified geological map of the

Luobusa ophiolite, Tibet (revised after Zhou et al., 1996).

regression program that determines the optimum percentage aggrega-
tion from Ib (the C component) to laA (the A component) (Finnie et al.,
1994), and N content and N aggregation state were determined using IR
absorption coefficients of 250 atomic ppm/cm™" and 162 atomic ppm/cm™
(Kiflawi et al., 1994; Boyd et al., 1994) for single (Ib diamond) and N
pairs (IaA diamond), respectively. In the literature, analytical precision
associated with N content and N aggregation determinations are typically
20% and 5%, respectively (Field, 1992; Finnie et al., 1994). In this study
where diamonds were both N poor and small, the multiple deconvolution
of a same spectra could result in error of as much as 15% in N aggregation
determination. The N content determination, which relies critically on
both the thickness estimation of diamond (i.e., where the baseline cor-
rection in the 20002600 cm™ region is critical) and the deconvolution
of the two N-bearing spectra (i.e., where the baseline correction in the

8501500 cm™ region is critical) could not be determined with reproduc-
ibilities better than 20% (Tables 1-4).

Once N concentrations and N aggregation values of diamonds were
determined, diamonds were weighed, wrapped in platinum foil, cleaned
at 500 °C in air to remove any organic contamination, and combusted in
O, atmosphere; the procedure was described by Boyd et al. (1995) for
conventional macrodiamonds with a combustion apparatus slightly modi-
fied for these samples (Cartigny et al., 2001).

Released CO, was quantified with a precision better than 1% using a
piezoresistive gauge, and 8"°C (PDB, Peedee belemnite) [where 8°C, | =
3/ ‘ZCsﬂmp]e/ C/"C,,,,,) — 1 x1000] was determined with an accuracy better
than 0.1%o using a gas-source isotope ratio mass spectrometer Thermo-
Fischer Delta +XP equipped with a micro-volume device. The carbon
isotope analyses of diamond grains from the Tibet and Ray-Iz ophiolite
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Figure 2. Simplified geological maps of the Vorkuta ophiolite belt in the Polar Urals and the Ray-l1z ophiolite (revised afterYang et al., 2015). (A) Index map
of the northern Ural Mountains. 1—Allochthonous Paleozoic sedimentary assemblages of the continental shelf and slope, volcanic units (Lemva Zone),
and pre-Ordovician bimodal volcanic series (Uraltau Zone). 2—Precambrian and pre-Paleozoic volcanic and sedimentary complexes of the crystalline
basement of the East European platform. 3—Ultramafic rocks, mainly harzburgite and dunite with minor lherzolite. 4—Metamorphosed gabbronorite,
olivine gabbro, and minor troctolite and pyroxenite. 5—Early Devonian tonalite and granodiorite and Middle Devonian diorite and monzodiorite. 6—
Island-arc complex. 7—Major thrust faults and fault systems. (B) Geologic map of the Ray-Iz ophiolite.

were performed by secondary ion mass spectrometry at the GeoForsc-
hungsZentrum (GFZ; Potsdam, Germany) and by ion microprobe at the
University of Western Australia (Yang et al., 2014a, 2014b).

CRYSTAL MORPHOLOGY IN DIFFERENT DIAMOND TYPES

Commercially, most synthetic diamonds are grown from graphite in
the presence of solvent and/or catalyst metals such as iron, cobalt, and
nickel alloys, at temperatures and pressures of 1550-1600 °C and 5-6
GPa, respectively, and develop different morphologies due to the varia-
tions in internal cell pressure and temperature (Burns and Davies, 1992).
There are no available results of a systematic study of synthetic diamonds,
and we therefore use and discuss the extant data with appropriate caution.

Ophiolite-hosted diamonds exhibit cubes with small octahedral faces
through cuboctahedra to octahedral with small cube faces (Fig. 3; see also
Howell et al., 2015). Previous studies have shown that the cubic {100}
face may occur extremely rarely among kimberlitic diamonds, whereas
it is ubiquitous among synthetic diamonds (e.g., Pearson et al. 1995).
This obvious similarity in morphologies (i.e., both are in the cubocta-
hedron spectrum) between the ophiolitic and synthetic diamonds make
the ophiolite-hosted diamonds look like synthetic diamonds. Note that
this statement is valid for kimberlitic macrodiamonds and that additional
morphologies have been described in microdiamonds from metamorphic
massifs (De Corte et al., 1998, 1999) and from kimberlites (Kvasnitsa
et al., 1999; Kvasnytsya, 2013). In particular, cuboctahedra have been
reported among diamonds. The ophiolitic diamonds are all pale yellow to
colorless, euhedral to subhedral crystals, with octahedral, cuboctahedral,
and dodecahedral morphologies (Xu et al., 2015). One major difference
is that the common rounded rhombic dodecahedron in natural diamond is
not normally observed among synthetic diamonds (Field, 1992). Moore

and Lang (1974) concluded that this habit in natural diamonds stems
from dissolution from the octahedral form and is not a growth feature.

It has been shown that, with increasing pressures and temperatures,
the morphology of synthetic diamond changes progressively from cube to
cuboctahedron to octahedron. However, with an increase in water concen-
tration in the metal melt, the dominant growth form of diamond evolves
from octahedron, which is stable at a C, ranging from 0 to 0.2 wt%, to
rhombic dodecahedron that is stable at C,, from 0.22 to 0.4 wt% (Paly-
anov et al., 2012). In other words, if ophiolitic diamonds resulted from
contamination, some would need to be specifically grown from a high-
water system; we are not aware of any commercial synthetic diamonds
to be grown from such compositions.

NATURAL VERSUS EXTERNAL ORIGIN OF OPHIOLITE-HOSTED
DIAMONDS

The occurrence of natural diamonds in oceanic peridotites and chro-
mitites has been questioned before, and some have even suggested that
diamond separates reported from ophiolitic peridotites and chromitites
may have been externally introduced due to potential contamination in
rock processing. Here we briefly discuss this issue and present new argu-
ments in support of the natural origin of microdiamonds in ophiolitic
upper mantle peridotites.

Perraki et al. (2009) presented four valuable microscopic and spectro-
scopic criteria to distinguish natural metamorphic microdiamonds from
externally introduced diamond (in a thin section) as residual particles from
the diamond saw or the polishing material. The diamonds we have exam-
ined in our study are free of the sample preparation material. Moreover,
the diamond size (generally several hundreds of micrometers) is much
larger than that of the largest polishing diamond material used (0.2-5

LITHOSPHERE | Volume 10 | Number 1 | www.gsapubs.org
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Figure 3.Topography of microdiamonds
from chromitites and mantle peridotites.
(A) Polycrystalline diamond from chro-
mitite (Luobusa ophiolite, Tibet) exhibits
cuboctahedral morphology and in light
yellow color under a binocular micro-
scope. (B) Scanning electron microscope
(SEM) image of diamond from chromitite
(Luobusa ophiolite, Tibet) displaying
octahedral-dominated cuboctahedron
crystal habit. (C) Colorless diamond from
mantle peridotite (Luobusa ophiolite,
Tibet) showing cuboctahedral mor-
phology under a binocular microscope.
(D) SEM image of diamond from man-
tle peridotite (Luobusa ophiolite, Tibet)
displaying hexoctahedron crystal mor-
phology. (E) Diamond from chromitite
of the Ray-Iz ophiolite (Polar Urals, Rus-
sia) showing hexoctahedral morphology
and strong yellow color under binocular
microscope. (F) SEM image of diamond
from chromitite of the Ray-lz ophiolite
(Polar Urals, Russia) showing hexocta-
hedron crystal morphology. (G) Diamond
from chromitite of the Ray-lz ophiolite
(Polar Urals, Russia) showing hexocta-
hedral morphology and strong yellow
color under binocular microscope. (H)
SEM image of diamond from chromitite
of the Ray-Iz ophiolite (Polar Urals, Rus-
sia) with a cuboctahedron morphology.
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TABLE 1. 5°C AND N CONTENTS OF MICRODIAMONDS RECOVERED TABLE 3. §°C AND N CONTENTS OF MICRODIAMONDS RECOVERED
FROM THE CHROMITITE OF THE LUOBUSA OPHIOLITE, TIBET FROM THE CHROMITITE OF THE RAY-IZ OPHIOLITE IN THE POLAR URALS
Sample Weight 33C N %laA formed Sample Weight 8'°C N %laA formed
(mg) (%0) (at. ppm, +20%) (+5%) (mg) (%o) (at. ppm, +20%) (£5%)
KCr-1 0.0101 -25.908 310 0 WR-2 0.0372 -26.575 108 0
KCr-2 0.0112 -26.175 368 0 WR-4 Nd Nd 287 0
KCr-3 0.0093 -15.539 271 0 WR-5 Nd Nd 235 0
KCr-4 Nd Nd 203 0 WR-6 Nd Nd 260 0
KCr-5 Nd Nd 203 9 WR-7 Nd Nd 229 0
KCr-7 0.017 -17.13 248 0 WR-8 0.0258 -25.842 210 0
KCr9 0.0086 27172 251 0 WR-9 0.0236 -26.07 291 0
KCr-10 0.0116 -16.761 Nd Nd WR-10 0.0205 -27.387 236 0
KCr-11 0.0146 -26.174 194 14 WR-11 Nd Nd 226 0
KCr-13 Nd Nd 410 13 WR-13 Nd Nd 265 0
KCr-14 0.0105 -25.195 374 0 WR-15 Nd Nd 309 0
KCr-15 0.0129 Nd 161 11 WR-17 Nd Nd 169 0
KCr-16 0.017 -29.039 208 1 WR-18 0.0211 -26.276 227 0
KCr-18 0.0087 -18.713 401 7 WR-19 0.0098 -26.48 307 8
KCr-19 Nd Nd 152 15 WR-20 Nd Nd 330 0
KCr-20 0.0084 -26.617 255 0 WR-21 0.0156 -26.836 182 0
KCr-21 0.01 -28.329 383 0 WR-22 0.0232 -26.192 276 0
KCr-22 0.0096 -25.478 321 0 WR-24 Nd Nd 192 0
KCr-23 0.0295 -24.907 215 13 WR-25 0.0113 -26.607 198 0
KCr-24 0.0161 -26.681 180 0 WR-26 0.0176 -26.834 250 0
KCr-25 0.0147 -17.228 428 0 WR-27 Nd Nd 140 0
Note: Nd—not detectable. xvva:gg 0_’(\)‘?1 3 -2?22 4213; 8
WR-31 0.0387 27,581 289 0
WR-32 0.0125 -26.944 363 0
TABLE 2. 5°C AND N CONTENTS OF MICRODIAMONDS RECOVERED WP-1 0.008 -29.361 Nd Nd
FROM THE MANTLE PERIDOTITE OF THE LUOBUSA OPHIOLITE, TIBET WP-2 Nd Nd 493 0
WP-3 0.0112 -23.016 362 0
Sample Weight 8%C N %laA formed WP-4 Nd Nd 339 0
(mg) (%0) (at. ppm, +20%) (+5%) WP-5 Nd Nd 230 0
Ky-1 0.0092 -25.216 Nd Nd Wp-6 0.0134 -26.016 217 0
Ky-2 Nd Nd 152 0 WP-7 Nd Nd 188 0
Ky-3 Nd Nd 459 0 WP-8 0.0135 -26.058 Nd Nd
Ky-4 Nd Nd 420 0 WP-10 0.0109 -25.749 Nd Nd
Ky-5 0.0223 -24.68 Nd Nd WP-11 0.0063 -27.192 456 0
Ky-6 0.0105 -26.218 324 0 WP-12 0.0044 324 0
Ky-7 Nd Nd 191 3 WP-13 0.0092 -24.944 268 0
Ky-8 0.0096 27174 Nd Nd WP-14 0.0081 -25.899 Nd Nd
Ky-9 Nd Nd 472 0 WP-15 0.0125 -26.019 Nd Nd
Ky-10 0.0139 -25.993 342 4 WP-16 0.0096 -27.294 858 0
Ky-11 Nd Nd 589 0 WP-18 0.0212 -26.92 Nd Nd
Ky-12 Nd Nd 434 0 WP-19 0.0092 -27.495 261 0
Ky-13 0.0189 -28.741 Nd Nd we-21 Nd Nd 170 12
Ky-14 0.0207 25797 Nd Nd WP-23 0.0085 -25.552 202 0
Ky-15 0.0143 25.42 209 0 wp-24 Nd Nd 307 0
Ky-16 0.0117 25.913 203 0 WP-25 0.0114 -25.839 255 0
Ky-17 0.0107 -26.458 345 1 WP-26 Nd Nd 400 0
Ky-18 0.0082 -21.527 318 7 Note: Nd—not detectable.
Ky-19 0.0121 -16.866 Nd Nd
Ky-20 0.013 -17.797 364 0
Ky-21 0.012 -26.612 385 0 TABLE 4. 3°C AND N CONTENTS OF SYNTHETIC MICRODIAMONDS
Ky-22 Nd Nd 2ra 0 Sample Weight 8'C N %laA formed
Ky-23 0.0087 -26.105 155 0 (ma) % (at. ppm, £20%) (25%)
Ky-24 0.0142 -27153 331 0 9 oo -bpm, x207% %
Note- Nd—not detectable. SYNc-1 1.502 -20.841 104 8
SYNc-2 1.817 21171 95 10
SYNc-3 1.983 -21.385 100 10
SYNc-4 Nd Nd 74 12
SYNc-5 1.535 21,611 146 7
SYNc-6 1.599 Nd 152 11
SYNc-7 1.992 Nd 111 12
SYNc-8 1.832 Nd 120 11
SYNc-9 1.852 21,098 113 13
SYNc-10 1.684 -21.459 125 8
SYNc-11 1.454 -20.596 132 10
SYNc-12 Nd Nd 101 11
SYNc-13 15113 -20.568 120 12
SYNc-14 1.7828 Nd 176 6
SYNc-15 1.8168 -21.452 126 11
SYNc-16 1.4596 -21.197 138 9
SYNc-17 1.7216 -20.518 125 13

Note: Nd—not detectable.
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um). Therefore, we confirm that the microdiamonds we studied did not
originate from external residual particles.

Additional evidence further supports the idea that ophiolitic diamonds
are natural. This includes higher concentration of trace elements in the
Tibetan diamonds, and the predominance of Ni-Mn-Co alloy inclusions,
manganese-rich spinel, manganese-rich olivine and manganese-rich gar-
net, graphite, fluid inclusions, CaCO3, CaSO,, and occasional rare earth
element (REE) rich inclusions (Yang et al., 2015; Howell et al., 2015); all
these phases are not expected among synthetic diamonds. For example,
even alloy inclusions in synthetic diamonds are distinct in that they are
Fe-Ni alloys (Field, 1992). The report of two diamonds in situ is further
evidence that these diamonds are natural.

The FTIR and C isotope characteristics of microdiamonds can be also
used to discuss their natural versus external origin. The nitrogen charac-
teristics of high pressure-high temperature synthetic diamonds are well
documented, although published N content and N aggregation state data
from synthetic diamonds are scarce in the literature. Synthetic diamonds
contain mainly single-substitutional nitrogen and N pairs, typically to
a lesser extent (e.g., most <20%) in comparison to natural diamonds,
i.e., Ib-laA diamonds with concentrations typically ~200 atomic ppm N
(Collins, 2000). The occurrence of unaggregated nitrogen (type Ib) state
reflects their short residence frames (from several minutes to weeks) at
high temperatures (Finnie et al., 1994; De Corte et al., 1998; Cartigny,
2010; Howell et al., 2015; Smith et al., 2016). Because single N defects
are responsible for the absorption of light that gives high pressure—high
temperature synthetic diamonds their characteristic yellow color, as are
the ophiolitic diamonds, being smaller than the currently investigated
synthetic diamonds, i.e., from 100 to 500 um, their colors are only pale
yellow to colorless and the general observation is that their N content and
N aggregation state are overall similar. The range of nitrogen concentra-
tions and the lack of aggregation can also account for the range of colors
observed in the ophiolitic diamonds. Carbon centers create yellow color
and the range of concentrations of ~10 to >400 ppm produces a wide
spectrum from nearly colorless to intense yellow.

It is well accepted that the N aggregation in diamond is a secondary
process (Strong and Chrenko, 1971; Evans and Qi, 1982; Lu et al., 2001),
and that higher N content leads to more advanced aggregation for a given
temperature and residence time. It is, therefore, important to notice that the
synthetic diamonds we have analyzed are overall poorer in N but have a
comparatively higher N aggregation state (Table 4). So, if ophiolite-hosted
microdiamonds were a result of contamination, they would have needed
to grow at lower temperatures and/or shorter time scales to preserve their
pure Ib nature; however, this is not the case.

MINERAL INCLUSIONS IN OPHIOLITE-HOSTED DIAMONDS

We performed focused ion beam analyses (at the GFZ) combined with
transmission electron microscopy on mineral inclusions in microdiamonds
from the Luobusa peridotites and chromitites. During the course of these
analyses we observed a unique stacking fault in one diamond and detected
some special inclusions, such as Co-Mn-Ni alloys, Mn-contained minerals
(manganese spinel, manganese olivine, and manganese garnet), graphite,
fluid inclusions, CaCO,, CaSO,, and a rare earth phase (Yang et al., 2015).
Although we did not find these inclusions by IR data, the stacking fault in
the Luobusa diamond may be attributed to its rapid growth.

Ophiolite-hosted microdiamonds also contain Ni-Mn-Co alloys, and
this is another different feature between ophiolitic and synthetic diamonds
grown from Fe alloys. The occurrence of abundant fluid and mineral
microinclusions, such as nanometer-sized Ni-Mn-Co alloys associated
with graphite, galaxies, coesite, tephroite, spessartine, Mn-oxide, native

Mn, and fluid inclusions containing REEs, carbonates, chromite, and
moissanite (Yang et al., 2015; Howell et al., 2015), are significant features
that do not occur in synthetic diamonds. In addition, stacking faults on
some diamond faces are indicative of a natural origin.

DIAMOND CLASSIFICATION BASED ON NITROGEN CONTENTS

Diamonds are grouped into type I and type II (Robertson et al., 1934).
On the basis of the ultraviolet transparency and absorption in the infrared
(IR) spectra, type I diamond contains nitrogen in a number of different
forms, whereas type II diamond is considered a nitrogen-free variety
(i.e., containing <20 ppm nitrogen, the detection limit by most FTIR
studies). Depending on the speciation of nitrogen, type I diamonds were
further subdivided into type IaA (main absorption at 1282 cm™), IaB
(1175 cm™), and Ib (1130 cm™) (Field, 1992). These correspond to the
three distinct N-bearing defects: N pairs, cluster of 4 N atoms around a
vacancy and single N defect for IaA, IaB, and Ib diamonds, respectively.
Initially, nitrogen singly substitutes for carbon (type Ib diamond) and
subsequently these N atoms migrate to form pairs (type IaA) and clus-
ters to four atoms and a vacancy (type l1aB) (Woods, 1986). According
to the diffusion process, mixtures of Ib-IaA and IaA-IaB diamonds are
commonly described. Theoretically, experimental activation energies
can be used to obtain mantle residence time for a given temperature, or
to calculate temperatures for a given residence time assuming that the
aggregation is a secondary process (Lu et al., 2001). The transformation
of diamond is consistent with the second-order kinetics obeying the rate
equation (Evans and Harris, 1989; Evans and Qi, 1982; Taylor et al., 1990).

NITROGEN AND CARBON ISOTOPE CHARACTERIZATION OF
OPHIOLITE-HOSTED DIAMONDS

We obtained FTIR data for 25 diamonds from the chromitites and 24
diamonds from the mantle peridotites of Luobusa, and for 32 diamonds
from the chromitite WR and 26 diamonds from the chromitite WP in Ray-
Iz. We obtained reliable quantitative deconvolution (typical examples are
shown in Fig. 4) for a total of 21 diamonds from the chromitites and 18
diamonds from the mantle peridotites of Luobusa, for 25 diamonds from
the chromitite WR, and 16 diamonds from the chromitite WP of Ray-1z
(Tables 1-3). For others, the baseline was too complex to get good fit of the
data. The aggregation state is invariably low. All IR spectra are virtually
identical, and are dominated by strong absorption between 1130 cm™ and
1344 cm™ (Fig. 4) with no significant peak either at 1282 cm™ (typical of
A centers) or 1170 cm™ (typical of B centers), making the diamonds type
Ib, with virtually no IaA component. The only deconvolutions of spectra
that yielded significant [aA (e.g., KCr-19) were generally associated with
a significant residual spectrum.

The calculated results of N in diamond from the Kangjinla chromitite
(Luobusa) are 152-428 atomic ppm N, with 0%—-15% of IaA. The nitrogen
concentrations in the mantle peridotite are 151-589 atomic ppm N, with
0%—7% of laA (Tables 1 and 2). The nitrogen contents in the chromitite
(WR) for the Ray-Iz samples are 108—499 atomic ppm N, the highest value
of IaA content is to 8%, whereas in the chromitite (WP) it is 170-493
atomic ppm N; the highest data value for IaA content is 12% (Table 3).
The diamonds from the Luobusa peridotites and chromitites are similar to
the diamonds from the chromitite in the Ray-1z ophiolite in terms of their
similar nitrogen abundance (151-589 atomic ppm N; Tables 1-3; Fig. 5).

We analyzed 59 diamonds from Luobusa and Ray-Iz for carbon iso-
topes (16 Ky, 16 KCr, 13 WR, and 14 WP). Diamonds from the Luobusa
mantle peridotites have 8'°C values ranging from —28.7%o to —16.9%o,
with an average value of —24.9%o. Values for diamonds from the Luobusa
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Figure 4. Infrared spectrum for diamond crystals recovered from the Luobusa chromitite and mantle peridotites, and from the Ray-1z chromitite.
(A) Infrared spectrum for diamonds recovered from the Luobusa chromitites. (B) Infrared spectrum for diamonds recovered from the Luobusa
mantle peridotites. (C, D) Infrared spectrum for diamonds recovered from the Ray-lz chromitite.
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Figure 5. Comparison of nitrogen content for diamonds recovered from the Luobusa chromitites and mantle perido-
tites, and from the Ray-l1z chromitites. (A) Nitrogen content for diamonds recovered from the Luobusa chromitite. (B)
Nitrogen content for diamonds recovered from the Luobusa mantle peridotite. (C, D) Nitrogen content for diamonds

recovered from the Ray-lz chromitite.
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chromitites are from —29%o to —15.5%0 with an average value of —23.6%o.
Diamonds from the Ray-Iz chromitites have 8'*C values varying from
—29.4%o0 t0 —21.6%0. The 3"3C values of WP and WR do not vary much;
most (26 of 27) are between 25.5%o and 27.5%0, and one sample from
WR was —21.6%o. The average 8"°C value of both WR and WP samples
is —=26.2%o (Table 3). Overall, diamond 6"3C values are whatever their
host rock values are (from —15%o to —30%o), but have similar average
values of ~-25%o (Fig. 6).

We obtained FTIR data for 17 synthetic diamonds together with 11 C
isotope measurements (Table 4). Their nitrogen contents vary significantly,
and are on the lower side of metamorphic diamonds (from 73 to 176 ppm,
average = 121 atomic ppm N). Their N aggregation is more advanced (Ib-
IaA diamonds) in comparison to those obtained from natural diamonds.
It is important to note that because of their larger size, the precision on N
concentration and N aggregation state is much better than for the investi-
gated natural samples, i.e., the occurrence of N pairs is significant. Syn-
thetic diamonds have 8"3C values ranging from —21.6%o to —20.5%o, with
an average value of —21.1%o. Compared with other investigated diamonds,
synthetic diamonds cover a more restricted range of 8'*C values and have
lower N contents, yet more advanced aggregation states.

Carbon isotopes in synthetic diamonds are known to be depleted in
the BC isotope, and these depleted values primarily reflect the isotopic
composition of the starting material (e.g., graphite). Natural graphite
displays a large range of C isotope composition with an average value of

—25%0 = 5%o, within the range shown by ophiolite-hosted and synthetic
diamonds. However, one fundamental observation is critical. Synthetic
diamonds show an intrinsic C isotope homogeneity that reflects a limited
(typically a few per mille) C isotope fractionation during the growth of
synthetic diamond (Reutsky et al., 2008a, 2008b, 2012). In most cases,

ophiolite-hosted diamonds show much more variable C isotope composi-
tions in comparison to synthetic diamonds. The diamonds from the Ray-1z
chromitites range from —27.6%o to —21.6%o in 8'*C values, whereas the
Luobusa peridotites and chromitites range from —28.7%o to —16.9%0 and
—29%0 to —15.5%o, respectively. Only the WP samples show an isotope
homogeneity that would be consistent with synthetic diamond. The similar
average 0'°C values among all the investigated diamonds could be seen
as an argument that the diamonds result from massive contamination, in
this case most likely occurring in the laboratory during their separation
and recovery, but the fact that Howell et al. (2015) found similar 6"*C
values in diamonds extracted in a distinct laboratory make this possibil-
ity less likely.

Howell et al. (2015) reported on the shape, FTIR characteristics, and
8"3C-8""N-N contents of the Luobusa diamonds together with additional
data on synthetic industrial diamonds. Overall, our results are consistent
with those of Howell et al. (2015). For example, their 6"*C values ranged
from —28.3%o to —24.0%o with an average value of 25.8%o.. Although they
did not provide any data, Howell et al. (2015) indicated that they found
pure Ib diamonds, a result consistent with our observations. Our data are
also consistent with those in Yang et al. (2014a), i.e., 8'3C values ranging
from —18%o to —28%o for diamonds from the chromitite, mantle peridotite
of Luobusa, mantle peridotite of Dongbo, Purang, Dangqiong, Xigaze,
and Zedang, located along the Yarlung-Zangbo suture zone, and ophio-
lite chromitite of the Polar Urals. The N isotope values for the Luobusa
diamonds show far more variation than has been reported from synthetic
diamonds. A second difference is the higher concentration of trace ele-
ments in the Luobusa diamonds, and the predominance of Ni-Mn-Co
alloy inclusions and rare REE-rich inclusions, in contrast to the Fe-Ni
alloys common in synthetic high pressure-high temperature diamonds.
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Figure 6. Carbon isotopic composition of diamonds from the Luobusa chromitites and peridotites, and from the Ray-lz
chromitites. (A) Carbon isotopic composition of diamonds recovered from the Luobusa chromitites. (B) Carbon isotopic
composition of diamonds recovered from the Luobusa mantle peridotites. (C, D) Carbon isotopic composition of dia-

monds recovered from the Ray-lz chromitite.
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METAMORPHIC ORIGIN OF OPHIOLITE-HOSTED DIAMONDS

Natural diamonds commonly contain nitrogen in abundance varying
from a few to several thousand atomic ppm N and show large variations
in aggregation states (Boyd et al., 1994). Kimberlitic diamonds type Ib
are very rare (<0.1%; reviewed in Cartigny et al., 2004; Nadolinny et al.,
2006; Hainschwang et al., 2013; Cartigny, 2010; Smit et al., 2016; Smith
et al., 2016) and exhibit high nitrogen aggregation states and would plot
on the right side of Figure 7 (IaAB diamonds, e.g., Javoy et al., 1984;
Deines et al., 1997; Cartigny et al., 1997). This is because, in kimberlites
and lamproites, most diamonds (>95%) are xenocrysts, which must have
formed earlier when their host rocks equilibrated in the Earth’s mantle
(Richardson et al., 1984; Shirey et al., 2013, for review). Diamonds from
ultrahigh-pressure metamorphic terranes all belong to the mixed type Ib-
[aA (e.g., Dobretsov et al., 1995; De Corte et al., 1998, 1999; Dobrzhi-
netskaya et al., 2006; Cartigny et al., 2004; Finnie et al., 1994).

Our IR studies have shown that the ophiolitic diamonds have a strong
absorption at 1130 cm™, making them type Ib. In this respect, they appear
less aggregated (i.e., 0% laA) than previously analyzed metamorphic
diamonds (most between 20% and 80% IaA; Finnie et al., 1994; De
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Figure 7. Nitrogen aggregation versus nitrogen content in ophiolite-hosted
microdiamonds from the Luobusa ophiolite (Tibet) and the Ray-Iz ophiolite
in the Polar Urals (Russia) (after Cartigny et al., 2004; Dobrzhinetskaya et
al., 2006). Open circles with crossing lines are diamonds from the world-
wide collection of kimberlites; open squares with crossing lines are from
metamorphic diamonds. KCr—Kangjinla chromite (Luobusa ophiolite);
Ky —mantle peridotite of the Kangjinla chromite deposit; WP —chromitite
of the W214 from the Ray-1z ophiolite; WR—chromitite of the CCD from
the Ray-Iz ophiolite.

Corte et al., 1998, 1999; Cartigny et al., 2004; Dobrzhinetskaya et al.,
2007); ophiolitic diamonds are the least aggregated samples reported so
far. There is a large consensus that the preservation of the type Ib feature
of diamonds can be preserved only though rapid (a few million years;
Fig. 7) tectonic exhumation of the metamorphic diamonds after their
formation at temperatures <1000 °C (for metamorphic diamonds, see
Howell et al., 2015; Finnie et al., 1994; De Corte et al., 1998, 1999; for
mantle diamonds see Cartigny, 2010; Smit et al., 2016; Smith et al., 2016).
Their nitrogen concentrations range from 108% to 589% =+ 20% atomic
ppm; these values are clearly higher than both mantle Ib-IaA diamonds
and impact-related diamonds, respectively (Fig. 7); they are also lower
by about one order of magnitude than previously studied metamorphic
diamonds (see references above). However, note that there was one sup-
posedly metamorphic diamond from Akluilak (Cartigny et al., 2004; red
arrow in Fig. 7) plotting within the field of ophiolitic diamond. Because
N aggregation depends on time, temperature, and nitrogen content (Evans
and Qi, 1982), the lower N aggregation state and N content character of
ophiolitic diamonds is actually consistent with a similar temperature-
time history for previously studied metamorphic diamond. The isotherms
illustrated in Figure 7 were calculated using constant temperature and an
assumed residence time of 1 m.y.; Figure 7 clearly shows that ophiolitic
diamonds and previously analyzed metamorphic diamonds differ in their
average N contents, but have temperature-time histories that are broadly
consistent. The isotherms illustrated in Figure 7 rely on a simplistic model,
but that would not change our conclusion if a more complex model with
changing temperature was considered.

Compared with mantle-derived rocks that typically contain a few parts
per million of nitrogen, sediments are nitrogen rich (to 2000 ppm; see
Busigny and Bebout, 2013, for review). This primarily results from the
occurrence of organic matter that is characterized by high N/C ratios, the
nitrogen being originally sourced from the atmosphere by primary pro-
ducers such as cyanobacteria. Hydrothermal alteration would also lead
to nitrogen enrichment, but to a lesser extent (~5-10 ppm; e.g., Busigny
et al., 2005a, 2005b; Philippot et al., 2007); in this case, nitrogen mostly
originates from N species dissolved in seawater. During subduction, dehy-
dration reactions occur but significant amounts (typically 80%) remain
within the rocks and are returned to the mantle (Busigny et al., 2011).
The fact that ophiolitic diamonds are poorer in nitrogen than metamor-
phic diamonds is consistent with primary evidence that metaperidotites
and metagabbros contain ~10 times less nitrogen that the metamorphic
diamonds from metasediments (De Corte et al., 1998; Cartigny et al.,
2001). The all but one positive 8'°N values measured among ophiolitic
diamonds by Howell et al. (2015) are consistent with the positive 6"°N
values measured among metasediments, metagabbros, and metaperido-
tites (Busigny and Bebout, 2013; Busigny et al., 2005b, 2011; Bebout
and Fogel, 1992; Philippot et al., 2007).

Ophiolitic diamonds are characterized by '*C-depleted compositions
from —29%o to —15.5%o (this study), a result consistent with previous
reports (Yang et al., 2014a; Howell et al., 2015). The 8"C distribution
is different from those of typical kimberlitic diamonds (Fig. 8; see Car-
tigny et al., 2014, for review) with the noticeable exceptions of Dachine
(French Guiana; Cartigny, 2010; Smith et al., 2016), and Jericho (north-
ern Slave craton; De Stefano et al., 2009) both of which show some
similarities with 8'*C modes at ~—26%o0 and ~—35%o, respectively (not
shown). The 8°C distribution of ophiolitic diamonds is distinct from that
of previously metamorphic diamonds, for which 8'*C values <-20%o are
rare (Fig. 8). The 8"°C values are overall similar to those measured on
moissanite (natural SiC with 8"*C from —1%o to —35%0,(n = 36; Fig. 8;
data from Trumbull et al., 2009) from podiform chromitites of several
ophiolite complexes, including the Luobusa and Donggiao ophiolites in
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Figure 8. Histograms of 8'*C values for diamonds and moissanites from
ophiolites and other occurrences in the Earth. (A) §'°C value of Tibet and
Ray-lz diamond using a Thermo Finnigan MAT 253 mass spectrometer.
(B) 8'*C value of Ray-Iz diamonds using secondary ion mass spectrometry
(Yang et al., 2014a). (C) 8"C value of peridotitic diamond in kimberlite
(Cartigny, 2005). (D) 8'*C value of metamorphic diamonds in ultrahigh-
pressure subduction zone (Cartigny, 2005). (E) §'°C value of moissanites
from ophiolites (Trumbull et al., 2009). (F) §"*C value of moissanites from
Mir kimberlite in Siberia (Mathez et al., 1995).
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Tibet, the Semail ophiolite in Oman and the United Arab Emirates, the
Ray-1z ophiolite of the Polar Urals, Russia, and moissanite from the Mir
kimberlite in Siberia (Trumbull et al., 2009; Mathez et al., 1995).

The very similar carbon isotope features of the ophiolite-hosted dia-
mond and moissanite of the Tibet and Urals are consistent with a similar
source. Diamond and carbide have not been described as coexisting within
investigated samples from Luobusa and Ray-Iz; otherwise the strong stable
isotope fractionation between these two phases (i.e., ~8%o at ~10,000 °C;
see Horita and Polyakov, 2015) would predict carbide to be significantly
depleted in '*C compared with diamond. The origins of carbide are still in
debate, but their occurrence undoubtedly testifies that a range of reducing
conditions existed, to provide conditions where metal (Fe, Fe-Ni, Ni-Mn-
Co), carbides (SiC and Fe-C), and diamond could be formed.

The origin of such *C-depleted isotope compositions in deep-seated
material is a long-standing question (for reviews, see Shirey et al., 2013;
Cartigny et al., 2014), and one possibility is that they represent the isotope
signature of subducted organic matter. The implicit consequence is that

the subducted material must be free of any carbonate. Having 3'*C ~0%e,
increasing metamorphism would lead to isotope equilibration between
subducted organic matter and carbonate at temperatures ~600 °C (Valley
and O’Neil, 1981). No large compartments have been identified within
the oceanic crust and lithosphere holding such negative bulk 8"*C values.
Metaserpentines in particular are dominated by high §'*C values (e.g.,
from —8%o to —3%o; Vitale et al., 2017). The only compartment having such
low 8"3C values is the altered oceanic crust, with "3C values from —14.9%0
to —26.6%o (Shilobreeva et al., 2011). Carbon isotope compositions were
interpreted as a mixing between organic compounds with 8'*C ~—27%o,
and carbonates with 8'3C ~0%o. The key question of virtually lacking
carbonates in the studied altered oceanic crust and lithosphere remains.

ORIGIN OF OPHIOLITE-HOSTED DIAMONDS BASED ON
NITROGEN AND CARBON ISOTOPE DATA

Significantly different activation energies have been calculated for
aggregation in the octahedral and the cube sectors of high pressure—high
temperature synthetic diamonds (Taylor et al., 1996). The higher activa-
tion energy of the cube sector (6eV, as opposed to 4.4eV in the octahedral
sectors) has been attributed to vacancy-assisted nitrogen migration in the
octahedral sectors. Assuming constant temperature, a diamond with N
content higher than 100 ppm would aggregate its nitrogen into type IaA
at a temperature of 700 °C within 1 m.y. (for similar calculations, see
Finnie et al., 1994; De Corte et al., 1998; Cartigny, 2010; Howell et al.,
2015; Smith et al., 2016). A time transfer of ophiolite-hosted diamonds
has been calculated for a diamond having a nitrogen concentration of 500
ppm using an assumed formation temperature and depth, and a constant
ascent rate (5 m.y.). We found that depths of 117 km with correspond-
ing temperature of 950 °C for the cubic activation energy of Taylor et
al. (1996) would result in a 10% IaA aggregation (values of 200 km and
1100 °C were found if the octahedral activation energy of Taylor et al.,
1996, was used). This means that the estimated residence times within 1
m.y. represent maximums. From Figure 9, if we assume 4.4 eV, ophiol-
itic diamonds basically formed at shallow depths (117 km), just before
leaving the diamond stability field.

Fluid inclusions (water, carbonate, hydrocarbon, silicate, and solid
CO,) and defects have been detected by FTIR spectra (Moe et al., 2017)
and suggest that diamonds grew from an oxidized fluid introduced into
the much reduced environments, i.e., as for previously studied metamor-
phic diamonds (e.g., De Corte et al., 1998). This raises the question of the
carbon budget in these rocks, i.e., whether the carbon isotope composition
of diamond reflects that of the fluid or a mixture between the subducted
rocks and the percolating fluid. The origin of the fluid, i.e., whether it
represent small-scale or large-scale mobility is also unknown. Providing
the first 8°C isotope data of the UHP microdiamonds (£-8.7%o), these
metamorphic diamonds clearly show that their protolith was derived from
recycled crustal material, such as extremely light and organic carbon and/
or marine carbonates (Schertl and Sobolev, 2013).

Infrared absorption measurements show that diamond crystals synthe-
sized in the metal-carbon melt contain 100-200 atomic ppm of nitrogen
impurity in the form of single substitutional atoms (C centers) (Palyanov et
al., 2013). Another possibility could be that the diamonds were produced
under conditions of thermodynamic instability (Deryagin and Fedosayev,
1989). Diamond nanoparticles can form from a C-H-O fluid system under
low pressure-temperature conditions, i.e., within the graphite stability
field (Simakov et al., 2008; Simakov, 2010). Although such a model could
account for the low aggregation state of nitrogen, our samples can be
as large as several hundred microns, much larger than diamonds grown
metastably, which we think makes this suggestion unlikely.
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age formation depth (we assume activation energy of 4.4eV).
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CONCLUSIONS

Many similarities exist between ophiolitic and synthesized diamonds,
including color, N aggregation state, and '*C isotope compositions, but
there are differences in the details, including their size, inclusions, and
trace element concentrations; the independent confirmation from different
research groups makes more reliable the conclusion that these ophiolitic
diamonds are actually natural.

Rejecting anthropogenic contamination, ophiolitic diamonds are actu-
ally closer to previously studied metamorphic diamonds and very unlike
diamonds formed in other contexts (e.g., impact craters, lithospheric
mantle). However, ophiolitic diamonds have unique features suggesting
that they may represent a new category of diamond formation on Earth.
This is because ophiolitic diamonds are characterized by low N contents
compared with previously studied metamorphic diamonds formed in
metasedimentary rocks, and distinctive inclusions, among them Mn-rich
minerals. All these features point to diamond formation in subducted
ophiolites, i.e., within rocks from the oceanic mantle rocks.

The low aggregation state of ophiolitic diamonds (nearly pure Ib)
implies an extremely short residence time (million year time scale) at
high temperatures (<900 °C). To get a clear understanding of ophiolitic
diamond formation, numerous questions remain, including the nature
and formation of fluids leading to diamond formation, that require cross-
disciplinary research.
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