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Podiform chromitites and their host peridotites in the Kangjinla mining district of the Luobusa ophiolite contain
similar collections of ultrahigh pressure (UHP), highly reduced and crustal-type minerals. Abundant diamonds
have been recovered from both lithologies and these are associatedwith awide range of basemetal alloys, native
elements, carbides, oxides, silicates and others. The presence of UHP and highly reduced minerals in these rocks
indicates that at least some of the chromitemust have crystallized deep within themantle aswell as in a shallow
mantle wedge in a suprasubduction zone (SSZ) environment. The unusual minerals were encapsulated in chro-
mite grains and carried upward by mantle convection. The peridotite of Luobusa was trapped in the mantle
wedge where it was modified by SSZ fluids and melts. Partial melting and mobilization of the chromite grains
allowed them to be carried to shallow levels in melt channels and eventually deposited as chromitites near the
crust mantle boundary. The unusual minerals were preserved during this process because they were encapsulat-
ed in chromite grains, either during crystallization or by later fluid fluxing.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Diamonds and other ultrahigh pressure minerals were first reported
in chromitites of the Luobusa ophiolite in 1981 (IGCAGS, 1981), but this
discovery attracted little attention until a more detailed investigation
was undertaken in 1998 (Bai et al., 2000; Yang et al., 2003; Robinson
et al., 2004; Yang et al., 2007a). These initial reports weremet with con-
siderable skepticism because the diamonds were recovered from heavy
mineral separates and it was impossible to rule out natural or anthropo-
genic contamination of the samples (Taylor et al., 1995). However, in re-
cent years diamonds, as well as other UHP and related minerals, have
been found in-situ, providing incontrovertible evidence of their natural
origin (Yang et al., 2014). The mineral inclusions (Xu et al., 2011a) and
trace element patterns of the diamonds (Griffin et al., 2013) clearly dis-
tinguish them from synthetic grains and most cratonic diamonds.

Podiform chromitites occur in the upper mantle sections of
ophiolites, near the crust–mantle boundary, and are generally regarded
as having formed at very low pressures. However, the discovery of UHP
and highly reduced minerals such as diamond and coesite in oceanic
chromitites (Bai et al., 1993; Yang et al., 2007a) raises important ques-
tions about the origin of ophiolites and their podiform chromitites, as
well as the nature of deep mantle processes. Most of the previous work
on the Luobusa ophiolite was focused on the podiform chromitites and
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their unusual minerals (Hu, 1999; Bai et al., 2000; Yang et al., 2003;
Robinson et al., 2004; Bai et al., 2006a,b; Yang et al., 2007a; Xu et al.,
2008; Yang et al., 2008a,b; Fang et al., 2009; Shi et al., 2009; Xu et al.,
2009; Yamamoto et al., 2009; Li et al., 2010; Xu et al., 2013). Understand-
ing the origin of the podiform chromitite is the key in interpreting the
UHP and highly reduced minerals that they contain. In order to under-
stand the physical and chemical conditions under which podiform
chromitites form, it is necessary to determine their textures and miner-
alogies, as well as their relationship to the host peridotites. In this
study we compared the mineralogy of podiform chromitite 11 in the
Kangjinla district of the Luobusa ophiolite in order to determinewhether
the deep mantle minerals occur only on the chromitites or in both
chromitites and peridotites. Same chromite deposit to check whether
the similar deepmantleminerals can be always. Thuswe report the char-
acter and mineralogy of the chromitite and peridotite orebody 11 and
present a model for their formation.

2. Geological setting

The Luobusa ophiolite lies in the eastern part of the Yarlung Zangbo
suture zone, which marks the tectonic boundary between Asia and
India. It is located about 200 km ESE of Lhasa where it forms a body
−43 km long in an east–west direction and −4 km wide, with an ex-
posed area of −70 km2. To the south, the ophiolite is separated from
Triassic flysch by a steep reverse fault, whereas to the north it is thrust
over the Gangdese batholith and clastic sedimentary rocks of the Tertia-
ry Luobusa Formation. The ophiolite is a tectonic slab composed chiefly
V. All rights reserved.
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of mantle peridotites and dunites with minor crustal cumulates and
mafic dikes (Fig. 1). It hosts the largest chromite deposit in China, con-
taining nearly 5 million tons of ore (Zhang et al., 1996). The chromitite
orebodies are grouped into 3 clusters, designated fromwest to east, the
Luobusa, Xiangkashan and Kangjinla districts (Fig. 1). Nearly all of the
chromitites are hosted in mantle peridotites, which is typical of Alpine
or podiform chromitite deposits (Wang et al., 1983, 1987), however, a
few small bodies also occur in the transition-zone dunites. Many of
the chromitites have thin envelopes of dunite. The contacts between
the chromitites and dunites are typically sharp with no evidence of
faulting or shearing (Wang et al., 1983, 1987), however, the dunite
grades outward into the host harzburgite with increasing pyroxene
(Zhou et al., 1996, 2005, 2014).

The Kangjinla mining district, which lies at an elevation of
−5300 m near the eastern end of the ophiolite (Fig. 1), is about
6.5 km long and 2.3 km wide. The ore deposits are mostly vein-
like or lenticular bodies of chromitite with dunite envelopes.
Orebody Cr-11, the largest deposit beingmined in the district, strikes
about N75°W and dips 50–72°SW. It ranges from 0.3 to 10.5 m thick,
averaging about 3.3 m.

The textures in orebodyCr-11 are highly variable, ranging fromcom-
pact andmassive to disseminated, layered, nodular, anti-nodular, irreg-
ular and deformed. Massive ore typically grades into disseminated ore
(Fig. 2a), but maintains sharp contacts with the host rocks (Fig. 2b).
The disseminated ores are here divided into three types, sparsely, mod-
erately and densely disseminated, depending on the abundance of chro-
mite. Densely disseminated chromitites are commonly coarse-grained,
subhedral to anhedral, and typically grade into moderately disseminat-
ed ore on the one hand and massive ore on the other (Fig. 2c). Nodular
ores are sparse and occur mainly along contacts between disseminated
chromitites and mantle peridotites. Individual nodules are spherical to
ovoid, range in size from 0.3 to 2.5 cm and are sometimes weakly
aligned. Narrow veins of compact ore are also locally present (Fig. 2d).
In the Kangjinla district, the chromitite occurs with veins, lenses, and
pods associated with blocks of dunite; and its irregular contact with
Fig. 1. Simplified geological map o
Revised after Zhou et al. (1996).
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harzburgite (Fig. 2e). Orebody Cr-11 is mainly for open-pit mining
(Fig. 2f).

Most of the chromitites are quite fresh and the chromite compositions
are remarkably uniform. A total of 136 chromite grains were analyzed in
20 samples and they consist of 54.6–63.1wt.% Cr2O3, 8.9–12.2wt. % Al2O3

and 11.7–15.6 wt. % MgO, and are therefore classified as
magnesiochromite. All of the chromite grains within the chromitites
have very high Cr#s (75.6–82.7) and moderately high Mg#s (56.4–
74.1) (Xu et al., 2011b). These values are consistent with those from
orebody 31 of the Luobusa district (Zhou et al., 1996) and with those
from the Dongqiao ophiolite in central Tibet. Note that we use the term
chromite to describe individual grains and chromitite to designate
orebodies formed by accumulations of chromite grains.

Orebody Cr-11 is hosted mainly in clinopyroxene-bearing
harzburgite with minor dunite and lherzolite. All of the peridotites are
quite fresh with generally less than 5% serpentinization and their origi-
nal textures and structures are well preserved. The harzburgite is
medium- to coarse-grained, greenish-gray in color, and has a thin,
buff-colored weathering rind. Large orthopyroxene crystals are promi-
nent on the weathered surface and show a crude foliation, making it
easy to distinguish these rocks from dunite. The harzburgite consists
chiefly of forsteritic olivine (75–90 modal%), Mg-rich orthopyroxene
(7–25%), minor clinopyroxene (2–3%) and accessory minerals such as
magnetite and residual chromite (1–2%). Sparse secondaryminerals in-
clude serpentine, brucite, magnesite and chlorite.

Small amounts of lherzolite are also locally present, being character-
ized by 5–10 modal% clinopyroxene. The clinopyroxene grains are small
(b1mm) and interstitial to the granular olivine. Orthopyroxene in these
rocks typically forms short, prismatic grains with many clinopyroxene
exsolution lamellae and undulatory extinction.

Dunite occurs chiefly as envelopes around the orebodies or as
patches and zones interspersed with the chromite ore. Some small
lenses of dunite also occur locally in the peridotites. These dunite lenses
are distinct from the thick, transition-zone dunite at the base of the
ophiolite, and show very complicated relationships with the chromitite
f the Luobusa ophiolite, Tibet.
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Fig. 2. Photographs showing the textures and structures of chromitite from orebody Cr-11 in the Kangjinla mining district of the Luobusa ophiolite. (a) Chromitite with massive ore and
disseminated ore; (b) a sharp contact between massive chromitite and the host mantle peridotite; (c) chromitite with moderately to dense disseminated and massive ore; (d) contact
between layered chromitite and dunite; (e) the view of the orebody Cr-11 and its irregular contact with harzburgite; (f) orebody Cr-11 by open-pit.

3X. Xu et al. / Gondwana Research xxx (2014) xxx–xxx
ores, commonly being broken into blocks that both contain abundant
chromite nodules and are surrounded by disseminated ore (Robinson
et al., 2004). The blocks have different sizes and shapes and generally
display sharp contacts with the ore. In thin section, the dunite
displays granular textures, sometimeswith evidence of plastic defor-
mation and recrystallization. Typical samples consist of N95 modal%
olivine, 1–2% magnesiochromite and traces of orthopyroxene and
clinopyroxene.
Please cite this article as: Xu, X., et al., Origin of ultrahigh pressure and hig
peridotites of the Luobusa ..., Gondwana Research (2014), http://dx.doi.or
Most of rock-forming minerals in the peridotites and dunites show
at least two stages of formation; an early stage of relatively large, com-
monly deformed, crystals and a second stage of smaller, undeformed
but recrystallized grains. The compositions of the minerals show some
variations between the stages. First-stage olivine has relatively low Fo
values, orthopyroxene and clinopyroxene have high Al2O3 and Cr2O3

contents, and magnesiochromite has low Cr#s, whereas second-stage
minerals show the opposite trend. Olivine in the chromitites is very
hly reduced minerals in podiform chromitites and associated mantle
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Mg-rich (Fo96–97), significantly higher than that in the host peridotites
(Fo90–92) and dunites (Fo92–94), presumably reflecting subsolidus re-
equilibration between chromite and olivine (Xu et al., 2011b).

Residual magnesiochromite grains in the mantle peridotites have
Cr#s ranging from 29.8 to 76.9 and Mg#s ranging from 39.4 to 70.
They plot in the abyssal and island-arc fields in the Cr# vs.Mg#diagram
(Dick and Bullen, 1984), probably reflecting different degrees of partial
melting and melt–rock reaction rather than formation in different tec-
tonic environments (Xu et al., 2011b).

3. Sampling and processing

To test whether the Kangjinla chromitites and their host peridotites
contain similar UHP other minerals we collected two samples; one con-
sists of 1116 kg of massive chromitite from orebody Cr-11, the other is a
384-kg sample of peridotite collected immediately adjacent to the
chromitite. Mineral separation was carried out at the Institute of Multi-
purpose Utilization of Mineral Resources, Chinese Academy of Geologi-
cal Sciences, Zhengzhou. The samples were first passed through a jaw
crusher and then ground in stages to three sizes: b1 mm to N0.5 mm,
b0.5 mm to N0.3 mm, and b0.3 mm. Minerals were separated from
each size fraction by a combination of gravity, magnetic and electrostat-
ic techniques in order to obtain grains of different sizes and densities.
Before processing, all worksites and equipment were carefully cleaned
to avoid any contamination. Details of the mineral separation proce-
dures are given in Xu et al. (2009).

Concentrates from each size fractionwere handpicked under a binoc-
ular microscope, and the selected minerals were mounted in epoxy and
ground to approximately half their thickness. The grains were polished
using grinding paste and then cleaned in an ultrasonic bath. The proce-
dure is similar to that for preparation of zircon dating samples. The se-
lected minerals were analyzed with a S-3500N scanning electron
microscope (SEM)with an energy-dispersive spectrometer at the Beijing
General Research Institute of Mining and Metallurgy, and a JEOL JSM-
5610LV SEM with an energy-dispersive spectrometer, a RENISHAW-
1000 Laser Raman, and an X-ray diffraction instrument in the State Key
Laboratory of Continental Tectonic and Dynamics, Chinese Academy of
Geological Sciences, Beijing. The SEM was operated at a voltage of
20 kV and a beamcurrent of 15 nA, and cobaltmetalwas used for calibra-
tion. The X-ray diffraction analyses were carried out at a voltage of 30 kV
and a beam current of 20 mA. X-ray photographs were exposed for 6 h
and interpreted using the reference data in the X-ray Mineral Powder
Identification Manual edited by the Institute of Geochemistry, Chinese
Academy of Sciences. A number of minerals were also analyzed using a
JXA-8100 electronmicroprobewith an Inca energy-dispersive spectrom-
eter in the State Key Laboratory of Nuclear Resources and Environment,
East China Institute of Technology. This electronmicroprobewas operat-
ed at a voltage of 15 kV, with a beam current of 1.0 × 10−8 A, and a spot
diameter of 1 μm.

4. Diamonds and other exotic minerals in the mantle peridotite

The mantle peridotite at Kangjinla consists of 75–90 modal% olivine,
7–25% orthopyroxene, b3% clinopyroxene and 1–2% magnesiochromite.
Table 1
Mineral assemblages recovered from the chromitites and host peridotites in the Kangjinla oreb

Chromitite

Wt. of sample 1116 kg
Native elements Diamond, native iron, tantalum
Carbides Moissanite
Alloys Fe–Ni, Fe–Ni–Cr, Mn–Ni, Fe–Cr, Fe–Si, P–Si–Ti, Ti–Si, C
Oxides Wüstite, hematite, magnetite, periclase, chromite, rut

corundum and other complex oxides

Other minerals Sulfides, silicates, tungstates and carbonate minerals

Please cite this article as: Xu, X., et al., Origin of ultrahigh pressure and hig
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In thin section, the olivine occurs as colorless, transparent, generally gran-
ular aggregates with an average composition of Fo94. Orthopyroxene
forms large tabular crystals with an average composition of En90 and
Cr2O3 contents up to 0.72%. Both CaO and Al2O3 contents are low, as ex-
pected for orthopyroxene in mantle peridotite. The clinopyroxene is all
diopside, which occurs as both small, interstitial grains and as exsolution
lamellae in the orthopyroxene.

Numerous exotic mineral species were recovered from the mantle
peridotite, including native elements, carbides, alloys, oxides, sulfides,
silicates, carbonates and others (Table 1).

4.1. Native elements

Native elements recovered from the peridotite include diamond and
native iron. Diamonds are particularly abundant;more than 1000 grains
of diamond have been recovered thus far from the 384-kg sample. The
diamonds are all pale yellow to colorless, euhedral to subhedral crystals,
200–500 μm across, with octahedral, cuboctahedral, and dodecahedral
morphologies (Fig. 3a, b). Some grains are single crystals, whereas
others are polycrystalline (Fig. 3c) or skeletal (Fig. 3d). Dozens of ana-
lyzed grains yielded characteristic Raman patterns with a shift at
1332.6 cm−1 (Fig. 3e). An examination of their energy spectra indicates
that the diamonds are composed of pure carbon.

Native iron occurs as small, gray spheres, generally 150–500 μm in
diameter. Single crystal X-ray diffraction data for one particle (Fig. 4a)
are listed in Table 2. The native iron is α-Fe.

Wüstite (FeO) commonly rims the spheres of native iron or occurs as
inclusionswithin them (Fig. 4b, c). These features are similar to those of
native iron and wüstite in the Luobusa chromitite (Bai et al., 2006a; Xu,
2009). The chemical compositions of native iron and wüstite are quite
simple, although some wüstite grains contain a small amount of Ti
(Table 3, Ky-6-2-8-1-3). The boundaries between the native iron and
wüstite are very sharp, indicating that they did not formby replacement
or diffusion.

4.2. Carbides

Carbides recovered from the peridotite sample are mainly
moissanite, which is similar to that recovered from chromitite of
orebody 31 (Robinson et al., 2004; Trumbull et al., 2009).Moissanite oc-
curs as subhedral, hexagonal crystals (Fig. 5a) or rounded grains
(Fig. 5b), typically 0.1–1.0 mm in diameter. It varies from colorless to
light green, bluish-green to deep blue. All analyzed grains have typical
Raman patterns with shifts at 790, 972, and 768 cm−1 (Fig. 5c). The
composition includes minor N, as shown in Table 3 (Ky-7-3-19.1).

4.3. Alloys and oxides

Most alloys recovered from the peridotite consist of Fe–Ni, Ni–Mn–
Co, and Fe–Cr–Ni, and these are both less varied and less abundant
than those in the chromitite. Fe–Ni alloys are rare in the peridotite
and may be associated with serpentine (Fig. 6). The alloy associated
with serpentine has a formula of Fe2.8Ni7.2 (Table 3, Ky-6-5-5.1). The
composition of the serpentine is given in Table 4 (Ky-6-5-5.2).
ody Cr-11, Tibet.

Mantle peridotite

384 kg
Diamond, native iron
Moissanite

o–Mn–Ni Fe–Ni, Ni–Mn–Co, Fe–Cr–Ni
ile, ilmenite, Wüstite, hematite, magnetite, periclase, chromite, r

utile, ilmenite, cassiterite, bismuth oxide, quartz
and other complex oxides
Sulfides, silicates, tungstates and carbonate minerals

hly reduced minerals in podiform chromitites and associated mantle
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Fig. 3. Photographs showing diamonds recovered from the Kangjinla peridotite hosting orebody Cr-11. (a)Microphotograph showing abundant yellow diamonds; (b) SE images showing
octahedral diamond; (c) SE image showing diamondswith polycrystalline; (d) SE image showing the skeletal structure of diamond; (e) Raman spectrogram showing characteristic shift at
1332.6 cm−1.
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Numerous oxides were recovered from the peridotite (Table 1).
Most are Fe, Ti or Cr oxides but cassiterite, bismuth oxide, and other
complex oxides are also present.

Wüstite was described above in connectionwith native Fe and is not
discussed here.
Please cite this article as: Xu, X., et al., Origin of ultrahigh pressure and hig
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Magnetite occurs as black spheres or ovoids. Magnesiochromite is
common in the peridotite sample but rarely exceeds 2 modal%. It
forms irregular black grains, generally 1–2 mm in diameter, with an av-
erage Cr# of 79.4 and Mg# of 71.4. The Cr# of these grains is very close
to that of magnesiochromite in the adjacent chromitite and much
hly reduced minerals in podiform chromitites and associated mantle
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Fig. 4. Photographs showing the characteristics of native iron andwüstite in the Kangjinla
peridotite. (a) Electron image showing sphere of native iron; (b) SE image showing sphere
ofwüstite inclusion (darker gray) in native Fe (light gray); (c) enlarged segment of (a), SE
image showing inclusions of FeTiO and FeO in native iron.

Table 2
Representative X-ray diffraction data for native iron in the Kangjinla peridotite.

D (Å) I D (Å) I

(2.23) 4 (1.292) 2
2.024 10 1.170 8
(1.580) 1 1.013 6
1.433 6

Note: the reference data are from the X-ray Mineral Powder Identification Manual edited
by the Institute of Geochemistry, Chinese Academy of Sciences (card number 13).
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higher than residual magnesiochromite elsewhere in the peridotites.
This implies that these grains have been modified by melts from
which the podiform chromitite formed. These grains are commonly as-
sociatedwith olivine (Table 4, Ky-6-5-1.1-1.2), whichhas a composition
of Fo97.6 and contains up to 0.86 wt.% NiO.

Rutile occurs as irregular to columnar, red, transparent to translu-
cent grains, commonly 200–300 μmbut up to 550 μm long. It also occurs
as small (10 μm) inclusions in pyrite. Most grains contain 1.5–2 wt.% Fe
(Table 4, Ky-7-6-13.2).
Please cite this article as: Xu, X., et al., Origin of ultrahigh pressure and hig
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4.4. Other minerals

In addition to the minerals mentioned above, small amounts of
almandine garnet, andalusite, zircon, feldspar, chlorite and serpentine
together with olivine, clinopyroxene, and orthopyroxene were also re-
covered. The chlorite and serpentine are clearly alteration minerals,
whereas the olivine, clinopyroxene and orthopyroxene are the primary
minerals of the peridotite.

Of particular interest is the andalusite, which forms light yellow,
transparent, irregular to columnar grains, 600 μm long and 200 μm
wide. Microprobe data indicate that the andalusite is nearly pure
Al2O3 and SiO2 with a small amount of FeO (Table 4, Ky-7-2-5.1).

5. Diamond and other exotic minerals in the chromitite

More than 40mineral species were recovered from the chromitite of
orebody Cr-11 (Table 1). The most common and important include na-
tive elements (diamond, Fe, Ta), a wide range of base metal alloys, car-
bides (moissanite), numerous Fe, Mg, Ti and Al oxides, and sulfides,
silicates, tungstates and carbonates.

5.1. Native elements

Native elements recovered from orebody Cr-11 are mainly diamond,
native iron and native tantalum, a much simpler collection than that re-
covered from orebody Cr-31 (Bai et al., 2000; Robinson et al., 2004).
More than 1000 diamond grains were recovered from the 1116-kg sam-
ple fromKangjinla. These are generally pale yellow to colorless, euhedral
crystals, 200–500 μm across, with octahedral (Fig. 7a, b), cuboctahedral,
and dodecahedral forms. Some grains are polycrystalline (Fig. 7c),
whereas others show zircon attached to the surface of diamond
(Fig. 7d).More than 20 analyzed grains yielded characteristic Ramanpat-
terns with a shift at 1332.6 cm−1. Inclusions are rare in these diamonds
and consist mostly of alloys such as Co–Mn–Ni, Cr–Fe, and Fe–Si and na-
tive elements such as Fe and Ta (Xu et al., 2008, 2009).

More than 100 grains of native iron were recovered from orebody
Cr-11, and they occur as small spheres, generally 150–500 μm in diam-
eter. Wüstite forms rims on some of the spheres (Fig. 8) and can also
occur as very small, spherical inclusions in the native iron. The native
iron and wüstite generally have simple compositions, but some grains
include very small quantities of Mn, Ti and Si.

5.2. Alloys

Alloys recovered from the chromitite are Fe–Ni, Ti–N, Fe–Ni–Cr,Mn–
Ni, Fe–Cr, Fe–Si, Ti–Si–P, Ti–Si, Ti–C, Ti–B–N–C, Si–Ti–Ni, and Co–Mn–Ni.
Surprisingly, most of these occur as inclusions in corundum, except for
the Fe–Ni alloys.

The Fe–Ni alloys are spherical grains or elongate rods, gray-black in
color and about 1.0 mm across. They have a formula of Fe2.6Ni7.4 (Xu
et al., 2009) and their identification is confirmed by single crystal X-ray
diffraction data (Table 5). Inclusions such as pentlandite, periclase and
magnesium silicate are common in these grains, and some of the alloys
occur as inclusions within magnesiochromite grains (Xu et al., 2009).
These alloys are sometimes accompanied by small (−20 μm long),
droplet-shaped inclusions of Ni–Fe sulfides (Fig. 9a; Table 3). The host
hly reduced minerals in podiform chromitites and associated mantle
g/10.1016/j.gr.2014.05.010
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Table 3
Composition of the special minerals in the Kangjinla peridotite and chromitite.

Sample no. Composition (wt.%) Formula

Fe O Ti Si N C Ni As Co Te Pb Cu Se S Mo Total

Ky-6-2-8-1 100 100 Fe
Ky-6-2-8-2 75.7 22.73 1.57 100 (Fe0.95Ti0.02)O
Ky-6-2-8-3 77.73 22.27 100 FeO
Ky-7-3-19.1 0.02 69.78 0.4 28.52 0.02 98.74 N0.1C4.9Si5
Ky-6-5-5.1 26.62 70.89 0.05 0.23 0.11 0.04 0.27 98.21 Fe2.8Ni7.2
KCr-9-3-8.3 2.90 69.45 0.17 – 0.08 – 25.77 0.40 98.77 (Fe0.1Ni2.9)3S2
KCr-9-3-8.4 32.65 33.41 0.28 0.09 0.09 0.06 32.76 0.37 99.70 (Ni4.5Fe4.5)9S8

Note: “–” = below detection limit. KCr-9-3-8.3 is a heazlewoodite and KCr-9-3-8.4 is a pentlandite.
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magnesiochromite grains are rich in both Cr2O3 (59.9 wt.%) and MgO
(14.9 wt.%), yielding a Cr # number of 78.2, and a Mg# number of
71.16 (Table 4, KCr-9-3-8.1).

5.3. Other minerals

A fewmoissanite grainswere recovered from the chromitite sample.
They form flat, hexagonal crystals, generally 0.1–1.0 mm in diameter,
that range from colorless, to light green and bluish-green to deep blue.
Analyzed grains all have typical Raman patterns with shifts at 790,
968 and 767 cm−1 (Xu et al., 2009).

Oxides recovered from the podiform chromitite are mainly wüstite,
hematite,magnetite, periclase, chromite, rutile, ilmenite and corundum.
The wüstite was described above and is not discussed further here.
Hematite generally forms perfect iron gray spheres (Fig. 9b). Periclase
occurs as small inclusions in Fe–Ni alloys (Xu et al., 2009). Rutile is rel-
atively common in the chromitite, where it forms small, reddish, irreg-
ular prisms, mostly 200–300 μm long. One grain has an ovoid inclusion
of zircon about 100 μmacross and a small inclusion of ilmenite (Xu et al.,
2009).

Magnesiochromite grains are mostly 1–2 mm across and black in
color. Numerous, relatively large (N1 mm), irregular, pinkish grains of
corundum were also recovered. They consist of almost pure Al2O3, but
contain many inclusions, such as rutile and a variety of alloys, including
Ti–N, Ti–Si, Ti–C, Ti–Si–P, Ti–B–N–C, and Si–Ti–Ni and some REE-
bearing silicates (Xu et al., 2013). Small (up to 25 μm), highly reflective
inclusions of unknown materials are also present in some grains. They
consist of Ti, Zr, Al and O and are intergrown with a P–N–Si–Ti alloy
(Table 4) (KCr-10-5-1.1, KCr-10-5-1.3, KCr-10-5-6.1, KCr-10-5-6.4,
KCr-10-5-6.5, KCr-13-1-3.2). This mineral has not been reported before
in the Luobusa chromitites and further research will be performed to
determine its structure and composition. Some inclusions of TiN also
occur in the corundum (Xu et al., 2013).

Other minerals include garnet, andalusite, zircon, sphene, and feld-
spar. The garnet forms salmon pink grains composed of 50% almandine,
27% grossular, 22% pyrope, and 1% spessartite.

6. Fourier transform infrared (FTIR) spectroscopy of diamonds from
the mantle peridotite and chromitite

Natural diamonds usually contain nitrogen froma few to several thou-
sand‰, which occurs asA, B, C, andDdefects (or centers); the presence of
nitrogen is recorded by elevated absorption within 900–1400 cm−1

wavelength numbers range at IR spectra (Dobrzhinetskaya, 2012). The
process involves the incorporation of the singly substituted N atoms
(e.g., C-defects) in Type Ib diamonds (Chrenko et al., 1977). With time,
single N atomsmerge to pairs called A centers (Type IaA diamonds). Fur-
ther diffusion and aggregation of the nitrogen follow formation of four N
atoms plus a vacancy (Type IaB diamonds). In kimberlites and lamproites,
most diamonds (N95%) are xenocrysts that formed earlier in rocks equil-
ibrated in Earth's mantle (Richardson et al., 1984). Data show that 99.9%
are of the IaA–IaB type (Cartigny et al., 1997, 2003), whereas diamonds
from ultrahigh pressure metamorphic (UHPM) terranes belong to
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mixed Type Ib–IaA (e.g. Taylor et al., 1990; Finnie et al., 1994; Dobretsov
et al., 1995; Cartigny et al., 2001; Dobrzhinetskaya et al., 2006).

We performed infrared measurements of the ophiolite diamonds at
the Laboratoire de Géochimie des Isotopes Stables, Institut de Physique
du Globe de Paris. Mid-infrared absorption spectra were first obtained
using a Digilab UMA300 IR microscope attached to a Digilab FTS-20/80
FTIR spectrometer; subsequent measurements were made using a
Nicplan IR microscope attached to a Nicolet 6700 Magna-IR FTIR spec-
trometer. Infrared spectrawere deconvoluted into their different compo-
nents with a precision of ±2.5% using coefficients of 16.5 at. ppm cm−1

for A (Boyd et al., 1994) and of 79.4 at. ppm cm−1 for B (Boyd et al.,
1995a). Nitrogen concentrations were selected after the FTIR measure-
ments. They were analyzed using the procedure described by Boyd
et al. (1995b).

We selected clean, large, transparent and flat diamonds from the
mantle peridotite and chromitite in the Tibet.We analyzed 21diamonds
from the chromitite and 18 diamonds from themantle peridotite; some
spectra are shown in Fig. 10. All the IR spectra are virtually identical, and
are dominated by strong absorption at 1130 cm−1 (Fig. 10). The peak at
1130 cm−1 is indicative of a significant presence of singly substituted
nitrogen (Type Ib). These diamonds therefore are classified as transi-
tional Type Ib. The nitrogen contents in the Kangjinla chromitite range
from 152 to 428 ppm, whereas in the mantle peridotite is 151–
589 ppm. Previous analyses of two diamonds from the Luobusa
chromitite are IaA–IaB (Bai et al., 2001), whereas three diamonds from
the Luobusa mantle peridotite are IaA (Rong et al., 2013). According to
our data, there is a significant difference in IR spectra of the ophiolite-
hosted diamonds and those from kimberlites and UHPM terranes. Like-
wise these diamonds are different in their carbon isotopes (δ13C=−18
to−28‰), trace elements and mineral inclusions frommost diamonds
occurring in kimberlites, UHP metamorphic belts and impact craters
(Griffiin et al., 2013).

7. Discussion

Our study shows that UHP and highly reduced minerals are wide-
spread in the ophiolite and, more importantly, that they occur in both
the chromitites and peridotites. A comparison of mineral concentrates
from the chromitite and peridotite shows that they have very similar
mineral collections (Table 6), varying mostly in relative proportions of
individual phases.

Because we investigatedmineral separates and because there are no
obvious equilibrium assemblages in these rocks, it is impossible to apply
typical geothermometry and geobarometry to determine temperatures
and pressures of mineral formation. Thus, we have to rely on limited in-
formation regarding individual minerals.

The only definite UHP mineral recovered in this study is diamond.
Moissanite and some of the other highly reduced phases may have
also formed at depth but their crystallization is controlled largely by
the ambient fO2, rather than pressure. The diamonds in the chromitites
and peridotites presumably formed at depths N 150 km, the lower sta-
bility limit for diamond. Although the ophiolite-hosted diamonds are
associated with many highly reduced phases, they may not have
hly reduced minerals in podiform chromitites and associated mantle
g/10.1016/j.gr.2014.05.010
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Fig. 5. Photographs showing the characteristics of moissanite in the Kangjinla peridotite.
(a) SE image showing hexagonal moissanite; (b) SE image showing rounded moissanite;
(c) Raman spectrum showing characteristic shifts at 790, 972, and 768 cm−1.

Fig. 6. Photographs showing the characteristics of Fe–Ni alloy in the Kangjinla peridotite.
(a) SE image showing Fe–Ni alloy intergrownwith serpentine; (b) energy spectrum show-
ing Fe–Ni alloy in (a).
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required especially reducing conditions to form; in subcontinentalmantle
diamond is stable at P N 4.5 GPa and fO2 equivalent to 1–5 log units below
the fayalite–magnetite–quartz (FMQ) buffer. There is abundant evidence
that both chromitites and peridotites are formed in suprasubduction
zones although they may have gone through several stages before their
final emplacement (e.g. MacLeod et al., 2013; Rollinson and Adetunji,
2013a,b), so the presence of diamond in these rocks implies that the for-
mation of ophiolites and their chromitites involves many steps. We sug-
gest that the chromite grains crystallizing at above the transition zone
encapsulated UHP and highly reduced minerals that were presumably
Please cite this article as: Xu, X., et al., Origin of ultrahigh pressure and hig
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present at these depths. These chromite grains were carried upward by
rising peridotite and eventually placed in a suprasubduction zone
wedgewhere the ophiolite formed. There is abundant evidence that chro-
mite grains in suprasubduction wedges are modified, redistributed, and
deposited by hydrous melts/fluids (Zhou et al., 1996).
7.1. Comparison of UHP and highly reduced minerals from the Kangjinla
mantle peridotite and Purang mantle peridotite

After the discovery of diamonds and other unusual minerals in peri-
dotites of the Luobusa ophiolite, Tibet it became important to determine
if this was an isolated occurrence or if the sameminerals occur in other
ophiolites of the Yarlung-Zangbo suture zone. Thus, our group selected
another large ultramafic massif at Purang in this belt for a comparative
study. The Purangmafic–ultramafic body lies in thewesternmost part of
the Yarlung-Zangbo suture zone, more than 1000 km from the Luobusa
massif, where it consists chiefly of mantle harzburgite with lesser
amounts of lherzolite, dunite, pyroxenite and gabbro. The mineralogy
and geochemistry of the Purang peridotites suggest that they formed
originally at a mid-ocean ridge (MOR) and were later modified by
suprasubduction zone (SSZ) melts/fluids (Xu et al., 2011b; Xiong et al.,
2013), and thus they are similar to the Luobusa peridotites in their tec-
tonic setting (Xu et al., 2011a).

Yang et al. (2011) reported the discovery of a similar collection of
minerals in mantle peridotites of the Purang ophiolite (Table 6). More
than 40 grains of diamond and someunusualminerals such asmoissanite
were recovered by standard mineral separation techniques from a 657-
kg-sample of harzburgite.
hly reduced minerals in podiform chromitites and associated mantle
g/10.1016/j.gr.2014.05.010
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Table 4
Composition of oxides and silicates in the Kangjinla peridotite and chromitite.

Sample no. Composition (wt.%) Name

Na2O NiO K2O Al2O3 FeO CaO SiO2 MnO P2O5 MgO Cr2O3 TiO2 ZrO2 Total

Ky-6-5-5.2 0.01 0.28 0.01 0.17 1.44 0.01 41.68 0.01 0.05 39.43 0.11 83.2 Serpentine
Ky-6-5-1.1 0.03 0.2 0.02 10.39 14.26 0.18 0.25 0.02 15 59.67 0.12 100.13 Chromite
Ky-6-5-1.2 0.19 0.86 0.18 0.05 2.37 41.78 0.02 0.03 55.04 0.2 0.05 100.77 Olivine
Ky-7-6-13.2 0.02 0.01 0.02 1.85 0.01 0.02 0.02 0.15 97.21 99.31 Rutile
Ky-7-2-5.1 0.01 0.03 62.07 0.26 37.58 0.02 0.05 0.08 100.08 Andalusite
KCr-9-3-8.1 – 0.16 – 11.22 13 0.08 0.29 0.01 15 59.94 0.2 99.65 Magnesiochromite
KCr-10-5-1.1 0.01 – 101.2 – 0.02 0.01 0.01 0.03 0.86 – 102.1 Corundum
KCr-10-5-1.3 0.01 0.01 19.74 0.27 1.59 0.01 1.52 0.07 51 27.5 101.6 (Ti, Zr, Al)O
KCr-10-5-6.1 0 0.02 95.93 0.01 0.23 0.04 0.03 0.02 1.06 0.04 97.38 Corundum
KCr-10-5-6.4 – 0.04 18.08 0.31 1.51 – 1.13 – 52.3 26.4 99.78 (Ti, Zr, Al)O
KCr-10-5-6.5 0.03 – 18.21 0.26 1.39 0.04 1.01 0.01 51.6 28.4 100.9 (Ti, Zr, Al)O
KCr-13-1-3.2 – 0.06 18.18 0.34 1.52 0.02 1.33 0.03 51.6 26.3 99.29 (Ti, Zr, Al)O

Note: “–” = below detection limit.
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SEM images of diamonds (Fig. 11a, b), indicate that they have the
same size (100–200 μm) and morphology as those in Luobusa and,
thus are different from most kimberlite (Field et al., 2008) and UHP
metamorphic diamonds (30–50 μm) (Ogasawara, 2005). More detailed
work has shown that these diamonds have C isotope compositions and
trace compositions as the Luobusa grains (Griffiin et al., 2013; Yang
et al., 2014). Combined with the new IR spectra we propose a new oc-
currence of diamond, called ophiolite-hosted diamond.
Fig. 7. Photographs of diamonds inKangjinla chromitite. (a)Microphotograph showing abundan
showing diamonds with polycrystalline; (d) SE image showing zircon attached to the surface o
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The presence of native Cr, Fe and Zn, together with moissanite
(Table 6), indicates a strongly reducing environment. This discovery
confirms that the Luobusa massif is not unique in the Yarlung-Zangbo
suture. Recent experimental work has demonstrated that ferrous ions
will dissociate into ferric ions + Fe metal under lower mantle condi-
tions (Frost et al., 2004; McCammon, 2005; Rohrbach et al., 2007).
These finding suggest that only the outermost layer of Earth (maybe
as thin as ~250 km (Rohrbach et al., 2007)) is intensively oxidized.
t yellow and colorless diamonds; (b) SE image showing octahedral diamond; (c) SE image
f diamond.

hly reduced minerals in podiform chromitites and associated mantle
g/10.1016/j.gr.2014.05.010
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Fig. 8. Photographs showing the characteristics of native iron andwüstite in the Kangjinla
chromitite. (a) SE image showing that wüstite (darker gray) forms rim on the native Fe
(light gray); (b) SE image showing inclusions of wüstite (darker gray) in native iron
(light gray). Fig. 9. Photographs of chromite with Fe–Ni alloy (a) and hematite (b) in the Kangjinla

chromitite. (a) SE image showing chromite with Fe–Ni alloys, and droplet-shaped inclu-
sions of Ni–Fe sulfides; (b) electron image of hematite showing the perfect spheres.
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Thus, highly reduced elements and minerals are not likely to be pre-
served at the surface unless they were protected during passage
through the oxidized layer. All shallow level processes that have operat-
ed in the ophiolite itself must have taken place under high oxygen fu-
gacity, with the exception of minor serpentinization.

7.2. Comparison of UHP and highly reduced minerals from the Kangjinla
chromitite and Ray-Iz chromitite of Russia

Over 60 mineral species, including diamond, moissanite, native ele-
ments and metal alloys have been separated from −1500 kg of
chromitite collected from two orebodies in the Ray-Iz ophiolite of the
Polar Urals (Yang et al., 2014-in this issue). The Ray-Iz ophiolite consists
mainly of lherzolite–harzburgite with minor dunite. The harzburgite is
regarded as SSZ-type mantle peridotite, formed in a mantle wedge
Table 5
Representative X-ray diffraction data for Fe–Ni alloys in the Kangjinla chromitite.

D (Å) I D (Å) I

(2.23) 3 1.252 8
20.4 10 (1.178) 2
(1.94) 2 (1.127) 1
1.770 5 1.070 10
(1.378) 2 1.024 4

Note: This is a polycrystalline alloy with a diffraction pattern similar to Ni74Fe25. The
reference data are from the X-ray Mineral Powder Identification Manual edited by the In-
stitute of Geochemistry, Chinese Academy of Sciences (card number 15).
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above a subduction zone (Perevozchikov et al., 2005; Shmelev, 2011).
Unusual mineral groups from the Ray-Iz chromitite include: (1) native
elements — Cr, W, Ni, Co, Si, Al and Ta; (2) carbides — SiC and WC;
and (3) alloys — Cr–Fe, Si–Al–Fe, Ni–Cu, Ag–Au, Ag–Sn, Fe–Si, Fe–P,
and Ag–Zn–Sn (Table 6). All of the minerals from the Ray-Iz chromitite
are very similar to those reported from the Kangjinla chromitites, indi-
cating that they are not restricted to one ophiolite or geographic region
suggesting that they may be widespread in the oceanic mantle.

SEM images of diamonds (Fig. 11c, d) indicate that they have the
same size (100–200 μm) and cubo-octahedra faces regardless of
which ophiolite they occur in. Most of the diamonds 100–200 μm in di-
ameter, but some in Tibet can exceed 500 μm. The diamonds are color-
less and transparent, or yellowish-green. Many of the diamonds have
euhedral forms (Figs. 7, 11), whereas others are broken or fractured. It
is not clear whether the fracturing is a primary feature or it resulted
from sample preparation.

7.3. Summary of mineral characteristics in the different ophiolites

Moissanite grains separated from theKangjinlamantle peridotite and
chromitite have similar shapes and colors and both contain traces of N.
Moissanite recovered previously from orebody Cr 31 in Luobusa has an
α-SiC structure (Bai et al., 2000) and the grains from Kangjinla are as-
sumed to be the same. Experimental studies show thatmoissanite trans-
forms into the β-SiC form at about 1500 °C and does not completely
hly reduced minerals in podiform chromitites and associated mantle
g/10.1016/j.gr.2014.05.010
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Fig. 10. Infrared absorption spectra of two microdiamonds from the chromitite (upper)
and mantle peridotite (down) in Tibet.
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transform into the α-SiC form until 2400 °C (Yajima et al., 1988). Thus,
the presence of moissanite implies formation at both high temperature
and high pressure. Some of the grains contain small inclusions of Fe–Si
and native Si, indicating much reduced conditions of formation. The
commonoccurrence of native Si, SiC and FeSi2 in the chromitites requires
fO2 4 to 7 orders of magnitude below the IW buffer (ΔFMQ = −9 to
−12); the Si–SiO2 buffer lies around ΔIW = −8 (Trumbull et al.,
2009; Shiryaev et al., 2011). Moissanite inclusions discovered in dia-
monds of the Rio São Luiz placer deposit are believed to have formed
in the lower mantle (Wilding et al., 1991; Kaminsky, 2012). The high
temperatures and highly reduced conditions needed for the formation
of moissanite (Trumbull et al., 2009) similarly suggest a deep origin for
the Kangjinla grains.

A striking feature of the chromitites and peridotites in Luobusa is the
range and abundance of highly reduced phases, particularly native ele-
ments, metallic alloys and moissanite. Native elements and Fe–Ni alloys
previously discovered in ophiolites have been interpreted either as pri-
mary grains (Melcher et al., 1997; Bai et al., 2000), or as secondary
phases formed during serpentinization (Jamieson, 1905; Dick, 1974).
Bird and Weathers (1975) stressed that Fe–Ni alloys commonly contain
inclusions of native silicon and hence are thought to have formed at high
temperatures and high pressures. Although serpentinization can pro-
duce such grains (Fig. 6) (Dick, 1974), Fe–Ni alloys are commonly asso-
ciated with PGE minerals in many chromitites that show little
serpentinization (e.g. Bai et al., 2000; Ahmed and Arai, 2002; Bai et al.,
2004). In addition, the association of native iron + wüstite has been
Table 6
UHP and highly reduced minerals recovered from the mantle peridotites and chromitites in th

Mantle peridotite (Kangjinla) Chromitite (Kangjinla)

UHP mineral Diamond Diamond
Highly reduced mineral Moissanite, Fe, Fe–Ni,

Ni–Mn–Co, Fe–Cr–Ni
Moissanite, Fe, Ta, Fe–Ni–Cr, Mn
Fe–Si, P–Si–Ti, Ti–Si, Co–Mn–Ni,
Ti–N, Ti–C, Ti–B

Note: the data from the Purang referred to the Yang et al. (2011); the data from the Ray-Iz ref
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found as inclusions in diamonds of the Koryak peridotite (Rudashevsky
et al., 1987) and in a kimberlite in Tanzania. The kimberlite assemblage
was interpreted as being from the lower mantle, perhaps from depths
N 670 km (Stachel et al., 1998). Kaminsky (2012) suggested that themin-
eral associations (wüstite + periclase and native iron + iron carbide)
may be related to the D′ layer at the core/mantle boundary. Thus, we
agree with Bai et al. (2006a, 2007) that these phases came from the
deep upper mantle or the lower mantle.

The small spheres of native iron are similar in size and morphology
to I-type spherules which have been described from young sediments
(Taylor et al., 1996; Stankowski et al., 2006), andwhich are typically as-
sumed to be cosmic in origin. However, such grains have been found in
chromitites of the Luobusa ophiolite (Bai et al., 2000; Robinson et al.,
2014-in this issue), the Ray-Iz ophiolite in Russia (Yang et al., 2014-in
this issue) and the Semail ophiolite of Oman (Robinson et al., 2014-in
this issue), where they are associated with the other highly reduced
phases that had a mantle origin. Thus, we believe that spherules of na-
tive iron are indigenous to the chromitites and, like the related elements
and alloys, had a deep mantle origin.

The stability of metal phases is controlled mostly by fO2 (Ballhaus,
1995), and native Fe is possibly stable at depths greater than 250 km
(Rohrbach et al., 2007). Native Fe can stably coexist with olivine
(Fo90) and orthopyroxene at very low fO2 (Ballhaus, 1995). Metallic Fe
can exist at far more reduced conditions (Wood et al., 1990; Ballhaus
et al., 1991). The alloys in the Kangjinla chromitite and mantle perido-
tite are primarily Fe–Ni alloys with Ni/Fe ratios of about 7/3–8/2, mak-
ing them similar to Fe–Ni alloys reported previously from orebody 31
of Luobusa (Bai et al., 2000). Most of the other alloys from Kangjinla
occur as inclusions in grains of corundum. Interestingly, most of the
Fe–Ni alloys in the chromitite contain numerous inclusions, such as
Ni-bearing pyrite, Fe-bearing periclase and magnesium silicate, all of
which are absent in the alloys from the peridotite.

7.4. Origin of the peridotites and chromitites of the Luobusa ophiolite

Diamonds,moissanite and highly reducedminerals have been found
for the first time in Kangjinla chromitite orebody Cr-11 (Fig. 7), and
these phases are much more abundant than similar minerals in the
Luobusa ophiolite (e.g. orebody 31 and the Luobusa district), even
though they are only about 20 km apart. We also demonstrated that
many of these minerals occur in the host peridotites, as well as in the
chromitites. Thus, this work not only confirmed the existence of special
mantle minerals in the ophiolite but expanded our understanding of
their distribution and occurrence, providing new insight into the nature
of deep mantle minerals in ophiolites.

The mantle peridotites are typical residues of partial melting and
melt/rock reaction, consisting essentially of olivine and orthopyroxene,
with minor clinopyroxene and magnesiochromite. The wide range of
unusual minerals in the chromitites and peridotites clearly indicates
formation in a variety of temperatures, pressures and oxygen fugacities.
So the origin of the ophiolites and chromitites must be more complicat-
ed than previously thought.

Based on many studies of ophiolites, it is generally accepted that
ophiolites and podiform chromitites form at shallow mantle levels in
suprasubduction zone environments (Arai and Yurimoto, 1994; Zhou
et al., 1994, 1996; Edwards et al., 2000; Rollinson and Adetunji, 2013b).
e Tibetan and Ray-Iz ophiolites.

Mantle peridotite (Purang) Chromitite (Ray-Iz)

Diamond Diamond
–Ni, Moissanite, Fe, Cr,

Zn, Fe–Ni, Fe–Cr
Cr, W, Ni, Co, Si, Al, Ta, WC, SiC, Os–Ir–Ru, Cr–Fe,
Si–Al–Fe, Ni–Cu, Ag–Au, Ag–Sn, Fe–Si, Fe–P,
and Ag–Zn–Sn

erred to the Yang et al. (2014-in this issue).

hly reduced minerals in podiform chromitites and associated mantle
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Fig. 11. SE image of diamond from the chromitite and peridotites in the Tibet and Ray-Iz. (a) SE image of diamond from the Kangjinlamantle peridotite; (b) SE image of diamond from the
Purang mantle peridotite; (c) SE image of diamond from the Kangjinla chromitite; (d) SE image of diamond from the Ray-Iz chromitite.
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Clearly, the presence of UHP and highly reducedminerals in the Luobusa
ophiolite is not easily reconciled with this model. On the basis of two
small (2–3 cm) micropods of chromitite recovered from in-situ oceanic
lithosphere, Arai et al. (1997) suggested that chromitites form beneath
mid-ocean spreading ridges, as well as in SSZ environments. Such a
model might explain the presence of the UHP and highly reduced min-
erals in chromitites, but it does not explain how the chromitites were
able to rise from great depth and be emplaced in the uppermost levels
of the Luobusa ophiolite, which formed in a suprasubduction zone envi-
ronment. Nor does it explain how the UHP and highly reduced minerals
were preserved in the peridotites as well as the chromitites. The in-situ
occurrence of diamonds andmoissanite leaves no doubt that these min-
erals are intrinsic to the ophiolite (Yang et al., 2014). Dating of zircons
show thatmany of the crustal-typeminerals are older than the ophiolite,
suggesting that theseminerals are remnants of partially digested oceanic
crust and sediments carried into the mantle by subduction (Robinson
et al., 2014-in this issue; Yamamoto et al., 2013). The ancient crustal zir-
cons discovered from in the Luobusa chromitites are key evidence of
mantle inhomogeneity and recycling of crust materials. Considering the
coexistence of unusual mantle minerals and possible cyclic crustal mate-
rials, the origin of the Luobusa chromititemight bear certain relationship
with mantle plume (Fig. 12; Xiong et al., 2014; Yang et al., 2014).

We suggest thatmicrodiamondsmay bewidely present in the upper
oceanic mantle below about 150 km. Several lines of evidence suggest
that chromite crystallization can take place anywhere in the mantle
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above about 380 km (Yamamoto et al., 2009). The coesite grains rim-
ming with a Fe–Ti alloy from a Luobusa is probably pseudomorphic
after stishovite, implying a pressure of formation over 9 GPa, roughly
300 km depth (Yang et al., 2007a). This interpretation is supported by
nano-scale inclusions of TiN, cubic BN, native Fe and TiO2 in the coesite,
indicating a minimum pressure of 10 GPa (Dobrzhinetskaya et al.,
2009). Similar inclusions such as TiN and TiO2 occur in corundumgrains
from Kangjinla, suggesting crystallization at depth (Xu et al., 2013).

Some of the UHP minerals found in podiform chromitites are C-
bearing, suggesting their possible importance in the deep carbon cycle
(Arai, 2010). Arai (2010, 2013) proposed deep recycling of the
chromitites containing UHP, suggesting that they formed originally at
shallow levels in the uppermantle before sinking down to deeper man-
tle and upwelling again to the uppermost mantle by convection. How-
ever, this model does not explain how the UHP minerals become
entrained in the chromitites during recycling. It is also difficult to recon-
cilewith the lack of any known significant bodies of chromitite in in-situ
oceanic mantle and the clear evidence for chromite crystallization and
accumulation in SSZ environments.

Thus, we propose that individual chromite grains crystallizing at
depth encapsulated the diamonds and highly reduced phases described
in this paper. Such grains which are normal parts of the oceanic mantle
rise upward during mantle convection. Some segments of such mantle
become trapped in SSZ environments where they are modified by hy-
drous melts and fluids. The chromite grains are re-mobilized in such
hly reduced minerals in podiform chromitites and associated mantle
g/10.1016/j.gr.2014.05.010

http://dx.doi.org/10.1016/j.gr.2014.05.010


Fig. 12. Cartoon figure of formation of themantle peridotite and chromitite containing the
ultrahigh-pressure minerals.
Revised after Xiong et al. (2014) and Yang et al. (2014).
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environments, modified by melt/rock reaction and redeposited to form
podiformbodies. The UHP andhighly reducedminerals are preserved in
these grains because they are encased in chromite. Theory (Smyth,
1987) and experiments (Kohlstedt et al., 1996; Chen et al., 2002;
Bercovici and Karato, 2003) have shown that although the water stor-
age capacity of olivine-dominated, shallow mantle is limited, but
water is thought to exist in the Earth's transition zone, at depths be-
tween 410 and 660 km. The ultimate origin of water in the Earth's hy-
drosphere is considered to be from the deep mantle. An inclusion of
ringwoodite containing a small amount of water in a deep diamond
lends support to this view (Pearson et al., 2014). So, enriched carbon
fluids and earlier slab materials exist in the transition zone, and may
be source for the diamonds and moissanite. In addition, fluids released
from subducted oceanic and continental crustmetasomatize the deplet-
ed peridotites in the SSZ mantle wedges, leading to formation of hy-
drous, high-Mg, high-Si melts. These migrating melts mobilized
chromite grains and increase their Cr# by melt–rock reaction. Clearly,
the available evidence points to complex, multi-stage process for the
formation of ophiolites and their podiform chromitites.

Since this study was completed, we have sampled peridotites in all
of the major ophiolitic blocks in the Yarlung-Zangbo suture zone,
which include from east to west, the Luobusa, Zedang, Xigaze,
Dangqiong, Purang, and Dongbo massifs. A similar collection of UHP
and highly reduced phases has been recovered from all of these bodies,
indicating that these minerals are widespread (Xu et al., 2011a; Yang
et al., 2011). Similar minerals have also been recovered from the Ray-
Iz ophiolite of the Polar Urals (Yang et al., 2007b, 2014-in this issue).
The nature of the ophiolite-hosted diamonds and their inclusions, as
well as their occurrence in oceanic mantle rocks, indicate that they rep-
resent a new type of diamond occurrence, completely different from
that of kimberlites and UHP metamorphic belts (Yang et al., 2014).

8. Conclusions

Although much work remains before we can clearly understand the
formation and evolution of ophiolites, any model needs to explain the
presence of UHP minerals and highly reduced minerals in both the
Please cite this article as: Xu, X., et al., Origin of ultrahigh pressure and hig
peridotites of the Luobusa ..., Gondwana Research (2014), http://dx.doi.or
chromitites and peridotites. UHP minerals may be a normal part of the
mantle peridotite and chromitite, not only in Yarlung Zangbo suture
zone, but also in other ophiolites and chromitites. We suggest a plausi-
ble model that brings together these different elements in the mantle
transition zone. Subduction of oceanic and continental lithospheric
slabs introduces crustal minerals into the upper mantle, where they
are mixed with highly reduced phases brought from the lower mantle
simple convection (Fig. 12). Crystallizing chromite grains above the
transition zone encapsulate these minerals and protect them from
further modification. Mantle convection, either beneath mid-ocean
spreading centers or back-arc basins, carries the resulting peridotites
and chromite grains to shallow levels. Most of the lithospheric slabs
formed at spreading ridges are recycled into the mantle by subduction
but some mantle wedges are trapped above subduction zones where
they are modified by SSZmelts and fluids.We believe that the available
evidence strongly supports a model involving formation of podiform
chromitites within such SSZ environments.
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