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Newly recognized occurrences of ultrahigh-pressure (UHP) minerals including diamonds in ultrahigh-
temperature (UHT) felsic granulites of orogenic belts, in chromitites associated with ophiolitic complexes,
and in mantle xenoliths suggest the recycling of crustal materials through deep subduction, mantle
upwelling, and return to the Earth’s surface. This circulation process is supported by crust-derived min-
eral inclusions in deep-seated zircons, chromites, and diamonds from collision-type orogens, from eclog-
itic xenoliths in kimberlites, and from chromitities of several Alpine–Himalayan and Polar Ural ophiolites;
some of these minerals contain low-atomic number elements typified by crustal isotopic signatures.
Ophiolite-type diamonds in placer deposits and as inclusions in chromitites together with numerous
highly reduced minerals and alloys appear to have formed near the mantle transition zone. In addition
to ringwoodite and inferred stishovite, a number of nanometric minerals have been identified as inclu-
sions employing state-of-the-art analytical tools. Reconstitution of now-exsolved precursor UHP phases
and recognition of subtle decompression microstructures produced during exhumation reflect earlier
UHP conditions. For example, Tibetan chromites containing exsolution lamellae of coesite + diopside sug-
gest that the original chromitites formed at P > 9–10 GPa at depths of >250–300 km. The precursor phase
most likely had a Ca-ferrite or a Ca-titanite structure; both are polymorphs of chromite and (at 2000 �C)
would have formed at minimum pressures of P > 12.5 or 20 GPa respectively. Some podiform chromitites
and host peridotites contain rare minerals of undoubted crustal origin, including zircon, feldspars, garnet,
kyanite, andalusite, quartz, and rutile; the zircons possess much older U–Pb ages than the time of ophi-
olite formation. These UHP mineral-bearing chromitite hosts evidently had a deep-seated evolution prior
to extensional mantle upwelling and partial melting at shallow depths to form the overlying ophiolite
complexes. These new findings together with stable isotopic and inclusion characteristics of diamonds
provide compelling evidence for profound underflow of both oceanic and continental lithosphere, recy-
cling of surface ‘organic’ carbon into the lower mantle, and ascent to the Earth’s surface through mantle
upwelling. Intensified study of UHP granulite-facies lower crustal basement and ophiolitic chromitites
should allow a better understanding of the geodynamics of subduction and crustal cycling.

� 2014 Elsevier Ltd. All rights reserved.
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1. UHP crustal terranes

1.1. Introduction for UHP crustal terranes

An explosion in current research on continental UHP terranes
reflects their significance regarding mantle dynamics and the tec-
tonics of continental subduction, collision, exhumation, crustal
growth, mantle-lithospheric slab interactions, and geochemical
recycling (e.g., Zheng, 2012a,b; Janák et al., 2013a; Spandler and
Pirard, 2013; Hermann and Rubatto, 2014). Since our previous
review in 2009, several special issues related to UHP metamorphism
and tectonics have been published (e.g., Dobrzhinetskaya et al.,
2011; Yang et al., 2011; Dobrzhinetskaya and Faryad, 2011;
Dobrzhinetskaya, 2012; Zheng et al., 2012; Dobrzhinetskaya et al.,
2013a; Faryad et al., 2013; Gilotti, 2013; Yui et al., 2013). Among
many new petrochemical descriptions and their tectonic origins,
the most startling discoveries include (1) finding of UHP relict min-
erals and a possible remnant of ringwoodite in a Paleoproterozoic
(�1.8 Ga) collisional suture in West Greenland (Glassley et al.,
2014), (2) microdiamond (±coesite) inclusions in minerals of Vari-
scan HT granulites and garnet peridotites of the North Bohemian
basement (Kotková et al., 2011; Naemura et al., 2011, 2013) and in
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UHT felsic granulites of the Betic-Rif Cordillera in NW Africa and SE
Spain (Ruiz Cruz and Sanz de Galdeano, 2012, 2013, 2014), and (3)
in-situ microdiamond, possible stishovite and other UHP minerals
in chromitites associated with low-P mineral inclusions in crustal
zircons associated with Tibetan and Ural ophiolites (e.g., Robinson
et al., 2004; Yang et al., 2007, 2014a,b; Yamamoto et al., 2013).

These new results reflect numerous petrochemical studies of
mineral inclusions in tough, rigid minerals such as chromite, dia-
mond, zircon, garnet, omphacite and kyanite using sophisticated
analytical tools. Similar approaches have also been applied for
investigation of mineral inclusions in diamonds and other mantle
minerals from kimberlitic mantle xenoliths (e.g., Walter et al.,
2011; Schulze et al., 2013; Pearson et al., 2014). The first finding
of terrestrial ringwoodite with 1.5–1.4 wt% H2O as an inclusion
in a Brazilian diamond by Pearson et al. (2014) supports the sug-
gestion of a hydrous mantle transition zone and the possibility of
vast amounts of fluids being recycled to the deep mantle through
subduction (e.g., Schulze et al., 2014; Pearson et al., 2014 and ref-
erences). Furthermore, the nano- to micron-size ion microprobe
(secondary ion mass-spectrometry: SIMS) has been used to charac-
terize U–Pb ages and C-isotopes of zircon and diamond respec-
tively, and to interpret the primary origin and evolution of their
host minerals and rocks. In the present review, we integrate some
mineralogical–petrochemical and C-isotope evidence of UHP min-
erals in orogenic belts, in chromitites associated with ophiolites,
and in kimberlitic xenoliths. Based on this summary, we postulate
their evolution through subduction of oceanic + continental litho-
sphere, recycling of surface ‘organic’ carbon into the lower mantle,
and exhumation to the Earth’s surface through deep mantle circu-
lation (for other recent reviews, see Spandler and Pirard, 2013;
Shirey et al., 2013; Helmstaedt, 2013; Arai, 2013).

Fig. 1 is a schematic cross section of the Earth’s outer shells show-
ing recycling of crustal materials in different tectonic regimes. Bold
black arrows represent global pathways of continental materials to
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the Earth’s surface and to the mantle–core boundary. Label A is a
general trajectory of subduction/exhumation of UHP metamorphic
rocks in a collision-type orogen. Label B represents UHP-mineral-
bearing ophiolites; unusual chromitites with UHP-minerals and/or
crustal-derived minerals might have formed from recycled materials.
Subduction of terrigenous materials in Pacific-type orogens trans-
ports significant volumes of continental crust into the transition zone.
Label C is a kimberlite pipe where diamondiferous materials of the
subcontinental lithospheric mantle (SCLM) as well as superdeep
mantle materials can be transported surfaceward (Maruyama
et al., 2007; Liou and Tsujimori, 2013). Mineral abbreviations
throughout this work are mostly after Whitney and Evans (2010).

1.2. Definition of UHP and UHT metamorphism

1.2.1. Ultrahigh-pressure metamorphism
Ultrahigh-pressure metamorphism involves the mineralogic

and structural transformation of continental ± oceanic crustal
rocks at subduction-zone depths greater than 90–100 km. Fig. 2
illustrates the stabilities fields of UHP index minerals including
high-P polymorphs of SiO2, C, TiO2 and higher proportions of maj-
oritic component in garnet solid solution. The discovery of at least
31 tracts of upper continental crust metamorphosed under mantle
pressure–temperature (P–T) conditions has stimulated intensive
study in the Earth sciences over the last three decades (Fig. 3;
Table 1). High-pressure (HP)–UHP metamorphism is a hallmark
of subduction zones; exhumed assemblages of rocks mark com-
pressional plate sutures (e.g., Ernst, 1970, 1972, 1973, 2005;
Maruyama et al., 1996; Liou et al., 2004; Tsujimori and Ernst,
2014). Two distinct convergent plate-tectonic regimes, Pacific-type
active and Alpine-type passive margins, have been identified,
although a continuum of intermediate types exists. Pacific-type
convergence reflects subduction of an oceanic plate and landward
development of an accretionary complex, a forearc basin, and a
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Fig. 3. Global distribution and peak metamorphic age of recognized coesite-, and diamond-bearing UHP terranes (modified after Liou et al., 2004; Tsujimori et al., 2006; Stern
et al., 2013).
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huge calc-alkaline magmatic arc. In Pacific-type margins, proto-
liths for HP–UHP metamorphism consist of oceanic materials (bed-
ded cherts, pillow basalts) and associated trench sediments
derived from the inboard igneous arc. In contrast, Alpine-type
HP–UHP rocks include old continental granitic basement com-
plexes and their overlying sediments, including pelites, carbonates,
quartzites, and volcaniclastic rocks, as well as minor ultramafic–
mafic fragments.
1.2.2. Ultrahigh-temperature metamorphism
Ultrahigh-temperature metamorphism represents crustal

recrystallization at temperatures exceeding 900 �C (Fig. 2). Granu-
lite-facies rocks metamorphosed under such extreme conditions
were identified in the early 1980s; it took another decade for the
geoscience community to recognize UHT metamorphism as a
common regional phenomenon. Petrological evidence based on
characteristic mineral assemblages backed by experimental and



Table 1
Global UHP terranes recognized in the previous review papers of Liou et al. (2009a,b)
and Gilotti (2013).

UHP terranes Age (Ma) Index

West Greenland �1800 PT, Dia⁄

Mali, W Africa 620 Coe
Pompangeo schist, Brazil 630 Coe+
Kokchetav massif, Kazakhstan 537–527 Coe, Dia
Makbal, Krygyzstan 510–500 Coe
At-bashy, Krygyzstan 324–327 Coe+
Qinling, China 507 Coe, Dia
Altyn Tagh, Western China 509–493 Coe⁄

Lanterman Range, Antarctica 500 Coe
NE Greenland 365–350 Coe
Tromsø, Norway 452 Dia
Northern Qaidam, NE Tibetan Plateau, China 446–423 Coe
Massif Central, France 420–400 Coe
Western Gneiss Region, Norway 405–400, 407 Coe, Dia
Maksyutov complex, Russia 388 Dia⁄

Bohemian massif, Central Sudetes, Poland 389–381 Coe⁄

Bohemian massif, Germany/Czech Republic 337 Coe, Dia
Betic-Riff, NW Africa/SE Spain 330?, 18–14? Coe, Dia
Qinling, China 240–220 Coe
Dabie, E China 240–220 Coe
Sulu, E China 240–220 Coe
Tianshan, W China 320 Coe
Ngoc Linh complex, Kontum, Vietnam 250 Dia+
Kimi complex, E Rhodope, NE Greece 202 Coe, Dia
Austroalpine basement, Pohorje, Austria �92 Coe⁄

As Sifah, Oman 79 PT
Tso Morari, India 53–48 Coe
Kaghan Valley, Pakistan 46 Coe
Zermatt–Saas-Fee, West Alps, Italy/Switzerland 44–41 Coe, Dia
Dora Maira, West Alps, Italy 35 Coe
SE Sundaland margin, Sulawesi, Indonesia 27–20 Dia+
Papua New Guinea 8–7 Coe

Coe—coesite; Dia—diamond; PT—PT estimation; ⁄—pseudomorph; +—incomplete
documentation.

390 J.G. Liou et al. / Journal of Asian Earth Sciences 96 (2014) 386–420
thermodynamic relations demonstrated that the Earth’s crust can
attain very high temperatures (900–1000 �C) with partial melting
to various extents. UHT assemblages of pelitic restites include
Opx + Sil + Qz ± Osm ± Crd, Spr + Qz or Spl + Qz, whereas mafic ones
are typical Opx + Cpx + Pl ± Grt (or Spl) ± Qz; these rocks are com-
monly associated with migmatites in the mid- to upper crust (e.g.,
Harley, 1998; Brown, 2007; Kelsey, 2008). UHT rocks occur in all
major continents and span different geological ages ranging from
c. 3178 to 35 Ma; more than 46 localities/terranes with diagnostic
UHT indicators have been reported in both extensional and colli-
sional orogens.

1.2.3. Types of UHP terranes
Kylander-Clark et al. (2012) classified UHP terranes as of two

types based on the estimated exposed areas of eclogite-facies rocks.
Small, thin terranes including Dora Maira, New Guinea, Kaghan, Tso
Morari, Kokchetav and Erzgebirge evidently were subducted and
exhumed rapidly, whereas large, thick terranes such as Dabie-Sulu,
the Western Gneiss Region of Norway, and Northern Qaidam (see
Fig. 2 for their P–T paths and Fig. 3 for locations) were subducted
and exhumed more slowly. The former may be created during the
early stages of continental subduction when the volume of nega-
tively buoyant, subducted oceanic lithosphere—and thus forces that
pull the subducting lithosphere down—prevail; rapid, steep-angle
subduction results. The latter may form during the later stages of
continent collision when subduction of massive, buoyant continen-
tal lithosphere leads to slow, low-angle subduction.

1.3. P–T regimes and types of eclogites

Classical metamorphic facies of high-P–T conditions includes
blueschist-, eclogite-, amphibolite- and granulite-facies named
after the typical metamorphic rocks of basaltic composition
(Fig. 2). Eclogites formed under lower crust/mantle conditions with
P > 1.2 GPa (45 km depth) over a T range of >400–1000 �C. Coleman
et al. (1965) and Carswell (1990) grouped these eclogites into 3
types based on their tectonic origin: Group A high-T eclogites occur
as mantle xenoliths; Group B eclogites are associated with HP
granulites within the crustal basement of orogenic belts; and
Group C eclogites are important subduction products in active con-
tinental margins. Following the same scheme, we divide UHP
eclogite-facies rocks into three types: Group-A kimberlitic UHP
eclogites (e.g., Roberts Victor Mine, Udachnaya, e.g., Schulze
et al., 2013), Group-B UHP eclogites (e.g., Kokchetav, Bohemia,
e.g., Liou et al., 2009a) in Alpine orogens, and Group-C lawsonite
UHP eclogites (e.g. South Motagua Mélange, Guatemala, e.g.,
Tsujimori and Ernst, 2014) in Pacific-type orogens.

Fig. 2 shows relevant P–T conditions defining both UHP–HP and
UHT–HT eclogites, and UHT–HT granulites based mainly on exper-
imental phase equilibria. In addition, subduction geotherms of
about 5 �C/km (extremely cold), 20 �C/km (old, downgoing plates)
and 25 �C /km (labeled as cratonic geotherm in Fig. 2b) are illus-
trated. UHP and HP metamorphic conditions are separated by the
Qz–Coe phase boundary; the graphite-diamond boundary further
subdivides the UHP regime into diamond (±Coe) and graphite
(±Coe) P–T fields (e.g., Day, 2012). Occurrences of the UHP poly-
morph of rutile (TiO2

II; a-PbO2 structured TiO2), supersilicic titanite,
and/or K-bearing Cpx, and Arg + Mgs inclusions in garnet from
microdiamond-bearing Kokchetav gneisses suggest subduction
depths of �190–280 km (e.g., see the review by Schertl and
Sobolev, 2013). The recent interpretation of quartz pseudomorphs
after stishovite in pelitic gneiss from western China suggests that
some continental materials might have been exhumed from even
greater depths (>350 km?) than commonly accepted (Liu et al.,
2007, 2009). A comparable depth of subduction of ocean-floor, high
Mn–Fe hydrothermally altered rocks reflected by the occurrence of
relict diamond, majoritic garnet and possible ringwoodite has been
suggested by Glassley et al. (2014) for an occurrence in West
Greenland as described below.
1.4. Newly recognized UHP terranes and localities in collisional
orogens

New UHP terranes have been documented based on the occur-
rences of index minerals such as coesite and microdiamond pre-
served in rigid minerals including Grt, Omp, Ky, Zrn, K-
tourmaline (maruyamaite) and Ap (e.g., Chopin, 1984; Smith,
1984; Sobolev and Shatsky, 1990; Liu and Liou, 2011; Ruiz Cruz
and Sanz de Galdeano, 2014), and decompression breakdown
microstructures and/or exsolution microstructures. Many previ-
ously recognized key minerals including those suspected based
on experimental mineral stabilities and microstructures in UHP
rocks were summarized by Schertl and O’Brien (2013). Except for
the Paleoproterozic UHP terrane of West Greenland (Glassley
et al., 2014), all such UHP rocks reside in orogens ranging from
Neoproterozoic (640 Ma) in southwestern Brazil (Parkinson et al.,
2001) to late Miocene (8–7 Ma) from Papua New Guinea
(Baldwin et al., 2004, 2008, 2012). The lack of old UHP terranes
may reflect the rarity of preservation of mineral assemblages that
are thermodynamically unstable at upper crustal conditions, or
due to an evolution of terrestrial P–T conditions toward higher-P/
lower-T in younger subduction zones (Ernst, 1972; Maruyama
and Liou, 1998; Tsujimori and Ernst, 2014). Petrological and
geochemical characteristics of new UHP terranes discovered since
2010, and new findings of classic ones including the Alps and the
Western Gneiss Region of Norway (Table 2) are briefly described
below:



Table 2
New UHP terranes and localities since 2000 described in this review.

Terrane and locality Mineralogical evidence P–T conditions Age of UHP
metamorphism

Special features References

West Greenland 1. Diamond relics; 2. Exsolution of
Opx in Grt (majoritic), Rt in Opx,
Cpx; Mag in Ol; 3. Qz needles in
fayalite (‘‘Ringwoodite’’)

P: �7 GPa,
T = �970 �C

�1800 Ma 1. Fe- and Mn-rich oceanic rocks; 2.
Preserved in undeformed rocks

Glassley et al. (2014)

Betic-Rif belt of NW
Africa South Spain

1. Diamond inclusions in Grt & Ap;
2. Intergrowth of Dia + Coe, and
Coe + Ph (after K-cymrite); 3.
Exsolution textures of Grt

P > 4.3 GPa and
T > 1100 �C

UHP stage:
�330 Ma,
migmatization:
�265 Ma

Protolihs include felsic granulite, Grt
peridotite; UHP stage overprinted by
UHT and migmatization

Ruiz Cruz and Sanz
de Galdeano (2012,
2013, 2014); El
Atrassi et al. (2011)

Northern Bohemian
Massif

1. Dia inclusions in Grt, Ky and Zrn;
2. Inclusion of Dia pseudomorph
and Dia in Grt of Grt peridotite; 3.
Px lamellae in Cr-spinel

UHP stage: �5 GPa
and 1100 �C

337 (core)–300
(rim) Ma

3 New UHP localities and Grt peridotite
are more than >50 km apart; these
together with previous UHP localities
suggesting large UHP regions

Massonne et al.
(2007a,b); Kotková
et al. (2011);
Naemura et al.
(2011, 2013)

Lago di Cignana unit
Italian Western
Alps

Microdiamond inclusions in Mn-
rich Grt

P: �3.5 GPa,
T = �600 �C

Microdiamond inclusions in garnetite;
Protolith: Oceanic Mn-rich nodules

Frezzotti et al. (2010,
2011); Groppo et al.
(2009)

Eastern Alps Coesite pseudomorph + Ky + Ph
(3.5 Si) + Grt + Omp (�5% Eskola
component)

P: 3.0–3.7 GPa, T:
710–940 �C

Late Cretaceous UHP eclogite associated with UHP
peridotite in pelites

Vrabec et al. (2012)

West Gneiss Region
Northern Norway,
Tromsø Nappe
Caledonides

Microdiamond inclusions in Grt P: 3.5 ± 0.5 GPa, T:
770 ± 50 �C

Janák et al. (2013b)

West Gneiss Region
Northern Norway,
island of Harøya

Coesite-bearing eclogite within
migmatitic orthogneiss

Butler et al. (2013)

West Gneiss Region
The Seve Nappe
Complex northern
Jämtland, central
Sweden

Kyanite-bearing eclogite dike in
garnet peridotite body; P–T
estimate lies within the coesite
stability field

P: �3 GPa, T:
800 �C

Late Ordovician
460–445 Ma

New UHP locality in Sweden Janák et al. (2013a)

West Gneiss Region
Straumen

Diamond inclusions in eclogitic
zircon

P: 3.75 ± 0.75 GPa,
T: 750 ± 150 �C

New diamond locality in WGR Smith and Godard
(2013)

The North Qinling belt
Central China

A single in-situ diamond inclusion
in zircon of amphibolite

P: �4.0 ± 0.5 GPa,
T: 670–750 �C

490.4 ± 5.8 Ma Two HP–UHP belts in the Qinling
orogen (North Caledonia UHP and
South Triassic HP belts)

Wang et al. (2014)
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1.4.1. UHP terrane in West Greenland
In an E–W trending Paleoproterozoic (�1.8 Ga) collision belt

more than 50 km long and 20 km wide in West Greenland,
Glassley et al. (2014) reported relict UHP phases and numerous
exsolution microstructures indicative of UHP metamorphism. Prior
to this discovery, this orogen had been considered as a classic
example of upper amphibolite- to granulite-facies Barrovian-type
regional metamorphism (e.g., Davidson, 1979; Glassley and
Sørensen, 1980). Mineralogical evidence of UHP metamorphism is
well documented in four samples within a well-defined lithologic
unit of metamafic and metasedimentary rocks of oceanic affinity.
Phases include remnants of Opx exsolved from majoritic Grt, graph-
itized diamond, exsolution of rutile from garnet and pyroxene, exso-
lution of magnetite from olivine, and complex exsolution textures in
ortho- and clinopyroxenes (including omphacite). Associated with
these mineralogical features is an unusual occurrence of quartz nee-
dles that appear to have exsolved from fayalitic olivine, suggesting a
possible remnant of ringwoodite; this phase has not been recorded
previously in any collisional UHP terrane. P–T conditions inferred
for the UHP episode are �7 GPa and �975 �C; the unusually low T
recrystallization in ‘‘the forbidden zone’’ at a depth of about
210 km suggests very rapid subduction of oceanic lithosphere or
unexpectedly cool mantle conditions at �1.8 Ga. These UHP rocks
have protoliths characterized by higher Fe and Mn contents that
resulted from ocean-floor hydrothermal alteration compared to
protoliths of both continental and oceanic affinity from other UHP
terranes. They are relatively undeformed within highly deformed
country rocks; the UHP assemblages are preserved due to
exceptionally low H2O activity and lack of deformation during
exhumation. The existence of this terrane is exciting as it is by far
the oldest UHP one worldwide, and contains a possible occurrence
of ringwoodite in the Fe–Mn-rich oceanic rocks.

These West Greenland UHP rocks of unusual bulk-rock compo-
sitions are volumetrically trivial, relatively undeformed masses
that have escaped elevated H2O activity/infiltration, and have P–T
estimates greatly exceeding those of the Paleoproterozoic upper
amphibolite- to granulite-facies country rocks (e.g., Glassley
et al., 2010). Although the postulated occurrence of reaction prod-
ucts from ringwoodite breakdown is speculative, such ringwoodite
remnants may be present in other UHP regions in which Fe-rich
assemblages occur.

1.4.2. UHP terrane in the Betic-Rif Cordillera, NW Africa and SE Spain
The Betic-Rif Cordilleras are part of the peri-Mediterranean

Alpine orogenic system marking the Africa–Eurasia collision zone
(e.g., Platt et al., 2013 and references therein). UHP minerals
including coesite and microdiamond have been recently identified
as inclusions in Grt and Ky from UHT felsic granulites of the Inter-
nal Zone of the Rif belt in NW Africa (Ruiz Cruz and Sanz de
Galdeano, 2012, 2013) and SE Spain (Ruiz Cruz and Sanz de
Galdeano, 2014). These UHP felsic rocks differ from the Alpine belt
inasmuch as they record much higher estimates of P > 4.3 GPa and
T > 1100 �C, topotaxial growth of diamond and coesite, lack of pal-
isade quartz around relict coesite, and intergrowths of Coe and Ph
possibly after K-cymrite. Ruiz Cruz and Sanz de Galdeano (2013)
documented numerous exsolution microstructures and chemical
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patterns in garnets from two UHP rocks from the Northern Rif,
Ceuta, Spain. Some garnets contain primary inclusions of Ap, Qz,
Coe, Rt and retrograded pyroxene, exsolution microstructures of
Rt, high Ca- and low Mn contents, and high XMg [Mg/(Mg+Fe)
atomic ratio], characteristic of growth at high P–T conditions below
the solidus of felsic granulite. On the other hand, garnets from
other samples contain exsolution microstructures of Qz, Coe, Ap
and Rt, and inclusions formed from a melt at peak metamorphic
conditions; these garnets contain high Mn and low Ca and have
low XMg, characteristic of garnet formed at lower P–T.

Due to extensive low-P Hercynian melting, migmatization and
melt migration, whole-rock compositions of UHP rocks could have
been significantly modified, hence precise P–T estimates of the
early UHP event are problematic. Nevertheless, Ruiz Cruz and
Sanz de Galdeano (2013) suggested peak pressure conditions of
UHP metamorphism on the order of 6–7 GPa based on observed
apatite exsolution microstructures and experimental results on
phosphorous solubility in garnet (Konzett and Frost, 2009;
Konzett et al., 2012).

Ronda garnet peridotites with graphite pseudomorphs after
diamond (El Atrassi et al., 2011) similar to those of the Bohemian
Massif associated with UHP–UHT felsic rocks described below also
occur at Ceuta. Ruiz Cruz and Sanz de Galdeano (2014) recently
reported an integrated study of mineral inclusions in zoned garnets
and U–Pb ages of zircons from granulites overlying the Ronda
Massif. They found diamond inclusions in both Grt and Ap of
UHP–UHT granulites and migmatites, and concluded that both
peridotites and host continental rocks were subjected to coeval
UHP metamorphism at �330 Ma and UHT, and migmatization at
�265 Ma. Although HP conditions are considered to have been
generated during the Eocene (�42 Ma) Alpine orogenic event
(Platt et al., 2013), the UHP domain including garnet peridotites
might represent a Hercynian domain similar to the Bohemian
Massif and French Massif Central. However, Platt et al. (2006)
and Gómez-Pugnaire et al. (2012) reported young garnet Lu–Hf
(16–18 Ma) and zircon U–Pb (15–17 Ma) ages from the associated
eclogites. Therefore further systematic study of zircon separates
from diamond-bearing gneisses in combination with mineral
inclusions and U–Pb dating for each zircon domain (e.g., Liu and
Liou, 2011; McClelland and Lapen, 2013) is required to solve the
regional geotectonic evolution.

1.4.3. New UHP terranes suggested by pseudosection analyses
Pseudosection analyses of P–T paths for HP–UHP rocks have

been extensively used to constrain both subduction and exhuma-
tion paths for both Pacific- and Alpine-type metamorphic rocks
(e.g., Powell and Holland, 2010; Massonne, 2013) over the past
two decades. Applying internally consistent datasets and well con-
strained bulk compositions, a new UHP terrane has been suggested
by Massonne (2013) for Oman.

Massonne (2013) and Massonne et al. (2013) described minor
metapelite interlayers in Late Cretaceous eclogite of the lower As
Sifah unit, a slice of oceanic crust, located on the NE coast of Oman.
The metapelite, originally a pelagic clay poor in SiO2, contains abun-
dant phengite (3.2–3.4 Si pfu) and millimeter-sized garnet
(�25 vol%), with minor quartz, rutile, epidote, and sodic amphibole.
Pseudomorphs of Pg + Ep and Ab + Mag after original lawsonite and
Na-rich clinopyroxene, respectively, are enclosed in garnet. Pseudo-
section modeling of the metapelite produces an abundance of diag-
nostic mineral assemblages and demonstrates that pelitic rocks
were subducted to mantle depths and subjected to UHP metamor-
phism at around 2.75 GPa and 440 �C. As the Oman metapelites are
too low in SiO2 to produce coesite, the UHP assemblage of Ph + Na-
rich Cpx + Chl + Cld + Grt + Lws + Ilm + Rt + Hem/Mag, formed
according to Massonne’s calculation, whereas only Ph, Grt, and
oxide minerals are preserved in the rock today.
1.5. Recently documented diamond-bearing rocks in classical UHP
terranes

Other well-documented occurrences of global UHP orogens
reveal that microdiamond, coesite, and other UHP phases are more
common than previously thought in both Alpine- and Pacific-type
belts. Several new localities from five classical UHP terranes
(Bohemia, the Alps, the Western Gneiss Region, Dabie-Sulu and
Kokchetav) are described below:

1.5.1. UHP minerals in UHT granulites and garnet peridotites of the
Northern Bohemian Massif

The Bohemian Massif consists of a Variscan metamorphic core
and a collage of several smaller basement complexes differing in
age and metamorphic evolution. Both eclogites and Grt peridotites
have been extensively investigated but the widespread Bohemian
Variscan rocks are best known for their HT–UHT granulite-facies
pelitic and granitic protoliths. Coesite pseudomorphs have long
been reported in eclogite from the Polish Sudetes (Bakun-
Czubarow, 1991); UHP index minerals including coesite, diamond,
and nano-sized grains of a-PbO2-type TiO2 (TiO2

II) are restricted to
minor pelitic gneisses of the central Erzgebirge in eastern Germany
(Hwang et al., 2000; Nasdala and Massonne, 2000; Massonne,
2001). Microdiamonds and coesite inclusions were documented
in Ky, Grt and Zrn grains of felsic and intermediate granulites in
three widely separated localities (>50 km apart); they are at least
45 km from the Erzgebirge (e.g., Kotková et al., 2011). These felsic
granulites are petrographically indistinguishable from those cover-
ing thousands of square kilometers of the Variscan crystalline core,
and may have been subjected to significantly higher pressures than
can be recovered from the surviving minerals due to later high-T
recrystallization and/or exsolution of UHP phases (e.g., Ti and P in
garnet). Kotková et al. (2014) subsequently identified kumdykolite,
a high-T analog of albite, from their earlier investigated UHP
granulites and suggested that this phase and other feldspar
modifications can be more common in felsic rocks as they are diffi-
cult to be distinguished from plagioclase or K-felspar by optical
microscopy or electron microprobe (EPMA).

These UHP rocks are intimately associated with garnet perido-
tites throughout the Variscan belt. Minor occurrences of Grt peri-
dotites are widespread and their diverse origins have been
documented (e.g., Medaris et al., 2005; Naemura et al., 2009). Some
Grt peridotites are mantle derived, and formed at 900–1200 �C,
3–5 GPa, whereas others represent lower P, high T (1000–
1200 �C, �2 GPa) subducted to much greater depths in the garnet
stability field. For example, in the Moldanubian zone of the Bohe-
mian Massif, lenticular Grt peridotite bodies occur within UHT fel-
sic granulite/migmatitic gneiss (>1000 �C at P > 1.6 GPa) of the
Gföhl Unit. Carswell and O’Brien (1993) showed that felsic- and
mafic-granulite of the Gföhl Unit underwent regional UHT meta-
morphism under relatively high pressures.

Perraki and Faryad (2014) recently identified inclusions of mic-
rodiamond, coesite, Ti-rich phengite, kumdykolite, and moissanite
in zircon and garnet from heavy mineral fractions and polished
thin sections of kyanite-bearing Gföhl granlites. Most of these
bodies are characterized by the presence of lenses and boudins of
garnet peridotites, garnet pyoxenites and eclogite for which UHP
conditions were obtained applying conventional geothermoba-
rometry (e.g., Carswell, 1991; Nakamura et al., 2004; Faryad,
2009). These new mineralogic finding of UHP minerals constrain
the UHP metamorphism at P > 4 GPa and T = 680 �C; this unit was
subsequently subjected to granulite-facies recrystallization and
partial melting at P < 2 GPa and T � 850–950 �C. The heat source
for the UHT recrystallization of subducted crustal rocks has been
suggested to be from the asthenospheric mantle (e.g., Medaris
et al., 2003; Naemura et al., 2009). Naemura et al. (2011) first



J.G. Liou et al. / Journal of Asian Earth Sciences 96 (2014) 386–420 393
documented inclusions of graphite pseudomorphs after diamond
in garnet separated from the Plešovice garnet peridotite. They
further documented topotaxial relations between pyroxene
lamellae and host Cr-rich spinel, suggesting that the pyroxene
lamellae had an exsolution origin, and in turn postulated a possible
ultradeep origin for the garnet peridotite (>200 km).

Subsequently, Naemura et al. (2013) confirmed the presence of
graphitized diamond inclusions in chromite, which in turn is sur-
rounded by kelyphytized garnet. The diamonds occur as <2 lm
grains in a multiphase solid inclusion consisting mostly of
Dol + Ba-rich Phl + F-apatite + graphite. However, Naemura et al.
(2013) preferred an earlier mantle origin for the diamond rather
than due to Variscan continental subduction for two reasons: (1)
the peak pressure of �3 GPa for the Plešovice garnet peridotite
during Variscan high-P metamorphism was in the graphite
stability field; and (2) textural evidence indicates that the diamond
was included in chromite which is surrounded by later Variscan
high-pressure garnet.

1.5.2. Diamond and coesite in UHP rocks from the Alps
Frezzotti et al. (2011) reported the first occurrence of microdi-

amonds in Fe–Mn-rich garnetites in Mn-rich nodules from the Lago
di Cignana meta-ophiolite, Italian Western Alps. Microdiamonds
occur within spessartine-rich Grt as tiny euhedral inclusions
(<2–30 lm) in syngenetic association with C–O–H fluid inclusions,
Qz, and magnesite. Most diamonds are intergrown with, or coated
by poorly crystalline graphite. In areas surrounding microdia-
monds, spessartine-rich host Grt is strained and shows enrichment
in Fe3+. Conversely, Qz grains in contact with strain-free Grt show
no evidence for transformation from Coe. The oxygen isotope com-
position of Qz (d18O values, +18.1 to +18.7‰) is not in equilibrium
with Grt (d18O values, +17.4 to +17.9‰), confirming that the matrix
Qz grew or recrystallized after the formation of Grt and diamond.
The very heavy d18O values of Grt are consistent with an inherited
low-T seafloor bulk-rock signature, whereas quartz values indicate
an external fluid source, likely from adjacent mica schists during
retrograde metamorphism at crustal depths. Subsequently,
Frezzotti et al. (2014) identified additional occurrence of microdi-
amond and disordered diamond in water-rich fluid inclusions in
spessartine garnets from these garnetites. Such occurrence pro-
vides evidence for carbon transport and precipitation of diamond
in an oxidized H2O-rich C–O–H crustal fluid, consistent with the
earlier suggestion for the formation of Kokchetav microdiamonds
(e.g., Ogasawara et al., 2000).

Vrabec et al. (2012) reported Late Cretaceous UHP Ky-bearing
eclogites + associated UHP Grt peridotites embedded in metapelitic
gneisses and mica schists in the Eastern Alps. The eclogites contain
Grt + Omp (>5% of Ca-Eskola component) + Ky + Ph (�3.5 Si) and
coesite pseudomorphs, and have P–T estimates of 3.0–3.7 GPa
and 710–940 �C. Such high temperatures at peak P exceed those
of UHP rocks of the Western Alps where mostly oceanic crust
was subducted.

1.5.3. Diamond in the Tromsø Nappe, Caledonides of N. Norway
Janák et al. (2013a) reported the first finding of in-situ dia-

monds as inclusions in garnet from gneisses in the Tromsø Nappe.
The rock is composed essentially of Grt, Bt, white mica, Qz and Pl,
with minor Ky, Zo, Rt, Tur, Amp, Zrn, Ap and carbonates (Mgs, Dol
and Cal). The microdiamond, as single grains or as composite dia-
mond + carbonate inclusions, is cuboidal to octahedral and ranges
from 5 to 50 lm in diameter; some diamonds are partially
transformed to graphite. The calculated peak P–T conditions for
diamond-bearing rocks are 3.5 ± 0.5 GPa and 770 ± 50 �C.
Other reported occurrences of microdiamond in crustal rocks of
the Western Gneiss Region (WGR) include concentrates of
separated grains from a Ky + Grt-bearing gneiss at Fjørtoft
(Dobrzhinetskaya et al., 1995), and in-situ microdiamond in Grt
peridotites at Bardane (van Roermund et al., 2002) and Svartber-
get (Vrijmoed et al., 2008). The fourth diamond locality in the
WGR was reported from a mafic pod at Straumen, where
microdiamond occurs as inclusions in zircons from a Ph–Ky–
Coe–eclogite sample (Smith and Godard, 2013). This locality lies
in the SW part of the WGR, close to the type locality where Coe
and polycrystalline Qz after Coe were first described (Smith,
1984). Some diamond inclusions coexist with hematite and others
have disordered structures; they all have partially retrogressed to
graphite. The diamond-bearing eclogite has a minimum P con-
straint at 3.5 GPa.

Butler et al. (2013) reported the P–T history of a new Coe-bear-
ing eclogite locality from the island of Harøya in the Nordøyane
UHP domain, the most northerly occurrence yet documented in
the WGR. The Coe–bearing eclogite occurs in migmatitic orthog-
neiss, interpreted as Baltica basement, and underwent multiple
stages of deformation + partial melting during exhumation. This
new UHP domain belongs to a large section of the WGR that has
been buried to depths of >100 km during the Scandian subduction.
Butler et al. summarized three UHP domains along the Norwegian
coast—Nordfjord/Stadlandet, Sørøyane and Nordøyane—separated
by Baltica basement gneisses that lack evidence of UHP metamor-
phism (Hacker et al., 2010). The earliest discovery of coesite in the
WGR was made at Selje (Smith, 1984) in the Nordfjord/Stadlandet
domain, where coesite is rather common (Wain, 1997; Cuthbert
et al., 2000; Wain et al., 2000). Later discoveries of coesite and mic-
rodiamond (Dobrzhinetskaya et al., 1995; Terry et al., 2000; van
Roermund et al., 2002; Carswell et al., 2003; Root et al., 2005)
extended the UHP metamorphic regions over 100 km to the north-
east, making the WGR one of the Earth’s largest UHP terranes.

A new terrane in the Seve Nappe Complex of the Scandinavian
Caledonides is based on P–T estimate of Ky-bearing eclogite occur-
ring as a metadike within a garnet peridotite body in northern
Jämtland, central Sweden (Janák et al., 2013b). Although UHP index
minerals were not found, calculated UHP conditions of �3 GPa and
800 �C are within the stability field of Coe based on inferred UHP
minerals from microtextures, geothermobarometry and pseudo-
sections modeling. A Late Ordovician (460–445 Ma) age of meta-
morphism was suggested for subduction of the Baltoscandian
continental margin underneath an outboard terrane during the
final stages of closure of the Iapetus Ocean. UHP rocks within the
allochthonous units of the Scandinavian Caledonides indicate that
Ordovician UHP events may have affected much wider parts of the
orogen than previously thought, involving deep subduction of the
continental crust prior to final Scandian collision between Baltica
and Laurentia (Gee et al., 2010).

Partial melting may have played a critical role in exhumation of
northern WGR (e.g., Sizova et al., 2012). The partial melting and
mass transfer at UHP conditions related to the breakdown of the
hydrous mineral phengite led to a significant change in the physi-
cal–chemical–rhyeological properties of deeply subduction crust
(Zheng et al., 2011; Hermann et al., 2013). The partial melting
attending UHP has been documented in several UHP terranes
including the Kokchetav Massif (Ragozin et al., 2009), the Bohemia
Massif (Nahodilová et al., 2011; Massonne, 2013), and the Betic-Rif
(Ruiz Cruz and Sanz de Galdeano, 2013, 2014), or during decom-
pression passing through the thermal stability limit of phengite
documented in the Western Gneiss Region (e.g., Butler et al.,
2013) and the Dabie-Sulu terranes (e.g., Liu et al., 2012; Chen
et al., 2013b).

1.5.4. The Kokchetav Massif of northern Kazakhstan
The Kokchetav Massif of northern Kazakhstan, the type locality

of metamorphic diamond (Sobolev and Shatsky, 1990), is part of
one of the largest suture zones in Central Asia, and contains slices
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of HP and UHP metamorphic rocks. A comprehensive review of
UHP and new minerals in a large variety of lithologies such as
calcsilicate rocks, eclogites, gneisses, schists, marbles of various
compositions, Grt–Cpx–Qz rocks, and Grt peridotites was recently
completed by Schertl and Sobolev (2013). Most diamond-bearing
UHP rocks occur in the Kumdy Kol and Barchi Kol areas, whereas
the Kulet region lacks diamond but contains coesite (e.g., Zhang
et al., 2012). Most microdiamonds are less than 30 lm but some
grains reach 200 lm; they show cuboid shapes and rare octahedral
form. Microdiamonds contain highly potassic fluid inclusions, as
well as solid inclusions of carbonate, silicate and sulfide, which
support the idea of diamond formation from a C–O–H bearing fluid
(e.g., Sobolev and Shatsky, 1990; Dobrzhinetskaya et al., 2001;
Cartigny, 2005; Ogasawara, 2005).

Kokchetav diamonds are characterized by exceptionally light
d13C values from �21.6 to �10.4‰ suggesting that the carbon
was derived from recycled crustal materials (Sobolev and
Sobolev, 1980; Cartigny et al., 2001). Several recent analyses of
d13C and d15N values of diamonds from different rocks are summa-
rized in Table 4. For example, some microdiamonds from dolomitic
marbles possess clear differences in d13C between core and rim
(Fig. 4A) (Imamura et al., 2012). The rim shows lower isotopic com-
positions ranging from �26.9 to �17.2‰, whereas the core is much
higher, with d13C ranging from �13.0 to �9.3‰. Imamura et al.
(2012) suggested a two-stage growth of Kokchetav microdia-
monds; the core reflects the isotopic signature of carbonate rocks
whereas the rim grew in the presence of infiltrated fluid of light
carbon from the adjacent gneisses. Nitrogen isotope data and
negative d13C values of Kokchetav diamonds indicate a metasedi-
mentary origin (e.g., Schertl and Sobolev, 2013).

A number of unique mineralogical discoveries from Kokchetav
UHP rocks have been reported. K-feldspar (+phengite) exsolutions
in clinopyroxene (e.g., Katayama et al., 2002; Sakamaki and
Ogasawara, 2013) demonstrate that potassium can be incorporated
in the Cpx structure at upper mantle pressures. Other significant
observations are (1) coesite exsolution and hydroxyls in titanite
(Ogasawara et al., 2002; Sakamaki and Ogasawara, 2013), (2)
quartz rods and phengite exsolution in Cpx (e.g., Katayama and
Maruyama, 2009), (3) corundum, sapphirine and spinel in garnet
rims and perovskite inclusions in forsterite from a layered
calcsilicate rock (Schertl et al., 2004), (4) the occurrence of akdala-
ite (5Al2O3�H2O) from a Kulet whiteschist (Hwang et al., 2006), (5)
longsdaleite, the 2H hexagonal polytype of carbon, from a Grt–Bt
gneiss (Dubinchuk et al., 2010), (6) hogbomite associated with spi-
nel in diamond-free dolomite marble (Schertl and Sobolev, 2013),
and (7) a host of high–Mg-bearing phases. Several new minerals
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Fig. 4. Photomicrographs of (A) two-stage growth of star-shaped microdiamond inclusio
Kokchetav marble (Fig. 4D of Ogasawara, 2005), and (B) UHP K-tourmaine as a new nam
including kokchetavite (Hwang et al., 2004, 2013), a hexagonal
polymorph of K-feldspar, and kumdykolite (Hwang et al., 2009),
an orthorhombic polymorph of albite, have been reported. A new
UHP K-tourmaline that contains diamond inclusions, named
maruyamaite (Fig. 4B) has been approved by the IMA (Lussier
et al., 2014).

1.5.5. The Dabie-Sulu UHP belt of East-central China
Zhang et al. (2009a) and Liou et al. (2012) provided summaries

of extensive research on Dabie–Sulu UHP rocks including nearly
continuous 5-km core samples recovered from the Chinese Conti-
nental Scientific Drilling (CCSD) project (also, see Ji and Xu, 2009;
Zheng et al., 2009). This review describes many petrotectonic char-
acteristics of the vast amount of UHP rocks previously studied. Ear-
lier works defined at least three unusual features: (1) All UHP rocks
have preserved three distinct stages of mineral parageneses and
geochemical data in zircons (Late Proterozoic protoliths formed
at 740–790 Ma, Permo-Triassic subduction at 225–245 Ma, and
Late Triassic exhumation at 220–210 Ma). However, geochronolog-
ical study of the North Sulu UHP belt indicated that some proto-
liths of coesite-bearing eclogites and their country rocks have
Paleoproterozoic ages (Jahn et al., 1996; Xu, 2007) (Fig. 5). There-
fore, although some Yangtze cratonal rocks have Paleoproterozoic
ages (e.g., Zhang and Zheng, 2013), the North Sulu terrane is inter-
preted as a segment of the Sino-Korean craton margin that partic-
ipated in the subduction of the Yangtze craton and underwent UHP
metamorphism together with the descending slab (Xu, 2007). (2)
Coesite and its pseudomorph are ubiquitous in many lithologies
including eclogites in gneisses, quartzites, marbles and garnet per-
idotites; they occur as trace inclusions even in hydrous phases
such as epidote and zoisite. They are most abundant as minute
inclusions in these rocks (e.g., Liu and Liou, 2011). However, dia-
mond is very rare, reflecting the oxidized nature of the protolith.
(3) Limited fluid–rock interactions took place during the first two
stages, hence this terrane preserves the most negative mineral
d18O values (��10 to �8‰) among terrestrial metamorphic miner-
als in the world. Locally primary minerals, textures and structures
of eclogitic protolith are preserved in the Yangkou metagabbro;
rare intergranular coesite also occurs in this eclogite, one of the
only two occurrences in UHP terranes worldwide (Fig. 6). A few
North Sulu eclogitic rocks have extremely high eNd values (+160
to +170) and very low Nd concentrations (<1 mg/g); these isotopic
features led Jahn et al. (1996) to argue for a lack of water activity
during the entire processes of subduction and exhumation.

Since the reviews of Zhang et al. (2009a) and Liou et al. (2012),
several petrochemical studies including pseudosection analyses
maruyamaite
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n with translucent core and transparent fine-grained polycrystalline rim in garnet of
e maruyamite that contains diamond inclusions (Lussier et al., 2014).
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have been conducted, providing better documented P–T paths of
UHP rocks of various compositions (e.g., Chen et al., 2013a; Wei
et al., 2013). Most Dabie–Sulu UHP rocks have passed through
the lawsonite eclogite facies conditions inasmuch as relict lawso-
nite and its pseudomorphs were identified as inclusions in Grt
and Omp of Mg-rich eclogites (e.g., Guo et al., 2013; Wei et al.,
2013). P–T estimates from conventional and pseudo-section calcu-
lations lie within the P–T forbidden zone and yield the peak UHP
recrystallization within the diamond stability field (e.g., Liou
et al., 2000, 2012). The rarity of diamond is due to the occurrence
of oxidized protoliths evidently produced through intense
meteoric water–rock interactions during Neoproterozoic snowball
Earth conditions.

1.5.6. The Qinling orogen UHP–HP belts
The Qinling orogen of central China consists of two fault-

bounded HP–UHP belts (e.g., Hacker et al., 2004; Yang et al.,
2003a, 2005; Wang et al., 2014 and references therein). The Trias-
sic South HP belt is a western extension of the coeval HP–UHP
Tongbai–Dabie–Sulu belt, whereas the Paleozoic North belt
contains poorly exposed amphibolite and eclogite blocks in
gneissic rocks. Hu et al. (1995) first petrographically recognized a



Coe

Coe

Coe

QzGrt

Grt

B

Coe

Grt

Qz

Omp

Rt

0.03 mm 0.2 mm

A

Fig. 6. Photomicrographs of intergranular (matrix) coesite from two UHP terranes: (A) Yangkuo eclogite of the Sulu terrane (Zhang and Liou, 1997), and (B) Parigi coesitite of
the Dora Maira Massif (Chopin, 1984).

396 J.G. Liou et al. / Journal of Asian Earth Sciences 96 (2014) 386–420
pseudomorph after coesite in eclogitic garnet but did not provide
corresponding Raman data to confirm the existence of any relict
coesite. Subsequently, microdiamond inclusions in zircon crystals
from both eclogite and gneiss were reported by Yang et al.
(2003a). Since the report of microdiamond in 2003, extensive
search for microdiamond by Chinese investigators failed to confirm
its presence (Liou et al., 2009b).

Recently, a single in-situ diamond inclusion in a zircon separate
from an amphibolite sample in the North Qinling belt was identi-
fied by Raman spectroscopy (Wang et al., 2014). The crystal
�15 � 30 lm in size occurs beneath the surface of the host zircon,
is bright, grayish-white, and multifaceted; it possesses distinctive
characteristics similar to polycrystalline diamond of the UHP Erz-
gebirge described by Dobrzhinetskaya et al. (2013b). The zircon
host exhibits typical metamorphic growth zoning + geochemical
features and has a weighted mean U–Pb age of 490.4 ± 5.8 Ma for
the peak UHP metamorphism. However, diamond inclusions in zir-
cons from most other UHP terranes such as Kokchetav, Western
Alps, and Bohemian Massif mentioned above are micro-sized and
more abundant. The report of a single in-situ diamond in the North
Qinling amphibolite remains to be confirmed. If it is verified, this
would further confirm that the North Qinling microcontinent was
subducted to mantle depths long before Triassic subduction/accre-
tion of the South China craton that formed the South Qinling–
Tongbai–Dabie–Sulu orogen. The near-absence of diamond in
these UHP rocks may be due to its complete transformation to
graphite during retrograde recrystallization and/or to a very low
concentration of CO2 (XCO2 < 0.01) that would preclude diamond
crystallization (e.g., Ogasawara et al., 2000; Dobrzhinetskaya
et al., 2006a,b).

1.6. Discussion

1.6.1. Contamination of microdiamonds attending sample preparation
The danger of contamination by industrial diamonds (cutting

saw, polishing paste, etc.) during sample preparation is serious as
exemplified by a recent paper (Dobrzhinetskaya et al., 2014a). For
instance, Menneken et al. (2007) reported diamonds as inclusions
in 45 detrital zircon grains (�4.2 to �3.0 Ga) from the Archean Jack
Hills conglomerate complex of Western Australia; the conglomer-
ates were deposited at about 3.0 Ga (Spaggiari et al., 2007) and the
diamond inclusions were characterized by low d13C values ranging
from �58 to �5‰ (Nemchin et al., 2008). Such surprising findings
of tiny diamonds in the oldest Earth materials challenged the exist-
ing interpretation of the Jack Hills zircons derived from granitic
rocks that were crystallized at depths of <10 km (e.g., Hopkins
et al., 2010). Dobrzhinetskaya et al. (2014a) showed that many of
these diamonds lie below the polished surface and randomly occur
in zircon domains of different ages. However, the zircons were pol-
ished employing diamond abrasive paste, implying that the reported
diamonds could have been introduced by sample preparation. Thus
contamination was suspected and intensive search of a very large
sample of Jack Hills zircons (>400 grains) failed to confirm the occur-
rence of diamond (e.g., Hopkins et al., 2008, 2010, 2012); new P–T
data support earlier interpretation of a shallow crustal origin of
the zircons. Dobrzhinetskaya et al. (2014a) reexamined the dia-
monds in the Menneken et al. (2007) and Nemchin et al. (2008)
papers and found that the reported diamonds are not in direct con-
tact with the host zircons. Dobrzhinetskaya et al. (2014a) also rein-
vestigated the original Jack Hills occurrences, and failed to find
indigenous diamonds; FIB–TEM techniques (TEM observations of
thin films extracted by focused ion beam (FIB) milling demonstrated
that the zircon hosts contain low-P phases including Qz, graphite, Ap
and other common granitic minerals. Hence, Dobrzhinetskaya et al.
(2014a) concluded that the reported diamonds in the Jack Hills
zircons were contaminated by diamond polishing paste.

In general, polishing mineral surfaces using industrial diamonds
can insert them into cracks and pores of the sample, along with
polishing dust (minerals, resins, organic matter, etc.). Because opti-
cal microscopes have a resolution of about 1 lm, it is difficult to
identify whether industrial diamond grains (<�1 lm) filling small
pores of a polished surface lie below the surface or not. SEMs with
a conventional (tungsten filament-type) electron gun also imper-
fectly characterize submicron size particles. Amorphous carbon
shows Raman peaks at �1350 cm�1 (the D1 band; sp2-bonded car-
bon) and �1580 cm�1 (the G band; sp2-bonded carbon). Although
the D peak is broader than the diamond peak (C–C bonding of
sp3-bonded carbon) at 1332 cm�1, it might easily be misidentified
as partially graphitized diamond.

Hence, to avoid false positives we recommend using a high-
resolution SEM with field-emission type electron gun for surface
observations in addition to Raman study. Moreover, as
Dobrzhinetskaya et al. (2014a) demonstrated, FIB–TEM techniques
are crucial to prove contact relationship between diamond inclu-
sions (especially inclusions smaller than�5 lm) and host minerals.

1.6.2. Recycling of crustal materials including fluids through UHP
minerals

Numerous hydrous and carbonate phases in equilibrium with
UHP metamorphic assemblages have been described (Liou et al.,
1998; Zhang et al., 2010). These phases include but are not limited
to OH-rich topaz (Zhang et al., 2002), kokchetavite (Hwang et al.,
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2004), K-cymrite (Zhang et al., 2009b), phengitic mica, Ep, nyböite
(Hirajima et al., 1992), Gln, Tlc, Phl, Ti-clinohumite, Lws (e.g.,
Tsujimori and Ernst, 2014), maruyamaite (Shimizu and
Ogasawara, 2005, 2013), guyanaite (Schulze et al., 2014), and apa-
tite (Ruiz Cruz and Sanz de Galdeano, 2014). Such occurrences
together with hydroxyl-bearing anhydrous phases (e.g., Cpx,
Katayama et al., 2002; Katayama and Nakashima, 2003;
Sakamaki and Ogasawara, 2013) suggest that many rocks including
gneisses, pelites, marbles, eclogites, and garnet peridotites retained
minor fluids during UHP metamorphism. These phases transport
substantial amounts of H2O ± other fluids and transform into other
dense hydrous magnesian silicates at greater mantle depths. The
subduction channel provides direct transport of fluid into the dee-
per Earth (e.g., Zheng, 2012a,b); hence the mantle transition zone
could be hydrous and store abundant H2O (e.g., Pearson et al.,
2014).

An especially important hydrous mineral is lawsonite that is
common in most HP and some UHP terranes (cf. Tsujimori et al.,
2006; Tsujimori and Ernst, 2014). Vitale Brovarone et al. (2014)
recently discovered the widespread occurrence of HP hybrid rocks
including metasomatic lawsonitite and Chl–Tlc–Amp-rich (±car-
bonate) rocks that formed by chemical and mechanical mixing of
mafic, ultramafic and sedimentary protoliths in the HP terrane of
Alpine Corsica. Lawsonitites, consisting of more than 70 vol% laws-
onite, have compositions close to the system CaO–Al2O3–SiO2–H2O
(CASH) and have higher trace element, Cr and Ti contents than most
mafic blueschists and eclogites. Thermodynamic calculations by
Vitale Brovarone and Beyssac (2014) show that lawsonitite is stable
at much higher pressures than the experimental P-limit for lawso-
nite-bearing HP–UHP rocks of MORB composition (e.g., Okamoto
and Maruyama, 1999). Metasomatic lawsonitite contains the high-
est H2O content (>7.5 wt%) compared to all major subducted rock-
types, including metasedimentary, mafic and ultramafic rocks at
UHP conditions (e.g., 4 GPa and 550–800 �C). Chlorite-rich hybrid
rocks also display very high water contents, but may have a much
shallower stability field compared to lawsonitites. The presence of
such hybrid rocks in Alpine-type terranes and numerical calcula-
tion led Vitale Brovarone and Beyssac (2014) to conclude that these
lithologies may transfer volatiles to great depths along the subduc-
tion channel, with implications for cycling of water and crustal
minerals to the mantle. Furthermore, metasomatic hydrous phases
associated with ultramafics are common in UHP rocks; in addition
to antigorite, chlorite, Ti-clinohumite, phlogopite, and magnesite,
other trace but unusual phases including a recently documented
guyanaite (b-CrOOH) have been documented (e.g., Zhang et al.,
2009a,b; Schulze et al., 2014). These may well be important in
transporting water to great mantle depths where hydrous ringwoo-
dite (Pearson et al., 2014) is stable.

Experimental data on trace element partition coefficients for
lawsonite show a preference for LREE/HREE and Be; consequently
the observed decrease of B/Be ratio in Phanerozoic arc magmas
with increasing distance away from the trench can be explained
by progressive lawsonite breakdown (Martin et al., 2011, 2014).
After decomposition, the remaining trace elements inherited from
the precursor lawsonite in some UHP phases may return to the
Earth’s surface via a deep-seated mantle plume, or may be acciden-
tally trapped as peculiar UHP phases such as LREE-rich CaTiSi per-
ovskites inclusions within Group-2 Brazilian diamonds (Bulanova
et al., 2010) and/or chromitites in the mantle transition zone.

1.6.3. UHP phases in deeply subducted continental rocks
Large continental masses have been subducted to mantle

depths >90–100 km and subjected to UHP metamorphism; some
were subsequently exhumed to crustal depths and underwent
mid- to upper crustal HT–UHT granulite- to amphibolite facies
recrystallization. Due to the K-feldspar-rich nature of granite,
future study may reveal preserved UHP minerals so far undiscov-
ered and known only from laboratory experiments or extraterres-
trial materials (e.g., K-wadeite: Harlow and Davies, 2004;
K-hollandite (libermannite: Ma et al., 2014): Yagi et al. 1994); this
would allow further insights into the ultimate fate of deeply sub-
ducted granitic continental crust (e.g., Yamamoto et al., 2009a).

Most UHP rocks contain minor accessory minerals including
apatite, zircon, rutile, and titanite. These phases, as illustrated
above, preserve coesite and microdiamond inclusions, exhibit
UHP polymorphs (e.g., TiO2

II) or have exsolved coesite lamellae
(e.g., titanite with coesite lamellae). Through the combination of
careful petrographic examination for reaction textures, calculated
simple petrogenetic grids and the application of geothermometry
involving these small grains of Ti- and Zr-bearing accessory miner-
als becomes an indispensible tool when reconstructing subduction
and exhumation history of continental rocks (for details, see
Tropper, 2014; Proyer et al., 2014).

1.6.4. Temporal distribution of HP–UHP metamorphic rocks
UHP metamorphic rocks document the subduction of continen-

tal crust along a cold geothermal gradient to depths of at least 90–
100 km, and in many cases, considerably deeper. The geological
record of blueschist-facies and UHP metamorphism appear to
reflect a secular change in thermal regimes of subduction zones
since the late Neoproterozoic (e.g., Ernst, 1972; Maruyama et al.,
1996; Maruyama and Liou, 1998). In fact, except for the Paleopro-
terozoic UHP rocks in West Greenland (Glassley et al., 2014), all
UHP rocks date from late Neoproterozoic to Pliocene and are coeval
with blueschists and glaucophane-bearing eclogites (Tsujimori and
Ernst, 2014) (Fig. 7). However, the secular trend of 31 UHP meta-
morphic terrenes shows three apparent hiatuses, during the Ediac-
aran (latest Neoproterozoic), Permian, and Jurassic-to-Early
Cretaceous. The Permian UHP hiatus overlaps the global lawsonite
hiatus, which is a robust indication of relatively warm subduction-
zone thermal regimes (Tsujimori and Ernst, 2014). Moreover, the
Jurassic-to-Early Cretaceous stasis is well known as the Tethyan
duration of high ophiolite production (Dilek, 2003). Although the
recognition of UHP terranes in continent–continent and arc–conti-
nent collision zones is highly dependent on the preservation of
UHP index minerals from post-collisional Barrovian type metamor-
phism and/or regional migmatization, the absence of recognized
UHP metamorphic rocks in the early Earth may be related to plate
tectonics and global heat production. Presumably sea-floor spread-
ing is a continuous event, therefore, so is subduction. However,
return of subducted slabs need not be continuous, and is more
likely episodic—accounting for some of the apparent periods of
reduced or no plate underflow.

1.6.5. Formation and exhumation of HP–UHP terrenes
Numerical modeling of continental subduction/collision and

exhumation is less abundant than that of Pacific-type plate under-
flow, but new studies are becoming more numerous (e.g., Warren
et al., 2008a,b; Burov and Yamato, 2008; Gerya et al., 2008;
Gerya, 2011; Butler et al., 2011; Li et al., 2011). High-quality data
from natural UHP occurrences provide tight boundary conditions
for modeling simulation. For instance, Gerya et al. (2008) proposed
a ‘‘hot channel’’ model in which deeply subducted continental
crust achieves temperatures of 700–900 �C by intense viscous
shear + radiogenetic heating; consequently, the high-T causes
buoyancy-driven upward extrusion of the UHP slab due to melting.
Warren et al. (2008a,b) addressed importance of ‘‘plunger-expul-
sion’’ as an exhumation mechanism, following the early-stage
buoyancy-derived exhumation; strong crust of the overlying plate
acts as a plunger that expels weaker UHP materials. In some cases,
of course, a segment of the overlying lithospheric plate fails main-
tain its stress guide behavior, and instead decouples and descends
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with the subducting lithosphere (e.g., Western Alps, Eastern Green-
land) as described by Hacker et al. (2013). The elegant results of
numerical modeling of continental subduction/collision help us
to understand petrological, structural, and geochronological data
from natural UHP rocks.

Hacker et al. (2013) has also drawn attention to the contribution
of protoliths of UHP rocks through erosion of the overriding plate
and insertion into subduction channels, hence not all UHP terranes
need be derived from the subducting slab. In fact, the UHP terrane
of NE Greenland (Gilotti and McClelland, 2011; Gilotti et al, 2014)
is an example of subduction and UHP metamorphism of the overrid-
ing plate. The Laurentian continent, far from the suture with Baltica,
the upper plate of the Caledonides, experienced UHP metamorphism
late in the collision. The large Sulu terrane of NE China shown in
Fig. 5 is another example; it consists of the North Sulu UHP Unit with
protoliths of the hanging wall Sino-Korean margin with Early Prote-
rozoic ages of�1400 to�2400 Ma, descending with the underlying
South Sulu UHP Unit with Middle Neoproterozoic Yangtze protoliths
of �650 to �880 Ma (cf Xu, 2007). Moreover, supracrustal rocks of
the North Sulu terrane are characterized by what appear to be typi-
cal ‘‘Sino-Korean craton style’’ sediments; specifically, these rocks
are well correlated with coeval sequences from the Liaodong Penin-
sula, as both lack O3-D (Upper Ordovician to Devonian) sediments
(Xu Zhi-Qin, personal communication, August, 2014). In any case,
the speculative model of Fig. 5 requires further detailed geochrono-
logic investigations of Sulu UHP rocks and Yangtze cratonic rocks to
better constrain the ages and affinity of the protoliths for the North
Sulu UHP Unit (e.g., Zhang and Zheng, 2013).

2. UHP and crustal minerals in chromitites and harzburgites
associated with ophiolitic complexes

2.1. Introduction for ophiolites and chromitites

As shown in Fig. 1, ophiolites occur along sutures between con-
tinental terranes and represent ancient oceanic crust formed in a
variety of spreading environments, including oceanic ridge, back-
arc basin, and supra-subduction zone (SSZ), and subsequently were
emplaced onto continental margins (e.g., Coleman, 1977; Dilek and
Newcomb, 2003; Metcalf and Shervais, 2008; Dilek and Furnes,
2011, 2014). They show significant variations in their internal
structures, geochemical fingerprints, and emplacement mecha-
nisms depending on their proximity to their formation at a ridge,
back-arc basin, or trench. Depending on rate of influx of ascending
asthenosphere, spreading rate of the oceanic lithosphere, and
mechanism of emplacement, ophiolites may consist of plutonic
and/or extrusive sequences resulting from multiple magmatic
pulses; most are later dismembered.

Dilek and Furnes (2014) grouped the mechanism of ophiolite
formation into subduction-unrelated (e.g., spreading ridges) and
subduction-related (e.g., SSZ and volcanic arc types) ophiolites.
Despite the different settings for their formation, the general
mechanism by which a complete ophiolite succession forms is rea-
sonably well understood and agreed upon. In extensional environ-
ments, heat flow is high due to rising asthenospheric mantle. As
pressure decreases in the ascending asthenosphere beneath mid-
ocean ridges (MOR) or back-arc basins, undepleted lherzolites par-
tially melt to form basaltic magma. The melts collect in a chamber
(or chambers) at depths about 4–6 km, and undergo fractional
crystallization. Some magma rises as dikes, forming a sheeted-dike
complex, and/or is extruded as pillow lavas in the axial rift on the
sea floor. The remaining magma within the chamber continues dif-
ferentiating upon cooling to form the layered and massive rocks of
the plutonic sequence. Fractional crystallization gives rise locally
to diorite and plagiogranite. Petrologic and chemical data indicate
that the lavas, dikes, gabbros, and underlying depleted harzburgite
are all cogenetic; harzburgite represents a crystalline residue from
partial melting in the mantle that produced the overlying igneous
rocks. Many mantle peridotites, however, contain high SiO2 and
high ratios of LREE/HREE that are inconsistent with an origin as
the residuum of partial melting of primitive mantle. These occur-
rences instead may represent the metasomatic products of mantle
lithosphere and ascending melt (Kelemen et al., 1992).

Ophiolite formation ages may be obtained by direct U–Pb dating
of zircon from comagmatic diorite or plagiogranite of the plutonic
sequence. They are also constrained by the ages of radiolarian fossils
in overlying pelagic chert. Ophiolites are rather abundant in Phan-
erozoic orogenic belts and their peak times of genesis and emplace-
ment in Earth history coincide with collisional events (see Fig. 7 and
the recent compilation of age distribution in Fig. 4 of Dilek and
Furnes, 2011, 2014). Inasmuch as MOR-generated oceanic litho-
sphere has been extensively subducted, such ophiolites are rela-
tively rare compared to other ophiolite types. Age gaps between
the deposition of pelagic sediments and ophiolite emplacement in
continental margins and/or island arcs are commonly less than
25 Myr (Coleman, 1977; Dilek and Furnes, 2011). Such a short dura-
tion is consistent with the life span of a back-arc basin (less than
20 Myr) and indicates that obduction of many ophiolites occurred
soon after their creation. Such ophiolites consequently represent
young oceanic lithosphere that was detached while still hot.

In short, ophiolites provide the best opportunity for geologists
to walk across the ocean floor on land; they also offer vertical
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sections in addition to horizontal distributions. Moreover, ophiolite
formations record the ages of oceanic fragments that escaped dis-
appearance into subduction zones. In a conventional view, all com-
ponents including podiform chromite mentioned below are formed
in low-P extensional tectonic settings with high heat flow; they
represent a cross-section of newly formed oceanic crust/upper
mantle. However, recent petrological and geochemical studies of
ophiolites and the spatially associated chromitites containing
UHP minerals to be described below provide new challenges for
the conventional hypothesis; some harzburgites and their
chromitites lying directly beneath ophiolites have experienced
multi-stage deformation and crystallization–recrystallization
including HP–UHP metamorphism (e.g., Zhou et al., 1996; Arai,
2013; González-Jiménez et al., 2014; Huang et al., 2014).

2.2. Ophiolitic podiform chromitites

A typical ophiolitic sequence consists of podiform chromite
deposits associated mainly with dunite rather than with harzburg-
ite or pyroxenites. Numerous schemes for classifying chromitites
have been proposed (e.g., for recent reviews, see Arai, 2013;
González-Jiménez et al., 2014). In an early study, Coleman (1977)
described two types of chromite deposits: The first type exhibits
a nonsystematic distribution of the podiform deposits within
metamorphic peridotites with no relationship between the size
of the deposit and its enclosing dunite. The second type is closely
associated with layered gabbro and peridotite; the chromite bodies
are randomly distributed within metamorphic peridotites.

Arai (2010, 2013) classified high-P (concordant) recycled chro-
mitites and low-P (discordant) podiform chromitites based on
structural criteria and the presence of inclusions of HP–UHP miner-
als. Those conventionally recognized chromitites by Coleman
(1977) are low-P chromites; they contain low-P phases including
Na-rich pargasite, Na-rich phlogopite and pyroxenes (e.g.,
Borisova et al., 2012). The occurrence of such low-P hydrous phase
inclusions suggests the shallow mantle origins for the host chromi-
tites. Nodular chromitites with minute primary inclusions of
hydrous minerals and pyroxenes have been considered to be
low-P igneous features (Cassard et al., 1981). On the other hand,
Arai (2010) interpreted Luobusa nodular chromitites as a distinct
HP type recrystallized at mantle conditions where hydrous miner-
als were unstable. High-P chromitites from several Tibetan ophio-
lites as well as from the Ray-Iz massif, the Polar Urals (e.g.,
Robinson et al., 2004; Yang et al., 2007, 2014b; Yamamoto et al.,
2009b; Xu et al., 2009; Huang et al., 2014) contain UHP mineral
inclusions. The UHP podiform chromitites are similar in petrogra-
phy and mineral chemistry to ‘‘ordinary’’ podiform chromitites,
and mainly comprise chromite and olivine. Arai (2013) proposed
the possibility of a deep recycling origin for these UHP chromitites.
Low-P chromites were initially crystallized and have inclusions of
hydrous phases in spinels: these chromites were subducted to
mantle depths and recrystallized at HP–UHP conditions and subse-
quently were exhumed to a rift setting to be included as parts of an
ophiolitic complex. Indeed, such suggestion of transformation of
low-P to high-P chromitites was later substantiated by finding of
relict hydrous phases in chromite of Tibetan chromitites (e.g.,
Huang et al., 2014).

2.3. Historical advance in the study of UHP minerals in chromitites
associated with ophiolites

2.3.1. Early findings of UHP minerals in mineral separates and
sediments from Tibetan ophiolites

Prior to the initial investigation of UHP minerals and their host
chromitites and harzburgites from Tibetan ophiolites by western
scientists including Paul Robinson and his students/postdocs at
Dalhousie University in the 1990s (Zhou, 1995; Hu, 1999), most
petrological and mineralogical studies of minerals and rocks of
Tibetan ophiolites were carried out by Chinese scientists including
Bai Wen-Ji, Fang Qing-Song and others from the Institute of Geol-
ogy, Chinese Academy of Geological Sciences (IGCAGS, 1981).
Exciting findings of coarse-grained diamonds in heavy mineral sep-
arates and placer sediments in Tibet led to numerous follow-up
search for occurrences of diamond and other UHP minerals in
several ophiolite bodies; the results of Chinese efforts in the early
1980s are best summarized in Bai et al. (1993) and Robinson et al.
(2004).

Large, ton-sized samples of Tibetan chromite ores and associ-
ated ultramafics were collected from the ore bodies; they were
washed, air dried and transported to the Institute of Multipurpose
Utilization of Mineral Resources at Zhengzhou, China for mineral
separations. Other samples were independently processed in dif-
ferent laboratories. Many precautions were taken both in the field
and in the laboratories in order to eliminate possible sources of
contamination for diamonds, native elements, and alloys described
below. All equipment was dismantled and cleaned before the sam-
ples were processed. For example, a 200-kg granitic sample was
processed first as a blank to check for contamination; the results
yield only Qz, Kfs, Pl, Bt, Zrn and Ap in the residues of granitic sam-
ples (Bai et al., 1993). Mineral separations were carried out using a
combination of vibration, magnetic, flotation by heavy liquids, and
electrical conductivity techniques. Diamond and other UHP miner-
als were handpicked from heavy-mineral separates, examined by
binocular microscope prior to further laboratory determination
including XRD and laser Raman spectroscopy. Identical procedures
for collections and mineral separations were independently carried
out at different laboratories in order to ensure the nature of these
unusual minerals and their in-situ natures. Most of the UHP miner-
als recovered from the chromitites are black, dark gray or brightly
colored; had contamination taken place, they would have been
easily recognized in granite residues through identical mineral
separation procedures.

A number of unusual minerals, including diamond, moissanite,
graphite, native chromium, Ni–Fe alloy and Cr2+-bearing chromite
were found in mineral separates during the study of two major
Tibetan ophiolite belt suture zones bordering the Lhasa block:
the Yarlung–Zangbo suture on the south between the Indian conti-
nent and the Lhasa block and the Bangong–Nujiang suture on the
north between the Lhasa block and the South Qingtang block. Such
findings were mainly described in local journals in Chinese (e.g.,
IGCAGS, 1981; Fang and Bai, 1986; Yan et al., 1986). Regional
tectonic settings of the Yarlung–Zangbo suture in Tibet and its
adjacent region together with location and lithologic units of the
Luobusa and other ophiolite bodies are shown in Fig. 8.

Several coarse diamond grains were first recognized in heavy
mineral separates of ophiolitic chromitites from Donqiao, about
300 km north of Lhasa by Bai Wen-Ji (IGCAGS, 1981). Following
the confirmation of diamonds in chromitite residues of the Don-
giao ophiolite, placer diamonds were discovered in stream sedi-
ments and alluvial fans on the south side of the Donqiao massif.
Later, geologists of the Tibetan Geological Bureau independently
found diamonds in podiform chromitites of the Luobusa ophiolite
along the Yarlung–Zangbo suture, about 200 km southeast of
Lhasa. More than 100 diamond grains were recovered from chro-
mitites and harzburgites of these two massifs. Of these, 20 are from
Luobusa, 6 from mafic and ultramafic minerals suggesting that
they were derived from the ophiolites. Later study of chromitites
and harzburgites of these two ophiolite bodies confirmed the pres-
ence of moissanite, graphite, native Cr, Ni–Fe alloys and other
minerals.

A few examples of ophiolite-type diamond separates are shown
in Fig. 9A (after Fig. 2 of Yang et al., 2014a). Most diamond grains
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are 0.1–0.2 mm in diameter; some exceed 0.5 mm. The largest one
is 0.7 � 0.6 � 0.6 mm. Similar to those diamond grains from the
Ray-lz chromitite of the Polar Urals, Russia shown in Fig. 9A,
Luobusa diamonds are colorless and transparent; many are euhe-
dral forms with octahedral, dodecahedral, or cubo-octahedral
forms. Some exhibit evidence of plastic deformation. They contain
numerous dark micro-inclusions (Yan et al., 1986).
Many grains of Os–Ir and octahedral silicates are either enclosed
in or attached to, chromite grains, leaving no question as to their
natural origin (Bai et al., 2000). Thus, the Chinese scientists were
confident that the reported UHP minerals are naturally occurring
grains in the Tibetan chromitites. Other early findings in Tibetan
chromitites include but were not limited to a new octahedral pseu-
domorph of lizardite included in and attached to chromite grains
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(Yang et al., 1981). These octahedral forms of lizardite have been
subsequently considered to be hydrated ‘‘ringwoodite’’ with olivine
composition as described below (Robinson et al., 2004).

Abundant PGE and base-metal alloys are enclosed in chromite
grains from Luobusa (Bai et al., 2000). They are anhedral to subhe-
dral, equidimensional grains up to 0.5 mm in diameter and span a
wide range of compositions; most contain less than 10% Ru and are
classified as osmium and iridium. Many are compositionally zoned,
typically with cores of osmium and rims of iridium. The Os–Ir
ratios in these alloys range from approximately 2:1 to 1:1. A few
Os–Ir alloys contain small spherical silicate inclusions about
5–50 lm across, and have sharp boundaries. Energy-dispersive
analyses indicate that they are Ca–A1–Fe–Mg silicates tentatively
identified as silicon spinel. The Pt–Fe alloys occur as single
subrounded to tabular grains 0.1–0.4 mm in diameter or as inter-
growths with Os–Ir–Ru alloys. They consist chiefly of Pt and Fe
with up to 10% Rh and small amounts of Ni, Co, and Cu. Only one
grain has a composition close to isoferroplatinum (Pt3Fe). Small
inclusions of Os–Ir–Ru alloy are present in some Pt–Fe grains.
The Ir–Ni–Fe alloys occur as single grains or as coliform
intergrowths with Os–Ir–Ru alloys. These alloys have relatively
constant Fe (15–25 at.%) but vary widely in Ir and Ni contents.
Some grains also contain small amounts of Ru, Os and Cu.

2.3.2. Study of UHP minerals from Luobusa chromitite separates by
Robinson et al. (2004)

In the early 1990s, Paul Robinson led his former students and
postdoctoral fellows (e.g., Zhou MF, Yang JS, Hu XF) together with
Chinese (Bai WJ, Fang QS) and other colleagues to collect more
samples from the Luobusa chromitites, applying similar
approaches for mineral separations. They handpicked UHP and
other minerals from residues and identified minerals by XRD, laser
Raman, IR, and other crystallographic techniques. Selected grains
were mounted in epoxy, polished, and then analyzed using EPMA
and SEM–EDAX. U–Pb ages of some zircon separates were dated
by ion microprobe. They recovered an additional 25 diamond
grains of similar morphologies and grain sizes as those previously
reported (Robinson et al., 2004). Several other phases including
native elements, carbides, PGE and base-metal alloys, sulfides, sil-
icates and oxides were found in the new chromitite samples. The
compositional and morphological characteristics of these phases
are described below.
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2.3.3. Findings of Luobusa in-situ UHP minerals by Yang et al. (2007 to
present)

Recent study and discovery of numerous UHP unusual phases in
Luobusa and several other ophiolitic bodies in Tibet and elsewhere
are credited to Yang Jingsui and his co-workers. They used modern
analytical tools to examine polished sections of mineral separates
and several newly collected large samples, positively identifying
numerous UHP minerals ranging from nano- to micro-scales as
in-situ occurrences, exsolutions and other textures as described
below. The initial publication (Yang et al., 2007) exemplified their
first conclusive findings of diamond as an inclusion in Os–Ir alloy
and coesite as part of a silicate assemblage rimming a grain of
Fe–Ti alloy extracted from the Luobusa chromitites. Subsequent
studies by Yang associates and collaborators yielded many other
unusual minerals (Dobrzhinetskaya et al., 2009, 2014b); at least
eight new minerals were first documented from Luobusa. Further-
more, many new localities of similar UHP mineral occurrences
have since been discovered (Xu et al., 2009, 2014; Yang et al.,
2013, 2014a,b).

Yang et al. (2007) described a chromitite fragment that com-
prises three zones: (1) a core of Fe–Ti alloy about 500 lm across,
mantled by (2) an inner zone 1090 lm thick of native Ti, which
in turn is partially mantled by (3) an outer zone of aluminosilicate
minerals 30–60 lm thick. A very narrow zone (<1 lm) of Si–Al
alloy (Si78Al20Ti2) borders the native Ti adjacent to the aluminosil-
icate zone, which consists of �45 model% coesite, �15% kyanite
and �40% of other phases, largely amorphous aluminosilicate with
significant Ti, Mg and alkalis. Minor phases include native Fe, TiO2

II,
boron carbide of unknown stoichiometry, amorphous carbon,
osbornite (TiN), and qingsongite (see next section for details) as
well as Ti–Si–O and Ti–Al–Si–O grains that are too tiny to be iden-
tified. Coesite forms prisms several tens of lm long, but is poly-
crystalline, and is interpreted to be pseudomorphic after
stishovite, similar to synthetic stishovite crystallized at T = 900 �C
and P = 10 GPa (Dobrzhinetskaya and Green, 2007). Because these
pioneering findings are so important, a few photos of this paper
are reproduced in Fig. 9. Based on these findings, Yang et al.
(2007) proposed that the UHP minerals likely were incorporated
into the chromitites in the deep mantle.
2.3.4. Finding of coesite lamellae in chromite by Yamamoto et al.
(2009b)

S. Maruyama, JS Yang, and associates conducted field investiga-
tions of the Luobusa ophiolite complex and its overlying flysch unit
(H. Yamamoto et al., 2007a); they also collected large chromitite
samples and conducted nearly identical mineral separation pro-
cesses in China as described above. They documented structures
and compositions of nano-size exsolution lamellae of both diop-
side and coesite in chromite employing TEM data (Yamamoto
et al., 2009b). These authors also described different modes of
chromite occurrence; some are of ultra-deep origin whereas others
are of low-P magmatic origin at the mid-oceanic ridge.
2.3.5. Finding of nano-size nitrites and other UHP minerals by
Dobrzhinetskaya et al. (2009 to present)

Employing several state-of-the-art analytical tools,
Dobrzhinetskaya et al. (2009, 2014b) discovered numerous unu-
sual oxides, nitrites and coesite–kyanite + other silicate phases.
These include osbornite (TiN), qinsongite (c-BN), the high-pressure
TiO2

II phase, and native Fe occurring as submicroscopic inclusions
(50–200 lm) together with Ky + Coe pseudomorphs after stishov-
ite (Yang et al. (2007) (Fig. 9C and D). The characteristic features
of these and other new phases will be detailed in the next section.
2.3.6. Findings of similar UHP minerals in other Chinese ophiolites and
elsewhere (Yang et al., 2012 to present)

Using the same approach and analytical tools, Yang and col-
leagues described similar findings of UHP minerals in other Tibetan
ophiolites in the Yarlung–Zangbo suture zone, including Zedang,
Xigaze, Dangqiong, Purang and Dongbo (Yang et al., 2014a,b; Xu
et al., 2009, 2014) and in ophiolites from Sartohai, NW China,
Ray-Iz from the Polar Urals, Russia and the Myitkyina region of
Myanmar (see Fig. 1 of Yang et al., 2014b).

The Paleozoic Ray-Iz ophiolite consists mainly of lherzolite–
harzburgite and minor dunite and is regarded as formed in a
mantle wedge above a subduction zone. Yang et al. (2014b)
report more than 1000 diamond grain in mineral separates from
�1500 kg of chromitite collected from two ore bodies. These
small (ca. 0.2–0.5 mm) diamonds are colorless, transparent and
euhedral, with well-developed crystal forms (see Fig. 9A and B);
some are polycrystalline aggregates. Many diamond grains also
contain micro-inclusions of Ni70Mn20Co5 alloy and Mn-rich sili-
cates. In addition, more than 60 other mineral species were iden-
tified, grouped as: (1) native elements: Cr, W, Ni, Co, Si, Al and Ta;
(2) carbides: SiC and WC; (3) alloys: Cr–Fe, Si–Al–Fe, Ni–Cu, Ag–
Au, Ag–Sn, Fe–Si, Fe–P, and Ag–Zn–Sn; (4) oxides: wüstite, peri-
clase, eskolaite, TiO2

II, baddeleyite, Ilm, Crn, chromite, NiO and
SnO2; (5) silicates: kyanite, pseudomorphs of octahedral olivine,
zircon, garnet, feldspar, and quartz; (6) Fe, Ni, Cu, Mo, Pb, Ab,
As–Fe, Fe–Ni, Cu–Zn, and Co–Fe–Ni sulfides; and (7) native Fe,
FeO, and Fe2O3.

Diamonds from Tibetan and other ophiolites show similarities
in morphology, carbon isotopes and mineral inclusions, but all
are distinctly different from diamonds occurring in kimberlites
and UHP metamorphic rocks. They have LREE-enriched trace-ele-
ment patterns similar to those of some kimberlitic fibrous dia-
monds, but are characterized by strong negative anomalies in Sr,
Sm, Eu and Yb. Trace element patterns are clearly distinct from
those of synthetic diamonds and show striking differences from
the cratonic diamonds described below. Hence, Yang et al.
(2014a) proposed a new class for ophiolite-hosted diamonds to dif-
ferentiate their origin from those in kimberlites and UHP belts.
Ophiolite-hosted diamonds and associated phases may have
formed in a profoundly deep mantle environment; such diamonds
may be present in other ophiolitic bodies as well as in the oceanic
mantle.
2.3.7. SinoProbe-05 continental scientific drilling at Luobusa (Yang, JS)
An on-going mega-government-funded Earth-science SinoP-

robe Program projects initiated in 2008 is Project #5 led by J.S.
Yang. It includes continental scientific drilling (CSD) to sample
and chart UHP rock profiles in several ophiolitic bodies for inves-
tigation of compositions, structures and fluids from the deep
mantle. The Luobusa pilot-hole drilling (LSD-1) (2009–2010)
was selected as the first hole reflecting the unusual mineral
group discovered in the in-situ diamond-bearing chromitites. It
was drilled to a depth of 1479 m with an average core recovery
rate of 93.6%. SIMS analysis shows that the ophiolite-hosted dia-
mond has a distinctively light d13C isotopic composition, compat-
ible with the ophiolite-hosted moissanite (d13C from �35 to
�18‰, n = 36); both are much lower than the main carbon reser-
voir in the upper mantle (d13C near �5‰). Compiled data from
moissanite from kimberlites and other mantle settings share this
characteristic of light d13C isotopic compositions. These data sug-
gest that both diamond and moissanite originated from a sepa-
rate carbon reservoir in the mantle, or that its formation
involved strong isotopic fractionation, and may have formed in
the lower mantle.
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2.4. Description of Luobusa unusual minerals

As noted above, >60 discrete phases have been reported from
chromitites and peridotites associated with ophiolites; except for
specific citations, most compositional and textural features are
from Robinson et al. (2004) and are briefly summarized below:

2.4.1. Native carbon: diamond and graphite
Most diamond crystals from mineral separates (Fang and Bai,

1986; Robinson et al., 2004) are colorless, euhedral octahedra
ranging in size from 0.2 to 0.7 mm; irregular grains and broken
fragments have also been recovered. Some grains contain small
inclusions of clinoenstatite with somewhat higher SiO2. The dia-
mond inclusions in Os–Ir alloy discovered by Yang et al. (2007)
are micro-size (6 lm across) and intergrown with an unidentified
Mg–Al silicate phase (possible a highly aluminous enstatite or a
high-P polymorph of enstatite). Analyzed diamonds have total N
contents of 20–700 lg/g and N aggregation states of up to 75%.

Graphite is common in Luobusa chromitites and occurs as gray,
tabular prisms and irregular grains, 0.1–0.7 mm long; most grains
have rounded corners, but their hexagonal morphology is appar-
ent. None of the graphite grains have diamond morphology, hence
may not be the retrograde product mentioned above.

Yang et al. (2014a,b) identified numerous micro- and
nano-inclusions of previously subducted crustal materials in some
Tibetan diamonds; these include Ni–Mn–Co alloys, galaxies
(Al–Mn spinel), tephroite (Mn olivine), spessartine, Mn-oxide and
native Mn. Diamonds and moissanite in southern Tibet and the
Polar Urals have extremely light d13C-values (�29 to �18‰), much
lower than most kimberlitic diamonds (�10 to �5‰). As the dia-
monds occur not only in mineral separates but also in-situ as
micro-scale inclusions in chromites from both chromitites and
peridotites in at least six ophiolitic bodies worldwide and are asso-
ciated with unusual, extremely reduced phases (e.g., Xu et al.,
2011), Yang et al. (2014a,b) proposed a unique type of ophiolite-
hosted diamonds having a distinct deep mantle origin.

2.4.2. Moissanite, native silicon
Moissanite (a-SiC) 0.1–1.1 mm in size recovered from mineral

separates (e.g., IGCAGS, 1981; Fang and Bai, 1986) occurs as either
single rounded or pinacoidal idiomorphic crystals and fragments.
Some show color zonings from dark-blue to grayish-blue to nearly
colorless, or from pale green to yellow to yellowish-blue to bluish
green caused by small amounts of impurities such as nitrogen and
aluminum. A few euhedral moissanite crystals contain small inclu-
sions of probable gehlenite (Ca2A12SiO7); other crystals contain
minute oval or needle-like opaque inclusions of native Si. Native
Si, nearly pure Si with minor Fe, occurs as irregular inclusions in
moissanite and Fe-silicides; the grains are subcircular in shape,
up to about 0.25 mm across, and have sharp boundaries with the
host material.

2.4.3. TiO2
II phase and silicon rutile

Trace amount of nano-size TiO2
II has been identified as isolated

inclusions in host coesite of chromititie fragments from both Luo-
busa, and Ray-Iz. Its occurrence suggests that the host chromitites
formed at 10 GPa within the stability of stishovite. The Luobusa
TiO2

II is associated with coesite laths after stishovite (Yang et al.,
2007; Dobrzhinetskaya et al., 2009). Both TiO2

II and coesite lack
any sign of retrogression to low-P phases. Preservation in such a
pristine state in ophiolite reflects extraordinarily reduced, anhy-
drous conditions indicated by the coexisting phases. Such a feature
is in marked contrast to the TiO2

II in UHP rocks from the Erzgebirge
(Hwang et al., 2000) and the Dabie belt (Wu et al., 2005) where it is
preserved only along a single twin boundary of a retrograde rutile
crystal. The presence of TiO2

II by itself confirms the high-minimum
pressure necessary to stabilize stishovite because at 1300 �C, cer-
tainly a minimum temperature for a mantle upwelling at
300 km, rutile is stable to 10 GPa (Withers et al., 2003).

One grain of silicon rutile reported by Yang et al. (2003b) has a
prismatic shape, weak cleavage, and is about 50 � 50 � 200 mm.
X-ray diffraction data yield a tetragonal lattice and is isostructural
with stishovite. An average composition is: SiO2 = 13.8 wt%,
TiO2 = 85.9 wt% and Cr2O3 = 0.3 wt%. The Si substitutes for Ti in
the sixfold coordination position, indicating formation under UHP
conditions at depths equivalent to the mantle transition zone or
the lower mantle (Yang et al., 2003b). Ren et al. (2009) reported
experimental results on the SiO2 solubility in rutile up to 23 GPa
and 2000 �C; the SiO2 solubility at constant T of 1800 �C increases
from 1.5 wt% SiO2 at 10 GPa to 3.8 wt% SiO2 at 23 GPa and at con-
stant pressure of 18 GPa, the solubility increases from 0.5 wt% SiO2

at 1500 �C to 4.5 wt% SiO2 at 2000 �C. On the other hand, the solu-
bility of TiO2 in coesite or stishovite is very limited, with an aver-
age of 0.6 wt% TiO2 over the experimental P–T ranges.

2.4.4. Wüstite (FeO), and native iron (Fe)
In Luobusa, wüstite occurs as light-gray, sub-rounded grains

0.1–1.5 mm in diameter commonly hosting spherical inclusions of
native Fe. Robinson et al. (2004) reported some wüstite composi-
tions. Most grains are nearly pure FeO with small amounts of Mn
or Ti; a few contain high MnO and a few wt% each of SiO2 and
A12O3 and traces of Cr2O3 and MgO. One prismatic grain about
0.3 mm long appears to be an intergrowth of SiO2 and FeO and has
compositional zoning with Si replacing by Fe from rim to core.

Native Fe is common and occurs as small round globular inclu-
sions 50–100 lm in diameter in wüstite (Fig. 9F) or rarely as irreg-
ular clusters of acicular grains (Bai et al., 2000). These grains are
pure Fe; a few contain minor amounts of Mn, Si and A1, up to a
total of about 4 wt%. The well-round Fe inclusions have sharp con-
tacts with host wüstite; they were probably immiscible liquids
from a molten melt. Robinson et al. (2004) further described small
round inclusion of an Fe–Mn silicate 1–7 lm in diameter in globu-
lar native Fe. SEM photographs of the inclusions reveal small, irreg-
ular dark patches within a homogeneous, lighter gray phase of an
Fe-rich silicate (approximately 69–74 wt% FeO and 17.5–22 wt%
SiO2), whereas the small dark patches contain lower FeO and
SiO2, higher MnO (up to �20 wt%) and TiO2 and small quantities
of A12O3. The Raman spectrum of these inclusions does not match
any known mineral, but grains are similar in composition to Mn-
rich fayalite. Likewise, the composition of the lighter gray, high-
FeO, low-SiO2 background material could be Si-rich wüstite. These
nano-size phases and several other unusual opaque minerals
remain to be investigated and may be new UHP phases.

2.4.5. Ni–Fe–Cr–C alloys
These carbide alloys are compositionally variable but fall into

three main groups: Cr–C, Fe–Ni–C and Ni–Fe–Cr–C based on their
atomic proportions. The Cr–C alloy occurs as steel-gray, acicular
crystals with well-developed crystal faces and contain mainly C
and Cr with small amounts of Fe and Ni and traces of Ti. Native Cr
has also been reported from the Luobusa chromitites (IGCAGS,
1981; Zhang et al., 1996). The Ni–Fe–Cr–C alloys occur as sub-
rounded grains�200 lm across, with a silver white, metallic luster;
some have distinct compositional bands or zones, and many are
light-gray material with many small irregular patches or blebs of
dark material scattered through the grains. The light-gray areas
and bands are higher in both Fe and Ni but lower in Cr than the dark
bands; they represent the products of exsolution or intergrowths of
different composition. Ni–Fe–C alloys form grayish-white, granular
grains, 200–300 lm across, with strong metallic luster and form two
compositional group, Fe-rich and Ni-rich. Fe-rich varieties lack Ni
and have atomic proportions close to Fe0.5C0.5 whereas the Ni-rich
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grains have variable amounts of Fe and C. Most Fe–Ni–C grains are
optically homogeneous and show little compositional variation.

2.4.6. PGE alloys
In previous studies on other ophiolitic complexes, Dick (1974)

described many base-metal alloys that occur along cracks and frac-
tures in ophiolitic chromite associated with serpentinization, and
considered them to be secondary. However, abundant PGE and
base-metal alloys from the Luobusa chromitites described by Bai
et al. (2000) are completely enclosed in chromite grains, so are
probably primary. These Os–Ir–Ru, Pt–Fe and Ir–Fe–Ni alloys are
anhedral to subhedral, equidimensional grains up to 0.5 mm in
diameter. The Ir–Fe–Ni alloys occur as single grains or as colliform
intergrowths with Os–Ir–Ru alloys. These Ir–Fe–Ni alloys have con-
stant Fe (15–25 mol%) but vary widely in Ir and Ni. Some grains
also contain small amounts of Ru, Os and Cu.

The Os–Ir–Ru alloys span a wide range of composition; most
contain less than 10% Ru and are classified as osmium and iridium
(Bai et al., 2000). Many are compositionally zoned, typically with
cores of osmium and rims of iridium. The Os–Ir ratios in these
alloys range from approximately 2:1 to 1:3. A few Os–Ir alloys con-
tain small spherical silicate inclusions about 5–50 lm across with
sharp boundaries. Energy-dispersive analyses indicate that the
inclusions are Ca–Al–Fe–Mg silicates tentatively identified as
silicon spinel.

Pt–Fe alloys occur as single subrounded to tabular grains
0.1–0.4 mm across or as intergrowths with Os–Ir–Ru alloys. They
consist mainly of Pt and Fe with up to 10% Rh and small amounts
of Ni, Co, and Cu (Bai et al., 2000). Only one analyzed grain has a
composition close to isoferroplatinum (Pt3Fe). Small inclusions of
Os–Ir–Ru alloy are present in some Pt–Fe grains.

2.4.7. Silicate minerals
In addition to the Coe and Ky pseudomorphs after stishovite

inclusions in Ir–Fe alloys of the Luobusa chromitite fragment
described by Yang et al. (2007) (Fig. 9C and D), a variety of other
silicate minerals, including Ol, Opx, Cr–Di, and minor Phl, Srp
and Chl occur as inclusions in other minerals or as discrete crystals.
Yang et al. (1981) first reported a new octahedral pseudomorph of
lizardite grains 0.2–0.7 mm across included in and attached to Luo-
busa chromite. Subsequently, several hundred grains recovered
from mineral separates were reported by Robinson et al. (2004);
most consist of serpentine. X-ray diffraction data indicate that
the serpentine grain has a spinel crystal structure with a cubic,
face-centered lattice (space group Fd-3m) with dimensions
a = 8.277 Å and V = 567.1 Å3. Refinement of the crystallographic
data yields a best fit with the composition Fo90Fa10. An energy-dis-
persive spectrum confirms that the octahedral grain consists of
nearly pure Mg silicate containing a small amount of iron. The
morphology, structure and composition of the octahedral grain
strongly suggest that it was high-pressure form of olivine, possibly
ringwoodite (Robinson et al., 2004).

2.4.8. Oxides and nitrides
Dobrzhinetskaya et al. (2009, 2014a,b) reported numerous

unusual oxides and nitrites including osbornite (TiN), qinsongite
(c-BN), TiO2

II, and native Fe from a Ky–Coe-bearing silicate assem-
blage (e.g., see Fig. 2 of Yang et al., 2007). Nano-size osbornite
(TiN) (50–200 nm) inclusions are abundant within coesite and are
accompanied by qinsongite and less-abundant crystals of native
Fe, sporadic inclusions of TiO2

II, and boron carbide of unknown
stoichiometry. Isotopic compositions of d15N = �10 ± 3.0‰ and
d13C = 5 ± 7‰ were obtained for osbornite. No variations in N and
C isotope compositions were detected. Natural osbornite is very
rare on the Earth (Tatarintsev et al., 1987), but it is rather common
in meteorites, especially iron meteorites. Those in a Ca–Al-rich
inclusion from a carbonaceous chondrite were suggested to have
formed by gas–solid condensation in a high-T (�2000 K) region of
the solar nebula instead of having a high-pressure origin (Meibom
et al., 2007).

Qinsongite is a cubic boron nitride (cBN); this new mineral was
named by Dobrzhinetskaya et al. (2009, 2014b) for Qingsong Fang
(1939–2010), who found the first diamond in the Luobusa
chromitite. Qingsongite forms isolated anhedral single crystals
from 100 nm up to 1 lm in size. This mineral contains
48.54 ± 0.65 wt% B and 51.46 ± 0.65 wt% N with a structural for-
mula corresponding to B1.113N0.887 to B1.087N0.913 maximum and
minimum B contents, respectively. The presence of qinsongite is
significant not only because of its association with coesite pseud-
omorphs after stishovite, but also reflecting the rare source of N
and B. The only B concentrations exceeding 1 mg/g in minerals from
mantle depths are blue diamonds (1–8 lg/g B, N < 5–10 lg/g,
Gaillou et al., 2012), and B in diamonds could have been sourced
from the crust. On the other hand, nitrogen is widespread in kim-
berlitic/lamproitic diamonds and varies greatly depending on the
source of the diamond (e.g., a few parts per million to over
1000 lg/g, Palot et al., 2012). Diamonds from UHP metamorphic
terrains (e.g., Kokchetav) contain up to 11,000 lg/g N (De Corte
et al., 1998). Based on geochemical characteristics of qinsongite
and its association with reduced UHP silicates and nitrides,
Dobrzhinetskaya et al. (2014a,b) suggested that formation of qing-
songite required a pelitic rock that was subducted to mid-mantle
depths where crustal B originally present in mica or clay combined
with mantle N (d15N = �10.4 ± 3‰ in osbornite) and subsequently
was exhumed by entrainment in chromitite. The Luobusa qinsong-
ite-bearing silicate fragment thus had a hybrid crustal + mantle
origin. Its occurrence implies the recycling of crustal material into
the mantle since boron, an essential constituent of qingsongite, is
potentially an ideal tracer of material from the Earth’s surface.

2.4.9. Fe-silicide
Fe-silicides of various Fe and Si stoichiometries (+minor Ti and

P) are present in mineral separates and in-situ as inclusions in
other minerals of the Luobusa chromitites (e.g., Bai et al., 2002,
2003, 2004; Robinson et al., 2004; Li et al., 2007b; Yang et al.,
2014a,b). They occur as gray, irregular grains up to about 1.5 mm
across. Most individual grains are chemically uniform; some
contain small inclusions of native Si. Based on their compositions,
several new minerals have been identified: these include
luobusaite, Fe0.8Si0.2 (Bai et al., 2006; Li et al., 2007a), qusongite,
W1.006Cr0.02C0.992 (Fang et al., 2009), yarlongite (Cr,Fe,Ni)9C4 (Shi
et al., 2009), zangboite, TiFeSi2 (Li et al., 2009) and naquite, FeSi
(IMA2010-010), and linzhiite, FeSi2 (Li et al., 2012), titanium, Ti
(Fang et al., 2013), and qingsongite, B1.1N0.9 (Dobrzhinetskaya
et al., 2014b). Two other phases, xifengite (Fe5Si3), first identified
from the Yanshan, China meteorite by Yu (1984), and gubeiite
(Fe3Si) also occur. These phases possess high symmetry and small
cell volumes with closest packed crystal structures. Characteristics
of these and other unusual Luobusa minerals are listed in Table 3.

Among them, qusongite (WC) is a new mineral named from the
type locality, Qusong County; it was discovered as angular grains
in heavy mineral separates, associated with chromian chlorite,
calcite, (W,Ti)C and (Ti,W)C alloys, and chromite (Fang et al.,
2009). Qusongite contains mainly W (92.07–94.48 wt%) and C
(6.01–6.16 wt%) with minor Cr (�0.04 wt%), and has a formula
W1.006Cr0.02C0.992 close to end-member WC (Fig. 9E).

Among iron-silicide intermetallic compounds, the new mineral
linzhiite (FeSi2) is the most common, and is named after the Linzhi
Prefecture (Li et al., 2012). The typical composition is close to the
ideal formula, with minor Al and Mn. Synthetic FeSi2 has two
polymorphs: tetragonal P4/mmm space group and orthorhombic
Cmca space-group, linzhiite and luobusaite (Fe0.8Si0.2–FeSi2),



Table 3
Crystallogrphic and compositional characteristics of new minerals from Luobusa chromitites, Tibet.

Name of
minerals

Luobushaite Zangboite Linzhiite Naquite Qinsongite Qusongite Yarlongite Titanium

Formula Fe0.84Si0.2 TiFeSi2 FeSi2 FeSi B1.1N0.9 W1.006Cr0.02C0.992 Cr4Fe4NiC4 Ti
Crystal system Orthorhombic Orthorhombic Tetragonal Cubic Cubic Hexagonal Hexagonal Hexagonal
Unit-cell

parameters
a = 9.874 (14)
[Å]

a = 8.605 (10) a = 2.696
(1)

a = 4.486 (4) a = 3.61 ± 0.045 a = 2.902 (1) a = 13.839
(2)

a = 2.950 (2)

b = 7.784 (5)
[Å]

b = 9.5211
(11)

b = 2.696
(1)

V = 90.28 c = 2.831 (1) b = 13.839
(2)

c = 4.686 (1)

c = 7.829 (7)
[Å]

c = 7.6436 (9) c = 5.147 (6) V = 20.05 (1) c = 4.4960
(9)

V = 35.32 (5)

V = 601.7(8)
[Å3]

V = 626.25
(13)

V = 37.41
(14)

V = 745.7 (2)

Z 16 12 1 4 4 1 6 2
Space group Cmca Pbam P4/mmm P213 F43m P6m2 P63/mc P63/mmc

Chemical composition (electron probe)
Si 54.58 (8) 35.13 50.00 (60) 32.57
Fe 45.40 (8) 34.92 49.09 (64) 65.65 40.6
Ni 8.54
Mn 0.28 (11)
Al 0.64 (28) 1.78
Ti 29.95 99.32–100
C 6.07 9.22
Cr 41.38
W 93.44
B 48.54 ± 0.65
N 51.46 ± 0.65
Total 99.87 100.01 99.74
Location Orebody 31, Luobusa mining district, Qusong County, Tibet (29�50N 92�50E)
IMA no. IMA2005-

052a
IMA2007-036 IMA2010-

011
IMA2010-
010

IMA2013-030 IMA2007-034 IMA2007-
035

IMA2010-044

References Bai et al.
(2006)

Li et al. (2009) Li et al.
(2012)

Shi et al.
(2012)

Dobrzhinetskaya et al.
(2014a,b)

Fang et al.
(2009)

Shi et al.
(2009)

Fang et al.
(2013)
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respectively. Intergrowths between FeSi2, zangboite (TiFeSi2), and
native silicon also occur. Zangboite named after the Yarlung
Zangbo River, was first found in heavy-mineral separates derived
from a 1500 kg sample of chromitite collected from Luobusa (Li
et al., 2009). Most grains are between 0.002 and 0.15 mm across;
some are 0.08 � 0.15 mm in size. Finer grains were also discovered
as inclusions in Fe–Si phases; native Si forms a rim around the
zangboite crystals. Zangboite has an ideal composition of Ti
29.95, Fe 34.92, Si 35.13 wt% and contain traces of Cr, Mn, Zr and
Al. Zangboite has been synthesized by reaction of ilmenite ore with
molten Si at ambient pressure (Saito et al., 2005). Hence, its
presence alone does not necessarily imply a high-P environment.

Linzhiite and other intermetallic compounds may have
crystallized from the melt that formed the Luobusa chromitites.
Compositions and mineral parageneses indicate that they formed
under a strongly reducing environment. Thus they are likely xeno-
crysts derived from mantle sources, transported upward by a
plume and incorporated in the ophiolite during seafloor spreading.
Blocks of the mantle containing exotic minerals were presumably
picked up by later boninitic melts from which the chromitites
precipitated, were transported to a shallow depth and partially
digested in the melt, with insoluble residues incorporated in the
chromitite (Robinson et al., 2004; Yang et al., 2007, 2014a,b).
2.4.10. Exsolution lamellae of coesite and pyroxene in chromite
Yamamoto et al. (2009b) documented nano-size exsolution

lamellae of both diopside and coesite in chromite. The presence
of these lamellae, coupled with topotaxial crystallographic
relations with the host chromite, and abundant micro-inclusions
of clinopyroxene, requires high solubility of Si and Ca in the
chromite. In fact, the high-P polymorphic phase transformation
of chromite to CaFe2O4 (CF)-type structure at 12.5 GPa and further
to CaTi2O4 (CT)-type structure above 20 GPa at 2000 �C has been
experimentally documented, and the UHP chromite accommodates
substantial amounts of Ca, Si, Ti, and Fe as CaFe2O4 and CaTi2O4

solid solutions (Chen et al., 2003). These UHP MgCr2O4-rich CF
and CT phases could be the precursors of chromite stable at
P > 12.5 GPa (�380 km depth).

Such nano-scale observations and geological occurrence indicate
that the mantle peridotite/chromitite may have been transported
from the deep mantle by convection. It implies that the root of man-
tle upwelling has a much deeper origin than previously believed. As
chromite is a highly refractory mineral, the petrological UHP evi-
dence and geochemical signatures can be preserved in spite of its
long history. In fact, thin lamellae of pyroxene in chromite, similar
to those in UHP chromitites from Tibet, have also been documented
in concordant podiform chromitites in the Ballantrae Complex ophi-
olite, SW Scotland (Yamamoto et al., 2007b) and in the northern
Oman ophiolite (Miura et al., 2012).
2.5. Host chromitites and peridotites of the Luobusa ophiolites

As UHP minerals are most concentrated in host chromitites and
depleted harzburgites from Luobusa, these ultramafic rocks have
received the most intensive study (e.g., Zhou et al., 1996, 1998,
2005; Arai et al., 2009; Huang et al., 2014). Recent drilling to nearly
1475 m at Luobusa have recovered continuous fresh core samples
of residual peridotites, cumulus dunites, +gabbros and podiform
chromitites.

Luobusa chromitites can be divided into three types: massive,
nodular, and disseminated. Based on petrographic and geochemi-
cal data, Zhou et al. (1996) suggested that the podiform chromitites
formed by crystallization of boninitic melts that were probably
produced by a second-stage melting above a subduction zone. This
hypothesis, however, does not explain the presence of UHP
minerals in the chromite. Robinson et al. (2004) suggested that
the Tibetan chromitites crystallized near the top of the mantle
transition zone, and were then transported in mantle peridotites
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to shallow levels. Based on its geochemistry as typical of
suprasubduction zone ophiolitic chromitites and their host rocks
as old as Archean (Shi et al., 2007), González-Jiménez et al.
(2014) postulated that the Luobusa ophiolites developed from
thinned continental lithospheric mantle, then was subducted to
great depths; buoyancy of ancient SCLM would enable its rapid
exhumation when compression was replaced by extension.

Recent investigation of parageneses and compositions of miner-
als and P–T paths of crystallization/recrystallization of Luobusa
chormitites and harzburgites by Huang et al. (2014) yields a differ-
ent interpretation. These rocks apparently underwent five different
stages of crystallization and metamorphism. (1) The nodular chro-
mite and olivine grains, and their ‘‘melt inclusions’’, indicate a
high-T, high-P magmatic crystallization, most likely in the deep
upper mantle. (2) Serpentinization and low-T metasomatic alter-
ation are indicated by the occurrence of inclusions of relict uvarov-
itic garnet, magnetite and low-T hydrous phases. These hydrous
minerals include lizardite, brucite, Chl, Tlc, and Act in metamorphic
disseminated chromite and olivine, suggesting that they formed at
shallow-crustal levels under near-surface conditions similar to the
mineral parageneses in some Alpine peridotites (Trommsdorff and
Evans, 1972; Evans, 1977). (3) High-pressure metamorphism and
fragmentations of magmatic nodular olivine and chromite grains
occurred at upper mantle depths at about 2 GPa with the main
assemblage of chromite + Opx + Ol. At such depths, these rocks
recrystallized to depleted harzburgite, dunite and chromitite with
relict serpentine mineral inclusions in peridotite minerals. (4)
Upwelling of these rocks allowed formation of the ophiolitic
components of oceanic crust at rifting settings (e.g., MOR). (5)
Interaction of seawater and ophiolitic rocks and serpentinization
took place during their emplacement at shallow crustal depths.
The calculated P–T path of the studied harzburgite does not enter
the coesite or diamond stability fields (Fig. 14 of Huang et al.,
2014). Instead, they suggested that UHP metamorphism was not
coeval with the late chromitite formation but occurred earlier as
an independent event. Their investigated chromitite and its ultra-
mafic wall rocks are similar to eclogites and peridotites in the Alps
and other UHP terranes described in the previous sections (e.g.,
Biino and Compagnoni, 1992; Zhang and Liou, 1997). In the Alps,
HP–UHP metamorphism of emplaced oceanic crustal rocks (e.g.,
eclogitic pillow basalts) including rodingites is well known (e.g.,
Cortesogno et al., 1977; Evans and Trommsdorff, 1987). Many
HP–UHP metamorphic rocks preserved primary minerals, textures
and structures in spite of prolonged tectonic evolution (e.g., Zhang
and Liou, 1997). Ultramafics of the subcontinental lithospheric
mantle evidently preserve depleted harzburgite. Based on lead
and osmium isotopic data of sulfides from oceanic abyssal perido-
tites, Warren and Shirey (2012) suggested that the mantle contains
volumetrically significant reservoirs of ultra-depleted material,
probably derived from recycled oceanic lithospheric mantle. These
depleted reservoirs contribute only small amounts to oceanic crust
generation, both due to a limited ability to melt and to the dilution
of any melt by more enriched melts during crust formation. Such
depleted ultramafics could be included and associated with
younger ophiolitic components formed at spreading centers.

Some Chinese authors (Yang et al., 1981, 2008; Bai et al., 2001)
have suggested that serpentine inclusions with octahedral shapes
reflect former ringwoodite, transformed into serpentine due to
fluid infiltration at low pressure. Robinson et al. (2004) interpreted
the ‘‘octahedral-shaped’’ inclusion with an olivine composition in
chromite to be lower-mantle ringwoodite. However, Huang et al.
(2014) speculated that ‘‘octahedral shapes’’ of the serpentine inclu-
sions simply could be the negative crystal facets of chromite crys-
tals. There is no reason that the ‘‘ringwoodite’’ inside the diamond
would have retrogressed to serpentine whereas the diamond host
was not graphitized. Moreover, the observed widespread
occurrence of lizardite (a serpentine mineral stable only at
<350 �C) inclusions in HP minerals shows that all serpentine
inclusions are likely prograde mineral inclusions formed at shallow
subduction depths. Apparently, the Luobusa chromitite/harzburgite
may have originally crystallized in the upper mantle (spinel-facies
lherzolite/harzburgite) from a Cr-rich melt (Zhou et al., 1996) and
later was serpentinized prior to UHP metamorphism and recrystal-
lization at mantle depths.

2.6. Occurrences of low-P crustal mineral inclusions in zircons

Independent studies by Robinson et al. (2014) and Yamamoto
et al. (2013) on U–Pb age and mineral inclusions of zircons sepa-
rated from podiform chromitites from the Luobusa ophiolite
reached the same conclusion. Employing laser Raman spectroscopy,
they identified low-P crustal inclusions, such as Qz, Kfs, Rt, Ilm and
Ap, but a lack of mantle minerals (e.g., olivine, pyroxene, and chro-
mite) in zircons, suggesting that the zircons are crustal in origin.
Spot analyses with LA-ICPMS, assisted by cathodoluminescence
images gave a wide age range, from the Cretaceous to the Late
Archean (ca. 100–2700 Ma). The minimum ages of ca. 100 Ma, plot-
ted on the concordia curve, are slightly younger than the ophiolite
magmatic event in the suprasubduction zone (120 ± 10 Ma),
suggesting that the zircons underwent minor Pb-loss. However,
most zircon ages are much older than the formation ages of both
the chromitite and the ophiolite. Thus the crustal zircons are xeno-
crystic origin and resided in mantle peridotite for a long time before
being enclosed by chromitite formation; the mantle peridotite
beneath the Neo-Tethys Ocean clearly was contaminated by crustal
materials. This suggestion is consistent with previous reports that
mid-oceanic ridge basalts of the Indian Ocean have isotopic signa-
ture of crustal material contamination (e.g., Ingle et al., 2002).

Robinson et al. (2014) described zircon, corundum, Pl, Kfs, Grt,
Ky, andalusite, Qz and Rt in podiform chromitites from the ophio-
lites of Tibet, Oman, and the Polar Urals. Separated zircons are
rounded grains, contain low-P mineral inclusions, and have much
older age ranges than the host ophiolites. These features suggest
that crustal low-P minerals were mixed with subduction-origin
UHP and highly reduced phases in the ophiolitic chromitites.
Apparently, some ancient zircons in podiform chromitites provide
evidence of crustal material being recycled through the upper
mantle; subducted crustal relics may be widespread in the mantle
and may account for much of the mantle heterogeneity.

2.7. Tectonic model for genesis of UHP and LP minerals – recycling of
crustal materials

Tectonic models attempting to account for the unusual petro-
tectonic–geochemical–mineralogical characteristics described
above must consider the following observations: (1) lithologic
components of ophiolites have formed in low-P rifting settings
(e.g., MOR, back-arc or SSZ); (2) high-P chromitites beneath some
ophiolites have undergone multiple tectonic events from low-P
through deep subduction to mantle upwelling; (3) HP chromitites
contain xenolithic minerals included in old crustal zircons; (4) dia-
monds, moissanite, coesite pseudomorphs after stishovite, possible
ringwoodite and many other phases including native elements,
oxides, silicates, nitrides evidently formed at great depths under
highly reducing conditions.

Thus far, several models explaining the intimate association of
crustal materials with mantle minerals have been proposed.
Robinson et al. (2004) pointed out that ophiolites along the
Indus–Yarlung–Zangbo suture zone are variable in age and may
represent the remnants of numerous small collapsed oceanic
basins that accreted at ca 126 Ma as a result of intraoceanic sub-
duction. Three stages were suggested: In stage 1, during early
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Mesozoic formation of Neo-Tethys, lithospheric subduction carries
continental/oceanic materials into the deep upper mantle; convec-
tion brings mantle UHP minerals and rocks to shallow levels. In
stage 2 at ca 175 Ma, sea-floor spreading produces the MORB-like
crust, which makes up the bulk of the Luobusa ophiolite. In stage
3 at ca 126 Ma, a subduction zone descends through this weakly
depleted mantle; hydrous melting in the overlying mantle wedge
produces boninitic melts, which rise upward and undergo
fractional crystallization to form podiform chromitites.

The model of Yamamoto et al. (2013) with four discrete stages
is simplified in Fig. 10: (1). From >�500 Ma: Consolidation of
Gondwana caused contamination of subcontinental lithospheric
mantle by subducted crustal materials. (2) At ca 170 Ma: after
Gondwana breakup, the Luobusa ophiolite was generated above
the ‘contaminated/polluted’ mantle in the Neo-Tethys between
the Lhasa block and the Indian continent. About the same time
the podiform chromitites formed and assimilated recycled crustal
zircons from the polluted upper mantle during melt–mantle
interaction at a mid-oceanic ridge; many isotopically unusual
UHP and reduced minerals may have formed in the lower mantle
and subsequently were brought up after the formation of the
Neo-Tethys Ocean through mantle upwelling (3) At ca 120 Ma:
the Luobusa ophiolite was affected by supra-subduction zone
magmatism and metasomatism; and (4) At_ca 50 Ma: the Indian
continent containing the 80–90 Ma obducted Luobusa ophiolite
collided with the Eurasia continent. The accretion formed the
Indus–Yarlung–Zangbo suture zone as well as the Himalayan
UHP terrane.

J.S. Yang and his co-workers have been working on the UHP and
LP minerals associated with ophiolitic rocks for more than two
decades, and have proposed numerous tectonic models to account
for the observed field and analytical data. The latest version is
duplicated in Fig. 11 (Yang et al., 2014a,b, Fig. 3). This model
India

Africa

Africa

MOR

MOR

MOR

Lhasa

India

Formation of 
Luobusa ophiolite

Contamina
with recycl

A

B

C

D

Fig. 10. Schematic diagrams showing the tectonic evolution of the Luobusa ophiolite a
During the consolidation of Gondwana, subduction of crustal materials were brought int
continent were in the northern part of Gondwana, and at ca 500 Ma it started to break u
overlying the ‘polluted’ upper mantle. (C) At ca 120 Ma the Luobusa ophiolite was affecte
At ca 40 Ma, the Luobusa ophiolite was obducted onto the edge of the Indian continent
accounts for the facts described above and explains the following
events: (1). The similarity of mineralogical and geochemical char-
acteristics of diamonds + associated reduced + UHP minerals from
ophiolites of various regions and ages (early Paleozoic to Creta-
ceous) indicate that most phases likely formed at mantle depths
of 150–300 km or deeper. (2) The occurrence of low-P silicate min-
erals, such as zircon, corundum, andalusite, kyanite, and rutile in
ophiolitic chromitites and peridotites document the recycling of
crustal materials including various fluid species such as phlogopite,
lawsonite, glaucophane, nominally anhydrous phases via subduc-
tion into the mantle transition zone (>300 km depth). These crustal
contaminates must have been introduced into the deep mantle by
subduction, long before the formation of ophiolitic magmas at
shallow depths. (3) Ophiolite-type diamonds crystallize from
supercritical C–O–H fluids prior to inclusion in chromites. (4) On
the upwelling of fluid/melt-charged asthenosphere, UHP chromite
grew and encapsulated diamonds, moissanite, and other highly
reduced phases. (5) With continued ascent to upper mantle depths,
coesite exsolves from chromite and stishovite is replaced by
coesite, whereas the diamonds and other phases are preserved as
inclusions in chromite grains. (6) The rising asthenosphere with
inclusions of diamond and associated phases + crustal contami-
nates of various ages is brought to the suprasubduction zone
mantle wedge where the ophiolitic melts evolve.
3. UHP–UHT crustal materials from kimberlite and lamproite
pipes

3.1. Introduction

Diamondiferous ultramafic and eclogitic xenoliths and xenocry-
stic diamonds in kimberlite and lamproite pipes as old as 3.2 Ga
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have been extensively studied and have advanced our understand-
ing of the Earth’s mantle (e.g., Taylor and Anand, 2004; Shirey et al.,
2013). Mineral inclusions in diamonds are the oldest, deepest, and
most pristine samples of the Earth’s mantle. They provide age and
chemical information over a 3.2 Gyr span that includes continental
crustal growth, atmospheric evolution, and an evolution toward
the current style of plate tectonics. Shirey and Richardson (2011)
compiled isotopic and bulk chemical data of silicate and sulfide
inclusions in diamonds from kimberlitic xenoliths worldwide and
reported that a compositional change occurred at 3.2–3.0 Ga.
Before 3.2 Ga, only diamonds with peridotitic inclusions formed,
whereas after 3.0 Ga, eclogitic diamonds also became prevalent.
This transition was suggested to have resulted from the capture
of eclogite and diamond-forming fluids in SCLM via subduction
and continental collision, marking the onset of the modern Wilson
cycle of petrotectonics. For an alternative scenario involving the
Hadean onset of primitive plate tectonic crust–mantle circulation
attending a gradual thermal relaxation of the planet, see Ernst
(1991, 2009).

The UHP–UHT mineral inclusions in diamond crystals from kim-
berlite and lamproite pipes offer a unique opportunity to explore
petrogenesis and material recycling beneath the cratonic mantle.
Depending on the nature of the host xenoliths, Sobolev (1974)
classified diamonds as ‘eclogitic’ E-type in mafic eclogites and
‘peridotitic’ P-type (or ‘ultramafic’ U-type) in peridotites and other
ultramafics (see Taylor and Anand, 2004 for summary). To differen-
tiate these mantle-produced diamonds in xenoliths from analogues
in UHP rocks formed by subduction of crustal materials, the terms
‘‘cratonic’’ vs ‘‘crustal’’ diamonds have also been used (e.g.,
Helmstaedt, 2013). Mineral inclusions are mostly silicates, oxides,
sulfides and rarely carbonates and metals. Syngenetic silicate min-
eral inclusions trapped in E-type diamonds attest to the recycling of
crustal materials in the Earth’s mantle. Mineral inclusions in both
E- and P-type diamonds have been reviewed in special issues, books,
conference proceedings on kimberlites, diamond, high-pressure
experiments, and diamond exploration (e.g., Meyer, 1985; Taylor
and Anand, 2004; Harte, 2010, 2011; Kaminsky, 2012). Therefore,
we focus mainly on recent topics of ‘super-deep’ mineral inclusions
and also some important observations related to the recycling of
crustal materials preserved as inclusions in diamonds.

3.2. ‘Super-deep’ mineral inclusions in cratonic diamonds

Thus far, deep-seated mantle minerals have been reported from
diamond crystals in kimberlites from Brazil, Guinea, South Africa,
South Australia, and Canada (e.g., Harte et al., 1999; Stachel et al.,
2000, 2005; Davies et al., 2004; Tappert et al., 2005; Walter et al.,
2011). Harte (2010) grouped phase assemblages and inclusion asso-
ciations in diamond with depth, and proposed seven depth zones
based on the natural parageneses and experimental stabilities of
minerals. These zones in P-type diamonds with increasing depth
are: (1) garnet peridotite [Ol + Opx + Grt + Cpx + Chr], (2) majorite
peridotite, (3) majorite–‘wadsleyite–peridotite’, (4) majorite–
‘ringwoodite–peridotite’, (5) upper/lower mantle boundary (man-
tle transition zone) [Mg2SiO4 + MgSi-perovskite (Mg,Fe)SiO3 + fer-
ropericlase (Mg,Fe)O + tetragonal almandine-pyrope phase
(TAPP) + CaSi perovskite], (6) ferropericlase and MgSi-perovskite
[MgSi perovskite + ferropericlase + TAPP + CaSi-perovskite CaSiO3],
and (7) ferropericlase + Al-rich MgSi-perovskite [Al-rich Mg–Si
perovskite + ferropericlase + Ca-Si perovskite]. Thus far, principal
mineral inclusions of zones (2), (3), (4) and (5) have not been iden-
tified. Similarly, seven depth zones are suggested for E-type dia-
monds: (1) eclogite [Grt + Cpx + Coe/Qz + Ky], (2) Cpx–majorite
[Maj + Cpx], (3) majorite, (4) CaSi perovskite + Maj, (5) upper/lower
mantle boundary association [Maj + TAPP], (6) CaSi perovskite
majorite [TAPP + Ca-Si perovskite + Maj + Sti], and (7) Al-rich
MgSi-perovskite + CaSi perovskite [+Crn + stishovite]. It is impor-
tant to note that majoritic garnets (>3.05 Si apfu per 12 oxygen)
are common in both E-type and P-type diamonds (e.g., Sobolev
et al., 2004); these diamond hosts are typically characterized by
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very light d13C values (e.g. �24 to �10‰). However, negative Eu
anomalies in majoritic garnets in P-type diamonds with light d13C
values (��20‰) from the Jagersfontein kimberlite (South Africa)
suggest a possible source of deeply subducted oceanic crust and
mantle lithosphere (Tappert et al., 2005).

Kaminsky (2012) divided mineral inclusions in diamonds into
three groups based on their host rocks (ultramafic, eclogitic, and
carbonatitic); some inclusions may have been derived from the
D’’ layer. The ‘super-deep’ phases of ultramafic associations are fer-
ropericlase, Mg–Si-perovskite, Ca–Si-perovskite, Ca–Ti-perovskite,
TAPP, Mg2SiO4, spinel, mangano-ilmenite, titanite, native nickel,
native iron, an unidentified Si–Mg phase, majorite garnet and
moissanite. The ‘super-deep’ phases of eclogitic associations
include phase ‘Egg’ (AlSiO3OH) + stishovite occurring in the Rio
Soriso, Juina area, Brazil (Wirth et al., 2007) and are characterized
by negative Eu-anomalies in CaSi-perovskite and majoritic garnet.
The carbonatitic association of minerals includes calcite, dolomite,
nyerereite [Na2Ca(CO3)2], nahcolite (NaHCO3), halides (CaCl2), TiO2-
II, wollastonite-II (CaSiO3), cuspidine (Ca4Si2O7F2), monticellite
(CaMgSiO4), and apatite. Peculiar mineral associations of wüs-
tite + periclase (possibly a former ferropericlase that is stable at P
exceeding 85 GPa) and iron carbides + native iron in diamonds of
carbonatitic association were considered by Kaminsky to have
been derived from the D’’ layer.

Brazilian diamonds are the focus of recent attention as a locality
of ‘super-deep’ minerals; these kimberlitic diamonds are charac-
terized by light d13C values (�25 to �14‰) and by the occurrence
of numerous micro- to nano-size inclusions (20–30 nm in size)
(Wirth et al., 2007, 2009; Kaminsky et al., 2009; Walter et al.,
2011). These inclusions include, but are not limited to Egg + stish-
ovite, spinel + nepheline-kalsilite phase, wüstite + ferropericlase,
native iron + magnesite, TiO2

II, wollastonite-II, cuspidine, TAPP,
and various halides; some of these phases had precursor phases
stable at depths >700 km. Walter et al. (2011) also identified two
new minerals (NAL, a ‘‘new aluminus’’ phase and CF, a ‘‘calcium
ferrite’’ phase) previously only known from the laboratory; the
NAL transforms to CF phase at �40 GPa (Kawai and Tsuchiya,
2012). Pearson et al. (2014) discovered an inclusion of ringwoodite
in a diamond; this HP polymorph of olivine is the first terrestrial
occurrence on the Earth. FT–IR measurement on the ringwoodite
yielded a minimum of 1.4–1.5 wt% H2O. This exciting new finding
supports the conjecture that the mantle transition zone may store
substantial amounts of H2O (e.g., Bercovici and Karato, 2003;
Ohtani et al., 2004; Huang et al., 2005; Schulze et al., 2014). This
suggestion is further substantiated by recent UHP experiments
on the transition of hydrous ringwoodite to perovskite and
(Mg,Fe)O to produce intergranular melt; the hydration of a large
region of the transition zone and dehydration melting may act to
trap H2O in the transition zone (Schmandt et al., 2014).

3.3. Hydrous silicate inclusions

Hydrous silicates are extremely rare as syngenetic inclusions in
diamond. However, Daniels et al. (1996) discovered a Fe-rich stau-
rolite inclusion in a graphite-bearing diamond from the Dokolwayo
kimberlite, Swaziland, East Africa. Although the host diamond has
a d13C mantle value of �5‰, the presence of Fe-rich staurolite and
relative abundance of coesite in the same pipe suggest incorpora-
tion of crustal material into the mantle. On the other hand, epige-
netic inclusions have been found as replacements of ‘‘syngenetic’’
primary inclusions and infillings of fractures. For instance, Banas
et al. (2007) reported serpentine, calcite, dolomite and biotite that
have replaced primary inclusions in diamonds. Anand et al. (2004)
described calcite and chlorite inclusions in diamond; calcite is con-
sidered as primary but chlorite is a secondary phase related to fluid
infiltration along fractures.
3.4. Diamondiferous eclogite xenoliths with oceanic crustal protoliths

Eclogitic xenoliths are volumetrically minor (5–20%) in most
kimberlite pipes (Taylor and Anand, 2004). In many localities, dia-
mondiferous eclogite xenoliths exhibit geochemical and isotopic
characteristics including trace-element, REE, Sr, Pb, C, O and N iso-
topes for diamond + its mineral inclusions and in the host eclogite
bulk rock. These data are consistent with low-T seawater alteration
of oceanic crust, suggesting subduction-zone high-pressure recrys-
tallization. In fact, systematic X-ray 3D tomographic images of 17
Siberian eclogite xenoliths yield intimate spatial relations of dia-
monds with their host silicates (Howarth et al., 2014, in press).
These CL images together with nitrogen-defect aggregation states
and stable isotopes (C and N) of diamonds reveal intergrowth
zones and discrete diamond crystallization stages. For example,
diamond was found in different textural settings in these eclogite
xenoliths, representing three temporally distinct diamond growth
events: (1) completely enclosed in garnet, (2) associated with
highly embayed silicate grain boundaries, and (3) contained within
distinct metasomatic ‘plumbing-systems’. The common occurrence
of diamond in association with embayed garnets suggests diamond
growth at the expense of the hosting silicate protolith. In addition,
the spatial associations of diamonds with metasomatic pathways,
which are generally interpreted to result from late-stage proto-
kimberlitic fluid percolation, indicate a period of diamond growth
occurring close to but prior to the time of kimberlite emplacement.
Based on geochemical data, Howarth et al. (2014, in press) further
concluded that most mantle eclogites and their contained dia-
monds were derived from materials having a crustal origin and
suggested that some mantle peridotites, including diamondiferous
ones as well as inclusions in P-type diamonds, also may have had
crustal protoliths.

Diamondiferous eclogite xenoliths from Siberian kimberlite
pipes have been intensively studied (e.g., Jacob et al., 1994;
Snyder et al., 1995, 1997; Jacob and Foley, 1999; Howarth et al.,
in press); isotopic compositions (d18O, d13C, d15N, 87Sr/86Sr,
143Nd/144Nd ratios) indicates their origin as hydrothermally-
altered plagioclase-bearing intrusive rocks of the Archean oceanic
crust. Heavy d18O (up to +9.7‰) and trace-element compositions
are major evidence supporting a model of ancient subducted oce-
anic crust stacking beneath the Archean subcratonal lithosphere
(Spetsius et al., 2008; Riches et al., 2010). Recent study of garnets
in diamondiferous eclogite xenoliths also led Pernet-Fisher et al.
(2014) to conclude that the protoliths were oceanic crust; such
garnets do not show Eu anomalies and have heavy d18O values,
whereas those in eclogites with oceanic gabbro (cumulate) affini-
ties possess Eu anomalies and d18O (+5‰ to +6‰) mantle values.
Carmody et al. (2011) proposed that heavy d18O isotope signatures
in eclogite and pyroxenite xenoliths from Siberian kimberlites are
attributable to low-T (<350 �C) seawater–basalt interactions.

Schulze et al. (2013) studied coesite-bearing E-type diamonds
from Venezuela, Western Australia and Botswana, and found a
negative correlation between d13C of E-type diamonds and d18O
of their coesite and garnet inclusions; all diamonds with lighter
d13C values contain heavier d18O values, suggesting the recycling
of continental crustal materials.

Paleoproterozoic eclogite xenoliths from the Jericho and Muskox
kimberlites of the northern Slave craton, western Canada, display
geochemical and isotopic evidence of a recycled oceanic lithosphere
origin (see Smit et al., 2014 and references therein). The eclogites
comprise a diverse suite of kyanite–diamond-bearing and
bi-mineralic xenoliths that have wide range of geochemical
compositions. Recent study of diamond inclusions support a
recycled oceanic crust origin owing to the presence of hallmark
geochemical signatures such as Eu positive anomalies, non-mantle’
d18O signatures of Pl-bearing, seawater-altered oceanic basaltic
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and gabbroic protoliths (e.g., Schulze et al., 2003; Spetsius et al.,
2009; Smit et al., 2014). Some Jericho high-Mg diamond-bearing
eclogites with high concentrations of incompatible trace elements
and radiogenic Sr and Pb isotopic compositions suggest a complex,
multi-stage petrogenesis (Smart et al., 2009). Garnet and clinopy-
roxene inclusions in diamonds from such high-MgO eclogites
have lower MgO and higher Na2O contents than the same phases
of the host eclogites; this indicates that post-diamond growth
secondary processes were significant. Diamonds of the high-MgO
eclogites have the lightest diamond d13C values reported to date
(�41‰). Smart et al. (2011) proposed that the carbon source for
these highly d13C depleted diamonds was ancient subducted
organic matter.

Nanocrystalline diamonds as discrete phases and polycrystalline
aggregates were first discovered in melt inclusions from a mantle-
derived garnet pyroxenite xenolith from Salt Lake Crater, Oahu,
Hawaii by Wirth and Rocholl (2003). The inclusions consist of a
C–Cl–S-rich basaltic glass together with other nanocrystalline
phases including native Fe and Cu, FeS, FeS2, ZnS, AgS and several
Ti, Nb, Zr, Ir, Pd-rich phases of unknown compositions. All these
reduced phases stable at mantle depths >180 km apparently were
transported by ascending basaltic magma in a mantle plume; this
scenario raises numerous questions pointed out by the authors.
These include: (1) how could diamond survive in such a ‘‘low-P’’
environment at T > 1000 �C? (2) What is genetic relationship
between silicate melt, carbonate, CO2 and diamond? (3) What was
the source and evolution of the diamond-bearing low-degree partial
melt? Did melts and diamonds originate from the Hawaiian plume
or from the depleted upper mantle? In fact, these reduced phases
including microdiamonds are similar to those in ophiolitic chromi-
tites described in previous sections. Analyses of d13C and N contents
of nano-size diamonds and geochemical characteristics of other
native elements + alloys will be required to clarifying these problems.

3.5. SiO2 phase-bearing UHP eclogites in kimberlite and lamproite
pipes
3.5.1. Coesite–sanidine eclogites
Grospydite is an abbreviated name for a special type of eclogite

containing grossularite, pyroxene and disthene and was first dis-
covered in Siberian kimberlites by Bobrievich et al. (1960). Subse-
quently full compositional ranges of the Mg–Ca garnets were
described in a continuous series of kyanite eclogites and grospy-
dites (Sobolev et al., 1968). Both matrix (intergranular) and coesite
inclusions in garnet in a grospydite xenolith from the Roberts Vic-
tor kimberlite, South Africa were first described by Smyth (1977)
and Smyth and Hatton (1977). The mineral assemblage
Grt + Omp + Ky + San + Coe formed at P > 2.9 GPa and T = �900 �C.
Smyth and Hatton (1977) further described a heavy d18O value
+7.7‰ for the rock and suggested that the protolith was altered
oceanic basalt (Sharp et al., 1992). Similar occurrences of inter-
granular coesite have been described in eclogites from the unique
UHP locality in Yangkou, eastern Sulu terrane of China (Liou and
Zhang, 1996); its occurrence suggests lack of fluid during UHP
metamorphism supported by the preservation of primary gabbroic
minerals and textures of protoliths (see Liou et al., 2009a,b, 2012).

Based on d13C values of 92 kimberlitic diamonds from which
inclusions were extracted, Sobolev et al. (1979) concluded that
most P-type diamonds have mantle values in the range �9 to
�2‰; however about 40% from E-type diamonds yield anomalous
both light and heavy d13C compositions in the range �34.4 to
+0.5‰. Such differences were substantiated by Cartigny (2005)
based upon several thousand analyses. The wide range of d13C for
E-type diamonds (�15 to +5‰) suggests crustal histories including
near-surface biogenic input (Taylor and Anand, 2004).
Coesite-bearing eclogitic parageneses also occur as inclusions in
E-type diamonds from the Siberian kimberlites (Sobolev et al.,
1976). Since these initial findings, inclusions of coesite and its
pseudomorph have been reported in several diamondiferous eclog-
ite xenoliths and E-type diamonds from South Africa, Siberia, Ven-
ezuela, and South Australia (e.g., Schulze and Helmstaedt, 1988;
Jaques et al., 1989; Sobolev et al., 1998; Schulze et al., 2000,
2003; Tomilenko et al., 2009).

3.5.2. Coesite-bearing lawsonite eclogite xenoliths from Colorado
Navajo diatremes of the Colorado Plateau, USA occur as very

unusual ca 30 Ma kimberlitic pipes that contain Lws- and
Coe-bearing eclogite xenoliths (Watson and Morton, 1969;
Helmstaedt and Doig, 1975; Usui et al., 2006) together with antig-
orite peridotite, chlorite harzburgite, Cr-magnetite dunite and
other ultramafic rock fragments (Smith, 2010). The eclogites con-
taining lawsonite and phengite as hydrous phases together with
Grt + Omp + Rt have a Phanerozoic Re–Os mantle extraction age
for the protoliths (Ruiz et al., 1998) and 81–30 Ma U–Pb zircon
ages for UHP eclogite-facies metamorphism (Usui et al., 2003).
The inferred P–T trajectory for the Coe-bearing Lws eclogite xeno-
liths follows a relatively cool subduction path into the UHP part of
the Lws eclogite stability field. Usui et al. (2003) provide conclusive
evidence that the eclogites were derived from the subducted Faral-
lon plate based on the Cretaceous U–Pb age and the lawsonite- and
jadeite-bearing mineral assemblages similar to those of Franciscan
HP rocks (Fig. 12). Helmstaedt (2013) recently provided a sche-
matic tectonic model for emplacement of the UHP Lws eclogite
xenoliths due to a change in subduction geometry from relatively
steep slab descent to shallow-angle underflow, allowing the Faral-
lon plate to maintain contact with the subcontinental lithosphere
of the overriding plate (see Fig. 16 of Smith, 2010; Fig. 5 of
Helmstaedt, 2013). Transport of the xenoliths to the surface by
the Oligocene Navajo diatremes evidently was related to the
upwelling of hot material from the upper mantle below the slab
that in turn was caused by tearing and sinking of the Farallon plate.

Those ultramafic fragments are viewed as part of the serpentin-
itized mélange of the Farallon plate; they underwent multi-stage
metasomatism and recrystallization, hence pyropic Grt, Ol
(Fo98–92) and Alpine-type peridotie assemblages formed (Smith,
2010). Moreover, Schulze et al. (2014) recently identified guyanaite
(b-CrOOH) as a dominant phase in small clusters of accessory min-
erals intergrown with Cr-rich Omp, Zn-rich chromite, eskolaite
(Cr2O3) and carmichaelite (Ti0.6Cr0.2Fe2+

0.1O1.5(OH)0.5) in a xenolith
of Cr-rich omphacitite from the Moses Rock diatreme in the Navajo
Volcanic Field. Carmichaelite, an OH-bearing titanite, also occurs in
the Navajo diatremes of nearby Garnet Ridge (Wang et al., 2000). This
unusual assemblage is interpreted as the result of metasomatism of
chromite-bearing serpentinite by slab-derived fluids during subduc-
tion of the Farallon plate. At the time of xenolith entrainment, the
rock was undergoing prograde metamorphism, with guyanaite dehy-
drating to eskolaite + water. This reaction and the coeval dehydration
of the inferred accompanying host serpentinites may have provided
water for hydration of the subcontinental upper mantle, contributing
to uplift of the Colorado Plateau.

3.6. Alluvial and detrital diamonds

Alluvial diamonds with no apparent sources are well known
from many localities: Myanmar, southern Thailand (Phuket),
Sumatra, Kalimantan, eastern Australia, Russian Far East, Algeria,
and northern California (Kopf et al., 1990; Davies et al., 1999;
Heylmun, 1999; Wina et al., 2001; Spencer et al., 2008; Shcheka
et al., 2006; Smith et al., 2009; Tappert et al., 2009; Kahoui et al.,
2012). At the world-class jadeitite locality of Myanmar (e.g.,
Tsujimori and Harlow, 2012; Harlow et al., in press), alluvial
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Fig. 12. Classical Pacific-type active margin in California: (A) At about 175–80 Ma, subduction of the Fallon plate beneath the North American continent to form the
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diamonds contain inclusion assemblages of peridotitic and rare
eclogitic parageneses (Wina et al., 2001). Similar alluvial diamonds
have been recovered from several Quaternary to recent alluvial
deposits in Kalimantan, Indonesia (Spencer et al., 2008). Study of
872 diamonds by Smith et al. (2009) confirmed that 68% were
ultramafic (P-type) and 32% were eclogitic (E-type). They identified
inclusions of Ol, Grt, Opx, chromite, and pentlandite from P-type
diamonds, and Rt + Ky + Coe from E-type diamonds; they sug-
gested that the mineral inclusions formed at T = 930–1250 �C and
P = 4.2–6 GPa, conditions appropriate to the lithospheric keel. Allu-
vial diamonds with light d13C values (�21 to �10‰) in Sikhote
Alin, Russian Far East contain mineral inclusions of K-bearing
omphacite (0.5 wt% K2O), corundum, Ti-rich kaersutite (4 wt%
TiO2), Mg-rich ilmenite (8 wt% MgO), titanomagnetite, and chur-
chite (hydrated phosphate) (Shcheka et al., 2006). Kaersutite
occurs in the core of polycrystalline diamonds with fractures, sug-
gesting an epigenetic origin.

In the Phanerozoic New England fold belt of eastern Australia,
about 2 million diamonds have been mined from Tertiary alluvial
deposits >1500 km from the nearest craton (Davies et al., 1999;
Barron et al., 2005). Sobolev et al. (1984) was among the first
to have identified Coe + grossular and Coe + Omp inclusions in
these diamonds and reported unusually heavy d13C values (�3.3
to +2.4‰), indicating their deep mantle origin. Davies et al.
(2002) distinguished two diamond groups: one with low to
moderate N concentrations and high defect aggregation states,
resembling diamonds from kimberlites and lamproites, but show-
ing signs of a long recycling history. Other diamonds with high N
concentrations, low defect aggregation states and morphological
characteristics are consistent with an origin in a Paleozoic sub-
duction environments similar to those of subducted alluvial dia-
monds proposed by Barron et al. (2005). Unlike diamonds from
ancient cratons, subduction-type diamonds contain unique inclu-
sions of Phanerozoic eclogitic rocks. Some garnets exhibit unusual
chemical characteristics and microstructures (oriented exsolution
lamellae of Rt/Ap/Ilm); Barron et al. (2008) later identified rare
mineral inclusions of Coe, Grt, Omp, anatase, and calcite in allu-
vial diamonds from the Bingara-Copeton area, and suggested
the possible existence of an unexposed UHP metamorphic terrane
in eastern Australia.

Detrital diamonds (>0.5 mm) containing inclusions of P-type
mineral parageneses occur in Neoarchean metaconglomerate from
the southern Superior province, Canada (Kopylova et al., 2011;
Miller et al., 2012); the metasediments also contain detrital Cr-rich
(6 wt% Cr2O3) pyrope and picro-ilmenite that likely originated
from diamondiferous kimberlites. This is promising because Chi-
nese identification of coarse-grained placer diamonds led to the
discovery of new ophiolite-type diamonds from Tibet, the Polar
Urals and Myanmar, as described in Part II (e.g., Yang et al.,
2014a,b). Moreover the recent finding of many diamond crystals
(50–200 lm) from arc-basalt lavas and pyroclastics from an active
volcano in Kamchatka (Gordeev et al., 2014) suggests that diamond
is highly resistant to short-term heating. Its stability in the deep
upper mantle (>120 km) and high resistance to weathering/corro-
sion under near-surface conditions might cause unexpected geo-
logical inheritation and/or contamination.

3.7. Summary of carbon isotopic characteristics of the three types of
diamond

Both cratonic and crustal diamonds have unique occurrences,
morphologies, mineral inclusions, and characteristic geochemical
and isotopic signatures (Cartigny, 2005; Ogasawara, 2005;
Dobrzhinetskaya, 2012; Helmstaedt, 2013; Shirey et al., 2013).
From carbon isotope analyses of cratonic diamonds obtained in
the 1970s by Sobolev et al. (1979), Sobolev and Sobolev (1980) first
proposed that most E-type diamonds formed from crustal carbon
recycled into the mantle by subduction, whereas the more abun-
dant P-type diamonds formed from deep-seated mantle. More
recent stable isotope studies of nitrogen, oxygen, and sulfur, as
well as carbon, combined with studies of mineral inclusions within
cratonic diamonds, have significantly modified the early proposal
(Fig. 13). One major achievement in our understanding of diamond
formation both in the Earth’s mantle and in UHP metamorphic
rocks is the increasing evidence for its formation from a C-bearing
fluid, commonly referred to as ‘‘C–O–H-bearing fluid or melt’’. The
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mantle recycling of crustal materials including such supercritical
fluids through subduction channels led to the conclusion that the
vast majority of E-type diamonds could have been derived from a
crustal carbon reservoir apparently isolated from mantle carbon.
The crustal source of carbon is evident from the association of dia-
monds with meta-sedimentary protoliths, the unusual chemical
composition of their fluids and their high-N content (up to
1 wt%) or heavy d15N (Cartigny, 2005) that are not found among
cratonic diamonds. These fluid phases give diamond the remark-
able ability to track carbon mobility in the deep mantle, as well
as mantle mineralogy and mantle redox state (e.g., Malkovets
et al., 2007; Stagno et al., 2013), and hence follow the path and
history of the carbon from which cratonic diamond crystallized.
However, recycled sediments also contain light C produced by
organisms at or near the surface. Thus, whether or not the light C
was mobilized by an aqueous fluid, it had to be present as organic
condensed C anyway. Aqueous fluid may well have been present,
but the carbon isotopes do not necessarily require it.

It should be noted the early reviews were confined to cratonic
and crustal diamond studies as shown in the comparative histo-
grams of Cartigny (2005, Fig. 2) and Shirey et al. (2013, Fig. 7).
These reviews provide several key conclusions from the distribu-
tions: (1) Worldwide samples cover a large carbon isotopic compo-
sition (d13C) ranging from �41 to +5‰. (2) Approximately 72% are
contained within a narrower interval of �8 to �2‰ centered on a
value of �5‰ to the range displayed by other mantle-derived rocks
such as MORB, OIB, carbonatites, and kimberlites. (3) The d13C
distributions are significantly different between E- and P-type
diamonds. P-type diamonds cover a narrower range of d13C values
(�26.4 to +0.2‰) than E-type diamonds (�41.3 to +2.7‰); the
distribution is continuous with a clear decrease in frequency on
either side of mantle d13C values of about �5‰. (4) E-type dia-
monds from the transition zone and lower mantle have variable
abundances of negative or positive d13C values (mostly below
�1.0‰), (5) Metamorphic diamonds in UHP rocks have d13C values
ranging from �30‰ to �3‰ (Table 4).
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In this review, we have included an additional terrestrial type of
ophiolite-type diamond occurrence. As well known, ophiolite com-
plexes form by decompressional partial melting of rising astheno-
spheric mantle at depths of ~30–40 km. However, ophiolite-type
diamonds from numerous regions (China, Russia, Myanmar) and
Phanerozoic ages were documented in Part II; some diamonds
coexist with stishovite, moissanite and many other native ele-
ments, alloys, and nitrides, and formed under extremely reducing
environments at depths of 150–300 km or even deeper. These
ophiolite-type diamonds show many similarities in their morphol-
ogy, carbon isotopes (d13C = �28 to �18‰), trace elements, and
mineral inclusions, but are different in these respects from most
diamonds occurring in kimberlites, UHP metamorphic belts, and
impact craters (e.g., Griffin et al., 2013; Helmstaedt, 2013; Shirey
et al., 2013). Many grains also contain micro-inclusions of Ni70-

Mn20Co5 alloy and Mn-rich silicates not found in other diamonds.
It is clear that the partial melting of decompressing asthenospheric
mantle at �1.0 GPa produced the ophiolitic association of
mafic + ultramafic rock type, whereas the subjacent chromatites
containing diamond and other UHP phases are relict mantle assem-
blages previously generated in the deep Earth (some containing
recycled continental materials), then transported to the base of
the much younger ophiolitic complexes.
4. Epilogue: recycling the Earth’s crust

In summary, we have described many eclogite xenoliths and E-
type diamonds from kimberlites that show geochemical and isoto-
pic signatures compatible with an origin by subduction of oceanic
crustal rocks; they cover both Precambrian and Phanerozoic UHP
metamorphic ages. On the other hand, most UHP orogenic belts
lie on opposite ends of the geological age spectrum; continental
subduction and UHP metamorphism is considered to be a Neopro-
terozoic or younger process that was not possible in a much hotter
early Earth. The Archean underflow and return of oceanic litho-
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Table 4
d13C and d15N values of UHP diamonds from orogens, ophiolitic chromitites and kimberlitic xenoliths.

Rock type d13C d15N N contents Reference

Orogens
1. Kokchetav Grt–Cpx rock �10.5‰ +5.9‰ De Corte et al. (2000)

Grt–Cpx rock �10.5‰ (mean) +5.9‰ (mean) Cartigny et al. (2001)
Marble �10.2‰ +8.5‰ De Corte et al. (2000)
Marble �10.19‰ (mean) +8.5‰ (mean) Cartigny (2005)
Marble –26.9 to –17.2‰ Imamura et al. (2012)
Marble (cores) –13 to –9.3‰ Imamura et al. (2012)

2. Erzgebirge Ky–Grt–Ph rock –33 to –24‰ Massonne and Tu (2007)
Ky–Grt–Ph rock –25.5 to –17.8‰ 740–3377 mg/g Dobrzhinetskaya et al. (2010)

3. Worldwide UHP metamorphic rocks �3 to �30‰ �1.8 to +12.4‰ Cartigny (2005)
Kimberlitic xenoliths E-type �26.4 to +0.2‰ –12.4 to +18‰ Average �300 mg/g Cartigny (2005)

P-type �38.5 to +2.7‰ –20 to +12‰ Average �200 mg/g Cartigny (2005)
��5‰ Imamura et al. (2012)

Ophiolitic chromitite Chromitite �28 to �18‰ 20–670 mg/g Yang et al. (2013a)
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sphere to the deep mantle undoubtedly took place, but large tracts
of continental crust may have been nearly unsubductable. Studies
of UHP rocks have been dominately carried out on continental
supracrustal lithologies. Their return to the Earth’s surface
attended tectonic exhumation as the result of continental collision.
However, subduction of oceanic crust must have preceded conti-
nental underflow; in fact, immense volumes of oceanic materials
subducted prior to collisions are expected to undergo UHP meta-
morphism after descending to depths >90–100 km. The petrologi-
cal–geochemical evidence described in this review are consistent
with a model that diamond- and coesite-bearing UHP orogens
and diamond/coesite mantle eclogite xenoliths are complementary
end products of subduction-zone metamorphism. The former rep-
resent low-density supracrustal assemblages that are tectonically
exhumed during continental collision. The latter are parts of the
oceanic slabs that were subducted prior to continental collision
and were accreted to the lithospheric roots of pre-existing cratons
or cratonic nuclei.

Since the subduction of the oceanic lithosphere began about
3.0 Ga (Shirey and Richardson, 2011; Shirey et al., 2013), or per-
haps much earlier (Ernst, 1991, 2009), abundant oceanic and minor
continental materials have been returned to the deep mantle;
some relics have been preserved metastably as inclusions in rigid
minerals such as zircon, garnet and chromite. Others were
metamorphosed to eclogite-facies, and resided long enough in
the diamond stability field for carbon or C–O–H fluid to crystallize
as cratonic or ophiolite-type diamond with well-aggregated
nitrogen before exhumation in younger igneous rocks, such as
chromitites, harzburgites, kimberlites or lamproites.

The presence of UHP minerals within ophiolitic chromitites has
long been considered ‘‘forbidden’’ by conventional concepts of
ophiolite genesis under high-T and low-P conditions in mid-oceanic
ridges or back-arc spreading realms. These new, unexpected find-
ings should renew interest in the exploration for UHP minerals
and rocks in both ophiolitic and granulite terranes. The isotopic
and inclusion characteristics of kimberlitic diamonds provide
compelling evidence for deep subduction of oceanic lithosphere,
injection of surface ‘organic’ carbon into the lower mantle, and
eventual return to the Earth surface through ascent of deep mantle
plumes. Diamonds and moissanite from ophiolitic chromitites in
southern Tibet and the Polar Urals have extremely light d13C values,
�29 to �18‰, much lighter than most kimberlitic diamonds, �10
to �5‰. Although the origin of such low isotopic composition in
diamonds remains under debate, numerous studies of carbon
isotopic compositions of ‘super deep’ kimberlitic diamonds from
Brazil suggest that they, too, were derived from deep mantle
recycling of oceanic crust (e.g. Taylor and Anand, 2004; Wirth
et al., 2009; Walter et al., 2011). Investigations of composite
mineral inclusions in Brazilian diamonds indicate that these
diamonds crystallized under lower mantle P–T conditions; for
example, inclusions of tetragonal almandine pyrope phase was
suggested to be a retrograde phase of Mg-perovskite stable at
P > 30 GPa (Armstrong and Walter, 2012).

Over the last decade, global mantle seismic tomography has
provided images of slab stagnation (e.g. Fukao et al., 2009). The
presence of recycled materials in the peridotitic mantle and the
entire subduction/mantle plume cycle is also supported by abun-
dant geochemical evidence (e.g. Sobolev et al., 2007). Isotope geo-
chemistry of orogenic peridotites implies that primary isotope
signatures of oceanic residual mantle can be retained in the mantle
for at least 1 Gyr without being homogenized by global mantle
convection (Malaviarachichi et al., 2008, 2010). Crust-derived
quartz-bearing zircons occur as inclusions in garnet peridotite
xenoliths from the Tran-North China orogenic belt (Liu et al.,
2010). Abundant crust-derived recycled zircons were also
described in orogenic peridotite (dunite) from the Ural Mountains
(Bea et al., 2001). Moreover, xenolithic eclogites with heavy d18O
values in garnet from diamondiferous kimberlites were also con-
sidered as indicators of an ancient subducted oceanic crust rather
than having a magmatic origin (e.g. Spetsius et al., 2008).
5. Final remarks

Much of this paper has involved an exhaustive listing and
description of a wide range of prior studies by many workers on
rocks and especially on mineral inclusions in host lithologies that
unambiguously document the introduction of crustal phases into
the deep mantle. Such crustal relics have been incorporated as
trace assemblages in subsequently exhumed UHP metamorphic
complexes, sub-ophiolitic chromitites, and ultramafic diatrimes—
transporting media of vastly contrasting genesis. These relict
phases and rocks document not only the recycling of crustal litho-
sphere into the deep Earth, but also yield a glimpse of an evident
compositional heterogeneity of the thermally driven, dynamically
circulating mantle.
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