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Various combinations of zircon, quartz, corundum, K-feldspar, plagioclase, apatite, amphibole, rutile, titanite, al-
mandine garnet, kyanite, andalusite, and coesite have been recovered from podiform chromitites of the Luobusa
and Dongqiao ophiolites in Tibet, the Oman ophiolite and the Ray–Iz ophiolite in the Polar Urals, Russia.
Chromitites in all four ophiolites also contain moissanite and the Luobusa and Ray–Iz ophiolites contain in-situ
diamonds. Most of the recovered zircons are sub-rounded grains with complex internal structures indicating
polyphase growth. Trace element contents and a low-pressure inclusion assemblage (quartz, muscovite,
K-feldspar, apatite, ilmenite, rutile) indicate a continental crustal origin for the zircons. They have SIMS U–Pb
ages that are generally much older than the host body (total range: 90 to 2500 Ma). The presence of numerous
crustalminerals, particularly zircon, suggests derivation frommetasedimentary rocks subducted into themantle.
Their preservation in chromitites and peridotites implies effective isolation from themaficmelts that formed the
ophiolites. We suggest that most of these minerals were derived from the crustal parts of subducted slabs and
were encapsulated into chromite grains precipitated from rising asthenospheric and suprasubduction magmas.
The chromite grains were carried in melt channels to shallow levels in suprasubduction mantle wedges
and then deposited as podiform chromitites near the Moho. The rise of asthenospheric peridotites into
suprasubduction zones was facilitated by subduction initiation and possibly by slab tear allowing mixing of the
UHP, highly reduced minerals and crustal minerals now found in ophiolitic chromitites and peridotites.

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

Seismic tomography indicates that crustal slabs are subducted to
mantle depths but the fate of this material is still unclear. In continental
collision zones such as the Dabie–Sulu orogen of China, deeply subducted
crust is subjected to ultrahigh-pressure (UHP) metamorphism at depths
in excess of 100 km and then rapidly exhumed (Liu et al., 2004). These
metamorphic rocks are chiefly gneisses and eclogites that contain both
high- and ultrahigh-pressure minerals. Their UHP metamorphism is
clearly recorded by the presence of diamond and coesite as inclusions
in zircon and garnet. Commonly, the zircons from these rocks are com-
plexly zoned with old, inherited cores surrounded by overgrowths of
younger age (Katayama et al., 2001). Typically, the older cores have Pro-
terozoic ages and contain inclusions of low-pressure crustal minerals,
such as quartz, K-feldspar, plagioclase, apatite and mica whereas the
binson).

na Research. Published by Elsevier B.
UHP minerals are hosted in mantles or rims surrounding the cores. In
some cases, however, UHP inherited cores with coesite, phengite and ap-
atite are surrounded by younger magmatic rims containing inclusions of
quartz, K-feldspar, albite andapatite, interpreted as theproducts of partial
melting during exhumation (Liu et al., 2002, 2007).

Although UHPmetamorphic belts provide evidence for rapid exhuma-
tion of deeply subducted crust, seismic tomography indicates that litho-
spheric slabs can descend at least to the mantle transition zone (e.g., van
der Hilst, 1995) and there is abundant geochemical evidence for a crustal
contribution to different reservoirs in the mantle (e.g. Hoffmann, 1997).
Thus, it appears that significant amounts of crustal material can be added
to the mantle reservoir, but when and how it is incorporated is not clear.

During an on-going study of UHP and related minerals in podiform
chromitites (e.g., Bai et al., 2000; Robinson et al., 2004; Yang et al.,
2007; Trumbull et al., 2009), we have identified a variety of accessory
crustal minerals including zircon, corundum, kyanite, andalusite,
almandine garnet, quartz, K-feldspar, titanite and rutile in one or more
of four ophiolites, Luobusa and Dongqiao in Tibet, the Oman ophiolite
V. All rights reserved.
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Table 1
Crustal and other minerals identified in chromitites of the Loubusa, Dongqiao, Semail and
Ray–Iz ophiolites.

Mineral Luobusa Dongqiao Semail Ray–Iz

Alm garnet x x x
Andalusite x x
Amphibole x x x
Apatite x x x x
Aragonite x
Biotite x
Brucite x
Coesite x x
Corundum x x x x
Diamond x x x
Fluorite x
K-Feldspar x x x
Kyanite x x
Muscovite x
Moissanite x x x x
Plagioclase x x x
Quartz x x x x
Rutile x x x x
Titanite x x x
Topaz x
Tourmaline x
Zircon x x x x
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and the Ray–Iz ophiolite of the Polar Urals, Russia (Table 1). Here we use
the term crustal minerals to include phases commonly found in crustal
rocks, even though some might have crystallized in the mantle. The
Luobusa and Ray–Iz chromitites also contain in-situ diamond and coesite,
and all four ophiolites contain moissanite (SiC). Because the chromitites
all lie within oceanic mantle peridotite, there was no opportunity for
direct contamination by continental crust during their formation and
great care was taken to avoid anthropogenic contamination during
sample collection and mineral separation. Some of the minerals de-
scribed here, such as diamond, moissanite, coesite, kyanite, and co-
rundum, have also been found in-situ, hosted in chromite or olivine
grains (Yang et al., 2015-in this issue). Thus, the discovery of similar
crustal minerals from four widely separated ophiolites provides strong
evidence for recycling of crustal components through the uppermantle.
Fig. 1. Sketch map of the Luobusa ophiolit
In the current study, we focused on zircon from the four ophiolites
because thismineral provides both compositional and geochronological
evidence for the provenance of individual grains. However, we describe
the other crustal minerals to show that such phases are common in
oceanic chromitites and peridotites. Zircons were previously reported
from the Luobusa ophiolite (e.g., Hu, 1999; Robinson et al., 2004) and
some grains were found to be much older than the ophiolite
(Yamamoto et al., 2004, 2013; Robinson et al., 2013). We confirm the
presence of old zircons in Luobusa, but more importantly, we also show
that this is not an isolated occurrence. Very similar collections of old zir-
con in chromitites of the Dongqiao and Oman ophiolites are reported in
this paper. Most zircons in the Ray–Iz ophiolite are thought to have
formed by mantle metasomatism, but a few grains of old zircon are also
present (Savelieva et al., 2007).

2. Geological background

2.1. Luobusa ophiolite

The Luobusa ophiolite lies in the Yarlung–Zangbo suture zone in
southern Tibet about 200 km ESE of Lhasa. It is a fault-bounded slab,
1–2 km thick, consisting chiefly of harzburgite and Cpx-bearing
harzburgite (Fig. 1). It is thought to have originated at a mid-ocean
ridge at ~177 Ma (Zhou et al., 2002) and then been modified by
boninitic melts above an intraoceanic subduction zone at ~126 Ma
(Zhou et al., 1996; Malpas et al., 2003; Zhou et al., 2005; Yamamoto
et al., 2007). The harzburgites overlie a sequence of ‘transition-zone’ du-
nites believed to have been formed by extensive melt–rock reaction
(Zhou et al., 2005). The ophiolite hosts numerous lenses, layers and
pods of chromitite in the mantle harzburgite (Fig. 2a, b) where they
are commonly surrounded by envelopes of dunite formed by melt–
rock reaction in the uppermantle (Zhou et al., 1996, 2005). Our samples
from orebodies 11 (Kangjinla district; 29°11.52′N; 92°17.73′E), 31
(Luobusa District; 29°10.23′N; 92°10.80′E) and 74 (Xiangkashan
District; 29°11.40′N; 92°15.30′E) contain 80–90 vol.% chromite with
Cr# (100 ∗ Cr / Cr + Al) of 79–93 (Zhou et al., 1996). The Luobusa
chromitites are well-known for the occurrence of ultrahigh-pressure
and highly reduced minerals such as diamond, coesite, moissanite,
e, Tibet showing sampling locations.



Fig. 2. Typical outcrops of podiform chromitites. a) Layers of massive chromitite
hosted in harzburgite. The largest layer is about 1 m thick — orebody 31, Luobusa
ophiolite; b) disseminated, nodular and massive chromitite in dunite — orebody 11,
Luobusa ophiolite. Note the brittle fracturing of the dunite and intrusion of the dissemi-
nated chromitite; c) podiform body of massive chromitite about 30 m thick — Shamis 2
mine in Wadi Rajmi, Semail ophiolite, Oman.
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FeSi alloys and numerous native elements (Fang and Bai, 1981; Bai et al.,
2000, 2001; Robinson et al., 2004; Yang et al., 2007; Xu et al., 2009; Yang
et al., 2014).

2.2. Dongqiao ophiolite

The Dongqiao ophiolite is located in the Bangong Lake-Nujiang
suture zone in central Tibet (Fig. 3). It consists of an 18-km-long block
of harzburgite hosting lenses and pods of chromitite with compositions
similar to those of Luobusa (Cr# of 70–80: Shi et al., 2007). Amphiboles
separated from the metamorphic sole have 40Ar/39Ar ages of 175–
180Ma (Zhou et al., 1997), suggesting formation in theMiddle Jurassic.
The bulk sample from which the minerals were separated originated
from orebody Nr. 10 located at approximately 90°38.12′E; 32°01.00′ N.

2.3. Semail ophiolite

The Oman ophiolite in Oman and the United Arab Emirates (UAE)
forms part of the Tethyan belt that extends from Europe through the
Middle East to Tibet and beyond (e.g. Searle and Cox, 1999). Podiform
chromitites occur both at the top of themantle and deeper in the section
(at least 6 km below the Moho; e.g., Ahmed and Arai, 2002; Rollinson,
2008). The chromite composition is variable in these bodies, generally
being highest at the north end of the ophiolite in the UAE. Like the
other ophiolites, these chromitite pods are associated with veins and
envelopes of dunite. We collected samples from two localities in the
ophiolite (Fig. 4). Sample OM-2, which is from the Shamis 2 orebody
in Wadi Rajmi, Oman (24°36.34′N; 56°14.52′E), consists of massive
chromitite (Fig. 2c) (Cr#= 64; Rollinson, 2008) with interstitial olivine
and orthopyroxene, accompanied by minor clinopyroxene and amphi-
bole. Sample UAE-1 (25°4.66′N; 56°13.41′E) is massive chromite ore
with minor olivine taken from a 1- to 1.5-m-thick chromitite lens in
harzburgite from a defunct mine in Wadi Al-Hayl.

2.4. Ray–Iz ophiolite

The Ray–Iz ophiolite occurs at the NE end of the Paleozoic Voikar-
Syninsk ophiolite belt (Fig. 5) (Saveliev and Savelieva, 1977; Garuti
et al., 1999; Yang et al., 2015-in this issue). A summary of age data for
the ophiolite belt (Savelieva et al., 2007) indicates formation in the
late Cambrian to early Ordovician. The Ray–Iz ophiolite crops out over
~400 km2 and consists chiefly of upper mantle harzburgite and dunite,
locally overlain byminor amounts of cumulate gabbro above the Moho.
More than 200 podiform chromitite orebodies occur in the ophiolite,
hosted chiefly in the harzburgite-dunite complex and consisting of
high-Cr chromite (Cr# = 74–80) (Pervozhikov et al., 1990). Samples
of chromitite were collected from two orebodies CCD (66°52.06′N;
65°15.72′E) and W214 (66°49.62′N; 65°07.45′E) (Fig. 5).

3. Origin of podiform chromitites

Two basic types of chromitite are recognized; stratiform and
podiform (Thayer, 1960, 1964). Here we distinguish between chromite
(individual grains) and chromitite (bodies and layers of aggregated
chromite). Stratiform chromitites occur as relatively thin layers of
massive chromite with a wide areal extent, interlayered with mafic
and ultramafic cumulates in large bodies such as the Stillwater, Muskox,
and Bushveld intrusions (e.g., Irvine, 1977). Based on their textures and
occurrence within layered sequences they are interpreted as cumulate
layers precipitated from mafic magmas, although the processes by
which such vast amounts of chromite are extracted from mafic magmas
are still not clear. The largemafic intrusions hosting stratiformchromitites
occur exclusively in stable cratonic areas.

Podiform chromitites, in contrast, are relatively small, tabular to len-
ticular, bodies of chromite (Fig. 2) hosted chiefly in the mantle sections
of ophiolites, although some small chromitites may also occur in the
overlying cumulate sequences. Most extend for less than 100 m along
strike and rarely exceed 50m in thickness. Unlike stratiform chromitites,
these bodies display a wide range of textures ranging from layered, mas-
sive, and disseminated to nodular and antinodular (Thayer, 1964)
(Fig. 2). Podiform chromitites are typically hosted inmantle harzburgites,
or less commonly in lherzolites, and are characteristically associatedwith
small pods, veins and envelopes of dunite. Detailed studies of these
dunites indicate that they are products of melt–rock reaction during
which orthopyroxene is dissolved and olivine is precipitated (Kelemen,
1990; Kelemen et al., 1992; Zhou et al., 1996). The chromian content of
the chromitites is generally thought to be related to the composition of
the parental magma, with Cr-rich bodies having been derived from
boniniticmelts andmore aluminous bodies fromMORB-like or arc tholei-
itemagmas (Zhou et al., 1996). However, it is clear that chromite compo-
sitions can also bemodified bymelt–rock reaction (e.g., Zhou et al., 1996).
In some ophiolites, the Cr# of chromitites varies spatially (Ahmed and
Arai, 2002) and vertically (Rollinson, 2008) in the mantle section. In
addition, some ophiolites contain both high-Cr and high-Al chromitites
in the same peridotite body (Xiong et al., 2015-in this issue).

image of Fig.�2


Fig. 3. Sketch geologic map of the Dongqiao ophiolite, Tibet showing sampling location.
Modified from Shi et al., 2012.

489P.T. Robinson et al. / Gondwana Research 27 (2015) 486–506
On the basis of their textures, the compositions of their host rocks and
their associationwith dunite, podiformchromitites are thought to format
shallow levels in the mantle by precipitation from mafic melts passing
through, reacting with and ponding in the host peridotites (Zhou and
Robinson, 1994; Zhou et al., 1996; Zhou and Robinson, 1997; Rollinson
and Adetunji;, 2013). However, the occurrence of diamond and coesite
Fig. 4. Sketch geologic map of the Semail ophiolite, Oman, showing sampling locations.
Modified from Rollinson, 2008.
in the Luobusa and Ray–Iz chromitites (Yang et al., 2007, 2015-in this
issue) and the discovery of coesite exsolution lamellae in chromite grains
from Luobusa (Yamamoto et al., 2009) challenge some aspects of that
view. It is difficult to escape the conclusion that at least some of the chro-
mite in the Luobusa and Ray–Iz ophiolites crystallized at depth, although
the textures and field relationships leave little doubt that many of the
chromitites were formed at a shallow mantle level (perhaps a few
kilometers below theMOHO). Such an interpretation is strongly support-
ed by the occurrence of podiform chromitites in the Troodos and Semail
ophiolites where their positions relative to the Moho can be easily
established (Malpas and Robinson, 1987; Rollinson, 2008).

4. The question of contamination

Because the UHP, highly reduced and crustalminerals reported from
the various ophiolites are so unexpected there is always concern about
possible natural or anthropogenic contamination of the samples. All of
the minerals reported here occur in small quantities, requiring separa-
tion from between 100 and 500 kg of the host rock. For example, at
Luobusa a 1000-kg sample of chromitite from Orebody 11 yielded
approximately 1000 grains of diamond (Xu et al., 2011), a much higher
recovery than most samples. However, in-situ grains of diamond (Yang
et al., 2014), moissanite (Yang et al., 2014, 2015-in this issue) and co-
rundum (Yang et al., 2015-in this issue) provide assurance that these
minerals are inherent to the chromitites and peridotites. In addition, in-
tergrowths of coesite and kyanite rimming a grain of FeTi alloy (Yang
et al., 2007) are not compatiblewith a crustal formation. Numerous pre-
cautions were taken to minimize any chance of contamination (see Ap-
pendix I for details on sampling and separation procedures as well as
analytical techniques). We carried out mineral separation in 3 different
laboratories and obtained essentially the same results. Equally impor-
tant, zircons have been reported independently by Yamamoto et al.
(2013) from the Luobusa chromitites and by Lönngren and Kojonen
(2005) and Savelieva et al. (2007) from the Ray–Iz chromitites. Thus,
the in-situ grains and the recovery of the same minerals by independent
workers from two of the ophiolites that we investigated clearly

image of Fig.�3
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Fig. 5. Sketch geologic map of the Ray–Iz ophiolite, Polar Urals, Russia showing sampling locations.
Modified from Schmelev and Meng, 2013.

Fig. 6. Photographs of kyanite and coesite from podiform chromitites. a) Small grain of Fe–Ti alloy rimmed by a narrow band of native Ti, which in turn is rimmed with an intergrowth of
coesite, kyanite and amorphous silicate; b) enlarged viewof the square area shown in (a). Tabular crystals of coesite (coe) are intergrownwith an amorphous silicate (pink color) and both
are crosscut by tabular crystals of kyanite (ky). The form of the coesite suggests that it has pseudomorphically replaced stishovite (see Yang et al., 2007); c) tabular grain of kyanite
recovered from chromitite of the Ray–Iz ophiolite, Russia; d) tabular grain of andalusite recovered from chromitite of the Luobusa ophiolite (Xu et al., 2009).
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demonstrate that the minerals are naturally occurring grains from the
host chromitites and peridotites. The in-situ minerals suggest that they
were preserved by encapsulation in chromite grains.

5. Mineral descriptions

Chromitites from the Luobusa and Ray–Iz ophiolite have very similar
collections of crustal minerals, whereas the Dongqiao and Oman
Fig. 7. SEM photographs of corundum grains recovered from podiform chromitite and peridot
growth zoning; b) angular grain of corundum from chromitite of the Ray–Iz ophiolite; c) ang
Luobusa ophiolite); e) in-situ grain of corundum (Cor) in peridotite (Per) of the Luobusa ophio
surrounded by chromite (chr); f) Al element map of (e) showing the corundum grain (pink) a
ophiolites have amore limited assortment (Table 1). SEM images of rep-
resentative minerals are shown in Figs. 6–14 and analyses of selected
grains are presented in Tables 2–6.

5.1. Coesite and kyanite

Coesite and kyanite form an intergrown assemblage rimming a grain
of FeTi alloy (Fig. 6a, b) recovered from chromitite orebody 31 of the
ite. a) Blocky grain of corundum from the Shamis 2 mine of the Semail ophiolite showing
ular fragment of corundum; d) inclusion of Ti–Si alloy in grain of corundum (KCr-10-4,
lite. The corundum grain is enclosed in a small patch of amorphous carbon (black), partly
nd the rimming chromite.

image of Fig.�7


Fig. 8. Pictures of quartz grains recovered from podiform chromitites. a) SEM photograph of a relatively large, somewhat rounded quartz grain from the Shamis 2 mine, Semail ophiolite;
b) photomicrograph of a rounded quartz grain from chromitite of the Luobusa ophiolite; c) SEM photograph of the grain in (b); d) SEM photograph of a small, angular quartz grain
(q) attached to sulfide (millerite and pentlandite), which in turn, is attached to chromite from the Shamis 2 mine of the Semail ophiolite. The sulfide and quartz could be part of a vein
or crack filling, although sulfides are very common in the chromitite.
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Luobusa ophiolite (Yang et al., 2007). The coesite–kyanite intergrowth
is separated from the TiFe alloy by a narrow band of native Ti (Fig. 6a).
The coesite forms tabular crystals about 70–80 μm long and 5–8 μm
wide intergrown with an unidentified, amorphous silicate with about
65wt.% SiO2. The shape of the coesite crystals and their crystallographic
orientation strongly imply that they are pseudomorphs after stishovite
(Yang et al., 2007), suggesting a depth of crystallization of roughly
300 km. Superimposed on this assemblage are tabular crystals of ky-
anite about 15–40 μm long and 5 μmwide, oriented at a high angle to
the coesite grains. The textural relationships of this assemblage indi-
cate that the coesite and kyanite grew in themantle probably by a re-
action between the TiFe alloy and previously subducted silicate
material. The coesite consists of pure SiO2, whereas the kyanite con-
tains up to 2 wt.% TiO2 (Table 2, column 1). A deep mantle origin is
supported by the presence of minute grains of BN, a new mineral
named qingsonite, between the coesite crystals (Dobrzhinetskaya
et al., 2009).

A few grains of kyanite have also been recovered from the Ray–Iz
ophiolite. These are irregular, tabular grains about 500 μm long and
200 μm wide (Fig. 6c). They have been identified by EDS analysis and
single-crystal X-ray diffraction, and consist of 58.6 wt.% Al2O3 and 41.4
wt.% SiO2. Small quantities of both andalusite and sillimanite have also
been reported from the Luobusa chromitites. The sillimanite, identified
only on the basis of microprobe analyses, forms white crystals about
1.5 mm long and 0.2 mmwide (Table 2, column 3) (Hu, 1999). Angular
fragments of andalusite, about 500 μmlong and 150 μmwide, have been
identified by both microprobe (Table 2, column 4) and X-ray diffraction
studies (Xu et al., 2009).
5.2. Corundum

Corundum is present in all of the chromitites examined. It occurs as
blocky to sub-rounded, colorless to pink or blue grains or broken
fragments, up to about 500 μm across (Fig. 7a–c). Although some grains
show apparent growth patterns in SEMphotographs (Fig. 7a), they con-
sist of nearly pure Al2O3 with up to 2 wt.% TiO2 and trace amounts of
MgO and SiO2 (Table 2). Some of the grains contain small inclusions, in-
cluding grains of TiSi, up to about 25 μmacross (Fig. 7d),with an average
composition of 64.2 wt.% Si and 35.8 wt.% Ti (Xu et al., 2009). The
presence of these inclusions suggests that the corundumwas either crys-
tallized or partly recrystallized under relatively deepmantle conditions. A
deepmantle origin is also indicated by the presence of a corundum inclu-
sion in an OsIr alloy from the Luobusa ophiolite (Bai et al., 2007).

Corundum has also been found in-situ in peridotite from Luobusa
(Fig. 7e, f). This is a small grain about 300 μm across, with crystal faces
preserved. It is embedded in a patch of amorphous carbon, which in
turn, lies within a chromite grain surrounded by olivine and pyroxene.
This mode of occurrence is similar to that of the in-situ diamonds,
which are contained in mostly circular patches of amorphous carbon
within chromite grains.

5.3. Quartz and moissanite

A few grains of quartz were recovered from all of the chromitites.
Some grains are relatively large (up to 500 μm) and abraded (Fig. 8a);
others are round (Fig. 8b, c) or subangular to irregular fragments. One
grain recovered from Luobusa is attached to a sulfide, which in turn is

image of Fig.�8


Fig. 9. Examples of moissanite from podiform chromitites of the Semail and Ray–Iz ophiolites. a) Photomicrograph of broken fragments of moissanite from the Shamis mine, Semail
ophiolite— note partial hexagonal crystal faces; b, c) SEM images ofmoissanite from chromitites of the Ray–Iz ophiolite; d) carbon elementmap of an in-situ grain ofmoissanite enclosed
in a circular patch of amorphous carbon (black area), hosted in peridotite of the Luobusa ophiolite. Note the partial hexagonal shape of the moissanite grain (reddish orange).
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attached to a grain of chromite (Fig. 8d). The sulfide and quartz grain
could represent a late-stage vein filling in the chromitite or they could
be original grains. The analyzed quartz grains consist chiefly of SiO2

(Table 3), although some have trace amounts of FeO.
Although moissanite (SiC) is not considered a crustal mineral, it is

included here because of it occurs in all of the ophiolites investigated
and one grain has been found in situ. It typically occurs as broken
fragments of glassy, transparent to translucent crystals, generally
100–200 μm across. Some grains appear to be fragments of hexago-
nal crystals (lowest grain in Fig. 9a); others are irregular to tabular
grains (Fig. 9b, c). The grains range from colorless, to light green to
dark greenish-blue, making them easy to recognize. Some grains
contain minute inclusions of FeSi or native Si and all analyzed grains
have low C isotopes in a similar range as the diamonds (Trumbull
et al., 2009).

One in-situ crystal of moissanite has been found in peridotite of the
Luobusa ophiolite (Fig. 9d). It is about 200 μm across and appears to be
half of a hexagonal crystal. The grain is hosted in a circular (spherical?)
patch of amorphous carbon, similar to those hosting the in-situ
diamonds in the chromitites (Yang et al., 2014). In this case, the patch
of amorphous carbon is hosted in olivine, not chromite. The analyzed
moissanite grains consist of almost pure SiC, although a few grains have
trace amounts of FeO (Table 3). The relative abundance of moissanite in
these rocks, its euhedral form and its in-situ occurrence confirm that it
is not an industrial contaminant.

5.4. Garnet

Garnet was recovered from the Luobusa, Oman and Ray–Iz
chromitites. Ir mostly forms reddish-brown, subhedral grains or bro-
ken fragments up to about 200 μm in size (Fig. 10). Some grains are
blocky and angular but others have well-developed crystal faces.
Most are Fe-rich almandine but some grains contain significant
amounts of MnO. A few grains with up to 28 wt.% MnO (Table 4) are
classified as spessartine. Interestingly, other Mn-rich phases are quite
common in the ophiolitic chromitites, particular as Ni–Mn–Co alloys
and other Mn-rich silicate minerals (Yang et al., 2014).

Rare grains of greenish uvarovite have also been recovered from
both the Oman and Luobusa chromitites (Table 4).

5.5. Rutile, titanite, apatite, biotite, hornblende and feldspar

Rutile is relatively common in all of the chromitites (Table 1). It occurs
as deep red, vitreous, round to elongate grains up to about 200 μm
in length (Figs. 11a; 12a, c). Some grains host inclusions of zircon
and apatite, which are 10–50 μmacross (Fig. 12b, c). Most grains consist

image of Fig.�9


Fig. 10. SEMphotographs of almandine garnet from the Luobusa and Ray–Iz ophiolites. a) Slightly rounded grain ofMnO-bearing almandine garnet. Note poorly preserved crystal faces; b)
broken grain of almandine garnet; c) grain ofMnO-bearing almandine garnetwith well-preserved crystal faces; d) broken fragment of MnO-bearing almandine garnet showing corrosion
on the broken surface. Grains a, b, and c are from the Luobusa ophiolite and d is from the Ray–Iz ophiolite. All are from chromitites.
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of essentially pure TiO2 with traces of FeO, CaO and Al2O (Table 5). One
grain (KCr-11) has an inclusion of Ti2O3 (Fig. 11a) (Table 5). Grain R20-4
from the Ray–Iz ophiolite (not shown) has a small, round inclusion of
quartz about 20 μm across.

Titanite was found in all but the Dongqiao chromitite. It forms elon-
gate, somewhat rounded grains, 150–200 μm long and about 80 μm
wide (Fig. 11b). It is relatively uniform in composition regardless of its
source (Table 5).

Apatite typically formswhite, angular grains up to about 30 μmacross
(Fig. 11c). It commonly also occurs as small, euhedral to subhedral inclu-
sions, particularly in rutile where it is associated with zircon (Fig. 12b). It
is relatively uniform in composition, consisting chiefly of CaO and P2O5

with very minor amounts of TiO2, FeO, MnO, MgO and Na2O (Table 5).
Small grains of amphibole have been recovered from all of the stud-

ied ophiolites except Dongqiao. Most grains are ragged prisms less than
100 μm in length (Fig. 11e). A typical composition of a grain from
Luobusa is given in Table 5. Amphibole inclusions are common in
chromitites from many different ophiolites and the presence of these
hydrous phases is taken as strong evidence for the formation of
ophiolites and chromitites in suprasubduction zone mantle wedges
(e.g., Rollinson and Adetunji, 2013).

Rare flakes of biotite, phlogopite and evenmuscovite have also been
recovered from the Luobusa and Oman ophiolite (Fig. 11e). The biotite
and phlogopite occur as small, black plates a few tens of microns across.
An analysis of a biotite grain is given in Table 5.

Very rare grains of tourmaline are present in the Luobusa chromites
and one grain of topaz (Fig. 11d) was recovered from the Ray–Iz
ophiolite. One grain of tourmaline contains a small inclusion of zircon.

5.6. Feldspar

Both plagioclase and orthoclase are present, albeit rare, in all four
ophiolites. Plagioclase forms irregular laths, some of which occur in-
situ (Fig. 11f). All of the analyzed plagioclase grains from the Luobusa
ophiolite are relatively sodic (An28–50), indicating a felsic source
(Table 6). K-feldspar in Luobusa (Or85–98) forms colorless, angular frag-
ments up to 0.6 mm across, whereas that in the Dongqiao and Oman
ophiolites occurs as subangular to rounded grains smaller than 100 μm.
All of the grains are relatively uniform in composition (Table 6) and
are probably orthoclase. Like the plagioclase, they indicate a felsic
source.

5.7. Zircon

Zircon is present in all the ophiolites we investigated. In Luobusa,
Dongqiao and Oman, it occurs chiefly as light brown, subangular to
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Fig. 11. SEM images of miscellaneous grains recovered from chromitite of the Ray–Iz ophiolite and inclusions in chromite from Luobusa. a) Rutile grain— note small patch of Ti2O3 on left
side; b) rounded grain of titanite; c) blocky fragment of apatite; d) irregular grain of topaz; e) inclusions of orthopyroxene (Opx), amphibole (Amp); plagioclase (Pl), muscovite (Mus)
hosted in chromite (Chr); f) subhedral lath of plagioclase (Pl) hosted in chromite (Chr). Images a–d are from the Ray–Iz ophiolite, e and f are from Luobusa.
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well-rounded grains from 50 to 300 μm in diameter (Figs. 12, 13). Very
few euhedral grains (e.g., Fig. 13d) are present. Many of the grains
contain small inclusions (e.g., Figs. 12e, 13d, g) and microprobe anal-
ysis revealed that the inclusions comprise a crustal suite of quartz,
muscovite, plagioclase, K-feldspar, ilmenite, rutile and apatite.
Cathodoluminescence (CL) and back-scatter electron (BSE) images
of polished grains reveal a great variety and complexity of internal
structures (Fig. 13). Regular concentric zoning conforming to the grain
shape (Fig. 13d) is extremely rare. Typical CL images show irregular,
patchy patterns, overgrowths and partial resorption of the grains
(e.g. Fig. 13a, c, e, g, h).

Some zircons previously reported from the Ray–Iz chromitites
(Lönngren and Kojonen, 2005) are very similar in morphology to
those from Luobusa (Fig. 14a) but grains reported by Savelieva et al.
(2007) are mostly euhedral to subhedral. Zircon grains that we recov-
ered from Ray–Iz are subrounded to blocky, and typically show evi-
dence of partial melting or resorption (Fig. 14b, c).
6. Zircon compositions

In-situ ICP-MS analyses of zircon from the Luobusa, Dongqiao and
Oman ophiolites reveal very uniform major element compositions and
generally similar trace element compositions (Appendix II). We did
not analyze zircons from Ray–Iz because of their obvious modification
(Fig. 14b, c).

Chondrite-normalized, rare earth element (REE) patterns are similar
for all grains from the Luobusa, Dongqiao and Oman ophiolites, although
the total REE vary considerably, ranging from98 to 2233 ppm in Luobusa,
268–1930ppm inOman and201 to 1142ppm inDongqiao (Appendix II).
These relatively high values are typical of zircon formed in silicic rocks. All
of the patterns show significant enrichment in HREE with (La/Sm)N
ranging from b0.001 to 118 (Fig. 15). All grains also exhibit moderately
negative Eu anomalies and strongly positive Ce anomalies. Contents of
Th and U as determined by LA-ICPMS are quite variable (Appendix II),
ranging from 2 to 378 ppm Th and 10–1964 ppm U, values generally
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consistent with a continental provenance. On plots of U vs Yb, U/Yb vs Y
and U/Yb vs Hf, all of our analyzed grains plot in the field of continental
crust and many lie in the field of continental granitoids as determined
by Grimes et al. (2007) (Fig. 16). Variations in the U and Th compositions
of the zircons do not correlate with locality, age or position within the
grains.

7. Zircon U–Pb geochronology

Forty U–Pb age determinations by SIMS (Appendix III) were made
on zircon grains from the Luobusa, Dongqiao and Oman ophiolites.
Fourteen grains (16 analyses) from Luobusa yielded 206Pb/238U and
206Pb/207Pb ages from about 549 to 1675 Ma, all much older than the
ophiolite (Fig. 17; Appendix III). We found no correlation between
age and morphology, internal structure or composition. Yamamoto
et al. (2013) obtained similar ages from Luobusa zircons by LA-ICP-
MS but they also reported ages as young as 107 Ma, which post-
date the ophiolite and are thus of uncertain significance. Nine zircons
(15 analyses) from the Oman ophiolite yielded a similar wide range
of 206Pb/238U and 206Pb/207Pb ages between about 84 and 1411 Ma
(Fig. 18; Appendix III). Four grains have late Cretaceous ages essentially
the same as the host ophiolite (91–99 Ma) and a fifth grain (OM-1;
Appendix III) yielded a 206Pb/238U age of 84 ± 4 Ma, which is slightly
younger than the ophiolite. Because this grain has visible cracks, and
an unusually high U content (1964 ppm) compared with all the other
zircons, we suspect that the young age is an artifact of Pb loss. Finally,
zircons from the Dongqiao ophiolite (5 grains, 10 analyses) yielded
the widest range of 206Pb/238U and 206Pb/207Pb ages, from about 484
to 2695 Ma (Fig. 18; Appendix III).

Savelieva et al. (2007) dated 9 grains of zircon from the Ray–Iz
chromitites. Seven subhedral to euhedral prisms yielded an average
age of 585 ± 6 Ma, which is close to the assumed age of the ophiolite.
These zircons were attributed to percolation of mafic melts through
the mantle sequence in response to Vendian rifting. The other grains
are angular to rounded and yielded ages of 622 and 2574 Ma. We did
not date the zircon we recovered from this ophiolite because of the
strong evidence of melting or corrosion (Fig. 14b, c).

Fig. 19 is a relative frequency plot of measured zircon ages from the
Luobusa, Dongqiao andOmanophiolites showing that all but 4 analyzed
grains are older than 300 Ma.

8. Discussion and implications

All of the podiform chromitites examined in this study lie in upper
mantle sections of ophiolites within a few kilometers stratigraphically
of the crust–mantle boundary. Ophiolites are widely accepted as
fragments of oceanic lithosphere but there is considerable disagreement
regarding their environment of formation and their mechanism of
emplacement on continental margins and in island arcs. Early studies of
ophiolites, particularly those focused on structural characteristics, mostly
identified them as fragments of typical oceanic lithosphere formed at
mid-ocean spreading ridges (e.g. Gass, 1968; Moores and Vine, 1971;
Girardeau et al., 1985; Nicolas and Boudier, 2003) However, the geo-
chemistry of ophiolitic basalts and gabbros provides clear evidence for
formation and/or modification of ophiolites in suprasubduction zone en-
vironments (Pearce, 1975, 2003; Robinson et al., 2003; Rollinson and
Adetunji, 2013; Dilek and Furnes, 2014). The presence of boninitic
magmas in many ophiolites points to formation in forearc environments
during the early stages of subduction imitation (Stern andBloomer, 1992;
Pearce and Robinson, 2010; Stern et al., 2012).

The current understanding for the origin of podiform chromitites
is that they form by precipitation of chromite from arc tholeiitic or
Fig. 12. Zircon and rutile grains from the Ray–Iz and Luobusa ophiolites. a) SEM image of tabular
square: b) enlarged viewof the square in (a) showing inclusions of zircon and apatite; c) SEM im
(KCr-11-7). Irregular light-colored material (3) is Fe,Mn)TiO3; d–i) SEM images of rounded zir
boninitic magmas undergoing melt–rock reaction with peridotites
in SSZ mantle wedges (Zhou et al, 1996; Rollinson, 2005; Rollinson
and Adetunji, 2013; González-Jiménez et al., 2013). Formation in
suprasubduction zones is also suggested by the common presence of
hydrous mineral inclusions in most chromitites. However, chromitites
in all four of the ophiolites investigated in this study contain unusual
collections of minerals that are difficult to reconcile with this model
for ophiolite formation. Chromitites in three of the ophiolites contain
UHPminerals and all four contain highly reduced phases, such as native
elements, metallic alloys and moissanite, as well as many crustal min-
erals as described above.

The chromitites preserve textures and compositions typical for such
rocks in ophiolites worldwide, and therefore, the discovery of a very
similar suite of crustal minerals in four separate bodies of different age
and location suggests that such minerals are common in ophiolites.
We also emphasize that most of the minerals found in the chromitites
have also been recovered from the host harzburgites. Although further
work is needed to confirm our interpretation, we suggest that UHP,
highly reduced and crustal minerals may be widespread in the oceanic
mantle, albeit in small quantities. The diamonds indicate derivation
from depths N150 km, whereas coesite pseudomorphs after stishovite
(Yang et al., 2007) imply depths of formation N300 km. Coesite
and clinopyroxene exsolution lamellae in some chromite grains from
Luobusa suggest crystallization of a precursorwith a Ca-ferrite structure
at depths N380 km Yamamoto et al. (2009). Oxygen fugacity appears to
be the most important factor controlling crystallization of moissanite
(Trumbull et al., 2009).

A characteristic feature of podiform chromitites is that they are not
uniformly distributed in ophiolite belts but rather occur in clusters
within individual massifs. For example, the only significant chromitites
in the nearly 2000-km-long Yarlung Zangbo suture zone, which
contains numerous ophiolitic blocks, occur in the Luobusa massif. And
even these comprise a group of relatively small, isolated bodies. By its
very existence, any ore deposit is a geochemical anomaly, owing its
formation to the concentration of specific elements far beyond their
background levels in Earth's crust and mantle. Thus, the formation of
podiform chromitites, and the ophiolites in which they occur, must re-
cord non-uniform processes.

Seismic tomography suggests that lithospheric slabs can be subducted
into the mantle transition zone or even deeper, but it is difficult to see
how many of the crustal minerals described here could be preserved
under conditions existing at such depths. Some grains, for example, the
coesite–kyanite assemblage shown in Fig. 6a, b appears to have grown
by reaction between silicic material and an FeTi alloy suggesting crystal-
lization at a depth of N300 km if the coesite grains are pseudomorphs
after stishovite (Yang et al., 2007). Likewise, someof the corundumgrains
contain inclusions of TiSi alloys (Fig. 7d) indicating deep crystallization or
recrystallization. However, most of the crustal minerals (zircon, garnet,
rutile, quartz, feldspar, titanite, apatite, andalusite and some of the
kyanite grains) show little or no evidence of reaction with their host
rocks. Many of these, such as quartz, titanite, garnet and particularly
zircon occur as abraded or well-rounded grains. Rounding can be caused
by mechanical abrasion during sedimentary transport or by chemical
processes (resorption or overgrowths) in metamorphic or igneous envi-
ronments. In the case of zircon, one of themost stable and chemically re-
sistantminerals in crustal rocks (Williams, 2001), rounding of grainsmay
be best attributed to sedimentary transport (Moecher and Samson,
2006). Rounded grains of zircon have been described from many
high-grade metamorphic rocks, commonly as cores in euhedral to
subhedral grains, and it appears that rounding can also be developed
bymetamorphic overgrowths (e.g. Corfu et al., 2003). However, the zir-
con grains described here have low-temperature and low-pressure
rutile grain from the Ray–Iz ophiolitewith inclusions of zircon and apatitewithin the black
age of a tabular grain of rutile from the Luobusa ophiolitewith inclusion of rounded zircon
con grains from chromitites of the Luobusa ophiolite.



Fig. 13. SEM images of zircon grains from the Luobusa ophiolite showing complex internal textures. a) Partially rounded zircon grainwith distinct, zoned core surrounded by several over-
growths; b) fragment of slightly abraded, tabular zircon grain showing an indistinct core rimmed bywell-zoned younger zircon; c) rounded zircon grain about 150 μm in diameter with a
featureless light gray core partially surrounded bybrighter rims: d) euhedral zircon grain about 150 μm longwithwell-developed concentric zoning. The grain has no obvious overgrowths
but contains an inclusion of quartz; e) highly irregular zircon grain about 100 μm long, showing multiple stages of resorption and regrowth; f) rounded zircon grain about 150 μm across
with distinct core surrounded by a featureless rim; g) rounded zircon grain about 100 μm across that appears to have a weakly zoned core partly surrounded by a well-zoned rim. The
small, black grains are magnetite; h) round zircon grain about 150 μm across with a complexly zoned core surrounded by featureless zircon.
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Fig. 14. Zircons recovered from the Ray–Iz ophiolite. a) Round and angular grains of zircon separated from chromitite by dissolution (Lönngren and Kojonen, 2005). b, c) Irregular zircon
grains separatedmechanically from Ray–Iz chromitite (this study). Note the highly corroded and resorbed nature of these grains, which we attribute to reaction withmelts or hydrother-
mal solutions.

499P.T. Robinson et al. / Gondwana Research 27 (2015) 486–506
mineral inclusions and commonly show a strong discordance between
their external shape and internal zoning (Fig. 13). Thus, we interpret
these to be mechanically abraded grains derived from subducted
Table 2
Microprobe analyses of alumino-silicates and corundum from the Luobusa and Ray–Iz ophiolit
Sources: 1) Yang et al., 2007; 3) Hu, 1999; 4) Xu et al., 2009; 2, 5, 6, 7, 8) unpublished data.

1 2 3 4

Mineral Kyan Kyan Sill And
Ophiolite L R L L
Sample R23-9 B5 Ky-7-
# Analyses 1 1 10 1
SiO2 38.17 41.4 37.22 37.58
TiO2 1.98 b.d. 0.05 0.08
Al2O3 61.49 58.55 62.51 62.07
Cr2O3 b.d. b.d. b.d. b.d.
FeO b.d. b.d. 0.21 0.26
MnO b.d. b.d. 0.05 0.02
MgO b.d. b.d. 0.10 0.05
CaO b.d. b.d. 0.04 b.d.
Na2O b.d. b.d. 0.02 0.01
K2O b.d. b.d. 0.06 b.d.
P2O5 b.d. b.d. 0.05 b.d.
BaO b.d. b.d. b.d. b.d.
Total 101.64 99.95 100.31 100.0

Analyses 2 and 8 by EDS. L = Luobusa, R = Ray–Iz. b.d. = below detection, Kyan — kyanite; S
sediments or (meta)sedimentary rocks of crustal origin. The inclusion
suite found in the zircons (quartz, muscovite, biotite, feldspar, ilmenite,
rutile, apatite), the Paleozoic to Precambrian ages of most grains, and
es.

5 6 7 8

Cor Cor Cor Cor
L L R R

2-5 IV LR4070 lk3.11 P35-8
4 1 1 1
0.09 b.d. 0.01 b.d.
0.99 0.40 2.07 b.d.
99.81 98.46 97.71 100.00
b.d. b.d. b.d. b.d.
0.02 0.03 b.d. b.d.
b.d. 0.01 b.d. b.d.
0.20 0.01 0.10 b.d.
0.01 b.d. b.d. b.d.
b.d. b.d. 0.03 b.d.
b.d. b.d. b.d. b.d.
b.d. b.d. b.d. b.d.
b.d. b.d. b.d. b.d.

7 101.13 98.91 99.92 100.00

ill— sillimanite; And — andalusite; Cor — corundum.
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Table 3
Microprobe analyses of quartz and moissanite from the Loubusa and Ray–Iz ophiolites.
Source: Unpublished data.

Mineral Quartz Moissanite

Sample LR-2 LK8 R29-39 LR4070-6 LR4070-2 LR-3

Ophiolite L L R L L L

SiO2 97.87 98.52 100.00 70.61 76.69 77.16
TiO2 b.d 0.01 b.d 0.01 0.01 0.03
Al2O3 b.d 0.27 b.d b.d b.d b.d
FeO 0.93 0.05 b.d b.d b.d 0.01
MnO 0.20 0.03 b.d b.d b.d b.d
MgO 0.00 0.04 b.d b.d b.d b.d
CaO 0.00 0.17 b.d b.d b.d b.d
Na2O 0.01 0.05 b.d b.d b.d b.d
K2O b.d 0.03 b.d b.d b.d b.d
P2O5 0.01 0.00 b.d b.d b.d b.d
BaO b.d 0.00 b.d b.d b.d b.d
C b.d 0.00 b.d 29.25 22.47 21.96

99.02 99.17 100.00 99.87 99.17 99.16

L — Luobusa, R = Ray–Iz b.d = below detection.
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the polyphase history implied by their internal textures suggest deriva-
tion from heterogeneous, felsic, crystalline rocks. The trace element
compositions of these grains, particularly their elevated U and Th con-
tents, are consistent with a felsic crustal source (Grimes et al., 2007).
Therefore, all available data suggest that the rounded zircons are
detrital grains from crustal sources and we infer that most of the
other crustal minerals were likely derived from similar sources. So,
the fundamental question is how such minerals were introduced into
the podiform chromitites and how were they preserved in such a
hostile environment?

Clearly, the ages of the recovered zircons do not necessarily corre-
spond to the time at which they were introduced into the mantle. Old
grains could have been introduced or recycled into the mantle at any
time after their formation. The range of UHP, highly reduced and crustal
minerals found in chromitites suggests a complex origin for these
deposits and the ophiolites in which they occur. It seems likely that sev-
eral processes may be acting in concert but that different combinations
of processes may have operated in different ophiolites.

Anymodel for the formation of ophiolites and podiform chromitites
must explain the mixture of very different minerals in these bodies, the
preservation of UHP, highly reduced and crustal minerals far outside
their normal stability fields, and the evidence for both deep and shallow
crystallization of chromite.
Table 4
Microprobe analyses of garnet from Semail, Luobusa and Ray–Iz ophiolites.
Source: B, IV, VI samples are from Hu (1999); others are unpublished data.

Sample GII GIV IV LR-2.7 B3

Ophiolite S S L L L

Mineral Almandine Fe–Mn Gar

SiO2 36.71 35.53 36.73 38.56 37.20
TiO2 b.d. b.d. 0.01 0.05 0.04
Al2O3 21.27 20.50 20.85 21.96 21.03
Cr2O3 b.d. b.d. 0.01 0.03 0.02
FeO 39.74 40.75 38.98 21.28 29.52
MnO 0.29 0.32 0.40 0.31 5.80
MgO 2.47 1.92 2.35 5.95 3.22
CaO 1.02 0.86 1.03 11.67 3.80
Total 101.58 99.85 100.36 99.81 100.63
Almandine 86.3 88.6 86.5 43.9 63.0
Pyrope 10.0 8.0 9.5 23.0 12.9
Grossular 2.8 2.3 2.9 31.3 10.4
Spessartine 0.7 0.8 0.9 0.7 13.2
Uvarovite 0.0 0.0 0.0 0.0 0.0
Andradite 0.2 0.2 0.1 1.0 0.5

S — Semail; R — Ray–Iz; L —Luobusa. b.d. = below detection. Analysis LR22 by EDS.
On the basis of tomographic evidence and ages of confirmed
ophiolites, we assume that for at least the last 2500m.y. slabs of oceanic
crust and lithosphere have been carried into themantle transition zone
and probably deeper (Condie and Kröner, 2008). The occurrence of
highly reduced minerals in the upper mantle argues for addition of
this material from a deeper source, perhaps by C-rich fluids, relics of
which are preserved in the chromitites as carbon spheres, currently
hosting diamonds and highly reducedminerals. Thus, subducted crustal
material and highly reduced fluids can be mixed in, or near, the mantle
transition zone. Most crustal material would not be stable under such
conditions andwould presumably reactwith the highly reduced phases,
as apparently happened with formation of the coesite–kyanite assem-
blage described above. The stability of zircon under such conditions is
uncertain, but it seems to us unlikely that zircon grains containing inclu-
sions of low-pressure crustal minerals would remain unmodified over
long periods of time.

Magnesiochromite is stable to depths equivalent to about 14 GPa, at
which point it breaks down to a precursor with a Ca-ferrite structure
(Yamamoto et al., 2009; Jin et al., 2014). Thus, chromite grains can
crystallize readily in the upper mantle as indicated by their common
presence in oceanic peridotites. Chromite grains crystallizing under
these conditions can encapsulate small pockets of C-rich fluid that
carry UHP minerals (e.g., diamonds — Robinson et al., 2013), highly re-
duced phases (moissanite— Fig. 9d) and crustal minerals (corundum
— Fig. 7e, f). Such encapsulated minerals would be at least partially
protected from melts produced in the rising asthenosphere beneath a
spreading ridge. Some chromite grains might adhere to one another to
form small chromitite pods (e.g., Arai and Matsukage, 1998; Abe,
2011) but there is, as yet, no evidence that major podiform chromitites
form in the deep mantle; in fact, the available evidence points unques-
tionably to chromitite crystallization from hydrous, high Si-high Mg
magmas in suprasubduction zones (Rollinson and Adetunji, 2013).

So, how are UHP, highly reduced and crustal minerals introduced
into suprasubduction zone mantle wedges containing podiform
chromitites that eventually become ophiolites? If UHP and highly re-
duced minerals are widespread in the modern oceanic mantle, they
could be trapped in SSZ mantle wedges by formation of intra-oceanic
subduction zones (Fig. 20a). The descending lithospheric slab carries
not only crustal basalts and gabbros but sedimentary rocks, some of
which were derived from continental sources. Continent-derived sedi-
ment on the oceanic plate could be mixed with the other minerals and
be incorporated into the mantle peridotites and chromitites that
eventually become emplaced as ophiolites. This model basically
VI LR2 IR11 R32 Va-20 LR22

L LR2 R R R L

net Uvarovite

36.89 36.46 35.01 39.03 35.11 36.82
0.02 0.04 b.d. n.d. 0.68 n.d.

20.58 21.45 20.76 19.71 0.55 n.d.
0.01 0.09 0.00 0.00 27.84 28.40

21.50 30.52 15.43 19.72 1.15 1.54
15.70 7.13 28.22 21.54 0.00 n.d.
3.33 1.48 n.d. n.d. 0.12 n.d.
1.41 3.71 0.49 0.00 33.80 33.24

99.41 100.88 99.91 100.00 99.25 100.00
46.5 66.5 30.2 47.5 0.0 3.3
13.4 6.1 n.d. n.d. 0.5 0.0
3.9 10.3 1.4 0.0 2.6 0.0

36.0 16.6 68.3 52.5 0.0 0.0
0.0 0.0 0.0 0.0 89.7 96.4
0.1 0.5 0.1 0.0 7.1 0.4



Table 5
Microprobe analyses of miscellaneous minerals from the chromitites of the Luobusa and Ray–Iz ophiolites.
Source: 3, IV, B3 samples from Hu (1999). Other samples are unpublished data.

Mineral Rutile Titanite Apatite Hornbl Biotite

Ophiolite L L L L L L L L R L L L R L L

Sample 3 KCr LR3 p15-5 KCr-11 IV-48 LR-3.7 LR4.22 R26-7-2 IV-32 LK1-3b LR3.12 R21-5 3 B3

SiO2 0.02 0.02 0.02 b.d. 0.43 29.90 30.72 30.72 31.32 b.d. b.d. b.d. b.d. 42.48 37.65
TiO2 99.50 98.26 99.53 100.00 52.56 34.31 36.72 36.72 38.55 b.d. 0.02 0.01 b.d. 2.90 1.27
Al2O3 b.d. 0.03 0.02 b.d. 0.05 1.46 1.34 1.34 1.71 b.d. 0.03 0.01 b.d. 10.46 19.68
FeO 0.50 0.41 0.47 b.d. 31.41 1.57 1.54 1.54 b.d. 0.04 0.12 0.09 b.d. 8.42 15.71
MnO b.d. 0.02 0.00 b.d. 15.26 0.18 0.02 0.34 b.d. 0.08 0.06 0.23 b.d. 0.01 0.12
MgO b.d. b.d. 0.02 b.d. 0.03 0.01 b.d. b.d. b.d. 0.04 0.04 b.d. b.d. 15.84 11.35
CaO b.d. 0.03 0.01 b.d. 0.07 27.84 27.98 27.98 28.42 56.44 56.82 55.65 49.67 11.68 0.01
Na2O b.d. b.d. 0.02 b.d. b.d. 0.03 b.d. b.d. b.d. 0.13 0.06 0.06 b.d. 2.91 0.45
K2O b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. 0.01 b.d. 1.35 7.77
P2O5 b.d. b.d. 0.03 b.d. b.d. 0.07 b.d. 0.29 b.d. 41.89 43.11 43.19 50.33 0.07 0.03
Total 100.02 98.77 100.12 100.00 99.81 95.35 98.32 98.93 100.00 98.63 100.26 99.25 100.00 96.11 94.04

R — Ray–Iz, L — Luobusa. b.d. = below detection. Analyses P15-5 and R21-5 by EDS.
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follows the work of Stern and Bloomer (1992) and Stern et al. (2012)
that calls for ophiolite formation in fore-arc regions (Fig. 20a), a
model supported by the common presence of high-Mg boninitic lavas
in such environments.

Podiform chromitites are currently thought to form from arc tholei-
ite and boninitic magmas generated by hydrous melting of peridotites
in SSZ wedges and there is clear evidence that high-Cr chromite can
be formed by reaction between hydrous melts and harzburgites in SSZ
mantle wedges (Zhou et al., 1996). However, this model alone does
not account for the presence of UHP and highly reduced minerals in
the chromitites, nor can it account for the large volumes of mafic,
Cr-bearing magma required to produce even a small chromitite body.
Given Earth's mantle is estimated to have somewhere between 0.3 wt.%
and 0.7 wt.% Cr2O3 and that even the most mafic magmas generally
have less than 20 ppm Cr, it is not possible to produce a podiform
chromitite by simple crystallization of a single, static pod of magma
(Zhou et al., 2014). Thus, we conclude that podiform chromitites must
be formed either by precipitation from large volumes of magma migrat-
ing through upper mantle peridotites, and/or by aggregation of
magnesiochromite grains that are widespread in the upper oceanic
mantle.

Experimental study suggests that chromite can crystallize at any
depth in Earth above 400 km. We suggest that as chromite crystallizes
above the Transition Zone it encapsulates UHP minerals such as
diamonds and stishovite/coesite and highly reduced phases such as
moissanite, native elements and metallic alloys that are stable at these
depths. The circular patches of amorphous carbon, in which most of
the in-situ grains occur, suggest the presence of a carbon-rich fluid in
Table 6
Microprobe analyses of plagioclase and K-feldspar from the Luobusa ophiollite.
Source: B samples from Hu (1999). Other samples are unpublished data.

Mineral Plagioclase

Sample B5 B6 B7 B9 4070

SiO2 60.77 61.80 60.59 57.51 61.68
TiO2 0.02 b.d. b.d. 0.09 b.d.
Al2O3 24.22 24.59 25.57 27.78 24.37
FeO 0.04 0.01 0.01 0.17 0.07
MnO 0.03 0.04 b.d. b.d. b.d.
MgO 0.04 0.07 0.04 0.02 b.d.
CaO 6.24 6.25 7.50 10.00 5.33
Na2O 7.67 7.57 7.17 5.45 7.39
K2O 0.20 0.05 0.02 0.21 0.28
Total 99.28 100.46 100.90 101.23 99.12
An 30.7 31.2 36.6 49.7 28.0
Ab 68.2 68.5 63.3 49.0 70.2
Or 1.1 0.3 0.1 1.2 1.8

All samples are from the Luobusa ophiolite. b.d. = below detection.
which these phases probably already existed. Convective rise brings
these peridotites to shallow levels and distributes them widely in the
upper oceanic mantle. The UHP and highly reduced minerals are pre-
served at shallow levels because they are encapsulated in chromite
grains that protect them from the ambient environment.

Sinking and rollback of lithospheric slabs during initiation of intra-
oceanic subduction zones allows asthenospheric peridotites to rise
into the forearc region (Fig. 20a), where theymay undergo partialmelt-
ing. Partial melting of the suprasubduction zone peridotites in theman-
tle wedge produces hydrous arc tholeiite and boninitic magmas that
rise through the wedge and react with the peridotites. Chromite grains
in the peridotites are mobilized by SSZ melts and fluids, are modified in
composition, reprecipitated and redistributed to form podiform bodies
containing diamonds, highly reduced phases and crustal minerals.

The crustal minerals are believed to have been introduced into the
upper mantle during subduction initiation. Some of the crustal material
on the downgoing slab is scraped off and added to the mantle wedge
where it is also incorporated into rapidly crystallizing chromite grains.
Chromite crystallization in this environment may be triggered by
changes in magma composition produced by melt/rock reaction and/
or assimilation of some of the crustal material (Zhou et al. this volume).

Earlier subduction of lithospheric slabsmay have carried crustal ma-
terial to much greater depths, perhaps to the Transition Zone where it
reacted with some of the deep mantle phases (e.g., coesite and kyanite
rimming an FeNi alloy) (Fig. 6). The UHP, highly reduced and crustal
minerals are preserved in the chromitites because they are isolated
from their surroundings. It is not yet clear how such minerals are pre-
served in the associated mantle peridotites but, wherever in situ grains
K-Feldspar

-4 B2 4070-2 4070-8 LR-6 lk6-25

64.32 66.80 65.90 64.49 70.43
0.04 b.d. 0.01 0.04 0.04

18.46 17.83 18.74 18.20 18.11
0.01 0.12 b.d. 0.05 0.01
0.01 0.03 b.d. b.d. 0.00
0.04 b.d. b.d. b.d. 0.00
0.05 b.d. 0.01 b.d. 0.00
1.51 0.48 0.02 1.07 0.18

13.49 15.62 15.45 15.60 11.65
98.89 100.88 100.13 99.45 100.42
0.3 0.0 0.1 0.0 0.0

14.5 4.5 0.2 9.4 2.3
85.2 95.5 99.7 90.6 97.7



Fig. 15. Chondrite-normalized rare earth patterns for zircon from the Luobusa, Semail and
Dongqiao ophiolites. Most grains plot in the field of continental zircon (Grimes et al.,
2007), although some, such as those from the Semail ophiolite, have lower total REE.

Fig. 16. Trace element plots of zircon from the Luobusa, Semail and Dongqiao ophiolites.
a) U vs Yb; b) U/Yb vs Y; c) U/Yb vs Hf. Note that all of the analyzed zircons plot in the
continental field andmost plot within the continental granitoid field as defined by Grimes
et al. (2007).
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have been found in the peridotites they are hosted chromite or olivine
(e.g., Figs. 7f and 9d).

In our model, ophiolites form chiefly in fore-arc and back-arc envi-
ronments. Proto-ophiolites formed in fore-arcs commonly contain
boninites and high-Cr chromitites. High-Al, refractory chromitites are
thought to form from less mafic magmas, such as arc tholeiites, which
are more common in arc and back-arc environments. Suprasubduction
zone ophiolites can be uplifted and emplaced on land when low-
density continental crust is dragged down the subduction zone beneath
the mantle wedge.

As pointed out above, podiform chromitites are not uniformly dis-
tributed inmost ophiolite belts but rather cluster in particular peridotite
massifs. We speculate that localization of these deposits may be in
response to local slab tear, which allows hot, asthenospheric mantle
carrying UHP and highly reduced minerals to rise rapidly into the
suprasubduction zone wedge (Fig. 20b). Crustal minerals could have
been incorporated into the rising peridotites as they passed through
the subducting slab.

Zircons have been described from other mantle-derived rocks
(e.g. Pilot et al., 1998, but see Hellebrand et al., 2007; Bortnikov
et al., 2008; Bea et al., 2001; Peltonen et al., 2003; Grieco et al.,
2001; Katayama et al., 2003; Song et al., 2005; Savelieva et al.,
2007; Yamamoto et al., 2013), but most of these have been attributed
to mantle metasomatism or UHP metamorphism of ultramafic rocks
(garnet peridotites). Only Yamamoto et al. (2013) has proposed crustal
contamination of the mantle, but they suggested that the zircons were
introduced into themantle by subductionmuch earlier than the forma-
tion of the Luobusa ophiolite. Certainly, crustalmaterial must have been
subducted repeatedly through Earth history during subduction of
oceanic lithosphere. However, we believe it is unlikely that most of
the crustal minerals described here, probably even the zircons, could
have persisted for long periods in the upper mantle. These would
more likely react with the highly reduced phases, in amanner similar
that which formed the coesite–kyanite intergrowth in Luobusa
(Fig. 6a, b). In particular, it seems unlikely that the zircons could preserve
their low-pressure, silicate inclusions under deep mantle conditions.

Bea et al. (2001) described ancient zircons in the Kytlym dunite of
theUralMountains of Russia that have some similarities to the ophiolitic
varieties described here. However, the Kytlym dunite is part of a zoned
dunite–clinopyroxenite–gabbro massif (Alaskan-type intrusion), rather
than belonging to an ophiolite. The zircons in Kytlym are thought to
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Fig. 17. SIMS geochronology results for zircons from the Luobusa ophiolite. Arabic numbers refers to grains from orebody 31 and are keyed to grains in Appendix III. Grain Z-10 is from
orebody 74. The brackets on the age of grain 3 indicate large uncertainty and this grain is not listed in Appendix III. The ellipses mark the locations of the analytical spots.

Fig. 18. SIMS geochronology results for zircons from the Semail and Dongqiao ophiolites. OM samples are from the Semail ophiolite and D samples are from the Dongqiao body. Analyzed
zircons from the Semail ophiolite range from 84.3 to 1411 Ma and those from Dongqiao from 645 to 2695 Ma.
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Fig. 19. Diagram showing the relative frequency of zircon ages for the Dongqiao, Semail
and Luobusa ophiolites.
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reflect a significant sediment-melt component in themagma fromwhich
the dunites crystallized.

9. Conclusions

1) Small quantities of continental crustalminerals arewidely present in
ophiolitic peridotites and chromitites where they are associated
with UHP and highly reduced phases. Some of these minerals are
thought to have been subducted into the deep mantle where they
have reacted with highly reduced phases (coesite–kyanite rimming
an Fe–Ti alloy) or been partly or completely recrystallized (corundum
with Ti–Si inclusions).

2) Rounded zircon grains with ages much older than the ophiolites in
which they occur have inclusions and trace element compositions
Fig. 20. Proposedmodel for the formation of ophiolites in suprasubduction zones that provides a
into SSZ chromitites and peridotites during subduction initiation (cf. Stern and Bloomer, 1992)
rise of asthenospheric mantle and melts into the suprasubduction zone wedge. b) Local tear in
allows development of large-scale podiform chromitites with UHP, highly reduced and crustal
clearly indicating a crustal origin. They are considered to be derived
frommetasedimentary rocks introduced into the upper mantle dur-
ing subductionmostly likely related to formation of the ophiolites in
which they now occur.

3) The crustal, UHP and highly reduced minerals in the ophiolites were
likely preserved by being encapsulated in chromite grains.

4) Ophiolites form, or are modified, in suprasubduction zone envi-
ronments, mostly in fore-arc regions. The introduction of UHP,
highly reduced and crustal minerals into ophiolites is facilitated
by asthenospheric flow into suprasubduction zone wedges during
subduction initiation. The localization of podiform chromitites in
suture zones may reflect local slab tear, allowing rapid uprise of
asthenospheric melts into SSZ mantle wedges.

5) Our results imply that the upper oceanic mantle is more chemically,
mineralogically and isotopically heterogeneous than previously
thought.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2014.06.003.
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