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ABSTRACT

Podiform chromitites of the Luobusa ophiolite in the Indus-Yarlung
Zangbo Suture of southern Tibet are typical of the high-Cr variety. This ophiolite
is composed of a mantle sequence, a transition zone and a melange zone, and
is tectonically bourded by Triassic flysch on the south and Tertiary molasse
deposits and the Gangdese Batholith on the north. The podiform chromitites in
Luobusa occur in the mantle sequence. The mantle peridotites are chiefly
harzburgites and Di-harzburgites composed of Ol (Fo=80-92), Opx (En=87-92),
Cpx (Mg#=45-53) and chromite (Cr#=18-66). They have porphyroclastic
textures, relatively uniform bulk-rock compositions (Mg#=89-91), and
unfractionated, chondrite-normalized PGE patterns. These rocks are essentially
residua left after extraction of MORB magmas in a mature spreading centre.

The chromitites display nodular, massive, disseminated or banded textures and
typically have dunite envelopes that grade into the surrounding harzburgite and
Di-harzburgite. They consist of relatively uniform chromite (Cr#=74-82) and low-
Al pyroxenes and have strongly fractionated PGE patterns depleted in Pt and
Pd. They are believed to have formed from a boninitic magma produced by a
second stage of melting above a subduction zone. Dunites contain accessory
chromites intermediate in composition between those of peridotites and
chromitites and are the products of reaction between the boninitic magmas and
MORSB peridotites. The meit/rock reaction removed pyroxenes from the
peridotites and precipitated O, forming dunite envelopes. The melts thus
became more boninitic in composition and chromite-saturated. The interplay of
melt/rock interaction, chromite fractionation and magma mixing would
presumably lead to many fluctuations in melt composition, producing both
massive and disseminated chromitites as well as phase layering within individual
podiform bodies.

High-Cr and high-Al chromitites are believed to have formed by high and
low degrees of partial melting and both are precipitated by interaction of newly-
formed magmas with old lithospheric mantle peridotites in island arc
environments and nascent spreading centres, respectively.
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Chapter 1. INTRODUCTION

1.1. Reviews of theories on the origin of podiform chromitites
1.1.1. Definition and chemical compositions

Podiform chromitites, as defined by Thayer (1964), are lenticular bodies
of chromitite hosted in deformed peridotites in many ophiolites. Individual
bodies yield about 1000 tons of chromitite on average (Thayer, 1973). These
lens-shaped bodies are usually enveloped by dunite in a harzburgite host.
Important examples of such deposits exist in former Yugoslavia, Greece, Turkey,
Iran and Pakistan along the Alpine-Himalayan orogenic belt, and in the
Philippines and New Caledonia in the western Pacific. Ophiolites in Cuba and
the Urals also contain such deposits {Stowe, 1987: and references therein).

The deposits (chromitites) include high-Cr (45-60 wt% Cr,0,) and high-Al
(>25 wt% Al O,) varieties, reflecting the strong reciprocal variation of Cr,05 (15-
65 wt%) and Al,O, (643 wt%) (Thayer, 1964, Leblanc and Violette, 1983, Hock
et al., 1986). A bimodal compositional distribution of podiform chromitites has
been reported in John Day, Oregon (Thayer, 1946); Zambales, Philippines
(Leblanc and Violette, 1983, Hock et al., 1986); Kempirsay, Kazakhstan (Paviov
and Chuprynina, 1966) and Coolac, Australia {(Golding and Johnston, 1971).
Both high-Al and high-Cr chromitites occur in these massifs but they are spatially
separated. Many massifs contain only high-Al or high-Cr chromitites. In the

Zambales ophiolite of the Philippines, the Coto ultramafic massif contains high-



2
Al chromitites, whereas the Acoje massif hosts high-Cr chromitites {Leblanc and
Violetter, 1983).

In China, the major podiform deposits occur in the Hima!ayéh and Palaeo-
asian orogenic belts (Figure 1-1), and include both high-Cr and high-Al varieties
(Figure 1-2). Zhou and Bai (1992) noted that the high-Al chromitites have
chromites with higher Ti contents than those of the high-Cr variety (Table 1-1).
All podiform chromitites exhibit relatively constant FeQ, in contrast to stratiform
chromitites with variable FeO but relatively uniform Cri#'s.

Podiform chromitites show Os, Ir and Ru enriched PGE patterns (Barmnes
etal, 1985). Podiform chromitites from China have variable PGE contents
(Table 1-2) and exhibit three types of PGE patterns on chondrite-normalized
diagrams (Zhou et al., 1995b): (1) a negatively sloping pattern with variable
positive Ru anomalies (type I), (2) a smooth, negatively sloping pattem (type ll,
sample XE-2), and (3) an irregular, enriched pattem (type lll, sample GI-2)
[Figure 1-3]. Although high-Al chromitites (samples XS-2, NiI-2) have a type |
pattern, they are poorer.in total PGEs than their high-Cr counterparts (samples
NI-2, NI-3, XD-1, GD), and particularly so in Ir and Rh (Figure 1-3). Podiform
chromitites from the Rizo ophiolite, Greece, have type Il PGE patterns
(Konstantopoulou and Economou, 1991). PGE-rich rocks with type Ill patterns,
having high Ru and Rh contents, have been reported in chromite-rich samples
from the Rizo and Zambales ophiolites (Bacuta et al., 1990; Konstantopoulou

and Economou, 1991). However, cdmpared with stratiform chromitites, PGE
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Table 1-1. Average chromite compositions of podiform
chromitites from China

1 2 3 4 5 6 7 8
No. % 40 2 16 24 33 FB B

ALO, 234 217 281 146 105 111 137 158
CiO, 427 41 389 532 587 50 587 506
FeO, 556 434 434 432 281 369 454 373
FeO 114 115 129 141 107 101 981 175

MO 55 162 154 129 143 152 154 108
TO, 029 020 028 015 004 019 007 015
MO 048 015 019 017 014 013 008 029
NO 043 017 015 008 011 015 012 010
Total 991 100 100 995 972 996 970 985
Mg 70 72 6 61 & 72 7 5
Cri 55 49 48 T1 19 T8 12 88

Ophiolites: 1-Sartohay; 2-Hegenshan, 3-Hongguleleng;
4-Yushi; 5-Solun; 8-Luobusa; 7-Donqiao; 8-Dadao.
Abbreviations: No.=numbers of analyses; Mg#=100Mg/
(Mg+Fe*), Cri=1 OOCH/(Cr+Al).
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patterns of podiform chromitites are relatively uniform (Naldrett and von

Gruenewaldt, 1989).

1.1.2. Genetic relations between podiform bodies and host rocks

Despite being compositionally distinct from stratiform varieties, podiform
chromitites have cumulate textures and magmatic depositional structures. Early
workers related these features, by analogy, to their stratiform counterparts in
large layered complexes (Thayer, 1964: 1969). Some of the peculiar features of
the podiform deposits were explained as the result of deformation during
remobilization and re-emplacement of chromitite bodies as autoliths, and thus,
podiform chromitites were thought to be essentially metamorphosed stratiform
bodies (Thayer, 1969).

Because their host rocks were recognized as residual peridotites of
ophiolitic origin (Figure 1-4) (e.g., Coleman, 1977), the podiform chromiitites
were later interpreted as being formed by cumulate processes operating in
magma chambers located near the crust-mantle boundary (e.g., Dickey, 1975;
Malpas and Strong, 1975; Greenbaum, 1977). Dickey (1975) suggested that
podiform chromitites form by the sinking of chromitite bodies as autoliths into the
upper mantle rocks, whereas Greenbaum (1977) proposed tight infolding of the
lower crustal stratiform chromitites into upper mantle rocks. However, structural
studies do not support a crustal cumulate origin for the pods ( e.g., Cassard et
al., 1981; Lago et al., 1982), and mineralogical and geochemical data reveal that

podiform deposits are distinctly different from stratiform deposits in the lower
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10
crust.

The association of depleted peridotites and chromitites led to the
hypothesis that the podiform chromitites also represent residues after partial
melting (e.g., Arai, 1980; Wang Xibin et al., 1987). Segregation of residual
chromite could produce layers of disseminated chromite in residual harzburgite.
Experimental work of Dickey et al. (1971) indicated that chromite can be formed
by incongruent melting of chromian diopside. This process was extended to
cover other mantle silicates as likely source materials ibr chromium (Dickey and
Yoder, 1972). Some Cpx in therzolite xenoliths is rich in chromium, with up to
4% Cr,0, being reported from various Iherzolite and wehrlite xenoliths (Dawson
et al., 1970; Hervig et al., 1986). Textural evidence of the transformation of Opx;'
spinel symplectites into discrete idiomorphic chromite grains (Leblanc et al.,
1980) supports the experimental work of Dickey et al. (1971). Sinigoi et al.
(1983) interpreted the Cr-spinel trains in dunites of the Balmuccia peridotite
(Italy) as residues of incongruent melting of pre-existing thin Cr-diopsidic layers.
However, it is difficult to explain large bodies of chromitite by concentration of
residual chromites.

Grafenauer (1977) suggested that chromitites form during upward
movement and partial fusion of the upper mantle. In this model, droplets of
Cr-rich melt would be formed during deformation of the host peridotites.

These droplets would eventually merge together and by a process of

liquefaction, nodules would be formed. Thus, the ores would be strung out
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along flow lines in the peridotite. Grafenauer suggested that the smaller streaks
would coalesce to form thicker plates. Such a process would require extremely
high temperatures in the upper mantle in sider to sustain chromite melts for a
substantial period.

Formation of podiform chromitites has also been related to basaltic melts
in the upper mantle. Because chromitites were thought to be restricted to highly
depleted harzburgite-type ophiolites, they were related to supra-subduction zone
environments where partial melting was enhanced by the addition of volatiles
(Pearce et al., 1984; Roberts, 1988; 1992: Paktunc, 1990; Nicolas and Al Azri,
1991; Roberts and Neary, 1993). In Iherzolite-type ophiolites chromium is still
largely retained in Cpx. With higher degrees of partial melting, the Cpx would be
dissolved allowing chromium to be incorporated into the melt and leaving behind
a harzburgitic residue (Roberts, 1988; 1992; Roberts and Neary, 1983). High
chromium contents in the basaltic magmas would lead to later segregation of
chromium into chromite deposits during crystallization (Nicolas and Al Arzi,
1991).

Neary and Brown (1979) and Brown (1980) explained the formation of
podiform chromitites by crystal settling in rising mini magma chambers located in
the mantle beneath the main crustal cumulate magma chamber. Lago et al.
(1982) proposed a somewhat similar model involving dynamic crystallization and
accumulation of chromite along vertical/subvertical conduits which channel the

magma upward. They suggested that primitive melts are repeatedly replenished
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in small magma chambers and residuatl liquid is withdrawn from the site of
chromite crystallization. This is considered here to he a useful model for
explaining the formation and distribution of podiform bodies.
1.1.3. Segregation mechanisms of chromite from magmas
There is now widespread acceptance that pediform chromitites crystallize

from basaltic magmas in the upper mantle. The problem then becomes how
chromium as a minor component in the magma can be conce*trated to form
large chromitite bodies. Normal crystallization of chromite from basaltic magma
can account for the formation of disseminated chromite ores, where small
amounts of chromite are hosted in dunite, but a different explanation is needed
to account for large bodies of massive chromite ore (Irvine and Sharpe, 1986).
The same problem exists in understanding the origin of stratiform chromitites.

| Early workers explained the formation of chromitites by crystallization
from Cr-rich melts that are immiscible with silicate magmas (e.g., Paviov et
al.,1977). An immiscible Cr-rich liquid was proposed for the formation of some
chromitite seams in the Bushveld complex, based on a study of inclusions in
chromite (Sampson, 1932; Mcdonald, 1965). Large liquid miscibility gaps are
evident from experimental studies of Cr,05-bearing silicate systems (Muan,
1975). The MgO-Cr,0,-Si0, system has two immiscible liquids-Si-rich and Cr-
rich melts, when the MgO content is low (Keith, 1954). Because of the high
temperatures and simple compositions used in these experiments, separation of

an immiscible Cr-rich liquid was thought not to be likely in natural magmas
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(Dickey, 1875). However, an immiscible Cr-rich phase could occur under
magmatic conditions where many more degrees of freedom in the system exist
than have been experimentally examined (McDonald, 1965). Studies using the
Fe,0,-Cr,0,-Si0, (Muan and Somiya, 1960) and Ca0-Cr,0,-Si0, systems
(Glasser and Osborn, 1958) indicate that high CaO and Fe,0, contents in
basaltic magmas increase the possibility of liquid immiscibility of Si-rich and Cr-
rich melts. More significantly, the presence of volatile- and alkali-rich inclusions
within chromite grains of many podiform chrdmitites (Johan et al., 1983; Wang
Hesheng et al ., 1983; Bai et al., 1985; McEIduff and Stumpfl, 1991) indicates
that a fluid phase may play an important role in decreasing the temperature of
immiscibility. Unfortunately, immiscible Cr-rich melts in a system similarto a
natural assemblage with volatile and alkali elements have not been produced
experimentally.

Johan (19864, b) believes that the chromitite bodies and enclosing dunite
of the Massif du Sud (New Caledonia ) were formed by interaction of a magma
with reducing fluids along pre-existing shear zones. A metasomatic origin for
dunite involving replacement of pyroxene by Ol during subsolidus reaction with
aqueous fluids is relatively well known (e.g., Dungan and Ave Lallemant, 1977),
and formation of J-M Reef (Stillwater Complex) chromites by interaction of a
gabbro norite crystal mush with fluid was suggested by Boudreau (1988). The
major evidence for the formation of podiform chromitite bodies by metasomatic

processes is the presence of hydrous phases as inclusions in chromites.
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Contamination by wall rock assimilation was proposed for chromitite
formation in the Muskox (Irvine, 1975) and Kemi (Alapieti et al., 1989) layered
intrusions because alkali-rich inclusions oceur in chromites from these bodies.

Other models focus on migration of melts from the silicate-chromite
cotectic into the primary phase volume of chromite. Ulmer (1969) emphasized
the importance of oxygen fugacity in expanding the crystallization field of
chromite, and Cameron and Desborough (1969) suggested that contamination of
the magma by gaseous emanations from the country rock could increase its
oxygen fugacity, leading to the formation of monomineralic chromite horizons.
Cameron (1980) subsequently abandoned this hypothesis in favor of chromite
crystallization in response to changes in total pressure, a mechanism also
invoked to explain chromite layers in the Stillwater Complex (Lipin, 1993).
However, the magnitude of the pressure change required to form a {1-m-thick
chromitite layer would be unrealistically large (>>1 kb) and, in general, the effect
of pressure on mineral stability is small (Hatton and von Gruenewaldt, 1987;
Campbell and Murck, 1993).

A magma mixing model for the formation of stratiform chromitite was
proposed by Irvine (1977) who suggested that chromitite layers in the Muskox
intrusion and other stratiform intrusions were formed by periodic mixing of
evolved melts with more mafic parental magmas as illustrated in Figure 1-5.
Mixing of fractionated and parental liquids would resuit in the magma becoming

supersaturated in chromite leading to monomineralic precipitation (see mixing
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Figure 1-5. Phase relations in the system Ol-quartz-chromite as determined
by Irvine (1977). Mixing of primary (A) and evolved magmas (Y) leads to
chromite saturation (B).
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line in Figure 1-5). This mixing model is consistent with textural evidence
pointing to common cotectic crystallization of chromite and Ol and also accounts
for the presence of laterally extensive chromitite bands within layered intrusions
and the observed sequence of layers (e.g., Duke, 1983; Sharpe and Irvine,
1983; Irvine and Sharpe, 1986; Murck and Campbell, 1986; Roeder and
Reynolds, 1881; Campbell and Murck, 1993).

Reaction between partial melts and mantle has been experimentally and
petrographically documented (Fisk, 1986; Kelemen, 1990; Kelemen et al., 1992,
1885; Daines and Kohlstedt, 1994). Zhou et al. (1994) proposed that the
reaction between mantle melts and their host peridotites modifies the liquid
compositions, driving them into the field of chromite crystallization, and
producing dunite envelopés around the chromitite bodies. They suggest that
such melt/rock reaction has played an iinportant role in producing podiform

bodies, in a manner similar to that of Irvine (1 977).

1.2. Problems and objectives

Podiform chromitites have a much wider range of composition (from high-
Cr to high-Al) and more varied textures than stratiform types (Thayer, 1964), and
they occur in depleted peridotites (Figure1-4). These facts cause many major
problems regarding their genesis: (1) how chromium, as a minor component in
the magmas, is concentrated to form large chromitite ore bodies, (2) why

podiform chromitites with cumulate textures are associated with depleted mantie
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sequences of ophiolites which commonly exhibit a tectonite fabric, and (3) what
controls the chromite compositions of podiform chromitites. Answers to these
problems are of fundamental importance for understanding the formation
mechanism of podiform chromitite and future chromite exploration. They are
also crucial for understanding mantle processes and the evolution of oceanic
lithosphere.

Any viable hypothesis should also explain why chromites in podiform
chromitites are chemically distinct from those in stratiform complexes, and why
the former everywhere have relatively uniform PGE abundances, compared to
the more variable PGE distributions of stratiform chromitites.

In order to address these problems, | have focused on the petrogenesis of
high-Cr podiform chromitites from the Luobusa ophiolite in southern Tibet.
Based on field work in Luobusa, this thesis establishes the lithostratigraphy of
the ophiolite. | have sampled the mantie sequence of this ophiolite and carried
out petrographic observations and mineral and whole-rock analyses. To
compare this ophiolite and its chromitites with ophiolites containing high-Al
chromitites, field work and laboratory analyses were also carried out on the
Sartohay ophioclite (Xinjiang Province, NW China, see Figure 1-1 ). The
objectives are to test the proposed melt/rock reaction model for explaining the
genetic relationships between the mantle peridotites and chromitites, to
determine what controls the compositions of the chromiitites, to discuss

applicability of the model to other ophiolites, and finally to consider possible
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tectonic settings for podiform chromitites and their host pei'idotites.

1.3. Geography and history of the Luobusa chromite deposits

The Luobusa chromite mining area is located on the south bank of the
Yarlung Zangbo River (29°5'N, 92°5'E), about 250 km east of Xigaze, and 200
km southeast of Lhasa (Figures 1-1 and 1-6). The lowest elevation is the
Yarlung Zangbo River, about 3500 meters above sea level, and the highest peak
is 6000 meters above sea level.

Uitramafic rocks of the Luobusa ophiolite were first discovered in 1251 by
geologists of Academic Sinica and its chromitites were reported in 1959 by local
people to a Tibetan Geological Team. Wang Xibin and co-workers mapped the
body and examined the chromite mineralization in 1960 and published a report
in 1965 (Wang Xibin et al., 1965). The second geological team of the Tibetan
Geological Survey started exploration in 1966. Thus far, this; team has sampled
the ophiolite through more than 700,000 m of diamond drill holes {Li Zijin et al.
1993}, as well as by trenching, channeling and opening pits. This team has
written two initial reports on the generat geology and on the results of their
exploration (GTTGB, 1981; 1989). Wang Hesheng et al. {1983) summarized the
basic information on the petrography of the chromitites and their petrochemistry
and suggested that they are late magmatic deposits. Wang Xibin et al. (1987)
studied the ophiolite and proposed that the Luobusa chromitites represent the

most depleted residuum in the upper mantle section. Li Zijin et al. (1993) carried
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out a statistical study on the ore reserves. Bai et al. (1993) reported diamonds
and other unusual minerals (such as native chrome, Fe-Ni alloy, SiC and
graphite) in the mantle peridotites and podiform chromitites of the Luobusa
ophiolite and suggested a suprasubduction zone environment for ophiolite
formation. The geochemistry of the volcanic rocks supports this suggestion
(Zhou et al., 1895¢c). Zhou and co-workers also examined the petrography and
geochemistry of the podiform chromitites in Luobusa and proposed that they
formed by melt/rock interaction in the upper mantle (Zhou and Robinson, 1894;
Zhou et al., 1995a).

The Luobusa mine has operated for more than 10 years and produces
metallurgical chromites which provide the major source of chromium for China. It
contains proven reserves (ores with more than 25 wt% chromite) of several
million metric tons (Li Zijin et al., 1993). Both the chromitites and their host
peridotites are well-preserved and remarkably fresh, providing a unique
opportunity for detailed geochemical studies. However, because of its economic

value, the area was not open to western geologists until very recently.



Chapter 2: GEOLOGY

2.1. Tectonic framework of the Tibetan Plateau

The Luobusa ophiolite lies in the eastern part of the Indus-Yarlung
Zangbo Suture (IYS) within the Tibetan Plateau (Figures 1-1 and 2-1). This
plateau consists of several terranes which were accreted successively to the
Tarim-Tsaidam Terrane (TTT) in the northernmost part of the Plateau (Figures
2-1 and 2-2) [Zhang et al., 1984; Dewey et al., 1988; Xiao Xuchang et al., 1988].
The Bayan Har-Hohoxili Terrane (BHT) was accreted along the East Kunlun-
Qingling Suture (KQS) and is separated from the Qiangtang Terrane (QT) to the
south by the Longmu-Lancanjian Suture (LLS). The Lhasa Terrane (LT) was
accreted to the Qiangtang Terrane (QT) along the Bonggong-Nujing Suture
(BNS) and is separated to the south from the Indian Subcontinent (ISC) by the
IYS.

There are three major units in the ISC: the Higher Himalaya, the Lesser
Himalaya, and the Sub-Himalaya, separated by the Main Central Thrust (MCT)
and the Main Boundary Thrust (MBT), respectively.

Within the TTT, ophiolites of early Palaeozoic age occur in the Jiliang
Mountains and represent remnants of oczanic lithosphere within Eurasia (Xiao
Xuchang et al., 1988). During Permian and Triassic time this terrane was
separated from Gondwanalznd by the Palaeo-Tethyan ocean (Figure 2-2), now

represented by ophiolites and wild-flysch of the KQS. The 423-394 Ma East
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 Figure 2-2. Schematic section showing the geologic evolution of the Tibetan
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Kuniun granitic batholith north of the suture (Zhang et al., 1984) may.have been
generated during the nérthward subduction of the Palaeo-Tethyan iithoéphere.
The BHT is composed of thick Triassic flysch possibly deposited in the Palaeo-
Tethyan ocean.

The LLS extends southward into western Yunnan along the Jinshajiang
River and continues further into Thailand (Figure 2-1). This suture is considered
to mark the principal boundary between Eurasia and Gondwanaland in Permian
and Triassic times. 1t is marked by Permian and possibly Late Carboniferous
ophiolites and ophiolitic melange, as well as by exotic blocks and olistostromes.
During Permian time, the Tibetan Block (both QT and LT) separated from
Gondwanaland, drifted northward, and approached and collided with the margin
of Eurasia so that the Palaeo-Tethyan ocean was closed near‘ the end of the
Late Permian.

The QT has a metamorphic crystalline basement, probably consolidated
in Precambrian time, and a platform-type Palaeozoic sequence that developed
since the Silurian. The terrane also contains a 3,250-m-thick sequence of
Carboniferous and Parmian sandstones and slates intercalated with basic
volcanic rocks. The Lower Permian sequence consists of more than 2,000 m of
flysch intercalated with sandy conglomerates.

The BNS extends more than 1,500 km from Banggong La_ke (Figure 2-3)
on the west to the Nujiang River Valley on the east. A similar suture zone has

been described in Farah Rud, Afghanistan, and to the east in Sittang Valley,
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Mytkyina of Burma, suggesting an east-west trending oceanic domain during
Triassic time (Chang, et al., 1989; Girardeau et al., 1989). Numerous ophiolitic
components and melange have been found along this suture. The ophiolites
near the Dongiac and Gyangco areas of northern Tibet contain a mantle
sequence of depleted residual harzburgites, a cumulate sequence of wehrlites,
pyroxenites, dunites and layered gabbros, and a volcanic sequence. Inthe
Bonggong Lake area of western Tibet, ophiolitic material extends 100 km along
the suture (Figure 2-3) and consists of ultramafic rocks, gebbros, diabase and
pillow lavas. The ophiolite is thrust over Jurassic flysch and is associated with
Early Cretaceous sedimentary rocks. Based on their geochemistry, the ‘
ophiolites may have formed in a supra-subduction zone environment.
Radiolariar: cherts associated with the ophiolites contain foraminifera including
Sethocyrtis, Cryptcapsa, Dicolacapsa, Tricolocapsa, Dictyomitra, Lithocampe,
Cenellipsis, and Rhopalastrum, indicating a Jurassic age (Wang Xibin et al.,
1987). The ophiolites are transgressively covered by Cretaceous shallow-water
deposits. In the Dongiao and Gyangco areas, foliated gamet-bearing
amphibolites which occur beneath the sheeted diorites and mantle peridotites
are interpreted as remnants of a metamorphic sol?. Two amphibole-separates
from this unit yielded “Ar/*Ar isotopic ages of 17?313 Ma and 180+3 Ma,
respectively (Zhou et al., 1995b). The Bonggong-Nuijiang ocean opened by
intra-continental rifting to form a continental marginal basin in Late Triassic time

(Figure 2-2). Obduction of the Dongiao ophiolite occurred in Middle Jurassic
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resulting in the formation of 172 Ma gneissic rocks in the Anduo area (Xu et
al.,1985), although the closure of this ocean might be as late as Early
Cretaceous in the Bonggong area (Guo Tieying et al., 1991 )

The LT extends southwards into the Zayu-Tengchong Block and is
underlain by Lower Palaeozoic to Mesozoic sedimentary rocks with intercalated
volcanic rocks. The southeastern portion of this terrane is dominated by the
east-west trending Gangdese Batholith and its associated volcanic sequence
known as the Linzizhong Formation in which radiometric ages range from 40 to
120 Ma (Scharer et al., 1984; Xu et al., 1 985). The Gangdese Batholith is
compaosite, made up of numerous plutonic bodies, commonly with gradational
contacts. Compositions range from noritic gabbro to adamellite through quartz-
monzonite and granodiorite. Most rocks are typically meta-aluminous and
subalkaline (Le Fort, 1988). léotOpic data suggest a largely mantle source for

the batholith with small amounts (<30%) of crustal assimilation (Debon et al.,
1986). Most of the Gangdese Belt is attributed to magmatism at an active
continental margin above a northward-dipping subduction zone (Allegre et al.,
1984). This terrané formed the southern margin of the Eurasian continent prior
to about 40 Ma. This Andean-type margin progressively passes into the
Kohistan-Ladakh Arc in the west (Figure 2-1 ), branching off the southern Tibet
continental crust in the Ladakh region (Le Fort, 1988). In northern Pakistan
there are granulites and ultramafic blocks which are thought to be diapirs of

subducted oceanic lithosphere underneath the Kohistan-Ladakh Arc (Jan and
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Windley, 1990).

The IYS is marked by discontinuous ophiolitic bodies extending from
Burma in the east to Ladakh in the west (Figure 2-1). The ophiolites in Burma
and the Andaman Sea were obducted eastward prior to Middle Eocene
{Sengupta et al., 1990). The Ngari and Xigaze ophiolites west of Luobusa will
be discussed in the next section.

The Higher Himalaya, the northernmost exposed part cf the ISC, is made
up of a thick sequence of Cambrian to Eocene sedimentary rocks of the Tibetan
Tethys Zone which overlies a Proterozoic metamorphic basement, known as the
"Centre Crystalline". The Centre Crystalline is a thick (5 to more than 10 km)
pile of aluminous gneisses and schists. The rocks of the Higher Himalaya are
separated from those of the Lesser Himalaya by a major, north-dipping thrust,
the MCT. The MCT is a major intracontinental fault zone that accommodated
portions of the post-collisional convergence between india and Eurasia.

The Lesser Himalaya comprises Proterozoic to Mesozoic sedimentary
rocks overlying earlier basement rocks. South of the Lesser Himalaya, and
separated from it by the MBT, are the Sub-Himalayan Siwalik molasse-type
deposits which have been affected by the most recent Himalayan deformation.

The leading edge of the Indian plate was deformed and metamorphosed
prior-to uplift along the major north-dipping thrusts which imbricated and stacked

the metamorphic complex.
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2.2. The Ngari and Xigaze ophiolites in the 1YS

The ophiolites in the Ngari area, western Tibet, have been little studied
and very few data are available. The Xigaze ophiolite in the middle of the 1YS
has been described by a number of Chinese and French geologists (e.g.,
Nicolas et al., 1981; Girardeau et al., 1985; Girardeau and Mercier, 1988;
Nicolas,1989).

In the Ngari area, ophiolites in the IYS include mantle peridotite, troctolite,
layered gabbro, pillow lavas and radiolarian cherts. There are abundant
andesites and andesitic basalts interlayered with Cretaceous marine
sedimentary rocks. The Erkongba ophiolite has a complete ophiolite sequence
including chromite-bearing harzburgite, plagioclase peridotite, troctolite, gabbro,
pillow lavas and cherts {Figure 2-4). The Burang ophiolite is among the largest
ultramafic massifs in this zone and occurs as a tectonic nappe thrust over the
Triassic rqcks of the ISC (Figure 2-3).

The Xigaze ophiolite extends east-west along the 1YS and forms a
continuous belt over 170 km long (Figure 2-5). The ophiolite is covered by
cherts and marine pelagic sedimentary rocks of the Xigaze Group. Below are
pillowed and massive lavas that pass downward through diorite sills, or dykes,
into serpentinized dunite and harzburgite. The upper harzburgites and dunites
are intruded over a thickness of about 1 km by thick diabase sills which become
progressively less abundant down section. Di-rich harzburgite is the dominant .

ultramafic rock and lies about 2 km below the mafic unit, and thus about 5 km
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beneath the sedimentary cover of the ophiolite sequence. The harzburgite
grades downward into a more therzolitic peridotite. Lead isotope data point to
an island-arc affinity for the ultramafic tectonites and a depleted-MORB affinity
for the mafic rocks (Nicolas, 1989).

Palasomagnetic data on the pillow lavas and radiolarites of the Xigaze
ophiolite show that the ophiolite formed at a latitude of about 10°-20°N (Pozzi et
al., 1984), close to the southern margin of Eurasia during Early Cretaceous time.
The Xigaze Group flysch was deposited in an oceanic basin at the southern
edge of Eurasia. The simultaneous formation of the Gangdese magmatic arc
just north of this oceanic basin shows that it was a fore-arc basin, located
between an arc and a north- dipping subduction zone (Nicolas, 1989).

The IYS ophiolites formed in the Tibetan Tethys ocean separating the ISC
from the LT during Middle Cretaceous time (110-100Ma), as shown by the age of
radiolarian cherts directly covering the Xigaze ophiolite {Marcoux et al., 1982).
This age is roughly consistent with a 2%U/2%pPb age of 120+10Ma (Gopel et al.,
1984) and a Nd/Sm age of 109+21 Ma (Prinzhofer, 1987, cited in Nicolas 1989)
for the same ophiolite. Formation of the ophiolite at 110-100 Ma in an oceanic
basin with MORB affinities was followed by northward subduction that produced
the Gangdese Batholith. Girardeau and Mercier (1988) envisage a slow-
spreading environment for this ridge on the basis of the geochemistry of the
Xigaze ophiolite. After the formation of the subduction zone, the ophiolite

became incorporated into the oceanic lithosphere of a fore-arc basin. From
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there, it was obducted onto the ISC during the final collision.

The collision of India with Eurasia began in the Cenozoic at about 50 Ma
as shown by paleomagnetic data (Patriat and Achache, 1984). The ocean basin
was completely closed and the ophiolites obducted before the end of the Eocene
(before 40 Ma) (Tapponnier et al., 1981). The subduction of oceanic lithosphere
induced island-arc magmatism in the Gangdese Mountains of the LT.
Accordingly, the youngest granodiorites dated at 41 Ma (Sharer et al., 1984)

record the closure of the ocean and thus the end of oceanic subduction.

2.3. Geological background of the Luobusa region
2.3.1. General geology

In the eastem part of the 1YS, from Quxu to Nang Xian, the major
ophiolitic massifs include those in Zedong and Luobusa (Figures 2-6 and 2-7).
Both the Zedong and Luobusa massifs are tectonically bounded by the
Gangdese Batholith and the Luobusa Formation to the north and by Triassic
rocks to the south. The Triassic rocks of the ISC are typical Tibetan Tethyan
flysch. These strata, dominantly west-eaét trending, are located south of the IYS
and dip to the south. They include low-grade metamorphosed sedimentary
rocks such as greywacke and sandstone. There are numerous mafic sills parallel
to the strike of the strata. Rocks directly above the ophiolite are extensively
fractured and sheared and have well-developed, steeply south- dipping

cleavage. Further south, there are south-verging mesoscopic folds (Figure 2-8).



(696

| ‘uigi BuBAA WoJj patiipow) Jaql), W

-nxny) 8y) jo dew oj6ojoab e s| pasul Jaddn-ysj sy “pssew alijoiydo Buopaz ey

)seayjnos Jo eaJe uely bueN
jo dew o)6oj089) ‘g-Z ainbl4

R

..“.anﬁo+”“

e e TERE

........

.............

Hssew

oyeiLrRA)

900 ofssioud
opydiowmep
P01 {02
-ooeped Aue3

(5 omicpn

o_-naEp..wuo%__ @ -aooo.aEOMﬁ“«wa E

oopoces 4]
oo [ x]

$300J D{UB{O0A + o+ O O AL |1‘l|w. ! b+ agrdD
ojlsepuy + +§. + + + + .t - A-—-_ + +mw
+ o+ + o+ o+ + ADHW? + T o+ %
ejupuedios + W@ o+t te, t AP+ L5+ + ++ + + 4
Z peuuojeq A s ey - SRR SE .-.-_ ey ﬁ..-wqq + o+
(seybfunquiey) . Y P ATy - & +0+3 ++$ .-...ﬁ._——f._ + T 5T
spalogeuegi) L7l XKoot - T e T 2 Ty TS e o At T T e
2060722220222 T o T .V . T . T o ¥ ) + - e A v e = - & = = T 2 ¥ . X . ¥




35

'9-Z pue g-| sainbij ul
uoiledoj 835 (z-¢ ainbly 9as) esnqon Jeau aie sdnoJs; 810 Jofew ayj AIX PUE |lIA ‘IXXX sdnoie) aiQ Buimoys
12qiL, wayinos '(g-z ainbij pue g-| ainbi4 u uoneoo| sas) ajjoiydo esnqonT ay} jo dew o1Bojoas) “Z-z 8inb-|

\\\\\\\\mwO@m«\\\\\\\\\\\\\\\\\\\\\\\ 5 4
7 7 7 iy £ 7l g < AR IR ARV AV AV AW AV A BN abuejaw pe= noo "
l./ul[.li. 4 .wmnm‘_:\/ » Yy rY anyoiydo = Q—_MvaN- E mo«_g:aume_ _DD
e e 27227 227077 uoewio4 281
v esnqon yashy oysseis) mmzmSaEmID
A AV AN sapung
2t 2207020 yasAy owmmh.u_m._.-m m 8auoz uojjisuel) !
277776707, .
’ /7777 7. b.:.:ozoucb (\
/ AR AT AN AV AV AV SN PBUOD JSIUYY o v\
A A AV A VA
£S5 7 7 7 7 727 a—iﬁ—ﬂgoz \
 esnqony




Figure 2-8. South verging fold in Triassic flysch about 20 km south of Zedong,
about 30 m across.
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Their sense of asymmetry and vergence indicate a southward obduction.
However, some of the deformation can be related to northward Tertiary thrusting
onto the ophiolite, because the Tertiary molasse deposits are also intensely
deformed.

Late Jurassic and Early Cretaceous rocks northwest of the study area
belong to the LT (Figures 2-6 and 2-7). These are dark shales, black slates and
grey to yellow limestone, as well as intermediate volcanic rocks. The Gangdese
Batholith in the area is mainly composed of granodiorites and granites.

The Luobusa Formation along the IYS extends for about 300 km from
Nang Xian in the east to Quxu in the west. It consists of typical molasse
deposits which are comﬁa(able to the Indué Molasse in the Ladakh area of India
(Thakur and Misra, 1984). The Luobusa Formation can be divided into three
lithologic units, from bottom to top: 1) conglomerates with bedded breccia
intercalated with gravel-bearing sandstone (33.9-357 m thick); 2) purplish well-
bedded gravel-bearing, medium- to coarse-grained limestone and dolomite,
intercalated with siltstone, fine sandstone, conglomerate and lenticular shale
(272-428 m thick), 3) polygenetic conglomerate intercalated with thin-bedded
sandstone, siltstone and gravel-bearing sandstone (272-428 m thick). These
units vary in thickness and lithology along strike.

The Luobusa Formation unconformably overlies the Gangdese Batholith,
and the basal unit has abundant clasts of granite and ophiolitic rocks. There are

also abundant fossils of Oligocene to Miocene age.
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The Luobusa Formation is little deformed. However, strongly sheared
deposits occur near Ore Group XXXI at the 2astern end of the Luobusa
ophiolite, where transition zone dunite is thrust over this unit (Figure 2-9).
There, the sedimentary rocks have been mylonitized (Figure 2-10).

These molasse deposits were formed on the north of the fore-arc basin of
the convergent margin of Asia, south of the Gangdese Batholith, and post-date
the collision of the Eurasian and Indian plates.

As discussed earlier, the Gangdese Batholith and calc-alkaline volcanic
rocks of the Linzizhong Formation in the LT suggest a north-dipping subduction
zone beneath southern Asia prior to 40 Ma. Field observations, however, show
that the IYS is south-dipping in Lucbusa, and that the ophiolite overthrusts the
Luobusa Formation (see below), suggesting that the suture was deformed
subsequent to closure of the ocean that once separated India and Asia. This
south-dipping contact represents a Neogene north-directed thrust. Observations
by Yin et al. (1994) in the area from Zedong to Xigaze indicate that the present
IYS is not the trace of a single fault contact marking the locus of oceanic closure
between India and Asia. They suggest that the sutufe is a composite structural
feature resulting from multiphase deformation including both dip-slip and strike-
slip faulting since the late Oligocene.

Mantle peridotites, transition zone dunites and ophiolitic melange are

present in the Luobusa ophiolite (Figure 2-7). All sequences are crosscut by
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Figure 2-9. Contact between the Lucbusa ophiolite {south) and the Lucbusa
Formation (north), eastern part of the ophiolite.
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Figure 2-10. Sheared molasse deposits of the Luobusa Formation; note the
diversity of clasts in the conglomerate and boudinage structures; same location
as Figure 2-S.
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north-south trending normal faults. Cumulate rocks, basaltic lavas and cherts
occur as blocks in the melange zone. The entire sequence is thrust over either
the Luobusa Formation (Figure 2-9) or the Gangdese Batholith: to t.ie north
(Figure 2-7) and is in tumn overthrust by Triassic flysch to the south (Figure 2-
11). The boundaries between the major units generally dip southward,
suggesting that the section is possibly overturned (Figure 2-12) or that each
sequence is an individual thrust slice. The northern thrust contact with the
Luobusa Formation dips towards the south at a lower angle than the southern
contact (Figure 2-12).

The Luobusa ultraﬁwafic massif extends for 42 km in an E-W direction,
and the mantle sequence which hosts the chromite deposits is well-preserved.
There are numerous gabbro dykes, several hundred metres long by 10-20 m
wids, in the sequence but pyroxenite dykes are rare. The gabbro dykes are
undeformed and cross-cut the tectonite fabric in the host rocks. Their origin is
not yet clear, because similar gabbro dykes are also observed in the Triassic
rocks.

Dunite, locally grading into wehrlite, is the most abundant rock type in the
ransition zone. It consists of coarse-grained Ol, minor Cpx and traces of
chromite. The chromite occurs chiefly as euhedral inclusions in Ol grains, buta
few thin bands or layers of disseminated chromite are also present. These
bands or layers are believed to have formed by precipitation of chromite in a

crustal magma chamber (c.f., Malpas, 1978). Clinopyroxene forms small,

nt
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Figure 2-11. Contact between the Luobusa ophiolite (north) and Triassic flysch
(south). Picture A faces west, and picture B faces northeast.
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Figure 2-12. Cross section of the Luobusa ophiolite drawn from Figure 2-7.
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Figure 2-13. Impregnation texture of transition zone dunite. Clinopyroxenes are
interstitial in Ol. Note small, euhedral chromites (black) in O1. 94L16,
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anhedral grains between the larger Ol crystals which have equant shapes
(Figure 2-13). Th_i_s t\ype of texture has been attributed to impregnation (Nicolas,
1989). Although the 6! grains show deformation features such as kink-bands
and undulatory extinction, similar to those in the underlying harzburgite, low-Fo
Ol and whole-rock chemistry point to major differences in composition between
the transition zone and mantle sequence.

Tectonically underlying the transition sequence is a melange zone
containing lenses of cumulate rock including wehrlite, pyroxenite, layered and
homogenous gabbro and pillow lavas in a strongly serpentinized, ultramafic
matrix (Figure 2-14A). Individual lithologies are irregularly distributed and all the
rocks are highly deformed. There are meta-gabbros that are now amphibolites
(Figure 2-14B), although most gabbros have original igneous textures and
mineralogies. ;This zone is several hundred metres wide and is discontinuously
distributed along the northern boundary of the ophiolite (Figure 2-7).

The volcanic rocks in the melange zone are pillow lavas (Figure 2-15).
They have typically undergone greenschist-facies metamorphism, but some are
now amphibolites with some relict \)olcanic textures. Associated volcaniclastic
rocks and cherts are known as the Zedong Group (Figures 2-6 and 2-7). Near
Zedong, andesitic rocks are in tectonic contact with ultramafic rocks (Figure 2-6).
This group might be part of the ophiolite, because of its close association with
the ophiolitic ultramafic rocks. MORB tholeiites, however, have not been

identified in the area. Their absence might be due to tectonic removal, such as



Figure 2-14. Sheared rocks from the melange zone in the Luobusa ophiolite:
A. Field photo of serpentinite, north of the Geology Camp (see Figure 2-7);
B. Photomicrograph of a foliated and folded amphibolite, BO17.




Figure 2-15. Field photo of pillow lavas in the melange zone, north of the
Geology Camp (see Figure 2-7).
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beneath the Gangdese Batholith.

2.4. Summary

The Tibetan Plateau consists of several terranes which were accreted
succassively to the southern margin of Eurasia. These terranes are separated
by suture zones. The Luobusa ophiolite lies in the IYS in southern Tibet. This
suture zone was formed during the collision between Eurasia and India around
41 Ma. The ophiolite is tectonically bounded by Triassic flysch on the south and
by the molasse deposits of the Tertiary Luobusa Formation and the Gangdsse
Batholith on the north. The ophiolite is composed of a mantle sequence, a
transition zone and an ophiolitic melange. The boundaries between the major
units generally dip southward, possibly indicating that the section is overturned
or that each unit is an individual thrust slice. The transition zone is mainly
composed of dunites with abundant wehrlites. Wehrlites, pyroxenites, gabbros

pillow lavas and cherts in the melange zone are set in a strongly serpentinized,

ultramafic matrix.



Chapter 3: FIELD RELATIONS AND PETROGRAPHY

3.1. Nomenclature

Although most samples studied are composed totally of primary minerals,
chromitites and adjacent host dunites have been at least partly serpentinized
and contain fractures filled by antigorite, lizardite, and chrysotile. Samples with
little, if any, élteration were selected for modal analyses by point counting
phases (Ol, Cpx, Opx and chromite) [Table 3-2].

The classification of ultramafic rocks is based on the proportions of Cpx-
Opx-Ol (Figure 3-1) [Streckaisen, 1973]. Dunite consists of Ol with less than 10
modal% pyroxene. Harzburgite is composed of Ol and Opx with less than 5
modali% Cpx (Di), whersas Di-harzburgite (Di-bearing harzburgite) contains 5-10
modal% Di. Lherzolites have variable proportions of Ol and pyroxene, but are
characterized by more than 10 modal% Di (Figure 3-1). Locations of samples
used for the descriptions are shown in Table 3-1, Figure 2-12, Figure 3-2 and
Figure 3-3. i

) Textural terminology used for mantle peridotites is from Nicolas and
Poirier (<1 876) and Harte (1977). Textural types of chromitites are from Thayer

(1964, 1969), Leblanc (1980) and Cassard et al. (1981).
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Table 3-1. Locations of samples used for petrographic description and chemical

analyses. For locations see maps on pages 35 and 54.

Samples

8-1,-2,-3,4,-5,-6
94L16

84122
1,2,3,4,56,7,8,9
XIV-5, -7, -8

B101-3, 104-3, 108-1
B108-2, 108-3, 123-3
BO17

H1,2,3, 11,14
HZK395, 395-1
HD1,2,3

L6, 8,9
L10
L12
L13
L14
L15, 16
L17
L18
L19
L20
L22
L23
L24
L25
L26, 27
L28, 29
LH1-1,2,3,4,5,6,8
LH1-2
LH7
LH9, 10

$1,2,3,5,6,7,8
S4

S4-1

S9, 10, 11

XL1,5

ZHK1,2,3,4,5
ZHK6-1, 6-1
ZHK7, 8,9
ZHK10, 11
ZHLs

Rock types

Chromitite

Dunite (Tenasition zone)
Pyroxenite (Transition zone)
Chromitite

Chromitite

Harzburgite
Harzburgite
Amphibolite (Melange zone)

Harzburgite
Harzburgite
Sheared harzburgite

Harzburgite
Harzburgite
Harzburgite

Dunite

Dunite

Dunite

Harzburgite

Dunite

Harzburgite
Di-harzburgite
Harzburgite

Chromitite

Chromitite

Chromitite

Chromitite

Chromitite
Di-harzburgite

Dunite to Di-harzburgite
Dunite dyke

Dunite with Di-harzburgite

Di-harzburgite

Chromitite bands with dunite transition

Dunite to harzburgite
Harzburgite

Chromitite

Nodular chromitite

Dunite with massive chromitite

Dunite
Harzburgite

Chromitite to dunite to Di-harzburgite

Location

Ore Group VIil

North of Ore Group IV
North of Ore Group IV
Ore Group |

Ore Group XiV

North of Luobusa
North of Luobusa
North of Geology camp

Ore Group XIV
Ore Group XIV
North of Ore Group |

Ore Group |

Ore Group |
Ore Group V
Ore Group V
Ore Group X|
Ore Group X
Ore Group XIV
Ore Group XXXI
Ore Group XXX|
Ore Group X
Ore Group VI
Ore Group XIV
Ore Group VI
Ore Group V
QOra Group Xt
QOre Group XXXI|
Ora Group XXXI|
Ora Group XXXI
Ore Group XXXI
Ore Group XXXI

Ore Group XXXI
Ore Group XXXI
Ore Group XXXI
Ore Group XXX|

Ore Group (lI

Ore Group XXX|
Ore Group X0XI
Ore Group XXXI
Ore Group XXXI
Ore Group Vil




Table 3-2. Modal analyses of the mantle peridotites, dunites and chromitites

in Luobusa
Sample Chromite Cpx (o] Opx Other Counts

Di-harzburgite
H14 0.7 11.8 58.6 27.2 1.7 2240
L6 1.6 10.5 60.3 26.7 0.8 2300
LH4 1.1 8.0 60.0 29.9 1.0 3100
S7 1.2 6.9 61.7 28.8 1.3 2240
S8 0.8 10.3 59.3 28.4 0.9 1280
S6 1.0 8.6 6£5.8 23.6 0.9 1280
LH3 0.7 7.2 66.7 24.1 1.3 1280
L17 0.9 10.4 58.8 28.1 1.8 2300
S4-4 0.7 8.2 70.9 17.7 1.5 2700
S4-1 0.4 9.4 743 14.5 1.3 2700
S4-3 0.5 8.0 67.8 20.7 2.0 1900
L10 0.8 53 74.6 18.6 0.7 1600
S3 0.7 9.9 654 23.1 0.9 1900
ZHK11 0.5 7.8 66.9 22.6 2.2 3100
LH8 0.9 11.6 60.8 25.5 1.1 1920
S5 1.0 5.9 724 19.5 1.1 1920
LHE 2.2 6.5 bB55.7 34.6 1.0 2300
Harzburgite
H2 0.6 3.1 805 15.0 0.8 1800
H1 0.4 2.4 72.7 23.4 1.1 1600
ZHK10 0.7 1.8 75.2 21.1 1.3 1900
L19 0.4 3.6 62.6 31.6 1.7 2700
H3 0.7 23 772.% 18.4 1.1 2300
LH1-2 0.8 1.6 79.4 16.6 1.7 2700
LBa 0.5 4.3 65.4 28.3 1.6 4000
LHs 0.7 2.8 754 20.2 0.9 2700
L22 0.2 24 71.0 25.0 1.4 1900
LH3 0.9 4.8 623 30.9 1.1 1900
LH7 1.1 0.0 86.0 11.0 1.8 2300
§4-0 0.6 3.8 80.2 14.6 0.8 1900
L9 0.8 1.0 69.5 27.1 1.6 1600
L8 0.7 1.2 70.8 25.4 1.9 1900
Dunite
L18 0.9 0.6 85.1 3.0 0.4 1900
ZHKS 1.0 0.4 96.1 2.1 0.4 1900
ZHKS8 0.9 0.7 96.7 1.0 0.7 3100
Chromitite
126 25.7 0.1 66.3 6.8 1.1 1900
L25 56.7 1.5 21.7 18.4 1.7 2300
127 13.6 0.1 72.2 12.% 1.6 1800
16 63.2 0.0 203 15.2 13 2300
94L12 33.7 0.1 63.2 2.6 0.3 2700
.28 65.2 0.0 29.1 2.2 3.6 1200
VIII-6 75.8 5.1 4.7 12.9 1.4 1600

81
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@ Dunite
O Harzburgite
O Di-harzburgite

1. Dunite

2. Orthopyroxenite

3. Clinopyroxenite

. .
-
------------

Lherzolite

Ol-Websterite

Websterite

Figure 3-1. Plots of the mantle peridotites and dunites in Luobusa on the diagram
"Opx-Cpx-Ol"; classification of ultramafic rocks based on Streckeisen (1973).

by
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3.2. Rock types and their distribution

In Luobusa, harzburgites are composed of 62-86 modal% O, 11-32%
Opx, 1-5% Cpx and 0.2-1.1% chromite. Most Di-harzburgites have 5.9 t0 9.9
modal% Cpx, although a few samples have higher Cpx contents up to 12
modal% (Table 3-2). The mantle sequence also has abundant pods and lenses
of dunite and chromitite. Dunites have 0.3-1.0% chromite with small amounts of
pyroxene (1.0-3.0% Opx, 0.0-0.7% Cpx), whereas chromitites contain variable
amounts of Ol and Opx with very minor Cpx (0.0-1.5%).

The most abundant rock type is harzburgite (Figure 3-2). Di-harzburgite
occurs along the southernmost edge of the ophiolite where the mantle section is
thickest (about 3 km) and it is believed to represent the deepest mantle exposed
(Figure 2-7). Di-harzburgite also occur locally elsewhere in the massif. Dunites
are abundant throughout the entire rock body: dunite dykes crosscut Di-
harzburgites in the southem portion of the massif and dunite lenses are
associated with chromitites in harzburgites (Figure 3-2).

Most chromitite bodies in Luobusa are hosted in harzburgite and occur in
a narrow band, generally 500-600 m stratigraphically below the boundary with
the transition zone dunite (Figures 3-2, 3-3). This band roughly coincides with
the zone in which the mantle tectonite fabric passes from subvertical to
subhorizontal (Figure 3-4). It varies from 200-600m wide and is characterized by
many dunites. In the band, chromitite pods are arranged in a subparalle! fashion

with their long axes oriented 120°-160° in the vicinity of Luobusa village and 35°
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Samples
Xivs, 7.8
HY,2,3,11,14
B
17,
Z

Samples
ZHK1,2,3,4,5,6
ZHK?7,8,9,10, 11
L18, 19,28, 28

400m
Dunite 2 p . Triassic
El (Transition zone) ;a:,l:nge Granite M fiysch
Harzburgite : s Luobusa
cJ {mantle sequence) g:dng°m chromitite Formation

Figure 3-3. Cross sections showing the distribution of chromitites in the mantle
peridotites of the Lucbusa ophiolite drawn from Figure 2-7.
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- 55° east of Luobusa. The change in direction results from N-S normal faulting
(Figure 3-2). The chromitite pods and lenses occur in clusters which have been
identified as ore groups designated by Roman numerals for mining purposes
(see Figures 2-7 and 3-2).

Podiform chromitites in Luobusa are typically iens-shaped although many
occur as tabular or pencil-like bodies (Figures 3-4 and 3-5). Most bodies are
concordant or sub-concordant to the foliation in the surrounding peridotite and
exhibit structures and fabrics ihterpreted to be the result c;f solid-state flow and
recrystallization at relatively high temperatures (cf. Cassard et al.,1981). Typical
chromitite bodies range from 20-250 m long, 10-100 m wide and 0.5-5 m thick.
The lenticular bodies of chromitite have an average aspect ratio of 20:8:1. The
largest body in Luobusa has yielded 0.6 million tons of ore (Li Zijin et al., 1993).

Most of the chromitites are enclosed in dunite pods or have dunite
envelopes several centimetres to several metres thick. Massive chromitites
typically have sharp contacts with the enclosing dunite whereas disseminated
bodies grade outward into the surrounding rock, in some cases passing into
interlayered chromitite and dunite. The chromitite and dunite; layers normally
have sharp contacts and the chromitite bodies may have brahches that intrude
the dunites. The dunites grade outward into the surrounding harzburgite or Di-
harzburgite with increasing modal proportions of pyroxene {Figure 3-6).
Although their thickness does not correlate closely with the size of the chromitite

body, dunite envelopes are generally thicker around large ore bodies.



Bl Chromitite body

[37] Dunite |. [
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[:] Harzburgite \ \ \
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=] Foliation

Figure 3-4. Distribution and shapes of chromitite bodies of Ore Group i
(see Figure 3-2). Note the close association of dunites and chromitites
and the sub-concordant relationship of both with foliation in harzburgite.
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Figure 3-5. Subsurface podiform chromitite bodies:
A. Tabular bodies in Ore Group If;
B. Tabular and podiform bodies in Ore Group XIV.
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Figure 3-6. Field photos of podiform chromitite bodies: A. A transition zone from
chromitite to dunite to harzburgite to Di-harzburgite; Ore Group VIil. B. A
massive chromitite body and chromite-rich layers in dunite; Ore Group ViIIL.
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Figure 3-6. C. A sharp boundary between a chromitite body and a dunite
envelope; Ore Group VII. D. Chromitite bands in dunite; Ore Group IV.




Figure 3-6. E. A chromitite band and its branches in dunite; Ore Group XIV.
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3.3. Petrography

3.3.1, Harzburgite

Most harzburgites show various degrees of deformation and have
microstructures similar to the porphyroclastic textures defined by Mercier and
Nicolas {1975) [Figure 3-7A, B]. Olivine is the most common porphyrociast
phase, although both Cpx and Opx can also form porphyroclasts. The Ol
porphyroclasts, 0.5 to 1.5 cm in size, display traces of polygonization in many
places and have been partly recrystallized at their peripheries into neoblasts,
0.02 to 0.05 mm in size (Figure 3-7C). The neoblasts are generally
subpolygonal, with straight boundaries suggesting tﬂat most of the
fecrystallization occurred through progressive disorientation of subgrains,
attributed to subgrain rotation (Ave Lallemant, 1985). The amount of
recrystallization ranges from about 10% to 50%. Both Ol porphyroclasts and
neoblasts show undulatory extinction, sharp subgrain boundaries and well-
developed lamellae or kink—banding (Figure 3-7C), characteristic of internal
plastic deformation (Nicolas and Poirier, 1976).

Orthopyroxene po.rphyroclasts, typically 0.5to 1.0cm butupto 2 cm in
size, commonly are embayed, resorbed, and are surrounded by granular Ol
grains (Figure 3-7D). Some grains of Opx are clearly replaced by Ol along
cleavage planes (Figure 3-7E). Many single crystals are elongated
subperpendicular to their exsolution lamellae, suggesting they formed by

dismembering or pull-apart of originally larger crystals or of Opx bands.



rephs o?*ﬁ"a';zbhr'g’iﬂtes: A. Porphyraclastic texture; note
weak orientation of the Ol porphyroclasts with typical high-temperature granular
matrix; L10. B. Porphyroclastic texture; note Opx porphyroclasts and thinned,

banded Ol possibly representing late stage deformation; L19,
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Figure 3-7. G. Opx inclusion in Opx porphyroclast; note also smaller Ol grains
around the Opx grain, possibly indicating replacement: B104-3. H. Deformed
Opx porphyroclast showing mechanical twin and granular edges, B108-2.
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Figure 3-7. I. Exsolution of Cpx and chromite along cleavage in Opx, B104-3. J.
Grey and yellow Opx twin. Yellow Opx grains show Cpx exsolution along cleavage.
Note chromite along left edge of yellow Opx and rimming large Opx grain. B108-3.
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Figure 3-7. K Replacement texture showing an Opx grain repl
and Ol, B101-3. L. Clinopyroxene and Opx both of which were replaced by Of;
Note also anhedral chromite (black); B108-1.
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Many Ol crystals contain inclusions of Opx (Figure 3-7F), suggesting a
replacement process, perhaps due to incongruent melting of the pyroxene (Dick,
1977). In one sample (B104-3), an Opx porphyroclast contains a smaller,
euhedral Opx inclusion (Figure 3-7G). This Opx "inclusion” may truly be a
coexisting grain. .

Most Opx grains have Cpx exsolution lamellae along the slip planes and
exhibit deformation (Figure 3-7H). In sample, B104-3, an Opx grain contains
chromite and Cpx, possibly formed by exsolution (Figure 3-71). In sample B108-
3, twinned Opx grain has Cpx exsolution along cleavage planes (Figure 3-7J).
In some cases Opx has clearly been replaced by Cpx, leaving Opx islands with
optical continuity (Figure 3-7K). No Cpx veinlets or segregations have been
observed within the rock. Thus, the replacement of Opx by Cpx does not resuit
from melt impregnation.

Individual Cpx crystals are rare and occur as embayed grains generally
associated with Opx (Figure 3-7L); these are interpreted to be residual Cpx.
Clinopyroxene also occurs as exsolution lamellae in Opx (Figure 3-7E, H, ).

Di-harzburgites exhibit protogranular textures as described by Mercier
and Nicolas (1975). Olivine, Opx, and Cpx are similar in size, and all show weak
deformation (Figure 3-8A, B, C). Oliviné grains also show kink-banding and
subgrain boundaries (Figure 3-8B). Orthopyroxene is always associated with

Cpx and chromite (Figure 3-8C).

Accessory chromite (0.1-0.5 mm) is ubiquitous in harzburgite where it is
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typically anhedral (Figures 3-71, J, L and 3-8C), similar to those of harzburgites

from Bay of Islands ophiolite, Newfoundland (Talkington and Malpas,1980). It
occurs as both isolated crystals scattered in the Ol matrix and in close
association with Opx and Cpx. Grains associated with Opx and Cpx are
amoeboid and are commonly interpreted as being derived from garnet plus Ol,
thus recording a mantle evolution toward lower pressure. The Cpx-chromite
assemblage may represent the final products of decomposition of Opx during
incongruent melting.

There is a 5-15-m-wide mylonitic shear zone along the boundary between
the mantle sequence and the transition zone. The mylonitic microstructures are
characterized by thin bands and lenticular domains (Figure 3-9A), a few
millimetres thick, made up of fine-grained recrystallized Ol (Figure 3-9B, C).
These bands and domains enclose deformed porphyroclasts of Ol and
pyroxenes, 0.1 to 1 cm in size. Olivine has been strongly recrystallized into fine-
grained (<0.01 mm) neoblasts that are slightly elongated parallel to the shear
zone and have irregular contours (Figure 3-9B, C). Opx and Cpx porphyroclasts
are elongate and have exsolution lamellae (Figure 3-9B). The intensity of
recrystallization decreases away from the centre of the shear zone, but some
recrystziiization is always present and occurs in pressure shadows of Ol
porphyroclast remnants.

The bands and lenticular domains are separated by thin, anastomosing

layers of ultrafine-grained (2-30 ym) material (Figure 3-9A, B, C). These
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Figure 3-8. C. Orthopyroxene, Cpx and chromite cluster, LH3.
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Figure 3-8. Photomicrographs of sheared harzburgite: A. Porphyroclastic texture;
Cpx and Opx porphyroclasts set in a matrix of sheared O} and pyroxene; HD3. B.
Bent exsolution lamellae of Cpx in Opx; note bent twin planes in pyroxene

porphyroclasts in a matrix that contains elongated and recrystallized Ol; HD3.

. e




Figure 3-9. C. Olivine porphyroclasts in a matrix of thinned and elongated O!,
HD3
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ultrafine-grained bands produce a fluidal aspect to the microstructure and
suggest that deformation may have been controlled by some form of grain-size
sensitive creep, commonly referred to as *superplasticity” (e.g., Boullier and
Gueguen, 1975).

3.3.2, Dunite

Dunites occur in lenses and dykes in harzburgite and as envelopes
around podiform chromitites. These dunites are mostly concordant with respect
to the foliation of the peridotites. In the dunite dykes, aligned trails of chromite
grains are parallel to the walls of the dykes (Figure 3-10). Dunites are
composed chiefly of very coarse-grained Ol clearly larger than in ihe host Di-
harzburgites or harzburgites (Figure 3-11A). Some dunites have bands of
disseminated chromite which are parallel to the foliation of the enclosing
harzburgite and to the boundary between the'harzburgite and dunite (Figure 3-
11B). Individual Ol grains are generally 0.5-5 mm across, with the largest up to
30 mm, and many show kink-banding and undulatory extinction, suggesting an
internal plastic deformation. The boundaries between grains are highly irregular
(Figure 3-1‘1 B to C). In many cases, porphyroclastic Ol grains show granular
edges with recrystallized, small mosaic Ol grains that have triple junctions
(Figure 3-11G to I).

Accessory chromites in dunites are 0.05-0.5 mm across, much smaliler
tf;an the Ol grains. They are normally euhedral or subhedral (Figure 3-11H, 1),

morphologically distinct from those in the harzburgites (Figure 3-8C), a feature
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Figure 3-10. Field photo of a dunite dyke in protogranular Di-harzburgite; note
chromite string in dunite parallel to dyke margin, taken near Ore Group VIII.
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Figur 3-1 1 hotomicrographs of dunite: A. Coarse-grained dunite (lower left) in
contact with protogranular Di-harzburgite (upper right); LH1-2. B. Aligned
chromite grain in coarse-grained dunite; LH1-1.
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Figure 3-11. C. Coare—graned dunite; note small, anhedral, elonate chromite
grains along the boundaries of Ol grains (left), LH2. D. A large, sheared Ol
grain; note small Ol necblasts in Of and euhedra! chromite grains; L18. -
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Figure 3-11. G. A iérger, sheared Ol grain Shear zoes are filled with fine-
grained Ol and euhedral chromite, ZHK6-2. H. Olivine and chromite neoblasts

along shear fractures in a large Ol grain; L18.
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Figure 3-11. I. Polygonal Ol and chromite neoblasts, locally forming triple points;
ZHK-L. J. Poikilitic Ol grain containing Opx, and Ol inclusions; VIII-6, 32 x 0.5.



Figure 3-11. K Elongate Opx grain in a fracture in dunite, ZHK-L. L. Small,
rounded chromite grain and a small Cpx grain, both included in a very large Ol
grain (at least 5 cm in size). ZHK-L.
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noted previously by Leblanc (1980). Some grains have been deformed and
recrystallized into smaller and more equant grains and form a mosaic with
smaller O} grains along fractures in the large Ol grains (Figure 3-11H).

The dunites adjacent to chromitites show magmatic textures. In sample
V116, the dunite near the chromitite band has a poikilitic texture in which large
Ol grains surrourid smaller Ol and Opx (Figure 3-11J). Orthopyroxene grains
occur along shear zones in the dunite (Figure 3-11K). There are also fine
chromite and Cpx grains included in large Ol grains (Figure 3-11L).

3.3.3. Podiform chromitite

Massive, disseminated, nodular and brecciated chromitites are the most
common textural types (Figure 3-12) and these commonly grade into each other.

Massive chromitites are typically coarse-grained rocks composed of more
than 80 modal% chromite. Individual chromite grains are mostly 1 to 5 mm
across (some are up to 30 mm), anhedral in shape and show the effects of
corrosion or reaction in addition to mechanical disruption (Fig 3-12A). The
chromite grains are closely packed, leaving very narrow interstices filled with
silicate minerals (cf. Thayer, 1964; Greenbaum, 1977).

Disseminated chromitites consist of 10-65 modal% chromite, uniformly
scattered in the host silicates (mainly Ol, Table 3-1). Individual chromite grains
are generally smaller (0.5-2 mm) and more regular than in the massive varieties.
Many disseminated chromitites grade into massive bodies with increasing

chromite contents and larger crystal sizes (Figure 3-12B).
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Fgure 3-12. Hand specimen photograps of chromitite: A. Massive chromitite
showing pull-apart texture; Ore Group 1. B. Massive to disseminated chromitite;
Ore Group lIl.



Centimeters

Figure 3-12. C. Nodular chromitite showing weak orientation of individual
chromite nodules; Ore Group VII. D. Nodular chromitite composed of large
nodules and small euhedral chromite in the matrix; Ore Group XXXI.



Figure 3-12. E. Nodular chromitite; note elongate individual nodules and folded
disseminated grains; Ore Group X>XXI. F. Fragments of brecciated dunite
cemented by disseminated chromite; Ore Group XXX1.




Figure 3-12. G. Enlarged from F, showing one nodule in a dunite fragment; Ore
Group XXXI. H. Massive chromitite in contact with dunite that contains nodules
and disseminated chromitite; Ore Group XXXI.
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Nodular varieties consist of small (0.3 to 2.5 cm) spherical or elliptical
aggregates of chromite in an QOl-rich matrix that may itself contair: disseminated
chromite (Figure 3-12C, D). In some cases, individual nodules may be crudely
aligned parallel to their long axes (Figure 3-12C, D). Closely associated with
nodular chromitites are orbicular types which have a solid, nodule-like nucleus of
chromite surrounded by a mantle of Ol and an outermost rim of fine-grained
chromite plus Ol. Both types can grade into massive chromitites with increasing
amounts of chromite.

In some chromitite bodies, disseminated chromite fills spaces between
dunite fragments (Figure 3-12F). The brecciation of the harzburgites or dunites
might have been produced by ductile shearing during the late stage of up-
welling of a hot mantle diapir.

Banded chromitites, with rhythmically altemating chromite-rich and Ol-rich
layers, are present in some chromitite pods (Figure 3-121). Such banding
usually parallels the long axis of the chromitite pods or lenses, which in turn
usually parallels the foliation in the host harzburgites. Many bands show small-
scale folding, faulting and cataclasis (Figure 3-12J).

The most common silicate mineral in chromitites is Ol. These Ol grains
are smaller than those in the adjacent dunites which usually have pegmatitic Ol
(Figure 3-13A and B). In addition, typical impregnation textures are present in
some samples as chromitites are veinlets in dunite. In such samples, euhedral

chromites are interstitial to the large Ol grains (Figure 3-13C). Nodular
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Figure 3-13. Photomicrographs of chromitite: A. Sharp boundary between
massive chromitite and coarse-grained dunite; note large sheared Ol grain with
recrystallized Ol in shear zones. ZHKSB-2, Ore Group XXXI. B. Interstitial Ol
grains in massive chromitite; ZHK-L, Ore Group XXXI.



Figure 3-13. C. Massive chromitite interstitial to large Ol grains, resulting from
magma impregnation into the dunite; XIV7, Ore Group XIV. D. Two chromite

nodues in a matrix of Ol and euhedral chromite; L29, Ore Group XXXI.




Figure 3-13. E. Disseminated chromitite; nearly euhedral chromife gi'ains forma
mesh-texture in an Ol matrix; L25, Ore Group V. F. Dunite with disseminated,
euhedral chromites; L27, Ore Group XIV.
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Figure 3-13. I. Opx grain near boundary between dunite and massive chromitite,
VIII-6, Ore Group VIIII. J. Orthopyroxene grains associated with Ol grains in the
matrix of massive chromitite, VIiI-6, Ore Group VIII.
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chromitites have a matrix of euhedral chromite and Ol, both of which are equal in
size (Figure 3-13D). Euhedral or subhedral chromites in some disseminated
chromitites form a mesh-texture in which Ol grains are interstitial to the chromite
grains (Figure 3-13E) or euhedral chromites are distributed along large Ol grains
(Figure 3-13F). In layered chromitites, Ol grains are elongate with their long
direction parallel to the layering (Figure 3-13G, H).

Most chromitites contain small amounts of Opx and Cpx that are normally
interstitial to the large chromite grains or more often associated with Ol grains
(Figure 3-13l, K, J). Some samples have up to 12.8 modal% Opx, suggesting
that the parental magma was possibly boninitic.

3.3.4. Deformation history

The microstructures of the harzburgites, dunites and chromitites in
Luobusa suggest that they experienced at least three stages of deformation (T.
Calon, 1995, personal communication). Stage 1, a high-temperature
recrystallization was followed by stage 2, a high-stress deformation. The latter
was in turn locally overprinted by stage 3, a mid-crustal level deformation. The
characteristics of each stage deformation appear in Table 3-3.

In most samplss, the Ol porphyroclasts are clearly elongate, defining a
foliation visible only in thin section. The foliation is enhanced by layers of
pyroxene or chromite, or by the preferred orientation of elongate grains of
pyroxene. These structures have been attributed to "asthenospheric flow”"

(Nicolas and Poirier, 1976), indicative of ductile, high-temperature deformation in
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the upper mantle. The high-temperature recrystallization textures are also
characterized by coarse-grained to very coarse-grained Ol in the dunite (Figure
3-11A to H, K), chromite layering in the chromitites (Figure 3-13G, H), fine Ol
tablets in large Ol "porphyroblasts" (Figure 3-11J), and recrystallization of Ol
and chromite into a well-developed foam structure (Figure 3-11G, I). These
features are typical of a very high temperature, very low differential stress
environment as seen in spinel lherzolite mantle xenoliths, and orogenic lherzolite
complexes, such as the Ronda, Lherzo, and Beni Bousera massifs (Nicolas and
Poirier, 1976). Such high temperature deformation overprinted primary mantle
rock microstructures as described in abyssal peridotites (Dick and Natland,
1995; and others). For the large Ol “porphyroblasts”, this deformation
proceeded largely along the enclosed chromitite bands (Figures 3-11B, 3-13H)
[T. Calon, 1995, personal communication].

The intracrystalline extinction band morphology which is typically tapered,
wavy, and quite narrowly spaced (Figures 3-7C and 3-88) is characteristic of the
high pressure deformation of the second stage. In addition, exsolution along the
slip planes (Figure 3-7F, H), kink banding (Figure 3-7F, H) and dynamic
recrystallization (Figure 3-7L) also occurred during this stage.

The stage 2 microstructures were overprinted by a low-temperature/high-
differential stress event which led to the development of deformation lamellae
along slip planes in Ol (Figure 3-11F), mini-kinking of Ol grains that were

unfavourably oriented (Figure 3-11E, F), law-temperature, irregular extinction
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band configurations (Figures 3-8B, 3-7C), and very heterogeneously distributed
low-temperature, fine-grained dynamic recrystallization within Ol grains, along
kinks (Figure 3-11E, G), and along grain boundaries. Sample H3 is a good
overview of the stage 3 "cold working" and of low-temperature dynamic
recrystallization overprinting of a heterogeneously developed, stage 2
recrystallization, Ol microstructure (Figure 3-7C). This stage of deformation
appears to be a characteristic mid-crustal level orogenic overprint that took
place in relatively anhydrous conditions.

Discrete low-temperature plastic shear zones which have a “cataclastic”
appearance are locally developed (Figure 3-7B). Sample L19 looks like
advanced stage 3 deformation (Figure 3-7B). The shears in sample HD3 (Figure
3-9) may truly be cataclastic and possibly later than stage 3.

By considering the tectonic evolution of the region and the mantie
peridotites, the first stage recrystallization may have occurred during the
formation of podiform chromitites, whereas stage 2 may very well be a deep
crustal overprint on the annealed (stage 1) mantle microstructure. During their
uplift, these rocks experienced a mid-crustal level dynamic deformation.

The microstructures described above are distinctly different from abyssal
mantle peridotites that usually preserve textures of partial melting and plastic
deformation (e.g., Dick and Natland, 1995). The deformation succession of the
mantle sequence in Luobusa is very similar to what has been described for

orogenic, gamet peridotites regionally associated with eclogites (T. Calon, 1995,
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personal communication). Therefore the deformation is interestingly consistent

with the presence of diamond grains reported earlier (Bai et al., 1993).

3.4. Summary

The mantle sequence of the Luobusa ophiolite is composed of
harzburgites and Di-harzburgites with abundant dunites and podiform
chromitites. Harzburgites show porphyroclastic textures, whereas dunites are
equigfanular. The dunites occur as dykes or lenses in the harzburgites or as
envelopes surrounding chromitite bodies. The chromitites have nodular, massive
and disseminated textures. Silicate minerals in chromitites are chiefly Ol with
minor Cpx and variable amounts of Opx. |

The mantle peridotites have experienced three stages of deformation
(Table 3-3). High-temperature recrystallization occurred along the
porphyroclasts of Ol or pyroxenes, possibly during the formation of the podiform
chromitites. This recrystallization overprinted the primary mantle microstructure
and was, in tum, overprinted by a high-stress deformation. This second stage of
deformation is characterized by intracrystalline extinction band morphology of Ol
and Opx slip system and exsolution along the slip planes. During uplift, these
rocks experienced a third, mid-crustal level, dynamic deformation. This stage of
deformation is marked by the development of deformation lamellae along slip
planes and mini-kinking of Ol and recrystallization along kinks of Ol. This

succession is very similar to what has been described for orogenic gamet
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peridotites regionally associated with eclogites (T. Calon, 1995, personal

communication).



Chapter 4: GEOCHEMISTRY

4.1. Whole rock geochemistry

4.1.1. Major oxides

Whole-rock major oxides of harzburgites, Di-harzburgites, dunites and
chromitites from the mantle sequence of the Luobusa ophiolite are given in
Appendix If. Those samples which were also analyzed for trace elements and
PGEs are given in Table 4-1.

Whole-rock Mg#'s [100Mg/(Mg+Fe)] range from 91-93 in dunites, 90-91
in harzburgites; and 89-90 in Di-harzburgites. Mg#'s correlate negatively with
Si0,, Al,O; and Ca0 (Figure 4-1), but are independent of Cr,0, contents (Figure
4-1). Harzburgites and dunites have similar Cr,0, contents ranging from 0.2 to
0.7 wt% (Table 4-1, Appendix ll). The harzburgites are depleted rocks with low
AlLO, (1.1630.39 wit%) and CaO (1.25+0.46 wt%) whereas the Di-harzburgites
are somewhat less depleted with higher ALL,O, {1.73+0.22 wt%) and CaO
(1.79+40.43 wt%). As expected, the dunites have very low CaO (0.23+0.11 wt%)
and Al,Q, (0.20+0.11 wt%) and very high MgO (47 to 50 wt%). These
compositions reflect the modal mineralogy of the rocks.

Dunites have much higher Mg/Si ratios (1.79+0.05) than Di-harzburgites
(1.38+0.05) or harzburgites (1.49+0.06). In the AUSi versus Mg/Si diagram
(Figure 4-2), Di-harzburgites and harzburgites plot along the geochemical

fractionation trend defined by Jagoutz et al. (1979) whereas dunites have higher
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Table 4-1. Major oxide (Wt%), trace element (ppm) and PGE (ppb) abundances
and metal ratios of the mantle peridotites, dunites and chromitites in Luobusa

102

Sample L20 L22 L19 L6 L10 112 L17 L9 L8 L13 L14 L15
DiH Harz Harz Harz Harz Harz Harz Harz Harz Dun Dun Dun
Si0, 451 444 449 438 437 447 448 415 412 406 412 425
Alzo3 0.76 0.74 0.70 1.17 1.03 0.66 1.76 0.53 0.39 0.26 047 0.60
Fe O, 9.13 856 851 9.07 848 841 860 876 102 665 761 567
MgO 426 450 444 436 446 450 422 479 477 518 505 508
Ca0 169 065 073 1.77 15 0.69 1.91 066 0.19 0.12 0.08 0.02
TiO 0.02 0.02 0.02 0.03 0.03 0.02 004 0.02 0.02 0.01 0.02 0.01
Mn(.z) 0.15 0.15 0.15 0.15 0.14 0.13 0.15 0.14 0.18 0.12 0.13 0.12
Cr O3 054 047 051 043 046 0.36 049 0.51 042 0.33
LOi 122 29 36 2 02 26 47 62 61 69 16 149
Zn 42 45 41 54 52 46 42 45 28 30
Cu 35 13 15 24 16 16 28 5 5 8
Ni 1787 2257 2087 2261 2382 2308 2045 2613 3373 2254
V 60 34 49 60 47 37 66 21 5 9
Cu/Ni 0.020 0.006 0.007 0.011 0.007 0.007 0.014 0.002 0.001 0.003
Os 3.58 175 326 258 164 076 176 141 015 1.34 158 263
Ir 6.01 556 556 552 387 1.72 427 257 117 252 299 500
Ru
Rb 172 205 146 159 1.3%9 065 1.28 0.83 0.75 033 062 07
Pt 104 844 102 818 571 213 7.16 223 597 1.06 272 122
Pd 115 486 735 76 369 361 7.87 147 1.98 367 435 252
Pt/Pd 090 174 1.39 1.08 1.55 0.59 0.91 1.52 3.02 029 063 048
Pdir 192 0.87 1.32 1.38 0.95 184 057 169 146 145 0.50

210



Table 4-1 (Continued)

Sample L16 L18 123 124 125 126 127 128 129 XL1 X5
Dun Dun Mass Diss Diss Diss Diss Nodu Nodu Nodu Nodu
Si0, 409 405 000 957 144 322 255 690 163 9.25 7.26
AC, 008 051 128 102 852 338 527 966 7.54 955 10.1
Fé.C, 864 680 628 634 615 517 607 650 591 7.04 649
MgO 496 515 156 202 249 437 358 206 274 185 185
Ca0 044 005 0.00 1.28 028 0.04 0.07 000 0.00 0.01 0.01
TiO 002 002 020 017 016 010 0.12 017 015 0.16 0.0
Mnd 014 041 079 077 080 054 067 080 0.77 0.69 0.91
CrO, 046 05 644 514 448 149 265 554 420 548 565
LOI 71 24 00 38 31 56 68 09 22 24 2
zn 41 27 239 187 178 53 115 224 160 221 289
Cu 5 5 44 27 15 5 7 34 14 20 19
Ni 2560 3468 1845 2401 2922 3646 3126 2262 2983 2791 3075
Vv 45 8 582 386 323 99 180 462 328 473 443
CwNi 0,002 0.001 0.024 0,011 0,005 0.001 0,002 0.015 0.005 0.007 0.006
Os <4 248 397 491 334 185 209 223 857 581 806
Ir 653 575 114 100 725 625 9.3 501 189 389 646
Ru 148 145 190 140 114 141 117 212 202
Rh 151 068 104 875 965 7.36 502 92 7.53 9.37 943
Pt 655 160 263 124 324 134 29 087 041 081 205
Pd 334 090 206 213 338 208 275 145 201 088 076
PYPd 196 178 128 058 096 064 1.05 067 020 092 270
Pdiir 051 016 002 002 005 0.03 003 0.03 0.11 0.02 0.01

Major oxides were recalculated to 1 00% on volatile-free basis. Total
iron was determined as Fe,O,. Blank means that the element was not
analyzed. Abbreviations: LOI=losson ignition; Di-H=Di-harzgurgite; Harz=

harzburgite; Dun=Dunite; Mas

chromitite Nodu=ncdular chromitite.

s=massive chromitite; Diss=disseminated
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Mg/Si ratios and lower Al/Si ratios. The peridotites follow an oceanic trend when
plotted on a Ca versus Al diagram and are more depleted than the primary
mantle (Figure 4-2).

Chromitites vary widely in composition: Si0,=0.42-34.79; Al,0,=1.07-
12.79; F80,,,=6.73-15.27; Mg0=15.14-44.08; Ca0=0.01-1.94; Cr,0,=5.97-
64.35 wt% (Appendix ll). The compositions correlate closely with different
textural types: Massive chromitites have compositions close to chromite mineral
compositions, whereas disseminated chromitites are closer to dunites (Figures
4-3 and 4-4). Exploitable chromitites have an average grade of 48 wt% Cr,O, (Li
Zijin et al., 1993), and ccnsist of high-Cr chromite.

in the chromitites, Cr,0, shows a positive correlation with FeO and ALQ,
but a negative correlation with SiO, and MgO (Figure 4-4). These variations
reflect the relative amounts of chromite and O!.

In a diagram of SiQ, versus Al,0, (Figure 4-3), the harzburgites have a
chemical trend distinct from the chromitites. However, dunites follow the trends
defined by both the chromitites and harzburgites. The compositional gap
between the chromitites and dunites may be the result of sampling bias. These
characteristics indicate that the peridotites and chromitites are different in origin;
the peridotites represent a residue left after partial melting and chromitites
formed by crystallization from magmas. The dunites bridge the gap between the

two.
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Figure 4-3. Log plots of SiO2 versus Al203 of chromitits, dunite, and
harzburgite from the mantle sequence of the Luobusa ophiolite,
showing two different chemical trends.
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4.1.2. Platinum-group elements, Cu, Zn. V and Mn

Harzburgites and Di-harzburgites in Luobusa have PGE values similar to
those of sulphide-bearing residual mantle (Barnes et al., 1985; Lorand, 1989,
Edwards, 1990; Leblanc, 1991; Lorand et al., 1993). Overall, the harzburgites
and Di-harzburgites have relatively unfractionated, chondrite-normalized PGE
patterns (Figure 4-5). Sample L20, a diopsidic harzburgite, has the highest Pd
(11.5 ppb) and Pt (10.4 ppb) contents (Table 4-1). This sample is slightly
depleted in Os, possibly due to incomplete recovery during preconcentration due
to the volatile nature of its oxide (Sun et al., 1993; Zhou, 1994).

Dunites have similar Os and Ir contents as harzburgites but lower Rh, Pt,
and Pd contents. All but one of the dunites (sample L13) have negative Pt
anomalies (Figure 4-5).

Chromitites have wide ranges of Os (8.57-81 ppb), Ir (18-114 ppb), and Pt
(0.07-2.86 ppb) and smaller ranges of Ru (202-212 ppb), Rh (4.92-10 ppb), and
Pd (0.52-2.43 ppb) [Table 4-1]. They have relatively uniform PGE-normalized
distributions and are characterized by enrichment of Os, Ir, and Ru (IPGE,
iridium group of PGEs) and depletion in the Rh, Pt and Pd (PPGE, palladium
group of PGEs). They have a negatively sloping, chondrite-normalized pattern
(Figure 4-5), a feature typical of podiform chromitites (Page and Talkington,
1984: Naldrett and von Gruenewaldt, 1989). The Pt and Pd contents of
chromitites are lower than those of harzburgites and all samples show a slightly

negative Pt anomaly (Figure 4-5). Variations in PGE abundances and chondrite-
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Figure 4-5A and B. Chondrite-normalized PGE patterns of harzburgite and
dunite from the mantle sequence of the Luobusa ophiolite. Normalization

values are from Naldrett and Duke (1980).
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normalized patterns of chromitites do not correlate with the distribution of the
chromitite bodies, their textural types, their bulk rock compositions, or chrome
contents. This is consistent with the observation of von Gruenewaldt et al.
(1989) that high IPGE/PPGE ratios are characteristic of all chromite-enriched
rocks in the Potgietersrus area of the Bushveld Complex, regardless of the
amount of chromite in the rock.

V, Cuy, Zn, Mn contents increase with Pd/Ir ratios from harzburgite to Di-
harzburgite, whereas Mg#'s decrease (Figures 4-6 and 4-7). Both Cuw/Ni and
Pd/Ir ratios increase from harzburgite to diopsidic harzburgite. This variation
suggests a removal of a partial melt enriched in Pd, leaving a refractory
residuum relatively enriched in Ir (Leblanc, 1991). The high Pd content and high
Pd/Pt ratio (1.1) of sample (L20) indicate fractionation of Pt and Pd. Similar high
Pd contents are observed in lherzolites of the Zabargad ophiolite and in the
Ivrea Verbano orogenic-type peridotite massifs (Garuti et al., 1984). These
Iherzolites also have higher whole-rock Cu contents than the associated
harzburgites, a feature attributed to the low melting point of sulphide
components relative to silicate minerals (Garuti et al., 1984; Lorand, 1989).

Chromitites have lower Pd/Ir ratios but higher V, Zn, Cr, Mn contents and
Ni/Pd ratios than the mantle peridotites (Table 4-1 and Figures 4-6 and 4-7).

Dunites have Pd/Ir ratios intermediate between harzburgites and
chromitites. However, they have the lowest Zn, V and Cu (Figures 4-6 and 4-7).

it is known that IPGEs, being more refractory than PPGEs, are removed during
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the early stages of crystallization from the meit, whereas PPGEs are mostly
retained, and are enriched in more fractionated liquids (Bames et al., 1885,
Edwards, 1990). Accordingly, PGE patterns of the chromitites can be explained ‘
by precipitation of laurite, erlichmanite and Os-Ir alioys. These IPGE-bearing
minerals normally occur as inclusions in chromite grains and might have
crystallized earlier than chromite (Stockman and Hlava, 1984, Talkington and

Lipin, 1986).

4.2. Mineral chemistry

4.2.1. Chromite

Chromites in harzburgites, dunites and chromitites in the mantie
sequence of the Luobusa ophiolite show a wide range of composition with Cr#
varying from less than 19 to 82 (Appendix lll-1). Overall, Al,O, contents of
chromites show a negative correlation with Cr,0, and FeO,,,, and a positive
correlation with MgO (Figure 4-8). Total iron is relatively uniform and is
independent of Cr,O, but shows a strong reciprocal variation with MgO.

Cr#'s of accessory chromites in harzburgites range from 19 to 66 and are
negatively correlated with Mg#'s (Figure 4-9). The Cré#'s increase as the modal
proportion of pyroxene decreases and appear to correlate with the degree of
partial melting (Dick and Bullen, 1984). Decreasing Mg#s can be duse to
changing partition coefficients for Mg and Fe between chromite and Ol with

increasing chromite Cr#s (Irvine, 1965; Dick and Bullen, 1884). Generally, these
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chromites fall within the Alpine field (Irvine, 1967).

Chromites in chromitites have very uniform Cr# (Appendix li-1), ranging
from 74 to 82 but show almost the same variations in MgO and FeO,,,as
accessory chromites in the harzburgites (Figure 4-8). They have higher MgO
and lower FeO,,, than the dunites (Figure 4-8). The Mg#'s of chromite in
chromitites (58-80) are relatively high but decrease with increasing proportions
of silicate minerals (Appendix Ill-1). This relationship has been attributed to
subsolidus diffusion, particularly of Fe and Mg, between chromite and silicate
minerals during cooling (lrvine, 1965; Roeder et al., 1979; Lehmann, 1983).
Such a subsolidus exchange may also have resulted in higher Mg#'s of
chromites in the chromitites than in the dunites {Figure 4-9).

Generally, residual chromites in the harzburgites are compositionally
distinct from those in the chromitites although there is some overlap between the
fields of chromitite and dunite (Figure 4-9). Dunites have chromites
compositionally intermediate between the harzburgites and chromitites (Figure
4-9). Chromites in the harzburgites have much lower Ti contents than those in
chromitites, whereas chromites in chromitites and dunites have similar Ti
contents (Figure 4-10).

In sample L29, large grains in nodules have higher Cr,0,, Al,O,, and
Mg#, but lower FeO,,, and Cr#, than small, disseminated grains in the matrix
(Figure 4-11). No significant variation was observed within a single grain.

Chromites in many podiform bodies have Fe- and Al-rich margins ( e.g. Ahmed,
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1984), which may reflect post-magmatic alteration associated with
serpentinization. In Luobusa, there are no significant variations in chromite
compositions within a single chromitite body or with depth of the body in the
mantle. This is in contrast with many other podiform chromitites which show a
positive correlation between Cr content of chromites and depth in the mantle
(e.g., Ahmed, 1984).

Chemical analyses were carried out on a 14-cm-wide transition zone from
a small chromitite band through dunite to harzburgite to Di-harzburgite host
(Figure 3-6A and Table 4-2). Chromites in this transition zone span the entire
range of chromite compositions from the mantle sequence of the Luobusa
ophiolite. Cr#'s and Cr,0, decrease systematically from the chromitite pod to
the Di-harzburgite whereas Al,O, increases (Figure 4-12). Mg#'s and MgO
contents decrease systematically from Di-harzburgite to dunite and FeO,,
follows a complementary trend {Figure 4-12). Chromites in the chromitite have
higher MgO and lower FeQ,, than those in the adjacent dunites. Ti contents of
the chromites decrease from the chromitite to the host peridotites.
122 Olivi

Olivines in the harzburgites and Di-harzburgites are compositionally
uniform with Fo values (90 to 82), higher than those of Ol in most abyssal
peridotites .(average Fo=90.8, Dick et al., 1984). They represent a residuum
after extraction of MORB magmas. Olivines in the massive chromitites are the

most magnesian (FOge47), but those in disseminated chromitites are also of the
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high-Fo variety (Foges). These Ol grains are too magnesian to have crystallized
from a melt and probably owe their composition to Mg-Fe subsolidus exchange
between silicates and chromite (Irvine, 1965; Roeder et al., 1979). The dunites
also contain O! of somewhat higher Fo value (91.5-93.5) than the peridotites.
This might indicate fhat the original O in chromitites also had high Fo values,
although these values were subsequently modified by subsolidus Mg-Fe
exchange. The high-Fo Ol in dunites and chromitites suggest that chromitites
crystallized from a boninitic magma, as documented by chromite chemistry
(Figures 4-9 and 4-10).

Olivines in the mantle rocks of the Luobusa ophiolite have trace amounts
of CaO and MnO and variable NiO (Appendix 1li-2). NiO contents of the Ol in
the harzburgites and dunites are similar. However, the high-Fo Ol of the
massive chromitites has high Ni contents (Figure 4-13) similar to those of Ol in
komatiites. The high-Ni Ol in chromitites may suggest that they were derived
from highly refractory meits.

Chemical variations of Ol through a transitional zone from chromitite to
dunite to harzburgite to Di-harzburgite are shown in Figure 4-14: NiO and Fo
values decrease. These changes cover the whole range of the rock suite in
Luobusa as discussed above. Chemical variations of Ol in this reaction zone
suggest that the magmas from which chromitites crystallized were not in

equilibrium with the host peridotites.
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Figure 4-13. Fo versus NiO of Ol in harzburgite, dunite, and
chromitite from the mantle sequence of the Luobusa ophiolite.
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4.2.3, Pyroxenes

Pyroxenes in harzburgites, dunites and chromitites are compositionally
uniform: Opx is all in the enstatite field and Cpx in the diopside field (Figure 4-
15). Orthopyroxenes in the harzburgites have En values ranging from 87 to 92.
Those in the dunites have relatively narrow En values (80.5 to 92.5). The
chromitites have high-En Opx (En=91.5 to 95). In general, these compositions
are similar to many other ophiolites (Coleman, 1977).

MgO in Opx correlates negatively with FeO and Al,O,, whereas FeO
varies positivelj} with ALLO, (Figure 4-16). ALQO,, FeO, CaO correlate negatively
. with En (Figure 4-17). CaO in Opx shows no correlation with other oxides,
reflecting the fact that Ca in Opx does not correlate with mantle melting. Opxin
the harzburgites, dunites, and chromitites has similar Ca contents (Ca0=0.25 to
1.0 wt%), with the exception of some Opx grains in the harzburgites that have
higher CaO contents (CaO=1 to 2.5 wt%). These grains also have the lowest En
values (87 to 89). Interestingly, they form a continuous chemical trend with Opx
in the dunites and chromitites. This trend is distinctly different from other Opx in
the harzburgites as shown in diagrams of CaO versus ALO,, MgO, and FeO
(Figure 4-16). These Opx crystals have relatively lower Al,O,, and FeQ but
higher M30 than those in the harzburgites and are believed to be magmatic in
origin. Opx in the dunites and high-Ca Opx in the harzburgites may be
generated by magma impregnation associated with the formation of chromitites.

Alumina contents in pyroxene are known to be sensitive to the degree of



0.7 1
0.6 1
0.5 o ® e ° * e
04 (@ %

[

NiO wi%
®
.
°

0.2 |
0.1 4

0 20 40 60 8 100 120 140
95,

fo
[{e]
w
®
L J

o‘o s® 0. .
92. L ee o °

91

o 20 40 60 80 100 120 140

centimetres

Figure 4-14. Compositional variations of Ol through a transitional
zone from chremitite to dunite to harzburgite to Di-harzburgite.

127



128

Wo

Di Hd

Augite

/ Pigeonite x
Fs

En /. &  Enstatie "~y Orthoferrosilite \

Figure 4-15. "Di-En-Fs" diagram of pyroxenes in harzburgite, dunite and chromitite
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mantle melting, decreasing systematically with increasing depletion 6f peridotites
(e.g., Dick, 1977; Dick and Natland, 1995). Al,O, contents (1.0 wt%) of Opx in
the harzburgites of Luobusa are much lower than in abyssal peridotites (2.19 to
5.0% from depleted to undepleted harzburgites, Dick and Natland, 1995). This
suggests that the Luobusa peridotites are more depleted than normal abyssal
peridotites.

Orthopyroxenes in the harzburgites have variable Cr,04(0.14 and 0.88
wit%) and Na,0 (0.01 to 0.49 wt%) {Appendix l1I-3]. Those in the dunites have
somewhat lower Na,0 (0.01-0.24 wt%), but similar Cr,0, (0.41-0.65 wt%). Cr,0,
(0.32-0.82 wt%) of Opx in the chromitites is also similar but Na,O (0-0.09 wt%) is
lower (Appenix llI-3). Accordingly, partial melting in the upper mantle does not
affect the Cr contents of Opx.

Clinopyroxene in harzburgites has a large range of Mg#'s
[100Mg/(Mg+Fe+Ca)] from 44.5 to 53, whereas that in dunites and chromitites is
similar with Mg#'s generally between 47 and 52.5.

Si0, and Al O, in Cpx are negatively correlated, but there is a positive
relation between FeO and Al O, (Figure 4-18). Cr,0O, and Ca0 contents do not
vary with the rock type and show only a weak correlation with other oxides
(Figure 4-18). Both elements in Cpx as well as in Opx are not sensitive to
mantle melting. Clinopyroxene in the harzburgites has Cr,0, (0.32 to 1.25 wt%)
and Na,0 (0.08 to 0.46 wt%). Those in the dunites have similar Cr,0, (0.54 to

1.19 wt%) and Na,O (0.16 to 0.35 wt%). Clinopyroxene in the chromitites has
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wider ranges of Cr,0; (0.34 to 1.56 wi%), and Na,O (0.03 to 0.76 wt%).
Clinopyroxene in the dunites and chromitites has relatively higher SiO, but lower
Al O, and FeO than that in harzburgites, supporting the view that the chromitites
crystallized from a boninitic magma.

Chemical variations of pyroxenes vary through a transitional zone from
Di-harzburgite to harzburgite to dunite to chromitite. As shown in Figure 4-18,
ALQ; contents of Opx and Cpx decrease, whereas En values and Mg#'s
increase. FeO contents of Cpx show a small decrease, whereas CaO contents
of Opx increase and then decrease in the chromitite. The low-Ca, low-Al but
high-Mg pyroxenes in chromitites suggest that they may have crystallized from a
boninitic magma. These variations suggest that the parental magmas of

chromitites were not in equilibrium with the host peridotites.

4.3. Summary

Harzburgites (Mg#'s=89 to 91) are depleted in Ca and Al and are
essentially residual rocks. Chromitites, which formed by crystallization from
magmas, have a distinctly different chemical trend from the harzburgites,
whereas dunites are intermediate between the two chemical trends defined by
the harzburgites and chromitites. The harzburgites have flat PGE pattems, but
the chromitites and dunites have PGE patterns depleted in Pt and Pd. The
chromitites have lower Pd/Ir but higher V, Zn, Cr, and Mn contents than the

harzburgites. The dunites have Pd/Ir ratios intermediate to the harzburgites and
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chromitites.

Chromites in the harzburgites have large variations in Cr#'s (18 to 66)
and low Ti contents (<0.15 wt% TiO,) but those in the chromitites are relatively
uniform in Cr#'s (74 to 82) and have high Ti contents (0.2 wt% TiO, on average).
The dunites contain chromites intermediate in composition between those of the
harzburgites and chromitites. The harzburgites have Ol (Fo=90 to 92), Opx
(En=87 to 92), and Cpx (Mg#'s=44.5 to 53). Silicates in the chromitites have the
highest Mg contents. In the reaction zone, Cr#'s of chromites, Fo of Ol, En of
Opx and Mg#'s of Cpx increase from Di-harzburgite to harzburgite to dunite to
chromitite, suggesting that the parental magmas for the chromitites were not in
equilibrium with the harzburgites. In addition, both Opx and Cpx in the
chromitites have much lower Ca and Al than those in the harzburgites. The low-
Ca and low-Al pyroxenes in the chromitites suggest that they crystallized from a

boninitic magma.



Chapter 5: PETROGENESIS

5.1. Origin of the harzburgite

Harzburgite in the mantle sequence of the Luobusa ophiolite is believed
to be residual in origin, left from partial melting in the upper mantle. Despite
extensive overprinting by late-stage deformation (see Chapter 3), the
harzburgite in Luobusa retains its original geochemical character. The highly
depleted nature of these rocks is interpreted to reflect their origin as the residue
of extensive partial melting.

The harzburgites and Di-harzburgites in Luobusa are chemically
homogenous (Figures 4-1 and 4-2), a feature that also indicates a large scale
melting process (Coleman, 1977; Nicolas and Prinzhofer, 1983). Whole-rock
Mg#'s and Ca and Al contents of the harzburgite are very similar to those of
spinel harzburgites from Finero, northern ltaly (Al,0;=1.23+0.48, CaO
=1.2840.43) that are interpreted as depleted peridotites formed by about 18%
partial melting of primary mantle (Hartmann and Wedepohl, 1993). Mg/Si ratios
of the Luobusa peridotites are similar to those of abyssal peridotites, but the
Mg#'s are slightly lower than those of the very depleted, low-Ca harzburgites
from Southem Africa described by Boyd et al. (1993).

The Luobusa peridotites generally have flat, unfractionated PGE
distributions (Figure 4-3), similar to MORB-type residues (Edwards, 1890). Os,

Ir, and Ru are present in the upper mantle as refractory alloy metals, but Pt and

136
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Pd occur in Fe-Ni-Cu sulphides which lie along grain boundaries (Mitcheli and

Keays, 1981; Edwards, 1990). During relatively low degrees of partial melting
(<25%), S, Cu, Pt and Pd behave as incompatible elements and fractionate into
the melt phase (Lorand, 1989; Mathez and Peach, 1989), whereas Os-Ir-Ru
alloys remain as solids (Leblanc, 1991). Thus, one would expect strongly
fractionated PGE patterns in such residual peridotites. However, because
MORB-type magmas are sulfur-saturated, they typically contain an immiscible
sulphide liquid, preferentially enriched in Pt and Pd. This melt would likely be
retained in the mantle due to its high density, so that the residue would be
impregnated with sulfides, thus leading to an unfractionated PGE distribution
(Mitchell and Keays, 1981; Edwards, 1990). High degrees (>25%) of mantle
melting should produce sulfur-undersaturated melts without an immiscible phase
(Keays, 1982, 1994; Sun et al., 1991; Fryer and Greenough, 1992; Zhou, 1994).
In this case, the Pd and Pt would be concentrated in these melts and extracted
from the mantle, leaving peridotites depleted in these elements. Thus, because
they have unfractionated PGE patterns, the Luobusa peridotites are interpreted
to have formed by extraction of MORB magmas produced by about 20% of
partial melting.

The wide range in Cr#'s (18-66) and low Ti contents of accessory
chromite in harzburgite are consistent with partial melting of the upper mantle,
as documented extensively in the literature (e.g., Irvine, 1965; Dick and gullen,

1984). These chromites are residual in origin and plot in the field of abyssal
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peridotites (Figure 5-1), suggesting formation by extraction of tholeiitic magmas
(Dick, 1977, Dick and Bullen, 1984). Thus, chromite compositions further

demonstrate that the harzburgites in Luobusa have a MORB ffinity.

5.2. Magmatic origin of the podiform chromitites

The textures of the chromitites in Luobusa (Figure 3-12) are typical of
podiform varieties (Thayer, 1964; 1969; Leblanc, 1987) and are interpreted as
indicating a magmatic origin (Greenbaum, 1977; Brown, 1980; Lago et al., 1982;
Duke, 1983; Auge, 1987, Leblanc, 1987; Malpas and Robinson, '1 987; Leblanc
and Ceuleneer, 1992; Roberts and Neary, 1993).

These chromitites contain high-Mg silicates (OI, Opx and Cpx) and high-
Cr chromite, an assemblage of phenocrysts typical of low-Ca boninites
(Crawford et al., 1988). The podiform chromitites in Luobusa also have highly
fractionated PGE pattemns that show significant depletion of Pt and Pd (Figure 4-
5). Because these elements typically reside in sulfides, the depleted nature of
the chromitites sqggests crystallization from sulfur-undersaturated magmas
(Naldrett and von Gruenewaldt, 1989). Abundant evidence suggests that
boninitic magmas are sulfur-undersaturated (Keays, 1982; 1994; Hamlyn et al.,
1985; Sun et al., 1991), supporting the suggestion that the chromitites of
Luobusa were formed from such melts.

Chromites from the chromitites have a narrow compositional range

(Figure 4-9) suggesting they crystallized from liquids with similar compositions.
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They all plot in the boninitic field in the diagram of Cri# versus TiO, (Figure 4-
10). As summarized in Irvine (1967), Dick and Bullen (1984) and Arai (1992),
chromite chemistry can be a guide to parental magma composition. This is
particularly true of podiform chromitites, which are belisved to have crystallized
early, before significant modification of the melts by crystal fractionation. Maurel
and Maure} (1982), cited in Auge (1987), have suggested that Al contents of

spinel can be related to those of the melt by the formula:
ALO,chromite=0.035A1,0,2*? - Equation 4.1.

Although many factors can affect chromite composition, this relationship can at
least provide a guide to the original melt corﬁposition. Us’ng samples from the
mbst massive chromitites, ALO, contents of the liquids range from 8.8 to 11 wt%.
These Al,O, contents compare closely with those of high SiO,-high MgO
(boninitic) melts from the Troodos ophiolite, Cyprus (Robinson et al., 1983).

Auge (1987) suggests that the magmas from which podiform chromitites
of the Semaii ophiolite solidified had compositions similar to those from which
the cumulate sequences crystallized. In Luobusa, the cumulate sequence of |
dunite, pyroxenite and gabbro, and afssociatéd volcanic sequerice with an arc
affinity, suggest a supra-subduction zone origin for the ophiolite (Bai et al., 1993;
Zhou et al., 1995¢). The c;u.étal section of the Luobusa ophiolite thus is

compatible with a boninitic parental magma for the podiform chromitites in its
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mantle section.

5.3. Melt/rock interaction around the chromitite bodies

Most chromitite bodies in Luobusa have dunite envelopes with a zonal
pattern grading outward into harzburgite and Di-harzburgite (Figure 3-6). As
discussed in an earlier section, the harzburgites in Luobusa are compatible with
a residual origin, whereas the chromitites are believed to have crystallized from
a boninitic magma. It is, therefore, likely that interaction between the melt and
residual rock formed the dunite envelopes around the chromitite bodies in
Luobusa. This melt/rock interaction around the chromitites is similar to that
previously documented around dunite, pyroxenite and gabbro dykes in mantle
peridotites of other ophiolites (Dick, 1977; Quick, 1981; Bodinier et al., 1990;
Kelemen et ai., 1992; 1995; Edwards and Malpas, 1995; Kelemen and Dick,
1995; Quick and Gregery, 1985) and in situ oceanic lithosphere (Dick and |
Natland, 1995).

if melt is produced in the mantle and segregates rapidiy, the melt and
residue would probably soon be in disequilibrium {(Bédard, 1989). In the
Mg,Si0,-CaMgSi,04-Si0, system, the forsterite iquidus volume expands with
decreasing pressure so that primary liquids in equilibrium with O], Cpx and Opx
at depth should first crystallize Ol at lower pressure (Wamer, 1973; Hess, 1993).
The upward migration of partial melts through the mantie may lead to reaction

with wall rocks especially where the melt flow is focussed. Such reactions will
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dissolve pyroxenes at shallower depths (Kelemen et al., 1992; Hess, 1993). It
should be recognized that the mantle rocks hosting the chromitites were likely
also part of the diapir, but ascended at a slower rate than the melts (Leblanc,
1987; Ceuleneer, 1988; Nicolas, 1989; Leblanc and Ceuleneer, 1992).

Formation of dunites on a centimetre scale has been experimentally
demonstrated by reaction of Ol-saturated liquid with harzburgite (Daines and
Kohlstedt, 1994). Such interaction involves melt infiltration (Watson, 1982) or a
percolation-diffusion process (Bodinier et al., 1990; Vasseur et al., 1991) which
allows minerals in the peridotites to come in contact with the melt, such that the
peridotite behaves like a "chromatographic column” (Navon and Stolper, 1987).
When applied to the natural example of Luobusa, this suggests that immediately
adjacent to a chromitite pod, both Opx and Cpx would be dissolved to form the
dunite envelope with high Mg/Si ratios (Figure 4-2). Farther outward, only Cpx
would be dissolvedi producing azone of harzburgite, which would grade into the
host Di-harzburgite (Figure 3-6). The Ol grains in the dunite envelopes are
coarser than those in the harzburgites, consistent with experimental
observations that Ol can grow on existing crystals (Daines and Kohistedt, 1984).
The poikilitic texture of Ol in dunite hosting chromitite (Figure 3-1 1)
demonstrates a magmatic impregnation during the formation of dunites.

The melts from which the Lucbusa chromitites crystallized were probably
not in equilibrium with the host peridotites because they had migrated from

sources deeper in the mantle. In Luobusa, such disequilibrium is indicated by
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the large variations in chromite composition across the reaction zones between
chromitites and peridotites. Cr#'s increase systematically from less than 20 in
the host Di-harzburgite to nearly 80 in the chromitite bands, over a distance of
about 14 cm (Figure 4-8). This suggests that the original chromite in the Di-
harzburgite was modified by reaction with the melt. In particular, the progressive
increase of Ti in chromites towards the chromitites (Table 4-2) brings their
compositions closer to those crystallizing from the magmas. The high Ti
contents are not a residual feature because peridotites in L.uobusa typically have
chromites with very low Ti contents. High-Ti chromites in the plagioclase
Iherzolites of the Bay of [slands ophiolite are interpreted as the result of
melt/rock interaction (Suhr and Robinson, 1994; Edwards and Malpas, 1995), a
process similar to that envisa;ged here.

Initially, liquid saturated only in Ol reacts with peridotite to produce dunite
and increasingly opx-rich liquid compositions. As a result, the modified liquid
will become saturated in chromite and Opx. This seems to have occurred in
Luobusa, where many chromitites and dunites contain Opx, although in variable
amounts.

Field observations in Luobusa suggest that the dunite envelopes can be
produced in an open system by reaction between harzburgite and the migrating
boninitic melt from which the podiform chromitites were crystallized. This can
account for dunites with lower Pd/Ir ratios than the harzburgites. At this stage

the magma was saturated in Ol and chromite but not Cpx. The residual magmas
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continued to move upward to the crust/mantie boundary and formed transition

zone dunites, together with abundant pyroxenites at higher levels.

5.4. Mechanism of chromite segregation

The occurrence of dunite envelopes around most podiform chromitites in
Luobusa suggests that melt/rock interaction and chromitite formation are closely
linked. Removal of pyroxenes to form the dunite envelopes would have modified
the primary magmas such that they may have moved into the primary phase field
of chromite (Figure 5-2). Thus, melt/rock reaction provides a mechanism by
which large volumes of chromite can be extracted from a melt that has only a
small chromium content. To form monomineralic layers or pods, chromite must
- have crystallized alone for a period of time and/or have been concentrated by
physical processes.

In the melt/rock interaction model, batches of relatively primitive parental
magma rising through the upper mantle react with the host peridotites, dissolving
pyroxenes from the wall rock and undergoing compositional madification. Such
interaction would increase the silica content of the liquid, as demonstrated by
experiments (Fisk, 1986; Kelemen, 1990). The dissolution of Opx would
produce a melt with lower Mg/Si ratios and a dunitic residuum with higher Mg/Si
ratios (Figure 4-2). As a result, the primitive liquid would move from the Ol-
chromite cotectic into the chromite stability field (Figure 5-2), producing a

monomineralic aggregate.
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Figure 5-2. Phase relations in the system Ol-quartz-chromite as
determined by Irvine (1977). Primitive magma (A) would react
with the peridotite host to form a range of comﬁositions alon%_a
line such as A-X, all of which would lie in the chromite field. The
fractionated magma (), mixing with new batches of the primitive
magma (A) would form melt (B) which also lies in the chromite

field.
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Such a change in melt composition is recorded in the chromites from a
podiform body in Luobusa. Large grains in nodules and small disseminated
grains likely formed at different stages (Figure 3-12). Positive correlation
between Al and Cr of large and small grains in sample L29 (Figure 4-11) cannot
be due to simple crystal fractionation. In a typical mafic magma, chromium is a
trace component, whereas aluminum is a major element. Thus crystallization of
chromite should deplete chrome in the melt far more rapidly than aluminum.
When Al-bearing silicates (such as Cpx and plagioclase) are absent and only
chromite and Ol are crystallized, the chromites should be progressively enriched
in Fe and depleted in Cr and Mg, but show little change in Al (Zhou and Kerrich,
1992). Thus, the Al and Cr relation in samble L29 likely reflects the influence of
melt/rock interaction rather than crysfcal fractionation. In mantle peridotites,
clinopyroxene is the major ééh'ier of chromium (Dawson et al., 1970; Barnes,
1986, Hevig et al., 1986). The primary melt would have had similar Cr,0, but
higher Al,O, and Ca0 than the pyroxenes in the host peridotites. Thus, this type
of melt/rock reaction would introduce mainly Si and Mg, causing dilution of Al
and Ca but little change in chromium. The increase in Cré#'s of the liquid as
crystallizgtion proceeded implies that Al in the liquid was depleted by dilution
more rapidly than Cr was consumed by chromite precipitation.

Once a melt has moved into the chromite stability field and chromite starts
to precipitate, the melt would move back toward the Ol-chromite cotectic where

both Ol and chromite would crystallize. A new magma along the mixing line can
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be formed if a batch of relatively primitive magma is injected and mixed with the
fractionated melt {Figure 5-2). This mechanism is similar to the magma mixing
model! proposed for the formation of stratiform chromitites (Irvine, 1977). Irvine's
model has since been supported by textural evidence pointing to common
cotectic crystallization of chromite and Ol. It also accounts for the presence of
laterally extensive chromitite bands within layered intrusions and the observed
sequence of layers (Sharpe and Irvine, 1983; Irvine and Sharpe, 1986; Murch
and Campbell, 1986; Roeder and Reynolds, 1991; Campbell and Murck, 1993).

The interplay of melt/rock reaction, chromite fractionation and magma
mixing would presumably lead to many fluctuations in melt composition,
producing both massive and disseminated chromitites and phase layering within
a single podiform body, such as observed in Lucbusa (Figure 3-12). Continuous
interaction would presumably result in the precipitation of chromite alone to form
massive ores. If the magmas and host rocks reached equilibrium and interaction
ceased, chromite and Ol would precipitate cotectically to produce disseminated
chromitites (Figure 3-12). Mixing of fractionated and primitive magmas may aiso
bring the melt into the field of chromite crystallization (Figure 5-2).

Massive and disseminated chromitites may occur together or separately.
Clots of Ol with rims of chromite {occluded textures) indicate later growth of
chromite around Ol nuclei. These could also be due to melt/rock interaction or
magma mixing that moves the liquid into the field of chromite crystallization

(Figure 5-2). Nodular and obicular chromitites probably represent aggregates of
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chromite grains (Thayer, 1969) rounded by convection in a meit pod to form
snow ball-like clots (Malpas and Robinson, 1987).

In stratiform chromitites, the transition from massive to disseminated ores
may b.e sharp or gradational with modal or phase layering. Similar layering is
observed in Luobusa chromitites and in many other podiform depasits (Thayer,
1964; Zhou and Bai, 1992) and has been attributed to convection in magma
conduits, or to multiple injections of new magria {(Leblanc and Ceuleneer, 1992).
In the melt/rock interaction model, the layering of the podiform chromitites is best
explained by changes in melt composition produced either by melt/rock reaction
and/or by repeated injections of more primitive magma.

As noted above, the chromitite bodies are concentrated at a similar level
in the peridotites. This suggests that small pods of rising magma coalesce in
this zone, close to the mantle/crust transition, leading to larger magma bodies
from which the chromitite can crystallize (Figure 5-3). This level coincides with
the point at which mantle flow changes from nearly vertical to nearly horizontal
beneath a spreading centre (Figure 3-4). According to Nicolas (1989), it is the
inability of these magmas to hydraulically fracture their way upward from the
zone that causes them to pond.

In a stratiform complex, the depleted hybrid liquid left after extraction of
chromite would continue to evolve and precipitate silicate minerals above the
chromitite layers (Irvine and Sharpe, 1986). The same conditions may prevail in

some podiform bodies that have cumulate textures and phase layering in a
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single body. In the upper mantle and mantle/crust transition zone, where
podiform chromitites form, the residual liquids would probably be hot and still
relatively buoyant and would continue to move upward by percolation, leaving
chromite behind as pods surrounded by envelopes of dunite or depleted

harzburgite (Figure 5-3).

5.5. MORB mantle peridotites versus boninitic magmas

As discussed above, petrochemistry, PGE distributions and chromite
compositions of the harzburgites in Luobusa suggest that they were formed by
partial melting that produced tholeiitic magmas. On the other hand, the
petrography and geochemistry of the podiform chromitites in Luobusa strongly
suggest that they formed from a boninitic magma (Figure 5-1). Therefore, the
mantle sequence of the Luobusa ophiolite Iikely had two stages of magma
generation. The first stage, producing a residual peridotite and tholeiitic melts,
occurred possibly in a mature spreading centre (such as mid-oceanic ridge).
The depleted residue of the peridotites with unfractionated PGE pattems may
represent part of the Neo-Tethyan oceanic lithospheric mantle (Figure 5-4).
These peridotites have chromites with low Cr#'s (Figure 4-9), similar to those in
the Xigaze ophiolite that is believed to have formed in a MORB setting (Nicolas,
1989). However, the mantle sequence in Luobusa has experienced a second
stage of melting at depth forming boninitic magmas (see discussion above). ltis

likely that the beninitic magmas were produced above a subduction zone. This
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subduction zone may have formed through an intra-oceanic thrust due to rapid,
northward movement of the ISC, producing the Luobusa island arc (Figure 5-4).
The newly-formed boninitic magmas at depth reacted with the old lithospheric
mantle peridotites at shallower depth, dissolving Cpx and Opx and producing
dunites and chromitites. Such reaction produced large variations in mineral
chemistry because of the high degree of disequilibrium between boninitic
magmas and MORB peridotites.

In Xigaze, all chromites in the mantle sequence, including those in dunite
have consistently low Cri#. There is no evidence that boninitic magmatism
occurred in this mantle sequence. Accordingly, the Xigaze ophiolite formed by a
single stage of partial melting. This explains why no large bodies of chromitites
have been found in the Xigaze ophiolite (see Chapter 6 for further discussion).

Itis known that the compositions of liquidus minerals might match the
compositions of minerals in the resiual mantle under the conditions of melting
(Elthon, 1989). Although the reaction between such melts and wall-rocks at
lower pressure could produce dunite dykes, chemical compositions of minerals
through such reaction zones would be less variable as seen in the Xigaze
ophiolite (Girardeau and Mercier, 1988), in the Josephone ophiolite (Orogen,
United States) [Quick, 1981; Kelemen et al., 1992}, and in the Table Mountain
ophiolite (Newfoundland, Canada) [R. Herbert, 1995, personal communication].

Andesites of arc tholgiitic affinity in the melange zone of the Luobusa

ophiolite might represent the second stage melts. The evidence for boninitic
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melts lies in the petrography, mineral chemistry and PGE distributions of the
podiform chromitites. To date, no boninitic lavas have been found in the
complex. However, the cumulate sequence composed of pyroxenites and
gabbros might have been derived from boninitic melts. It is interesting to note
that the crustal section of the Xigaze ophiolite is composed of gabbros,
troctolites and MORB tholeiitic lavas, supporting its formation in a tectonic
setting different from the Luobusa ophiolite.

A similar sequence of melts has been described in the Troodos ophiolite
where early arc tholeiite magmas were followed by depleted tholeiites and
boninites (Robinson et al., 1983; Mehegan and Robinson, 1990). In Troodos,
the sequence of melts was attributed to melting of progressively depleted mantle

material in a rising diapir (Mehegan and Robinson, 1980).

5.6. Summary

In Luobusa, the dunites and chromitites in the harzburgites of the mantle
sequence are local features formed by interaction between melit and harzburgite
or Di-harzburgite. Mineral chemistry and whole-rock PGE distributions suggest
that the chromitites in Lucbusa were derived from boninitic magm# . To date,
no boninitic lavas have been found in the complex, however, the cumulate
sequence composed of pyroxenites and gabbros could have formed from

boninitic melts.

The harzburgites and chromitites in Luobusa suggest two stages of
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magma generation in this complex. Early, suifur-saturated tholeiitic melts
possibly formed in a mature spreading centre and left a moderately depleted
residue of harzburgite with unfractionated PGE patterns. A second stage of
melting at depth formed boninitic magmas in a supra-subduction zone
environment. These magmas reacted with the residual harzburgites at shailower
depth, dissolving Cpx and Opx and producing dunites. The reaction process
added silica to the original magma, producing high SiO,-high MgO boninitic or
andesitic melts (Fisk, 1986, Kelemen, 1990). Such interaction would have
moved the magmas from the Ol-chromite cotectic to the chromite crystallization
field, allowing the formation of massive and disseminated chromites and phase
layering within a single chromite pod. During melt extraction, porous flow was
concentrated into narrow regfons now represented by the chromitite and dunite

lenses in the harzburgites.



Chapter 6: DISCUSSION

6.1. Controls on high-Cr and high-Al chromitites

As discussed earlier, podiform chromitites include both high-Cr and high-
Al varieties (Figure 1-2); the Luobusa chromitites are typical of the high-Cr
variety. The melt/rock interaction proposed is believed to have played an
important role in the production of the podiform chromitites in Luobusa. This
model is also applicable to other chromitites, either high-Cr or high-Al varieties,
because all podiform bodies are enveloped by dunites (Thayer, 1964; 1969).
However, the mechanism for producing these compositionally different
chromitites is not yet clear.

Leblanc and Violette (1883) suggested that high-Al and high-Cr
chromitites in the same massif were formed at different times, at different levels,
and from different source rocks during upwelling of mantle peridotites. Hock et
al. (1986) noted that high-Al and high-Cr chromitites in the Zambales ophiolite
occur in two distinct lithologic associations and crystallized from different
parental magmas. Based on a comparative study of high-Cr and high-Al
podiform chromitites from western China, Zhou and Robinson {1994) suggest
that high-Cr and high-Al chromitites crystallized from two compositionally distinct
magmas, but similar melt/rock interactions caused the precipitation of chromitites

in both cases.

185



156

6.1.1. Similait | diff { high-Cr and high-Al chromiti

The major high-Al chromitites in China occur in the Asiatic orogenic belt
that separates the Siberian tectonic plate on the north from the Tarim-Sino
Archean Craton on the south (Coleman, 1989; Feng et al., 1989; Zhang et al.,
1993) [Figure 1-1]. The Sartohay ophiolite contains the largest, minable high-Al
chromitites in this belt,and is located in the west Junggar Mountains of Xinjiang
Province. In Sartohay, mantle peridotites form a body that stretches for more
than 20 km along strike and include both Di-harzburgite and lherzolite (Figure 6-
1). The podiform chromitites occur in harzburgite, associated with abundant
troctolite dikes (Figure 6-2A and B) and dunite lenses. The chromite pods are
concordant bodies, parallel to the long axis of the peridotite massif. These are
lens-shaped bodies enclosed in either dunite or harzburgite and are of the
typical podiform type. They can be either disseminated or massive (Figure 6-2A
and B). Silicate minerals found in the chromitites include Cpx and plagioclase.
There are commonly bands of chiorite separating the chromitites from the
enclosing dunite (Figure 6-2C).

The Sartohay ophiolite has distinctly different mineralogicat and
geochemical features from the Luobusa ophiolite (Table 6-1). Peridotites in
Luobusa have higher bulk rock MgO, but lower FeQ,,, than those in Sartohay
(Figure 6-3). TiO, in the Sartohay peridbtites ranges from 0.08 to 0.18 wt%,
whereas in Luobuéa it varies from O to 0.06 wt%. Whole-rock Ca/Al ratios are

relatively consistent in the Luobusa peridotites and average about 1.5, whereas
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Figure 6-2. Hand specimen photos of chromitites from Sartohay: A. Massive
chromitite intruded by a troctolite dyke. B. Disseminated chromitite transitional to
dunite, both intruded by troctolite dykes.
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Figure 6-2. C. Massive chromitite separated from dunite by a chlorite rim.



Table 6-1. A mineralogical and geochemical comparison between the
Luobusa and Sartohay ophiolites

Chromitite
Chromite
Opx(ALO,)

{Ca0)
Cpx(ALO,)
Peridotite

Bulk chemistry

Mineral chemistry
Olivine (Fo)

Opx(En)
(ALO,)
(Cal)

Cpx (Mg#)
(ALO)

Luobusa
High-Cr

Cr#>70
Ti0,<0.20 wi%

0.71-1.26 wt%
0.24-1.10wt%

0.53-1.51 wt%
Harzburgite
TiO,<0.05wt%
MgO=42-51wt%
Ca=0.00-1.50wt%
Al=0.01-1.20wt%
90-93
91-92
0.714.13wt%
0.48-1.64wt%

47-53
2.75-4.72wt%

Sartohay
High-Al

Cr#t<60
TiO,>0.20 W%

1.32-1.58wt%
0.38-0.45wWt%

2.02-2.96 wt%

Lherzolite+Di-harzburgite

TiO,>0.08 wi%

MgO=36-48 W%

Ca=0.00-3.40wt%
Al=0.30-2.20 Wi%

86-91
87-88
2.29-5.98wt%
0.92-4.34wt%

43-51
2.21-7.68Wt%

160
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Figure 6-3. MgO versus FeOtotal of Iherzolite, harzburgite and

dunite from the Lucbusa and Sartohay ophiolites.
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in Sartohay there is a much wider range of values and the average for
harzburgite and dunite is less than 1 (Figure 6-4). All of the mantle rocks in
Sartohay have higher average Al contents than their equivalents in Luobusa. Ca
is generally lower and more variable in the peridotites of Sartohay than in those
of Luobusa.

Olivines and pyroxenes in mantle peridotites of the Sartohay ophiolite
have relatively variable compositions and are lower in MgO, but higher in CaQ
and Al,Q,, than those in mantle peridotites from the Luobusa ophiolite (Table 6-
1). Chromites in the mantle peridotites of Sartohay have lower Cr#'s than their
equivalents in Luobusa. In Sartohay, chromite compositions are similar in both
dunites and harzburgites, but fn Luobusa, chromites in dunites have higher Cr#'s
than those in harzburgites (Figure 4-9).

The chromitites in Sartohay consist of high-Al and high-Ti but low-Cr
chromites (Cr#<60), typical of the high-Al variety, whereas those in Luobusa
have high-Cr chromites (Cr# >70) (Table 6-1, Figures 6-5 and 6-6). The
Sartohay chromitites have higher-Al pyroxenes than the Luobusa equivalents
(Table 6-1).

Leblanc and Temagoult (1989) describe high-Al chromite pods in the
Collo lherzolite massif of Algeria which are hosted in a tabular body of dunite
about 10 m wide. The field relationships and geochemistry of these chromitite
pods are similar to those in Sartohay. The peridotites in Zambales, which host

the high-Al Coto chromitites, are less depleted than those that host the high-Cr
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Figure 6-4. Ca versus Al of Iherzolite, Di-harzburgite, and dunite
from the Sartohay ophiolite. See Figure 4-2 for details of field of
the rocks from Luobusa.
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Figure 6-5. Cr# versus Mg# of chromites in lherzolite, Di-harzburgite,
dunite, and chromitite from the Sartohay ophiolite. See Figure 4-9 for
details of field of chromites in Luobusa. Boninitic and MORB fields are
from Dick and Bullen (1984).
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Figure 6-6. TiO2 versus Cr# of chromites of the high-Al chromitites from

the Sartohay ophiolite. See Figure 4-10 for details of the high-Cr
chromitites in Luobusa. Boninitic and MORB fields are from Arai (1992).
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Acoje chromitites (Hock et al., 1986; Evans and Hawkins, 1989). In mineral and

bulk chemistry, these massifs are comparable to the Sartohay and Luobusa
chromitites, respectively.

6.1.2. Effacts of partial melting

Al,O, contents of pyroxenes, Fo values of Ol and Mg#'s of pyroxenes are
useful criteria for estimating degrees of partial melting and depletion in mantle
peridotites. Experimental studies have shown that the compositions of the
residual phases change with progressive meliing; the minerals become depleted
in magmaphile elements (Fe, Al, Ca, Ti, Na), the Mg#'s of bcin residual Ol and
Opx increase and the Al,O, content of the pyroxene decreases (Mysen and
Kushiro, 1977; Jaques and Green, 1980; Michael and Bonatti, 1985). Using
these criteria, the mantle peridotites in Sartohay are somewhat less depleted
than those in Luobusa.

Variations in the Cr content of residual and magmatic chromites are also
believed to be related to the degree of partial melting. Cr#'s for residual
chromites increase with progressive melting (Dick and Bullen, 1984). The
relatively low Cr and high Ti contents of the chromites of the Sartohay ophiolite
suggest that the mantle peridotites were formed by lower degrees of partial
melting than in Luobusa. In Sartchay, the partial melting residue would be the
less depleted Iherzolites and Di-harzburgites found locally in the ophiolite.
Thus, both the high Cr contents of chromites of Luobusa and the depleted nature

of the peridotites in which they occur can be explained by higher degrees of
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partial melting. The depleted nature of the Luobusa mantle peridotites is also
reflected in their relatively uniform chemistry and lower Ca and Al but higher Mg
contents than that of Sartohay.

Chromites crystallized from magmas in Sartohay have higher Al and Ti
but lower Cr than those in Luobusa. The Sartohay chromites plot in the MORB
field whereas those of Luobusa lie in the boninitic field (Figures 6-5 and 6-6).
From equation 1, the parental magmas of the chromitites in Sartohay had higher
Al contents (14.7 to 15.9 wt%) than those in Luobusa (9.79 to 11.1 wt%).
Accordingly, the high-Al chromitites of Sartohay could have precipitated from
mantle melts less refractory than the high-Cr ones of Lucbusa.

The above conclusion is consistent with the presence of troctolite and
gabbro dikes in the Sartohay ophiolite and pyroxenite and gabbro dikes in
Luobusa, because these dikes would have been generated from Al-rich and Al-
poor magmas, respectively. In addition, higher Al and Ca contents of pyroxenes
in the chromitites of Sartohay than in those from Luobusa also support the above
conclusion.

6.1.3. Melt/rock interaction around high-Al chromitites

Based on the geochemical data outlined above, the Cr/Al ratios of
chromites in the Sartohay and Lucbusa ophiolites reflect different parental
magma compositions, which in turn, reflect different degrees of partial melting in
the upper mantle. If such is the case, the residual peridotites of Sartohay should

be significantly less depleted than those in Luobusa and on a broad scale this is
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true. In Sartohay the peridotites include Di-harzburgite and |herzolite wheraas in
Luobusa only depleted harzburgite and Di-harzburgite are present. However, on
a smaller scale the podiferm chromiiites in both bodies are associated with
harzburgite and dunite regardless of the bulk composition of the mantle section.
In particular, the dunites and harzburgites thét host the high-Al Sartohay
chromitite bodies, although less refractory than those of Luobusa, are far too
depleted to be the source of the high-Al chromitites. They contain somewhat
higher Al and Ti than the Luobusa peridotites, but less than would be expected if
they were simply the residue of low degrees of partial melting. In particular, both
the dunites and harzburgites are highly depleted in Ca, a feature difficult to
explain by low degrees of melting. However, this association of chromit_itgs with
dunites and depleted harzburgites in Sartohay can be the result of the melt/rock
interaction envisaged for the Luobusa chromitites.

The high-Al chromites of Sartohay may have crystallized from a parental
magma formed originally by relatively low degrees of partial melting of mantle
lherzolite. As discussed in Chapter 5, magma formed in this way would rise
through the upper mantle, reacting with the host Iherzolite and crystallizing
chromite. Immediately adjacent to the magma pocket, all pyroxene in the host
rock would be dissolved to produce the dunite envelope found around the
chromitite bodies. Farther outward, only Cpx would be dissolved, producing a
zone of harzburgite, which grades into the host Iherzolite.

The melt/rock interaction during the formation of high-Al chromitites was
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Figure 6-7. C-Chromite and altered Cpx (black) interstitial to dunite, Hongguleleng
ophiolite, Ho44.
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Figure 6-8. Chondrite-normalized REE pattems of dunites and harzburgites
adjacent to chromitites and lherzolites of the Sartohay massif.
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recorded in the wall-rock texture showing melt impregnation (Figure 6-7). The
rocks adjacent to the chromitites have LREE-enriched patterns (Figure 6-8),
attributed to the melt/rock interaction.

Quick (1981) and Kelemen et al. (1992) showed that the major element
compositions of silicate minerals in reaction zones in the Trinity ophiolite
remained nearly constant. The degree to which chromite compositions in the
rock might be affected by the reaction process is determined by the magma
composition. For example, in Luobusa where the magma had a relatively high
Cr/Al ratio, the residual chromites clearly reacted with the melt to become more
Crrich. In Sartohay, where the original magma was much richer in Al, the
residual chromites were in equilibrium with the melt composition and thus
underwent little modification while the host rock was being changed from
Iherzolite to harzburgite to dunite. In this model, the higher Al contents of the
dunites from Sartohay are due to the presence of high-Al chromite grains. The
low Ca contents of the dunites and harzburgites reflect dissolution of Cpx from a
lherzolitic parent, leaving only slightly modified Ol and chromite that kept the
host rocks high in Fe and Al, respectively.

Accordingly, melt/rock interaction in the upper mantle that involved the
formation of high-Al and high-Cr podiform chromitites can be illustrated in Figure

6-9.
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6.2. Tectonic setting of podiform chromitites

Ophiolitic harzburgite has generally been interpreted as a depleted
residuum formed by variable degrees of partial melting - the higher the degree of
partial melting, the more depleted the residuum (Jaques and Green, 1980; Dick
and Bullen, 1984). Podiform chromitites are closely associated with very
depleted harzburgites and dunites, and therefore the hosting ophiolites were
thought to be the harzburgite ophiolite type (Nicolas, 1989; Nicolas and Al Azi,
1891). Pearce et al. (1984} and Roberts (1988, 1992) suggested that podiform
chromitites form in supra-subduction zone environments where mantle
peridotites have experienced unusually high degrees of partial melting by
addition of volatiles {Bonatti and Michael 1989; McDonough 1890). The
Luobusa ophiclite hosting high-Cr chromitites is believed to have formed in such
a supra-subduction zone environment (Zhou et al., 1995C).

The Luobusa ophiolite is characterized by depleted mantie peridotites
suggesting formation by high degrees of partial melting in a supra-subduction
zone environment. Chromites in the Lucbusa massif have a wider range of
Cri#'s, but their compositions are compatible with a supra-subduction zone
environment (Dick and Bullen, 1984). CaO contents of pyroxenes are low
relative to oceanic peridotites (Dick and Natland, 1995). Diamonds have been
reported from the Luobusa ophiolite suggesting emplacement from considerable
depth (Bai et al., 1993).

Sparse volcanic rocks in Luobusa include basalts and basaltic andesites
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whose compositions are compatible with formation in an arc-related
environment. The cumulate sequence in Luobusa consists chiefly of dunite,
pyroxenite and gabbro, a feature of supra-subduction zone ophiolites (Pearcs, ot
al., 1984). These are similar to Papua-type ophiolites that contain low-Al
tholeiites, Opx-cumulates and Cpx-free harzburgites (Ishiwatari, 1985).

Such mantie materials may contain considerable amounts of hydrous
minerals such as amphibole or phlogopite, because island-arc magmas are
thought to have high water contents (Anderson, 1975; Delaney et al., 1978;
Muenow et al., 1980). For example, arc-related geochemical characteristics
suggesting a hydrous upper mantle have been reported in the Miyamori
ophiolite, northeast Japan (Ozawa, 1988). These fluid phases or melts may
have derived from subducted slab that added H,0 and K,O-rich fluid or silicate
melt to the mantle wedge (Ringwood, 1974; Best, 1975; Hickey and Frey, 1982;
Tatsumi and Ishizaka, 1982; Ozawa, 1988).

Hydrous phases have not been observed in the chromitites and
peridotites in Luobusa. The lack of hydrous minerals may result from the high
degree of partial melting for residual peridotites from *island-arc® ophiolites (e.q.,
Dick and Bullen, 1984; Hawkins and Evans, 1982, Pearce et al., 1984). Volatile-
and alkali-rich mineral and fluid inclusions have been identified in chromite
grains of podiform chromitites from several ophiolites, such as those in Al Ays of
Saudi Arabia, Troodos in Cyprus, New Caledonia, and Oman (Johan et al.,

1983; Johan, 1984; Auge, 1887; Lorand and Cottin, 1989; McEIduff and
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Stumpfl, 1991). The influence of volatiles also can be seen in many pegmatitic
chromitites and associated pegmatitic gabbro and troctolite. Fluid inclusions in
some chromitites have primitive upper mantle isotopic signatures (Dunlop and
Fouillas, 1985). The volatile- and alkali-rich inclusions indicate high water
content in the primitive magma, suggesting that the most probable tectonic
setting is subduction-related (Delaney et al., 1978; Muenow et al., 1980).

However, a comparison of the high-Cr and high-Al chromitites in Western
China indicates that not all podiform chromitites are hosted in highly depleted
mantle peridotites (Zhou and Robinson, 1994). These authors suggest that
high-Al chromitites can occur in less depleted mantle sequences (therzolite
ophiolite type or transitional type) which have been locally modified by melt/rock
interaction.

The Sartohay peridotites represent a moderately depleted residue after
partial melting, similar to that of the Yakuno-type ophiolite characterized by high-
Al tholeiité, Cpx-type cumulates and Cpx-bearing harzburgite (Ishiwatari, 1985).
Abundant dykes, including troctolite, gabbro and chromitite, are present in the
Sartohay, Hongguleleng and Hegenshan massifs (Zhou and Robinson, 1994).
These observations in high-Al chromitite-bearing ophiolites indicate that they are
similar to the MORB ophiolites as defined by Pearce et al. (1984). The well-
developed cumulate sequences in Hongguleleng and Hegenshan may suggest a
fast spreading environment which led to the formation of a thick and continuous

plutonic sequence (Nicolas and Al Azi, 1991). The association of troctolites and
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gabbros may indicate a lower pressure environment than the association of
pyroxenites and gabbros (Thompson, 1972), suggesting that high-Al chromitites
may have formed in a lower pressure environment than high-Cr chromitites.
Furthermore, hydrous minerals and fluid inclusions were also observed in high-
Al chromitites, such as those from the Hegenshan ophiolite of northern China
(Bai et al., 1985), suggesting that high-Al chromitites also can be formed in a
subduction-related environment.

Accaording to Quick and Gregory {(1935), ophiolites may have formed in
three different settings: 1). mature spreading centres; 2). nascent spreading
centres; and 3). island arcs (Figure 6-10). The mature spreading centres are
similar to mid-ocean ridges (Figure 6-10A). Padiform chromitites likely form in
the latter two settings that are related to supra-subduction zone environments. It
is further suggested that high-Cr chromitites form in an isiand arc and high-Al
chromitites in a nascent spreading centre (or backarc basin) (Figure 6-108, C).

Microstructures and geochemistry of the mantle sequence of the Luobusa
ophiolite allow a reconstruction of its tectonic evolution. The Di-harzburgites
and harzburgites in Luobusa were originally formed in a mature spreading centre
and subducted undemeath the Gangdese magmatic arc. Intraoceanic
subduction created the Luobusa oceanic island arc as shown in Figure 6-10C.
The old lithospheric mantle immediately beneath the crust was invaded by large
volumes of melts generated at depth by melting of the depleted harzturgites.

The new magmas rose through and reacted with the old mantle, producing the
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zone environments where new magmas reacted with old mantle peridotites.
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chromitite and dunite peds. These represent stage 1 of deformation,
overprinting the grain-growth-controlled, coarse "fertile" mantle microstructure
(Calon, 1995, personal communication).

In the nascent spreading centres, old crust is removed as old lithospheric
mantle rises and thins (Figure 6-10B). Melts generated by melting associated
with subduction penetrate pre-existing, unrelated lithospheric mantle. Reaction
between them produces high-Al chromitites, such as those from the Sartohay

ophiolite.

6.3. Applications to chromite exploration

The melt/rock interaction model seems sufficient for explaining the
forrnation- of podiform chromitites, although it is necessary to provide further
theoretical and experimental evidence for the factors that control the
precipitation of chromite during the melt/rock interaction. A knowledge of such
factors may be of use in chromite exploration, although exploration criteria are
empirical in nature and based in large part on analogy with known chromite
deposits.

It is well-documented that melt/rock interaction occurs in the upper mantle
and commonly modifies the mineralogy and geochemistry of both the mantle
peridotites and the magmas (Fisk, 1986; Kelemen, 1990; Kelemen et al., 1995;
Daines and Kohistedt, 1994; Dick and Natland, 1995). However, some

ophiolites, or some dunite lenses, even in the same massif, may or may not



180

contain podiform bodies. In addition to melt/rock interaction, Cr and volatile
contents of the parental magmas are likely controls on chromitite formation.

Normally, chromium would be included in the original magma as a minor
component and eventually be incorporated into spinel phases as crystallization
takes place. Previously, Roberts (1888; 1992) and Nicolas (1989) suggested
that the higher the chromium in the magma, caused by dissolution of the Cr-
diopside of the peridotites, the better the chance for chromite segregation into
chromite deposits. In Luobusa, whole rock Cr contents do not show any
correlations with major oxides or rock types (Figure 4-2). Similarly, Cr contents
of pyroxenes do not vary systematically (Figure 4-15). Consequently, Cr
contents of the original, basaltic magmas are not believed to be critical for the
formation of podiform bodies.

As discussed earlier, the occurrence of volatile- and alkali-rich mineral
assemblages suggests that the chromitites may have crystallized from volatile-
rich magmas. Hydrous components in magmas may have enhanced the
interaction between the magma and wall-rock and therefore have increased the
extraction of chromium from the magmas.

In Luobusa, chromitites are distributed along a narrow band (Figure 3-1).
According to the melt/rock interaction model, this represents the most extensive
reaction zone where chromites precipitated from the magma. Melt/rock
interaction may enrich the wall rocks in incompatible elements. In Sartohay,

boron anomalies surrounding the large podiform bodies are used in prospecting
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(Zhang Lin, 1992, personal communication). Moreover, inmediately adjacent to
the chromitite bodies, dunites or harzburgites are LREE-enriched, distinctly
different from lherzolites (Figure 6-8). As outlined in Li Zijin et al. (1993), dunites

hosting the Luobusa chromitites also show LREE-enrichment.

6.4. Summary

The high-Cr chromitites in Luobusa and the high-Al chromitites in
Sartohay have distinctly different geochemical characteristics and crystaliized
from boninitic and tholeiitic magmas, respectively. Melt/rock interaction
produced highly depleted dunite envelopes around both types of chromitites. In
Sartohay, high-Al magmas reacted with lherzolites to produce high-Al dunites
and harzburgites, whereas in Luobusa the reaction between more refractory
melts and depleted harzburgites yielded only depleted dunite envelopes. High-
Al chromitites occur in the weakly depleted mantle sequences (lherzolitic
ophiolite type) that are locally depleted by melt/rock interaction in the immediate
vicinity of the chromitite pods.

Podiform chromitites are believed to form in supra-subduction zone
environments: high-Cr chromitites in island arc settings and high-Al chromitites
in nascent spreading centres, e.g. back arc basins. Their formation involved a
volatile-rich magma system caused by dehydration of the downgoing slab which
interacted with old lithospheric mantle. Due to reaction with magmas, wall-rock

dunites of podiform chromitites are enriched in LREE and other incompatible
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elements. These may be used as indicators for chromite exploration.



Chapter 7: CONCLUSIONS AND FUTURE WORK

7.1. Conclusions

The principal conclusions of this study are as follows:

(1) The mantle peridotites and chromitites in Luobusa indicate two stages
of magma generation in this complex. Early, sulfur-saturated tholeiitic melts
formed possibly in a mature spreading centre left a depleted residue of
harzburgite with unfractionated PGE patterns. A second stage of melting at
depth formed sulfur-undersaturated boninitic magmas from which high-Cr
podiform chromitites with highly-fractionated PGE patterns were crystallized.

(2) Melt/irock interaction in the upper mantle addéd silica to the magma by
dissolving Opx and precipitating Ol. This process, along with magma mixing
between relatively primitive and fractionated melts, moved the magmas from the
Ol-chromite cotectic into the field of chromite crystallization (Figure 5-2).
Crystallization of these melts produced massive and disseminated chromitites
and phase layering within a single podiform body.

(3) The Luobusa ophiolite contains abundant high-Cr podiform chromitite:
and the Sartohay ophiolite is rich in higH-Al podiform chromitites. Both the
chromitites formed by crystallization of magmas are petrogfaphically similar and
are hosted in mantle peridotites with different degrees of depletion.

(4) Interaction between the residual rocks and magmas produced dunite

envelopes around both the high-Cr and high-Al podiform chromitites. These
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envelopes grade from dunite to harzburgite to Di-harzburgite or to Iherzolite.

However, the dunite envelopes in Sartohay are much higher in Al than those in

Luobusa.

(5) High-Cr and high-Al podiform chromitites were formed from boninitic
and MORB magmas, respectively. High-Cr podiform chromitites are hosted in
more refractory, harzburgitic mantle peridotites, whereas h<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>