Ophiolite and ophiolitic rocks were emplaced along the
western, northern and eastern margins of the Indian plate
during the northward movement of the Indian plate and the
collision of the Indian continental block first with intra-
oceanic island arcs within the Neotethys, and then with the
Helmand and Kabul continental blocks to the west
(Tapponnier et al. 1981), the Asian continental block to the
north (Gansser 1964) and the Myanmar continental block to
the east (Mitchell 1993) (Fig. 1.2).

2.1 The Western Margin of the Indian Plate
The ophiolite belt along the western margin comprises the
Bela, Muslim Bagh, Zhob and Waziristan-Khost ophiolites
in Pakistan and bordering Afghanistan (Alleman 1979;
Gnos et al. 1997) (Fig. 1.2). These and the related ophiolite
belt along the southeastern coast of Oman were emplaced
around the Cretaceous/Tertiary boundary. The western
ophiolite belt of Pakistan consists of pyroxenite, gabbro and
sheeted dikes deformed and metamorphosed at granulite to
greenschist facies conditions. They are underlain by an
accretionary wedge mélange containing slabs of pillow
basalt intruded by microgabbro and associated with Early to
Middle Cretaceous pelagic sediments. The mélange grades
into calcareous turbidites of the Indian continental shelf.

2.1.1 Bela

The Bela Ophiolite is a dismembered sequence that pre-
sumably once formed a single thrust sheet. It consists of
serpentinised mantle harzburgite overlain by layered peri-
dotite and gabbro, foliated and isotropic gabbro, sheeted
dikes and extrusive rocks (Gnos et al. 1998). The mantle
rocks are underlain by a poorly preserved metamorphic sole
of amphibolite to greenschist facies rocks. Foliated and
undeformed granitoid plutons are common within the
crustal section that yielded “°Ar/*’Ar plateau ages of
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69.5 &+ 0.7 Ma and 68.7 £ 0.7 Ma from amphibole sepa-
rates (Gnos et al. 1998). The granitoid plutons comprise
gabbro, diorite, trondhjemite, plagiogranite and granite.
Chemical composition of the plagiogranite is consistent
with its origin from fractional crystallisation of basaltic
magma, and U-Pb zircon dating of trondhjemite and granite
yielded an age of 68 £ 3 Ma (Ahmed 1993). These ages
constrain the age of origin and emplacement of the ophio-
lite. The accretionary wedge unit below the ophiolitic unit
contains imbricate sheet of pillow basalt with E-MORB-
type chemistry covered by radiolarian chert, shale and calci-
turbidites and capped by Reunion hotspot-related lavas.

2.1.2 Muslim Bagh and Waziristan

The Muslim Bagh ophiolite is related to a WSW-ENE
trending thrust, and occurs in the uppermost part of a pile of
nappes accreted onto the Indian continental margin (Asra-
fullah et al. 1979; Ahmad and Abbas 1979). The *°Ar->°Ar
plateau age of the Muslim Bagh ophiolite is 70.7 + 5.0 Ma
for the metamorphics, and 68.7 &= 1.8 Ma for the amphib-
olites at the base of the sheeted dykes (Mahmood et al.
1995). It seems that the floor of the Neotethys Sea was
subducted 65-70 many years ago in the Pakistan sector
(Valdiya 2010).

The Paleocene-Early Eocene Waziristan ophiolite
(~500 km?) is the third largest ophiolite complex in
Pakistan after Bela and Zhob (Jan et al. 1985). It occurs as
dismembered thrust slices tectonically overriding Jurassic-
Cretaceous calcareous sediments of the Indian plate. It
consists of ultramafics rocks, gabbro, sheeted dikes, pillow
lava, plagiogranite, anorthosite and pelagic sediments. The
sedimentary rocks associated with the ophiolite are Meso-
zoic and Early Tertiary in age. The ultramafics include
harzburgite, dunite, pyroxenite and secondary serpentinite,
and display deformational features and cataclastic fabrics
similar to those in the Zhob and Jijal complexes. The
sheeted dikes show chilled margins. Some trondhjemite
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Fig. 2.1 Himalayan ophiolite complexes (after Hébart et al. 2012)

dikes containing sodic plagioclase show a calc-alkaline
affinity. The volcanic rocks commonly showing pillow
structures comprise about half of the total area of the
ophiolite complex. Subordinate occurrence of agglomerate
and volcanic tuffs are noteworthy features.

2.2  The Northern Margin of the Indian Plate
According to our present understanding, ophiolitic rocks at
the northern margin of the Indian plate originated between
Jurassic and Early Cretaceous in mid-oceanic ridges and
supra-subduction zones of intra-oceanic arc systems within
the Neotethys Ocean (Aitchison et al. 2003; Aitchison and
Davis 2004). Geochemical data indicate that the ophiolitic
rocks formed in fore-arc, arc and back-arc setting from mixed
magmas including calc-alkaline, mid-oceanic ridge basaltic
and oceanic-island basaltic magmas (Hébart et al. 2012).
These rocks were obducted southwards onto the Indian plate
margin or accreted within the Indus-Yarlung-Tsangpo Suture
Zone (Thakur 1981) as the Indian continental block collided
with the intra-oceanic arc in Late Cretaceous and with the
Asian continent in Paleocene-Eocene as the Neotethys closed
(Tapponnier et al. 1981; Allegre et al. 1984; White and Lister
2012). The Indus-Yarlung-Tsangpo Suture continues into the
Central Myanmar Basin in the east and to Baluchistan in the

west (Valdiya 1988, 2010). A variety of assemblages of
sediments that were deposited in the northwestern part of the
suture zone are known as the Indus Flysch. Some of the
ophiolites along the suture zone were emplaced as thrust
sheets on the Indian continental margin and presently occur
as klippen on deep-water marine sedimentary sequences of
the Indian passive margin, whereas others occur as well-
preserved or dismembered sections and mélanges within the
Indus-Yarlung-Tsangpo Suture Zone (Gansser 1964, 1980).

2.2.1 The Indus Suture Zone

The ophiolite occurrences along the Indus Suture Zone
include the Dargai, Shangla-Mingora, Jijal and Sapat
complexes on the western side of the Nanga Parbat syntaxis
in northern Pakistan (reviewed in Arif and Jan 2006) and
the Dras, Spontang and Nidar-Karzog complexes on the
eastern side of the syntaxis in eastern Jammu and Kashmir,
India (reviewed in Mahéo et al. 2004) (Fig. 2.1).

2.2.1.1 Sapat

The Sapat and Jijal complexes are located on the hanging
wall of the north-dipping Indus Suture Zone and constitute
the southernmost part of the Kohistan Arc (Fig. 2.1).The
Sapat Complex consists of two lithological units. The lower
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unit comprises ultramafic rocks such as meta-harzburgite,
dunite and intrusive clinopyroxenite (Bouilhol et al. 2009).
Meta-harzburgite displays a massive, fine-grained texture
with relict orthopyroxene and disseminated spinel grains.
The olivine porpyroblasts are lobate in shape with sub-grain
boundaries. They show undulose extinction and are sur-
rounded by fine-grained, undeformed olivine neoblasts.
Small euhedral spinel grains are present within the olivine
pophyroblasts, and amoeboid spinel grains are associated
with the olivine neoblasts. The matrix also contains ortho-
pyroxene decomposition products such as olivine, talc and
tremolite that indicate fluid-assisted lower amphibolite
facies re-equilibration. Secondary chlorite around spinel,
serpentine and rare diopside around olivine and calcite vein
in dunite have been observed. The dunites are fresh and
coarser and contain trails/pods of chromite spinel and
clinopyroxene that may have originated through melt per-
colation. Olivine-clinopyroxene micro-veins and thin dikes
are interpreted as melt crystallisation products. Mineral and
bulk rock compositions and U-shaped REE patterns suggest
that the meta-harzburgites represent a refractory, metaso-
matised mantle.

The ultramafic unit is bounded by a fault zone at the top
and is overlain by meta-gabbro and tonalite—trondhjemite
with clinopyroxenite intrusives. The olivine-bearing clino-
pyroxenites occur as sub-horizontal bands below meta-
plutonic rocks, vertical intrusive bodies with gabbro and
tonalite-trondhjemite cores, and dikes. Clinopyroxene
overgrows olivine in the clinopyroxenites. Amoeboid
clinopyroxene occurs at the grain boundaries of olivine
porphyroblasts. Trails of lobate clinopyroxene porphyro-
blasts are also present. Secondary chlorite and hornblende
are associated with clinopyroxene. Geochemical modelling
indicates that the parental melt of the pyroxenites and meta-
gabbros was a highly depleted primitive arc melt of supra-
subduction affinity (Bouilhol et al. 2009).

2.2.1.2 Dras

In the Ladakh-Zanskar area of the northwestern Himalayas,
the NW-SE Indus Suture Zone separates the Ladakh Batho-
lith of the Asian margin to the NE from the Zanskar and
Tethys Himalayas of the Indian margin to the SW (Fig. 2.1).
The NW part of the Indus Suture Zone comprises a northern
unit known as the Indus Group with continental molasse-type
sediments, and an ophiolite-bearing southern unit containing
the Dras Arc. The Dras Complex is composed of island arc
calc-alkaline and tholeiitic basalts intruded by granodioritic
plutons (Dietrich et al. 1983; Radhakrishna et al. 1984). The
arc-related units are stratigraphically underlain by blocks of
ophiolitic rocks such as serpentinised harzburgite, lherzolite
tectonite, cumulate dunite, pyroxenite and intrusive gabbro
and diabase (Srikantia and Razdan 1980 , 1985; Srikantia
1986; Radhakrishna et al. 1987; Reuber et al. 1989). The Dras
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Ophiolite is marked by a basal fault and is underlain by the
Sapi-Shergol ophiolitic mélange containing 90 Ma blueshists
(Honegger et al. 1989). The mélange, the ophiolite and the
Dras Arc units are tectonically overlain by the Lamayuru
Formation and the Zanskar shelf succession of the Indian
margin along a south-dipping back-thrust (Sinha and Upad-
hyay 1993; Robertson and Degnan 1993).

U-Pb zircon ages of 103 + 3 Ma (Honegger et al. 1982)
and 101 + 2 Ma (Schirer et al. 1984) of granodiorite in-
trusives in the Dras volcanic and volcaniclastic rocks con-
strain the minimum age of the Dras Ophiolite. K—Ar ages of
77.5 &£ 1 Ma (Sharma et al. 1979) and 78.5 £ 2.9 Ma
(amphibole separate, Reuber et al. 1989) indicate Late
Cretaceous metamorphism of the Dras Complex.

2.2.1.3 Spontang

About 75 km SE of Dras and south of the Indus Suture, the
Spontang Ophiolite occurs in a tectonic thrust slice above
the Paleocene-Eocene carbonate sequence of the Zanskar
Himalaya (Fig. 2.1). The ophiolite sequence consists of
weakly foliated mantle harzburgite and spinel-lherzolite
intruded by diorite and rare plagiogranite, cumulates of
gabbro and ultramafic rocks, isotropic gabbro, highly tec-
tonised sheeted dikes with intrusive plagiogranite feeding
pillow lava of N-MORB-type geochemical signature
(Corfield et al. 2001). The mantle units may be divided into
a lower and an upper section separated by a south-dipping
thrust. The lower section consists of serpentinised perido-
tites (up to 98 % serpentine near the top), whereas the upper
section consists of fresh peridotites (Mahéo et al. 2004).
Both sections are cross-cut by dunitic and dioritic dikes and
sills. The mantle rocks are composed of porphyroclastic
olivine and pyroxenes. Orthopyroxene commonly shows
lobate boundaries interpreted as evidence of mantle melt-
ing. Temperatures of 1000—1200 °C at low deviatoric stress
have been inferred from kinked olivine in peridotite that
originated through high-temperature plastic flow during
ascent of the upper mantle and partial melting below a
spreading centre (Reuber 1986). Plagioclase laths in the
upper crustal gabbro are well preserved but commonly
altered, indicating that they crystallised before clinopyrox-
ene in a normal mid-oceanic ridge environment (Corfield
et al. 2001). The diorites dikes and sills cross-cutting the
mantle peridotites have ophitic to cumulate textures. They
are dominated by metamorphic amphibole and albitic pla-
gioclase with minor amounts of oxides, apatite, epidote and
titanite (Mahéo et al. 2004). Magmatic relics occur in the
plagioclase cores and as diopsidic clinopyroxene inclusions
in hornbende and edenitic amphibole. Hornblende is locally
replaced by actinolite or ferro-actinolite. The ophiolite
sequence is unconformably overlain by basalt, andesite and
volcano-sedimentary rocks of the Spong arc that developed
over the fore-arc of the supra-subduction zone. The
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Spontang ophiolitic mélange containing Permo-Triassic and
Albian alkaline magmatic rocks tectonically underlies the
ophiolite sequence. Structural, tectonic and palaecomagnetic
constraints indicate that the Spong Arc and the Dras Arc
were separate but coexisting intra-oceanic island arcs
(Corfield et al. 2001).

U-Pb zircon dating of N-MORB-type plagiogranite
intrusive in sheeted basaltic dike indicates that the oceanic
crust of the Spontang Ophiolite formed at 177 £ 1 Maina
mid-oceanic ridge environment, making it one of the oldest
of the Tethyan ophiolites discovered so far (Pedersen et al.
2001). Moreover, incompatible trace element data including
REE and *°Ar/*°Ar dating of amphiboles in intrusive
diorite in peridotite indicate that the mantle source of the
N-MORB-type basalts was metasomatised in a supra-sub-
duction zone at c. 130 Ma during the initiation of subduc-
tion (Mahéo et al. 2004). Recent fossil evidence suggests
that intra-oceanic subduction may have continued until c.
55 Ma (Baxter et al. 2010). An 88 & 5 Ma date from
andesite in the Spong arc indicates that the arc was still
active at c. 88 Ma and obduction of the ophiolite on the
Indian continental margin occurred after c. 88 Ma (Peder-
sen et al. 2001). Based on field evidence, Corfield et al.
(2005) suggest that thrusting of the ophiolite over the
Cenozoic Zanskar sediments was a younger event that
happened during the India-Asia collision in late Paleocene-
early Eocene. However, Garzanti et al. (2005) disagree with
the field evidence of Corfield et al. (2005) and contend that
the ophiolite was obducted on the Indian margin in Early
Eocene.

2.2.1.4 Nidar and Karzog

Further east, the Nidar Ophiolite delineates the southern
margin of the Indus Suture Zone in eastern Ladakh
(Fig. 2.1). It has a south-dipping thrust contact with the
Indus Formation in the north, and a north-dipping thrust
contact with the blueschist-bearing Zildat ophioliticmélange
(Virdi et al. 1977, Virdi 1987, 1989; Thakur and Misra
1984). Both the ophiolite and the Zildat mélange are thrust
over the Tso-Morari crystalline complex in the south. Pet-
rological and geochemical data including isotopes indicate
that the ophiolite originated in an intra-oceanic subduction
environment (Ahmad et al. 2008). The ophiolite is com-
posed of ultramafic rocks at the base, gabbroic rocks in the
middle and volcano-sedimentary rocks at the top. The ul-
tramafics include spinel-harzburgite near the base, spinel—
dunite with chromite veins at higher levels and minor
pyroxenite intrusives that also occur in the overlying gab-
bros. Both microgabbro with ophitic texture and cumulate
gabbros are present. The gabbros consist of olivine, clino-
pyroxene, plagioclase and amphibole with minor interstitial
magnetite and spinel (Ahmad et al. 2008). Olivine occurs as
large lobate grains, smaller euhedral grains at margins of
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porphyroclasts and as inclusion within plagioclase and
clinopyroxene. Clinopyroxene occurs as oikocrysts with
olivine and plagioclase inclusions, and smaller interstitial
grains. Some large plagioclase grains show kink bands and
bent cleavage overgrown by undeformed rims. The cores of
the large clinopyroxene have lower calcium contents than
the undeformed rims. Amphibole occurs as rims around
clinopyroxene or in late-stage veins. Many gabbro samples
consist of metamorphic assemblage of hornblende + albitic
plagioclase (Mahéo et al. 2004). The pargasitic amphiboles
range in composition from magnesio-hornblende to actin-
olite characteristic of oceanic metamorphism. Anorthite-
rich cores of plagioclase low-Ti diopside inclusions in
hornblende are interpreted as magmatic relics. Plagiogranite
intrusives within the gabbro showing nearly flat REE pat-
terns originated through fractional crystallisation of sub-
alkalinetholeiitic magmas (Rao et al. 2004).

The volcano-sedimentary unit contains porphyritic basalt
and andesite with poorly preserved pillow structures near its
base, and gradually passes into volcaniclastics comprising
chert, jasper, shale, siltstone, volcanic sandstones and con-
glomerates. The upper part of the volcano-sedimentary unit
is dominated by andesite and rhyolite intercalated with ash,
tuff, lapilli and volcanic breccia. The phenocryst in basalts
show evidence of hydrothermal alteration and is dominated
by albitic plagioclase laths, diopside-augite and serpentin-
ised olivine, and minor Fe-Ti oxides. The groundmass is
composed of fine-grained augite, plagioclase and rare glass.
Epidote and radiating crystals of chlorite are also present in
the groundmass. The rhyolites show banding and are
dominated by volcanic glass and feldspar spherules with
minor mafic phases such as pyroxene and fibrous chlorite.
Palagonite is commonly associated with the glass. Calcite
and quartz veins and vesicles with quartz filling are
observed in some samples.

The Tso-Morari crystalline complex, an exhumed block
of the subducted Indian continental crust containing
eclogite, is located to the immediate south of the Nidar
Ophiolite (Berthelsen 1953). A small section of ophiolite
consisting of highly deformed and altered chromitite, ser-
pentinite and minor gabbro occurs at the southern margin of
the Tso-Morari dome near Karzog. The Karzog ophiolite is
presumably a detached klippe of the Nidar Ophiolite (de
Sigoyer et al. 2004). The mafic rocks comprise large
poikilitic metamorphic edenitic amphibole with relics of
low-Ti diopside, albite, oxides and greenschist facies min-
erals such as actinolite, titanite and epidote (Mahéo et al.
2004).

Gabbro and basalt from the Nidar Ophiolite yielded an
Sm-Nd isochron age of 140 £ 32 Ma that indicates the time
of formation of the ophiolitic crust (Ahmad et al. 2008).
Amphiboles in the Nidar gabbro yielded ages between
100 and 120 Ma by *’Ar/*°Ar step-heating technique that
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probably corresponds with metamorphism related to the
initiation of subduction (Mahéo et al. 2004). Radiolarian
taxonomy and biostratigraphy reveal an upper Barremian to
Upper Aptian age for the Nidar volcano-sedimentary section
(Zyabrev et al. 2008), consistent with the **Ar/*°Ar amphi-
bole age of Nidar gabbro.

2.2.2 The Yarlung-Tsangpo (Yarlung-Zangbo)
Suture Zone

2.2.2.1 The Western Part

The ophiolites in the western part of the Yarlung-Tsangpo
Suture Zone occur along the suture zone itself as well as to
the south of suture zone as klippen overlying an ophiolitic
tectonic mélange (Hodges 2000; Searle et al. 1988). The
klippe-type ophiolites include the Kiogar, Yungbwa,
Dangxiong, Xiugugabu and Zhongba massifs (Fig. 2.1).
Recent U-Pb zircon dating on diabase and tholeiite
yielded ages of 123.4 = 0.9 Ma and 123.9 + 0.9 Ma for
the Yungbwa and 126.7 + 0.4 Ma and 123.4 & 0.8 Ma for
the Dangxiong (Chan et al. 2007), 120.2 + 2.3 Ma for the
Yungbwa (Li et al. 2008) and 122.3 £ 2.4 Ma for
the Xiugugabu (Wei et al. 2006) and 125.7 &+ 0.9 Ma for
the Zhongba (Dai et al. 2012) massifs. These dates are
younger than the 159.7 & 0.5 Ma U-Pb zircon age of the
Kiogar gabbro (Chan et al. 2007), and the earlier deter-
mined 152 + 33 Maage of hornblende in the Yungbwa
massif by the “°Ar/*’Ar isotope method (Miller et al. 2003).
The tectonic mélange underlying the ophiolites contains
clasts of Late Jurassic to Early Cretaceous radiolarite (Dai
et al. 2011) and older rocks including reef and micritic
limestone and mafic rocks. The mélange overlies rocks of
the Indian continental passive margin.

The Yungbwa Ophiolite is a large peridotitic complex
tectonically overlying a mélange that contains blocks of
Permian reef limestone, Late Cretaceous micritic limestone
and volcanic rocks. It is located in SW Tibet, about 20 km
south of the Indus-Yarlung-Tsangpo Suture Zone, south of
Mount Kailas, and to the immediate NW of the Gurla
Mandhata crystalline complex. The ophiolite and the
mélange are thrust over sediments of the Tethyan series to
the south. The main constituent of the ophiolite is clino-
pyroxene-bearing, serpentinised spinel-harzburgite that is
cross-cut by dikes of basalt, gabbro and gabbronorite
(Miller et al. 2003; Liu et al. 2010). Similar rocks occur in
the Kiogar Ophiolite located to the immediate NW of the
Yungbwa massif (Gansser 1964). Fresh harzburgite from
the Yungbwa massif shows porphyroclastic texture and
contains elongated olivine with kink-bands and orthopy-
roxene with exsolution lamellae and deformed cleavage
showing undulatory extinction, and arranged sub-parallel to
the foliation. Large spinel grains have “holly-leaf” shape.
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Orthopyroxene compositions are within the range of orth-
opyroxenes in abyssal peridotites, and temperatures based
on two-pyroxene equilibria are 900-960 °C and on olivine-
spinel Mg-Fe exchange are 760 °C (Miller et al. 2003). The
lower temperature is similar to temperatures calculated in
peridotite tectonite from slow spreading ridges (Constantin
1999). Pyroxene inclusions have been observed in plagio-
clase. The interstitial grains comprise neoblasts of olivine,
orthopyroxene and clinopyroxene with well-defined crystal
shapes, rounded spinel and disseminated sulphides. Mineral
chemistry and Os-isotopic ratio of the peridotites are similar
to those of abyssal peridotites, and Nd model age of
clinopyroxene indicates that the peridotites underwent melt
extraction in Jurassic (Miller et al. 2003). Minor plagioclase
and amphibole are unevenly distributed in the harzburgites
(Liu et al. 2010). Amphibole also occurs as blebs within
orthopyroxene, and as interstitial grains aligned with the
clinopyroxene exolution lamellae. Anhedral plagioclase
commonly replaces clinopyroxene and orthopyroxene. The
pargasitic amphibole and anorthitic plagioclase originated
through metasomatic alteration of the mantle with a high-
Ca, high-LREE and low-Ti arc-type hydrous melt in a
subduction zone setting (Liu et al. 2010).The bulk REE and
Nd-isotopic compositions of peridotite also indicate sec-
ondary syn- or post-emplacement modification of the
ophiolite (Miller et al. 2003). The basaltic dikes show sub-
ophitic orhypidiomorphic-granular texture and consist of
diopsidic augite, plagioclase, minor hornblende and acces-
sory ilmenite. They are tholeiitic and show N-MORB-type
REE patterns. Sericitisation of plagioclase and replacement
of clinopyroxene and hornblende byactinolite indicate low-
grade metamorphism. The gabbronorite dikes show sharp
contacts with the host peridotites and consist of clinopy-
roxene, orthopyroxene and plagioclase with 120° triple
junctions. Their primary textures are modified by recrys-
tallisation and granulation. Plagioclase shows undulatory
extinction and is partially transformed into prehnite-bearing
saussurite. Clinopyroxene is partially replaced by meta-
morphic hornblende, tremolite or actinolite with a typical
flaser texture.

The Xiugugabu massif is dominated by variably ser-
pentinised harzburgite intruded by amphibole-bearing mi-
crogabbro and microgabbronoritesills sub-parallel to
foliation, and isolated outcrops of red and green chert.
Geochemical characteristics of the harzburgites indicate
that they are residues of 5-25 % of partial melting of a
depleted mantle that has been enriched by percolating
metasomatic melts in a supra-subduction environment
(Bezard et al. 2011). Dunite is rare and occurs in patches
within harzburgite. The harzburgites display porphyroclas-
tic to porphyromylonitic texture and consist of kinked and
highly stretched olivine and orthopyroxene porphyroclasts
showing undulatory extinction. Orthopyroxene contains
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clinopyroxene exsolution lamellae and are surrounded by
neoblasts. Minor spinel occurs as large euhedral grains and
small vermicular intergrowths. Accessory magnetite, chlo-
rite and amphibole are present. The microgabbro and mi-
crogabbronorite sills comprise plagioclase and pyroxene
microphenocrysts oriented along the foliation, and a
groundmass of amphibole, plagioclase, clinopyroxene and
orthopyroxene, ilmenite and magnetite with secondary
epidote, chlorite and sericite. The textural relation indicates
that plagioclase crystallised before pyroxene. The amphi-
boles likely originated in a high-T (~ 800 °C) hydrothermal
environment. Metamorphic textures such as magne-
tite + clinopyroxene symplectite, amphibole + clinopy-
roxene symplectite and amphibole overgrowth around
clinopyroxene have been observed. The intrusive rocks
have tholeiitic compositions and show N-MORB-type REE
pattern, Th enrichment and Nb, Ta and Ti negative anom-
alies, indicating a back-arc, supra-subductionzone setting.
The Zhongba massif consists of mantle ultramafics, and
a crust composed of diabase dikes and pillow basalts (Dai
et al. 2012). It is surrounded by a mélange containing blocks
of massive basalt associated with layers of deformed
limestone, black shale and purple-red and green-grey chert.
The mantle ultramafics are dominated by fresh foliated
harzburgite with minor dunite. A diabase dike shows
granular to medium-grained intersertal texture with idio-
morphic plagioclase, chloritised pyroxene and olivine and
minor Fe-Ti oxides. Porphyritic pillow and massive basalts
consist of phenocrysts of plagioclase, clinopyroxene and
olivine in a fine-grained, intersertal to intergranular
groundmass of plagioclase, clinopyroxene and Fe-Ti oxi-
des, and secondary veins and amygdules of carbonate,
quartz and chlorite. Some of the phenocrysts are partially or
completely replaced by albite or chlorite. Texture showing
clinopyroxene cores with radiating plagioclase laths is
present in some samples. The mafic rocks exhibit an ocean-
island and Hawaiian alkali basalt-type REE pattern that
suggests an origin from a series of seamounts within the
Neo-Tethys during the Early Cretaceous (Dai et al. 2012).

2.2.2.2 The Central Part

The central part of the Yarlung-Tsangpo Suture Zone con-
tains a series of ophiolite massifs including the Saga and
Sangsang ophiolites in the west and the Xigaze ophiolites
(from west to east: Buma, Lhaze, Jiding, Beimarang,
Qunrang, Bainang and Dazhuqu massifs) in the east
(Fig. 2.1). U-Pb zircon dating in diorite, gabbro and diabase
yielded ages of 125.2 + 3.4 Ma for the Sangsang massif
(Xia et al. 2008b), 128 £ 2 Ma for the Jiding massif Wang
et al. 2006), 125.6 = 0.8 Ma for the Bailang massif (Li
et al. 2009) and 126 + 1.5 Ma for the Dazhuka massif
(Malpas et al. 2003). Plagiogranite from the Xigaze
ophiolitic crust yielded an age of 120 4+ 10 Ma (Gopel
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et al.1984), and apegmatitic gabbro yielded an age of
132.0 £ 29 Ma (Chan et al. 2007). Hornblende in
amphibolite in the Buma and Bailang massifs yielded
similar dates of 123.6 2.9 Ma, 127.7 & 2.2 Ma and
127.4 & 2.3 Ma with the *’Ar/*’Ar step-heating technique
(Guilmetteet al. 2008, 2009). Radiolarites from above the
volcanic rocks in the Bailang massif confirm these ages
(Zyabrev et al. 1999, 2008).

The Saga and Sangsang ophiolites are located about
200-350 km west of Xigaze. They consist of mantle peri-
dotites overlain by leuco- and melano-gabbros, and a mafic
crust consisting of brecciated basalt, lava, diabase and
amphibolite overlain by sandstone with chert. Field and
geochemical data suggest that they formed in the arc or
back-arc of an intra-oceanic supra-subduction zone(Bedard
et al. 2009). In the south, the massifs are underlain by an
ophioliticmélange containing blocks of strongly foliated
garnet- and clinopyroxene-bearing amphibolite, serpenti-
nite, diabase, gabbro and sedimentary rocks. The high-grade
metamorphic rocks in the mélange, showing peak P-T
conditions of 12 kb/850 °C, ages of 123-128 Ma and bulk
composition similar to MORB, E-MORB and back-arc
basalt indicate the presence of a metamorphic sole under the
ophiolite massifs that formed contemporaneously with the
ophiolitic crust (Guilmette et al. 2009, 2012). The blocks of
gabbro show LREE depletion and are composed of mag-
matic plagioclase, diopside-augite clinopyroxene and brown
amphiboles such as tschermakite and magnesiohorn blende
and minor ilmenite and titanite (Dupuis et al. 2005). Further
south, the ophiolitic mélange is underlain by the Yamdrock
tectonic mélange comprising imbricate thrust sheets repre-
senting slices of the ocean floor including red siliceous shale,
radiolarian chert and minor alkaline basalt. Mafic rocks from
the Yamdrock mélange and from the underlying Triassic
flysch of the Indian passive margin show LREE enrichment,
and are similar to the volcanic rocks of the Reunion hotspot
and the Deccan basalts of India (Dupuis et al. 2005).

The mantle lherzolites and harzburgites in the Saga
massif are relatively fresh with secondary serpentine only in
small veins or localised domains, whereas harzburgite in the
Sangsang ophiolite is more affected by serpentinisation
especially near faults or shear zones. The large olivine and
pyroxene grains show minor folds or kinks and undulatory
extinction. Olivine inclusions are present in pyroxene.
Minor spinel occurs as euhedral grains. Recrystallised,
interstitial fine-grained olivine around clinopyroxene, oliv-
ine + clinopyroxene symplectite around orthopyroxene,
orthopyroxene + spinel symplectite and vermicular spinel
have been interpreted as evidence of melt-rock interactions
(Bedard et al. 2009 and references therein). Minor chlorite,
actinolite, carbonate and prehnite occur as products of
secondary alteration and metasomatism. The gabbros are
composed of sub-idiomorphic plagioclase altered to



2.2 The Northern Margin of the Indian Plate

albite 4 prehnite, sub-idiomorphic to allotriomorphic
clinopyroxene replaced by metamorphic green amphibole
or minor chlorite, rare brown igneous amphibole and rare
orthopyroxene. Minor titanite and prehnite veinlets are also
present. The uppermost part of the mafic crust contains
brecciated lava with clasts of pyroxene altered to actinolite
and chlorite, plagioclase and quartz, set in a greenish-brown
matrix of recrystallised plagioclase, minor chlorite, quartz,
carbonate and prehnite in veins. Mafic to intermediate lavas
contain altered clinopyroxene, plagioclase microlites and
glomerocrysts (with pyroxene inclusions) altered to albite,
prehnite and/or sericite and minor oxides. Amygdules filled
with chlorite, quartz and carbonate and carbonate and
chlorite veinlets are also observed in the lavas. Diabase
contains fresh plagioclase, altered clinopyroxene, orthopy-
roxene and minor secondary actinolite needles and epidote.
Amphibolite containing cloudy plagioclase, metamorphic
green hornblende and minor oxides and titanite is highly
altered to albite-prehnite-epidote-chlorite assemblages.
Sandstone contains clasts of deformed quartz, feldspar,
pseudomorphs of pyroxene and hornblende with actinolite
and chlorite, spinel, felsic plutonics, mafic to intermediate
volcanics, rare radiolarian chert and carbonate oolite and
minor chlorite and carbonate.

In the Xigaze area, several dismembered ophiolite
complexes occur along the Yarlung-Tsangpo Suture
between the Xigaze fore-arc flysh in the north and the
Mesozoic Yamdrock mélange and Triassic flysch of the
Tethyan series in the south (Nicolas et al. 1981; Girardeau
et al. 1985a, b; Girardeau and Mercier 1988). The mantle
units consist of well foliated, variably serpentinised, spinel-
bearing dunite and harzburgite at the top grading downward
to Cr-diopside harzburgite and lherzolite that equilibrated at
1155-1255 °C and 5-11 kb indicating a slow-spreading
ridge environment (Girardeau and Mercier 1988). Harz-
burgites in the western massifs contain porphyroclastic
orthopyroxene with clinopyroxene exsolution lamellae that
are surrounded by granoblastic olivine showing slip planes
and kink bands. Their geochemical and isotopic character-
istics indicate that they are residues of 7-12 % melting of
an N-MORB-type mantle source in a back-arc setting
(Dubois-Coté et al. 2005). On the other hand, peridotites in
the eastern massifs consisting of granular orthopyroxene
and olivine with interstitial Cr-diopside represent metaso-
matically altered residues of 30-40 % melting of a depleted
mantle source in an intra-oceanic arc environment. Con-
cordant to discordant orthopyroxene bands, websterite
veins, and irregular and tabular dunite lenses are common in
the peridotites. Rodingitised diabase and gabbro dikes
commonly occur in the upper part of the mantle unit. The
crustal rocks are primarily made of diabase sheeted dikes
and sills, and extrusives. Lower crustal ultramafic—mafic
rocks are minor, and volcaniclastic rocks are very rare.
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Pillow lava is altered and contains a few vesicles filled with
quartz, calcite, chlorite and/orepidote. Microphenocrysts of
plagioclase and clinopyroxene in basalts display intersertal
texture. Rare hornblende phenocrysts are present in a dia-
base dike. Subordinate glass and opaques are present in the
groundmass. Secondary actinolite and clay minerals are
commonly observed.

2.2.2.3 The Eastern Part

The eastern part of the Yarlung-Tsangpo Suture Zone
includes the Jinlu, Zedang and the Luobusa massifs
(Fig. 2.1, 2.2a). The intrusives and volcanics of the Zedang
massif have been dated at 161 £ 2.3 Ma by the U-Pb zir-
con method in dacite, and 152.2 + 3.3 Ma by OAAr
step heating of hornblende in andesitic dike (McDermid
et al. 2002). U-Pb dating of zircon in diabase yielded ages
of 149.7 + 3.4 Ma, 150.0 & 5.0 Ma (Chan et al. 2007) and
1629 + 2.8 Ma (Zhong et al. 2006) for the Luobusa
massif.

The Luobusa Ophiolite is overthrust northward onto the
Gangdese Batholith of the Asian margin (Lhasa Terrane)
and onto the Tertiary molasse-type deposits of the Luobusa
Formation (Zhou et al. 1996). A south-dipping thrust sep-
arates the ophiolite complex from a thick Triassic flysch
sequence in the south. The mantle sequence consists of
coarse-grained harzburgite and diopsidic harzburgite well-
developed porphyroclastic texture. Chromite compositions
indicate that the harzburgites are residua left after extraction
of MORB-type magmas. Rare olivine porphyroclasts con-
tain orthopyroxene inclusions and show deformation
lamellae and kink bands. Olivine replaces orthopyroxene as
indicated by fine-grained olivine neoblasts in the granob-
lastic matrix surrounding subhedral to anhedral orthopy-
roxene porphyroclasts with clinopyroxene lamellae.
Accessory chromite is anhedral and ubiquitous. Dunites
occur as lenses or as envelopes around podiform chromitites
in the peridotites. The upper part of the peridotite sequence,
described as a transition zone (Zhou et al. 1996), is sheared
and primarily consists of dunite grading into wehrlite.
Chromite occurs as euhedral inclusions in olivine in dunite
as well as fine-disseminated grains in thin layers. A mélange
zone tectonically overlies the transition zone and contains
deformed cumulate lenses, pillow lava and mid-Cretaceous
marine sedimentary rocks of the Zedong Formation in a
serpentinised ultramaficmatrix.

2.2.2.4 The Namche Barwa Syntaxis

Sporadic lenses of metamorphosed mafic—ultramafic rocks
of a dismembered mélange suite occur in the Yarlung-
Tsangpo Suture Zone of this area (Quanru et al. 2006)
(Figs. 2.1, 2.2a). These rocks include diabase and amphib-
olite of boninite, arc tholeiite and back-arcbasalt affinity
indicating origin in a supra-subduction zone environment.



16

Fig. 2.2 Ophiolite complexes
along the eastern margin of the
Indian plate: a regional setting,
b detailed view of the area
demarcated by dashed lines in
(a). The symbols are as in

Figs. 2.1 and 2.2. The names of
the faults are italicised. Compiled
from Bhattacharjee 1991; Ding
et al. 2001; Ghosh et al. 2007;
Misra 2009; Mitchell 1993;
Mitchell et al. 2007; Saha et al.
2012; Searle et al. 2007; Singh
and Singh 2011; Quanru et al.
2006; Yin et al. 2010
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2.3 The Eastern Margin of the Indian Plate
At the eastern Himalayan syntaxis, the collision of the
Indian block with Asia is accommodated by a pair of
roughly NE-SW strike-slip faults along the northwestern
(Minlin-Lulang sinistral fault) and southeastern (Aniqgiao
dextral fault) boundaries of the Namche Barwa massif
(Burg et al. 1998; Ding et al. 2001; Quanru et al. 2006). The
Yarlung-Tsangpo suture follows these faults, swerves
around Namche Barwa and its trend becomes southwest-
ward (Fig. 2.2). Southwest of Namche Barwa, the Aniqiao
fault is continuous with the N-S trending Tuting-Basar
dextral strike-slip fault (Acharyya and Saha 2008; Saha
et al. 2012) that offsets the Main Central Thrust (MCT) and
the South Tibet Detachment System (STDS) (Fig. 2.2b). On
the eastern side of the Tuting-Basar fault, the MCT and
STDS swerve around the Siang window and follow a NW-—
SE trend. The Siang window is a domal structure defined by
a closed trace of the Main Boundary Thrust (MBT) that
exposes rocks structurally below the Lesser Himalayan
sequence (Acharyya and Saha 2008). Southeast of the Siang
window, the MBT is known as the Mishmi thrust that also
trends NW-SE. The Trans-Himalayan Lohit batholith,
equivalent to the Gangdese batholith of Tibet, is thrust
southwestward over a narrow strip of carbonate and argil-
laceous Tethyan sediments along the NW-SE trending
Lohit thrust. Thus all the major faults, e.g. MBT, MCT,
STDS and Lohit thrust, are parallel and trend NW-SE in
this region. At the intersection of the Aniqiao fault and
Lohit thrust, the Yarlung-Tsangpo suture sharply changes
direction and becomes roughly parallel to the Lohit thrust
(Fig. 2.2b).
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The continuation of the Yarlung-Tsangpo suture follows
an arcuate path convex to the east until it encounters the
Sagaing fault, a major N-S dextral strike slip fault in
Myanmar that separates the Burma microplate to the west
from the Shan plateau of Asia (Sundaland) to the east
(Fig. 2.2a). The northern end of the Sagaing fault splays
into several branches, one of which may be continuous with
the Mishmi thrust (Vigny et al. 2003). High-grade kyanite
and garnet-bearing schists occur in the Katha-Gangaw and
Kumon belts parallel to and on the concave side of the
suture near the intersection of the Sagaing fault (Fig. 2.2b).
An eclogite boulder probably originating from the Kumon
range yielded P-T conditions of 12—-13 kb and 530-615 °C
(Enami et al. 2012). Similar P-T conditions of >14 kb and
550-600 °C were also determined from the high pressure
rocks of the Jade Mines belt at the northwestern branch of
the Sagiang fault (Goffé et al. 2000). U-Pb zircon dates of
146.5 + 3.4 Ma (Shi et al. 2008) and 158 £ 2 Ma (Qiu
et al. 2009) in jadeitites from the Jade Mines belt indicate
subduction in Late Jurassic perhaps beneath the Sundaland
margin (Searle and Morley 2011).

2.3.1 Tuting Metavolcanics

The Tuting metavolcanics are structurally continuous with
the Jiaresa-Pangxin and Yigongbai ophiolitic sheets at the
eastern margin of the Namche Barwa massif (Quanru et al.
2006; Saha et al. 2012). They occur at the intersection of the
Lohit thrust and the Anaqgiao fault. They are folded, sheared
and banded, and are composed of fine-grained greenschist
facies rocks with an albite 4 epidote + chlorite +
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sericite =+ titanite - magnetite assemblage (Saha et al.
2012). The primary mineralogy and texture are obliterated,
and the porphyroblasts are composed of albite enclosing
chlorite, epidote and sericite. Slender actinolite is embedded
in chlorite. Late stage quartz-calcite veins are common.
Plagiogranite intrusives occur locally within the metavol-
canics. The Lohit granodiorite intrudes the Tuting meta-
volcanics and contains xenoliths of mafic rocks.
Geochemistry of the Tuting metavolcanics is consistent
with an origin in a supra-subduction zone environment
(Saha et al. 2012).

2.3.2 Tidding Serpentinite

In the Dibang and Lohit valleys of northeastern Arunachal
Pradesh and southeast of Tuting, the Tethyan sequence is
replaced by the Tidding formation comprising imbricate
thrust sheets of ophiolitic affinity (Acharyya 1986). The
Tuting-Tidding shear zone shows strike-slip movement
along the NW-SE direction and represents the Indus Suture
Zone in this region (Valdiya, 2010). Extending further
southeast into western Myanmar, the Tuting-Tidding shear
zone is offset by the transcurrent, right-lateral, strike-slip
Sagaing fault. The Myanmar block has moved 300-500 km
northward with respect to Southeast Asia along the Sagaing
fault (Swe 1972; Hla Maung 1987).

The Tidding formation consists of folded garnetiferous
metavolcanics, actinolite-tremolite schist, chlorite schist
and marble with slivers of graphite-garnet schist, epidote
and leucogranite intrusives (Misra 2009; Singh and Singh
2011). A tabular body of serpentinised peridotite with relict
olivine and Cr-spinel occurs in the upper part of the for-
mation. Compositions of Cr-spinels suggest that the ser-
pentinised peridotite is possibly a residue of a depleted
mantle source that underwent a high degree of partial
melting in a marginal ocean basin (Singh and Singh 2011).

2.3.3 Mayodia Ophiolite

A probable klippen of ophiolitic rocks occurs above the
High Himalayan Crystallines at Mayodia, Dibang Valley,
northwest of Tidding (Ghosh and Ray 2003; Ghosh et al.
2007). These rocks may be correlated with the Tidding
ophiolitic rocks. The Mayodia ophiolitic sequence com-
prises two units. The lower unit consists of foliated and
deformed serpentinised peridotite (wehrlite with Fogg_go
olivine) tectonite intruded by hornblendite dikes and over-
lain by banded amphibolite. The upper unit consists of
metabasalt interlayered with metapelite. The metabasalt is
folded and comprises actinolite-chlorite-albite-epidote
schist indicating greenschist facies metamorphism. The
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chemical composition of the metabasalt shows similarities
with MORB (Ghosh et al. 2007).

2.3.4 Indo-Myanmar Range

The Sagaing fault offsets the continuation of the Yarlung-
Tsangpo suture such that the latter is displaced northward
on the western side of the fault (Fig. 2.2). Further south,
the suture enters the Indo-Myanmar Range (IMR) that
consists of predominantly Paleogene flyschoid sediments
with Triassic (Carnian) feldspathic turbidites, ophiolite and
Triassic-Cretaceous metamorphic rocks including a 30-km-
wide mica schist belt (Brunnschweiler 1966; Bender 1983;
Mitchell 1993). The suture here represents collision
between the Indian plate and the Burma microplate, a
westward convex, 1,300 km long plate including conti-
nental crust and is demarcated by an ophiolite belt trace-
able through Nagaland and Manipur including the Naga
Hills, the Chin Hills (Mt. Victoria), the Arakan Hills and
the Arakan coast of western Myanmar. The Naga/Disang
thrust is equivalent to the Main Boundary Thrust (MBT) of
the Himalayas and marks the western border of the
Paleogene Indo-Myanmar Range. A closely spaced thrust
fault to the Disang thrust known as the Tipu thrust is en
echelon with the Kaladan fault that continues southward
and connects with the arcuate Andaman—Sumatra—Java
subduction zone (Yin et al. 2010). The India-Burma plate
boundary has jumped westward several times during the
Cenozoic, and the Kaladan fault marks the present-day
plate boundary (Maurin and Rangin 2009). At present, the
Indian plate is obliquely subducting beneath the Burma-
microplate at the Andaman subduction zone with a velocity
of ~4 cm.a™' toward N20'E (Paul et al. 2001; Vigny et al.
2005). The geology of IMR is discussed in detail in
Chap. 5.

2.3.5 Andaman Ophiolite

The 850-km-long chain of islands between the Bay of
Bengal and the Andaman Sea constitute the Andaman
Island Arc. It comprises two nearly parallel arcuate belts.
The Andaman Ophiolite is exposed intermittently on the
Andaman-Nicobar Islands, a forearc ridge that constitutes a
part of the accretionary complex in the outer part of the
Andaman Arc referred to as the western arc (Karunakaran
et al. 1964; Bandyopadhyay et al. 1973; Halder 1985;
Prasad 1985; Vohra et al. 1989; Bandopadhyay 2005). This
belt is the southern extension of Naga Hills and Arakan
orogenic belt, which swerves southeastwards and continues
through the subduction zone offshore of Sumatra. Currently,
active arc volcanoes on Barren Island (Ball 1973; 1888;
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Haldar and Luhr 2003; Luhr and Haldar 2006) and Nar-
condam Island (Pal et al. 2007) are located east of the
Andaman Islands along the eastern arc that continues
southeastward through the Java—Sumatra volcanic chain,
and northward into Myanmar where several extinct volca-
noes such as Mt Popa and Mt Taungthonlon (Miocene-
Quaternary) are found. A back-arc basin exists further east
of the Andaman Arc, where the sea floor is spreading from
several ENE-WSW ridge segments offset by several N-S
right-lateral strike-slipfaults since c. 4 Ma (Raju et al. 2004;
Curray 2005). The N-S strike-slip faults are part of an
extensive horsetail structure at the southern end of the
Sagaing fault of Myanmar (Maurin and Rangin 2009). A
95 + 2 Ma age of trondhjemite (Pedersen et al. 2010) and
93.6 = 1.3 Ma age of plagiogranite (Sarma et al. 2010),
late-stage derivatives of the Andaman ophiolitic gabbro,
constrain the age of formation of the oceanic lithosphere
emplaced in the Andaman Ophiolite. The age of obduction
of the ophiolite is constrained by the 83.5-70.6 Ma age of
radiolarian chert above the ophiolite (Ling et al.1996). On
the basis of similarity in age of the 95 + 2 Ma Andaman
Ophiolite, 93.5-97.9 Ma Samail Ophiolite in Oman (Tilton
et al. 1981; Warren et al. 2005) and 91.6 4+ 1.4 Ma Troodos
Ophiolite in Cyprus (Mukasa and Ludden 1987), Pedersen
et al. (2010) concluded that these ophiolites formed
simultaneously in the fore-arcs of several coexisting trans-
Tethyan subduction zones.

The Andaman Ophiolite Group comprises subhorizontal
thrust slices that form the basement on which Tertiary
accretionary prism sediments were deposited (Sengupta
et al. 1990). The ophiolite group is overlain by the Mith-
akhari Group containing polymictic conglomerate, sand-
stone, arkose, shale, foraminiferal limestone and pyroclasts
in the upper part (Bandopadhyay 2011).

The volcanic rocks of the Andaman Ophiolite belong to
the tholeiitic series. Trace element and REE content of the
hyaloclastites and pillow basalts are similar to MORB and
indicate a back-arc environment (Jafri et al. 2010). Chro-
mite compositions, oxygen fugacity values and trace ele-
ment compositions of the mantle peridotite units indicate
formation of the ophiolite at a mid-oceanic ridge or a supra-
subduction zone spreading centre (Pal 2011). However, the
upper crust in the southern part also contains andesite and
dacite, which suggests that arc-related crust is built on top
of the MORB-type oceanic crust (Pedersen et al. 2010). The
mantle tectonites are serpentinised and crudely foliated. The
orthopyroxene porphyroclasts (Eng;_gg) with olivine
(Fogg_94) and chromite inclusions are resorbed and sur-
rounded by olivine neoblasts (Pal 2011). Large diopsidic
clinopyroxene grains are embayed and surrounded by
orthopyroxene. The Cr# (100 Cr/(Cr + Al)) of chromite
ranges from 20-39 in peridotite to 73—80 in chromitite pods
(Ghosh et al. 2009). The composition of the chromites is
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consistent with their origin in peridotite in a supra-sub-
duction zone. The chromitite pods also contain chromian
andradite garnet with up to 50 mol % uvarovite (Ghosh and
Morishita 2011). The layered ultramafic—mafic cumulates
contain sieve-textured olivine and resorbed chromite.
Unaltered olivine (Fogz_gg) and euhedral chromite are also
present in some samples (Pal 2011). Lherzolite cumulates
contain resorbed orthopyroxene. Less altered diopside-
augite clinopyroxene contains olivine, orthopyroxene and
chromite (Cr# 71-73) inclusions. Cumulate gabbro contains
olivine (Fog;_7g) and orthopyroxene (En,g) in some sam-
ples. P-T estimates based on clinopyroxene thermobarom-
etry yield a wide range of temperatures (500-1000 °C) at
7-8.6 kb pressure for the cumulate pyroxenite and gabbros
(Saha et al. 2010).

Alteration is common in the cumulate gabbros with
plagioclase showing saussuritisation and pyroxene showing
uralitisation and chloritisation. Magnetite-ulvospinel occurs
as an accessory phase. Clinopyroxene is altered to amphi-
bole and plagioclase is saussuritised also in the intrusive
gabbro and dolerite. The intrusive gabbro grades into
quartz-bearing plagiogranite with Angs plagioclase, minor
hornblende altered to chlorite and accessory magnetite an-
dilmenite. The basaltic volcanics contain phenocrysts of
augite and olivine near the base, and augite and plagioclase
near the top. The groundmass is subophitic, intersertal or
vitrophyric and consists of albite, epidote, chlorite, altered
glass and magnetite. The groundmass of the upper lavas
contains glass droplets and intricate veins of carbonate and
silica and zeolite. The red charts consist of microcrystalline
quartz, clay and iron oxides. The pelagic sedimentary units
consist of micritic foraminiferal limestone and carbonate-
bearing red clay.

24  Summary of Petrographic Features

2.4.1 Waziristan

Ultramafic rocks:

e Dunite layers and lenses in harzburgite contain strained
olivine.

e Harzburgite contains olivine (Foy;),orthopyroxene (Eng,
Al,051.6 wt %) and minor plagioclase.

e Pyroxenite dikes are composed of orthopyroxene +
diopside =+ olivine.

e Anorthosite contains zoned plagioclase (An;;_;3) with
higher K,O in the core, and minor clinopyroxene (Mg#
56).

e Podiform chromitite commonly contains zoned alumino-
chromite (Cr,O3 49-61 wt %) with ferri-chromite rim,
and minor amounts of chlorite, serpentine and magnetite
(Jan et al. 1985).
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2.4.2 Sapat

Meta-harzburgite and dunite with fine-grained, massive

texture:

e Relict orthopyroxene and lobate olivine with euhedral
spinel inclusions, sub-grain boundaries and undulose
extinction; matrix has fine-grained, undeformed olivine
neoblasts, disseminated amoeboid spinel and orthopy-
roxene break down products like olivine, talc and trem-
olite: fluid-assisted lower amphibolite facies re-
equilibration (Bouilhol et al. 2009).

e Trails/pods of chromite spinel and clinopyroxene in
dunite, micro-veins and thin dikes of olivine-clinopy-
roxene: originated through melt percolation.

e Secondary chlorite around spinel, serpentine and rare
diopside around olivine and calcite vein in dunite: late
stage alteration.

Meta-gabbro and tonalite—trondhjemite with clinopy-
roxenite intrusives:

e Clinopyroxene overgrows olivine in clinopyroxenite,
amoeboid clinopyroxene at grain boundaries of olivine
porphyroblasts; trails of lobate clinopyroxene porphyro-
blasts; secondary chlorite and hornblende: melt-rock
interactions.

2.4.3 Spontang

Peridotite with porphyroclastic texture:

¢ Olivine and orthopyroxene have lobate margins: evidence
of mantle melting.

e Exsolution lamellae of diopside-augite in orthopyroxene,
and of orthopyroxene in clinopyroxene: sub-solidus
equilibration.

e Undulatory extinction and kinks in olivine: deformation
during ascent of mantle below spreading center at
1000-1200 °C and low deviatoric stress (Reuber 1986).
Diorite dikes and sills with ophitic to cumulate texture

cross-cutting mantle peridotite:

e Hornblende/edenite and albite, minor epidote, oxides,
titanite and apatite; hornblende is locally replaced by
actinolite: amphibolite  to  greenschist  facies
metamorphism.

¢ Anorthite-rich plagioclase core and diopside inclusions in
hornbende/edenite: magmatic relics.

Upper crustal gabbro:

e Plagioclase laths, though commonly altered, are well-
preserved: probably crystallised before clinopyroxene in
a normal mid-oceanic ridge environment (Corfield et al.
2001).

2.4.4 Nidar

Crustal micro-gabbro with ophitic texture and cumulate

gabbro:

e Plagioclase contains olivine inclusions, clinopyroxene
contains olivine and plagioclase inclusions and pargasitic
hornblende rims clinopyroxene: olivine—plagioclase—
clinopyroxene MORB-type crystallisation sequence.

e Large lobate olivine grains and interstitial neoblasts of
euhedral olivine and some clinopyroxene: evidence of
magmatic reactions.

e An-rich plagioclase core with kink and bent cleavage is
rimmed by undeformed plagioclase; lower-Ca clinopy-
roxene is rimmed by higher-Ca undeformed clinopyrox-
ene, pargasite rim around diopside: deformation followed
by amphibolite facies metamorphism.

e Actinolitic amphibole in veins: late stage alteration.
Crustal basalts:

e Phenocrysts of albitic plagioclase laths, diopside-augite,
serpentinised olivine, minor Fe-Ti oxides: hydrothermal
alteration.

e Groundmass of augite, plagioclase, rare glass, epidote with
radiating crystals of chlorite, banded rhyolite with glass
and palagonite, feldspar spherules, fibrous chlorite, veins/
vesicles with quartz and calcite: hydrothermal alteration.

24.5 Yungbwa

Harzburgite with porphyroclastic texture:

e Elongated olivine with kink-bands, orthopyroxene with
exsolution lamellae and deformed cleavage showing
undulatory extinction and sub-parallel to foliation: mantle
deformation.

e Large spinel grains have “holly-leaf” shape.

e Pyroxene inclusions in plagioclase.

e Euhedral neoblasts of olivine, orthopyroxene and clino-
pyroxene, rounded spinel and disseminated sulphides.

e Minor anorthitic plagioclase and pargasitic amphibole:
metasomatic alteration mantle.

Basalt and gabbronorite dikes with sub-ophitic orhypid-
iomorphic-granular texture:

e Sericitisation of plagioclase and replacement of clino-
pyroxene and hornblende byactinolite: low-grade
metamorphism.

e Recrystallisation and granulation, plagioclase with un-
dulatoryextinction and partial transformation to prehnite-
bearing saussurite, clinopyroxene partially replaced by
metamorphic hornblende, tremolite or actinolite with a
typical flaser texture: low-grade metamorphism.
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2.4.6 Xiugugabu

Harzburgite with porphyroclastic to porphyromylonitic

texture:

e Kinked and highly stretched olivine and orthopyroxene
porphyroclasts with undulatory extinction: mantle
deformation.

e Orthopyroxene containing clinopyroxene lamellae sur-
rounded by neoblasts: recrystallisation.

e Minor large euhedral spinel and small vermicular inter-
growths, and accessory magnetite, chlorite and amphi-
bole: probably alteration.

Microgabbro and microgabbronoritesills
harzburgite:

e Plagioclase crystallised before pyroxene: MORB-type
crystallisation sequence.

e Foliation defined by parallel orientation of plagioclase and
pyroxene microphenocrysts; magnetite + clinopyroxene
symplectite, amphibole 4 clinopyroxene symplectite and
amphibole overgrowth around clinopyroxene: amphibo-
lite facies hydrothermal metamorphism.

e Epidote, chlorite and sericite: secondary alteration.

intruding

2.4.7 Zhongba

Harzburgite with minor dunite:

e Fresh and foliated.

Diabase dike with granular- to medium-grained inter-
sertal texture:

e Idiomorphic plagioclase, chloritised pyroxene and olivine
and minor Fe-Ti oxides. Texture showing clinopyroxene
cores with radiating plagioclase laths is present in some
samples.

Porphyritic pillow and massive olivine basalts with in-
tersertal to intergranular texture:

e Phenocrysts are partially replaced by albite or chlorite.

e Secondary veins and amygdules of carbonate, quartz and
chlorite.

2.4.8 Saga and Sangsang

Lherzolite and harzburgite:

e Serpentinised near faults or shear zones.

e Large olivine and pyroxene grains show minor folds or
kinks and undulatory extinction: mantle deformation.

¢ Olivine inclusions in pyroxene, minor euhedral spinel.

e Recrystallised, interstitial olivine around clinopyroxene,
olivine + clinopyroxene symplectite around orthopyrox-
ene, orthopyroxene + spinel symplectite and vermicular
spinel: melt-rock interactions.

2 Ophiolite Around the Indian Plate Margin

Minor chlorite, actinolite, carbonate and prehnite: sec-

ondary alteration and metasomatism.

Gabbro:

e Plagioclase altered to albite + prehnite, clinopyroxene
replaced by metamorphic green amphibole or minor
chlorite: low-temperature metamorphism.

Mafic to intermediate lava:

¢ Clinopyroxene altered to actinolite and chlorite, plagio-
clase microlites and glomerocrysts with pyroxene inclu-
sions altered to albite, prehnite and/or sericite: low-
temperature alteration.

e Amygdules filled with chlorite, quartz and carbonate,
veins of carbonate and chlorite: secondary alteration.

e Uppermost part brecciated.

Diabase:

e Minor secondary actinolite needles and epidote.
Amphibolite:

e Cloudy plagioclase, metamorphic green hornblende and
minor oxides and titanite are highly altered to albite-
prehnite-epidote-chlorite assemblages.

Sandstone:

e Clasts of deformed quartz, feldspar, pseudomorphs of

pyroxene and hornblende with actinolite and chlorite,

spinel, felsic plutonics, mafic to intermediate volcanics,
rare radiolarian chert and carbonate oolite and minor
chlorite and carbonate: low temperature alteration.

249 Xigaze

Foliated and serpentinised, spinel and clinopyroxene bear-

ing dunite, harzburgite and lherzolite:

e Porphyroclastic  orthopyroxene with clinopyroxene
lamellae surrounded by granoblastic olivine showing slip
planes and kink bands, or granular orthopyroxene and
olivine with interstitial Cr-diopside: mantle deformation.
Pillow basalt with intersertal texture:

e Altered and contains vesicles with quartz, calcite, chlorite
and/orepidote.

Diabase:

e Rare hornblende phenocrysts: hydrous magma.

e Subordinate glass and opaques in the groundmass, sec-
ondary actinolite and clay minerals.

2.4.10 Luobusa

Diopsidic harzburgite with porphyroclastic texture:

e Rare olivine porphyroclasts with orthopyroxene inclu-
sions show deformation lamellae and kink bands: mantle
deformation.



2.4  Summary of Petrographic Features

e Fine-grained olivine neoblasts in the granoblastic matrix
surrounding subhedral to anhedral orthopyroxene por-
phyroclasts with clinopyroxene lamellae: olivine replaces
orthopyroxene.

e Accessory chromite occurs as euhedral inclusions in
olivine and anhedral, ubiquitous grains in the matrix.

2.4.11 Andaman

Foliated, serpentinised mantle tectonite:

e Resorbed orthopyroxene porphyroclasts with olivine and
chromite inclusions surrounded by olivine neoblasts;
embayed diopside grains surrounded by orthopyroxene:
mantle melting reactions.

Layered ultramafic—-mafic cumulates:

e Sieve-textured olivine and resorbed chromite;
unaltered olivine and euhedral chromite.

e Lherzolite cumulates contain resorbed orthopyroxene.
less altered diopside-augite with olivine, orthopyroxene
and chromite inclusions.

some

e Cumulate gabbro contains olivine and orthopyroxene in
some samples, saussuritised plagioclase and uralitised
and chloritised pyroxene and accessory magnetite-
ulvospinel.

Intrusive gabbro and dolerite:

e Clinopyroxene altered to amphibole and plagioclase is
saussuritised, minor hornblende altered to chlorite and
accessory magnetite andilmenite.

Basaltic volcanics with subophitic, intersertal or vitro-
phyric groundmass:

e Phenocrysts of augite and olivine near the base, and
augite and plagioclase near the top.

e Groundmass consists of albite, epidote, chlorite, altered
glass and magnetite, with glass droplets and intricate veins
of carbonate and silica and zeolite in the upper lavas.
Sediments:

e Chert contains microcrystalline quartz, clay and iron
oxides.

e The pelagic sediments consist of micritic foraminiferal
limestone and carbonate-bearing red clay.
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