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a  b  s  t  r  a  c  t

The  Naga  Ophiolite  Belt is a part  of the  Naga-Arakan-Yoma  flysch  trough  that  occurs  along  the
Indo-Myanmar  border.  It  is  represented  by peridotites,  mafic-ultramafic  cumulates,  mafic  volcanics,
mafic  dykes,  plagiogranites,  pelagic  sediments  and minor  felsic  to intermediate  intrusives.  Minor
plagiogranites,  gabbros  and  thin  serpentinite  bands  occur  juxtaposed  near  Luthur,  with  the  slate-phyllite-
metagreywacke  sequence  (Phokpur  Formation)  adjacent  to the  contact.  The  development  of tonalites,
trondhjemites  and  diorites  in  the  oceanic  crust,  which  is grouped  as  plagiogranites,  offers  an  opportunity
to  study  the  process  of  formation  of  silicic  melts  from  mafic  crust.  Plagiogranites  from  Naga  Ophiolite  Belt
contains  moderate  SiO2 (51.81–56.71  wt.%),  low  K2O  (0.08–1.65  wt.%)  and  high  Na2O  (4.3–5.03  wt.%).  The
Naga  Ophiolite  Belt  plagiogranites  like  ocean-ridge  granites  contain  low  K2O,  high  Na2O  and  CaO.  The
rocks  investigated  from  Naga  Ophiolite  Belt  contain  TiO2 concentrations  above  the  lower  limit  for  frac-
tionated  Mid  Oceanic  Ridge  Basalt  which  is above  1  wt%  of  TiO2 and  the ternary  plots  of  A (Na2O  + K2O)
F(FeOT) M(MgO)  and  TiO2-K2O-SiO2/50  indicate  that the  plagiogranite  are  tholeiitic  in  character  and
gabbro  samples  are  calc-alkaline  in  nature.  The  plagiogranites  are  enriched  in  Rb,  Ba,  Th,  U,  Nb  and  Sm
against  chondrite  with  negative  anomalies  on  Sr and  Zr  whereas  Y  and  Yb  are  depleted  to Mid  Oceanic
Ridge  Basalt.  The  chondrite  normalized  REE  patterns  of  the  plagiogranite  display  enrichments  in LREE
(LaN/SmN: 2.37–3.62)  and  flat  HREE  (Eu/Eu*:  0.90–1.06).  The  Mid  Oceanic  Ridge  Basalt  normalization  of

gabbro  is  characterized  by strong  enrichment  of LILE  like  Ba and  Th.  The  REE  pattern  is  about  50–100
times  chondrite  with  slight  enrichment  of  LREE  (LaN/SmN = 2.21–3.13)  and flat  HREE  (Eu/Eu*:  0.94–1.19).
The major-element  and  trace  element  data  of the  NOB  plagiogranites  and  their  intrusive  nature  with
host  gabbroic  rock  suggest  that  the plagiogranites  were  produced  by fractional  crystallization  of  basaltic
parental  magmas  at Mid  Oceanic  Ridge.

© 2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Ophiolite section is an oceanic magmatic complex which
omprises of ultramafic rocks at the bottom like serpentinized
arzburgite, lherzolite and dunite, overlain by gabbroic rocks
hich form beneath extrusive rocks, such as basalts, with or with-

ut sheeted dykes and deep-sea pelagic sediments at the top
Robertson, 2002). Ophiolites preserve momentous evidences for

ectonic and magmatic processes from rift-drift through accre-
ionary and collisional stages of continental margin evolution in
arious tectonic settings. Ophiolites of the world might have orig-

∗ Corresponding author.
E-mail address: nayak.ranjit213@gmail.com (R. Nayak).

ttp://dx.doi.org/10.1016/j.chemer.2016.11.001
009-2819/© 2016 Elsevier GmbH. All rights reserved.
inated at different tectonic settings, either at the mid-ocean ridge
(MOR) settings characterized by fertile mantle and Al-rich spinel or
at the suprasubduction-zone (SSZ) environments affinity marked
by refractory mantle character and Cr-rich spinel (Pearce et al.,
1981; Dick and Bullen, 1984).

World’s best-known ophiolites (on-land remnants of oceanic
lithosphere) have petrologic and geochemical characteristics that
suggest the formation above a subduction zone, an environment
of formation known as a suprasubduction-zone environment (e.g.,
Pearce et al., 1984). In addition, many suprasubduction-zone ophi-
olites appear to have been formed shortly after the initiation of

subduction in a nascent arc environment, where oceanic crust
formed in concert with significant extension over a subducting
slab that was  rolling back (Stern and Bloomer, 1992). Most ophio-
lite researchers ascribe to the tectonic model of Stern and Bloomer

dx.doi.org/10.1016/j.chemer.2016.11.001
http://www.sciencedirect.com/science/journal/00092819
http://www.elsevier.de/chemer
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemer.2016.11.001&domain=pdf
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dx.doi.org/10.1016/j.chemer.2016.11.001
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ig. 1. JPG: Simplified geological map  of Naga Ophiolite Belt (NOB), (a) Geological m
phiolite Belt, Nagaland, Northeast India (after GSI Memoirs vol.119, 1986).

1992) or variations on that model (e.g., Shervais, 2001; Dilek and
lower, 2003), in which emplacement of the suprasubduction-zone
phiolite takes place over the same subduction zone above which
he ophiolite formed. In recent years the study of ophiolites has
layed an important role in better understanding the overall pro-
ess of mid-ocean ridge and subduction zone, mantle dynamics,
agma  chamber processes, fluid-rock interactions in oceanic litho-

phere, the role of plate tectonics and plume tectonics in crustal

volution. Ophiolites preserve information about the chemistry
nd spreading of the oceanic crust that formed earlier to oroge-
esis (Shervais, 2001; Schroetter et al., 2003; Tremblay et al., 2009)
nd also record the nature and duration of the tectonic process by
f northern part of Naga Ophiolite Belt; (b) Geological map  of southern part of Naga

which oceanic lithosphere is emplaced onto a continental margin
(Tremblay et al., 2011).

The term ‘plagiogranite’ describes a leucocratic rock made
primarily of plagioclase and quartz, with minor ferromagnesian
minerals, virtually devoid of K-feldspar and with very low bulk
K2O typically around 0.2% (Coleman and Peterman, 1975; Amri
et al., 1996; Koepke et al., 2007). Small-volume of felsic magmatic
rocks associated with ophiolitic complexes has compositions rang-

ing from granite through trondhjemite and tonalite to diorite and
are collectively referred to as oceanic plagiogranites (Coleman and
Peterman, 1975; Aumento, 1969; Casey, 1997; Silantyev, 1998;
Dick et al., 2000; Koepke et al., 2004). Normally, plagiogranites
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ccur as intrusive bodies of various sizes and forms in the upper
ortions of the plutonic ophiolite sequence and are related with

ayered or massive gabbros. Three different processes have been
uggested for the origin and development of plagiogranites in the
ceanic environment. The formation of oceanic plagiogranite has
een attributed primarily to either 1) extreme fractional crystal-

ization of a mantle melt (Coleman and Peterman, 1975; Coleman
nd Donato, 1979; Pallister and Knight, 1981) e.g. like Saikara-
an  Ophiolite, Turkey (Floyd et al., 1998); Evros Ophiolite, Greece

Bonev and Stampfli, 2009); Nain Ophiolite (Razaei et al., 2012),
r 2) partial melting of hydrated mafic crust (Gerlach et al., 1981;
pulber and Rutherford, 1983) as evidence from Canyon Ophio-
ite (Gerlach et al., 1981), Troodos Ophiolite (Gillis and Coogan,
002) and 3) under certain conditions, as immiscible liquids coex-

sting with mafic melts (Philpotts, 1976; Dixon and Rutherford,
979); as recorded in Andaman Ophiolite (Shastry et al., 2001).
any supportive evidences and arguments from field observations

nd melting experiments, for the partial melting were given by the
ecent study of Grimes et al., 2013. However, the most common
rocess of formation of plagiogranites in the ophiolites is fractional
rystallization (Gerlach et al., 1981, and the references there in). It
s obvious that a single process is not responsible for the forma-
ion of plagiogranites but a combination of two  or more processes.
enerally felsic/intermediate rocks with a similar chemistry and
etrography to plagiogranites are also a relatively common occur-
ence in modern, and analogous, ancient oceanic settings such as
id-ocean ridges (e.g. Indian Ocean Ridge, Engel and Fisher, 1975),

sland arcs (e.g. Oman, Alabaster et al., 1982; Canyon Mountain,
erlach et al., 1981) and back-arc basins (e.g. Bay of Islands, Malpas,
979; S. Chile, Saunders et al., 1979). Plagiogranites in ophiolites
ave received less attention than volcanic rocks and sheeted dykes.

Naga Ophiolite Belt (NOB) is exposed as an arcuate belt (Fig. 1)
etween the Disang Formation to the west and the Nimi Forma-
ion to the east of the belt. The ophiolites have tectonic contacts on
ither side with evidence of their transport into and onto the Disang
ysch and, in turn have been over-ridden by the Nimi Formation.
arts of the ophiolites of numerous sizes are arranged in NE-SW/N-S
rending ‘en echelon’ outlines with parallel to sub-parallel tec-
onic interrelations. Although they are not preserved in a sequential
rder typical of other ophiolite sections in the Tethyan domain (e.g.
email, Oman Mountains), it is obvious from field oddity that a
ystematic order might have existed prior to their emplacement.
he belt composed of a range of Mesozoic and Cenozoic rocks that
riginated in the India-Myanmar convergent plate boundary. These
ocks do not constitute a continuing sheet, but made up of units
andomly put together along faults or they consist of lensoid slices
nterbedded with Disang Group (Bhattacharjee, 1991).

Plagiogranites in NOB are very poorly studied and no detail work
as been carried out by any agency or individual earlier and their
rigin is not clear. Therefore, the present study aims to characterize
he petrography, whole-rock major and trace element geochem-
stry with an objective to decipher the genesis and possible tectonic
nvironment of formation of plagiogranite and also compare the
elation of plagiogranite with the gabbroic rocks in NOB.

. Geological setting

The belt is exposed along the eastern part of Nagaland with tec-
onic contacts on either side. Ophiolite belt and associated rocks
f Nagaland are broadly classified into three distinct tectono-
tratigraphic units, viz., (1) the Nimi Formation consisting of low

o medium-grade accretionary wedge metasediments of possible

esozoic age, (2) the Naga Ophiolite Belt and (3) the Disang For-
ation consisting of a thick pile of folded Late Cretaceous-Eocene

ysch-type sediments (Ghose et al., 2014).
 Erde 77 (2017) 183–194 185

2.1. Nimi formation

The low-grade metasediments of Nimi Formation probably
representing the accretionary wedge, and its underlying Naga
Metamorphics rocks is thrusted over the NOB from the east. The
formation consists of phyllite, limestone, feldspathic quartzite and
quartz sericite schist. The sequence is folded in the form of a major
NNE trending overturned anticline. Extensive occurrence of lime-
stone about 140–220 m thick has been noted with the development
of stalactites and stalagmites (Agrawal and Ghose, 1986). Presence
of mylonitic limestone showing flattened quartz and carbonates
suggests its formation under extreme pressure as a result of over-
thrusting (Ghose et al., 2014).

2.2. Ophiolite belt

The NOB located at the Indo-Burman orogenic belt is a
rootless block covering nearly 1000 km2 with general trend
of NNE-SSW. It comprises of dismembered and imbricated
sheets of mantle derived serpentinised peridotite tectonite
(dunite–harzburgite–lherzolite), mafic-ultramafic cumulates
(peridotite–norite–gabbro norite–gabbro–hornblende gabbro
plagiogranite–anorthosite), minor dolerite, volcanics and volcan-
oclastics dominated by basalt and spilite with intrusive felsic
veins, and marine sediments containing radiolaria (Agrawal and
Kacker, 1980; Chattopadhyay et al., 1983; Agrawal and Ghose,
1986; Venkataramana et al., 1986; Ghose and Agrawal, 1989;
Ghose et al., 2010). They are intermingled with oceanic sediments
like chert, limestone and greywacke with minor intrusives. The
associated pelagic sediments include chert and limestone that are
often inter-bedded with the volcanics. The ultramafics are the
predominant rock type of the belt. The sheeted dykes, which are
considered as important components in ophiolitic complexes, are
absent (Singh et al., 2016). The cumulate mafic and ultramafic rocks
form an intermediate zone between upper mantle peridotites and
volcanics of the oceanic crust (Ghose et al., 2010).

2.3. Disang formation

The Disang Group of rocks is the oldest of the Tertiary suc-
cession of Nagaland. They occur between the Ophiolite complex
and the Haflong-Disang Thrust. The lower contact of this Group is
not exposed whereas it conformably passes upward into the Barail
Group. They comprise dark to black carbonaceous and ferruginous
concretionary shales with thin beds of siltstone and sandstone. The
Disangs are divided into two formations—the Lower and Upper. The
Lower Disang is made up of shale intercalated with thin flaggy sand-
stone while the Upper Disang has a proportionately greater volume
of sandstone. The thickness varies between 2000 m to over 3000 m.
The rocks have yielded Cretaceous fauna from the lower part and
late Eocene Nummulites from the upper part. The Disang Group is
interpreted to have been deposited as deep sea fans. The NE-SW
contact between the ophiolite belt and Disang Flysch in the west
is marked by brecciation, silicification, fault gauge, ferrugination
and intermixing of litho-units. The Disang Flysch is an approx-
imately 3000-m thick, typical allochthonous turbidite sequence
representing trench deposits derived from the hinterlands of the
northeastern part of the Indian shield of Proterozoic age (Shillong
Plateau and Mikir Hills Massif) and the Sino–Myanmar highlands.

It is dominantly composed of shale, slate, phyllite, and schist with
rare fossils at the base, passing upward into relatively coarser and
thicker sandstone, calcareous shale and olistromal limestone rich
in microfauna to the south in Manipur
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Fig. 2. JPG: Photomicrographs of NOB plagiogranites and gabbros showing (a) hypidiomorphic texture with laths of plagioclase and sericite replacing plagioclase, (b)
occurrence of titanite (sphene) along with plagioclase, quartz and opaques (c) corrosion of hornblende along the cleavage plane, (d) micrographic intergrowths of quartz
a hotom
a  Cpx-c
C
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m
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nd  plagioclase and vermicular blebs of quartz within the plagioclase crystal. (e) P
nd  opaques (f) poikilitic texture observed in gabbro. Abbreviations: Pl-plagioclase;
al-Calcite; Opq-opaque.

. Field relations and petrography

Plagiogranite occurs as intrusive bodies in the mafic and ultra-
afic cumulates and mafic volcanics in various localities in the
tudy area. Plagiogranite occurs as an elongated body, with a
aximum length of about 180 m and width of 100 m,  within

ractured basalt (Fig. 1a). Minor plagiogranites, gabbros and thin
erpentinite bands occur juxtaposed along with the slate-phyllite-
icrograph of NOB gabbro showing intergranular texture of plagioclase, pyroxenes
linopyroxene; Biot-biotite; Chl-Chlorite; Qzt-quartz; Sp-Sphene; Amp-Amphibole;

metagreywacke sequence (Phokpur Formation) adjacent to the
contact. The trends of these intrusives are conformable with the
major joints and fractures in the area (NNE-SSW and EW). South-
ern part of the NOB at Reguri (Fig. 1b), the plagiogranite display both

intrusive as well as gradational relation with the gabbro. But there
is no chilled margin or any baking effect visible in the wall rocks.
Calcite veins were found intruded into the plagiogranites where
a number of cavities formed on the exposures. They also occur as
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Table  1
Major oxides, trace and REE composition of plagiogranite from NOB. (Sample No: NOL5, 7, 14, 20 and NOR27 are intruded into basalt; Sample No: NOL15,16 and NOR29 are
intruded into gabbro; Sample No: NOR9 and NOR11 are intruded into serpentinite).

Sample NOL5 NOL7 NOL14 NOL15 NOL16 NOL20 NOR9 NOR11 NOR27 NOR29

SiO2 54.78 56.71 52.22 51.87 51.98 52.25 53.01 52.55 52.43 51.81
TiO2  1.5 1.24 1.63 1.44 1.74 1.69 1.23 1.83 1.33 1.76
Al2O3  13.86 14.47 13.68 14.11 14.14 14.72 14.35 13.42 13.75 13.28
Fe2O3t 12.08 11.18 13.35 14.57 13.33 13.02 13.25 12.74 13.21 13.37
MnO  0.2 0.18 0.18 0.21 0.19 0.23 0.19 0.18 0.17 0.17
MgO  2.26 1.74 3.11 3.01 3.29 3.12 3.27 3.26 4.89 5.15
CaO  4.18 4.35 4.13 4.06 5.07 4.23 5.67 5.57 3.26 3.65
Na2O  5.03 4.3 4.43 4.46 4.7 4.67 4.68 4.81 4.39 4.37
K2O  0.86 1.65 0.79 0.25 0.77 0.65 0.29 0.19 0.11 0.08
P2O5  0.49 0.45 0.55 0.5 0.43 0.21 0.42 0.41 0.79 0.41
LOI  3.01 2.42 4.22 4.10 3.23 4.27 2.46 4.34 3.93 4.50
Total  98.25 98.69 98.29 98.58 98.87 99.06 98.82 99.3 98.26 98.55
Mg#  30.4 26.6 35.2 32.5 36.5 35.8 36.5 37.4 46.3 47.3
Ba  432 662 449 287 375 345 430 175 396 299
Cr  64 92 38 67 46 56 58 71 120 72
V  77 66 92 78 147 230 80 159 145 138
Sc  29 25 34 36 32 30 33 34 37 36
Co  11 10 21 15 24 25 20 28 26 31
Ni  54 56 55 54 60 65 58 56 69 57
Cu  24 24 32 28 50 70 24 36 46 40
Zn  143 152 74 123 121 134 150 149 148 175
Ga  30.12 29.69 30.94 32.02 28.72 29.3 30.94 28.24 25.99 31.79
Pb  4.9 4.7 4.5 5.1 5.14 5.1 4.8 4 5.2 4.8
Th  6.82 8.91 6.59 9.21 6.92 6.35 7.23 6.3 6.88 6.95
Rb  22 45 22 8 20 24 20 5 5 2
U  0.91 1.06 0.89 0.8 0.87 0.91 0.8 0.79 0.8 0.79
Sr  177 360 247 220 183 170 178 134 372 365
Y  47 47 47 47 40 48 47 38 42 41
Zr  285 280 270 290 235 220 280 213 201 232
Nb  58.6 58 55.7 59.6 48.67 42.23 40.23 41.1 40.6 49.7
La  28.2 48.5 43.6 48.3 20 26.2 47.3 33 18.6 27.2
Ce  54 84.9 82.1 82.3 37 55 82.3 60.5 33.9 50.7
Pr  6.5 9.7 9.4 9.5 5.5 5.7 9.2 7.5 4.5 5.9
Nd  26.2 37.4 36.8 37.5 16.5 27.3 38.4 28.9 16.34 22.5
Sm  6.3 8.42 8.64 8.42 5.3 6.2 8.23 7.02 4.23 4.84
Eu  2.11 2.82 2.64 2.61 1.5 2.1 2.59 2.3 1.5 1.7
Gd  7.02 8.96 9.42 8.72 4.9 7.2 8.5 7.4 4.45 5.31
Tb  1.08 1.33 1.41 1.31 0.9 1.5 1.23 1.25 0.7 0.8
Dy  6 7.12 7.88 6.81 4.25 7 7 5.63 3.62 4.32
Ho  1.12 1.49 1.45 1.37 0.8 1.2 1.47 1.33 0.8 0.82
Er  2.68 3.52 3.43 3.17 1.7 2.58 3.26 2.9 1.7 2.02
Tm  0.37 0.5 0.48 0.45 0.28 0.46 0.43 0.4 0.3 0.28
Yb  2.23 3.03 2.89 2.57 1.43 2.4 2.56 2.34 1.5 1.74
Lu  0.32 0.41 0.42 0.36 0.33 0.4 0.39 0.3 0.21 0.24
�REE  144.13 218.1 210.56 213.39 100.39 145.24 212.86 160.77 92.35 128.37
LaN/SmN 2.82 3.62 3.17 3.61 2.37 2.66 3.62 2.96 2.77 3.54

.43 

.90 

.80 

s
i
r
f

3

g
d
m
b
s
g
p
w
e
o
t
w

LaN/YbN 8.53 10.79 10.17 12.67 9
Eu/Eu* 0.97 0.99 0.89 0.93 0
A/CNK 0.82 0.87 0.88 0.94 0

lices within the Disang shale near by a stream. Plagiogranite found
n the study area are mostly leucocratic and show felsic and mafic
atio in variable proportions and these rocks show plagioclase laths
orming an intergranular texture with mafic minerals.

.1. Plagiogranites

Plagiogranites from the study area are medium to coarse
rained, showing variation in the mafic to felsic mineral abun-
ances across the outcrops. The plagiogranites are essentially
ade up of plagioclase, clinopyroxene, ±orthopyroxene, amphi-

ole, apatite, less quartz, biotite, carbonates (calcite), opaques and
econdary chlorite. These rocks show wide variation in texture from
ranophyric to hypidiomorphic. But intergranular to hypidiomor-
hic texture is common. Plagioclase is the most dominant mineral,
hich are partially to completely altered and are mostly tabular,
uhedral to subhedral grains with occasional zoning. The majority
f the plagioclase fall within the albitic composition and are mostly
winned on simple albite law. Plagioclase laths form the framework
ith interstitial spaces filled up by mafics and chlorite (Fig. 2a)
7.36 12.46 9.51 8.36 10.54
0.96 0.95 0.98 1.06 1.03
0.92 0.78 0.06 1.04 0.95

which are usually bent and sometimes crushed within a matrix of
quartz and sericite. Clouding of the plagioclases is due to serici-
tisation which is a common feature. Saussuritisation is observed
towards the core of the plagioclase crystal with profuse calcite. Sec-
ondary mineralization comprises mainly chlorite, epidote, quartz,
subordinate amounts of calcite and sphene (titanite) (Fig. 2b).

Quartz invariably forms as an anhedral, partly enclosing in ear-
lier feldspar and also occurs as interstitial grains. Primary mafic
phases such as biotite and amphibole are rarely preserved and com-
monly replaced by chlorite. Hornblendes mostly occur as corroded,
prismatic grains, which are partly altered to chlorite and epi-
dote especially along grain boundaries and fracture planes. Biotite
occurs in small amounts as subhedral to interstitial masses and
partly altered to chlorite and iron oxides. Apatite occurs as small
prisms with normal characters. Opaque minerals are abundant
represented by ilmenite and magnetite. They occur as both replace-

ment along cleavage planes of hornblendes (Fig. 2c) and ex-solution
products in clinopyroxenes, largely increasing in abundances with
a high presence of both the primary and secondary ferromagnesian
minerals. The plagiogranites is characterized by the occurrence of
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Fig. 3. TIF: P-Q Diagram of NOB plagiogranite (after Debon and Le Fort, 1983)
go:gabbro, diorite, anorthosite; mzgo: monzogabbro, monzodiorite; mz:monzonite;
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Fig. 4. TIF: Normative quartz-plagioclase-orthoclase ternary diagram showing
divisions of diorite (<5% quartz), quartz diorite (5%–20% quartz) and tonalite-
: syenite; dq:qtz diorite, qtz gabbro, qtz anorthosite; mzdq:qtz monzodiorite, qtz
onzogabbr; mzq:quartz monzonite; sq:quartz syenite, to tonalite, trondhjemite;

d:granodiorite, granogabbro; ad:adamellite; gr:granite.

nterstitial vermicular and micrographic intergrowths of quartz and
lagioclase feldspar (Fig. 2d). The occurrence of secondary miner-
ls like chlorite, muscovite and calcite indicates that the rocks have
ndergone greenschist metamorphism.

.2. Gabbros

The gabbros form NOB are mesocratic, massive, fine to coarse
rained. In coarse grain rocks, feldspar grains are prominent and
ppear as dirty white in colour and in fine to medium grained
abbroic rocks display well developed layering with preferred ori-
ntation by plagioclase laths. Gabbro samples from study area
re made up of various proportions of plagioclase, clinopyroxene,
livine, orthopyroxene, hornblende and opaques having hypid-
omorphic texture with large, subhedral, partially to completely
aussuritised plagioclase which encloses resorbed oikocrysts
f clinopyroxene, orthopyroxene, hornblende and opaque. The
bserved textures are porphyritic, poikilitic, ophitic, cumulus,
esh, inequigranular and interlocking. In most thin sections the
inerals are optically strain free (Fig. 2e). Hornblende is rimmed

y secondary chlorite and magnetite. They have a hypidiomor-
hic texture with an interlocking mosaic of subhedral plagioclase,
linopyroxene, olivine, and rare orthopyroxene.

Clinopyroxene occurs as subhedral to euhedral crystals inter-
rown with plagioclase (Fig. 2f), or it is involved within the
rimary greenish-brown amphibole. Secondary actinolite replaces
yroxene rims, or is present in the interstices after primary
mphibole. Both plagioclase and pyroxene are poikilitically
nclosed in primary amphibole. The crystallization order is plagio-
lase → plagioclase + clinopyroxene → amphibole. The gabbro has
xperienced a variable overprint of ocean floor hydrothermal alter-
tion and/or weak greenschist metamorphism.
. Analytical techniques

The bulk rock (major oxides and trace elements) analyses for
1 representative samples of plagiogranites and gabbros were
trondhjemite (>20% quartz); note that the NOB plagiogranites are largely quartz
diorite.

determined by Wavelength-dispersive X-ray Fluorescence (XRF)
Spectrometer (WDXRF, Siemens SRS 3000). The rare earth ele-
ment (REE) concentrations of the studied samples were analyzed
by Inductively Coupled Mass Spectrometry (ICP-MS, ELAN DRC-
E, Perkin Elmer). Both the major oxides and trace elements were
analyzed at the Wadia Institute of Himalayan Geology (WIHG),
Dehradun India. The standard used for XRF and ICPMS is JG-2
(Japan). For XRF analyses the analytical precision is within ±2%–3%
for major elements and ±5%–6% for trace elements, and for the
ICP-MS analyses accuracy is within 2%–12% and precision varies
between 1% and 8%.

The whole rock geochemistry of representative plagiogranites
and gabbro samples are presented in Tables 1 and 2. A relatively
high loss on ignition (LOI) in plagiogranites and gabbros attest to the
inconstant degree of alteration. Therefore, the immobile trace ele-
ments like Nb, Ti, Zr and V along with REE data (Bonev and Stampfli,
2009) is used for petrogenesis and geochemical signatures.

5. Bulk rock geochemical results

5.1. Plagiogranites

Petrochemical data of plagiogranites (Table 1) show SiO2 con-
tent from 51.81 to 56.71 wt.%, high TiO2 (1.23–1.83 wt.%) and
CaO (3.26–5.67 wt.%), low K2O (0.08–1.65 wt.%), moderate Al2O3
(13.28–14.72 wt.%). The analysis of the plagiogranites reveals that
it contains sufficient water, with LOI ranging from 2.42 to 4.50 wt.%.
These rocks have higher content of TiO2, Fe2O3 and MgO  as com-
pared to continental trondhjemites (Saunders et al., 1979; Jaques
and Chappell, 1980). The higher content of Al2O3 in the plagiogran-
ites is likely due to plagioclase accumulation. The plagiogranites are
subdivided into three groups, i.e. diorites (0–5%), quartz diorites
(5–20%), and tonalites/trondhjemites (20–60%) based on the pro-
portion of quartz, K-feldspar and plagioclase (Streckeisen, 1973).
In P-Q diagram (after Debon and Le Fort, 1983) and the normative
quartz-plagioclase- orthoclase triangular diagram of NOB samples,
mostly fall in the quartz diorite field (Figs. 3 and 4). High content
of TiO is reflected by the presence of titano-magnetite/ilmenite
2
in the samples. Low content of potassium is an important chemi-
cal characteristic in most of the ophiolites. The plagiogranites from
NOB differ from the continental trondhjemites by having metalu-
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Table  2
Major oxides, trace and REE composition of gabbro from NOB.

Sample NOL1 NOL8 NOL11 NOL27 NOL31 NOR13 NOR14 NOR15 NOR19 NOR37 NOR42

SiO2 49.94 49.74 48.66 49.77 49.9 47.62 49.63 48.34 49.37 47.66 48.22
TiO2  2.01 2.43 1.94 2.53 2.11 2.18 1.16 1.78 1.83 1.16 1.9
Al2O3  14.34 14.13 14.45 14.34 14.29 13.82 14.66 13.75 13.09 14.44 13.84
Fe2O3t 12.06 13.49 13.35 13.50 12.56 13.63 9.04 12.86 13.09 9.74 12.74
MnO  0.18 0.19 0.2 0.19 0.2 0.17 0.13 0.18 0.17 0.13 0.18
MgO  4.25 3.41 5.23 3.72 4.44 6.54 7 7.36 6.46 9.36 7.19
CaO  6.12 5.62 7.06 5.5 6.15 6.37 9.87 6.33 6.36 8.52 6.39
Na2O  5.14 4.92 4.62 4.97 5.24 4.08 4.58 4.53 4.28 4.07 4.5
K2O  1.11 0.54 0.21 0.67 1.17 0.62 0.4 0.2 0.43 0.19 0.22
P2O5  0.38 0.38 0.24 0.49 0.37 0.19 0.13 0.18 0.23 0.11 0.25
LOI  2.95 3.50 2.83 3.5 3.02 3.23 3.15 3.08 4.26 3.78 3.35
Total  98.48 98.35 98.79 99.18 99.45 98.45 99.75 98.59 99.57 99.16 98.78
Mg#  45.1 37.1 47.7 39.1 45.2 52.8 64.3 57.2 53.5 69.1 56.8
Ba  412 279 104 220 402 514 191 315 520 163 375
Cr  54 54 41 60 62 39 139 100 120 695 171
V  231 238 249 120 160 317 203 121 160 182 245
Sc  33 33 34 30 35 38 37 37 33 34 41
Co  40 31 38 35 12 51 32 23 33 43 42
Ni  71 58 69 51 57 71 94 62 70 162 91
Cu  94 85 66 50 20 95 108 44 109 115 104
Zn  122 142 91 140 154 123 80 127 125 93 142
Ga  24.67 28.4 25.21 33.1 26.02 22.11 17.97 30.63 22.01 17.62 22.57
Pb  5 4.8 7 4.5 4.7 7.2 4.3 5.9 3.8 3.4 4.3
Th  3.18 7.21 6.5 6.2 6.6 2.94 2.8 7.34 6.2 2.58 3.36
Rb  24 12 4 21 23 13 13 8 12 6 6
U  0.9 0.8 0.75 0.87 0.95 0.8 0.88 0.8 0.88 0.84 0.79
Sr  111 96 68 98 110 273 203 244 204 210 314
Y  30 35 24 48 32 19 15 42 22 12 27
Zr  155 215 154 223 229 98 62 251 60 63 125
Nb  34.9 43.9 30 52 53 18.6 12 52.5 12 12.6 26
La  20 31.5 19.6 33.6 33.2 21.2 14.7 9.5 18.8 23.9 26.4
Ce  38 59.3 37.6 66 65.1 41.6 27.3 18.7 34.3 47.9 52
Pr  4.5 6.9 4.5 8 7.8 5.1 3.3 2.4 4.2 6 6.4
Nd  17.8 27.1 17.5 32.6 33.5 20.7 13.3 10.2 16.6 25 26.5
Sm  4.44 6.33 4.27 7.8 8 5.08 3.41 2.71 4.15 6.14 6.36
Eu  1.55 2.15 1.66 2.54 2.9 1.72 1.34 1.15 1.6 2.05 2.14
Gd  4.96 7.02 4.9 8.73 8.5 5.66 3.55 3.22 4.33 6.95 7.18
Tb  0.75 1.07 0.77 1.35 1.39 0.89 0.55 0.51 0.68 1.08 1.11
Dy  4.27 6.1 4.35 7.54 7.8 4.95 2.94 2.89 3.64 6.05 6.07
Ho  0.79 1.11 0.81 1.46 1.33 0.95 0.6 0.57 0.76 1.15 1.16
Er  1.87 2.73 1.98 3.51 3.6 2.3 1.4 1.36 1.8 2.78 2.75
Tm  0.25 0.38 0.27 0.48 0.3 0.32 0.2 0.19 0.26 0.39 0.38
Yb  1.53 2.35 1.63 2.99 2.8 2.03 1.15 1.13 1.49 2.42 2.36
Lu  0.23 0.34 0.24 0.43 0.44 0.29 0.16 0.16 0.204 0.34 0.33
�REE  100.94 154.38 100.08 177.03 176.66 112.79 73.9 54.69 92.81 132.15 141.14
LaN/SmN 2.83 3.13 2.89 2.71 2.61 2.63 2.71 2.21 2.85 2.45 2.61
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LaN/YbN 8.81 9.04 8.11 7.58 7.99 

Eu/Eu* 1.01 0.99 1.11 0.94 1.08 

A/CNK 0.691 0.751 0.700 0.762 0.676 

inous character with molecular Al2O3/(CaO + Na2O + K2O) ratio
mol. A/CNK) < 1.

The studied plagiogranite samples show variable composi-
ion in trace elements, but high contents of Th (6.3–9.21 ppm),
o (10–31 ppm), Sc (25–37 ppm) and Cr (38–120 ppm) and low
ontent in Y (38–48 ppm) and Zr (201–290 ppm). The MORB nor-
alization (Pearce, 1983) of the samples shows that there is slight

nrichment of Rb, Ba, Th and Nb, are depleted in Ti and Yb (Fig. 5a).
he chondrite (Boynton, 1984) normalized (Fig. 5b) REE pat-
erns of the plagiogranite display enrichments in LREE (LaN/SmN:
.37–3.62) and with relatively flat HREE (Eu/Eu*: 0.89–1.06). The
EE chondrite normalized pattern is set about 70–200 times chon-
rite (�REE: 92.35–218.1 ppm).

.2. Gabbro
SiO2 abundances show a narrow compositional range (Table 2)
n the gabbro (47.62–49.94 wt.%) and associated with high TiO2
1.16–2.53 wt.%). CaO contents range from 5.5 to 9.87 wt.% and MgO
aries from 3.41–9.36 wt.%. With the exception of sample NOR37
7.04 8.62 5.67 8.51 6.66 7.54
0.98 1.18 1.19 1.15 0.96 0.97
0.727 0.567 0.718 0.684 0.645 0.720

where concentrations of Ni and Cr is 162 ppm and 695 ppm, but in
the other samples it varies from 51 to 94 ppm in Ni and Cr ranges
in 39 to 139 ppm. These concentrations do not meet the require-
ments for primary mantle melts (Ni > 200 ppm and Cr > 400 ppm),
which together with the range of Mg.  number (37.1–69.1) in the
gabbro implies processes of fractional crystallization. The MORB
(Pearce, 1983) normalization of gabbro is characterized by strong
enrichment of LILE like Ba (104–520 ppm) and Th (2.58–7.34 ppm)
(Fig. 6a). The REE pattern (about 50–100 times) chondrite, (Fig. 6b)
is LREE enriched (LaN/SmN = 2.21–3.13) and with flat HREE (Eu/Eu*:
0.94–1.19).

6. Discussion

SiO2-enriched plutonic rocks within the lower oceanic crust,
diorites and quartz diorites are believed to be generated by mag-

matic processes similar to those active in present-day mid-oceanic
ridges (e.g. Casey et al., 2007) and supra-subduction zone oceanic
basins (e.g. Shervais, 2001). But few others have indicated that pla-
giogranites may  represent partial melts (Malpas, 1979; Amri et al.,
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Fig. 5. (a) JPG: MORB normalized of trace element compositions of NOB plagiogran-
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tes (after Pearce, 1983). (b) JPG: Chondrite normalized of REE compositions of NOB
lagiogranites (Boynton, 1984).

996; Gillis and Coogan, 2002) and thus implies more complex set
f processes. Recently Koepke et al. (2004) supported the idea for
artial melting hypothesis and have shown that the low pressure
elting of hydrated oceanic gabbro produces plagiogranite melts.
The petrogenetic studies of gabbroic and plagiogranites of ophi-

lites are complicated by post-magmatic structural, mineralogical
nd chemical changes. Plagiogranites from the ophiolite suite are
ommonly associated with layered or massive gabbros that occur at
he top of the cumulate portion of ophiolites which represent sec-
ions of former oceanic crust (Coleman and Donato, 1979; Moores
nd Vine, 1971). Ophiolite assemblages commonly bear evidences
f hydrothermal alteration, due to intensive sea water circulation in
ub-seafloor environment (Spooner and Fyfe, 1973; Lecuyer et al.,
990), brecciation and later off-axis metamorphism (Liou and Ernst,
979). Apart from complex genetic history, there is also the diffi-
ulty in sampling of this rock type, but the lower degree of alteration
n granitic rocks when compared with mafic rocks counter balances
hese problems (Pearce et al., 1984).

The existence of myrmekitic texture in these rocks provide tex-
ural and chemical evidence for the simultaneous late stage growth
f quartz and plagioclase feldspar in an extremely differentiated
iquid derived from a low-K magma  (Coleman and Donato, 1979).
he high Na2O and low K2O in gabbro and plagiogranites are due to
xchange with sea water or late magmatic vapour-phase transport
Sinton and Byerly, 1980). Melts formed during fractional crys-

allization experiments using MORB compositions display slightly
ower K2O contents than the melts formed during melting experi-

ents (France et al., 2010). To differentiate between immiscibility,
ractional crystallization, and anatexis a ternary plot with SiO2/50-
Fig. 6. (a) JPG: MORB normalized of trace element compositions of gabbros (after
Pearce, 1983). (b) JPG: Chondrite normalized of REE compositions of gabbros
(Boynton, 1984).

TiO2-K2O as apexes can be used and indeed the melts formed during
partial melting can reach values exceeding 40% for the K2O apex and
below 20% of the TiO2 apex. During the lower temperature exper-
iments, the composition of the melt is below the line of saturation
for TiO2 in basaltic melts (Koepke et al., 2007). This can be used
to discriminate between gabbro melting (Koepke et al., 2004) and
hydrothermally altered dikes melting (Beard and Lofgren, 1991;
France et al., 2010) as only hydrothermally altered dikes melts
reach silica contents higher than 68 wt% for TiO2 concentrations
<0.5 wt%. Therefore, a combination of TiO2 versus SiO2 plot with a
ternary plot using SiO2/50-TiO2-K2O can be used to discriminate
on the origin of natural plagiogranites (France et al., 2010).

A distinctive feature observed in composition during experi-
mental partial melt of hydrated gabbro and diabase is low TiO2
concentration (<∼1  wt%) a diagnostic character of plagiogranite
formed through partial melting of mafic crust (France et al., 2010;
Koepke et al., 2007). The rocks investigated from NOB contain
TiO2 concentrations above the lower limit for fractional crystal-
lization of MORB (Koepke et al., 2007; Grimes et al., 2013) which
is above 1 wt% of TiO2 (Fig. 7). The ternary plots of AFM and TiO2-
K2O-SiO2/50 (France et al., 2009b, 2010; France and Nicollet, 2010)
indicate that the plagiogranite are tholeiitic in character and gab-
bro samples are calc-alkaline in nature (Fig. 8). Most of the samples
overlap both fractional crystallization of MORB and partial melting
of mafic ocean crust. The use of TiO2 vs SiO2 diagram and ternary
SiO2/50-TiO2–K2O diagram can help to discriminate on the pla-

giogranites origin but these diagrams have to be used with care,
these are complementary tools and can be combined with trace
element compositions (mainly REE; e.g., Luchitskaya et al., 2005;
Bonev and Stampfli, 2009; Brophy, 2008, 2009; Rollinson, 2009).
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s SiO2 (Koepke et al., 2007).

o, taking into consideration the behaviour of the trace elements
n these rocks is crucial as suggested, the modelling evidence that
iO2 versus REE systematics should differ for melts formed by frac-
ional crystallization and those formed by hydrous partial melting
eactions. The behaviour of REE is sensitive in large part to the pres-
nce of amphibole left behind in the residue, during hydrous partial
elting. Fractional crystallization produces a positive correlation

etween concentrations of SiO2 and REE, whereas hydrous melting
roduces flat or even decreasing REE trends with increasing SiO2
or plagiogranite and coexisting mafic crust.

The Harker’s diagram of plagiogranites and gabbros from NOB
isplay an increase in K2O, Yb, �REE, La and Zr (Fig. 9) with increas-

ng SiO2 and decrease in TiO2, CaO, MgO  and Sc with increasing SiO2.
hough Yb vs SiO2 does not clearly show an increasing trend with
iO2 but �REE and La against silica indicate fractional crystalliza-
ion rather than hydrous partial melting. The gradual increase of
iO2, K2O, �REE and Zr from gabbros to plagiogranites reflect that
t is generated by relict melt of basaltic magmas. The REE patterns of
lagiogranites and gabbros from NOB (Fig. 10) does not overlap, an

mportant evidence to suggest fractional crystallization processes
ontrolled in forming these rocks. The Nidar ophiolite plagiogran-
tes and gabbros is formed through fractional crystallization and

an be compared with the REE patterns of NOB plagiogranites
nd gabbros. But the Nidar ophiolite plagiogranites and gabbros
re depleted in LREE with positive and negative Eu anomaly. The
ncreases of

∑
REE from gabbro (119.69 ppm) to plagiogranites

ig. 8. TIF: Triangular diagrams; a) A (Na2O + K2O)-FeO-MgO discrimination for tholeiiti
lot  for plagiogranite origin (France et al., 2009b, 2010; France and Nicollet, 2010).
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(162.62 ppm) suggest that these rocks derived from common par-
ent magma. The close association of the plagiogranites with gabbros
of ophiolites indicates that these rocks are the end products of dif-
ferentiation of basaltic magma  of the ophiolite suites. Number of
authors supports the genesis of plagiogranites by fractional crystal-
lization of a basaltic parental magma  (e.g. Tiepolo et al., 1997; Borsi
et al., 1998; Niu et al., 2002; Montanini et al., 2006). Geochemical
data of plagioclase-rich leucocratic rocks (plagiogranite) associated
with gabbroic rocks from NOB are comparable with the other ophi-
olites like Wadi El-Markh Egypt, Oman ophiolite, Nidar Ophiolite
Ladakh.

According to Dixon and Rutherford (1983), the amphibole-
bearing leucocratic rocks existing in minor amount in the upper
part of ophiolitic suites, are perhaps formed by fluid pressure of
about 2 kbar, and depth of about 6 km.  The geochemical char-
acteristics and the common occurrence of plagiogranites in the
uppermost sequences of ophiolites are taken by various workers to
be supportive of fractionational crystallization which is also aided
by filter-pressing processes. As a result of which the late stage
plagiogranite melt intruded the early-crystallized gabbroic rocks
(Wildberg, 1987; Rao et al., 2004). Some of the ophiolite complexes
are characterized by a notable lack of intermediate compositions
between gabbros and the plagiogranites. Dixon and Rutherford
(1979) pointed out that such compositional gap ranging maximal
from 50 to 60% of SiO2 could be explained by the process of silicate
liquid immiscibility. However, there is no compositional gap (Daly
gap; Clague, 1978) observed in NOB. The role of liquid immisci-
bility to the petrogenesis of plagiogranite is clear by the absence of
Fe–Ti-enriched mafic rocks. Immiscible Fe–Ti-enriched mafic rocks
related with plagiogranites are known from the Andaman Ophio-
lite Suite (Shastry et al., 2001) and experimental immiscible liquids
(Dixon and Rutherford, 1979). Natural and experimental examples,
have high Fe2O3 (24–30 wt%) and TiO2 (4.6–8 wt%) concentrations
which is well above the values in the NOB gabbros (Table 2). The
flat REE pattern without any distinct positive Eu anomaly and
enrichment in LREE rules out their origin from the anatexis of
amphibolites (Pedersen and Malpas, 1984; Flagler and Spary, 1991).
The absence of a negative Eu anomaly in the NOB  plagiogranites
can be due to elevated Sr and Rb content and also may  be due to
feldspar accumulation (Birk et al., 1979). There is slight enrichment
in LREE of NOB plagiogranite in contrast to the plagiogranites from

Troodos Massif and Semail Nappe that are depleted in LREE rela-
tive to HREE, showing low K-tholeiitic patterns. The plot Cr vs Y
(after Pearce, 1982) indicates MORB setting (Fig. 11). The petrogra-

c and calc-alkaline series (Irvine and Baragar, 1971); b) Si2O/50-TiO2-K2O ternary
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Fig. 9. JPG: Harker’s variation diagra

hy and the REE patterns of the NOB plagiogranites show that they
re distinctive magmatic rocks related with ophiolitic complexes,
s similarly observed in other ophiolites.

. Conclusion

Petrographic observations, major-element and trace element
data of the NOB plagiogranites and their intrusive nature with
host gabbroic rocks observed in the field suggest that the

plagiogranites were produced by fractional crystallization. Pla-
giogranites from NOB are the products of differentiation with
residual melts for the generation of plagiogranites after extensive
crystallization of subalkaline tholeiitic magma.
abbro and plagiogranites from NOB.

• The average increase of SiO2, K2O, Y and Zr values from gabbros
towards plagiogranite and the intergrowths of plagioclase and
quartz in plagiogranites reveal that the plagiogranites are gener-
ated by a relict melt which is cogenetic with gabbros and they
form a rational fractional trend.

• The geochemical behaviour of NOB gabbros and plagiogranites
indicates that these rocks originated from fractional crystalliza-
tion of basaltic parental magmas at MOR.
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