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The Aniyapuram MaBc and UltramaBc Complex (AMUC) is a dismembered ophiolite of Neoarchean to
Paleoproterozoic age, exposed in south-central part of the Cauvery Suture Zone (CSZ), Southern
Granulite Terrane (SGT), India. The complex comprises ultramaBc rocks like serpentinized peridotites of
harzburgite variety and pyroxenites of websterite variety along with metagabbros, amphibolites, plagiogranites and metacherts. The pyroxenites in the complex occur in the form of dykes, veins and lenses in
association with serpentinized peridotites and metagabbros. The chemical compositions of olivine from
the peridotites show a moderate forsterite content (Fo88–87) and spinels are enriched in aluminum (Al2O3
[ 60 wt%) with depletion of Cr contents (Cr# \ 0.5). The pyroxenites are composed of orthopyroxenes
with dominance of clinopyroxene and sulphide occurrences (up to 62 wt% S) along the grain boundaries of
pyroxenes. The whole rock geochemistry of these pyoxenites shows enrichment of LILE and depletion
of HFSE with negative Nb anomalies on N-MORB and primitive normalization. The mineral chemistry of
clinopyroxenes from the pyroxenites shows tholeiitic in nature with high Mg# ratios [Mg/(Mg + Fe) =
0.70–0.88]. These mineral chemistry results together with whole rock chemistry reveal their origin in
Island arc setting of supra-subduction zone (SSZ) tectonics possibly evolved by the interaction of subduction derived Cuids of host serpentinized peridotites. The estimated two-pyroxene thermobarometry of
these pyroxenites represents varied re-equilibrium temperatures of 820–980°C and medium to slightly
high pressures of 10–12 kbar. With the available age relationship from the complex, the study supports as
a strong evidence for the occurrence of Neoarchean to Paleoproterozoic suprasubduction tectonics and
associated lithologies of formation in the terrane.
Keywords. Cauvery Suture Zone; southern granulite terrane; ophiolite; pyroxenites; suprasubduction
zone tectonics.

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.ac.
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1. Introduction
UltramaBc complexes in general can be described
into three types: (i) stratiform, (ii) Alaskan-type
and (iii) Alpine-type (Thayer 1960; Taylor 1967).
The stratiform ultramaBc complexes are characteristically layered, with rock compositions varying
from peridotite to dunites at the base and granophyres at the top. They mostly occur in regions
not aAected by contemporaneous orogeny (e.g.,
Bushveld complex in South Africa, Great Dyke in
Zimbabwe, Giles Complex in Western Australia;
Skaergaard in Greenland). Alaskan- and Ural-type
ultramaBc complexes designated as ‘zoned’ ultramaBc complexes occur in convergent plate margin
settings, and they contain dunite in the core and
followed by wehrlite, olivine clinopyroxenite,
hornblende clinopyroxenite and maBc rocks like
minor gabbroic occurrence with mineralogy of olivine, clinopyroxene, magnetite, hornblende, rare
orthopyroxene and plagioclases (Himmelberg and
Loney 1995). Alpine-type ultramaBc intrusions
include large to small bodies distributed along
deformed mountain chains, island arcs and in
collision zones of ophiolite types (e.g., ultramaBcs–Tethyan belt, Vermont-diapiric; Thayer
1960; Den Tex 1969). Such Alpine-type peridotites
in true ophiolites commonly occur due to the upper
mantle segregations (Spray 1989). Based on the
different segregations process, their origin commonly described as metamorphosed trapped partial
melts; recycled and streaked out ocean crust in the
subduction zones; solid state metamorphic differentiates; and products of mantle metasomatism
(Spray 1989). The understanding of these complexes of various tectonic origins and their petrogenesis provides important information on ancient
crustal evolution and geodynamics of the earth
(Polat et al. 2011). Pyroxenite intrusions are one of
the common constituents of these three types of
complexes. In ophiolite sequence, it is an important
constituent of the upper mantle with variable
compositions of olivine, orthopyroxene, clinopyroxene, garnet and spinel, ranging from orthopyroxenite through websterite to clinopyroxenite.
The origin of these rock types have been described
by many workers and suggested that they form due
to metamorphic segregations of the host peridotite
(Dick and Sinton 1979); entrapment of remnants of
subducted oceanic crust (All
egre and Turcotte
1986); high-pressure crystal segregates of magmas
derived from melting of subducted ocean plate
(Pearson et al. 1993); melt-rock replacement

J. Earth Syst. Sci. (2021)130:11
reactions between older pyroxenites, peridotites
and percolating melts (Garrido and Bodinier 1999)
and also crystal precipitation from asthenospherederived silicate magmas passing through the
lithosphere (Dowens 2005). These are common
occurrences of suprasubduction zone/arc setting
origin and have been described in several ophiolite
sequences across the globe (Berly et al. 2006; Merle
et al. 2012; Tilhac et al. 2017).
In the Southern Granulite Terrane (SGT), India,
there are several occurrences of maBc–ultramaBc
complexes in the E–W trending Cauvery Suture
Zone (CSZ). Amongst them, three important
complexes are well studied: (i) Bhavani–Mettupalliyam UltramaBc Complex (BMUC) extends for
about 60 km in an ENE–WSW direction
(Gopalakrishnan 1994; GSI 2006), located south of
Bhavani Sagar in the northwestern part of the
Cauvery Suture Zone (CSZ). The BMUC is represented by dismembered sequence of serpentinite
pyroxenite ± chromitite, garnet-pyroxene granulite, garnetiferous gabbro and gabbroic anorthosites. (ii) The Sittampundi Anorthosite Complex
(SAC) is a layered sequence passing upward from
pyroxenite to anorthosite through gabbro with
xenoliths of dunite, harzburgite and wehrlites,
amphibolites and maBc granulites (Subramaniam
1956). The parental magmas of the SAC rocks are
tholeiitic in composition and the generation of
magmas has been described under oceanic arc
environment (Dutta et al. 2011). (iii) The Chalk
hills of Salem MaBc–UltramaBc Complex (SMUC)
is one of the largest magnesite deposits and is
exposed, just north of Salem town in the northcentral part of the CSZ. The SMUC comprises
serpentinized ultramaBcs such as dunites, peridotites, pyroxenites, and hornblendites as well as
maBc to felsic rocks including gabbros, maBc
granulites, amphibolites, shonkinites, and quartz
monzonites, etc. (Murthy 1979), which have been
recently described as an Alaskan-type of maBc–
ultramaBc complex (Yellappa et al. 2019). Similar
occurrences of maBc–ultramaBc complexes are also
exposed dominantly as small bodies, lenses and
bands in varying proportion at several locations of
the CSZ. These sequences commonly consist of
dunite, peridotite, hypersthenite, enstatolite, augitite, hornblendite, websterite, gabbro and anorthosites (Gopalakrishnan 1994). The recent studies
have described that occurrence of Precambrian
ophiolite complexes from several parts of the CSZ:
the Manamedu Ophiolite Complex (MOC), occurring at 20 km south of Namakkal town, in the
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Figure 1. Regional geological map of Southern Granulite Terrane showing the study area (modiBed after GSI 1995). Mo: Moyar,
Bh: Bhavani, PCSZ: Palghat–Cauvery Shear Zone, MSZ: Moyar Shear Zone, CSZ: Cauvery Suture Zone, AKSZ: Achankovil
Shear Zone, WDC: Western Dharwar Craton, EDC: Eastern Dharwar Craton, Tz: Transition Zone, SMUC: Salem
MaBc–UltramaBc Complex, MOC: Manamedu Ophiolite Complex, DOC: Devanur Ophiolite Complex, SAC: Sittampundi
Anorthosite Complex, and AMUC: Aniyapuram MaBc–UltramaBc Complex. Box represents the study area.

southeastern part of the CSZ (Yellappa et al. 2010;
Santosh et al. 2012); the Devanur Ophiolitic Complex (DOC) located about 20 km north of MOC
(Yellappa et al. 2012) and Agali Hill Ophiolite
Complex (AOC) in the north-western part of the
CSZ near Attapadi town (Santosh et al. 2013).
Similar to these ophiolite complexes from the CSZ,
another recent report of the occurrence of Aniyapuram MaBc–UltramaBc Complex (AMUC) made
significant importance in understanding its evolution history. The complex is exposed along a newly
constructed train track located between Namakkal
and Mohanur in the south-central part of the CSZ
near Aniyapuram village. Based on the geochemistry and geochronology of maBc assemblages from
the complex, it is described that it has been generated in supra-subduction zone tectonics of Neoarchean to Paleoproterozoic periods (Koizumi et al.
2014; Yellappa et al. 2014). Further, detailed
understandings of varied lithologies like upper

mantle rocks, their significance for reconstructing
the petrogenesis and to speculate on the nature of
their source based on newly acquired chemical
composition of olivine, orthopyroxene and spinels
from the host peridotites and mineral composition of
pyroxenes as well as sulphides from the pyroxenites
together with whole rock chemistry are described in
this paper. The study of these ultramaBc sequences
from the Precambrian older ophiolite sequences of
high-grade terrane will give broad understanding on
the occurrence of supra-subduction zone tectonics
and associated lithologies of their origin.

2. Regional geology
2.1 Geology of the STG and the CSZ
The Southern Granulite Terrane (SGT) from
southern Indian shield (Tamil Nadu, Karnataka,
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and Kerala states) is one of the few terranes in the
world with preservation of Archean–Proterozoic
crust of extensive high-grade granulite facies rocks
(Bgure 1). The terrane is covered with varied
lithologies of older Precambrian age groups namely:
Sathyamangalam Group ([3200 Ma), layered
maBc and ultramaBc complexes, Bhavani Group
(*3000 Ma), Kolar Group (*2900 Ma), Khondalite
Group, Charnockite Group (*2600–800 Ma) and
Migmatitic complex (2200–2250 Ma) followed by
intrusions of several younger Proterozoic granitoids (800–550 Ma), etc. (GSI 2006). The terrane
experienced multiple tectono-thermal episodes like
crustal anatexis, intrusion of maBc to felsic rocks
and poly phase metamorphic events (Ghosh et al.
2004; GSI 2006; Santosh et al. 2009; Ramakrishnan
and Vaidyanathan 2008; Collin et al. 2014). Broadly
the terrane has been divided into six distinct crustal
blocks from the north to south based on the structural history and isotopic evolution, i.e., (1)
Northern Block; (2) Nilgiri Block; (3) Salem–
Madras Block; (4) Madurai Block; (5) Trivandrum
Block, and (6) Nagercoil Block (Santosh et al. 2009;
Collins et al. 2014; Plavsa et al. 2014). The geology
of these blocks has been described by many workers
(Janardhan et al. 1994; Gopalakrishnan 1994;
Rajesh and Santosh 2004; Santosh et al. 2009; Collins et al. 2014). The Cauvery Suture Zone (CSZ)
occurs immediately north of Madurai Block and is
described as crustal-scale suture/shear zone, which
also divides the southern India into two discrete
tectonic blocks as of low-grade Dharwar craton in
the north and high-grade terrane of the SGT in the
south (Drury and Holt 1980; Gopalakrishnan 1994).
It also separates the northern Neoarchean granulite
block(s) of the Salem, Madras and Nilgiri Blocks
from the late Neoproterozoic Madurai granulite
block (MGB) in the south. The geology, tectonics
and age relationships of the CSZ are variously
described as the Archean–Proterozoic Terrane
boundary and also considered as the trace of the
Cambrian suture zone of Gondwana, which represents several occurrences of Neoarchean to Neoproterozoic dismembered ophiolites (Ghosh et al.
2004; Ramakrishnan and Vaidyanathan 2008; Santosh et al. 2009, 2013; Yellappa et al. 2010, 2012,
2014; Santosh et al. 2013; Collins et al. 2014; Plavsa
et al. 2014). There are several reports of high to
ultra-high temperature metamorphic rocks in the
CSZ, which are in association with granulite-facies
assemblages such as orthopyroxene-bearing granulites, sapphirine-bearing pelites, and calc-silicate
rocks, etc. (Raith et al. 1999). The CSZ also
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described as one of the strong evidences for
occurrence of extreme crustal metamorphism at
ultra-high temperature (UHT) conditions associated with the collisional assembly of Gondwana
supercontinent during Neoproterozoic–Cambrian
period. In the eastern part of the CSZ and in MGBs,
some workers have described evidence for prograde
high-pressure (HP) metamorphic event and subsequent UHT metamorphism along a clockwise path
(e.g., Shimpo et al. 2006; Tsunogae and Santosh
2006; Nishimiya et al. 2010). Among these reports,
there are four important dismembered Precambrian
ophiolite complexes described from the CSZ: the
Manamedu Ophiolite Complex (MOC) in the southeastern part of the CSZ (Yellappa et al. 2010; Santosh et al. 2012); the Devanur Ophiolitic Complex
(DOC) to the north of MOC (Yellappa et al. 2012);
and Agali Ophiolite Complex (AOC), north-western part of the CSZ near Attapadi (Santosh et al.
2013); and Aniyapuram MaBc–UltramaBc Complex
(AMUC) south-east of Sittampundi Anorthosite
Complex. All these ophiolite complexes consist of
dismembered sequence of maBc–ultramaBc group of
rocks including dunites, peridotites, pyroxenites,
hornblendites, gabbros, gabbro norites, anorthosites, maBc dykes and amphibolites. The felsic
sequence includes plagiogranites/trondhjemites
and thin pile of ferruginous cherts. The petrogenesis
and geochemistry of the maBc rocks from the above
complexes were described that these have been
developed at shallow levels from mantle-derived arc
magmas within supra-subduction zone tectonic
settings (Yellappa et al. 2010, 2012; Santosh et al.
2013). The age relationships like, MOC represents
the Neoproterozoic magmatic ages of 737 ± 23 to
782 ± 24 Ma and 744 ± 11 to 786 ± 7.1 Ma derived
from plagiogranites and gabbros, respectively
(Santosh et al. 2012). The DOC represents
238
U–206Pb zircon ages of 2528±61 and 2545±56
Ma derived from trondhjemites (Yellappa et al.
2012). Similar Neoarchean magmatic ages of
2547±17 and 2547±7.4 Ma were also obtained from
the metagabbro and trondhjemites of the AOC
(Santosh et al. 2013).

2.2 Geology of the AMUC
The study area falls in Namakkal area, north
of Mohanur village and also has been described
as Namakkal–Mohanur Corridor (NMC, Bgure 2)
in the south-central part of the CSZ. The
important rock units in the region includes
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Figure 2. Structural map of the Namakkal–Mohanur corridor in the CSZ derived from Landsat images showing different
lithological assemblages and structural trends (after Yellappa et al. 2014).

maBc–ultramaBc rocks, charnockitic rocks,
hornblende gneisses, two-pyroxene granulites,
migmatite gneisses, banded iron formations,
cherty bands and intrusives of younger granitoids. The AMUC is exposed along the newly
constructed train track on either sides of the
passage within the corridor over a length of *6
km between Namakkal and Mohanur, around
Aniyapuram trending north–south nearly orthogonal to regional trend of the rocks. The complex
represents
highly
serpentinized
peridotites
(Bgure 4a), pyroxenites, hornblendites, metagabbros/two pyroxene granulites, plagiogranites,
amphibolites, and metacherts (Bgure 4a–h). In some
places, the maBc–ultramaBc rocks occur as small
isolated patches or lensoids within charnockites and
other orthogneisses. The complex is also intruded
by thick veins of pegamtites. Based on whole rock
geochemistry of maBc rocks and geochronology of
metagabbros, the complex has been described as
Neoarchean to Paleoproterozoic dismembered ophiolite complex, evolved under supra-subduction zone
tectonics (Yellappa et al. 2014; Koizumi et al. 2014).
The geology of the complex has been described into
six zones along the train track section based on the
distribution of lithologies and the presence of shear
zones (Bgure 3; Yellappa et al. 2014). These zones

are characterized by the predominance of distinct
lithological association and are classiBed as: hornblende gneiss–pegmatite association (Zone-I),
charnockite-ultramaBc and felsic rock association
(Zone-II), ultramaBc and charnockite rock association (Zone-III), MaBc and ultramaBc rock association (Zone-IV), maBc and felsic rock association
(Zone-V), and granitic/migmatite rock asscociations
(Zone-VI). The lithologies are in places, highly
sheared and showing intense mylonitization. The
general strike of the lithologies is WNW–ENE and
dipping predominantly northwards with gentle to
moderate angles. Some of the lithologies also show
often steep dips ranging from 60° to 70°. Several
regional isoclinal to tight fold structures with gentle
plunges to east and west have been recorded
(Venkatasivappa 2014; Yellappa et al. 2014; Chetty
et al. 2016; Chetty 2017). Well-developed foliations
in metagabbros/maBc granulites with gentle
(10°–20°) dips suggest the presence of early fold
structures of recumbent nature. The deformation
history and lithological contacts of several lithologies were described by Yellappa et al. (2014). The
rocks show original metamorphic gneissic foliation
and is mostly superimposed by subsequent mylonitic fabrics obscuring the early metamorphic gneissosity (Bgure 4b). Presence of tectonic melange is
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Figure 3. Geological and structural map of AMUC (Namakkal–Mohanur train track section) showing different lithological assemblages (after Venkatasivappa 2014; Yellappa
et al. 2014).
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Figure 4. Field photographs of different lithologies from the AMUC near Aniyapuram: (a) Altered serpetinised peridotite;
(b) thick lenticular vein of pyroxenite in association with serpentinite; (c) large hornbelndite boudin within the metagabbro;
(d) thick layered foliated metagabbro showing gentle dip; (e) thin vein of plagiogranite within the metagabbro; (f) gently
dipping amphibolites in sectional view; (g) ferruginous chert in association with maBc assemblages; and (h) pegmatite intrusion
within the folded sequences of maBc assemblages.

one of the striking features in the area. Some of the
pyroxenites and hornblendites occur in the form of
thin lenses, boudins and elongate veins in

association with maBc granulites (Bgure 4d and e).
Another striking feature is occurrence of large porphyroclasts of garnets surrounded by maBc material
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Figure 5. Thin section photomicrographs of the different lithologies of AMUC: (a and b) peridotite showing presence of
subhedral spinels within the eudhedral olivine’s and also along the grain boundaries under PPL; (c) deformed pyroxenite and
presence of pyrite/sulphide ores along the grain boundaries of Cpx and Opx under XPL; (d) pyrite associated with amphibole
and plagioclase in pyroxenite under PPL; (e) pyrite along the grain boundaries of Cpx and amphibole, under RFL; (f) cumulate
texture in hornbelndite under XPL; (g) amphibole showing dark olive green to pale green pleochroism in amphibolite rock under
XPL; (h) presence of irregular calcite veins along the grain boundaries of amphiboles in amphibolite rock under XPL; Ol:
Olivine, Sp: spinel, Cpx: clinopyroxene, Opx: orthopyroxene, Amp: amphibole, Pl: plagiocalse, Py: pyrite, XPL: cross-polarized
light, PPL: plane-polarized light, RFL: reCected light.

in maBc granulites along the foliation planes
(Bgure 4f). Such features are also observed in felsic
granulates (Bgure 4g and h), which are present

adjacent to these lithologies. Intensely folded and
deformed cherts and banded magnetite quartzites
occur in the form of thin horizons and co-folded
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with two pyroxene granulites. Based on the Beld
observations, it is described that a series of north
dipping thrust/shear zones, associated with imbricated thrusts are linked to roof and Coor thrusts
suggesting that they could be of duplex structures
emerging from the north (Yellappa et al. 2014;
Chetty et al. 2016).

3. Petrography
3.1 Peridotite
Peridotite is a medium to Bne grained rock and
dark grayish in colour. It is composed of olivine
(40–50%) and orthopyroxene (Opx) (40–50%) with
accessory minerals like spinel (Spl) and amphibole
(Amph). The rock preserves cumulate textures
(Bgure 5a) suggesting its magmatic origin. Clinopyroxene (Cpx) is absent in most of the samples.
Olivine (Ol) is medium to coarse grained (0.3–2.5
mm) with subhedral nature, and it occurs in close
association with subhedral orthopyroxene. Opx is
also medium to coarse grained (0.2–1.5 mm).
Xenoblastic and medium-grained (0.3–0.6 mm)
amphiboles occur along the grain boundaries of
pyroxenes as a retrograde mineral. Spinel is medium to Bne grained (*0.5 mm) and dark greenish
in colour and occurs along the grain boundaries of
pyroxenes or as inclusions in olivine and orthopyroxene (Bgure 5a and b).

3.2 Pyroxenite
It is dark grayish in colour and occurs as veins,
boudins in peridotites and metagabbros. In general,
it is medium to coarse grained and tectonically disturbed without any foliation. Clinopyroxene,
orthopyroxene and amphibole are common minerals
in the rock. The clinopyroxenes (Cpx) are dominant,
coarse grained in nature and are fractured. In some
places, the cleavages in Cpx are also deformed
(Bgure 5c). Wavy extinctions and exsolution textures in Cpx suggest that after initial crystallization,
these pyroxenes might have been re-equilibrated at
lower temperatures. Reaction rims around clinopyroxenes were also seen in some samples. Orthopyroxenes are relatively less in many samples. They
are Bne grained showing the granulations of the
phenocrysts of clinopyroxenes and are broken into
sub-grains at the margins of the clinopyroxenes.
Amphibole is mainly hornblende, texturally occurs

as an interstitial phase between interlocking
pyroxene crystals, and also appears as blebs mainly
in the clinopyroxene. These hornblendes show wavy
extinctions in few samples and typically accompanied by some opaque inclusions. Feldspars are rare
and occur along the grain boundaries of pyroxenes.
Opaque minerals are present in the form of rounded
to sub-rounded grains and are mostly pyrite as well
as pyrrhotite varieties. Some of these sulphide
minerals are complex and also observed as polyphase grains, commonly occur along the grain
boundaries of Cpx and Opx. Pyrite typically
contains subhedral to anhedral with inclusions of
magnetite and also engulfing magnetite. The
association of pyrite with amphibole and plagioclases is also seen in few samples (Bgure 5d and e).
Pyrrhotite observed as typically small, brownish
red to pink in colour under reCected light with
anhedral to subhedral shapes. It also occurs as
inclusions within the pyrite grains (0.06–0.1 mm
size) and further associated with magnetites as
intergrowths.

3.3 Hornblendite
Hornblendites are medium to coarse grained with
dark brownish in colour and with well persevered
cumulate textures (Bgure 5f). These are mostly
composed of hornblende (80–90%) and orthopyroxene (5–20%) with accessory minerals like plagioclase, rutile, biotite (Bt), chlorite and calcite
(Cal). Hornblende is anhedral and coarse grained
(0.5–3 mm). Orthopyroxene is subhedral and Bne
to coarse grained (0.1–2.5 mm). Most of the Opx
grains are transformed to hornblende. Plagioclase
is Bne-grained (up to 0.1 mm) and occurs as relicts
in the vicinity of coarse-grained orthopyroxene and
along grain boundary of amphiboles. Biotite is Bne
to coarse grained (0.1–1.4 mm) and is partly
replaced by retrograde chlorite. Quartz is Bne
grained (up to 0.5 mm) and occurs along grain
boundary of hornblendes.

3.4 Amphibolite
Amphibolite is light brownish in colour and medium to coarse grained dominantly consists of
50–60% calcic amphibole, 20–30% plagioclase,
5–10% quartz, and 10–15% garnets with accessories of calcite, chlorite, biotite, rutile and opaque
minerals. It is sub-idioblastic to xenoblastic with
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Table 1. Whole-rock geochemistry of pyroxenites from AMUC.
Rock type
Sample no.

Pyroxenite
ANPSS5

Pyroxenite
ANPSS8

Pyroxenite
ANPSS10

Pyroxenite
ANPSS11

Pyroxenite
ANP-41

SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
Total wt%
Sc
V
Cr
Co
Ni
Cu
Zn
Ga
Rb
Sr
Y
Zr
Nb
Cs
Ba
Hf
Ta
Pb
Th
U
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Total REE
Al2O3/TiO2
Mg#
Zr/Nb
Nb/La
Th/La
Nb/Th

46.72
0.74
10.04
10.53
0.13
18.11
10.23
0.79
0.22
0.04
1.78
99.35
34.75
245.00
132.40
125.90
136.40
70.10
102.50
8.72
0.38
335.60
29.83
46.18
2.83
0.02
180.10
3.08
0.69
0.84
0.05
0.03
12.67
28.26
4.39
20.84
5.17
1.43
3.04
0.75
4.83
1.01
2.52
0.48
3.19
0.49
89.06
13.50
63.24
16.34
0.22
0.00
54.35

48.23
0.20
6.98
9.93
0.18
18.74
12.59
0.64
0.06
0.09
2.50
100.15
53.36
174.40
7671.00
135.30
472.10
5.38
135.60
3.18
0.66
94.69
12.74
89.09
0.20
0.01
35.25
3.14
0.27
0.54
0.34
0.06
12.97
33.60
4.91
21.70
4.54
0.95
2.43
0.48
2.57
0.46
1.14
0.17
1.02
0.16
87.10
34.74
65.37
454.54
0.02
0.03
0.57

43.09
0.28
11.80
9.67
0.13
13.75
19.50
0.44
0.22
0.06
1.05
99.98
35.27
181.30
2351.00
93.30
579.20
17.15
143.50
6.25
2.09
73.58
18.33
51.59
3.17
0.04
27.05
2.46
0.41
0.63
0.18
0.44
25.44
12.10
5.85
26.47
5.71
1.25
3.13
0.66
3.51
0.62
1.36
0.22
1.25
0.18
87.76
42.91
58.70
16.29
0.12
0.01
18.10

42.50
0.46
10.95
10.18
0.15
15.69
17.83
0.53
0.13
0.08
1.03
99.53
27.19
152.50
3106.00
111.60
748.10
45.94
116.60
3.67
0.73
61.41
18.46
91.00
2.48
0.04
21.38
3.91
0.44
0.30
0.65
0.35
12.98
25.70
3.91
17.87
4.13
0.71
2.43
0.56
3.29
0.63
1.57
0.25
1.44
0.23
75.68
23.59
60.65
36.71
0.19
0.05
3.81

45.16
0.66
10.04
12.45
0.16
15.92
10.67
0.61
0.30
0.11
2.03
98.11
53.59
221.90
205.43
49.02
48.78
34.28
352.10
17.94
1.07
36.70
17.55
24.52
1.39
0.03
46.33
1.20
1.44
4.30
0.86
0.19
12.99
42.48
5.46
31.49
6.66
1.31
6.44
0.81
3.41
0.60
1.78
0.27
1.34
0.20
115.23
15.21
56.13
17.70
0.11
0.07
1.62
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Table 1. (continued.)
Rock type
Sample no.
La/YbN
Sm/NdN
Ce/YbN
La/SmN
Gd/YbN
Eu/Eu*

Pyroxenite
ANPSS5

Pyroxenite
ANPSS8

Pyroxenite
ANPSS10

Pyroxenite
ANPSS11

Pyroxenite
ANP-41

8.82
0.64
8.90
1.79
1.97
0.78

14.12
0.66
2.62
2.79
2.07
0.82

6.26
0.71
4.83
1.97
1.40
0.62

6.74
0.65
8.59
1.22
3.99
0.60

2.76
0.76
2.40
1.53
0.79
1.01

greenish tinge (Bgure 5g). Two types of amphiboles
have observed in these rocks: coarse-grained porphyroblastic (*3.5 mm) phases and Bne-grained
(*0.2 mm) phases forming symplectites. These
amphiboles also contain inclusions of vermicular
quartz and plagioclase. Plagioclase is xenoblastic
and Bne grained (*0.2 mm) in nature. Biotites are
Bne to medium grained (0.2–1 mm) and slightly
transformed into secondary chlorite. Calcite occurs
in the form of criss-cross veins or Blms along grain
boundaries of amphibole grains (Bgure 5h). Garnets are sub-idioblastic and Bne to coarse grained
(0.1–1.6 mm) in nature. Quartz is Bne to coarse
grained (0.1–1.2 mm), sub-idioblastic and occurs
along grain boundaries of amphiboles.

4. Whole rock and mineral chemistry
4.1 Analytical methods
After detailed study of their petrological features,
Bve representative samples of pyroxenites were
chosen for whole rock geochemistry. These samples
were chipped manually and cleaned by ultrasonication using de-ionized water. The samples were
crushed to coarse (\1 cm) edge length in a steel jaw
crusher and pulverized to Bne powder using steel
and agate tools. Major element analysis was performed on pressed Bne powder pellets, using Philips
Magi X PRO-PW2440 X-ray Cuorescence (XRF)
spectrometer at NGRI, Hyderabad. For trace and
rare earth elemental concentrations, the sample
solutions were prepared using standard procedures
with a mixture of distilled HF +HNO3 + HClO4 +
HCl acids in screw capped Savillex TeCon beakers.
Rh is used as internal standard (Balaram and Rao
2003). The analysis was performed with Perkin
Elmer DRC-II ICP-MS at NGRI, Hyderabad. For
both XRF and ICP-MS, a range of synthetic element and international rock standard reference

materials were applied for calibration. Repeated
analysis of blanks along with standard reference
materials show that the observed concentrations
were within the 5% RSD of the published standard
value. The analytical results are given in table 1.
Three samples of analytical data of pyroxenites
taken from Yellappa et al. (2014) as reference for
interpretation. Chemical analyses of different
minerals were performed on polished thin sections
of peridotite and pyroxenites after proper carbon
coating using a WDS Electron Microprobe Analyzer (JEOL JXA8621) at the University of Tsukuba and (JEOL JXA-8200) at the Kochi–Kaiyou
core center. The analysis was performed under
condition of 20 kV accelerating voltage and 10 nA
sample current and the data were regressed using
oxide-ZAF correction method. Two sections of
pyroxenites were also analyzed at CSIR-National
Geophysical Research Institute, Hyderabad, India
through Cameca SX-100 Electron Probe Microanalyzer (EPMA). Analytical conditions of the
instrument maintained at 15 kV accelerating
voltage and a probe current of 12 nA. The natural
silicate and oxide minerals were used as standards.
The counting times of 40 sec for Si, Al, K, Na, Ca,
Mg, Ti, Cr and Ni and 20 sec for Mn and Fe were
taken. The data was reduced using ZAF (in
JXA8621 and JXA-8200) and phi-rho-z (in SX100)
correction procedures. Major elements compositions (SiO2, Al2O3, TiO2, NiO, Cr2O3, FeO, MnO,
MgO, CaO, Na2O, K2O, P2O5 and ZnO and S) of
olivine, spinel, pyroxene, amphibole, plagioclase
and pyrites were analyzed from 10 samples with
detection limits of 0.01%. Standards consist of both
natural (wollastonite, Ca and Si; aegirine, Na;
K-feldspar, K; chromite, Cr) and synthetic minerals (fayalite, Fe; corundum, Al; periclase, Mg;
bunsenite, Ni; pyrolusite, Mn; rutile, Ti) were
applied for calibration. Representative average
compositions of minerals for the analyzed samples
are given in table 2.

4.013
0.875

3.005

0.880
926

24.000
0.033
0.723

97.96
1.930
0.110
0.002
0.002
0.000
0.244
0.006
0.000
1.715
0.004
0.001
0.000
0.000

99.37
0.995
0.000
0.000
0.000
0.000
0.240
0.003
0.002
1.764
0.000
0.001
0.000
0.000

0.738
864

4.016

100.04
1.936
0.073
0.012
0.000
0.000
0.521
0.000
0.000
1.465
0.010
0.001
0.000
0.000

27.10
0.25
0.01
0.00

32.38
0.09
0.01
0.01

99.64
0.005
14.640
0.004
0.500
0.704
2.201
0.017
0.137
5.740
0.000
0.001
0.000
0.051

53.37
1.70
0.43
0.00
17.17
0.01

ANP-S-1
Opx
6
3
avg

54.30
2.63
0.06
0.06
8.22
0.20

39.95
0.01
0.02
0.00
11.51
0.16
0.56
47.57
0.01
0.01
0.01
0.01

0.03
59.92
0.03
3.05
16.76
0.10
0.82
18.57
0.00
0.02
0.00
0.34

ANP K-7
Opx
6
4
avg

0.747
868

4.023

99.11
1.931
0.079
0.001
0.014
0.000
0.495
0.009
0.000
1.460
0.030
0.003
0.000
0.000

26.76
0.75
0.04
0.00

52.71
1.84
0.05
0.47
16.18
0.30

ANP-S-8
Opx
6
10
avg

0.697
931

4.042

101.19
1.886
0.136
0.003
0.004
0.000
0.568
0.012
0.001
1.305
0.114
0.014
0.001

51.54
3.16
0.10
0.14
18.79
0.38
0.03
23.94
2.89
0.20
0.01

ANP-21
Opx
6
4
avg

0.805
852

4.025

99.90
1.934
0.069
0.002
0.004
0.000
0.389
0.008
0.001
1.607
0.011
0.001
0.000

54.13
1.64
0.07
0.15
13.11
0.28
0.05
30.17
0.28
0.01
0.01

ANP-23
Opx
6
3
avg

10.8

0.812

4.021

99.18
1.931
0.129
0.007
0.000
0.000
0.186
0.000
0.000
0.803
0.917
0.048
0.000
0.000

14.47
22.99
0.66
0.00

51.85
2.95
0.26
0.00
5.98
0.01

ANP-S-1
Cpx
6
13
avg

10.9

0.809

4.031

98.84
1.926
0.121
0.007
0.025
0.000
0.191
0.005
0.000
0.807
0.874
0.075
0.000
0.000

14.47
21.81
1.03
0.00

51.44
2.74
0.24
0.86
6.10
0.14

ANP-S-8
Cpx
6
9
avg

Pyroxenite

11.2

0.768

4.048

100.12
1.865
0.225
0.014
0.006
0.000
0.227
0.005
0.001
0.752
0.861
0.091
0.000

50.19
5.13
0.51
0.22
7.40
0.16
0.03
13.58
21.63
1.27
0.01

ANP-21
Cpx
6
9
avg

10.8

0.866

4.038

97.54
1.929
0.103
0.005
0.009
0.000
0.139
0.004
0.001
0.899
0.892
0.057
0.000

51.20
2.32
0.16
0.30
4.47
0.13
0.05
15.98
22.14
0.78
0.01

ANP-23
Cpx
6
8
avg

0.09
0.01
0.03
0.01
45.47
0.01
0.36
0.00
0.06
0.05
0.01
0.01
1.32
53.93
101.34
0.051
0.001
0.007
0.023
8.459
0.000
0.001
0.166
0.004
0.021
0.266
0.003
0.002
0.177
9.328
18.508

0.01
0.80
51.17
102.51
0.103
0.001
0.013
0.055
8.403
0.000
0.001
0.328
0.009
0.033
0.622
0.005
0.002
0.120
9.138
18.833

ANP-22
Pyrite
23
13
avg

0.54
0.01
0.06
0.36
45.58
0.01
2.14
0.03
0.16
1.65
0.02

ANP-21
Pyrite
23
9
avg
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*For pyrites FeO should be read as Fe.

SiO2
Al2O3
TiO2
Cr2O3
FeO*
MnO
NiO
MgO
CaO
Na2O
K2O
ZnO
P2O5
CoO
S
Total
Si
Al
Ti
Cr
Fe3+
Fe2+
Mn
Ni
Mg
Ca
Na
K
Zn
P
Co
S
Total
Cr#
Mg#
T°C (avg)
P kbar (avg)

ANP K-7
Olv
4
9
avg

Sample no.
Mineral name
No. of Oxygens
No. of analysis
Remarks

ANP K-7
Spl
32
7
avg

Peridotite

Rock type

Table 2. Mineral chemistry of ultramaBc assemblages from AMUC (average concentrations).
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Figure 6. Variations of whole-rock MgO vs. (a) SiO2, (b) Al2O3, (c) TiO2, (d) CaO, (e) Na2O and (f) K2O concentration of
pyroxenites from AMUC. Fields of a worldwide database of mantle pyroxenites (massifs and xenoliths) is shown for comparison
(after Xiong et al. 2014). PM: primitive mantle.

4.2 Whole rock chemistry results
Whole rock geochemistry of the pyroxenites
shows slightly higher in SiO2 and relatively lower MgO
contents. Compared with the pyroxenites from orogenic and ophiolitic massifs worldwide (Bgure 6), they
are rich in CaO (10.23–19.5 wt%), SiO2 (43.10–
48.22 wt%) and have moderate TiO2 (0.20–0.74 wt%)
and Al2O3 (6.98–11.80 wt%). Alkalis are generally
very low in these pyroxenites, K2O reaches up to
0.3 wt% and Na2O ranges from 0.80 wt%. The trace
element concentrations are varying from low to high,
the Ni and Cr range from 136 to 748 ppm (one sample
of lower concentration, 49 ppm) and from 132 to 3106
ppm, Co varies from 49–135 ppm and V varies from
152 to 245 ppm, respectively. The large ion lithophile
elements like Ba and Sr are in considerable chemical

variations in between 21–180 and 36.5–335 ppm. Rb
abundances are very low (0.4–3.2) and giving higher
K/Rb ratios of 741–4944. The incompatible trace elements such as Nb, Ta, Zr, Hf are in relatively low
abundances. The Zr/Y ratio ranges from 1.4 to 7.0, Ti/
Zr ratio ranges from 13.9 to 161, Nb/Th ratio ranges
from 0.6 to 54 and Zr/Nb ratio ranges from 16.3 to 36.7
(one sample shows very higher ratio of 454.5). These
pyroxenites show a range of REE patterns with progressive LREE enrichment with a saddle-shaped REE
patterns (Bgure 7a) and strongly fractionated with
light REE (LREE) and MREE [(La/Gd)CN = 1.69–
6.81]. They also exhibit slightly negative slopes from
MREE to HREE [(Gd/Lu)CN = 0.75–3.88] with overall negative Eu anomalies [(Eu/Eu*)CN = 0.59–1.0].
In a multi-element diagram of primitive-mantle
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Figure 7. (a) Chondrite normalized diagram; (b) MORB normalized incompatible element diagram; and (c) rock/primitive
mantle normalized plot for the pyroxenites of AMUC (normalized values after Sun and McDonough 1989).

normalized plot (PM) as well as N-MORB normalization plot (Bgure 7b and c), these pyroxenites exhibit a
strong enrichment of large ion lithophile elements
(LILE) like Cs, Rb, Ba, K, and other Cuid-mobile elements like (Th, U) relative to neighbouring lithophile
elements. This enrichment is pronounced, although
variable for Cs, Ba, U, and Pb. The high Beld strength
elements like Nb, Yb, Y, Zr, Hf and Ti are strongly
depleted, with particularly low Zr [(Zr/Hf)PM =
0.41–1.31] and negative Ti anomalies [(Ti/Ti*)PM =
0.21–0.56].
4.3 Mineral chemistry results
4.3.1 Olivine
Peridotite (sample ANP K-7) is the only rock
that includes olivine. This mineral shows the

magnesium content of Mg# = 0.87–0.88 [Mg/
(Mg+Fe2+)] and relatively higher NiO contents of
0.53–0.58 wt%. The forsterite (Mg2SiO4) content
ranges from 87.50 to 88.38 and fyolite ranges from
11.46 to 12.37. The FeO contents are from 10.82 to
11.85 wt% and silica content ranges from 39.16 to
40.81 wt%. The TiO2 and CaO contents are very
low (\ 0.03 wt%).
4.3.2 Spinel
Spinel occurs only in peridotites (sample ANP K-7)
of this region (table 2). It contains very low Cr2O3
(2–4 wt%) and ZnO (0.28–0.50 wt%). These spinels
show higher Mg# ratios (0.71–0.73) and Al2O3
(59.25–60.6 wt%), and lower MnO (0.07–0.14
wt%). The Cr# (100*Cr/[Cr+Al]) is very low
between 2.60 and 4.45 and Fe3+ # (100*/[Fe3++Cr
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Figure 8. Mineral chemistry variation plots of Cpx and Opx from peridotite and pyroxenites. (a) Wo–En–Fs classiBcation
diagram for pyroxenes in pyroxenites and peridotites (after Morimoto et al. 1988); (b) Cr2O3 vs. Al2O3 binary diagram for Opx
classiBcation of pyroxenites (after Ishimaru et al. 2007; Khedr and Arai 2010); (c) Ti vs. Alt classiBcation for clinopyroxenes from
pyroxenites (after Leterrier et al. 1982); (d) SiO2 vs. Al2O3 classiBcation plot for clinopyroxenes of pyroxenites (after Le Bas
1962); (e) Cr2O3 vs. Mg# classiBcation plot for clinopyroxene from pyroxenites (after Leake 1978); (f) relative proportions of Al
in the tetrahedral site and Al in the octahedral site of clinopyroxenes for pressure estimation from the pyroxenites (after Aoki and
Kushiro 1968).

+Al]) ranges from 34.81 to 39.12. The NiO (0.7–0.9
wt%) and TiO2 (\0.1 wt%) concentrations are also
very low.
4.3.3 Orthopyroxene
Orthopyroxenes from both peridotite and pyroxenites are compositionally nearly homogeneous in
terms of Fe–Mg ratio, and they are mostly
hypersthenes (table 2). Orthopyroxene in peridotite shows the highest magnesium content

(Mg# = 0.87–0.88), whereas in pyroxenites display slightly lower ratios of 0.69–0.81. These are
enstatitic nature (Bgure 8a) and show slight compositional ranges of En: 88.13–89.31 mol%; Wo:
0.15–0.21 mol%; Fs: 10.56–11.68 mol% for Opx in
peridotites, and En: 67–80.20 mol% (except one
grain of 55.18 mol%); Wo: 0.45–0.80 mol% (except
three grains: 3.18, 9.16 and 19.01 mol%); Fs:
19.36–30.47 mol% for that in pyroxenites. CaO
content is very low (0.08–1.0 wt%) for Opx in
peridotites, whereas it is lightly enriched in Opx of
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pyroxenites (0.2–2 wt%, two grains with higher
CaO contents of 4.4 and 9.37 wt%) The Al2O3
contents are almost uniform (2.32–2.80 and
1.46–3.87 wt%, respectively) and TiO2 contents
are very low (0.02–0.1; 0.01–0.24 wt%, respectively) in the orthopyroxenes from both the rocks.
In Cr2O3 vs. Al2O3 discrimination plot, many of
these grains plot (Bgure 8b) in the Beld of primary
Opx of mantle wedge xenoliths with slight overlap
of Alpine-type primary Opx and some of the
grains also plot in the Beld of contact metamorphic Opx.
4.3.4 Clinopyroxene
Clinopyroxene (Cpx) analysis was carried out for
four samples of pyroxenites. It is Mg-rich and is
nearly homogeneous in terms of Fe–Mg ratio
(table 2). The Cpx grains are characterized by high
Mg# of 0.76–0.87 (Mg# = Mg/[Mg + Fe+])
and low-Ti (TiO2 = 0.11–0.56 wt%) and display
diopsidic to augitic compositions on En–Wo–Fs
pyroxene quadrilateral diagram (Bgure 8a). These
Cpx have relatively consistent compositions of Wo:
44.02–50.72 mol%, En: 43.07–48.56 mol%, and low
Fs: 3.92–7.42 mol%. These are Ca rich with Ca#
(= Ca/[Ca+Na+K]) ranges from 0.88 to 0.95, and
having significant concentrations of SiO2 (=
48.0–52.32 wt%) and Cr (Cr2O3 = 0.99 wt%) with
poor Na (Na2O\1.5 wt%). The Al2O3 contents
range from 2.1 to 5.4 wt% and on Ti vs. Alt plot
(Bgure 8c), these pyroxenes show tholeiitic signature of their source magmas. The SiO2 vs. Al2O3
discrimination plot (Bgure 8d) reveals that these
are normal alkaline to non-alkaline signatures.
Cr2O3 vs. Mg# and Alvi vs. Aliv discrimination
plots (Bgure 8e and f) of these clinopyroxenes
indicate that the pyroxenite magma might have
evolved under medium temperature and medium
to slightly high pressure conditions (Green and
Ringwood 1967).

4.3.5 Pyrite/sulphides
Sulphide analysis was carried out from two samples
of pyroxenites. Core analyses of 23 sulBde grains
were analyzed, and the analytical results of average compositions are given in table 2. Most of the
sulphides are pyrites and pyrrhotites. The pyrrhotites are reddish brown in colour under reCected
light. The polyphase nature of these sulBdes
might be a result of low-temperature exsolution of
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pentlandite, or monosulphide solid solutions. The
concentration of S ranges from 46 to 62 wt% and
Fe ranges from 35 to 48 wt%. They also contain up
to 5 wt% of NiO and up to 3.33 wt% of Co, and
minor occurrence of SiO2 (0.1–2.6 wt%) concentrations in few grains.

4.4 Geothermobarometry
There are several geothermobarometers available
in literature (e.g., Brey and K€
ohler 1990; Putirka
et al. 2008) based on cation exchange of elements
that are highly mobile during alteration of oceanic
crust and high-grade metamorphism (e.g., Ca, Na).
The severe alteration and metamorphic conditions
of the rocks may result in some variation in composition. Olivine and Cr-spinel are the earliest
crystallized minerals from the most primitive
magmas of ultramaBc rocks (Wan et al. 2008), so
that the Al-in-olivine thermometer useful for an
estimation of accurate temperature of primitive
magmas (Coogan et al. 2014). Olivine-spinel
geothermometers of Ballhaus et al. (1991) and
Wan et al. (2008) were applied for the olivine and
spinel in peridotite. Interestingly, medium to
higher temperatures of 780–1095°C (avg. 926°C)
have obtained from geothermometers because of
higher Al-rich phase only. Regarding pyroxenites,
two pyroxene thermobarometry of Putirka (2008)
and Cpx barometry of Nimis and Ulmer (1998)
have been applied and these perform better for
systems with Mg# values of clinopyroxene above
0.75. For these measurements, the homogeneous
compositions of orthopyroxenes and clinopyroxene
concentrations (Supplementary table S6) were
selected for re-equilibration temperature estimation. The thermometers gave slightly different
re-equilibrium temperatures of each rock. Sample
ANPS-1 has given temperatures of 847–940°C
(avg. 864°C) and pressures of 10–11.5 kbr (avg.
10.8 kbar), sample ANPS-8 has given temperatures
of 828–920°C (avg. 868°C) and pressures of 10–12.3
kbr (avg. 10.9 kbar), sample ANP-21 given temperatures of 850–980°C (avg. 930°C) and pressures
of 10–11.4 kbar (avg. 11.2 kbar) and sample ANP23 has given temperatures of 838–873°C (avg.
852°C) and pressures of 10–10.7 kbars (avg. 10.8
kbar). These temperatures and pressures are
slightly coeval to the metamorphic temperatures
of 730–840°C and pressures of 9.8–12.2 kbar
described by Kouzumi et al. (2014) from the
metagabbros of the complex.
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5. Discussion
Ophiolites are fragments of ancient oceanic lithosphere, tectonically emplaced along continental
margins/terrane boundaries/sutures zones, within
the accretionary prisms during orogenic processes
(Dewey and Bird 1971; Coleman 1977; Dilek and
Furnes 2011). Many of these ophiolite complexes
may have an almost complete or have an incomplete sequence and commonly these are tectonically underlain by an ophiolitic m
elanges (Dilek
and Newcomb 2003). The study of these ophiolites
provides important information about the evolution of ancient oceanic crust and mantle beneath
spreading centers in mid-ocean ridge (MOR) as
well as suprasubduction zone (SSZ) tectonic settings (Dilek and Furnes 2011). In many of the
ophiolite sequences, the mantle section varies
between mildly refractory peridotites dominated
by lherzolites (e.g., internal ligurides ophiolite,
Italy) and strongly refractory harzburgites (e.g.,
Oman ophiolite; Boudier and Nicolas 1985). In
some of the ophiolite sequences, one or two of these
sequences may or may not be preserved. Interestingly, the geochemical characteristics of these dismembered mantle sections also reCects the tectonic
environments of their evolution along with maBc
volcanics as either supra-subduction zone (SSZ) or
mid-ocean-ridge (MOR) setting origin of these
complexes (Dilek and Furnes 2011; Singh et al.
2017). The Beld setting of various lithologies are
based on the geochemistry of maBc volcanics, it is
described that the AMUC is a true ophiolite of
dismembered sequence evolved under suprasubduction zone tectonic setting (Yellappa et al.
2014). The petrography of the peridotites of
AMUC from the present study reveals that these
are harzburgite variety with xenoblastic texture
predominantly consists of olivine, orthopyroxene
and Al-spinels (without clinopyroxene). Such
examples of harzburgite type comprising with the
mineralogy of spinel + olivine + orthopyroxene
mantle units reported in the ultramaBc bodies of
Troodos ophiolite, Cyprus and Semail ophiolites of
Oman (Spray 1989). The peridotites of AMUC
show spinels occurring along the grain boundaries
of olivine and orthopyroxenes. These spinels are
Al-rich (Al2O3- [60 wt%) with depleted Cr# value
\5 [Cr# 1009Cr/(Cr+Al) atomic ratio]. The low
Cr# (\5) and Fe+3 (0.57–0.93 apfu) with high Alspinels (Al2O3=49–52 wt%) are common in Alpine
type peridotites and in primitive arc volcanics of
primary magmatic nature (Jan and windley 1990;

Figure 9. Compositional variation diagrams of spinels from
peridotites of AMUC (Belds after Dick and Bullen 1984; Jan
and Windley 1990).

Della-Pasqua et al. 1995). The low TiO2 (\0.1
wt%) and Cr2O3 (2.42–4.12 wt%) contents in the
spinels of AMUC peridotites also represent that
they are typical of depleted mantle peridotites
(Bgure 9; Dick and Bullen 1984; Jan and Windley
1990). There are several reports of such Al-spinels
in ophiolitic related rocks like lherzolitic rocks of
Western Alps (Ernst 1978) and Mainpur Ophiolites, India (Singh 2009) are few examples. The Alspinels also reported from the ultramaBc rocks of
Achankovil Shear Zone of the terrane (Rajesh et al.
2013) and in many arc lavas like in basanitoids of
Grenada (Arculus and Wills 1980) and Guadeloupe-Lesser Antilles (Bissainte et al. 1993), etc.
The pyroxenites are the important constituents
of the upper mantle and are common occurrence in
ophiolitic sequence. Several processes have been
proposed for the genesis of these rocks for different
types of pyroxenites. The pyroxenite intrusions can
occur in two distinct settings: (i) in the form of
veins or dykes and layers within the mantle peridotite lithologies on various scales; and (ii) in the
form of cumulates formed in crustal magma
chambers (Berly et al. 2006). The common varieties of their occurrences are orthopyroxenites,
websterites and clinopyroxenites, represent \5% of
the upper mantle (Fabri
es et al. 1991; Hirschmann
and Stolper 1996). Based on several geochemical
and experimental studies, it is described that the
clinopyroxene can be a liquidous phase in various
basalt magma types and high-pressure mineral
segregations from primitive magmas and recycling
of layers of subducted oceanic lithosphere through
convective mantle and due to melt or Cuid rock
reaction in the upper mantle may result in the
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Figure 10. Tectonic discrimination plots of Cpx from pyroxenites. (a) SiO2/100–TiO2–Na2O, BON: Boninite, IAT: island arc
tholeiite, MORB: mid-ocean ridge basalt (after Beccaluva et al. 1989); (b) Aliv vs. TiO2 wt% (Le Bas 1962); (c) Al(t) vs. Ti
(atomic ratios) (after Beccaluva et al. 1989); (d) Ti vs. Al(t) (after Leterrier et al. 1982); (e) Na vs. XFe+2 (after Asthana 1991);
and (f) Ti vs. XFe (after Asthana 1991) discrimination plots.

formation of pyroxenites (DeBari and Coleman
1989; Kornprobst et al. 1990; Pearson et al. 1993;
McInnes et al. 2001; Wang et al. 2010). The Beld
settings of pyroxenites of the AMUC show that
they are associated with peridotites and metagabbros as intrusions within these lithologies in the
form of thick veins and dykes. These features are
consistent with origins via reactions between
highly depleted host peridotite/harzburgite and
subduction derived Cuids/melts. It is well described that melting of depleted mantle by injection of
hydrous melts above subduction zones for the formation of supra-subduction zone ophiolites (Kubo
2002; Hajialioghli and Moazzen 2014). The studied
pyroxenites also contain disseminated sulphide

grains (up to 62 wt% SO2) probably formed from
the reactions between hydrous Cuids with high
SO2/H2S. It is well described that in subduction
zones, the subducting serpentinites release reduced
aqueous Cuids containing carbon and sulphur
(Piccoli et al. 2019). Sulphur occurs predominantly
in arc magmas as reduced form and liberates from
hydrous mantle rocks at sub-arc depths (Stern
2002; Piccoli et al. 2019). The whole rock chemistry
of these pyroxenites also shows enrichment of LILE
(Bgure 7b and c) probably due to discharge of
aqueous Cuids from subducting slab to the mantle
wedge source and presence of negative Nb
(Bgure 7b) anomalies with elevated Ba/Nb ratios
(up to 180) also indicate inCux of subduction
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Figure 11. Tectonic discrimination diagram for pyroxenitic
clinopyroxenes from the AMUC Belds I–VII and parameters
P1 and P2 are as deBned Koloskov and Zharinov (1993). P1 =
–0.02SiO2 + 0.09TiO2 + 0.64Al2O3 + 0.59Cr2O3 + 1.35FeO +
9.65MnO – 0.50MgO + 0.29CaO – 2.26Na2O + 8.0; and P2 =
0.93TiO2 + 0.07Al2O3 + 1.23Cr2O3 – 0.46FeO + 1.74MnO +
0.36MgO +0.10CaO – 1.66Na2O + 8.0. Fields. I: Peridotite
xenoliths in kimberlites; II: Eclogites and Pyrope-bearing
pyroxenites in kimberlites; III: Spinel peridotites; IV: Spinel
pyroxenites; V: Island arc peridotites; VI: Island arc pyroxenites and VII: Plagioclase-bearing xenoliths in volcanic rocks
from island arcs. Data sources. island arc and mid-ocean ridges
(Koloskov and Zharinov 1993); Izu-Bonin-Mariana forearc
(Parkinson et al. 1998); Ronda pyroxenites (Obata 1977);
Mid-Atlantic Ridge Kane Fracture Zone (MARK area;
Gaggero and Cortesogno 1997).

related slab melts into the mantle source (Abdallah
et al. 2019).
The clinopyroxenes from the pyroxenites having
low TiO2 (\1.0 wt%) and Na2O (\1.5 wt%) contents which is typical characteristics of igneous
clinipyroxenes from non-alkaline rocks (Le Bas
1962). However, the petrography shows slight
alterations and metamorphism. Their low TiO2
and Na2O contents clearly reCect these are suboceanic source (Delavari et al. 2009). The
clinopyroxene mineral chemistry on various tectonic discrimination diagrams like SiO2–TiO2–
Na2O (Bgure 10a) and Aliv vs. TiO2 wt%
(Bgure 10b) (Beccaluva et al. 1989), similarly, Alt
vs. Ti, Ti vs. AlIV, Ti vs. Alt (Bgure 10c and d,
Leterrier et al. 1982) and Na vs. XFe+2, Ti vs.
XFe+2 (Bgure 10e and f, after Asthana 1991) reveal
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under island arc environment of formation in
supra-subduction zone tectonics by the mechanism
of subduction of oceanic lithosphere and interaction of slab derived melt/Cuids with upper mantle
peridotites (Berly et al. 2006; Whattam et al.
2011). The supra-subduction zone related origin for
these pyroxenites is further supported by whole
rock compositions. Enrichment of LILE like Sr, K,
Rb, Ba, Th and depletion of HFSE (Ti, Hf, Y, Yb)
and –ve Nb anomaly (Bgure 7b and c) clearly show
supra-subduction zone relation (Pearce et al. 1984;
Tatsumi et al. 1986). It is described that (Koloskov
and Zharinov 1993) a multivariate statistical diagram of clinopyroxene compositions in maBc and
ultramaBc rocks for discriminating tectonic zones
of clinopyroxenes in equilibrium with garnet (zones
I and II), spinel (zones III and IV) and plagioclases
(zones V, VII and VIII). The clinopyroxenes of
AMUC pyroxenites are plotted in the Beld of island
arc pyroxenites with overlap of Mid-Atlantic Ridge
Kane fracture zone in this diagram (Bgure 11).
These geochemical characteristics are similar to
the geochemistry of the maBc magmas from
AMUC, which have originated under supra-subduction zone tectonics (Yellappa et al. 2014). The
above geochemical results suggest that these
pyroxenites might have formed in SSZ mantle
wedge probably at the base of an island arc crust
with interactions between the aqueous Cuids and
serpentinized harzburgitic upper mantle. Such arc
related origin of supra-subduction zone pyroxenites
are well explained in several ophiolite occurrences
across the globe, like Troodos ophiolite in Cyprus
(Chum and Malpas 2012), pyroxenites in the Veria–Naousa Ophiolite, North Greece (Rogkala et al.
2017), Voykar Ophiolite, Polar Urals, Russia
(Belousov et al. 2009), etc. Similar occurrence of
pyroxenites has also been reported from number of
arc environments like in Alaskan complexes, North
America–Canada, ultramaBc rocks of deep crustal
cumulates (in part, garnet-bearing) of the Jijal
complex, Pakistan, intra-oceanic arc-related
cumulates in southern New Zealand and pyroxenite-rich peridotites of Cabo Ortegal-Spain (Jan
and Howie 1981; Snoke et al. 1981; DeBari and
Coleman 1989; Kausar 1998; Spandler et al. 2003).
The two pyroxene thermobarometry of AMUC
pyroxenites show re-equilibrated temperatures of
820–980°C and medium to slightly high pressures of
10–12 kbar. Relatively similar metamorphic temperatures of *800°C and pressures of 9.8–10.6 kbar
(two samples of 10–12 kbar) obtained from
metagabbros of this complex by Kouzumi et al.
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(2014). The available age relationships of maBc
granulites from AMUC represent Neoarchean to
Paleoproterozoic (ca 2436 ± 22 Ma) age of magmatic
emplacement of their protolith and Cryogenian (ca.
731 ± 11 Ma) age of thermal event or high-grade
metamorphism for the evolution history (Koizumi
et al. 2014). Such Neoarchean supra-subduction
tectonics including arc magmatism and accretionary
tectonics within the CSZ have been described by
several workers with possible evidences. The Devanur Ophiolite Complex (DOC, Yellappa et al. 2012),
Agali Ophiolite Complex (AOC, Santosh et al.
2013), Neoarchean Oceanic crustal related sequence
at Kanjamalai Complex (Noack et al. 2013) and
ocean plate stratigraphy of Sittampundi Anorthosite Complex (Dutta et al. 2011) are few examples of
Neoarchean evolutions within the CSZ. Similar
reports of Neoarchean arc magmatism and subduction related evidences are also reported in several
parts of the terrane like, subduction-related intraoceanic tholeiitic arc basalts of primitive arc magmas (MORB-like components) around Nilambur
area in western part of CSZ (Shaji et al. 2014) and
Biligiri Rangan Hill granulites and its protoliths in
the northern part of CSZ, due to partial melting of
young hydrated oceanic crust in a subduction zonelike environment (Janardhan et al. 1994). Recently,
Samuel et al. (2014) also described the arc-related
volcano magmatic suite along the northern periphery of Nilgiri Block as a prominent Neoarchean arc
magmatism, followed by early Paleoproterozoic
convergent margin processes in the terrane. Arc-arc
and arc-continental accretion followed by tholeiitic
as well as komatiitic ultramaBc and maBc volcanism
and major juxtaposition of continental arc assemblages to the southern margin of the Dharwar craton
during the Neoarchean period (Praveen et al. 2013)
are also well known examples of Neoarchean
supra-subduction tectonics.

6. Conclusions
1. The Aniyapuram MaBc UltramaBc Complex
(AMUC) shows high content of Al-spinels containing peridotites of harzburgite type and
pyroxenites of websterite type with sulphide
bearing hydrous Cuids.
2. The whole rock as well as mineral chemistry of
pyroxenites reveal their magmas derived under
island arc environment of supra-subduction
zone tectonics in association with depleted
serpentinized mantle peridotite interactions.
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3. The two-pyroxene thermobarometry of pyroxenites shows varied re-equilibrium temperatures
of 820–980°C and medium to slightly higher
pressures of 10–12 kbar for their evolution.
4. The above mineral chemistry results of pyroxenites from AMUC are coeval with the whole
rock geochemistry results of amphibolites of the
complex. The study gives further strong evidence for occurrence of Neoarchean–Paleoproterozoic supra-subduction zone tectonics along
the Cauvery Suture Zone, southern India.
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