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ARTICLE INFO ABSTRACT

Several different geochemical signatures, i.e., mid-oceanic ridge (MOR) and supra subduction zone (SSZ), are
frequently reported from ophiolite belts. Such bi-modal geochemical signatures are generally interpreted in
terms of formation in two contrasting tectonic settings: divergent and convergent settings with associated pet-
rogenetic processes. Whilst MOR-like and SSZ-like geochemical signatures are well understood in general terms,
their combined occurrence in the peridotite component of ophiolite belts is not fully understood. Here, we
describe the geochemically comparable Nagaland and Manipur ophiolites which are part of a same belt located
in the Indo-Burma Range, India, and represent part of the eastern Tethys regime. In this study we explore the
mechanisms which are responsible for this dual geochemical signature in a contiguous ophiolite belt formed
during the closure of eastern Neo-Tethys. The existing and new whole-rock Nd isotopic signatures in the ser-
pentinized peridotites from the Manipur ophiolite reveal that the dual geochemical signatures observed in the
peridotites are due to patchy metasomatism of the mantle wedge. Thus, the entire mantle section peridotite in
the Nagaland and Manipur ophiolites represents a relic of that Neo-Tethyan mantle wedge and this is also
supported by the occurrence of high Cs/Th and low U/Th in the serpentinised peridotites. Further, variation of
Lan/Yby, Smy/Hfy, Ti/Eu, Zr/Hf, Ca/Al and Mg# observed in the secondary and primary clinopyroxenes of the
studied peridotites can be explained by an influx of carbonate-rich fluid derived from subducted pelagic lime-
stone. Elemental zoning and associated modeling of clinopyroxenes also clarify that the mantle metasomatism
and different degrees of partial melting in the mantle wedge were responsible for the heterogeneity of the Neo-
Tethyan mantle preserved in the Nagaland and Manipur ophiolites of the Indo-Burma Range.
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2008; Dilek and Furnes, 2011, Saccani, 2015; Ellam and Hawkesworth,
1988; Workman and Hart, 2005 and reference therein). Subduction-

1. Introduction

Ophiolites present an accessible, on-shore record through which
oceanic crust, and associated oceanic magmatism, crust-mantle inter-
action, mantle metasomatism, mantle evolution, and wider ancient
plate tectonic histories may be investigated (Gass, 1968; Moore and
Vine, 1971). Ophiolitic rocks can originate in a variety of oceanic plate
tectonic settings ranging from mid-oceanic ridge (MOR) to supra sub-
duction zone (SSZ) to ocean island basalt (OIB) to continental margin
(CM) setting, but are particularly well documented from the tectonics
associated from the late Mesozoic and early Cenozoic closure of the
western Tethys (Dilek and Furnes, 2014; Miyashiro, 1973; Pearce et al.,
1984). These differing tectonic settings may be distinguished by geo-
chemical and isotopic signatures in whole-rock and minerals from the
mafic and ultramafic rocks of an ophiolite (Pearce et al., 1984; Pearce,

related ophiolites are dominant over other types (i.e., MOR, OIB and
CM) largely because the SSZ oceanic lithosphere is relatively buoyant
due to its younger age and can therefore be easily detached and ob-
ducted onto the continental margin (Miyashiro, 1973; Pearce et al.,
1984; Stern, 2004, 2010 and references therein). However, coexistence
of distinct MOR- and SSZ-type geochemical signatures within one linear
belt of an ophiolite commonly occurs (e.g., Oman, Turkey, Cyprus,
Kalayamyo). The origin of these dual geochemical affinities is still not
clearly understood and been called the “ophiolite conundrum” (Metcalf
and Shervais, 2008). It has been demonstrated that such duality of
magmas in ophiolite belts has its origin in the geochemical evolution of
melts during subduction initiation (e.g., Dilek and Furnes, 2009;
Marchesi et al., 2016; Pirard et al., 2013; Stern, 2004; Whattam and
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Stern, 2011). At the initial stage of subduction, MORB-like melt is
generated from the asthenospheric mantle melting with a relatively
insignificant input from the more usually identified subducting slab-
derived components (i.e., sediments, and altered oceanic crust.). Ac-
cordingly, this earlier MORB- like magma then gets ‘overlain’ by more
typical arc-like calc-alkaline magma which is generated at a later stage
with an increasing input of slab-derived fluids/melts (Ishizuka et al.,
2014; Reagan et al., 2010).

In contrast with available extrusive and hypabyssal rocks, the origin
of the dual geochemical signatures commonly found in the mantle
section peridotite is somewhat under investigated, and remains rela-
tively uncertain. Accordingly, the sequence of melt extraction during
subduction initiation is poorly understood, and it is challenging to de-
cipher it in ophiolitic mantle peridotite. This is because mantle peri-
dotites generally experience multiple melt extraction episodes, melt/
fluid-rock interactions and tectonic fragmentation prior to, and during,
emplacement and preservation (Uysal et al., 2016; Wu et al., 2018).
However, based on middle REE (MREE) and heavy REE (HREE) abun-
dances in peridotites and clinopyroxenes from the Loma Caribe
ophiolite (Dominican Republic), a subduction initiation origin has been
inferred. Thus, samples with low MREE/HREE and relatively high
MREE/HREE likely record a progressive sequence of melt extractions
during subduction initiation (Marchesi et al., 2016). Further inter-
pretation suggested that samples with low MREE/HREE may represent
residue after extraction of MORB-like melts from the uplifted astheno-
spheric mantle with residual garnet, whereas that of the relatively high
MREE/HREE are likely residual after extraction of arc-like melts from
spinel peridotite. Further, Zhang et al., (2020) claimed that coexistence
of high-Cr and high-Al chromite in chromitite is evidence for subduc-
tion initiation since genesis of high Al-chromitite and high Cr-chromi-
tite is theoretically linked to the interaction between harzburgite and
melts with MORB-like to bonititic compositions (Arai, 1997; Zhou et al.,
1996, 1998; Ahmed and Arai, 2002; Ahmed and Habtoor, 2015; Uysal
et al., 2009, 2015, 2018).

Such duality of geochemical signatures are similarly observed in the
crustal and mantle rocks of the Nagaland and Manipur Ophiolites in the
Indo-Burma range, India (Dey et al., 2018; Singh, 2013; Ovung et al.,
2018, 2020; Singh et al., 2016). Though, the significant fractionation of
MREE/HREE, as observed in the Loma Caribe ophiolite (Marchesi et al.,
2016), is not seen either in residual peridotites or its clinopyroxenes
(Kingson et al., 2017; Singh et al., 2016, 2013; Dey et al., 2018; Ovung
et al., 2020; Abdullah et al., 2018; Ghosh et al., 2018; Ao et al., 2020).
In addition, chromite in chromitites of the Nagaland and Manipur
ophiolite have high Cr# but no high-Al (Maibam et al., 2017; Pal et al.,
2014; Ghosh et al., 2014), which would appear inconsistent with a
subduction initiation origin (Zhang et al., 2020). Most recently, Ao
et al., (2020) proposed that the serpentinised peridotites in the Naga-
land and Manipur ophiolites initially originated in a mid-oceanic ridge
setting, and then were modified by slab-derived fluids/melts during
subduction processes. Thus, there is scope for an alternative explana-
tion for the origin of the duality of geochemical signatures recorded in
the mantle section of the Nagaland and Manipur ophiolite in addition to
the existing hypotheses.

Current interpretation of the Nagaland and Manipur ophiolites fa-
vours a subduction-related origin (Abdullah et al., 2018; Ao et al.,
2020; Kingson et al., 2019, 2017; Maibam et al., 2017; Ovung et al.,
2018; Pal et al., 2014). Yet, peridotites in these ophiolites have geo-
chemically diverse signatures (Ghosh et al., 2018); this discrepancy has
hitherto been attributed to “mantle heterogeneity” (Batanova et al.,
1998; Khedr et al., 2014; O’Driscoll et al., 2018, 2012). Recycling of
continental and oceanic components into the mantle during subduction
is one of the pivotal mechanisms for generating mantle heterogeneity
(Stracke, 2012). Furthermore, mantle metasomatism by fluid/melt de-
rived from the subducting slab at convergent plate margin is commonly
considered to be a key mechanism capable of changing the geochemical
and mineralogical characteristics of the mantle (Coltorti et al., 2007;
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O’Reilly and Griffin, 2013; Roden and Murthy, 1985; Zheng and
Hermann, 2014).

Metasomatic reaction between such fluid/melt and the mantle
wedge peridotite, with mass transfer taking place at the slab-mantle
interface, provides a means of understanding crust-mantle interaction
(Lietal., 2013, 2017, 2018; Zheng, 2012). Accordingly, clinopyroxenes
in mantle wedge peridotite can thus be utilized to trace the nature of
mantle metasomatism because clinopyroxenes are major carriers of
incompatible trace elements (Rivalenti et al., 1996). However, with the
exception of the work of Ao et al., (2020), geochemical data on clin-
opyroxene from the Nagaland and Manipur ophiolites are limited. Ao
et al., (2020) suggested that melt derived from the subducting basaltic
slab metasomatized the overlying mantle which is preserved in the
Nagaland ophiolite. However, the geothermal regime during Cretac-
eous is generally believed to preclude melting of subducting basaltic
slab (Peacock, 2013, 1991).

In this work, we focus on two objectives: 1) to better understand the
geological processes/mechanisms that cause the observed duality of
geochemical signatures of the Nagaland and Manipur ophiolite belt by
using published whole-rock geochemical and Nd isotopic data and 2) to
document the nature of the Neo-Tethyan mantle metasomatism and its
subsequent evolution. For the second objective, in-situ major and trace
element concentrations were determined in clinopyroxenes of the ser-
pentinised peridotites from the Manipur ophiolite. We also utilized the
existing in-situ major and trace elements data for clinopyroxenes of the
peridotites from the Nagaland and Manipur ophiolites.

2. Geological setting

The Nagaland ophiolite and the Manipur ophiolite exposed within
the Indo-Burma Range represent part of a suture between the Indian
Plate and the Eurasian plate (Fig. la and b; Acharyya et al., 1986;
Acharyya, 2007, 2010). The Nagaland and Manipur ophiolite belts lie
along the southern continuation of the Indus-Yarlung Tsangpo suture
zone (IYTSZ) (Fig. 1a), which extends further southward culminating in
the currently active Andaman-Nicobar Island subduction system
(Fig. 1a; Acharyya, 2015, 2007; Baxter et al., 2011; Fareeduddin, 2015;
Ghosh et al., 2017, 2009; Sengupta et al., 1990, 1989; Sloan et al.,
2017). The remnants of the Mesozoic Tethyan Ocean that lay between
Indian and Eurasia plate are delineated along this older, inactive suture.
Accordingly, there are two ophiolite belts to the east of the Indian plate:
1) the ophiolites outcropping along the Myanmar side of the Indo-
Burma range representing the eastern belt (Liu et al., 2016a), whereas
2) the ophiolites exposed in the Nagaland and Manipur hills (i.e., the
Nagaland and Manipur ophiolite; Singh et al., 2013, 2016, Kingson
et al., 2017, 2019) of the Indo-Burma Range, in the Chin Hills of
Myanmar (i.e., Kalaymyo ophiolite; Liu et al., 2016a, 2016b), in the
Andaman Islands and in the Indonesian outer arc representing the
western belt (i.e., Andaman ophiolites; Bhattacharjee, 1991; Curray,
2005; Fareeduddin, 2015; Liu et al., 2016a, 2016b). Recent U-Pb zircon
dating suggests that the eastern ophiolite belt represents an older suture
of Middle Jurassic age (c 0.173 Ma), which makes it coeval with the
Bangong-Nujiang suture in Tibet; in contrast the western belt, that in-
cludes the Nagaland, Manipur and Kalaymyo ophiolites, represents the
younger IYTSZ of later, Early Cretaceous age (116.4-127 Ma; Aitchison
et al,, 2019; Liu et al., 2016a; Singh et al., 2017). Throughout the
200 km long and 15-20 km wide Nagaland and Manipur ophiolite belt
(Fig. 1b), the exposed rocks appear geochemically consistent
(Brunschweiler, 1966).

2.1. Nagaland ophiolite

The NE-SW trending Nagaland and Manipur ophiolite complexes are
juxtaposed between two lithologies. These are: 1) Early Ordovician
meta-sedimentary rocks of the Nimi Formation to the east (Fig. 2a); and
2) much younger Eocene flysch-like sediments of the Disang Formation
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to the west (Fig. 2a). The Nimi Formation comprises meta-sedimentary
rocks of blueschist facies metamorphic grade which are an exhumed
component of the Burmese continental succession (Ao and Bhowmik,
2014; Fareeduddin, 2015; Ghosh et al., 2014; Kingson et al., 2017). To
the west, the Nagaland ophiolite is overlain by the Mid-Late Eocene age
Phokphur Formation (Acharyya et al., 1986; Jana and Acharyya, 1986),
which is, in turn, overlain by the Eocene Disang Group. The lower,
Phokphur Formation consists of ophiolite-derived sediments, sand-
stone, shale, conglomerate, and coarse sandstone along with minor
limestone and carbonaceous material (Ghose et al., 2010). The Disang
Group dominantly consists of fine-grained shale intercalated with
sandstones and is overlain by the (~1750 m thick) Oligo-Miocene Ba-
rail Group (Ghose et al., 2010; Imchen et al., 2014) which is dominantly
sandstone with interbedded shale (Vadlamani et al., 2015). The Disang-
Barail Groups of rocks are interpreted as flysch-like ocean trench se-
diments and dominate the Indo Myanmar range (Soibam et al., 2015).

The ophiolite itself is, for the most part, composed of ultramafic
rocks (lherzolite, harzburgite dunite, wehrlite and olivine-clinopyrox-
enite), with sparser exposures of higher-level ophiolite-succession rocks
(i.e., pillow basalt, massive basalt, and gabbro), together with minor
amount of ‘felsic’ rocks (i.e., diorite and plagiogranites; Abdullah et al.,
2018; Ghose et al., 2014; Pal et al., 2014; Sengupta et al., 1989; Singh
et al., 2017). Oceanic pelagic sediments such as chert, marl and lime-
stone are also present in association with the higher-level (extrusive)
volcanic rocks. The lower-level ultramafic rocks in the Nagaland
ophiolite are variably serpentinised, whilst an eclogite-blueschist as-
semblage has been reported from the central part of the Nagaland
ophiolite belt (Chatterjee and Ghose, 2010; Ghose et al., 2010). This
eclogite-blueschist belt has been proposed as portion of an exhumed
component of the subducted slab (Acharyya, 2007; Fareeduddin and
Dilek, 2015; Kingson et al., 2017). U-Pb zircon dating of plagiogranites
and gabbros, yields an age of 116.63 = 0.30 Ma to 117.55 = 0.35Ma
for the Nagaland ophiolite (Aitchison et al., 2019; Singh et al., 2017).

2.2. Manipur ophiolite

The Manipur ophiolite is effectively the southern extension of the
Nagaland ophiolite (Fig. 1a and b). The northern and the southern
ophiolite sections along with their associated lithologies are presented
in Fig. 2b and c respectively. The Manipur ophiolite complex presents
a typical ophiolite mélange comprising serpentinised peridotites, pe-
lagic sediments, podiform chromitites, mafic rocks and felsic rocks,
and is sandwiched between the Late-Cretaceous to Late-Eocene flysch
sediments of the Disang Group and molasse sediments of the Barail
Group. This ophiolite mélange is overlain by the Disang Group

(Bhattacharjee, 1991). Here, the Disang Group is characterised by the
presence of dark grey and black splintery shales which, up-section,
become commonly intercalated with siltstone and sandstone
(Bhattacharjee, 1991). These flysch-like Disang sediments are, in turn,
overlain by the Barail Group which can be distinguished from the
Disang Group by the increasing predominance of bedded sandstones
intercalated with finer shales.

Variably serpentinised peridotites of the Manipur ophiolite are the
dominant exposed component of this ophiolite belt, with minor com-
ponents of mafic rocks (basalts, gabbros), felsic rocks (plagiogranites)
and podiform chromitites. These peridotites are typically harzburgite
with lesser lherzolite and wehrlite components (Kingson et al., 2017;
Soibam et al., 2015). Varieties of massive, granular, nodular and dis-
seminated chromite have also been reported (Maibam et al., 2017; Pal
et al., 2014). U-Pb dating of zircons in plagiogranite and gabbro in-
dicate a crystallization age of c¢. 117 Ma (Singh et al., 2017; Aitchison
et al., 2019), and thus consistent with that of the Nagaland ophiolite
(116.63 = 0.30Ma to 117.55 * 0.35Ma; Singh et al., 2017).

3. Petrography

Although the mantle peridotite and associated tectonite are variably
serpentinised, their protoliths are considered to include lherzolite and
harzburgite, wehrlite, dunite and pyroxenite (clinopyroxenite and
websterite) (Abdullah et al, 2018, Dey e a., 2018; Ao and
Satyanarayanan, 2022; Ao et al., 2020, Kingson et al., 2017, Singh
et al., 2016, 2013; Fareeduddinl and Dilek, 2015). Ao et al. (2020)
reported two lherzolites which preserve both primary and re-crystal-
lization textures since they display igneous relicts of megacryst clin-
opyroxene, orthopyroxene, olivine and spinel together with neoblasts of
pargasite, clinopyroxene, and also a clinopyroxene veins located in the
cracks and grain boundaries of orthopyroxene and olivine phenocrysts
(Singh et al., 2016; Ao et al., 2020 and Ao and Satyanarayanan, 2022;
Verencar et al., 2021). Clinopyroxene neoblasts, probably secondary in
origin, also occur as interstitial grains within the serpentine minerals
(Ao and Satyanarayanan, 2022), further demonstrating a complex
metasomatic history of these upper mantle rocks.

Similarly, examination of samples MR14-3, -5, — 12 and
UK14-18 from the current study reveal relict clinopyroxenes (Fig. 3a-
h), whilst other phases present include orthopyroxene phenocrysts
(Fig. 3 g, h), spinel (Fig. 3e), olivine (Fig. 3d) and serpentinite minerals
(Fig. 3a-e and Fig. 3g, h). Details of these associated minerals are
provided in Table 1 and Fig. 3. Clinopyroxene with embayed bound-
aries commonly occur along the grain boundaries of olivine (Fig. 3d)
and orthopyroxenes (Fig. 3f-h) indicating their secondary origin.
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Fig. 2. (a) Geological map of the Nagaland ophiolite modified after Anon., (1986) and (Bhowmik and Ao, 2016). (b) Geological map of the northern part of the
Manipur ophiolite, Ukhrul, and (c) Southern part of the Manipur ophiolite, Moreh. The geological maps of the Manipur ophiolite were modified after Singh et al.,

(2013) and sample locations are marked.

In summary, association of secondary clinopyroxenes with pheno-
crysts orthopyroxene and/or olivine is generally considered to be the
result of interaction of a carbonate-rich fluid/melt with primary olivine
and/or orthopyroxene (Coltorti et al., 1999; lonov et al., 1993; Sun et al.,
2012). This type of metasomatic process can typically occur in the
mantle wedge during subduction and causes conversion of primary
harzburgite or lherzolite to pyroxenite (Liu et al. 2016b) or wehrlite
(Coltorti et al. 1999; Green and Wallace, 1988; Yaxley et al., 1991).
Therefore, we consider that the clinopyroxenite and websterite present in
these Indo-Burma ophiolite belts (Dey et al., 2018; Abdullah et al., 2018,
Singh et al., 2016; Fareeduddin, 2015) are likely to have been generated
through carbonate-mantle peridotite reaction in slab mantle interface.

4. Methods

Existing major and trace element data for clinopyroxenes in peri-
dotites from the Nagaland and Manipur ophiolites were compiled from
Singh et al. (2013, 2016), Abdullah et al. (2018), Ao et al. (2020),
Ghosh et al. (2018). In addition, a total of twenty-two serpentinized
peridotite samples were also petrographically investigated during this
study; four samples (Table 1) (i.e., MR 14-3, —5, —12 and UK14-8)
were identified as having fresh clinopyroxenes and selected for further
analytical study, and in-situ major and trace elements concentrations
were analysed from clinopyroxenes in these samples. New '**Nd/***Nd
for five serpentinised peridotite samples (i.e., MR14-7, —9 and
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Fig. 3. (a-b) Photomicrographs showing relic clinopyroxenes and serpentine mineral phases in serpentinized peridotites. (c, e and f) BSE images for the relict
clinopyroxenes. The spot in the images are the spots where in-situ measurements have been carried out for major and trace elements concentration by LA-ICP-MS. (d)
Photomicrograph in reflected light showing relict of olivine surrounded by secondary clinopyroxenes. The abbreviations used in the images; cpx, opx, ol and spt
represent clinopyroxene, orthopyroxene and serpentine, respectively. cpx and cpx-2 represent primary and secondary clinopyroxenes respectively.

Table 1
Location and mineralogy of the studied mantle peridotite from the Nagaland and Manipur Ophiolites.

Sample Location Lat-Long Rock Mineral association References

Data from literature

44 A Nagaland E94°45.297’; N25°41.747° Lherzolite opXx, cpx, ol, hbl, spl, srp Ao et al., (2020)
117A Nagaland E94°45.004’; N25°41.163’ Lherzolite opXx, cpX, ol, hbl, spl, srp

Data from present study

MR14-3 Manipur N24°18"1.54” E94°15'54.53” Serpentinised peridotite opx, cpX, ant, srp, cr-spl, oliv, magt This study
MR14-5 Manipur N24°17’52.93” E94°15'58.47” Serpentinised peridotite OpX, CpX, Stp, cr-spl, oliv, magt

MR14-12 Manipur N24°1419.76” E94°17’55.88” Serpentinised peridotite opX, cpX, srp, Cr-spl, oliv, magt

UK14-18 Manipur N25°8’51.96” E94°2756.67” Serpentinised peridotite OpX, SIP, CpX, cr-spl

Note: Abbreviations: opx: orthopyroxene; cpx: clinopyroxene; spl: spinel; ol: olivine; hbl: hornblende; srp: serpentine; cr-spl: chromium spinel; magt: magnetite.
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UK14-14, —17, —32) were also analysed (Table 1). The neodymium
isotope data for other serpentinised peridotite samples used in this
study were compiled from Kingson et al., (2017).

4.1. In-situ major and trace element analyses in LA-ICP-MS

In-situ major and trace element concentrations in clinopyroxenes
were measured by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) (GeoLas 2005 + Agilent 7700x) at the State
Key Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences (GPMR-CUG), Wuhan, China. A laser beam of
44 ym was used. Helium was used as a carrier, and nitrogen gas was
introduced into the gas flow (Ar+He) of the argon plasma to enhance
sensitivity (Hu et al., 2008). The operating conditions for the laser
ablation system and Inductively Couple Plasma Mass Spectrometry can
be found in Liu et al., (2008). USGS reference materials (BCR-2G,
BHVO-2G and BIR-1G) were used for elemental concentration calibra-
tion, and a summed metal oxide normalisation was also performed (Liu
et al., 2008). Quantitative calibration, off-line selection, integration of
the background and analyte signals, and drift correction were con-
ducted using ICPMSDataCal (Liu et al., 2008).

4.2. In-situ major elements analyses in EPMA

In-situ major element concentrations were measured in selected
clinopyroxenes and orthopyroxenes of two serpentinized peridotites
(i.e., MR 14-5, and —12) using a CAMECA SX Five electron microprobe
analyser (EPMA) at DST-SERB National Facility, Department of
Geology, Institute of Science, Banaras Hindu University. A voltage of
15kV, 10nA current, and a beam diameter of 1 um with a LaB6 fila-
ment source was applied. A wavelength dispersive spectrometry, along
with TAP, LiF, and LPET crystals were used for quantitative analyses.
International standards provided by CAMECA-AMETEK were analyzed
along with the samples for routine instrument calibration and the de-
tailed procedures and calibration statistics are provided in Pandey
et al., (2018). Error on major elements concentrations measurement
was < 1%.

4.3. Two pyroxene geothermometry

We applied coexisting clinopyroxene-orthopyroxene geothermo-
metry following the calibration of Taylor (1998) to estimate the tem-
perature of formation of the relict Manipur ophiolite clinopyroxenes.
The Taylor (1998) geothermometric equation is a recalibration from
that derived by Brey and Kohler, (1990), but using a larger data set and
improved activity model which has incorporated the correction for
minor components (i.e., Ti, Fe, and Na). It is generally believed that this
thermometry provides a reliable mantle temperature estimate because
it is more sensitive and precise.

4.4. Whole-rock Nd isotope analysis

Abundances of trace elements are very low in the serpentinized
peridotites of the Manipur ophiolite due to their ultra-high depleted
nature. Accordingly, 5 — 8 g of powdered sample was digested for Nd
isotopic study, but this type of sample volume cannot be readily pro-
cessed by the normal column procedure for pre-concentration, parti-
cularly of Nd and Sm. We therefore applied the method of co-pre-
cipitation of lanthanides with iron (Sharma and Wasserburg., 1996),
with little modification in the clean isotope laboratory in the Depart-
ment of Earth Sciences, Pondicherry University, Puducherry, India. The
digested dry samples were then re-dissolved with HCl and diluted with
Milli-Q first to an ionic strength of ~1.0. The NH; (aq.) was gradually
added to the sample solution until a pH value of ~ 8 was attained. This
solution was thoroughly mixed and kept overnight to allow the pre-
cipitates to settle. Then, the supernatant liquid was removed by filtering
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the solution through filter papers and the precipitate was re-dissolved
with 6 N HCIL. The solution contained Fe and REEs, and then Fe was
removed by passing the solution through a column filled with the anion
exchange resin. For this, the re-dissolved solution was loaded on the
pre-calibrated anion exchange resin column equilibrated with 10 ml of
6 N HCI. REEs were collected with 10 ml of 6 N HCl. Nd was separated
from the LREEs (light REEs), which were first separated from the total
REEs. For separation of LREEs, the dried fraction of the REEs was dis-
solved in 2ml of 2N HCI and loaded on equilibrated Bio-Rad AG50W
X8, 200-400 mesh, cation exchange resin column with 15ml of 2N
HCI. LREEs were collected with 7 ml of 6 N HCI after elution of 40 ml of
2N HCI and 7 ml of 6 N HCl, as per column calibration. This collected
fraction of LREEs was dried and re-dissolved in 300 pl of 0.18 N HCI and
loaded on the equilibrated HDEHP-coated Teflon resin column with
20 ml of 0.18 N HCl. Nd was collected with 4 ml of 0.24 N HCI and 6 ml
of 0.3N HCl whereas the Sm was collected in the 0.4N HCI, after
elution of 10 ml of 0.18 N HCI and 6 ml of 0.24 N HCI, as per column
calibration. The collected Nd was dried with orthophosphoric acid.

The concentrated dry Nd was loaded on degassed Rhenium fila-
ments after dissolving it with 1l of 1 N HNOs. The '**Nd/***Nd iso-
topic ratios in serpentinized peridotite samples (MR14-7,-9,
UK14-14, —17, and —32) were measured using a Thermal Ionization
Mass Spectrometer (TIMS, Thermo-Finnigan, model-Triton) housed at
the Department of Earth Sciences, Pondicherry University, Puducherry,
India. The TIMS measured Nd isotopic ratios with a cup configuration
in which '**Nd was measured in the centre cup. Instrumental fractio-
nation was corrected during the run for Nd using exponential law
(**Nd/***Nd = 0.7219 for Nd). The measured values for Nd isotope,
were corrected for Sm interference, if any, with the present-day ratio
**Sm/*Sm = 0.204800). Nd isotope analysis was achieved with a
total of 216 measurements with 12 cycles in 18 blocks. Typically,
~865pg was the average procedural blank level for Nd during the
sample analysis. The isotope standard AMES was measured during the
sample analysis for the *°Nd/'*‘Nd ratio and the value was
0.511976 = 0.000003 (1sd.; n = 20), which is comparable, though
distinct, within the external precision, with the reported value of
0.511960 + 0.000002 (20)(Caro et al., 2006).

5. Results
5.1. In-situ major and trace elements composition

5.1.1. Clinopyroxene

Concentrations of major and trace elements are presented in weight
percentage (wt%) and parts per millions (ppm), respectively (supple-
mentary file). The in-situ major elements concentrations which were
used for thermometry, are provided in Table 2. In the studied perido-
tites, clinopyroxenes have the following elemental ranges: SiO, (Wt%)
49.5-51.8, MgO (wt%) 14.19 — 19.51, CaO (wt%) 17.95 — 24.02, Al,05
(wt%) 5.17 — 7.01, TiO5 (Wt%) 0.16 — 0.42, Cr (ppm) 4661 — 9085, Zn
(ppm) 4.24 — 17.27, and Ni (ppm) 314 — 758. Ca/Al ratio varies nar-
rowly 2.67 — 4.44, whereas Mg# has a wide variation ranging from
84.41 to 92.00. These relic clinopyroxenes yield flat-HREE and de-
pleted-LREE patterns (Fig. 4e). Cs, Rb, Ba and Pb are enriched whereas
Zr, Sr and Ti are depleted when the elemental abundances are nor-
malised to N-MORB (Fig. 4f).

5.1.2. Orthopyroxene

SiO, (wt%) in the orthopyroxenes of the serpentinized peridotites
ranges from 51.1 to 55.6, while MgO in the orthopyroxenes ranges from
29.5 to 32.6 wt%. Other major oxides have a small compositional range:
Fey03(T) 5.6 — 6.5wt%, Al,O3 4.8-6.1 wt%, Cry03 0.65-0.78, wt%,
Ca0 1.7-2.8 wt%, and TiO, 0.09-0.14 wt%. Mg# in the orthopyroxenes
is moderate and ranges from 89.9 to 90.5.
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Table 2

In situ major elements data for clinopyroxenes and orthopyroxenes in the serpentinised peridotites, the Manipur ophiolite.
Sample MR14-12 MR14-5 MR14-12 MR14-5
Mineral Clinopyroxene Orthopyroxene
Points 3 4 9 10 31* 40 * 1 1 5 6 35* 42*
Si02 50.8 50.6 50.7 49.7 49.5 49.3 55.6 55.5 54.5 54.8 53.6 51.2
Na20 1.00 0.97 0.98 0.90 0.21 0.81 0.09 0.09 0.16 0.10 0.004 0.04
MgO 15.6 15.8 15.5 18.8 15.5 15.9 29.7 30.0 29.5 30.2 31.9 32.6
Al203 6.89 6.97 6.93 7.01 5.91 6.00 5.84 5.81 6.07 6.02 4.75 5.03
TiO2 0.32 0.31 0.33 0.30 0.18 0.29 0.12 0.11 0.14 0.12 0.09 0.11
Cr203 0.95 1.01 0.98 0.99 1.33 0.98 0.67 0.65 0.67 0.66 0.78 0.68
CaO 21.64 21.39 21.54 18.69 23.18 22.36 1.83 1.70 2.78 1.76 1.88 2.18
MnO 0.10 0.10 0.10 0.11 0.11 bdl 0.15 0.14 0.14 0.14 0.21 0.13
FeO (T) 2.50 2.65 2.73 3.35 2.48 2.63 5.71 5.63 5.76 5.89 6.12 6.52
Total 99.8 98.8 98.8 98.8 98.4 98.2 99.7 99.7 99.7 99.7 99.4 98.4
Oxygen 6 6 6 6 6 6 6 6 6 6 6 6
Si 1.85 1.84 1.85 1.81 1.84 1.83 1.93 1.92 1.90 1.90 1.87 1.82
Na 0.141 0.137 0.139 0.126 0.004 0.015 0.013 0.012 0.022 0.013 0.000 0.001
Mg 0.85 0.86 0.84 1.02 0.43 0.44 1.53 1.55 1.53 1.57 0.83 0.86
Al 0.30 0.30 0.30 0.30 0.19 0.20 0.24 0.24 0.25 0.25 0.15 0.16
Ti 0.009 0.009 0.009 0.008 0.005 0.008 0.003 0.003 0.004 0.003 0.002 0.003
Ca 0.844 0.835 0.841 0.729 0.461 0.445 0.068 0.063 0.104 0.066 0.035 0.042
Mn 0.003 0.003 0.003 0.003 0.002 - 0.004 0.004 0.004 0.004 0.003 0.002
Fe (I 0.076 0.081 0.083 0.102 0.038 0.041 0.166 0.163 0.168 0.171 0.089 0.097
Mg# 91.8 91.4 91.0 90.9 91.8 91.5 90.3 90.5 90.1 90.1 90.3 89.9

Note: Nd and Sm concentrations used to calculate epsilon values were taken from Kingson et al., (2017). The error is in 1 sigma and is at the last decimal place.

5.2. Whole-rock Nd isotopic composition

143Nd/1**Nd isotope ratios were measured for five whole-rocks
serpentinized peridotites from the Moreh and Ukhrul sections, Manipur
ophiolite (Table 3). The Table 2 present-day 143Nd/1**Nd ratios have a
wide variation ranging from 0.512405 to 0.513192. Age corrected eng
(t = 117 Ma) values for the samples vary from — 6.8 to + 5.6.

5.3. Clinopyroxene thermometry

We have estimated the temperature of the formation of the relic
clinopyroxenes in two samples of serpentinised peridotites (MR14-12
and MR14-5) based on two-pyroxene geothermometry. The estimated
temperature is 1372 + 7 °C which is high, and thus comparable with
the magmatic clinopyroxenes. We assumed a pressure of 14 kbar to
calculate the temperature for the formation of these clinopyroxenes.
This pressure is within the range (12-16 kbar) estimated from the spinel
lherzolite in the Nagaland ophiolite using a P-T pseudosection model
(Ao et al. 2020).

6. Discussion
6.1. Metamorphism and its effects on clinopyroxene chemistry

High-pressure metamorphic rocks have been reported from the
Nagaland ophiolite; for instance, blueschist, lawsonite-blueschist (Ao &
Bhowmik, 2014; Ghose, Agrawal, & Chatterjee, 2010), hornblende
eclogite (Bhowmik & Ao, 2016), and eclogite (Chatterjee & Ghose,
2010; Rajkakati et al., 2019; Vidyadharan et al., 1986). It has been
suggested that these rocks represent the exhumed part of a subducting
slab of oceanic crust in an intra-oceanic subduction system (Bhowmik et
al., 2022). The presence of serpentine (Abdullah et al., 2018, Dey et al.,
2018; Ao and Satyanarayanan, 2022; Ao et al., 2020, Kingson et al.,
2017, Singh et al., 2016, 2013; Fareeduddinl and Dilek, 2015) and
amphibole (Ao and Satyanarayanan, 2022; Ao et al., 2020) in the as-
sociated mentle peridotite suggest that these rocks probably experi-
enced greenschist to amphibolite facies metamorphism either in the
mantle wedge, or during obduction. In the studied mantle peridotite
samples, most of the silicate mineral phases are altered to serpentine
minerals but few relict clinopyroxene and orthopyroxene remain pre-
served (Fig. 3 and Ao et al., 2020). The high LREE and low HFSE in the

secondary, and altered rims around of the primary clinopyroxene
(Fig. 4ab; Ao et al., 2020) are likely due to low-temperature secondary
processes (i.e., subduction-unrelated serpentinization, carbonation and
amphibolitization; Guice et al. 2018; Rollinson and Gravestock, 2012).

Before we discuss subduction zone processes in the mantle wedge
based on the in-situ major and trace element data for these relict-clin-
opyroxenes, it is first necessary to evaluate the effects of post-crystal-
lization alteration in these relict clinopyroxenes and establish the
nature of the protolith of these relict minerals. The serpentine minerals
clearly formed by hydrothermal alteration, and clinopyroxenes that
have interacted with hydrothermal fluids and low temperature carbo-
nate fluids generally display negative Ce-anomaly on chondrite nor-
malised REE plots (Fig. 5). Such negative Ce-anomalies are thought to
be generated through addition of La and Pr from the hydrothermal/
oxidised fluids, rather than a selective mobilization of Ce out of the
mineral/rock (Frisby et al., 2016). However, we observe no significant
negative Ce-anomaly in the secondary clinopyroxene, or the rim and
core of primary relict clinopyroxene (Figs. 4 and 5); instead, its absence
suggests that the fractionation of LREE/HREE in the studied clinopyr-
oxenes (Figs. 4 and 5) is more probably due to primary magmatic
processes, subsequent metasomatism and percolation of subducting
slab-melt/fluid in a mantle wedge. For comparison, magmatic calcite
and dolomite in carbonatites similarly show no negative Ce-anomaly
(Fig. 5), further implying that these relict clinopyroxenes are unlikely to
have been influenced by low-temperature hydration and carbonation
processes during emplacement and obduction of these rocks. To further
confirm that the relict clinopyroxene retains essentially magmatic
characteristics, petrographically unaltered areas were identified and
major and trace element concentrations were thoroughly analyzed
using back scattered electron (BSE) imaging. No alteration products
(i.e., secondary minerals such as chlorite, serpentines and amphibole)
were discovered at or near the analyzed spots within the clinopyroxenes
(Fig. 3c and e; see also the petrographic section of Ao et al., 2020).
Therefore, major post-crystallization changes due to low-temperature
hydration processes are unlikely.

In terms of mineral geochemistry, it is known that ‘relict’ clin-
opyroxenes present in serpentinised peridotite can be of secondary/
non-magmatic formed by the interaction of hydrothermal fluids during
the serpentinization processes after emplacement and obduction of the
ophiolitic rocks. Such hydrothermal non-magmatic clinopyroxenes are
reported in peridotites (Python et al., 2007) and gabbro (Akizawa et al.,
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Fig. 4. (a-b) Cl chondrite normalised REE patterns and N-MORB normalised trace elements patterns for secondary/vein clinopyroxenes and rim of the primary
clinopyroxenes of the peridotites from the Nagaland. REE and trace element patterns normalised to Cl chondrite and N-MORB for the primary clinopyroxenes of the
serpentinised peridotites in the Nagaland ophiolite (c-d) and Manipur ophiolite (e-f). The normalising trace elements data were taken from (Sun and McDonough,
1989). The In-situ major and trace element concentrations for the clinopyroxenes of serpentinised peridotites in the Nagaland ophiolites were compiled from Ao et al.
(2020).

2011) of the Oman ophiolite. These non-magmatic clinopyroxenes are Chondrite normalized REE patterns (Python et al., 2007; Akizawa et al.,
characterised by 1) very low CryO; (average = 0.05wt%) & Al,O3 2011). In contrast with these, the relict clinopyroxenes from this study
(average = 0.3wt%), and 2) positive Ce and/or Eu anomaly in display high Cr,03 (0.47-0.91 wt%; average = 0.67 wt%) and Al,O3

Table 3
Nd isotopic ratios in serpentinised peridotites, Manipur ophiolite, Indo-Burma Range, India.
Sample ID Nd (ppm) Sm (ppm) 143Nd/MNd fom/Nd eng (t = 117 Ma)
MR14-7 0.008 0.005 0.512427 = 5 0.43 -6.8
MR14-9 0.07 0.065 0.513167 = 2 1.82 4.9
UK14-14 0.022 0.011 0.512760 * 4 0.34 0.8
UK14-17 0.046 0.044 0.513067 + 2 1.84 2.7
UK14-32 0.079 0.071 0.513192 = 3 1.65 5.6

Note: * Represent the in situ major elements data from EPMA analysis. Major elements contents are presented in weight percentage, whereas the rest of the data were
obtained from LA-ICP-MS.
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lagic limestone from Manipur ophiolite (after Singh et al., 2016) and calcite-

dolomite in carbonatite (after Xu et al., 2008) for comparison. The normalising
REE data were taken from (Sun and McDonough, 1989).
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(5.2-7.1 wt%; average = 6.0 wt%) and, as indicated above, have no Ce
and Eu positive anomaly in chondrite normalised-REE patterns (Figs. 4
and 5). These geochemical features in the studied clinopyroxenes agree
with the composition of magmatic/mantle peridotitic clinopyroxenes
which have Cr,03 (0.5-2.5%), Al,03 (> 1.5%) (Python and Ceuleneer,
2003; Ernewein et al., 1988 and Petrological database of the ocean
floor, 2001).

To summarize, we are confident that the clinopyroxenes in this
study are magmatic in origin; the high formation temperature for these
clinopyroxenes (1372 = 7 °C) obtained from the coexisting clinopyr-
oxene-orthopyroxene geothermometry is inconsistent with secondary
processes and their composition likely recorded geochemical changes in
the mantle wedge. Accordingly, their geochemistry can be further uti-
lized to understand slab-mantle interface-related processes in the sub-
duction setting.

6.2. Dual tectonic settings fail to explain the compositional variations of the
serpentinised peridotite

A duality of ophiolite geochemical signatures was first recognized in
the Semail ophiolite (Alabaster et al., 1982). The origin of these dual
geochemical affinities in a single belt was not initially understood, and
became known as the so-called “ophiolite conundrum” (Metcalf and
Shervais, 2008). Evidence for the origin of the dual geochemical sig-
natures has subsequently been reported from locations such as the
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Fig. 6. (a) Cl chondrite normalised REE patterns of all the available data for the serpentinised peridotites in the Nagaland and Manipur ophiolites. The peridotites
data were taken from Kingson et al., (2017), Verencar et al., (2021 and 2022), Singh et al., (2013, 2016). (b) REE patterns normalised by Cl chondrite for the inferred
harzburgite with residual garnet facies (i.e., uplifted asthenospheric mantle) and spinel facies peridotites from the Loma Caribe ophiolite, Dominican Republic for

comparison. The peridotite bulk rock data were taken from Marchesi et al., (2016).

The normalising values were taken from (Sun and McDonough, 1989). (c) enqg

(t = 117) versus f S™/N variation plot for all the available serpentinized peridotite samples from the Manipur ophiolite. Nd and Sm concentrations used for

calculation of eyg and f5™/N¢

were taken from Kingson et al., (2017). The **Nd/***Nd isotope ratios for all the samples were taken from Kingson et al., (2017), except

the **Nd/***Nd isotope ratios MR 14-7, — 9, — 12 and UK14-14, — 17, and — 32 samples.
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modern Izu-bonin Mariana arc system, and the western Tethyan
ophiolites of Oman, Greece and Albania (Ishizuka et al., 2011; Reagan
et al,, 2010; Whattam and Stern, 2011), and Cyprus (Pearce and
Robinson, 2010). In these settings, the lava generated at the initial stage
of subduction is MOR-like and is known as ‘forearc basalt’ (Reagan
et al., 2010). However, this MOR-like basalt and intrusive equivalents
are later overlain by increasingly arc-like extrusive rocks and both are
commonly intruded by the latest-stage boninitic-type dykes (Whattam
and Stern, 2011). In effect, the magmatism changes from MORB to a
nascent ‘arc-type’, (i.e., boninitic composition). However, whilst such
explanations for geochemical duality have been previously reported for
oceanic-crustal rocks, the causes of duality of geochemical signatures in
mantle peridotites, such as observed in the Nagaland and Manipur
ophiolites, remains under investigated (Dey et al., 2018; Singh, 2013;
2016; Ovung et al., 2018, 2020).

Based on the fractionation of MREE/HREE in peridotites and its
clinopyroxenes of the Loma Caribe ophiolite, Dominican Republic and
variable composition of Cr# in chromitite of the Zambales ophiolite,
Philippines, Marchesi et al., (2016) and Zhang et al., (2020) claimed
that the dual geochemical signature in the mantle rocks were a con-
sequence of a succession of melt extraction during subduction initia-
tion. However, the significant fractionation of MREE/HREE, observed
in the Loma Caribe ophiolite (Fig. 6b), is not observed in both residual
peridotites (Fig. 6a) and its clinopyroxenes (Fig. 4) in the Nagaland and
Manipur ophiolites. Further, chromite in the chromitites of our ex-
amples have high-Cr (i.e., Cr# =63.6-82.0), but do not show high-Al
(Maibam et al., 2017; Pal et al., 2014; Ghosh et al., 2014), so are si-
milarly inconsistent with the subduction initiation origin (Zhang et al.,
2020). The underlying principle of the subduction initiation explaining
high-Cr# (72.9-75.9; Zhang et al., 2020) and high-Al (Cr# =
45.5-47.7; Zhang et al., 2020) in chromitites is that they could have
been formed by the interaction of peridotite with MORB-like and bo-
ninite melts, respectively, during subduction initiation (Zhang et al.,
2020).

Interestingly, two samples, UK14-30 and UK 14-31, collected from
the same outcrop in the Manipur ophiolite (Fig. 1c and Table 4) show
contrasting isotopic and geochemical signatures (Fig. 6¢). UK14-30
displays a slightly U-shaped REE pattern with low eyg () (—1.0),
whereas UK14-31 shows depleted-LREE pattern with high eyq (1)
(+10.9) (Fig. 6¢). The former is believed to represent a metasomatized
mantle source in a subduction setting (e.g., Ellam and Hawkesworth,
1988), whereas the latter is from a typical depleted mantle source
generally proposed to have formed in a MOR setting (Workman and
Hart, 2005 and references therein). However, the UK14-31 sample was
collected from ¢.335m away from the other sample (UK14-30) and
both outcrops, near Gamnom, Ukhrul, had physical continuity (Fig. 2b
and Table 4). Similar geochemical features for other samples are also
observed in different sections of the Manipur ophiolite (Fig. 2b and c)
and details are provided in Table 4. In addition, when eygq (t) values of
all the available peridotite samples are plotted against their f S™/Nd
(Fig. 6¢), a continuous trend indicating a positive correlation is ob-
served without any compositional gap. Such a continuous trend could
have resulted from variable extents of metasomatism in the same

Table 4
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mantle wedge (Kingson et al., 2017). The samples with high and posi-
tive eng (t) and low f 5N could have been unaffected by the sub-
duction components. In contrast, other samples with negative eyq (t)
and low f 5™™Nd correspond to a portion of the same mantle wedge
dominantly influenced by subduction components. Based on these iso-
topic and geochemical features, the earlier studies in which the peri-
dotite of the Manipur ophiolite were suggested to have been formed in
MOR and SSZ settings (Ningthoujam et al., 2012; Ibotombi et al., 2013,
Singh et al. 2013, 2016; Ovung et al., 2018) have been re-interpreted to
have been derived from a single source (Kingson et al. 2017).

It is generally thought that the fluid/melt derived from a subducting
slab does not traverse the entire mantle wedge (Spandler and Pirard,
2013). So it would be reasonable to expect that the entire mantle wedge
is not entirely converted to metasomatized materials. More likely there
would remain portions of unmetasomatized mantle wedge and that
these two closely associated portions (i.e., metasomatized and un-me-
tasomatized) could later be obducted together to form the variety of
mantle materials now preserved in the present-day subduction-related
ophiolite mélange. Therefore, we propose that the existence of dual
geochemical signatures (i.e., MOR and SSZ-like geochemical affinities)
observed in the peridotites of the Nagaland and Manipur ophiolites, and
previously believed to have originated in two contrasting tectonic set-
tings (i.e., MOR and SSZ; Ningthoujam et al., 2012; Ibotombi et al.,
2013, Singh et al. 2013, 2016; Ovung et al., 2017; Dey et al., 2018, Ao
et al., 2020), are most likely to have resulted from “patchy metaso-
matism” in the mantle wedge. This would then account for the geo-
chemical variability in the Nagaland and Manipur ophiolites.

6.3. Origin of clinopyroxene and carbonate metasomatism

All available data for the serpentinised peridotites in the Nagaland
and Manipur ophiolites in the U/Th vs. Cs/Th variation plot (Fig. 7;
after Peters et al., 2017), are clustered towards the field of forearc
serpentinite, thus substantiating its origin in the mantle wedge (Peters
et al., 2017). Kingson et al., (2017, 2019) have also shown that the
rocks in the Nagaland and Manipur ophiolites were generated from a
fluid-metasomatized mantle source in a subduction setting based on
elemental and isotopic abundances in the mafic and ultramafic whole-
rocks; however, the composition of the metasomatic agents derived
from the subducting slab which had fluxed the mantle wedge is not
been discussed in detail by these authors. More recently, based on trace
element contents in clinopyroxenes of peridotites, Ao et al., (2020)
proposed that silicate melts derived from the subducting basaltic slab
had fluxed the mantle wedge causing both modal (i.e., changing the
mineralogy) and cryptic (i.e., without changing the mineralogy) me-
tasomatism in the peridotites of the Nagaland ophiolite. Modal meta-
somatism in the peridotites of the Nagaland ophiolite is evidenced by
the presence of locally developed clinopyroxenes and amphiboles
which show LREE-enriched patterns, high Sr/Y, and depletion in Nb
and Ti. In contrast, the cryptic metasomatism is evident from the or-
thopyroxene and clinopyroxene rims (i.e., LREE-enriched, high Sr/Y,
and depletion in Nb and Ti) adjacent to the secondary clinopyroxenes
(Ao et al., 2020). However, the idea of derived silicate melts affecting

Sample location of closely associated peridotites along with their latitude and longitude. Distance between closely associated samples and their exq(t = 117 Ma) are

also presented.

Location Sample ID Latitute Longitute ena (1) Distance between two samples (m)
Between Sirohi and Nungbi, Ukhrul UK14-10 N25°1022.25” E94°262.65” -1.1 <2
UK14-11 N25°10"22.25” E94°262.65” 7.4
Near Gamnom, Ukhrul UK14-30 N25°0"40.1148” E94°2820.852” -1.0 ~335
UK14-31 N25°0745.33” E94°28'10.33” 10.9
Imphal to Moreh road (NH 102), near Moreh town MR14-7 N24°17’52.49” E94°16'2.97” -6.8 ~127
MR14-4 N24°17°52.93” E94°15'58.47” 10.4

Note: Nd isotopic ratios of UK14-10, UK14-11, UK14-30, UK14-31 and MR14-4 were taken from Kingson et al., (2017).
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Fig. 7. U/Th vs Cs/Th variation diagram for the studied serpentinised peri-
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(2017). This plot clearly suggests that the serpentinised peridotites in the Na-
galand and Manipur ophiolites represent mantle wedge serpentinite rather than
MOR-serpentinised peridotite. Primitive mantle (Palme and O’Neill, 2014),
Depleted mantle (Salters and Stracke, 2004), GLOSS 1l (Plank, 2014) and ocean
water (Li, 1991) values are plotted for comparison.

the mantle source of the Nagaland ophiolitic rocks are unlikely for the
following reasons: (1) Melting of subducting basaltic slab is at odds
with the thermal structure of modern subducted slabs (Peacock, 2013,
1991). (2) Residual clinopyroxenes in peridotites after partial melting
(Baker and Stolper, 1994; Falloon et al., 1999; Schwab and Johnston,
2001; Walter, 1998; Wasylenki, 2003; Gaetani and Grove, 1998;
Pickering-Witter and Johnston, 2000) should have Ca/Al < 5 and Mg#
< 92, similar to the clinopyroxene which interacted with an experi-
mental high silicate melt derived from eclogite (i.e., subducting basaltic
slab; Wang et al., 2010; Yaxley et al., 1991). By contrast, the secondary
clinopyroxenes reported by Ao et al., (2020) show variable and high
Ca/Al (6.6-9.3) and Mg# (95.99-99.68) which are inconsistent with
the melt-mantle interaction model. (3) The high Sr/Y and La/Yb can be
generated by a variety of petrological processes in magmatic rocks
(Moyen, 2009), for instance, melting of the basaltic crust on the sub-
duction slab, which would then give rise to adakite compositions dis-
playing these high ratios.

Alternatively, the inferred metasomatism in the mantle wedge of the
Nagaland ophiolite could be caused by adakite melts (i.e., melt having
high Sr/Y) derived from the subducting basaltic slab (Ao et al., 2020).
Therefore, to test this idea, we re-evaluate the results of the secondary
clinopyroxenes and rims of relict primary clinopyroxenes reported in
the Nagaland peridotite. On careful scrutiny, the chemistry of these
secondary clinopyroxenes and clinopyroxene rims which have high La/
Yb (7.0-12.6), Zr/Hf (27.9-42-9), Ca/Al (6.6-9.3), Mg# (96.0-99.7),
and low Ti/Eu (1880-2891), are consistent with carbonate-derived
metasomatism in the mantle, as shown by Rudnick et al., (1993). Ad-
ditionally, Klemme et al., (1995) further suggested that Ti/Eu ratios in
clinopyroxenes are particularly sensitive to trace carbonate metaso-
matism. Therefore, the observed geochemical features in our secondary
clinopyroxenes indicate that the fluid/melt would likely be carbonate-
rich rather than from a silicate melt derived from subducting basaltic
slab (Fig. 8a-d; Coltorti et al., 1999; Gervasoni et al., 2017; Klemme
et al., 1995; Rudnick et al., 1993; Zong and Liu, 2018). Further, the
composition of the secondary clinopyroxenes lies in the field of car-
bonate-metasomatism on Ti/Eu vs. La/Yb and Ca/Al vs. Mg# plots
(Fig. 8a and d), indicating the influx of carbonate-rich fluid/melt into
the mantle wedge; high Zr/Hf and its correlated changes with Lay/Yby
in the secondary clinopyroxenes and rim of relict primary clinopyrox-
enes also support this inference (Fig. 8b). The inferred carbonate
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metasomatism is also supported by observed depletion in Nb and Ta
compared to La and depletion in Ti compared to Sm in N-MORB nor-
malised patterns for secondary clinopyroxene and rim of primary
clinopyroxene (Fig. 9a). The depletion in Nb, Ta and Ti could also have
resulted from the fractionation of amphibole and rutile, respectively
(Rivalenti et al., 1996). However, the depletion in Nb and Ta compared
to La is observed in both coexisting secondary clinopyroxenes and
amphiboles (Fig. 9a and b), which indicates that fractionation of am-
phibole could not produce the required depletion in Nb and Ta in the
studied clinopyroxenes. Rutile is not reported in the Nagaland and
Manipur ophiolites and can thus be rejected to explain Ti depletion in
the clinopyroxenes.

An influx of slab-derived carbonate-rich fluid/melt into the mantle
wedge is also texturally supported. Interaction of carbonate rich fluid/
melt with the orthopyroxenes and/ olivine (Dalton and Wood, 1993)
always results in the formation of secondary clinopyroxenes (Coltorti
etal.,, 1999; lonov et al., 1993; Sun et al., 2012), which is evident by the
formation of few secondary clinopyroxenes in the cracks and grain
boundaries of the orthopyroxenes (Fig. 3f-h and see the Fig. 5 of Ao
et al., 2020) and olivine (Fig. 3d). This type of secondary clinopyroxene
(i.e., clinopyroxenes having high La/Yb and Zr/Hf) is hitherto un-
reported in the peridotites of the Manipur ophiolite. However, the
major and trace element abundances in clinopyroxenes (i.e., high Ca/Al
ratios (> 5) and depletion in Nb, Zr and Ti) (Figs. 4 and 8d) suggests
carbonate metasomatism in these mantle peridotites. Some of the
clinopyroxenes of the Nagaland and Manipur ophiolitic peridotites also
show correlated changes of Smy/Hfy with Zr/Hf such that the data fall
in the field for well-known carbonate-metasomatized clinopyroxenes
(Chen et al., 2017; Wu et al., 2017; Guo et al., 2020; Deng et al., 2017)
of the mantle xenoliths from the China craton (Fig. 8c). These features
are further indicative of interaction of carbonate-rich fluid/melt with
the mantle wedge peridotites. In addition, the composition of the car-
bonate-melt equilibrated with clinopyroxenes is similar in their trace
elements patterns with secondary clinopyroxenes and rim of the pri-
mary clinopyroxene (Fig. 10), substantiating the inferred carbonate
metasomatism. The parameters used in this model are described in
figure caption (Fig. 10).

Some of the primary clinopyroxenes fall outside the carbonate me-
tasomatized fields (Fig. 8a, ¢, d), and more clearly follow a melting
trend (Fig. 8c). In addition, LREE depletion is observed in these primary
clinopyroxenes (Fig. 4), instead of LREE enrichments expected from
carbonate metasomatism. Such geochemical features could have been
produced by larger degrees of melt extraction from the carbonate me-
tasomatised mantle source - a scenario supported by the melting model
(Fig. 13). The residual clinopyroxenes, after variable degrees of partial
melting (1% —20%), generated from the carbonate-metasomatized
mantle source are comparable with the depletion of LREE observed in
the studied clinopyroxenes. Details of the melting model are explained
in Section 6.5 and Fig. 13.

6.4. Origin of carbonate-rich fluid/melt

Carbonate-rich fluid/melt derived from upwelling asthenosphere
(deep-mantle) is generally characterized by steep LREE-enriched pat-
terns with enriched incompatible trace elements (e.g., Th, Nb, Ta, Sr;
Jones et al., 2013). Such geochemical characteristics are dissimilar to
trace elements abundances in the secondary clinopyroxene and rim of
the primary clinopyroxene (Fig. 4a-b and Fig. 11); therefore, it is un-
likely that the carbonate-rich fluid/melt that had interacted with the
studied peridotites originated from the upwelling asthenosphere. By
contrast, the composition of melts derived from carbonated pelite and
eclogite are mainly controlled by felsic minerals and rutile respectively
(Meinhold, 2010; Pfander et al., 2007). Thus, the melts derived from
the carbonated pelite and eclogite generally have high Th and Nb, re-
spectively. However, the secondary clinopyroxene and rim of the pri-
mary clinopyroxene display depletion in Th and Nb in N-MORB
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Fig. 8. (a) Lan/Yby versus Ti/Eu variation plot for clinopyroxenes of peridotites from the Nagaland and Manipur ophiolites. Field for the carbonate-metasomatised
clinopyroxenes was constructed based on the compiled data of well-known carbonate-metasomatised clinopyroxenes in the mantle xenoliths from the North China
Craton (Zhong and Liu, 2018). (b) Variation plots of Lay/Yby against Zr/Hf in clinopyroxenes of the peridotites from the Nagaland and Manipur Ophiolites. The
observed positively correlated changes between Lay/Ybyand Zr/Hf in clinopyroxenes suggest carbonate metasomatism. (¢) Smy/Hfy versus Zr/Hf variation plot in
clinopyroxenes and comparison of the clinopyroxenes in the peridotites of Nagaland and Manipur ophiolites with well-known carbonate-metasomatised clinopyr-
oxenes of the mantle xenolith from China Craton (Chen et al., 2017; Wu et al., 2017; Guo et al., 2020; Deng et al., 2017). (d) Ca/Al versus Mg# diagrams for all the
available and new clinopyroxenes data of the peridotites from the Nagaland and Manipur ophiolites. Subscript “N” in the plots represent N-MORB normalisation and
the normalising values were taken from Sun and McDonough, (1989). The existing major and trace elements data for clinopyroxenes of the Nagaland and Manipur

ophiolites were taken from Singh et al., (2013, 2016); Abdullah et al.,
normalised spider diagram (Fig. 11). Such geochemical signatures in
the clinopyroxene indicate that the carbonate-rich fluid/melt that has
metasomatised the mantle wedge in the subduction setting could not
have been originated from the carbonated pelite and eclogite.
Alternatively, N-MORB normalized trace element patterns of the
secondary clinopyroxene and primary clinopyroxene rim, that is Rb, U,
Sr enrichment and HFSE (Th, Nb, Zr, Hf, Ti) depletion, are comparable
with that of limestone (Fig. 11). Accepting this, and arguments detailed
above, the geochemical signatures are more consistent with the lime-
stone derived carbonate-rich fluid/melt assisted metasomatism of the
mantle wedge - barring only a couple of elemental abundances, such as
the relative enrichment in Ta and Ba. A possible explanation is that the
Ta enrichment relative to Nb observed in the secondary clinopyroxenes
(Fig. 11) could be resulted by influence of rutile bearing eclogite-

(2018); Ghosh et al.,
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(2017); Ao et al., (2020).

derived fluid (Huang et al., 2012; Kingson et al., 2019; Munker et al.,
2004), though this remains to be confirmed, whilst the observed Ba
enrichment (Fig. 11) could have been modified by fluids derived from
subducted siliciclastic sediment (Plank and Langmuir, 1998).

To summarise, the generation of carbonate-rich fluid through dis-
solution of carbonate minerals has generally been considered to play a
minor role in slab-mantle interface in subduction setting (Poli et al.,
2009). However, high pressure experimental research has demonstrated
that subduction zones can provide the conditions necessary to readily
dissolve subducted calcite or aragonite in the presence of aqueous fluids
(Caciagli and Manning, 2003; Dolej§ and Manning, 2010). Frezzotti
et al., (2011) subsequently demonstrated that dissolution of subducted-
carbonate minerals in slab-derived fluids, even in the carbonate stabi-
lity condition, is a pivotal mechanism that transfers carbon into the
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Fig. 10. N-MORB normalised trace elements patterns for secondary clinopyr-
oxenes, rim of primary clinopyroxene and its comparison of the carbonated
melt equilibrated with these clinopyroxenes. The N-MORB normalising values
were used from Sun and McDonough, (1989). Partition coefficients used for the
calculation of carbonate melt equilibrated with clinopyroxenes in the peridotite
are from Adam and Green (2001) and Klemme et al. (1995). The trace elements
concentrations in these clinopyroxenes were taken from Ao et al., (2020). Ab-
breviations: Carb.: Carbonate; cpx: clinopyroxene.

overlying mantle in subduction setting. Poli, (2015) suggested that Ca-
rich carbonate fluids can be generated at temperature ranging from
870°C to 900°C, representing a shallow depth of ~120km in the
mantle below arc in subduction setting. Therefore, we conclude that
carbonate-rich fluid, even in carbonate stability condition, can be
generated from the subducted limestone and transfer fluid-mobile
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Fig. 11. N-MORB normalised trace elements patterns in secondary clinopyr-
oxenes and rim of primary clinopyroxenes in the peridotites from the Nagaland
ophiolites. Trace elements in limestone after Jin et al., (2009) are also plotted
for comparison. We used trace elements data from Sun and McDonough, (1989)
as normalising values.

elements into the overlying mantle, and that this process has affected
the Nagaland and Manipur ophiolites investigated here.

6.5. Evolution of the Neo-Tethyan mantle

Different varieties of crustal mafic rocks and mantle peridotites with
wide ranges of elemental and Nd isotopic abundances i.e., enq(t)
= —6.3 to + 10.4 (Kingson et al., 2017, 2019) in the Nagaland and
Manipur ophiolites indicate heterogeneous mantle source for these
ophiolitic rocks. To decipher the events responsible for mantle source
evolution and the origin of subsequent mantle heterogeneity in the Neo-
Tethyan mantle preserved in the Nagaland and Manipur ophiolites, we
contend that the depletion in Nb, Zr, Hf and Ti in N-MORB normalized
trace element patterns could have resulted from mantle metasomatism
as the first petrogenetic event during subduction. The LREE depletion
observed in the studied primary clinopyroxenes (Fig. 4c and e) could
then be produced by a larger extraction of melts from the carbonate
metasomatised mantle as a second petrogenetic event. Such scenarios
are supported by the compositional zoning of the studied clinopyrox-
enes (Fig. 12). However, zonation of certain elements and elemental
ratios from core to rim in the clinopyroxenes (i.e., decrease in Na, Al
and Zr/Hf towards rim, and an increase in Y, V, Ti and Ca/Al towards
rim) present the following alternative possible explanations: (1) mobi-
lization of selective elements during the serpentinization processes, (2)
unequilibrated crystal growth from the same parental magma and (3)
the interaction of melt with the residue (Shaw et al., 2006). The ob-
served increase in fluid-immobile elements from core to rim (e.g., Y, Ti,
V, etc.; Fig. 12) rules out the low-temperature serpentinization pro-
cesses. In the case of unequilibrated crystal growth, the expected var-
iation in Mg# [(Mg/(Mg+Fe+2)] is a decrease from core to rim, and
not the increase in Mg# from core to rim as observed (Fig. 12), which
rules out the crystal growth process as the cause of compositional
zoning. Considering the data, and wider petrogenetic arguments, hy-
pothesis 3 is more likely the cause of the elemental zoning based on the
observed variations in Mg# and Ni/Zn since an increase in Mg# and
Ni/Zn from core to rim (Fig. 12) indicates the interaction of the residual
clinopyroxene with a new batch of mantle-derived melt.

A model of equilibrium partial melting of metasomatized mantle
source in a subduction setting was used to test whether the clinopyr-
oxene could be part of the residue. Assuming a carbonate-metasoma-
tized mantle source, similar to the carbonate- metasomatized lherzolite
sample 17JH24, after Guo et al., (2020), an equilibrium partial melting
using the equation of Norman, (1998) was performed. The clinopyr-
oxene in the lherzolite sample (17JH24) displays depletion in Nb, Ta,
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Fig. 13. N-MORB normalised trace elements patterns for resulting modelled
residual clinopyroxenes compared with all the available and new trace elements
patterns in clinopyroxenes of the peridotites from the Nagaland and Manipur
ophiolites. Normalising values are from Sun and McDonough, (1989). Equili-
brium partial melting equation after Normal (1998) was utilised for the geo-
chemical model here. The carbonate-metasomatized lherzolite (sample no.
17JH24) after Guo et al. (2020) was assumed as a hypothetical mantle source
for the model. The fraction of clinopyroxene in the source (X,,x) was taken as
5% for the model.Partition coefficient for all the trace elements were taken
from (Bedard, 2006; McKenzie and O’Nions, 1991; Frey, 1969; Irving and Frey,
1984).

Zr, Hf, Ti in N-MORB normalized spider diagram and enrichment in
LREE compared to HREE in chondrite normalised patterns along with
super-chondritic Zr/Hf (42.1-47.6), low Ti/Eu (1873-2115) and high
878r/86Sr (0.70527-0.70546) (Guo et al., 2020). Such geochemical and
isotopic features are typical of a carbonate-metasomatized source (Guo
et al., 2020; Zong and Liu, 2018; Chen et al., 2017, 2016; Wu et al.,
2017). Therefore, the lherzolite sample (17JH24) was used as the car-
bonate-metasomatised source in this study since it has clinopyroxenes
of similar geochemical signatures. [Note: Additional information about
the parameters used in this model is given in the caption for Fig. 13].
The resulting model-generated residual solid (i.e., clinopyroxene) after
1-20% of equilibrium partial melting can explain the entire range of
trace elements’ abundances in clinopyroxenes of the Nagaland and
Manipur ophiolites (Fig. 13). Using this model, we conclude that the
peridotites in the Nagaland and Manipur ophiolites have been initially
metasomatized and then have undergone equilibrium partial melting.
These two petrogenetic events would then explain the mantle hetero-
geneity in the Neo-Tethyan mantle preserved in the Nagaland and
Manipur ophiolites.

7. Petrogenetic and tectonic model explaining the origin for
duality of geochemical signatures

A self-consistent model to explain the origin for duality of geo-
chemical signatures found in the peridotites of the Nagaland and
Manipur ophiolite belt is proposed (see also Fig. 14). During Neo-
Tethyan oceanic-oceanic subduction at around 117 Ma (Fig. 14), a
carbonate-rich fluid derived from the subducted limestone metasoma-
tized the mantle wedge (Kingson et al., 2017, 2019). However, some
portions of the same mantle wedge were less/not affected and remained
unmetasomatized (Fig. 14). Accordingly, the peridotites samples with
low enq (t) represent the metasomatized portions of the same mantle
wedge, whilst the peridotite samples with higher eyq (t) correspond to
those unmetasomatized portions. At a later stage these two closely as-
sociated portions (i.e., metasomatized and un-metasomatized) of the
same mantle wedge were obducted together and were emplaced to form
the present-day exposure of subduction-related ophiolite mélange in the
Indo-Burma Range, India.
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Fig. 14. A schematic diagram depicting origin of dual geochemical signatures
(i.e., MOR- and SSZ-like geochemical affinity) in the peridotite of a same
ophiolitic belt. Abbreviations: FA: fore-arc; SED: subducted sediment; SL: sub-
ducted limestone; AOC: altered basaltic oceanic crust.

8. Conclusions

Geochemical data from the whole-rock serpentinised peridotites and
associated clinopyroxenes are presented, together with new in-situ
major and trace element abundances from clinopyroxenes of the
Nagaland and Manipur ophiolitic peridotites. From evaluation of these
archive and new data, the following conclusions may be drawn:

1. The serpentinized peridotites in the Nagaland and Manipur ophio-
lites represent a relict of the Neo-Tethyan mantle wedge that un-
derwent variable extents of mantle metasomatism and different
degrees of partial melting.

2. Patchy metasomatism at the metre scale in the mantle wedge ex-
plains the apparent ‘duality’ of geochemical signatures observed in
the ophiolite belt.

3. Carbonate-rich fluid derived from the subducted pelagic carbonate
(limestone) represent one of the key metasomatic agents that fluxed
the mantle wedge of the Neo-Tethyan mantle.

4. Two petrogenetic events (i.e., mantle metasomatism and partial
melting) were responsible for the evolution and heterogeneity of the
Neo-Tethyan mantle preserved in the Nagaland and Manipur
ophiolites.
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