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Abstract Carbonates that occur in the mélange zone of

Manipur ophiolitic complex (MOC), Indo-Myanmar Oro-

genic Belt, Northeast India contain diverse fauna with

dominance of foraminifera assemblages (planktonic and

benthic) and calcareous nanofossils. Rare earth element

(REE) contents (*51 ppm average value) in the MOC

carbonates are high compared with the average value of

typical marine carbonate (*28 ppm). The Post-Archean

Australian Shale (PAAS)-normalized REE patterns of these

carbonates exhibit seawater-like REE patterns with light

rare earth elements (LREE) depletion and relative heavy

rare earth elements (HREE) enrichment with negative Ce

anomalies (Ce/Ce* = 0.28–0.69) and positive Eu anoma-

lies (Eu/Eu* = 1.07–2.08). The carbonates show depleted

values of d13C % (PDB) (0.89–2.74 %) which characterize

marine precipitates while depletion in d18O % (PDB),

reaching minimum values (-6.29 to -11.40 %). The

negative anomalies of Ce in these carbonates suggest that

they were deposited under oxygenated environment. The

observed shale-normalized positive Eu anomalies and

spread in negative d18O values to a lesser extent of d13C %
(PDB) values of these carbonates suggest their formation

were altered by diagenesis in shallow marine environment.

Field, petrographical studies in conjunction with REE and

stable isotope characteristics suggest that these carbonates

form part of the ophiolitic mélange zone that emplaced

during subduction and obduction processes of the Indian

plate and Myanmar plate collision.

Keywords Carbonates � Rare earth element � Stable

isotope � Ophiolitic mélange � India

Introduction

The carbon and oxygen isotopic compositions of carbonate

rocks provide useful information on physico-chemical

conditions of precipitation and its subsequent diagenesis,

paleoclimate and paleoecology over geological times

(James and Choquette 1984; Wright 1990; Madhavaraju

et al. 2004; Tewari and Sial 2007). Because, the carbon

isotopic composition in carbonate minerals are mainly

identified by the d13C values of bi-carbonate/carbonate ions

in the water, the d18O values are largely influenced by the

isotopic composition of water and temperature of pre-

cipitation. Conversely, rare earth element (REE) concen-

trations in ancient carbonate rocks are useful to identify the

marine versus non-marine sources of REE (Frimmel 2009;

Zhao et al. 2009). REEs are also considered as an indicator

to identify the depositional environmental system such as

widespread marine anoxia (German and Elderfield 1990;

Murray et al. 1991), oceanic palaeo-redox conditions

(Elderfield and Pagett 1986; Kato et al. 2002), variations in

surface productivity (Toyoda et al. 1990), proximity to

source area (Murray et al. 1991), lithology and diagenesis

(German and Elderfield 1990; Nath et al. 1992; Armstrong-

Altrin et al. 2003, 2011; Madhavaraju et al. 2010) and

paleogeography and depositional models (Kemp and

Trueman 2003).
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The Nagaland–Manipur ophiolites (NMO) form part of

the Tethyan ophiolites and occur in the NNE–SSW trend-

ing the IMOB, northeast India (Fig. 1a). The NMO occur

as a narrow belt, *200 km in length, *2–20 km in width,

covers an area *2000 sq. km. It is represented by dis-

membered mafic–ultramafic rocks and podiform chromi-

tites with closely associated oceanic sediments (cherts,

cherty quartzite, greywake, phyllite, carbonate). Although

the ophiolitic suite of rocks of the NMO has been the

subject of intensive geological investigations (Ghose and

Singh 1981; Chattopadhyay et al. 1983; Venkataramana

et al. 1986; Mitra et al. 1986; Agrawal and Ghose 1986;

Sengupta et al. 1989; Vidyadharan et al. 1989; Acharyya

et al. 1989; Bhattacharjee 1991; Acharyya 2007; Chatterjee

and Ghose 2009; Ghose et al. 2010; Singh et al. 2012;

Singh 2009, 2013), the associated carbonates have received

little attention (Acharyya et al. 1986; Mitra et al. 1986;

Chungkham et al. 1992; Chungkham and Jafar 1998), and

detailed geochemical data have not been investigated.

To address this gap in the data, this study reports on the

carbon and oxygen stable isotope ratios along with REE

contents of carbonate exotics (olistoliths) occurring in the

southern part of the NMO, i.e. the Manipur ophiolitic

Complex (MOC) of the Northeast India (Fig. 1b). These

data are used to reconstruct the tectonic environment of the

MOC carbonates deposition.

Geological setting

The Tethyan ophiolites exposed along curvilinear suture

zones in the Alpine–Himalayan orogenic system are highly

diverse in terms of their structural–petrological features

and emplacement mechanisms (Dilek and Furnes 2009)

(Fig. 1a). The ophiolite suite of rocks of the W–E trends

Indus–Yarlung Tsangpo suture zone turning sharply

southwestward at the eastern Himalayan syntaxis, is offset

northward by the Sagaing fault, and continues southward

along the Indo-Myanmar Orogenic Belt (IMOB) (Gansser

1980) (Fig. 1a). Further trends south to the Andaman–Ni-

cobar Islands Arc and continues to southeast to the Men-

tawai Islands representing the outer Indonesian Island Arc.

The formation of the NMO is related to subduction and

obduction processes caused by the collision of the Indian

plate and the Myanmar plate (Acharyya et al. 1989;

Mitchell 1993). The ophiolite sequence in this region is

tectonised, dismembered and shows three phases of de-

formational events broadly comparable to the Himalayan

orogeny and sea floor spreading of the Indian Ocean

(Ghose et al. 1986). The ophiolites show an east-dipping

thrust contact with the underlying Upper Cretaceous–Up-

per Eocene flysch-like sediments of the Disang and Barail

formations exposed in the west, and are overthrusted from

the east by continental metamorphic rocks such as quartz–

mica schist, garnet–mica schist, quartzite, and granitic

gneiss (Brunnschweiler 1966). It has been described that

this ophiolite sequence was generated during the beginning

of spreading of ocean basin, which escaped re-equilibration

and significant fractionation developed at the edge of ocean

basin adjacent to the continental margins (Vidyadharan

et al. 1989). Acharyya et al. (1990) explained that this

ophiolite is represented by dismembered mafic and ultra-

mafic rocks with closely associated oceanic sediments and

occurs as folded thrust slices occupying the highest tec-

tonic levels that are brought to lie over distal shelf sedi-

ments of Eocene to Oligocene age. Singh et al. (2012) and

Singh (2013) proposed that this ophiolite was initially

formed in a mid-oceanic ridge tectonic setting and little

modified by later subduction-related tectonic and petro-

logical processes.

Stratigraphically, the investigated area (Fig. 1b) com-

prises of three major lithologic groups: ophiolitic suite,

Disang group and Barail group. The ophiolitic suite of

rocks consists of peridotites, basalt and gabbro with asso-

ciated sediments of chert, conglomerate, carbonate and

minor chromitites. The Disang group is exposed to west of

ophiolites and consists of slate, graphitic slate, phyllite,

siltstone and fine-grained sandstone. The ophiolitic suite of

rocks are also intermixed and interbedded with the Disang

flyschoid sediments (Bhattacharjee 1991). This group is

subdivided into two formations as lower Disang and upper

Disang formations. The Barail Group is made up of mas-

sive to thickly bedded sandstone, alternation of sandstone

and shale. The Disang–Barail sequence, again, overthrust

the Surma–Tipam Molasse belt towards west.

The olistoliths exposed as small lensoid exotic bodies in

the mélange zone. These exotic bodies include carbonates,

cherts, gritty sandstones and recrystallized sediments and

are dispersed within the shale–siltstone–graywacke of the

Disang group. Mitra et al. (1986) assigned the age of the

NE–SW trending olistrostromal belt in the Nagaland

ophiolite Complex (NOC) which is the northern part of the

NMO of varying age ranging from Palaeocene to upper

middle Eocene. Conversely, Chungkham and Jafar (1998)

assigned the pelagic limestones (carbonates) of the MOC to

the Late Cretaceous (Santonian–Maastrichtian), based on

the integrated Coccolith–Globotruncanid biostratigraphy.

Thus, age of the olistoliths of the NMO spans the interval

of Late Cretaceous–palaeocene/Eocene. These ages are

also similar to those microfaunal ages from cherts and

limestones from the NMO reported by Ghose et al. (1984).

Thus, there is general agreement that the upper limit age of

NMO probably extends up to Eocene while the lower age

limit is probably Late Cretaceous. Recently, Baxter et al.

(2011) reported Upper Jurassic radiolarians cherts collected

from the NMO. This new age is also supported by earlier
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Fig. 1 a Map of the major Tethyan ophiolites and suture zones in the

Alpine–Himalayan System (after Dilek and Furnes 2009). b General-

ized geological map of Manipur, Northeast India (after GSI, M.N.C.

DRG. No. 42/87, 1987), showing the Manipur ophiolitic Complex

(MOC), Indo-Myanmar Orogenic Belt, Northeast India. c Geological

map of the study area in the MOC, Northeast India (after Singh et al.

2012)
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single radiometric age of 148 ± 4 Ma (whole rock K–Ar)

from an associated basaltic flow with cherts in the NOC

(Sarkar et al. 1996). Conversely, Bhattacharjee (1991),

based on radiolarian fossils (Nassellaria), assigned the age

of the MOC chert as Early to Middle Cretaceous. Conse-

quently, the original age of the rocks forming the NMO is

still controversial.

Facies of different carbonate olistoliths

The investigated carbonates in general are fine grained and

show various shades of colour ranging from white, grey,

buff and brown. Minor amount of disseminated pyrite,

veins of calcite and quartz, along with irregular stylolitic

and stalactitic structures are also observed in these car-

bonates. In Ukhrul area, carbonate deposits are located at

about 400 m east of viewland market, Ukhrul town

(Fig. 2a) and near the Ukhrul–Jessami road. They are white

and buff in colour and exhibit tectonic contact with the

Disang formation. There are three carbonate deposits in

Hundung area, i.e. north deposit (Fig. 2b), the Mova cave

deposit and Hundung south deposit. Megascopically, car-

bonates of Hundung area show white to shades of grey,

buff and pink colours. These carbonates are fine grained

and exhibit subconchoidal fracture. At places, the carbon-

ates show irregular stylolitic structures and intercalated

with grey shale. The Kangkhui carbonate deposits are lo-

cated near Kangkhui village, about 13 km from Ukhrul

town (Fig. 2c). They are white and light pink in colour,

massive and highly jointed. These carbonates occur in

pyramidal/conical form associated with Disang shale. The

other minor carbonate deposits are Sokpao and Changa

deposits (Fig. 2d). Carbonates in Sokpao are white, mas-

sive and show subconchoidal fractures. In Changa area,

carbonates are grey in colour and show vein with sub-

conchoidal fractures. They are characterized by the pres-

ence of aggregate-type stylolitic veins and minute fractures

exhibiting fine laminations (Fig. 2e).

Petrographic studies of these carbonates confirmed that

they are mainly composed of calcite with minor amount of

dolomite, quartz and clay minerals with larger and smaller

microfossils. Sparse biomicrite or biomicrite is the domi-

nant microfacies in which allochems are either embedded

Fig. 2 Field photographs of selected carbonate deposits in the study

area a Bedded carbonate deposit near Ukhrul viewland bazaar;

b Kangkhui carbonate deposit. Photomicrographs c showing stylolitic

structure filled with ferrugineous matrix in the sparse biomicrite of

carbonate from Khangkhui area d showing packed biomicrite

carbonate from Hundung area
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in the groundmass of calcite matrix or are cemented by

calcite matrix (Fig. 2f). Majority of the carbonate grains, in

the present case, are \0.004 mm in size. Some grains are

rounded and have reached up to 0.01 mm.

The carbonates in Ukhrul are very fine grained. Frac-

tured veins are filled with calcite, quartz, kaolinised feld-

spar. The stylolites aggregate types are filled with

argillaceous/ferruginous matter. The observed amount of

allochem (10–50 %) classifies the rock as sparse biomicrite

(Folk 1962). The Hundung carbonates are homogenous and

dense sub-translucent in thin sections. Presences of

macrostylolites are noticed in few thin sections. There are

three types of carbonates that have been identified as sparse

biomicrite, packed biomicrite and fossiliferous micrite

(Folk 1962). Grains in these carbonates are very fine, av-

erage size ranging from 0.001 to 0.003 mm but some of

them reach up to 0.006 mm. The inequigranular grains of

the carbonates are anhedral to subhedral. The Kangkhui

carbonates comprise very fine grains ranging in size from

0.002 to 0.004 mm. Xenotopic to hypidiotopic fabrics are

observed in the Kangkhui carbonates. The fractures are

filled with sparry calcite, minor dolomite, quartz and kao-

linised feldspar. These carbonates are identified as fossil-

iferous micrite as the allochem constitutes less than 10 %

(Folk 1962). In the Changa carbonates microfracture veins

are irregular and are filled with calcite spars and siliceous

materials. These carbonates are also identified as fossilif-

erous micrite. Sokpao carbonates show xenotopic to hy-

pidiotopic fabric and they have very less allochems. The

important allochems are the fragments of macrofossils and

pellets.

The studied carbonates yield diverse microfossil

assemblages comprising planktonic and benthic for-

aminifera and also calcareous nanofossils. Integrated

biostratigraphy of these carbonates is documented in

Chungkham et al. (1992) and Chungkham and Jafar (1998).

Analytical methodology

X-ray powder diffraction (XRD) analyses of seven repre-

sentative samples were carried out at the Wadia Institute of

Himalayan Geology (WIHG), Dehradun. Powder XRD

patterns were collected using a PANalytical, X’pert PRO

X-ray Diffractometer at room temperature, using a rotating

Cu target with a voltage of 45 kV and a current of 40 mA.

The scan range (2h) was 2�–60� with a step size of 0.0080�.
Rare earth element (REE) concentrations of the repre-

sentative carbonate samples were analysed by inductively

coupled mass spectrometry (ICP-MS, ELAN DRC-E,

Perkin Elmer) at analytical accuracy ranges from 2 to 12 %

and precision varies between 1 and 8 %. REE concentra-

tions of carbonates are presented in Table 1. Their average

REE ratios are compared with the values of shallow and

deep water marine carbonate sediments presented in

Table 2.

Carbon and oxygen isotope analyses were carried out at

the Stable Isotope Laboratory (LABISE) of the Federal

University of Pernambuco, Brazil. Few samples (UKLB,

HUN-6A, KANG-CA, MOVA-EA, SOK-1, CH-2) were

analysed at the isotope laboratory of the ONGC, Dehradun.

The results are reported as permil (%) d18O and d13C

values relative to Pee Dee belemnite (PDB). The conver-

sion of SMOW (Standard Mean Ocean Water) values to

PDB standard have been attempted using the following

formula d18O calcite (SMOW) = 1.03086 d18O calcite

(PDB) = 30.86 (Friedman and O’Neil 1977). The carbon

and oxygen isotopic data of the twenty four representative

samples are presented in Table 3.

Results and discussion

X-ray diffraction analysis

The X-ray diffractograms of representative MOC carbonate

samples (UK, H1, H6, P7A, E1, H3, H2) are reported in

Fig. 3. The peaks are quite sharp with little background

absorption. It revealed that it contains calcite as the major

mineral phase while quartz as the minor silicate gangue

mineral in all the carbonate samples.

Rare earth elemental characteristics

The total REE (RREE) contents of the MOC carbonates

range from 13.49 to 81.94 ppm, with an average of 51 ppm

(Table 1). Significant variations in RREE content are no-

ticed in the different types of carbonates. The carbonate

samples from the Hundung north have highest concentration

(72.16–81.94 ppm) of RREE whereas the carbonates from

Kangkhui have lowest RREE content (13.49–37.77 ppm).

The low RREE in the Khangkui limestone is probably due to

marine carbonate phases, which generally contain sig-

nificantly lower REE content than detrital clays and heavy

minerals (Palmer 1985).

Post-Archean Australian Shale (PAAS)-normalized REE

patterns of these carbonates are shown in Fig. 4a. These car-

bonates exhibit seawater-like REE pattern with LREE de-

pletion [average (Nd/Yb)SN (shale normalized) = 0.98 ± 0.25]

and consistent negative CeSN and positive LaSN anomalies.

The carbonate minerals precipitated in equilibrium with sea-

water show distinct negative Ce anomalies and this may also

be reflected in the bulk REE pattern (Palmer 1985).

The (Dy/Yb)SN ratio in the MOC carbonates vary from

0.87 to 1.53 (average 1.28 ± 0.19), which is similar to the

modern seawater (*0.8–1.1). The high (Dy/Yb)SN ratios in

Carbonates Evaporites (2016) 31:139–151 143
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Manipur carbonates show an enrichment in HREE rather

than LREE, similar to modern seawater. LaSN and CeSN

anomalies were calculated using the technique of Bau and

Dulski (1996) (modified after Webb and Kamber 2000). In

the PAAS-normalized Pr/Pr* [Pr/(0.5Ce ? 0.5Nd)]SN vs.

Ce/Ce* (3Ce/(2La ? Nd)SN plot (Fig. 4b) all carbonate

samples cluster in the field of negative Ce and positive La

anomalies in agreement with modern open oceanic surface

water.

The effects of LREE/HREE fractionation in modern and

ancient marine systems can be represented by the Er/Nd

ratio (German and Elderfield 1989). The high Er/Nd ratio

Table 2 Average REE ratios of carbonates from the ophiolitic mélange zone of Manipur, Northeast India compared with the values of shallow

and deep water marine carbonate sediments

Elemental

ratios

Seawatera Shallow marine

carbonate, Late

Cretaceousb

Shallow marine

plateform carbonate

Late Neoproterozoicc

Arabian sea

carbonate

sedimentsd

Indian ocean

carbonate

sedimentse

Limestone from the

present study

(La/Yb)SN 0.2–0.5 1.82 ± 0.46 0.68 ± 0.47 0.85 ± 0.2 0.166 ± 0.953 1.02 ± 0.19

(La/Nd)SN 0.8–2.0 1.22 ± 0.26 1.01 ± 0.20 0.98 ± 0.03 1.04 ± 0.19 1.06 ± 0.13

(Nd/Yb)SN 0.20–0.49 1.51 ± 0.30 0.65 ± 0.39 0.85 ± 0.17 0.83 ± 0.13 0.98 ± 0.25

(Dy/Yb)SN 0.8–1.1 1.25 ± 0.17 1.10 ± 0.25 1.12 ± 0.11 1.37 ± 0.05 1.28 ± 0.19

Er/Nd 0.27 0.07 ± 0.02 0.25 ± 0.17 0.11 ± 0.02 – 0.11 ± 0.03

Eu/Eu* – 0.58 ± 0.11 – 1.15 ± 0.08 [1 1.34 ± 0.23

(Ce/Ce*) \0.1–0.4 0.76–0.16 – 0.84 ± 0.06 0.30–0.84 Avg 0.56 0.48 ± 0.12
P

REE – 73 ± 20 3.36 ± 2.55 78 ± 40 – 51.71 ± 16.60

a Data compiled by Nagarajan et al. (2011); b Madhavaraju and Ramasamy (1999); c Mazumdar et al. (2003); d Nath et al. (1997); e Nath et al.

(1992)

Table 3 Carbon and oxygen

isotope ratios for carbonates of

the ophiolitic mélange zone of

Manipur, Northeast India

Location Sample no. d13C % (PDB) d18O % (PDB) d18O % (SMOW) Z value

Ukhrul proper UK 1.26 -7.31 23.33 126.24

UKA 1.36 -7.21 23.43 126.49

UKLB2 0.89 -8.50 22.00 124.89

Hundung north H1 1.90 -6.68 24.18 127.86

H1A 1.89 -6.68 24.18 127.84

H4 1.33 -7.18 23.68 126.45

H4A 1.53 -7.12 23.52 126.89

Hundung south H6 1.61 -7.31 23.33 126.96

H6A 1.59 -7.09 23.55 127.03

HUN-6A 2.74 -8.50 22.00 128.68

Kangkhui P7 1.93 -6.55 24.11 127.99

P7A 1.98 -6.73 23.92 128.00

KANK-C 1.67 -11.40 19.00 125.04

KANG-CA 2.10 -10.50 19.10 126.37

Mova E1 1.07 -11.35 19.16 123.84

E1A 1.30 -8.89 21.69 125.54

MOV-EA 1.39 -9.85 20.60 125.24

MOV-E 1.59 -9.80 20.70 125.68

Sokpao H3 2.09 -6.55 24.11 128.32

H3A 2.10 -6.29 24.38 128.47

SOK1 1.59 -9.80 20.70 125.68

Changa CH2 1.52 -10.10 20.40 125.38

H2 1.71 -7.08 23.78 127.28

H2A 1.72 -6.97 23.89 127.35
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of carbonates effectively reveals the seawater signature

retained by the marine carbonate. Er/Nd ratio in normal

seawater is about 0.27 (De Baar et al. 1988). The addition

of detrital material or diagenesis can reduce the Er/Nd

value to \0.1 due to preferential concentration of Nd

relative to Er (German and Elderfield 1989; Bellanca et al.

1997). The Er/Nd ratio of the MOC carbonates is ranging

from 0.083 to 0.194 which indicates the influence of de-

trital materials in these carbonates (Table 1). The shale-

normalized positive Eu anomalies (Eu/Eu*) are found ei-

ther in waters affected by eolian input (Elderfield 1988) via

river, hydrothermal solutions, and the sediments resulting

from high T-basalt alteration along mid-ocean ridges, back

arc spreading centre (German et al. 1993; Siby et al. 2008),

and diagenesis (Murray et al. 1991) or variations in pla-

gioclase content (Nath et al. 1992; Madhavaraju and Lee

2009). Positive Eu anomalies are uncommon in seawater,

which generally result by input from hydrothermal

Fig. 3 X-ray diffractogram of representative samples of carbonate of the MOC, Northeast India
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discharges along mid-ocean ridges (Klinkhammer et al.

1994). Positive Eu anomalies have been extensively well

documented for hydrothermal vent fluids and sediment

particulates in active ridge system (Douville et al. 1999;

German et al. 1999). Derry and Jacobsen (1990) and

Danielson et al. (1992) also proved that the marine positive

Eu anomaly is caused by an increased oceanic input of

hydrothermally originated fluids at mid-oceanic ridges. The

studied MOC carbonates have large variations in Eu

anomaly (Eu/Eu*), which range from 1.07 to 2.08 and

display positive Eu anomalies. These positive Eu

anomalies which is unusual in seawater probably resulted

by the diagenetic alteration in the carbonate (Brand and

Veizer 1980); a slight increase in the primary or detrital

feldspar component (Madhavaraju et al. 2010) and an in-

creased oceanic input of hydrothermally originated fluids at

mid-oceanic ridges (German et al. 1999).

Carbon and oxygen isotopic variations

The stable carbon isotope composition (d13C) reflects the

source of CO2 for precipitation, such as meteoric or sea

water, shell dissolution, or various biochemical origins,

including microbial oxidation of organic matter and

methane whereas the stable oxygen isotope composition

(d18O) of a precipitated carbonate depends mainly on the

isotope composition, salinity and temperature of the host

fluid (Rankamma 1963; Friedman and O’Neil 1977; Leeder

1982). The negative oxygen isotope values reveal either to

increased temperature or introduction of meteoric water

during diagenesis, while the carbon fluctuations relate to

presence of organic matter or CO2 produced by various

organic reactions (Armstrong-Altrin et al. 2009).

Diagenesis often leads to more negative d18O values in

marine carbonates (Land 1970; Allan and Matthews 1977),

because cementation and recrystallization often take place

in fluids depleted in d18O with respect to seawater (e.g.

meteoric water) or at elevated temperatures (burial

conditions).

The MOC carbonates show variable oxygen and carbon

isotope data ranging for d18O from -6.29 to -11.40 %
(PDB) whereas d13C % (PDB) ranges from 0.89 to 2.74 %
(PDB). To discriminate marine and freshwater carbonates

the following equation proposed by Keith and Weber

(1964), Z = a(d13C ? 50) ? b(d18O ? 50) in which ‘a’

and ‘b’ are 2.048 and 0.498 is employed. The carbonates

with Z values above 120 are considered as marine, whereas

those with Z values below 120 would be classified as

freshwater type. Furthermore, the Z values are\120 for all

the cement samples and come under the freshwater type. In

the present study (whole rock samples), all the samples

show Z values above 120 ranging from 123.84 to 128.68,

indicating their marine origin (Table 3). The d13C %
(PDB) and d18O % (PDB) ratios of these carbonates are

closely similar to marine limestone (Fig. 5a).

The d18O versus d13C bivariate diagram with general-

ized isotopic fields for carbonate components, sediments,

limestones, cements, dolomites, and concretions was first

proposed by Hudson (1977). Later, Nelson and Smith

(1996) modified and distinguished a number of character-

istic isotope fields for carbonates of different origins. In

this bivariate diagram (Fig. 5b) most of the MOC carbon-

ates plot in the marine limestone and burial cements field,

which also reveals the alteration during diagenesis.

Fig. 4 a Post-Archean Australian Shale (PAAS) normalized REE

patterns of carbonates from the Manipur ophiolitic mélange zone,

Northeast India. b Plot of PAAS-normalized Pr/Pr* [Pr/

(0.5Ce ? 0.5Nd)]SN versus Ce/Ce* (3Ce/(2La ? Nd)SN (after Bau

and Dulski 1996; Webb and Kamber 2000). The plot discriminates

between La and Ce anomalies, both may be present in seawater. All

carbonate samples cluster in the field of negative Ce and positive La

anomalies in perfect agreement with modern open oceanic surface

water. The field of modern seawater is shown for comparison (after

Nagarajan et al. 2011)
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Tectonic environment of the MOC carbonate

deposit

Differences in RREE content among the individual sam-

ples are mainly due to variations in the amount of ter-

rigenous sediment included in these carbonates. The

average REE concentration of the MOC carbonates

(RREE = 51.71 ± 16.60 ppm) is more or less comparable

with the shallow marine carbonates of Maastrichtian

limestones (RREE = 73 ± 20). However, they are higher

than the typical marine carbonate value (*28 ppm, Bel-

lanca et al. 1997) and the shallow marine continental

platform carbonates of Late Neoproterozoic

(RREE = 3.36 ± 2.55 ppm, Mazumdar et al. 2003). REEs

(La to Lu) show positive inter-elemental relationships,

indicating their coherent nature, which reveal that they are

highly linked with seawater during the REE fractionation.

The extent of Ce depletion reflects oxygenation state of the

water (Komiya et al. 2008; Zhao et al. 2009). The negative

anomalies of Ce in these carbonates suggest that they were

deposited under oxygenated environment. In addition,

there is no remarkable variation in Ce anomalies in these

carbonates which suggests that there were not much fluc-

tuation in bottom water oxygen level. The d13C values

show statistically positive correlation with d18O values,

such positive relationship between d13C and d18O indicates

that these carbonates were altered by diagenesis (Buono-

cunto et al. 2002). Diagenesis often results in more nega-

tive d18O values in marine carbonates (Allan and Matthews

1977), because cementation and recrystallisation often take

place in fluids depleted in d18O with respect to sea water or

at elevated temperatures. Hence, the observed spread in

negative d18O values of the MOC carbonates indicates that

they were altered by diagenesis.

Considering the REE and stable isotope characteristics

of these investigated carbonates, it is likely that the MOC

carbonates were influenced by diagenetic activities at dif-

ferent tectonic processes during the evolution of Nagaland–

Manipur ophiolites. The following discussion briefly ex-

plains the record of tectonic environment of the MOC

carbonates deposition.

The ophiolitic mélange in the study area is a disorga-

nized association of various tectonic slivers of Late Cre-

taceous to Eocene age, has been inferred to be an accreted

terrain deformed in a convergent trench setting. The W–E

trending Indus–Yarlung Tsangpo suture zone (IYSZ) in-

cludes ophiolitic mélange, turbidites, calc alkaline vol-

canics, batholith and post-orogenic sedimentary deposits

(Upadhyay and Sinha 1998). The IYSZ swerves sharply

southwestward at the eastern Himalayan syntaxis at Nam-

che Barwa and are offset northward by the Sagaing fault,

and continue southward along the IMOB (Fig. 1a) (Gansser

1980; Acharyya et al. 1989; Mitchell 1993; Searle et al.

2007). It further extends south to the Andaman–Nicobar

Islands Arc and continues to southeast to the Mentawai

Islands representing the outer Indonesian Island Arc. The

NMO form a part of the Tethyan ophiolite belt exposed in

the NNE–SSW trending IMOB (Fig. 1a). The NMO have

been interpreted as an accretion prism resulting from the

convergence between the Indian and Myanmar plates

(Acharyya et al. 1989; Mitchell 1993). The facies distri-

bution in the IMOB indicates that the basin was differen-

tiated in Upper Cretaceous time itself into a shallow shelf

basin in Assam (up to Shillong plateau) and a deeper

geosynclinal part in the IMOB (Ghose et al. 1986). In the

eastern side, the basin was deeper with a pelagic facies

Fig. 5 a Bivariate plots of d18C (SMOW) and d13O (PDB) and

b d18C (PDB) and d13O (PDB) plot for carbonates the Manipur

ophiolitic mélange zone, Northeast India. Fields in a are after

Bowman (1998) and in b are after Hudson (1977), Nelson and Smith

(1996)
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(radiolarian chert, limestone, greywake, shale and phyllite)

with intermittent basaltic flows followed by a trench with

flysch facies of Disang formation along the IMOB. It has

been reported that the initial rifting and creation of the

Indo-Myanmar Ocean took place prior to Latest Santonian/

Early Campanian period (Chungkham and Jafar 1998). At

this oceanic crust formation stage in a mid-oceanic ridge

tectonic regime, plutonic and volcanic activity took place.

As a result of the separation of the melt that formed

through low-degree partial melting of the upper mantle,

less depleted lherzolite and slightly depleted cpx-harzbur-

gite are left over and (Singh 2013). Ultramafic rocks from

the oceanic crust as well as from the upper mantle moved

up along with the formation of the ridges. Mafic rocks and

sediments were also raised up in the ridges. Later, the

entire platform was covered by pelagic sediments.

By the end of the extensional tectonic regime and the

initiation of ocean closure, the eastern oceanic part of the

Indian plate started to subduct eastwards under the

Myanmar plate. This eastward subduction of the Indian

plate beneath the Myanmar plate leading to the Late Cre-

taceous to Early Paleogenic crust was accreted in a

trench/forearc setting. Topographic peaks of the accre-

tionary complexes, i.e. trench–slope breaks, reached close

to or above sea level, and strata containing carbonate

bodies appear to have formed either on the shallower

coastal slopes or on the gently raised platform produced by

slow uplift of the pelagic sediments. Fragmented shallow

marine rock bodies including carbonates were transported

into deeper depositional environments, such as trench–s-

lope basins, by gravity flows and submarine slides. Ra-

diolarian cherts were deposited within deep ocean floor

below the carbon compensation depth. The age of ra-

diolarian cherts indicates that the development of a trench

along the western margin of the Myanmar plate took place

during middle Cretaceous (Bhattacharjee 1991). In the

western part of the trench, on the Indian land mass, the

fyschoid Disang Formation was deposited, simultaneously

with deposition of radiolarian cherts in the trench and

carbonates on elevations of the floor of the basin. Some of

these materials were exhumed and recycled as multiple

debris flows during Late Cretaceous–Eocene. The subse-

quence geological processes including climatic and

oceanographic changes lead to form ophiolitic melange

zone of the MOC that include partially or totally serpen-

tinized peridotites, gabbro, diabase, basalt, pelagic sedi-

ments and olistoliths. In the later part of Early Eocene, the

subduction rate decreased at the suture due to the entry of a

sea-mount into the subduction zone (Acharyya 2007).

Later, the IMOB became stable and the MOC exposed in

the eastern flank of the IMOB.

Conclusions

The Phanerozoic Nagaland–Manipur ophiolites (NMO) are

a part of the Indo-Myanmar Orogenic Belt (IMOB),

northeastern India. The NMO are represented by dismem-

bered mafic–ultramafic rocks and podiform chromitites

with closely associated oceanic sediments (cherts, cherty

quartzite, greywake, phyllite, carbonate). Carbonates that

occur in the ophiolitic mélange zone of Manipur ophiolite

complex contain diverse fauna with dominance of for-

aminifera assemblages (planktonic and benthic) and cal-

careous nanofossils. As a whole, in the studied carbonates,

sparse biomicrite or biomicrite is the dominant microfacies

in which the fossil allochems are embedded in the

groundmass of calcite matrix or the fossil allochems are

cemented by calcite matrix which is indicative of low-

energy environment. These carbonates show variable

contents of REE range from 13.49 to 81.94 ppm and an

average of 51 ppm which is higher than the average value

of typical marine carbonate (*28 ppm). The increase in

negative d18O with that of positive d13C values may reflect

either increasing temperature or influx of meteoric water.

The observed shale-normalized positive Eu anomalies,

negative Ce anomalies and spread in negative d18O %
(PDB) to a lesser extent of d13C % (PDB) values of these

carbonates suggest that their formation was affected by

diagenesis in shallow marine environment. Field, petro-

graphical studies in conjunction with REE and stable iso-

tope characteristics suggest that these carbonates form part

of the ophiolitic mélange zone that emplaced during sub-

duction and obduction processes of the Indian plate and

Myanmar plate collision.
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