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Abstract
The Nagaland...Manipur Ophiolites (NMO) characterize the Neo-Tethyan ophiolites of the Indo-Myanmar Orogenic
Belt (IMOB), which lie along the southern extension of the Indus...Tsangpo Suture Zone. The NMO represents both the
mantle section and crustal section. The geochemical characteristics ofrotSs are a ne to Mid-ocean ridge basalt
and Ocean island basalt. Such geochemical variations can not simply be explained by fractional crystallization or variable
degrees of partial melting of a single source but rather signify derivation fraemedit tectonic settings of subduction and
non-subduction magma factories. The mantle sequence has a wide range of chemical compositions. Lherzolites represen
the residual product of a fertile mantle that underwent low-degree partial melting (<10%) in a divergent Mid-ocean ridge
(MOR) tectonic setting. Conversely, harzburgites and dunites were derived from a highly depleted mantle source, which
experienced a higher degree of partial melting (>17%). The occurrences of MOR and SSZ melting regime types specify the
IMOB ophiolites formed at two sign¢ant stages of the pre-subduction and subduction events, respectively. The metamorphic
records from the NMO also establish intra-oceanic subduction with the Neo-Tethys starting from subduction infancy,
characterized by a warmer subduction channel (recorded by hornblende eclogite facies) to a more mature-colder stage o
subduction (recorded by lawsonite/epidote blueschist) culminatingahcollision of India plate and Myanmar microplate.
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Introduction boundaries, and this is a continuous cycle articulated in the
theory of plate tectonics (He4962 Hawkesworth et al.
Tethyan Ophiolites are the remnants of ancient oceanic lithd997, Palin and Santosk021). Oceanic 'bor subduction
sphere obducted at plate collisional boundagiég. 1a).  has caused the loss of siga@nt information on the older
They preserve the past records of oceaor'dynamics and oceans, and ophiolites are the only available resources to
the nature of magmatism that occurred during the ocean ” understand the history of the subducted ocezons.
formation. It is widely understood that a new oceaor” Ma“c rocks have been widely used to understand the
can be formed in a variety of tectonic environments, e.gpetrogenesis and magma source and to reconstruct the tec-
mid-ocean ridges (MOR), supra-subduction zones (SSZjpnic environment in which they were generated. Conversely,
or intraplate hot spots/plumes (Dilek and Fur@@$l). To  the compositions of mineral phases in the mantle perido-
produce a new ocearobr at divergent plate boundaries, thetites are considered a powerful petrogenetic indicator, and
older ocean bor has to be subducted at convergent plattheir chemical compositions are dependent on the degree of
partial melting and melt-rock interactions. Peridotites from

= A Krishnakanta Singh tectonically emplaced frggments of the ocganic lithosphere
aksingh_wihg@redimail.com generally represent variably depleted residues of the oce-
anic upper mantle after mantle melting and crust-mantle
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depleted Mid Ocean Ridge Basalt (N-MORB), enriched Mic il E-MORB type mafics of the NMO
Ocean Ridge Basalt (E-MORB), and Alkaline Ocean Islani [ (@) el nge S moanather
Basalt (OIB) (Khogenkumar et #2016 2021, Imti et al., 16 L MORB source 4

2.5% in garnet Iherz

2022. The N-MORB represents the depleted lava comin N-MORRB type mafic
from shallow depth partial melting of spinel peridotite, 14 | %
and enriched MORB represents the similarly depleted lav
slightly enriched by the OIB component. The depletec
nature (in terms of incompatible element concentrations
in this group eventually indicates the large degree of parti
melt by decompression of the upper mantle at the spreadii o8 |
zone. The E-MORB represents the lava, which was highl

enriched by the OIB component. The alkaline OIB is 96

12

(Dy/Yb),

OIB type mafics

OIB field of the NMO

10 - (Ester plume)

East Rift MORB field
(South-east Pacific Ocean)

L I} Il | | L | |

represented within plate basalts, which was generated | ’ 1 ’ (Cerb) ) : ? ! ?
partial melting of the deeper mantle that began from th '

garnet facies stability zone and continued to melt in th 10

spinel stability. This OIB type might have erupted in the L % o
form of seamounts in the backyard of the spreading axi: 8 [ s Y& EMORB
probably during late Cretaceous. vk N-MORB

OIB type mafics of the NMO

Thus, geochemical variations and mineralogica
compositions discussed in the above section clearl \ o E4OR
indicates that rocks of the NMO canet simply be considere ‘\ v i ;—mgmgpe mafic
as products of a single magma factory originating in

4 \
N
single tectonic setting. Geochemical diences relatively
“t well with the concept of the derivation of rocks from 2

(-]
I

\

ZrlY (ppm)

<

multiple magma sources/mixing of magmas of efient E-MORB type mafics of the NMO

. . Oman N-MORB
compositions, probably three sources at least: (1) enriche 0 ! ! ! ! ,
plume source for OIB type samples, (2) depleted mantl 0 10 20 30 4 50 60
source for the N-MORB type samples and (3) highly ZriNb (ppm)

depleted mantle source for depleted-MORB type samples.

The possible mantle sources of investigated e@id o 5 , (Dy/vb)N vs. (Ce/Yb)N diagram and melt model (Haase and
degree of partial melting can also be seen in the (Dy/Yb)pewey1996) for MORB and OIB samples from southern Nagaland-
vs. (Cel/Yb), plot with the theoretical melting curves for Manipur Ophiolites. Melting starts with residual garnet (top) and

MORB and plume sources proposed by Haase and Dewégntinues in the spinel lherzoliteeld (bottom). MORB and OIB
“elds denoted by shaded region are also from Haase and Dewey

(199 (Fig. 2a). Two distinct trends in the diagram are 1996 b Zr/Y vs. ZrINb diagram for ma volcanics from the NMO.
observed that separates between MORB and OIB lavagis, N-MORB, E-MORB “eld of NMO are from Khogenkumar
Also, in this diagram, tholeiitic N-MORB samples are con-et al. 2016 Stars indicate the compositions of basalts from modern

sistent with 20% partial melt of depleted mantle source &F€anic settings (Sun and McDonoud!989. The compositional
variations for basalts from the Oman ophiolites (Chauvet 2Gil)

spinel quIes zone showing .eqUIvaIent character with thgre compared. The dashed line represents the mixing curve calculated
Easter rift MORB data, Paai* Ocean (Haase and Dewey ysing the OIB and N-MORB end members

1996). Conversely, the alkaline E-MORB and OIB-type
lavas display quite high (Dy/YR)ratios and are scattered
around the plume curve, indicating low degree (5...10%) par-
tial melting of a plume source at the garnet facies zone. Th&y-MORB end-members, and average values of P-MORB
are not exactly comparative to the OIB data from Easteand E-MORB from Sun and McDonough, 1989 are also
plume (denoted by shaded gray color) but instead shoshown as star marks. In this particular plot, the NMO
smaller degree of partial melt. The variations in the meltingamples clearly show a mixing trend, where tholei-
amount of these MORB and OIB -type neavolcanics of itic MORBs show a range of N-MORB (Zr/Nb > 20) to
the NMO suggest systematic variations in the depth of origiE-MORB (Zr/Nb < 20) and alkaline lavas exhibit a range
of melting and, hence, in mantle temperature. of OIB (Zr/Y)>6 to P-MORB (Zr/ Y <6) which are
The co-variation of Zr/Y and Zr/Nb plafFig. 2b)  equivalent to mat volcanics of Kermanshah ophiolites
is also used to decipher the uénce of a plume-type and Oman ophiolites (Saccani et 2013). Such mixing
component on MORB compositions. The dotted line iselationships shown by the samples in the plot are consist-
the mixing curve calculated using the average OIB andnt with magma mixing. So, relatively enriched MORB
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20 D melting (Fig. 3b). Their low melting value corresponds to
@) opE ps Harzbor'ts S\( the slow-spreading rate end, which éfs from ~ 22% melt-
; ing of the fast-spreading rate end of the entire spreading
MORB type Lherzolte rate variation range (Niu and Hekiniar®97). Conversely,
harzburgite and dunites of the study area are plotted in the
i 06) “eld of SSZ peridotites, suggesting their derivation during
the subduction zone tectonic setting. Consequently, we sug-
gest that the Iherzolite, Cpx-harzburgite, harzburgite, and
Ll Lot dunites are all related to an increasing degree of depletion
due to both partial melting and melt-rock reactions.
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0 S ——— The P...T conditions of metamorphic rocks from the NOC
0 10 2 30 40 5 reveal meaningful insights into the subduction tectonics of
ALO, in spinel (wt.%) the Neo-Tethyan oceanic crust, starting from subduction
1.0 initiation to a more mature stage of subduction, before they
P unt were eventually obducted on land during tinal‘India-Asia
collision (Ao and Bhowmilk014 Bhowmik and AQ2016).

Here, we discuss some important conclusions drawn from
recent published literature.

0.8
SSZ peridotites

0.6

SSZ type Harzburgite %
of the NMO

oa Hornblende-eclogite facies

Cri# in Cr-Spinel

MORS type Lhozoe A hornblende eclogite body containing two generations
of garnet occurring within a serpentine matrix near Moya
Village was reported by Bhowmik and A2(Q16). Based
. . , . : . ' : on textural, mineralogical, and THERMOCALC average
9% 0 94 92 90 8 8 84 82 o P...T calculations, it records two overprinting metamorphic
Mt (olivine) cycles (M1 & M2). Growth zone Mn-poor garpem (Sps;
Prp,, Alm,q Grs,g) + hornblende porphyroblast + epidote
Fig.3 a Compositional relationship of 2D, spinel versus AD;  rim constraints the peak P...T conditions at 625+ 25 °C and

melt of study ultrama€ rocks. Regression lines were obtained using, . .
the reported data on chromite-melt inclusions in MORB and arc Iava%3'8 2.6 kbar (2 error) in the hornblende eclogiteld

(after Kamenetsky et aR00Z Rollinson2008. b Binary plots of ~ (M1), with the prograde segment passing through the epi-
Olivine Spinel Mantle Array (OSMA) diagram (after Ari®94and  dote blueschist facieseld. In contrast, garngtim (Spgg
. FAR e e e e Fetde of MoRB g - AlMes Or)»co-0ising magnesiokataphoriobar
Lherz.olite, MORE)B-type harzburgite, SSZ-tyioe harzburgite and égZEO|S'te+glaUCOphane rim + epidote rim constraints the Se(_:'
type dunite are from Sing2013 Singh et al2022 ond metamorphic stage at 540+ 35 °C and 14.4+ 2 kbar in
the epidote blueschist facieglt (M2) (Bhowmik and Ao
2016. M1 and M2, when combined together, reveal coun-
re” ects magma's derentiation, including various processes,terclockwise (CCW) metamorphic P...T paths as part of a
such as crystallization derentiation, magma mixing, and single tectonothermal event (Fi§j. path 6). The M1 meta-
assimilation. All the study rocks plot within or on the edgemorphism was interpreted as thest‘evidence for the initia-
of the OSMA, consistent with formation by extensive meltiion of subduction of the Neo-Tethys oceanic crust from the
extraction (Tamura and AraD06). The spinel-olivine pairs eastern segment of the Indus-Tsangpo suture zone. Reburial
in the lherzolite and Cpx-harzburgite plot in the lower end o&nd “nal exhumation during M2 are explained in terms of
the abyssal peridotitegld, but also in the middle of passive material transport in a large-scale convective circulation sys-
margin peridotites further indicating the fertile nature of theéem in the subduction channel as the latter evolves from a
peridotites. This observation further suggests the primanyarm nascent to a cold and more mature stage of subduction.
character of the spinel and olivine compositions and reveals Another hornblende-eclogite facies rock near Chipur Vil-
the low to moderate degrees of partial meltingesed by lage with similar mineralogy was reported, but unlike Moya
the rock. From this diagram, it is also evident that the abysshbrnblende eclogite body, it contains only one garnet gen-
peridotite relict underwent a low degree (<12%) of partiakration (Ac2023. Based on P...T pseudosection calculations

peridotites
0.2

MORB type Harzburgite
of the NMO

0.0
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represented by garnet outer rims of spessartine-poor and
pyrope-rich compositions (Sps.47 Prpyg. 1,AIMs, 57
Grs;; ) jadeite-rich omphacite in the matrix and
inclusions in the garnet outer rim, rutile and phengite with
or without epidote and quartz; and (3) a protracted post-peak
evolution marked by sequential appearances of epidote
barroisite + sphengt epidotg and glaucophape chlorite
(Rajkakati et al2019. Based on pseudosection calculations
using THERMOCALC program, the peak metamorphic
stage was constrained at eclogite facies conditions at 25...28
kbar and ~ 650 °C, with the prograde stage passing through
the epidote blueschist faciegltl. The retrograde stage is
marked by decompression with cooling in the eclogite facies
at~18.3 kbar and 630 °C, followed by cooling through the
epidote blueschist, transitional lawsonite blueschist and

Fig.4 A compilation of the published P...T paths of the NMO.greenSChISt facies to~6 kbar ar.]d 300 °C (%@ath 5).
Pumpellyite-diopside (path 1), lawsonite/epidote blueschists (path Zhe apparently low thermal gradient (~7...8 °C/km) and the
3 & 4), eclogite (path 5), and hornblende eclogite (path 6 & 7) facieglockwise P...T path are interpreted in terms of a tectonic

rocks from the northern part of the NMO. The metamorphic faciegcenario involving cold mature subduction within the Neo-
“eld is after Evansl@90 and Maruyama et al1996). Abbreviations Tethys in NOC

used: PA, prehnite actinolite; EA, albite epidote amphibolite; AM,
amphibolite; LBS, lawsonite blueschist; EBS, epidote blueschist;

LE, lawsonite eclogite; ZE, zeolite eclogite; AE, amphibole eclogite; Lawsonite/epidote blueschist
HPG, high-pressure granulite; GR, granulite; P...T path 1 & 2 (Ao and

Bhowmik 2014); 3 (Ao 2023; 4 (Maibam et al2022); 5 (Rajkakati . . .
etal.2019; 6 (Bhowmik and A®016; 7 (A02023 The metabasalts interbedded with marble show centime-

tre-to metre-scale interlayering of lawsonite blueschist

(LBS) and epidote blueschist (EBS) (Ao and Bhowmik
using the Perple_X program and isopleth intersections, higi2014). Prograde HP/LT metamorphism stabilized law-
Si phengite (Si=3.6 atoms per formula unit, a.p.f.u.) inclusonite + omphacite (3(=0.50...0.56 to 0.26...0.37) +jade-
sions within hornblende constraints pre-peak metamorphite (X;,=0.67...0.79) + augite + ferroglaucophane + high-Si
stage at~12 kbar and ~360 °C in the lawsonite blueschighengite (Si=3.6...3.65 a.p.f.u.) + chlorite + titanite + quartz
facies “eld. Garnet rim composition (SpsPrp,, Almg;  in LBS and lawsonite + glaucophane/ferroglaucophane + epi-
Grs,5) constraints the peak metamorphic stage at~ 14 kbdote + omphacite (= 0.34) + chlorite + phengite (Si=3.5
and ~570 °C in the hornblende eclogite facietd" Gar- a.p.f.u.) +titanite + quartz in EBS at the metamorphic
net outer-rim composition (SpsPrp; Almgg Grsg) and  peak (Ao and Bhowmik014). Retrograde alteration,
mineral reaction lines constraints the post-peak metamowhich was pervasive in the EBS, produced a sequence
phism with slight cooling and decompression from ~550 °@f mineral assemblages from omphacite and lawsonite-
and ~ 13 kbar, possibly down to~ 350 °C and ~ 7 kbar in thebsent, epidote + glaucophane/ferroglaucophane + chlo-
greenschist facieséld (Fig.4, path 7). These three meta- rite + phengite + titanite + quartz through albite + chlo-
morphic stages reveal a clockwise metamorphic P...T paite + glaucophane to lawsonite + albite + high-Si phengite
of evolution for this type of hornblende eclogite facies rock(Si=3.6...3.7 a.p.f.u.) + glaucophane + epidote + quartz.
The low geothermal gradient of ~8 °C/km during the proBased on P...T pseudosection calculations using Perple_X,
grade metamorphism possibly egts the subduction of cold peak P...T conditions of lawsonite blueschist were estimated
Neo-Tethyan ocean crust when the temperature conditioms~ 11.5 kbar and ~ 340 °C, epidote blueschist at~10 kbar,

of the subduction zone were still warm. 325 °C. The results of P...T pseudosection calculations, when
combined with mineral reaction pathways, de“a near-
Eclogite complete, hairpin, clockwise P...T loop for the blueschist

facies rock. The apparent low thermal gradient of 8 °C/km
Textural and mineral compositional features of the Nagalantbrresponding to a maximum burial depth of 40 km and the
eclogites reveal a multistage mineral assemblage evolutidrairpin P...T trajectory together suggest a cold and mature
comprising: (1) early epidote blueschist facies conditionstage of an intra-oceanic subduction zone setting for the
that accompanied prograde garnet growth {§psp,;  Nagaland blueschists.
Alm,s Grs o) together with Na...Ca pyroxene, glaucophane Some epidote blueschists do not show any signature of
epidotg, spheng phengite and quartz; (2) peak conditionsprograde lawsonite blueschist facies metamorphism and

@ Springer




Proceedings of the Indian National Science Academy (2025) 91:672-686 681

Fig.5 Simpli“ed cartoon
depicting the tectonic evolution
of the NMO (after Bhowmik
and Ao2016 Ao et al.202Q
Khogenkumar et al2021;

Singh et al2022a b, ). a this
stage marks the opening of the
ocean basin and the generation
of MORB.b MORB enriched
by OIB-type basalts near the
spreading centre.generation

of OIB-type basalts away from
the spreading ridgel subduc-
tion of oceanic crust at derent
depths producing an array

of HP metamorphic rocks.
exhumation and accretion of HP
metamorphic rocks and mantle
peridotites and cumulates

to form the NMO along the
Indo-Myanmar Orogenic Belt,
northeast India

Supra-subduction Zone Asian plate

Subduction Zone pronl

«— NMO — Asian plate
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Thus, we understand that three primary tectonic envirorteok place along the Indian Plate margin. These events are
ments are responsible for the origin of the NMO. One is theaptured correctly in the Kohistan-Dras volcanic arc of
mid-ocean ridge spreading indicated by mid-oceanic ridgkeadakh, which is considered an eastward extension of the
basalt and Iherzolite compositions (Fg, b). Conversely, Oman arc (Clift et al.2000). The arc became accreted to
the plume-related tectonic environment is indicated by thBurasia during the Palaeocene time with the closure of the
Oceanic Island Basalt (Figc), and the other is the supra- NeoTethys. We speculate that the subduction group of rocks
subduction zone setting indicated by dunite and harzburgi{e- 117 Ma) found in the IMOB ophiolites is an extension of
compositions (Figsd). the Kohistan-Dras volcanic arc of Ladakh. Due to extreme

It was reported from the Ar...Ar dating of the basaltsubduction energy consumed on the northern side of
from the NMO that some of the highly enriched alkalinelndia, there might be less subduction on the northeastern
basalts had an emplacement age of 148 Ma (Sarkar et alde. Therefore, less magma volume was generated, which
1996). A recent zircon U...Pb geochronology investigation dmecame a source for the subduction group of rocks of the
plagiogranite and gabbro samples from the same ophiolit# OB ophiolites. The subduction group shows a depleted
section revealed ~117 Ma (Singh et 2017 Aitchison nature, which reécts the melting of only the mantle wedge
etal.2019. Therefore, the early age of 148 Ma could be thén a fore-arc tectonic setting in the presence g .HDue to
approximate timing of the initial spreading, which generatethe prolonged convergent movement of eastern India beneath
the basaltic rocks of the NMO. Notably, these alkaline basalthe Myanmar Plate, both the genetically unrelated ophiolites
of the NMO had ocean-island basalt (OIB) characteristicef the subduction group and the non-subduction group of
equivalent to the Kerguelen plume (Khogenkumar et athe IMOB ophiolites might have jammed in the fore-arc
2021, Sarkar et al1996). The Indian Plate was above theregion, which was later tectonically deformed and clutched
Kerguelen plume at 148 Ma, and the initial detachment cdltogether when the oceandr subduction wasriished and
the Indian Plate from Antarctica was activated after thafpreserved as relics of paleo-oceanic lithosphere along the
During this period, the Indian continent was much thickerilMOB as a dismembered graveyard of ophiolites.
and OIB-type mat rocks might have been generated near So, the tholeiitic MORB lavas of the NMO might be
the continental margin from the upwelling Kerguelen plumegenerated by partially melting the depleted upper mantle
conduit. This event was followed by the rifting of India, at shallow depth during the late Cretaceous period at the
Australia, and Antarctica, which resulted in new spreadingpreading axis when the Indian plate was separating away
zones and new oceanic crust, including the lherzolites of tHeom the Australian plate. At the same time, alkaline
NMO. The process of the subduction event and formatioB-MORB might have formed as the depleted melt was
of dunite and harzburgite of the NMO could be relatedontinuously enriched by OIB components that came from
to the timing of the formation of the gabbro at arounda deeper source/plume source, which was proximal to the
117 Ma. The initiation of the suturing due to subductiorspreading axis. Alkaline OIB might have erupted within
and obduction processes took place. The lithospheric mantlee plate sea mount near the spreading axis. The close
section generated in seadr spreading was subsequentlyjuxtaposition of MORB and OIB in the NMO of northeast
brought into the forearc region of the subduction zone. Thimdia at the present time, coupled with the evidence of
dunite and harzburgite samples formed in an SSZ settingagma mixing, indicates a possible scenario of lavas
are depleted mantle residues that have undergone intereseipting at closely attached spreading ridge and intra-plate
interaction with a melt of varying composition (Ao andseamount. Later, due to prolonged subduction and collision
Satyanarayana?02l; Chaubey et aR022). They represent of the Indian plate with the Myanmar plate, the oceanic
harzburgites in which orthopyroxene grains reacted out arldthosphere might have accreted along the IMOB as an
olivine grains were recrystallized during the melt...mantlap-thrust block.
interaction process (Ao and Satyanaraya2@2l). During During subduction, the top part of the oceanic crust,
later stages of subduction, they were incorporated intmcluding the overlying sediments, is dragged down
the overlying mantle wedge, as indicated by the chemicahside the subduction channel (e.g. Agard et2all8).
signatures of a subduction zone irghce. These peridotites The hornblende-eclogite facies rocks with high thermal
were then exhumed together as a tectonic collage durimgyadients at peak metamorphic conditions (~12...14 °C/km)
the “nal stage of the India-Asia collision. Considering therepresent metamorphism at a nascent stage of subduction
oldest age of the NMO ophiolites basalt 148 Ma (Baxtewhen the oceanic crust gets accreted to the overlying hot
et al.2011; Sarkar et al1996), it is very much likely that mantle (Figs5d, e). Moreover, the P...T conditions of the
some parts of these ophiolites were already formed durintgornblende-eclogite facies rock tend to agree well with
the late Jurassic or even older (e.g. Rajkakati &Cdl9.  thermal models of warm subduction zones, such as Cascadia
Due to the high-speed movement of the Indian Plate duringan Keken et al2018). Continued subduction leads to the
the Cretaceous, many pockets of intra-oceanic subducti@mtry of progressively cooler oceanic crust in the subduction
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