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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 of ma“ c rocks 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 from di� erent tectonic settings of subduction and 
non-subduction magma factories. The mantle sequence has a wide range of chemical compositions. Lherzolites represent 
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 signi“ cant 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 of 
subduction (recorded by lawsonite/epidote blueschist) culminating in “ nal collision of India plate and Myanmar microplate. 

   Keywords     Geochemistry   �·  P…T evolution   �·  Crustal-mantle rocks   �·  Ophiolites   �·  Northeast India   �·  Indo Myanmar range  

      Introduction 

 Tethyan Ophiolites are the remnants of ancient oceanic litho-
sphere obducted at plate collisional boundaries  ( Fig.� 1 a ).  
They preserve the past records of ocean ” oor dynamics and 
the nature of magmatism that occurred during the ocean ” oor 
formation. It is widely understood that a new ocean ” oor 
can be formed in a variety of tectonic environments, e.g.: 
mid-ocean ridges (MOR), supra-subduction zones (SSZ), 
or intraplate hot spots/plumes (Dilek and Furnes  2011 ). To 
produce a new ocean ” oor at divergent plate boundaries, the 
older ocean ” oor has to be subducted at convergent plate 

boundaries, and this is a continuous cycle articulated in the 
theory of plate tectonics (Hess  1962 ; Hawkesworth et�al. 
 1997 ; Palin and Santosh  2021 ). Oceanic ” oor subduction 
has caused the loss of signi“ cant information on the older 
oceans, and ophiolites are the only available resources to 
understand the history of the subducted ocean ” oors.         

 Ma“ c rocks have been widely used to understand the 
petrogenesis and  magma  source and to reconstruct the tec-
tonic environment in which they were generated. Conversely, 
the compositions of mineral phases in the mantle perido-
tites are considered a powerful petrogenetic indicator, and 
their chemical compositions are dependent on the degree of 
partial melting and melt-rock interactions. Peridotites from 
tectonically emplaced fragments of the oceanic lithosphere 
generally represent variably depleted residues of the oce-
anic upper mantle after mantle melting and crust-mantle 
segregation. 

 Many researchers (Acharyya  2007 ; Singh  2013 ; Ao and 
Bhowmik  2014 ; Khogenkumar et�al.  2021 ; Maibam et�al. 
 2022 ; Singh et�al.  2022a ; references therein) have discussed 
the evolutionary history of the di� erent suite of rocks of 

      *     A.     Krishnakanta     Singh      
    aksingh_wihg@redi� mail.com       

  1     Department of�Applied Geology   ,  Dr. Harisingh Gour 
University    ,  Sagar   � 470003   ,  India   

  2     Petrology and�Geochemistry Group   ,  Wadia Institute 
of�Himalayan Geology    ,  Dehradun   � 248001   ,  India   

  3     Center for�Earth, Ocean and�Atmospheric Sciences   , 
 University of�Hyderabad    ,  Hyderabad   � 500046   ,  India     







676 Proceedings of the Indian National Science Academy (2025) 91:672–686

depleted Mid Ocean Ridge Basalt (N-MORB), enriched Mid 
Ocean Ridge Basalt (E-MORB), and Alkaline Ocean Island 
Basalt (OIB) (Khogenkumar et�al.  2016 ,  2021 ; Imti et�al., 
 2022 ). The N-MORB represents the depleted lava coming 
from shallow depth partial melting of spinel peridotite, 
and enriched MORB represents the similarly depleted lava 
slightly enriched by the OIB component. The depleted 
nature (in terms of incompatible element concentrations) 
in this group eventually indicates the large degree of partial 
melt by decompression of the upper mantle at the spreading 
zone. The E-MORB represents the lava, which was highly 
enriched by the OIB component. The alkaline OIB is 
represented within plate basalts, which was generated by 
partial melting of the deeper mantle that began from the 
garnet facies stability zone and continued to melt in the 
spinel stability. This OIB type might have erupted in the 
form of seamounts in the backyard of the spreading axis, 
probably during late Cretaceous. 

 Thus, geochemical variations and mineralogical 
compositions discussed in the above section clearly 
indicates that rocks of the NMO can•t simply be considered 
as products of a single magma factory originating in a 
single tectonic setting. Geochemical di� erences relatively 
“ t well with the concept of the derivation of rocks from 
multiple magma sources/mixing of magmas of di� erent 
compositions, probably three sources at least: (1) enriched 
plume source for OIB type samples, (2) depleted mantle 
source for the N-MORB type samples and (3) highly 
depleted mantle source for depleted-MORB type samples. 

 The possible mantle sources of investigated ma“ c and 
degree of partial melting can also be seen in the (Dy/Yb) N  
vs. (Ce/Yb) N  plot with the theoretical melting curves for 
MORB and plume sources proposed by Haase and Dewey 
( 1996 )  ( Fig.�  2 a ).  Two distinct trends in the diagram are 
observed that separates between MORB and OIB lavas. 
Also, in this diagram, tholeiitic N-MORB samples are con-
sistent with 20% partial melt of depleted mantle source at 
spinel facies zone showing equivalent character with the 
Easter rift MORB data, Paci“ c Ocean (Haase and Dewey 
 1996 ). Conversely, the alkaline E-MORB and OIB-type 
lavas display quite high (Dy/Yb) N  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. They 
are not exactly comparative to the OIB data from Easter 
plume (denoted by shaded gray color) but instead show 
smaller degree of partial melt. The variations in the melting 
amount of these MORB and OIB -type ma“ c volcanics of 
the NMO suggest systematic variations in the depth of origin 
of melting and, hence, in mantle temperature.         

 The co-variation of Zr/Y and Zr/Nb plot  ( Fig.�  2 b )  
is also used to decipher the in” uence of a plume-type 
component on MORB compositions. The dotted line is 
the mixing curve calculated using the average OIB and 

N-MORB end-members, and average values of P-MORB 
and E-MORB from Sun and McDonough, 1989 are also 
shown as star marks. In this particular plot, the NMO 
samples clearly show a mixing trend, where tholei-
itic MORBs show a range of N-MORB (Zr/Nb > 20) to 
E-MORB (Zr/Nb < 20) and alkaline lavas exhibit a range 
of OIB (Zr/Y) > 6 to P-MORB (Zr/ Y < 6) which are 
equivalent to ma“ c volcanics of Kermanshah ophiolites 
and Oman ophiolites (Saccani et�al.  2013 ). Such mixing 
relationships shown by the samples in the plot are consist-
ent with magma mixing. So, relatively enriched MORB 

  Fig. 2        a  (Dy/Yb)N vs. (Ce/Yb)N diagram and melt model (Haase and 
Dewey  1996 ) for MORB and OIB samples from southern Nagaland-
Manipur Ophiolites. Melting starts with residual garnet (top) and 
continues in the spinel lherzolite “ eld (bottom). MORB and OIB 
“ elds denoted by shaded region are also from Haase and Dewey 
 1996 .  b  Zr/Y vs. Zr/Nb diagram for ma“ c volcanics from the NMO. 
OIB, N-MORB, E-MORB “ eld of NMO are from Khogenkumar 
et�al.  2016 . Stars indicate the compositions of basalts from modern 
oceanic settings (Sun and McDonough,  1989 ). The compositional 
variations for basalts from the Oman ophiolites (Chauvet et�al.,  2011 ) 
are compared. The dashed line represents the mixing curve calculated 
using the OIB and N-MORB end members  
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re” ects magma's di� erentiation, including various processes, 
such as crystallization di� erentiation, magma mixing, and 
assimilation. All the study rocks plot within or on the edge 
of the OSMA, consistent with formation by extensive melt 
extraction (Tamura and Arai  2006 ). The spinel-olivine pairs 
in the lherzolite and Cpx-harzburgite plot in the lower end of 
the abyssal peridotite “ eld, but also in the middle of passive 
margin peridotites further indicating the fertile nature of the 
peridotites. This observation further suggests the primary 
character of the spinel and olivine compositions and reveals 
the low to moderate degrees of partial melting su� ered by 
the rock. From this diagram, it is also evident that the abyssal 
peridotite relict underwent a low degree (< 12%) of partial 

melting  ( Fig.� 3 b ).  Their low melting value corresponds to 
the slow-spreading rate end, which di� ers from ~ 22% melt-
ing of the fast-spreading rate end of the entire spreading 
rate variation range (Niu and Hekinian,  1997 ). Conversely, 
harzburgite and dunites of the study area are plotted in the 
“ eld of SSZ peridotites, suggesting their derivation during 
the subduction zone tectonic setting. Consequently, we sug-
gest that the lherzolite, Cpx-harzburgite, harzburgite, and 
dunites are all related to an increasing degree of depletion 
due to both partial melting and melt-rock reactions. 

    Metamorphic P…T evolution 

 The P…T conditions of metamorphic rocks from the NOC 
reveal meaningful insights into the subduction tectonics of 
the Neo-Tethyan oceanic crust, starting from subduction 
initiation to a more mature stage of subduction, before they 
were eventually obducted on land during the “ nal India-Asia 
collision (Ao and Bhowmik  2014 ; Bhowmik and Ao  2016 ). 
Here, we discuss some important conclusions drawn from 
recent published literature. 

    Hornblende-eclogite facies 

 A hornblende eclogite body containing two generations 
of garnet occurring within a serpentine matrix near Moya 
Village was reported by Bhowmik and Ao ( 2016 ). Based 
on textural, mineralogical, and THERMOCALC average 
P…T calculations, it records two overprinting metamorphic 
cycles (M1 & M2). Growth zone Mn-poor  garnet 1  rim  (Sps 13  
 Prp 12   Alm 49   Grs 26 ) + hornblende porphyroblast + epidote 
rim constraints the peak P…T conditions at 625 ± 25�°C and 
13.8 ± 2.6 kbar (2� error) in the hornblende eclogite “ eld 
(M1), with the prograde segment passing through the epi-
dote blueschist facies “ eld. In contrast,  garnet 2  rim  (Sps 08  
 Prp 13   Alm 52   Grs 28 ) + co-existing magnesiokataphorite/bar-
roisite + glaucophane rim + epidote rim constraints the sec-
ond metamorphic stage at 540 ± 35�°C and 14.4 ± 2 kbar in 
the epidote blueschist facies “ eld (M2) (Bhowmik and Ao 
 2016 ). M1 and M2, when combined together, reveal coun-
terclockwise (CCW) metamorphic P…T paths as part of a 
single tectonothermal event (Fig.� 4 , path 6). The M1 meta-
morphism was interpreted as the “ rst evidence for the initia-
tion of subduction of the Neo-Tethys oceanic crust from the 
eastern segment of the Indus-Tsangpo suture zone. Reburial 
and “ nal exhumation during M2 are explained in terms of 
material transport in a large-scale convective circulation sys-
tem in the subduction channel as the latter evolves from a 
warm nascent to a cold and more mature stage of subduction.         

 Another hornblende-eclogite facies rock near Chipur Vil-
lage with similar mineralogy was reported, but unlike Moya 
hornblende eclogite body, it contains only one garnet gen-
eration (Ao  2023 ). Based on P…T pseudosection calculations 

  Fig. 3        a  Compositional relationship of  Al 2 O 3  spinel versus  Al 2 O 3  
melt of study ultrama“ c rocks. Regression lines were obtained using 
the reported data on chromite-melt inclusions in MORB and arc lavas 
(after Kamenetsky et� al.  2001 ; Rollinson  2008 ).  b  Binary plots of 
Olivine Spinel Mantle Array (OSMA) diagram (after Arai  1994  and 
modi“ ed by Pearce et� al.,  2000 ) for harzburgite and dunites from 
NMO. FMM represents the fertile mantle. Fields of MORB-type 
Lherzolite, MORB-type harzburgite, SSZ-type harzburgite and SSZ-
type dunite are from Singh ( 2013 ; Singh et�al.  2022b )  
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using the Perple_X program and isopleth intersections, high-
Si phengite (Si = 3.6 atoms per formula unit, a.p.f.u.) inclu-
sions within hornblende constraints pre-peak metamorphic 
stage at ~ 12 kbar and ~ 360�°C in the lawsonite blueschist 
facies “ eld. Garnet rim composition  (Sps 18   Prp 24   Alm 33  
 Grs 25 ) constraints the peak metamorphic stage at ~ 14 kbar 
and ~ 570�°C in the hornblende eclogite facies “ eld. Gar-
net outer-rim composition  (Sps 25   Prp 17   Alm 39   Grs 19 ) and 
mineral reaction lines constraints the post-peak metamor-
phism with slight cooling and decompression from ~ 550�°C 
and ~ 13 kbar, possibly down to ~ 350�°C and ~ 7 kbar in the 
greenschist facies “ eld (Fig.� 4 , path 7). These three meta-
morphic stages reveal a clockwise metamorphic P…T path 
of evolution for this type of hornblende eclogite facies rock. 
The low geothermal gradient of ~ 8�°C/km during the pro-
grade metamorphism possibly re” ects the subduction of cold 
Neo-Tethyan ocean crust when the temperature conditions 
of the subduction zone were still warm. 

    Eclogite 

 Textural and mineral compositional features of the Nagaland 
eclogites reveal a multistage mineral assemblage evolution 
comprising: (1) early epidote blueschist facies conditions 
that accompanied prograde garnet growth  (Sps 26   Prp 07  
 Alm 45   Grs 19 ) together with Na…Ca pyroxene,  glaucophane 1 , 
 epidote 1 ,  sphene 1 , phengite and quartz; (2) peak conditions 

represented by garnet outer rims of spessartine-poor and 
pyrope-rich compositions  (Sps 14 … 17   Prp 10…12   Alm 52…57  
 Grs 13…23 ), 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 2 , 
barroisite +  sphene 2  ±  epidote 2  and  glaucophane 2  + chlorite 
(Rajkakati et�al.  2019 ). 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 facies “ eld. 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 
greenschist facies to ~ 6 kbar and 300�°C (Fig.� 4 , path 5). 
The apparently low thermal gradient (~ 7…8�°C/km) and the 
clockwise P…T path are interpreted in terms of a tectonic 
scenario involving cold mature subduction within the Neo-
Tethys in NOC. 

    Lawsonite/epidote blueschist 

 The metabasalts interbedded with marble show centime-
tre-to metre-scale interlayering of lawsonite blueschist 
(LBS) and epidote blueschist (EBS) (Ao and Bhowmik 
 2014 ). Prograde HP/LT metamorphism stabilized law-
sonite + omphacite  (X Jd  = 0.50…0.56 to 0.26…0.37) + jade-
ite  (X Jd  = 0.67…0.79) + augite + ferroglaucophane + high-Si 
phengite (Si = 3.6…3.65 a.p.f.u.) + chlorite + titanite + quartz 
in LBS and lawsonite + glaucophane/ferroglaucophane ± epi-
dote ± omphacite  (X Jd  = 0.34) + chlorite + phengite (Si = 3.5 
a.p.f.u.) + titanite + quartz in EBS at the metamorphic 
peak (Ao and Bhowmik  2014 ). Retrograde alteration, 
which was pervasive in the EBS, produced a sequence 
of mineral assemblages from omphacite and lawsonite-
absent, epidote + glaucophane/ferroglaucophane + chlo-
rite + phengite + titanite + quartz through albite + chlo-
rite + glaucophane to lawsonite + albite + high-Si phengite 
(Si = 3.6…3.7 a.p.f.u.) + glaucophane + epidote + quartz. 
Based on P…T pseudosection calculations using Perple_X, 
peak P…T conditions of lawsonite blueschist were estimated 
at ~ 11.5 kbar and ~ 340�°C, epidote blueschist at ~ 10 kbar, 
325�°C. The results of P…T pseudosection calculations, when 
combined with mineral reaction pathways, de“ ne a near-
complete, hairpin, clockwise P…T loop for the blueschist 
facies rock. The apparent low thermal gradient of 8�°C/km 
corresponding to a maximum burial depth of 40�km and the 
hairpin P…T trajectory together suggest a cold and mature 
stage of an intra-oceanic subduction zone setting for the 
Nagaland blueschists. 

 Some epidote blueschists do not show any signature of 
prograde lawsonite blueschist facies metamorphism and 

  Fig. 4       A compilation of the published P…T paths of the NMO. 
Pumpellyite-diopside (path 1), lawsonite/epidote blueschists (path 2, 
3 & 4), eclogite (path 5), and hornblende eclogite (path 6 & 7) facies 
rocks from the northern part of the NMO. The metamorphic facies 
“ eld is after Evans ( 1990 ) and Maruyama et�al. ( 1996 ). Abbreviations 
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; 
HPG, high-pressure granulite; GR, granulite; P…T path 1 & 2 (Ao and 
Bhowmik  2014 ); 3 (Ao  2023 ); 4 (Maibam et�al.  2022 ); 5 (Rajkakati 
et�al.  2019 ); 6 (Bhowmik and Ao  2016 ); 7 (Ao  2023 )  
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  Fig. 5       Simpli“ ed cartoon 
depicting the tectonic evolution 
of the NMO (after Bhowmik 
and Ao  2016 ; Ao et�al.  2020 ; 
Khogenkumar et�al.,  2021 ; 
Singh et�al.  2022a ,  b ,  c ).  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.  c  generation 
of OIB-type basalts away from 
the spreading ridge.  d  subduc-
tion of oceanic crust at di� erent 
depths producing an array 
of HP metamorphic rocks.  e  
exhumation and accretion of HP 
metamorphic rocks and mantle 
peridotites and cumulates 
to form the NMO along the 
Indo-Myanmar Orogenic Belt, 
northeast India  
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 Thus, we understand that three primary tectonic environ-
ments are responsible for the origin of the NMO. One is the 
mid-ocean ridge spreading indicated by mid-oceanic ridge 
basalt and lherzolite compositions (Fig.� 5 a, b). Conversely, 
the plume-related tectonic environment is indicated by the 
Oceanic Island Basalt (Fig.� 5 c), and the other is the supra-
subduction zone setting indicated by dunite and harzburgite 
compositions (Fig.� 5 d).         

 It was reported from the Ar…Ar dating of the basalts 
from the NMO that some of the highly enriched alkaline 
basalts had an emplacement age of 148�Ma (Sarkar et�al. 
 1996 ). A recent zircon U…Pb geochronology investigation on 
plagiogranite and gabbro samples from the same ophiolite 
section revealed ~ 117�Ma (Singh et�al.  2017 ; Aitchison 
et�al.  2019 ). Therefore, the early age of 148�Ma could be the 
approximate timing of the initial spreading, which generated 
the basaltic rocks of the NMO. Notably, these alkaline basalts 
of the NMO had ocean-island basalt (OIB) characteristics 
equivalent to the Kerguelen plume (Khogenkumar et�al. 
 2021 ; Sarkar et�al.  1996 ). The Indian Plate was above the 
Kerguelen plume at 148�Ma, and the initial detachment of 
the Indian Plate from Antarctica was activated after that. 
During this period, the Indian continent was much thicker, 
and OIB-type ma“ c rocks might have been generated near 
the continental margin from the upwelling Kerguelen plume 
conduit. This event was followed by the rifting of India, 
Australia, and Antarctica, which resulted in new spreading 
zones and new oceanic crust, including the lherzolites of the 
NMO. The process of the subduction event and formation 
of dunite and harzburgite of the NMO could be related 
to the timing of the formation of the gabbro at around 
117�Ma. The initiation of the suturing due to subduction 
and obduction processes took place. The lithospheric mantle 
section generated in sea” oor spreading was subsequently 
brought into the forearc region of the subduction zone. The 
dunite and harzburgite samples formed in an SSZ setting 
are depleted mantle residues that have undergone intense 
interaction with a melt of varying composition (Ao and 
Satyanarayanan  2021 ; Chaubey et�al.  2022 ). They represent 
harzburgites in which orthopyroxene grains reacted out and 
olivine grains were recrystallized during the melt…mantle 
interaction process (Ao and Satyanarayanan  2021 ). During 
later stages of subduction, they were incorporated into 
the overlying mantle wedge, as indicated by the chemical 
signatures of a subduction zone in” uence. These peridotites 
were then exhumed together as a tectonic collage during 
the “ nal stage of the India-Asia collision. Considering the 
oldest age of the NMO ophiolites basalt 148�Ma (Baxter 
et�al.  2011 ; Sarkar et�al.  1996 ), it is very much likely that 
some parts of these ophiolites were already formed during 
the late Jurassic or even older (e.g. Rajkakati et�al.  2019 ). 
Due to the high-speed movement of the Indian Plate during 
the Cretaceous, many pockets of intra-oceanic subduction 

took place along the Indian Plate margin. These events are 
captured correctly in the Kohistan-Dras volcanic arc of 
Ladakh, which is considered an eastward extension of the 
Oman arc (Clift et�al.,  2000 ). The arc became accreted to 
Eurasia during the Palaeocene time with the closure of the 
NeoTethys. We speculate that the subduction group of rocks 
(~ 117�Ma) found in the IMOB ophiolites is an extension of 
the Kohistan-Dras volcanic arc of Ladakh. Due to extreme 
subduction energy consumed on the northern side of 
India, there might be less subduction on the northeastern 
side. Therefore, less magma volume was generated, which 
became a source for the subduction group of rocks of the 
IMOB ophiolites. The subduction group shows a depleted 
nature, which re” ects the melting of only the mantle wedge 
in a fore-arc tectonic setting in the presence of  H 2 O. Due to 
the prolonged convergent movement of eastern India beneath 
the Myanmar Plate, both the genetically unrelated ophiolites 
of the subduction group and the non-subduction group of 
the IMOB ophiolites might have jammed in the fore-arc 
region, which was later tectonically deformed and clutched 
altogether when the ocean ” oor subduction was “ nished and 
preserved as relics of paleo-oceanic lithosphere along the 
IMOB as a dismembered graveyard of ophiolites. 

 So, the tholeiitic MORB lavas of the NMO might be 
generated by partially melting the depleted upper mantle 
at shallow depth during the late Cretaceous period at the 
spreading axis when the Indian plate was separating away 
from the Australian plate. At the same time, alkaline 
E-MORB might have formed as the depleted melt was 
continuously enriched by OIB components that came from 
a deeper source/plume source, which was proximal to the 
spreading axis. Alkaline OIB might have erupted within 
the plate sea mount near the spreading axis. The close 
juxtaposition of MORB and OIB in the NMO of northeast 
India at the present time, coupled with the evidence of 
magma mixing, indicates a possible scenario of lavas 
erupting at closely attached spreading ridge and intra-plate 
seamount. Later, due to prolonged subduction and collision 
of the Indian plate with the Myanmar plate, the oceanic 
lithosphere might have accreted along the IMOB as an 
up-thrust block. 

 During subduction, the top part of the oceanic crust, 
including the overlying sediments, is dragged down 
inside the subduction channel (e.g. Agard et�al.  2018 ). 
The hornblende-eclogite facies rocks with high thermal 
gradients at peak metamorphic conditions (~ 12…14�°C/km) 
represent metamorphism at a nascent stage of subduction 
when the oceanic crust gets accreted to the overlying hot 
mantle (Figs.� 5 d, e). Moreover, the P…T conditions of the 
hornblende-eclogite facies rock tend to agree well with 
thermal models of warm subduction zones, such as Cascadia 
(van Keken et�al.  2018 ). Continued subduction leads to the 
entry of progressively cooler oceanic crust in the subduction 





684 Proceedings of the Indian National Science Academy (2025) 91:672–686

                                            Ao, A., Bhowmik, S.K., Upadhyay, D.: PT-melt/” uid evolution of abys-
sal mantle peridotites from the Nagaland ophiolite complex NE 
India: Geodynnamic Signifance. Lithos  354 , 105344 (2020)  

                                  Arai, S.: Characterization of spinel peridotites by olivine-spinel com-
positional relationships: review and interpretation. Chem. Geol. 
 113 (3…4), 191…204 (1994)  

   Augé, T.: Chromite deposits in the northern Oman ophiolite: Mineral-
ogical constraints. Miner. Deposita.  22 , 1…10 (1987)  

                                                       Baxter, A.T., Aitchison, J.C., Zyabrev, S.V., Ali, J.R.: Upper jurassic 
radiolarians from the Naga ophiolite, Nagaland, northeast India. 
Gondwana Res.  20 , 638…644 (2011)  

                                          Bhowmik, S.K., Ao, A.: Subduction initiation in the Neo-Tethys: Con-
straints from counterclockwise P-T paths in amphibolite rocks 
of the Nagaland ophiolite complex India. J. Metamorph. Geol. 
 34 (1), 17…44 (2016)  

                                                                          Bikramaditya, R.K., Chung, S.L., Singh, A.K., Lee, H.Y., Lin, T.H., 
Iizuka, Y.: Age and isotope geochemistry of magmatic rocks of 
the Lohit plutonic complex, Eastern Himalaya: implications for 
the evolution of Transhimalayan arc magmatism. J. Geol. Soc. 
 177 (2), 379…394 (2020)  

                                       Chatterjee, N., Ghose, N.C.: Metamorphic evolution of the Naga Hills 
eclogite and blueschist, Northeast India: implications for early 
subduction of the Indian plate under the Burma microplate. J. 
Metamorph. Geol.  28 , 209…225 (2009)  

                                                                                          Chaubey, M., Singh, A.K., Singh, B.P., Imtisunep, S., Dutt, A., 
Satyanarayanan, M., Premi, K., Abhirami, S.G.: Refertilization 
of depleted mantle peridotite in the Nagaland-Manipur ophiolite, 
north-east India: Constraints from PGE, mineral, and whole-rock 
geochemistry. Geol. J.  57 (12), 5265…5283 (2022)  

   Chauvet, F., Lapierre, H., René, Maury, C., Bosch , D., Basile, CH., 
Cotton, J., Brunet, P., Campillo, S.: Triassic alkaline magmatism 
of the Hawasina Nappes: Post-breakup melting of the Oman 
lithospheric mantle modi“ ed by the Permian Neotethyan Plume. 
Lithos  122 , 122…136 (2011).  

                                       Chungkham, P., Jafar, S.A.: Late Cretaceous (Santonian-Maastrichtian) 
integratedCoccolith…Globotruncanid biostratigraphy of pelagic 
limestone from the accretionary prism of Manipur, Northeastern 
India. Micropaleontology  44 , 68…83 (1998)  

   Clift, P.D., Degnan, P.J., Hannigan, R.,  Blusztajn, J.:  Sedimentary 
and geochemical evolution of the Dras forearc basin, Indus suture, 
Ladakh Himalaya, India. Geol. Soc. Am. Bull.  112 , 450…466 
(2000)  

                                          Dick, H.J.B., Bullen, T.: Chromian spinel as a petrogenetic indicator in 
abyssal and alpine-type peridotites and spatially associated lavas. 
Contrib. Miner. Petrol.  86 (1), 54…76 (1984)  

                                          Dilek, Y., Furnes, H.: Structure and geochemistry of Tethyan ophiolites 
and their petrogenesis in subduction rollback systems. Lithos 
 113 (1…2), 1…20 (2009)  

                                          Dilek, Y., Furnes, H.: Ophiolite genesis and global tectonics: geochem-
ical and tectonic “ ngerprinting of ancient oceanic lithosphere. 
Geol. Soc. Am. Bull.  123 (3…4), 387…411 (2011)  

                                                       Dutt, A., Singh, A.K., Srivastava, R.K., Oinam, G.: Evidence of melt… 
and ” uid…rock interactions in the refractory forearc peridotites and 
associated ma“ c intrusives from the Tuting…Tidding ophiolites, 
Eastern Himalaya, India: petrogenetic and tectonic implications. 
Geol. J.  56 , 2082…2110 (2021a)  

                                                                  Dutt, A., Singh, A.K., Srivastava, R.K., Oinam, G., Bikramaditya, 
R.K.: Geochemical and metamorphic record of the amphibolites 
from the Tuting-Tidding Suture Zone ophiolites, Eastern Hima-
laya, India: Implications for the presence of a dismembered meta-
morphic sole. Geol. Mag.  158 (5), 787…810 (2021b)  

   Evans, B.W.: Phase relations of epidote-blueschists. Lithos  25 , 3…23 
(1990)  

                                       Gaetani, G.A., Grove, T.L.: The in” uence of water on melting of man-
tle peridotite. Contrib. Miner. Petrol.  131 , 323…346 (1998)  

                                         Gerya, T.V., Stöckhert, B., Perchuk, A.L.: Exhumation of high-pressure 
metamorphic rocks in a subduction channel: A numerical simula-
tion. Tectonics (2002).   https:// doi. org/ 10. 1029/ 2002T C0014 06      

                                                                                            Ghose, N.C., Shrivastava, M.P.: Podiform Chromites of Naga Hills 
Ophiolite NE India. In: Petraschek, W., Karamata, S., Kravchenko, 
G.G., Johan, Z., Economou, M., Engin, T. (eds.) Chromites, pp. 
263…284. Theophrastus, Athens (1986)  

                                                          Ghose, N.C., Singh, A.K., Dutt, A., Imtisunep, S.: Signi“ cance of 
aegirine-bearing metabasic rocks in the metamorphic evolution 
of the Nagaland Accretionary Prism, northeast India. Geol. J. 
 57 (12), 5207…5221 (2022)  

                                               Guruaribam, V., Singh, Y.R., Singh, A.K.: Age and depositional envi-
ronment of carbonate exotics associated with the Disang group of 
Assam-Arakan Basin, Northeast India: Constraints from microfos-
sils and geochemistry. Carbonates Evaporites  36 , 46…14 (2021)  

                                       Haase, K.M., Dewey, C.W.: Geochemistry of lavas from the Ahu and 
Tupa volcanic “ elds, Easter hotspot, Southeast Paci“ c: implica-
tions for intraplate magma genesis near a spreading axis Earth 
Planet. Sci. Lett.  137 , 129…143 (1996)  

   Hawkesworth, C.J., Turner, S.P., McDermott, F., Peate, D.W., van Cal-
steren, P.: U-Th Isotopes in Arc Magmas: Implications for Ele-
ment Transfer from the Subducted Crust. Sci.  276 (5312), 551…555 
(1997)  

                               Hess, H.H.: History of ocean basins. Petrol. Stud.  4 , 599…620 (1962)  
                                                                            Htay, H., Zaw, K., Oo, T.T.: The Ma“ c…Ultrama“ c (Ophiolitic) Rocks 

of Myanmar. In: Barber, A.J., Khin, Z., Crow, M.J. (eds.) Myan-
mar: Geology, Resources and Tectonics, pp. 117…141. Geological 
Society, London (2017)  

                                                                          Imtisunep, S., Singh, A.K., Bikramaditya, R., Khogenkumar, S., 
Chaubey, M., Kumar, N.: Evidence of intraplate magmatism 
and subduction magmatism during the formation of Nagaland…
Manipur Ophiolites, Indo-Myanmar Orogenic Belt, North-East 
India. Geol. J.  57 (2), 782…800 (2022)  

                                               Kamenetsky, V.S., Crawford, A.J., Me� re, S.: Factors controlling 
chemistry of magmatic spinel: an empirical study of associated 
olivine, Cr-spinel and melt inclusions from primitive rocks. J. 
Petrol.  42 , 655…671 (2001)  

                                                                       Khogenkumar, S., Singh, A.K., Bikramaditya Singh, R.K., Khanna, 
P.P., Singh, N.I., Singh, W.I.: Coexistence of MORB and OIB-
type ma“ c volcanics in the Manipur Ophiolite Complex, Indo-
Myanmar Orogenic Belt, northeast India: implication for hetero-
geneous mantle source at the spreading zone. J. Asian Earth Sci. 
 116 , 42…58 (2016)  

                                                                                          Khogenkumar, S., Singh, A.K., Kumar, S., Lakhan, N., Chaubey, M., 
Imtisunep, S., Dutt, A., Oinam, G.: Subduction versus nonsubduc-
tion origin of Nagaland…Manipur ophiolites along Indo…Myanmar 
orogenic belt, Northeast India: fact and fallacy. Geol. J.  56 (4), 
1773…1794 (2021)  

                                                                                       Liu, C.Z., Zhang, C., Xu, Y., Wang, J.-G., Chen, Y., Guo, S., Wu, F.-Y., 
Sein, K.: Petrology and geochemistry of mantle peridotites from 
the Kalaymyo and Myitkyina ophiolites (Myanmar): implications 
for tectonic settings. Lithos  264 , 495…508 (2016)  

                                                                                       Maibam, B., Foley, S., Luguet, A., Jacob, D.E., Singh, T.B., Ray, D., 
Panda, D.K., Keppler, R.: Characterization of chromites, chromite 
hosted inclusions of silicates and metal alloys in chromitites from 
the Indo…Myanmar ophiolite belt of Northeastern India. Ore Geol. 
Rev.  90 , 260…273 (2017)  

                                                               Maibam, B., Palin, R.M., Gerdes, A., White, R.W., Foley, S.: Dat-
ing blueschist-facies metamorphism within the Naga ophiolite, 
Northeast India, using sheared carbonate veins. Int. Geol. Rev. 
 65 , 1…18 (2022)  

                                                                       Marchesi, C., Jolly, W.T., Lewis, J.F., Garrido, C.J., Proenza, J.A., 
Lidiak, E.G.: Petrogenesis of fertile mantle peridotites from the 
Monte del Estado massif (Southwest Puerto Rico): a preserved 
section of Proto-Caribbean lithospheric mantle? Geol. Acta  9 , 
289…306 (2011)  



685Proceedings of the Indian National Science Academy (2025) 91:672–686 

   Maruyama, S., Liou, J.G.,  Terabayashi, M.: Blues[1]chists and eclog-
ites of the world and their exhumation. Int Geol Rev  38 , 485…594 
(1996)  

                                       Maurel, C., Maurel, P.: Etude experimentale de la distribution de 
I•aluminium entre bain silicate basique et spinelle chromifere. 
Implications petrogenetiques: teneur en chrome des spinelles. 
Bull. Mineralo.  105 , 197…202 (1982)  

                                                                       Mitchell, A.H.G., Htay, MTh., Htun, K.M., Win, M.N., Oo, Th., 
Hlaing, T.: Rock relationships in the Mogok metamorphic belt, 
Tatkon to Mandalay, central Myanmar. J. Asian Earth Sci.  29 , 
891…910 (2007)  

   Niu, Y., Hekinian, R.: Spreading-rate dependence of the extent of man-
tle melting beneath ocean ridges. Nature  385 , 326…329 (1997)  

                                                               Oh, C.W., Rajesh, V.J., Seo, J., Coi, S.-G., Lee, J.H.: Spinel composi-
tions and tectonic relevance of the Bibomg ultrama“ c bodies in 
the Hongseong collision belt, South Korea. Lithos  117 , 198…208 
(2010)  

                                                                       Pal, T., Bhattacharya, A., Nagendran, G., Yanthan, N.M., Singh, R., 
Raghumani, N.: Petrogenesis of chromites from the Manipur 
ophiolite belt, NE India: evidence for a supra-subduction zone 
setting prior to Indo…Myanmar collision. Mineral. Petrol.  108 (5), 
713726 (2014)  

                                       Palin, R.M., Santosh, M.: Plate tectonics: what, where, why, and when? 
Gondwana Res.  100 , 3…24 (2021)  

   Pearce, J.A., Barker, P.F., Edwards, S.J., Parkinson, I.J.,  Leat, P.T.: 
Geochemistry and tectonic signi“ cance of peridotites from the 
South Sandwich arc…basin system, South Atlantic. Contrib. Min-
eral. Petrol.  139 (1), 36…53. (2000)  

                                                       Pedersen, R.B., Searle, M.P., Carter, A., Bandopadhyay, P.C.: U-Pb 
zircon age of the Andaman ophiolite: implications for the begin-
ning of subduction beneath the Andaman…Sumatra arc. J. Geol. 
Soc. Lond.  167 , 1105…1112 (2010)  

                                                          Premi, K., Sen, A.K., Singh, A.K., Lakhan, N.: Petrogenesis and tec-
tonic environments for formation of peridotites and associated 
podiform chromite ore, southern part of Manipur Ophiolite Belt, 
Indo…Myanmar orogenic Belt, NE India. J. Mineral. Geochem. 
 197 (3), 209…232 (2022)  

                                                               Premi, K., Sen, A.K., Singh, A.K., Singh, W.I., Chaubey, M.: Genesis 
of peridotite-hosted podiform chromite ore and associated PGE, 
southern Manipur Ophiolite Complex, Northeast India. Period. 
Di Miner.  92 , 1…21 (2023)  

                                                                                    Rajkakati, M., Bhowmik, S.K., Ao, A., Ireland, T., Avila, J., Clarke, 
G., Bhandari, A., Aitchison, J.: Thermal history of Early Jurassic 
eclogite facies metamorphism in the Nagaland ophiolite complex, 
NE India: New insights into the antiquity and subduction tectonics 
within the Neo-tethys. Lithos  346–347 , 105166 (2019)  

                                               Rampone, E., Romairone, A., Hofmann, A.W.: Contrasting bulk and 
mineral chemistry in depleted mantle peridotites: evidence for 
reactive porous ” ow. Earth Planet. Sci. Lett.  218 , 491…506 (2004)  

                               Rollinson, H.: The geochemistry of mantle chromitites from the north-
ern part of the Oman ophiolite: inferred parental melt composi-
tions. Contrib. Miner. Petrol.  156 , 273…288 (2008)  

                                                       Saccani, E., Allahyari, K., Beccaluva, L., Bianchini, G.: Geochemistry 
and petrology of the Kermanshah ophiolite (Iran): implication 
for the interaction between passive rifting, oceanic accretion, and 
OIB-type components in the Southern Neo…Tethys Ocean. Gond-
wana Res.  24 , 392…411 (2013)  

                                                                       Sarkar, A., Datta, A.K., Poddar, B.C., Bhattacharyya, B.K., Kollapuri, 
V.K., Sanwal, R.: Geochronological studies of Mesozoic igne-
ous rocks from eastern India. J. Southeast Asian Earth Sci.  13 , 
77…81 (1996)  

                               Singh, A.K.: PGE distribution in the ultrama“ c rocks and chromitites 
of the Manipur Ophiolite Complex, Indo…Myanmar Orogenic 
Belt. Northeast India. Jour. Geol. Soc. India  72 , 649…660 (2008)  

                               Singh, A.K.: Petrology and geochemistry of abyssal peridotites from 
the Manipur ophiolite complex, Indo…Myanmar orogenic belt, 

Northeast India: implication for melt generation in mid-oceanic 
ridge environment. J. Asian Earth Sci.  66 , 258…276 (2013)  

                                          Singh, A.K., Singh, R.B.: Genetic implications of Zn-and Mn-rich 
Cr-spinels in serpentinites of the Tidding Suture Zone, eastern 
Himalaya NE India. Geol. Jour.  48 (1), 22…38 (2013)  

                                                       Singh, A.K., Ibotombi, N.I., Devi, L.D., Singh, R.K.B.: Pillow basalts 
from the Manipur ophiolitic Complex (MOC), Indo…Myanmar 
range Northeast India. Jour. Geol. Soc. India  72 , 168…174 (2008)  

                                                          Singh, A.K., Ibotombi, N.I., Devi, L.D., Singh, R.K.B.: Geochemistry 
of mid-ocean ridge ma“ c intrusives from the Manipur Ophiolitic 
complex, Indo…Myanmar orogenic belt NE India. Jour. Geol. Soc. 
India  80 (2), 231…240 (2012)  

                                                                       Singh, A.K., Devi, L.D., Singh, N.I., Subramanyam, K.S.V., Bikrama-
ditya, R.K., Satyanarayanan, M.: Platinum-group elements and 
gold distributions in peridotites and associated podiform chromi-
tites of the Manipur ophiolitic complex, Indo…Myanmar orogenic 
belt, Northeast India. Chem. Erde  73 , 147…161 (2013)  

                                                                       Singh, A.K., Khogenkumar, S., Singh, L.R., Bikramaditya, R.K., 
Khuman, Ch.M., Thakur, S.S.: Evidence of Mid-ocean ridge and 
shallow subduction forearcmagmatism in the Nagaland-Manipur 
ophiolites, northeast India: constraints from mineralogy and geo-
chemistry of gabbros and associated ma“ c dykes. Chem. Erde-
Geochem.  76 , 605…620 (2016)  

                                                       Singh, A.K., Chung, S.L., Bikramaditya, R.K., Lee, H.Y.: New U-Pb 
zircon ages of plagiogranites from the Nagaland…Manipur Ophi-
olites, Indo…Myanmar orogenic belt, NE India. J. Geol. Soc. Lond. 
 174 , 170…179 (2017)  

                                                  Singh, A.K., Chung, S.L., Somerville, I.D.: Petrogenesis of mantle 
peridotites in Neo…Tethyan ophiolites from the Eastern Himalaya 
and Indo…Myanmar orogenic belt in the geo-tectonic framework 
of Southeast Asia. Geol. J.  57 (2), 4886…4919 (2022a)  

                                                                                                                  Singh, A.K., Guruaribam, V., Singh, Y.R., Singh, N.I., Singh, L.R., 
Chaubey, M., Tewari, V.C., Singh, W.I., Lakhan, N., Devi, L.D., 
Chanu, R.S.: Stable isotope geochemistry and microfossil assem-
blages of carbonate rocks in the ophiolite mélange zone of the 
Indo…Myanmar orogenic Belt, NE India: Implications on age and 
depositional environment. Geol. J.  57 (12), 5308…5325 (2022b)  

                                                  Singh, A.K., Chung, S.-L., Somerville, I.D.: Petrogenesis of mantle 
peridotites in Neo…Tethyan ophiolites from the Eastern Himalaya 
and Indo…Myanmar Orogenic Belt in the geo-tectonic framework 
of Southeast Asia. Geol. Jour.  57 (2), 4886…4919 (2022c)  

                                                         Suhr, G., Hellebrand, E., Snow, J.E., Seck, H.A., Hofmann, A.W.: Sig-
ni“ cance of large, refractory dunite bodies in the upper mantle of 
the Bay of Islands ophiolite. Geochem. Geophys. Geosyst. (2003). 
  https:// doi. org/ 10. 1029/ 2001G C0002 77      

   Sun, S.S., McDonough, W.F.:  Chemical and isotopic systematics of 
ocean basalts: implications for the mantle composition and pro-
cesses. In: Saunders, A.D., Norry, M.J. (Eds.), Magmatism in the 
Ocean basins. Spec. Publ. Geol. Soc. Lond.  42 , 313…345 (1989)  

                                       Tamura, A., Arai, S.: Harzburgite-Dunite-Orthopyroxenite suite as 
record of supra-subduction zone setting for the oman ophiolite 
mantle. Lithos  90 , 43…56 (2006)  

                                                                        van Keken, P.E., Wada, I., Abers, G.A., Hacker, B.R., Wang, K.: Ma“ c 
high-pressure rocks are preferentially exhumed from warm sub-
duction settings. Geochem. Geophys. Geosyst.  19 (9), 2934…2961 
(2018).   https:// doi. org/ 10. 1029/ 2018G C0076 24      

                                                                            Vidyadharan, K.T., Joshi, A., Ghose, S., Gaur, M.P., Sukla, R.: Manipur 
Ophiolites. Its Geology, Tectonic Setting and Metallogeny. In: 
Ghose, N.C. (ed.) Phanerozoic Ophiolites of India, pp. 197…212. 
Sumna, Patna (1989)  

                                               Zaccarini, F., Singh, A.K., Garuti, G.: Platinum group minerals and 
silicate inclusions in chromitite from the Naga-Manipur ophiolite 
complex, Indo-Myanmar orogenic belt, northeast India. Can. Min-
eral.  54 , 409…427 (2016)  

                                                                                       Zhang, J., Xiao, W., Windley, B.F., Wakabayashi, J., Cai, F., Sein, K., 
Wu, H., Naing, S.: Multiple alternating forearc- and backarc-ward 


		2025-06-04T00:06:37+0530
	Preflight Ticket Signature




