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a b s t r a c t 

Singhbhum Craton of the Indian Shield is one of the oldest Eoarchean segments on the Earth, which con- 

tains several well-preserved Mesoarchean-Paleoproterozoic volcanic suites. In this study, we investigate 

petrogenesis of the Bonai suite of volcanic rocks located in the western part of the craton on the basis of 

detailed geological, geochemical and geophysical data, which provide a new understanding of its regional 

geodynamic evolution. These volcanics are generally fine to medium-grained, exhibit porphyritic texture 

and contain plagioclase and pyroxene as primary minerals and amphiboles, epidote, sericite and chlorite 

as secondary minerals. The accessory phases are mainly zircon, ilmenite, pyrite and chalcopyrite. They can 

be petrographically and geochemically classified as basalt and basaltic andesite of tholeiitic nature. They 

are characterized by moderate to high contents of SiO 2 (49.35–57.81 wt%), MgO (7.14–11.39 wt%), Al 2 O 3 

(10.21–14.68 wt%), CaO (5.14–11.15 wt%), TiO 2 (0.48–2.03 wt%), Cr (32–483 ppm) and Ni (34–175 ppm). 

Their HFSE/REE ratios and REE patterns indicate their derivation from a relatively low melting of a similar 

mantle source within the spinel lherzolite stability field. They are formed as a result of decompressive 

melting of the mantle plume near the crust-mantle boundary, which underwent fractional crystallization 

and crustal contamination. The plume had an initial mantle potential temperature between 1300 °C and 

1700 °C with corresponding pressure of 0.5 to 3.5 GPa. In Nb/Y-Zr/Y plot, almost all the samples fall in 

the field of oceanic plateau basalt with mantle plume affinity. This region is underplated by about 14 km 

thick magmatic rocks above the Moho, over which gravity field and regional elevation are consistently 

high and the lithosphere is extremely thin. These characteristics corroborate well with the mantle plume 

signatures. Subduction related geochemical signatures appear absent. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Ocean University of China. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1

t

G

m

h

l

o  

S

d

E  

t  

X  

p

c

h

2

(

. Introduction 

Indian Shield is considered as a mosaic of five Archean cra- 

onic segments, which are welded together by active mobile belts, 

ondwana rift valleys, suture zones and mega lineaments that re- 

ained active since Mesoproterozoic to present ( Rogers and Calla- 

an, 1987 ). Out of these cratonic segments, Singhbhum Craton 

ocated in the eastern part of the Indian Shield is considered 
∗ Corresponding author. 
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ne of the oldest ( Chaudhuri et al., 2018 ; Olierook et al., 2019 ;

reenivas et al., 2019 ; Mukhopadhyay and Matin, 2020 ), and most 

eformed/decratonized Archean segments on the surface of the 

arth ( Pandey, 2020 ; Vasanthi et al., 2021 ), in a way similar to

he eastern part of the North China Craton ( Li and Santosh, 2014 ;

ia et al., 2017 ; Wu et al., 2019 ; Vasanthi and Santosh, 2021 ). Geo-

hysically, this craton does not possess characteristics of a typi- 

al stable shield and differs considerably from other stable areas of 

he Earth ( Negi et al., 1986 ; Polat and Anderson, 1995 ; Pandey and

grawal, 1999 ; Artemieva and Mooney, 2001 ; Kumar et al., 2013 ; 

andey, 2020 ; Vasanthi et al., 2021 ). It is conspicuously character- 

zed by positive gravity field ( GSI-NGRI, 2006 ; Tiwari et al., 2013 ;
f China. This is an open access article under the CC BY-NC-ND license 
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Fig. 1. (a) Geological map of the Singhbhum craton, eastern India (modified after Dey et al., 2017 , 2019). OMTG: Older Metamorphic Tonalitic Gneiss; OMG: Older Metamor- 

phic Group; IOG: Iron Ore Group; SBG: Singhbhum granitic suites; NSMB: North Singhbhum Mobile Belt; SSZ: Singhbhum Shear Zone. Age data of different suites are based 

on the studies of Misra et al. (1999) , Saha et al. (2012) , Nelson et al. (2014) , Upadhyay et al. (2014 , 2019), Dey et al. (2017 , 2019), Dey and Moyen (2020) . (b) Geology of 

south-western IOG (After Sreenivas et al., 2019 ). Black rectangle shows the area of present study. 
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asanthi et al., 2021 ) and an unusually thin (65–95 km) and warm 

ithosphere due to large scale destruction of the cratonic keel 

 Pandey and Agrawal, 1999 ; Shalivahan et al., 2014 ; Mandal, 2017 ;

andey, 2020 ). The Crozet hot spot has passed through the center 

f this craton ( Curray and Munasinghe, 1991 ). 

This craton which covers an area of around 50,0 0 0 km 

2 , is

argely made up of the Paleoarchean granitoid core, surrounded by 

aleoarchean to Paleoproterozoic volcano-sedimentary/greenstone 
2 
elts. It conspicuously contains several mafic-ultramafic occur- 

ences as well ( Banerjee, 1982 ; Mukhopadhyay and Dutta, 1983 ; 

charyya, 1993 ; Basu et al., 1997 ; Sengupta et al., 1997 ; 

ose, 2009 ; Acharyya et al., 2010a , b ). The earliest phase of 

agmatic activity is marked by the occurrence of mafic enclaves 

ithin the Paleoarchean Older Metamorphic Group of rocks. In 

omparison, the next phase of mafic magmatism, which was 

ore prolific, took place during the Mesoarchean-Paleoproterozoic. 
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Fig. 2. Field photographs showing exposures of Bonai volcanics in Pala Lahara- 

Keonjhar area. (a) Aerial view of studied volcanics exposed in a nala section, and (b) 

along road side, southwest of Keonjhar. These volcanics are fine to medium grained, 

massive and devoid of secondary veins like quartz and carbonates. 
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his phase is represented by Ongarbira, Dalma, Dhanjori, Ja- 

annathpur, Simplipal, and Bonai (also known as Malangtoli) 

olcanic suites and mafic dykes ( Fig. 1 ) emplacements (Newer 

olerites) which occupied a considerable part of this craton 

 Saha, 1994 ; Mukhopadhyay, 2001 ; Roy et al., 2005 ; Mondal et al.,

006 ; Manikyamba et al., 2015 ; Anil Kumar et al., 2017 ; Ravi

hankar et al., 2018 ; Arif et al., 2021 ; Fig. 1 ). The Bonai volcanics,

hich is the area of the present investigation, are exposed as 

hick formations of massive undeformed lavas in its western part. 

hey are associated with the Banded Iron ore Formations in Iron 

re Group (IOG) ( Banerjee, 1982 ; Mahadevan, 2002 ; Ray et al., 

006; Singh et al., 2017 ) and are exposed along the Keonjhargarh- 

ala Lahara Road and nearby regions ( Fig. 1 ). Petrologically, 

hese lavas are more evolved than other BIF lavas ( Saha, 1994 ; 

ahadevan, 2002 ) and relatively depleted in magnesian. They have 

een considered equivalent to Jagannathpur volcanics ( Saha, 1994 ) 

n the north. The minimum crystallization age calculated by the 

b-Pb zircon methods for the acid volcanics, located west of the 

tudied volcanics, suggest that the Bonai volcanics could be older 

han 2.8 Ga ( Bandyopadhyay et al., 2001 ). Systematic geochemical 

tudies over these volcanics are limited to a few areas ( Ray et al.,

006 ; Banerjee et al., 2016 ; Singh et al., 2017 ). The present study

eals with petrographical, geochemical and geophysical investi- 

ations over this volcanic suite exposed in a vast area between 

eonjhargarh and Pala Lahara Road sections and their surrounding 

reas ( Fig. 1 ). The present study points out the role of mantle

lume induced crust-mantle interaction for their genesis and thus 

as a relevance to our understanding of magmatism associated 

ith deformed Precambrian terrains. 
3 
. Geological setting 

Singhbhum Craton located in the eastern part of the Indian 

eninsular Shield represents Eoarchean crust characterized by 

omplex geological settings ( Saha, 1994 ; Misra, 2006 ; Nelson et al., 

014 ; Chaudhuri et al., 2018 ; Pandey et al., 2019 ; Chaudhuri, 2020 ;

lierook et al., 2019 ; Sreenivas et al., 2019 ). As mentioned before, 

t is associated with unusual geophysical signatures ( Pandey, 2020 

nd references therein). It is bounded by the Sukinda thrust 

one in the south, Eastern Ghats Belt to the southeast, the Bas- 

ar Craton to the southwest, and the North Singhbhum Mo- 

ile Belt and Proterozoic Chotanagpur gneissic complex in the 

orth ( Misra and Johnson, 2005 ; Mondal et al., 2006 ; Roy and

hattacharya, 2012 ). 

This craton primarily consists of Paleo-to Mesoarchean gran- 

toid complex exposed over vast tract ( Fig. 1 ) in which Pale- 

archean Older Metamorphic Tonalite Gneiss complex (OMTG), 

lso known as Champua suite (2.45–3.32Ga), is considered the 

ldest ( Saha, 1994 ; Upadhyay et al., 2014 ; Nelson et al., 2014 ;

ey et al., 2017 ; Pandey et al., 2019 ; Chaudhury, 2020; Dey and

oyen, 2020 ). Recently, xenocrystic zircons of 4.24–4.03 Ga 

ave also been reported from the TTG suites of this complex 

 Chaudhuri et al., 2018 ). Older Metamorphic Group (OMG) is an- 

ther primary supracrustal assemblage which is made up of am- 

hibolite facies rocks, metapelites, calc-silicate rocks and quartzites 

 Saha, 1994 ; Hofmann and Mazumdar, 2015 ) and exposed on the 

estern side of the OMTG ( Saha et al., 2012 ; Mazumder et al., 

015 ; Pandey et al., 2019 ; Upadhyay et al., 2019 ). OMTG rocks 

orm the basement of the OMG rocks. Both the units (OMTG 

nd OMG) are in direct contact with the 3.38–3.29 Ga Singhb- 

um granitoid suite, also popularly known as Singhbhum gran- 

tes ( Nelson et al., 2014 ; Upadhyay et al., 2014 ; Dey et al., 2017 ,

019 ; Pandey et al., 2019 ), which are made up of granite and TTG

ocks, spread over an area of almost 80 0 0 km 

2 in the central

art. This suite is encircled by Iron Ore Group (IOG) supracrustal 

elts, consisting of greenschist to amphibolite facies metasedimen- 

ary rocks, inter-layered with mafic/ultramafic and minor felsic vol- 

anics ( Upadhyay et al., 2019 ; Dey and Moyen, 2020 ). They are dis-

ributed over Gorumahisani-Badampahar, Jamda-Koira and Daitari- 

ala Lahara basins ( Saha, 1994 ; Mukhopadhyay et al., 2012 ). This 

raton is also characterized by several A-type granitoids in its 

E and SW parts, like Mayurbhanj and Pala Lahara suites, em- 

laced around 3.1–2.8 Ga, which were subsequently followed by 

 number of volcanic suites and episodic mafic dyke swarms ac- 

ivity (Newer dolerites) between 2.80 Ga and 1.76 Ga ( Saha, 1994 ; 

ukhopadhyay, 2001 ; Roy et al., 2005 ; Mondal et al., 2006 ; Anil

umar et al., 2017 ; Ravi Shankar et al., 2018 ). Many discrete 

abbro-anorthosite complex of the pre-Singhbhum granitic em- 

lacement period are also present in the eastern and southern part 

f the craton ( Saha, 1994 ; Roy and Bhattacharya, 2012 ). 

The Bonai mafic volcanics, which is one of the prominent vol- 

anic terrains of this craton, is relatively felsic than the other vol- 

anic suites. They can be seen exposed between Keonjhargarh and 

ala Lahara ( Fig. 1 ) and their surrounding areas, covering around 

00 km 

2 ( Saha, 1994 ; Ray et al., 2006). These lavas overlie an

nconformity in southern part and consists of quartz-sandstone 

ebble beds designated as Mankharchua Group ( Sarkar et al., 

986 ). These volcanic rocks are overlain by the Kolhan Group of 

andstones and shales at the eastern side. To the west of Koenjhar, 

he Bonai volcanic rocks have a faulted contact with the Banded 

ron Formations of IOG ( Ramakrishnan and Vaidyanadhan, 2008 ). 

n some areas like Kanjipani area of Malangtoli, mafic lavas are as- 

ociated with quartzites, ironstones, conglomerates and talc schist 

 Banerjee et al., 2016 ) with laterite as the cap rock. In general, the

onai volcanic rocks are massive and predominantly mafic, with 

poradic occurrences of poorly preserved pillow structures that 
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Fig. 3. Photomicrographs of Bonai volcanic rocks showing presence of plagioclase and pyroxene as primary minerals and epidote and chlorite as secondary minerals. They 

exhibit overall porphyritic texture with the groundmass composition marked by plagioclase and clinopyroxene (a, d, e, h and i). Some of the thin sections have shown 

presence of silica in voids (OP-75/5; b). The presence of saussuritized plagioclase (OP-84/05; i) and secondary amphiboles (uralitization) (d) indicate that these rocks are 

affected by hydrothermal alteration. The presence of relict and skeletal pyroxene (OP-87/05; c) also suggests hydrothermal alteration. Few samples exhibit myrmekite texture 

(g, h). Ophitic texture can be seen in Fig. 3 i. Plg: Plagioclase; Cpx: Clino-pyroxene; Epi: Epidote; Chl: Chlorite; Sil: Silica; Gls: Glass; Amp: Amphiboles; Opq: Opaques; Ser: 

Sericite; Qtz: Quartz. 
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re sheared, deformed and chloritized, penetrated occasionally by 

uartz and carbonate veins. 

. Sampling and analytical techniques 

Samples that are least altered, homogeneous and devoid of 

econdary quartz and carbonates are collected from the fresh- 

st part of the outcrops ( Fig. 2 a, b). Thin sections of the se-

ected samples were prepared and studied at CSIR-NGRI, Hyder- 

bad, and Southern region laboratory of Geological Survey of India, 

yderabad. After thorough petrographic observations, 21 samples 

ere selected for the analysis of major and trace (including REE), 

hich was also carried out at CSIR-National Geophysical Research 

nstitute, Hyderabad. Major oxides were analyzed using Philips 

agix PRO model PW2440 wavelength dispersive X-ray fluores- 

ence spectrophotometer (XRF), which is coupled with an auto- 

atic sample changer PW-2540. The instrument is microprocessor- 

ontrolled for maximum flexibility. Oxides are measured with a 

recision of 1% and 2%. The precision and accuracy of XRF data 

easured by this machine have earlier been reported in detail by 

rishna et al. (2007) . Standard reference materials used are BHVO- 
4 
 and BCR-1. Similarly, the trace elements (including Rare Earth 

lements) were determined by ICP-MS (ELAN DRC II). Analytical 

ata presented here have a reproducibility of measurements bet- 

er than + 5% RSD (Relative Standard Deviation) for all the trace 

lements. The precision and accuracy of the measured data from 

his instrument are discussed in detail elsewhere by Balaram and 

ao (2003) . Standard reference materials used in this study are JB- 

, BHVO-1 and BCR-1. Measured values of major oxides and trace 

lements are presented in Table 1 and Table 2 . Major oxides values 

re on an anhydrous 100% adjusted basis. 

To further confirm the altered mineral phases and opaque min- 

rals, Scanning Electron Microscope (SEM) study was carried out. 

he BSE images provided the minerals surface morphology and in- 

ependent confirmation of mineral compositions. This study used 

itachi, S-3400 N Scanning Electron Microscope (SEM) coupled 

ith energy dispersive spectrometer (EDS) at CSIR-NGRI, Hyder- 

bad. Spot analysis of different minerals and backscattered elec- 

ron (BSE) imaging were carried out to understand the compo- 

itions and variations of the various ore mineral phases. 15 kV 

ccelerating voltage was used to get high-resolution images from 

he samples. Other parameters like magnification, working distance 
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Table 1 

Whole rock major oxides (wt%) and CIPW norm data of basalt (B) and basaltic andesite (BA) from Bonai volcanic region, Singhbhum Craton. Major oxides values are on an anhydrous basis. 

Sample OP 87/05 OP 74/05 OP 83/05 OP 81/05 OP 91/05 OP 75/05 OP 79/05 OP 76/05 OP 84/05 OP 86/05 OP 92/05 OP 72/05 OP 77/05 OP 89/05 OP 90/05 OP 88/05 OP 80/05 OP 78/05 OP 85/05 OP 82/05 OP 73/05 

Rock-type B B B B B B B B B B BA BA BA BA BA BA BA BA BA BA BA 

SiO 2 49.35 49.6 50 50.37 51 51.6 51.97 52 51.6 52 52.2 52.8 53.6 53.97 54.15 54.79 55.3 55.57 55.6 55.6 57.81 

TiO 2 1.49 1.66 1.81 2.03 0.73 1.18 0.72 1.05 1.02 1.55 1.41 0.87 0.64 0.71 0.74 0.69 0.75 0.62 0.69 0.67 0.48 

Al 2 O 3 13.31 12 12.4 11.25 12 13.36 13.03 12.8 12.6 12.2 11.2 12.8 12.9 12.41 10.29 13.47 10.5 10.21 13.7 11.7 14.68 

Fe 2 O 3 13.89 15.8 13.3 14.3 12.4 11.03 13.07 13.9 13.9 12.5 12.7 11.5 11 11.98 10.93 10.84 11.6 9.45 9.68 10.8 2.2 

MnO 0.17 0.19 0.21 0.2 0.19 0.14 0.18 0.17 0.17 0.18 0.17 0.16 0.15 0.15 0.16 0.16 0.16 0.13 0.16 0.15 0.09 

MgO 8.73 8.78 7.54 7.79 9.34 11.39 9.76 7.14 7.74 7.91 8.15 8.02 9.71 9.57 10.23 10.14 10 8.84 9.63 9.27 9.78 

CaO 9.82 7.86 9.92 9.44 10.4 7.42 6.55 8.37 8.44 7.57 9.02 8.75 7.48 5.98 9.02 5.14 7.29 11.15 5.43 6.83 6.63 

Na 2 O 1.65 2.83 2.35 2.3 2.37 1.81 1.85 3.09 2.8 3.01 2.2 3.1 1.38 2.18 1.65 2.26 2.04 1.62 2.04 2.46 0.45 

K 2 O 0.5 0.91 0.53 0.74 0.41 0.8 1.53 1.29 1.05 1.14 1.19 1.04 1.61 1 1.27 1.1 0.76 0.42 1.06 1.06 6.27 

P 2 O 5 0.23 0.13 0.25 0.37 0.08 0.24 0.07 0.26 0.27 0.26 0.23 0.2 0.08 0.07 0.08 0.08 0.08 0.06 0.08 0.08 0.09 

Total 99.14 99.9 98.4 98.79 99 98.97 98.73 100 99.5 98.4 98.5 99.3 98.6 98.02 98.52 98.67 98.4 98.07 98 98.6 98.48 

Na 2 O + K 2 O 2.15 3.74 2.88 3.04 2.78 2.61 3.38 4.38 3.85 4.15 3.39 4.14 2.99 3.18 2.92 3.36 2.8 2.04 3.1 3.52 6.72 

CIPW norm 

Quartz 8.70 4.67 8.07 9.03 6.20 7.81 8.98 6.11 7.00 7.05 9.62 5.87 11.81 12.33 11.24 11.88 14.21 15.32 14.17 12.37 5.42 

Orthoclase 2.95 5.38 3.13 4.37 2.42 4.73 9.04 7.62 6.21 6.74 7.03 6.15 9.51 5.91 7.51 6.50 4.49 2.48 6.26 6.26 37.05 

Albite 13.96 23.95 19.88 19.46 20.05 15.32 15.65 26.15 23.69 25.47 18.62 26.23 11.68 18.45 13.96 19.12 17.26 13.71 17.26 20.82 3.81 

Anorthite 27.43 17.46 21.83 18.19 21.00 25.97 22.73 17.19 18.76 16.49 17.25 18.05 24.25 21.12 16.92 23.36 17.17 19.35 25.09 17.70 19.52 

Diopside 11.90 11.96 15.81 15.56 22.05 4.46 5.85 15.32 14.40 11.44 16.97 16.89 8.34 4.84 19.78 – 12.86 26.46 – 10.86 8.94 

Hypersthene 16.24 16.34 11.47 12.21 13.06 26.31 21.60 10.70 12.62 14.41 12.45 12.16 20.33 21.60 16.33 25.26 18.98 9.78 23.99 18.07 20.22 

Ilmenite 0.36 0.41 0.45 0.43 0.41 0.30 0.38 0.36 0.36 0.38 0.36 0.34 0.32 0.32 0.34 0.34 0.34 0.28 0.34 0.32 0.19 

Apatite 0.53 0.30 0.58 0.86 0.19 0.56 0.16 0.60 0.63 0.60 0.53 0.46 0.19 0.16 0.19 0.19 0.19 0.14 0.19 0.19 0.21 

Hematite 13.89 15.82 13.34 14.30 12.42 11.03 13.07 13.85 13.87 12.49 12.71 11.49 11.00 11.98 10.93 10.84 11.57 9.45 9.68 10.78 2.20 

Titanite 3.19 3.55 3.86 4.43 1.27 2.51 1.27 2.11 2.03 3.31 2.99 1.69 1.16 1.33 1.37 1.14 1.40 1.16 0.93 1.23 0.93 

S.I. 37.97 28.67 37.95 35.25 40.63 35.23 28.48 31.47 32.26 31.27 35.91 35.89 34.84 28.29 39.44 26.58 33.66 49.25 29.82 32.32 42.64 

D.I. 25.62 33.99 31.09 32.86 28.67 27.85 33.67 39.88 36.90 39.26 35.27 38.25 33.00 36.68 32.70 37.50 35.96 31.51 37.69 39.45 46.29 

AI 45 48 40 42 43 57 57 42 44 46 45 43 56 56 52 60 54 42 59 53 69 

Mg# 55.5 52.4 52.8 51.9 59.8 67.2 59.7 50.5 52.5 55.6 55.9 58 63.6 61.3 65 65 63.2 64.9 66.3 63 89.8 

DI = Differentiation Index. SI = Solidification Index. Mg # = 100 Mg 2+ /(Mg 2+ + Fe 2+ ). Rock-types are classified according to total alkalis versus silica diagram (Le Bas et al., 1986; Le Bas, 1989, 20 0 0. CIPW norms are on 

an anhydrous 100% adjusted basis using Fe 2 O 3 /FeO ratio after Middlemost (1989) and following the SINCLAS computer program ( Verma et al., 2002 ). AI = Alteration Index: 100(K 2 O + MgO)/ (K 2 O + MgO + Na 2 O + CaO) 

( Ishikawa et al., 1976 ; Large, 2001 ). 
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Table 2 

Trace elements and REEs data of basalt (B) and basaltic andesite (BA) from Bonai volcanic region, Singhbhum Craton. 

Sample OP 87/05 OP 74/05 OP 83/05 OP 81/05 OP 91/05 OP 75/05 OP 79/05 OP 76/05 OP 84/05 OP 86/05 OP 92/05 OP 72/05 OP 77/05 OP 89/05 OP 90/05 OP 88/05 OP 80/05 OP 78/05 OP 85/05 OP 82/05 OP 73/05 

Rock-type B B B B B B B B B B BA BA BA BA BA BA BA BA BA BA BA 

Sc 28 38 33 29 38 28 29 20 19 34 27 19 29 28 33 28 29 28 27 27 4 

V 179 337 285 296 201 185 209 203 202 279 202 175 152 164 184 160 174 149 160 153 27 

Cr 157 178 136 95 116 310 216 135 167 122 32 329 359 306 483 212 324 201 199 272 131 

Co 46 92 52 89 45 44 46 98 45 51 38 98 47 86 53 92 119 40 77 123 13 

Ni 98 99 71 74 73 114 93 79 99 67 54 75 112 117 175 118 130 83 115 120 34 

Cu 135 194 161 146 97 101 66 142 135 150 104 123 76 97 86 89 92 71 87 78 41 

Zn 86 96 117 96 59 61 64 71 73 94 78 71 64 59 55 76 58 46 78 60 34 

Ga 18 17 17 18 13 14 19 18 17 17 16 16 13 13 14 15 13 16 15 14 6 

Rb 10 16 16 13 9 33 47 27 21 17 33 23 49 32 47 47 24 11 47 41 56 

Sr 190 109 160 135 116 108 87 204 209 162 231 210 121 119 214 185 120 173 183 212 22 

Y 28 27 34 44 17 28 22 21 21 33 42 16 30 21 22 21 22 19 21 18 11 

Zr 121 81 123 182 29 172 91 135 125 120 239 96 112 105 106 99 106 81 101 98 64 

Nb 7 5 6 12 2 11 5 8 8 6 17 6 6 6 6 5 6 5 5 5 5 

Cs 0 0 4 0 0 0 0 1 0 4 0 1 0 0 0 0 0 0 0 0 1 

Ba 81 174 121 83 18 70 110 178 195 86 152 120 168 143 154 175 88 32 175 128 327 

La 10.84 6.19 8.66 18.31 3.00 18.54 14.02 16.36 16.62 8.46 30.72 13.25 16.50 16.16 15.73 16.26 15.91 13.17 16.70 16.93 16.33 

Ce 24.62 15.99 21.56 42.20 7.29 39.27 29.60 33.79 34.14 20.80 63.69 27.71 33.38 33.18 32.68 33.07 32.82 27.30 34.16 33.32 30.36 

Pr 3.45 2.50 3.17 5.59 1.18 4.88 3.65 4.16 4.31 3.08 7.60 3.36 4.03 3.99 4.05 4.15 3.96 3.31 4.20 3.89 3.30 

Nd 14.73 11.88 14.51 23.68 5.33 19.01 13.70 16.38 17.07 14.26 28.37 13.07 14.78 15.15 15.70 15.85 15.23 12.73 15.88 14.55 11.59 

Sm 3.60 3.38 4.03 5.82 1.45 4.07 3.03 3.64 3.58 3.99 6.09 2.74 3.01 3.13 3.42 3.22 3.33 2.74 3.23 2.90 2.14 

Eu 1.28 1.21 1.38 1.72 0.57 1.15 0.83 1.20 1.16 1.33 1.50 0.90 0.81 0.87 0.97 0.92 0.89 0.67 0.95 0.85 0.53 

Gd 4.19 4.07 4.84 6.92 1.93 4.79 3.42 4.01 4.04 4.58 6.84 3.09 3.45 3.44 3.83 3.51 3.77 3.02 3.61 3.29 2.31 

Tb 0.72 0.70 0.86 1.16 0.37 0.78 0.55 0.61 0.61 0.83 1.11 0.48 0.54 0.56 0.61 0.53 0.60 0.49 0.55 0.50 0.31 

Dy 4.32 4.25 5.16 6.90 2.51 4.41 3.28 3.37 3.38 5.07 6.42 2.67 3.21 3.21 3.52 3.03 3.46 2.91 3.06 2.77 1.73 

Ho 0.95 0.94 1.14 1.48 0.58 0.95 0.71 0.72 0.70 1.11 1.43 0.54 0.68 0.69 0.74 0.64 0.71 0.61 0.63 0.60 0.35 

Er 2.59 2.57 3.11 4.13 1.63 2.66 2.00 1.89 1.85 3.15 3.91 1.49 1.94 1.94 2.00 1.76 1.99 1.70 1.74 1.74 0.98 

Tm 0.41 0.40 0.50 0.66 0.27 0.41 0.31 0.31 0.28 0.49 0.61 0.23 0.30 0.31 0.31 0.28 0.32 0.27 0.28 0.26 0.15 

Yb 2.62 2.54 3.29 4.17 1.70 2.61 2.04 1.86 1.70 3.13 3.89 1.41 1.99 1.98 1.98 1.73 2.01 1.71 1.81 1.71 1.00 

Lu 0.42 0.37 0.50 0.64 0.27 0.41 0.30 0.28 0.26 0.50 0.61 0.21 0.31 0.29 0.29 0.27 0.29 0.26 0.27 0.27 0.15 

Hf 2.81 2.19 3.02 4.27 0.79 3.65 2.28 3.13 2.92 3.01 5.10 2.29 2.76 2.60 2.61 2.50 2.58 2.03 2.55 2.43 1.54 

Ta 0.52 0.66 0.49 1.12 0.17 0.79 0.47 0.80 0.53 0.47 1.26 0.74 0.52 0.68 0.51 0.68 0.81 0.43 0.64 0.78 0.59 

Pb 2.64 20.07 2.51 20.76 2.56 2.77 3.75 2.71 2.91 2.45 4.62 3.88 2.63 3.39 3.06 2.79 2.70 2.47 2.83 2.62 2.24 

Th 1.04 0.49 0.75 2.37 0.32 2.74 2.63 1.51 1.37 0.72 4.60 1.25 3.18 2.76 2.47 3.52 2.64 2.47 3.63 2.76 4.21 

U 0.24 0.13 0.18 0.54 0.08 0.51 0.70 0.28 0.25 0.16 0.83 0.24 0.77 0.71 0.62 0.76 0.65 0.64 0.78 0.65 0.85 

�REE 74.75 56.99 72.69 123.39 28.07 103.93 77.41 88.58 89.69 70.77 162.77 71.14 84.94 84.90 85.82 85.19 85.29 70.88 87.05 83.57 71.22 

Eu/Eu ∗ 1.01 1.00 0.96 0.83 1.04 0.79 0.79 0.96 0.93 0.95 0.71 0.94 0.77 0.81 0.82 0.83 0.77 0.71 0.85 0.85 0.72 

(La/Sm) N 1.94 1.18 1.39 2.03 1.34 2.94 2.99 2.90 3.00 1.37 3.26 3.12 3.54 3.34 2.97 3.26 3.08 3.11 3.34 3.78 4.93 

(Gd/Yb) N 1.32 1.33 1.22 1.37 0.94 1.52 1.39 1.78 1.97 1.21 1.45 1.81 1.44 1.44 1.60 1.68 1.55 1.46 1.65 1.60 1.91 

(La/Nb) PM 

1.70 1.17 1.47 1.61 1.62 1.75 2.94 2.14 2.22 1.45 1.83 2.21 2.94 3.02 2.80 3.17 2.87 2.93 3.27 3.55 3.33 

6
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Fig. 4. Scanning electron microscopic (SEM) images of opaque and accessory minerals. Back-scattered electron (BSE) photograph with spectrum image showing chalcopyrite 

(a, b), ilmenite (a), apatite (b), pyrite and zircon (c) in sample OP-72–05; pyrite and quartz (d) in sample OP-81–05; pyrite and chalcopyrite (e) in OP-83–05 and ilmenite 

and zircon (f) in OP-84–05. 

7 
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Fig. 5. (a) Total alkalis–silica diagram ( Le Bas et al., 1986 ). Values of major oxides 

are on 100% anhydrous basis ( Verma et al., 20 02 , 20 03 ). Sub-alkaline and alkaline 

fields are after Irvine and Baragar (1971) which is demarcated by red dashed line. 

(b) Zr/Ti vs. Nb/Y plot (after Pearce, 1996 ) indicating subalkaline nature of the stud- 

ied volcanics. 
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Fig. 6. (a) Jensen cation plot between Fe + Ti-Al-Mg (after Jensen, 1976 ) for Bonai 

volcanics. HFT: high iron tholeiite, HMT: high magnesium tholeiite. (b) Ternary plot 

(TiO 2 ×100-( Y + Zr)-Cr) (after Davies et al., 1979 ) illustrating tholeiitic affinity with 

magnesium enrichment trend for the studied volcanics. 
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re mentioned on the individual images. EDS spectra were also 

btained for one minute counting time with 15 kV accelerating 

oltage, a number of counts obtained for individual analysis were 

entioned on the individual spectra. Minerals phases identified 

hrough SEM studies is discussed in the subsequent section. 

. Results of petrographic and SEM studies 

As discussed in subsequent sections, detailed petrographical 

nd geochemical studies on Bonai volcanics, indicate lithologi- 

al variations from basalt to basaltic andesite. These samples are 

edium to fine-grained and composed mainly of plagioclase and 

yroxene as primary minerals and amphiboles, sericite, epidote, 

nd chlorite as secondary minerals ( Fig. 3 a) and ilmenite as an 

ccessory mineral. They are inequigranular and show an overall 

orphyritic texture with the groundmass comprising plagioclase, 

linopyroxene ( Fig. 3 a, d, e, h, i), and volcanic glass ( Fig. 3 b, e). Pla-

ioclase is the dominant phenocryst phase with pyroxene and am- 

hiboles ( Fig. 3 d). The presence of saussuritized plagioclase (sam- 

le OP-84/05) and secondary amphiboles indicate that these rocks 

ere affected by hydrothermal alteration, which is also corrobo- 
8 
ated by the presence of skeletal and relict pyroxene (OP-87/05; 

ig. 3 c, d). The process of uralitization, which involves the forma- 

ion of amphiboles from pyroxene, can also clearly be seen from 

he sample OP-91/05 ( Fig. 3 d). Further, some samples contain glass 

ithin the angular spaces between the primary minerals that show 

ntersertal texture ( Fig. 3 b, e). In addition, some of the thin sec- 

ions have demonstrated the presence of silica in voids (OP-75/5, 

ig. 3 b). Myrmekite texture is also seen in the few thin sections 

 Fig. 3 g, h), indicating possible metasomatic alteration. Similarly, 

he ophitic texture is preserved in some thin sections ( Fig. 3 i). 

SEM was used to identify the different mineral phases, specially 

ltered mineral phases and opaque minerals in the studied rocks. 

hese rocks are mainly composed of clinopyroxene and plagioclase 

s major rock-forming minerals. The accessory mineral phases are 

dentified as chlorite, apatite, epidote, sericite and opaque miner- 

ls. These rocks generally show sub-ophitic textures. The chlorites 

nd uralites are found as altered clinopyroxenes while the sericite 
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Fig. 7. Harker diagram for the major and trace elements of Bonai volcanic rocks. 
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nd epidotes are observed within the large plagioclase grains. The 

paque minerals pyrite, chalcopyrite, and accessory minerals ap- 

tite, zircon and ilmenite respectively, were also identified with the 

elp of this study which are shown in Fig. 4 . 

. Geochemistry 

.1. Major and trace elements 

The studied rocks are characterized by a moderate range 

f SiO (49.35–57.81 wt%), Al O (10.21–14.68 wt%), Fe O 
2 2 3 2 3 

9 
2.20–15.82 wt%), CaO (5.14–11.15 wt%), TiO 2 (0.48–2.03 wt%) with 

oderate to high contents of MgO (7.14–11.39 wt%). The alkali con- 

ents are up to 6.72 wt% ( Table 1 ). In addition, transition met- 

ls like Cr and Ni range from 32 to 483 ppm and 34–175 ppm, 

espectively ( Table 2 ). These basalts and basaltic andesite exhibit 

ub-alkaline character ( Fig. 5 a), which is also substantiated by 

he Zr/Ti vs. Nb/Y plot ( Fig. 5 b). The majority of the samples lie

n the field of high-iron tholeiites (HFT) ( Fig. 6 a) and also ex- 

ibit magnesium enrichment trend in TiO 2 ×100-( Y + Zr)-Cr plot 

 Fig. 6 b) ( Davies et al., 1979 ). Furthermore, some of the sam-

les in Fig. 6 a share the boundary with basaltic komatiites, how- 
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Fig. 8. Chondrite normalized REE (a) and primitive mantle-normalized (b) elemental patterns for Bonai volcanic rocks. Chondrite values are from Sun and McDonough (1989) . 
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ver, they are devoid of spinifex texture and hence cannot be 

ermed komatiites ( Arndt et al., 2008 ). In addition, they exhibit 

ide range of Mg# (100 Mg 2 + /(Mg 2 + + Fe 2 + ) from 50.50 to 89.80.

he presence of normative hypersthene ( Table 1 ) in the CIPW nor- 

ative compositions ( Middlemost, 1989 ) indicate their tholeiitic 

ature. Furthermore, the calculated Differentiation Index (D.I.) 

normative quartz (Q) + orthoclase (Or) + albite (Ab) + nepheline 

Ne) + kalsilite (Ks) + leucite (Lc)) of 25.62 to 46.29 ( Table 1 ),

ould indicate moderate to a high degree of differentiation of the 

rimary melt ( Thornton and Tuttle, 1960 ). Similarly, Solidification 

ndex (S.I.) (100 × {MgO/(MgO + FeO + Fe 2 O 3 + Na 2 O + K 2 O)})

 Kuno, 1964 ) that range from 26.58 to 49.25 ( Table 1 ), suggest in-

olvement of fractional crystallization during the time of its evo- 

ution. In addition, a positive correlation of MgO with Cr and 

i and a negative correlation with Cao, Na 2 O, P 2 O 5, and TiO 2 

 Fig. 7 ) suggest magmatic differentiation controlled by fractional 

rystallization. The enriched to depleted concentrations of LILE, 

FSE, and variable negative and positive anomaly at Nb and Ta 

 Fig. 8 a, b) is the characteristic feature of these rocks. Further, 

REE/HREE (La/Yb N : 1.27–11.75), LREE/MREE (La/Sm N : 1.18–4.93), 

nd MREE/HREE (Gd/Yb N : 0.94–1.97, Dy/Yb: 0.99–1.33) and low 

Nb/La) PM 

: 0.28–0.85, relatively high (La/Nb) PM 

: 1.17–3.55 ( Fig. 8 a, 

) ratios would suggest moderate fractionation and enrichment in 

REE. The Eu anomaly (Eu/Eu 

∗) ranges from 0.71 to 1.04, showing 
10 
inor negative Eu anomaly on chondrite-normalized REE diagram 

 Fig. 8 a). 

. Discussion 

.1. Alteration and element mobility 

Megascopically chosen hand specimens do not show the effect 

f alteration or presence of secondary veins. However, the forma- 

ion of sericite over the plagioclase grains ( Fig. 3 a), presence of 

keletal ( Fig. 3 c), and relict pyroxene ( Fig. 3 d) suggest an alter-

tion in these rocks. HFSE and REEs generally get least affected 

y the post magmatic alteration unless they undergo high-grade 

etamorphism. Therefore, these elements are widely used to un- 

erstand the mantle melting processes and the source of the melt 

 Song et al., 2006 ). These largely immobile elements ( Polat and 

ofmann, 2003 ) are also considered a proxy to evaluate the extent 

f mobility. It can be seen from Fig. 9 that Zr shows a good corre-

ation with selected HFSE and REEs. It suggests that these elements 

emained largely unchanged during the post-magmatic alteration, 

s corroborated by Fig. 8 a, b. The calculated AI (Alteration Index) 

alue of these rocks between 40 and 69 ( Table 1 ) would also in-

icate them to be unaffected by strong alteration ( Ishikawa et al., 

976 ; Large et al., 2001 ). 
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Fig. 9. Correlation of selected LILE, HFSE and REE against Zr, indicating possible mobilization of elements due to hydrothermal alteration in the investigated samples. The 

linear trends ( Fig. 8 c-h) indicate that these samples are cogenetic and not much affected by hydrothermal alteration. 
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.2. Fractional crystallization 

Fractional crystallization serves as a critical differentiation 

echanism in the evolution of basaltic magma. We interpret the 

volution of investigated samples in terms of magmatic differenti- 

tion controlled by fractional crystallization. The positive correla- 

ion of MgO with Cr and Ni and negative with Al 2 O 3 and Na 2 O 3 
11 
 Fig. 7 ) indicates the involvement of fractional crystallization in 

heir genesis. Similarly, variable content of Ni (34–175 ppm), Cr 

32–483 ppm) and Mg# (50.50–89.80) indicate their primitive to 

volved nature which is ascribed to the varying extent of fractional 

rystallization. ( Zeng et al., 2018 ; Pahari et al., 2019 ). Compara- 

ively, the lower content of Ni than Cr in these samples ( Table 2 )

ay be attributed to the high partitioning coefficient of the ele- 
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Fig. 10. Discrimination diagram representing the possible fractional crystallization 

process in Bonai volcanic rocks. (a) Ni vs. Cr plot; partition coefficients value is 

taken from Rollinson (2014) . (b) La/Sm vs. La plot, which clearly indicates that frac- 

tional crystallization played a key role in the generation of Bonai volcanics. Mineral 

fractionation trends are from Xia et al. (2015) . 
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ents present in the early phase of crystallizing minerals olivine 

nd orthopyroxene, which have had resulted in rapid depletion of 

i ( Arndt et al., 2008 ). The variable CaO content with respect to

gO ( Table 1 ) could imply the presence of CaO-MgO (clinopyrox- 

ne) and CaO rich (plagioclase) minerals in addition to MgO-rich 

inerals. The Eu/Eu 

∗: 0.71 to 1.04 ratio rules out the possibility 

f the major role of plagioclase fractionation; however, Cr vs. Ni 

nd La vs. La/Sm plots ( Fig. 10 a, b) do indicate the role of frac-

ional crystallization to some extent in the genesis of Bonai vol- 

anics. The minor negative Eu anomaly and negative Sr anomaly 

 Fig. 8 a, b) of the investigated rock with presence of significant 

lagioclase can be best explained by decreasing plagioclase/melt D REE 

alues with rising H 2 O content in the magma and drop of pres- 

ure ( Bedard, 2006 ). In studied samples, plagioclase is present, but 

orrespondingly Eu anomaly is insignificant. Moreover, a distinct 

rough at Sr is a possible consequence of low-pressure plagioclase 

ractionation controlled by pressure-sensitive plagioclase/melt D Sr val- 

es ( Bedard, 2006 ). Therefore, these distinct trace elements and 

EE signatures of the plagioclase-rich Bonai volcanics, manifested 

n terms of negative Sr anomalies and small negative Eu anomalies 

espectively, also reflect their evolved character, pressure-sensitive 
12 
rystallization of plagioclase and variations in meltwater content 

uring crystallization. 

.3. Crustal contamination 

The mantle-derived magmas generally undergo crustal contam- 

nation due to variable degrees of crustal assimilation during their 

scent through the crust ( Ghosh et al., 2019 ). However, their in- 

ompatible elements and ratios largely remain unaffected when 

he primary melt is not significantly contaminated with crustal 

omponents. The involvement of crustal material in contamina- 

ion will result in higher Th/Yb, Th/Sm, Zr/Y and Zr/Yb ratios as 

he continental crust contains higher contents of Zr and Th rel- 

tive to Sm, Y and Yb ( Taylor and McLennan, 1985 ). The geo-

hemical constituent like high Al 2 O 3 , associated positive Rb and 

h anomalies, negative Ba, and Ti anomalies, minor Nb depletion 

elative to La on the primitive mantle- normalized multi-element 

iagrams ( Fig. 8 a, b) indicate the effects of contamination from the 

rustal component in the evolution of Bonai volcanics. Moreover, 

n inconsistent pattern of LILE and no significant negative HFSEs 

nomaly except minor trough at Nb and Sr relative to La (Fig. 8a, 

), can also be explained by crustal contamination ( Huppert and 

parks, 1985 ; Rudnick and Gao, 2003 ; Song et al., 2008 ; Lai et al.,

012 ; Rasheed et al., 2021 ) rather subduction which is character- 

zed by prominent depletion of Nb and Ta. Further, to visualize the 

ffect of contamination, we utilized the REE and HFSE correlation 

lot ( Fig. 11 a, b), where the majority of investigated samples lie 

way from the normal mantle ratios suggesting widespread crustal 

ontamination of these volcanics, which is also corroborated by 

ower (Nb/La) PM 

: 0.28–0.85, (Nb/Th) PM 

: 0.14–1.35 and (Th/Nb) PM 

: 

.74 −6.95 ratios ( Polat et al., 1999 ; Simonov et al., 2014 ). Fur-

hermore, an inconsistent pattern of LILE and no significant nega- 

ive anomaly of HFSEs ( Fig. 8 a, b), except minor trough at Nb and

r, can be ascribed in terms of crustal contamination ( Rudnick and 

ao, 2003 ; Van Hunen and Moyen, 2012 ; Rasheed et al., 2021 )

hich is also in concurrence with Nb/Yb vs. Th/Yb and La/Ta ∗ vs. 

a/Sm plots ( Fig. 11 c, d). In addition, Nb/ La and La/Nb vs. SiO 2 

lots ( Fig. 12 a, b) indicate the involvement of assimilation with 

ractional crystallization ( Dong et al., 2010 ) for the studied sam- 

les. It is thus evident that the magma may have undergone frac- 

ional crystallization, assimilation, and crustal contamination dur- 

ng its ascent to the surface. 

.4. Mantle melting and source 

REE and incompatible elements are extremely sensitive to the 

egree of mantle melting and thus provide information about the 

ature of the melt ( He et al., 2010 ; Manikyamba et al., 2015 ).

herefore, the REE pattern and incompatible trace element ratios 

re often used to understand such processes ( Rajesh et al., 2013 ; 

eng and Santosh, 2015 ). The distinctly parallel REE patterns shown 

y the Bonai volcanic rocks ( Fig. 8 ) point to their extraction from 

 similar mantle source. HREEs, specifically Yb and Lu, have high 

arnet/melt partition coefficient, thereby making them compatible 

ith garnet but incompatible with spinel, whereas La, Sm, and Gd 

ave low garnet/melt partition coefficients and thus are incompat- 

ble with garnet ( Rollinson, 1993 ; Farmer, 2014 ). Similarly, REE ra- 

ios like La/Yb, Sm/Yb, Dy/Yb, and Gd/Yb show strong fractiona- 

ion in the melt generated in the garnet stability field, whereas 

lightly fractionated La/Yb and nearly unfractionated Sm/Yb, indi- 

ate mantle melting in field of spinel peridotite ( Xu et al., 2005 ;

ai et al., 2012 ; Davidson et al., 2013 ). To validate the source and

xtent of melting, the La/Yb vs. Dy/Yb ( Fig. 13 a) and Sm vs. Sm/Yb

 Fig. 13 b) plots are utilized where it is observed that the majority 

f the samples lie within the spinel lherzolite field ( Fig. 12 a) and

enerated by 5–10% melting ( Fig. 13 b). 
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Fig. 11. (a) Sm vs. Th and (b) Zr vs. Y plots ( Ghosh et al., 2019 ) exhibiting the effect of crustal contamination in the studied rocks. (c) Nb/Yb vs. Th/Yb plot (after Pearce, 2008 ), 

demonstrating the trend in Bonai volcanic samples which plot towards higher Th/Yb ratios away from the oceanic MORB-OIB array. This plot also suggests the role of 

lithospheric mantle and magma-crust interactions in the genesis of parent magma. (d) La/Ta ∗ vs. La/Sm plot (after Lassiter and DePaolo, 1997 ) showing crustal contamination 

and lower crustal affinity. Ta ∗ = Nb/17. UC: upper continental crust; LC: lower continental crust. 
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In addition, the combination of REE and incompatible elements, 

ike Zr, Nb, Yb, and Y, are also usually used to understand the 

ectonic setting for melt generation. Thus, we plot the Zr/Y vs. 

b/Y diagram ( Fig. 14 a), where they occupy the field of oceanic 

lateau basalt having mantle plume affinity ( Fig. 14 a). Further, 

he Th/Yb: 0.19–4.22, Zr/Y: 1.65–6.35 are comparable with NMORB 

alues; however, in the Zr/Yb vs. Nb/Yb correlation, these sam- 

les mostly cluster around E-MORB ( Fig. 14 b), which is also sup- 

orted by Zr/Sm (19.82–42.33) ratios of the Bonai volcanics which 

re greater or close to that of the primitive mantle (Zr/Sm: 25) 

 Frey et al., 1980 ; Menzies et al., 1991 ). Additionally, the Zr/Ba

0.20–2.52), Zr/Hf ratio (36.07–47.20) and La/Nb ratio (1.13–3.43), 

ndicate the genesis of parental melt from asthenospheric sources 

nd metasomatic enrichment respectively ( Menzies et al., 1991 ; 

reenough et al., 1998 ; Kurkcuoglu, 2010 ). We thus infer that the 

onai volcanics have resulted from the interaction of plume melts 

ith a metasomatized subcontinental lithospheric mantle (SCLM) 

nd crustal component before their ascent and emplacement at the 

urface. 
13 
.5. Mantle potential temperature 

We have calculated mantle potential temperature and pressure 

or the samples having MgO > 8.0 wt% from the Fractionate PT 

 Fig. 15 ). FRACTIONATE PT thermobarometers ( Lee et al., 2009 ) uses

agma Si and Mg concentrations to determine basaltic magma 

ressures and temperatures. To determine the composition of the 

rimary magma, this program considers primitive basalts that have 

ractionated along olivine-control lines and reverse-fractionates the 

livine crystallization (or accumulation for picrites) process. The 

rogram then calculates the average pressures and temperatures 

f melt segregation from the mantle, assuming that these mag- 

as emanated from a peridotitic source (Ol + Px). For polybaric 

elting, the calculated T and P would signify the T and P of the 

ccumulated aggregate melt. To calculate the T p , the K D (parti- 

ion coefficient) for three studied samples is taken 1, the K D for 

Fe/Mg) Ol/(Fe/Mg) is taken as 0.32, and fO 2 is molar Fe III /Fe T . 

he barometer has an uncertainty of ±0.20 GPa whereas, the un- 

ertainties in temperature are ±3% (corresponding to ∼40 °C for 
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Fig. 12. SiO 2 vs. Nb/La (a) and SiO 2 vs. La/Nb (b) plots for Bonai volcanics sug- 

gesting the involvement of fractional crystallization in genesis of these rocks 

( Dong et al., 2010 ). 
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Fig. 13. (a) Dy/Yb vs. La/Yb and (b) Sm vs. Sm/Yb plots (after Zhao and Zhou, 2007 ) 

for the studied volcanic rocks indicating magma generation in spinel peridotite 

stability field with 5–10% melting of spinel lherzolite. Melting curves are af- 

ter Aldanmaz (2002) . DM: depleted mantle; PM: primitive mantle. Mode and 

melt mode curve for spinel and garnet are taken from Kinzler (1997) and 

Walter (1998) respectively. 
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 temperature of 1400 °C). The calculated T p of around 1340–

600 °C with corresponding pressure of 0.5 to 3.5 GPa of these 

olcanics, suggest strong crust-mantle thermal interaction due to 

he decompressive melting of the plume head at the crust-mantle 

evel. 

Similarly, we have also calculated primary magma composi- 

ion for 3 samples (OP 91/05, OP 72/05, OP 78/05) which met the 

riteria of PRIMELT3. This software ( Herzberg and Asimow, 2015 ) 

odels both batch and accumulated fractional melting, using hy- 

rid forward and inverse models to incrementally add or subtract 

livine from an evolved lava composition until a melt fraction is 

enerated, which is capable of (i) being formed by partial melting 

f mantle peridotite, and (ii) replicates the major element com- 

osition of the starting magma through fractionation or accumu- 

ation of olivine. It is also equipped to calculate the degree of 

artial melting and mantle potential temperature (T P ) required to 

enerate primary magma from a more evolved magma composi- 

ion. For all the investigated samples, Fe 2 + / �Fe and Fe 2 O 3 /TiO 2 ra- 

ios in the mantle peridotite were kept at 0.88 and 1, respectively. 

he calculated mantle potential temperatures from the PRIMELT3 

batch melting) range from 1576 °C to 1696 °C, which is rel- 

tively higher than that obtained from Fractionate PT thermo- 

arometer. The total uncertainty in T p calculated by PRIMELT3 is 
14 
60 °C (2 sigma) ( Herzberg and Asimow, 2015 ). Primary magma 

ompositions, degree of melting, forsterite content of olivine in 

quilibrium with the melt, and other related details are given in 

able 3 . 

We find that the primary magmas of the studied rocks were 

enerated around pressure reaching up to 3.5 GPa ( Fig. 15 ) and T p 
f around 130 0–170 0 °C. Our estimated temperatures are higher 

han 120 0–150 0 °C of the parental magma of Bonai volcanics as 

eported by Banerjee et al. (2016) , which may be due to rela- 

ively lower contents of FeO and MgO in their studied samples. The 

ower values of pressure of a few samples ( Fig. 15 ), indicates shal-

ow depth of emplacement. The association of such high mantle 

otential temperature can be constrained in terms of decompres- 

ion melting of the mantle plume head below the crust, whose 

nitial temperatures may have been higher by 150–200 °C than 

hat of the ambient mantle ( Wolfe et al., 1997 ; Desharnais, 2005 ;

erzberg and Asimow, 2008 ; Cao et al., 2011 ). 

In similar studies, Korenaga (2008) proposed that the mantle 

nitially increased in temperature from ∼1650 °C at 4.5 GPa to 

1700 °C at 3.6 GPa, subsequently followed by rapid cooling to 

he present-day value of 1350 °C. Subsequently, Davies (2009) pro- 
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Table 3 

Primary magma compositions for Bonai volcanics (Singhbhum Craton), calculated by PRIMELT for the batch melting. Tp ( °C) is mantle potential temperature (method of 

Herzberg and Asimov (2015). Degree of melting (F%), forsterite content of olivine in equilibrium with the melt (Fo), percentage of olivine added to the sample composition 

in order to obtain primary magma composition (Ol%). 

Sample No. SiO 2 TiO 2 Al 2 O 3 FeO T MnO MgO CaO Na 2 O K 2 O P 2 O 5 Tp ( °C) Fo F% Ol% 

OP 91/05 47.29 0.43 7.07 9.50 0.17 26.85 6.15 1.38 0.24 0.05 1696.00 94 53 56.43 

OP 72/05 48.74 0.55 8.08 9.35 0.15 24.00 5.54 1.94 0.65 0.13 1646.97 94 46 48.95 

OP 78/05 52.62 0.47 7.62 8.15 0.13 20.26 8.36 1.20 0.31 0.04 1576.84 94 51 32.67 

Fig. 14. (a) Zr/Y vs. Nb/Y plot (after Condie, 2005 ). Bonai volcanics plot in 

oceanic plateau basalt field, suggesting plume affinity. (b) Zr/Yb vs. Nb/Yb plot 

where the studied samples plot close to E-MORB field. Data source: Chondrite, 

E-MORB- Sun and McDonough (1989) ; depleted mantle (MORB data)- Salters and 

Stracke (2004) . 
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ided a secular cooling model, indicating a constant decrease of 

emperature from 1800 °C at 4.5 GPa to a modern-day tempera- 

ure of 1300 °C. Our recent investigation ( Jafri et al., 2021 ) also

eported a similar mantle potential temperature of around 1630–

660 °C for Paleoarchean ferropicrite and ferrobasalt of the Jojo- 

atu area in the north Singhbhum Craton, which was generated by 

 mantle plume. Higher T p of parental magma for the Bonai vol- 

anics (1300 to 1700 °C) with pressure reaching 3.5 GPa ( Fig. 15 ),

ould thus conform with magma generation from a mantle 

lume. 
15 
.6. Tectonic evolution 

There have been suggestions that many volcanic suites of this 

raton may have a subduction-related affinity during the Archean- 

aleoproterozoic period ( Alvi and Raza, 1991 , 1992 ; Raza et al., 

995 ; Sengupta et al., 1997 ; Manikyamba et al., 2015 , 2020 ;

anerjee et al., 2016 ; Singh et al., 2017 ), including the presently 

tudied Bonai volcanics ( Manikyamba et al., 2017 ). The precise time 

rame, however, remains unresolved. In comparison, recent studies 

f Arif et al. (2021) , Rasheed et al. (2021) as well as our study over

he Jojohatu volcanics in the northern part of the IOG ( Jafri et al.,

021 ) indicate mantle plume affinity. In addition, the Nb/Y-Zr/Y 

lot ( Fig. 14 a) for the studied samples, suggests that almost all 

f them occupy the field of oceanic plateau basalt and oceanic 

ubduction unrelated settings ( Fig. 16 a). Moreover, the HFSE/LILE 

atios and enriched signature ( Fig. 16 b) for these volcanics indi- 

ate the involvement of the asthenosphere in the melt generation. 

his can be explained in terms of partial melting of a depleted 

antle source and heterogenous enrichments by sub-continental 

ithospheric and crustal components. The mixing of depleted as- 

henosphere melt with OIB type melt can produce enriched geo- 

hemical signatures during the extensional thinning caused by the 

ot mantle plume. Importantly, we have not found any promi- 

ent subduction-related signatures in these volcanics. The vari- 

ble Nb and Ta, along with positive Rb and Th, negative Ba, and 

i anomalies, can be explained by possible contamination as dis- 

ussed above. Further, the higher estimated mantle potential tem- 

erature (1300 to 1700 °C) can only point to a mantle plume 

ource and not subduction generated magmas. 

.7. Support from geophysical studies 

Evidently, the Singhbhum Craton is associated with unusual 

eophysical signatures, unlike most of the other Indian, as well 

s global cratons ( Pandey, 2020 ). The only comparable terrain 

s per our present-day knowledge could be the eastern block 

f the North China craton ( Vasanthi and Santosh, 2021 and ref- 

rences therein). For example, this craton is associated with 

igh velocity mafic crustal exhumation ( Fig. 17 ), positive grav- 

ty anomalies, especially in the volcanic terrains ( Fig. 18 ), and 

n extremely thin lithosphere of only about 65–95 km due to 

ersistent destruction of the lithospheric keel as revealed by 

eat flow ( Negi et al., 1986 , 1987 ; Pandey and Agrawal, 1999 ;

andey, 2020 ), magneto-telluric ( Shalivahan et al., 2014 ) and seis- 

ic receiver function ( Kumar et al., 2013 ; Mandal, 2017 ). In 

omparison, in similar global terrains, the estimated lithosphere 

s extremely thick at around 250–350 km ( Chapman and Pol- 

ack, 1977 ; Polat and Anderson, 1995 ; Pandey and Agrawal, 1999 ; 

rtemieva and Mooney, 2001 ; Pandey, 2016 ). The nature of geo- 

hysical anomalies would conform to large-scale mantle upwelling 

nd crust-mantle thermal interaction. In such a scenario, the role 

f mantle fluids also becomes important, as revealed by elemen- 

al mobility and petrographic signatures. Bonai volcanics, sitting 

t the center of an uplifted prominent circular morphostructure 
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Fig. 15. Temperature-pressure plot ( Lee et al., 2009 ) for Bonai volcanic samples having MgO > 8 wt%. Curved lines represent melting adiabats. The dry lherzolite solidus and 

liquidus are from Katz et al. (2003) . The Fe-rich lherzolite solidus was estimated by lowering the dry lherzolite solidus by ∼50 °C ( Kushiro, 1996 ). The melting characteristics 

for MORB, Hawaii hotspot basalt and Paleoarchean komatiites, are from Lee et al. (2009) and Wang et al. (2019) . 
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 Rantsman et al., 1995 ), is no exception. Effect of hydrothermal al- 

eration and mantle metasomatism can be seen in many Bonai vol- 

anic samples ( Fig. 3 c, d, g, h, i). Invariably, such alterations result

n the lowering of velocities even in the highly denser mid to lower 

rustal rocks ( Tripathi et al., 2012 ; Pandey et al., 2014 , 2016). 

.7.1. Exhumation of mafic crust: seismic evidence 

The crust-mantle seismic structure of the Singhbhum Cra- 

on and adjacent areas have recently been studied in detail by 

andal (2017) , using fifteen 3-component broadband seismic net- 

ork, which indicated the presence of a highly mafic (average 

s: 4.0 km/s, corresponding Vp, 7.0 km/s), heterogeneous and de- 

ormed crustal structure below Singhbhum Craton Fig. 17 . shows 

he variation of computed Vp with depth (as obtained from av- 

raged Vs of all the seismic stations using Vp/Vs as 1.75), together 

ith the deduced crustal seismic structure underneath the Singhb- 

um Craton. This figure also includes similar data for the south 

ndian Shield ( Pandey et al., 2013 ) as well as global shields and

latforms ( Christensen and Mooney, 1995 ) for comparison. 

It is pertinent to note that the estimated crustal Vp obtained 

elow this craton ( Fig. 17 ), is much higher than recorded in the

outh Indian Shield and average global shields and platform. No- 

iceably, beneath this craton, the granitic-gneissic upper crust, as 

ell the middle crust, is only about 2 km thick each, implying that 

he lower crust has exhumed to a depth of only 4 km from the 

urface, rest of the upper and middle crust being eroded. Further, 

he lower crust is underplated by a 14 km thick magmatic layer 

ue to massive magma emplacement. 

Another important feature which is revealed by Fig. 17 is the 

etection of a possible metasomatized zone between 14 and 30 km 

n which velocity drops down sharply from 3.93 km/s to 3.76 km/s. 

etasomatism is a process that is caused by the interaction of the 

ower crust with mantle-derived hydrothermal fluids and halogens 
16 
 Tripathi et al., 2012 ; Pandey et al., 2014 , 2016). It is quite prevalent

n mantle-plume-affected areas like Deccan traps ( Pandey, 2020 ). 

t can lead to a drastic reduction in crustal velocities up to 15% 

 Pandey et al., 2016 ), as also revealed by Fig. 17 . In Bonai too,

he metasomatic alteration has been seen in quite a few samples 

 Fig. 3 c, d, g, h, i). 

Further, a close look at Fig. 17 indicates that the estimated ve- 

ocities at four kilometres depth below Singhbhum Craton (below 

hich lower crust is envisaged) is similar to the velocities recorded 

t a depth of 25–30 km in other global shields and platforms 

 Christensen and Mooney, 1995 ). It would mean that this craton 

s unusually mafic (avg. Vs: 4.0 km/s) and has exhumed by about 

0 km or more. This is possible only if this craton interacted with a 

ong-sustained mantle plume and in all likelihood not by subduc- 

ion. Recorded P and T conditions ( Sharma, 2009 ) would support 

his conjecture. It is compatible with the presence of thin litho- 

phere and positive gravity anomalies. 

.7.2. Gravity field 

Bouguer gravity anomaly map of the Singhbhum Craton 

 Fig. 18 ), reveals a large variation in gravity anomalies from + 10 

Gal to about −60 mGal over the different geotectonic terrains. As 

his craton was subjected to several orogenic cycles in the past, its 

mprints can be seen in the form of gravity highs, which are gener- 

lly associated with the synformal structures filled with metased- 

ments (Iron Ore Group) and volcanics, likes, Dhanjori, Ongarbira, 

alma and Simlipal, over which Bouguer gravity anomalies reach 

s high as 0 to −5 mGal. In general, these volcanics/metavolcanic 

ocks have an average density of around 3.0 g/cm 

3 or even more 

 Verma et al., al.,1978 ; Sarma, 1980 ). 

In comparison, the Bonai volcanics, which is the area of the 

resent study, is associated with variable gravity anomalies. Its 

estern and southern parts, which are in direct contact or in 
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Fig. 16. Nb N vs. Th N plots (after Saccani, 2015 ) where the studied samples lie in 

the oceanic subduction unrelated setting-continent transition zone (OCTZ) (a), and 

in the field of P-MORB (b). Nb and Th values are normalized to the N-MORB com- 

position ( Sun and McDonough, 1989 ). Vectors in the plot represent the trends of 

compositional variations as a the major petrogenetic processes. FC: fractional crys- 

tallization; OIB-CE: ocean island type (plume-type) component enrichment; AFC: 

assimilation-fractional crystallization; SSZ-E: supra-subduction zone enrichment. 
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Fig. 17. Variation of computed Vp (as obtained from averaged Vs of all the seis- 

mic stations based on receiver function studies by Mandal (2017) and taking Vp/Vs: 

1.75) with depth together with deduced crustal structure beneath the Singhb- 

hum craton of eastern India. This figure also includes similar data for the south 

Indian shield ( Pandey et al., al., 2013 ) as well as global shields and platforms 

( Christensen and Mooney, 1995 ) for comparison. The occurrence of considerable 

higher velocities beneath this craton compared to south Indian as well as global 

shields and stable platform, can clearly be seen. 
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lose association to IOG, are characterized by −10 to −30 mGal 

nomalies, while in its northern part, gravity anomalies reach −60 

Gal, which can be attributed to the presence of thick low den- 

ity (2.68 g/cm 

3 ) Singhbhum granite/ granitoid basement complex 

nderneath Fig. 19 . shows a crustal density model along a pro- 

le AB, together with topographic variations, which runs across 

onai volcanic complex, Singhbhum granitic batholiths, and Sim- 

ipal volcanic suite. For the gravity modeling, we use the GM- 

YS Profile Modeling Software ( Geosoft Oasis Montaj, 2004 ), where 

he number of iterations with less RMS error provides the best-fit 
17 
odel. Initially, the layers and their insitu densities are fixed fol- 

owing seismic constraints and measured densities. In further iter- 

tions, the densities and layer thicknesses are changed in such a 

ay that the calculated anomaly matches well with the observed 

eld. The best fit between the observed and calculated gravity 

elds is obtained by minimizing the difference in a least-square 

ense. modeling results indicate that the Singhbum granitic re- 

ion is bounded by deep faults on either side, as evidenced by 

he steepness of the gravity anomalies. This figure also reveals 

hat over the volcanic terrains, the gravity field is distinctly pos- 

tive. The high gravity field is accompanied by high elevations that 

xceed 700 m from the ambient at some places, which will con- 

orm to mantle plume-induced thermal uplifting. No other mech- 

nism can possibly explain it. Measured high density of volcanic 

ocks ( ∼3.0 g/cm 

3 ), as mentioned earlier, would also indicate deep- 

evel plume-induced melting of the magma source, which is in ac- 

ordance with estimated mantle potential temperatures (1300 °C 

o 1700 °C). Subduction-associated volcanics would not be that 

ense. 

. Conclusion 

The integrated geological, geochemical and geophysical studies 

ver Bonai volcanics indicate that they are composed of basalt to 

asaltic andesites of tholeiitic nature. These volcanic rocks exhibit 

orphyritic texture and contain plagioclase feldspar and pyroxene 

s primary minerals and amphiboles, epidote, sericite and chlorite 

s secondary minerals. The accessory phases are mainly zircon, il- 

enite, pyrite and chalcopyrite. They contain a moderate range of 

iO 2 (47.94–53.77 wt%) and moderately high MgO (7.14–11.39 wt%) 

ontent. They have originated by magmatic differentiation and sub- 

equent crustal contamination due to the decompressive melting of 
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Fig. 18. Bouguer anomaly map (in mGal) of Sighbhum craton (Modified after Verma et al. (1984) . JSR: Jamshedpur; MSB: Moosabani; CBA: Chaibasa; NMD: Noamundi; BDM: 

Badampahar; KTP: Kaptipada; KJG: Keonjhargarh; PLH: Pallalahara. v: volcanics; x: Iron Ore Group lavas and ultramafics. Slanted dashed lines: Proterozoic gabbro-anorthosite 

suites. AB is the location of the profile along which of the gravity model is presented ( Fig. 19 ). 
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antle plume near crust-mantle layer. Rare Earth Elements (REE) 

nd HFSE patterns indicate their genesis within the spinel lherzo- 

ite field due to a relatively low degree of partial melting. They 

how enriched geochemical signatures, which can be attributed to 

he mixing of depleted asthenosphere melt with OIB type melt. 

he estimated mantle potential temperature (130 0–170 0 °C) and 

ressure (0.5–3.5 GPa) of these rocks, together with high eleva- 

ion, positive gravity anomalies, thin lithosphere and thick magma 

nderplating to the tune of 14 km indicate their mantle plume 

ffinity. Subduction related geochemical signatures, as reported in 

 few earlier studies, have not been found. 
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