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we investigate the 2.25Ga Malangtoli volcanic rocks that are predominantly clinopyroxene- and
plagioclase-phyric, calc-alkaline in nature, display basalt-basaltic andesite compositions, and preserve
geochemical signatures of subduction zone magmatism. Major, trace and rare earth element characteris-
tics classify the Malangtoli volcanic rocks as arc basalts, boninites, high magnesian andesites (HMA) and
Nb enriched basalts (NEB). The typical LILE enriched-HFSE depleted geochemical attributes of the arc
Malangtoli volcanic suite be}salts corroborate a s.ubduction—.related origin. The boninitic rocks havg high.Mg# (0.8), MgO (>25 wt.‘f/;),
Boninites Ni and Cr contents, high Al,03/TiO, (>20), Zr/Hf and (La/Sm)y (>1) ratios with low (Gd/Yb)y (<1) ratio,
High Mg-andesites TiO,, and Zr concentrations. The HMA samples are marked by moderate SiO, (>54 wt.%), MgO (>6 wt.%),
Mantle wedge metasomatism Mg# (0.47) with elevated Cr, Co, Ni and Th contents, depleted (Nb/Th)y, (Nb/La)y, high (Th/La)y and
La/Yb (<9) ratio, moderate depletion in HREE and Y with low Sr/Y. The NEBs have higher Nb contents
(6.3-24 ppm), lower magnitude of negative Nb anomalies with high (Nb/Th),m=0.28-0.59 and
(Nb/La)pm =0.40-0.69 and Nb/U=2.8-344 compared to normal arc basalts [Nb=<2ppm;
(Nb/Th)pm = 0.10-1.19; (Nb/La)pm 0.17-0.99 and Nb/U = 2.2-44 respectively] and HMA. Arc basalts and
boninites are interpreted to be the products of juvenile subduction processes involving shallow level par-
tial melting of mantle wedge under hydrous conditions triggered by slab-dehydrated fluid flux. The HMA
resulted through partial melting of mantle wedge metasomatized by slab-dehydrated fluids and
sediments during the intermediate stage of subduction. Slab-melting and mantle wedge hybridization
processes at matured stages of subduction account for the generation of NEB. Thus, the arc basalt-
boninite-HMA-NEB association from Malangtoli volcanic suite in Singhbhum Craton preserves the
signature of a complete spectrum of Paleoproterozoic active convergent margin processes spanning from
subduction initiation to arc maturation.

Keywords:
Singhbhum Craton

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction face and deep earth processes, ocean-crust-mantle interactions,
delamination and recycling of oceanic crust in the mantle, genera-

The convergent plate margins are potential sites of effective tion of juvenile continental crust and mineral deposits (Tatsumi,
cycling of materials and energy through interaction between sur- 2005; Iwamori and Nakamura, 2015; Santosh et al., 2015; Yang
et al., 2016). The geochemical exchange of elements between the

"% Corresponding author. subducted oceanic slab and sub-arc mantle wedge, the different
E-mail address: cmaningri@gmail.com (C. Manikyamba). stages of subduction from initiation to maturation and associated
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melt generation processes, interaction between subduction-
derived magmas and overlying arc crust, and subduction-driven
asthenospheric upwelling collectively account for the diverse com-
positional spectra of magmas produced through subduction zone
processes. Geochemical signature of subduction zone magmas is
one of the most viable tools to understand subduction processes,
elemental cycling and chemical variability controlled by tectonic
pulses (Perfit et al., 1980; Hawkesworth et al., 1993; Spandler
and Pirard, 2013).

During the course of subduction, from initiation to maturation,
the mantle wedge is chemically modified and enriched by the
influx of hydrous fluids released by the dehydration of the down-
going oceanic crust, siliceous slab melts derived by melting of sub-
ducted slab and subduction-derived sediments (Kimura and
Yoshida, 2006; van Keken et al.,, 2011; Mullen and McCullum,
2014) which in turn serve as the most viable agents for transfer
of different elements from slab to mantle wedge (Stern et al.,
1990; Elburg et al., 2002; Elliott et al., 1997). These subduction-
derived components eventually trigger metasomatism and flux-
controlled partial melting of mantle wedge (McCulloch and
Gamble, 1991; Elliott et al., 1997; Elburg et al., 2002; Polat and
Kerrich, 2006; Li et al., 2013; Shuto et al., 2013; Sato et al., 2013;
Kimura and Nakajima, 2014; Liu et al, 2015). Arc magmas
including tholeiitic to calc-alkaline basalts, basalt-andesite-
dacite-rhyolite (BADR) associations, boninites, picrites, siliceous
high-Mg basalts (SHMB), adakites, high-Mg andesites (HMA) and
Nb-enriched basalts (NEB) are influenced by relative contributions
from subducted sediments, slab dehydrated fluids and melts of
subducted basaltic oceanic crust, thereby signifying distinct epi-
sodes of magmatism at fore-arc, arc and back arc regimes consis-
tent with different stages of subduction. Boninites are high Mg
and high Si volcanic rocks with extremely depleted incompatible
trace element (HREE; Nb, Ta, etc.) signatures with variable enrich-
ment of LILE (Rb, Ba, K, etc.) formed either during subduction ini-
tiation or in hot subduction zones, marked by high Al,03/TiO,
ratios; U-shaped REE patterns with La/Sm > 1 but Gd/Yb < 1; nega-
tive Nb anomalies with Nb/La < primitive mantle value of <1.03;
variable enrichment of Zr, Hf; high Mg#, Cr, Co and Ni contents rel-
ative to island arc tholeiites (Polat and Kerrich, 2006). However,
basaltic magmas marked by distinct HFSE enrichment coupled
with low LILE/HFSE and LREE/HFSE ratios, weakly positive or neg-
ative Nb anomalies and (La/Nb)y ratio varying between 0.7 and 2
have been reported from arc, rifted arc and back arc settings
(Sajona et al., 1996; Wyman et al., 2000). Based on variations in
HFSE abundances and subduction zone petrogenetic processes,
the HFSE enriched magmas have been described as adakites, high
magnesian andesites (HMA), high Nb basalts (HNB) and Nb
enriched basalts (NEB; Hollings and Kerrich, 2000; Polat and
Kerrich, 2001; Viruete et al.,, 2007; Wang et al.,, 2008; Hastie
etal, 2011). According to Kelemen (1995), the HMA magmas were
more common than basalts in the past compared to Cenozoic arcs
due to selective preservation related to erosion and subduction
zone processes. High-Mg andesites are spatially and temporally
associated with boninites and adakites and these are generated
either by melting of refractory mantle at low pressure (in associa-
tion with boninites) or by the interaction of mantle peridotite with
adakitic slab melts (Schuth et al., 2012). The NEBs are character-
ized by high Nb/La (>0.5), elevated abundances of HFSE and have
an alkaline or transitional alkaline character (Kepezhinskas et al.,
1996; Defant and Kepezhinskas, 2001; Petrone and Ferrari, 2008).
The adakite-magnesian andesite-NEB assemblage occurring in
association with “normal” tholeiitic to calc-alkaline subduction-
derived magmas have been reported from few Archean greenstone
belts of Superior Province, Canada, Greenland, Quebec, Baltic
Shield and Western Australia; Gadwal and Penakacherla green-
stone belts of Dharwar Craton, India; as well as from Cenozoic arcs

of Mindanao and Zamboanga (Phillippines), Mexico, Panama, Ecua-
dor (Central and South America), Qiangtang terrane (central Tibet),
Xinjiang (northwest China), Alataw (western China), Aleutians,
northern Kamchatka and Hispaniola (Caribbean islands) (Sajona
et al., 1996; Hollings and Kerrich, 2000; Polat and Kerrich, 2001,
2006; Polat et al., 2002; Zhang et al.,, 2005; Wang et al., 2007,
2008; Viruete et al., 2007; Manikyamba and Kerrich, 2012;
Manikyamba et al., 2005, 2008, 2009). It has been postulated that
adakites, magnesian andesites, and NEB of Archean and Phanero-
zoic heritage represent shallow subduction of hot, young oceanic
crust where melting of subducted slab generates adakites,
hybridization of peridotitic mantle wedge by adakitic melts gives
rise to magnesian andesites and NEB are produced by the melting
of this hybridized residue (Defant and Drummond, 1990;
Kepezhinskas et al., 1996; Polat and Kerrich, 2001; Hastie et al.,
2011). Arc basalt-boninite and adakite-HMA-NEB associations,
reflecting initial and matured stages of subduction respectively,
have been documented from Archean greenstone terranes as well
as from the ~43 Ma old Izu-Bonin-Mariana plate convergence sys-
tems. However, magmatic associations showing complete preser-
vation of arc basalt-boninite-HMA-NEB compositions rarely occur
in ancient cratons but are important for evaluating mantle pro-
cesses and volcanic activity spanning from initial to matured
stages of subduction processes during Precambrian.

The geological history of the Singhbhum Craton of eastern
Indian shield is marked by spatial and temporal distribution of ul
tramafic-mafic-intermediate-felsic magmatism. However, detailed
geochemical studies have been conducted only in limited areas
covering Dalma, Dhanjori, Jagannathpur and I0G (Saha, 1994;
Bose, 2000; Mukhopadhyay, 2001; Misra and Johnson, 2005;
Misra, 2006; Mukhopadhyay et al., 2012). Precise geochemical data
to characterize the volcanic rocks present in the different forma-
tions and their tectonic discrimination are scanty. Earlier workers
have documented petrographic and limited geochemical studies
on the Malangtoli lavas covering limited area (Ray et al., 2006).
Recent studies on the Paleo-Mesoarchean OMG volcanic rocks have
documented the presence of boninites and island arc tholeiites
endorsing the oldest subduction processes in the Singhbhum Cra-
ton (Manikyamba et al.,, 2015). In the present paper, we report
for the first time island arc basalts, high Mg-andesites (HMA) and
NEBs that are associated with boninitic volcanic rocks from the
Paleoproterozoic Malangtoli volcanic suite of Singhbhum Craton,
we address the geochemical features, petrogenesis and geody-
namic setting of these rocks to place constraints on the Paleopro-
terozoic subduction zone processes of the Singhbhum Craton.
Given the rarity of arc basalt-boninite-HMA-NEB association and
the interesting magmatic and tectonic parameters controlling their
genesis, our study has important implications in understanding
Precambrian crustal evolution processes in the Singhbhum Craton.

2. Geological setting

The Singhbhum Craton of eastern India consists of distinct crus-
tal blocks that preserve the signatures of several episodes of vol-
canism, sedimentation and metallogenic events spanning from
Paleoarchean to Mesoproterozoic (Saha, 1994; Bose, 2000;
Mukhopadhyay, 2001; Mazumder, 2005; Misra, 2006; Eriksson
et al., 2006; Sharma, 2009; Mukhopadhyay et al., 2014). The oldest
components of this craton are represented by granitoids and their
enclaves that are considered as ‘Singhbhum nucleus’ which is sur-
rounded by volcano-sedimentary associations and supracrustal
sequences (Naqvi and Rogers, 1987; Saha, 1994; Weaver, 1990;
Bose, 2009). The Precambrian granite-greenstone terranes of
Singhbhum Craton (Fig. 1) are divided into (1) the Older Metamor-
phic Group (OMG), (2) Older Metamorphic Tonalite Gneiss
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Fig. 1. (A) Inset map showing different cratons in the peninsular India (after Sharma, 2009). (B) Simplified geological map of Singhbhum Craton (after Saha, 1994 and Misra,

2006) with sample locations.
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Table 1
Stratigraphy of the Singbhum-Orissa craton, Eastern India (after Saha et al., 1988; Misra, 2006).
Stratigraphic unit Geological events Major lithologies Age (Ga)
Newer Dolerite dykes and Intrusion of dykes and sills Quartz dolerite ~2.0-1.0
sills- phase I, I and III
Kolhan Group Deposition of sediments Phyllite, limestone, sandstone- ~<2.25
conglomerate
Jagannathpur and Malangtoli lavas Volcanic eruption Basalt, basaltic andesite ~2.25
Dhanjori and Dalma volcanics, Mafic volcanism and felsic plutonism Ultramafic - mafic tuffs, basalts, ~2.80
Tamperkola granite quartzite-conglomerate
High Mg - lavas, pyroclastic rocks,
granite
Thermal metamorphism of OMG, OMTG, SBG-II and SBG-III ~3.07-3.05
Mayurbhanj Granite and Gabbro (MBG) Coeval emplacement of MBG Granite, gabbro, picrite, anorthosite ~3.09
Simlipal lavas and metasediments Formation of volcano-sedimentary basin Spillites, tuffs, quartzites ~>3.09
Singhbhum Group Formation and deformation of supracrustals sedimentation Pelites, felsic volcanic, mafic sills ~3.12-3.09
and magmatism
Thermal metamorphism of OMG due to SBG-III and Bonai granite emplacement ~3.16-3.10
SBG-III Emplacement of SBG-III Granodiorite, granite ~3.12
Bonai Granite Plutonic emplacement Granite, granodiorite ~3.16
Metamorphism of OMG, OMTG and 10G rocks ~3.24-3.20
Iron Ore Group (I0G) Formation, structural deformation (folding)and metamorphism Mafic and felsic lavas, tuffs, shales, BH], ~3.30-3.16
of 10G rocks BHQ,
quartzite dolomite, conglomerate
Thermal metamorphism of OMG and OMTG due to SBG-II and Nilgiri granite emplacement ~3.30
Nilgiri Granite Emplacement of Nilgiri Granite Tonalite, Granite ~3.29
SBG-II Emplacement of SBG-II Granodiorite ~3.33-3.30
Singhbhum Granite (SBG I) Emplacement of granitoid plutons Tonalite, Granodiorite ~3.44-3.38
Older Metamorphic Tonalite Gneiss Folding of OMG supracrustals and synkinematic intrusion Tonalite gneiss, granodiorite ~3.44-3.42
(OMTG) of tonalite
Older Metamorphic Group (OMG) Deposition of sediments with mafic volcanism and plutonism  Pelitic schists, banded calc-gneiss, ~3.55-3.44
amphibolites
Unstable sialic crust Sialic sediments 3.6-3.55

(OMTG), (3) older granite-greenstone belts containing banded iron
formation (BIF) of the Gorumahisani-Badampahar-Daitari Iron Ore
Group, (4) granite plutons, (5) two units of younger greenstone
belts of Dhanjori-Simlipal Group, (6) younger granites and (7)
mafic dyke swarms (Newer Dolerite dykes; Mohanty, 2012). The
tectonostratigraphic elements of Singhbhum Craton are summa-
rized in Table 1. The OMG represents the oldest supracrustal
assemblage of the Singhbhum Craton and comprises pelitic schists,
quartz-magnetite-cumingtonite schists, quartzites, banded calc-
gneiss, and para and ortho amphibolites reflecting the first cycle
of mafic volcanism, plutonism and sediment deposition in the
Singhbhum Craton. The volcano-sedimentary sequences of Iron
Ore Group indicate second cycle of volcanism and sedimentation
in the Singhbhum Craton (Saha et al., 1988; Saha, 1994; Misra,
2006; Mukhopadhyay et al., 2012; Mondal, 2009). The volcano-
sedimentary sequences of Simlipal basin are coeval with the third
cycle of magmatism and sedimentation of Singhbhum Craton. The
Proterozoic north Singhbhum mobile belt got accreted along the
northern margin of the Singhbhum platform (Bose, 2009). The
Dalma and Dhanjori basins of the Proterozoic north Singhbhum
mobile belt are distinctly marked by bimodal komatiite-tholeiite
magmatism and sedimentary rocks. The ~2.25 Ga eruption of
Jagannathpur and Malangtoli lavas post-dates the I0G mafic vol-
canism and are overlain by Kolhan Group of sediments which are
followed by the emplacement of Soda Granite (~2.22 Ga) and
Kuilapal Granite (~1.64 Ga; Saha, 1994; Saha et al., 1988; Bose,
2000; Misra, 2006). These granitoid intrusions, copper mineraliza-
tion (~1.77-1.63 Ga) and associated shear zone activities along
south Singhbhum shear zone (SSZ) were punctuated by different
phases of intrusion of Newer Dolerite dyke with uranium mineral-
ization along SSZ dated at ~1.58-1.48 Ga (Mohanty, 2012; Roy and
Sarkar, 2006; Mazumder et al., 2010; Roy et al., 2002; Sarkar et al.,
1986; Iyengar and Murthy, 1982; Sengupta et al., 1984). The intru-
sion of Newer Dolerite dyke phase Il marked the final magmatic

episode in the geological history of Singhbhum Craton (Misra and
Johnson, 2005).

The Malangtoli volcanic rocks (Fig. 1) of Singhbhum Craton are
exposed in an area of ~800 sq km covering Malangtoli in the north
and Pala Lahara in the south (Saha, 1994; Ray et al., 2006). In the
southern part, the Malangtoli lavas overlie an unconformity con-
sisting of quartz-sandstone pebble beds designated as Man-
kharchua Group (Sarkar et al.,, 1986). At the eastern side, these
volcanic rocks are overlain by the Kolhan Group sandstones and
shales. To the west of Koenjhar, the Malangtoli volcanic rocks have
a faulted contact with the BIFs of I0G (Ramakrishnan and
Vaidyanadhan, 2010). In general, the Malangtoli volcanic rocks
are predominantly mafic at some places but intermediate rocks
are also identified recently from our field investigations. The mafic
volcanic rocks are mostly massive in nature with sporadic occur-
rences of poorly preserved pillow structures. These pillows are
highly sheared, deformed, chloritized and permeated by intense
quartz and carbonate veins. These mafic rocks are associated with
quartzites and conglomerates. It has been observed that the mafic
lavas near Kanjipani area of Malangtoli are associated with quart-
zites, ironstones, conglomerates and talc schist (Banerjee et al.,
2016) along with laterite as the cap rock.

The mineralogical composition of the studied samples is
marked by pyroxenes and plagioclase occurring as essential miner-
als with opaque as accessory phases. Both clinopyroxene and pla-
gioclase occur as phenocrysts and the groundmass is made of
microphenocryst clinopyroxene, plagioclase and volcanic glass.
Relict olivine is present in some samples. Plagioclase phenocrysts
are saussuritized at some places and found in clusters within the
groundmass showing glomeroporphyritic, vitrophyric and inter-
sertal texture. Occasionally, tuffaceous fragments present in some
sections are showing reaction rims with the surrounding magma
resembling magmatic embayment. At some places, clinopyroxenes
are altered to chlorite, fibrous amphibole, actinolite and tremolite
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suggest greenschist facies metamorphism. Amphiboles are frac-
tured, dismembered, sutured and have irregular grain boundaries.
Opaques are iron oxides, mainly magnetite and chrome magnetite
(Singh et al., 2016).

3. Sampling and analytical techniques

Relatively less weathered samples of boninites-arc basalt-HMA
have been collected from the outcrops of recently excavated road
on Kushakala and Banspal road (Fig. 2), whereas Nb enriched
basalts belong to a canal cutting section at N21° 38’ 58.6"; E85°
20’ 59.1”. The samples are devoid of quartz-carbonate-sulphide
veins and are distal to intrusive contacts and shear zones. After
petrographic screening for altered mineralogy, 55 samples were

analysed for major, trace and rare earth element concentration at
CSIR-National Geophysical Research Institute, India. The rock sam-
ples were powdered to ~250 mesh in an agate mortar to avoid
metal contamination. Major elements were analysed by XRF (Phi-
lips MAGIX PRO Modal 2440) using press pellets; relative standard
deviation are within 5% and totals including with LOI (loss on igni-
tion) were all 100 +1 wt.%. Trace elements including REE were
determined by HR-ICP-MS (Nu Instruments, ATTOM High Resolu-
tion ICP-MS, UK), following the procedure of closed vessel acid
digestion technique. 50 mg rock sample powder were dissolved
in savillex vessels containing 10 ml acid mixture of HF:HNOs in
7:3 ratio, and kept on hot plate at 150 °C for 48 h. After complete
digestion, 2-3 drops of perchloric acid (HClIO4) was added and
the entire mixture was evaporated to complete dryness. Freshly

N85 15"

N85°'19"

N85°24" | N21°
= 48"

Conglomerate
Banded Hematite
Jasper

Bedding
Foliation
Spaced Cleavage

% Sample location

Fig. 2. Detailed geological map of Malangtoli region with sample locations of boninitic rocks along with arc basalts and high Mg andesites near Kushakala (after Banerjee

et al.,, 2016).
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prepared 20 ml of 1:1 HNO5; was added and kept on hot plates at
~80 °C for 10-15 min. In the clear solution, 5 ml of Rh (1 ppm con-
centration) was added as an internal standard and made into
250 ml. 5ml of this solution was further diluted to 50 ml to
achieve suitable TDS (total dissolved solids). BHVO-1, JB-2 and
JA-1 were run as standard reference materials during the analysis
for monitoring the accuracy of the data. All the prepared solutions,
blank and reference standards were introduced into HR-ICPMS
through standard Meinhard® nebulizer with a cyclonic spray
chamber housed in Peltier cooling system. The quantitative mea-
surements were performed using the instrument software (Attolab
v.1), while the data processing was done using Nu Quant®, which
uses knowledge-driven routines in combination with numerical
calculations (quantitative analysis) to perform an automated/man-
ual interpretation of the spectrum of interest. External drift was
corrected by repeated analyses of BHVO-1, JB-2 and JA-1, which
were also used as calibration standards accordingly. Precision
and reproducibility obtained for international reference materials
BHVO-1, JB-2 and JA-1 given in Table S1 which are found to be bet-
ter than 2% RSD for the majority of the trace elements.

4. Geochemical characteristics

Based on their geochemical compositions, the studied samples
have been divided into high MgO basalts, basalts, Nb-enriched
basalts (NEB) and high-Mg andesites (HMA; Table S2). These rocks
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Fig. 3. (A) SiO; vs. K;0 discrimination figure in which Malangtoli lavas indicate
medium to high K-calc-alkaline nature (Peccerillo and Taylor, 1976). (B) Island arc
characteristics of Malangtoli volcanic suite (after Martin, 1986).

are predominantly calc-alkaline in nature with few of them occu-
pying the field of tholeiites thereby attesting to typical arc signa-
tures (Fig.3A and B). The high MgO basalts have a restricted
range of MgO (~27.5wt.%) and SiO, (~44 wt.%) with low TiO,
(0.3 wt.%), high Mg# (0.80), Cr (1237-1594 ppm), Ni (107-
144 ppm) contents (Table S2). The total alkali content is very low
compared with the associated basalts (1.55-2.07 wt.%). The higher
Al,03/TiO, (28) ratios compared with the chondrite value (20)
reflect their boninitic nature. The associated basalts have a
restricted range of SiO, (~48 wt.%) with lower MgO (9-10 wt.%),
Mg# (0.52), relatively higher TiO, (0.82-0.85 wt.%), low Cr (335-
368 ppm) and Ni (125-159 ppm), and slightly higher total alkalies
(2.5-3.5wt.%) in comparison with the high MgO varieties
(Table S2). These high and low MgO basalts occupy the fields of
boninite and arc tholeiites respectively on the Yby vs. Dyy and Zr
vs. Ti discrimination plots (Fig. 4). Further, in terms of Zr vs. Ti vari-
ations, the arc tholeiite samples reflect distinct MORB signatures
(Fig. 4C). In terms of Yb vs. Ti relationship (Fig. 4B), the boninitic
composition of the high MgO basalts is analogous with their
Phanerozoic counterparts, whereas the arc basalts correspond to
the field of Archean basalts, komatiites and Phanerozoic arc and
oceanic basalts. The geochemical characteristics of calc-alkaline
basalt samples (T 16, 17, 19, 21, 22, 23 and 25) marked by high
Si0; (59-62 wt.%), MgO (7.1-7.7 wt.%), Mg# (~0.5) with elevated
Cr (293-1173 ppm), Co (48-68 ppm), Ni (6-19 ppm) and Th
(1.5-3.6 ppm) content classify them as high Mg andesites (HMA).
The calc-alkaline basalts having slight enrichment in their SiO,
(47-53 wt.%) with lower MgO (5.2-10.8 wt.%), Mg# (0.3-0.5), Cr
(17-626 ppm), Ni (22-84 ppm) and elevated concentrations of
Nb ranging from 6.3 to 24.7 ppm are classified as Nb-enriched
basalts (NEB). The overall major and trace element attributes for
the Nb enriched basalts are consistent with normal arc basalts
except for the distinct enrichment in their Nb contents (6.3-
24.6 ppm). Few analysed samples with >20 ppm Nb content can
be categorized as high Nb basalts (HNB; Table S2). In terms of HFSE
and REE chemistry, these rocks distinctly correspond to the field of
NEB and their compositions are consistent with the Phanerozoic
counterparts (Fig. 5). Relatively lower Nb concentrations of the
studied arc basalts in the range of 2.2 and 2.6 ppm clearly distin-
guish them from the NEB. The geochemical similarities and varia-
tions of the studied samples are evident on the binary relationships
of different major, trace and rare earth elements with respect to
MgO and Nb in which the boninites form as a different group
and NEB exhibit a gradual linear trend with other rock types
(Fig. 6).

Chondrite normalized rare earth element (REE) patterns of the
boninites display pronounced enrichment in their LREE with mod-
erate to high LREE/MREE fractionation (La/Sm)y = 2.5-3.4), almost
flat HREE patterns with feeble fractionation of MREE/HREE (Gd/
Yby = 1.18-1.36) and negative Eu anomalies (Eu/Eu* = 0.76-0.84;
Table S2; Fig. 7). They exhibit negative Nb and Ti anomalies on
their primitive mantle normalized trace element abundance pat-
terns (Fig. 7). The chondrite normalized REE patterns of the arc
basalts are marked by feeble LREE enrichment, slight LREE/HREE
fractionations with (La/Yb)y = 1.86-2.26 and flat HREE patterns.
The studied samples display negative Nb and Hf anomalies on their
primitive normalized trace element patterns (Fig. 7). The chondrite
normalized REE profile for Nb-enriched basalts depicts LREE
enriched patterns with prominent LREE/MREE fractionation trends
(La/Smy =2.7-3.5). The studied NEBs display negative Nb (Nb/
Nb*=0.3-0.6) and Ti anomalies compared with their adjacent
REE on primitive mantle normalized multi-element patterns
(Fig. 7), with Zr/Hf =43-51; Nb/Ta=4.0-8.9 and Zr/Sm = 31-41.
Chondrite normalized REE patterns for the high magnesian
andesites exhibit pronounced LREE enrichment with marked
LREE/MREE (La/Smy =2.2-2.7) and LREE/HREE (La/Yby = 3.2-4.7)
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Fig. 4. (A) Dyn vs. Yby discrimination figure showing boninitic and island arc
tholeiite characteristics of the studied samples (Saccani, 2015). (B) Ti vs. Yb plot in
which the Malangtoli basaltic rocks occupy the field of Phanerozoic boninites and
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basalts and Phanerozoic arc and oceanic basalts (Poidevin, 1994; Smithies, 2002;
Polat et al., 2002). (C) Ti vs. Zr plot in which arc basalts are resembling with MORB
composition.

fractionation. All these samples display Th enrichment with
respect to the adjacent HFSE on primitive mantle normalized trace
element patterns (Fig. 7). The depleted (Nb/Th),, and (Nb/La)ym

ratios, elevated (Th/La)pm, slightly positive Ti anomalies and
greater magnitude of negative Nb (Nb/Nb*=0.2-0.3) anomalies
for the high magnesian andesites clearly distinguish them from
the NEB (Table S2; Fig. 7). The Zr/Hf, Nb/Ta and Zr/Sm ratios for
the boninitic rocks (42-44, 2.3-6.2 and 29-35), arc basalts (50-57,
13-21 and 31-33), high magnesian andesites (40-43, 5.4-17.06
and 34-42)and NEB (43-51, 4.0-8.9 and 31-41) of Malangtoli
reflect higher Zr/Hf and Zr/Sm and lower Nb/Ta values compared
with the primitive mantle (Zr/Hf = 36, Nb/Ta = 17 and Zr/Sm = 25).

5. Discussion

5.1. Petrogenesis of Malangtoli arc basalts-boninites-HMA-NEB
association

The emerging concepts for Archean crustal growth processes
have emphasized the role of partial melting of subducted basaltic
oceanic crust and infiltration of siliceous melts into the overlying
mantle wedge for the origin of adakites, adakitic andesites and
HMA that are integral contributors to Archean crust formation
(Hollings and Kerrich, 2000; Polat and Kerrich, 2001). Based on
Nb/Ta, Zr/Hf and Zr/Sm ratios, Konig and Schuth (2011) and
Xiong et al. (2011) have identified different mantle sources that
are responsible for the generation of Cenozoic island arc lavas (1)
depleted MORB source in the sub-arc mantle wedge, (2) MORB like
source with signatures of slab melts having rutile-eclogite residues
of cold, deep slabs and (3) melts from hot shallow slabs having
amphibole-garnet residue. The Zr/Hf, Nb/Ta and Zr/Sm ratios for
the arc basalts, boninitic rocks, HMA and NEB of Malangtoli vol-
canic suite show higher Zr/Hf and Zr/Sm and lower Nb/Ta values
compared with the primitive mantle (Zr/Hf = 36, Nb/Ta=17 and
Zr/Sm = 25) endorsing subduction driven metasomatism, variable
contributions from subduction components and enrichment of
depleted MORB like mantle source in the sub-arc mantle wedge
(Sun and Mc Donough, 1989; Konig and Schuth, 2011; Kerrich
and Manikyamba, 2012). The subduction signatures in the studied
rock types are corroborated by enrichment in LILE and relative
depletion in HFSE. Nd-Hf compositions of arc magmas reveal that
in comparison with Hf, Nd behaves as a mobile element in slab-
derived fluids/melts. It has been suggested that subduction-
metasomatized mantle wedge have increased concentrations of
Nd compared to Hf. The LREE-HFSE systematics of the Malangtoli
volcanic rocks are marked by elevated abundances of Nd with Hf
depletion resulting into high Nd/Hf ratios. These geochemical
parameters indicate that metasomatic overprints of wedge melts
were controlled by addition of slab derived fluids and melts.

5.1.1. Arc basalts-boninites: juvenile subduction

The tholeiitic to calc-alkaline compositions of arc basalts are
equated with a transition from depleted MORB-like to enriched
mantle wedge peridotite metasomatized by flux of slab dehydrated
fluids rich in incompatible trace elements. Major, trace and rare
earth element compositions of boninitic rocks are characterized
by high Mg#, MgO, Ni and Cr contents, high Al,05/TiO,, Zr/Hf ratios
with low TiO,, Zr contents and (Gd/Yb)y < 1 ratios. These geochem-
ical features in conjunction with distinct negative Nb, Ta, Zr, Hf and
Ti anomalies on primitive mantle normalized multi-element dia-
gram (Fig. 7), depletion in MREE compared to LREE and HREE,
and high La/Sm and low (Gd/Yb)y ratios collectively attest to
magma generation through slab-dehydration and fluid-fluxed
metasomatism of mantle wedge in an intraoceanic subduction
zone setting. Chondrite normalized REE patterns of the boninitic
rocks of Malangtoli lavas are coupled with their (La/Sm)y > 1 and
(Gd/Yb)y <1 features endorsing a refractory mantle source. The
LILE and LREE replenishment of the refractory mantle wedge is
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attributed to influx of hydrous fluids that are enriched in fluid
mobile LILE and LREE, which lowered the solidus temperature
and triggered partial melting at shallow level under hydrous con-
ditions. Geochemical studies on Phanerozoic subduction zones
suggest a direct relationship between the subduction component
and LILE/HFSE ratios. The relative abundance of LILE, HFSE, LREE
and their ratios depend on the depth where subducting slab
reaches in a subduction zone environment and also on variable
interactions between the mantle wedge and subducted slab
through dehydration and melting (Hawkesworth et al., 1993).
The arc basalts and boninites of Malangtoli represent initial stages
of intraoceanic subduction and the petrogenetic processes invoked
for the genesis of these rocks include: (i) subduction of oceanic
slab, (ii) slab-dehydration and release of fluids enriched in fluid
mobile elements (LILE) (iii) fluid-fluxed metasomatism of mantle
wedge and high degree partial melting of mantle at shallow depth

under high fluid pressure all collectively contributing to generation
of arc basalts and boninitic rocks.

5.1.2. High magnesian andesites: slab dehydration or slab melting?
The HMA from Paleoproterozoic Malangtoli volcanic suite exhi-
bit relatively higher concentrations of MgO, Cr and Co compared to
normal calc-alkaline andesites of island arc affinity indicating equi-
libration of parent magma with the peridotitic mantle (Pearce and
Peate, 1995; Yogodzinski et al., 1995). These are geochemically
analogous to their Phanerozoic counterparts from Setouchi vol-
canic belt, SW Japan (Tatsumi and Ishizuka, 1982; Tatsumi,
2006), Mt. Shasta, northern California (Grove et al., 2002), Simbo
Volcano, Solomon Islands (Konig et al., 2007), Qiantang terrane,
Central Tibet (Wang et al., 2008), Sanchazi block of the Mian Lue
ophiolitic melange, central China (Xu et al, 2000) and HMA
reported from Archean greenstone belts including Musoma-Mara
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behaviour of NEB.

greenstone belt, northern Tanzania (Manya et al., 2007), high Mg
diorites and magnesian andesites from Wawa greenstone belt of
Superior Province, Canada and Pilbara Craton, Australia (Shirey
and Hanson, 1984; Smithies and Champion, 2000; Polat and
Kerrich, 2001; Manya et al., 2007). However, the petrogenetic pro-
cesses involved in the origin of these magnesian and high magne-
sian andesites may not be identical for all cases. The genesis of
magnesian and high-magnesian andesites from Simbo Volcano,
Solomon Islands; Qiantang terrane, Central Tibet; Sanchazi block
of the Mian Lue ophiolitic melange, central China; Wawa green-
stone belt of Superior Province, Canada invoke partial melting of
mantle wedge that has been hybridized by adakitic melts from
subducted slab. Mantle-melt interactions at various intensities
and at different stages give rise to high-Mg andesites. High-Mg

adakites of Adak and Piip type suggested to have been generated
due to variably metasomatized mantle wedge at different stages
(Zhang et al., 2005). The high La/Yb (>9), pronounced HREE and Y
depletion in magnesian and high magnesian andesites have been
ascribed to residual garnet in the source formed by breakdown of
pargasitic amphibole during melting of metasomatized mantle
wedge (Rogers and Saunders, 1989; Polat and Munker, 2004).
Cenozoic magnesian andesites from Mexico, Chile and the Aleutian
Islands are suggested to be derived through ridge subduction and
adakitic metasomatism of sub arc mantle wedge (Benoit et al.,
2002; Polat and Munker, 2004). The genesis of magnesian ande-
sites from Mt. Shasta region of northern California is attributed
to a dominance of slab-derived fluids and excludes any contribu-
tion from slab melts (Grove et al., 2002). Geochemical interaction
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between asthenospheric melts carrying OIB signature and sub arc
mantle wedge metasomatized by slab melts is suggested to be
responsible for the generation of magnesian andesites from arc-
back arc regimes of Okinawa-Ryukyu and Baja California (Shinjo,
1999; Wang et al., 2002; Calmus et al., 2003). In this case, the melt-
ing of subducted oceanic slab was induced by asthenospheric
upwelling in a diverging back arc system. Therefore, partial melt-
ing of subducted oceanic crust, release of siliceous adakitic melts
from subducted slab, hybridization of mantle wedge peridotite
by ascending slab melts and partial melting of hybridized mantle
wedge are collectively considered responsible for the origin of high
magnesian andesites associated with adakitic andesites in hot and
young subduction zones (Tatsumi and Ishizuka, 1982; Kelemen,
1990, 1995; Xu et al., 2000; Polat and Munker, 2004). However,
in this study, the Malangtoli HMAs are not associated with adakites
and plot away from the field of adakites in Sr/Y vs. Y diagrams
(Figs. 3B and 8A), showing an affinity towards HMA from Bonin
islands. Melts from subducted oceanic slab are characterized by
HREE depletion and high La/Yb and Sr/Y due to residual garnet/
hornblende in the source. Thus HREE depletion in magmas derived
through interaction between subducted eclogitic oceanic crust and
mantle wedge is ascribed to residual garnet/amphibole during par-
tial melting. The Malangtoli HMA display moderate LREE enrich-
ment and HREE depletion with lower La/Yb and Sr/Y ratios
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Fig. 8. (A) Y vs. Sr/Y discrimination figure with fields of arc, adakites and high Mg-
andesites from Aleutian, Setouchi and Bonin islands in which Malangtoli HMA are
falling near the Bonin HMA (after Tatsumi, 2006); (B) Malangtoli HMA resembling
with Setouchi HMA on (La/Sm)y vs. Ba/Th relationship reflecting on sediment
contribution to the magma.

(Table S2) compared to adakites (19, >40; Wang et al., 2008). These
geochemical observations collectively point towards contributions
from slab derived fluids that induced metasomatism and partial
melting of mantle wedge under hydrous conditions to generate
Malangtoli HMA. REE and HFSE signatures of Malangtoli HMA
(La/Yby =3.2-4.7; Gd/Yby=1.2-1.3) are not conformable with
residual garnet, indicate mantle wedge melting at shallow depth
and thus do not support the involvement of slab melts. It is thus
envisaged that slab-dehydrated fluids and sediments served as
suitable agents for metasomatizing the mantle wedge as potential
source for generating Malangtoli HMA at low pressures and high
water contents. The La/Yb and Sr/Y ratios for HMA from Setouchi
volcanic belt suggest that they are not in equilibrium with residual
garnet and the andesitic melts have been produced at relatively
low temperatures (1050-1100 °C). Further, it has been advocated
that interaction between siliceous melts derived through melting
of oceanic slab sediments and mantle wedge peridotite account
for the geochemical signatures of Setouchi HMA (Shimoda et al.,
1998; Katz et al., 2004). The difference between Malangtoli HMA
and those influenced by adakitic metasomatism with residual gar-
net is that the silicic component for Malangtoli HMA is inherited
through dehydration and melting of subducted sediments and
not the subducted eclogitic oceanic crust. This contention is also
supported by trace and REE compositions for the studied HMA
(Fig. 8B). The Th/Yb ratios (1.2-1.7) for the HMA samples are
higher than intraoceanic arc lavas (0.05-1.0) and are consistent
with the active continental margin magmas (1.0-10.0). This geo-
chemical signature reflects either crustal recycling through sedi-
ment influx at subduction zone or minor input from the
continental lithosphere and proximity of the Malagntoli HMA with
active continental margin.

5.1.3. Origin of Malangtoli NEB: Arc maturation

Several models that have been proposed to explain the geo-
chemical characteristics of Nb-enriched basalts are (i) Partial melt-
ing of the subducted oceanic crust, (ii) partial melting of enriched
mantle carrying an OIB component (iii) crustal/sediment assimila-
tion by the ascending magma and (iv) melting of hybridized man-
tle wedge above a subduction zone (Zhang et al., 2005; Wang et al.,
2007). Experimental studies have demonstrated that partial melt-
ing of a subducted oceanic slab produces siliceous melts of adakitic
compositions (Defant et al., 1992; Hastie et al., 2011) and cannot
account for the formation of magmas with higher Nb content and
associated geochemical characteristics typical of NEBs (Rapp
et al,, 1999; Zhang et al., 2005). The lower Nb/U and Ce/Pb ratios
of Malangtoli NEB do not support their generation by melting of
OIB/enriched mantle source (Fig. 5A and E). Magmas derived from
OIB source are characterized by positive Nb anomalies. However,
the studied Malangtoli samples with marked Nb enrichment show
negative Nb anomalies which discard the possibility of OIB compo-
nent in the mantle source. The Nb enrichment with lower LILE/
HFSE ratios of the studied NEB rules out crustal/sediment assimila-
tion during magma ascent which otherwise would have resulted
into extremely elevated LILE concentrations. Though NEBs are very
rare and identified from only few cratons till date (Hollings and
Kerrich, 2000; Polat and Kerrich, 2001; Manikyamba and Khanna,
2007; Petrone and Ferrari, 2008; Wang et al., 2008; Kerrich and
Manikyamba, 2012), the available data suggest that these are char-
acteristic rock type generated at convergent margin processes
where slab melts play a vital role in the metasomatism of the man-
tle wedge. The usual occurrence of adakites with NEB strongly sup-
ports their genetic link during the convergent margin processes.
The HFSE enrichment in these rocks have been equated with (i)
melting of young (<20-30 Ma), hot, subducted oceanic lithosphere
under garnet amphibolite to eclogite facies conditions (ii) metaso-
matism and hybridization of mantle wedge by slab melts
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(iii) presence of asthenospheric or lithospheric OIB component in
the mantle wedge and (iv) incorporation of subducted sediments
or assimilation of continental materials during magma ascent
(Wyman et al., 2000; Zhang et al., 2005; Wang et al., 2007, 2008).

Kepezhinskas et al. (1996) identified preferential enrichment of
HFSE in the Na-metasomatized mantle which subsequently melted
and gave rise to Nb-enriched basalts (Zhang et al., 2005). Rapp
et al. (1999) experimentally demonstrated the reaction between
amphibole melt (adakitic) and spinel lherzolite to give rise Na-
amphibole and orthopyroxene. According to Ayers (1998), the
Nb-Ta partition coefficients are very high for rutile and its melts,
the mantle peridotite can scavenge them during slab melt-wedge
interaction which will be hosted in pyroxene, olivine, garnet and
spinel. However, the experimental studies suggest that the
D-value of Nb between amphibole and slab melts is low (0.02-0.20;
Green, 1994). Amphibole is the most common Nb-bearing metaso-
matized phase in NEB (lonov and Hofmann, 1995; Sajona et al.,
1993, 1996). However, amphibole-ilmenite or amphibole-
orthopyroxene also host Nb-Ta during the generation of NEB
(Hollings and Kerrich, 2000; Polat and Kerrich, 2001). As amphi-
bole is the most common mineral phase during the slab-wedge
interaction, it is the common host for Nb in the melting of metaso-
matized mantle peridotite (Zhang et al., 2005). The geochemical
signatures of the Malangtoli NEB support their generation through
the melting of mantle wedge metasomatized by slab melts
(Kepezhinskas et al., 1996; Defant et al, 1992; Defant and
Drummond, 1993; Sajona et al., 1993, 1996; Zhang et al., 2005)
which is also evidenced from NEBs reported from the greenstone
belts of Dharwar Craton (Manikyamba and Khanna, 2007; Kerrich
and Manikyamba, 2012), Canada (Hollings and Kerrich, 2000;
Wyman et al., 2000; Polat and Kerrich, 2001; Hollings, 2002) and
other Phanerozoic volcanic sequences (Wang et al., 2008; Hastie
et al., 2011).

Sajona et al. (1993, 1996) and Kepezhinskas et al. (1995, 1996)
suggested that melts of subducted oceanic slab are produced at
>700°C and 75-85km depth. These slab melts carry greater
amount of LREE and HFSE than the hydrous fluids and they ascend
to percolate through the mantle wedge resulting into its hybridiza-
tion and metasomatism. The reaction between slab melts and
mantle wedge peridotite breaks down olivine, orthopyroxene,
clinopyroxene and spinel forming Nb and Ti enriched pargasitic
amphibole, garnet, phlogopite, Na-rich clinopyroxene and Fe-rich
orthopyroxene. Trace and rare earth element systematics of
Malangtoli HMA indicate partial melting of a peridotitic mantle
hybridized by adakitic melt-mantle wedge interaction while a
mantle residue carrying Nb enriched phases (amphibole, ilmenite)
is left behind. These metasomatic minerals trap HFSE (Nb, Ti, Ta)
and decomposition of these phases in the convecting mantle peri-
dotite trigger partial melting at depths above the zone of slab melt-
ing generating NEB. Therefore, the origin of Malangtoli NEB is
interpreted in terms of (i) migration of slab melts carrying fluid
immobile HFSE and LREE elements to the sub arc mantle wedge
(ii) metasomatism, hybridization and HFSE enrichment of mantle
wedge peridotite by percolating slab melts (iii) decomposition of
Nb-bearing phases (amphibole, ilmenite) inducing partial melting
and derivation of NEB.

5.2. Geodynamic implications: Subduction initiation to arc maturation

The identification of boninites, NEB, Mg-andesites and adakites
from Phanerozoic subduction zones led many workers to revisit
the Archean and Proterozoic volcano-sedimentary sequences and
recorded such associations from different parts of the world
(Polat and Kerrich, 2006 and references therein; Zhang et al.,
2005; Manikyamba et al., 2005; Manikyamba and Khanna, 2007;
Petrone and Ferrari, 2008; Castillo, 2009; Kerrich and

Manikyamba, 2012; Mao et al, 2012; Aguillén-Robles et al.,
2001). The geochemical systematics of NEB and associated litholo-
gies from Archean terranes testify the operation of Phanerozoic
type subduction processes during Precambrian time. The resem-
blance of Malangtoli NEB with Phanerozoic NEBs is evidenced by
the behaviour of their LREE/HREE with Nb and Ce vs. Ce/Pb ratios
where the Malangtoli samples are occupying the fields of Phanero-
zoic NEB and field of Paleozoic NEB from Xinjiang, northwest China
(Zhang et al., 2005; Fig. 5). Malangtoli NEB are geochemically anal-
ogous to the NEB reported from the Neoarchean Penakacherla
greenstone belt of Dharwar Craton, India and other Cenozoic NEB
in oceanic arcs (Polat and Kerrich, 2006; Kerrich and
Manikyamba, 2012; Wang et al., 2008). The Malangtoli NEBs of
Singhbhum Craton exhibit negative Nb anomalies (Singh et al,,
2016) in common with NEB from Penakacherla and other Archean
cratons whereas the NEB from Neoarchean Gadwal greenstone belt
of Dharwar Craton, India, exhibit pronounced positive Nb anoma-
lies The trace element signatures of NEB from the Neoarchean
Penakacherla greenstone belt (Dharwar Craton, India; Kerrich
and Manikyamba, 2012), Wawa greenstone belt (Superior Pro-
vince, Canada) and Cenozoic counterparts (Panama, Northern Kam-
chatka, Philippines, Baja California (Defant et al, 1992;
Kepezhinskas et al., 1996; Sajona et al., 1996; Benoit et al., 2002;
Polat and Kerrich, 2006) collectively indicate consistent geochem-
ical behaviour with the Malangtoli NEB. Mildly fractionated REE of
the studied NEBs reflect the derivation of melt components from
deeper source with residual garnet which is similar with the
Phanerozoic and Archean counterparts (Hirschmann and Stolper,
1996; Kerrich and Manikyamba, 2012).

The Singhbhum Craton of eastern India has excellent preserva-
tion of volcano-sedimentary sequences representing the time span
of Paleo-Mesoarchean to Proterozoic representing various geody-
namic scenarios. Though a large volume of geochronological data
is available on various formations of Singhbhum Craton, character-
ization of these lithounits in terms of their LILE, HFSE, REE and
platinum Group elements (PGE), demarcating their geodynamic
setting is very limited. Based on the identification of a wide spec-
trum of volcanic rocks from the Phanerozoic subduction zones,
the greenstone belts of various cratons around the globe have been
revisited and similar lithological associations with comparable
geochemical characteristics have been recognized from many
greenstone belts of India, Canada, China, Australia, Zimbabwe
and Greenland. This observation endorses the existence of
Phanerozoic type of plate tectonic processes during Archean and
Proterozoic. However, keeping in view the higher geothermal gra-
dient during Archean, the Archean plate tectonic processes might
have operated at a different scale. According to Sajona et al.
(1996) the generation of NEBs involves the reaction of slab derived
melts with the sub-arc mantle peridotite during the shallow sub-
duction of young and hot oceanic lithosphere. When the melts
erupt directly to the surface, they form adakites. However, if the
mantle wedge peridotite is metasomatically altered and hybridized
by the adakitic slab melts, then partial melting of the hybridized
peridotite will produce HMA. In this process HFSE has been scav-
enged by amphibole and Fe-rich orthopyroxenes and a HFSE-
enriched hybridized residue is formed ensuing the eruption of
HMA. Subsequently, subduction-driven convection drags the sub-
arc mantle to depths where it melts and generates NEB (Sajona
et al., 1996; Hollings and Kerrich, 2000). The geochemical features
of NEB are best explained through adakite-HMA-NEB association.
However, in the absence of adakite data, the available geochemical
parameters support genesis of Malangtoli HMA through mantle
wedge metasomatism by slab-dehydrated fluids and sediments
and that of NEB through mantle wedge hybridization by HFSE
enriched slab melt. The crustal signatures in these HMA and NEB
may reflect their origin between arc-back arc regions. The genesis
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of Malangtoli NEB is thus associated with mantle wedge metaso-
matism by melts of subducted oceanic slab and these are gener-
ated at transitional arc to rift-controlled back arc tectonic regime
in a basinal environment that developed proximal to an active con-
vergent margin setting. Zr/Nb vs. Nb/Th tectonic discrimination
plot (Fig. 9A) suggest subduction-related arc setting for the studied
volcanic rocks. In Thy vs. Nby diagram (Fig. 9B), the arc basalts cor-
respond to a back arc setting, while the boninite, HMA and NEB
samples occupy the field of continental margin volcanic arc and
island arc with polygenetic crustal signatures.

It is thus envisaged that arc basalt-boninite-HMA-NEB associa-
tion from Malangtoli preserves the signature of a spectrum of Pale-
oproterozoic convergent margin magmatic processes in
Singhbhum Craton spanning from subduction initiation to arc mat-
uration (Fig. 10). The presence of HMA and NEB in the Malangtoli
lavas gives future directions to explore the adakites in this part
of Singhbhum Craton. The important petro-tectonic processes
invoked for the genesis of these rocks include: (i) subduction of
oceanic slab, (ii) slab-dehydration and release of fluids enriched
in fluid immobile elements (LILE), (iii) fluid-fluxed metasomatism
of mantle wedge and high degree partial melting of mantle at shal-
low depth under high fluid pressure collectively contributing to
generation of arc basalts and boninitic rocks, (iv) hydrous melting
of mantle wedge peridotite metasomatized by slab dehydrated flu-
ids and sediments account for the generation of HMA, (v) melting
of the subducted slab, interaction between sub-arc mantle peri-
dotite and siliceous slab melts forming HFSE enriched phases and
(vi) decomposition of Nb-bearing phases in convecting mantle at
depths promoting low degree partial melting of the HFSE-
enriched, hybridized peridotite with garnet as residual phase giv-
ing rise to NEB. Arc basalts and boninites are interpreted to be
the products of initial stages of intraoceanic subduction, while
derivation of HMA and NEB reflect slab-melting and mantle wedge
hybridization processes corroborating intermediate to matured
stages of subduction (Fig. 10).

6. Conclusions

e The arc basalt-boninite-HMA-NEB association from 2.25 Ga
Malangtoli volcanic suite of Singhbhum Craton with distinct
geochemical signature reflect various stages of subduction and
variable contributions from subduction-derived metasomatiz-
ing agents.
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Fig. 10. Schematic tectonic model explaining the genesis of Paleoproterozoic Malangtoli volcanic suite of Singhbhum Craton in which boninitic volcanic rocks along with arc
basalts erupted during the initial stage whereas the NEB and HMA were generated at the matured stage of subduction zone processes.
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e The mafic volcanic rocks having low SiO, (<45 wt.%), high Mg#
(0.8) MgO (>25 wt.%), Ni and Cr contents, high Al,03/TiO, (>20),
Zr[Hf ratios with low TiO,, Zr concentrations, (La/Sm)y > 1 and
(Gd/Yb)y < 1 ratios attesting to their boninitic characters.

e The high SiO, (>54 wt.%), MgO (>6 wt.%), Mg# with elevated Cr,

Co, Ni and Th contents, depleted (Nb/Th)y, (Nb/La)y, high (Th/

La)y ratios, moderate depletion in HREE and Y with La/Yb<9

and low Sr/Yclassify them as HMA.

The calc-alkaline basalts with higher Nb contents (6.3-24 ppm),

lower magnitude of negative Nb anomalies, high (Nb/

Th)pm = 0.28-0.59, (Nb/La)pm = 0.40-0.69 and Nb/U =2.8-34.4

compared to normal arc basalts [Nb=<2ppm; (Nb/

Th)pm =0.10-1.19; (Nb/La)pm 0.17-0.99 and Nb/U =2.2-44

respectively] differentiate them as NEB.

The Malangtoli HMA and NEB are geochemically analogous to

their Archean and Phanerozoic counterparts.

Arc basalts and boninites are interpreted to be the products of

shallow level partial melting of mantle wedge under hydrous

conditions during juvenile stages of intraoceanic subduction.

The geochemical signatures of HMA are conformable with

partial melting of mantle wedge metasomatized by slab-

dehydrated fluids and sediments under hydrous conditions
during the intermediate stage of subduction.

Extraction of arc basalts, boninitic and HMA melts and slab

melting at matured stages of subduction rendered the mantle

wedge hybridized and enriched in HFSE which on low degree
partial melting with residual garnet generated the NEB.

The crustal signatures in HMA and NEB are attributed to recy-

cling of older continental crust or their genesis in between the

arc-back arc region proximal to active continental margin
environment.
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