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Abstract  

 

Mafic volcanic rocks and dykes associated with Na-rich TTG and K-rich granites in the Kudremukh greenstone belt of western Dharwar Craton provides a 

window to Precambrian crustal evolution in the southern Peninsular India. Here we present zircon U-Pb geochronology and geochemistry of these rocks to constrain 

the greenstone-basement relationship and crustal growth events in the western Dharwar Craton.  TTGs exhibit fractionated REE patterns [(La/Yb)N= 11.8-50.3; 

(Gd/Yb)N=2.1-4.9] whereas the granites with K2O contents of 3.84-5.20 wt.% are peraluminouscalc-alkaline with moderate enrichment of LREE over HREE and 

depleted MREE abundances. The metabasalts are characterized as arc basalts with moderate to high Fe2O3, CaO, SiO2, MgO, LILE, LREE and low HFSE contents.  

The higher Nb contents (6.2-11.4 ppm) in some of them, classify them as Nb-enriched basalts, were erupted at 2498+43 Ma, indicating a 2.5 Ga greenstone volcanism 

in the western Dharwar Craton. These are characterized by slightly fractionated chondrite normalized REE along with negative Nb, Zr, Hf and Ti anomalies on the 

primitive mantle normalized trace element patterns. The amphibolitic and doleritic dykes have overlapping chemistry with moderate Al2O3, moderate to high Fe2O3 

and MgO displaying coherent chondrite normalized REE patterns. The 3068+34 Ga TTG were generated through high pressure melting of mafic crust in a garnet-

spinel peridotite mantle regime with the assimilation of upper crustal material in a subduction zone environment.  The granites of 2936+23 Ma were the products of 

partial melting and fractional crystallization of TTG melts which display intrusive relationship with the thickened TTG crust.  The mafic volcanism took place at 2498 

± 43 Ma subsequently followed by the dyke emplacement at 2484 ± 29 Ma. Therefore, two major episodes of crustal growth are identified from this region: i) TTG-

granite association ~3.0-2.9 Ga and ii) mafic volcanism - dyke emplacement between 2.49-2.48 Ga.  The geochemical signatures of arc basalts and Nb enriched 

basalts indicate variable-slab-mantle interactions including fluid-fluxed metasomatism and melt-fluxed hybridization of mantle wedge in a subduction zone 

environment followed by the emplacement of amphibolitic dykes during post-subduction collision phase. Our results document the episodic growth of continental 

crust in western Dharwar Craton from 3.0-2.5 Ga.    
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1. Introduction 

 The Precambrian accretionary orogens exposed in ancient continental nuclei of worldwide cratons provide a comprehensive time window to decipher the 

geochemical and geodynamic evolution of the earth in terms of juvenile crust generation and continental growth. These are dominated by three lithological 

associations: (i) tonalitic-trondhjemitic-granodioritic (TTG) representing first differentiated continental crust, (ii) volcano-sedimentary greenstone sequences represent 

cyclic episodes of magmatism and sedimentation and (iii) voluminous late potassic granites which provide information on crustal reworking processes and 

stabilization of cratons (Komiya et al., 2017). Higher rate of juvenile crust generation and protracted magmatism are salient features of Precambrian accretionary 



  

orogens in contrast to their Phanerozoic counterparts characterized by low rates of crustal growth (Polat, 2012; Zhai, 2014; Jayananda et al., 2015 and references there 

in).  The spatially, temporally and genetically correlatable lithological assemblages of Paleo to Neoarchean granite-greenstone terranes (4.0-2.6 Ga) preserve 

characteristic geological and geochemical signatures that account for distinct magmatic pulses and tectonic cycles for episodic crustal growth at 3.8 Ga, 3.5-3.2 Ga, 

2.8-2.7 and 2.6-2.5 Ga through vertical and lateral accretion of juvenile crustal materials under diverse geodynamic conditions at oceanic and continental realms 

(Kerrich et al., 1999; Smithies et al., 2003, 2009; Manikyamba and Kerrich, 2012; Manikyamba et al., 2014a, 2014b, 2015, 2016, 2017; Singh et al., 2018; Tang and 

Santosh, 2018). The Dharwar Craton represents a composite Archean protocontinent with distinct thermal and tectonic antiquities spanning from 3.8 to 2.5 Ga. The 

exposed basement gneisses, supracrustal associations and intrusive plutons provide unequivocal evidence of Archean crustal growth, accretionary processes and 

evolution of continental lithosphere.  Recently, Jayananda et al. (2018) identified five major periods of felsic crust formation in the Dharwar Craton at 3450-3300 Ma, 

3230-3150 Ma, 3000-2960 Ma, 2700-2600 Ma and 2560-2520 Ma which are suggested to be sub-contemporaneous with the greenstone volcanism.  

Diverse magmatic suites are juxtaposed in most of the greenstone terranes through subduction-accretion processes, plume-arc and plume-craton-lithosphere 

interactions and arc-continent collisions (Polat and Kerrich, 2006; Polat et al., 1999; Kusky and Polat, 1999; Polat et al., 2002; Dostal and Mueller, 2013; 

Manikyamba et al., 2005; 2009, 2012, 2013; Smithies et al., 2005; Barnes and Van Kranendonk, 2014, Manikyamba and Kerrich, 2012; Santosh and Li, 2018) 

collectively contributing to Archean crustal growth, terrane accretion and tectonic evolution of early earth. Greenstone belt lithologies are well preserved in the 

western Dharwar Craton (WDC) and the available geochemical data reflect on plume-arc accretion for the generation of various litho units (Manikyamba et al., 2017). 

Besides, the basement-greenstone association is well preserved in the greenstone belts of WDC.  The northwestern Kudremukh-Agumbe greenstone belt which is the 

westernmost belt of WDC has no comprehensive geochemical and geochronological studies to understand its evolution in terms of basement-greenstone relationship. 

Therefore, the present studies are focused on the geochemistry and age relationships of the TTG, granites and the greenstone lithologies to evaluate the overall crustal 

growth process in this greenstone belt of WDC.    

 The Kudremukh greenstone belt (KGB) of western Dharwar Craton (WDC) represents an integral part of the composite Shimoga-Western Ghat belt. This belt 

is exposed in the Western Ghats section bordering the western margin of Karnataka. Keeping in view of the continuity and petrographic and geochemical similarities 

of greenstone belt lithologies up to Agumbe (Fig. 1), the authors coin the Western Ghat belt as Kudremukh-Agumbe greenstone belt.  It comprises TTG granites 

association with thick accumulations of mafic volcanic rocks and dyke emplacementpreserving the history of distinct stages of magmatism and crust generation during 

the Meso-Neoarchean times. This paper presents field, petrological, whole rock geochemical and zircon U-Pb geochronological data for TTG -granite-metabasalt-

mafic dyke association from Kudremukh-Agumbe greenstone belt in the WDC to provide a comprehensive understanding on magmatic and tectonic processes 

contributing to Archean crustal evolution in the Dharwar Craton. The petrogenetic and tectonic implications derived from the geochemical and geochronological data 

for the studied lithologies from Kudremukh-Agumbe greenstone belt address magma genesis and episodic crustal growth through subduction-accretion-collision 

processes during Meso- to Neoarchean timeframe.       

2. Regional Geology 

The Dharwar Craton (Fig. 1) represents one of the oldest landmasses of the Indian sub-continent preserving ancient continental nuclei with the volcano-

sedimentary sequences of Archean greenstone belts that range in age from 3.6 to 2.5 Ga (Peucat et al., 1995; Balakrishnan et al., 1999; Chadwick et al., 2000; 

Jayananda et al., 2000, 2006, 2008; Ramakrishnan and Vaidyanadhan, 2010; Manikyamba et al., 2017; Jayananda et al., 2018). The Precambrian continental crust 

exposed in the Dharwar Craton is marked by a progressive transition from upper to lower crustal levels with granite-greenstone terranes grading southward into 

granulites (Swami Nath and Ramakrishnan, 1981; Janardhan et al., 1982; Radhakrishna, 1983; Jayananda et al., 2013a, 2013b). The major lithological components of 

the craton include 3.36 2.7 Ga Tonalite-Trondhjemite-Granodiorite (TTG), two generations of volcano-sedimentary successions (~3.3-3.1 Ga Sargur Group and 2.9

2.56 Ga Dharwar Supergroup) and 2.6 2.52 Ga calc-alkaline to potassic granitoid plutons (Chadwick et al., 2000; Jayananda et al., 2000, 2006, 2008, 2013a, 2013b; 

Chardon et al., 2011; Tushipokla and Jayananda, 2013) preserving records of Paleo to Neoarchean crust-building episodes that are well-correlatable with the 

magmatic and tectonic evolution as documented from other Archean cratons the of the world (Naqvi and Rogers, 1987; Manikyamba et al., 2004a, b, 2005, 2008, 

2009, 2012, 2013, 2014c, 2015, 2017; Manikyamba and Kerrich, 2011, 2012; Jayananda et al., 2000; Chadwick et al., 2000; Moyen et al., 2003). The greenstone belts 

of WDC are composed of komatiite (3.38 3.32Ga)-tholeiites with subordinate felsic volcanic rocks (2.91 2.72 Ga) and interlayered quartzites, pelites, carbonates and 

BIFs. The emplacement of highly potassic granitoid plutons at 2.62 2.61 Ga represents the youngest magmatic activity (Nutman et al., 1992, 1996; Kumar et al., 



  

1996; Peucat et al., 1995, 2013; Jayananda et al., 2006, 2008, 2013a, 2013b; Chardon et al., 2011; Manikyamba et al., 2017). However, in EDC, the overall age of the 

greenstone belts is 2.7 Ga which are associated with 2.7 Ga gneisses (TTG) and intruded by younger granite of 2.5 Ga. The older peninsular gneisses are sporadic in 

the EDC (Balakrishnan et al., 1990, 1999; Krogstad et al., 1991; Jayananda et al., 2000; Chadwick et al., 2000; Moyen et al., 2003). 

The WDC consists of migmatitic, tonalitic peninsular gneisses of 3.4 2.2 Ga with interlayered, highly deformed and metamorphosed, komatiite-rich Sargur Group 

(3.38 3.2 Ga) greenstone belts (Jayananda et al., 2008; Peucat et al., 1995) which are unconformably overlain by basalt-dacite-rhyolite rich 2.91 2.72 Ga 

supracrustals of the Dharwar Supergroup predominantly consists of metasediments along with the volcanic rocks (Kumar et al., 1996; Nutman et al., 1996; Jayananda 

et al., 2013a, 2013b).  The TTG forms the basement for the greenstone belts which were accreted mainly during Mesoarchean (Peucat et al., 1993) along with 

Neoarchean (~2.6 Ga) potassic plutons (Taylor et al., 1984; Nutman et al., 1996; Jayananda et al., 2006). Two generations of greenstone sequences are present in the 

WDC, the older Sargur Group (~3.0 Ga) and the younger Dharwar Supergroup (2.9-2.5 Ga; Hokada et al., 2013). The Sargur Group greenstone belts are present as 

linear slivers and enclaves within the TTG in the southern part of the WDC in Holenarsipur, Nuggihalli, Krishnarajpet, Mayasandra, Nagamangala, Ghattihosahalli, 

Kalyadi, Banavara, and Hadanur areas.  The 3.4 3.3 Ga Sargur Group greenstone belts consist of amphibolites, spinifex textured komatiites, komatiitic basalts, 

layered ultramafic sequences, subordinate anorthosite layers, banded iron formations (BIFs), quartzites, carbonates, pelites, fuchsite quartzite and other chemogenic 

argillaceous sediments (Swami Nath and Ramakrishnan, 1981; Jayananda et al., 2008; Tushipokla and Jayananda, 2013). The Gorur gneiss dated at 3.4 Ga near 

Kattaya in the western part of Holenarsipur belt shows tectonic contact with the Sargur Group greenstone belts reflecting their contemporary evolution. However, 3.6-

3.5 Ga SHRIMP U-Pb zircon ages of the Gorur gneisses have also been reported (Jayananda et al., 2015; Guitreau et al., 2017). In contrast, the Bababudan and 

Chitradurga Groups are deposited on the quartz pebble conglomerate (QPC) classified as younger Dharwar Supergroup (2.9-2.6 Ga).  The metavolcanics of 

Kudremukh is considered to be equivalent and lateral extent of Bababudan basin which are dated ca. 3020 ±230 Ma (Drury et al., 1983).  The volcanic rocks of 

younger Dharwar Group are overlain by a thick sequence of BIFs, schists, greywackes and conglomerates in the Kudremukh-Agumbe, Shimoga, Bababudan and 

Chitradurga greenstone belts of WDC. Sm-Nd whole rock isochron reveals the age of 2.9-2.8 Ga for the volcanic rocks (Kumar et al., 1996). Detailed strain fabrics 

mapping and kinematic analysis in WDC reveal dome-basin patterns, sagducting greenstone ridges which are bordered by spaced shear zones (see Bouhallier et al., 

1993; Chardon et al 1996, 1998, 2008). N-S trending brittle/ductile shear zones have been traced all along the eastern margins of the greenstone belts of WDC and 

EDC. The volcano-sedimentary sequences were metamorphosed to lower greenschist to upper amphibolite facies (Swami Nath and Ramakrishnan, 1981; Naqvi and 

Rogers, 1987). Younger belts are less metamorphosed in the northern region than their southern counterparts (Naqvi et al., 1988). 

The Western Ghat is located in the westernmost part of the WDC and it is hosted by the Peninsular gneisses of Karnataka. The Western Ghat section of Karnataka 

comprises the Kudremukh-Agumbe greenstone belt covering 2200 sq. km and ranging from Jog falls to Agumbe-Kodachadri in the north. According to Beckinsale et 

al. (1980), the lithounits of Western Ghat belt are equivalent to the rocks of Bababudan Supergroup. In the Kudremukh-Agumbe greenstone belt, the basal Walkunje 

Formation consisting of oligomictic conglomerate, garnet bearing chlorite-biotite schist and quartzite (Table 1) which are unconformably resting on Peninsular 

gneisses. These conglomerates are overlain by metamorphosed volcano sedimentary rocks of Kudremukh Formation consisting of well-preserved mafic-ultramafic 

rocks, high Mg basalts, gabbros and BIFs. Recently, boninite-komatiite sequence has been reported by Chandan Kumar and Ugarkar (2017). The Kudremukh 

Formation is overlain by the Kodachadri Formation with a conformable contact and characterized by Algoma type oxide and silicate facies BIFs with the intercalation 

of quartz sericite chlorite schist (Sreeramachandra Rao, 1970). Within this formation, the lower Thirthabare iron formation is separated by thick sericite quartzite 

schist from the upper Sampekatte iron formation. The uppermost Narsiparvata Formation is dominated by medium grained quartz porphyry with prominent 

phenocryst of blue quartz and minor abundance of metavolcanics rocks. NNW-SSE trending doleritic and dioritic dykes are predominant in this Formation (Table 1; 

Ramakrishnan and Vaidyanadhan, 2010). The grade of metamorphism varies from upper greenschist to amphibolite facies. The Peninsular gneisses are granodioritic 

in composition with colour bands, ptygmatic folds along with other magmatic features (Mehnert, 1973). The K-Ar ages (biotite-hornblende gneiss) indicate a 3.2 Ga 

age whereas the Rb-Sr isochron yield an age of 3204+30 Ma (Balasubrahmanyan, 1976; Bhaskar Rao et al., 1991). The whole rock Sm-Nd and Rb-Sr ages of the 

metavolcanics from the Kudremukh area recorded 3020+230 Ma and 3280+-230 ages respectively (Drury et al., 1983). Detailed geochemical and geochronological 

studies to constrain the precise ages on the TTG, granites, volcanic rocks and intruded dykes from this belt are sparse. These studies are essential to unravel the 

genesis of metabasalts during the Meso-Neoarchean crustal evolution in the Kudremukh-Agumbe composite greenstone terrane representing the westernmost part of 



  

WDC, as well as to evaluate the basement-greenstone relationship in terms of episodic crustal growth events and its mode of accretion. With this objective, this study 

presents comprehensive geological, geochemical and geochronological investigations on the TTG, granites, metabasalts and dykes from the Kudremukh-Agumbe 

composite greenstone terrane.  Our results provide key constraints on the episodic growth of continental crust during 3.0-2.5 Ga in the WDC.  

The exposed outcrops are very sparse due to thick vegetation and lateritic cover. Relatively least weathered samples were collected from this belt covering TTG, 

granites, metabasalts and dykes. The samples were collected away from shear zones, quartz and carbonate veins. The TTG were collected from quarries and fresh 

outcrops of Lakshmidevarahalli whereas the granites were collected from Kattimane village of Koppa ( (Figs. 2A, B). The metabasalts along the ghat section are thick, 

massive, slightly foliated and schistose at some places.  Further north, the NW-SE trending metabasalts are graded into garnetiferous amphibolites exposed along the 

Tunga river section having a sharp contact with the gneisses. The garnets are 3-4 cm embedded in the amphibolitic matrix showing the rusted appearance and 

traversed by numerous quartz veins. Metabasalts and mafic dykes have been sampled from well exposed Ghat sections of Kudremukh and Agumbe (Figs. 2C, D, E, 

F).  After detailed petrography, fifty-one (51) samples of metabasalts; thirteen (13) samples of TTG; seven (7) samples of granites and ten (10) samples of basic dykes 

were powdered using agate mortar and analyzed for major, trace including rare earth elements (REE) at CSIR-National Geophysical Research Institute (CSIR-NGRI), 

Hyderabad, India. Major elements were determined by using pressed pellets on XRF (Phillips MAGIX PRO Model, 2440); with relative standard deviation <5%. 

Trace elements including REE were determined by HR-ICP-MS (Model: ATTOM, Nu Instruments, UK), following the procedure of closed vessel acid digestion 

technique (see Supplementary text).  

3. Petrography 

3.1. Tonalite-Trondhjemite-Granodiorite (TTG)  

TTG are melanocratic to leucocratic with distinct banding and deformation evidenced by folding at some places. The TTG are characterized by high modal 

abundance of sodic plagioclase (An15-30~55%), quartz (~25%) with minor orthoclase feldspar (<15%) and biotite (~5%) along with tourmaline, apatite, epidote and 

amphiboles as accessory minerals.  The coarse to medium grained TTGs display crystalloblastic, hypidiomorphic, idioblastic and porphyritic textures (Fig 3A; 

phenocrysts of quartz and feldspar) along with intergrowth myrmikitic texture (Fig 3B) formed by irregular growth of quartz into albite. The interlocking textures 

manifested by quartz and sodic feldspars reflect on metamorphic recrystallization forming the mosaic of elongated aggregates. However, the undulatory extinction of 

quartz (Fig 3C) as well as thin lamella of feldspar in these TTG indicates recrystallization and solid-state deformation. 

 

 

3.2 Granites 

The studied granites are pink to grey in colour, homogeneous, devoid of any magmatic banding and are intrusive into the TTG. They display a consistent 

modal composition with microcline (~35%), Plagioclase feldspar (An16-32~25%), quartz (~30%) and biotite (~10%). The accessory minerals are tourmaline, 

muscovite, zircon, apatite, titanite, magnetite. The granites are coarse grained, inequigranular with subhedral orthoclase, anhedral quartz and plagioclase. The 

microcline occurs between the interstitial spaces of anhedral quartz and plagioclase displaying intergranular texture (Fig 3D). At places, the cumulophyric, 

hypidiomorphic and porphyritic textures are also observed (Fig 3E). The perthitic texture is shown by the irregular veins and patches of sodic plagioclase in orthoclase 

feldspar (Fig 3F). The worm-like intergrowths of quartz in microcline form the graphic texture. Quartz and plagioclase are showing granophyric texture where they 

penetrate each other as feathery irregular intergrowth. Rarely, saussuritization is observed in some sections. 

3.3. Metabasalt 

 The overall mineralogical composition of the metabasalts from Agumbe and Kudremukh are characterized by varying proportions of clinopyroxene, 

plagioclase and actinolite as essential minerals; chlorite and opaques as accessories (Fig. 3G). In most of the samples, parallel alignment of the actinolite reflects 

development of schistosity (Fig. 3H). The metabasalts are fine- grained and sparsely distributed inequigranular plagioclase, clinopyroxene and actinolite (Fig. 3I) 



  

which is secondary after clinopyroxene. The metamorphic grade of the studied samples corresponds to greenschist to lower amphibolite facies reflected by chlorite-

actinolite-plagioclase mineral association.  

3.4. Dyke 

 Amphibolitic and doleritic dykes have been chosen for the present study. L-23 and L-30 series collectively consisting of six samples belong to amphibolitic 

type, characterized by large elongated crystals of hornblende embedded in a groundmass of plagioclase microlites showing porphyritic texture (Fig. 3J) in which the 

opaques are accessory phases. Iddingsitized olivine is observed in few samples. The lath shaped plagioclase and large crystals of pyroxenes are showing intergranular 

texture (Fig. 3K). L-22 series consisting of four samples which are doleritic in composition showing characteristic subophitic texture with partial engulfment of 

euhedral plagioclase laths by clinopyroxene (Fig. 3L) which is the most abundant mineral (~50%) in the doleritic variety. Plagioclase crystals show distinct lamellar 

twinning which is saussuritized at some places. 

4.  Zircon U-Pb Geochronology 

Zircon grains from four samples including TTG (L-20), granitoid (L-29), Agumbe basalt (L-31), amphibolitic dyke (L-23) were analyzed for U-Pb 

geochronology. Representative Cathodoluminescence (CL) images of zircon grains along with U-Pb age and their concordia-discordia plots are discussed below. The 

obtained data on the studied samples for U-Pb zircon geochronology are presented in table 2 

4.1. Tonalite-Trondhjemite-Granodiorite (TTG) 

Zircon grains of TTG (L 20) are euhedral to subhedral and show near prism

width ratios of 2:1 to 1:1. In CL images, most grains show oscillatory zoning in the cores with core-rim texture.  The oscillatory zoning cores display features of 

typical magmatic zircon, and the thin rims show bright and luminescence features around the zoned cores, representing typical metamorphic overgrowth (Figs. 4a, b; 

Kirkland et al., 2015; Kohn et al., 2015).  A total of 26 spots were analyzed from 26 zircon grains.  The age data obtained from the zircon cores are distributed along 

the Pb loss line, yielding upper intercept age of 3068 ± 34 Ma (MSWD = 2.5) with Th/U ratios of 0.36-1.02 (Figs. 4a, b; Table 2).  The oscillatory zoning features and 

high Th/U ratios infer the age of 3068 Ma to represent the crystallization age of this rock (Kirkland et al., 2015).  Zircon ages from rim domains were not obtained as 

the thin rims were not sufficient for analysis. 

4.2. Granite 

Zircon grains of granite (L 29) are translucent and light brown to colorless. The euhedral to subhedral grains show prismatic morphology with size ranges from 

50- d domains, together with their 

relatively high Th/U ratios (0.14-1.37) suggesting magmatic origin (Figs.  4c, d; Table 2).  A total of 26 spots were analyzed from 26 magmatic zircon grains.  Five 

spots on the oscillatory zoned domains form a coherent group and fall on or near the concordia line, showing mean age of 2936 ± 23 Ma (MSWD = 1.2).  Fifteen spots 

are distributed along a Pb loss line and yield an upper intercept age of 3063 ± 13 Ma (MSWD = 1.3).  The remaining six zircon grains show older ages between 3119 

± 23 Ma and 3424 ± 24 Ma. Three age groups are identified based on the age data of sample L-29.  The oldest population of 3119-3424 Ma is interpreted to represent 

the age of inherited magmatic zircons which show oscillatory zoned or heterogeneous fractured domains and relatively high Th/U ratios (0.14-1.37), and the 

remaining two groups with mean ages of 3063 ± 13 Ma and 2936 ± 23 Ma represent magmatic crystallization age.  They do not show distinct features in CL images 

and chemistry, as all of them are magmatic zircons with zoning patterns. The zircons have typical magmatic features in CL images and relatively high Th/U ratios 

(0.14-1.37), implying the oldest zircon population of 3119-3424 Ma to represent the age of inherited zircons, and the mean ages of 3063 ± 13 Ma and 2936 ± 23 Ma 

representing magmatic crystallization at ca. 3.0 Ga (Figs. 4 c, d; Table 2). 

4.3. Agumbe basalt 

Zircon grains are rare in L 31 which are light brown to colorless and translucent with near prismatic to irregular morphology ranging in size between 50 to 200 

-rim texture with thin and bright rims (Figs. 4 e, f).  A total of 8 spots were 

analyzed from 8 zircon grains.  Two analytical spots have 
207

Pb/
206

Pb ages of 2494 ± 32 Ma to 2502 ± 30 Ma with a mean age of 2498±43 Ma (MSWD = 0.03) and 



  

Th/U ratios (0.25-0.26), probably indicating the formation age of the basalt. The remaining four spots are distributed along the concordia line and show ages ranging 

from 1939 ± 37 Ma to 420 ± 4 Ma, implying multiple thermal overprints (Figs. 4 e, f; Table 2). 

4.4. Dykes 

Zircon grains in amphibolitic dyke (L 23) are light brown to colorless, and translucent with near prismatic morphology.  The grains range in size between 40 to 

150 ore-rim texture with very thin and 

bright rims (Figs. 4 g, h).  A total of 28 spots were analyzed from 28 zircon grains.  The age results obtained from the zircon cores are distributed along the Pb loss 

line, yielding upper intercept age of 2484 ± 29 Ma (MSWD = 1.8) with Th/U ratios of 0.03-0.98 (mean = 0.37), representing the intrusion age of the mafic dyke (Figs. 

4 g, h; Table 2). 

5. Geochemistry 

It is essential to evaluate the elemental mobility due to alteration and metamorphism in the greenstone belt lithologies as they are metamorphosed to lower 

greenschist to upper amphibolites facies.  The effect of alteration on the studied TTG and granites has been evaluated using the major element relationship such as 

K2O/Na2O vs. SiO2, CaO, MgO, Al2O3, Fe2O3 and LOI which are consistently indicating their unaltered nature and the primary magmatic chemistry of these rocks 

(Páez et al., 2010; Fig. 5).  Furthermore, the alteration box plot for the metabasalts and mafic dykes display the least altered nature of the studied samples (Large et al., 

2001; Fig. 6A).   In addition, their co-variance between the immobile elements,  along with loss on ignition (< 2 wt.%) reflect the preservation of primary geochemical 

signatures in the analysed rocks (Fig. 6B, C, D, E).  Besides, all the analyzed samples display a coherent REE and multielement patterns. The Ce/Ce* ratios of these 

rocks are in the range of 0.9-1.1 suggesting negligible LREE mobility (Polat et al., 2002). Therefore, the immobile trace elements and their ratios have been used for 

the petrogenetic and tectonic interpretations.           

5.1. TTG and granites 

The rocks of this belt show a broad spectrum of silica concentrations in TTG marked by relatively lower SiO2 contents (63.57-69.73 wt.%) than the granites 

(70.45-77.14 wt.%). In terms of normative anorthite (An), albite (Ab) and orthoclase (Or) compositions the TTGs occupy the trondhjemite field while the granites 

correspond to field of granite (Fig. 7A).  The Alumina Saturation Index (ASI) is a viable means to discriminate the granites and TTG.  In the studied samples, the 

granites are occupying on the line dividing the meta and peraluminous character whereas the TTGs are predominantly peraluminous. These characteristics may reflect 

on the role of feldspars during their genesis (Fig. 7B;).  The TTG have high alumina (15.36-17.38 wt.%) and alkalies (7.61-10.04 wt.%) with low K2O/Na2O ratio 

(0.31-0.52), low ferroan to high magnesian contents (Fe2O3+MgO+TiO2+MnO<5%), low Mg# (15-28) and Ni composition (6-13 ppm; Table 3; Fig. 7C). The granites 

show relatively lower Al2O3 (12.10-15.93 wt.%) and total alkali (7.87-10.62 wt.%), Mg# (14-22) and Ni (6-8 ppm) compared to the TTG at a higher K2O/Na2O ratio 

(0.57-1.49).  On the QAP diagram, TTG are classified as granodiorites indicating a calcic trend whereas the granites occupy the granite field displaying the 

intermediate calc-alkaline- trend (Fig. 7D).  The MgO and Fe2O3 concentrations are relatively higher for TTG (MgO= 0.19-1.18 wt.%; Fe2O3= 1.14-3.14 wt.%) than 

that of granites (MgO= 0.09-0.30 wt.%; Fe2O3= 0.55-1.42 wt.%). On K2O vs. SiO2 plot, the TTG are straddling between the calc-alkaline to high K-calc-alkaline 

fields and the granites belong to high K calc-alkaline series (Fig. 7E). On K2O-Na2O-CaO diagram, the TTG and granites collectively indicating the common calc-

alkaline trend (Fig 6F). Systematic decrease in Mg#, CaO, Al2O3, Y, Zr/Hf and La/Sm is observed with increasing SiO2 reflecting their typical magmatic trends (Fig. 

8). Trace and REE compositions (Table 3) of the studied samples show variable concentrations. Transitional trace elements like Ni, Co and Cr exhibit depleted 

concentrations with respect to the primitive mantle. Large ion lithophile elements (LILE) such as Rb, Sr, Ba show elevated abundances than high field strength 

(HFSE) elements such as Zr, Th, and Nb for both TTG and granites. Chondrite normalized REE patterns (Fig. 9A, C) for the TTG display pronounced LREE and 

MREE enrichment with sharp HREE fractionation trends (La/Yb)N= 11.82-50.33; (Gd/Yb)N= 2.17-4.89), while the granites with (La/Yb)N= 1.81-3.19 and (Gd/Yb)N= 

0.61-0.86 conform to moderate enrichment of LREE over HREE with depleted MREE abundances. Granites are displaying distinct negative Eu anomalies indicative 

of plagioclase fractionation from the parent magma (Eu/Eu*<1) whereas the TTG are showing minor positive Eu anomalies (Eu/Eu*=0.8-1.4). On the primitive 

mantle normalized multielement diagram (Figs. 9 B, D) both TTG and granites exhibit negative U, Nb and Ti anomalies.  

5.2. Metabasalts 



  

The metabasalts from Kudremukh and Agumbe Ghat sections are compositionally characterized by a non-uniform spectrum of major element concentrations 

with 46.58 to 52.78 wt.% SiO2, moderate to high Al2O3 (11.53 to 15.07 wt.%), Fe2O3 (10.86 to 16.99 wt.%), MgO (4.37-9.87 wt.%), CaO (5.26-13.57 wt.%) and 

moderate TiO2 (0.78-1.57 wt.%). Mg# ranging from 26-46 suggests evolved nature of these metabasalts (Table 3). Based on total alkali vs. silica as well as the 

immobile element relationship (Fig. 10A, B; Le Bas et al., 1986), the studied samples are classified as subalkaline basalts and reflect a tholeiitic trend for precursor 

magma compositions on AFM plot (Fig. 10C). MgO exhibits strong to moderate negative correlations for SiO2, TiO2 and alkalies thereby indicating fractional 

crystallization of olivine and early formed plagioclase. CaO, Cr and Ni show strong positive correlations with MgO suggesting involvement of clinopyroxene during 

fractional crystallization (Fig. 11).  

In general, island arc basalts have Nb content <2 ppm while Nb enriched basalts (NEB) possess >7 ppm Nb (Defant et al., 1992; Sajona et al., 1996). The Nb 

contents of the studied samples range from 2.98 to 11.45 ppm at 4.37-9.87 wt.% MgO. The widely varying Nb concentrations classify the metabasalts as Nb enriched 

basalts (NEB; Nb: 6.2-11.45 ppm, MgO: 4.4-9.5 wt.%) and normal arc basalts (Nb: 2.98-5.83 ppm, MgO: 5.3-9.9 wt.%).  

 

 

5.2.1. Nb enriched basalts  

 The high Nb signatures (6.20 to 11.44 ppm Nb) of the metabasalts are substantiated by relatively higher Nb/Th (1.78-7.62) and Nb/Yb (2.31-5.92) ratios with 

low magnitude of negative Nb anomalies than normal intra-oceanic arc basalts. Among transitional trace elements, the NEB samples show moderate concentrations of 

Co (37-66 ppm) with widely varying Cr (24-693 ppm) and Ni (32-374 ppm) contents. REE chemistry of NEB from this greenstone belt reflects prominent LREE 

enrichment marked by La=8.67 to 18.77 ppm and Ce=22.43-45.48 p  from 62.50-125.74 ppm. 

slight LREE fractionation in the NEB than the island arc basalts reflect the predominance of actinolite in them.  Chondrite normalized REE patterns exhibit negative 

Eu anomalies (Eu/Eu*=0.33-0.60 except L32/4; Table 3) in combination with (i) pronounced LREE enrichment over MREE and HREE, sharp LREE/MREE and 

LREE/HREE fractionation trends corroborated by (La/Sm)N =1.37-3.03 and (La/Yb)N= 2.20-9.97 respectively and (ii) moderate MREE enrichment over HREE and 

MREE/HREE fractionations depicted by (Gd/Yb)N=1.06-2.69 (Figs. 12A,C). Primitive mantle normalized trace element abundance patterns (Figs. 12B, D) for the 

studied NEB show enrichment of compatible trace elements such as Th, La, Ce and relative depletion of incompatible elements Nb and Ti with enrichment and 

depletion of Zr and Hf. Magnitudes of negative Nb anomalies of NEB are high compared to their low Nb counterparts. Zr/Hf, Zr/Sm and Nb/Ta ratios for the studied 

NEB (Zr/Hf: 29.11-53.21; Zr/Sm: 16.40-37.93; Nb/Ta: 3.06-18) shows variable ranges with respect to the primitive mantle values (Zr/Hf: 36, Zr/Sm: 25, Nb/Ta: 17). 

 

5.2.2. Island arc basalts 

These are low Nb (2.98-5.83 ppm) basalts from this belt, show low to moderate Nb/Th (1.95-6.06) and Nb/Yb (1.23-3.06) in comparison with their high Nb 

counterparts.  These are geochemically similar with the island arc basalts. REE ranges from 35.86-84.84 ppm with LREE enrichment characterized by 4.72-14.53 

ppm La, 11.43-31.64 ppm Ce. Chondrite normalized REE patterns reflect negative Eu (Eu/Eu*=0.38-0.61) anomalies with moderate to strong LREE/HREE 

[(La/Yb)N=1.59-5.09]; moderate LREE/MREE [La/Sm)N=1.40-2.58] and feeble to moderate MREE/HREE [(Gd/Yb)N=0.91-1.65] fractionations (Fig. 12E). Primitive 

mantle normalized trace element patterns (Fig. 12F) are similar to their high Nb counterparts.  Zr/Hf, Zr/Sm and Nb/Ta ratios show wide variations relative to the 

primitive mantle values of 17, 36 and 25 respectively. 

5.3. Dykes 

The amphibolitic and doleritic dykes from this greenstone belt shares uniform major element chemistry (Table 3) characterized by moderate silica contents 

varying between 45.56-46.93 wt.%; moderate Al2O3 (14.44 -15.01 wt.%), moderate to high Fe2O3 (12.05-14.22 wt.%); and MgO (10.13-13.11 wt.%) abundances. The 

studied samples characterized by total alkali content in the range of 1.63-2.35 wt.% occupy the field of basalt in total alkali vs. silica diagram (Fig. 10A, B) and 

display tholeiitic trend on AFM diagram (Fig. 10B). Variation trends for major elements with respect to MgO show negative correlations consistent with normal 



  

magmatic differentiation controlled by fractional crystallization (Fig 11.). The doleritic and amphibolitic dykes show coherent trace and REE compositions marked by 

elevated abundances of compatible elements with respect to incompatible elements. Among transitional trace elements, the amphibolitic and doleritic dykes have 

overlapping abundance of Cr (643-1280 ppm; 1092-1234 ppm respectively) at a similar range of MgO, uniform Ni (188-377 ppm) and Co contents (60-91 ppm). Total 

REE concentrations for both dykes vary from 30 to 55 ppm. The amphibolitic [La=4.39-8.32 ppm; Ce=9.41-18.73 ppm; (La/Sm)N =1.75-2.08] and doleritic [La= 

4.74-7.50 ppm; Ce=10.03-17.25 ppm; (La/Sm)N= 1.68-2.18] dykes exhibit pronounced LREE enrichment. Chondrite normalized REE patterns (Fig. 12G) display 

LREE enrichment over MREE and HREE with prominent LREE/MREE and LREE/HREE fractionation trends substantiated by (La/Sm)N =1.75-2.08 and (La/Yb)N = 

2.67-4.60 for amphibolitic dyke and (La/Sm)N= 1.68-2.18, (La/Yb)N=2.67-4.17 for the doleritic variety respectively. MREE/HREE fractionation reflect relatively 

smooth patterns for amphibolitic [(Gd/Yb) N= 1.21-2.06] and doleritic [(Gd/Yb)N= 1.04-2.01] dykes of this belt. Primitive mantle normalized multielement diagram 

(Fig. 12H) depicts prominent depletion over compatible elements such as La, Ce and Th over Nb and Ti. Both depletion and enrichment are observed in the Zr and hf 

in these dykes and other incompatible elements. Zr and Hf show depletion to enrichment. The negative Eu anomalies reflect the fractionation of plagioclase from the 

parent melts (Eu/Eu*<1).  

6. Discussion 

6.1. Origin of TTG and granites: Crust-mantle processes 

Geochemical attributes have classified TTGs as high, medium and low-pressure types (Moyen et al., 2006; Moyen, 2011).  The high-pressure (HP) type is 

relatively enriched in Al2O3, and Sr, depleted in Y, Yb, Ta and Nb, and shows highly fractionated REE patterns. It is considered to form under P-T conditions of 1.5-

2.0 GPa and 700-900°C through partial melting of rutile-bearing eclogite in oceanic subduction zones with low-medium geothermal gradients of 10-30°C/km. The 

low-pressure (LP) TTG are characterized by contrasting geochemical characteristics with the HP type and is considered to form under P-T conditions of 1.0-1.2 GPa 

and 900 1000°C through partial melting of garnet amphibolite in the presence of abundant plagioclase in oceanic plateau settings with high geothermal gradients of 

30 50°C/km. The medium-pressure (MP) TTG exhibits the geochemical characteristics between the HP and LP types, attributed to partial melting of garnet-rich and 

plagioclase-poor amphibolite in an intra-oceanic thickened arc crust. The principal models explaining the origin of TTGs (Moyen and Laurent, 2018) include (i) 

melting of hot, subducted slab influenced by hotter Archean mantle in a subduction zone (Martin, 1986; Moyen and Martin, 2012); (ii) melting at the base of a thick 

oceanic crust associated with a basaltic oceanic plateau or delaminated portions below an oceanic plateau (Van Kranendonk et al., 2007; Bédard, 2006; Nair and 

Chacko, 2008; Polat, 2012) and (iii) fractionation of hydrous basaltic melts into tonalities involving amphibole and garnet (Arth et al., 1978; Barker, 1979; Maaløe, 

1982; Smith et al., 1983; Davidson et al., 2007; Kleinhanns et al., 2003). Jayananda et al. (2015) studied the TTGs from various parts of WDC and identified low-Al 

and high-Al varieties in which the former is suggested to be derived through the melting of heterogeneous thickened oceanic crust at shallower depth (30-40 km; 10-

12 kbar) while the latter has been derived from the melting of base of oceanic arc crust/oceanic plateau at a greater depth (>60 km; 14-18 kbar). The geochemical 

characteristics of TTG from the studied greenstone belt classified as high pressure (HP) type marked by elevated abundance of Al2O3 (15.36-17.38 wt.%), Na2O (0.31-

0.52%) and Sr (220.29-590.32 ppm), with depleted Y (5.03-33.54 ppm), Yb (0.43-2.09 ppm), Ta (0.74-4.00 ppm) and Nb (4.59-16.31 ppm) contents with highly 

fractionated REE patterns [(La/Yb)N= 11.82-50.33; (Gd/Yb)N= 2.17-4.89]. Further, moderate enrichment in incompatible elements (10 times of primitive mantle), 

negative Nb and positive Sr anomalies, low Zr (45-245 ppm), fractionated REE patterns, high Sr/Y (20-200), absence of Eu anomaly, depletion in transition elements 

(<20 ppm), moderate HFSE (Nb = 1-7 ppm) are the criteria of typical high pressure TTG which are met by the studied TTG from this belt (Laurent et al., 2014). In 

addition, the Ab-An-Or ternary plot along with (Gd/Er)N vs. MgO relationship clearly indicate the high and low pressure origin of the studied TTG and potassic 

granites respectively (Fig. 13A, B). The obtained REE trends of the TTGs are resembling with the high pressure TTG of Karelian and Kola Cratons of Fennoscandian 

Shield, Russia (Fig. 13C; Halla et al., 2009).  On (Yb)N vs. (La/Yb)N discrimination plot, all the TTG are occupying the Archean TTG field correlating with the fields 

of Gorur gneiss, Siggeguda-Chikmagalur Eastern gneiss and Trondhjemite plutons (Jayananda et al., 2015), whereas the granites are displaying their arc nature (Fig. 

13D).  Based on the experimental studies conducted by Foley et at. (2002), Moyen (2011) and Moyen and Martin (2012) evaluated the global TTG and suggested that 

the low pressure TTG with subchondritic Nb/Ta ratios (<17.6) are derived from amphibolite source whereas the high pressure TTG with superchondritic Nb/Ta ratios 

(>17.5) are generated from eclogite and rutile bearing eclogite source. The mantle generated mafic melts are characterized by subchondritic Nb/Ta ratios (Niu, 2012 

and references therein). Although Nb/Ta are subchondritic (1.6-6.2), other geochemical parameters such as (Gd/Yb)N (>1), very high (La/Yb)N ratio (11-55), low 



  

HREE relative to LREE indicating that the studied TTGs are high pressure type derived from garnet bearing spinel peridotite mantle depth. Therefore, the 

geochemical features of the studied TTG suggest parent melt derivation by partial melting of a hot, rutile bearing, eclogitic subducted slab in an oceanic subduction 

regime (Rapp et al., 1991; Xiong et al., 2005). The K-enrichment in three samples of TTG (L16/4, 16/1 and 20/1) appear to reflect the influence of K-rich fluids 

during the intrusion of granites into these TTG.   

Granittes are characterized by a large compositional diversity arising from different source compositions, variable melting conditions, complex chemical and 

physical interactions between mafic and felsic magmas, fractional crystallization and crustal contamination (DePaolo 1981; Thompson and Connolly, 1995; Ray et al., 

2011). The negative correlation between SiO2 vs. Mg#, CaO, Al2O3, Zr/Hf and La/Sm (Fig. 8) indicate the fractional crystallization as a dominant process. This is also 

evidenced through petrography by the presence of cumulus nature of K-feldspar, quartz and interstitial biotite showing intergrowth textures like perthite (Fig. 3F). 

Based on the field observations, geochemical and geochronological studies, it is suggested that the granites are derived from TTG melts.  The intrusive nature of the 

studied granites into the TTG, the narrow gap in U-Pb zircon ages between TTG (3068 Ma) and granites (2936 Ma) along with coherent REE and trace element 

distribution patterns confirm the derivation of granites from the TTG. These observations are further supported by earlier studies which have documented the genesis 

of potassic granites from older TTG in the greenstone terranes of Dharwar (Moyen et al., 2003) and Congo Cratons (Shang et al., 2007).  

6.2. Metabasalts: Subduction signatures and source characteristics  

Primary basaltic magmas derived from partial melting of mantle peridotite are characterized by high Mg# (68-75) with 250-300 ppm Ni, 500-600 ppm Cr and 27-

80 ppm Co contents (Hanson and Langmuir, 1978; Frey et al., 1978; Perfit et al., 1980; Jiang et al., 2017). The MgO, Ni, Cr, Co concentrations and Mg# (Table 3) of 

the studied metabasalts (including NEB and arc basalts) of this greenstone belt collectively attest partial melting of a chemically evolved, heterogeneous mantle source 

responsible for the  parent magma generation which experienced variable extents of depletion-enrichment processes. The LILE-LREE enriched, HFSE depleted 

signatures of these rocks with respect to primitive mantle compositions also manifest pronounced negative anomalies at Nb, Zr-Hf and Ti. The average REE patterns 

of the studied metabasalts (arc basalts and Nb-enriched basalts) are comparable to IAB among the OIB, E-MORB and N-MORB (Fig. 14A). An OIB source 

component in magmatic rocks is corroborated by higher Nb and Ta with respect to primitive mantle (Zhao and Zhou, 2007, Wang et al., 2017). However, low to high 

magnitude of Nb in combination with negative Zr-Hf anomalies for the studied metabasalts discard the involvement of OIB mantle component or possible 

contamination of continental crust. Further, the negative Nb-Ti anomalies for the metabasalts (Figs. 12B, D, F) have Ta/La ratios (0.02-0.06) lower than primitive 

mantle (Ta/La: 0.06). The HFSE and HFSE/HFSE ratios serve as reliable geochemical proxies to probe melt extraction history of the sub-arc mantle wedge and 

address the enrichment-depletion characteristics of the melt source (McCulloch and Gamble, 1991; Pearce and Peate, 1995; Pearce et al., 2000; Pearce and Stern, 

2006; Zhao and Zhou, 2007; Pearce, 2008; Manikyamba et al., 2009; 2015). The HFSE are particularly useful to constrain the nature of the mantle sources which may 

have been depleted by previous melt extraction events in back-arc basins (Woodhead et al., 1993; Elliott et al., 1997) or in arc settings (Grove et al., 2002). The lower 

Nb/Ta ratios for majority of these metabasalts (Nb/Ta: 3-23) with respect to primitive mantle (17) are interpreted to reflect previous melt extraction from the mantle 

wedge. Zr/Hf, Zr/Sm and Nb/Ta ratios indicate involvement of heterogeneous melting of different mantle sources that are responsible for the generation of Cenozoic 

island arc lavas such as (i) depleted MORB source in the sub-arc mantle wedge, (ii) MORB like source with signatures of slab melts having rutile-eclogite residues of 

cold, deep slabs and (iii) melts from hot shallow slabs having amphibole-garnet residue (Konig and Schuth, 2011; Xiong et al., 2011; Manikyamba et al., 2008; 2009; 

2014a; 2015). The low and high Nb metabasalts from this greenstone belt are characterized by widely varying Zr/Hf, Zr/Sm and lower Nb/Ta ratios compared with the 

primitive mantle (Zr/Hf = 36, Zr/Sm = 25 and Nb/Ta = 17) 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; Singh et al., 2017). The troughs at Zr-Hf for the studied rocks (Figs. 12 B, D, F) are attributed to fractionation of a Zr-bearing phase like amphibole or magnetite 

during the hydrous metasomatism of mantle wedge.  Metasomatic melts from the primitive mantle source have La/Nb ratios of 0.53, whereas those derived from a 

os for the metabasalts (0.98-3.30) 

suggest their derivation from a metasomatically enriched mantle source in a subduction environment. Ratios of Zr/Nb in Archean arc basalts are within the range of 

recent MORB (Zr/Nb= 11-39) thereby reflecting the depleted nature of Archean upper mantle (Polat et al., 1999; Wyman et al., 1999; Polat and Kerrich, 2002; 

Hollings and Kerrich, 2004, 2006; Polat and Munker, 2004; Wyman and Kerrich, 2009). The Zr/Nb ratios of the studied metabasalts (9.03-25.06) depict wide ranges 



  

which overlap with that of N-MORB (Zr/Nb =11-39) and are also in conformity with oceanic primitive arc tholeiites (Zr/Nb= 9 87). These geochemical features in 

conjunction with variable Zr/Hf (metabasalts: 28.07-53.21), Zr/Sm (metabasalts: 13.00-42.86) and Nb/Ta (metabasalts: 3.06-22.87) against primitive mantle indicate 

depleted to enriched character of the mantle source through metasomatism by the influx of slab-derived components. Accordingly, we infer that the mantle source 

generating the parent magmas for the metabasalts experienced an interaction between depleted MORB-type sub-arc mantle wedge and subducting oceanic lithosphere 

through influx of subduction components and mantle wedge metasomatism during different stages of oceanic subduction. 

6.3. Role of fluids and melts: Variable slab wedge interactions 

Hydrous melts and slab-derived fluids serve as most viable agents for element transfer from slab to mantle wedge, metasomatism and melting of mantle wedge 

peridotite (Prigent et al., 2018). The fluid-immobile elements like HFSE are retained in the subducted slab, whereas fluid-mobile elements such as LILE and LREE 

are fluxed into the mantle wedge through slab-dehydrated fluids. The LILE-LREE enrichment and relative HFSE depletion of the studied metabasalts can be ascribed 

to infiltration of LILE-LREE rich fluids in the mantle wedge by fluid-transfer processes (Anderson et al., 1980; Saunders et al., 1980; Wilson and Davidson, 1984). 

Th/Ce 0.1 in some of the volcanic rocks of present study reflect minor contributions from melting of pelagic sediments over the subducted oceanic lithosphere 

(Hawkesworth et al., 1997). The Nd-Hf compositions of arc magmas reveal that in comparison with Hf, Nd behaves as a mobile element in slab-derived fluids/melts. 

Increased concentrations of Nd compared to Hf have been attributed to subduction-metasomatized mantle wedge (Pearce et al., 1992; Manikyamba et al., 2004b). 

Therefore, the LREE-HFSE systematics of the Kudremukh-Agumbe metabasalts are marked by elevated abundances of Nd with relative Hf depletion resulting into 

high Nd/Hf ratios (metabasalts: 2.25-11.34). Oceanic island arcs and active continental margins have higher Th/Yb and lower Ta/Yb due to magma generation from a 

metasomatized mantle (Deng et al., 2015). On Th/Yb vs. Nb/Yb diagram, the studied samples plot in the calc-alkaline field with an active continental margin affinity 

(Fig. 14B). The Th/Yb ratios for the Nb-enriched and normal arc basalts suggest variable extents of slab-mantle interactions induced by strong input from subduction-

derived components (Fig. 14B). The arc basalts are collinear with the low Ce-Yb trend of Archean intraoceanic arc basalts from Pilbara Craton, South Africa and 

Abitibi greenstone belt, Canada.  The Nb-enriched basalts with relatively higher Ce-Yb trend display their similarities with Wawa greenstone belt, Superior Province, 

Canada and Baltic Shield, Russia (Fig. 14C; Manikyamba et al., 2015).  Further, the island arc basalt are correlatable with the Phanerozoic counterparts of Tonga 

Kermadec, Marianas and New Britain indicating their intraoceanic nature whereas the Nb-enriched basalts are resembling with the Aleutians and Andes thereby 

reflecting continental arc signatures (Figure not shown; Hawkesworth et al., 1993).  The Nb/Y and Nb/Zr ratios are key indicators to discriminate between fluids or 

melt contributions from subducted slab into the mantle wedge (Munker, 1998; Zhao and Zhou, 2007). Rutile is stable in eclogitic subducted slabs and subducted 

sediments during dehydration or partial melting and therefore plays a major role in depleting Nb in arc magmas (Green, 1995; Zhao and Zhou, 2007). The arc basalts 

(Nb/Y: 0.12-0.24; Nb/Zr: 0.05-0.11) are characterized by low Nb/Zr and Nb/Y ratios endorsing residual rutile and amphibole in the slab along with dominant 

contributions from slab-derived fluids. The relatively higher Nb/Y and Nb/Zr ratios for the Nb enriched basalts suggest that their precursor melts were generated by 

interaction between siliceous slab melts and mantle wedge peridotite. The geochemical compositions of the studied basalts indicate that their mantle sources 

experienced both fluid and melt metasomatism above a subduction zone. The Nb enriched basalts shows evidence of a mantle source strongly modified by slab melts, 

whereas the geochemical compositions of arc basalts were mainly controlled by fluids. The parent magmas for arc basalts are products of slab-dehydration and wedge 

melting, while those of Nb enriched basalts were derived by melting of subducted oceanic slab associated with an active continental margin setting. 

6.4. Nb-enriched basalts:  role of hybridized mantle wedge 

In general, the elevated Nb abundance in the NEB has been correlated with (i) melting of young, hot, subducted oceanic lithosphere under garnet amphibolite 

to eclogite facies conditions (ii) metasomatism and hybridization of mantle wedge by slab melts 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, Manikyamba et al., 2015; Singh et al., 2017). Lower Nb/U in combination with higher La/Nb, Ba/Nb ratios (Table 3) for island arc basalts, 

Nb enriched basalts and mafic dykes of this greenstone belt compared to average crust (Nb/U: 8.45, Ba/Nb: 32.5, La/Nb: 1.5), N-MORB (Nb/U: 49.57, Ba/Nb: 2.70, 

La/Nb: 1.07), primitive mantle (Nb/U: 33.95, Ba/Nb: 9.8, La/Nb: 0.96) and OIB (Nb/U: 47.06, Ba/Nb: 7.29, La/Nb: 0.77) commensurate with the role of a 

metasomatized, enriched mantle source. Thus, lower Nb/U of Nb enriched basalts from Kudremukh-Agumbe greenstone belt do not support their generation by 

melting of OIB-enriched mantle source. Magmas derived from OIB source are characterized by positive Nb anomalies. However, the negative Nb anomalies for the 

studied Nb enriched basalts exclude the possibility of OIB component in the mantle source (Hollings and Kerrich, 2000; Polat and Kerrich, 2001; Wang et al., 2008; 



  

Kerrich and Manikyamba, 2012; Liao et al., 2018). The geochemical signatures of the studied Nb enriched basalts suggest their generation through convergent margin 

processes where slab melts played a vital role in the metasomatism of the mantle wedge.    

Amphibole is the most common Nb-bearing metasomatized phase in Nb enriched basalts (Ionov and Hofmann, 1995; Sajona et al., 1993, 1996). However, 

amphibole-ilmenite or amphibole-orthopyroxene also host Nb-Ta during the generation of Nb enriched basalts (Hollings and Kerrich, 2000; Polat and Kerrich, 2001).  

As amphibole is the most common mineral phase during the slab-wedge interaction, it is the common host for Nb in the melting of metasomatized mantle peridotite 

(Zhang et al., 2005).  Melts of subducted oceanic slab are produced at >700°C and 75 85 km depth that carry greater amount of LREE and HFSE than the hydrous 

fluids and ascend to percolate through the mantle wedge resulting into its hybridization and metasomatism (Sajona et al., 1993; 1996; Kepezhinskas et al., 1995; 

1996). Trace and rare earth element systematics of the studied Nb enriched basalts indicate partial melting of a hybridized peridotitic mantle (adakitic melt-mantle 

wedge interaction) leaving a mantle residue carrying Nb enriched phases (amphibole, ilmenite). These metasomatic minerals trap HFSE (Nb, Ti and Ta) and 

decomposition of these phases in the convecting mantle peridotite trigger partial melting at depths above the zone of slab melting generating Nb enriched basalts. 

Thus, slab-melting, wedge hybridization and partial melting of a metasomatized, mantle wedge dragged up to spinel peridotite mantle regime (from 80-120 km; 

Sajona et al., 1993) by subduction-induced convection in sub-arc mantle account for the generation of the Nb enriched basalts of this greenstone belt in the western 

Dharwar Craton as also observed in high Nb basalts from Penakacherla, Jonnagiri and Gadwal greenstone terranes of  eastern Dharwar Craton (Manikyamba et al., 

2017 and references therein) and Malangtoli lavas of Singhbhum Craton (Singh et al., 2017).  

6.5. Amphibolitic and doleritic dykes: role of crustal contamination  

The mafic dykes of Kudremukh-Agumbe belt are characterized by low SiO2 (45.56-46.93 wt.%), high MgO (10.13-13.11wt.%) and Mg# (44-54) indicating 

the evolved nature of the parent melts derived from sub-continental lithospheric mantle (e.g., Hirajima et al., 1990; Yang et al., 1993; Zhang et al., 1994, 1995; Kato et 

al., 1997). The amphibolitic and dolerite dikes are further characterized by relatively lower Nb (1.25-3.50ppm), Zr (38-82 ppm), Th (0.67-1.15 ppm), and Rb (2.42

12.86 ppm) compared to upper crust (Nb=25 ppm, Zr=190 ppm, Th=10.5 ppm and Rb=84 ppm; Rudnick and Fountain, 1995; Rudnick and Gao, 2003) suggesting 

minor crustal contamination. Besides, moderate magnitude of negative Nb in combination with Zr-Hf anomalies for the studied mafic dykes discard the involvement 

of OIB mantle component in their source. The positive correlation between MgO and Ni, Cr, CaO indicate that the studied dykes experienced olivine and pyroxene 

dominated fractionation from a mafic magma. Similarly, the separation of plagioclase and Ti-bearing phases could account for the observed negative Eu and Nb 

anomalies in chondrite-normalized REE and primitive-mantle-normalized trace element patterns. The presence of negative Nb and Ti anomalies in the analyzed 

samples supports the fractionation of Fe Ti oxides (e.g., rutile, ilmenite, and titanite) or that these magmas formed in a convergent margin environment with a residual 

Ti-bearing phase (e.g., spinel) in the mantle source during partial melting. 

The lower Nb/Ta ratios of mafic dykes (Nb/Ta: 6.06-14.73) with respect to primitive mantle (17) are the signatures of depleted mantle wedge due to previous melt 

extraction. The Ba/La, Th/Yb, (Hf/Sm)N and (Ta/La)N relationship (Fig. 15A, B) of these dykes corroborate subduction-driven fluid-controlled mantle wedge 

metasomatism in an arc environment. The varying Zr/Hf (35-42), Zr/Sm (15-31) and lower Nb/Ta (6.03-14.73) ratios when compared to primitive mantle endorse 

subduction driven metasomatism, variable contributions from subduction components (Sun and Mc Donough, 1989; Konig and Schuth, 2011; Kerrich and 

Manikyamba, 2012; Singh et al., 2017).  These dykes were influenced by the subduction zone signatures which is evidenced from the narrow age gap between the 

metabasalts (2498 Ma) and the amphibolitic dykes (2484 Ma) that are related to post subduction event. Their emplacement through thickened arc crust imparted 

crustal signatures in the studied dykes.  It is suggested that these dykes were emplaced during the collision stage soon after subduction which is evident from the 

overlapping geochemical characteristics along with their U-Pb zircon ages. 

6.6. Mantle melting and tectono-magmatic evolution 

Trace element concentrations and their ratios are effective geochemical proxies to identify the mantle source characteristics by providing information about the 

degree and depth of partial melting, crustal assimilation and fractional crystallization (Lassiter et al., 1995; Condie, 2001; Reichow et al., 2005; Shellnut et al., 2014). 

The higher distribution coefficients of HREE (Yb and Y) for garnet are proxies for the degree and depth of mantle melting (Song et al., 2006). However, La, Sm and 

Gd are incompatible and have low garnet/melt partition coefficients (Irving and Frey, 1978; Kelemen, 1990; Rollinson, 2014). The La/Yb is strongly fractionated 

when melting occurs in the garnet stability field and slightly fractionated during melting in the spinel lherzolite domain (Yaxley, 2000; Xu et al., 2005; Lai et al., 



  

2012). The La/Yb ratio gives a measure of LREE/HREE fractionation and is particularly sensitive to the amount of garnet left in the restite which in turn reflects the 

degree of melting of a garnet lherzolite source (Condie, 2001). The (La/Yb)N ratios for the metabasalts (1.59-9.97) and mafic dykes (2.67-4.17) corroborate moderate 

to strong LREE/HREE fractionations corresponding to variable degree of partial melting of the mantle source. The (La/Sm)N ratios of the studied samples 

(metabasalts: 1.37-3.03; mafic dykes: 1.68-2.18) indicate that the melting domain corresponds to the stability field of garnet to spinel lherzolite. Partial melting in the 

garnet stability field results in high Dy/Yb ratios (>2.5), which is low (<1.5) in case of spinel stability field. The Dy/Yb ratios (1.5-2.5) for the studied volcanic rocks 

and dykes reflect on the garnet to spinel peridotite melting conditions. The metabasalts occupy the field of spinel-peridotite facies on Dy/Yb vs. La/Yb relationship 

(Fig. 16A). The Nb enriched basalts in particular corresponds to a mantle melting domain with garnet as residual phase in the restite.  Plots for the amphibolitic and 

doleritic dykes on La/Sm vs. Sm/Yb (Fig. 16B) melting curve reflect 5-10% partial melting of a source having garnet to spinel lherzolitic composition at a variable 

depth. (Gd/Yb)N ratios for the metabasalts and mafic dykes (Table 3) suggest deeper to shallow level partial melting of mantle having garnet to spinel peridotite 

compositions. 

The TTG and granites of this belt correspond to a subduction-collision related tectonic setting based on their Nb/Zr vs. Zr relationship (Fig. 17A). On Nb vs. 

Yttrium plot, the TTG and the granites occupy the volcanic arc field thereby attesting their subduction-related tectonic affinity (Fig. 17B). A typical arc related 

tectonic setting is envisaged for the studied metabasalts which are characterized by low and high Nb compositions (Figs. 17C). The Zr/Nb vs. Nb/Th plot for these 

metabasalts indicates a subduction-related tectonic environment whereas the overall geochemical characteristics further substantiate an active continental margin 

setting.  Zr/Y vs. Zr relationship (Fig. 17D) corroborates an arc-related tectonic regime for the emplacement of the mafic dykes.   

A summary of zircon data from the TTG (L-20), granitoid (L-29), metabasalt (L-31) and amphibolitic dyke (L-23) shows that majority of zircon grains in all 

these rock types are characterized by magmatic textures and high Th/U ratios. Core-rim textures with very thin and bright metamorphic rims are observed in few 

samples.  Zircon grains from the TTG (L-20) yield upper intercept age of 3068 ± 34 Ma, and the granitoid (L-29) has a group of zircons yielded mean age of 3063 + 

13 and 2936 + 23 Ma, recording the 3.06-2.94 Ga magmatism.  The metabasalts were erupted during 2498+43 Ma. The mafic dyke (L-23) displays upper intercept age 

of 2484 ± 29 Ma, implying intrusion of the ~2.84 Ga mafic dyke into the greenstone belt lithologies. The obtained geochronological data suggest the tectonic 

evolution of the Kudremuh-Agumbe greenstone belt with distinct episodes of magmatism and crustal growth through subduction-accretion processes. A three-stage 

schematic tectonic model deciphers the magmatic and accretionary episodes contributing to the crustal evolution of this belt (Fig. 18). The genesis of high pressure 

type TTG is attributed to Mesoarchean subduction process with melting of hot, eclogitic oceanic slab producing the parental melts which were assimilated by the 

upper crustal material during their emplacement.  Subsequently, the granites are produced through fractional crystallization of TTG melts in a thickened crust that are 

evidenced by their geochemical signatures including U-Pb ages (Fig.18A). The narrow age gap of the metabasalts and dykes indicate arc magmatism immediately 

followed by collision during ocean-continent convergence in an active continental margin setting, where the mafic dykes mark a Neoarchean intrusive activity during 

the collision stage. The Nb-enriched basalts from this belt provide insights into matured stage of Neoarchean oceanic subduction. Thus, the evolutionary history of 

Kudremukh-Agumbe greenstone belt in the western Dharwar Craton marked by episodic crustal growth through distinct magmatism and subduction-accretion 

processes during Meso- to Neoarchean timeframe involving development of TTG and granites followed by greenstone sequences and stabilized by dyke intrusion 

(Fig.18 B, C). The petrological, geochemical and geochronological signatures of Kudremukh-Agumbe greenstone belt collectively support episodic crustal growth in 

WDC and attest to the operation of Phanerozoic style convergent margin tectonics during Meso- to Neoarchean which is evidenced through TTG, granites, arc basalts, 

Nb enriched basalts and emplacement of dykes. 

 6.7. The greenstone belts of WDC  a geochronological perspective 

The TTG occurring in the eastern margin of Kudremukh belt are younger (Kudremukh TTG=3068+34 Ma; present study) compared to the southernmost 

(Gorur TTG=3309+7 Ma) and eastern parts of WDC (Chitradurga gneiss=3350+9 Ma; Jayananda et al., 2015 and references therein).  The reported ages combined 

with the present ages from Kudremukh Agumbe belt document that the gneiss-greenstone association developed within a short span of time at different intervals from 

3.3-2.5 Ga in the WDC. This is evidenced through the present study wherein the U-Pb zircon ages of TTG are 3068+34 Ma and the mafic volcanism took place at 

2498+43 Ma.  The final accretionary phase is marked by the dyke activity at 2484+29 Ma.  The granites are coeval intrusions into the TTG at 2936+23 Ma.  The 



  

available U-Pb zircon ages (Jayananda et al., 2015 and references there in) from various parts of WDC indicates an episodic crustal growth from 3.3-2.7 Ga in the 

WDC. The present study reports 2.5 Ga greenstone volcanism for the first time from the WDC documenting the extended crustal growth upto 2.5 Ga. 

In the absence of age data, earlier workers (Chandan Kumar and Ugarkar, 2017) have assumed that the mantle was depleted at >3.3 Ga due to the repeated 

melt extraction up to ~3.0 Ga.  According to them, the depleted upper mantle reservoir generated boninites through partial melting in an arc regime.  Further, the 

authors also mentioned that the eruption of komatiitic lavas at 3.0 Ga through plume magmatism which is debatable as the generation of TTG crust in this part of 

Dharwar Craton took place 3068+34 Ma (present study).  However, keeping in view of the mafic magmatism at 2498+43 Ma, the generation of komatiites through 

mantle activity could have been initiated prior to 2.5 Ga, but after 3.0 Ga, which depleted the upper mantle and initiated the island arc processes considering the 

Archean microblock concept of crustal growth (Jayananda et al., 2018).  Our study provides clear evidence of mantle depletion, metasomatism and wedge 

hybridization at 3068+34 to 2498+43 Ma through the eruption of arc and Nb-enriched basalts. 

Based on the SHRIMP U-Pb zircon ages of the felsic volcanic rocks, Jayananda et al. (2013a) documented two stages of crustal growth in the Dharwar Craton 

in which the 2.7-2.6 Ga crustal growth has been assigned to the greenstone belts present in the eastern margin of WDC whereas the 2.58-2.52 Ga is evidenced from 

the greenstone belts of EDC. The 2.7 Ga event is coinciding with the global crustal growth event which is missing in Kudremukh-Agumbe belt, the westernmost 

greenstone belt of WDC. The younger ages of TTGs, granites and mafic volcanics of this belt (3.0-2.9 Ga and 2.49-2.48 respectively) when compared to other 

greenstone belts of WDC reflect the latter stage of crustal growth, resembling with the timeframe of the greenstone belts of EDC (2.58-2.52 Ga). This punctuated, 

short lived and delayed mafic magmatism indicate the generation of oceanic crust at 2.5 Ga.  In addition, based on lithological association, Naqvi (1983) proposed five 

stages of BIFs deposition in WDC wherein the third stage BIFs are associated with metavolcanics (~2.5 Ga) which might be the age of ocean basin closure. This stage 

of BIF deposition and associated metavolcanics is evidenced from this belt where extensive development of BIF took place and the associated volcanic rocks gave an 

age of 2.49 Ga. Further, the age gap between the TTG and metavolcanic rocks of this belt indicate a thermal quiescence for more than 500 million years.  This is 

further substantiated by cessation of TTG generation (due to cooling of Earth) and change in mantle convection from two layered to whole mantle convection with a 

progressive cooling of Earth between 3.0-2.5 Ga (Condie, 2018). During Dharwar stage, the amalgamation of micro continental blocks/arc crust with younger 

greenstone belts acted as accretionary complexes along with TTGs which might have released the heat or acted as thermal insulators that led to the cooling and 

stabilization of craton (Kunugiza et al., 1996). Further, the accretionary tectonics indicates synchronous growth of TTG and greenstone belts (with bimodal volcanics, 

metasediments and younger granites). However, the Kudremukh-Agumbe belt is an exception, wherein the younger granites are missing and the age gap between 

TTG and greenstone lithologies reflect the possibilities of major convection changes or thermal instability of mantle.  In other words, the present studies clearly 

interpret the concept that older greenstone belts are associated with older TTGs whereas younger ones like this belt have younger TTGs in WDC (Kunugiza et al., 

1996). Although, several WDC greenstone belts have formed by same subduction polarity at different time frames, the mantle beneath them is widely varying in terms 

of temperature, composition and depth.  Condie (2018) while describing 3.0 - 2.0 Ga Earth, suggested increasing -l

mostly derived from enriched (EM) and depleted (DM) mantle sources. The onset of a Great Thermal Divergence in the mantle after 2.5 Ga led to a decrease in the 

degree of mantle melting which initiated large lateral plate motions. Keeping in view of the obtained ages of TTG, granites, mafic volcanic rocks and intruded dykes, 

a 2.5 Ga volcanism has been identified for the first time and the globally recorded mafic magmatism at 2.7 Ga is missing in the Kudremukh-Agumbe greenstone belt.  

  7.     Conclusions 

 The composite Kudremukh-Agumbe greenstone terrane located in the northwestern part of WDC consists of TTG, intrusive granites, dominant mafic volcanic 

rocks and banded iron formations. The amphibolitic/doleritic dykes cut across the mafic volcanic rocks of this belt. 

 The TTGs are high-pressure type, marked by elevated abundance of Al2O3, alkalis, Sr and depleted in Y, Yb, Nb and Ta.  The metabasalts are classified as 

Island arc and Nb-enriched basalts on the basis of their geochemistry. The doleritic and amphibolitic dykes show similar geochemical characteristics with the 

metabasalts having variable Nb-Ta, Zr-Hf and Ti contents. 

 The U-Pb zircon age of the TTG is 3068+34 Ma whereas the intrusive granites were emplaced at 2936+23 Ma.  The associated metabasalts yielded an age of 

2498+43 Ma and the dykes were emplaced at 2484+29 Ma indicating that the crustal growth in the Kudremukh-Agumbe belt is between 3.0 to 2.5 Ga.   



  

 The available geological, geochemical and geochronological data of this belt reflect that the crust growth was initiated at ~3.0 Ga through partial melting of 

hydrated oceanic crust in an ocean-continent convergent zone.  The granites were emplaced simultaneously at ~2.9 Ga through partial melting of TTG crust 

and subsequent fractional crystallization. 

 The island arc and Nb-enriched basalts were subsequently erupted at ~2.5 Ga by the melting of mantle wedge and sub-arc mantle under the influence of slab 

derived melts in a subduction zone environment. 

 The amphibolitic dykes were intruded at 2484+29 Ma during the post subduction collision stage which marked the cessation of the compression-accretion 

event in the Kudremukh-Agumbe greenstone belt. 

 The geochronological data on various lithounits of this belt combined with the available ages from the adjacent greenstone belts of Sargur and Dharwar 

Groups reveal multiple crustal growth events from 3.3-2.5 Ga through plume-arc accretionary tectonics in the western Dharwar Craton. 
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Figure Captions 

Fig. 1: A) showing different cratons of India. B) Geological map of Dharwar Craton (after Chardon et al., 2008; Jayananda et al., 2013b) and C) Geological map of 

Kudremukh-Agumbe composite greenstone belt (after Balasubramanyan et al ., 1976; Sampat Iyengar, 1910).  

Fig. 2: Field photos of A) Tonalite Trondhjemite Granodiorite (TTG), B) Granite, C) Kudremukh basalt D) Agumbe basalt, E) Dolerite dyke and F) Amphibolitic 

dyke 

Fig. 3: Photomicrographs A) showing the porphyritic and hypidiomorphic textures marked by quartz and albite in TTGs, B) exhibiting myrmikitic intergrowth texture 

formed by irregular growth of quartz into albite, C) The undulatory extinction of quartz and thin lamella of feldspar indicating recrystallization and solid-state 

deformation in TTGs, D) occurrence of microcline at the interstitial spaces of anhedral quartz and plagioclase showing intergranular texture in granites, E)  

Cumulophyric and hypidiomorphic textures marked by quartz and K-feldspar, F) Perthitic texture marked by irregular vein and patches of sodic plagioclase in 

K-feldspar in the granites, G) Laths of plagioclase, clinopyroxene and hornblende in the basalt of Kudremukh Ghat section, H) development of schistosity in 

the Agumbe basalt, I) metabasalts exhibiting intergranular texture with plagioclase, clinopyroxene, actinolite and opaques, J) Hornblende phenocrysts 

surrounded by plagioclase microliths in amphibolitic dyke showing porphyritic texture, K) large crystals of plagioclase and pyroxene showing intergranular 

texture in the doleritic dykes  and L) sub-ophitic texture with partial engulfment of euhedral plagioclase laths by pyroxene in the doleritic dykes  

Fig. 4: Cathodoluminescence (CL) images of representative zircons in the analyzed samples from gneisses (L 20; a, b), granites (L 29; c, d) Agumbe basalt (L 31; e, f) 

and dyke (L 23; g, h). Blue circles represent U-Pb age of various analyzed spots.  

Fig. 5: Major element relationship showing the unaltered nature of TTG and granites. 

Fig. 6: A) Alteration box plot showing the least altered nature of metabasalts and mafic dykes, B) to E) Relationship between different immobile elements and their 

ratios depicting their covariance. 

Fig. 7: A) Ternary diagram An-Ab- , B) Alumina Saturation Index (ASI) Vs. SiO2 indicating the 

peraluminous and metaaluminous nature of the studied TTG and granites, C) SiO2 vs. Ferroan Index (after Frost et al., 2001) showing magnesian to ferroan 

nature of TTGs and granites, D) QAP diagram in which the TTGs occupy granodiorite field and Granites plotted in the granite field (after Strereckeisen., 

1979) and trends (i) tholeiitic, (ii) alkaline, (iii) Intermediate calc-alkaline, (iv) K-rich calc-alkaline, (v) K-poor calc-alkaline are from Lameyre and Bowden 

(1982), E) SiO2 Vs. K2O relationship in which TTGs straddle between medium K to high K- calc-alkaline field and the granites have high K-calc-alkaline 



  

characteristics (after Peccerillo and Taylor, 1976) and F) Trilinear K2O-Na2O-CaO diagram in which the studied TTG and granites are showing calc-alkaline 

trend (after Rajesh et al., 2018) and trends from Barker and Arth (1976).  

Fig. 8: SiO2 vs. major, trace elements and their ratios exhibiting magmatic trends for TTGs and granites. 

Fig. 9: Chondrite normalized REE patterns displaying positive Eu anomaly in TTG (A) and negative Eu anomaly in the granites (C). Primitive mantle normalized 

trace element distribution pattern (B, D) showing negative Nb and Ti anomalies in TTGs and Granite both. Normalizing factors are from Sun and McDonough 

(1989). 

Fig. 10: A) Total alkali vs. SiO2 plot (Le Bas et al., 1986) in which basalts and dykes are occupying the field of basalts (Inset) and B) Relationship between the ratios 

of immobile trace elements indicating the sub-alkaline nature of the metabasalts and dykes (Winchester & Floyd (1977) and C) AFM diagram (Irvine and 

Baragar, 1971) indicating the tholeiitic trend of basalts and dykes. 

Fig. 11: MgO Vs. major and transitional elements in the metabasalts and mafic dykes showing typical magmatic trends. 

Fig. 12: Chondrite normalized REE and primitive mantle normalized trace element distribution patterns of Nb-enriched basalts (A, B, C, D), arc basalts (E, F) and 

dykes (G, H) displaying slight fractionation of LREE, negative Eu anomies along with negative anomalies of Nb and Ti. Normalizing factors are from Sun and 

McDonough (1989). 

Fig. 13: A) Ab-An-Or ternary plot ( ), B) MgO Vs. (Gd/Er)N (after Halla et al., 2009) depicting the high and low pressure origin of TTG and 

granites respectively, C) Average REE patterns of TTG and granites of Kudremukh Agumbe belt showing similarities with the high pressure TTG of Karelian 

and Kola Cratons of Fennoscandian Shield, Russia (Data from Halla et al., 2009) and D) (Yb)N Vs. (La/Yb)N plot (after Hanson et al., 2002) in which the 

studied TTG are resembling with the TTG from the western Dharwar Craton (data from Jayananda et al. (2015) and granites are characterized as island arc 

type. 

Fig. 14: A) Average REE patterns of the studied Nb-enriched and island arc basalts compared with OIB, N-MORB, EMORB and IAB (Data from Sun and 

McDonough, 1989 and Elliott et al., 2003), B) HFSE/HFSE ratio plots indicating oceanic to continental margin nature of the studied basalts (Pearce et al., 

2005) and C) Ce Vs. Yb plot of the studied basalts occupying the fields of the island arc basalts from different Archean Cratons (after Manikyamba et al., 

2015).  

Fig. 15: A) Ba/La vs La/Yb (after Hou et al., 2012) and B) (Ta/La)N  (Hf/Sm)N somatism in the amphibolitic 

and doleritic dykes. 

Fig. 16: A) La/Yb vs. Dy/Yb (after Jung et al., 2006) and B) La/Sm vs. Sm/Yb (after Aldanmaz et al., 2000) showing spinel-peridotite-lherzolite melting regime for 

the studied metabasalts and dykes. 

Fig. 17: A) Zr vs. Nb/Zr plot with fields from Thieblemont and Tegyey (1994) showing subduction-collision tectonic regime for the genesis of TTGs and granites, B) 

Y+Nb Vs. Nb (after Pearce et al., 1984) showing subduction origin for the TTG and granites, C) Zr/Nb vs Nb/Th (after Condie, 2005) displaying arc affinity of 

metabasalts and (D) Zr vs Zr/Y (Pearce and Norry, 1979) indicating island arc affinity for the amphibolites and dolerite dykes. 

Fig. 18: Schematic tectonic model explaining A) the genesis of TTG through the melting of mafic oceanic crust and emplacement of granites through the partial 

melting of TTG crust and subsequent fractional crystallization during 3.0-2.9 Ga.  B) Eruption of island arc and Nb-enriched basalts in a subduction zone 

setting by wedge melting and sub-arc mantle under the influence of slab derived melts during 2.98 Ga and C)  The collision of arc and continent along with the  

emplacement of doleritic and amphibolitic dykes during post-subduction-collision at ~2.84 Ga.  
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Table 1 Lithostratigraphy of Western Ghat belt (after Ramakrishnan and Harinadha Babu, 1981) 
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Table 2:  Zircon U-Pb analytical data of Kudremukh-Agumbe 

greenstone belt        
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 9 

Table 3: Major and trace element geochemistry of granites from Kudremukh-Agumbe 

greenstone belt 

  

L16/

4 L16/5 

L16/

6 L29/0 L29/1 L29/2 

L29/

3 

L29/

4 L29/5 L29/6 

wt.% 

          SiO2 69.72 65.60 69.22 72.16 70.45 73.96 74.57 77.14 74.10 74.76 

TiO2 0.09 0.15 0.09 0.09 0.02 0.10 0.01 0.01 0.12 0.11 

Al2O3 15.97 16.99 15.80 13.94 15.93 13.88 15.03 12.10 14.56 15.05 

Fe2O3 1.44 1.44 1.14 1.42 0.58 1.34 0.55 0.64 1.34 1.14 

MnO 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.00 0.01 0.01 

MgO 0.21 0.25 0.20 0.21 0.11 0.25 0.12 0.09 0.30 0.29 

CaO 1.26 1.62 1.30 0.87 1.05 0.68 1.07 0.52 0.68 0.61 

Na2O 6.03 8.41 6.41 5.28 6.78 4.10 3.78 3.42 3.92 3.48 

K2O 2.53 2.60 2.65 4.19 3.84 4.67 4.12 4.45 4.93 5.20 

P2O5 0.05 0.04 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.02 

LOI 0.75 1.98 0.91 0.9 0.63 1.73 0.62 0.4 1.3 1.08 

Total 98.06 99.09 97.76 99.09 99.41 

100.7

4 99.90 98.79 

101.2

8 

101.7

5 

 Mg# 13.95 16.17 16.32 14.12 17.41 17.17 19.52 13.52 19.92 22.04 

ppm 

          Cr 127 124 133 150 109 123 97 169 131 110 

Co 1.91 2.17 1.69 1.86 2.02 1.27 1.39 1.23 2.19 2.08 

Ni 6.51 6.69 6.87 6.27 6.45 7.93 6.74 6.47 7.96 7.66 

           Rb 66 26 83 168 390 114 173 179 306 279 

Sr 509 495 504 172 159 197 238 150 173 192 

Cs 4.47 2.98 4.67 15.41 17.95 6.97 5.72 10.11 19.13 19.43 

Ba 590 81 479 303 516 228 546 433 569 704 

           Sc 2.03 2.21 1.99 1.97 3.10 1.18 1.32 1.55 3.00 3.17 

V 11.34 10.57 8.49 7.23 8.45 3.52 5.52 3.58 6.81 5.66 

Ta 1.97 0.74 2.50 2.13 4.37 11.75 6.80 9.05 6.65 2.65 

Nb 5.70 4.59 7.13 8.30 13.23 9.48 6.08 9.26 14.97 11.68 

Zr 304 310 331 421 179 346 161 119 216 63 

Hf 3.30 3.77 3.59 3.95 3.52 2.89 1.46 1.38 2.68 0.85 

Th 5.50 12.13 9.73 12.63 23.36 7.61 4.50 5.38 14.46 5.43 

U 0.75 0.42 0.90 0.68 0.75 1.31 0.73 0.59 0.62 0.43 

Y 10.49 8.58 7.63 61.21 

114.0

8 49.29 26.07 22.51 82.73 28.18 
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           La 13.26 27.43 14.86 21.94 41.10 11.81 7.92 8.92 25.18 8.29 

Ce 27.13 56.40 30.32 47.68 90.08 25.03 16.45 19.97 55.23 18.32 

Pr 3.39 6.96 3.81 5.97 11.25 3.19 2.13 2.48 6.96 2.30 

Nd 12.17 23.95 13.28 20.35 38.38 11.18 7.33 8.68 23.70 8.03 

Sm 2.56 4.37 2.68 5.45 9.76 3.36 2.03 2.37 6.14 2.13 

Eu 0.89 0.97 0.95 0.88 1.18 0.76 0.68 0.66 1.04 0.87 

Gd 2.11 2.88 1.91 5.20 9.33 3.48 2.04 2.22 6.21 2.20 

Tb 0.34 0.39 0.29 1.23 2.19 0.90 0.53 0.50 1.49 0.54 

Dy 1.59 1.54 1.23 7.45 13.14 5.74 3.12 2.81 9.51 3.37 

Ho 0.32 0.29 0.25 1.75 3.16 1.37 0.73 0.65 2.28 0.80 

Er 0.78 0.64 0.59 5.04 9.33 4.04 2.13 1.83 6.70 2.33 

Tm 0.13 0.09 0.08 0.85 1.46 0.70 0.35 0.31 1.09 0.40 

Yb 0.80 0.58 0.59 5.87 9.25 4.69 2.40 2.14 7.08 2.68 

Lu 0.11 0.08 0.08 0.82 1.29 0.65 0.33 0.30 0.99 0.37 

           Cu 1.18 1.58 1.39 1.26 1.13 2.12 1.84 1.16 1.22 1.44 

Pb 23 22 46 27 27 47 26 23 28 32 

Zn 32 35 35 33 35 26 17 18 32 27 

Ga 18 21 19 18 18 22 16 13 17 15 

Total REE 65.59 

126.5

6 70.92 

130.4

6 

240.9

0 76.90 48.19 53.85 

153.5

9 52.62 

Na2O+K2O 8.56 11.01 9.06 9.47 10.62 8.77 7.90 7.87 8.85 8.68 

K2O/Na2O 0.42 0.31 0.41 0.79 0.57 1.14 1.09 1.30 1.26 1.49 

A/CNK 0.97 0.82 0.93 0.94 0.93 1.06 1.19 1.06 1.12 1.21 

A/NK 1.13 0.95 1.08 1.05 1.04 1.18 1.41 1.16 1.24 1.33 

 Fe* 0.86 0.84 0.84 0.86 0.83 0.83 0.80 0.86 0.80 0.78 

FeO 1.30 1.30 1.03 1.28 0.52 1.21 0.49 0.58 1.21 1.03 

(La/Yb)N 11.82 33.77 17.99 2.68 3.19 1.81 2.36 2.99 2.55 2.22 

Eu/Eu* 1.17 0.83 1.28 0.50 0.37 0.67 0.85 0.87 0.51 0.76 

(Gd/Yb)N 2.17 4.08 2.67 0.73 0.83 0.61 0.70 0.86 0.73 0.68 

Sr/Y 48.50 57.68 66.07 2.82 1.39 4.01 9.14 6.66 2.09 6.81 

Nb/Zr 0.02 0.01 0.02 0.02 0.07 0.03 0.04 0.08 0.07 0.19 

 10 

11 
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Research Highlights: 12 

 Kudremukh-Agumbe greenstone belt situated along the northwestern margin of western 13 

Dharwar Craton. 14 

 ~2.49-2.48 Ga mafic volcanism and dykes associated with ~3.06-2.94 Ga TTG and 15 

granites. 16 

 TTGs derived from high pressure melting of mafic crust and granites are the fractional 17 

crystalization products of TTG melts 18 

 Fluid-fluxed metasomatism and melt-fluxed hybridization in a mantle wedge produced 19 

metabasalts in a subduction zone environment 20 

 21 

 22 

  23 

 24 



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  



  


