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Spatial association of tonalite trondhjemite granodio-

rites (TTGs) and high-K granitoids (anatectic and hybrid

granites) from the Bundelkhand Craton (BC), Central India,

is well known. Geochronological data indicates multiple

episodes of formation of these high silica rocks showing

a spread of ~1 Ga during Paleo to Neoarchaean. In the

present study, we try to understand the evolution of TTGs

and high-K granitoids (hybrid granites) from the BC using

amphibole composition. The amphibole in both TTGs and

high-K granitoids (hybrid granites) from the BC are character-

ised as magmatic, zoned, and calcic in nature. We find that the

amphibole composition of the studied rocks is dominated

by magnesiohornblende along with less common occur-

rence of tschermakite, magnesiohastingsite and edenite.

Overall variation in amphibole compositions in terms of

exchange vectors show a well defined linear trend (except

for a late stage low-grade metamorphic readjustment),

which suggests melt control over crystallization and evo-

lution of amphibole chemistry. Moreover, the geothermo-

barometric analysis points towards higher pressure formation of

TTGs in comparison to that of high-K granitoids (hybrid gran-

ites), with nearly the same temperature conditions in both

the cases. Combining all our findings, we propose the evolution

of the two considered rock types through lower crustal melting

under varying PH2O conditions at different depths of emplace-

ment.

Introduction

Archaean cratons represent remnants of old and stable continental

crust. They provide a window to understand fundamental geodynamic

processes (Windley, 1984; Condie and O'Neill, 2010), for instance,

the formation of the earliest continental crust, the onset of plate tec-

tonics, the start of erosion and recycling of material into the mantle,

and the emergence of life which brought dramatic changes to the

Earth’s surface (Lowe and Tice, 2007; Hawkesworth et al., 2010,

2017; Dhumie et al., 2011, 2015; Rosas and Korenaga, 2018). All the

Archaean crustal segments contain large exposures of granitoid lithol-

ogies such as sodic tonalite-trondhjemite-granodiorites (TTGs) series

and high-K granitoids series (containing both anatectic and hybrid

granites) (Condie, 1993; Hölttä et al., 2014; Laurent et al., 2014; Joshi

et al., 2017; Singh et al., 2018; Joshi and Slabunov, 2019). These differ-

ent granitoids either represent nearly contemporaneous emplacement,

or an evolution spreading over several hundred million years (Frost et

al., 2006). Based on the field and experimental data, the general belief

is that the subduction related magmatism is responsible for the conti-

nental crust formation during Archaean (Frost et al., 1998; Grove et al.,

2003; Lee et al., 2007; Jagoutz et al., 2013). Sodium rich TTGs are the

major component of the Archaean crust and are considered to be formed

by partial melting of the hydrous basalt, either in a subducting slab or

in overthickened mafic crust (Arth and Hanson, 1972; Jahn et al., 1981;

Martin, 1994; Hoffman et al., 2011; Nagel et al., 2012). On the other

hand, the high-K granitoids (anatectic granites) are typically associated

with collisionally thickened crust and are interpreted to be formed by

partial melting of the older continental crust (Champion and Sheraton,

1997; Sawyer, 1998; Dey et al., 2012; Mikkola et al., 2012; Hawkesworth

et al., 2017). Also, in some cases, a contribution from the mantle is

demonstrated for the formation of high-K granitoids (hybrid granites)

(Sylvester, 1994; Smithies and Champion, 2000; Moyen et al., 2001;

Halla et al., 2009; Joshi et al., 2017; Halla, 2018; Moyen, 2019). However,

formation of the Si-rich TTGs and high-K granitoids can be treated

either as (i) a result of partial melting of lower crust, or (ii) a water present

fractionation of Si-poor cumulates, or (iii) a variable combination of

these two end-member processes (Bucholz et al., 2014) , and the con-

sideration (ii) possibly represents hydrous arc magma setting. Palin et

al. (2016) suggested that Archaean TTGs (low potassic in nature) can

be formed by partial melting of hydrated metabasalt; in succession

partial melting can be evolved in water under-saturated environment

which induces the change in melt chemistry (K enrichment) in due course.

Thus, under variable PH2O conditions, TTGs and High K granitoids can be

formed in Archaean.

Amphiboles and biotites are commonly present in both TTGs and
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high-K granitoids (Moyen et al., 2003; Martin et al., 2010; Laurent et al.,

2014; Joshi et al., 2017). Experimental studies suggest that in compar-

ison to other common hydrous silicate minerals (e.g., biotite), igneous

amphiboles are characterised by significant compositional diversity

owing to their crystallization from diverse melt /magma composition

ranging from basaltic to rhyolitic (Zhang et al., 2017). Amphibole is also

sensitive to different condition of oxygen fugacity. Consequently, amphi-

bole chemistry is a suitable archive for retrieving physico-chemical

conditions of crystallization of mafic rocks (e.g., Hammarstrom and

Zen, 1986; Hollister et al., 1987; Holland and Blundy, 1994; Ridolfi and

Renzulli, 2012; Putirka, 2016). Considering this, presence of amphiboles in

spatially associated TTGs and Low Silica High Magnesium (LSHM)

high-K granitoids (hybrid granites) of the BC, provides an opportunity to

utilise amphibole compositions to understand the Archaean magma

evolution spread over several hundred million years, and this forms

the subject of our present study.

General Geology of the Bundelkhand Craton (BC)

The Bundelkhand Craton (BC) is a semi-circular granite-green-

stone terrane (Fig. 1) lying to the north of Central Indian Tectonic

Zone (CITZ) and it has an aerial extent of about 26000 sq km (Basu,

1986; Mondal et al., 2002; Singh and Slabunov, 2016; Joshi et al., 2017).

It is bounded by Paleoproterozoic (2.0–1.8 Ga) Gwalior (Northwest),

Sonrai (South) and Bijawar (Southeast) basins which are overlain by

Mesoproterozoic Vindhyan Supergroup that occur at three sides of the

craton. The northern side of the BC is covered by Indo-Gangetic allu-

vial plains (Fig. 1) (Basu, 1986; Manglik et al., 2015; Nasipuri et al.,

2019).

The dominant lithology in BC consists of Neoarchaean potassic

granites which are intruded into Paleo-Mesoarchaean TTG gneisses

and supracrustal units (Mondal et al., 2002; Singh and Slabunov, 2016;

Figure 1. Generalised geological map of the BC (after Basu, 1986; Joshi et al., 2017, Slabunov et al., 2017a; Joshi and Slabunov, 2019). The

inset shows an outline map of India showing the different cratons of the Indian Shield (after Radhakrishna 1989).
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Table 1. Representative ages of TTGs and high-K granitoids from Bundelkhand craton , India

Rock Type Area Emplacement Age Inherited Age U-Pb Method Reference

Enriched TTGs Near Mahoba 3301.1 ± 2.2 Ma 3327.0 ± 4.5Ma SIMS (Zircon) U-Pb Joshi et al. (2017)

Gneiss

Mahoba 3041 ± 8 Ma 3270 ± 3 Ma

Ion Probe 207Pb/206Pb Mondal et al. (2002)Kuraicha 2884 ± 15 Ma 3297 ± 8 Ma

Babina 2697 ± 3 Ma

Babina 2780 ± 8 Ma LA-ICPMS monazite (U-Pb) Saha et al. (2010)

Panchwara 3189 ± 5 Ma
Ion Probe 207Pb/206Pb

Mondal et al. (1998)

Karera 2563 ± 6Ma Mondal et al. (2002)

TTG Sukwa Dukwa Dam 3397 ± 8 Ma; 3409 ± 8Ma SHRIMP (Zircon) U-Pb Nasipuri et al. (2019)

TTG Kuraicha, Roni, Rungaon 3551± 6Ma; 3394 ± 9Ma; 3205 ± 12 Ma LA-ICPMS Kaur et al. (2014, 2016)

TTG Babina 3589 ± 8 Ma; 3440 ± 3 Ma LA-SF-ICPMS Saha et al. (2015)

TTG Central Bundelkhand 3291 ± 5 Ma SHRIMP (Zircon) U-Pb Kumar et al. (2011)

Closepet Type Granodiorite Orccha 2553.3 ± 13 Ma 2925 ± 25 Ma

SIMS (Zircon) U-Pb Joshi et al. (2017)

Sanukitoid Type Monzogranite Khajuraho 2537.4 ± 11 Ma

High Mg Granitoid Near Jhansi
2563.6 ± 2Ma

2559.4 ± 7.3 Ma

Low-HREE Monzogranites Near Jhansi
2562 ± 25 Ma 2797 ± 9.1 Ma

2552 ± 30 Ma  

Low-Eu Monzogranites

Mauranipur 2571 ± 28Ma 3588 ± 27Ma 

Near Talbehat 2544.3 ± 2.8 Ma

Babina 2546.5 ± 3 Ma 

Monzogranite
Near Khajuraho 2565.3 ± 11 Ma

Bijoli 2554.8 ± 9.3 Ma

Leucogranitoids Lalitpur 2492 ± 10 Ma

Ion Probe 207Pb/206Pb Mondal et al. (2002)Biotite Granite
Lalitpur 2521 ± 7 Ma

Datia 2515 ± 5 Ma

Hornblende Granite
Jakhaura 2516 ± 4 Ma

Mahoba 2454 Ma to 2551Ma

Syenogranite 2525.7 ± 7 Ma

SHRIMP (Zircon) U-Pb  Kumar et al. (2011)monzodiorite 2535.8 ± 4 Ma

Granodiorite 2545 ± 5

Granodiorite gneiss Dinara 2561 ± 11Ma LA-ICPMS Kaur et al. (2016)

Granodiorite Sakrar 2577 ± 16 Ma LA-ICPMS Singh et al. (2019)

Felsic Volcanics Mauranipur 2810 ± 13 Ma; 2557 ± 33 Ma SHRIMP Slabunov and Singh (2018)

Felsic Volcanics  Near Babina 2542 ± 17 Ma ? SHRIMP - II (ionmicroanalyser) Singh and Slabunov (2013)
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Joshi et al., 2017). Singh and Slabunov (2016) reported two E-W trending

Archaean supracrustal complexes in the BC: (i) central Bundelkhand

complex extending from Babina to Mauranipur, and (ii) southern

Bundelkhand complex extending from Rungaon to Girar. The central

Bundelkhand complex consists of various lithologies, like, high mag-

nesian pillow basalt, basaltic komatiite, volcaniclastic metasediments,

serpentinised ultramafic rocks, banded iron formation (BIF) with local

interlayer of chert and felsic volcanics (dacite and rhyolite) along with

garnet chlorite schists, amphibolites, chlorite-actinolite-talc bearing

ultramafic schists, and corundum-bearing white schists. On the other

hand, southern Bundelkhand complex is dominated by quartzite, BIF,

chlorite schist, and marble (Malvia et al., 2006; Singh and Slabunov,

2016; Slabunov et al., 2017a; Slabunov and Singh 2018; Alfimova et

al., 2019).

Distinct episodes of TTGs formation viz. ~3.59 Ga, 3.56 Ga and

~3.44 Ga (near Babina and Mauranipur), ~3.3 Ga, 3.2 Ga (near Mahoba,

Girar and Rungaon), and 2.75 Ga (Babina) are reported from the Bun-

delkhand craton (Mondal et al., 2002; Kaur et al., 2014, 2016; Saha et

al., 2016; Joshi et al., 2017; Singh et al., 2019; Nasipuri et al., 2019). Joshi

et al. (2017) geochemically divided TTGs of the BC into low-HREE

and enriched TTGs. They argued that the low-HREE types were formed

by low-degree partial melting of basalt or amphibolite, but in-situ melt-

ing of amphibolite enclaves formed the enriched varieties. Hf isotopes in

zircon from TTGs suggest reworking of older mafic and felsic sources

between 3.55 and 3.20 Ga in the craton.

The TTGs and greenstone lithologies are intruded by Neoarchaean

high-K (anatectic and hybrid granites) granitoids including sanukit-

oids (hybrid granites) (Fig. 1; Table 1) (Mondal et al., 2002; Kaur et al.,

2016; Verma et al., 2016; Joshi et al., 2017; Singh et al., 2019; Joshi and

Slabunov, 2019). Recently, a few studies have addressed the high-K

granitoid magmatism (Kaur et al., 2016; Joshi et al., 2017; Singh et al.,

2019), and reported its calc-alkaline nature and the origin either in

subduction related tectonic setting or subduction-collision related

environment (Kaur et al., 2016; Joshi et al., 2017; Singh et al., 2019).

Saha et al. (2011) reported Neoarchaean high-P metamorphism in the

BC which supports the idea that plate tectonic processes were opera-

tional in the Neoarchaean and the inferred conditions represented sub-

duction-like setting. Joshi et al. (2017), based on major and trace element

data, divided high-K granitoids into low silica high magnesium (LSHM;

hybrid granites) and high-silica low magnesium (HSLM; anatectic

granites) group. On the basis of whole rock chemistry and Nd isotopes,

the former group (LSHM) points to mantle or mixed mantle and crustal

sources, and the latter (HSLM) indicate crustal sources (Joshi et al.,

2017; Singh et al., 2019). A plot of age vs. TTGs and high-K granitoids

(Fig. 2) shows the following features: (i) majority of TTGs are restricted to

>3,100 Ma with a minor exception around ca. 2,700 Ma, and (ii) the

high-K granitoids are restricted around ca. 2,500 Ma indicating a time

separated origin for the two rock suites.

The above lithologies are traversed by NW strike, NE–SW to ENE–

WSW strike trending mafic dyke swarms, and NNE–SSW to NE–SW

trending giant quartz veins which represent the last magma-related

hydrothermal activity in the massif (Basu, 1986; Mondal and Zainud-

din, 1997; Pati et al., 1997, 2007; Mondal and Ahmad, 2001; Mondal

et al., 2002). The dykes are non-foliated dolerites and cross-cut the

TTGs and granites (Pradhan et al., 2012). Based on 40Ar/39Ar and U–Pb

zircon geochronology, Rao et al. (2005) and Pradhan et al. (2012) sug-

gested that two phases of mafic magmatic events occurred in the Bun-

delkhand Craton. First, NW–SE trending dykes formed ca. 2.0 Ga,

and then NE–SW oriented dykes formed at approximately 1.10 Ga.

The giant quartz veins were probably emplaced owing to ongoing

crustal movements subsequent to the stabilization of the cratonic seg-

ment at about 2.5 Ga. Again, some authors have interpreted these two fea-

tures of dykes (mafic magmatism) to be a result of tectonically controlled

hydrothermal activity along vertical to subvertical shear zones that

formed in response to extensional tectonics at 1.9–1.8 Ga (Pati et al.,

2007; Slabunov et al., 2017b).

Field Setting and Petrography

The TTGs are exposed in the eastern part of the BC near Mahoba,

in Mauraniupur and Babina, which typically show gneissic banding

with alternating layers of leucocratic and malenocratic bands. Around

Mahoba, TTGs occur as deformed and migmatised hillocks (Fig. 3a-d).

In eastern BC these are present as deformed coarse-grained heteroge-

neous bodies and are traversed by relatively undeformed high-K (potassic)

granitoids and pegmatites (Fig. 3c). In Mauranipur, the TTGs are present

as low-lying outcrops and range from homogeneous to heterogeneous

bodies occasionally containing porphyric feldspar crystals. Migmatised

nature is evident from the alternate layers of leucosomes and maleno-

somes in some outcrops (Fig. 3e). TTGs near Babina occur as scattered

outcrops, migmatised, and intruded by porphyritic high-K granitoids

(Fig. 3f-g). The grey to dark grey colored high-K granitoids are exposed

in Mahoba, Jhansi, and Karera (Fig. 3 h-j). These are fine to medium-

grained rocks having feldspar phenocrysts. In Mahoba, these dark col-

ored high-K granitoids intrude the TTGs (Fig. 3a) and are often intruded

by porphyritic high-K granitoids (Fig. 3h) and pegmatites (Fig. 3a).

At places the grey to dark grey colored high-K granitoids show signs

of deformation like the elongation of feldspar phenocryst and the presence

of schlieren, imparting gneissic appearance to these rocks (Fig. 3i-j).

Figure 2. Age distribution for TTGs and LSHM high-K granitoids

(including sanukitoids/hybrid granites) analysed from the BC. Data

from Mondal et al. (1998, 2002), Saha et al. (2015), Kaur et al. (2014,

2016), Verma et al. (2016), Joshi et al. (2017), Singh et al. (2018), Nasi-

puri et al. (2019). 
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Sample locations of the studied granitoid varieties and their descrip-

tions are given in Table 2. 

The TTGs are inequigranular and consist of coarse-grained pla-

gioclase, quartz, K-feldspar, biotite, and amphibole. Estimates of modal

abundance of the phases from the study of representative TTGs indi-

cate a dominance of plagioclase (~ 45 vol%), along with quartz (~22 vol%),

K-feldspar (~18 vol%), biotite (~10 vol%), and amphibole (~5 vol%).

Accessory phases (~1 vol%) include titanite, epidote, apatite, and zircon.

Plagioclase occurs as medium to large anhedral to subhedral grains

(Fig. 4a, b). At places plagioclase is partly altered to sericite in the

core, while the rims remain unaffected (Fig. 4a), this suggests more

than one crystallisation event separated by hydrothermal alteration.

K-feldspar is present as coarse xenomorphic grains, locally perthitic;

the lamellae are mostly lenticular (flame perthite). Few of the felsic

minerals are deformed: marked by the presence of sutured grain boundar-

ies, fine-grained recrystallised quartz and feldspar in the matrix, and

along the grain boundaries of coarser quartz and feldspar (Fig. 4b). It

is corroborated by the occurrence of undulose extinction in major

minerals. Texturally, two modes of biotite (biotite I and II) are identified.

Biotite-I is prismatic, coarse-grained, and occur as well-developed

crystals in the interstitial spaces as well as inclusions in feldspar. Locally

these are oriented and are concentrated within the melanocratic layers

defining foliation (Fig. 4c). Foliation is wavy and locally shows an

anastomosing pattern forming dark selvedges which border the leuco-

cratic layer. Sporadic replacement of biotite by chlorite is also evident

from the studied TTGs samples. Biotite-II is present either as randomly

oriented small flakes within the quartzo-feldspathic zone or is present

around the large amphibole crystals (Fig. 4f). Locally TTGs show

gneissic texture which is defined by alternate compositional banding

of the mafic and felsic minerals (Fig. 4c). Felsic minerals comprise

quartz, plagioclase and K-feldspar, while biotite is the major mafic

mineral followed by amphiboles. Amphiboles are medium to coarse-

grained and subhedral. Large amphiboles are commonly present in

interlocking texture with plagioclase, K-feldspar and quartz in the

groundmass and are not aligned. The interlocking texture, as well as

the straight grain boundaries between amphibole and plagioclase or

K-feldspar (Fig. 4d,e), indicates magmatic nature of the amphiboles

in the TTGs. Contacts between amphibole and plagioclase are locally

corrugated, and at places amphiboles are replaced by small biotite laths

(biotite-II) (Fig. 4f); all such textural features suggest a marginal influ-

ence of late-stage subsolidus/metamorphic effects on the TTGs. 

The high-K granitoids was previously studied in the craton and

based on geochemistry have been divided into LSHM and HSLM.

The LSHM are amphibole bearing while the HSLM has low amphibole

content (Joshi et al., 2017), therefore, the HSLM varieties have not been

considered for discussion in this contribution. The LSHM (hybrid

granites) high-K granitoids are characterised by the dominance of K-

feldspar over plagioclase in comparison to the TTGs. Mineral abun-

dances depict higher amount of quartz and K-feldspar with average

modal content of quartz (~43 vol%), K-feldspar (~35 vol%), plagioclase

(~15 vol%), amphibole (~15 vol%) and biotite (~7 vol%) showing

variation from TTG’s. The common accessory minerals (1 vol%) are

zircon, titanite, epidote and apatite. These rocks show weak gneissic

layering of biotite alternating with K-feldspar, quartz and plagioclase.

The proportion of K-feldspar and amphibole in LSHM is higher com-

pared to the TTGs. Plagioclase and K-feldspar occur as subhedral to

anhedral grains of varying sizes. K-feldspar is perthitic; the lamellae

are either lenticular (flame perthite) (Fig. 4g) or patchy (Fig. 4h). Cores of

the K-feldspar grains are commonly sericitised and are surrounded by

the growth of plagioclase (Fig. 4i) suggesting more than one genera-

tion of magmatic activity. Quartz is coarse to fine-grained. Fine-grained

microcrystalline quartz is present along grain boundaries of felsic

minerals while the coarser fractions are associated with matrix minerals.

Amphiboles are present in two textural modes: amphibole-I and amphi-

bole-II. Amphibole-I is present as coarse to medium grains in associa-

Figure 3. a) Contact between migmatised TTG (~3.3 Ga) BETTG

107 and LSHM (hybrid) high-K granitoid (BSTG 108) near Mahoba

(from Jayananda et al., 2020); b) Hand specimen of migmatised TTG

(BETTG 107) from Mahoba; c) Localised melting producing leuco-

somes and malenosomes near Mauranipur; d) Hand specimen of

migmatised TTG from Mauranipur; e-f) Leucosome and maleno-

somes in TTGs near Mauranipur and Babina; g) HSLM (anatectic

granite) high-K granitoid intruding TTGs near Babina; h) HSLM

(anatectic granite) high-K granitoid intruding LSHM (hybrid) high-K

granitoid near Orccha; i-j) Slightly deformed LSHM (hybrid) high-K

granitoids from Orccha. Sample locations and their descriptions

are presented in Table 2.
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Table 2. Sample locations with description of TTGs and LSHM (hybrid) high-K granitoids from Bundelkhand Craton

Rock Type Area Sample Number Location Field Description Minerals Age

TTGs

Enriched TTGs Mahoba (Karara) BETTG 107 N 25°19'49.3" E 79°49'04.0"
Migmatised TTGs intruded by LSHM 

granodiorites and pegmatites 
Pl (~45 vol%), Qtz (~22 vol%), 
Kfs (~18 vol%), Bt (~10 vol%) 
and Hbl (~5 vol%) with Acces-
sory phases like titanite, epidote, 

apatite, and zircon (~1 vol%)

~3.33 Ga 
(Joshi et al., 2017)

TTGs Babina BTTG 123 N 25°11'40.8" E 78°28'40.6"
Migmatised TTGs intruded by 
porphyritic granites (ca. 2.5Ga) 

~2.69 Ga 
(Verma et al., 2016)

Enriched TTGs Mauranipur BETTG 133 N 25°13' 17.28" E 79°05'56.55"
Slight to moderately migmatised TTGs, 
localised melting is evident by the pres-
ence of leusosomes and malenosomes.

~3.55 Ga 
(Kaur et al., 2014)

High-K CA granitoids

LSHM

Sanukitoid granodiorite Jarguan Abbal BSTG 119 N 25°27'46.4" E 78° 15' 27.6"
Homogeneous intrusions, 

cut by pegmatite veins 

Kfs (~35 vol%), Qtz (~43 vol%), 
Pl (~15 vol%), Hbl (~15 vol%) 

and Bt (~7 vol%) with accessory 
phases like titanite, epidote, apa-

tite, and zircon (~1 vol%)

~2.56 Ga 
(Joshi et al., 2017)

Sanukitoid granodiorite Karera Fort BSTG 131 N 25°27'33.68" E 78°08'40.89"
Slightly deformed ourcrop evident by the 
presence of augen shaped feldspar grains 

giving a faint gneissic appearance

~2.58 (unpublished ages 
(Joshi et al. in preparation)

Sanukitoid granodiorite Mahoba (Karara) BSTG 108 N 25°19'49.3" E 79°49'04.0"
Undeformed granodiorites cutting 

across TTGs (Ca. 3.3Ga)
~2.57 (unpublished ages; 
Joshi et al. in preparation)

Sanukitoid granodiorite near Raksa BSTG 120 N 25°27'3.2" E 78°29'27.7"
Deformed ourcrop evident by the pres-
ence of augen shaped feldspar grains 

giving a faint gneissic appearance

~2.55 Ga 
(Joshi et al., 2017)

Closepet-type granodiorite Orccha BCTG 129 N 25°25'05.5" E 78°39'05.8"
Slightly deformed outcrop with 

occassional presence of schelerin.
~2.56 Ga 

(Joshi et al., 2017)
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tion with opaque, titanite and apatite. The straight grain boundaries

between amphibole-I and perthitic K-feldspar (Fig. 4j) also reflect the

magmatic nature of the rocks. Amphibole-I is commonly replaced by

small biotite laths (Fig. 4k). Amphibole-II occurs rarely as fine-grained

varieties which replaces the large biotite grains (Fig. 4i); such textural

feature points towards late-stage low-grade metamorphism of the stud-

ied rocks. Similar to TTGs, two modes of biotite are identified, i.e., i)

biotite-I and ii) biotite-II in this rock. Biotite-I occurs as coarse to medium

grained laths forming wavy bands enveloping coarser amphibole crys-

tals. Locally biotite-II, present as small to medium-sized laths, replaces

Figure 4. Photomicrographs and BSE images of TTGs (a-f) and LSHM high-K grantoids (hybrid granites) (g-l): (a): Seritization of matrix

plagioclase; (b): Development of microcrystalline quartz surrounding plagioclase crystal; (c): Biotite-I defining wavy foliation; (d): Straight

grain boundary contact between Hbl and Pl; (e): Straight grain boundary contact between Hbl and Kfs; (f): Corrugated grain boundary

between Pl and Hbl which are replaced by small biotite laths (biotite-II); (g): Flame perthite; (h) Patchy perthite; (i): Cores of the K-feldspar

grains showing sericitization surrounded by the growth of plagioclase; (j): Straight grain boundary contact between Hbl and Kfs; (k): Amphi-

bole-I replaced by small biotite laths; (l): Amphibole-II replacing the large biotite. Mineral abbreviations: Ap – Apatite, Bt – Biotite, Chl –

Chlorite, Hbl Hornblende, Kfs – K-feldspar, Plg – Plagioclase, Qtz – Quartz, Sp – Sphene, Mag – Magnetite,  Zir – Zircon, Ilm - Ilmenite.
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amphibole and is associated with titanite and epidote. 

In the present study, the mineral abbreviations are adopted from

Kretz (1983).

Mineral Chemistry

Electron microprobe analyses (EPMA) on polished sections was

carried out at the Indian Institute of Technology (IIT), Kharagpur

using CAMECA SX-100. The operating conditions of the instrument

were 15 kV accelerating voltage, 15 nA beam current, and 1–2 μm

beam diameter (see Sorcar et al., 2020). Feldspar, biotite and amphi-

bole analyses are obtained from all the granitoid (TTGs, high-K gran-

itoids (hybrid granites)) types. Representative electron microprobe

analyses for K-feldspar, plagioclase, biotite and amphibole are given

in Table 3a,b and detailed analyses are given in Supplementary Tables

S1, S2, S3 and S4 respectively.

Feldspar

Two primary feldspars are present in TTGs as well as LSHM

(hybrid granites) high-K granitoids from the BC: (i) potassic alkali

feldspar and (ii) sodic plagioclase. Plagioclase (Table 3a; S-1) from

both of granitoids show high Na2O content (8.17–11.98 wt.%), and wide

range of CaO content (0.25–6.31%), indicating variable content of

anorthite (An1 to An31) in conformity with multiple magmatic pulses.

The An-Ab-Or diagram (Fig. 5) after Smith and Brown (1988) illus-

trates that plagioclase in TTGs and LSHM (hybrid granites) high-K

granitoids is mostly oligoclase with the occasional presence of some

albite and andesine compositions. The plagioclase composition ranges

from Ab98 An1 to Ab70 An30. Potash feldspar in all the studied granitoid

types is rich in nearly pure orthoclase content with very low An and

Ab contents (Fig. 5; Table 3a and S-2).

Biotite

Texturally distinct, type I and II, biotite in TTGs and LSHM (hybrid

granites) high-K granitoids are compositionally more or less similar.

Biotite from TTGs is mostly Fe rich and has higher Ti compared to

those in the LSHM (hybrid granites) high-K granitoids. In TTGs XFeAvg =

0.57 whereas XFeAvg = 0.47 in LSHM (Table 3a; S-3). Average Ti con-

tent of biotite in TTGs and LSHM (hybrid granites) is 0.16 and 0.11 wt%

respectively. Biotite falls in two clusters, viz., Mg-biotite and Fe-biotite,

in the Mg-(AlVI+Fe3++Ti)-(Fe2++Mn) ternary diagram (Fig. 6a); the plot

shows that biotite in Paleoarchaean TTGs and Neoarchaean LSHM

(hybrid) high-K granitoids are Mg-rich, whereas Neoarchaean TTGs

are rich in Fe. Again, in FeO vs MgO plot of biotite (Fig. 6b), a negative

trend is observed with clear evidence of enriched FeO and depleted MgO

Figure 5. Feldspars chemistry of Bundelkhand Granitoids in the Or-Ab-An diagram (Smith and Brown, 1988).
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contents in Neoarchaen TTGs as compared to Paleoarchaean TTGs. 

Amphibole

Majority of the analysed amphiboles from TTGs belong to the group

of calcium amphiboles (CaB > 1.5) with a few affinities to sodic-calcic

(CaB < 1.5) varieties (Leake et al., 1997, 2004; Table 3b; S-4). Most of

the calcium amphiboles in TTGs and LSHM (hybrid granites) high-K

granitoids have (Na+K)A < 0.5 and CaA< 0.5 and can be classified as

magnesiohornblende and less commonly as tschermakite (Fig. 7a). A few

amphibole compositions from LSHM (hybrid granites) high-K granitoids

plot close to the actinolite field (Fig. 7a) and these compositions generally

lie close to the rims of the grains. Very few of the analysed points from

TTGs fall in magnesiohastingsite) and edenite ((Na+K)A ≥ 0.5; Ti < 0.5)

whereas two measurements from LSHM amphiboles fall in edenite

field (Fig. 7b). Some of the analysed amphiboles from both TTGs as well

as LSHM (hybrid granites) high-K granitoids (Fig. 7c) plot as magne-

siokataphorite and magnesiotaramite with (Na+K)A ≥ 0.5, (Ca+Na)B ≥

1.00 and 0.50 < NaB < 1.50 (Leake et al.,1997, 2004). 

Chemical zoning in amphiboles from both TTGs as well as LSHM

(hybrid granites) high-K granitoids can be inferred from the BSE

images and X-ray elemental maps (Fig. 8a-i) as well as from the ele-

mental rim to rim line profile plots (Fig. 9-12). Two amphibole profiles

each from TTGs and LSHM (hybrid) high-K granitoids are analysed.

The results show that the amphiboles from both the granitoid types

exhibit well developed Si, Mg, Fe, Ti, Na, Ca, AlT zoning. Concentra-

tions of Na, AlT, Ti, XFe and Si in amphiboles from TTGs plotted from

rim to rim (Fig. 8b-e; Fig. 9-10) show slight increase upto the core

where it becomes uneven and finally depletes on the other edge of the

grain. On the other hand, XMg shows slight depletion till the core where

the concentration is uneven and finally gets enriched at the other end

(Fig. 9-10). But Ca contents are relatively constant all through the grain

Table 3a. Representative chemical composition of minerals in the samples of the TTGs and high-K granitoids (hybrid granites)

Rock type TTGs
high-K granitoids 
(hybrid granites)

TTGs
high-K granitoids 
(hybrid granites)

TTGs
high-K granitoids 
(hybrid granites)

Paleoarchean Neoarchean

Comment Kfs Kfs Kfs Kfs Pl * Pl * Pl * Pl * Bt Bt Bt Bt

SiO2 67.42 65.36 64.02 64.00 62.52 62.48 61.21 61.70 36.04 34.07 37.66 38.08

TiO2 0.00 0.03 0.01 0.00 0.00 0.00 0.00 0.00 2.03 2.36 1.52 1.86

Al2O3 18.42 18.64 18.07 18.05 22.70 22.76 23.69 23.73 15.08 15.69 14.03 14.27

Cr2O3 0.00 0.00 0.00 0.00 0.04 0.02 0.00 0.00 0.09 0.03 0.08 0.16

FeO 0.02 0.01 0.03 0.16 0.00 0.00 0.25 0.29 20.67 26.47 19.70 20.09

MnO 0.00 0.01 0.00 0.08 0.05 0.06 0.00 0.00 0.54 0.40 0.29 0.42

MgO 0.02 0.00 0.00 0.01 0.00 0.00 0.02 0.00 12.36 6.99 14.51 14.12

CaO 0.02 0.00 0.00 0.00 4.88 4.71 5.74 5.75 0.02 0.02 0.02 0.01

Na2O 0.42 0.28 0.44 0.38 9.59 9.35 8.45 8.49 0.16 0.08 0.16 0.13

K2O 12.08 15.63 15.03 15.35 0.08 0.12 0.15 0.20 8.99 8.61 9.22 9.33

Total 98.88 100.19 97.60 98.05 99.85 99.49 99.51 100.16 95.97 94.72 97.18 98.46

O basis 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 11.00 11.00 11.00 11.00

Si 3.07 3.01 3.01 3.01 2.78 2.79 2.74 2.74 2.75 2.72 2.82 2.82

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.14 0.09 0.10

Al 0.99 1.01 1.00 1.00 1.19 1.20 1.25 1.24 1.36 1.48 1.24 1.24

Aliv n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.25 1.28 1.18 1.18

Alvi n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.11 0.19 0.06 0.06

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01

Fe 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 1.32 1.77 1.23 1.24

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.02 0.03

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.41 0.83 1.62 1.56

Ca 0.00 0.00 0.00 0.00 0.23 0.22 0.27 0.27 0.00 0.00 0.00 0.00

Na 0.04 0.03 0.04 0.03 0.83 0.81 0.73 0.73 0.02 0.01 0.02 0.02

K 0.70 0.92 0.90 0.92 0.00 0.01 0.01 0.01 0.88 0.88 0.88 0.88

Total 4.80 4.96 4.96 4.97 5.04 5.02 5.01 5.01 7.90 7.85 7.92 7.90

XCa 0.00 0.00 0.00 0.00 0.22 0.22 0.27 0.27 n.a. n.a. n.a. n.a.

XNa 0.05 0.03 0.04 0.04 0.78 0.78 0.72 0.72 n.a. n.a. n.a. n.a.

XK 0.95 0.97 0.96 0.96 0.00 0.01 0.01 0.01 n.a. n.a. n.a. n.a.

XFe n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.48 0.68 0.43 0.44

XMg n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.52 0.32 0.57 0.56

N.B: * is used for geothermobarometric claculation; n.a.: Not Applicable
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except for a few places where depletion in concentration is noticed

(Fig. 9-10). 

In the case of LSHM (hybrid granites) high-K granitoids there is a

visible decrease in the Si, and XMg near the grain boundary with respect to

the core (Fig. 11-12). On the other hand, Na, XFe and AlT are much

depleted in the core with variably enriched Na and AlT towards the rims.

Ti shows uneven zoning throughout the grain with slight elemental

enrichment towards one of the boundaries (Fig. 11-12) while Ca is

comparatively homogeneous throughout the grain.

In the ternary projections the amphibole compositions are plotted

using the tremolite and NaAlSi–1exchange parameters along with kaersutite

(NaTiAl2Mg–1Si–2H–1), and KNa–1exchange vectors in the upper and

lower plots respectively (Fig. 13). The components are as follows: 

tremolite = Ca2Mg5Si8O22(OH)2; Na-Ged = Na-gedrite, NaMg6Al-

Table 3b. (continued) Representative chemical composition of amphiboles in the samples of the TTGs and high-K granitoids (hybrid granites)

Rock type TTGs high-K granitoids (hybrid granites)

Comment Hbl* Hbl Hbl* Hbl  Hbl* Hbl core Hbl* Hbl rim Hbl core Hbl* Hbl core

SiO2 43.16 44.75 47.24 51.08 43.68 44.81 43.29 43.95 44.30 44.06 44.84

TiO2 0.97 2.11 0.52 0.25 0.92 0.75 0.94 1.07 0.80 0.80 0.96

Al2O3 9.16 8.04 6.49 3.83 8.42 7.93 8.45 8.51 8.38 8.56 8.14

Cr2O3 0.00 0.07 0.15 0.00 0.07 0.01 0.00 0.14 0.12 0.16 0.06

FeO 19.36 18.13 18.88 15.25 20.08 20.49 20.76 19.76 20.36 20.26 20.16

MnO 0.69 0.62 0.40 0.42 0.54 0.36 0.45 0.34 0.53 0.58 0.50

MgO 11.67 11.67 12.99 15.58 10.13 10.59 10.09 10.38 10.34 10.29 10.64

CaO 10.47 12.98 12.21 12.58 11.80 12.26 11.77 12.17 11.95 12.08 11.91

Na2O 0.78 0.76 1.05 0.73 1.13 0.86 1.16 1.23 1.03 0.90 1.11

K2O 2.00 0.69 0.61 0.29 0.99 0.77 0.97 0.98 0.88 1.00 0.91

F 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

P2O5 0.00 0.02 0.00 0.00 0.00 0.03 0.00 0.03 0.00 0.03 0.00

Cl 0.08 0.07 0.02 0.03 0.21 0.12 0.25 0.23 0.16 0.19 0.14

ZnO 0.00 0.17 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.07

BaO 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.04 0.00 0.01 0.00

Total 98.35 100.08 100.67 99.74 98.01 98.96 98.11 98.81 98.83 99.01 99.42

Si 6.43 6.56 6.85 7.30 6.57 6.64 6.52 6.57 6.59 6.55 6.63

Aliv 1.57 1.39 1.11 0.64 1.43 1.36 1.48 1.43 1.41 1.45 1.37

Ti4+ 0.00 0.05 0.04 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sum T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Alvi 0.04 0.00 0.00 0.00 0.07 0.02 0.02 0.06 0.05 0.05 0.04

Ti 0.11 0.18 0.02 0.20 0.10 0.08 0.11 0.12 0.09 0.09 0.11

Fe3+ 0.86 0.49 0.50 0.27 0.73 0.84 0.80 0.63 0.81 0.83 0.75

Cr 0.00 0.01 0.03 0.00 0.01 0.00 0.00 0.02 0.02 0.03 0.01

Mg 2.59 2.55 2.81 3.32 2.27 2.34 2.27 2.31 2.29 2.28 2.34

Fe2+ 1.39 1.74 1.65 1.21 1.80 1.70 1.81 1.84 1.72 1.69 1.74

Mn3+ 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.01 0.01 0.03 0.01

Ca 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sum C 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 0.16 0.00 0.14 0.35 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Mn2+ 0.09 0.08 0.05 0.05 0.05 0.03 0.06 0.03 0.05 0.04 0.06

Ca 1.67 1.92 1.81 1.60 1.90 1.94 1.90 1.95 1.90 1.93 1.89

Na 0.08 0.00 0.00 0.00 0.05 0.03 0.04 0.02 0.05 0.03 0.06

Sum B 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Na 0.15 0.22 0.30 0.20 0.28 0.22 0.30 0.34 0.25 0.23 0.26

K 0.38 0.13 0.11 0.05 0.19 0.14 0.19 0.19 0.17 0.19 0.17

Vacant site 0.00 0.10 0.09 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00

N.B: * is used for geothermobarometric claculation 
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Si6Al2O22(OH)2; Parg = pargasite, NaCa2(Mg4Al)Si6Al2O22(OH)2; K-

Ged = K-gedrite, KMg6AlSi6Al2O22(OH)2; Kaers = kaersutite, NaCa2(Mg4Ti)

Si6Al2O23(OH)2; K-Ed = K-edenite, KCa2Mg5Si7AlO22(OH)2; in each

of these components, Mg can be replaced by Fm, where FmO = FeO

+MgO, and a Fe-Mg exchange parameter, Mg–1Fe is then added to a

component like tremolite, to make tremolite–ferro-actinolite. Putirka

Figure 6. a) Classification of biotite by chemical and lithological affinity (adapted from Foster, 1960); b) Major element binary plot showing

variations in biotite from the BC.

Figure 7. a, b) Composition of calcic amphiboles; c) sodic-calcic amphiboles from BC following the classification of Leake (1978) and Leake

et al. (1997).
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Figure 8. BSE images and X-ray elemental maps of amphiboles from TTGs (a-e)andLSHM high-K grantoids (hybrid granites) (f-i) from BC.

Measured rim to rim profile is marked as red dotted line in BSE images.

Figure 9. Elemental line profile (rim to rim) plots of amphibole (shown in Fig. 7b-e) from TTG. The profile is marked in Fig. 7.
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(2016) showed that adding Fe, shifts components toward the tremo-

lite corners, without affecting component trajectories, thereby mostly

Fe/Mg ratios do not affect other substitution mechanisms. 

Both plots (Fig. 13) exhibit that the studied amphiboles of TTGs as

well as LSHM (hybrid granites) high-K granitoids have similar com-

positions coupled with the same stoichiometric substitutional mecha-

nisms which support the analytical and experimental work of Putirka,

(2016). In our study, it is to be noted that the occurrence of extensive

Fe-Mg exchange makes the plot of the amphibole composition towards the

tremolite–ferro-actinolite corner. 

However, The studied amphibole (Table 3b and S-4) in TTGs and

LSHM (hybrid granites) high-K granitoids is considered magmatic

due to the following reasons: a) texturally coarse-grained amphiboles

have straight grain margins with perthites, and these are generally not

foliation defining, b) moderately oscillatory compositional variation

(e.g., Al; Fig. 9-10), c) the amphibole compositions plot falls in the igneous

field, both in the Ca+Na+K versus Si diagram (Fig. 14) as well as, Alvi

vs Aliv plot (Fig not shown as a majority of amphiboles have very low

Alvi contents). On the other hand, less abundant fine-grained amphi-

boles, those lying outside the shaded area in Fig. 14, can be formed

due to the low-grade metamorphism; and we are not considering them

in our discussion on magma evolution.

Geothermobarometry

Generally, the depth of crystallization and emplacement of granitic

plutons can be assessed using the Al in hornblende barometer for met-

aluminous granites when appropriately corrected for temperature

(Anderson et al., 2008). Because, Al content of hornblende in calc-

alkaline granitoids varies linearly with the pressure of crystallization

and is controlled by the pressure-dependent Tschermak substitution

(Stein and Dietl, 2001); providing a means of determining the depth

of emplacement (e.g., Vyhnal et al., 1991). Solidus pressures of calc-

alkaline plutons can be estimated by hornblende composition, using

different calibrations suggested for Al-in-hornblende geobarometry

(Hammarstrom and Zen, 1986; Schmidt, 1992; and Anderson and Smith,

1995). Schimdt (1992) experimentally calibrated Al-in-hornblende

Figure 10. Elemental line profile (rim to rim) plots of amphibole (second grain; not shown in Fig) from TTG. 
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barometer which correlates total Al content in hornblende with crys-

tallization pressure of intrusion (Hammarstrom and Zen, 1986), under

water-saturated conditions at pressures of 2.5-13 kbar and tempera-

tures of 700-655°C. But Blundy and Holland (1990) emphasized that

temperature plays a more important role for the Al-content of amphi-

boles; therefore Anderson and Smith (1995) suggested a new formu-

lation of the Al-in-hornblende barometer considering all the three

intensive parameters like, pressure, temperature and oxygen fugacity

which control the Al content of hornblendes. The recalibration of

Anderson and Smith (1995) is based on the Al-in hornblende barome-

ters of Johnson and Rutherford (1989) and Schmidt (1992) by intro-

ducing a temperature correction term based on the amphibole-plagioclase

thermometer of Blundy and Holland (1990). 

In the present study, the pressure of the TTGs and LSHM (hybrid)

high-K granitoids from the BC is obtained using amphibole composi-

tions (Table 3a and 4). The average Altotal contents of hornblendes of

TTGs and LSHM (hybrid granites) high-K granitoids are 1.27 and

1.12 respectively. Consequently, pressures without applying the tem-

perature correction (Anderson and Schmidt, 1995) for the TTGs range

from 4.13 kbar to 4.65 kbar; while LSHM (hybrid granites) high-K

granitoids shows the range from 1.59 to 4.18 kbar. Since the amphi-

bole-plagioclase thermometer of Blundy and Holland (1990) yielded

temperatures which are significantly above the solidus (viz. TTGs:

761 °C, LSHM (hybrid granites) high-K granitoids: 745°C), a tem-

perature correction, according to Anderson and Smith (1995), seems

to be reasonable as suggested by Stein and Dietl (2001). This correc-

tion generally leads to lower pressure values of ~3.21 kbar for TTGs

and ~2.56 kbar for LSHM (hybrid granites) high-K granitoids (Table 4).

However, using all these calibrations, our study shows that the esti-

mated average pressures for TTGs (P = 4.10 ± 0.20 kbar) are higher

than that for the LSHM (hybrid granites) high-K granitoids (P = 3.06

± 0.40 kbar) (Table 4) which points towards a greater depth of crystal-

lization (~16 km) for the TTGs compare to that of LSHM (hybrid granites)

high-K granitoids (~12 km). 

Although the amphibole-plagioclase thermometer is still under debate,

there is no other geothermometer that can be applied to calc-alkaline

Figure 11. Elemental line profile (rim to rim) plots of amphibole (shown in Fig. 7g-i) from LSHM (hybrid granites) high-K grantoids. 
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igneous rocks (Stein and Dietl, 2001). Therefore, hornblende and pla-

gioclase pairs which coexist in the granitoids are used for thermometry

calculations as suggested by Blundy and Holland (1990). They proposed a

very simple, empirical thermometer on the basis of the edenite-tremo-

lite reaction, applicable for quartz-bearing, intermediate to felsic igne-

ous rocks with plagioclase An ≤ 0.92 and Si in hornblende ≤ 7.8 atoms

p.f.u. This thermometer is calibrated for temperatures between 500 °C

and 1100°C . The calculated crystallisation temperatures like 760 ± 2°C

and 745 ± 12°C  for TTGs and LSHM (hybrid granites) high-K gran-

itoids respectively, are nearly similar (Table 4). 

Erdmann et al. (2014) show that the use of amphibole as geobarom-

eter does not apply to an igneous system on account of Al-substitution in

amphibole being largely temperature-sensitive other than in a window

defined by temperatures <800°C and Fe# (Fe/Fe+Mg) of the amphi-

boles below 0.65. The BC amphiboles from both TTGs as well as

LSHM (hybrid granites) high-K granitoids lie within this window and

the inferred crystallization depth are considered reliable.

Discussion 

Mineral Chemistry and Substitution Vectors

Microprobe analyses of biotite (Table 3a; S-3) from the BC indi-

cate low alumina saturation index (AlT/Ca+Na+K, ASI = 1.13-1.74)

of the studied biotites, which reflects decreased alumina activity in the

crystallising magma (Zen, 1988). The average value of FeO(t)/MgO

ratio of biotite in the BC is 2.04 (the ratio ranging from 1.20 to 4.03)

which is higher than the average value of 1.76 for FeO(t)/MgO ratio

obtained from the Mg-biotites in Abdel-Rahman (1994); the latter being

typically associated with calcic-pyroxene/calcic amphibole in the calc-

alkaline I-type granitoid suites (formed mostly in an orogenic and subduc-

tion-related tectonic setting). Thus, in our work, the studied biotite

association along with the calc-amphiboles is consistent with the find-

ings of Abdel-Rahman (1994), thereby suggesting the crystallisation

Figure 12. Elemental line profile (rim to rim) plots of amphibole (second grain; Fig not shown) from LSHM (hybrid granites) high-K granitoids.
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of studied biotite in a calc-alkaline suite. The feature, that the host

granitoids in the BC is calc-alkaline, is also corroborated by the previ-

ously reported bulk-rock geochemical data (Mondal et al., 2002; Kaur

et al., 2016; Joshi et al., 2017). On the other hand, according to the

experiments of Wones and Eugster (1965), biotite crystallizing in the

presence of K-feldspar and magnetite can be rich either in Fe or Mg

depending upon the partial pressure of oxygen during the cooling of

the melt. During the crystallization, under oxidising condition biotite

becomes Mg-enriched with a considerable amount of modal magnetite,

whereas under reducing condition biotite gets enriched in Fe, with a

scarce amount of magnetite. Therefore, the formation of Mg-biotite with

calc-alkaline nature can be a result of oxygen-rich environment created

due to early dissociation of water and release of H and O. This oxygen, in

addition, causes early crystallisation of iron-rich amphibole and iron

oxides (typically magnetite), thereby precluding the build-up of iron

in the calc-alkaline melt, and causing crystallization of moderately Mg-

rich biotite (Lalonde and Bernard, 1993; Abdel-Rahman, 1994; Shabani

and Lalonde, 2003; Masoudi and Badr, 2008). Compatible with the

preceding discussion, our data from Mg- and Fe-biotite suggest that

the crystallisation condition of magma changed during Archaean. For

instance, there was oxidising condition during Paleoarchaean, followed by

reducing at the beginning of Neoarchaean, and finally reverted to

oxidising (again), near the Archaean Proterozoic transition. Neverthe-

less, negative correlation between MgO and FeO of the studied biotites

suggests that temperature-dependent Mg-Fe substitution may have also

Figure 13. Ternary projections of experimental and Bundelkhand amphibole compositions, (after Putrika, 2016). In both figures, amphibole

compositions are plotted using the tremolite and NaAlSi–1exchange parameters. The upper and lower plots also use the kaersutite NaTiAl2Mg–1

Si–2H–1, and NaK–1exchange parameters. The components are as follows: tremolite = Ca2Mg5Si8O22 (OH)2; Na-Ged = Na-gedrite, NaMg6AlSi6Al2O22 (OH)2;

Parg = pargasite, NaCa2 (Mg4Al)Si6Al2O22(OH)2; K-Ged = K-gedrite, KMg6AlSi6Al2O22 (OH)2; Kaers = kaersutite, NaCa2 (Mg4Ti) Si6Al2O23 (OH)2;

K-Ed = K-edenite, KCa2Mg5Si7AlO22 (OH)2. The data for natural amphiboles is taken from Putrika (2016).

Figure 14. Plot of (Ca+Na+K) vs Si for the studied amphiboles from

BC. Curved line AB indicates suggested limits of igneous ambhiboles.

Field C contains and D after Leake (1971).
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played an important role during the formation of the TTGs and LSHM

(hybrid granites) high-K granitoids of the BC. 

In the case of amphibole, present in the studied rocks, several sub-

stitution mechanisms in amphibole involve the coupling of cations with

Table 4. Results of thermobarometric calculations on TTGs and LSHM (hybrid granites) high-K granitoids using different models of thermobarometers 

Sample Method P [kbar] T [°C]

BETTG133 TTG (a)

Schmidt, 1992 4.65 758

Hollister et al., 1987 4.41 761

Hammaerstorm and Zen, 1986 4.18 765

Anderson and Smith, (1995) 3.13 (761)

BETTG107 TTG (b)

Schmidt, 1992 4.61 756

Hollister et al., 1987 4.35 760

Hammaerstorm and Zen, 1986 4.13 764

Anderson and Smith, (1995) 3.29 (761)

TTGs Average P= 4.10 ± 0.20 kbar and T= 760 ± 2 °C

BCTG 129 high-K 
granitoid (a)

Schmidt, 1992 2.7 718

Hollister et al., 1987 2.1 726

Hammaerstorm and Zen, 1986 2.11 726

Anderson and Smith, (1995) 1.79 (750)

BCTG 129 high-K 
granitoid (b)

Schmidt, 1992 2.5 692

Hollister et al., 1987 1.85 700

Hammaerstorm and Zen, 1986 1.9 700

Anderson and Smith, (1995) 1.61 (750)

BCTG 129 high-K 
granitoid (c)

Schmidt, 1992 2.27 710

Hollister et al., 1987 1.59 719

Hammaerstorm and Zen, 1986 1.66 718

Anderson and Smith, (1995) 1.4 (750)

BSTG 120 high-K 
granitoid (d)

Schmidt, 1992 4.13 752

Hollister et al., 1987 3.79 757

Hammaerstorm and Zen, 1986 3.63 760

Anderson and Smith, (1995) 3.08 (750)

BSTG 120 high-K 
granitoid (e)

Schmidt, 1992 4.13 763

Hollister et al., 1987 3.79 768

Hammaerstorm and Zen, 1986 3.62 770

Anderson and Smith, (1995) 3.08 (750)

BSTG 120 high-K 
granitoid (f)

Schmidt, 1992 4.13 759

Hollister et al., 1987 3.79 764

Hammaerstorm and Zen, 1986 3.63 767

Anderson and Smith, (1995) 3.08 (750)

BSTG 119 high-K 
granitoid (g)

Schmidt, 1992 4.03 761

Hollister et al., 1987 3.68 767

Hammaerstorm and Zen, 1986 3.52 769

Anderson and Smith, (1995) 2.99 (750)

BSTG 119 high K 
granitoid (h)

Schmidt, 1992 3.94 742

Hollister et al., 1987 3.56 747

Hammaerstorm and Zen, 1986 3.42 750

Anderson and Smith, (1995) 2.91 (750)

BSTG 119 high-K granitoid (i)

Schmidt, 1992 4.18 771

Hollister et al., 1987 3.85 776

Hammaerstorm and Zen, 1986 3.68 779

Anderson and Smith, (1995) 3.12 (750)

high-K granitoids Average P = 3.06 ± 0.40 kbar and T = 745 ± 12 °C 

( ): estimated T for calculation.
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different valence states (Vyhnal et al., 1991) to maintain charge balance.

Variations in amphibole composition could be the outcome of such

ion substitutions occurring at variable pressure and temperature con-

ditions (Kostyuk and Sobolev, 1969; Moyes, 1991; Gilbert et al., 1982;

Hammerstrom and Zen, 1986; Vyhnal et al., 1991). The observed varia-

tion in the studied amphibole chemistry is evaluated and is illustrated

through common cation and coupled substitution diagrams (Fig.15,

16 and 17). We find a positive correlation between Na+K and Aliv,

Fe+3 and Aliv-(Na+K) (Fig. 16a,b) indicating substitution of NaivAl=□

Si (□ indicates vacancy in A site) and also Fe+3Al=MgSi. Although,

Leake (1965) plotted Alvi against Aliv of calcic amphiboles from meta-

morphic and igneous rocks and suggested 2Alvi=MgSi substitution,

such a substitution is unfeasible in the studied amphiboles due to very

low contents of Alvi. However, our data reveal the occurrence of vari-

ous ion substitutions (Fig. 17a-h) which played a dominant role in the

formation of zoned amphiboles in the BC; these substitutions are as

follows: iron tschermakite (Si+Mg-Aliv+Fe+3), aluminium tschermakite

(Si+Mg-AlT), titanium tschermakite (Si+Mg-Aliv+Ti), hastingsite (□

+Mg+Si-NaA+Fe+3+Aliv), pargasite (□+Mg+Si-NaA+AlT), edenite (□

+Si-NaA+Aliv), riebeckite (Ca+Mg-NaB+Fe+3) and glaucophane (Ca+

Mg-NaB+Alvi). It is to be noted that riebeckite substitution is predomi-

nant in TTGs compared to LSHM (hybrid granites) high-K granitoids

(Fig. 17g). Amphibole in association with plagioclase has corrugated

boundaries causing the replacement of amphibole which further sug-

gests the combination of edenite and glaucophane substitution (Fig.

4f). There is a negative correlation between Mg and Aliv (Fig. 15b),

and the increase in Mg / (Mg+Fe+2), which reflects increasing oxygen

fugacity as the magma became more siliceous (Fig. 15c; Campos et al.,

2005 and references therein). Kostyuk and Sobolev (1969) and Vyhnal et

al. (1991) pointed out that Aliv and alkalis decrease with decreasing

temperature of formation, on the other hand, Alvi increases significantly

with increasing pressure (Deer et al., 1997 and references therein). Since

an increase in pressure is accompanied by an increase in Alvi contents;

low Alvi in studied amphiboles suggest that they formed in low-pres-

sure conditions. 

Figure 15. a-d) Variation diagrams of amphibole from TTGs and LSHM (hybrid granites) high-K grantoids, BC. For references please see

associated text.

Figure 16. a-b) Chemical compositions of amphiboles described by variation diagrams. For references please see associated text.
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Magma Evolution

Many factors could contribute to the diversity of the granites including the

variability of the source rock undergoing partial melting, the nature

and amount of residual minerals, degree of partial melting, varying

anatectic conditions, stages of magmatic differentiation and extent of

fractional crystallization (Joshi et al., 2014; Ray et al., 2015). It is not

within the scope of the present study to evaluate the effects of these

factors but the highly regular and limited nature of exchange vectors

in amphiboles suggest only limiting the effect of these factors.

The plutonic magmatic rocks in the BC represent archives of the

evolutionary history of magma generation, and the accretion of the

continental crust, spanning over Paleo- to Meso- to Neo-Archaean. Though

several episodes of crustal accretion are proposed, it is generally pos-

tulated that TTGs are dominant in Paleo- to Mesoarchaean, while

during Neoarchaean, LSHM (hybrid granites) high-K granitoids were

largely emplaced despite few local occurrences of Neoarchaean TTGs. 

Two remarkable features emerging from the amphibole plots (Fig.

7, 15-17) are: firstly, there is a linear relation in the variation between

amphiboles of TTGs and LSHM (hybrid granites) high-K granitoids,

and secondly, the two granitoid varieties exhibit compositional over-

lapping and similarity in their amphibole chemistry. The linearity of

the compositional pattern of the studied amphiboles suggests that the

minor slope change at the tailing of the plot may be due to the effect of

diffusion-driven substitution during the late metamorphism. By filter-

ing out the late metamorphic effect, the observed compositional simi-

larity and linearity are quite striking given that the TTGs and the (hybrid

granites) high-K granitoid varieties have a significant age difference

of the order of several hundred million years (Joshi et al., 2017). 

The petrologic evolution in amphiboles can be explained by study-

ing zoned crystals formed during magmatism or metamorphism. For

instance, Howie and Zussman (1997) pointed out that the crystal changes

during its growth in response to the changes in temperature, pressure,

and chemical composition of fluids in the magmatic/metamorphic

environment. It is known that the change in Al contents of hornblende

with increasing pressure is governed by aluminium tschermakite sub-

stitution, while edenite and Ti-tschermakite substitution is tempera-

ture dependant (Blundy and Holland, 1990; Bachmann and Dungan,

2002). Accordingly, it is noticed that the amphiboles from the BC pre-

serve the signatures of both pressure (Al-Tschermack) (Fig. 17b) and

temperature (Ti-Tschermak+edenite) (Fig. 17c,f) dependant substitu-

tions. Thus, the rim to rim profiles of the studied amphiboles can be

considered as a proxy for the evolution of the magma chamber. The

AlT and (Na+K)A in the studied amphibole grains (Fig. 11-12) of high

-K granitoids increase towards the rim, this suggests a near isobaric

progressive heating of the high-K granitoid magma shortly before

emplacement. A similar evolution was suggested for zoned amphi-

boles from Fish Canyon Magma by Bachman and Dungan (2002). To

sum up, the temperature and pressure-induced zoning in the studied

amphibole lead to crystallisation in an evolved magma with gradually

changing pressure and temperature. 

Compared to an earlier pressure and temperature estimate of 4.9-

6.8 kbar and ~760 °C from hornblende-plagioclase geothermobarom-

eter (Chauhan et al., 2017), in this study, we observe a lower value

(4.10 ± 0.20 kbar; Table 4) for the calculated pressure of TTGs, while

our estimated temperatures (760 ± 2 °C) is comparatively similar. In

case of the two rock types studied here, the pressure of LSHM (hybrid

granites) high-K granitoids (3.06 ± 0.40 kbar; Table 4) is lower than

those calculated for the TTGs (4.10 ± 0.20 kbar; Table 4). On the other

hand, the temperature estimate for TTGs is (760 ± 2) °C and that for LSHM

(hybrid granites) high-K granitoids is (745 ± 12) °C, which can be con-

sidered as more or less similar for both the rock types. Here we note

Figure 17. a-h) Plots illustrating various substitution mechanisms in amphiboles from BC. Lower values (< 0.2) of NaB + Alvi are not shown in

the plot (h). For references please see associated text.
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that the observed limited variation in temperature for TTGs and a wide

variation of the same in case of LSHM (hybrid granites) high-K granit-

oids corroborates well with the nature of Al zoning patterns in amphi-

boles. Finally, the overall composition of the studied amphiboles and

the estimated temperature, fit well within the acceptable range of P-sensi-

tivity of Al in amphibole barometer (Erdman et al., 2014). Consequently,

we could infer a ~4 km difference at the emplacement depths of the

TTGs and LSHM (hybrid granites) high-K granitoids.

Tectonic Scenario

It is commonly believed that TTGs are formed from the partial

melting of hydrous basalt; which can happen either in a subducting slab

or in an overthickened mafic crust (Arth and Hanson, 1972; Jahn et al.,

1981; Martin, 1986, 1994; Laurie and Stevens, 2012; Nagel et al., 2012;

Hoffman et al., 2011). TTGs with the variable REE patterns (HREE

enriched to HREE depleted) have been reported from the BC (Kaur et

al., 2016; Joshi et al., 2017; Nasipuri et al., 2019). The variability of TTGs

in the BC has been explained by melting of hydrated mafic rocks at vari-

able depths: abundant garnet and rutile (deep), or garnet free (shallow)

(Kaur et al., 2014; Joshi et al., 2017). Kaur et al. (2014) concluded that

the older (~3.5 Ga) TTGs were formed by partial melting of pure oce-

anic crust, while the generation of younger TTGs happened by moder-

ate to high degree of partial melting of the enriched mantle, at variable

depths and with some assimilation from the pre-existing crust. Ram

Mohan et al. (2012) also suggested a multistage process in supra-sub-

duction zone regime, where slab dehydration led to release of water at

low pressure and shallow depth, probably in the lower part of the thick-

ened mafic crust. Recently based on bulk-rock geochemistry, anhydrous

melting of pre-existing TTGs or mafic crust was suggested for the for-

mation of high-K granitoids (Chauhan et al., 2017; Joshi et al., 2017).

Chauhan et al. (2017) further suggested the development of a conti-

nental collisional tectonic regime in the Archaean–Paleoproterozoic.

Additionally, it is also very important to consider the role of H2O/K2O

in the melt; because, the experiment of (Carrington and Watt, 1995)

suggest that H2O/K2O controls whether K-feldspar will be a product

or a reactant during water undersaturated dehydration melting, that

lead to the enrichment of K in the melt. Considering all of the above-

mentioned factors, we infer that during Mesoarchaean and Paleoar-

chaean, TTGs with low-K content (at elevated H2O/K2O) formed by

partial melting of hydrous basalt in over thickened mafic crust, which

in turn assisted evolution of K-rich melt leading to the formation of

late Neoarchaean high-K granitoids. In this context, two types of geo-

dynamic situations can be envisaged in which the lower crustal melt-

ing occurs in a subduction setting. First, an elevated H2O/K2O induces

the melt of suitable composition to form TTGs, whereas, in the sec-

ond situation, melting occurs in an under-saturated H2O environment.

Moreover, the inferred possibility of elevated H2O/K2O for the younger

TTG type melt generation in BC is also substantiated by the occur-

rence of Neoarchaean high P metamorphic assemblage reported by

Saha et al. (2011) from BC. 

To summarise our discussion, the present study on amphibole com-

positions of the lower crustal rocks reveals that the crystallization of

TTGs and High-K granitoids occurred under varying PH2O conditions

at variable depths.

Conclusion

The chemical composition of the minerals along with their textural

occurrences in the magmatic rocks provides clues on physical and

chemical conditions of the magma. In the present study, by using tex-

tural and mineral chemical compositions, we have worked towards

understanding the evolution of TTGs and high-K hybrid granitoids

from the Bundelkhand craton, India.

Firstly, we find that the plagioclase analysed from both the rock

types shows variable content of anorthite, An1 to An31, which con-

forms with multiple magmatic pulses. Secondly, the studied biotite

demonstrates compositional similarity to those previously reported

from calc-alkaline plutons. The biotite composition varies from Mg

to Fe rich. Precisely, biotite in Paleoarchaean TTGs and Neoar-

chaean LSHM (hybrid) high-K granitoids are Mg-rich, whereas,

those in Neoarchaean TTGs are rich in Fe. Therefore, the observed

compositional variation of biotite suggests that the crystallisation

conditions of magma changed during Archaean: the oxidising con-

ditions largely prevailed during both Paleoarchaean and Archaean-

Proterozoic transition period; shortly interrupted by reducing condi-

tion during the beginning of Neoarchaean. Thirdly, our study reveals

that the amphibole both from TTGs and high-K granitoids (hybrid

granites) are magmatic, zoned, and calcic. In particular, the studied

amphibole is characterised by thepresence of magnesiohornblende

and infrequent occurrence of tschermakite, magnesiohastingsite,

and edenite compositions. The variation in amphibole compositions

in terms of exchange vectors show well defined linear trends indi-

cating melt control over crystallisation and evolution of amphibole

chemistry. In addition to the mineral chemistry study, finally, the

geotherobarometric analysis of the studied granitoids indicates a

pressure around 4 kbar at ~760 °C for TTG formation, which is

higher compared to a pressure of around 3 kbar at ~750 °C for

LSHM high-K granitoids (hybrid granites). Such a feature might

have been caused due to the difference in depth of emplacements of

the two different rock types.

To conclude we propose that, during the Paleo to Mesoarchaean,

TTGs with low-K content were formed by partial melting of

hydrous basalt at elevated H2O/K2O condition in the over-thickened

mafic crust. This assisted evolution of K-rich melt leading to the

formation of late Neoarchaean high-K granitoids. Therefore, it is

plausible that the crystallisation of TTGs and High-K granitoids in

the Bundelkhand Craton, India, occurred from the melting of lower

crustal rocks under varying PH2O conditions at different depths of

emplacement.
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