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                     Abstract     The lack of a comprehensive whole-rock geo-

chemical and mineralogical dataset for the Archean grani-

toids of the Aravalli-Banded Gneissic Complex (BGC), 

northwest India, results in signifi cant challenges for their 

correct characterization and assessment of their antiquity. 

The new fi eld, mineralogical and geochemical data classify 

the Jaisamand granitoids into sanukitoids, TTGs, and tran-

sitional TTGs, which are most likely coeval in nature. The 

obtained results, in conjuncture with the previously pub-

lished geochemical and geochronological results of the Ara-

valli–BGC granitoids, unveil the Neoarchean affi  nity of the 

Jaisamand pluton. The TTGs were generated by the melting 

of a subducting slab (metabasite) at shallow (high-HREE-Y 

TTGs) to moderate depths (medium-HREE-Y TTGs) above 

the garnet-in line but still within the plagioclase stability 

fi eld, with garnet-poor residue. The ascending TTG melts 

were transformed into sanukitoids through differential 

interaction with the overlying mantle wedge peridotite. The 

TTG melts, generated at diff erent pressures, interacted with 

older TTGs at lower and middle crustal levels to form the 

transitional TTGs. The coexistence of high-HREE-Y and 

medium-HREE-Y TTGs and sanukitoids suggests a subduc-

tion-related setting for the Jaisamand granitoids. The heat 

required for simultaneous melting at shallow and deeper 

depths during the Neoarchean was provided by the upwelling 

asthenosphere due to slab break-off . The study also revealed 

the occurrence of altered granitoids in the Jaisamand pluton, 

showing evidence of albitization and silicifi cation. These 

rocks do not represent the pristine mineralogy and should 

be carefully examined to avoid misleading interpretations, 

particularly for the Archean granitoids. 

   Keywords     Aravalli-Banded Gneissic Complex    ·  NW 

India    ·  Sanukitoids    ·  TTGs    ·  Petrogenesis  

       1  Introduction 

 The oldest stable lithospheric units, cratons, act as nuclei 

of Earth’s continental crust and provide a snapshot of the 

processes related to Earth’s early diff erentiation, recorded in 

the crust as old as ca. 4.03 Ga (Kamber and Tomlinson  2019 ; 

Stern and Bleeker  1998 ; Bowring and Williams  1999 ; Iizuka 

et al.  2006 ). These cratons host the Archean crust, which 

occupies only 7% of the exposed Earth’s continental crust, 

while the rest has been decimated through crustal rework-

ing and recycling processes that have acted for a period of 

over 3.5 billion years (Bowring and Williams  1999 ; Nutman 

 2006 ; Hawkesworth et al.  2010 ). The most widely accepted 

paradigm regarding the evolution of the continental crust 

suggests its formation from a mafi c protolith that evolved 

to produce the oldest felsic rocks on Earth (Kemp et al. 

 2010 ; Dhuime et al.  2015 ; Tang et al.  2016 ; Rollinson  2017 ; 

Windley et al.  2021 ). Nevertheless, contention still prevails 

regarding the time of generation, the volume of the crust 

generated, and evolution of the early-formed crust through 

time (Hawkesworth et al.  2010 ; Moyen  2011 ; Condie  2018 ). 

 In the early Archean, the dominant crustal component 

consisted of Na-rich felsic rocks of the tonalite–trond-

hjemite–granodiorite (TTG; Jahn et al.  1981 ) affi  nity, gen-

erated by the melting of hydrous metabasite at variable 
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depths (Glikson  1979 ; Martin et al.  2005 ; Moyen and Mar-

tin  2012 ; Kendrick et al.  2024 ). During the Neoarchean Era 

(2.8–2.5 Ga), the Earth experienced rapid crustal growth due 

to large-scale melting events, leading to the diversifi cation of 

early continental crust (e.g. Condie et al.  2009 ). There was a 

transition from Na-rich TTGs to more K-rich and large-ion 

lithophile (LILE)-enriched granitoids and sanukitoids (Syl-

vester  1994 ; Heilimo et al.  2011 ; Laurent et al.  2014 ). The 

timeline and extent of these changes varied across diff erent 

cratons, but they generally followed a trend of a gradual 

increase in K-rich granitoids during the Neoarchean, mark-

ing the fi nal phase of craton stabilization globally (Condie 

 1981 ; Heilimo et al.  2011 ; Martin  1993 ; Moyen et al.  2003 ; 

Laurent et al.  2014 ). 

 This transition indicates a shift in plate tectonic mecha-

nisms from an Accretionary-style cycle to the modern Wil-

son-style cycle (Windley et al.  2021  and references therein) 

and also points to signifi cant interactions between the mantle 

and crust. However, the origin and geodynamic processes 

responsible for this geochemical transition and tectonic shift 

remain contentious (Sun et al.  2024  and references therein). 

For example, questions persist about whether the older, less 

fertile TTGs could have produced large volumes of Neoar-

chean K-rich granitoids (Rollinson et al.  2024 ), whether the 

K- and LILE-enrichment resulted from partial melting of 

crust or a pre-metasomatized mantle (Wan et al.  2012 ; Sun 

et al.  2024 ), or whether K-rich granitoids were generated 

in active continental margins or formed by delamination of 

thickened crust (Zhao et al.  2008 ; Hu et al.  2019 ). There-

fore, deciphering the geochemical signatures, petrogenesis 

and tectonic regime of Neoarchean granitoids is crucial for 

understanding the geodynamic evolution of Earth’s crust 

during this time (Rollinson  2017 ). 

 In the northwestern part of India, the Aravalli orogen 

preserves one such cratonic nucleus, the Aravalli–Banded 

Gneissic Complex (BGC), which is mostly overlain by the 

supracrustal metasedimentary rock units of the late Paleo-

proterozoic Aravalli Supergroup (Roy and Jakhar  2002 ). A 

multitude of geochronological methods has deciphered the 

Archean antiquity (3.54–2.50 Ga: Kaur et al.  2019a ,  2021  

and references therein) of the Aravalli–BGC. Despite the 

availability of adequate geochronological data, systematic 

whole-rock geochemical and mineralogical investigations 

are lacking, which hinders the robust characterization of 

the granitoids in this terrane. This has led to their debatable 

status regarding their Archean or post-Archean lineage, par-

ticularly for some of the grey gneisses of the southern Ara-

valli–BGC terrane. This in turn restricts our understanding 

about the regional crustal evolution of the Aravalli orogen. 

 A case in point is the Jaisamand pluton around Udaipur 

city (Fig.  1 ), where the Jaisamand granitoids are thought to 

be associated with the metasedimentary rock units of the 

Aravalli Supergroup. The fi eld and preliminary petrographic 

investigations suggested that these granitoids are post-

Archean, as they intrude the rocks of the late Paleopro-

terozoic Aravalli Supergroup (Heron  1953 ; Gupta et al. 

 1997 ). Moreover, Shekhawat et al. ( 2001 ) proposed that the 

Jaisamand granitoids are intrusive into the Lower Aravalli 

sequence, and thus form the basement for the overlying 

rocks of the Upper Aravalli sequence. In contrast, Roy and 

Jakhar ( 2002 ) based on the occurrence of an unconformable 

surface between the basement and cover sequence, suggested 

that the Jaisamand granitoids acted as an Archean basement 

for the entire cover sequence of the Aravalli Supergroup. 

Therefore, the stratigraphic status of the Jaisamand pluton 

has been a matter of debate. To resolve this contentious 

issue, it is important to evaluate the nature of the Jaisamand 

granitoids through integrated fi eld, petrographic and whole-

rock geochemical investigation, which is the prime aim of 

this study. The application of these data unravels a unique 

and perhaps coeval spatial association of the Neoarchean 

TTGs and sanukitoids in a single pluton of the southern 

Aravalli–BGC. Our results also highlight the importance of 

carefully identifying the metasomatically altered Archean 

granitoids before characterizing and considering them for 

any petrogenetic interpretations.         

     2   Geological setting 

 Peninsular India has been divided into two major blocks: 

the North Indian Block (NIB) and the South Indian Block 

(SIB), which are separated by the Central Indian Tectonic 

Zone (CITZ), trending ENE–WSW (Fig.  1 a; Naqvi and Rog-

ers  1987 ; Jain et al.  1991 ; Eriksson et al.  1999 ; Acharyya 

 2003 ). In the northwestern part of NIB, the Aravalli orogen, 

a NNE–SSW-trending belt of ~ 700-km-long mountain belt, 

extends from Delhi in the north through mostly Rajasthan 

to the northern parts of Gujarat. The western margin of the 

orogen is marked by the Phulad Shear Zone separating it 

from the Neoproterozoic Marwar Block, while the eastern 

margin is marked by the Great Boundary Fault separating it 

from the late Paleoproterozoic–early Neoproterozoic Vind-

hyan Basin (Fig.  1 b). 

 In the Aravalli orogen, the Aravalli–BGC (3.54–2.50 Ga; 

Gopalan et  al.  1990 ; Wiedenbeck et  al.  1996 ; Roy and 

Kröner  1996 ; Kaur et al.  2019a ,  2021 ,  2023a ) acts as an 

Archaean basement for the overlying three Proterozoic 

supracrustal units: the Aravalli Supergroup (< 2.45–1.60 Ga; 

McKenzie et al.  2013 ; Wang et al.  2019 ; Kaur et al.  2022 ), 

the North Delhi Supergroup (< 2.30–1.71 Ga; Kaur et al. 

 2011 ,  2013 ; Wang et al.  2017 ), and the South Delhi Super-

group (< 1.20–1.05 Ga; McKenzie et al.  2013 ; Wang et al. 

 2017 ; Kaur et al.  2023b ). Based on the areal extent, the Ara-

valli–BGC has been demarcated into three domains (Kaur 

et al.  2021 ): the northern sector (region north of Jaipur), the 
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central sector (region between Jaipur and Nathdwara), and 

the southern sector (region south of Nathdwara). 

 The southern Aravalli–BGC constitutes biotite-bearing-

TTG gneisses, amphibolites, metasedimentary rocks, K-rich 

granitoids, and rare ultramafi c rocks (Kaur et al.  2024a  

and references therein). The biotite-bearing TTG gneisses 

are typically gray with gneissic banding, and are largely 

intruded by K-rich granitoids and amphibolites (Roy and 

Jakhar  2002 ). These granitoids occur either within the TTG 

gneisses or as inliers surrounded by metasedimentary rocks 

of the Aravalli Supergroup (Roy and Jakhar  2002 ). The old-

est TTG emplacement took place at ca. 3310 Ma, followed 

by a ca. 2828 Ma phase of mafi c magmatism, emplace-

ment of Neoarchean TTGs (2565–2550 Ma), sanukitoids 

(ca. 2540 Ma), potassic granitoids (2560–2500 Ma), and 

subsequent metamorphic events at ca. 2450 Ma and ca. 

520 Ma (Gopalan et al.  1990 ; Wiedenbeck and Goswami 

 1994 ; Wiedenbeck et al.  1996 ; Roy and Kröner  1996 ; Kaur 

et al.  2019a ). 

 The Jaisamand pluton forms a part of the southern Ara-

valli–BGC and is exposed 15 km SE of Udaipur (Figs.  1 , 

 2 ). It occurs as a NW–SE-oriented elongated body, and is 

about 45 km long with varying widths of 0.5–3 km. The plu-

ton extends from Dakankotra in the NW through Jaisamand 

town to Kherad in the SE. The metasedimentary rock units 

of the Upper Aravalli Group surround the Jaisamand grani-

toid body (Fig.  2 ). The eastern and northwestern fl anks of 

the pluton are demarcated by stromatolitic- and phosphatic-

dolomites, phyllites and conglomerates (Debari Formation), 

while the southwestern margin of the same is shared with 

  Fig. 1        a  The broad divisions 

of tectonic blocks within India 

(Roy  2012 );  b  regional geologi-

cal map of the Aravalli orogen, 

NW India, along with major 

Precambrian stratigraphic units 

and location of the study area 

(compiled from Gupta et al. 

 1997 ; Roy and Jakhar  2002 ; 

Kaur et al.  2015 ,  2017 ).  Ao  Ara-

valli orogen,  BC  Bundelkhand 

Craton,  CITZ  Central Indian 

Tectonic Zone,  DC  Dharwar 

Craton,  GBF  Great Bound-

ary Fault,  JSM  Jaisamand, 

 NIB  North Indian Block,  SC  
Singhbhum Craton,  SIB  South 

Indian Block  
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phyllites and metagraywackes (Udaipur Formation; Gupta 

et al.  1997 ). The rocks of the Aravalli Supergroup reveal 

peak metamorphic conditions at 300–700 MPa/400–670 °C 

(Sharma  1988 ; Hahn et al.  2020 ; Wiszniewska et al.  2020 ).         

     3   Analytical techniques 

    3.1   Mineral chemistry 

 Minerals, such as plagioclase, biotite, microcline, epidote, 

and chlorite were analyzed for major and minor elements 

including Cl and F from ten representative samples of the 

granitoids, using a microprobe. Electron probe microanaly-

ses (EPMA) were carried out at the Advanced Facility for 

Microscopy and Microanalysis, Indian Institute of Science, 

Bengaluru, India. The diamond polished sections were 

coated with 20-nm-thin layer of carbon using Quorum car-

bon coater 150R. A JEOL JXA 8230 electron probe micro-

analyzer was operated with inbuilt JEOL EPMA software 

at a voltage of 15 kV and current of 12 nA with tungsten 

fi lament source for generation of the electron beam from 

the electron gun and a probe diameter of about 3 μm. Natu-

ral silicate minerals used as standards were: orthoclase for 

 K 2 O, diopside for CaO, fl uorite for F, Y-Al-garnet for  Al 2 O 3 , 

quartz for  SiO 2 , hematite for FeO, Cr-oxide for  Cr 2 O 3 , rutile 

for  TiO 2 , rhodonite for MnO, willemite for ZnO, albite for 

 Na 2 O, olivine for MgO, and tugtupite for Cl. During the ini-

tial spotting and probing of the mineral spots, simultaneous 

backscattered images (BSE) were taken by the EPMA instru-

ment. The routine calibration, data acquisition, and quan-

tifi cation were performed using the inbuilt JEOL EPMA 

software, while the processing of the data was carried out 

using online CalcZAF/standard software. 

  Fig. 2       Geological map of the 

Jaisamand granitoids and sur-

rounding metasedimentary rock 

units of the Aravalli Supergroup 

along with sample locations 

(modifi ed after Gupta et al. 

 1997 ).        Source of age data :  1  
Gopalan et al. ( 1990 ), Roy and 

Kröner ( 1996 ) and Kaur et al. 

( 2019a );  2  Roy and Kröner 

( 1996 ), Wiedenbeck et al. 

( 1996 ) and Kaur et al. ( 2019a ); 

 3  McKenzie et al. ( 2013 ) and 

Wang et al. ( 2019 );  4  McKenzie 

et al. ( 2013 ), Wang et al. ( 2019 ) 

and Kaur et al. ( 2022 );  5  Kaur 

et al ( 2019a )   
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     3.2   Whole rock geochemical analysis 

 Twenty-one representative samples of the Jaisamand pluton 

were processed for whole-rock geochemical analyses, using 

the facilities at Panjab University, Chandigarh. The methods 

of the sample preparation are same as mentioned in Kaur 

et al. ( 2024b ). The major and trace element analyses (pack-

age: WRA4B2 + 4Litho) were obtained from Activation 

Laboratories, Ontario, Canada, using a fusion method with 

a fl ux of lithium metaborate and lithium tetraborate. The 

details of analytical methods are discussed in Kaur et al. 

( 2019b ) or given at   www. actla bs. com    . 

      4   Results 

    4.1   Field characteristics and petrography 

 The rocks of Jaisamand pluton occur as isolated small 

mounds to low-lying outcrops, mostly surrounded by anthro-

pogenic activities (Fig.  3 a). Based on their mineralogical and 

geochemical characteristics (see below), the Jaisamand gran-

itoids can be broadly classifi ed into four types: sanukitoids, 

TTGs, transitional TTGs, and altered granitoids. The TTGs 

and sanukitoids are dark to light gray, medium- to coarse-

grained and well-foliated (Fig.  3 b), with minimal variations 

in textural characteristics and degree of deformation among 

these rocks. The altered granitoids, however, show a subdued 

foliation (Fig.  3 c) due to the dissolution of mafi c phases (see 

below). Furthermore, no cross-cutting relationships among 

various granitoids are discernible in the Jaisamand pluton. In 

some places, the granitoids show signs of shearing, indicated 

by the pinching of the quartz veins and the development of 

strong foliation in the adjacent granitoid domain (Fig.  3 d). 

Overall, the foliation in these rocks strikes NW–SE with SW 

dips ranging from 50° to 70° (Fig.  2 ). The granitoids show 

an intrusive relationship with the surrounding metabasites 

(Fig.  3 e).         

    4.1.1   Sanukitoids 

 The foliation in the sanukitoids is mostly defi ned by biotite 

(Fig.  3 f). Plagioclase (34–53 vol%), quartz (18–30 vol%; 

excluding sample 2JMG20: ~ 9 vol%) and biotite (5–28 

vol%) are the dominant phases, and epidote (1–9 vol%), 

apatite, zircon, titanite, Fe-Ti oxides, and tourmaline occur 

as accessory minerals along with secondary white mica 

(0.5–10 vol%; Table  1 ). In the ternary QAP plot of Streck-

eisen ( 1976 ), these rocks are mostly classifi ed as tonalite 

(M = 17.5–41.0 vol%; Table  1 ; M = mafi c and related min-

erals = volume % of mica + accessory minerals + epidote), 

except for sample 2JMG20, which is a quartz diorite (Fig.  4 ).          

 The plagioclase is variably altered to epidote, sericite, 

and/or calcite, with most of the crystals showing relatively 

clean cores and rims with eff ects of sericitization and saus-

suritization (Fig.  3 f). In places, the plagioclase twin lamellae 

are bent and displaced, showing the eff ect of deformation 

(Fig.  3 g). The composition of plagioclase varies from albite 

to oligoclase  (An 1.8–19.6 ;  n  = 35; Fig.  5 a; Table  S1 ), and, 

in sample JMG2, the plagioclase is exclusively oligoclase.         

 Biotite occurs as a major mafi c phase, mostly as sub-

hedral laths- to tabular-shaped fl akes, which are interstitial 

to plagioclase and quartz (Fig.  3 g). The mineral is largely 

associated with epidote, apatite, zircon, titanite, and Fe-Ti 

oxides (Fig.  3 f, h). In places, incipient to complete altera-

tion of biotite to chlorite and/or muscovite is observed 

(Fig.  3 g). Biotite is phlogopite to annite in composition with 

 X Fe   [X Fe  =  Fe t /(Fe t  + Mg)] varying between 0.45 and 0.52 

(Fig.  5 b; Table  S2 ). It shows a wide variation in F contents 

(0.00–0.27 wt%), but relatively homogeneous Cl abundances 

(0.00–0.04 wt%; Table  S2 ). In the discrimination diagram 

of Abdel-Rahman ( 1994 ), the biotite shows its affi  nity with 

calc-alkaline orogenic suites (C-type; Fig.  5 c). 

 Epidote occurs mostly as subhedral to euhedral, prismatic 

to fi ne granular aggregates (Fig.  3 h). The prismatic epidote 

is colorless to pale yellow, occasionally zoned, and is associ-

ated with unaltered biotite (Fig.  3 h, i). In places, the presence 

of zonation, an allanite-rich core surrounded by epidote, and 

its partial enclosure in biotite and embayed boundaries in 

contact with plagioclase and quartz are the typical features 

of magmatic epidote (Fig.  3 j; Zen and Hammarstrom  1984 ; 

Schmidt and Thompson  1996 ; Schmidt and Poli  2004 ). In 

contrast, the fi ne granular aggregates occurring as inclu-

sions in plagioclase show blue to lemon yellow interference 

colors and are secondary zoisite and clinozoisite, respec-

tively (Fig.  3 I). The < 0.2 wt%  TiO 2  abundance in magmatic 

epidote  (TiO 2  = 0.01–0.13 wt%; Table  S3 ) further support 

their magmatic origin (Evans and Vance  1987 ). The cores 

of the mineral are relatively iron-poor  [X Ep-core  = 0.52–0.63; 

 X Ep  =  Fe 3+ /(Fe 3+  + Al +  Cr 3+  − 2)] with pistacite con-

tents [Ps =  (Fe 3+ /(Fe 3+  + Al) × 100] ranging from 15 to 

19 mol% (Table   S3 ), while the rims are relatively iron-

rich  (X Ep-rim  = 0.69–0.76) with higher Ps of 21–25 mol% 

(Fig.  6 a; Table  S3 ). The pistacite (Ps) contents of the core 

are relatively low than the recommended values for mag-

matic epidote (25–33 mol%; Liou  1973 ; Tulloch  1986 ; Zen 

 1988 ). Nevertheless, textural evidence is more reliable than 

the compositional criteria to delineate the magmatic nature 

of epidote (Schmidt and Poli  2004 ). The magmatic epidote 

with lower Ps contents has also been reported: for example, 

epidote in the Galiléia batholith (Brazil) shows Ps contents 

of 9.3–22.2 mol% (Narduzzi et al.  2017 ), and epidote in 

the Olho d’Água pluton (Brazil) shows Ps = 17–26 mol% 

(Siqueira et al.  2021  and references therein).         
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 Titanite occurs as subhedral to anhedral aggregates either 

as partially enclosed or as inclusions within the biotite. In 

places, titanite is also associated with epidotes and/or Fe–Ti 

oxides (Fig.  3 h). 

 Chlorite occurs as subhedral laths, mostly with biotite 

and/or Fe–Ti oxides. The mineral shows anomalous brown 

to violet/blue interference colors (Fig.  3 g). The analyzed 

chlorite spots show a type-I trioctahedral, Mg-chlorite 

composition with  X Mg   [X Mg   =  Mg/(Mg  +   Fe t )] values 

between 0.59 and 0.60 (Fig.  6 b; Table  S4 ). 

     4.1.2   TTGs 

 The TTGs show a well-developed foliation (Fig.   3 d, e) 

defi ned by biotite and/or muscovite (Fig.  3 k). The major 

minerals include plagioclase (44–53 vol%), quartz (26–33 
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vol%), and biotite (10–15 vol%). The accessory minerals are 

epidote (1–8 vol%), zircon, apatite, titanite, Fe-Ti oxides, 

tourmaline, and secondary white mica (0–4 vol%; Table  1 ). 

The TTGs occupy the tonalite fi eld in the ternary QAP plot 

(Fig.  4 ). 

 Plagioclase is variably altered and deformed as observed 

in the sanukitoids (Fig.  3 k). They are albite to oligoclase 

 (An 1.7–19.1 ;  n  = 23; Fig.  5 a; Table  S1 ) in composition. 

 The mode of occurrence, association, and alteration 

features of biotite are the same as observed in the sanuki-

toids. They are, however, annite in composition with  X Fe  

varying from 0.50 to 0.54 (Fig.  5 b; Table  S2 ). The vari-

ations and abundances of halogens are broadly same as 

those in the sanukitoids (F  =  0.00  wt%–0.28 wt% and 

Cl = 0.04 wt%–0.05 wt%; Table  S2 ). Like sanukitoids, the 

biotite is typical of calc-alkaline suites (Fig.  5 c). 

 Epidote shows similar textural features for magmatic and 

secondary ones as those in the sanukitoids. 

     4.1.3   Transitional TTGs 

 The transitional TTGs are megascopically and microscopi-

cally similar to the sanukitoids and TTGs. The major phases 

include plagioclase (40–47 vol%), quartz (25–28 vol%), 

K-feldspar (6–12 vol%), and biotite (7–10 vol%). The acces-

sory phases are epidote (1–3 vol%), titanite, zircon, apatite, 

Fe-Ti oxides, and secondary white mica (1–8 vol%; Table  1 ). 

In contrast to the sanukitoids and TTGs, the transitional 

TTGs occupy the granodiorite fi eld in the ternary QAP plot 

(Fig.  4 ) because of the occurrence of K-feldspar. 

 The textural features exhibited by various major and 

accessory phases are similar to those observed in the 

sanukitoids and TTGs. Plagioclase is oligoclase  (An 13.8–22.7 ; 

 n  = 10; Fig.  5 a; Table  S1 ), and biotite is annite with slightly 

higher  X Fe   (X Fe  = 0.55–0.56) values than those in the TTGs 

(Fig.  5 b; Table  S2 ), and is typical of calc-alkaline suites 

(Fig.  5 c). 

 The K-feldspar mostly occurs as subhedral tabular, tar-

tan twinned microcline–perthite, showing a diff used grain 

boundary and a myrmekitic texture in association with pla-

gioclase (Fig.  3 l, m). Compositionally, the mineral shows a 

limited variation with  Or 88.9–95.2  ( n  = 7; Fig.  5 a; Table  S5 ). 

The cores and rims of the magmatic epidote show similar 

variations for  X Ep  values, and Ps contents as those observed 

in the sanukitoids (Fig.  6 a; Table  S3 ). 

     4.1.4   Altered granitoids 

 In the Jaisamand pluton, some of the granitoids show eff ects 

of metasomatism and are classifi ed as altered granitoids. 

These granitoids are gray, whitish gray to white, and fee-

bly foliated due to lesser abundances of the mafi c phases 

(Fig.  3 c; Table  1 ). In these rocks, most of the microcline 

occurs as islands within the plagioclase, and the twin planes 

of the latter mineral show continuity with the tartan twin-

ning pattern of microcline (Fig.  3 n, o), suggesting trans-

formation of microcline to plagioclase during a phase of 

Na-metasomatism. The major minerals include plagioclase 

(36–58 vol%), quartz (28–38 vol%), microcline (0–6 vol%, 

except in sample JMG9, microcline = 18 vol%), and biotite 

(3–8 vol%), along with accessory zircon, Fe–Ti oxides, titan-

ite, apatite, epidote, allanite, and secondary white mica and 

chlorite (Table  1 ). Notably, the estimated modal abundances 

of accessory (1–1.5 vol%) and mafi c phases (biotite = 3–8 

vol%) are lower in these granitoids (Table   1 ). Most of 

the analyzed plagioclase spots have An contents ≤ 5 (see 

below), and therefore, in the ternary QAP plot, these granites 

are classifi ed as alkali feldspar granites (Streckeisen  1976 ), 

except for sample JMG8 (An ≥ 5 and K-feldspar absent) 

which falls in the tonalite fi eld (Fig.  4 ). 

 Plagioclase occurs as subhedral tabular and sometimes 

with bent twin lamellae, showing variable eff ects of alter-

ation to calcite, sericite, and epidote (Fig.  3 n). The min-

eral is virtually pure albite  (An 1.2–5.9 ;  n  = 34) except in 

JMG8 where albite to oligoclase composition is observed 

 (An 6.8–16.2 ;  n  = 11; Figs.  5 a,  3 o; Table  S1 ). The relict micro-

cline islands show higher orthoclase composition than those 

in the TTGs (Or  94.7– 98.6 ;  n  = 22; Figs.  5 a,  3 o; Table  S5 ). 

Biotite is phlogopite to annite in composition with an  X Fe  

  Fig. 3       Representative fi eld photographs and photomicrographs of 

the Jaisamand sanukitoids ( a ,  b  and  f – j ), TTGs ( d ,  e , and  k ), transi-

tional TTGs ( l – m ) and altered granitoids ( c  and  n – o ).  a  topographi-

cally low-lying sanukitoid outcrop (length of hammer = 11.5 inch); 

 b  sanukitoids showing preferred orientation of biotite, defi ning a 

strongly developed foliation (coin diameter = 27 mm);  c  altered gran-

itoids with less abundant biotite, defi ning a subdued foliation (coin 

diameter  =  25  mm);  d  pinching of quartz vein ( yellow arrow ) and 

development of a strong foliation in the deformed TTG (coin diam-

eter = 27 mm);  e  intrusive relationship of the TTGs with the meta-

basite (height of the person  =  160  cm);  f  hypidiomorphic–granular 

texture, foliation, alteration of plagioclase to sericite and alteration 

of biotite to chlorite;  g  displaced albite twin lamellae ( yellow trian-
gles ) in plagioclase, indicating eff ect of deformation, and interstitial 

biotite showing its alteration to chlorite and muscovite;  h  associa-

tion of biotite with epidote and titanite;   i  alteration of plagioclase to 

zoisite and clinozoisite;  j  allanite core with epidote rim, showing 

embayed margin in contact with quartz and plagioclase;  k  foliation 

defi ned by biotite and muscovite, an overall hypidiomorphic-granular 

texture, less altered plagioclase with relatively clean core and more 

altered plagioclase showing sericitization along the albite twin lamel-

lae ( yellow triangle );  l  tartan twinned microcline showing albite 

veins ( yellow arrow ) along with diff used grain boundary with adjoin-

ing plagioclase, and alteration of plagioclase to sericite and calcite, 

 m  myrmekitic texture ( yellow triangle ) in microcline;  n  microcline 

islands in the plagioclase with parallelism between the albite and 

the tartan twin planes and formation of secondary calcite and  o  BSE 

image showing relics of microcline in plagioclase along with their An 

and Or contents. Photomicrographs 3f and j are under both one nicol 

and crossed nicols, 3  h is under one nicol and all others are under 

crossed nicols. Mineral abbreviations are after Whitney and Evans 

( 2010 )  

◂
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  Table 1       Estimated modal analyses (in volume percent) for the Jaisamand granitoids  

  a    Tonalite   b Quartz diorite   c Granodiorite  d  Alkali feldspar granite;  Acc. min  accessory minerals,  M  mafi c and related minerals = volume % of 

mica + accessory minerals + epidote 

  Rock type    Sanukitoids    TTGs  

  Sample no.    KWG1 a     JMG1 a     JMG2 a     JMG12 a     JMG18 a     2JMG19 a     2JMG20 b     2JMG22 a     2JMG26 a     JMG11 a     2JMG23 a   

  Quartz    23    22    26    26    30    24    9    18    22    33    30  

  Plagioclase    46    53    47    52    38    34    45    48    45    48    44  

  K-feldspar    –    –    –    4    –    –    –    –    –    –    –  

  Biotite    15    18    15    11    5    20    25    28    12    10    11  

  Muscovite    0.5    3    2    2    10    5    4    –    5    4    –  

  Epidote    9    1    6    3    7    9    4    3    6    1    8  

  Calcite    1    1    1    0.5    –    1    –    –    2    0.5    –  

  Chlorite    3.5    –    1    –    7    1    5    1    2    0.5    2  

  Acc. min    2    2    2    1.5    3    6    8    2    6    3    5  

  M    26.5    24.0    25.0    17.5    25.0    40.0    41.0    33.0    29.0    18.0    24.0  

  Rock type    TTGs    Transitional TTGs    Altered granitoids  

  Sample no    2JMG25 a     2JMG27 a     JMG14 c     JMG17 c     2JMG28 c     JMG4 d     JMG6 d     JMG8 a     JMG9 d     JMG10 d   

  Quartz    26    26    25    28    27    30    28    38    34    38  

  Plagioclase    53    44    47    41    40    54    58    44    40    36  

  K-feldspar    –    3    11    6    12    4    6    –    18    1  

  Biotite    12    15    10    10    7    5    3    8    5    4  

  Muscovite    2    2    1    7    8    1    1    5    1    15  

  Epidote    3    4    3    1    2    2    2    2    1    0.5  

  Calcite    –    3    –    2    1    –    –    1    –    2  

  Chlorite    1    0.5    –    4    0.5    3    0.5    0.5    –    2  

  Acc. min    3    2.5    3    1    2.5    1    1.5    1.5    1    1.5  

  M    20.0    23.5    17.0    19.0    19.5    9.0    7.5    16.5    8.0    18.0  

  Fig. 4       Ternary QAP (quartz—

alkali feldspar—plagioclase) 

modal classifi cation diagram 

(Streckeisen  1976 ) for the Jaisa-

mand granitoids  
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  Fig. 5        a  Or–Ab–An diagram for feldspars (Deer et al.  2013 );  b   X Fe  (apfu) [=Fe t /(Fe t  + Mg)] versus  Al IV  (apfu) diagram for biotite (Deer et al. 

 2013 ); and  c  MgO (wt%) versus  Al 2 O 3  (wt%) plot for biotite (Abdel-Rahman  1994 ).  apfu  atom per formula unit,  A  anorogenic alkaline suites,  C  
calc-alkaline orogenic suites,  P  peraluminous (including S-type) suites  
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value between 0.42 and 0.57 (Fig.  5 b; Table  S2 ), and halo-

gens (Cl and F) in the mineral (F = 0.04–0.31 wt% and 

Cl = 0.00–0.06 wt%; Table  S2 ) show overlapping abun-

dances as those in the other granitoids. Chlorite is type-I 

trioctahedral, Mg-chlorite as observed in the sanukitoids but, 

compared to the latter, it shows slightly higher Mg-contents 

with  X Mg  varying between 0.59 and 0.64 (Fig.  6 b; Table  S4 ). 

      4.2   Whole-rock geochemistry 

    4.2.1   Sanukitoids 

 The rocks show variable Si  (SiO 2   =  55.7–67.1 wt%), 

Al  (Al 2 O 3   =  15.90–18.33 wt%), Ca (CaO  =  2.11–4.84 

wt%), K  (K 2 O = 1.90–3.30 wt%), Mg (MgO = 1.54–3.76 

wt%), and Fe  (Fe2O3 t   =  3.52–7.73 wt%) abundances 

(Table   2 ). They are characterized by low  Na 2 O/K 2 O 

(1.26–2.45), but high ferromagnesian oxides (FM oxides: 

 FeO t  + MgO + MnO +  TiO 2  = 5.27–11.45 wt%), Mg# 

(44–50), Ba + Sr (823–1407 ppm), V (48–99 ppm), Cr 

(20–90 ppm), LREE [(La/Yb) N  = 22.6–44.5, except sam-

ples JMG1 and 2JMG26, (La/Yb) N  ≤ 10.0; Table  2 ], and 

moderately high (Gd/Er) N  = 2.0–3.0 [except samples JMG1 

and 2JMG26, (Gd/Er) N  = 1.5]. Among these variations, 

the abundances of FM oxides,  Na 2 O/K 2 O ratios, Mg#, 

MgO, Br + Sr, (Gd/Er) N  , and LREE are typical of late-

Archean sanukitoids (Halla  2005 ; Halla et al.  2009 ; Mar-

tin et al.  2009 ; Heilimo et al.  2010 ; Laurent et al.  2014 ). 

Moreover, the classifi cation diagrams of Archean grani-

toids and the plots of Berach and Masuda sanukitoids of 

the Aravalli–BGC also corroborate their sanukitoid affi  nity 

(Fig.  7 a–c).           

 In the normative An–Ab–Or classifi cation diagram of 

Barker ( 1979 ), the sanukitoids largely spread across the 

fi elds of tonalite, trondhjemite, and granodiorite, and fall 

in the fi eld of Archean TTGs, away from the modern or 

post-Archean granitoids (Fig.  8 a), which is also supported 

by the cationic K–Na–Ca diagram (Fig.  8 b). The rocks are 

mostly calc-alkalic to alkali-calcic, magnesian, weakly 

peraluminous, and medium-K (calc-alkaline) in nature 

(Fig.  8 c–f).         

 Based on chondrite-normalized REE patterns, the sanuki-

toids can be distinguished into two groups: (1) moderately 

fractionated REE group [(La/Yb) N  ≤ 10.0; samples JMG1 

and 2JMG26] with fl at HREE patterns [(Gd/Yb) N  = 1.9] 

and negative Eu anomalies (Eu/Eu* = 0.56–0.68; Fig.  9 a; 

Table   2 ), and (2) highly fractionated REE group [(La/

Yb) N  = 22.6–44.5] with fl at to depleted HREE patterns 

[(Gd/Yb) N  = 2.2–3.2] and moderately negative to no Eu 

anomalies (Eu/Eu* = 0.74–1.06; Fig.   9 a; Table   2 ). The 

overall REE patterns are mostly comparable to the average 

pattern of the high-HREE-Y TTG group (Moyen and Martin 

 2012 ; Laurent et al.  2024 ), except for two samples (JMG2 

and 2JMG20) which show similarity with medium-HREE-

Y TTG group (Fig.  9 a). The REE patterns are also similar 

to those of the 2545–2540 Ma Masuda and Berach sanuki-

toids of the Aravalli–BGC. In the multi-element primitive 

mantle-normalized diagram, the Jaisamand sanukitoids 

show relatively high contents of LILE and LREE compared 

to those of high-fi eld strength elements (HFSE), a feature 

typical of subduction-related magmas (Fig.  9 b). Most of the 

sanukitoids show signifi cant negative anomalies for Nb, Sr, 

P and Ti, and, overall, the patterns are remarkably similar 

to the average pattern of sanukitoids as defi ned by Halla 

et al. ( 2009 ), and are also comparable with the Masuda and 

Berach sanukitoids.         

     4.2.2   TTGs 

 These rocks compared to the sanukitoids (Table  2 ) show 

relatively high Si contents  (SiO 2   =  66.8–71.9 wt%), 

Na  (Na 2 O  =  4.65–6.65 wt%), and  Na 2 O/K 2 O ratios 

(1.90–4.86), but low Al  (Al 2 O 3  = 14.30–15.52 wt%), Ca 

(CaO = 1.15–2.31 wt%), Mg (MgO = 1.02–1.77 wt%), 

Fe  (Fe 2 O 3  
t   =  2.34–3.95 wt%), FM oxides (3.50–5.71 

wt%), and Mg# (45–47). Moreover, the rocks are also 

characterized by relatively low Ba + Sr (516–1010 ppm), 

K  (K 2 O = 1.37–2.45 wt%),  K 2 O/Na 2 O (0.21–0.53), (Gd/

  Fig. 6        a  Ps [pistacite content, 

Ps =  Fe 3+ /  (Fe 3+   + Al) × 100)] 

versus  X Ep  diagram for epidote 

and  b  ternary (Al +  )–

Mg–Fe diagram (Zane and 

Weiss  1998 ).  (octahedral 

vacancy) = (12—∑ octahedral 

site), where ∑ octahedral site 

=  (Al VI  + Ti + Fe. t  + Mg + 

Mn)  
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  Table 2       Whole-rock chemical compositions for the Jaisamand granitoids, NW India  

  Rock type    Sanukitoids    TTGs  

  Sample no.    KWG1 a     JMG1 a     JMG2 a     JMG12 a     JMG18 a     2JMG19 a     2JMG20 b     2JMG22 a     2JMG26 a     JMG11 a     2JMG23 a   

  Lat. (°N)    24°24′    24°14′    24°15′    24°13′    24°24′    24°12′    24°13′    24°23′    24°22′    24°13′    24°24′  
  27.9″    54.1″    20.3″    46.7″    58.8″    34.9″    22.9″    48.4″    19.9″    44.9″    16.4″  

  Long. (°E)    73°46′    73°53′    73°54′    73°56′    73°44′    73°58′    73°56′    73°46′    73°47′    73°56′    73°46′  
  8.5″    33.8″    59.9″    35.2″    09.5″    35.6″    20.5″    33.1″    11.2″    03.5″    49.9″  

  SiO 2  (wt%)    62.5    64.2    65.7    67.1    65.2    61.9    55.7    60.1    65.1    71.9    70.7  

  TiO 2     0.70    0.52    0.59    0.52    0.58    0.73    0.66    0.8    0.52    0.35    0.33  

  Al 2 O 3     16.98    16.33    15.92    16.17    15.90    16.02    18.33    16.34    15.90    15.12    14.30  

  Fe 2 O 3  
t     5.41    4.00    4.35    3.52    4.80    5.93    7.73    6.31    4.67    2.34    2.52  

  MnO    0.07    0.05    0.06    0.04    0.05    0.07    0.08    0.06    0.06    0.03    0.03  

  MgO    2.16    1.91    1.87    1.54    2.11    2.34    3.76    3.15    1.83    1.02    1.05  

  CaO    4.84    2.75    3.54    2.57    2.79    4.10    2.11    2.78    3.07    1.73    1.15  

  Na 2 O    4.30    5.13    4.58    5.25    4.66    3.97    4.79    4.86    3.89    4.97    4.76  

  K 2 O    2.17    2.66    2.05    2.30    1.90    2.03    3.30    2.37    3.10    1.68    2.02  

  P 2 O 5     0.28    0.43    0.21    0.20    0.21    0.32    0.03    0.31    0.20    0.10    0.12  

  LOI    1.27    1.59    1.01    1.14    1.58    1.11    1.72    1.95    2.20    0.94    1.53  

  Sum    100.7    99.6    99.8    100.4    99.8    98.5    98.2    99.0    100.5    100.1    98.5  

  Sc (ppm)    9    7    4    6    7    9    10    10    8    6    3  

  V    90    60    76    56    69    94    48    99    62    40    28  

  Cr    50    40    20    20    40    30    90    40    20    40    < 20  

  Ni    20    < 20    < 20    < 20    20    < 20    20    < 20    < 20    < 20    < 20  

  Zn    60    50    80    30    60    60    80    60    50    < 30    < 30  

  Ga    23    19    19    17    19    20    25    22    22    16    16  

  Rb    54    67    58    50    39    55    105    63    92    43    36  

  Sr    664    365    544    386    344    492    224    419    477    165    125  

  Y    16    31    9    13    14    14    8    15    26    16    9  

  Zr    201    155    161    180    201    213    263    217    181    139    120  

  Nb    8    9    4    8    7    4    14    5    7    8    2  

  Ba    743    999    612    808    898    620    599    505    543    516    885  

  Pb    10    7    10    12    6    7    11    9    18    14    < 5  

  Th    4.2    4.3    5.7    8.1    7.1    4    20.8    4.2    5.8    8.3    5.6  

  U    0.8    1    1    1.4    1.4    1.2    1.3    0.8    1.9    1.4    0.7  

  Hf    4.6    3.8    3.8    3.9    4.8    4.3    6.3    4.6    4.2    3.3    2.5  

  Ta    0.5    0.9    0.3    0.6    0.5    0.3    1.7    0.4    1    0.8    0.4  

  La    55.6    37.4    42.8    37.9    47.6    38.2    49.8    42    30.8    32.9    36.2  

  Ce    104    75.5    74.5    72.7    89.1    70.4    86.8    80.4    60.7    62    64.8  

  Pr    11.6    9.11    7.75    8.2    9.93    7.91    9.14    9.24    7.04    6.99    6.67  

  Nd    42.5    36.9    26.8    30.1    37.4    31    31.1    37.1    28    25.4    23.5  

  Sm    6.9    7.6    4    5.1    6    5.5    4.9    7    6.2    4.7    4.1  

  Eu    1.75    1.26    1.08    1.12    1.19    1.46    1.22    1.54    1.26    1.05    0.95  

  Gd    4.7    6.2    2.4    3.2    4    3.8    3    4.7    5.1    3.3    2.5  

  Tb    0.7    1    0.3    0.5    0.6    0.6    0.4    0.6    0.9    0.5    0.3  

  Dy    3.4    6.3    1.8    2.5    3    2.9    1.9    3.4    5    3.1    1.9  

  Ho    0.6    1.2    0.3    0.4    0.5    0.5    0.3    0.6    1    0.6    0.3  

  Er    1.7    3.3    0.9    1.3    1.4    1.4    0.8    1.5    2.8    1.7    0.8  

  Tm    0.23    0.45    0.14    0.17    0.18    0.19    0.11    0.2    0.37    0.24    0.11  

  Yb    1.5    2.7    0.9    1.2    1.1    1.1    0.8    1.2    2.2    1.5    0.8  

  Lu    0.22    0.36    0.16    0.17    0.17    0.16    0.13    0.16    0.31    0.25    0.11  

  ∑ REE    235.4    189.3    163.8    164.6    202.2    165.1    190.4    189.6    151.7    144.2    143.0  
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Table 2    (continued)

  Rock type    Sanukitoids    TTGs  

  Sample no.    KWG1 a     JMG1 a     JMG2 a     JMG12 a     JMG18 a     2JMG19 a     2JMG20 b     2JMG22 a     2JMG26 a     JMG11 a     2JMG23 a   

  (Gd/Er) N     2.2    1.5    2.1    2.0    2.3    2.2    3.0    2.5    1.5    1.6    2.5  

  (La/Yb) N     26.5    9.9    34.0    22.6    30.9    24.8    44.5    25.0    10.0    15.7    32.3  

  (Gd/Yb) N     2.6    1.9    2.2    2.2    3.0    2.8    3.1    3.2    1.9    1.8    2.5  

  Eu/Eu*    0.93    0.56    1.06    0.84    0.74    0.97    0.96    0.81    0.68    0.81    0.90  

  Na 2 O/K 2 O    1.98    1.93    2.23    2.28    2.45    1.95    1.45    2.05    1.26    2.96    2.36  

  K 2 O/Na 2 O    0.50    0.52    0.45    0.44    0.41    0.51    0.69    0.49    0.80    0.34    0.42  

  Mg#    44    49    46    46    47    44    49    50    44    46    45  

  FM oxides    7.79    6.08    6.43    5.27    7.07    8.48    11.45    9.69    6.36    3.50    3.56  

  FeO T  + MgO    7.03    5.51    5.78    4.71    6.43    7.68    10.72    8.83    6.03    3.13    3.32  

  Ba + Sr    1407    1364    1156    1194    1254    1112    823    924    1020    681    1010  

  La/Sm    8.06    4.92    10.70    7.43    7.93    6.95    10.16    6.00    4.97    7.00    8.83  

  Nb/Sm    1.16    1.18    1.00    1.57    1.17    0.73    2.86    0.71    1.13    1.70    0.49  

  U/Th    0.19    0.23    0.18    0.17    0.20    0.30    0.06    0.19    0.33    0.17    0.13  

  Th/Yb    2.80    1.59    6.33    6.75    6.45    3.64    26.00    3.50    2.64    5.53    7.00  

  Ba/La    13.36    26.71    14.30    21.32    18.87    16.23    12.03    12.02    17.63    15.68    24.45  

  Nb/Nb*    0.12    0.17    0.06    0.11    0.09    0.08    0.10    0.09    0.12    0.11    0.03  

  Pb/Pb*    3.02    2.80    4.36    5.15    2.12    3.11    4.10    3.46    9.13    7.05    -  

  ASI    0.97    1.07    1.01    1.06    1.11    1.04    1.21    1.10    1.07    1.17    1.21  

  Rock type    TTGs    Transitional TTGs    Altered granitoids  

  Sample no.    2JMG25 a     2JMG27 a     JMG14 c     JMG17 c     2JMG28 c     JMG4 d     JMG6 d     JMG8 a     JMG9 d     JMG10 d   

  Lat. (°N)    24°25′    24°16′    24°12′    24°25′    24°20′    24°15′    24°16′    24°18′    24°19′    24°14′  
  18.7″    57.0″    11.0″    07.7″    30.0″    29.7″    34.6″    00.2″    16.8″    20.7″  

  Long. (°E)    73°45′    73°50′    73°58′    73°45′    73°48′    73°52′    73°50′    73°49′    73°49′    73°56′  
  41.7″    24.4″    49.2″    35.2″    04.1″    23.8″    42.7″    22.1″    02.5″    19.6″  

  SiO 2  (wt%)    67.3    66.8    68.7    69.1    70.0    74.7    75.4    75.3    76.7    76.3  

  TiO 2     0.41    0.50    0.46    0.35    0.34    0.15    0.09    0.12    0.09    0.08  

  Al 2 O 3     15.52    15.50    15.53    15.82    14.40    14.45    14.03    14.06    12.63    14.22  

  Fe 2 O 3  
t     3.35    3.95    3.31    2.99    2.58    1.22    0.89    1.34    1.14    0.72  

  MnO    0.02    0.03    0.04    0.03    0.03    0.01    0.01    0.02    0.02    0.01  

  MgO    1.51    1.77    1.08    1.25    1.08    0.74    0.47    0.51    0.48    0.23  

  CaO    1.36    2.31    3.09    1.02    1.38    0.54    0.61    1.71    0.92    1.55  

  Na 2 O    6.65    4.65    4.10    4.48    4.28    6.95    6.30    5.18    3.55    4.70  

  K 2 O    1.37    2.45    3.31    3.50    3.27    1.26    1.51    1.35    4.40    1.62  

  P 2 O 5     0.14    0.20    0.17    0.13    0.12    0.04    0.02    0.03    0.05    0.02  

  LOI    1.18    0.89    0.78    1.74    1.62    0.65    0.64    0.84    0.76    0.99  

  Sum    98.8    99.1    100.6    100.3    99.1    100.7    100.0    100.5    100.7    100.4  

  Sc (ppm)    3    7    5    4    2    2    2    2    2    2  

  V    49    60    49    38    32    16    7    12    11    < 5  

  Cr    < 20    30    < 20    < 20    < 20    < 20    < 20    20    < 20    < 20  

  Ni    < 20    < 20    < 20    < 20    < 20    < 20    < 20    < 20    < 20    < 20  

  Zn    < 30    < 30    50    < 30    40    < 30    < 30    < 30    < 30    < 30  

  Ga    18    19    19    19    16    14    13    14    14    14  

  Rb    45    73    79    95    66    22    28    41    87    24  

  Sr    196    356    472    160    213    93    125    257    208    264  

  Y    10    14    11    8    7    9    11    17    12    4  

  Zr    163    141    149    144    143    88    65    69    76    68  

  Nb    4    3    7    11    2    7    5    6    3    3  
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Er) N  = 1.6–2.7, V (28–60 ppm), and Cr (< 20–40 ppm) 

abundances, and overall moderate to high LREE [(La/

Yb) N  = 15.7–35.2] contents. The high  Na 2 O abundances 

along with relatively low  K 2 O/Na 2 O ratios, low Ba + Sr, 

(Gd/Er) N , and ferromagnesian oxides in these rocks are 

similar to those of Archean TTGs (Martin et al.  2005 ; Halla 

et al.  2009 ; Moyen and Martin  2012 ; Laurent et al.  2014 ). In 

addition, the geochemical classifi cation diagrams distinctly 

Table 2    (continued)

  Rock type    TTGs    Transitional TTGs    Altered granitoids  

  Sample no.    2JMG25 a     2JMG27 a     JMG14 c     JMG17 c     2JMG28 c     JMG4 d     JMG6 d     JMG8 a     JMG9 d     JMG10 d   

  Ba    320    541    782    619    1217    240    313    205    927    587  

  Pb    < 5    9    12    < 5    9    < 5    < 5    8    24    16  

  Th    8.5    5.8    6.6    5.5    4.7    10.6    5.4    4.9    11.7    2.2  

  U    1.8    1.8    0.9    3.3    0.7    1.1    1    1.4    1.9    0.6  

  Hf    3.1    3.1    3.7    3.5    3.1    2.2    1.8    1.9    2.2    1.9  

  Ta    0.5    0.7    0.6    1    0.4    0.5    0.4    0.6    0.3    0.2  

  La    39.4    36.4    34.6    41.2    29.7    24.5    11.8    12    18    9  

  Ce    72.9    71.3    62.5    77.1    53    45.8    21.9    23.3    34.1    15.1  

  Pr    7.54    7.94    7.03    8.17    5.56    4.86    2.32    2.57    3.88    1.61  

  Nd    27.3    29.3    26.2    28.4    19.3    17.9    8.5    9.3    14.6    5.7  

  Sm    4.5    5.1    4.4    4.7    3    3.2    1.6    2    3.1    1.2  

  Eu    1.18    1.18    1.02    1.01    0.81    0.54    0.44    0.58    0.68    0.58  

  Gd    3.4    3.4    3    3    1.8    2    1.4    1.8    2.5    0.9  

  Tb    0.4    0.5    0.4    0.4    0.3    0.3    0.3    0.3    0.4    0.1  

  Dy    2.4    2.7    2.4    2    1.3    1.6    1.7    2.3    2.2    0.7  

  Ho    0.4    0.5    0.4    0.3    0.2    0.3    0.4    0.6    0.4    0.1  

  Er    1    1.4    1.2    1    0.6    0.9    1.2    1.9    1.1    0.3  

  Tm    0.13    0.2    0.17    0.19    0.08    0.13    0.19    0.32    0.15    < 0.05  

  Yb    0.8    1.3    1    1.4    0.5    0.8    1.2    2.2    0.9    0.3  

  Lu    0.13    0.18    0.15    0.21    0.07    0.14    0.2    0.35    0.15    0.06  

  ∑ REE    161.5    161.4    144.5    169.1    116.2    103.0    53.2    59.5    82.2    37.5  

  (Gd/Er) N     2.7    2.0    2.0    2.4    2.4    1.8    0.9    0.8    1.8    2.4  

  (La/Yb) N     35.2    20.0    24.7    21.0    42.5    21.9    7.0    3.9    14.3    21.4  

  (Gd/Yb) N     3.5    2.1    2.4    1.7    2.9    2.0    1.0    0.7    2.3    2.4  

  Eu/Eu*    0.91    0.86    0.85    0.81    1.06    0.65    0.89    0.93    0.74    1.69  

  Na 2 O/K 2 O    4.86    1.90    1.24    1.28    1.31    5.52    4.17    3.58    0.18    2.90  

  K 2 O/Na 2 O    0.21    0.53    0.81    0.78    0.76    0.18    0.24    0.26    1.24    0.34  

  Mg#    47    47    39    45    45    54    51    43    45    39  

  FM oxides    4.89    5.71    4.56    4.32    3.68    1.99    1.37    1.85    1.62    0.97  

  FeO T  + MgO    4.53    5.33    4.06    3.94    3.40    1.84    1.27    1.72    1.51    0.88  

  Ba + Sr    516    897    1254    779    1430    333    438    462    1135    851  

  La/Sm    8.76    7.14    7.86    8.77    9.90    –    –    –    –    –  

  Nb/Sm    0.89    0.59    1.59    2.34    0.67    –    –    –    –    –  

  U/Th    0.21    0.31    0.14    0.60    0.15    –    –    –    –    –  

  Th/Yb    10.63    4.46    6.60    3.93    9.40    –    –    –    –    –  

  Ba/La    8.12    14.86    22.60    15.02    40.98    –    –    –    –    –  

  Nb/Nb*    0.05    0.05    0.11    0.17    0.04    –    –    –    –    –  

  Pb/Pb*    –    3.97    6.00    –    5.50    –    –    –    –    –  

  ASI    1.07    1.10    1.00    1.25    1.12    1.06    1.07    1.08    1.04    1.16  

  a    Tonalite   b Quartz diorite   c Granodiorite   d Alkali feldspar granite; N: Chondrite normalized; Eu/Eu* =   Eu N /(Sm N  ×   Gd N ) 
½ ; Mg#: 100 ×   Mg 2+ /

(Mg 2+   +   Fe t ); FM oxides: Ferromagnesian oxides  =   (FeO t   +  MgO  +  MnO  +   TiO 2 ) wt%; Nb/Nb*  =   Nb N /(Th N   ×   La N ) 
½ ; Pb/Pb*  =   Pb N /

(Ce N   ×   Pr N ) 
½ , where N  =  N-MORB normalized value after Sun and McDonough (1989).  ASI  aluminum saturation index  =  molar  Al 2 O 3 /

(CaO − 3.3P 2 O 5  +  Na 2 O +  K 2 O) 
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  Fig. 7        a  Ternary  Na 2 O/

K 2 O–2A/CNK–2FMSB;  b  
binary  SiO 2  (wt%) versus 

 FeO t  + MgO + MnO +  TiO 2  

(wt%) and  c  binary V (ppm) 

versus Zr (ppm) plots (Laurent 

et al.  2014 ). Data used for previ-

ous studies: Masuda sanuki-

toids = Kaur et al. ( 2023a ); 

Berach sanukitoids = Mondal 

and Raza ( 2013 ), Rahaman 

and Mondal ( 2015 ) and Kaur 

et al. ( 2019a ); Jaisamand 

TTGs = Rahaman and Mondal 

( 2015 ) and Jhamarkotra 

TTGs = Kaur et al. ( 2019a )  
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  Fig. 8       Geochemical classifi cation and characterization of the Jaisamand granitoids in  a  normative An–Ab–Or diagram (Barker  1979 ) with the fi elds of Archean 

TTGs and modern granites after Moyen and Martin ( 2012 );  b  cationic K–Na–Ca diagram (Barker and Arth  1976 ) with the fi eld of Archean TTGs after Moyen and 

Martin ( 2012 );  c  modifi ed alkali–lime index  Na 2 O +  K 2 O − CaO (wt%) versus  SiO 2  (wt%) diagram (Frost et al. 2001);  d   FeO t /(FeO t  + MgO) (wt%) versus  SiO 2  

(wt%) diagram (Frost et al. 2001; Frost and Frost 2008);  e  Shand aluminum saturation index (ASI) plot (Maniar and Piccoli  1989 ; Bucholz and Spencer  2019 ), and  f  
 K 2 O (wt%) versus  SiO 2  (wt%) diagram (Rickwood  1989 ). Data for previous studies are the same as in Fig.  7 .  CA  calc-alkaline,  TTG   trondhjemite trends  
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indicate TTG affi  nity of these rocks and also distinguish 

them from the sanukitoids (Fig.  7 a–c). 

 In the normative An–Ab–Or and cationic K–Na–Ca dia-

grams, the analyzed samples occupy the fi eld of Archean 

TTGs (Fig.  8 a, b), confi rming their TTG affi  nity. The Jaisa-

mand TTGs are largely calc-alkalic to alkali-calcic, mag-

nesian, weakly peraluminous to strongly peraluminous 

(ASI = 1.07–1.21; Table  2 ), and of medium-K (calc-alka-

line) affi  nity (Fig.  8 c–f). 

 In the chondrite-normalized REE diagram, the TTGs 

show moderate to highly fractionated REE patterns [(La/

Yb) N  = 15.7–35.2] with slight to negligible Eu anomalies 

(Eu/Eu* = 0.81–0.91) and fl at to depleted HREE profi les 

[(Gd/Yb) N  = 1.8–3.5] (Fig.  9 c; Table  2 ). The overall REE 

patterns are comparable with either high-HREE-Y TTGs or 

medium-HREE-Y TTGs, and also with previously studied 

adjoining Jhamarkotra TTGs (Kaur et al.  2019a ), Jaisamand 

TTGs (one sample; Rahaman and Mondal  2015 ), and Jaisa-

mand sanukitoids (this study). In the primitive mantle-nor-

malized multi-element diagram, the TTGs show negative 

Nb, Sr, P, and Ti anomalies, and the patterns are comparable 

with those of the Jaisamand sanukitoids (Fig.  9 d). 

     4.2.3   Transitional TTGs 

 In comparison to the TTGs (Table  2 ), these rocks show lower 

 Na 2 O (4.10–4.48 wt%) and  Na 2 O/K 2 O ratios (1.24–1.31), 

Mg# (39–45) and higher K  (K 2 O = 3.27–3.50 wt%) and 

 K 2 O/Na 2 O (0.76–0.81) ratios, but overlapping ranges for Si 

 (SiO 2  = 68.7–70.0 wt%), Al  (Al 2 O 3  = 14.40–15.82 wt%), 

Ca (CaO = 1.02–3.09 wt%), Mg (MgO = 1.08–1.25 wt%), 

Fe  (Fe 2 O 3  
t  = 2.58–3.31 wt%), and FM oxides (3.68–4.56) 

and (Gd/Er) N   =  2.0–2.4. These overlapping geo-

chemical characteristics with the TTGs and higher K 

 (K 2 O = 3.27–3.50 wt%) abundances than TTGs but over-

lapping Ba + Sr (779–1430 ppm) and lower FM oxides and 

Mg (MgO = 1.08–1.25 wt%) content than the sanukitoids, 

indicate transitional TTG affi  nity for these rocks (Champion 

and Smithies  2001 ,  2003 ,  2019 ; Laurent et al.  2014 ; Joshi 

et al.  2017 ). In the geochemical discrimination diagrams, 

these rocks fall in both the TTGs and the sanukitoids fi elds, 

supporting their transitional nature (Fig.  7 a–c). 

 The transitional TTGs mostly lie at the outer margins 

for the fi eld of Archean TTGs in the normative An–Ab–Or 

and cationic K–Na–Ca diagrams (Fig.  8 a, b). The rocks are 

calc-alkalic to alkali-calcic, magnesian, weakly peralumi-

nous to strongly peraluminous (ASI = 1.00–1.25; Table  2 ), 

and belong to the high-K (calc-alkaline) series (Fig.  8 c–f). 

 In the chondrite-normalized REE diagram, the transi-

tional TTGs show moderate to strong REE fractionation 

[(La/Yb) N  = 21.0–42.5] with fl at to slightly depleted HREE 

profi les [(Gd/Yb) N  = 1.7–2.9] and small negative to no Eu 

anomalies (Eu/Eu* = 0.81–1.06; Fig.  9 e; Table  2 ). The over-

all REE patterns of two samples are comparable with the 

average high-HREE-Y TTGs, while one sample (2JMG28) 

can be compared with medium-HREE TTGs. Further, the 

REE patterns of the transitional TTGs overlap with those 

of Jaisamand TTGs (except sample 2JMG28; Fig.  9 e). In 

the primitive mantle-normalized multi-element diagram, the 

transitional TTGs show negative Nb, Sr, P, and Ti anoma-

lies, like those observed in the Jaisamand TTGs (Fig.  9 f). 

     4.2.4   Altered granitoids 

 These granitoids are characterized by very high Si abun-

dances  (SiO 2  = 74.7–76.7 wt%) and a disparity in alkalis, 

as, in some samples where K-feldspar occurs as an accessory 

relict phase, the  Na 2 O (6.30–6.95 wt%) contents are much 

higher than those of  K 2 O (1.26–1.51 wt%; Table  2 ). This is a 

typical feature of primary granitoids undergoing albitization 

during an alkali ion exchange fl uid-induced mechanism (e.g., 

Moore and Liou  1979 ; Kaur et al.  2012 ,  2019b ). Moreover, 

the lower abundances of ferromagnesian oxides (0.97–1.99 

wt%) also indicate dissolution of mafi c phases during altera-

tion, which is also supported by the lower amounts of biotite 

in these rocks (Tables  1 ,  2 ). These rocks also show lowest 

ΣREE (37.5–103.0 ppm) among all the other granitoid types, 

and REE depletion is a common feature during metasoma-

tism of granitoids (Boulvais et al.  2007 ; Kaur et al.  2012 ). 

Considering the above, the altered granitoids are not suitable 

to characterize in various classifi cation and discrimination 

diagrams as they are likely to provide misleading informa-

tion (Kaur et al.  2014 ). Therefore, these granitoids are not 

discussed in such diagrams, although their plots are shown. 

 In the chondrite-normalized REE diagram, the altered 

granitoids can be distinguished into two groups: (1) 

low fractionated REE group [(La/Yb) N  = 3.9–7.0; sam-

ples JMG6 and JMG8] with flat HREE patterns [(Gd/

Yb) N  = 1.0–0.7] and very small negative Eu anomalies 

(Eu/Eu* = 0.89–0.93), and (2) moderately fractionated 

REE group [(La/Yb) N  = 14.3–21.9; samples JMG4, JMG9 

and JMG10] with slightly depleted HREE patterns [(Gd/

Yb) N  = 2.0–2.4] and negative to positive Eu anomalies (Eu/

Eu* = 0.65–1.69; Fig.  9 g; Table  2 ). The overall pattens are 

depleted in REE, particularly in LREE compared with the 

  Fig. 9       Chondrite-normalized REE and primitive mantle-normal-

ized multi-element patterns for the sanukitoids ( a ,  b ), TTGs ( c ,  d ), 
transitional TTGs ( e ,  f ), and altered granitoids ( g ,  h ). The normaliz-

ing values for Chondrite are after Barrat et  al. ( 2012 ) and those of 

primitive mantle are after Palme and O’Neill ( 2014 ). Data source: 

average high-HREE-Y TTGs, medium-HREE-Y TTGs and low-

HREE-Y TTGs: Moyen and Martin ( 2012 ), average sanukitoids: 

Halla et  al. ( 2009 ), Masuda and Berach sanukitoids: same as in 

Fig.  7 ; Jhamarkotra TTGs (K’19): Kaur et al. ( 2019a ) and Jaisamand 

TTGs (R and M’14): Rahaman and Mondal ( 2015 )  

◂
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patterns of average high-HREE-Y TTGs, medium-HREE-Y 

TTGs, and the Jaisamand sanukitoids and TTGs (this study); 

however, the REE patterns show similarity with a previ-

ously published sample of Jaisamand TTGs (Rahaman and 

Mondal  2015 ; Fig.  9 g). In the primitive mantle-normalized 

multi-element diagram, the altered granitoids show negative 

Nb, P, and Ti anomalies and mostly lower values for LILE, 

LREE, and HFSE compared to the average high-HREE-Y 

TTGs, and to the Jaisamand sanukitoids and TTGs (Fig.  9 h). 

       5   Discussion 

    5.1   Consequences of metasomatic alteration 

 The Archean granitoids are commonly subjected to multi-

ple phases of deformation and metamorphism. Therefore, 

it is important to evaluate the eff ects of post-crystallization 

events on these rocks. As shown in the “Results” section, a 

few samples of the Jaisamand granitoids exhibit eff ects of 

Na-metasomatism or albitization, and these samples have 

been excluded from discussion related to granitoid charac-

terization to avoid misleading interpretations. 

 In this context, the compositional changes in feldspars, 

particularly in plagioclase, are signifi cant. The contents 

of Na, K, Ca, and Si are prone to alteration during vary-

ing degrees of feldspar albitization. The transformation 

of K-feldspar to albite is driven by an alkali-ion exchange 

mechanism between a Na-rich fl uid and feldspar phases 

(Orville  1963 ; Moore and Liou  1979 ; Kaur et al.  2012 ). 

The deanorthization of oligoclase, that is, the metasomatic 

alteration of oligoclase to albite, involves the fl uid-mediated 

infi ltration of  Na +  and  Si 4+  with the simultaneous removal 

of  Ca 2+  and  Al 3+  (Engvik et al.  2008 ; Plümper and Put-

nis 2009). The plagioclase compositions of the Jaisamand 

altered granitoids refl ect the deanorthization of oligoclase. 

For example, sample JMG8 shows plagioclase composition 

varying between  An 6.8  and  An 16.2  (Table  S1 ), while the pla-

gioclase in other altered granitoids is predominantly pure 

albite. Such transformation of feldspars to virtually pure 

albite further aff ects the whole-rock geochemistry, resulting 

in signifi cant gains in Na (albitization) and Si (silicifi cation) 

and losses in K and Ca (Table  2 ). For instance, the eff ects 

of albitization can be observed in Fig.  7 a, where these rocks 

exhibit higher  Na 2 O/K 2 O ratios, while silicifi cation is evi-

dent in Figs.  7 b,  8 c, d, as these rocks form a separate cluster 

with the highest Si values. 

 Most importantly, the occurrence of plagioclase with An 

contents ≤ 5 classifi es these rocks as alkali–feldspar granite, 

according to IUGS recommendations (Streckeisen  1976 ). 

Furthermore, the dissolution of mafi c phases not only alters 

the Fe and Mg contents but also results in a loss of REE. 

The loss of ferromagnesian elements and the enrichment in 

Na pose a challenge in determining whether the rocks were 

originally TTGs, sanukitoids, or potassic granites. The sig-

nifi cant REE loss during albitization must also be carefully 

considered, as the altered Jaisamand granitoids with the low-

est REE contents may give the misleading impression that 

some of these rocks have a low-HREE-Y affi  nity (Fig.  9 g). 

Therefore, determination of plagioclase compositions along 

with a careful examination of petrographic evidence of meta-

somatism in the Archean granitoids is critical to avoid mis-

classifi cation and misinterpretations. 

     5.2   Petrogenesis 

 Megascopically, the Jaisamand TTGs, sanukitoids, and tran-

sitional TTGs show similar textural characteristics, making 

it diffi  cult to distinguish between them in the fi eld. Addi-

tionally, the absence of cross-cutting relationships among 

these granitoids suggests their nearly coeval emplacement. 

Furthermore, coeval Neoarchean TTGs and sanukitoids 

(2560–2540 Ma) have also been reported from the Ara-

valli–BGC (Kaur et al.  2023a ). The Archean lineage of 

the Jaisamand granitoids is refl ected by various classifi ca-

tion and discrimination diagrams (Figs.  8 a, b,  11 c), which 

show no post-Archean affi  nity. This is further corroborated 

by the occurrence of sanukitoids, most of which appeared 

during the Neoarchean (e.g. Laurent et al.  2011 ; Mikkola 

et al.  2014 ; Jiang et al.  2016 ; Smithies et al.  2019 ; Bruno 

et al.  2020 ; Jayananda et al.  2020 ; Singh et al.  2021 ; Kaur 

et al.  2023a ). Therefore, it is reasonable to conclude that the 

diff erent granitoid types within the Jaisamand pluton were 

emplaced nearly synchronous during the Neoarchean. Their 

overlapping REE and multi-element patterns (Fig.  9 c–f) also 

indicate a genetic relationship between them. 

    5.2.1   TTGs 

 The most widely accepted process for the formation of 

Archean TTGs is the anatexis of hydrated metabasite at var-

ying depths of 35–70 km or pressures between 1 and 2 GPa 

(Jahn et al.  1981 ; Rapp et al.  1991 ,  2003 ; Foley et al.  2002 ; 

Moyen  2011 ; Moyen and Martin  2012 ; Nagel et al.  2012 ; 

Laurent et al.  2014 ,  2024 ; Johnson et al.  2017 ; Kendrick 

et al.  2024 ). The Jaisamand TTGs are Si-rich  (SiO 2  > 65%) 

with lower MgO and Mg# and low contents of transition ele-

ments (V, Sc, Cr, and Ni), indicating that these TTG melts 

were derived from a crustal source (Table  2 ). This is also 

supported by high (La/Sm) N  ratios (4.6–5.7) and low Nb/La 

(0.06–0.24) and Nb/Ce (0.03–0.13) ratios of the TTGs, rela-

tive to the average ratios in the mantle [(La/Sm) N  = 1.0, Nb/

La = 1.02 and Nb/Ce = 0.40; McDonough and Sun  1995 ). 

Moreover, the Hf isotope signatures (εHf t  values = − 8.6 

to − 2.0 and two-stage Hf model ages:  T DM2  = 3.4–3.2 Ga) 

of the Jhamarkotra Neoarchean TTGs (2.56–2.55  Ga; 
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15–20 km north of the Jaisamand pluton; Fig.  2 ; Kaur et al. 

 2019a ) also indicate their derivation from the melting of 

older Paleoarchean crust. 

 In the ternary source discrimination diagram of Laurent 

et al. ( 2014 ), the Jaisamand and Jhamarkotra TTGs plot in 

the low-K to high-K mafi c rock fi elds, indicating a predomi-

nantly mafi c nature of the crustal source (Fig.  10 a). Also, 

the TTGs occupy the fi elds of experimental melts derived 

from amphibolite or metabasalt in the discrimination dia-

grams (Fig.  10 b–e), consistent with metabasite source(s). 

The relatively low Cr and moderate Mg# are also compa-

rable to the TTG melts derived from a lower crustal mafi c 

source (Fig.  11 a), suggesting limited interaction of these 

TTGs melts with the mantle wedge peridotite. This is in 

good agreement with their peraluminous affi  nity and rela-

tively low  FeO t  + MgO (< 10 wt%) and Ba + Sr contents 

(Fig.  11 b). The “sub-types” of TTGs, the “high-pressure”, 

“low-pressure”, and “medium pressure” groups, can be iden-

tifi ed on the basis of their HREE, Sr, and Nb–Ta contents. 

The high-pressure group TTGs are characterized by low 

HREE, low Nb–Ta, and high Sr, indicating the presence of 

signifi cant garnet and some rutile, but no plagioclase in the 

residue. In contrast, the low-pressure group TTGs display 

high- HREE, Nb, and Ta but lower Sr, suggesting the pres-

ence of plagioclase in the residue, with less garnet and no 

rutile. The medium-pressure group falls between these two 

groups. The stabilities of plagioclase, garnet, and rutile are 

strongly pressure-dependent, that is, pressure conditions 

signifi cantly infl uence partial melting reactions, which in 

turn aff ect REE concentrations. Therefore, REE patterns can 

provide information about the depth of melting (López et al. 

 2006 ; Halla et al.  2009 ; Moyen  2011 ).                 

 The Jaisamand TTGs (except the sample 2JMG23) show 

relatively high HREE (∑HREE  =  8.7–11.2  ppm), Nb 

(3–8 ppm), Ta (0.5–0.8 ppm), and low Sr (165–356 ppm), 

classifying them as a low-pressure group, suggesting that 

they formed at shallow depths (≤ 1.0 GPa) with plagioclase 

in the residue and less or insignifi cant garnet and no rutile. 

This is also supported by their REE patterns, which show 

an affi  nity with the high-HREE-Y TTG group (Fig.   9 c), 

showing nearly flat to slightly inclined HREE-profiles 

[(Gd/Yb) N  = 1.8–3.5] and slightly negative Eu anoma-

lies. Sample 2JMG23, however, has relatively low HREE 

(∑HREE = 6.8 ppm), Nb (2 ppm), Ta (0.4 ppm), and Sr 

(125 ppm) compared to other Jaisamand TTGs, and exhibits 

an REE pattern similar to the medium-HREE-Y TTG group 

TTG (Fig.  9 c). This suggests that it formed at relatively high 

pressure, where plagioclase and relatively more garnet were 

present in the residue. The modal proportion of residual gar-

net increases as a function of pressure, ranging from < 5% 

at 1.0 GPa up to 90% at 2.5 GPa (Moyen and Martin  2012 ). 

Therefore, the Jaisamand TTGs were generated at shallow 

to moderate depths (1.0–1.2 GPa), above the garnet-in line 

but still within the plagioclase stability fi eld (Rapp et al. 

 1999 ; Moyen  2011 ; Laurent et al.  2024 ). Furthermore, the 

relatively high (La/Yb) N  ratios (15.7–35.2) and low (Yb) N  

abundances (4.76–8.93), which are consistent with Archean 

TTGs, can be attributed to variable amount of garnet in the 

residue (Fig.  11 c). 

 The geochemical variations in the TTGs may be attrib-

uted to varying extent of fractional crystallization or par-

tial melting. Nearly constant values of Eu anomalies (Eu/

Eu* = 0.81–0.91) with increasing Sr contents (Fig.  11 d) 

rule out signifi cant plagioclase fractionation. The pair of ele-

ments with high  (C H ) and moderate incompatibility  (C M ) can 

discriminate the processes of magma generation (Schiano 

et al.  2010  and references therein). On the La versus La/Sm 

and Nb versus Nb/Sm incompatible element pair plots, the 

TTGs do not follow a horizontal trend of fractional crystalli-

zation, indicating partial melting to be the dominant process 

of magma generation (Fig.  11 e, f). 

     5.2.2   Sanukitoids 

 The emplacement of sanukitoids during the Archean–Paleo-

proterozoic transition marks the beginning of Wilson-style 

plate interactions, producing high-K calc-alkaline granitoids 

(Shirey and Hanson  1984 ; Heilimo et al.  2010 ; Martin et al. 

 2009 ; Laurent et al.  2014 ; Moyen and Laurent  2018 ). The 

experimental and geochemical results suggest that the gener-

ation of sanukitoid melts can be through either a single-stage 

or a two-stage process, both of which require interaction 

between mantle peridotite and a crustal component, such 

as TTG melts or sediment-derived melts or both (Moyen 

et al.  2001 ,  2003 ; Halla  2005 ; Martin et al.  2009 ; Heilimo 

et al.  2010 ; Rapp et al. 2010; Oliveira et al.  2011 ; Almeida 

et al.  2013 ). 

 The relatively high Si  (SiO 2   =  55.7–67.1 wt%), 

MgO (MgO = 1.54–3.76 wt%), transition metal content 

(V = 48–99 ppm and Cr = 20–90 ppm), and incompat-

ible elements (Ba + Sr = 823–1407 ppm; Table  2 ) in the 

Jaisamand sanukitoids indicate interaction of TTG melts 

with mantle wedge peridotite (Smithies  2000 ; Martin and 

Moyen  2002 ; Martin et al.  2005 ). The diversity in chemi-

cal composition of sanukitoids is either related to interac-

tions between peridotite and incompatible element-rich 

components at mantle levels, primarily a TTG melt (Martin 

et al.  2009 ; Heilimo et al.  2010 ; Laurent et al.  2014 ), or 

to the diff erentiation of mafi c magmas by amphibole and 

plagioclase fractionation (Stern and Hanson  1991 ; Laurent 

et al.  2013 ). The latter possibility can be ruled out, as the 

Jaisamand sanukitoids do not follow the horizontal trend 

of fractional crystallization (Fig.  11 e, f) in the high  (C H ) 

and moderate incompatible  (C M ) element pair diagrams. 

The lack of correlation between Eu/Eu* and Sr abundances 

(Fig.  11 d) also suggests that plagioclase fractionation played 
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  Fig. 10       Source discrimination diagram for the Jaisamand granitoids:  a  ternary 2CaO −   Al 2 O 3 /(FeO t  + MgO) − 5(K 2 O/Na 2 O) plot (Laurent 

et al.  2014 );  b   Na 2 O +  K 2 O + FeO + MgO +  TiO 2  (wt%) versus  (Na 2 O +  K 2 O)/(FeO + MgO +  TiO 2 ) and  c   Al 2 O 3  + FeO + MgO +  TiO 2  

(wt%) versus  Al 2 O 3 /(FeO + MgO +   TiO 2 ), along with the fi elds for composition of melts produced by experimental dehydration melting of 

amphibolites, mafi c pelites, graywacke, and felsic pelites (Patiño Douce  1999 );  d   SiO 2  (wt%) versus MgO (wt%) plot along with fi elds of low-

silica adakites, high-silica adakites, and experimental melting of basalts and amphibolites (Martin et al.  2005 ) and  e   SiO 2  (wt%) versus Mg# plot 

along with fi elds for pristine experimental melts generated by metabasalt and eclogite, high-magnesian andesites, adakites, and hybridized melts 

(Stern and Kilian  1996 ; Rapp et al.  1999 ; Smithies  2000 ; Sisson et al.  2005 ). Previous studied samples: Masuda sanukitoids (K’23a): Kaur et al. 

 2023a , Berach Sanukitoid and Jhamarkotra TTGs (K’19a): Kaur et al. ( 2019a )  
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  Fig. 11       Bivariant diagram related to source characteristics of the Jaisamand granitoids:  a  Mg# versus Cr (ppm) (Qian and Hermann  2013 );  b  
 FeO t  + MgO (wt%) versus Ba + Sr (ppm) along with bulk continental ( BC ) and upper continental composition fi elds ( UC ) (Laurent et al.  2014 ); 

 c  (Yb) N  versus (La/Yb) N  plot along with evolutionary trends for the partial melting of Archean tholeiites with residual minerology of eclogite, 

garnet-free amphibolite, and amphibolites with 25% and 10% garnet  (GA 25  and  GA 10 ) (Martin  1986 );  d  Sr (ppm) versus (Eu/Eu*) plot;  e  La 

(ppm) versus (La/Sm), and  f  Nb (ppm) versus (Nb/Sm) plots (Schiano et al.  2010 ). Previously studied samples are the same as in Fig.  10   
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an insignifi cant role, indicating a predominant infl uence of 

partial melting. Like TTGs, the sanukitoids were derived 

from low-K to high-K mafi c sources (Fig.  10 a). The mafi c 

source for the sanukitoids is also supported by several dis-

crimination diagrams based on the experimental results of 

diff erent melt compositions (Fig.  10 b–e). 

 Based on their  TiO 2  and MgO contents, the sanukitoids 

can be classifi ed into low-Ti and high-Ti types, which have 

genetic implications for the origin of these rocks (Martin 

et al.  2009  and references therein). The Jaisamand sanuki-

toids are classifi ed as the low-Ti-type (Fig.   12 a), which 

formed through interaction between TTG melts (during their 

ascent) and overlying mantle wedge peridotite (i.e., a single 

stage process: Rapp et al.  1999 ; Prouteau et al.  2001 ; Martin 

et al.  2009 ), rather than by melting of previously metasoma-

tized peridotite by slab melts, with or without the involve-

ment of terrigenous sediments (e.g. Halla  2005 ; Wang et al. 

 2009 ; Laurent et al.  2011 ; Oliveira et al.  2011 ; Jiang et al. 

 2016 ; Wang et al.  2024 ). The geochemical variability during 

the interaction between TTG melts and peridotite is infl u-

enced by physical conditions, such as pressure, temperature, 

and relative volumes of peridotite and TTG melts (Martin 

et al.  2009 ; Rapp et al. 2010). The high and variable Si con-

tent  (SiO 2  = 55.7–67.1 wt%) in the Jaisamand sanukitoids 

suggests a variably high eff ective TTG melt-to-peridotite 

ratio (Martin et al.  2009 ), indicating that these sanukitoids 

formed from interactions between high-TTG and low-peri-

dotite melt fractions. Further evidence for limited interac-

tion with the mantle wedge peridotite includes an overlap 

between the Jaisamand sanukitoids and the fi eld of Archean 

TTGs (Fig.  12 b), and the overlapping REE and multi-ele-

ment patterns between the sanukitoids and TTGs (Fig.  9 c). 

Such limited interactions likely resulted in the nearly analo-

gous quartzo-feldspathic mineralogy (Table  1 ), which may 

explain the similar megascopic appearance of these rocks.         

 The predominance of crustal source rather than 

the enriched mantle is also consistent with their low 

 FeO t  + MgO and moderately high Ba + Sr abundances 
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  Fig. 12        a  MgO (wt%) versus  TiO 2  (wt%) with fi elds for low-Ti and high-Ti sanukitoids (Martin et  al.  2009 );  b   K 2 O (wt%) versus (La/Yb) N  
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Masuda sanukitoids (K’23a): Kaur et al.  2023a  and Berach Sanukitoid (K’19a): Kaur et al.  2019a   
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(Fig.  11 b), as the sanukitoids fall either in the fi eld of crust-

derived granitoids or close to the intracrustal diff erentiation 

trend. The wide range of Mg (MgO = 1.54–3.76 wt%) and 

Cr (Cr = 20–90 ppm) abundances may be attributed to dif-

ferential interaction between the TTG melts and peridotite. 

Furthermore, the variably low U/Th and Ba/La, along with 

high Th/Yb ratios in the sanukitoids (Fig.  12 c, d), point to 

varying contributions of subducted sediments during the 

partial melting of the subducted slab (Laurent et al.  2011 ). 

 The variable (La/Yb) N  (9.9–44.5) ratios and (Yb) N  

(0.80–0.27) contents (Fig.   11 c) along with diff erentially 

fractionated REE patterns (Fig.   9 a, c), suggest that the 

sanukitoid magmas were generated at varying depths. More-

over, the REE patterns show affi  nity with the high-HREE-Y 

TTG and medium-HREE-Y TTG groups, indicating that the 

sanukitoids were formed by melting of the mafi c crust at low 

to moderate pressures, respectively, and at relatively shallow 

depths with garnet-poor residuum. This is consistent with 

a pressure of at least 800 MPa, as inferred from the pres-

ence of magmatic epidote in the Jaisamand sanukitoids (Zen 

and Hammarstrom  1984 ). This is because the occurrence 

of magmatic epidote in the plutonic rocks of granodiorite 

or tonalite composition indicates a minimum pressure of 

crystallization between 600 and 800 MPa (Crawford and 

Hollister  1982 ; Naney  1983 ; Zen and Hammarstrom  1984 ; 

Schmidt and Thompson  1996 ). Moreover, prominent neg-

ative Nb and Ti anomalies in the multi-element diagram 

(Fig.  9 b) suggest the retention of titanite or ilmenite or both 

in the residue. 

     5.2.3   Transitional TTGs 

 These rocks broadly overlap in composition with the 

TTGs in terms of major element oxides, except for their 

higher  K 2 O and  K 2 O/Na 2 O ratios and lower  Na 2 O and Mg# 

(Table  2 ); they also display identical REE and multi-element 

patterns with those of the TTGs (Fig.  9 e, f). Like TTGs, 

these geochemical characteristics suggest a crustal proto-

lith (metabasite) for the transitional TTGs (Fig.  10 ). This 

is also supported by their lower Cr contents and moderate 

Mg# (Fig.  11 a), which are comparable to those of lower 

crust-derived TTGs and experimental TTG melts. Moreo-

ver, this is in consonance with relatively low  FeO t  + MgO 

(< 10 wt%) abundances in the transitional TTGs, and they 

plot in the fi eld of granitoids derived from melting of crustal 

lithologies (Fig.  11 b). 

 Signifi cant variations in La/Yb N  (21.0–44.5) ratios,  Yb N  

(2.98–8.33) contents (Fig.  11 c), and the absent to moderate 

Eu anomalies (Eu/Eu* = 0.81–1.06), along with the simi-

larity of REE patterns with both high-HREE-Y TTG and 

medium-HREE-Y TTG groups, a feature common to both 

Jaisamand TTGs and sanukitoids, suggest that the transi-

tional TTGs were also derived from magmas generated at 

variable pressures (depths). These sources likely had vary-

ing amounts of residual garnet, that is, involvement of both 

garnet-poor (shallow depth) or garnet-rich (deeper depth) 

sources. Like sanukitoids, the occurrence of magmatic epi-

dote in the transitional TTGs (granodioritic in composition) 

constrains the minimum pressure of 800 MPa (ca. 30 km 

depth) for the generation of their magmas. The lack of any 

horizontal trends in the pair of incompatible element dis-

crimination diagrams (Fig.  11 e, f) further suggest insignifi -

cant fractional crystallization during their magma evolution. 

 The K-enrichment in transitional TTGs could result 

from the direct partial melting of an enriched basaltic pre-

cursor, hydrothermal alteration of the basaltic source, or 

the infl uence of fractional crystallization with or without 

assimilation or magma mixing (Champion and Smithies 

 2007 ; Rollinson et al.  2024 ). However, the fi rst process is 

unlikely because typical Archean basalts are not enriched 

in LILE and are, in fact, low-K tholeiites, which are the 

likely source for the true TTGs (Rollinson et al.  2024  and 

references therein). Moreover, hydrothermal alteration and 

silicifi cation of basalt protolith cannot be accounted for the 

extent of K-enrichment in the basalts, particularly in the 

Neoarchean (Rollinson et al.  2024 ). Fractional crystalliza-

tion can also be ruled out, as the geochemical attributes in 

the transitional TTGs are inconsistent with such a process 

(Fig.  11 e, f). The probability of magma mixing or mingling 

is inconsistent with the lack of microgranular enclaves in 

the Jaisamand granitoids (Champion and Smithies  2007 ). 

Therefore, an additional component is required to explain 

the K-enrichment during the genesis of transitional TTGs. 

 Subducted sediment input during slab melting is another 

possibility, but this process cannot explain the coexistence 

of high-HREE-Y and medium-HREE-Y transitional TTGs, 

which were generated at diff erent depths with or without 

the participation of garnet (Champion and Smithies  2007 ; 

Almeida et al.  2010 ). The involvement of a signifi cant com-

ponent of older continental crust appears to be the most via-

ble mechanism for the generation of Jaisamand transitional 

TTGs, characterized by elevated K or LILE abundances 

(Champion and Smithies  2001 ,  2003 ,  2019 ). It is pertinent 

to note that the subchondritic εHft values (− 7.3 to − 1.9) 

and signifi cantly older  T DM2  (3.4–3.1 Ga) of the Neoarchean 

TTGs (2560–2550 Ma) and sanukitoids (2545–2540 Ma) 

from the southern and central Aravalli–BGC suggest that 

they are not juvenile but derived from the melting of older 

Paleo- to Mesoarchean crust (Kaur et  al.  2019a ,  2021 , 

 2023a ). Furthermore, the existence of ancient Archean fel-

sic crust is also refl ected in the presence of a few zircon 

xenocrysts (2800–2650 Ma) in the Aravalli–BGC Neo-

archean TTGs and sanukitoids (Kaur et al.  2019a ,  2021 , 

 2023a ). Considering the above arguments, it is proposed 

that the true TTG melts, generated by the partial melting of 

subducted metabasite precursors at diff erent pressures with 
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variable relative roles of residual garnet and plagioclase, 

interacted with older TTGs at lower and middle crustal lev-

els. The partial melting of older TTGs, which would have a 

granitic composition, would disproportionately contribute K 

and other LILE (Rollinson et al.  2024 ) to the slab-derived 

TTG melts, thereby generating the Jaisamand transitional 

TTGs. 

      5.3   Tectonic setting and geodynamic implications 

 In the Archean terranes around the world, the Neoarchean 

Era is marked by the abundant TTGs, followed by the potas-

sic granites and sparse sanukitoids, representing fi nal sta-

bilization of cratons. There is a consensus that these latter 

granitoid types are of subduction-related origin (Laurent 

et al.  2014 ). Although sanukitoid emplacement typically 

post-dates the major phase of TTG magmatism (Halla et al. 

 2009 ; Heilimo et al.  2010 ; Laurent et al.  2014 ; Mikkola et al. 

 2014 ; Joshi et al.  2017 ), many studies have revealed coeval 

emplacement of TTGs and sanukitoids in some Archean 

terranes (e.g., Limpopo Complex: Rajesh et al.  2018 ; São 

Francisco Craton: Bruno et al.  2020 ; parts of North China 

Craton: Jiang et al.  2016 ; Wang et al.  2024 ; and the Ara-

valli–BGC: Kaur et al.  2023a ; this study). 

 There is a debate regarding the geodynamic environment 

for the emplacement of TTGs, such as (1) the melting of a 

continuously subducting oceanic slab or subducted oceanic 

plateaux (e.g. Drummond and Defant  1990 ; Moyen et al. 

 2003 ; Laurie et al.  2013 ; Martin et al.  2014 ; Palin et al. 

 2016 ; Hastie and Fitton  2019 ; Roman and Arndt  2020 ), and 

(2) melting within tectonically thickened mafi c island–arc 

crust or at the base of a thick basaltic crust (Condie  2005 ; 

Bédard  2006 ,  2018 ; Huang et al.  2012 ; Nagel et al.  2012 ; 

Bédard et al.  2013 ; Johnson et al.  2017 ,  2019 ). The Jaisa-

mand granitoids correspond to either high-HREE-Y or 

medium-HREE-Y groups (Fig.  9 c), which were generated 

at shallow and relatively deep depths (> 30 km), respec-

tively (Halla et al.  2009 ; Moyen  2011 ). The melting of crust 

at deeper levels in the Archean required the metabasites to 

be introduced deep into the mantle, as the weak Archean 

crust could not maintain a thickness of over 30 km due to 

the high heat fl ux from the mantle (Laurent et al.  2014  and 

references therein). The basaltic crust can be introduced into 

the deep mantle in a subduction setting. Furthermore, the 

Jaisamand sanukitoids (coeval with the TTGs) were gener-

ated by the transformation of TTG melts after interacting to 

varying degrees with the overlying mantle peridotite. This 

implies the coeval melting of basaltic crust and the overly-

ing mantle peridotite for the formation of the sanukitoids. 

Additionally, the generation of Jaisamand transitional TTGs 

requires the interaction of TTG melts with older local felsic 

continental crust. This scenario is possible if all the three 

lithologies (metabasite, mantle peridotite, and continental 

crust) are geometrically associated, fi tting well in a subduc-

tion setting (cf. Laurent et al.  2014 ). Importantly, this setting 

can explain the coexistence of high-HREE-Y and medium-

HREE-Y TTGs and sanukitoids. 

 A subduction-related setting for the Jaisamand granitoids 

is also supported by the biotite chemical data, indicating 

a calc-alkaline affi  nity (Fig.  5 c), and the whole-rock geo-

chemical data, showing alkali-calcic to calc-alkalic and mag-

nesian affi  nities (Fig.  8 c, d; Abdel-Rahman  1994 ; Frost et al. 

2001). This interpretation is consistent with the decoupling 

between LILE and HFSE (Fig.  9 b, d, f), that is, the high 

LILE/HFSE ratios, which are typical of magmas formed 

in subduction environments. Moreover, in the tectonic 

discrimination diagrams of Pearce et al. ( 1984 ), the Jaisa-

mand granitoids (i.e., TTGs, sanukitoids, and transitional 

TTGs) indicate emplacement in a subduction-related setting 

(Fig.  13 a, b). Additionally, the granitoids exhibit Nb/Nb* 

and Pb/Pb* ratios lower and higher than unity, respectively 

(Fig.  13 c), further supporting a subduction-related origin 

(Sotiriou et al.  2023  and references therein).         

 Given this, a thermal anomaly is required to explain the 

simultaneous melting at shallow and deeper depths dur-

ing the Neoarchean, as Earth’s heat production progres-

sively declined, leading not only to a decreased degree of 

slab melting but also shifting the melting to greater depths 

(Martin et al.  2009 ). The melting of basaltic crust at greater 

depths might have resulted in the formation of medium-

HREE-Y TTGs and sanukitoids. In this context, it is perti-

nent to note that the Archean subducting slab was not stable 

and was subjected to frequent slab break-off s (van Hunen 

and Moyen  2012 ). Therefore, the simultaneous low-P and 

high-P melting may have been achieved by slab break-off , 

consistent with the instability of subducting slab during 

the Neoarchean. Slab break-off  led to the upwelling of hot 

asthenosphere, which further triggered the partial melting of 

the subducting slab at shallow depths, the overlying mantle 

wedge, and the older TTG continental crust to form coeval 

Jaisamand high-HREE-Y TTG, sanukitoids, and the transi-

tional TTGs, respectively (Fig.  14 ).         

      6   Conclusions 

    1.      The Jaisamand granitoids, exposed in the southern Ara-

valli–BGC in northwest India, consist of nearly coeval 

Neoarchean sanukitoids, TTGs, and transitional TTGs. 

They are mostly magnesian, weakly to strongly peralu-

minous, and alkali-calcic to calc-alkalic in nature.   

  2.      The Jaisamand TTGs were generated by the slab melting 

of metabasites at shallow to moderate depths (1.0–1.2 

GPa), above the garnet-in line but still within the pla-

gioclase stability fi eld forming high-HREE-Y TTGs and 

medium-HREE-Y TTGs, respectively. The diff erential 
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  Fig. 13       Tectonic discrimina-

tion of the Jaisamand granitoids 

in:  a  Y + Nb (ppm) versus Rb 

(ppm) plot (Pearce et al.  1984 ); 

 b  Yb (ppm) versus Ta (ppm) 

diagram (Pearce et al.  1984 ) and 

 c  Pb/Pb* versus Nb/Nb* plot 

along with fi elds of Archean 

granitoids (Sotiriou et al.  2023 ). 

Previous studied samples are 

the same as in Fig.  10   
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interaction of the ascending TTG melts with the overly-

ing mantle wedge peridotite resulted in the formation 

of sanukitoids, while interactions between these TTGs 

melts and older TTGs at lower and middle crustal levels 

led to the formation of transitional TTGs.   

  3.      The coexistence of high-HREE-Y and medium-HREE-Y 

TTGs and sanukitoids, coupled with high LILE/HFSE 

ratios, suggests a subduction-related setting for the Jaisa-

mand granitoids.   

  4.      Combined mineral chemical and whole-rock geochemi-

cal data, along with petrographic results, reveal albitiza-

tion and silicifi cation in some of the Jaisamand grani-

toids. These altered granitoids highlight the importance 

of determining plagioclase compositions, as failure to 

do so could lead to misleading characterization.     
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