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The Proterozoic granites and gneisses of the Himalayan orogen, particularly those 

exposed in the Lesser Himalaya, provide essential insights into the geodinamics 

of the northern Indian craton. Here, we investigate the Toneta granites of the Garhwal 

Himalaya using whole-rock geochemistry, zircon U–Th–Pb geochronology, and whole-

rock Sm–Nd isotope systematics to constrain their petrogenesis, source characteristics, 

and tectonic significance. Zircon U–Th–Pb dating yields a crystallization age of 1845 ± 

19 Ma, with inherited zircon cores at 3.52, 2.78, 2.62, and 2.10 Ga, indicating recycling 

of Paleoarchean to Paleoproterozoic crustal components. Sm–Nd isotopic data further 

support a significant contribution from ancient Archean crust. The granites are strongly 

peraluminous (A/CNK = 1.01–2.40) and characterized by high SiO
2
, Al

2
O

3
, and K

2
O 

contents, together with depletion in Ba, Sr, Nb, and Ti and enrichment in Rb, Th, U, and 

Pb, supporting their S-type affinity. Chondrite-normalized REE patterns show LREE 

enrichment, relative HREE depletion, and pronounced negative Eu anomalies, indicating 

significant feldspar involvement during partial melting and/or magmatic differentiation. 

The combined geochronological, geochemical, and isotopic characteristics suggest that 

the Toneta granites formed predominantly through partial melting of metasedimentary 

crust containing an Archean component. Their emplacement at ca. 1.85 Ga is interpreted 

to reflect crustal thickening and thermal reworking during a Paleoproterozoic convergent 

tectonic episode. These features are consistent with an accretionary–collisional tectonic 

setting associated with the assembly of the Columbia (Nuna) supercontinent at ca. 

1.85 Ga. The Toneta granites thus provide important evidence for Paleoproterozoic 

crustal recycling and stabilization of the northern Indian continental crust.
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Протерозойские граниты и гнейсы Гималайского орогена, особенно широко пред-

ставленные в пределах Малых Гималаев, являются важным источником инфор-

мации о палеогеодинамике северной части Индийского кратона. В настоящей 

статье подводятся итоги исследования гранитов Тонета Гарвальских Гималаев 

с использованием геохимии пород, U–Th–Pb геохронологии циркона и изотопной 

системы Sm–Nd для определения их петрогенезиса, характеристик источника и тек-

тонической обстановки формирования. U–Th–Pb датирование циркона определя-

ет возраст кристаллизации 1845 ± 19 млн лет, тогда как унаследованные ядра цир-

кона характеризуются возрастными популяциями 3,52; 2,78; 2,62 и 2,10 млрд лет, 

что свидетельствует о переработке палеоархейского–палеопротерозойского кон-

тинентального материала. Данные Sm–Nd также подтверждают значительный вклад 

древней архейской коры в формирование гранитов. Граниты характеризуются 

резко перлюминиевым составом (A/CNK = 1,01–2,40), повышенными содержания-

ми SiO
2
, Al

2
O

3
 и K

2
O, обеднением Ba, Sr, Nb и Ti и обогащением Rb, Th, U и Pb, что 

подтверждает их S-типовую природу. Нормализованные по хондриту спектры редко-

земельных элементов характеризуются обогащением легкими РЗЭ, относительным 

обеднением тяжелыми РЗЭ и выраженными отрицательными Eu-аномалиями, ука-

зывающими на существенную роль полевых шпатов в процессе частичного плавле-

ния и/или последующей магматической дифференциации. Совокупность геохроно-

логических, геохимических и изотопных данных свидетельствует о том, что граниты 

Тонета сформировались преимущественно в результате частичного плавления мета-

осадочной коры, содержащей архейский компонент. Их внедрение около 1,85 млрд 

лет интерпретируется как результат утолщения коры и ее термической переработки 

в ходе палеопротерозойского конвергентного тектонического эпизода. Эти особен-

ности согласуются с аккреционно-коллизионной тектонической обстановкой, свя-

занной со сборкой суперконтинента Колумбия (Нуна) около 1,85 млрд лет назад. Та-

ким образом, граниты Тонета предоставляют важные свидетельства палеопротеро-

зойской переработки и стабилизации континентальной коры северной части Индии.

К л ю ч е в ы е  с л о в а : S-гранит; палеопротерозой; Гархвальские Гималаи; рециклинг 

архейской коры; Суперконтинент Колумбия; коллизия; эволюция земной коры
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1. Introduction

Paleoproterozoic granitoids of the Lesser 

Himalayan Crystalline Sequence (LHCS) provide 

important evidence for the early evolution and 

reworking of the northern Indian continental crust 

(Fig. 1). Regional studies in Himachal Pradesh, 

Garhwal–Kumaun, and adjoining sectors have 

documented widespread granitoids associated 

with metasedimentary and gneissic rocks [Valdiya, 

1980; Sharma, 1983, 1998]. Early Rb–Sr studies 

established ages around 1.84 Ga in Himachal 

Pradesh [Frank, 1977], while subsequent zircon 

geochronology demonstrated widespread ca. 1.80–

1.87 Ga felsic magmatism in the Lesser Himalaya 

[Miller et al., 2000; Gupta and Kumar, 2023]. This 

database has been further expanded by recent 

studies that have recognized Paleoproterozoic 

Fig. 1. Schematic map of structural divisions of the Himalaya and the adjacent part of the Indian Shield [Butler, 2019; 

Jain et al., 2020; Mishra et al., 2022 and references therein]. ADMB – Aravalli-Delhi Mobile Belt; ArC – Aravalli Cra-

ton; BC – Bastar Craton; BuC – Bundelkhand Craton; CHB – Chattisgarh Basin; CITZ – Central Indian Tectonic Zone; 

DRVP – Deccan-Rajmahal Volcanic Province; GB – Gwalior Basin; ISZ – Indus Suture Zone; MB – Marwar Basin; 

MB – Meghalaya Craton; MBT – Main Boundary Thrust; MCT – Main Central Thrust; SC – Singhbhum Craton; SMB – 

Singhbhum Mobile Belt; STD – South-Tibetan Detachment; VB – Vindhyan Basin



124
Transactions of the Karelian Research Centre of the Russian Academy of Sciences. 2026. No. 10

granitoids and orthogneisses throughout the 

Himalayan belt and highlighted both ancient crustal 

reworking and juvenile magmatic contributions 

[Yang et al., 2022; Imayama et al., 2023]. The 

tectonic significance of this magmatism is still 

debated. Geochemical and isotopic studies have 

interpreted Paleoproterozoic magmatism in the 

Lesser Himalaya as related to subduction, active 

continental margins, rifting, or crustal extension 

[Yang et al., 2022; Gupta and Kumar, 2023]. Recent 

work in the Arun sector also suggests that ca. 1.85–

1.78 Ga magmatism may represent a regionally 

extensive crustal system, although a rift- or plume-

related origin has been proposed for parts of this 

complex [Imayama et al., 2025].

The Toneta granite of the Garhwal Himalaya pro-

vides an important example of Paleoproterozoic 

S-type magmatism. Zircon U–Th–Pb dating yielded 

a crystallization age of 1845 ± 19 Ma, with inherited 

zircon populations at 3.52, 2.78, 2.62, and 2.10 Ga 

[Mishra et al., 2021]. The strongly peraluminous 

composition and Sm–Nd isotopic characteristics 

suggest a major contribution from the ancient crust 

as well [Mishra et al., 2022]. In this paper, we inte-

grate these data to assess the source and petro-

genesis of the Toneta granite and its implications for 

the Paleoproterozoic crustal evolution.

2. Geological Setting and Field 

Characteristics

The Lesser Himalaya is characterized by 

vast exposures of Precambrian crystalline and 

metasedimentary rocks recording a protracted 

pre-Himalayan crustal evolution. Paleoproterozoic 

granitoids occur as leucocratic, felsic, locally 

porphyritic, and variably foliated bodies associated 

with gneisses and metasedimentary rocks 

[Valdiya, 1980; Sharma, 1983, 1998]. The Toneta 

granite occurs within the crystalline domain of the 

Garhwal Himalaya (Fig. 1), where it forms resistant, 

generally massive to weakly foliated exposures. 

Close-up exposures show a leucocratic, 

medium- to coarse-grained granite with locally 

inequigranular or porphyritic textures.

The granite is mainly composed of quartz and 

feldspar with minor muscovite and biotite and 

accessory zircon, monazite, apatite and tourmaline 

[Mishra et al., 2021, 2022]. The zircon grains are 

oscillatory zoned and contain quartz, monazite and 

apatite inclusions, suggesting a magmatic origin 

[Mishra et al., 2021]. The mineral assemblage and 

strongly peraluminous composition are consistent 

with an S-type affinity.

The Toneta granite forms part of a broader 

ca. 1.8–1.9 Ga magmatic episode recognized 

throughout the Lesser Himalaya. In the outer 

Kumaun Himalaya, zircon U–Pb data indicate 

ca. 1.80–1.87 Ga felsic magmatism with crustal 

reworking, magma mixing and juvenile input 

[Gupta and Kumar, 2023].

3. Geochemical, Geochronological and 

Isotopic Characteristics

The Toneta granite is strongly peraluminous, 

with A/CNK values of 1.01–2.40, SiO
2
 contents of 

approximately 73–76 wt.%, Al
2
O

3 
of 12–14 wt.%, 

and K
2
O of 4.5–6.2 wt.% [Mishra et al., 2022]. 

Low CaO, MgO, TiO
2
, and P

2
O

5
, together with 

enrichment in Rb, Th, U, and Pb and depletion in 

Ba, Sr, Nb, and Ti, characterize an evolved crust-

derived magmatic system. Chondrite-normalized 

REE patterns show LREE enrichment relative to 

HREE, with (La/Yb) 
N
 = 1.61–15.08 and pronounced 

negative Eu anomalies (Eu/Eu* = 0.12–0.31). 

These characteristics indicate a heterogeneous 

ancient crustal source, rather than dominantly 

juvenile Paleoproterozoic crust. Negative εNd (t) 

values and T
DM

 model ages of ~2.5–2.7 Ga from the 

Sm-Nd data independently support considerable 

Archean crustal residence [Mishra et al., 2022]. 

Inherited zircon cores at 3.52, 2.78, 2.62 and 

2.10 Ga indicate the magma interacted with much 

older crustal material. Zircon U-Th-Pb geochronol-

ogy results in a crystallization age of 1845 ± 19 Ma 

[Mishra et al., 2021]. These characteristics imply 

important feldspar control during partial melting 

and/or magmatic differentiation.

New data from the Wangtu Gneissic Complex 

also indicate granite-gneiss crystallization at 

1872.1 ± 2.5 and 1861 ± 13 Ma, confirming 

the regional significance of this age interval 

[Hifzurrahman et al., 2026]. In addition, the age 

of metamorphic processes in the schists hosting 

the granites was estimated using monazite. 

Metamorphism under upper amphibolite-facies 

conditions occurred between 1851 ± 20 and 

1839 ± 22 Ma [Hifzurrahman et al., 2026] – that is, 

synchronously with the collisional granites.

4. Petrogenesis and Geodynamic Significance

The strongly peraluminous composition, S-type 

geochemical characteristics, and mineral as-

semblage indicate that the Toneta granite was 

generated predominantly from crustal material. 

Its low P
2
O

5
, high Rb, and depletion in Sr and Ba 

are compatible with melting of metasedimentary 

protoliths followed by feldspar-controlled evolution. 

The inherited zircon populations demonstrate 

that the source region contained Archean and 

Paleoproterozoic components, while the Nd model 

ages indicate long-lived Archean crustal residence.
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We therefore interpret the Toneta granite as 

the product of partial melting of metasedimentary 

crust containing a substantial Archean component. 

Crustal thickening and thermal reworking provide 

plausible mechanisms for generating such melts 

during Paleoproterozoic tectonothermal activity. 

However, the available evidence does not uniquely 

distinguish a continental arc from other convergent 

or extensional settings. This caution is important 

because recent studies from the Lesser Himalaya 

have produced contrasting interpretations, 

including subduction-related [Yang et al., 2022], 

rift-related [Gupta and Kumar, 2023], and plume- 

or rift-related models [Imayama et al., 2025].

The 1845 ± 19 Ma age of the Toneta granite 

falls within a major interval of Paleoproterozoic 

magmatism broadly associated with Columbia–

Nuna assembly. Recent studies from the Wangtu 

Gneissic Complex identify ca. 1.87–1.86 Ga 

magmatism and interpret the northern Indian 

margin in an active-margin framework, whereas 

other regional studies favour extension or rifting 

during this period [Gupta and Kumar, 2023; 

Hifzurrahman et al., 2026]. Thus, the Toneta granite 

is best interpreted as evidence for Paleoproterozoic 

crustal melting and recycling during a major 

tectonothermal episode, rather than as unequivocal 

evidence for one specific tectonic setting.

The ca. 1.85 Ga age is also broadly comparable 

with Paleoproterozoic magmatism identified 

across the Himalayan crystalline domains (Fig. 2). 

Imayama et al. (2023) documented zircon U–Pb–

Hf–O evidence from Garhwal basement rocks, 

while recent work from eastern Nepal identified 

ca. 1.85–1.81 Ga orthogneisses and suggested a 

broadly coherent Paleoproterozoic Himalayan crustal 

domain [Imayama et al., 2023, 2025]. The Toneta 

granite therefore contributes to the growing evidence 

for extensive Paleoproterozoic crustal reworking 

along the northern Indian continental domain of the 

Columbia (Nuna) Supercontinent (Fig. 2).

5. Conclusions

The Toneta granite represents a Paleoprotero-

zoic, strongly peraluminous S-type granite with a 

crystallization age of 1845 ± 19 Ma. Inherited zircon 

populations at 3.52–2.10 Ga and Nd model ages of 

2.5–2.7 Ga demonstrate substantial involvement 

of ancient Archean crust. Its geochemical char-

acteristics indicate derivation predominantly from 

metasedimentary rocks, with significant feldspar 

control during magma evolution. We interpret To-

neta magmatism as the result of Paleoproterozoic 

crustal melting and thermal reworking during a 

major tectonothermal episode. Its ca. 1.85 Ga 

age broadly coincides with Columbia (Nuna) 

assembly and contributes to evidence for extensive 

Paleoproterozoic crustal recycling and stabilization 

along the northern Indian continental domain.

References

Butler R. W. H. Tectonic evolution of the Himalayan 

syntaxes: the view from Nanga Parbat. Geological So-

ciety, London, Special Publications. 2019;483(1):215–

254. doi: org/10.1144/SP483.5

Frank W. Geology and petrography of Kulu-south La-

hul area. Himalaya: Sciences de la Terre. Paris: CNRS; 

1977. P. 147–173.

Gupta S., Kumar S. Geochemistry, geochrono logy, 

and isotopic studies of Paleoproterozoic magmatic 

rocks from outer Kumaun Lesser Himalaya, India: impli-

cation on petrogenesis and crustal evolution of northern 

Indian Block. Gondwana Research. 2023;113:31–52. 

doi: org/10.1016/j.gr.2022.10.009

Hifzurrahman, Nasipuri P., Corfu F. Integrated mine-

ral chemistry and monazite–zircon U–Pb geochronology 

of Wangtu metasediments and granite-gneisses, NW 

Himalaya, and their implications in Columbia assembly. 

Discover Geoscience. 2026;4:85. doi: org/10.1007/

s44288-026-00460-2

Hou G., Santosh M., Qian X., Lister G. S., Li J. 

Tectonic constraints on 1.3–1.2 Ga final breakup of 

Colum bia supercontinent from a giant radiating dyke 

swarm. Gondwana Res. 2008;14(3):561–566. doi: 

org/10.1016/j.gr.2008.03.005

Fig. 2. Locations of the study area on the supercontinent 

Columbia (Nuna) model at ca. 1.85 Ga [Hou et al., 2008]. 

An – Antarctic Craton; Au – Australian Shield; Ca – Cana-

dian Shield; F – Fennoscandia segment of the East 

European Craton (EEC); In – Indian Shield; NC – North 

China Craton; Sa – Sarmatia of the EEC; SA – South 

Africa Craton; Sb – Siberian Craton; V–Volgo-Uralia 

segment of the EEC; WA – West Africa Craton



126
Transactions of the Karelian Research Centre of the Russian Academy of Sciences. 2026. No. 10

Imayama T., Bose N., Yi K., Jeong Y.-J., Horie K., 

Takehara M., Kawabata R. Zircon U–Pb, Hf, and O iso-

topic constraints on the tectonic affinity of the basement 

of the Himalayan orogenic belt: insights from metasedi-

mentary rocks, orthogneisses, and leucogranites in 

Garh wal, NW India. Precambrian Res. 2023;397:107183. 

doi: org/10.1016/j.precamres.2023.107183

Imayama T., Yi K., Aoki K. Revisiting the origin and 

significance of the Paleoproterozoic complex in the Hi-

malaya: new insights from apatite geochemistry. All 

Earth. 2025;37:1. doi: org/10.1080/27669645.2025. 

2579381

Jain A. K., Banerjee D. M., Kale V. S. Tectonics of the 

Indian subcontinent. Cham: Springer Nature; 2020. 576 

p. doi: org/10.1007/978-3-030-42845-7

Josh I. M., Das B. P., Patel S., Pastor-Galán D., 

Pant N. C., Singh A. K., Oinam G., Kumar A., Kumar A. 

A ~1.6 Ga accretionary event in the polymetamorphic 

Lesser Himalaya, India: insights into late-stage as-

sembly of the Columbia supercontinent. Precambri-

an Research. 2026;435:108038. doi: org/10.1016/j.

precamres.2026.108038

Miller C., Klötzli U., Frank W., Thöni M., Grasemann B. 

Proterozoic crustal evolution in the NW Himalaya (India) 

as recorded by circa 1.80 Ga mafic and 1.84 Ga granitic 

magmatism. Precambrian Res. 2000;103:191–206. doi: 

org/10.1016/S0301-9268(00)00091-7

Mishra S., Slabunov A. I., Svetov S. A., Kervinen A. V., 

Nesterova N. S. Zircons from collisional granites, 

Garhwal Himalaya, NW India: U–Th–Pb age, geoche-

mistry and protolith constraints. Minerals. 2021;11:1071. 

doi: org/10.3390/min11101071

Mishra S., Slabunov A. I., Nainwal H. C., Singh V. K., 

Singh P. K., Nesterova N. S., Svetov S. A. Palaeoprotero-

zoic S-type granites from Garhwal Himalaya, NW India: 

geochemistry, Sm–Nd isotope systematics and tectonic 

implications. Geological Journal. 2022;57(6):2443–

2463. doi: 10.1002/gj.4421

Sharma K. K. Granitoid belts of the Himalayas. In 

Shams, F. A. (ed.), Granites of Himalaya, Karakoram and 

Hindukush. Peshawar University, Pakistan; 1983. P. 11–37.

Sharma K. K. Geological evolution and crustal growth 

of Bundelkhand craton and its relict in the surrounding 

regions, North Indian Shield. In Paliwal, B.S. (ed.), The 

Indian Precambrian, Jodhpur: Scientific Publishers; 

1998. P. 33–43.

Valdiya K. S. The two intracrustal boundary thrusts 

of the Himalaya. Tectonophysics. 1980;66:323–348.

Yang P., Shi M., Tan F., Rajaure S., Tripathi G. N., 

He L., Li Z., Zhan W. Zircon U–Pb geochronology and Hf 

isotopic compositions of Palaeoproterozoic meta-grani-

toids in the Lesser Himalaya, Nepal: tectonostratigra-

phic implications. Geological Journal. 2022;57:1–23. 

doi: org/10.1002/gj.4275

Поступила в редакцию / received: 14.10.2025; принята к публикации / accepted: 07.09.2026.

Авторы заявляют об отсутствии конфликта интересов / The authors declare no conflict of interest.

Мишра Сумит

д-р наук, исследователь

Mishra, Sumit

PhD, Researcher

e-mail: smpsgeo@gmail.com

Слабунов Александр Иванович

д-р геол.-мин. наук, главный научный сотрудник, руководитель 

лаборатории геологии и геодинамики докембрия

Slabunov, Alexander

Dr. Sci. (Geol.-Miner.), Head of Laboratory, 

Chief Researcher

e-mail: slabunov@krc.karelia.ru

Серка Руис Мария Фернанда

магистр, аспирант

Cerca Ruiz, María Fernanda

Masters, Doctorate Student

e-mail: fernanda.cerca@geociencias.unam.mx

Сингх Винод Кумар

д-р наук, профессор, декан геологического факультета

Singh, Vinod

PhD, Professor, Head of Department

e-mail: vinodksingh@bujhansi.ac.in

Гонзалез-Партида Эдуардо

д-р наук, профессор

González-Partida, Eduardo

PhD, Professor

e-mail: egp@geociencias.unam.mx

СВЕДЕНИЯ ОБ АВТОРАХ: СONTRIBUTORS:


