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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,, ALO,, and K,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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MpoTepo3oiickre rpaHnTbl U rHelchbl MManaiickoro oporeHa, 0Co6eHHO LLMPOKO npea-
CTaBneHHble B npegenax Manbix vMmanaes, SBNSIOTCA BaXHbIM WUCTOYHMKOM WHPOP-
Maumy O naneoreoguHammke ceBepHOM 4YacTu Muouinckoro kpatoHa. B HacToswen
cTatbe MNOABOAATCH WUTOMM WUCCNefoBaHus rpaHnToB ToHeTa [apBanbckux [Mmanaes
C ncnonb3oBaHnem reoxumun nopopn, U-Th—Pb reoxpoHonornm umpkoHa v M30TOMHOM
cuctembl Sm—-Nd gns onpegeneHns nx NneTporeHe3nca, XapakTepmucTUK MCTOYHMKA U TEK-
TOHMYeckol obcTaHoBKM popmupoBaHms. U-Th—Pb gatnpoBaHue uMpkoHa onpenens-
€T Bo3pacT kpucTtannusaumm 1845 £ 19 mnH NneT, Toraa Kak yHacneaoBaHHble sapa uyp-
KOHa XapakTepuaylTcs BO3pacTHbIMM nonynauuamn 3,52; 2,78; 2,62 n 2,10 mnpa ner,
YTO CBUAETENLCTBYET O NepepaboTke naneoapxemckoro—naneonpoTepo30MCKOro KOH-
TUHEHTaNbHOro Matepmana. JaHHele Sm—-Nd Takke NoATBEePXAA0T 3HAYNTENbHbIN BKNAL,
OpPEBHEN apXenCKoM Kopbl B (GOPMUPOBAHME FPAHUTOB. PaHUTbLI XapakTepuayloTcs
pe3ko nepnommHmeBbiM coctaBoM (A/CNK = 1,01-2,40), NOBbILLEHHBIMY COAEPXaHUS-
mu SiO,, Al,O, n K,O, obeaHeHviem Ba, Sr, Nb n Ti n o6orateHmem Rb, Th, U n Pb, uTo
noaTBepPXAaeT Ux S-TMMNOBYIO NpMpoay. HopMannaoBaHHbIE MO XOHAPUTY CNEKTPbI PeaKo-
3eMesibHbIX 3JIEMEHTOB XapakTepuayoTcs oboratleHmem nerkumm P33, oTHOCUTENbHBIM
obenHeHneM TsxkenbiMn P30 1 BbipaXeHHbIMM OTpuLuaTeNbHbIMK Eu-aHoManmsamu, yka-
3bIBAIOLLMMM Ha CYLLLECTBEHHYIO POJib NOJIEBLIX LLMATOB B NPOLLECCE YaCTUYHOrO niasne-
HUSA 1U/UNn nocnenywLLen marmatnieckon andppepeHumaumm. CoBOKYNHOCTb FEOXPOHO-
NOrNYECKUX, FTEOXMMNYECKNX 1 N3OTOMHbIX OAHHbLIX CBUAETENLCTBYET O TOM, YTO rPaHUTbI
ToHeTa cHOPMUPOBANUCH NPEUMYLLECTBEHHO B PE3Y/ibTaTe HaCTUYHOI O NMaBfeHNs MeTa-
0CaI04HOM KOpbl, coaepyallien apxenckmin KOMNoHeHT. Vix BHeapeHue okono 1,85 mnpg,
NIET MHTEPNPETMPYETCA Kak pe3ysbTaT YTONLLEHUS KOPbl U ee TEPMUYECKOM nepepaboTkum
B XOZle NasieonpoTepo30CKOro KOHBEPreHTHOro TEKTOHNYECKOro anm3ona. AT 0CobeH-
HOCTW COI/IacyloTCA C aKKPELIMOHHO-KOUTM3MOHHOM TEKTOHNYECKOM 0OCTaHOBKOW, CBS-
3aHHO co cbopkoi cynepkoHTMHeHTa Konymbus (HyHa) okono 1,85 mnpa net Hasaa, Ta-
kUM 06pasom, rpaHnTbl ToHeTa NPeaoCTaBNAIOT BaXHblE CBUOETENLCTBA NANeonpoTepo-
30MCcKoM NepepaboTkn 1 cTabunn3aumm KOHTUHEHTANIbHOWM KOPbl CeBEPHON YacTy MHann.
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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
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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
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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
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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, contents of
approximately 73-76 wt.%, Al,O, of 12-14 wt.%,
and K,O of 4.5-6.2 wt.% [Mishra et al., 2022].
Low CaO, MgO, TiO,, and P,O,, 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) , = 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 eNd (t)
values and T, 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,O,, 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.
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(7777 Subduction-related Magmatic Belt

\ Subduction zone

#  Study area

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

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.
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