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During the period 2016-2020, the Indian scientists undertook extensive research in the Himalayan Orogen, which incorporated
extensive field mapping, structural analysis, geochemistry, metamorphic and igneous petrology, stratigraphy and
palaeontology, Ar/Ar and U-Pb geochronology, besides low-temperature thermochronology. These activities were almost
spread throughout the belt from western sector through Garhwal-Kumaon, Sikkim, Bhutan and Arunachal Pradesh. In
addition, research was also undertaken using magnetotelluric methods for large-scale tectonics, seismology, paleoseismology
and other disciplines, which are covered in other contributions. National laboratories have now started generating highresolution U-Pb dates, which have been providing impetus to model Himalayan tectonics, besides modelling its
Paleoproterozoic and Neoproterozoic configuration.
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Introduction
Almost continuous litho-tectonic units characterize the
southward Cenozoic convergence in the Himalayan
Orogen (Fig. 1). These units are tectonically
juxtaposed from south to north against each other: (i)
the Indo-Gangetic Plains against the Sub-Himalayan
(SH) belt along the Himalayan Frontal Thrust (HFT),
(ii) the SH belt against the Lesser Himalayan Sequence
(LHS) belt along the Main Boundary Thrust (MBT),
(iii) the LHS Belt against the Himalayan Metamorphic
Belt (HMB) along the Main Central Thrust Zone
(MCTZ), and (iv) the HMB against the Tethyan
*Author for Correspondence: E-mail: himalfes@gmail.com

Himalayan Sequence (THS) along the South Tibetan
Detachment Zone (STDS) (Valdiya 2016; Jain 2019).
The northern-most THS is juxtaposed against the
Indus “Tsangpo Suture Zone (ITSZ) as the junction
between the India” Asia Plates.
During the period 2016-2020, research inputs
from the above tectonic units are available, besides
some others from the Trans-Himalaya and Karakoram
Mountains. To visualize the effects of the Himalayan
tectonics on these units, a brief account of these is
integrated with the Himalayan geodynamics.
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Fig. 1: Simplified geological framework of the Himalaya
and Trans-Himalaya, showing major tectonic
boundaries. Compiled by A K Jain

Karakoram Shear Zone (KSZ)
NW-SE trending dextral ductile Karakoram Shear
Zone (KSZ) along the north-eastern margin of the
Shyok Suture Zone (SSZ) reveals widespread augen
mylonite, developed from the Tangste granite (Roy et
al., 2016). To determine pure and simple shear
components in the overall deformation of the KSZ,
kinematic vorticity (Wk) has been estimated in 6
mylonitized granite samples, using Porphyroclast
Hyperbolic Distribution (PHD) and Shear Band (SB)
Analyses methods on well-developed quartz and
feldspar porphyroclasts, and synthetic and antithetic
shear bands, respectively. Wk=0.29 to 0.43 and 0.45
to 0.93 values were obtained from PHD and SB
analyses, thus indicating distinct pure and simple shear
dominant regimes during different stages of the
evolution of the KSZ. Results infer that most of the
ductile microstructures were produced through pure
shear deformation around 70 Ma, which was the initial
phase of collision between the Indian and Asian plates.
It was followed by simple shear dominant oblique
dextral strike-slip movement around 21 to 13 Ma to
produce gently plunging lineation and brittle fracturing
in feldspars as the Asian Plate moved dextrally.
Trans-Himalayan Tectonic Zone
In northern Ladakh, the Shyok Suture Zone (SSZ)
represents a highly tectonized zone of a back-arc
basin, which is mainly composed of volcanosedimentary formations (Shyok and Khardung
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Formations) and intimately associated intrusive
granitoids (Kumar et al., 2017). Field evidence,
amphibole compositions and the range of
crystallization pressure (~56 to 129 MPa) indicate
emplacement of the batholithic dimension calc-alkaline
Tirit granitoid melt at epizonal-subvolcanic level. It is
intrusive into the Shyok volcanic (rhyolite) of Shyok
Formation in the Nubra-Shyok valley of the SSZ. U–
Pb SHRIMP zircon geochronology suggests Early
Cretaceous crystallization ages (109.4 ± 1.1 Ma, 105.3
±0.8 Ma) of zircons in the Tirit granitoids. It
strengthens the idea for Early Cretaceous subduction
beneath the Karakoram terrain and Late Cretaceous
ones (67.32 ± 0.66 Ma) for the Ladakh granitoid in
Nubra-Shyok valley of the SSZ. It places a minimum
age of ca. 105 Ma for the Shyok volcanics and more
than 68 Ma for the deposition and metamorphism of
the Shyok metasediments (shale/slate) in the SSZ,
earlier determined ages on Tirit granitoids reveal that
the subduction-related calc-alkaline magmatism in the
Nubra-Shyok valley of the SSZ prevailed between
110 and 68 Ma, and hence suggesting a minimum age
of Early Cretaceous for development of the SSZ.
Geological relationship between various volcanoplutonic magmatic lithounits consisting of granitoids,
exposed along Leh “Saboo” Khardung La suggest
multiple pulses of mafic-felsic magma interactions
(mingling to mixing) with almost 25% of the mafic to
hybrid magma input in the evolution of the eastern
part of Ladakh batholith (Kumar et al., 2016). Along
Khardung La-Shyok-Diskit, Khardung Formation
consists of massive basaltic andesite, porphyritic
andesite, dacite and rhyolite, whereas dipping opposite
to it, the Shyok Formation is defined by metasedimentary lithounits with minor amounts of volcanic
materials. Frequent xenoliths of porphyritic andesite
and dacite roof pendants are being reported in Tirit
granitoids, which strongly suggest sub volcanic
emplacement of granitoid melt, extensive assimilation
and roof collapse of overlying volcanic materials.
Intrusive relationship of Ladakh granitoids with
metavolcanics and metasedimentary country rocks
of Shyok Formation near Diskit can be observed while
the Tirit granitoids have been emplaced at subvolcanic
level assimilating the dactic rocks extensively and
stopping of andesites of Khardung Formation.
Sediments deposited in an actively subsiding
basin (Indus Basin) of the Indus Group represents
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the final phase of deposition before the final uplift of
the Himalaya (Singh et al., 2015). The Indus Basin
represents a narrow embayment occupied by a relict
shallow sea with prominent tidal energy which
received sediments from the north (Ladakh Batholith
and Karakoram block) as well as the south (Indian
continental margin and Suture zone deposits). During
its deposition, tectonic pulses in the north as well as
the south contributed coarse sediments in the form of
conglomerates. The deposition in the basin took place
in a tidal flat and sand-shoal complexes under the
influence of moderate tidal energy and weak wave
energy. In the areas of point sources in the basin,
alluvial fans-built braid plains extending into the basin.
The basin closed in the east due to the collision of
Indian and Myanmarese (Burmese) plates; however,
in the west it was open, connected to a diminishing
Neotethys Ocean. The Indus Basin received vast
amounts of freshwater and detritus from landmasses
in the north and the south. Most of the fossil records
in the Indus Group are freshwater plants, land
vertebrates, freshwater molluscs and ostracods from
the conglomerate deposits of the braid plain. The age
of the Indus Group sediments is estimated to be from
41 Ma to 20 Ma, though no precise biostratigraphic
and chronostratigraphic control is available. Inversion
of basin resulted in the upliftment of sediment over
the Ladakh Batholith around 20 Ma.
Very fast Early–Middle Eocene exhumation of
the Trans-Himalayan Ladakh Batholith (LB) is
revealed by new Rb-Sr biotite and zircon fission-track
ages, when analysed with already published ages on
these minerals (Kumar et al., 2018). Exhumation
peaked at 3.5 ± 0.9 mm/a between 50-45 Ma
(hornblende 40Ar/39Ar ages) and 48-45 Ma (biotite
Rb-Sr ages) because of the India-Asia convergence.
It was followed by deceleration at a rate of 1.2 ± 0.2
mm/a until 43-42 Ma (zircon FT ages), like the Deosai
batholith in the west. Exhumation rates finally
decreased during Oligocene to a minimum of ~0.1
mm/a before a mild late Miocene–Holocene
acceleration. Lower-Middle Eocene exhumation of
the LB was tectonically controlled by slab break-off
of the Neo-Tethys oceanic lithosphere and underthrusting of the Himalayan Metamorphic Belt.
In situ diamond, graphite pseudomorphs after
diamond crystals, and hydrocarbon (C-H) and
hydrogen (H 2) fluid inclusions are recorded in
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ultrahigh-pressure (UHP) peridotitic minerals in the
Nidar ophiolite in the Indus Tsangpo Suture Zone
(ITSZ) (Das et al., 2017). Diamond occurs as
octahedral inclusion along with nitrogen (N2) in
orthoenstatite. Methane (CH4) also occurs with UHP
clinoenstatite (>8 GPa) in orthoenstatite. The graphite
pseudomorphs after diamond crystals and primary
hydrocarbon (C-H), and hydrogen (H2) fluids are
included in olivine. Oriented hematite (α-Fe2O3)
exsolutions are also present in the olivines, indicating
a precursory β-Mg2SiO4 phase of the host olivines.
This assemblage of diamond, graphite, C-H and H2
has not previously been reported from any ophiolitic
peridotite. The hydrocarbon fluids in UHP
clinoenstatites and retrogressed β-Mg2SiO4 strongly
suggest their source from the mantle transition zone
or base of the upper mantle. We conclude that the
peridotitic diamonds precipitated from C-H fluids
during mantle upwelling beneath the Neo-Tethys
Ocean spreading centre.
Sen et al. (2018) reports occurrence of
migmatitic rocks from Ladakh batholith and three
clusters of concordant ages spanning from 50 to 66.9
Ma in mesosome fractions, while zircon from
leucosome fraction yielded two clusters between 72.86
to 55 Ma. Based on +Hf values of leucosome part
and absence of Paleozoic zircons, they inferred that
partial melting and leucosome was not generated from
the Indian continental crust. Therefore, a part of the
LMA was migmatized at~55 Ma, prior to India-Eurasia
collision at <40Ma.
Western Himalaya
Chamba Nappe
The Chamba Nappe comprises of NeoproterozoicPaleozoic-Mesozoic THS meta-sediments with southverging Permo-Triassic Kalhel limestone that can be
correlated with similar lithologies of the Tandisynform
in the Chenab valley due to a huge D2 box fold
structure, possibly developed over a ramp in the Main
Himalayan Thrust (MHT) (Lahoti et al., 2017).
Progressive deformation of the Chamba Nappe since
the development of the first phase (D1) SW-vergent
tectonics resulted in NE-plunging down-the-dip
structural and mineral lineation (L1) on equally
prominent foliation (S1) across all the lithotectonic
units during ductile shearing and translation of the
Chamba Nappe. Subsequent deformation phases–
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second (D2) and third (D3) deformation–produced
regional superposed folds and associated axial planar
foliations and appear to be part of the same
deformation when the nappe was folded on largescale due to resistance caused by the foreland in the
south.
In Chenab-Miyar valleys, Chamba Nappe cuts
through the huge pile of the Higher Himalaya
Crystalline (HHC) metamorphics of Zanskar region
due to top-to-SW-downward movement of the THS
along the Chenab Shear Zone (CSZ) (Lahoti et al.,
2017). Since the main HHC belt is not exposed in the
frontal parts, it is likely to be cut off by the CSZ and
splay of the Main Central Thrust (MCT) in the basal
parts. An intensely mylonitized ‘Outer Granite Band’/
Panjal mylonite beneath the low-grade THS
metamorphics at the base of the Chamba Nappe lies
at the same tectonic level as the Paleoproterozoic
Kulu–Bajura Nappe of Himachal or the Munsiari
Group mylonite of Garhwal, though it records remelting
of the Neoproterozoic Dalhousie and Dhauladhar
granite during Cambro-Ordovician in this belt (Dhiman
and Singh, 2018).
Seismotectonics of NW and Central Himalaya
There is a variation in tectonic framework
characterization between the Northwest Himalaya and
the Central Himalaya: a) The tectonic framework and
position of the Main Central Thrust (MCT) and the
HHC are not same in the two segments of the
Himalaya. b) The width and thickness of the LHS
zone of NW Himalaya is greatly reduced to that of
the Central Himalaya, and it is characterized with
absence of klippen of crystalline thrust sheets, and c)
There is no basement exhumed south of the MBT in
the Central Himalayan foreland basin (Thakur et al.,
2019). In NW Himalaya Late Proterozoic limestone
basement is involved in formation of fold-thrust system
of the northern portion of the foreland basin. There
seems to be also a disparity in seismotectonic
characters between the two segments of the
Himalaya, NW Himalaya and Central Himalaya. The
belt of instrumentally recorded microseismicity at 1020 km depth is distributed over the topographic front
of the Higher Himalaya covering northern part of the
Lesser Himalaya, the MCT zone in Nepal and
Kumaun-Garhwal. In west of Garhwal in west
Himachal and Kashmir, the micro-seismicity belt shifts
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further south of the Higher Himalaya as compared to
the Central Himalaya (Thakur et al., 2019). Geodetic
(GPS) measurements indicate an ongoing
convergence rate decreasing from 20 mm/yr. in
Central to 15 mm/yr. in NW Himalaya. This rate is
consistent with the Holocene and late Quaternary
convergence rates estimated using the dated fluvial
strath terraces. N-NE convergence of the Indian plate
is orthogonal to the regional trend in the Central
Himalaya and oblique to the regional trend in the NW
Himalaya. Many lessons are learnt from the wellstudied 2005 Kashmir earthquake in NW Himalaya
and 2015 Gorkha in central Himalaya (Nepal). The
Kashmir earthquake, magnitude (Mw 7.6), invoked a
thrust fault with 80 km length and 5.4 m slip, dipping
NE 30° at focal depth of 29 km. This earthquake
produced a mappable surface rupture 75 km in length
providing 7-2.5 m vertical offset. The surface rupture
coincided with the bedrock mapped fault called the
Balakot Bagh Fault, implying reactivation of the fault.
The Gorkha earthquake (Mw 7.8) generated a thrust
fault dipping 10° NNE at focal depth 15 km. The fault
segment propagated SE from epicentre extending 140150 km with 50-55 km width. The seismogenic fault
following the decollement implies coseismic slip over
the Main Himalayan Thrust (MHT). The
seismotectonic properties of these two earthquakes
indicate that the 2005 Kashmir is a wedge thrusttype and the 2015 Gorkha is a plate boundary-type
earthquakes.
Ropar-Manali Lineament Fault
An N-S trending lineament, ~100 km in length, called
the Ropar-Manali lineament (Fig. 2), was earlier
identified through Ropar, Bilaspur, Sundarnagar, Mandi,
Kullu and Manali on the Landsat satellite image. A
dextral slip was inferred based on N-S alignment of
the Tertiaries, and Shali and Mandi granite of Lesser
Himalayan Sequence (LHS) with change in regional
strike from NW to N to again NW. In the Kangra reentrant between Kangra and Shimla, the regional
strike of the stratigraphic units and the MBT and the
MWT (MBF) changes from NW–SE to N–S. In the
same sector, the NW–SE portion of the MBT is
inferred as the frontal ramp and the N–S segment as
the oblique ramp. The Late Quaternary intermontane
Sundernagar basin, trending N–S, was described as
a “pull-apart” basin by earlier workers.
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Fig. 2: Geological map of NW Himalaya covering Kashmir, Ladakh and western Himachal (Thakur et al., 2019). Himalayan
Frontal Thrust (HFT). Medlicott Wadia Thrust (MWT) The Lesser Himalayan formations occur as thrust sheets in
narrow (1 to a few kilometres-wide) belts between the MBT and the MCT. The late Precambrian-Jurassic sequence of
Kashmir and the Chamba sequence represents the southern extension of the Tethyan zone. Ropar-Manali Fault,
earlier recognized as a lineament, is a dextral strike-slip fault, and appears to be an active fault

The Ropar-Manali lineament was re-examined
by using Cartosat–1A stereo-pair images and SRTM
30 m resolution data (Thakur et al., 2019). The raw
Cartosat–1A data is orthorectified based on the
existing Ground Control Points (GCP) and SRTM data.
A GXP 4.0 geospatial tool is used to generate a 3dimensional stereoscopic view along with 5m contour
lines. The dextral strike-slip fault is identified by
surface geomorphology, drainage cut-off and dextral
tilting in the contour lines. The fault extends in
segments in a zone from Ropar northward through
Sundernagar–Mandi, Kullu and Manali. This infers
the Ropar Manali Fault, a dextral strike–slip fault, as
an active fault There is nearly N–S trending strikeslip fault along the exit of Sutlej river between the
Soan and Pinjore duns. Further north between

Sundernagar and Mandi, there is an intermontane
basin, the Sundernagar basin ~15 km in length and ~5
km in width. The basin is filled with late Quaternary–
Holocene deposits. The western margin of the basin
is characterized with a fault scarp in the basin–fill
sediments between Sundernagar and Mandi. Along
the western margin of the Beas river, a N–S trending
fault scarp is recognized between Kullu and Manali.
Analysis of regional tectonic framework reveals that
the Chamba sequence does not extend SE and
terminates along a contact with the Higher Himalaya
Crystalline in the Beas river valley of Kullu-Manali
area. The contact coincides and is aligned along the
Ropar-Manali Fault (Fig. 2). The Ropar-Manali
lineament is inferred to extend further north to Lahaul
and Zanskar as the Manali-Pughtal lineament. The
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Higher Himalaya Crystalline zone and the South
Tibetan Detachment (STD) fault appears to have been
displaced with dextral-slip motion along the ManaliPughtal lineament fault (Fig. 2). Based on computed
arc parallel gravity anomalies, four segments along
the Himalayan arc are recognized (Godin and Harris,
2014). In their recognized segments in the central and
western Himalaya, the Mahendranagar–Dehradun
Fault (MDF), corresponding to 77°-78° E, defines the
boundary between the Nepal-India and NW India
segments. The MDF is related to the NNE trending
Delhi–Haridwar Ridge (DHR) which extends beneath
the Himalaya up to Karakoram fault. Their analyses
of enhanced Bouger data depicts the DHR as a horst
bounded by Dehradun and Simla lineaments. The
Simla lineament is nearly coincident with the Ropar–
Manali Fault zone. The regional Himalayan strike,
NW–SE, in NW Himalaya bends along the Kangra
re-entrant and becomes N-S from Mandi to
Sundernagar and Bilaspur and then again extends
further along NW-SE in Shimla, Garhwal and
Kumaun. A transverse fault zone corresponding to
the Ropar Manali Fault implies dextral-slip motion on
the western margin of the Delhi-Haridwar ridge is
indicated by the gravity anomaly data. The RoparManali Fault lineament zone demarcates the boundary
between the Kashmir-western Himachal, Northwest
Himalaya segment and the Garhwal, Kumaun-Nepal,
Central Himalaya segment. The boundary is nearly
consistent with segmentation of the Himalayan arc,
interpretation based on arc parallel gravity anomalies.
The Main Himalayan Thrust (MHT) imaged in seismic
profiles is characterised with a ramp along the MHT
underneath the topographic front of Higher Himalaya
in Nepal and Garhwal. The MHT in Sutlej valley
seismic profile has gentle dip to the north between
the Sub and the Higher Himalaya and the ramp lies
further north of the STD in the Tethyan Himalaya.

basin underlying the MBT between Satluj and Jhelum
in the NW Himalaya, made of large Proterozoic
limestone bodies overlain stratigraphically by
Paleocene-Lower Eocene marine, equivalent Subathu,
lower Miocene-Oligocene Murree/Dharamsala
formations are thrust over the Neogene Siwaliks. In
Reasi and Vaishno Devi area of Jammu, stromatolitebearing Late Proterozoic Reasi Limestone is overlain
unconformably by marine Paleocene-Lower Eocene
bed succeeded by the Murree Formation, equivalent
of Dharamsala Formation. South of the MBT in
Jammu region, the entire package of late Proterozoic
Reasi limestone and cover of Murrees and Subathus
of lower Tertiary are thrust over the Neogene Siwalik
along the N-dipping Reasi Thrust (Fig. 3A, crosssection EF). The contact between the two, the lower
Tertiary with late Proterozoic limestone and the
Siwaliks, is mapped and described as Bilaspur Thrust
in Bilspur area, Palampur Thrust in Kangra region,
Nahan Thrust in Nahan area, Reasi Thrust in Jammu
region, and the Balakot Bagh fault in Muzaffarabad
region. The locally named thrust faults form part of
the Medlicott Wadia Thrust (MWT), earlier referred
as the Main Boundary Fault, that extends from Jhelum
in the west to Yamuna in the east (MWT). The MWT
brings the upthrust wedges of late Proterozoic
limestone basement with cover of Lower Tertiary to
override the Neogene Siwaliks (Figs. 3A, B, cross–
sections, E-F and G-H). The stromatolite-bearing Late
Proterozoic limestone bodies in the foreland basin are
stratigraphically correlatable with the carbonates of
Shali or Deoban Formation of the LHS. The
involvement of basement wedges in the formation of
foreland basin fold-thrust system is further
corroborated by recent investigations (Gavilott et al.,
2016) that show upthrust wedges of Reasi limestone
bodies overriding the late Quaternary-Holocene
gravels within the foreland basin in the Reasi area.

Thick Skinned Tectonics in NW Himalaya
Foreland Basin

Apatite (U-Th)/He (A-He) cooling ages of
detrital grains from the Sub-Himalayan foreland
sediments across the Kashmir Himalaya indicate that
the Sub-Himalayan structures are exhuming at ≥1
mm since 4 Ma (Gavillot et al., 2018). In the hinterland,
thrust sheet between the MBT and MCT yields
A-He cooling ages between 5.1 and 21.1 Ma.
Published AFT ages (<3 Ma) and high exhumation
rates (3.6-3.2 mm/year) across the Kishtwar window
further to the north are consistent with A-He data
from the Sub-Himalayan structures. The pattern of

There are no Lesser Himalayan or basement rocks
are exposed south of the MBT in the Cenozoic
foreland basin in Garhwal, Kumaun and Nepal
Himalaya. Large bodies of Late Proterozoic limestone
occur discontinuously south of the MBT in the SubHimalayan zone, west of Sutlej in Reasi, Dharamsala,
Bilaspur, Tundapathar and along Nahan Thrust east
of Nahan. The northern portion of Tertiary foreland
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Fig. 3: (A) Cross-section E-F across Jammu, Kashmir valley, Higher Himalaya and Zanskar Tethys. Medlicott Wadia Thrust
(MWT). Reasi Limestone (RLM). Panjal Thrust (PT). Zanskar Shear Zone (ZSZ). Kishtwar window (KW) Larji Rampur
window (LRW). (B) Cross-section G-H across Panjab plain, Soan dun, Mcleodganj (Dharamsala), Chamba and Zanskar.
Janauri Anticline (JA). Soan Thrust (ST). Panjal Thrust (PT). Chamba Fault (CF). Zanskar Shear Zone (ZSZ). The HHC
forms crustal-scale wedges between the Lesser Himalayan and the Tethys Himalayan sequences. After Thakur (2019)

cooling ages and rates indicates that the exhumation
occurred in association with changes in the Himalayan
basal décollement ramp geometry. Hinterland zircon
(U-Th)/He (Z-He) data show cooling ages between
14 and 21 Ma, when MCT was active throughout the
Himalaya. Cooling patterns across the Kashmir
Himalayas have been described due to leading role
of deformation. These new data indicate that the
exhumation pattern since 4 Ma primarily reflects
changes in structural architecture and spatial variability
in the distribution of shortening (Gavillot et al., 2018).
Whole rock geochemical analysis has been

carried out on samples from Dhauladhar and
Dalhousie granites of the Lesser Himalayan Granitic
Belt (LHGB) in the NW Himalaya (Dhiman and Singh,
2019). The LHGB is the group of pre-Himalayan
granitic suits occurring all along the Himalaya from
the Besham in Swat valley (NW Himalaya) to the
Bomdila gneiss in Arunachal Pradesh (NE Himalaya).
Present work indicates that both the Dalhousie and
Dhauladhar granites are strongly peraluminous, silicarich, S-type granite, formed from partial melting and
crystallization of a meta-sedimentary source. The
detailed geochemical characteristics of these granites
do not define a single unit, rather indicate the complex
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history in which two contrasting granites were formed.
Partial melting of a meta-psammitic source by
muscovite dehydration melting in the presence of
water has generated the granitic melt for Dhauladhar
granites. In contrast, the melt for the Dalhousie granite
has been generated from a meta-pelitic source by
muscovite dehydration melting in the absence of
water. The Dalhousie granite is more evolved and
fractionated than the Dhauladhar granite. Plagioclase
fractional crystallization has played a major role in
the evolution of Dalhousie granitic melt.
Geochemical study of the Neoproterozoic
granite gneiss (GGn), Early Palaeozoic granitoids
(EPG) and Tertiary tourmaline-bearing leucogranite
(TLg) from the southern Kinnaur Higher Himalaya
of Himachal Pradesh reveals that the GGn and EPG
precursor melts were most likely derived from melting
of biotite-rich metapelite and metagraywacke sources,
whereas TLg melt appears to have formed from
biotite-muscovite rich metapelite and metagraywacke
sources (Singh et al., 2016). Major and trace elements
modelling suggest that the GGn, EPG and TLg
parental melts have experienced low degrees (13%,
17%, and 13%) of kf–pl–bt fractionation, respectively,
subsequent to partial melting. These intrusions he GGn
and EPG melts are derived as results of a preHimalayan, syn-collisional Pan-African felsic
magmatic event, whereas the TLg is a magmatic
product of the later subsequent Himalayan collision
tectonics.
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intercept age but indicates magmatism from c. 1940
to 1840 Ma. Based on these ages, it is inferred that
the Bhatwari Gneiss has evolved due to arc
magmatism and related back-arc rifting over a time
period of c. 100 Ma during the Proterozoic. This arc
magmatism is related to the formation of the Columbia
supercontinent.
SHRIMP U-Pb geochronology on zircons
extracted from samples of metasediments, migmatite,
biotite granite and in situ partial melt (tourmaline –
bearing leucogranite) along the Bhagirathi Valley in
the Vaikrita Group of HHC, preserve evidence of
magmatic history, magma source and effects of the
Himalayan orogeny in the region (Singh, 2019). Studies
reveal three distinct period of zircon growth in the
leucogranite between 46 Ma and 20 Ma recording
the episodic influx of magma which caused
migmatization leading to crustal anatexis and the
liberation of large quantities of fluid which induced
partial melting. This buoyant partial melt during
subsequent extensional tectonism in the Himalaya,
was able to rise through the crust and become
emplaced at its current high-structural level within
the core of the Higher Himalayan Crystallines as high
grade migmatized metapelites.

Garhwal-Kumaon Region
Bhagirathi Valley
Based on field and petrographic analyses, Sen et al.
(2019) have classified the Paleoproterozoic Bhatwari
Gneisses of the Garhwal Himalaya into the monzonitic
Lower Bhatwari Gneiss (LBG) and the granitic Upper
Bhatwari Gneiss (UBG). The UBG has a calc-alkaline
S-type granitoid protolith, whereas the LBG has an
alkaline I-type granitoid protolith; the UBG is more
fractionated. The trace element concentrations
suggest a volcanic arc setting for the LBG and a
within-plate setting for the UBG. The U-Pb
geochronology of one sample from the LBG gives an
upper intercept age of 1988 ± 12 Ma (n = 10, MSWD
= 2.5). One sample from the UBG gives an upper
intercept age of 1895 ± 22 Ma (n = 15, MSWD =
0.82), whereas another sample does not give any upper

Fig. 4 Simplified geological map of the Alaknanda-Dhauli
Ganga valleys showing distribution of major tectonic
boundaries, e.g. the Munsiari Thrust (MT), the
Vaikrita Thrust (VT) (now considered as the Main
Central Thrust”MCT) and the South Tibetan
Detachment System (STDS). Modified after Jain et al.
(2019b)
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The Alaknanda-Bhagirathi rivers, originating in
the north-western part of Uttarakhand State, are
typical example of antecedent rivers, characterized
by rugged river drainage systems flowing across the
Himalayan range through primary geologic and postdate both metamorphism and development of collisionrelated structures (Singh et al., 2018). The collision
between Indo-Australian plate and Eurasian plate
around 57 Ma led to the formation of the Himalayas.
With the rise of Himalayas, the monsoon circulation
system was established, which led to fast erosion and
generation of large quantities of sediments. Prominent
climatic changes since then have shaped the drainage
system of Himalayas. In general, river drainage
occupies rugged, deep and steep-sided valleys having
overall dendritic drainage pattern. However, at places
they are parallel in nature indicating a strong lithotectonic control.
Alaknanda-Dhauli Ganga Valleys
In central parts of Uttarakhand, a traverse along the
Alaknanda and Dhauliganga valleys provide an
excellent opportunity to investigate the (i) Position,
definition and timing of the MCT in terms of the
Munsiari Thrust (the MCT–I), and the Vaikrita Thrust
(the MCT–II). (ii) Position of the South Tibetan
Detachment System (STDS). (iii) Deformation of the
HHC, based on detailed shear sense analysis exhibiting
top-to-south and top-to-north shear indicators. (iv)
Structural control on melt accumulation of the
Himalayan migmatites and leucogranite, (v)
Himalayan inverted metamorphism, and (vi)
Assessment of channel flow or other models (Fig. 4;
Jain et al., 2019b).
Detrital zircons (DZ) and Nd isotopic
characteristics constrain maximum depositional ages
of two distinct Paleoproterozoic and Neoproterozoic
terranes across the Main Central Thrust zone
(Munsiari Group) in the Himalaya. New DZ ages and
Nd isotopic characters are reported from the inner
Lesser Himalaya (iLH) sedimentary belt (Berinag
Group quartzite) and the Munsiari Group through the
Greater Himalayan Sequence (GHS-Vaikrita Group)
across the MCT to the lower parts of the Tethyan
Himalayan Sequence (THS) along the Alaknanda
Dhauli Ganga valleys, Uttarakhand Himalaya
(Mukherjee et al., 2019; Jain et al., 2019a). The iLH
Berinag Group quartzite yielded nearly unimodal DZ
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Fig. 5: Schematic Columbian reconstruction ca. 1.9 Ga of
the Paleoproterozoic back-arc basins in relation to
the Proterozoic magmatic arc during ~2.0–1.8 Ga.
Subducting oceanic lithosphere caused its partial
melting and emplacement of granitoids in the arc.
Between the arc and the Indian craton, back-arc basin
underwent rifting and received sediments from both
the arc and the craton to be deposited within the iLH
basin

U-Pb ages between 2.05 and 1.80 Ga with εNd(0) values
of –17 and –23, while the overthrust Munsiari Group,
bounded by the Munsiari Thrust at the base and the
Vaikrita Thrust (MCT) at the top, represents the
Proterozoic magmatic arc with ~1.95 and 1.89 Ga UPb zircon age population with an average of –25
εNd(0) value; the arc developed during the Columbia
Supercontinent assembly. In contrast, overthrust Great
Himalayan Sequence (GHS-Vaikrita Group) above
the MCT is characterized by entirely new
Neoproterozoic 1.05-0.85 Ga zircon population, which
appears for the first time in this sequence, and has
higher ε Nd(0) values (average –16). Tectonically
overlying the GHS, the Tethyan Himalayan Sequence
(THS) has first appearance of the Early Paleozoic
detrital zircons, with its εNd(0) values like the GHS.
Broadly, these characters persist throughout the
Himalayan belt from Himachal to NE Himalaya. The
iLH sediments were possibly derived from northerly
~1.9 Ga magmatic arc, and southern the Archean–
Proterozoic Aravalli-Bundelkhand nuclei of the Indian
craton (Fig. 5). Potential sources for the GHS
sediments may be a northerly ‘destroyed’
Neoproterozoic magmatic arc whose remnants exists
within the Himalaya as the Neoproterozoic granitoids,
and possibly be the iLH sedimentary belt, an ‘In-board’
Aravalli-Delhi Fold Belt (ADFB)-Central Indian
Tectonic Zone (CITZ) in the south.
Based on lithological, structural and metamorphic
conditions, the HHCs are divisible into two main groups
above the Munsiari Thrust (Jain et al., 2019b). In the
lower parts, the Munsiari Group (MCT zone
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representing base of the HHC) consists of low to
medium grade highly mylonitized package of garnet
mica schist/ gneiss, quartzite, amphibolite and biotiterich phyllonite, augen mylonite and gneiss. Garnet
porphyroblasts from the garnet grade MCTZ
metapelites commonly show chemical zoning with
yttrium -rich core and Y-poor rim (Thakur et al., 2018).
The Vaikrita Thrust separates the Munsiari Group from
the overlying Vaikrita Group which comprises of the
Joshimath Formation (kyanite-garnet-biotitemuscovite schist/psammitic gneiss), the Suraithota
Formation (kyanite-garnet-biotite± sillimanite schist/
psammitic gneiss and amphibolite, flaggy quartzites),
and the Bhapkund Formation (sillimanite/fibrolitekyanite-garnet-biotite psammitic gneiss/schist with
pervasive migmatite, concordant to discordant
pegmatite veins, the Malari granite and small
tourmaline-rich leucogranite lenses/dykes). The HHC
is typically characterized by inverted metamorphism,
where sillimanite–K-feldspar gneiss and migmatite in
uppermost parts of the Bhapkund Formation was
metamorphosed under upper amphibolite facies at
>650°C. The Bhapkund Formation constitutes the
footwall of the STDS, which separates it from the
very low biotite-grade to unmetamorphosed quartzite
and slates/phyllite of the Martoli Formation of the basal
Tethyan Sedimentary zone under peak metamorphic
conditions of 450 ± 50°C.
The upper contact of HHC belt with the Martoli
Formation of the Tethyan Himalayan Sequence (THS)
is demarcated by the South Tibetan Detachment
System (STDS). The HHC belt is ubiquitously marked
by small-scale asymmetrical structures like S–C and
S–C–C’ foliation, porphyroclasts and porphyroblasts,
mineral fishes, intrafolial folds, duplex structures,
ductile–brittle shear zones, and asymmetric shear
boudins. Sense of ductile to brittle-ductile shearing
has been determined from these structures across
the whole belt between the MCT and the STDS and
reveals two phases of shear deformation:(a) an older
top-to-SW upwards phase throughout the HHC having
an overall thrust geometry, and (b) a younger
superposed top-to-NE downwards phase with normal
fault sense from the middle to upper parts. These
shear senses provide invaluable constraints on various
tectonic models currently in use for the evolution of
the Himalayan metamorphics.
Along the Vaikrita Thrust, three different biotite-

muscovite growth and recrystallization episodes that
were observed include, relict mica-1, mica-2 along
the main mylonitic foliation, and mica-3 in coronitic
structures around garnet during its breakdown which
in combination with microstructural, microchemical
and 39Ar– 40 Ar age determination were used to
constrain the timing of shearing along the Vaikrita
Thrust (Montemagni et al., 2019). Biotite showed
chloritization and bimodal composition of biotite-2 in
one sample. Muscovite-2 and muscovite-3 differed
in composition from each other. Biotite step-ages
ranged between 8.6 and 16 Ma and muscovite stepages between 3.6 and 7.8 Ma. These ages cannot be
interpreted as ‘cooling ages’ because samples from
the same outcrop cooled simultaneously. Instead, the
Ar systematics reflect sample-specific recrystallization markers. Intergrown impurities were diagnosed
by the Ca/K ratios. Biotite age data were interpreted
as a mixture of true biotite-2 (9.00 ± 0.10 Ma) and
two alteration products. The negative Cl/K-age
correlation identified a Cl-poor muscovite-2 (>7 Ma)
and a Cl-rich, post-deformational, coronitic muscovite3 grown at ≤5.88 ± 0.03 Ma. The Vaikrita Thrust
was active at least from 9 to 6 Ma at c. 600°C; its
movement had ended by 6 Ma.
Migmatite in the upper part of the GHS
experienced peak pressure (P)-temperature (T)
conditions of 0.9-1.1 GPa and ≥750°C at ≥24 Ma
(Iaccarino et al., 2017). This migmatite has been
reworked structurally upward leading to the formation
of high-T sillimanite-bearing mylonite. Further upward,
medium-T shearing deformed the Malari granite and
leucogranite dykes, forming medium-T mylonite.
Ductile shearing was temporally constrained, based
on new in situ monazite dating and previously published
Ar-Ar geochronology, between ~20 and 15 Ma. 40Ar/
39Ar muscovite age constrain the “waning stages” of
ductile deformation: in rocks ductilely deformed by
the STDS activity. They record recrystallization at
16.0-16.5 Ma; the age of static muscovite grown after
sillimanite at 14.3 Ma post-dates cessation of
movement on the STDS and pre-dates the main activity
of the Main Central Thrust in the Western Himalaya
(Montemagni et al., 2018).
Kali Valley
In the HHC and Chiplakot Crystalline belts along the
Kali valley, the Paleoproterozoic basement rocks of
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the Himalaya consist of granitic gneisses from the
LHS that belonged to the north Indian continental
margin during the formation of Columbia (Phukon et
al., 2018). Bulk-rock geochemistry of four samples
from the Munsiari augen gneiss and six samples from
the granite gneisses from Chiplakot Crystalline Belt
shows calc-alkaline and shoshonitic composition,
respectively. Depletion in Nb, Sr, P, and Ti point toward
a magmatic arc origin for both units. U-Pb zircon
geochronology was carried out on two samples from
the Munsiari augen gneiss and three samples from
the Chiplakot Crystalline Belt. All these samples
yielded ages ranging from ca. 1970 Ma to ca. 1860
Ma, with crystallization ages in the Munsiari augen
gneiss varying from ca. 1970 to ca. 1950 Ma and
ages in the Chiplakot Crystalline Belt at ca. 1920 Ma.
It is inferred that both the Munsiari augen gneiss and
the Chiplakot Crystalline Belt belong to the iLH
Sequence, and the magmatism took place within a
span of ~100 m.y. and was related to active subduction
along the Proterozoic North Indian continental margin.
It is envisaged that the slightly older and highly
fractionated calc-alkaline Munsiari augen gneiss
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reflects mixing of mantle and crustal melt along with
assimilation and fractional crystallization. The
Chiplakot Crystalline Belt is less fractionated and may
have intruded during a later part of continental arc
magmatism into a thinner crust, associated with crustal
extension probably driven by slab break-off and/or
slab rollback.
Phukon et al. (2019) established relationships
between peak metamorphism and partial melting of
the GHS along with spatio-temporal relationship
between anatexis and fault along the Kali River Valley,
Kumaon Himalaya. Southern tectonic boundary of
the GHS (Main Central Thrust–MCT) is marked based
on structural, metamorphic and chronological
evidences. Generation of partial melt took place at
the base of the MCT and migrated to higher structural
levels and finally emplaced as tourmaline bearing
leucogranite along northern tectonic boundary of the
GHS–South Tibetan Detachment Zone (STDZ). P-T
pseudosection modelling shows that GHS has
experienced muscovite dehydration melting at
9.2-9.8 kbar and 720°-725 °C, 8.4-8.7 kbar and 700°-

Fig. 6: Dextral strike-slip North Almora Fault (NAF) among the major strike-slip faults of the Himalaya and Tibet. Plate
motion of India-Tibet (yellow arrows) is shown resolved into the arc-normal component (green arrows) and arc parallel
component (red arrows), driving the arc-parallel extension and translational movement of the orogen. Solid black
arrow in the eastern part documents eastward extrusion of Tibetan block. [Acronyms: TF–Tibrikot Fault; DSWF–
Dhauligaon south west Fault; BGF–Badi Gad Fault; DCFZ–Dinggye-Chigu Fault Zone. Details of B, D, R and L
abbreviations in Joshi et al. (2019)
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710 °C, 7.8-8.4 kbar and 700-720 °C respectively at
its lower, lower-middle and middle structural levels.
Zircon U-Pb geochronology suggests that the GHS
underwent suprasolidus peak metamorphism and postpeak anatexis during ~26-22 Ma at the base of the
MCT and ~32-27 Ma at the middle structural level.
The MCT is at least ~22 Ma old, being synkinematic
to the partial melting event. Diachronous and brief
episodes of partial melting and absence of sillimanite
zone at the base of the GHS help us envisage a
‘critical taper wedge’ scenario, where partial melt
weakened the overlying Himalayan wedge and
triggered gravity collapse that formed the STDZ.
Tectonics of the Almora Nappe and Adjoining
Units
North Almora Fault (NAF)
A key problem of Himalayan tectonics is to ascertain
whether crustal thickening, lateral extrusion or
Himalayan arc extension brought about the crustal
accommodation. In an interesting paper, Joshi et al.
(2019) demonstrated that the North Almora Fault
(NAF), a prominent well-known structure in the
Kumaun Lesser Himalaya, the third most prominent
crustal-scale brittle tectonic discontinuity in the
Himalaya with a damage zone of about 10 km on the
map scale. Employing field, laboratory and remote
sensing evidence, they infer that unlike the hitherto
perception, North Almora Fault/Thrust is not one fault.
Instead, there are two closely-spaced faults that run
parallel to each other viz., the North Almora Fault
(NAF)—a steep high angle brittle fault dipping south
and the ductile North Almora Thrust—an overthrust
with top-to-south sense of movement that also dips
south and marks the northern boundary of the AlmoraJajarkot Nappe. The NAF running all across Kumaun
continues into Himachal and western Nepal.
Strike slip movements of ~2.26 km have been
inferred, based on shifting of the river channels across
the NAF. The mean orientation for 38 subhorizontal
striations measured within the NAF quartzite is S78oE/
9o (Fig. 6A) suggesting subhorizontal movements. The
dip slip movements in excess of 1000 m have been
deduced for the NAF, based on fault scarps of
triangular fault facets. The σ 1, deduced for 57
conjugate joint sets measured within the quartzites, is
subvertical (N7E/72o) (Fig. 6B) suggesting vertical
fault movements. As oblique fault striations are
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conspicuously missing, a phased evolution with
alternating strike-slip and dip-slip movements has been
suggested for the NAF. Regionally mimicking the
approximately 800 km long Karakoram Fault this
crucial missing link, viz. the ~500 km long NAF,
partitions large strains within the western Lesser
Himalaya. Joshi et al. (2019) support Styron’s model
(Fig. 6) of oblique convergence for the still ongoing
continental collision in the Himalayan arc.
An interesting offshoot of the ~10 km wide
damage zone identified by them for the NAF, is the
likely attenuation of the seismic waves originating close
to the Main Central Thrust and crossing the NAF
and its consequences on downsizing the magnitude
of the earthquakes south of the NAF.
Granulite Facies Metamorphism in the Askot
Klippe
The Ramgarh and Almora gneisses have been
identified and distinguished for the first time from the
Askot Klippe, based on distinct field, petrological and
geochemical studies with striking resemblance and
similarities to the tectonostratigraphic set-up of the
Almora Nappe. For the first time in this klippe, Das
et al. (2019) identified granulite facies metamorphism
in the Almora Group gneisses from any of the Lesser
Himalayan nappes or klippes in the Himalaya. The
Almora Group rocks are interbedded pelite-psammite
sequence with chlorite-biotite-muscovite-garnetquartz, biotite-muscovite-garnet-quartz, biotitemuscovite-garnet-plagioclase-quartz and K-feldsparsillimanite-garnet-biotite-plagioclase±cordierite-quartz,
as the major assemblages. The pelitic augen gneisses
are restricted to the central parts of the klippe in
anticlinal cores surrounded successively by lower
grade rocks. The phase section model was drawn
using Perple X 6.7.5 (database: hp02ver.dat) of
Connolly (2005) in the NCMnKFMASHT system for
the garnet-cordierite-K-feldspar-sillimanite bearing
gneisses belonging to the Almora Group. Compositional
isopleths were drawn to decipher the P-T path (Fig.
7). The isopleth contours for garnet were computed
for cordierite-K-feldspar-garnet–bearing gneisses.
Temperature and pressure were inferred through
intersection of the X Fe, X Ca and X Mg isopleths.
Disequilibrium texture at garnet-biotite contact is
suggestive of the beginning of granulite facies
metamorphism, which is substantiated by estimated
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metamorphosed as a supracrustal cover.

Fig. 7: P-T Pseudosection for sillimanite-K-feldspar-bearing
Almora Group gneiss in the NCMnKFMASHT system.
Bulk composition in weight percent calculated based
on XRF data. Compositional isopleth contours for
EPMA analyses of garnet for the grossular, pyrope,
almandine
and
spessartine
contents.
Peak
metamorphic P-T conditions for these gneisses were
determined from garnet analyses by intersection of
XMg, XFe and XCa isopleths for the gneisses. Solid Black
square represents the minimum estimate of the peak
P-T point, falling in granulite field. Light pink subvertical see-through band is the amphibolitegranulite transition after Winter (2010). Modified
after Das et al. (2019).

temperatures of ~776oC and 6.6 kbar for garnet rims
employing PTCALC and QBASIC software.
This pelitic sequence of the Almora Group is
tectonically underlain by the Ramgarh gneiss. While
the Ramgarh and Almora gneisses plot in the nonfractionated granite and the fractionated felsic fields,
respectively of Whalen’s Classification.
Geochemically, the Ramgarh gneisses are well
comparable to the basement gneisses from other parts
of the Himalaya. The gneisses from Ramgarh plot in
the late- and post-COLG field. Based on bulk rock
and elemental geochemistry, Das et al. (2019)
concluded that the Ramgarh granites are continental
arc granites that are products of subduction-related
mid-crustal anatexis and are likely associated with
the Palaeoproterozoic amalgamation of the Columbia
supercontinent. The Almora Group was deposited and

During the Indo-Asian collision, the MCT was
juxtaposed over the Bhatwari Thrust and the ensemble
with Ramgarh gneisses as the basement overlain by
the greenschist to granulite facies metapelitic cover
of the Almora Group, moved southwards. The severed
parts of an erstwhile continuous thrust sheet lie
scattered as the Chiplakot and Askot klippes and the
Almora Nappe. The Ramgarh granitic gneisses
comprising the base of the Almora Nappe have been
dated at 1875 ± 90 Ma (Rb-Sr whole-rock) and
interestingly their equivalents from the Askot Klippe
yielded 1878 ± 19 Ma by U-Pb zircon date (Mandal
et al., 2016). Thus, the Ramgarh gneisses with the
supracrustal pelitic cover of Almora Group likely
represent the leading edge of the Precambrian
basement of the Indian Craton that collided with Tibet
during the Himalayan orogeny.
The largest Almora Crystalline Zone (ACZ)
nappe in the Lesser Himalaya is thrust southwards
over the LHS from the Central Himalaya with the
northern and southern thrust boundaries known as
the North Almora Thrust Zone (NATZ) and South
Almora Thrust (SAT), respectively (Joshi et al., 2017).
The ACZ has undergone ductile and brittle-ductile
deformation at meso-scale with development of
boudins, tensional gashes, lateral ramps, large to smallscale folds, crenulation cleavages, S-C fabric, micro
shear zones and pull-apart grains (Agarwal et al.,
2016; Joshi et al., 2017). About 10-500 m thick slices
of the ACZ mylonites are thrust over the Lesser
Himalayan Rautgara quartzite and become
progressively thinner with closer splays eastwards
coalescing into a single major plane as swarm of backthrusts, which were active after the emplacement of
ACZ along the NATZ (Fig. 8A; Joshi et al., 2017).
Further evidences of back-thrusting include absence
of trends in magnetic parameters near NATZ, 20%
higher strain in mylonites along the NATZ than at
SAT and distribution of strain near the SAT.
Coherent, mesoscale evidences of shear sense
reversal from synthetic (top-to-south) to antithetic (topto-north) were recorded from a (i) deformed quartz
vein in mylonites of the Ramgarh Formation, Kumaun
Lesser Himalaya where top-to-the-south shear opens
up the vein and causes slight counter-clockwise
rotation, and subsequent shear sense reversal to topto the-north causes curving of the vein ends to form
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the S-shape and V-pull apart feldspar porphyroclast
(Fig. 8C; Agarwal et al., 2018). In the second stage,
to accommodate further compression led by active
Himalayan orogeny, the NATZ reactivated and backthrusts developed. It is argued that back-thrusts
originated below the Lesser Himalayan rocks,
probably from the MBT, and the rocks of the ACZ
and LHS were coupled.
Magnetic fabric in the ACZ approximate the
metamorphic foliation and shows northward dip near
the SAT in contrast to its southward dip near the
NATZ (Agarwal et al., 2016). In mylonites, bulk
susceptibility (k), corrected degree of anisotropy (P¹)
and shape factor (T) decrease in vicinity of the SAT,
with no recognizable trend in the variation of P¹ with
either T or k. Lack of such relationships suggests
that variations in these parameters with distance from
the SAT is not due to intrinsic rock properties, such
as change in grain size or mineralogy in the protolith
of the mylonites. The decrease in k, T and P¹ is argued
to be due to grain size reduction of the paramagnetic
carrier minerals with increasing mylonitization in
vicinity with SAT. Such trends are not observed near
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NATZ.
To summarize, the ACZ evolved in at least two
stages with characteristic and mutually antithetic
deformation patterns. In the first stage, southward
thrusting of the ACZ was accompanied by
metamorphism that grew secondary paramagnetic
minerals, such as chlorite, presumably by shear
heating (e.g., Mulchrone and Mukherjee, 2016). Due
to southward thrusting, all the mineral grains were
preferentially aligned forming a prominent
metamorphic and magnetic foliation with top-to-south
shear sense. In the second stage, to accommodate
further compression led by active Himalayan orogeny,
the NATZ reactivated and back-thrusts developed.
The reactivation overprinted the original top-to-south
shear sense with younger, antithetic top-to north shear
sense (Figs. 8B, C), and imparted higher strain, with
heterogeneous distribution (Agarwal et al., 2016; Joshi
et al., 2017). It is argued that during back-thrusts
originated below the Lesser Himalayan rocks,
probably from the MBT, and the rocks of the ACZ
and LHS were coupled.

Fig. 8: Tectonics of the Almora Crystalline Zone (ACZ). (A) Geological map showing the presence of multiple splays along
NATZ (after Joshi et al., 2017), (B) A shear zone visible near Kaphaligair village, developed in vicinity of NATZ. The beds
dip southwards. The sense of shear is top-to-north (up-dip). Angle between S and C planes is 27 o. After Agarwal et al.
(2016), (C) V-pull apart microstructure formed due to post-fracturing sinistral rotation of the grain marked by a white
curved arrow having antithetic (top-to-north) shear sense (xz-section). After Joshi et al. (2017)
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Fig. 9: (A) Geological map of Garhwal-Kumaon region along with FT ages, (B) FT ages data
sets plotted as a function of distance from the MBT from Garhwal Himalaya and
(C) FT ages data sets plotted as a function of distance from the MBT from Kumaon
Himalaya. After Singh and Patel (2016) and Puniya et al. (2019)
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In extreme southern parts of the Kumaon Lesser
Himalaya, Ojha et al. (2019) record evidences from
boudin associated veins, fractures, folds and
microstructures. They indicate that the chocolatetablet boudins were developed as a consequence of
layer-parallel stretching in two orthogonal directions
during two successive phases of ductile shearing in
the SAT zone. The pre-Himalayan deformation caused
early top-to-NW shearing which developed the early
boudins; this was superposed by a late phase of topto- SW Himalayan shearing leading to development
of late boudins. Fry analysis of mineral grain centres
in the chocolate-tablet boudins provide estimate of
strain ratios during the first and second phases as 1.7
and 2.1 respectively. Fluid inclusions and
microstructures in veins associated with the chocolatetablet boudins reveal that these structures were formed
by aqueous-carbonic fluids at temperature around 300
°C and fluctuating fluid pressure. The trapped
metamorphic fluid within various veins and fluid
inclusions were released from the carbonate rocks in
the footwall of the SAT.
Syn-to-post emplacement histories of crystalline
klippen over the LHS in the eastern Kumaon region,
NW Himalaya are revealed, using the new mesoand microscale structural analyses, and
thermochronolo-gical studies across the Ramgarh
Thrust (RT) sheet and Almora klippe (Patel et al.,
2019). New fission-track data collected across the
RT sheet and Almora klippe along ChalthiChampawat–Pithoragarh traverse in the east Kumaon
region, document the exhumation of both units since
Eocene times. Zircon fission-track (ZFT) ages from
the Almora klippe range between 28.7 ± 2.4 and 17.6
± 1.1 Ma, and from the RT sheet between 29.8 ± 1.6
and 22.6 ± 1.9 Ma. Apatite fission-track (AFT) ages
from the Almora klippe range between 15.1 ± 1.7
and 3.4 ± 0.5 Ma, and from the RT sheet between
8.7 ± 1.2 and 4.6 ± 0.6 Ma. The age pattern and
diverse patterns of the exhumation rates reflect a clear
tectonic signal in the RT sheet and the Almora klippe
which acknowledge that the Cenozoic tectonics
influenced the exhumation pattern in the Himalaya.
In addition to the thermochronological studies,
meso-and micro-scale structural analyses across the
Lesser Himalayan Metasedimentary Sequence
(LHMS) zone, RT sheet and Almora klippe indicate
that the RT sheet and Almora klippe were a part of
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the HHC of the Indian plate which underwent at least
one episode of pre-Himalayan deformation and polyepisodic Himalayan deformation in ductile and brittleductile regimes (Puniya et al., 2019). The deformation
temperature pattern within the Almora klippe records
a normal thermal profile from its base to top but an
inverted thermal profile from the base of Almora klippe
down towards the LHMS zone. The FT age pattern
and diverse patterns of the exhumation rates reflect
a clear tectonic signal in the RT sheet and Almora
klippe which acknowledge that the Cenozoic tectonics
influenced the exhumation pattern in the Himalaya
(Puniya et al., 2019; Singh and Patel, 2016).
AFT age pattern across the HHC, MCT and
LHS in the Kumaon-Garhwal region reveals that the
HHC in the hanging wall of the MCT is characterised
by young ages (<4 Ma) while the LHS in the footwall
is characterized by older ages (>5 Ma) (Fig. 9). There
is a sharp discontinuity in age pattern across the MCT
which indicates a thrust ramp-controlled exhumation
of the HHC. Ages within the klippen such as
Chiplakot Crystalline Belt (CCB), Baijnath and Almora
Klippen within the LHMS zone are older but the linear
trend of ages breaks across the faults Central
Chiplakot Thrust (CCT) within the CCB, NATZ,
Kasun Thrust (KT), SAT and RT within the Almora
crystalline klippen (Singh and Patel, 2016).
The exhumation of Almora klippe is described
due to tectonics older than the out-of-sequence
activity along the MCT (~2 Ma) (Singh and Patel,
2016). Results of thermochronological studies
constrain the exhumation of the Almora klippe and
RT sheet during their emplacement and postemplacement. During emplacement, the Almora klippe
was exhuming at a rate of c. 0.2-0.3 mm/yr. Postemplacement tectonics, such as the growth of the
Lesser Himalayan Duplex (LHD) structures and the
development of the MBT, reactivated the NAT and
the KT as back thrusting, the SAT as a detachment
between the RT sheet and the Almora klippe, and the
RT as thrusting. These tectonic events in the Almora
klippe and the RT sheet influenced the exhumation
pattern of the Almora klippe and the RT sheet (Singh
and Patel, 2016; Puniya et al., 2019).
It is concluded that driving mechanisms of
exhumation in the Kumaon region are thrusting along
the MBT, tectonics within the Almora klippe and the
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Fig. 10: (A) Geological map of the Himalayan FTB showing the location of the Sikkim Himalaya. (B) Regional map of the
Sikkim Himalayan FTB. Modified after Bhattacharyya et al., 2015a, Parui and Bhattacharyya, 2018 and references
therein) showing lateral variation in the structural architecture. Structurally lower Lesser Himalayan (Rangit)
duplex is not exposed east of the Teesta River. A-A2 represents the studied transect of the regional balanced crosssection, while B-B2 marks the location of Figure 1c (Bhattacharyya et al., 2015a). Red dataset is incorporated from
Bhattacharyya et al. (2015a). The Lingtse gneiss of the PT sheet forms three, discontinuous L–tectonites klippen (LTK)
that lie east of A-A’. MCT: Main Central thrust; PT: Pelling thrust; RT: Ramgarh thrust; MBT: Main Boundary thrust;
MFT: Main Frontal thrust; DK: Darjeeling klippe; LK: Lava Klippe; LOK: Loleygaon Klippe; LTK: L tectonite klippen;
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RD: Rangit duplex. Bk– Bagrakote, C– Chungthang, Ch–Changu lake, Ck–Chuikhim village, D–Darjeeling, Di–
Dikchu, G–Gangtok, Gb–Gorubathan, J–Jorethang, L–Loleygaon, M–Mangan, Ma–Martam, My–Mayank Chu, Pe–
Pelling, R–Rangpo, Rb–Rabangla, Rd–Rangit duplex, S–Sevoke, Tb–Teestabazar, Th–Thangu. (c) Transport-parallel
regional balanced cross-section from western Sikkim Himalaya (Bhattacharyya et al., 2015a). (d) Restored crosssection of the western Sikkim transect (Fig. 1c; B-B2 of Fig. 1b; Bhattacharyya et al., 2015a). Thrust spacing between
MHT ramp below the Rangit duplex and its immediate northernmost horse is ~19 km, while it is ~3 km in eastern
transect. (e) Transport-parallel regional balanced cross-section from eastern Sikkim transect revealing blind Rangit
duplex with gentler horses (Parui and Bhattacharyya, 2018). (f) Restored cross-section of the eastern Sikkim transect
(Fig. 1e; A-A2 of Fig. 1b). A lower thrust spacing (~3 km) between the MHT ramp below the Rangit duplex and its
immediate northernmost horse does not form sufficient structural culmination to expose the Rangit duplex

RT sheet due to the growth of the LHD over the
MHT, and out-of-sequence thrusting along the MCT
during the Pliocene–Pleistocene (c. 6 Ma-present).
Three stalagmites from the Dharamjali
limestone Cave in the eastern Kumaon Himalaya
were examined to understand the implications of
growth perturbations in stalagmites as possible
earthquake recorders (Rajendran et al., 2016). The
growth anomalies in stalagmites include abrupt tilting
or rotation of growth axes, growth termination, and
breakage followed by regrowth. The U-Th age data
from three specimens allow us to constrain the
intervals of growth anomalies, and these were dated
at 4273±410 years BP (2673-1853 BC), 2782±79
years BP (851-693 BC), 2498±117 years BP (605371 BC), 1503±245 years BP (262-752 AD), 1346±101
years BP (563-765 AD), and 687 ±147 years BP
(1176-1470 AD). The dates may correspond to the
timings of major/great earthquakes in the region and
the youngest event (1176-1470 AD) shows
chronological correspondence with either one of the
great medieval earthquakes (1050-1250 and 12591433 AD) evident from trench excavations across
the HFT.
Eastern Himalaya
Sikkim
Although along-strike variation in structural
architecture is a characteristic feature in fold-thrust
belts (FTB), Sikkim Himalaya records such variations
over a very short distance (~15 km). The lower
(Rangit) LHD is blind, and the overlying Pelling and
Ramgarh thrust sheets are more intensely folded and
preserved in eastern Sikkim than in western Sikkim
(Fig. 10). A retro-deformable, regional balanced crosssection reveals a minimum shortening of ~403 km
(~80%) with an average long-term shortening rate of

~18 mm/yr in the eastern transect (Parui and
Bhattacharyya, 2018). Smaller length of the MHT
between thrusts #7 and 8 created a smaller stress
concentration at the tip of thrust #8 generating a
smaller footwall MHT ramp (~0.35 km) below the
Rangit duplex in eastern transect (Fig. 10). In contrast,
the corresponding distance below the Rangit duplex
in western Sikkim is ~19 km that generated a thicker
ramp (~2 km; Fig. 10; Bhattacharyya et al., 2015b).
Hence, a thicker ramp caused a higher structural
culmination exposing the Rangit duplex in western
Sikkim, while a thinner ramp did not create sufficient
culmination to expose the duplex in east resulting in
along-strike discontinuous duplex exposure (Parui and
Bhattacharyya, 2018). The LHD with a blind
component, and having fewer but gentler-dipping
horses transferred more displacement to the roof thrust
in eastern Sikkim than in western Sikkim. Lateral
variations in location and height of footwall MHT ramp,
initial width of the Lesser Himalayan basin
(Bhattacharyya and Ahmed, 2016), and presence of
a lateral ramp explain the structural variation in Sikkim
(Parui and Bhattacharyya, 2018).
The roof thrust of the LHD, the Pelling thrust
(PT), is associated with fault rocks that change from
SL-tectonites to local, transport-parallel L-tectonites
that are exposed in discontinuous klippen south of the
PT zone (Fig. 10; Bhattacharyya et al., 2015a). By
estimating the incremental kinematic vorticity number
(Wk) from quartz c-axes fabric, oblique fabric, and
sub-grains, a first-order, kinematic path of these Ltectonites are reconstructed (Das et al., 2016). Quartz
c-axes fabric suggests that the deformation initiated
as pure-shear dominated (~56-96%) that progressively
became simple-shear dominated (~29-54%), as
recorded by oblique fabric and sub-grains in the Ltectonites. These rocks record a non-steady
deformation where the kinematic vorticity varied
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Fig. 11: Boudin development and leucogranite. A) Typical symmetrical boudin, narrowing of its neck and presence of
leucogranite. Scale: 6 cm. B) Enlargement of the boudin neck showing destruction of migmatite layering and
development of massive leucogranite. Scale: 2 cm. In Jain et al. (2018)

spatially and temporally within the klippen. The Ltectonites record ~30% greater pure-shear than the
PT fault rocks outside the klippen, and the greatest
pure-shear dominated flow among the published
vorticity data from major fault rocks of the Himalayan
FTB. The relative decrease in the transport-parallel
simple-shear component within the klippen, and
associated relative increase of transport-perpendicular,
pure-shear component, support the presence of a subPT lateral ramp in the Sikkim Himalayan FTB. This
study demonstrates the influence of structural
architecture for fault systems for controlling spatial
and temporal variations of deformation fabrics and
kinematic path of deforming thrust wedges.
In the foreland-side of an orogen, thrust-related
structures develop that verge towards the foreland
(fore-thrusts). Although Bose and Mukherjee (2019)
report much less abundant, structures with opposite
vergence (i.e., towards hinterland), named, backstructures from the Darjeeling Sikkim Lesser
Himalaya. These structures occur mainly in three
Back-Structure Zones (BSZ-A, B, and C) probably
originated in the ductile regime and continued in the
brittle domain. Tectonic setting of the study area, such
as critical taper, duplexing etc., indicate a good potential
for the presence of back-structures in this region.
Along with the previous work on back-structures in
collisional orogens, Himalaya in particular, these
structures seem to be ubiquitous. The correlation of
field observations with tectonics indicate that
mechanisms, e.g., critical taper, sub-surface barriers,
and passive roof duplex played roles in forming back-

structures in this part of the Sikkim Lesser Himalaya.
Mukhopadhyay et al. (2017) carried out detailed
combined investigations of the MCTZ, incorporating
the field, microstructures, petrological and isotopes in
a particularly well-exposed section in Sikkim, NE
India. The nature of protoliths as well as the overlying
and underlying rock is characterized in terms of εNd
isotopes. Dates of motion on the fault are constrained
using U-Pb geochronology of zircon and monazite
from pegmatitic dikes that cross-cut the deformation
fabric. It is observed that the mechanism of
deformation recorded in fault zone rocks is different
compared to that found in the overlying GHS or the
underlying LHS rocks. The GHS and LHS have
different protolith characteristics as well. Combining
existing data on P–T history, dates of metamorphism,
and cooling- and exhumation-rates of the GHS and
the LHS, Mukhopadhyay et al. (2017) opined that
major motion on this fault zone occurred before 20Ma
at 450-700°C but after peak metamorphism at 750–
800°C. Isolated events occurred in this zone as late
as 11Ma, possibly in the brittle domain. This
underscores the pulsed nature of movement over an
extended period of time on such major faults and the
related difficulties in dating fault movement,
determination of the rates of movement, and
designating a fault plane as in- or out-of-sequence
within a propagating deformation front.
Bhutan
In Central and Eastern Bhutan Himalaya, close
association of migmatite-leucogranite is recorded with
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mesoscopic structures of the GHS due to crustal
anatexis above the MCT (Jain et al., 2018). The first
phase of dominant melting generated stromatic
migmatite along the main foliation during high grade
of metamorphism, possibly by dehydration melting.
Subsequent ductile strike-slip shearing caused in situ
melting within dilatational sites to produce
structureless, non-foliated patchy leucogranite
leucosome in boudin necks and post-tectonic patches
(Fig. 11). In addition, melt-enhanced deformation
caused doming of the accumulated melt and subsidiary
ductile shear zones on either margins of these domes.
Surrounded by biotite-rich melanosome, leucosome
destroys the pre-existing foliation during new anatectic
phase, which post-dates the earlier stromatic
migmatite. These migmatites are the snapshots of
mutual relations between newly developed migmatite
and leucogranite melt, and signify the transportation
of Himalayan Orogenic Channel to the extreme south
in Central and Eastern Bhutan over the LHS belt along
the MCT.

tectonic environment (Srivastava and Samal, 2019).
Geochemically, two suites of rocks are identified and
grouped into High Titanium Mafic Intrusives (HTMI)
and Low Titanium Mafic Intrusives (LTMI).
Geochemical analysis reveals that HTMI were
emplacement Within Plate Basalt (WPB), while LTMI
with emplacement in a MORB-like tectonic
environment were originally separated at the time of
their emplacement and believed that probably they
have been juxtaposed during the Himalayan orogeny
by crustal shortening through development of
imbricated thrusts. The HTMI and LTMI have
different petrogenetic histories and are derived from
two separate melts and probably represent the same
igneous province, as observed in the Karoo and
Emeishan flood basalt provinces. Widespread
Paleoproterozoic mafic occurrences in the Indian
shield suggest presence of a Large Igneous Province
(LIP) during ~1.8-1.9 Ga and probably a major plume
centre located at the southeastern margin of the Indian
shield was responsible for this LIP event.

Arunachal Pradesh

AFT age pattern (range between 5.0 ± 0.8 and
14.4 ± 1.3 Ma) across synformal nappe of the HHC
in Central Arunachal Himalaya show folded convex
upward linear pattern (Adlakha et al., 2019). The close
mimicking of shallow crustal exhumation pattern
(ranging between 0.25 ± 0.12 to 0.69 ± 0.25 mm/yr)
with the synformal structure suggests a strong control
of the synform development on the exhumation path
of the rocks. The synform was developed by the
synchronous reactivation of the MCT in the southern
flank as out-of-sequence thrusting and in the northern
flank as back-thrusting. It points a tectonics–
exhumation linkage in the central Arunachal Himalaya.
The AFT age pattern in the central Arunachal
Himalaya does not match with precipitation pattern
and exhumation pattern, hence it suggests an absence
of climate-driven exhumation.

In the far-eastern Arunachal, the Himalaya, evolution
of fractures from the Buxa dolomite of the frontal
segment of the Main Boundary Thrust (MBT) sheet
was addressed (Basa et al., 2019). The MBT sheet
forms a fault-bend antiform. Based on the unfolding
of strata, early formed low- and moderate-angle
fractures are interpreted to be pre-folding layer-parallel
shortening structures, while the dominant late-stage
high-angle fractures are inferred to have formed
synchronous to folding, tracking the progressive
deformation of the orogenic wedge (Basa et al.,
2019). The high-angle fracture set is the dominant
one at both outcrop and microscopic scales.
Microfracture analysis indicates that the high-angle
fractures are more susceptible to form veins.
Cumulative plots of fracture spacing values collected
from outcrops and under the microscope reveal that
this parameter is best described by power-law
distributions that indicate scale-independence of
fracture spacing. However, the coefficients of
variation (Cv) of spacing of these high-angle fractures
reflect scale-dependent clustering.
Two distinct Paleoproterozoic mafic intrusive
rocks from the Higher and the Lesser Himalaya
sequences of western Arunachal Himalaya have been
studied for understanding their petrogenesis and

The Zircon-Helium (ZHe) and AFT cooling ages
from the Siang valley range between ~14 and 9 Ma,
and 2.4 Ma to present, respectively (Salvi et al., 2017).
Rapid cooling/exhumation in the northern side of Siang
Antiform marks the south-western limit of the rapid
uplift related to the growth of the Namche Barwa
antiform.
The AFT and ZHe cooling age pattern across
the Siang Antiform reflects the formation of the Siang
antiform. Development of antiform influenced the
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exhumation pattern of the Siang Antiform (Patel and
Mohan, 2019).
Tethyan Himalaya (Himachal)
The first record of Treptichnuspedum and the
Treptichnusdublinensis from Himalaya are reported
from the Cambrian successions of the Spiti Valley
(Tethyan Himalaya) and the Nigali Dhar syncline
(Lesser Himalaya) respectively. Singh et al. (2017a)
discusses morphological variation, paleo-environmental
and stratigraphic significance of Treptichnus and
revises the known occurrences of Phycodespedum
and/or Treptichnus, synonymous and analogous from
the Cambrian of India and Bhutan. In the Himalaya,
the record of Treptichnus/Phycodes, including the
ichnospecies Treptichnuspedum, is from the
Cambrian Series 2, Stage 4 to Furongian (Paibian)
part, hence cannot be utilised for demarcating the
Precambrian-Cambrian boundary in the Himalaya.
The late appearance of Treptichnus ichnogenus in
the Cambrian of the Indian Himalaya is attributed to
higher latitudinal position of India during the Early
Cambrian. As a result, possibly the Treptichnus
producing organism, i.e. priapulid worms emerged in
the latter part of the Cambrian Series 2, Stage 4 in
both the regions.
Additional Cambrian Series 3, Stage 5, trilobite
fauna comprising of Peronopsis sp.,
Eosoptychoparia cf. Spinosa, Gaotanaspis cf.
Pingzhaiensisand Gaotanaspis cf. transversa have
been recorded just immediately above the known
Oryctocephalus indicus biozone (Cambrian Series
3, Stage 5) in the Parahio valley section (Spiti region)
(Singh et al., 2017b). The FAD of Peronopsis and
LAD of Gaotanaspis are used to establish a
Peronopsis-Gaotanaspis concurrent biozone
immediately above the Oryctocephalus indicus
biozone. The first records of Gaotanaspis cf.
pingzhaiensis and G. transversa from the Cambrian
of Spiti region and the other faunal elements are
correlated with the Peronopsistaijiangensis biozone
of the Kaili Formation (South China). The
stratigraphic thickness from the base of the O. indicus
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biozone to the top of the Peronopsis-Gaotanaspis
concurrent biozone in the Kunzam La (=Parahio)
Formation and its comparison to the Kaili Formation
(South China) indicate a possible stratigraphic
condensation in the basal part of the Cambrian Series
3, Stage 5 of the Parahio valley (Spiti). Sedimentological and sequence stratigraphic analysis supports this
contention.
Hughes et al. (2018) reported location and
thickness of the type section, lithostratigraphical unit,
nomenclature, and the stratigraphic position of fossil
collections within the Parahio Formation. The
formation can be traced regionally, and its distribution
is used to understand aspects of early Palaeozoic
tectonism in the Himalaya. Underestimated thickness
of the body-fossil bearing part of the formation
estimates a significant part of the concepts and theories
based on the said unit. This study helps in the direct
correlation across the Himalaya and onto the Indian
craton, as well as the application of improved
knowledge of regional Cambrian geology to broader
geological questions, such as the uplift and erosional
history of the Himalaya and changes in global
seawater composition is aimed.
Summary
During the period 2016-2020, the Himalayan Orogen
witnessed sustained research activities, which
incorporated extensive field mapping, structural
analysis, geochemistry, metamorphic and igneous
petrology, stratigraphy and palaeontology, Ar/Ar and
U-Pb geochronology, besides low-temperature
thermochronology. These activities were spread
almost all over the orogenic belt from western sector
through Garhwal-Kumaon, Sikkim, Bhutan and
Arunachal Pradesh. In addition, research was also
undertaken using magnetotelluric methods for largescale tectonics, seismology, paleoseismology and other
disciplines. National laboratories have now started
generating high-resolution U-Pb dates, which have
been providing impetus to model Himalayan tectonics,
besides modelling its Paleoproterozoic and
Neoproterozoic configuration.
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