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Chapter 10
Geological Evolution of the Himalayan
Mountains

A. K. Jain

Abstract The Indian continental lithospheric (ICL) Plate did not collide with Asia,
initially due to the presence of vast Neo-Tethyan Ocean. Instead, the ICL first sub-
ducted beneath the Trans-Himalayan Ladakh magmatic arc at ~58 Ma to produce
the ultrahigh-pressure (UHP) metamorphosed Tso Morari Crystallines (TMC). The
Himalaya first emerged from this deeply subducted terrane between 53 and 50 Ma,
followed by sequential subduction and imbrications of the ICL. It was repeatedly
metamorphosed during ~45-35 and ~25-15 Ma and had undergone episodic exhu-
mation during rise of the Himalaya since 45 Ma, whose erosion brought huge sedi-
ments in the Cenozoic Himalayan foreland basin.

Sub-horizontal subduction of the Indian Plate beneath the Himalaya caused
accretion/imbrication of the upper crust by ongoing northward episodic push, which
caused southward-directed thrusts. True signature of continental collision can only
be identified along the Bangong-Nujiang Suture (BNS) Zone in Central Tibet with
opposite downward convergence of the India and Asian Plates.

Keywords India-Asia convergence - Himalaya - Geometry Indian Plate
Continental subduction vs. collision

10.1 Introduction

Paleogeographic reconstructions of the India-Asia domains during the Mesozoic
postulate that the Tethyan Ocean separated the northern parts of the Indian conti-
nental lithosphere (ICL) from the southern Asian Plate (Stampfli and Borel 2002).
These regions now constitute the Himalaya, Trans-Himalayan Ladakh-Karakoram
Mountains and Tibet Plateau. As the Indian Plate converged anti-clockwise and
northwards towards Asia, the Neo-Tethyan oceanic floor underwent intra-oceanic
subduction to produce the Shyok-Dras Volcanic Arc (Searle et al. 1987; Thakur
1993; Rolland et al. 2000; Jain and Singh 2009; Copley et al. 2010). Between this
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arc and Asian Plate, a thick Paleo-Mesozoic Karakoram sedimentary sequence was
deposited on its southern margin. This ocean closed along the Shyok suture zone
(SSZ) in the north and subsequently along the Indus-Tsangpo Suture Zones (ITSZ)
in the south; two sutures demarcate contact between these plates (Fig. 10.1). These
sutures preserve evidences of (1) initial Late Mesozoic subduction of the Neo-
Tethys oceanic lithosphere along the SSZ during the Early Cretaceous-Lower
Eocene with intervening intra-oceanic Shyok-Dras Volcanic Arc, (2) emplacement
of the younger calc-alkaline Trans-Himalayan plutons and (3) final closure of the
Neo-Tethys along the ITSZ (Honegger et al. 1982; Searle et al. 1987; Hodges 2000;
Rolland et al. 2000; Yin 2006; Jain and Singh 2008, 2009).

The ICL, its Proterozoic-Paleozoic supracrustals and Paleo-Mesozoic Tethyan
sedimentary cover were remobilized south of the ITSZ and underwent Cenozoic
deformation and metamorphism. It formed the Himalayan Metamorphic Belt
(HMB) whose leading edge in the Tso Morari suffered ultrahigh-pressure (UHP)
metamorphism at 53.3 + 0.7 Ma at >120 km depth beneath the Trans-Himalaya
(Leech et al. 2005). Various thrusts such as the Main Central Thrust (MCT) and
Main Boundary Thrust (MBT) caused extensive crustal shortening during the
Himalayan tectonics (Fig. 10.1; Thakur 1993; Yin 2006).
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Fig. 10.1 Simplified regional geological map of the Himalaya and adjoining mountains in the
plate tectonic framework. Also shown are the Cenozoic Sub-Himalayan foreland basin (HFB),
Recent Indo-Gangetic Plains and Indus-Bengal Fans, receiving sediments from the eroding moun-
tains. SSZ Shyok suture zone, /7SZ Indus Tsangpo suture zone, MCT main central thrust, M¥BTmain
boundary thrust. (Compiled from published data)
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Two contrasting hypotheses attempted to explain the geological evolution of the
Himalaya: (1) continental lithospheric collision between the Indian and Asian Plates
along the ITSZ (Dewey and Bird 1970; Thakur 1993; Hodges 2000; Searle et al.
1987; Jain et al. 2002; Yin 2006; Valdiya 2016) and (2) continental lithospheric
subduction beneath the Himalaya and Tibet till Kunlun (Argand 1924; Powell and
Conaghan 1973, 1975; Seeber et al. 1981; Ni and Barazangi 1984; Zhao et al. 1993;
Nelson et al. 1996; Nab¢lek et al. 2009; Jain 2014; Jain 2017; Guo et al. 2017). This
chapter highlights geological and geophysical evidences to postulate that continen-
tal lithospheric subduction of the Indian Plate and sequential imbrication of the
overriding sequences are the dominant geological mechanisms in the evolution of
the Himalaya during the Cenozoic.

10.2 Himalayan Orogen

Almost continuous litho-tectonic units characterize the southward Cenozoic con-
vergence in the Himalayan orogen (Fig. 10.2). These units are tectonically juxta-
posed from south to north: (1) the Indo-Gangetic Plains against the Sub-Himalayan
(SH) belt along the Himalayan Frontal Thrust (HFT), (2) the SH belt against the
Lesser Himalaya (LH) sedimentary belt along the Main Boundary Thrust (MBT),
(3) the LH Belt against the HMB along the Main Central Thrust Zone (MCTZ) and
(4) the HMB against the Tethyan Himalayan Sequence (THS) along the South
Tibetan Detachment Zone (STDS) (Heim and Gansser 1939; Thakur 1993; Hodges
2000; Yin 2006; Jain et al. 2014; Valdiya 2016).

10.2.1 Cenozoic Himalayan Foreland Basin (HFB)

The HFB is an elongated asymmetrical basin between the Himalayan Frontal Thrust
(HFT) towards south and the MBT in the north, whose sediment pile extends into
the Indo-Gangetic Plains (IGP), where it overlaps the peripheral bulge of the Indian
Craton (Tandon 1991; Singh 1999; Kumar et al. 2009). Many transverse basement
ridges dissect the HFB into several sub-basins and control their sedimentation pat-
terns and tectonics. It evolved with widespread Paleocene-Middle Eocene marine
transgression, covering parts of the Lesser Himalaya. This basin predominantly
accumulated fluvial sediments, which were deposited by southward-flowing river
systems from the rising Himalaya (Srikantia and Bhargava 1998). Four stratigraphic
units characterize this belt (Fig. 10.3).

10.2.1.1 Subathu Formation

The oldest marine Subathu Formation (Paleocene-Middle Eocene in age) uncon-
formably overlies the basement and contains silicified limestone clasts and baux-
ite at the base, coaly/carbonaceous shale and fossiliferous grey-green
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traverses, published literature and Jain and Singh 2009)
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Fig. 10.3 Generalized stratigraphy of the Cenozoic HFB in Himachal Pradesh (Jain et al. 2009;
Clift 2017). (Data source: (1) Kumar et al. (2009) for climate, (2) Jain et al. (2009) for detrital FT
zircon ages, (3) Najman (2006) for detrital mica “’Ar/*Ar ages, (4, 5) Najman et al. (2000) and
Rahaman et al. (2009) for whole-rock ¥Sr/%Sr and &yq(, isotope characters)
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shale-siltstone and limestone-sandstone, which grade into variegated purple silt-
stone-shale (Passage bed) and, in turn, by white sandstone (Bhatia and Bhargava
2006). It was deposited in euxinic-evaporitic lagoons and shallow tidal sea. It is
marked by relatively high exgi-o) values (~—7.8 to —9) and low ¥’Sr/*Sr ratios
(~0.710-0.715), with detritus sourced ffrom the proto-Himalaya and ITSZ
(Najman et al. 2000).

10.2.1.2 Dagshai Formation

The overlying unfossiliferous Dagshai Formation (Dharamsala Formation) contains
reddish mudstone-siltstone-sandstone alternations. Precise contact relationships
between the Subathu and Dagshai Formations are debated since a transition was
postulated from marine to fluvial environment (Bhatia and Bhargava 2006), in con-
trast to an unconformity with a hiatus of ~10 my to <3 my. Age of the Dagshai
Formation is also uncertain: (1) 35.5 = 6.7 Ma, between <28 and 25 Ma from the
“OAr/°Ar detrital micas, or (2) base younger than 31 + 2 Ma from detrital zircon
fission-track (ZFT) ages or (3) 35.5 Ma, magnetostratigraphically (Najman 2006;
Jain et al. 2009). The exg-0) and ¥St/*°Sr isotopic values range between ~—12.7 to
—17.2 and ~0.753 to 0.775, respectively (Najman et al. 2000), indicating sources
like medium-grade metamorphosed HHC.

10.2.1.3 Kasauli Formation

The overlying Kasauli Formation contains alternating grey-green sandstone and
siltstone-mudstone, which were deposited by migratory braided river system under
humid climate. It possesses more metamorphic fragments than older formations,
with isotopic characters like the Dagshais. Age of this formation remains uncertain:
Lower Miocene (23—16 Ma) from floral and mammal remains, <28 to 22 Ma from
OAr/PAr detrital white mica and 24.9 + 2.1 to 20.7 + 3.2 Ma from youngest ZFT
peak for the uppermost part (Jain et al. 2009).

10.2.1.4 Siwalik Group

Over 6-km-thick Miocene-Pleistocene sequences in the HFB characterize this
group, which was deposited by southerly flowing fluvial system (Kumar et al. 2009).
The Lower Siwalik Subgroup of interbedded coarse purple-grey sandstone-brown
shale was deposited by highly sinuous meandering rivers in broad muddy flood
plains (Singh 1999). Detritus was mainly derived from low-medium-grade meta-
morphosed Himalayan sources between <13 and 9 Ma (cf. Clift 2017). About
2.5-km-thick Middle Siwalik Subgroup of greyish, mica-rich medium to coarse
multi-storied sandstone-siltstone-overbank mudstone were deposited by braided
rivers with alluvial fan complexes between 9 and 4.5 Ma. The Upper Siwalik
Subgroup of ~2.5-km-thick conglomerate-sandstone-mudstone was laid down into
coalescing alluvial fans between 4.5 and 1 Ma.
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Since the HFB detritus was synchronously derived from the Himalaya, it pro-
vides an invaluable clue for cooling and exhumation of adjacent rising hinterlands.
Detrital **Ar/*Ar muscovite and ZFT youngest peaks become younger eastwards
from 25-20 to 10-8 Ma; this trend is consistent with an eastward-migrating pulse of
hinterland cooling (Clift 2017; Webb et al. 2017).

10.2.1.5 Indo-Gangetic Plains

The largest active foreland basin—the Indo-Gangetic Plains (IGP)—Brahmaputra
and Bengal Basins along southern margin of the Himalaya accumulates enormous
eroded sediments and dissolved materials by huge rivers, which also carry these into
mega-fans of the Bay of Bengal-Arabian Sea. Many Archean basement ridges, faults
and unevenly overlying Vindhyan Group extend northwards and dissect these basins
into deeper depocentres, where sediments (the Siwaliks) accumulate to nearly
6.0 km thick near the Himalayan foothills (see Singh 1999; Clift 2017 for details).

A 50 m sediment core at Kanpur near Ganga River records a 100 m uninterrupted
flood plain deposit, having two pronounced excursions at ca. 70 and 20 ka and vari-
ations in ¥Sr/*Sr ratio and ey, values from 0.727 to 0.767 and —14.4 to —16.6,
respectively (Rahaman et al. 2009). These coincide with decreased monsoon pre-
cipitation and an increase in glacial cover, which caused lower sediment supply
from the Higher Himalaya.

10.2.2 Lesser Himalayan (LH) Sedimentary Belt

Two sedimentary belts characterize this domain between the MBT and the MCT
(Table 10.1): (1) southern Neoproterozoic-Early-Paleozoic Outer Lesser Himalayan
(OLH) sedimentary belt of the Shimla-Jaunsar-Blaini-Krol-Tal Groups and Subathu
Formation between the MBT and Tons Thrust (TT)/North Almora Thrust (NAT)
and (2) northern Inner Lesser Himalayan (ILH) sedimentary belt of the
Paleoproterozoic Shali-Rautgara-Gangolihat-Deoban-Berinag-Kuncha-Daling-
Shumar Groups between the TT/NAT and MCT (Valdiya 1980; Jain et al. 2014).
The ILH is exposed in the Kishtwar and Kulu-Rampur windows in Himachal,
Ghuttu window in Garhwal, Arun window in Nepal, Ranjit window in Sikkim, Kuru
Chu window in Bhutan and Nacho-Menga windows in Arunachal.

10.2.2.1 The Outer Lesser Himalayan (oLH) Sedimentary Belt

In this belt, oldest Shimla Group (Morar-Chakrata-Dharasu-Srinagar-Pauri Groups)
contains intercalated protoquartzite-slate-limestone-dolomite sequences (Fig. 10.2;
Srikantia and Bhargava 1998), which were deposited as flysch turbidite, tidal flat
complex or prograding muddy delta sequence.
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Further south, within the Krol Belt, oldest Neoproterozoic Jaunsar Group con-
tains the Mandhali Formation (conglomerate-limestone-carbonaceous-slate-phyl-
lite), the Chandpur Formation (alternating phyllite-siltstone-metavolcanics) and the
Nagthat Formation (quartz arenite-slate). The overlying Blaini-Krol-Tal Groups
contain typical Marinoan Blaini diamictite and associated sandstone-shale-pink
limestone, which were deposited under glaciomarine conditions. The overlying
Ediacaran Infra Krol Formation of alternating greywacke-siltstone-shale is suc-
ceeded by thick greyish carbonates of the Krol Group with five formations of
sandstone-shale-limestone and was deposited under tidal to intertidal environments.
The overlying Lower Cambrian Tal Group is phosphorite-chert-shale-greywacke in
the basal parts and thick quartzite in the upper parts. The lower Paleocene Subathu
Formation unconformably overlies this belt with an intervening arenaceous shelly
limestone of Upper Cretaceous age.

Detrital zircon population from the Krol Belt has the youngest U-Pb peak of
0.95 Ga in the Mandhali Formation and becomes gradually younger in the
Chandpur Formation (~0.88 Ga) and the Nagthat Formation (~0.82 Ga); &xg(=0)
values range between —14 and —19. This peak becomes still younger with the
incoming of 0.70-0.525 Ga grains in the Blaini diamictite and trilobite-bearing
Late Early Cambrian Lower Tal, respectively (Hofmann et al. 2011; Myrow
et al. 2003).

10.2.2.2 Inner Lesser Himalayan (ILH) Sedimentary Belt

In Jammu-Kashmir and southern Himachal Pradesh, outermost frontal
Paleoproterozoic ILH Shali Belt contains quartzite-shale (Sundernagar Formation),
mafic volcanics-slate (Mandi-Darla volcanics) and salt-marls-shale-quartzite-dolo-
mite (Shali Group). This imbricated belt is thrust southwestward over the SH belt in
Punjab re-entrant along the MBT (Table 10.1; Srikantia and Bhargava 1998). It con-
tains the Tatapani limestone and Deoban Group carbonates within the Kulu-Rampur
and other smaller windows along the Sutlej-Tons valleys beneath the Jutogh Nappe
and MCT zone (Fig. 10.2).

Further east, an extensive ILH Paleoproterozoic sedimentary sequence is devel-
oped beneath the overthrust metamorphic nappes between the NAT and MCT in
Uttarakhand. The oldest Rautgara Formation starts with subgreywacke-slate-
conglomerate-mafic flows (Valdiya 1980) and imperceptibly grades into the overly-
ing stromatolite-bearing dolomitic limestone slate of the Gangolihat Formation and
mature quartz arenite-mafic flows of the Berinag/Garhwal Groups.

Detrital U-Pb zircon ages from the ILH sequences—Rampur-Bhowali-Rautgara-
Gangolihat-Berinag-Deoban-Damtha, Daling Group in Sikkim and Shumar Group
in Bhutan including metabasalt-metarhyodacite flows reveal youngest peak between
2.0 and 1.8 Ga and &yq(, values between —27.7 and —23.4 (Mandal et al. 2016).
Thus, deposition in this belt terminated at ~1.9-1.8 Ga and undisputedly reveal a
major stratigraphic break of nearly 1.0-0.9 Ga duration between these belts.
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10.2.3 Himalayan Metamorphic Belt (HMB)

Folded thrust nappe of the Himalayan Metamorphic Belt (HMB) extensively covers
the LH belts and is exposed into the Lesser Himalayan Crystallines (LHC), Higher
Himalayan Crystallines (HHC) and the Tso Morari Crystallines (TMC) from south
to the north (Fig. 10.2). An extensional Zanskar Shear Zone (ZSZ)/South Tibetan
Detachment System (STDS) separate this belt from the THS.

10.2.3.1 LHC Belt

Numerous klippen of low-medium-grade metamorphosed LHC—the Salkhala
Nappe, Garhwal and Almora Nappe, etc. contain highly deformed alternating phyl-
lite and schist. The lowermost Ramgarh Nappe of mylonite orthogneiss (~ca.
1.85 Ga), belonging to the MCTZ, is overlain by quartzite-phyllite of the Nathuakhan
Formation, having ~0.80 Ga detrital zircons (Mandal et al. 2015). The Almora
Nappe overrides this unit with mylonitized granite gneiss (~1.85 Ga) along the base
and garnetiferous quartzite-schist alternations with 0.85-0.58 Ga youngest detrital
zircons and 0.55 Ga intrusive granitoids (Mandal et al. 2015).

10.2.3.2 HHC Belt

Located between the MCT and STDS, this belt is comprised of two sub-units in the
Greater Himalaya: (1) a lower Munsiari Group (Main Central Thrust Zone
(MCTZ)/Lesser Himalayan Crystallines (LHC)/Kulu-Bajura Nappe) and (2) an
upper Vaikrita Group/Great Himalayan Sequence (GHS) belt/Tibetan Slab. The
Munsiari Group contains intensely mylonitized biotite paragneiss, garnetiferous
mica schist-phyllonite-amphibolites-quartzite and imbricated megacrystic granite
mylonite. It is regionally thrust over the ILH along the MCT sensu stricto/Munsiari
Thrust (MT) (Heim and Gansser 1939; Valdiya 1980). North-dipping ~15-km-
thick GHS slab contains garnet-kyanite-biotite-muscovite + kyanite + sillimanite
schist/gneiss, calc-silicates, garnet-amphibolite, migmatite and leucogranite; slab
is bounded by the VT and STDS along the lower and upper margins, respectively
(Jain et al. 2014).

Low- to medium-grade Jutogh Nappe, sandwiched between the OLH/ILH and
the MCTZ, joins the basal parts of the THS in parts of Pabbar-Satluj-Beas valleys
(Bhargava and Srikantia 2014).

U-Pb zircon ages from the Munsiari Group mylonite range between 1.9 and
1.75 Ga, while the overlying GHS possesses youngest detrital zircons of ~0.85 Ga;
their eyg(=0) values are around —25.0 and —17.0, respectively. Based on these distinct
and regional isotopic characters of the GHS, its lowermost tectonic contact—the
Vaikrita Thrust/Main Central Thrust (MCT)—either with the LH belt or the
Munsiari/Ramgarh Group defines the terrane boundary.
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The HHC is intensely sheared with top-to-the-south sense of ductile shearing
and superposed top-to-the-north shearing near the STDS. An early prograde M1
regional metamorphism characterizes this belt at 45-35 Ma, 8-9 kb and 600-700 °C
and a younger M2 event at 25—-15 Ma, 6-8 kb and 500-750 °C (Hodges 2000; Yin
2006; Kohn 2014). Intense ductile shearing caused inverted metamorphism in this
belt along with melting, cooling and exhumation since Miocene (Jain and
Manickavasagam 1993).

10.2.3.3 TMC Belt

The TMC is comprised of ~100 x 50-km-long and NW-SE trending dome of
quartzo-feldspathic gneiss, metamorphics and Paleozoic granitoids (Puga, Tanglang
La, Polokongka La/Rupshu Granite, respectively) and small eclogite and garnet
amphibolite bodies (Fig. 10.2; Thakur 1993; Jain et al. 2003; Leech et al. 2005). It
is a UHP eclogite-gneiss-greenschist complex in southeastern Ladakh beneath the
THS cover to the south of the ITSZ. Presence of coesite-bearing eclogite within the
TMC and Kaghan (Pakistan) provides undisputed evidence that leading edge of the
ICL subducted beneath the ITSZ to ~120 km depth in Early Eocene (Leech et al.
2005; Guillot et al. 2008).

The TMC attained peak P-T conditions for the UHP eclogite-gneiss at 750-850 °C
and 2.7-3.9 GPa at ~55 Ma (de Sigoyer et al. 2000) and retrogressed to HP eclogite
facies (600 °C, 2.0 GPa), amphibolite facies (600 °C, 1.3 GPa) and greenschist
facies (350 °C, 0.4 GPa) and finally exhumed to the surface (Guillot et al. 1997).
U-Pb SHRIMP zircon dates from the TMC pinpoint precise ages of peak UHP
metamorphism (53.3 = 0.7 Ma), HP metamorphism (50.0 + 0.6 Ma) and amphibo-
lite metamorphism (47.5 = 0.5 Ma). ~30 Ma age of *“*Ar/*’ Ar muscovite and biotite
records last stage greenschist metamorphism (Leech et al. 2005, 2007).

10.2.4 Tethyan Himalayan Sequence (THS)

The THS was developed on northern passive margin of the Paleoproterozoic-
Neoproterozoic Indian Plate during Cambrian to Paleogene/Lower Eocene with
most representative sequences in Spiti (Table 10.2; Bhargava 2008). The THS com-
menced with eruptions of the Khewra Traps and Singhi bimodal volcanics in Salt
Range and Bhutan, respectively, in a rift basin. The Cambrian sequence (Kunzum
La Formation) has remarkable lithological similarity from Kashmir to Bhutan and
deposited in subtidal to locally supratidal environments, except in Nepal. This sedi-
mentation ranged up to Middle Cambrian; a part of Late Cambrian is preserved only
in Kashmir and Bhutan. A widespread regression commenced in Late Cambrian and
culminated in Early Ordovician due to the Kurgiakh Orogeny.

The Kurgiakh Orogeny caused the uplift and erosion of highlands and contrib-
uted conglomerate at the base of Ordovician. The Early Ordovician (Thango
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Table 10.2 Tethyan stratigraphic sequence, Spiti in Himachal (Bhargava 2008)

Age Formation/group Lithology | Depositional environments
Eocene Chikkim Fm Ls-Sh Shelf edge
Cretaceous Giumal Fm Ss Shallow-?proximal turbidite
Jurassic Spiti Fm Sh-Sch Mid-shelf

Disconformity
Triassic Lilang Super Gr Ls-Sh-Ss- | Shallow to deeper marine

Sch

Disconformity
Permian Kuling Gr Ss-Sch-Sh | Mid-shelf
Late Carboniferous GanmachidamFm Cgl-Ss-Sh | Upper shore face culminating at

beach

Early-Late Po Fm Ss-Sh-Sch | Mid-shelf culminating in upper
Carboniferous shore face
Mid Devonian-Early Lipak Fm Ls-Ss-Sh- | Subtidal to intertidal sea and
Carboniferous Sch restricted platform environment
Early(?)-Mid-Devonian | Muth Fm Ss Beach to barrier island

Disconformity
Late Ordovician-Mid | Takche Fm Ls-Sch- Subtidal-intertidal interface, with
(?-Silurian Ss-Sh periodic storm episodes
Early Ordovician Thango Fm Ss-Sch-Sh- | Transgressive beach, tidal

Cgl
Angular Unconformity
Early-Late Cambrian | Kunzum La Ss-Sh- Subtidal-locally supratidal in
(Parahio) Fm Sch-Ls upper part

Abbreviations: Fm formation, Cgl conglomerate, Gr group, Ls limestone, Mirostyl microcrystal-
line, Ss sandstone, Sch schist, Sh shale

Formation) is mainly arenaceous with a basal conglomerate up to Nepal, while in
Bhutan sedimentation seems to have commenced in Late Ordovician. During this
period, carbonates (Takche/Shiala/Yong Formations) have conspicuous build-ups in
Kashmir-Spiti-Kinnaur-Garhwal-Bhutan and imperceptibly pass into another car-
bonate succession in Early Silurian, which may be extending into the Wenlock.
Regression in the Wenlock caused disconformity between the Early Silurian and
Early Devonian; this break is more pronounced in western Spiti-Lahaul-Zanskar.
The Early/Middle Devonian transgression deposited the Muth Formation from
Kashmir to Uttarakhand. In Nepal it was somewhat deeper, while it was delayed in
Bhutan; therefore deposition commenced in Late Devonian. Elsewhere, sediments
grade into siliciclastic-carbonate sequence of the Lipak Formation/Syringothyris
Limestone, which range from Givetian to Tournaisian. The latter part is siliciclastic
of the Po Formation/Fenestella Shale of Visean Age. There was another uplift dur-
ing which these sediments contributed clasts to the Late Carboniferous-Early
Permian conglomerate (Ganmachidam Formation). In Nepal, the Givetian sedi-
ments are disconformably overlain by the Permian. The Early Permian witnessed
another transgression (Gechang Formation), which coincided with rifting in
Gondwanaland. During the Middle Permian, parts of Kashmir and Zanskar were
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sites of volcanicity; elsewhere this was a period of nondeposition. Several lacustrine
basins were formed in Kashmir (Nishat Bagh/Mammal Formations) during this vol-
canism. The Gungri/Zewan Formation represented a more extensive transgression
during Wuchiapingian. Except in Kashmir, the Late Changhsingian sediments are
absent in other parts with distinct break along the Permian-Triassic interval.

The Triassic sediments (Lilang Supergroup) are mainly shallow marine
carbonate-dominated, followed by rapid deepening, which lasted up to Carnian
(Chomule Formation/Hedenstromia Beds). Thereafter, the basin gradually shal-
lowed during Middle Norian for extensive coral reef growths, which terminated due
to further basin shallowing. There was a minor flooding in lower Upper Norian
(Alaror Formation/Monotis Shale) after which Late Norian shallowed to beach
environment (Nunuluka Formation/Quartzite Series). The Rhaetic witnessed another
flooding and resulted in deposition of overlapped Para Formation/Megalodon lime-
stone. Thereafter, there was a break between the Liassic and Oxfordian (the Upper
Callovian break). The Oxfordian to Valanginian Spiti Formation contains ammo-
noid-bearing black shale throughout the Tethyan sections. In the upper parts, it
develops sandstone beds, which pass into the Late Valanginian/Early Hauterivian to
Albian Giumal Formation. The sandstone is conformably overlain by limestone and
shale of the Chikkim Formation of Campanian/Early Maastrichtian. This part of the
Tethyan sequence is absent in Kashmir and Bhutan.

In Zanskar, the ophiolite nappes were emplaced onto the Cretaceous sediments,
while deep-facies exotic blocks characterize the Malla Johar Nappe in Uttarakhand.
Only in Zanskar, the Thanetian to?Early Ypresian Kelcha Formation is preserved
and overlain by paralic to fluvial fining-up arenaceous Dunbar Formation (?Late
Ypresian-Lutetian age). There is hiatus between the Cretaceous and Thanetian sedi-
ments, as the Danian element is missing.

10.3 Large-Scale Himalayan Tectonics

Since the postulate of collision between India-Asia continents or large-scale under-
thrusting of India beneath Tibet, various models have been proposed for large-scale
tectonics of the Himalaya (Fig. 10.4).

1. Large-scale underthrusting of India (Argand 1924): Prior to the advent of plate
tectonics, Argand (1924) illustrated underthrusting of India beneath Asia and its
‘collision’ with the Asian continent beneath Kunlun Mountains and ‘not’ beneath
the Himalaya (Fig. 10.4a). He also documented ductile deformation of the Indian
continental crust in south, its doubling up beneath the Himalaya and its rise.

2. Continent-continent collision (Dewey and Bird 1970): As a follow-up of plate tec-
tonics and its application to mountain-building processes, Dewey and Bird (1970)
formulated concepts of collision-type mountain belts for the Alpine-Himalaya. As
India approached and collided with the Asian continent after subduction of its
oceanic lithosphere, part of this segment obducted as uppermost ophiolite nappes,
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Fig. 10.4 Schematic diagrams showing large-scale tectonic evolution of the Himalaya. (a) Large-
scale underthrusting of India showing its deformation and extension till Kunlun (Argand 1924).
(b) Continent-continent collision (Dewey and Bird 1970). (¢) Underplating of the Indian crust
beneath Asia as sub-horizontal slab (Powell and Conaghan 1975). (d) Buoyant rise of partially
subducted upper continental crustal slice to upper crustal levels, triggered by slab detachment
(Chemenda et al. 2000). (e) Southward wedge extrusion of high-grade metamorphic complex
between non-parallel southward-directed MCT and northward-directed STDS (Burchfiel and
Royden 1985). (f) Channel flow model of southward migration of partially molten lower and/or
middle crustal rocks in a channel and its forced extrusion due to intensified rainfall and resultant
erosion (Nelson et al. 1996; Beaumont et al. 2001). (g) Tectonic wedging model involving
emplacement of the high-grade metamorphic core at depth and bound by thrust-backthrust system
(Yin 2006; Webb et al. 2017). (h) Intra-continental ductile shear zone model involving high-grade
GHS sequence with distributed small-scale S-C penetrative ductile shear zones, causing inversion
of metamorphic isograds (shown by thick lines), partial melting and leucogranite generation (Jain
and Manickavasagam 1993; Jain et al. 2005). (i) In-sequence ductile shearing model involving
GHS sequence with downward shifting shearing with time and development of Himalayan discon-
tinuities (Carosi et al. 2018)
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which rode southwards over the deformed metamorphosed Indian continent and
its platform sediments (Fig. 10.4b). Buoyancy caused the uplift of the Himalaya,
its extensive erosion and deposition of molassic sediments into the frontal HFB.

Numerous other tectonic models for evolution of the Himalaya have since
been postulated and summarized in Powell and Conaghan (1975) (e.g. Tapponier
et al. 1982; Hodges 2000; Yin 2006):

(a) Intra-crustal shortening and thickening by symmetrically divergent penetra-
tive deformation along the India-Asia margins.

(b) Intra-crustal shortening within hot and ductile Asia during convergence of
cold India leading to basement reactivation of the Tibetan Plateau.

(c) Repeated southward collision and thrusting of small microcontinental
blocks/plates within leading Asian edge throughout Phanerozoic.

(d) India and Tibet belonging to single Gondwanaland fragment with northern
edge of the Indian Plate lying beyond the Tibetan Plateau in Tien Shan and
the Himalaya evolving intra-continentally.

(e) Indentation/extrusion tectonics by northward rigid India indenter push into
softer plastic Asian mass, which caused a narrow Himalayan thrust belt,
large-scale strike-slip faulting in Asia and rift zones.

3. Intra-crustal shortening of Indian subcontinent by underthrusting (Powell and
Conaghan 1973, 1975): Geological settings of various Himalayan and Trans-
Himalayan tectonic units made Powell and Conaghan (1973, 1975) to visualize
that the Himalaya was produced by large-scale underthrusting of the Gondwanian
Indian continent beneath Asia along sub-horizontal crustal fracture with its
suturing with Asia along the ITSZ and not directly by continent-continent colli-
sion (Fig. 10.4c).

4. Subducting Indian continental crust (Chemenda et al. 2000): This model visual-
ized the buoyant rise of detached subducted continental crustal slice to upper
levels by compression and buoyancy along the STDS, possibly due to slab
detachment at depth (Fig. 10.4d). This slice may be internally soft low viscosity
material, flowing in a channel.

5. Himalayan wedge extrusion model (Burchfiel and Royden 1985): The MCT and
non-parallel north-dipping normal fault system caused southward extrusion of
high-grade Himalayan metamorphic tapered core (Fig. 10.4e). Gravitational col-
lapse of overthickened continental crust was proposed as a mechanism for devel-
opment of the STDS and synchronous movements along the MCT.

6. Channel flow model (Nelson et al. 1996): Southward extrusion of high-grade
metamorphic rocks and granitic intrusions within the GHS were caused within a
low viscosity mid-crustal channel, bounded by the MCT and STDS (also,
Beaumont et al. 2001; Godin et al. 2006). A pressure gradient between Tibet and
India caused such movements, enhanced by focussed precipitation, erosion and
exhumation along southern margin of the Great Himalaya (Fig. 10.4f).

7. Tectonic wedge model (Webb et al. 2007): In Himachal, the THS is juxtaposed
against the LH sequence along the MCT due to its termination against the
STDS. Therefore, the GHS core remains at depth and subsequently forces itself
towards the surface (Fig. 10.4g).
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8. Ductile shear model (Jain and Manickavasagam 1993; Jain et al. 2005): An
inverted metamorphism at structurally higher levels across the GHS was
explained either by recumbent folding of isograds, structural juxtaposition/
thrusting, downward heat transfer from hot plutons/metamorphic belt, shear fric-
tional heating along the MCT or transposition of isograds by simple/general
shear. Jain and Manickavasagam (1993) and Jain et al. (2005) proposed that
northward subduction of the ICL caused prograde regional metamorphism up to
a maximum depth of 25-35 km, when it attained P-T conditions of 5-9 kb and
550-780 °C. Millimetre-spaced C-foliation sigmoidally bent and transposed
S-foliation on small-scale towards southwest within a ~20-km-thick non-coaxial
intra-continental ductile shear zone (Jain and Manickavasagam 1993). This
model postulated that metamorphic isograd surfaces also underwent small-scale
displacements by C-foliation with a cumulative displacement of around
80-120 km. Migmatite and leucogranite were produced during decompressional
partial melting in sillimanite-muscovite and sillimanite-K-feldspar isograds in
upper parts (Fig. 10.4h).

9. Southward-propagating ‘in-sequence’ ductile thrusting (Carosi et al. 2018): The
GHS was exhumed during ~25 to 17 Ma by contemporaneous shearing along the
MCT and the STDS. Carosi et al. (2018) identified three tectono-metamorphic
discontinuities/ductile shear zones since ~40 Ma, with top-to-the-S/SW sense of
shear. These progressively exhumed the GHS from uppermost to the lowermost
parts, with intervening Higher Himalayan Discontinuity (HHD) (Fig. 10.4i). In-
sequence shear model brought more metamorphosed tectonic slices from deeper
parts to uppermost structural levels; lowermost unit was juxtaposed at 17-13 Ma
along the MCT.

10.4 Exhumation Patterns

The Himalayan orogen experienced variable exhumation, caused either by tectonics
or coupled monsoon-controlled erosion (Jain et al. 2000, 2009; Thiede et al. 2009;
Patel et al. 2009; Thiede and Ehlers 2013; Clift 2017; Sttibner et al. 2018). ‘What
actually controls exhumation in the Himalayan and adjoining regions’ is seriously
debated after the postulates of focussed monsoon during the Miocene. In this sec-
tion, exhumation of monsoon-affected NW Himalaya is compared with monsoon-
deficient adjoining regions of the LB and the TMC.

10.4.1 Higher Himalayan Crystallines (HHC)

In the NW Himalaya, the HHC and underlying LH sequences experienced differen-
tial exhumation rates during Miocene-Quaternary and are modelled in tectonic
framework of fast exhuming windows, thrusts and extensional faults, coupled with
rapid erosion (Fig. 10.5a; Jain et al. 2000; Thiede et al. 2009; Patel et al. 2009).
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Fig. 10.5 Exhumation paths from the Himalayan Metamorphic Belt (HMB), NW Himalaya, (a)
Simplified geological map NW Himalaya showing locations of exhumation studies. Refer Fig. 10.2
for details. (b—m) 7—¢ curves from Chisoti dome Zanskar (b), Shafat and Zanskar (¢), Bandal (d),
Kulu (e), Manali (f), Sutlej Valley (g), Dhauli Ganga Valley (h), Gori Ganga Valley (i), Darma
Valley (j), Kali Valley (k), Gangotri, Bhagirathi Valley (1) and Tso Morari (m). (Curves redrawn
after Jain et al. 2000, 2009, de Sigoyer et al. 2000, Schlup et al. 2003, Leech et al. 2005, 2007, Patel
and Carter 2009, Patel et al. 2009)

10.4.1.1 Domes/Windows

Western Himalayan syntaxis witnessed rapid exhumation due to northerly plung-
ing dome and superposed faulting, which caused decrease in “*Ar/*Ar biotite ages
from ~8.0 to 0.9 + 0.1 Ma in south central core. The ZFT-AFT ages indicated an
enhanced exhumation rate of 5 mm/year during 2.0-0.5 Ma and its further accelera-
tion to 9 mm/year since 0.5 Ma (Winslow et al. 1996).

Suru/Chisoti Domes and Kishtwar/Kulu-Rampur Windows have very young
and fast exhumation rates in Jammu and Kashmir: 0.80 mm/year, 1.4 mm/year and
2.97 mm/year, respectively, during 5—1 Ma (Kumar et al. 1995; Sorkhabi et al. 1997).
In the Chisoti Dome, exhumation rates accelerated from 0.31 mm/year to 2.03 mm/
year during 13.7-6.2 Ma and to 4.4 Ma, respectively. Subsequently, it slowed to
0.87 mm/year (Fig. 10.5b). Away from the Suru Dome, exhumation rates ranged
from 0.32 to 0.65 mm/year since ~20 Ma (Fig. 10.5c). The Kishtwar window indi-
cated Quaternary folding around 1.0 Ma from its AFT age.
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Kulu-Rampur Window exhumed relatively faster than its metamorphic cover
along the Beas-Sutlej Valleys. Within the window, the Bandal granite exhibited Late
Miocene-Pliocene accelerated exhumation from 0.42 to 1.33 mm/year, as deciphered
from “*Ar/*°Ar sericite, Rb-Sr biotite and ZFT ages (Fig. 10.5d) (see Jain et al.
2000). The ZFT-AFT ages indicated that it finally exhumed at 1.49 + 0.09 mm/year
during 4.50 and 2.68 Ma before slightly slowing down to 1.12 + 0.18 mm/year. On
the southwestern flank of this window around Kulu, exhumation is much faster to
15.38 mm/year for a very short span around 13.7 Ma (Fig. 10.5¢) and then much
slower (0.55 mm/year) along the northwestern closure during 28.2 and 16.10 Ma
(Fig. 10.5f). The Pliocene-Pleistocene accelerated exhumation rates between 1.49
and 1.12 mm/year, measured from the ZFT-AFT and AFT-surface, respectively, sur-
pass all rates within the window zone on limbs and along strike towards northwest
(Fig. 10.5e, f). These range from 0.39 to 0.78 mm/year on southwestern flank
around Kulu (Fig. 10.5e), between 0.88 and 1.05 mm/year towards northwest
between Manali and Rohtang Pass (Fig. 10.5f) and much slower exhumation
(0.61 = 0.10 mm/year) on its northeastern limb since 4.9 Ma (Fig. 10.5g-curve 1).
All these rates reveal that the MCT has distinctly been active as an extensional nor-
mal fault after nappe emplacement on both flanks of the window and facilitated
faster exhumation.

10.4.1.2 Thrusts

In the NW Himalaya, the FT ages vary across thrust boundaries, where these have
controlled exhumation rates within the HHC in Sutlej Valley and Kumaon, e.g. the
Chaura Thrust and the MCT. Along the former, footwall and hanging wall were dif-
ferentially exhumed at 0.61 = 0.10 mm/year from 4.9 + 0.2 to 1.49 = 0.07 Ma and
2.01 £ 0.35 mm/year from 1.49 = 0.07 Ma to present (Fig. 10.5g-curves i, ii).
However, exhumation rate is 3.09 = 0.71 mm/year since 0.97 Ma on its hanging
wall. The character of the Vaikrita Thrust is uncertain within error limits of average
AFT ages of 1.49 +0.07 Ma and 1.31 + 0.22 Ma on both the walls, respectively. The
ZFT-AFT ages from the Sutlej Valley reveal interplay of differentially moving
crustal wedges both ways during Plio-Pleistocene (Jain et al. 2000).

Along the Dhauli Ganga and Gori Ganga Rivers in eastern Garhwal-Kumaon
regions, the AFT ages systematically vary from 0.9 = 0.3 to 3.6 + 0.5 Ma from the
MT to the north of VT (MCT) in Dhauli Ganga (Fig. 10.5h) in contrast to their
stepwise variation across this thrust in the Gori Ganga from 1.6 +0.1 t0 0.7 +0.04 Ma
in the hanging wall (Fig. 10.51). The ZFT ages of 1.8 + 0.4 Ma remain constant in
both the walls (Patel and Carter 2009). Further east along the Darma and Kali Ganga
valleys, separated by ~40 km, respective AFT data sets of 1.0 £ 0.1 to 2.8 £ 0.3 Ma
and 1.4 £ 0.2 to 2.4 + 0.3 Ma show very similar exhumation patterns like the Gori
Ganga and are controlled by Plio-Quaternary tectonic activity along the Vaikrita
Thrust (VI-MCT) (Fig. 10.5j, k; Patel et al. 2009).

Though these valleys possess similar monsoonal conditions, spatio-temporal
variations in the ZFT and AFT ages across the MCT zone and the HHC highlight
role of thrusts during Pliocene-Pleistocene.
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10.4.1.3 Extensional Fault and Erosion

An early Miocene rapid exhumation pulse around 18 Ma is recorded from the
Gangotri leucogranite, by **Ar/*’ Ar muscovite-biotite and ZFT-AFT ages due to the
STDS (Fig. 10.51). Together with Th-Pb monazite ~22.5 Ma age, it appears to have
exhumed at a rate of 2.65 mm/year between 23.0 and 18.0 Ma before slowing down
to 0.36 and 0.70 mm/year (ZFT-AFT). Another accelerated Late Pliocene-
Quaternary exhumation followed at 2.60 mm/year since 1.67 Ma due to rapid ero-
sion (Fig. 10.51; Jain et al. 2009)

10.4.2 Tso Morari Crystalline (TMC) Belt

After attaining the UHP metamorphism around 53.3 + 0.7 Ma due to its deep sub-
duction (Leech et al. 2005, 2007), the ICL underwent a record exhumation till
~48-45 Ma from ~120 to 35 km through HP and amphibolite facies (Fig. 10.5m; de
Sigoyer et al. 2000). Greenschist facies minerals grew at ~8 km between 45 + 2 and
34 + 2 Ma. Thus, the TMC witnessed record maximum exhumation rate of 17 mm/
year during ~53 and 50 Ma and subsequent deceleration to 12 mm/year from 50 to
47 Ma, 0.3 mm/year till 34 + 2 Ma (ZFT) and further lower rate when it attained
~120 °C at 24 =2 Ma (AFT) (Guillot et al. 2008).

10.4.3 Trans-Himalayan Ladakh Batholith (LB)

The Ladakh Batholith lacks monsoon precipitation but witnessed an Early-Middle
Eocene very fast exhumation of 3.5 + 0.9 mm/year between 50—45 and 48—45 Ma
from closure temperatures of “*Ar/*Ar hornblende and Rb-Sr biotite, respectively,
and then to 1.2 = 0.4 mm/year until 43—42 Ma (ZFT age) (Fig. 10.5n; Kumar et al.
2018). Exhumation rates finally decreased during Oligocene to a minimum of
~0.1 mm/a before a mild Late Miocene-Holocene acceleration.

10.5 Timing of India-Asia Convergence

Paleomagnetic and other evidences indicated that estimated timing of closure of
the Neo-Tethys along the ITSZ and the India-Asia impingement/‘collision’ varied
between 65 and 35 Ma (Leech et al. 2005; Bouilhol et al. 2013; Jain 2014; Jain
2017). Paleomagnetic anomalies in the Indian Ocean point a slow-down in north-
ward movement of the Indian Plate around 55 + 1 Ma due to its impingement
(Copley et al. 2010; references therein). Paleolatitude evidences reveal an India-
Asia suturing of the Himalayan Tethyan succession with Lhasa terrane at 46 + 8 Ma,
when these terranes started overlapping at 22.8 + 4.2°N paleolatitude (Dupont-
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Nivet et al. 2010). Stratigraphically, maximum age of initiation of India-Asia col-
lision in the ITSZ (Ladakh) was deciphered at 56.5-54.9, and minimum age of 50.5
Ma for the closure of the Tethys from termination of continuous marine sedimenta-
tion, respectively (Garzanti and van Haver 1988). In this scenario, the ICL travelled
to the ITSZ trench at 58 Ma (Garzanti et al. 1987). Renewed clastic supply within
the Zanskar sequence revealed closure of the Tethys at ~56 Ma (Sciunnach and
Garzanti 2012), though first arrival of Asian-derived detritus in uppermost Tethyan
sediments indicated this convergence at ~50 Ma (Najman et al. 2010). Further east
in southern Tibet and elsewhere, two-stage collision events at ~55 Ma and younger
Oligocene are indicated between an island arc system with India (Event 1) and
India-Asia continental collision (Event 2; Aitchison et al. 2007). Similar scenario
has been visualized by van Hinsbergen et al. (2012): 50 Ma collision of micro-
continent fragment and continental Asia and 25 Ma hard collision.

This timing can, additionally, be resolved by comparing ages of continental sub-
duction (UHP metamorphics—TMC), with oceanic subduction (Ladakh Batholith
(LB)). In the TMC, distinct metamorphic events are decipherable from peak UHP, HP
eclogite and amphibolites facies at 53.1 + 0.7, 50.0 £ 0.6 and 47.5 + 0.5 Ma, respec-
tively. Across the ITSZ, multiple pulsative crystallization and emplacement within the
LB are recorded between ~100 and 41 Ma, with its peak crystallization at 57.9 £ 0.3 Ma
(Jain 2014). Thus, it is evident that two contrasting deep crustal processes took place
~58 Ma across the ITSZ, leading to the India-Asia contact (Jain 2014).

10.6 Geological Evolution of the Himalaya

After the Tethyan Oceanic lithospheric subduction in the Trans-Himalaya and clo-
sure of the Tethyan Ocean (cf. Jain 2014, 2017), subsequent continental lithospheric
subduction caused the convergence of the Indian and Asian Plates through various
stages; thus evolution of the Himalayan tectonic units can be visualized as follows.

10.6.1 First Stage of Continental Subduction: Tso Morari
Crystallines (TMC)

The Indian continental lithosphere (ICL) touched the ITSZ trench at ~58 Ma coin-
ciding with peak plutonic growth of the LB. First stage of continental lithospheric
subduction in the Himalaya is, therefore, recorded along leading edge of the Indian
Plate in Tso Morari, where it subducted down to depth of ~120 km to produce
carbonate-coesite-bearing UHP eclogite at >39 kb, >750 °C and 53.1 + 0.7 Ma and
subsequent retrogression to HP and amphibolite facies between 50.0 and 48 Ma,
respectively (Fig. 10.6; Guillot et al. 1997; Leech et al. 2005, 2007). “°Ar/*° Ar mica
and ZFT ages provide evidences of late-stage exhumation and shallow crustal
stabilization between 45.0 and 34.0 2 Ma (Schlup et al. 2003). Thus, the TMC
exhumed very fast ca. 1.7 cm/year between 53 and 50 Ma and 1.2 cm/year between
50 and 47 Ma and then slowed down to ca. 0.3 cm/year till 35 Ma (Guillot et al. 2008).
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Fig.10.6 Steep continental lithospheric subduction of the Indian Plate in the TMC, its UHP meta-
morphism and exhumation. Development of gneiss-hosted UHP eclogite at 53.1 + 0.7 Ma. The
TMC follows same exhumation and cooling paths through various metamorphic facies. See text
for details. During the HP facies, steeply subducted continental lithosphere melted along southern
margin of the Ladakh Batholith to produce crustal contaminations

The Himalaya first emerged in the Tso Morari region between 53 and 50 Ma
when continental crust was exhumed from ~120 km depth. The terrane was uplifted
very fast rate to near-surface and eroded off to shed detritus into the HFB in the
south and the ITSZ basin (Jain et al. 2009). This subducting lithospheric slab did not
melt till its decompression around 50 Ma after the HP metamorphism. Very steep
geometry of the Indian lithosphere and its melting along the ITSZ, thus, explains
sharp isotopic changes in the overlying LB along its southern margin.

10.6.2 Second Stage of Continental Subduction: HHC

Folded HMB slab underwent peak Late Eocene pre-MCT regional Barrovian meta-
morphism in upper amphibolite facies at 650-700 °C, 8-9 kb and around 45-35 Ma
(Hodges 2000; Foster et al. 2000) (Fig. 10.7). It is likely that the ICL underwent
shallow continental subduction along the proto-MCT to a depth of 25-35 km after
subduction in Tso Morari region. “*Ar/*?Ar/K-Ar hornblende and muscovite ages
gave its cooling through 500 + 50 °C and 350 + 50 °C between 40 and 30 Ma
(Sorkhabi et al. 1999a, b).

10.6.3 Third Stage of Continental Subduction: Within HHC

Within the HHC belt, younger Miocene ~25 Ma metamorphism and partial melting
led to leucogranite generation between 25 and 15 Ma, though leucosome melt pro-
duction also took place occasionally during the Eocene and Oligocene (33-23 Ma)
(Carosi et al. 2018). These melts appear to have evolved in a southward extruding
Himalayan orogenic channel, bounded by the MCT and STDS (Grujic 2006).
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Fig. 10.7 Continental subduction in the NW Himalaya. Shallower and younger continental sub-
duction in the HHC produced peak Eocene (~48—45 Ma) and pre-MCT metamorphism in upper
amphibolite facies. Younger Miocene ~25 Ma metamorphism, anataxis and leucogranite genera-
tion between 25 and 15 Ma. Major discontinuities within HHC caused its differential exhumation.
See Carosi et al. (2018) for details. Thrusting and imbrication along the MBT and MFT during late
Miocene-Pliocene-Pleistocene

Subsequent Miocene—Pleistocene exhumation is widespread in the HHC, followed
by its extensive erosion to produce detritus for the Cenozoic Himalayan foreland
and Indo-Gangetic-Bengal basins (Hodges 2000; Yin 2006); these patterns are
either controlled by tectonics, concomitant erosion or a combination of two pro-
cesses (Jain et al. 2000).

10.7 Present-Day Configuration

During the past two decades, configuration of the Indian Plate beneath the Himalaya
and adjoining regions has been imaged by magnetotelluric profiling, seismic tomog-
raphy and focal plane mechanism of recent earthquakes.

10.7.1 Magnetotelluric (MT) Evidences

Magnetotelluric (MT) profiles from the NW Himalaya image the present-day geom-
etry of the Indian Plate (IP) (Fig. 10.8a). Along Roorkee-Gangotri profile
(Uttarakhand), the Precambrian basement (>1000 Qm electrical resistivity) is over-
lain by a northerly gently dipping and 7-km-thick veneer of Miocene-Recent con-
ducting sediments (<50 Qm) within the Indo-Gangetic Plains (IGP) and
Sub-Himalaya. Their contacts represent fluid-saturated fractured zone of the Main
Himalayan Thrust (MHT) along which the IP subducts beneath the Himalaya (Israil
et al. 2008; Miglani et al. 2014). A sharp discontinuity defines the MBT where resis-
tivity increases in the Precambrian LH belt. Below the MHT-controlled conductor,
high electrical resistive zone at ~30 km depth represents northerly subducting IP
continental crust (Miglani et al. 2014). Fluid-filled fractured MHT zone of very low
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Fig. 10.8 Magnetotelluric sections from the NW Himalaya to Karakoram. (a) MT section along
Roorkee-Gangotri profile showing low resistivity (<10 Qm) zone beneath MCT and cluster of
small associated earthquakes (Miglani et al. 2014). (b) Deep resistivity structure of the subducting
Indian lithosphere along Tso Morari and further northeast. NE-dipping low resistivity zone
(~30 Qm-white colour) is observed beneath THS, Tso Morari dome (TMD) and beyond where it
becomes sub-horizontal beneath ITSZ and LB (Arora et al. 2007)

<10 Qm resistivity extends up to a depth of ~30 km within a ramp and is marked by
earthquake cluster and heat flow. Further southeast along the Bijnor-Joshimath-
Malari traverse (Uttarakhand), ~5-km-thick low-angle and NE-dipping intra-crustal
high conducting layer (IC-HCL) of very low resistivity is observed across the IGP



386 A. K. Jain

and the Higher Himalaya with an intervening ramp (Rawat et al. 2014); the whole
structure also controls velocities of seismic waves in intra-crustal low velocity layer
(IC-LVL) (Caldwell et al. 2013). These layers are fluid-saturated due to partial melt
or released water from metamorphic reactions.

This mid-crustal conductor of low resistivity zone may also indicate partial melt
in extreme northeast between Tso Morari and beyond, where its sub-horizontal
geometry extends beneath high resistive LB and Karakoram Batholith (Fig. 10.8b;
Gokarn et al. 2002; Arora et al. 2007).

10.7.2 Seismological Evidences

Seismic tomography, reflection profiles, earthquakes and their fault-plane solutions
from the Himalayan arc and Tibet provide constraints on the present-day configura-
tion of the Indian Plate. In NW Himalaya, the Moho runs almost parallel below low
resistivity layer and defines geometry of the subducting ICL even beyond Karakoram
fault (Rai et al. 2006). The majority of earthquakes are located within a narrow belt
between north-dipping MBT and the MCT and are essentially controlled by a
mid-crustal ramp within the MHT along which the Indian Plate underthrusts south-
ern Tibet at about 10° (Seeber et al. 1981; Ni and Barazangi 1984; Nelson et al.
1996). This surface dips at ~15° from about 10 to 20 km depth within the Himalaya
and controls focal mechanisms not only of shallow (<30°) earthquakes but also the
great Himalayan earthquakes of M > 8 (Ni and Barazangi 1984). Outer seismic mid-
crustal ramp extends into an aseismic 30—40-km-deep seismic reflector, imaged in
the INDEPTH experiment further north (Zhao et al. 1993).

Subducted Indian lower crust does not stop at the ITSZ/TYS, but it underthrusts
and extends northwards beneath the partially molten Asian crust till Bangong-
Nujiang Suture (BNS) where both the Indian and Asian lithospheric mantles sub-
duct downwards due to flow (Fig. 10.9; Nabé&lek et al. 2009; Liang et al. 2012).
Recent deep seismic reflection profiles by Guo et al. (2017) across ITSZ further
strengthen a crustal-scale outline of the subducting Indian crust.

10.8 Discussions and Conclusions

Geological setting of various Himalayan units clearly demonstrates that leading
northernmost ICL was juxtaposed against the Trans-Himalayan ITSZ and LB and
not with any tectonic unit of the Asian continental lithosphere. It converged first
with the intra-oceanic Shyok-Dras volcanic island arc, which existed within the
Tethyan Ocean, and then both of them moved towards the Indian continental margin
(Stampfli and Borel 2002; Rolland et al. 2002; Maheo et al. 2004) or vice versa
(Bouilhol et al. 2013). It is evident that Indian and Asian continental lithospheres,
separated by Neo-Tethys, did not initially ‘collide’ directly to make the Himalaya
(cf., Powell and Conaghan 1973).
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Fig. 10.9 Simplified geophysical cross-section of the India-Asia convergence beneath the
Himalaya and Tibet from the Hi-CLIMB profile, depicting ‘collision’ between two plates in the
Bangong-Nujiang Suture (BNS). Large-scale tectonics of the Himalayan orogen is depicted as
scrapped crustal wedge above the MHT and its limits by the ITSZ. (Redrawn after Nabélek et al.
2009)

As the Neo-Tethys finally closed along the ITSZ during Paleocene, timing of first
India-Asia impingement is constrained at ~58 Ma by comparing ages of the Trans-
Himalayan LB with the TMC. Both the LB and the TMC signify drastic geody-
namic changes within ~4—5 Ma across the ITSZ.

At the time of India undergoing UHP metamorphism at ~53 Ma in Tso Morari
steep subduction zone, the ITSZ limited the Indian continental lithosphere. As the
steep ICL took some time to reach depth of about ~120 km to have suffered UHP
metamorphism from near surface, difference of ~4-5 Ma in these values is accounted
for fast speed by which the plate underwent the subduction. This steep continental
lithosphere subduction and its melting along the southern margin can account for
younger pulses within the LB with more evolved isotopic signatures till 45 Ma with-
out modifying the proposed age of the India-Asia contact (cf., Bouilhol et al. 2013).

It is likely that the Himalaya first witnessed its rise and emergence during 53 and
50 Ma in the Tso Morari, when part of continental lithosphere exhumed after under-
going UHP metamorphism. Further imbrication and subduction of the ICL caused
its two metamorphisms and associated exhumation episodes within the HHC during
45-35 and 25-15 Ma, respectively, for the rise of the Himalayan Mountains
(Fig. 10.7). It is clearly implied that original configuration of the ICL must have
been very different, steeper and imbricated than the present-day geometry (O’Brien
et al. 2001), which is attained by its northerly push and flattening of imbricated
Himalayan packages, now lying sub-horizontally (Fig. 10.10).

Present-day geometry of the Indian continental lithosphere beneath the Himalaya
and beyond in Asia reflects its unique subducting near-horizontal configuration.
Low resistivity zone (5—10 Qm) of partial melt/fluid-rich mid-crustal layer at
15-25 km above the MHT defines the top of the IP, which is underlain by relatively
high electrical resistive ICL. This layer is observed throughout the Himalaya and
beyond and is the first-order structure in the northwest. A steeper northeast-dipping
low resistivity zone beyond Tso Morari flattens out at depth beneath the LB and
merges with this first-order conductor (Arora et al. 2007).
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Fig. 10.10 Rotated imbricated slices of the Himalayan Metamorphic Belt (HMB) to gently dip-
ping crustal wedges of the TMC, HHC including its Higher Himalayan Discontinuities (HHD) by
northward push of the subducting Indian continental lithosphere along the MHT since post-15 Ma.
Configuration is based upon the present-data magnetotelluric data from Garhwal and Ladakh-
Karakoram. The MHT approximately follows upper—lower continental crust boundary (vertical
lines). Indian lithosphere shown by tiny squares and Moho follows its upper contact

Seismologically, the majority of earthquakes and tomographic evidences delineate
a basal MHT within the Indian Plate along which it subducts beneath the southern
Tibet at about 10° or less (Nelson et al. 1996). In fact, signatures of the ICL extend
northwards beneath the partially molten Asian crust till BNS, where both the Indian
and Asian lithosphere mantles subduct northwards and southwards, respectively.

Thus, critical geological and geophysical evidences from the Himalaya and
adjoining mountains lead us to postulate that the Indian continental lithosphere
(ICL) subducted and imbricated sequentially in geological past since 58 Ma. The
overriding sequences were scrapped, thrust southward along the MCT-MBT sys-
tems and deformed as crustal wedges in the rising Himalaya whose erosion caused
deposition into the frontal Himalayan foreland basin and the Indo-Gangetic Plains
because of tectonics and monsoonal precipitation since Miocene. The Indian and
Asian Plates interacted and ‘collided’ only in the Bangong-Nujiang Suture (BNS).
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