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Abstract

The Himalaya is located on the seismically-active northern margin of the
Indian Plate, and provides an unique opportunity to investigate collision-
related geodynamic processes of a young orogenic belt during the Cenozoic-
Quaternary. Collision of the northerly-moving Indian Plate with the Eurasian
plate has considerably remobilised the Precambrian basement and cover

gsediments of the Indian Plate since 50 Ma.

The basic objective of the present work is to provide better
tectonomecamorphic and geochronological constraintson the collision tectonics
of various metamorphic nappes along the Sutlej Valley and Chor Mountains in

Himachal Pradesh.

Detailed geological work along the Sutlej valley and Chor Mountain has

revealed the following major tectonic units:

(a) The Lesser Himalayan Proterozoic sedimentary foreland of quartzite-volcanic

association, now exposed in many windows.

(b) The Bajura/Kulu Nappe of the Middle Proterozoic mylonitised augen gneiss,
bounded by the Kulu Thrust at its base and the Main Central Thrust (MCT) /

Jutogh Thrust (JT) at the top.

(c) The Higher Himalayan Crystalline (HHC) belt in the north is thrust
southwestward over the Proterozoic Lesser Himalayan foreland of the Kulu-
Rampur Window and Bajura/Kulu Nappe along the folded MCT/JT. Atleast two
proterozoic concordant to discordant magmatic events have been identified

in the HHC, which lacks any Tertiary leucogranite bodies in the basal part.



(d) The Jutogh Nappe in parts of Chor Mountain and Luhri-Anni-Dalash region is
separated from the Bajura/Kulu Nappe and less metamorphosed Chail Nappe by
the Jutogh Thrust. The contact of the Chor granitoid, occurring.at the top
of the Jutogh metamorphics is characterised by intensely hylonitised

porphyritic granite gneiss due to presence of the Chor thrust.

Between Jakhri and Wangtu, the HHC belt has undergone four distinct
deformational phases. The earliest isolated tightly appressed “flame type' Fy
fold hinges are developed on lithological/metamorphic banding Sp having axial
plane foliation S51» which appears to be the earliest recognisable penetrative
planar fabric. The most pervasive second deformational phase develops an
intense planar fabric Sy, which is axial planar to the N-NE/S-SW plunging Fy
folds. Being the main foliation, it is a composite planar fabric with S- surface
being consistently rotated SW due to C-shear fabric. It possesses a strong
down-the-dip N to NNE plunging stretching/mineral lineation Lg, that is coaxial
to the F, isoclinal reclined folds. Asymmetric megacrysts, pressure fringes and
rotational garnet etc. reveal a consistent southwestward verging broad ductile

shear zone during the Himalayan Orogeny.

The third deformational Dy phase is characterised by two distinct early Dy,
and late D3, phases. In the D3, phase, Fy, folds are mainly isoclinal,
inclined-type with gentle to moderately-dipping axial surfaces (S4,)- Fq, folds
plunge either N 100° or N 300° at low angles. In the later D3}, phase of the same
deformational event, coaxial asymmetric, SW-verging Fy, folds are mostly
crenulation-type, whose hinges form a prominent lineation. Earlier Ly lineation
is folded around many Fy, hinges. The axial plane foliation S3p of these folds in
metapelite and granite gneiss strike N100° with very steep dips of about

60°-80° towards N or S.

The effects of late deformational phase D, are weak and sporadic during

brittle-ductile and brittle regime. Thrust-faults, shear bands and quartz-filled



1
tension gashes are developed during this late stage deformation.

The deformational pattern of the HHC contrasts with the Jutogh Nappe in its
frontal pa'rts of the Simla Hills and Chor Mountains. In the frontal Jutogh
Nappe, earliest D) deformation phase produces an E or W plunging tight to
isoclinal, recumbent to moderately inclined folds on lithological layering of
the sedimentary origin Sp and is of Himalayan in age. This corresponds to the

D) deformational phase of the HHC.

The HHC and Jutogh metamorphic nappe have undergone a  polyphase
Barrovian-type metamorphism under upper greenschist to amphibolite facies
condition. Two sections have been investigated for detailed metamorphic
evolution along (a) the Nauhra-Shamra treverse in southern parts of the Chor
Mountain within the Jutogh Nappe and (b) Jakhri-Wangtu section along the Sutlej
valley in the lower parts of the HHC. Mineral assembleges reveal the presence of
two metamorphic grades in the HHC: (i) garnet and staurolite grade transition
zone and (11) staurolite-kyanite grade, while garnet grade rocks are present in
basal Jutogh Nappe of the Chor Mountain. These assemblages appear to grow
during the main deformational event, predating the mylonitic textures of the

nappe translation.

Suitable assamblages were probed to evaluate the pressure and temperature
conditions of metamorphism, by using the garnet-biotite (GB) thermometer and
garnet-plagioclase-sillimanite/kyanite-quartz (GPAQ) and garnet-plagioclase-
biotite-muscovite (GPBM) barometers. Along the Nauhra-Shamra section,
syntectonic garnet core of Mg indicate a variation of about 130° C from
520° C to 650° C, while post-tectonic garnet rim reveals a cooling path of the
nmetamorphic pile with temperature falling between 480° C and 550° C at 5.4 to 7.8
kbar from its base towards higher structural levels. This variation seems to be
real rather than apparent, hence is indicative of the metamorphic inversion in

the Jutogh Nappe. In addition the Sutle]j valley section of the HHC, garnet



records a temperature of about 520° C at the base along the MCT during the M,
metamorphism and attains a maximum of 650° C towards higher structulral levels.
The pressure could not be estimated due to lack of suitable assemblage in this
section. On the basis of the temperature data, this section also provides

evidences of possible inversion in HHC.

Major and trace elemental analyses of 15 samples from important granitoid
bodies reveal their peraluminous S-type character within the granite,
quartz-monzonite and monzonitic field on quartz-orthoclase- plagioclase
normative plot. The Rb vs Y + Nb discriwination plot indicate that these bodies
are of Within Plate Granite (WPG). The Spidergram plotting of compatible and
inconpatible elements as well as REE normalised plots indicate similar chemical
characters for porphyroclastic granite, the Wangtu granite and’ the Chor
granite, like the Hunza granite of North Pakistan. However, these bodies are
geochemically different from the Tertiary Gangotri (Garhwal) and Manaslu

(Nepal) leucogranites.

Four granitoid samples from the hanging wall of the MCT/JT in the HHC and
Jutogh Nappe have been dated by U-Pb systematics on zircons using isotopic
dilution technique. The U-Pb zircon ages are of about 2.0 Ga, 1.8 Ga and 0.9 Ga,
indicating the presence of the Proterozoic elements in the NW-Himalaya. The
Chor granitoid in frontal parts of the Jutogh Nappe presents a complex history
in the deformed and undeformed components; the latter yields an upper
intercept of primary crystallisation age of 910 * 23 Ma (20) from 7-point
regression line, though better age of 912 + 6 Ma (20) is estimated from 5-point
regression line. Although the deformed Chor granitoid is not the best sample for
this analysis, it also confirms the 900 Ma age for the granitoid. Basal parts of
the HHC contain discordant aplitic granite bodies, whose U-Pb zircon age of 2068
+ 5 Ma (20) from 5-fraction regression line indicates an Early Proterozoic period
of granite crystallisation. Another Early Proterozoic period of 1866 + 10 Ma (20)

for crystallisation event is indicated from U-Pb zircon age from the Wangtu



87Sr/86Sr ratios from all thesa

granitoid from a 5-fraction regression line.
samples ranges between 0.706 to 0.716 and indicate their protolith to be the

Archean-Proterozoic continental crust of the Indian Plate.

Deformational patterns in this part of the Himalayan metamorphic belt
indicate that the Main Central Thrust and Jutogh Thrust sensu stricto were
formed duFing or after late Dy deformational event, and transported the ductily
deformed metamorphic pile. These thrusts post-date the main progressive
metamorphic events. P-T estimation, textural relationship and localised
inverted metamorphic isograds can be explained in terms of ductile shearing,

which caused the S-C fabric and, in turn, the inverted metamorphism in the HHC.

The HHC and Jutogh Nappe contain numerous Proterozoic granitoid bodies,
emplaced during an early to syn-D; deformational event, and are now deformed
into gneisses due to the Himalayan Orogeny. Although various bodies were
emplaced atleast during three Proterozoic magmatic events having identical
crustal protoliths, their geographical distribution may possibly be controlled
by involvement of distinct tectonostratigraphic units within the Proterozoic

basement.

It, therefore, appears that collision tectonics in parts of NW-Himalaya has
caused, not only intense imbrication of remobilised Proterozoic basement in
various metamorphic nappes, but also the Lesser Himalayan Foreland in window
zone. Tectonometamorphic data from these nappes clearly reveal that main
metamorphic evolution is synchronous with ductile shearing in a thick
intracontinental ductile shear zone and predates the brittle-ductlile to
brittle emplacement of metamorphic nappes along the Main Central Thrust and

Jutogh Thrust.
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CHAPTER 1 : INTRODUCTION

1.1 PREAMBILE

The Himalaya defines the seismologically-active northern margin of the
Indian Plate and displays evidences of orogenic processes aue to collision of
the Indian indenter with the Eurasian Plate during the Cenozoic (Dewey and Bird,
1970; Molnar and Tapponier, 1975. It provides an unique opportunity te
study the collision-related geological processes viz., sedimentation,

deformation, magmatism and metamorphism at different crustal levels.

The Himalaya records the Late Mesozoic history of the closure of the Tethyan
Ocean by subduction of the oceanic crust of the Indian Plate beneath the
Eurasian Plate and the development of an Andean-type continental margin (Fig.
1.1; Brookfield and Reynold, 1981; Honegger et al., 1982; Coward et al., 1986; Searle
et al., 1987; Pecher and Le Fort, 1986; Thakur, 1987, 1993; Sharma, 1991).

Collision Tectonics has considerably deformed the Higher Himalayan Basement
metamorphics since 50 Ma. This deformation takes place within a major
intracontinental ductile shear zone (Jain and Anand, 1988; Le Fort, 1988) and its
subsequent southward thrusting, initia}].y along the Main Central Thrust (MCT)

zone and later along the Main Boundary Fault (MBF) and Main Frontal Thrust (MFT).

The Higher Himalayan Crystalline (HHC), presently exposed along the Great
Himalayan Range (Fig. l.1), constituted the ~Precambrian basement' for the
Phanerozoic Tethyan sedimentary pile (Bagati, 1990; Bhargava et al., 1991). This
is also evidenced from the recent high resolution U-Pb zircon ages from the
Pakistan sector of the metamorphic belt, wherein the Indian continental ¢rust

having granitoids / gneisses of 400 - 500 Ma, 1800 - 2000 Ma and 2500 Ma were found
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Figure 1.1 : Simplified tectonic map of the NW-Himalaya showing rain units on
northern margin of the Indian plate. 1 : Eurasian Plate margin - (a) Karakoram
batholith complex (KBC) 2 : Indian plate Subduction Zone - (a) Shyok Suture Zone
(ss7), (b) Ladakh Batholith Complex, (c) Indus Suture Zone (Isz). 3 : Himalayan
Collision Zone - (a) Tso-Morari Crystalline, (b) Tethyan Sedimentary Zone,
(¢c) Himalayan Metamorphic Belt, (d-e) Lesser Himalayan Proterozoic Foreland,
(f) Ssub-Himalayan Collision sedimentary Zone. 4 : Area of investigations. MBT -
Main Boundary Thrust, JT/MCT - Jutogh Thrust/Main Central Thrust, Z87 - Zanskar
Shear Zone, THS - Trans-Himadri Shear.
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reworked during the Himalayan orogeny (Zeitler et al., 1989; Treloar et al., 1989;
Pognante et al., 1990; Searle et al., 1992).

Geochronological data haveconsiderably constrained the subduction-related
phenomenon along the Indus Tangpo Suture Zone (ITSZ) in Pakistan, Ladakh and
southern Tibet (Honegger et al,, 1982; Scharer et al. 1984). Detailed
tectonometamorphic and geochronological coverage over the Higher Himalayan
Crystalline (HHC) have only been available by Rb-Sr whole rock isochron ages and
a few mineral ages by Rb-Sr, K-Ar, 392r-%0ar and fission track technigues in the
NW-Himalaya and Nepal (Mehta, 1977; Debon et al., 1981, 1986, 1987; Trivedi et al.,
1984; Honegger et al., 1982; Searle, 1986; Le Fort, 1986; Deniel et al., 1987). Table 1.1
summarises the available Rb-Sr whole rock isochron ages from the metamorphic

belts of the NW-Lesser and Higher Himalayas.

1 .2 OBJECTIVES

The basic objective of the present investigations are to provide
tectononetamorphic and geochronological constraintson the Collision Tectonics
of various metamorphic nappes in the NW-Himalaya, Himachal Pradesh along the

Sutlej Valley and Chor Mountains.
Some of the detailed objectives are as follows :

* Comparison of deformational and strain patterns from the different

metamorphic nappe units

* Tectonometamorphic evolution and P-T determination using suitable

geothermobarometry



Table 1.1: Rb-Sr Whole rock ages from Himachal, Garhwal and
Kumaoun Himalaya
LOCATION ROCK TYPE/LITHOLOGICAL UNIT AGE (%68r/®78r); SOURCE REMARK
1. DALHODSIE
a.Around Granite,granite gneiss/Jutogh Nappe 472450 0.709 Bhanot et al., 1974, 3 point isochron
Dalhousi 1975
b, -do- Pegmatite/JH ' 362450 0,709 - do - - do -
2. MANDI
a.Around Granite/JN 500100 0.8608  Jager et al., 1971 4 point isochron
Handi +0.9322 ;
b. -do- - do - 545412 0.7019  Mehta, 1977 3 point isochron
+0.0015
¢. -do- Leucocratic granite/JH 31116 £.8110 -do - - do -
£0,0007
d. -do- Metabasic xenolith in granite/JN 640£20 0.7001 - do - -do -
£0.0005
3. RULU-MANALI
a.Handi- Gneiss/Higher Himalayan Metamorpics  561+9 0.7113 - do - 5 point isochron
Rohtang Pass [HHM) £0,0007
b.Rulu area  Migmatitic gneiss/HAM 500+8 0.7109 - do - § point isochron
£0.0007
¢.§-Lahul Intrusive qranite/HHY 49516 0.7200  Prank et al., 1977 10 point isochron
£0.002
4 RAMPUR-LARGI WINDOMW
a.Bandal- Meta-rhyolite & Granite gneiss 1840470 0,7083 - do - 4 point isechron
Largi $0.0027
b.Bandal Biotite granite gneiss/Window Zone 12204100 0.748 Bbhanot et al., 1976, 3 point isochron
+0.100 1979
c.Manikaran  Uranite from quartzite/Window Zone  1232¢120 Bhalla & Gupta, 1979  0U-Pb 6 point
concodia plot
44 NIRATH- Mylonite/Base of JN and HHC 14304150 0.746 Bhanot et al., 1978 6 point isochron

BARZ.GAON




Table 1.1 continued...

4B.HANGTU- Gneiss/HHC
JEORI

5. NAITHAR, Gneiss/Naitwar Crystalline Unit
TONS VALLEY

6 HANUMAN CHATSI,  Gueiss/HAM
YAMONA VALLEY

1, BHATHART Gneiss/HAM
BHAGIRATHI VALLRY

8. HARSIL, Gneiss/HAN
BHAGIRATHI VALLRY

9.BHILGANGA VALLRY

a.Rihee-Gangi Gneiss/HHY

b.Brijrani Gad Mylonitised granite gneiss/HAM

¢.Ignedi nala - do -

d.Chailii Granite gneiss/HiM
e.Ghuttu -do -
f.Chirpatiya khal - do -

10.LANSDORN  Granite gneiss/Almora Unit

10A.DUDATOLI  Gneiss/Almora Unit

11 AMRITPUR

a.Apritpur Gray granite/Rangarh Rappe
White Granite/Ramgarh Rappe

12, RAMGARH

a.Ramgarh Porphyritic & mylonitic granite
‘gneiss/Ramgarh Nappe

b.Kiodal Gnelss/Ramgarh Nappe

2025486

18114133

1972¢102

20474119

521439

1841186

1276412
1139446

2121460

17632116

17084131

B

501438

11104131

15854192

1765460

1314120

0.7074
0,01

Kwatra et al., 1986
0.707 Singh et al., 1946
£0.017

0,703 Singh et al., 1986
0,010

0,706 - do -
£0.007
0.713 -do -
0,009
0.710 - do -
£0.010

0.82  Bhattacharya et al., 1981

1.10 - do -

0,710 Raju et al., 1982
$0.20

0.127 Singh et al., 1985
£0.029

0,732 -do -

10,147

0,791 - do -

£0,009

0,732 -do -
£0.005

0.741 - do -

0.947 - do -
0.7235 Trivedi etal., 1984

£0.0046

0.765  Singh, 198

§ point isochron

4 point isochron

4 point isochron

-do -

5 point isochron

4 point isochron

3 point isochron
9 point isochron

4 point isochron

5 point isochron

4 point isochron

§ point isochron

6 point isochron

5 point isocron

4 point iscchron

11 point isochron

4 point isochron



Table 1.1 continued...

c.Rampur-Padampuri - do -

13 ALHORA-CHAHPAHAT
a.Rameshwar  Augen gneiss/Almora Nappe(Basal part)

b.Almora- Granodiorite/Almora Nappe(Upper part
Champawat

14.BATJRATH-GHALDAN

a,Gvaldam Granite/Baijnath Klippe

b, - do - - do -

c.Baijnath - do -

15.ASKOT-DHARAMGARH

a.Askot- Bugen gneiss/Askot Rlippe
Dharamgarh

16.MUNSIARI
a.Naurik Gnelgs/HHN

b.Tawaghat - do -

1238¢128

18204130

560420

1700¢70

1300480
11304110

1320£370

1795¢30

1910288

19064220

0.768
0.7144
£0.0118

0.7109
£0,0013

0.7315
£0,0127

0.793

0,736

0.755

0.7090

+0,0015

0.724

0.724

-do -

Trivedi etal., 1984

- do -

Trivedi etal., 1984

pandey et al., 1981
-do -

-do -

Privedi etal., 1984

Singh et al., 1985

-do -

5 point isochron
6 point isochron

15 samples

6 point isochron

5 point isochron
§ point isochron

- do -

9 point isochron

5 point isochron

9 point isochron
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* Relationships between deformational episodes and granitoid emplacement

* Geochemical characters and genesis of various granitoids

* U-Pb zircon dating of granitoids

* Modelling of collision tectonics

1.3 TECTONIC FRAMEWORK s A REVIEW

The Lesser and Higher Himalayan morphotectonic domains in the northwestern
regioncomprises large-scale extensive allochthonous metamorp;hic nappes, which
are thrust over the Lesser Himalayan Proterozoic sedimentary foreland, exposed
in various windows. Some of the major tectonic units in Himachal Pradesh areo

reviewed below.
1 .3.1L Jutogh Nappe

The name Jutogh was coined by Oldham (1887) and formalised by Pilgrim and
West (1928) for medium grade pelitic and semipelitic rocks constituting an
important allochthonous folded nappe in the Lesser and Higher Himalayas in
parts of the Sutlej-Ravi valleys, Himachal Pradesh (also Sharma, 1977; Bhargava,
1980). The frontal parts of this na;ppe has been transported much to the south
along the Jutogh Thrust over the Lesser Himalayan Proterozoic foreland of
quartzite-volcanics and granitoids, now exposed in the Kulu-Rampur Window (Fig.
1.2; Frank et al., 1977; Sharma, 1977; Bhargava et al., 1991). Subthrust parts of the
Jutogh nappe expose the Chail metamorphics in the front. A middle Proterozoic
(1430 + 150 Ma - Bhanot et al., 1978) Nirath-Baragaon porphyroclastic mylonitised

augen gneiss is intermittantly sandwitched between the Jutogh nappe and the
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sedimentary foreland, probably as a much extensive distinct Bajura/Kulu nappe

(Fig. 1.2; Frank et al., 1977; Gururajan and Virdi, 1984; Bhargava et al,, 1991).

The Jutogh Nappe is one of the most important tectonic unit 1in Himachal

Pradesh and can be traced into two main outcrops :

(i) the pear-shaped klippe around Shimla, and
(11) the almost-continuous metamorphic belt from Chor Hills to Kinnaur-
Garhwal above the Main Central Thrust (MCT) as the Higher Himalayan

Crystalline (HHC) in upper reaches of Sutlej-Chenab valleys.

These metamorphics are either unconformably overlain by the Tethyan
sedimentary zone towards northwest in Chamba-Bharmaur region or seperated
from the latter by the Zanskar Shear Zone/Trans-Himadri zone in the north
(Srikantia et al., 1978; Honegger et al., 1982; Herren, 1987; Valdiya, 1989; Staubli,
1989; Jain et al., 1991; Patel et al., 1993).

1.3.2 Kulu—FRampur Window

The existence of a tectonic "window" around Rampur was first indicated by
Berthelsen (1951), where deeply eroded Proterozoic quartzite-volcanics
association was discovered beneath the enormous pile of the metamorphics and

gneisses, exposed along the Sutlej river and its tributaries (Sharma, 1977; Frank

et al., 1973, 1977; Mehta, 1976, 1977; Sharma, 1976; Bhargava et al., 1972)

The Kulu-Rampur Window zone exposes stromatolite-bearing dolomitic
limestone, slate and metavolcanic-quartzite association. A belt of deformed
Proterozoic Bandal Granite, having a strike-length of about 50 km and width of
about 12 km, occurs as a concordant intrusive sheet within the window. The

granite contains numerous xenoliths of the country rocks and intrudes the



Figure 1.2 : Geological map of the Himachal Pradesh, India. (1) Rampur - Kulu -
Shali Window (2) Jutogh Thrust Sheet (3) Chail Thrust Sheet (4) Bajura—-Kulu
Thrust Sheet (6) Granite/Granite Gneiss (5) Simla-Deoban-Garhwal Group (7) Sub-
Himalayan Tertiary Belt. MCT-Main Central Thrust, JT-Jutogh Thrust, CT-Chail
Thrust, MBT-Main Boundary Thrust, KT-Krol Thrust, GT-Giri Thrust, ST-Suket}

Thrust.
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quartzite as stock, apophyses and tongues with a margiral migmatite zone

(Sharma, 1977; Thakur, 1983).

The Rulu—Rampur Window rocks are folded into a doubly plunging, NW-SE
trending antiform. To the west of the main window, several cther major and small
windows are also exposed along the Sutlej valley and its tributaries e.g., the
Shali “Window' (West, 1939; Sharma, 1977), Charoeta Window (Pande and virdi, 1970)

and others.
1.3.32 Bajura/Kulu, Nappe

The Middle Proterozoic mylonitised augen gneiss (1430 + 150 Ma - Bhanot et al.,
1978), known as the Bajura/Kulu nappe (Frank et al., 1977; Bhargava et al., 1991),
occurs as a dismembered sub-nappe to the Jutoghs. Frank et al. (1977) introduced
the name "Bajura Nappe" for the basal thrust sheet to the crystalline nappe
having a typical acid volcanic lithology. Later, Bhargava et al. (1991) considered
these as a part of much extensive tectonic unit and termed it as the Kulu

Thrust Sheet.

This nappe unit is exposed between Baragaon and Nirath with a maximum
thickness upto 800 m. McMahon (1877) classified this unit as intrusive part of the
Central Crystalline gneisses. On the other hand, West (1935) opinied it as
magmatic sill-like intrusion into the Chail Formation. Virdi (1971) thought that
the augen gneiss is a migmatite, but subsequently described these as
orthogneiss (Virdi, 1976). Gururajan and Virdi (1984 further thought it to be of
intrusive character and deformed during the Himalayan thrusting event.
However, Sharma (1977) believed that the augen gneiss is of metasomatic in

character.
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1.4 SELECTION OF THE AREA

Segments of the various tectonic units cited above have been investigated
in parts of Himachal Pradesh along the Sutlej Valley and Chor Mountains between
latitudes 30°45'N tec 31°35'20"N and longitudes 77°15'E to 78°0'10"E during several

field visits (Fig. 1.1).

1 .5 SCOPE OF THE WORK

The scope of the thesis in terms of inputs to the Collision Tectonics is
confined to geological and structural relationships of various units,
tectonometamorphic evolution of the metamorphic nappes and

geochemical-geochronological constriants on the various granitoids. These

inputs are detailed below:

* Geological set-up, structure and tectonic relationships of the Jutogh

Nappe, Kulu-Rampur Window and Bajura/Kulu Nappe

* Identification and mutual relationships between various deformational
episodes
- Structural analysis of mesoscopic structures and their relation to
regional tectonics
- Deformational and fold interference pattern
- Relationship between deformational episodes and granitoid emplacement

- Determination of finite strain in metamorphic nappes

* Tectonometamorphic history and P-T determination using different

geothermobaronetry



12

* Geochemistry of different granitoids
* U-Pb zircon datring of various granitoid bodies

* Tectonic modelling of the Collision zone.

-6 METHODOLOGY

* Systematic geological mapping on 1:50,000 scale using Survey of India
toposheet nos. 53 E /7,10, 11, 14; 53 F /5, 9,531 /2 and' sampling of different

lithotectonic units

* Detailed study of various structural elements viz. folds, faults, foliation

and lineation of different generations and their mutual relationships

*

Data collection and structural analysis in different sub areas, using

standard techniques

*

Finite strain analysis using Rf/¢ technique

*

Textural and petrological studies on different mineral assembles from

metamorphic nappes

* Electron Probe Micro Analyser (EPMA) analysis of metamorphic rocks for P-T

determination

* Major, trace and REE elemental analyses of different granitoid samples for
genetic relationships using X-ray fluroscentmeter (XRF) and Induced

Coupled Plasma Analyser (ICPA)
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* Age determination by U-Pb zircon isotopic dilution techniques using

mass spectrometer

* Determination of initial 875y / 86gr ratio using U-Pb modal age of zircon by

massspectrometer.



CHAPTER 2: GEFOLOGICAL FRAMEWORK

2.1 ITNTRODUCTION

The earliest knowledge of the geology of the Himalaya came from the pioneers
like Medlicott (1864), Stoliczka (1866), Oldham (1883), Griesbach (1893), Hayden (1904)
and others. Among the next generation of workers, Wadia (1928, 1957), Pilgrim and
West (1928), Auden (1934, 1935, 1937) and Heim and Gansser (1939 produced classical
works on the Himalaya. Within the last thirty years, the Himalayan Geology got

much impetus and concerted attention from the geologists and geophysicsists.

The present state of knowledge of the regional geology, structure and
tectonics of the Himalaya does not provide sufficient data and clear
understanding, to evolve a valid and unanimously acceptable model for the
evolution of this orogenic belt (Thakur, 1980; 1993). Much of these veiw points
arise through divided opinions on stratigraphic nomenclature, unfossiliferous
character of rocks and lack of sufficient manpower in comparison to the

investigators, engaged in other orogenic belts.

The regions along the Sutlej Valley in Himachal Pradesh between
Baragaon-Nirath-Jeori-Wangtu and the Chor area (Fig. 1.2) are important 1in
understanding tectonometamorphic evolution of parts of the NW-Himalaya. The
present chapter encompasses detailed geological framework of the region with
brief description, distribution and mutual relationships of various
tectonostratigraphic units.Figure 2.1 provides a wider geological cross-section

through the area.



: Sub-Himalayan Collision sedimentary belt. 2 : Lesser Himalayan Proterozoic
Foreland - (a) Krols and Infra Krols (b) Simla Group, (c) quartzite, (Q) volcanics and
(e) carbonaceous phyllite/slates. 3 : Chail Nappe. 4 : Jutogh metamorphics. 5
Proterozoic granitoid bodies. 6 : Bajura/Kulu Nappe, 7 - Higher Himalayan -
Crystalline -(a) Jeori Formation and (b) Wangtu Granite Complex. MBT - Main
Boundary Thrust, g7 - Giri Thrust, CT - Chail Thrust, JgT - Jutogh Thrust, cRT -

Chor Thrust, KT - Kulu Thrust, McT - Main Central Thrust, CHT - Chaura Thrust, GR
- Giri River, AR - Asan River and SR - Sutlej River.
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2.2 TECTONOSTRATIGRAPHY

Detailed geological mapping along the Sutlej valley and Chor area has

revealed the following major tectonostratigraphic units (Figs. 2.2, 2.3; Table 2.1):

(a) Lesser Himalayan Proterozoic sedimentary foreland, exposed in the

Kulu-Rampur Window and numerous other small windows.
(b) Bajura/Kulu Nappe of the Middle Proterozoic mylonitised augen gneiss.

(c) Higher Himalayan Crystalline (HHC) belt constituting the hanging wall of

the Main Central Thrust (MCT) between Jakhri and Wangtu.

(d) Jutogh Nappe in parts of the Chor Mountain and Luhri-Dalash region.

2.3 LESSER HIMALAYAN PROTEROZOIC

SEDIMENTARY FORELAND

The Lesser Himalaya is made up of Proterozoic and partly Early Paleozoic
volcano-sedimentary sequences, deposited over a long span of time through a
number of sedimentary cycles (Srikantia, 1976; Valdiya, 1980; Virdi, 1988). This
foreland is exposed in the outer and inner Lesser Himalayan belts (Srikantia
and Bhargava, 1974). The outer belt is exposed as the continuous belt in the
frontal parts, while the inner belt constitutes several tectonic windows due to

erosion of the overlying allochthonous metamorphic nappes.



Figure 2.2 : Geological map of Baragaon-Rampur-Wangtu region along the Sutlej

Valley, Himachal Pradesh. 1 : Jutogh CGroup - (a) Jutogh mptamotphi(‘"
undifferentiated, (b) quartz-muscovite schist, () garnetiferous mica schist. (2)
Higher Himalayan Crstalline - (a) Garnetiferous mica schist, (b) quartz-mica

sc¢hist, (¢) Amphibole, () porphyroclastic granite gneiss, (e) Wangtu granitoid, and
(f) Zone of metamor phic restites. 3 : Bajura-Kulu Nappe. 4 : Lesser Himalayan
Foreland Window zone - (a) carhonaceous phyllite/slates and () Manikaran
Quartzite. 5: Main Central Thrust/Jutogh Thrust. 6 : Kulu Thrust. 7 : Chauwura



19

Table 2.1 Lithotectonic setting of the Himalayan metamorphic belt
along Sutlej Valley and Chor Mountain, Himachal Pradesh

SOTLEJ VALLEY

CHOR AREA

Tectonic Unit

Lithological Unit Lithology

Tectonic Unit Lithological Onit Lithology

HIGHER
HIMALAYAN
CRYSTALLINE
{HHC)

BAJURA/KULU
NAPPE

KOLU-RAMPUR WINDOW Rampur

{Legser Himalayan
Sedimentary Zone)

Group

Porphyroclastic
Hangtu granite gneiss,
granite fine grained gneiss,
gnelss schist and

amphibolite

—————- Chaura Thrust—————

Pine-grained grey
gneiss and pegma-
titic gnelss

Jeorl Amphibolite
Formation
Quartz-muscovite
schist

Gernetiferous mica
schist and gneiss

Jutogh Thrust

Hylonitised
augen gneiss

Kulu Thrust

JUTOGH

NAPPE

CHAIL
NAPPE

Chor Granitoid

————— Tectonic Contact-

Jutogh
Group

------- Jutogh Thrust

Chail Formation

Non-foliated
homogeneous granite

Porphyritic granite
gneiss

Biotite granite gneiss

Dolerite dykes

Hornblende schist and
amphibolite

Mica schist and
associated white marble

Upper quartzite

Carhonaceous schist and
associated black marble

Lower quartzite

Carbonaceous slate/ Quartzite,

phyllite quartz
schist,

Malnkaran Quartzite chlorite
schist,

Rampur Volcanics metavolcanics
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Figure 2.3 : Geological map of the Chor Mountain region, Himachal Pradesh. 1 :
Jutogh Group - (@) Chor granitoid, (b) mica schsist/gneiss, (c) marble with
carbonaceous phyllite, (d) quatzite and (e) dolerite dyke. 2 : Chail Group and 3 :
Lesser Himalayan sedimentary sequence.
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2.3.1L Daistribution

The Lesser Himalayan Proterozoic foreland is exposed in the following
antiformal windows along the Sutlej Valley beneath the  allochthonous

netamorphic nappes in this area:

(@) Main Kulu-Rampur Window,

(b) Charoeta Window to the west of the Kulu-Rampur Window

(¢) Luhri-I and Luhri-IT windows further downstream along the Sutlej river,
and

(d) Shali belt as a long linear belt in the westernmost part of the area.

The Kulu-Rampur Window is approximately 100 km long NW-SE trending linear
belt in pafts of the inner Lesser Himalaya. McMahon (1881) described the window
rocks around Rampur as the Infra-Krols. Auden (1934) indicated that the Larji
series of dolomite, limestone, slate and quartzite also occurs as "wiridow",
similar to the "Shali Window", as described by West (1939). Subsequently,
Berthelsen (1951) and Jhingran et al. (1950) indicated the probable presence of a

tectonic window at Rampur.

In Kulu-Rampur Window, quartzite—volcanic—carbonaceous phyllite/slate
sequence has been classified as the Rampur Group. While no fossils have been
discovered so far, its original stratigraphic sequence has been Jlocally
imbricated, thus producing localised tectonic lenses of the Rampur Volcanics
within the Manikaran Quartzite. Within the main window, the Early to Middle
Proterozoic Sedimentary sequence is regionally comprised of the Rampur
Volcanics (Sm-Nd whole rock age - 2509 + 94 Ma; Bhat and Le Fort, 1992) and the
overlying thick Manikaran Quartzite and carbonaceous phyllite. A concoirdant
Bandal granitoid of batholithic dimension (Rb-Sr whole rock age - 1840 ¢ 70 Ma;

Frank et al., 1977) intrudes the Proterozoic sedimentary succession in the core
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of the Kulu-Ranpur Window (Sharma, 1977; Frank et al., 1977; Bhanot et al., 1976).
2.3.2 Lithology

The Rampur Group has been subdivided into‘ the following units.

a._Rampur Volcanics: The Rampur Volcanics is mainly exposed on the western

flank of the Kulu- Rampur Wlndow along the Sutlej valley below quart21te and
carbonaceous phylllte. Thls formatlon comprises greenish phylllte and schlst
between Nogli gad to Rampur w1th thick quartzite and phylllte 1nte1 calations.

At Rampur, the formatlon contains deformed amygdolidal volcanlc flows within
greenish chlorite SChlSt and phylllte Most of the amygdules are fllled in with
secondary minerals like chlorlte, calc1te, quartz etc. and have undergone very
high flattening strain, forming a con51stently N to NE or S to SW plunglng:
lineation. At places, these volcanics are highly sheared and crenulated with
boudinaged quartz veins parallel to the foliatio:n Furt.ner upstrea'm,: tl'lesle
metavolcanics occur as the tectonic lenses w1th1n the massive Manlkaran
Quartzite. The age of this volcanlc has been assigned as 2509 * 94 Ma by Bhat and
Le Fort (1992) by Sm-Nd whole rock isochron. These volcanics constltute the G1 een
Bed Member of Sharma (1977) and representing Early Proterozoic volcanism in the

inner Lesser Himalaya.

The Rampur Volcanics is low grade metamorphosed basic volcanic-
volcanoclastic association and probably coeval with other Proterozoic
Mandi-Darla Volcanics, exposed in near vicinity within the Snali belt. It also
hae equlivalents in Dharagad, Damtha and Berinag as rift-related volcanics of
spilitic character (Pareek, 1973; Patwardhan and Bhandari, 1974). This volcanic
activity appears to have started during the late stage deposition of

metasediments with subordinate metabasites (Bhat and Le Fort, 1992).
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b. Manikaran Quartzite: The quartzite of the Rampur Group is exposed beneath

Lhe Jutogh Thrust (JT)/ Main Central Thrust (MCT) from Jakhri to Rampur within
the Kulu-Rampur Window as a thick lithostratigraphic unit. It is thrust over
by the Bajura/Kulu Nappe on the western side and the HHC on the eastern side of
the window. Thick quartzite sequence overlies the Rampur Volcanics. It is
mainly composed of white massive thickly bedded quartzite, but light greenish,
grey and banded quartzite is also locally seen. Within the massive quartzite, a
few ductile shear zones have also been observed (Fig. 2.4 a) due to which the
quartzite grades into the quart-mica schist within the shear zone. However,
presence of cross-beds and ripple cross-beds indicate normal stratigraphic
succession within the Manikaran Quartzite. Towards southeast around Kasa and
Pat villages, quartzite reveals uranite mineralisation as veins and
disseminated ores. Uranium mineralisation is estimated to be around 1232 * 120

Ma by U-Pb age in this quartzite unit near Kulu (Bhalla and Gupta, 1979).

c..Carbonaceous slate/phyllite: The carbonaceous slate and phyllite are mainly

exposed on western parts of the main Kulu- Rampur Window and also in other
small windows, where it is thrust over by overlying mylonite augen gneiss along
the Kulu Thrust> (Fig. 2.2). Dark grey to blackish and brown coloured thinly
lanminated carbonaceous slate and phyllite are highly contorted and friable. The
carbonaceous phyllite is also characterised by S-and C-shear fabric indicating
that upper block has moved towards SW. Carbonaceous phyllite and interbedded
thin dark grey and massive quartzite indicate a gradational stratigraphic
contact with the underlying Manikaran Quartzite. Development of quartz fabric
in pressute shadow zone around pyrite crystal define locally developed
stretching lineation. Upon weathering, pyrite imparts a reddish and yellowish
colouration to the rocks. Carbonaceocus phyllite is sporadically phosphatic and

also rarely contain calcareous intercalations.

d. Dolomitic limestone: In the western parts of the area, the dolomitic limestone
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Figure 2.4 a : Massive Manikaran Quartzite with a few NE-dipping ductile shear
zones cutting across the lithological bedding. Loc. : About 4 km from Rampur town
in the Sutlej valley on the National highway 22.

Figure 2.4 b : Conglomerate within the Chareota Window having well rounded
elongated pebbles and boulders of quartzite and orthoguartzite compcsition
with closely-packed pitted boundaries due to pressure soloution. Loc. : On the
left bank of the Sutlej river near Chareota village.

F_gure 2.4 c : Cliff-forming Nirath~Baragaon mylonitic augen gneiss of the
Bajura/Kulu Nappe. Photograph looking east from bridge of Luhri village.

Figure 2.4 d : Porphyroclastic granite gneiss of the Wangtu granite co.xplex
showing elongated ‘and deformed megacrysts of alkali feldspar, quartz and
plagioclase, embedded in extremely fine-grained greasy-iooking foliated
groundmass of qgqartz, feldspar and mica. Loc. : Near Nugalsari.



FIGURE 2.4



FIGURE 2.5
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is exposed ‘within the Shali Window alongi its - eastermnmost ‘margin. Greyish,
reddish and yellowish dolomitic limestone feveals layering with beds ranging
in thickness from 5: to 30 cm. Massive, jhard and conmpact limestone beds have:.
characteristic elephant-skin weathering. Greyish calcareous phyllite and
phyllite intercalation aré common and impart strong foliation. A mineral
lineation of sericite and muscovite is distinctly seen on many foliation plane. v
Thin bands of greyish chert, lenticies of black chert, lenses of quartzite impart
the rock a bedded:character. The limestone. is deformedeimto lenses - with
argillacedus beds wrapping around the lenses due to intense: shearing.

e. Conglomerate and slate: The Cheroata Window contains lacalised- outcrop of - . :
quartzitic ‘dnd orthoquartzitic conglomerate, having - well rounded elongated’
pebbles and boulders embeded in sandy matrix (Fig. 2.4 b). Most of the boulders:
range in size from 10 to 30 cm and possess closely packed pitted boundaries,
characterised by pressure solution phenomenon (Fig. 2.4 bj. These fragments are
well elongated on a poorly developed foliat4ion, ‘which trends ENE-WNW and.dips. -
60x/NE. Prominent pebble lineation plunges down-the-dip towards NE at steep
angle. At places, the quartzite conglomerate are embedded in graphitic or:
carbonaceous' phyllitic matrix. Greyish graded siltstone and shale alteration
are highly ‘contorted and:deformed within the window zone, hence it is often :
difficult t6 workout detailed stratigraphic relationships within the window .

zone, in which argillaceous rocks are mainly exposed.

[ L L

2.4 BAIJURA/KULU NAPPE

Frank et al. (1977) introduced the term "Bajura Nappe" for a typical '
lithological association of highly mylonitised augen gneiss having typical acid
- volcanic affinity for a basal thrust sheet to the "Crystalline Nappe". Later,

Bhargava et al. (1991) considered this unit as a part of much extensive nappe
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Figure 25 a : Nirath-Baragyaor mylonitised augen gneiss containing

well-developed mylonitic foliation with stretched quartz-feidspar rich bands

lage, Also Seen are §-shaped asyiwmetrical feidspar augen and an
5 ieft. Scale : photograph 22 cm long.

near Nirath vi
extensional fo

ficire 25 b : Metapelite sequence of garnetiferous mica schist/gneiss of the

ELT R

Jeori Formation having psammite band of 1.3 m thickness. Loc. : 3 km upstream
£ ;
from Jeori.

rigure 2.5 ¢ : Almost vertically di ping fine-grained grey granite gneiss (light
coloured), emplaced within garnetiferous mica schist (dark shadesi-of the Jeori
: =5,

*
Formation as concordant igneous bodies along the wecamorpiil dancligs uoC. s 7

b=

km milestone towards Jakhri near road bead of the Maglad Khad on National
highway 22.

3

Figure 25 d : Undeformed Wangtu granitoid showing equigranular randomly

oriented dark coloured biotite with guartz and feldspar having xenolith of
biotite schist. Loc. : Wangtu bridge on left bank of the Sutlej river.
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(Fig. 1.2)  and termed it as *he Kului Thrust Sheet. In the present work, this
tectonic unit has been designated as'the:Bajura/Kulu Nappe, a sub-nappe to the
Higher Himalayan' Crystalline/Jutoghi Nappe. Earlier, Frank et al. (1977)

incorporated the underlying ' carhonaceous phyllite/slate within this nappe

alony with the mylornitised augen gneiss, while Sharma (1977) mapped these units . -~

as part of the Kulu-Rzmpur Window. Virdi (1971) and Gururadan and Virdi (1982
believed that the mylonitised augen gneiss as part - of the Chail Group. -
Cono a3y e _=urrence of highlv’ mylonitised augen’'gneiss with a .

10 25 fabrie, a prcbable acid volcanic affinity and its tectenised lower

and upper sharp contacts, only this lithology has been incorporated in the

Bajura/itulu Nappe. On the basis of their ~racational ccntacts,  the underlying . ..

carkonaceous ghyllite/siate and the Manikiran quartzite-have been classified.

as parts’of the Kulu-Rampur Window zone.

2 -'-‘1' - Distr ibutiavri R A Wenyas .f"!\,:""'i i 110 DS

Highly mylonitised:augen gneiss with large quartz and feldspar megacrysts....

is intermittently exposed Letween Ravi-and. = Sutlel .Valleys. Low-grade ..

metamorphosed quartzite~volcanic- phyllite association cf the Rampur Group
is abruptly overlain by a 800 m:thick dismembered. mylonite.and is bounded by

the Kulu Thrust at its base and MCT/Juzegh Thrust at itstop.''. . ...

The age of the augen gneis belt has been assigned as 1430 * 150 Ma, based on
six-point Rb-Sr whole-rock isochronwith axn initial kigh 878'5/;863:: ratio of 0.746
indicating its derivation from the remobilised crustal material (Bhanot et al.,

19780 ~1q¢
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2.4.2 Lithology

a._ Mylonitised augen gneiss: Massive grey'to 'dark grey, hard, compact, highly'
sheared and mylonitised augen gneiss is characterised by cliff-forming
lithounit along the Sutlej valley (Fig. 2.4 ¢). it conitains elongated and deformed
alkali feldspar, quartz and plagioclase megacrysts, embeded in extrenmely fine"
grained greenishgreasy-looking and foliated groundmass of quartz, feldspar and
nmica {Fig. 2.4 d). Due to intense deformation along the margins, megacrysts have!
undergone grain-size reduction, recrystallisation and deveiopment of-
blastomylonite and ultramylonite. The megacrysts show flattened mantles and
elongated tails of either dynamically recrystallised or reaction-softenad
minerals.’ Megacryst's tails are derived from originally larger grains by’
grain-size reduction. At tiﬁes, extremely thinned tailsbf intensély strained:
megacrysts are folded, when these taper off away from the megacryst. In such

cases, ribbon structures parallel the preferred mica orientation.

0 - L
| B | §

The mylonitised augen gneiss contains a well-developed mylonitic foliation
due “to preferred orientation and alternations of stretchea
quartz-feldspar-rich bands with muscovite-biotite-chlorite bands (Fig.2.5a).0On’
all scale, chlorite and mica are seen: anastomesing 'quartz and ' feldspar'
megacrysts aiong 5- and C- 'planes, wherever shearing is prominent. The genera,’
trend of the mylonitic foliation is nearly ENE-WSW with low to moderate dips
towards NNE or SSW. The most prominent character of augen raylonite is the -
presence of a very strongstretching/mineral lineationon main foliaticn giving!
1t a L-8 tectonite character. This lineation is marked by strong preferrved'!
orientatcion of mica and streaked alkali feldspar, quartz and plagioclase augen.
.Both lineation and foliation are folded due to later deformations, which have !
produced doubly plun'ging antiformal windows alcng the Sutléejvalley, indicating

that large-scale open folding bas been superposed upon the mylonitisation.
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Compositional banding due to alternation of quartz-feldspar and mica-rich
bands parallels the main foliation. Further, aplitic veinlets of 10 to 20 cm

thickness are deformed into layered fine grained gneiss.

Numerous ductile shear zones affect the augen mylonite -and reveal :
discerdant relationships o the main mylonitic foliation. ' Contacts.of these
shear zones are gradational, wherein coarsge atgen-rich bands are progressively
reduced in size from the shear zone walls towards the centre of the shear zdne

(also see Chapter 3).

A prominert discrete brittle fracture pattern transect the main mylonitic
foliation orthogonally ‘and. is rarely rarked by - syntaxial guartz fabric

perpendicularito the wall of the fracture zones.:

2.5 HIGHER HIMALAYAN CRYSTALLINE

The Higher Himalaya Crystalline (HHC) of the NW-Himalaya is exposed along the
Great Himalayan-Range and constitutes the "Precambrian Basement"” for the
Phanerozoic Tehtyan sedimentary pile (Bagati, 1990; Bhargava et al., 1991). Tha HHC
predominantly incorporates pelitic and psammitic metamorohosed: secquences
having deformed granitoid bodies and gneiss of 400-500 Ma, 1800~ 2000 Ma and 2500
Ma, which have been.reworked during the Himalayan orogeny (Zeitler et al., 1989;
Treloar et al., 1989; .Pogrnante et al., 1990; Searle. et al., 1992). The Tethyan
sediments are infolded or separated from the HHEC along its northern margin by
the Zanskar Shear Zone (ZSZ)/, Trans-Himadri Thrust (Searle, 1986; Herren ,1987::-
Valdiya, 1989; Patel et al., 1993). The HHC is regionally thrust southwestward over
the Proterozoic Lesser Himalayan quartzite-volcaniclassociation and intrusive
Bandal granitoids of the Kulu-Larji-Rampur Window along the folded Main'
Central Thrust (MCT)/Jutogh Thrust (JT) and associated splays.
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> /5.1 Distribution

Fosa Jasporis Py | ; b4 s

Thé J'ékhfi—Wangtu region along the “sutlej Valley provides a good
cross-section of the Higher Himalayan crystalline (HHO. A thick stack of about
15 to 20 km of the HHC is exposed along the NE flank of the Kulu-Rampur window
beyond‘Jakhr'ii.:Th-e'HHC' is' comprised of the following mappable lithounits in the'

southern parts of the Sutlej valley section.

- PR .
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a. Jeori Formation: The HHC belt includes the Jeori Formation near its base. It’

lies betwéen' MET  and ﬁ\lhe'in.e'v:lll'); : !r'éc‘og'h'isied Chaura thrust, which has been
delineated 158" the basis of 'déformatidn’ and strain’ patfefns (see Chapter 3.
Earlier, this formation has been designét-:(;d as the Sarahan series oras a part of!
the Wangtu gneiss (Jhingran et al., 1950). The base of the HHC consists of
garnetiferous mica schist, quart‘z—l‘nuslco!vit'e' scl{ist',:smphibdlite and different
varieties of g.neiss-. 'I‘h.é whole unit has undergone four deformational phases out
of whlch the sedond deformation is the most prsminéht.
snseants Pave Vsvacigns Brerrspob _ o el

F

(1) Garnetﬂferous nica schlst/gnelss. It is the most abundant llthology in the
basal pdrts of ‘Yhe HHC in immediate v1c:1n1ty of the MCT ‘between 'Jakhri and
Jeori. Metapelitic sequence with a few psammlte bands is made up of light to
dark grey, garnetlferous mica schist with very thin alternating bands of
quartzo feldspar and mica-rich gneiss on cm scale (E‘lg 2.5 b). These aro

extremely well follated medlum gralned schist and gnelss The main foliation
is charactérlrsed by strong preferred orientation of biotite and muscovite with
1nterspersed quartz Along the Maglad Khad near Jeori, dlscordant fine gralned
grey granite gneiss, aplite and pegmetite intrude the metapelite as concordant

to discordant igneous bodies along the metamorphic banding (Fig. 2.5 c)
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A prominent lineation characterises the basal part of the HHC and is:marked
by linear preferred orientalionof chloritised biotite, muscovite and elongated
quartz and feldspar megacryst in gneiss, It plunges consistently down—thg-di,p
of the main foliation towards N/NE. Abundant quartz veinlets are boudinaged
along the foliation, Develgpment of shear zZones within this unit . is;n;oteworthy ;
with S~ and C- fabric deyelopment i_ndicat_j!r;g top-to-SW transport d%rection.
(1i) Quartz-muscovite schist: A small outcrop of quartz-muscovite schist is
exposed along the upper reaches of Maglad Khad, a tributary to Sutlej river. It
is a light grey, quartz-rich schist and contains quartz, nuscovite and chlo_ri_te._
(iii) Amphibolite: Fine to medium ggained,d‘ark coloured, and hlgl'}lx ’;ﬁ?lli:atied.: ‘
amphibolite bodies are occasionally exposed within the Jeori Formation. These
are mostly 1 to 10 m thick, except for a mg‘ppable: band of about 300 mit_hickness_ {
near Jeori! along the Naﬁt‘i:c!)nal highway 22 A. | AR g 0 7 T it e

L I 4 . -7 1
g . TR | b | M I v e Traegdng

b._Wangtu granite gneiss: In the northeastern parts of the area, monotonous

mediun to coarse, prrEl?_y!r__ofc__lgstri'c gran'}i;.i‘(l: gpeiss is well:exposefj; having a
tectonised contact with the _gp(__ierlyingl ‘J'e,_orli Eormalt:!iop_,along‘the_iCh.aura
thrust. It imperceptibly grades into the undeformed granitoid near Wangtu,
where. 1t contains  numerous xenoliths and restites of highly foliated
metamorphics (Fig. 2.5 d). The whole complex is predomi-nant__g.ne_iss(ic' in character

and has been classified intq the Wangtu granite gneiss.

The porphyroclastic gneissic component is light to dark grey due to biotite
variation in the gneiss. The megacrysts are made up of quartz, K-feldspar and
plagioclase, which are wrapped around by biotite-muscovite flakes (Fig. 2.6 a).

Feldspar megacrysts are buff, elongated and slightly weathered, whereas quartz

A
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-Jare ‘26 a : Porphyvocldstic’ graniteé 'gneiss’ef’ the HHC hd ving elongateo
etric augen along S-C shear fabric. Note gradaticn cf augen gneiss into a
2 and development of barnded gneiss. Loc. : Near Ct

e o
i Cae

i

ieftrmedand mj_?lc i '.A;':ised Chor ranitcid snowingalterna ;:in.c-
lonit 3l mylonlte bands near cor.';act with th
ust. Loc. : Abocut 3 km W of Nauhra, Chor

""Fr
‘“1

‘igure 2.6 ¢ : Porphyritic granite of ¢ .« Chor granitosd with very coarse grained

guartz and f&dspar phynocryum of Ve £ryling s a‘:,as a '1d size embedded in fine-
graired mlca-rich groundmass. Loc. : l.ala section about £ km NE of Nauhra, Chor
mountain area.

-

ig jure 2.6 §d:Undeformed, dark pwoured massiveolivine doierite dykesoccurring

as Lolnincrusives mong ]O.L;‘.C-::a in the Cnor granitoid. Loc. : About 6 km NW of the
fLauvara village about 500 m above the main road.



FIG. 2.6
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is greyish, vitreous and fresh in character. S-C shear fabric and augen having
asymmtric tailswithin the granite gneiss indicate top-to-SW sense of movement.
Porphyroclastic granite gneiss misperceptibly merges into coarse grained

undeformed granite exposed, around Wangtu bridge.

Numerous metapelitic bands of biotite-rich schist and amphibolite occur as
restites within the Wangtu granite gneiss about 2 km to the NW of Wangtu
bridge, indicating a distinct intrusive relationship of the granite gneiss

within the metamorphics.

It may be noteworthy that three distinct gneissic components constitute

the HHC along the Sutlej valley (Singh, 1987):

(1) Dark coloured biotite-rich paragneiss alteration with mica schist and
garnetiferous mica schist of the Jeori Formation.

(11) Discordant fine grained, grey granite gneiss and its associated pegmetite
and aplite phase, intruding the Jeori metamorphics as discordant to
concordant igneous bodies along the lithological/metamorphic banding.

(111) The monotonous Wangtu granite gneiss of mostly porphyroclasticcharacter.

2.6 JUTOGH NAPPE

The term Jutogh was introduced by Oldham (1887 for a seqﬁence of limestone,
schist and quartzite, exposed around Jutogh and Shimla. It was subsequently
formalised by Pilgrim and West (1928). The base of the Jutogh sequence was
regarded as the Jutogh Thrust, along which the metamorphics are thrust over

the less metamorphosed Chail Series (Pilgrim and West, 1928).

The Jutogh Group metamorphics of Himachal Pradesh constitutes a major
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allochthonous nappe of low to high grade pelitic and semipelitic metamorphosed
rocks in the frontal parts within the Lesser Himalaya (Fig. 1.2; Pilgrim and West,

1928; Sharma, 1977; Srikantia and Sharma 1977; Srikantia and Bhargava, 1984).

2.6.1 Distribution

The Jutogh Nappe can be traced into two main outcrops in Himachal Pradesh

as one of the most important tectonic unit (Fig. 1.2)

(1) Chor mountain in the frontal parts, from where the Jutogh extends as-a
folded succession towards north around Narkanda and Luhri-Dalash aiea
(Virdi, 1971; Sharma, 1977; Bhargava et al., 1991). -

(11) Isolated pear-shaped klippe of the Shimla Hills.

Towards south, the Jutogh Group also contains the Chor granite massif as an
almost circular outcroping body, lying structurally above the netamorphics.
The Jutogh Nappe rests tectonically over the less metamorphosed Chails. The
Jutoghs are comprised of lower quartzite, carbcnaceous schizt and biack
marble, upper quartzite, mica schist and white marble. These metasediments have
been emplaced by basic bodies, now metamorphosed to hornblende schist and
amphibelite and a few undeformed and unmetamorphosed dolerite dykes. As has
been -observed by earlier workers (McMahcn, 1886,1887; Pilgrim and West, 1928;
Bisaria and Saxena, 1968), hornblend schist and amphibolite are confined only to
the Jutogh rocks and do not occur in the Chor granite, whereas dolerite cuts
across granite-metamorphic contact and post-date the emplacement of the Chor

granite.
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2.6.2 ILL.aiathology:

a. Jutogh Group: The frontal parts of the Jutogh Nappe reveal the following

mappable units:

(1) Lower quartzite: Tecono-stratigraphically,the lowermost unit of the Jutogh
Group 1s exposed around Shamra and is seperated from the carbonaceous schist
of the Chail Group by the well known  €hail Thrust. The quartzité'is grey to
yellow, fine grained, massive to poorly:foliated. It contains poorly preserved
ripple marks indicating normal stratigraphic sequence at least locally. The
quartzite predominantaly consists of quartziwith:chlorite}biotite, muscovite
and.iron~oxides as atcessories. With the indreasing mica' percentage, the rock
grades into quartz-mica schist'and phyllite. The mica mineral lineation plunges _
either towards east or west on the bedding foliation planes dipping gently
towards NE.
P T LR o ¥ ekt gy

(ii) Carbonaceous.schist and -black marble: The: guartzite is bounded by’
carbonaceous schist. having intercalated black marble bands on either sides.
Dark grey.to black thin.marble bands within the carbonaceéus schist contain
coarse:calcite and dolomite with gdrnet, epidote and':zoisite: Cdrbonaceous
schist is, highly friable and weathered with yellowish brown stains @ue to iron
leaching. It comprises of biaotite,graphite, garnet-and quartz. A Lower Cambrian
age has been assigned to the -carbonaceous schist on the basis of acritarch

remains (Sah et al., 1977). .-

(111) Upper quartzite: Schistose quartzite and mica schist intercalationoverlie’
the carbonaceous phyllite. Buff to greyish white quartzite contains quartz,
sericite, iron-oxide with small amount of biotite and zircon. The quartzite also

preserves locally developed cross-bedding indicating normal stratigraphy.
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(1v) Mica schist/gneiss: Different variations of schist and gneiss are exposed
overlying the upper quartzite units till the main exposure of the Chor granité
at the top is exposed. Medium grained reddish brown to dark grey, biotite-
muscovite schist contains numerous segregated quartz-rich schistose bands.
Foliated layers are intensely folded and locally sheared. Mica- rich. schist
imperceptibly grades into greyish-yellowish-brown, medium to coarse grained’
garnet;,iferods:rhica schist consisting of garnet, biotite, muscovite, feldspar
and quértr«;. Chlorite and ifon—oxides also occur as the alteration product of

biotite and garhet.

(v) Amphibolite: Dark Qréén'amphiboliﬁé bodies are associated with the Jutogh
metapelite ana'mérble as concordant to discordant bodies of varying thickness
upto 10 m. The émphibolite is well {oliated, and contains a distinct minerai
lineation of actinolite, chlorite and biotite. At places, the amphibolite aisc
contains a few garnet grains.

i

b._Chor Granitoid: The Chor g'rvanitvoid consists of biotite granite gneiss,

porphyrocléstic granite gneiss and non-foliated homogenéous granite, which are
intruded by dolerlte dykes Pilgrim and West (1928) opined that the Chor granite
is a laccollth whlch intruded into a “syncline' of the Jutoghs. The granitoid
is well exposed and occupy the high altitude. This body contains granitoid rocks
having buff to grey, fine to coarse grained and foliated to non-foliated
character. Three main granitoid types have been identified in the Chor

granitoid on the basis of their appearances.

(1) Biotite granite gneiss: The biotite granite gneiss forms the outer margin of
the Chor massif and is seen always along the tectonised contact with the Jutogh
metamorphics. Along the margin, the Chor granitoid is foliated with preferred
oriented mica, feldspar and quartz along the main gneissosity and lineation.

Marginally the granite gneiss contains many xenolith of the low grade



. 37
metamorphic rocks. The foliations within the granite gneiss and Jutogh
netamorphics is almost, pax;allelland_ 1S mylonitic in character (Fig." 2.6 b). A-few
ultramylonite bands mark the contact indicating the presénce of a tectonised
contact along the margin of the granitoid body.

(ii) Porphyroclastic granite gneiss: The porphyroclastic granite gneiss is grey,
very coarse grained and gompose_d of quartz,) .feldspar, bio.’t,.ite and mica vof
varying shapes and .size, (F1g,.2.6 c). The porphyroclasts are fractured and
deformed. The plagioclase feldspar occurs in subordinate amount to K—fel_dsp'a_r.l :
The latter registers gradual increase in size towards the interior due to which
the rogk attains a porphyroclastic, appearence (Fig. 2.6 c).l_Fel_c.ispar mega{z::ljxgst‘s 3
are mostly undeformed with beautiful subhedral boundaries and zoned mic‘a{
inclu$iqns. With increasing deformation“ towar@s the coptégt wi_th. thei.Jutogh
metamopphics, megacrysts, attain augen shap'eg__with__ e_lpngated tails in f‘ine

granied foliated grounmass (see Fig. 3.33 al.

(11i) Non—fgliated homogeneous gL:anit;ez Towardg north, the Chor granitoid body
grades into 1ight—g_oloured, no_n—f__oliated homogeneous granite in the intefior
of massif, having small  amount O.f biotite and muscovite in comparision to its_ :
margins. The large parf of the Chor granitoid lacks perceptiblg leiat_ifcv)n and
lineation, hence appears to be least defo’rm.ed."It 1s ';th,erefor‘e ideal»f_o.)’:_ U-Pb
dating (see Chapter 6)., "

c. Dolerite: Two types of dolerite dykes are pres:evnt in :th'e area. Peformed ahd.
foliated metadolerite bodies are encountered at 8 km milestone on the Nohra-
Shanra road having hard, massive, less foliated metadolerite lenses, Iv_vh';ch are
wrapped around by strongly foliated and weathered actinolite Ischist within the_
Jutogh metamorphics. Undeformed, dark coloured, massive olivine dolefite cuts
across the contact of Jutogh metamorphics with the Chor granitoid and occuvrs

as thin intrusives along joints with chilled margin (Fig. 2.6 d).



CHAPTER 3: DEFORMATIONAL HISTORY

i, e INTRODUCTION

The concept of deformational phases yields' a framework of successive
novements and deformational events by observing the geometric features in
rocks. Deformation leads to extension and contraction in different directions
in a body, and generally to shear displacement between layers. Structures thus
formed in the rocks due to the relative ductility contrast and orientation of
layers with respect to principal strain axes are related to rock rheology under
specific stress and strain rate conditions of deformation (Huber et al., 1980). The
following standard structural criteria are useful in identification of

deformational phases and successive movements:

(1) Structural forms showing characteristic geometric style reflects the
rock rheology. The structures, formed in successive phasces, often show
different geometric style because each deformational phase Lakes place

1n a particular pressure-temperalure-strain rale condition.

(11) Successive deformational phases produce small-scale structures, which
are supposed to give characteristic geometric interference pattern. That
is why events of different phases are distinguished at outcrop level with

their overprinting relationships.

The above concepts of deformational phases have been applied to the HHC and
Jutogh Nappe units of the Sutlej Valley and Chor Mountain to decipher the
deformational history and in understanding the tectonometamorphic evolution

of parts of the NW-Himalaya.
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The prestnL thapter deals with deLalled deformational phases of Lhe region
w1th a brlef desc,rlptlon distribu t1op and mutual, relationships of differeni:

structures and gran1t01d emplacement in various tectonostratigraphic.-anits.
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The ngher Hlmalayan Crystalllne (HHC) belt of the hanging wall of the Main

1
‘

Central Thrust (MCT) along the Sutlej valley section between Jakhri and Wangtu

t

1s thrust over the Rampur Group along an antiformally. folded thrust and
3 Imxu( L(-1 1ged by four (lJ‘xLlll( ‘L deformation phases. Of Lhese, 1 he seconed phiase
Dy is marked by prominent Sy axial-plane foliation, related to reclined N- to

NNI? —plunqlnq F‘, olds m(] A conxial gt pete lnng/mln(‘l Al ineatdon L Thesae -
structures were developed by southwestexlfy verging ductile shear during the
leualaxan Oregeny. o B L . ¢ ane]
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a. Flrst deformatlon phase (DX The first deformational phase D; in the HHC'is
(.’ l"v 4

nearly obscured However,va few 1solated .occurrences indicate the presence of'

earllest extremely appressed tight to isoclinal F; folds with very long-drawn

stretched hlnges and llmbs of, the 'flame type'. These folds are developed on
Sage
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The development of F) folds is also found on dquartz veins -and fine-grained

grey granitic bodies and associated  pegmat ite, o which il aerois | e
lithological/metamorphic banding Sg (Figs. 3,]1 b-d). In such cases, the foliation’

Sy, parallels the axial surfaces of the Fy folds and is ‘at an angle to
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di ithological/metamorphic banding Sp ©n Ihn limbs, Tn Hw gre y. | fine-grained
granitcid veinlets, this foliation is nok we]l developed and characterised by
poorly-oriented quartzo- feldspathic¢ minerals but becomes promlnent due to
strong preferred mica orientation (Figs. 3.1 ¢, d). In such cases, only one
foliation is seen in the veinlets. When traced into the pelites, this foliation
crenuiates the metamorphic bandlng Sy around the hlnge zone of Fy folds (Fig. 3.1
o) This £6liation is oriented at high angle to S, layering in tightly appressed
hinge zone (Figs. 3.1 b, c). The intrusive fine grained grey granitic bodies and
associated pegmatite bodies are emplaced either early during the Dy

deformation or syntectonic to this important, though poorly recorded, event.

+ Despite the presence of a few Fy folds, earliest linecar struct ures Iy are
generally not observed. Most £} folds exhibit oblique profile sections and lack
of suitable exposure of rock faces for meésurements. Ly lineation appears to Pe

obliterated duc to subsequent inf ense puwtx it1ve Dy deformation,

b. Second deformation phase (Dy): The structures, associated with the second
phase of deformation Do, are profusely developed in the HHC. The associated Fy
folds are mostly close to isoclinal and reclined in character with relative
thickening of fold hinges (Figs. 3.2 a4, b; 33 ) The Iy folds are developed eit her
on the' pre-existing metamorphic banding'(SO) or S; gneissosity/foliation, which
predates this most prominent deformation (Fig. 3.3 b). These folds mostly plunge
either Nor § at moderate to steep angles almost in the dip direction of their
axial plane foliation Sy (Figs. 3.2 a, 3.3 a). However, it is discordant to Sy/S; along
hinge zones. 8, foliatior can be seen developed at an angle to the former on the
limb or in hinge zones of the Fy folds developed on gne1851c bands (Fig. 3.2 a)
Otherwise, it parallels the Sp/Sy planar surface and is 1ndlst1ngulshable from

theseearlier foliation. in the present work, it is, therefore, shown as the maln

foliation Sm, wherever this foliation has been measured without aSSoc1ated F2
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Figure 3.1 a : Earliest, extremely appressed tight to isoclinal ¥; folds with very
long-drawn limb of “flame type~. Also seen are Type-3 interference pattern duc
to presence of F, folds at low angles to Fj. Loc. : Near Kinnu along Sarahan-Kinnu
road section.

Figure 3.1 b : Isolated hinges of Fy folds developed on fine-grained grey granite,
which cuts across the lithological/ metamorphic banding Sj. Loc. : About 7 km
from Sarahan along Sarahan-Kinnu road.

Figure 3.1 ¢:F- folds developed on fine-grained grey granite gneiss having axial-
plane foliation 8; across the vein. Loc. : About 10 km from Jeori upstream aiong
the National highway 22.

Figure 3.1 d: Fj folds on fine grained grey granite gneiss with long-drawn limbs.
Loc. : As in figure 3.1 c.









Figure 3.2 a : Isoclinal reclined F, folds with relative thickening of ;ou‘ hinges
and shearing of limbs in porphyroclastic granite gneisg. Loc. : Near Hugalsari
village.

Figure 3.2 b : F4, folds having sheared limbs and moderately thickened hinges of
competent gnelssm layers in garnetiferous mica schist. Loc. : Near S3arahan.

'*“a*'

Figure 3.2 c:5-C shear fabric in porphyroclastic granite gneiss bc.v" ng sigmoical
= r "
Su' l=j

bendlng of S- foliation due to C- shear zones. Also seen are asymmtrice. fel
augen having o tails. Loc. : Near Bhabhanagar, abou® 4 km upstream o= '1: =
river.

Figure 3.2 d : S- and C- shear fabric with asymmetrical disposition of
guartzo-feldspathic augen in XZ section showing SW-vergence of the upper block.
Loc. : About 4 km from Nugalsari towards Jeori.
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Figure 3.3 a : Isoclinal reclined F, folds developed on the pfe—existing S
foliation/gneissosity with relative thickening of their‘hinges-and'crenulation
of earlier foliation. Loc. :, Cowe '

Figure 3.3 b : Sketch of developméht of F, folds on tf\e"preexisting metarﬁorphic
banding Sp or S; foliation/ gneissosity from the photograph taken near.

Figure 3.3¢ : Sketch of developmant of F, folds and S,.axial plane foliation on
preexisting 5, foliation. :

Il

Figure 3.3d: Sketch of dévelopment of F,y, isoclinal in¢lined fié)'las. ant-i'S3;5l axial
plane foliation near Chaura village.

Figure 3.3 e : Sketch of thedevelopment of crenulation Fyp folds and related S5,
axial plane foliation withif'the quartz vein and pelitic rocks along the Maglad
gad near Jeori village. ' - 3 3

Figure 3.3 f : Developnent of crenulation Fy;, folds and rel_—até_dfsl 3 axial plane
foliation on the main foliation Sm about 6 km upstream of the Sutfe’j river from
Jeori village. . o

1

~ ALL SKETCHES.ARE DAWN FROM FIELD PHOTOGRAPH
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folds. The main foliation strikes approximately N110° and dips either Nor S at
moderate to steep angles upto 70°. Steepening of the main foliation towards NE

is noteworthy nearer to the contact with the Wangtu granite gneiss.

In the pelitic and psammitic sequences, S, foliation as well as the main
foliation Sy, are defined by preferred orientation of the phyllosilicate and
quartz (Fig. 3.3 ¢), while a few amphibolite bands reveal preferred orientation
of actinolite. In the northeast and elsewhere, granitic gneiss is characterised
by the porphyroclastic growth of both K-feldspar, plagioclase and quartz,
which are wrapped around by mica. Long axes of megacrysts 1in porphyroclastic
granite gneiss generally lie in Sy planes with development of S- and C-planar
surfaces (cf., Berthe et al., 1979). S-surfaces sweep around the megacrysts with
their asymmetric tails defining newly-developed C-shear surfaces (Figs. 3.2 ¢,d).
Angular relationship between S- and C-surfaces shows presence of ductile shear

zones (Fig. 3.2 ¢; Berthe et al., 1979).

The prominent lineation Ly is developed as stretching/mineral lineation,
either on Sy foliation or main foliation Sy Ly is characterised by preferred
orientation of prismatic, flaky or inequidimensional minerals in all the
lithotectonic units. It is generally coaxial to the F, folds and plunges
moderately due N to NE or S to SW in the whole area. According to Escher and
Waterson (1974), stretching lineations is indicative of direction of tectonic
transport in orogenic belts and widely considered to have originated during

crustal shortening in ductile shear zones.

c. Third deformational phase (Dy) : The third deformational phase Dy is
characterised by two distinct phases, which are classified here as early D,, and

late D3}, deformational phases.

In the Dy, phase, Fy, folds are mostly isoclinal to tight, inclined-type with
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gentle to moderately inclined axial surfaces 'and marked by mocderate thickening

of competent layers in hinge zones {Figs. 3.3!d, 3.4 a). The Fy, folds plunge either .

ENE or WNW at low angles. The axial plane foliation Sj,, associated with Fy i

folds, reveals recrystallised phyllosilicate and quartz (Fig. 3.3 d).

In the later D4y phase, probably of the same deformational ‘event, Fy, folds
are mostly crenulation-type having angular to rounded hinges (Figs. 3.3 e, f; 3.4
b), whose axes form a prominent lineation. These folds are coaxial to Fy, folds
and plunge gently either ENE or WNW. These folds show variable interlimb angles
ranging from 30° to more than 100° and wavelength-amplitude relationship
depending upon lithological @ contrast (Fig. 3.4 b).:The Fy, folds are mostly
asymmetric in character and southwestward-verging (cf., Butler, 1982). In hinge

zones of the Fy, fold, earlier L, lineation plunges gently on either side due to
3b 2

folding. The axial planar fcliation Sy, of these folds in metapelites and granite:

gneiss strikes N 100° with dips varying betweéen 45° to 80° towards N or S.

d. Fourth deformational phase (Dy) : The effects of late deformational phase D,
are weak and sporadic during specific brittle-ductile and brittle-type local
conditions. Thrust-faults, shear bands and guartz-filled tension gashes are

developed during this late stage of deformational history. Further, very gently

northerly plunging open crogs-folds are also depicted from synoptic diagramsi .

of S, foliation and folding structures of Dy phase. These folds are mostly ,

culmination and depressions.

Thrust faults cut across the crenulation foliation 8y, at gentle to moderate

angles (Figs. 3.4 ¢, d), indicating post-Dj deformational structures of

discrete-typé with northerly dipping pilanar to undulatory surfaces. These ‘|

faults contain cm-thick fault gauge having ‘distinct shear-controlled

subparallel foliated character and reveal south-verging movements of the, -

hanging wail {Fig. 3.4 c). Roof'and floor thrusts are very distinctly observed, at.
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places, to generate 'duplex geometry:of these thrust zones (cf., Butler, 1982). It .
appear ‘that numerous such thrust. ‘faults are indicative-of the overall MCT
geonetry in the brittle zone and have evolved during thrust movements: Within
the fault zones, discrete surfaces are'developed in orientationof displacement
shears (D-shear), Riedel shears (R-shears), conjugate shears (R-shears) and

P-shears to produce shear: lenses. '

3I.2.2. Superposed fold patterns

Interference fold patterns, precduced by superposition of foldsof different
generations are common in ‘the. HHC and useful in deciphering the .age
relationships-and deformational patterns. However, no large-scale mappable
interference pattern controlling the distribution of various lithotectonic .
units within the BHC: has been recorded in this region probably due to lack of.
useful widespread marker lithounits and steep rugged terrain. The interference
patterns of Type-2 and Type-3, described by Ransay (1967), have been observed -

due to‘overprinting of the following folds-of different generations.

Fold systems ... Type of fold interference patterns
Fy Fy Type-3
Fy Fia Type-2
Fy Fip Type-2
Fygr b Bygoone ! Type-3

a. Type-2 fold interference pattern: This patterns is noted due to overprinting
of gently plunging F4, and Fy; folds on reclined F, folds (Figs. 3.5 a, b; 3.6 a, ¢k Fy,
and Fyy, folds have westerly striking and steeply dipping axial surfaces with NW-

plunging hinges; while'Fy folds have NE-plunging hinge zones (Figs. 3.5 a, b;3.6 a,
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Figure 3.4 a : Isoclinal to tight F3, folds having gently plunging hinges and
stteply dipping axial surfaces. These folds are marked by moderate thickening
of competent layers in hinge zones near Chaura.

Figure34d b: Fq;, crenulation folds showing variable interlimb angles between 30°
and 100° and si)ight movement along prominent axial plane foliation Syp, along
Maglad gad. ‘

Figure 3.4 c:Small-scale thrust surfaces cutting across the F3, crenulation folds
and showing movenent of the upper block towards right hand, Also note presence
of lensoid shape duplex due to roof and floor thrust. Loc. : About 4 km upstream
from the Jakhri.

Figure 3.4 d : Sketch of the same thrust surfaces marked by the layers of brittle
fault gouge.
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Figure 3.5 a : Boomrang shaped Type-2 and hook-shaped Type-3 interference fold
pattern produced due to overprinting of F p and F3_ folds on Fy and of Fy,0n Fa,
folds respectively. Also note that recumbant F a fo?ds and crenulation Fqp, folds
are developed during Dy deformation. Loc. : Near temple after Nugalsari.

Figure 3.5 b : Hook-shaped Type-3 interference fold pattern produced by
superposition of Fy;, fold on Fy fold about 3 km downstream from the Chaura along
the national highway 22.
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Figure 3.6 a : Sketch of flgure 3.5 a show1ng boomrang Shaped Type- 2 .and hook
shaped Type-3 interference fold pattern. A 2

Figure 3.6 b : Sketch of hook-shaped Type-3 interference fold pattern produced
by superposition of F3b led on F,y fold near Jeori.

7. ) g ]

.7.

Figure 3.6 c: Sketch of flguxe 3.5'b hook-shaped Type-3 1nterference fold patfterr)l
produced by superposition of F3b fold on, F2 fold
T R , i (,./ /J !
'y 3 7 3 l l ld l 1
Figure 3.6 d : Hook-shaped Type-3- interference fold pattern, produced by
superposition of Fyp fold on Fqy fold near Nugalsaxl v1llage.. '

' ; ] 7' _ o _ ,v-'-;'
Figure 3.6 e and 3.6 f : Sketch of hook-shaped Type-3 interference £&1d pattern
produced by superpositioning of Fy, fold on Fy, fold about 4 km downstream from
the Nugalsari Vlllage

ik
N\
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c). Type-2 mushroom-shaped interference pattern gives rise to mirror image
pattern (Figs. 3.5 a; 3.6 a), which has resulted from superposition of Fy, folds on
Fy folds. In such cases, Fy folds become nonplanar-noncylinderical, while Sjy

axial surfaces of the F3, folds remain planar.

b. Type-3 fold interference pattern: This pattern has been observed by rare
superposition of F, folds on Fj isoclinal folds (Fig. 3.1 a) and in other instances
by more common superposition of Fy, on Fy, folds (Figs. 3.5 b; 3.6 c-f; 3.7 a-ck
Hooked- shaped interference pattern involves the Fy isoclinal folds of the D,
phase with the superposed F, folds (Fig. 3.1 a) with axial surfacesstriking nearly
parallel to those earlier F; folds but dipping steeper at an angle of about 10 to
20x to the S; foliation (Fig. 3.1 a). Near coaxial relation of F, with F; folds

indicate the latter to be also approximately northerly-plunging in this region.

Type-3 fold interference pattern is more commonly observed due to
superposition of Fy, folds on NW-plunging isoclinal to close and coaxial Fjy,
folds (Figs. 3.5 b; 3.6 c-¢e; 3.7 a). As a result of superposition of nearly coaxial Fy,
and Fy, fold systems, considerable rotation in attitude of axial surfaces of F;,
fold has been observed. In such cases, a nearly continuous variation in dips of
sub-horizontal S, axial plane foliation can be seen to moderately and steeply

dipping (Figs. 3.7 b, c).

3I.2.3 Structural analysis

a. Apnalysis of individual domains: For structural analysis of the Jakhri-Wangtu
area, data on various structural elements from different deformational phases
were collected along certain traverses and plotted on 1:50,000 scale. Considering
the overall set-up and structural homogeneity, eleven domains have been

delineated (Fig. 3.8). The fabric data of each domains were then plotted on lower
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Figure 3.7 a : Hook-shaped Type-3 interference fold pattern produced by
superposition of Fyp fold on F4, fold along the Maglad gad near Jeori village.

Figure 3.7 b : Hook-shaped Type-3 interference fold pattern produced by
superposition of Fy, fold on Fy, fold near Chaura along the national highway 22,

Figure 3.7 ¢ : Hook-shaped Type-3 interference fold pattern produced by
superposition of F p, fold on Iy, fold about 4 km upstream from Nugalsari on the
national highway 2%.
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Lemisphece of the Schmidth VEqual Area Net and contoured, wherever sufficient
observations on individual structural elements in each domains are available
(Table 3.1). Well known principles of structural analysis have been adopted in
the present investigation, as has been described by Turner and Weiss (1963),
Ranmsay (1967) and Ramsay and Huber (1983). Spatial variation of different
structural elements ahve been shown in Figures 3.9 and 3.10, while Figure 3.11
shows the trajectories of main foliation and lineation. Due to consistent
structural homogeneity, and to avoid repetitions various structural elements
have been shown on Schmidt plots from each domain (Figs. 3.12 to 3.19) with their

synoptic pattern described below.

b.Synoptic structural pattern : Investigations on the mesoscopic scale in
individual domains have demonstrated a complex orientation of the most of the
structural elements due to distinct superposed deformation phases. In the
Jakhri-Wangtu section, the HHC unit has been macroscopically analysed for

deciphering different distinctive characters.

(1)_S,; foliation and F;_folds: Evidence of earliest deformation D, are rarely

observed along the Jakhri-Wangtu section. Flame-type F; folds are exposed in
such a manner that it has not been posible to measure their hinges. These folds
happen to produce type-3 interference pattern with F, folds (Fig. 3.1 a), hence
it can be inferred that the F) folds are NE-plunging at low to moderate angleé.

Their axial plane foliation S, strikes nearly E-W and dips 30-50° /N-NE.

(11)_Fy_folds: The Fy folds are developed on the earlier foliation- and most

prominent in metapelites and metapsammites of the Jeori Formation. These are
very sparsely developed in the Wangtu Granite Complex. Fy folds regionally
plunge 37°/N 14° (Fig. 3.20 a).



Table 3.1 : Structural data of different domains from Jhakr?i
Wangtu region along  the ‘Sutlej . valley, Himachal

Pradesh.
DOMATN ROCK TYPE AREA STROCTURAL ~ ORIENTATION == FIGURE
FABRIC
I Garnetiferous mica  Around Jakhri 1S, Due south 1.12 4
schist and banded  and west of F, Due norkh 112 b
gneiss Gaura village L N 12°/38° 312 ¢
15, N 105°/40° /N 1124
185 N135°/72'/ME 312 e
N 135°/84°%/sH
Pin Due east 3,12 f
I1 Garnetiferous mica  Confluence of 15, Due south 313 a
schist, banded Haglad Khad F, Due north 3.3 b
gneiss and with Sutlej | N6°/38° I3
amphibolite River 1 S N 74745 /n 3.13 4
1S3 N 140 /16° /R 3.13 e
Pip Due B and W 313 f
111 Garnetiferous mica  Along the 15, Due south J 14 a
schist, handed National . F, Due north I b
gneiss and a thick Highway 22 | LVAYELY LW
. amphibolite band 1 Su N 96*/44° /0 3144
1S3 N 96°/82° /N Il
N 105°/80°/8
Fip Due E and W 3.4 F
v Garnetiferous mica  Around Kinnu 15, Due south 1.15 a
schist and qartz-  village in the F, Due north 305 b
mica schist upper reachs of | N 134738 3.5 ¢
Maglad Khad along N 188t/1°
the right bank 1 Sy NIt
1S3 N 89°/62' /N
¥ 93/72/8
Fip Due E and W 3.05 f
y Garnetiferous mica  Around Bannaya 1 Sy N175' /30 /R 3.16 a
schist and banded  village on the L, Due porth J.16 b
gneiss right bank of 1 Sap N109°/45° /0 3.6 ¢
Maglad Rhad N 109°/88°/S

Fip Due east 3.16 d
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Table 3.2 continued...

DOHATN ROCK TYPE AREA STRUCTURAL ~ ORIENTATION FIGURE
FABRIC
VI Garnetiferous mica Along National 18, Due south 3.17 a
schist and banded  Highway 22 and F, Due north 3.7 b
gneiss 0]ld Hindustan- L, N 14°/57° I e
Tibet road 1 Sy N L01*/57¢/N 3174
N 101°/89%/5
1S3 N 105°/83°/8 307 e
N 106*/88° /%
Fap Due ESE and WEW 3,17 f
VII Porphjroclastic Around Chaura 1 Sy N 102°/70% /R J.18 a
Wangtu Granite village N 102°/89%/8
Gneiss L, N 337 /60" 3.8 b
VIIT  Porphyroclastic NE of Chaura 1 Sy N 1070765 /N 3.8 ¢
Hangtu Granite village N 107°/87¢/8
Gnelss |7 N 305°/55°¢ .18 4d
1% Porphyroclastic Along National 1 Sy N 134°/88° /N J.1B e
Wangtu Granite Highway 22 N 13474348
Cneiss I, N 254°/54° 3,18 f
X Porphyroclastic Along Rational 1 8y N 155 /31° /W 3,19 a
Hangtu Granite Highway 22
Gneiss L, Due SW 3.19 b
X1 Porphyroclastic Around Wangtu 1 Sy N 85¢/62° /N 3% ¢
Hangtu Granite village
Gneiss I, N 3340/58° 3.194
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Figure 3.14 : Stereograms of different structural elements of Domain III (see
Table 3.1 for datails).



121/22/N

C.1.- 2.0 sigma C.I.= 2.9 sigma

89/62/N

93/72/S

C.I.= 2.0 sigma

e

f

Figure 3.15: Stereograms of different structural elements of Domain IV (see Table
3.1 for datails).
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Figure 3.18: Sterecgrans of different structural element s of Domain VII, VIII and
IX (see Table 3.1 for datails).
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Figure 3.20 : Synoptic stereograms of the D, deformational event from the HHC.
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(1ii) S, foliation: The axial plane foliation Sy, associated with the F, folds is
slightly oblique by about 20° to the main foliation Sy-strikes N 79° with a dip
of 44° towards. N (E‘ig 320 b). These foliations are defined by preferred
orientation of feldspar, quartz and phyllosﬂlcates.

(iv) L, lineation: The most remarkab]_e;E structural feature of this regio'n?is the
considerable homogeneous mineral/s_firetchin:g lineetion_‘_L.z in'é_ts amod;nt and
orientation (Fig. 3.20 ¢). On macroscopic scale, éhﬁl‘.la_s‘_lineati_bh plunges 38°
towards N 4°. However, a few domains reveal‘stee‘pef" plunge and variable

orientation due to presence of the latter macroscopic scale folds near the root

zone (domain VII, VIII, IX and X).

(v)_S_M foliation: Due to intense penetrative repeated D; and D,y deformations,
earliest metamorphic banding/lithological layering Sp and S; foliation have
transposed into a consistent most proninent main foliation Sy. This foliation
strikes N 109° and dipé 45° N (Fig. 3.20 @). It may be 'hoteworthy that Sy and S,
foliation dip at the same angles, whil_’e these have slightly discordent strikes.
Only in the hinge zones of Fy folds,_:it has been possible to distinguish and
seperate S, foliation from the main foliation Sy. It is also been.observed that
Sy foliation is subsequently affected by folds during't-:he'[\)a deformational

phase.

It has also been noteworthy that a gradual steepening of the main foliation
Sy takes place from the MCT towards the Wangtu Granite Complex, which also

contains numerous almost vertical dipping metamorphic enclaves.

(vi) S4, foliation: Synoptic diagram of poles to Sy, foliation, an axial plane
foliation of recumbent to gently inclined Fy, folds, shows near complete girdle
(Fig. 3.21 a) striking N 140° with a m-axis plunging 16° N 50°, thus indicating

effects of later cross-folds in this part of the Higher Himalaya.
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100/35/S
102/82/N

C d

Figure 3.21 : Synoptic stereograms of the Dy deformational event from the HHC.
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(vii) Fq, fold hinge: A few Fqy, fold hinges clearly depict a spread in their
orientation and amount of plunge towards N and NW (Fig. 3.21 b).
(viii) S3b foliation: Synoptic dlagram of the Sy crenulatlon follatlon\ show that
the S3b fOllathI’l strikes N 100° and N 102° with a dlg towards 89° /S and 82°/N
respectlvely (Fig. 3.21 ¢). The corresp\ondlng T Sqy glrdle reveals its axis plunglng
gently towards E, which apparently coincides with the F3b folds 1ndlcat1ng the

! o
fannlr\)g of the Sy}, foliation. Lo

]

(1x)_Eq4 fold hinge: Synoptic diagram of Fy, fold hinges indicate a considerable
spread of plunge along a partial girdle with two point maxima corresponding to
48°/ N 298° and 22°/ N 101° (Fig. 3.21 d). The formation of this girdle is due to the

development of late D, culmination and depression.

3.2.4 Strain analysis

a. Choice of strain markers: The Wangtu granite gneiss abounds in

porphyroclastic feldspar grains with distinct grain boundaries. These are

enhan/ced by dark coloured phyllosiiicates and t':ransluscent quartz. Feldspar.

gralns appear to have syntectonlcaily stretchefi and elongated during the Dy

defomatlon and attained distinct measurable gra{.h boundaries. Strain analysis
\
of the Wangtu granite gneiss was undertaken to dellneate strain patterns of the
Dy deformatlon, because . the Wangtu granite gnplss appears, to have been
; 1

emplaced after the HHC had undergone the Dy deformatlon. N

b. Methodology: The break-up of material used for strain analysis is as follows

(Fig. 3 22): 9 sanples, photographs of Xz and YZ planps from one locality,and 6
tra(*1ngs of the XZ planes from dlfferent localltles Approximately 50 to 120
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- Figure 3.22:Structural map of the main foliation and lineation showing location
of samples from porphyroclastic granite gneiss of the Wangtu granite complex
of the HHC, used for strain analysis along the Sutlej valley.
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feldspar megacrysts were measured on each of the XZ and YZ sectlons Rock
sampleg were polished and tleated with lacquer to enhance visual QOntrast

between graln outlines. These were then traced on- a cellophane tranSparent

. sheet so as to simplify measurement of long and short axes of grains. The angle

PR
[

m, subscribed by X—axislof individual grains with a reference line parallel to ;
the trace of the foliation S,» has also been measured. : ‘
Comparative strain analysis by Rf/¢ method (Ramsay, 1967; Dunnet, 1969; Lisle,
1977,1985), long/short axis method (Ramsay, 1967), centre-to-centre method (Ramsay,
1967), and 'nearest neighbour' centre—to—eentre method have been attempted by
many workers. It has been repeatedly -'.emphasised that Rf/¢ method, though
somewhat time—consuming, provides most reliable and reproducible results,
hence the Rf/¢ method has been adopted in the present work. Onion curves of
Dunnet (1969) and Lisle (1985) were used in the determination of Rs values. Three

dimensional strain data were plotted on Flinn, logarithmic and Hsu graphs (cf.,

Ramsay and Huber, 1983) and given in Table 3. 2

Ce -Tmo dimensional analysis: Rf/m data from the selected samples and photographs
were plotted and matched with the onion curves (Fig. 3.23 - 3.27). Most of the data

if )
¢ plot symmetricall_y in Rf/¢ graph indicating a general lack of initial preferred

fabric before the main deformation.

Rs values in XZ section of the Wangtu granite gnelss varies from 4.0 to 8.5.
The variation in the Ry, values is not continuous but follows a partlcular
trend. As one moves from the contact of porphyroclastlc granite gnelss with
garnetlferous mica schist and gneiss of the Jeori FOL matlon, Ryz Values\attaln
a maximum of 8.50 in the centre of atleast three ENE-trending zone. RXZ

i
1

decreases on either side of these zone to almost 4.0.

{

d. Three dimnensional analysis: Two-dimensional finite strain data of al{
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TABLE-3.2 : Two: dimensional strain wvalues of Porphyroclastic
Wangtu granite gneiss from the Sutlej Valley,
Himachal Pradesh.

SN Sample no. Section Rfmax Rfmin ‘ Rs(calc) Rs(grap.)
1. cl X7 11.27 3.05 5.86 5.75
YZ 5.85 2.30 3.668 3.60
2. Cc2 X7 7.814 3.502 5.23 5.25
YZ 4.8266 2.196 3.25 3.2
3. Cc3 X7 6.82 3.067 4.575 4.4
YZ 66.428 2.65 4.127 4.2
4. c4 X7 14.583 4.8 8.366 8.5
YZ 7.56 2.53 4.37 4.0
5. Cc5 X7 8.48 2.77 4.84 4.8
YZ 3.09 1.724 2.308 2.3
6. c7 Xz 6.21 2.836 4.1966 4.0
YZ 3.88 2.105 2.857 2.85
7. Cc8 XZ 7.475 2.98 4.719 4.8
YZ 6.475 2.5433 4.058 4,0
8. Cc9 X7 10.375 2.295 4.879 5.0
YZ 3.718 2.384 2.97 2.85
9. c10 Xz 7.606 4.560 5.88 5.75
YZ 4.611 2.074 3.09 3.0
10. PL7 X7Z 7.42 2.8417 4.59 4.6
YZ 5.1038 2.5888 3.63 3.6
11. T1 X7 8.5714 2.808 4.90 5.0
12. T2 XZ 10.18 2.692 5.40 5.5
13. T3 X2 11.42 2.941 5.79 5.75
14. T4 X7 10.7 3.372 6.00 6.0
15. T5 X7 9.35 3.00 5.29 5.25
16. T6 XZ 18.566 4.06 8.68 8.5




¥

Figure 3.23 : Rf/¢ plots of XZ and YZ planes of samples (a) Cy (b) Cy and (c) Cy.
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Figure 3.24 : Rf/¢$ plots of X2 and YZ planes of samples {a) Cy (B) Cg and () Cy.
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Figure 3.27 : RE/$ plots of YZ planes of samples (a) Ty (1) Tc’;((.-') T and (d) Tg.



80

feldspathic-porphyroclasts by Rf/¢ techniques are integrated for three
dimensional strain analysis to determine the shape of strain ellipsoid and
values of dlfferent strain parameters viz., k K, 1 and es (Table 3.3). Different

graphical- methods are used for shape analysis of the strain ellipsoid.

(1) Flinn graph: On the Flinn graph, all data points are lying in the flattening
field (0< k< 1) withk values varying from 0.0125 to 0.832. The variation in the k
values are not continuous and ranges from nearly uniaxial prolate ellipsoid to
nearly prolate-oblate and thus approaching the field of plane strain (Fig. 3.28
ak As one moves away frorh the cenfact of porphyroclastic granite gneiss with
the garnetiferous mica schiet, k values are maximum (0.831) near the contact and

decrease to 0.066 away from the contact towards higher tectonic levels.

(11) Logarithmic.plot: On the logarithmic plot, all data points lie in the

flattenlng field © CK < 1. The values of K varies from 0.027 to 0.879 and range
fromn nearly uniaxial prolate strain ellipsoid to nearly prolate-oblate field
(Fig. 3.28 b). Type of strain is mostly finite flattening strain, except in one

sample where straln is nearly plane strain.

(111)_ Hsu plot: In the case of the polar graph, all the data points are iyihg
again in the flattening field (0 < 1 < +1). The values of 1 varies from +0.0643 to
+0.9474, whereas the values of es varies from 1.02 to 1.53 (Fig. 3.29). As one moves
away from the contact of porphyroclastic granite gneiss with the
garnetiferous mica schist, es values are maximum (1.25) near the contact and

gradually decreases to 1.02 in the western part into higher tectonic levels.

(iv) Strain variation in profile section: The trend of regional foliation and

orientation of strain ellipsoid in parts of porphyroclastic Wangtu gneiss
indicate that this zone probably is made up of atleast three subsidiary ductile

shear zones with bulk strain field of flattening-type throughout the
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TABLE - 3.3 : Three dimensional strain values of Porphyroclastic

Wangtu granite gneiss along with different
parameters wviz. k, K, and €s from the Sutlej

Valley, Himachal Pradesh:

i SN'Sample No. Bys Ryz Ryy X¥:2: InRy InBe InRg kK ts
i
B f. _E; V 575 3.6 1,59 5.75:3.6:1 1.28 0.46 l.749> 0.226 0.362 0.4684 1.29
| 2. ¢;> . 5.25 3.2 1.64  5.25:3.2:1 1,16 0.49 1.658  0.291 0.425 0.4035 1.20
3. é3 L4 4.2 1.04  4.40:4.2:1 L8 0.039  1.48  0.0125 0.027 0.9474 1.19
b, C, §.5 4.0 2125 8.50:4,0:1 1.38 0.753 214 0.375 0.543  0.2961 1.53
S0 Gy -7 A8 13 .08 4,80:2.3:1 0.83 6.73 1.56 0.831 0.879 0.0643 1.10
B0 O D 085 140 4.0:2,8501 LoE 0y 1.38 0.216 0,32  0.5151 1.02
. G A8 0 L2 4.80:4.0:1 1.38. | 0.18 1.56 0.066 0.13  0.7699 1.21
IR Cg; | 5.0 .85 115 5.0:2.85:1 1.04~ - 0.55 1.60 0,405 0.534  0.30378 1.15
9. Lo 575 3.0 1,92 5.75:3.0:1 1.09 0.65 1,749 0,460 0,594  0.2547 1.25

10. L, 4,60 3.6 1.28  4.60:3.6:1 L2 0,247 15260 0,356 0.193 0.676  1.16
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Figure 3.28 b: Logrithmic plot showing strain data of samples lying in flattening
field.
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Figure 3.28 a : Flinn graph showing strain data of samples lying in flattening
field.
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Figure 3.29 : Hsu plot showing strain data of samples lying in flattening field.
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progressive deformation (Fig. 3.30). It is, therefore, evident that the contact
petween the Wangtu granite gneiss with garnetiferous mica schist appears to
be a ductile shear zone, which is indicated by the presence of many charac.ers

cf ductile deformation regime described above.

3.2 DEFORMATION PATTERN OF THE

TJUTOGH NAPPE

B .23 .1 Chory Mountain region

The Chor Mountain region comprises granitoid and associated metamorphics,
which are classified as the Jutogh Group. This region exhibits three distinct
deformational phases, of which the most prominent and first Dy phase produces
a distinct nearly horizontal E or W plunging folds and a coaxial lineation. As
this deformational phase corresponds to D, deformation of the Higher
Himalayan Crystalline (HHC) and inner parts of the Jutogh Nappe along the Sutlej
Valley, deformational history of the frontal Chor Mountain area have been

described with D connotation.

a. First deformational phase (Dgy: This deformation phase is most penetrative
and widespread in frontal parts of the Jutogh Nappe and has also been
recognised by earlier workers from the Jutoghs of the Simla Hills (Naha and Ray,
1970, 1971, 1972; Dubey and Bhatt, 1991) and the Chor Mountain (Kanwar and Singh,
197S; Kishor and Kanwar, 1984, 1986). During this deformational phase, a series of
minor folds are formed. Recumbent, gently inclined to reclined-type Fqy folds
have been observed on the bedding planes S¢p and are prominently seén in
gquartzite schist alternations (Fig. 3.31 ’a') and marble bands along the

Nauhra-Shamra section. The Foy foldsare tight to isoclinal folds with thickened



Figure 3.30.: Cross-section of the ductile shear zone DSy, DSy and DSs, regiona_:’[_
foliation and orientation of XZ plane of strain ellipsoid in parts of
porphyroclastic Wangtu gneissic complex near the Chaura Thrust along the Sutlej

valley.

S8,



figure 331 a : Recumbent, gentiy inclined and non-plunging F 1 folds on zhe
bedding planes Scp in quartzite-schist alterations of the Jutogh metamorphics
along Nauhra-Shamra section, Chor Mounta:n.

Figurce 3.31 b: Marble and amphibolite in the sutogh metamorphic having isoclinal

Fop foldswith considerable plastic flow about 1.5 km towards Shamra £from Hathra.
Note type-3 interference pattern between £o1 and Fpy folds.

Figure 3.31 ¢ : Axial plane foliation Sci in porphyroclastic augen gneiss cf the
Chor granitoids near the margin with the Jutogn metamorphics along the Raundar
Ka Khata nala. Note smali-scale intrafolial Fp «olds affecting the megacrvsts.

Figure 3.31 ¢ : Porphyritic granite of the Chor granitoid body about 5 km ENE of
Nauhra. Many subhedral feldspar megacrysts show strong prefered orientation
without any shape modification in foliated fine grained groundmass.
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hinge zones and mostly of Class 1C to 2 (cf. Ramsay, 1967), Fcp folds plunge at
gentle to moderate angles, both E or W and have more or less constant
orientation in the area. Limbs of these isoclinal folds in marble bands have
undergone considerable plastic flow (Fig. 3.31 b). The coaxial mineral/stretching
lineation Fy; is associated with Fc1 folding and marked by preferred orientation
of mica, amphibole, stretched quartz and feldspar grains in the country rock.
Axial plane foliation Sc1 dips gently on a regionl scale (Fig. 3.31 a), but is also
nearly vertical at places. It is marked by preferred orientation of
phyllosil'icates and feldspar. Sq; subparallels the bedding surface Sco on the
limbs of Fn, folds.

The axial plane foliation Scyr related to Dp) deformation event, is most
prominent and found throughout the area in metapelites and metapsammites as
well as in the granitoid along the margin with Jutogh metamorphics (Fig. 3.31 c).
This foliation can also be designated as main foliation Scp @and is seen
throughout the area (Fig. 3.32 a). The pattern of = Spp defines almost a complete
girdle whose axis plunges towards E, indicating the effect of subséquent Fro
folding. However, Sc1 foliation trends almost E-W regionally and dips both
towards N and S at moderate to steep angles (Fig. 3.32 b). The Lcp lineation is
mostly found on the main foliation Scpy and plunges coaxially to Fop folds
towards east or west at gentle angles (Figs. 3.32 ¢, d). On the macroscopic.scale,
the Lq lineation is considerably homogeneous in its amount and trends, which
is almost parallel to the strike of the main foliation Scyr unlike the leneation

pattern in the HHC and interior parts of tthe Jutogh Nappe (Table 3.4).

Main foliation in the Chor granitoid: The main foliation Scy; In the Jutogh

metamorphics and the Chor granitoid is subparallel to each other. The Chor
granitoid body has developed a very prominent mylonitic foliation due to

intense shearing along the contact with the Jutogh metamorphics. This foliation
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:E‘:Lgure 3.32 a:Structural map.of Chor Mountain region showing main foliation Si
-and lineation Ly; in the Jutogh metamorphics.

Figure 3.32 b : Synoptic n - diagram of main foliation Sem/Sey from the Chor
Mountain.

E-lgure 3.32 ¢ : Synoptic stereoplot of mineral ]1neat10n LCl from the Jutogh
metamorphics around Nauhra and Shamra area.

Figure 3.32 d : Scattered plot of a few Frp folds from Chor Mountain area.

Figure 3.32 e : Scattered plot of a few poles to crenulation foliation S¢y from .
Chor area.

Figure 3.32 f : Crenulatlon fold Fpy from the Chor Mountains showing a hlgh
scatter due to later folding.
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Table 3.4 Deformational history of the HHC in the root zone and
the Jutogh Nappe in the frontal part, Himachal
Pradesh, India.
DEFORMATIONAL AREA
PHASES
SUTLEJ VALLEY (Singh, 1987) SHIMLA-CHOR AREA (NMaha and Ray, 1972;
& Kishor and Ranwar, 1984)
P, @ tight to isoclinal with longdrawn
linbs,
tare with tightly appressed narrow
Dy hinge. ABSENT
Sy ¢ parallels the lithological layering
of metamorphic/sedinentary origin
P2 : developed on §, Fy @ reclined to recumbent fold
close to isoclinal, reclined, plunging plunging moderatly £ or W
down the dip either NNE/SSH most prominent
b, ¢ mineral/stretching lineation Ly @ mineral/stretching lineation
parallels the F, mostly E-W horizontal in attitude
D, developed oi §; foliation plare or
composite 8o, Sy, $; plane designated as
main foliation Sm
§2 t most prominent planar fabric §, ¢ axial plane dipping at high angle nearly
striking ESE-WNW vertical
dipping NNE or SSW most prominent in the area
Faut 1soclinal inclined to recumbent type F, @ gentle nearly upright
Dsa plunging ESE/WNH at low angle nearly horizontal plunging £ or W
folding feeble to insignificant
L3a: parallels F,, folds Ly @ parallels F; folds which is coaxial to P,
S3a gentle to moderatly inclined 5, ¢ steep in nature
D3
Fap! crenulation folds F3 1 crenulation folds
plunging ESE/HNH at low angle open and upright folds
parallels F,, folds
mostly asymmetric with southward vergence
Dap, Lap: very, prominent and parallels the axis of Ls @ parallels the Fy folds
crenulation
Ssp: steeply dipping axial plane of the Py fold | 8y : steeply dipping towards SE or ENE
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Table 3.4 continued
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is defined by preferred orientation of phyllosilicates and feldspar (Figs. 2.56;

3.31 ¢). The marginal parts of the granitoid .are characterised by general:
increase in thé grain size resulting :into the development. of porphyritic:
granite (Fig. 3.31'd). Complete gradation from undeformed coarse granite to well.
foliated mylonitic augen gneiss to fine grained gneiss has been .observed on the

outcrop scale (Fig.'3.33 a). In such cases,  feldspar megacrysts have:undergone -
gradual elongation and asymmetric rotation (Fig.:3.33 b). Towards the margin of

the Jutogh metamorphicd, the medacrysts are extremely elongated with. grain.
size  reductioh (Fig. '3.33 a) ‘S-C. shear fabric is developed:. with rasymmetrie. :
feldspar aligen'and their tails indicatingia cénsistent SWrshear vengence (Figs:
3.33 a, bl These megacrysts also define a prominent:slkretahing. lineation .

parallelling the main Lnj lineation in the Jutogh metamorphics.
cl 9

b. Second deformational phase (Dpg): This defdrmational phase is not:very
prominent in the area, but a few occurences are notable and provide clues to
the structural relationship with the De; bhaser-Inithesouthern portion of the
Chor granitbid, 'signatures : of ‘the  $econd deformation Dy have not been.
observed, whereas - these dre 'present at:a few localitiles.in the "Jutogh
metambrphics. D‘Cz‘dé’formaﬁidna’l phase is.characterised by the isoclinal folding
of the edflier axial plane foliation Sy forming a ¢oaxidl Fpy fold with Fpp. The -
angle betWeéen the limbs of Foy' folds ranges' between léss than 10° to about 40°. -
These folds are isoclinal to tight, Class 1C-type (cf. Ranisay, 1967), nearly upnight
to inclined with gentle, almost horizontal E or W plunging hinges (Fig. 3.33 ¢). The
related "LCQ'mirier'al lineatich is alsohét very widespread in the area, but it'can
well be seen in the hinge zong of Fgo- Otherwise, all the linear structure of Dy
and Dpy deformation.al phase are parallel to each other. The overprinting of F¢,
fold on Fpygive rise to type-3, hook-shaped interference pattern (Fig. 3.31 b). The
Foy folds have also been dffected by plastic Flow within the matble band along:
with Fpi (Fig. 3.31 b). The associated Sco atial'plane foliation of theFuy fold is

t .t by
steeper 1n nature.
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c. Third deformational phase (Dy): The third deformational phase ig prominent in
tHe schistose rock of the Jutogh metapelites and metapsammites and nearly
absent in mylonitic rock and granitoid body: The crenulation folc Fpy are seen
in the metapelite and metapsammite alterations with variable interlimb angles
and wavelength-amplitude relation -depending upon the lithological contrast
(Fig. 3.33 d). The Foy folds are mostly asymmetric, upright in character and have
southwestward-vergence (¢f. Butler, 1982). Synoptic diagram of poles of axial
plane foliation Sy of crenulation fold shows that Sp3 foliation strikes nearly
E-W with moderate dips towards N (Fig. 3.32.e), Fq fold axes ‘in, southern portion
of thé Cher Mountair clearly depict a spread in plunge, orientation and amount,

probably due to late folding (Fig. 3.32 £

I, .2 anni—Dalash region

The Jutbgh Nappe of the Anni-Dalash area is thrust over the Shali Formation
and cbntain Cambro-Ordcvician granitoids, which represent the off-shoots of
the Mandi-Rarsog pluton (545 # 12 Ma) of late.Dy deformation (Fig. 2.1). These
gneisgose ‘granite bodies - have caused contact metamorphism during Early
paleozoic on low' grade Jutogh metamorphics (Gururajan. and Virdi, 1984).
Subsequently, these have been remobilised and deformed during the Himalayan

Orogeny (Woldai, 1987; Wolde, 1987

~ Phe Jutogh Nappe: in this part. of the Sutlej Valley represents the
souhwestern limb of :a large-scale. synform and reveals four distinct

deformational phases.

a. First deformational phase (D The first deformational structures are rarely
encountered in the area. The Fy folds have >flame-type', irregular hinges and

long-drawn stretched limbs, as has been noticed in the HHC. These folds are



Figure 3.23 a : Complete gradation from undeformed coarse Chor granitoid to well
foliated mylonitic augen gneiss and fine-grained gneiss with S-C shear fabric
development having SW-shear vergenge about 4 km NNW of Nauhra.

Figure 3.33 b: Gradual eiongation and asymmetric rotation of feldspar megacryts
in mylonitisea augen gneiss near margin of the Chor granitoid with the Jutogh
metamorphiecs. Loc. : Raundar Ka Khata nala.

Figure 3.33 ¢ : Isoclinal, recumbent Fop folds of class 1C-type in quartzite of the
Jutogh Group about 1 km towards Bandal viilage from Nauhra.

Figure 333 a : Crenulation foids Foy with variable interlimb angies and
wavelength-ampiitude reiation depending upon lithological contrast of
metapelite and metapsammite alterations. Loc. : About 6 km south along the
Nauhra-Shamra road.
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Figure 3.34 a : Panoramic view of the Main Cental Thrust (MCT) between low grade
metamorphosed orthoguartzite on footwall and hangingwall pelitic schist with
gneissos bodies. View from Jakhri towards right bank of the Sutlej valiey.

1

figure 3.34 b : Foliation within the porphyroclastic augen gneiss marked by
stretched quartz and feldspar augen, which appear to be mylonitised near Chaura
village. Note development of elongated megacryst and banded gneiss on left side
of photograph due to ductile shearing.

Figure 3.34 c : Intensely mylonitised augen gneiss of the Bajura/Kulu Nappe with
elongated megacryts and grain size reduction with development of blasto-
mylonite and ulteramylonite bands near Luhri village. Note development of S-C
shear fabric and asymmetrical feldspar augen having vergence towards left.

Figure 3.34 d : Mylonitised augen gneiss of the Bajura/Kulu Nappe overlying the
carbonaceous phyllite of the Rampur Group along the Kulu Thrust (see hammer),
marked by brittle frible rock powder. Loc. : Kali miti Ka Nala near Chareota on
the national highway 22,
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observed on quartz veins and interbanded lithologies, such as quartzite and
mica SChlSt These early Fp folds are appressed tight to isoclinal and of small
wavelength with obscured or obliterated hinges due to shearing along short
limbs. The axial plane follatlon Sy of theF, fold is parallel or subparallel to the
metamorphic/lithological layering (Sp)- At some places, the earliest fabric has
angular relationship with S) foliation. Despite the presence of the F) folds, the

Ly lineation is less common due to subsequent deformational event.

b. Second deformational phase (D,): The second deformation Dy is most prominent
and produces Fy folds, its axial plane foliation Sy and  coaxie

mineral/stretching lineation Lo. The F, folds are mostly reclined-type and less
often inclined or recumbent-type. Fy folds are characterised by long limbs and
roqnded hinges with interlimb angles varying between less than 10 to:35°. Fy
folds plunge consistently towards NE at low angles and are developed in schist,
granite gneiss, pegmetite and quartz veins all over the area, However, these
locaily deflect from this particular trend. The axial plane foliation 5, of these
folds is marked mainiy by preferred criented quartz and phyllosilicates. In:a
few instances, biotite-rich layers are often crenulated in hinge zones, where
peiites are interbanded with semipelitic or psammmitic. bands, This foliation
is also designated as the main foliation (Sm) due to subparalellism of both Sjand
S planar surfaces. The Sm foliat'ion generally trends WNW to NW and to a lesser
extent towards NE. The consistent WNW to NW trend of the main foliation Sm
indicates that the r:)cks form the limb of-a larger fold (Woldai, 1987), while later
crogs-folds have caused some minor deflections from the general persistent WNW

and NW trend.

The Ly mineral/stretching lineation is coaxial to the F, folds and, at places,
also represented by mullions, quartz rods and boudins. Ly lineation plunges
consistently NNE to NE at moderate angles, evan in the granitoids (Wolde, 1987.

Tn a few instances, this lineation also plunges SW, possibly due to later Fq
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folds. The type and nature-of the minerals defining the | minerél/stretching
lineation depends upon the cbmpositién of the litholodical units;:‘Thé .LQ
lineation maintains consistent ' orientation and parallelism in .ga{'llltt';he
lithological units, inc'l‘uding the I%Ylonite aug'en\gneiss of the Bajux%/[(&ih
Nappe (Faiya, 1987). It indicates that the developmént of L, lineation is
unrelated to the thrusting and have pos'éibly deve(ldpe.d‘in ductile shear strain’

regime durincj the D, defdrmational event.

c. Third deformational phase (Dy)’ On the basis of nutual structural
relationships, Dy phase has been cladsified into the early Déa and laﬁe D3bl

deformation phases.

R e

Dy, deformation phase incorporates F3a folds having recumbent té Qently
inc¢lined geometry with subhorizontal to inclined axial surfaces. These are
developed on edrlier foliation $y/S/S,. The axial plane foliation S, of theée
folds'is'marked by preferred alignment of qué;‘-t'élar;d inica; at low t“c;.m(l).delie;te :
angle to the curved s, foliation. Fia folds are ‘also (;ha!fécté;ised by lésé

prominent nearly NW—plunging coaxial Ly, lineation of mica at moderate to high
. . 7|

angles to 'the main L, lineation. e

Lata Dy deformational event has 'prdéiUCed'F3l)' folds, which are mostly close
to tight, moderately to steeply inclined and crenulation-type. Their Hinées
form a prbminent lineation LSb' These folds are coaxial to Fy, folds and producé
type-3 interference pattern.These folds plunge gently to moderately towards
NW or SE. Fy;, folds have variable interlimb angles and wavelength-amplitude
relationship and are mostly asymmetric in character with southward vergence
geonetry. The crenulation foliation S3pr associated with Fy} folds, is well
developed in pelitic ‘schist and’less commonly in quartz-mica schist. Tt is’
marked by faint alignment of mica flakes. The foliation mostly trends NW Ha{ling

moderate dips towards NE.
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d. Fourth déformational phase (D,): In the'last deformation ‘phase, akial planes
S, of associated kink folds F, are developed lhgarnetlferous mica schist at a
few places. Sy foliations have trend N to NE with moderate to steep dlps A
seriés of sporadlcally developed brittle and brlttle ductile shear zones have

also been observed to offset the contlnulty of earller follatlon

] i

The area along the Sutlej valley ‘and chor Mountain contains ‘the follow1ng
ma]or teotonlc boundarles .
_ = ool by Bl 20l }

(J_) MaJn Central :I‘llrllst (MCT),
(11) Kulu Thrust (KT),

(111) Chaura thrust,

(iv) Jutogh Thrust (7T)

(V) Chor thrust =

. AR T ’ . Y
1 - i L A H L |
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The Main Central Thrust (MCT) lies between the Lesser Hlma]ayan Proterozoic i
foreland Kulu—Rampur Window and the ngher Hlmalayan Cr ystall1ne (HHC) along
the SuLlej Valley The HHC is ‘thrust southwestward along Lhe MCT and now lests 7
over the quart21te Volcanlc sequence, where the metavolcanlcs ylelds a Sm-Nd
2509 + 94 Ma whole rock age (Bhat anc'l Le Fort, 1991). The HHC consists of
metapelites and metapsamnites with granite and gneiss of about 2000 Ma and 1800
Ma (see Chapter 6). The HHC wraps around the Manikaran Quartzite of the Rampur
Window towards southeast and merdges with the Kulu Thrust near Taklech village

along the Nogli Gad (Fig. 2.2). Here, the quartzite-volcanic sequence directly
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comes in contact with the mylonitised augen gneiss of the Bajura/Kulu Nappe, .

and the latter is overlain by the HHC.,

Along the Sutlej Valley, the MCT is defined as a thick zone on left bank of
the Sutle]j river at Jakhri along northeastern margin of the Kulu-Rampur window
along the Barauni Gad and is tracable for a considerable distance towards Gaura
village. From the Nogli Gad, it is traceable near Deothi village along the
Bati-Gandri Khad. The MCT swings near, Bahli village. and extends. towards
Kasha-Pat ;lillages and then loops back to the south of Taklech. It either merges
with the Kulu Thrust or overlaps this th'rust (i?‘igf 2.2). On t‘he right bank of the
Sutlej River, the contact is sharp between low grade metamorphosed
orthoquartzite and pelitic schist having gneissic bodies (Fig. 3.34 a). The MCT
parallels the main folation, both in the window zone and the ,ovexy'lyl;i\n;g_

metamorphic pile.

Heim and Gansser (1939) designated the boundary between the Lesser Himalayan,
sedimentary zone (Berinag quartzite and/or Calc Zone of Tejam) and low to medium
grade metamorphics of the Higher Himalaya in Kumaon as the Main Central Thrust
(MCT). In Nepal Himalaya, the French workers placed this tectonic boundary
between medium grade and high grade metamorphic rocks (Bordet, _.‘1.973; Le Fort,
1975). Valdiya (1980) did not follow this nomenclature of the MCT in Kumaon, but
redesignated it as the Munsiari Thrust. The latter delimits the base of the
Munsiari unit of medium grade metamorphics and deformed granite gneiss.
Valdiya (1980) has also delineated another tectonic boundary between Munsiari,

Formation and high grade Vaikrita Group and designated it as the Vaikrita

Thrust on the basis of an abrupt break in the metamorphic grade,
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342 Chaura Thrwuwst ! ALK
F T S A R S ' RN BT piod 1y (i rt
It lies between'the Jeori FormationiaRd Wangtu granite gneiss of the.HHC
along the Sutlej Valley. This tectonic contact has Been worked out'on the basis
of strain analysis on feldspar augeni*fron 'porphyroclastic’ granite~dneiss
(section 3.2.4), The conatct between the metasediments of the Jeori Formation and
porphyroclastic granite'gneist is concealéd below the'soii cover dn the Foad
section, but'is exposetl at thigher elévatidd. The 'chbntact between' these' two uhits
is sharp. Foliation within’thé:! porphy¥oclastic 'gneiss bedomes Vety intdhss
towards theé contact ' ‘and ‘is marked by Btretched quartz and feldsphtaugen;"”
wiich appear to be'nylonitis&d Fig. 3.34 b)'The $train ‘analysis ‘showd “that ‘tha
contact has:deVeloped'during dudtile'shear regime of 'main defdrmational’évent. -
; TP B AR RRITTR S
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The Chaura thrast separaties two lithotedtoic unit of HHC with ‘distindt
uplift rates,'as'Ras been worked out ‘on thé' basis ‘of Fikdion T¥rack' Dating on

rafidpeds

apatite and zircons from these units ‘(K&mar, 1992).

Pd T erig 2o Sain o4y teve Pt by | YO A R DO MIRE T A R b Ted )
30 A Kuata Thrust' : ’ '
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“Thid eeetonid 'Bouhdary i présent ' ih 'bétween ‘the Lesser Hlmai|a(ya!n

sedimentary Foreland windows ind tf:-h'e''Baj'ui*;a/Ku'l'‘u Nappe' "of 'the .Prdt':éfoz‘(:)i’c’
mylonitised augen gneiss. The thrust is basal to thé I:Ea:jura/ﬁtilti Naébéféhd’i”s’"
a subsidiary thrust to the MCT.

{8 ¢ i A0 v J s b
Fig W ¥R vl "[’ ! 1 S8
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" In the Wirdth-Baragaon area, the Kulii'Thiust'is digtinst by the presence of
highly myldnitised and liheatéd 800 m'thick ' dismembered c;n'ig'en 'gi;rie'i'é!s of the
; T ! R I R g | ot B . v i
Bajtira/Rdlu Nappe BVer carbonaceous phyllitée/slate of the window rock. Due to

r

inténse' deférmation, mylonitised atfgén :%;rqé‘iSé is characterised by elo'ngbat'é'd

megacyrysts and grain size reduction with development of bié:s‘téilirli/léhite and
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uitramylonite bands (Fig. 3.34 ' c). Numeroue discrete ductile shiear zénes reveal
discordant relationships to the main mylonitic foliation within the nappe
unit. wherein coarse augen-rich bands are progressiveiy reduced in cize from
the shear zone walls towards the cenire of the shear zone (Fig. 3.34 d). This.

refiects the overall geometry of the nappe. =

Aiong the Kuln Thrust near Luhri footwall encompasses arhonaceous ,
phyllite/siate and interbedded thin black massive guartzite of the Rampur .

Window, and the hangingwall of the, overlying mylonitised augen greiss of the:

-
H

Bajura/Xulu Nappe, In the window zone, Golonitic. limestone Is defcrmed and

~

ocks and

.4

crushed during thrust movements, The trend of foliations in windcw,

L}

overthrust mylonitised augen gneiss is mostly concordant. | However; this -
structural concordance is lost towards Luhri, where intense shearing and
rctation in mylonite have resulted in diverse attitude of structures. This is

evident from a series of thrust slabs stacked on top of each other thus forming .

duplex structure along the Luhri-Dals-a road (Fig. 3.35a) © .-

Irn: the Cheorata window, the thrust lies between carbonaceous phyliite/slate
and interbedded quartzite and mylonitised augen greies aiong the Xali Mitti
Nala {Fig. 3.34 c). The contact is very sharp between mylonisied augen gneiss and
iriable ca¥rbonaceous guartzite with development of faull gauge aiong olane
striking N 115° and dipping 50° S. Hege, main foliation in mylonitised augen

gneiss strikes N 142° and dips at 45° s.

in “he main Rampur Window, the Bajura/Kuiu Nappe pinches out south of
Taklech, and at the same time, the Kulu Thrust is conceaied beneath the MCT/JT
(Fig, 2.2. On the southern slope of Nogii Gad the Kulu Thrust iies between
carbonaceous slate/phyliite and mylopitised augen gneiss. This contac® can be
traced from a distance on the basis of distinct sparse vegetation pattern in

cabonaceous phylilite.,



Figure 3.35 a : Thrust slab, stacked on top of each other forming dupiex structure
within the Bajura/Kuiu nappe along the Luhri- Daish road. Loc. : Near Luhri. For
scale see man standing on road.

Figure 3.35 b : Localised quartz fibre growth in down-the-dip direction and
chlorite-sericite lineation in a 500 m wide zone within the Chail Nappe. Loc. :
Near Bhatan on Nauhra-Shamra road section. 37

rigure 3.35 ¢ : Panoramic view of the Jutogh thrust oblique to the main foliation
within the Nirath-Baragaon mylonite gneiss demarcating footwall , with the
Jutogh Group metamorphics. Loc. : About 500 m from the Baragaon village towards
Basantpur.

Figure 3.35 d : Sharply demarcated and imbricated Manikaran Quartzite Q) with
the Rampur Volcanic (V) within the Kulu-Rampur Window. Viewed from the nationa:
highway 22 about 3 km from Rampur town. Also note a normal fault displacing
contact of quartzite and volcanics for scale note men working for the road
construction.
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Figure 3.36 a : E-W trending recumbent, isoclinal tightly folded quartzite and
overlying carbonaceous having S-vergence beneath the Bajura/Kulu Nappe Loc. :
Kali Miti Xa Nala near Chareota on the natioral highway 22.

Figure 3.36 © : Conglomerate containing large rounded gquartzite boulders
embedded in arenaceous matrix, having elconcated pebbles with down-tne-dip -
ilineation. Pitted boundaries enhanced elonagation of grains due to pressure
solution near Charecta village,

Figure 3.30 ¢ : Small-scale shear zone as a penetrative foliation due to intense
ductile shearing within the Bajura/Kulu Nappe about 5 km downstream from
Nirath. Note development of extensional foliation showing dispiacement towards
right-hand side in the normal sense.

Figure 3.36 ¢ : Numerous discrete brittle-ductile to brittle duplex thrust within
the Bajura/Kulu Nappe at Kali Miti Ka Nala near Chareota village on the national
highway 22.
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Barlier, this thrust was designated as tne Chail Thrust (Virdi, 1971, 1976, 1960;
Gururajan and Virdi, 1984; Gururajan, 1985).Frdrk et al. (1977 introducea theterm -
"Bajura Nappe" for a typical lithological association of highly mylonitised
augen gneiss, having typical acid voléanic'affinity for a basal thrust sheet

to the "Crystalline Nappe" in the Kulu area, but they did not name it. Later,

Bhargava et al. (1991} termed it as the Kulu -ThrustiSheet and the basal contact -

as the Kulu Thrust after considering-this unit-as a part of ruch extensive-
On the regionhl scale, it appears the Kulu Thrust has: transgressed over the:
Chail Thrust of the: frontal'part of the *Jutogh Nappe (Fig. 1.2}, - '
i | 1 ' H [}
3.4.4 Jutogh' Thrust  ¢JIJT)

\ e ;- o - ' .
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Defining ‘the base bf' the :frontal Jutégh Nappe ‘in Simia Hill ¢ 'and Choy
Mountain 'regions; ‘the Jutogh Thrust' seperates' 'the Lesser  Hiwmdlayan
metamorphic belt from the Chail Group metamorphics. However, the Jutogh Napoe

is thrust over the Bajura/Kulu Nappe along this thrust in the interior.

The Jutogh Thrust can be located between' carboriacecus*sphyllite of ‘the -
Jutogh Group and chlorite-sericite-bearing quartzite of the Chail Formation
near Pidiya Ghat alonythe Nauhra-Shamra section (Fig: 2.3)% The emplacement of
the Jutogh Nappe over the Chails has probably caused localised quartz fibre
growth in down-the-dip"direction and:chlorite-sericite lineation “in a:50C¢ m
wide zone within the'fostwall (Fig. 3:35'b). Within finergrained quartzite of the

Chail Formation, kinks with gently ‘south*dipping axial planes are’seen’in the’

thrust zone, which can' be ihterpreted asa gravity collapse'structure. Within * -

the 'Chsil Formation, late-stage brittls fractures are also‘developed and

post-date thé’ Kink ‘development. The p'resén(:e of ‘discrete shears, fault gouge:
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and brittle overthrusts within the. Jutdgh Thrust zone reveals itsg shallow-lev=l
structural development in:a high ghrain regime; Py Sfan ' : .

‘Between Nirath-Luhri-Baracaon, the Jutcgh Thrust demarcates. the contact
between the Jutogh Group metamorphice and augen 'mylonite of-the Bajura/Kulu
Nappe (Fig. 3.35 c). Graghitic schist ‘hearly'alvays demarcate the Jutogh Thrust
and serves as‘a‘key horizon for distinguishing the two. formations: from:each
other. The S- and C-shear fabric is very prominently developed within the -
Bajura/Kulu Nappe. The angles between S- and C- fabric planes gradually decrease
from 30° to less than 10° towards the Jutogh Thrust. Appreximataly 2 km NW from
Baragaon on the Kingali-Basantpur road, the Jutogh Thrust is exposed on theroad.
with about 50 m strike-section (Fig. 3.35 c). Here, NE-trending contact between
mylonite augen gneiss and dark grey biotite schislt approximately dips 20°
towards NW. One can obse:'ve this contaet cblique to thas trend cf wain foliation
within these sequences, indicating gradual truncation of the Bajura/Kulu
subnappe Fig. 3.25 ¢ The Jutogh Throst is also veny sharply., exposed along the
Luhgi-Dzlash road , where it is characterised by alwmost identical! oblique

relagioaships. T RELT D6 i :

B 4.5 Chor thrusit:

g . T ik

The Chor /granitoid bady reveals localised .development cf mylenite
containing a very prominent mylonitic foliation due to intense ductile
shearing along itz contact with the Jutagh metamorphigs (Fig. 3.33 a). .The
mylonitic foliaticn is defined by preferred orientation of phyllosilicates and
feldspar: (Fig.3.3L c). This contact has bezn locally termed as the Chor thrust. The
mylopitised augen gneissose granite is characterised by many shear indicators

e.g: S-C. shear fabric, asymmetrical- augen and. presssure shadows haying

top-to-southwest vergence on the southern.side of the Chor Mountain (Fig. 3.33
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a). It is apparent that the Chor:granitoid has.initially intruded the Jutogh
metanoyphics and subsequeritly ‘shearedduring theé Himalayan ‘Orogeny. i 1

e . L soee g el g o
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3.5.1 Lesser Himalavyvan Foreland!

i 8%y I
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T window  zone' o
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The Lesser Himalayan para-autochthonous Proterozoic foreland sequence is
exposed in nunerdus 'windows diie to” the deep 'erodion “of the'Sverlying
metamorphic nappes. Along the Sutlej river'bed;! 'the’Kilu-Rarpur-and Shali -
Windows are characterised by low grade metamorphosed sedimentary rocks having

metdvolcanic intercalations.:
PRI 3 Tttt Py ¢ eyt W T =Y TR RN

‘The Kulu-Ramptir Window occurrs as'a‘doubly plunging antiform witha closiire
towards SE: The existence of a tectonie “window' around Rampur in the ‘Sutlej
Valley was first indicated by ' Berthelden'(2951). ‘Chakrabarti "(i973,’l976, 1979 is
of opinion that the so-called window is opén to the southeast 6f Rampur "aiong |
the Nogli Gad. Bhargava (1982) remarKed that the Manikar'in Quartzite extends as
a thin narrow'band upto Karcham, then sweeps ‘afound towards'N and NW around
the Wangtu gneissic-complex. Bhargava (1982) has interpreted the latter as a'
tectonic inlier' within 'thé Kulu-Ranpur Window with a distihét 1800-2000''Ma
igneous activity. On the contrary, Sharma (1977) mapped the window “closture
towards ENE of Rampur (also Virdi, 1981). In the present study, it has been
obsérved that the Manikaran Quartzite'extends around Kasa and Pat villégés
beneath the HHC, thus démarcating the clésire of the Kulu-Rampur Window. Here,
garnetaferous mica'schist of the HHC wraps around the window zone rocks.' '

[£3
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Imbrication of the Manikaran Quartzite and Rampur Volcanic within the
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window has alsc been noteworthy, which could -possibly ' be due to the presence

of ramping within: the window zonerFig. 3.35 'd). Traversing from ¥akhii -

downstream from the MCT zone towards Rampur within the window zone, a thick
sequence of massive quartzite with a few metavolcanic bands are developed on
northern limb of theKulu~Ranpur Window. Ffurther downetream, metavolcanics are
imbricated with white massive quartzite near Rampur town, where atleast two
tectonic lenses of metavolrarics within the qaartzite canbe observed (Fig. 3.35
d). It is likeiy that main antiformal structure of the window is associated with

ranping along such many imbricate zones. -
9

The Cheorata Windew, lying to the west of the main Kulu- Rampur Window, is
characterised by.a:doubly-plunging, E-W trending cpen anticline, The mylonitic
augen gneisg of the Bajura/Kulu.Nappe .completely covers the window rocks.
Within the window, quartzite and the overlying carbonaceous slate are tightly
folded into large-scale E-W trending recumbent isoclinal folds having
S-vergence beneath the Bajura/Kulu Nappe {Fig. 3.36--a). Within the wind:® zohe,
quartzitic conglomerate contains .large rounded:quartzite boulders, which are

embedded in arenaceous matrix..Elongated pebbles define a strong down-the-dip

lineation, which plunges steeply towards NE (Fig. 3.36 b). Pressure soloution along:

boundaries of large boulders caused : pitted.boundaries:and mzy have enhanced -

elongation of graing {Eig. 3.36 b). The siltstaone areilocally graded in character

and . .support the:orthoquartzite boulders. Stretching.lineation of pyrite

nodules is- alsorpresent in the carbonaceous slate/phyllite and parallels tne

pebble lineation.
The rocks of the Cheorata Window have been regarded equivalent to.the

Basan-pur Feormation of the basal Simla CGroup . (Srikantia and Sharma,:. 1971k

Bhargava et al, (1972) used the. .cobble bed, associated iwith the dolowitic:

limestone, for the identification of the Basantpur Formation in the Cheorata

Window. The succession of dolomitic limestone, cobble bed, carbonacecus
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slate/phyllite and quartzite may also’ represent a part of the Mandhali
Formation, lying near the base of the Jaunsar Group (Srikantia and Bﬁarda“\}:a, '
1984). ¥irdi (1976) proposed that the correlaticn of these rocks with the Rampur
Formation is more appropriate than the Simla C'roup, due to nearest éxpoégugfé
present in the area. According to him, a change 'in sedimentary facies frgm
carbonates through euxenic to orthoquartzite with basi¢ volcanic¢s is a ty’pi"éall

shallow water assemblage.

'The Luhri village is'flanked by two distinct windows, 'therefore} they have
been designated as the Luhri-Y and Luhri-IT windows. The Luhri-I window is
locatedabout 0.5 km east fron the villdge and exposes carbonacéous p"rinlite and’
quartzite beneath ‘the Bajura/Kulu Nappe. Thé main foliatioh of the 'thraiand
rocks and overlying allschithonous mylonite is :pa'raile'l with each other. The
Luhri-IT windéw is partidlly Bounded by Rilu thrust, which dan be traced on the
right flark-of the Sutléj rivét and is ddt* obsérved on' the -other side of tHe
river. Within'the ovetlying ‘allochthonous nappe, dip of ‘the main foliation
varies from 10° to almost vertical nedr the bouirid'éry; while underlylng ip!hly.llli'iie |
is gently dipping in the window. This window pinches out in a narrow zone to
the west of Luhri and éventually disippeéar benéath the Bajura/Kulu Nappe.
Apdrt Z'' m these small windows, westérniiost parts of ‘the area aiso é;('p(jsésff;e
extrerde eastern margin of the main' Shali Window (Fig. 2.2) with 'o'ﬁtbfobs
extending along the ' ‘river courses at the lower elevations. The window—z?dr!xhe“

rocks are highly crushed and fractured due to local cataclastism. |

1
IR R

3.5.2 Bajuarsa/Xulua Nappe
. . . ) ' . B . [ X . ¥

The Nirath-Luhri-Baragaon section along the Sutlej Valley, comprises a 800

m-thick intermittently exposed, dismembered and highly mylonitic augen gneiss.

The nappe is bounded by the Kulu Thrust at its base ar'ld“th'e'Jl‘.ltogh Thrust at
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its tep. In the Parvati‘i valley in western Himachal Pradesh, this nappe is traced
from west to Pechba, rorth of Bhuntar o Gangyasi. To the east of Beas r.ver, '
this gneissic band can be traced frcm north of Khokhan . village in the nor_h ¢
south of Patogi in the south and again. from east of Aut to Baragaon in Stitlej
Valley (Sharma, 1977), and further eastward towards Luhri, Nirath to Taklech in

the northeast along the Nogli Gad.

Frank et al. (1977) coined the term Bajura Nappe for a thin tectonic unit in
Kulu area for calc-schist, nuscovite schist and microcline augen.gneiss, which
has been considered equivalant to the Chail Nappe of Fuchs (1967). Sharma (1977
opined the main mylonitised augen gneiss unit of this nappe as the Garh member
of the Kuiu Formation. Zt consist of quartzose, banded and streaky gneiss with
augen structure. Quartz and,fe_ldspar augen are wrapped,around by biotite. He
described its contact with the underlving Khamrade member (carbonaceous and
graghitic slate/phyllite and schist with limestone bandg) ard overlying Kulu
menl;bgar (garnetiferous _biotite and chiorite schist with . quartzite and

porg;"lyritic granites) as confornable and. gradational.

Gururajan (1990) used the term Chail ’II‘hrust Zone, in which mylonitic augen,:
gneiss”is only a part of the sequence, The lower contact of the Chail Fhrust |
Sheej: with autochthonous Shali Formation was demarcated by him as:the Ghail
Thruﬁs’l\:‘. He npoted that mylonite augen,gneiss grades into phyliite, quartzite:and
garhet—mica schist, = - N tof  Tacki

Bhargav.a et al. (1991) described this unit as the Kulu Thrust Sheet with
distinct granitoid activity of 11430 t 150, Ma agge.. The upper contact of this -
thrust sheet with the Jutogh was termed by them as the Jutogh thrust, while the
lower contact with autochthonous yindow rocks was termed as the Kulu Thrust.

¥ ity

Within the Bajura/Kulu Nappe, . intense ductile shearing has produced , .



119

small-scale shear zones as a penetrative planar fabric, probably at:deeper
érusta.l--levels (Fig.: 3.36 c; Faiya, 1987 :Gurutajan; 1990).Detaliled: shear istrain '
aralysig of numercus such zones within the Augen mylonite of thig unit:has -
revealed alternating zones of ‘high and ldw shkar displacements {Faiya, '1987).
This pattern is subsequently supérposed by -numerous’ discrete’brittie-ductile’

to brittle duplex thrusts within the nappe{Fig. 3.36 d).' i
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3.5.3 Liesser' and Higher Himalavan’
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The metamorphic belt overlies the allochthonous Bajura/Kulu Nappe in the
inner parts of the Higher Himalaya and the Chail Nappe in frontal parts of the
Lesser'Himalaya. The metamorphic belt is'mainly tharacterised by ‘the Higher
Hlmalayan Crystalline (HHC) in the inner patt &nd tHe Tuteyh Nappe (Jﬁ)‘ both in

the 1inner as well as frontal parts.

. . S, R SN 3 ' . R Y ST S

The ‘HHC is a monotonous NE-dipping belt with diffeérent pre-Himalayan'®'
granitoid intrusions; "as is evident from deformatioral’ history and also from
U-Pb zircon ages of 72000 Ma and “1800 Ma' {Chapter 6). On the basis of the magmatic
activity, it'is noteworthy that the HHC 'is characterised by atléast threé
distinct zones, contaihiny 'yourger granitoids téwards Highler strdétiiral l1ével.
The basal parts aré'characterised by 2000 Mi : magmatic activity, which “is
seperated from younger zone of 1800 Ma activity by the Chaura thrust. The
uppernost belt is 6f Tertiary age'and 1iés near the contact with thie Tethyhn

fok

Sedimentary Belt. i
The Jutogh Nappe ' occurs into two mhin' butdrops; Chdr ' Mountain in the
frontalparts as a tongue in the Lessar Himalaya,' with its continuation-as'a

folded succession towards north arouind Narkanda' and Luhri-Dalash area, and
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Shimla Hills exposing isolated pear-sheaped klippe. The Chail Nappe lies below
thiz nappe in the frentaltongue~lile.and pear-shape:ovicrons. However, the
Jutegh ’Nappe. is underiain ky the Baturze/Kulu Nappe alohg the Sutlej Valley dn
the inner parts. There is-a marked |differe~ce inifrontal and inner parts of the
Jutogh Nappe with - respect to-the deformational histories. The earliest!
deformationai event of the frontal :part .coincides. w.th the second
deformational pnase of the inner parts. Both the areas are emplaced by the
pre-Himalayangranitoids, ncw occuring as gneissic granitoidsof different ages.
The,contact «f the Cher granitcoid with the underlying metamo. grics appears to’
be a thrust contact, as is evident from the presenca.of the mylerite along this

contact, having shear indicators revealing top-to-SW displacements.

3.6 SHEAR CRITERIOD AND SENSE  OF
Numercus shear criteria have recently been used to decipher the sense of
dispiacement in oragenic belts and reveal complex movemant histories during
various deformational phases Berthe et. al., 1979; Gapais et al.,:1987). In the
Himalayas, application. of these  criteria have , indicated . large-scale
southwestward verging . movements of the metamorphic napgpes, followed by -a

phase of extenzional tectonics (Burg et al, 1984; Burchiizid and Royd=sn, 1985;

Brunel, 1986; Herren, 1987; Kunding, 1989; Jain et al., 199%; Patel et al., 1993) .

Most: relevant shear criteria in.ductile shear zones, usaful in deciphering:

the sense of movement in rocks are asymmetric structures like augen, pressure
shadows, shear bands, S-C- fabrics, tension gashes, asymmetric folds, rotational
textural fabric of porphyroblastically. growing minrerals. etc. (Ramsay and
Graham, 1970; Berthe, et al., 1979; Simpsonard Schmid, 1983; Gapais et al., 1887). In

thrust system, sense of shear has been equated with transport direction .
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(Bouchez and'Pecher, 1981). A" common attempt ‘is‘to make use of - and C- fabric
rélationships snddther!shear criteriarimdetermininy!bhve general krangpdat
dired¢tion'in the orogenic belts. s el bt crt e b =T Lo

plae o A R T A N S A AL BTN AR R R DS CEe,

The following numerous shear ¢riteria have been analysed in the HHC and

Jutogh Nappe and'clasdifiedras follows fer better kinematic-anabpsis: Nl
. - G e s Conabees tenetat o o f
S T . BRI TG LT S TRy a

3l6.1L DuactifllEe non—acoaxialt oo

o deformataonal o structuarres o
T T T L I B T e AL A AL EREAN ERTRTS B Eo VAN

- Theser stiuctures:show a consistent tdp-to-southwest eoverthirustid-nse bf

displacemént during the most pérvasivedeformation in the metamorphic belts;
ST R VI ' R ang o b ped vad wipnsFa R

a. S-C composite planar fabric (Berthe et al., 1979; Lister and Snoke, 1984): S-C
fabric "is charelterised by two ‘det's of  planes : with - gk ey ‘planes” S~
gradually bending silgmoidally due to C#irshedr planes' (Figs: 3i2 ojd; &« =dd; 349). '
The latter are related to displacement dikcontinuities and/or:zor. et
strain sub-paralléltc shéar planes‘during a nor-coaxidl «deformatiofi
evell Within the 'MCT Zére {Fig. 337 &). TRL ‘amfiddr relationstip betweenBe!
fabric is directly related to rotation of XY-plane of the strain ellipsoiu ¢
to sHedring (Ramsayl, 1980 It is ver{ much-evidént that - anygle betigmitlonn n
fabrid decreases with thcreasirlg strainand predominance of C- shear foliativniv
The C—~théar planes arée disc¥ete shear ¥oned during modérate strafinked donains
(Figs. 3.2 ¢, @), but are cdhtindds in- high strdined zones ‘whére' s-surfaces dlso’
become subparallel to C-shear bands (Figs. 3.2 ¢; 3.38) and has been widely used as
a kinetatid indicators for the ductileshear zoned, ' * Lezib v hoooduayd b

WP ey DI y G, i i ue L o o ow gy e e e o

1t had béen bbserved'that the s-¢ compogite' foliation is'a 'Sj planar'fabric

and not oldest §; foliation (Fig. 3.37'¢). Probably this is the eveidehce showing’
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that the 8-C are synchroncusly developed on Scp fabric. Earlier it was
postuiated that &~ iscider to O o - 2s{lister and Stioke, 1985). It appears that
both S- and C- pianes have acted like shear planss (F_.g. 3.37 ©) in the fabric

development due tec varying orientacion of X and Y axes of the strain ellipsoid.

b. Asymmetri. i1l sheared lenes, auge en/nagacryst and folds: Bulr o-and §-iypes
of quartz and feidspar augen are very common in granite gneiss and its
mylonitised derivatives (Figs. 3.24d, 3.31 ¢, 3.33 a, 3.37 d, 3.39 a, b). o-type augen are
characterised by vedge-shaped recrvatallised :tzils on op, reite side of a
referenze - ziane with the oain foliation epproximate’y rarallel to the
megacrysc poundary {Figs. 3.2 4, 3.37 d). In §-type megacryst, tails lie on opposite
s le of Lo pline Ln augen yoeiss wnd garnetiferous miza schist Pig. 3:3%a)

Further ~any C- shear planes also pcund tightly appressed intrafclia’ folds

within the myioanite having the same SW-vergence geometry (Fig. 3.39

Asymnetyd “Luposition of guarczo-feldspar augen is the XZ seéctions

sl SEeE v
CYY Cai  p | 1lcace deformatior
-~

2

mechanicmin a desp crustal broad ductile shear:.

-~

’

fF; . ; St 9 . /
ie ovarthrust-type wiith = southward sense cf movement o the.

1o piis as has been observed slsewhere in the Himal aya {Bouchez and
‘°"1; Brunel, 1986; Jain and fo.ond 1788; Jain et al, 2 01; Patel ot as., 1993),

-
- i - Toresstre shadows {Simpscn and Schmidt, 1955 Ri gid megacrrst of

.dartz, feldspar and rotated garnet crystals show sigmoidal inclusion tails

~n

paraliel to top-to-southwest overtihrus: senss of shear di splacement (Fics. 3.33

ows mostly are of quariz and biotite aggregates.

D)
¥

a, 337 d). These sh
d. Fractured and displaced rigid craine: Feldspar augen in mylonite of the

Bajura/Kulu Nappe are traversed by high angle mesoscopic fractures. These

revea: small-scale displacement, liks card-deck model, and dip mostly 50° to 60°

antithetic to the overall sense of movement towards SW {Fig. 3.37 d).



Figure 3.37 a : S-C fabric characterised by two sets of planes within main
foliation. S- gradually bending signoidally due to C- shear planes within the HHC
near the MCT at Jaknri village.

rigure 3.37 b:S-C fabric in quartzite of the Kulu-Rampur wWwindow showing gradual
bending of S- piane due to C- shear planes. Loc. : About 5 km downstream from
Rampur town.

figare 3.37 ¢ . Microphotograph of S-C fabric, characterised by two sets of
foliation planes. S- planes gradually bend sigmoidally due to C- shear planes
within the Jutogh Nappe of Chor Mountain area showing that the 8 ¢ are

synchronously developed and constitute the S; fabric of the J 2
metamorphics. CHg : Crossed X 72

e
Figure 3.37d:S-C shear fabric showing gradual sigmodal bending of S- planes due %
to C- shears within the Bajura/Kulu Nappe. Also note -type augen characterised
by wedge-shaped recrystallised tails on opposite side of a reference plane with —~—
the main foliation. Also note o-type augen, characterised by wedge shaped e ——
recrystalised tails on opposite side of a reference plane with the main
foliation. Alsc showing asymmetric pressure shadow and small-scale card-deck
model displacement in feldspar megacrysts antithetic to the overall sense of
rovement towards left. Loc. : About 5 km downstream from Nirath on right bank
of the Sutlej river after crossing the wooden bridge.






FIG. 3.38
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FIG. 3.39
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Figure 3.39 a : §-type megacrysts with tails lying on oppsite side of the plane in
augen gneiss nera Nauhra village. '

Figure 3.39 b : Late close to tight folds within the Nirath-Baragaon mylonite
superposed upon S-C shear fabric. Loc. : Near Nirath vilage on the national
highway 22.

Figure 3.39 ¢ : Symmetrical and asymmtrical boudinage on pre-existing main
foliation, and characterised by ductile shear trending obliquely in normal
fault-sense. Loc. : The Nauhra-Shamra section.

Figure 3.39 d:Single discrete narrow shear band within the mylonite augen gneiss
with normal fault-sense of movement showing overall extension within the Chor
granitoid near Nauhra village.



FIG.3.40
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Figure 3.10 a: Single discrete narrow shear band within the mylonite augen gneiss
with the nermal fault sense of movement showing overall extension within the

Chor granitoid, Loc, : About 4 km ENE of Nauhra village.

Figure 3.40 b : Conjugate set of extensional crenulation foliation prominetl
N ! J e 1 ] o b
ceveloped in metapelites and gneiss along the Nauhra-Shamra section within the

- &~ =

Jutogh Nappe.

Figure 3.40 ¢ : Conjugate set of extension crenulation foliation (ECC) having
opposite sense of normal extersion displacement, superposed upon shear criteria
ECCy plane dipping NE (towards left) at steeper angles are ubiquitously more
prominent than the westerly gently dipping ECC, plane revealing overall

hortening normal to pre-exsisting foliation and extension parallei to it within
he Wangtu granitoid. Loc. : Near We ngtu bridge.

o

igure 340 d : Conjugate set of extension drenulation foliation (ECC) having
pposite sense cf normal displacement. Planes dipping NE at steeper angles
{towards left) are more prominent than the westerly and gently-dipping planes
revealing an overall extension parallel to pre-existing foliation. Loc. : Near
Chhog village in the Chor Mountain area.

F
o
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¢

3 e 2:Superposed laver—parallel"

I S 1 ITRPR B L

extens:l_onal Qtructul es

S P i Uiy shag cinoaem e By A TR N R TS e o a1 O)
Ductile non-coaxial deformational phase is superposed by a consistent NE-SW
extension across the HHC and the Jutogh Nappe. Most of these structures
represent superposed deformation upon orogen-parallel NW/SE trending folds and

their axial plane foliation.

a. Symmetrical and asymmetrical boudinage: In the symmetrical boudinage
foliation pinchs out towards the cuspate region {Fig. 3.39 c). The asymmtrical
boudinage on pre-existing main foliation is characterised by ductile shear,

which trends obliquely in normal-fault sense (Fig. 3.39 c).

b. Narrow shear bands (White, 1979 b) Single discrete set is best developed in the
HHC gneisses and mylonite gneiss of the Bajura/Kulu Nappe, along which
pre-existing main foliation is relative displaced with the normal fault sense
with hanging wall moving down and showing the overall extension (Figs. 3.39 d; 3.40

a). Shear bands strike NW-SE and dip steeply towards NE at about 20° to 40°.

c. Extengion Crenulation cleavage (ECC - Platt and Visser, 1980: In the HHC and
the Jutogh Nappe, single and conjugate sets of cleavage/foliation provide
undisputed eveidences of extension parallel to the pre-existing foliation and
shortening normal to it. Single set of ECC is prominently developed in
netapelites and gneiss (Fig. 3.40 b). Minor changes in their orientation indicate
gradual rotation during the overall non-coaxial deformation (Platt and Visser,

1980).

Conjugate set of extension crenulation cleavage with opposite sense of
normal extension displacement is one of the most important structure

superposed upon earlier described shear criteria in the HHC (Figs. 3.40 c,d). ECC,
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planes dip NE at steeper angle and are ubiguitously more promj,n.ent.than(.g:hie X
westerly, gently-dipping ECC, planes. This structure le._ads to overa}l shorteﬁing
normal to pre-existing foliation and extension parallel to it (Figs. 3.39 ¢, 3.40

c, d.



CHAPTER 4: METAMORPHISM

4 .1 INTRODUCTION

The Lesser and Higher Himalayan metamorphic belt commonly  exhibit
polyphase Barrovian-type metamorphism throughout the orogenic belt (Windley,
1983; Sandhu, 1985; Das, 1987; Pecher, 1989; Staubli, 1989). The Lesser Himalayan
Proterozoic Foreland, exposed in Kulu-Rampur window, and in frontal parts of
the Shimla Hills, is made up of quartzite, metavolcanics, carbonaceous phyllite
and granite gneiss and has mostly remained within greenschist facies
netamophic condition (Pilgrim and West, 1928:; Naha and Ray, 1970). The hanging
walls of the Main Central Thrust (MCT)and Jutogh Thrust incorporates pelite,
psammite, and quartzite sequence are metamorphosed under upper greenschist
to almandine-amphibolite facies condition in the Higher Himalayan Crystalline
(HHC) and the Jutogh Nappe (Pilgrim and West, 1928; Berthelsen, 1951; Roy and
Mukherjee, 1976; Sharama, 1977, Chakrabarti, 1976; Bhargava, 1980, 1982).

To understand the characters of this metamorphism, petrological
investigations were carried out along a few cross-sections on the hanging wall
side of the Jutogh Thrust and MCT. These sections include (a) Nauhra-Shamra
section in the Chor area and (b) Jakhri to Wangtu section in the Sutlej valley,
NE of Kulu—Raméur Window (Fig. 1.2). Detailed sampling was carried out along
these sections to investigate texture and mineral paragenesis as well as

microprobe analysis to determine the P-T conditions.

4 .2 METAMORPHIC EPITSODES

It has been observed that various metamorphic minerals have developed in
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different lithotectonic units.of the HHC along the Sutlej Valley and Jutogh
Nappe of Chor Mountain area. On the basis of mineral assemblages and textural
rélationshijp, three metamorphic episodas are identified viz., i) Early
P,r;e—‘Himalayan metamorphism, ii) Main Himalayan metamorphism, and iii) Late to

post-Himalayan metamorphism.

4 .2.1 Pre—Himalavyvan Metamorphism

_The earliest M; metamorphism, is pre-Himalayan and largely been superposed
and obliterated by later Himalayan metamcrphism.  The evidences of IMl
. metamorphism are found only in the HHC along the Sutiej valley and absent in
the frontal pa rts of the Jutogh Nappe in Chor Mountain region. In the Sl.,lt,l.ej
valiey, nmetamorphic layering is.coeval with the F) folds, where tiny mica flakes
trend uniformly across the hinge and parallel the lithological layering on the
limbs (Fig. 3.1 alk Sy foliation has been observed in the hinge zones of rootless
intrafolial F, folds indicating intense transportation of ﬁhé"learlier
structures (Fig. 3.1 b). Crystallisation of minerals such as quartz, muscovite,
chlorite, biotite, feldspar, ete., occurred during the development of F) folds and
preferably oriented along the axial plane foliation S; and are, therefore,
related to Dy deformation. The presence of quartz, cilorite, biotite, muscovite
and quartz in the assemblage along F, folds suggests greenschist facies for

pre-Himalayan metamorphism M;.
4. 2.2 Main Himalayan I"letamorphism
The HHC rocks in Sutlej valley seem to have undergone main Himalayan M,

metamorphism during sktrong penetrative Dy deformation. However, this

nmetamorphism is considered as Mcp in the frontal parts of the Jutogh Nappe in
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Chor area and related to Dgp ‘deformatioh (see Chapter 3) SQ/SC1 follatllon is
developed during this deformaticr’ with the syntectonic p()[ph)/'IObalStl(“
mineral growth like garnet, staurolite, chloritoid, kyanite etc. (E‘lgs 4 l 4 2,4.3

a, b). Presence of kyanite, staurolite ete. in the assembalge suggest that these

rocks have attained amphibolite facies metamorphismn.

Syntectonic minerals are often overgrown by the subidioblastic
inclusign-free post-tectonic minerals mdinly " gérnet (Figs. 4.1, 4.2) éuring late
to post Dy/Dp; deformation and M2/MCI metamorphism. S- and C- shear fabric
marking the :59/8,1 -foliation in schistose and grie'iss:ose'rocks asre developed
- throughout the region irrespective of the major tectonic boundaries (Figs., 4.3,
¢, d). The S- surface.turn progresively ‘into C- surface (Berthe et al., 1979) with
sense of displacement showing top-to-SW overthrust sense of movemeht (Fié. 4.4
@ in the HHC as well as in the Jutogh Nappe (Figs., 4.3 &, d; 4.5 a, b). Along. with
this S- and « C- shear fabric, Asymmettic 'pressure shadows alehg‘ =i’igid
porphyroblasts of garnet .are also observed :indicating the same seﬁse of

overthrust movement (Figs. 4.5 ¢, d). "

| i

4.2.3 Late to Post—Himalayan

- Metamorphism

Minerals developed during main M,/Mr; metamorphism are later affeeted:by
D3/Dpy deformation during late My/Mey metamorphism. This is manifested by
post-kinematic growth of quartz, muscovite and greenish biotite along the SBa
follatlons in the hinge zomes of Fy, folds.. Along the Sy, foliation, new mica
flakes are developed parallel to the axial traces of Fy;, folds. Retrograde
metamorphism has taken place during D3y, deformation and ha!s resulted in
development of chlorite and muscovite at the expense of biotite garnet and

staurolite respectively (Fig. 4.3 b).
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Figure 4.1 : Syntectonic garnet stringers along the main foiiation S, overgrown
by subidioblastic inclusion-free rim in garnetiferous mica schist. Internal
fabric 55 in garnet parallels external 8, fabric of the main foliation from one
erd toother.Note post-garnet crenulation of mica-quartz-rich foliationon left
marg’~ Samrle W:l. Oblique extinction X 72

B









Figure 4.2: Syntectonically growing rotated garnet core having quartz, biotite,
muscovite, rutile inciusions, overgrown by subidioblastic inclusion-free post-
tectonic garnet in garnetiferous-staurolite-kyanite schist from the Chor
Mountain region (CH 7/7). PL X 72.
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Figure 4.3 a : Syntectonic grown non-rotational staurolite and chloritoid
porphyroblasts along the main foliation S from staurolite-chloritoid-mica
schist along the Sutlej valiey. Within 50 m oF the MCT zone (W 2/5). Biotite alters
to chlorite in pressure shadow zore. PL X 112.5.

Figure 4.3 b : Syntectonic staurolite and chlcritoid along the main foliation in
the Chor Mountain region in staurolite-chloritoid-mica schist (CH 10/10).
Devlopment of chlorite and sericite felit mainly due to retrogression of biotite
and staurolite. PL X 72.

1
Figure 4.3 ¢ : S-and C- shear fabric having nmainly mica (biotite + muscovite) with
tail of tourmaline dgrain along S- surface, rotated by C- shear surface 1in
tourmalinised garnetiferous mica schist (CH 2/5). Note small garnet along S-
surface bent along C-shear plane. Upper margin of photo is marked by tiny streak
of tourmaline crystals along C-planes. Oblique extinction X 72.

Figure 4.3 4 : Mylonitised mica schist (CH 3/13) from Chor Mountain containing S-
and C- shear zone with porphyroblastic muscovite growth along S-surface
truncated and bent by C-shear planes at both ends, thus providing mica fish.
Crossed X 72.












Figure 4.4 a : S-and C- shear fabric (CH 2/5 A) with skeltal syntectonic growth of
garnet along S- surface being slightly rotated due to C-shear in the Chor
Mountain region in garnetiferous schist. Oblique extinction X 72.

iigure 4.4 b : Very fine grained S-C mylonitised garnetiferous mica schist (CH
11/21) with highly fractured garnet indicating post-metamorphic shearing in the
Chor Mountain region. Oblique extinction X 72.

Figure 4.4 c : Syntectonic staurolite along main foliation § , and folded by F3,
crenulation fold in staurolite-kyanite zone (W 13) along the Sutlej valley.
Oblique extinction X 72.

Figure 4.4 d : Folded main foliation S,, due to crenulation fold Fqp showing many
porphyroblasts of staurolite curving around hinge zone in staurolite-kyanite
zone (W 12/10) along the Sutlej valley section. Oblique extinction X 112.5.
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Figure 4.5 a:S- and C- fabric in (CH 2/5 A) with rotational garnet along S- surface
gradually turning along C-shear surface, the sense of the displacement is
top-to-right overthrust movement. The internal 8; 1srotated is continuous with
the external foliation Se in the Chor Mountain area. Oblique extinction
X 112.5.

Figure 4.5 b:S- and G- shear fabric in (CH 10/20) showing asymmtric presure shadow
along rigid porphyroblasts of garnet with top-to-right overthrust sense of
movenent. Crossed X 72.

Figure 4.5 c: Growth of syntectonic snowball garnet (CH 10/10) with S-shape spiral
inclusions (S; of quartz, mica and opaque minerals) in garnetiferous mica schist.
C-shear plane almost subparallel to main foliation. PL X 112.5.

Figure 4.5 d : Suidioblastic garnet (CH 10/19) with S; fabric development in the
Chor Mountain region in garnetiferous mica schist. S- and C- shear fabric along
with asymmtric presure shadow are evident along rigid porphyroblasts of garnet
with top-to-right overthrust sense of movement. Oblique extinction X 72.
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Table 4.1 summarises the mineral paragenesis mainly of the HHC and the

Jutogh Nappe in relation to distinct metamorphic episodes.

4.3 METAMORPHTC GRADES

In the hanging wall of the MCT within the HHC and the Jutogh Nappe,
metamorpiism remains within garnet to staurolite-kyanite grades of upper
greenscinist to amphibolite facies conditions. In both the areas, the rocks are
mainly pelites and psammites, and sometimes, intercalated with very thin layers
of quartzite and amphibolite. Locations of the samples used are given in
Figures 4.6 and 4.7. Table 4.2 provides detailed mineral assemblages from various

metamorphic isograds.

4 .32 .1 GCGarnet ZoOoOne

Garnet zone rocks are found at the base of the Jutogh Nappe adjacent to the
JT farthest from the Chor granitoid (Figs. 4.6). The main foliation S¢1 1s made up
of muscovite, quartz, and sometimes by biotite, chlorite and chloritoid.
Chloritoid-bearing samples usually have very less amount of biotite; instead
chlorite is commonly associated in these rocks. Garnet is mostly syntectonic
having mineral inciusions, and sometimes, overgrown by post-tectonic rims
devoid of any inclusions (Fig. 4.2). Coexisting chlorite and garnet are rarely
found in these rocks. Chloritoid and staurolite are associated together in some
of the samples (Fig. 4.3 b), Zpidote, tourmaline, zircon, apatite and ilmenite are
found as accessories. Chloritisation of biotite, garnet etc. are noticeable in
some of the samples from these regions. Close to the thrust contact the rocks

are crushed, mylonitised and recrystallised (Fig. 4.4 b).



130

TABLE 4.1 Minerals associated with different metamorphic phases. '
from the HHC and the Jutogh Nappe in Himachal -Pradesh -
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Figure 4.6 : Location map of samples
estimation in the Chor Mountain regio

used in microprobe analysis for the P-T
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Flgure 4.7 : Location map of samples used in microprobe andlysus for the PrT
estimation along the Sutlej valley section. : ‘-




TABLE 4.2 Mineral

the HHC and the Jutogh Nappe in Himachal Pradesh

5.NO. [SAPLE NO. |CHLORITE|BIOTITE|MUSCOVITE CARNET [STAUROLITE| KYANITE| CHLORITOID|K-FELDSPAR|PLAGIOCLASE|QUART
SUTLES VALLEY SECTIONRE OF KULO-RAMPUR WINDOW
LW 1 X X X X X X
STAUROLITE-KYAAITE e
s Wi | X X X X P X ! i X
R X X S X f ¥ A
§ w6 X X X X X
5 RR 19 X X X X X
6 Wl X X X 5 X X
T w1210 X X X X X X X
B W13 X X S X X X
9 RR17/22 ¥ X X X
CHOR AREA SECTION
GARRET GRADE
Lo X X X X 1
A R J)| X X X X | X 5
3017736 X X 14 X ‘o X
| &= b 17735 X =" ; X X X
1 _CH 17733 X 5 § X - X
16—k 15/27 ¥ ' & X ] X
T 1L/ X X X X X X
8 Ch10/20 X X X X X X
STAUROLITE-RYARITE CRADR
I CH 10/18 X X X X X ¥ X X X
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assemblages in different metamorphic grades of

.
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Table 4.2 continued

S.N0. [SAMPLE KO, {CHLORITE|BIOTITE|MUSCOVITE|GARNET [STAUROLITE|KYARITE( CHLORITOID|K-PELDSPAR|PLAGIOCLASE|QUARTZ
7 ¥ ¥ b S X | X
I 8N X i X ¥ X X X
b N3 X % ¥ I S X
5 X - X X X X X
6 N4 X % X k R §
T (03 ¥ i X ¥ { ¥
§ (04 b I X . X Xj
9 Ch 3/9 1 ¥ X X i X X'
10 CH3/8 X X x X X ¥
1125 X S X X X X
12 CH 22 I X X X - - X
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The mineral assemblage, observed in pelites, include:
Biotite - Muscovite - Garnet - Plagioclase - Quartz - K-feldspar z Chlorice

+ Chloritoid.

4 .3 .2 Garnet/ staurolite—kyanite

grade transition zZone

Rocks of this zone characterise the basal part of the HHC in the Sutlej
valley, while a narrow zone of this sequence is also been observed in the Chor
Hillé:. Inthis zone, staurolite, chloritoid, garnet, biotite, muscovite, quartz and
opaque are present in the pelitic assemblage from both the regions. The
coexistence of staurolite and chloritoid in the assemblage indicate the
transition zone between garnet and staurolite-kyanite grade (Fig. 4.3 a; Winkler,

1979)

4.3.3 Staurcoclite—kvanite grade
Staurolite-kyanite grade rocks in both the sections are medium to coarse

grained. Porphyroblastic growth of syntectonic garnet, staurolite and kyanite

are present in these rocks from the Sutlej valley (Fig. 4.7), while the

Nauhra-Shamra section has not revealed any kyanite sofar.

Along the Sutlej valley and away from the MCT towards Jeori, the metapelites
contain muscovite, biotite, quartz, staurolite and kyanite in the assemblage
(Fig. 4.4 c). Kyanite is present in substantial gquantities with limited
occurrence of staurolite in the assemblage. Biotite and muscovite form the main
foliation and reveal characteristic S-C shear fabric baving micas crystallised

along S-foliation gradually deflected towards southwards by C- shear foliation
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(Fig. 4.4 a). The Chor section contains staurolite in almost negligible amount, but
essentially reveals garnet, muscovite, biotite, K~feldspar;: pl:égi'oclas'e’- and
quartz in the assemblage. In both the sections; the following':observation% are
evident: _ b e

(a) Biotite and muscovite vary sympathetically,and in general, muscovVite
1is the most predominent mineral,

(b) Plagioclase is variable, mcre in the Chor section and negligible in the

Sutlej valley section,

) ‘
e e

(c) Chlorite is mostly retrograded after hiotite and garnet) ©

(d) Syntectonic garnet with spiral mineral-inclusions; is'often’ overgrown

pidp !

by post-tectonic garnet without mineral inclusions ard i

(e) Accessories include apatite, zircon, tourmaline and ilmetite,

o1 .
[ PR cyot

ey ' AL A
The mineral assemblages found in this grade in pelitic rodks - include? !
Biotite = Muscovite - Garnet —Quartz ~ Plagioctase = K-feldspir

* Staurolite * Kyanite ri L. i T

The relation between individual- mineral fabric and deformationin these

Ve
M

metamorphic grades are explained helow. . ¢ i *
a. Garnet: Garnet is a common mineral. found in all the metamorghic grades.
Growth of embryonic or skeletal, snowball and subhedral garnets ate dbserved
1n the HHC and the Jytogh metamorphics (Figs..4.; 4.2, 4.4 1a, by 14.5); Gatnet
stringers are either parallel to main foliatien So/S¢p Fig. 4.4+a) o1 digplay
bowing out-like structures at almost normal to the foliation Fig: 4.4 'dy ¢1.,
Misch, 1971). Some samples show deflection of the S, foliation due to
porphyroblastic garnet stringers (Figi:4.4). All . these observatiions s'dnj'g’éét ‘an
incipient stage of garnet growth ..during JDQ/Dcl‘defo.t'mation:dnd main M‘:,"/Mcl

metamorphism in both the areas. .., =
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In the main Dy/Dp) deformation -and My/Mc) metamorphism, growth of
syntectonic garnet with S-shaped spiral inclu'si'o'r'l_s (54) ‘of quartz, mica and
opaque minerals are observed-(Figs. 4.5 ¢, d). Internal fabric Si i;s"fotated but
continuous with the external foliation Se (F1g. 4.5 a). Sometimes, continuity is
maintained at one end but disturbed at the other end (Fig. 4.1). Dliring late to
post-deformation, idioblastic-to-subidioblastic garnet devoid of mineral

inclusions is often cvergrown on syntectonic garnet (Figs. 4.1; 4.5 ¢, A).

b.Staurolite: Staurolite porphyroblasts are faintly pleochroic, having quartz,
-mica and opaque mineral inclusions, where S; continues undisturbed with Se
fabric (Figs. 4.4 ¢, d). However, these inclusions are occassio‘n'ally arranged in
a sigmoidal pattern indicating syntectonic rotation and growth during main
Dy/Dgy deformation (Fig. 4.4 ¢). A few subidioblastic staurolite crystals, devoid
of mineral inclusions are also found in these sémpleé. Staurolite growth is
essentially syn kinematic to main' - Dy/Dey deformation and subsequently folded

by Fj;, folds in the Sutlej valley (Figs. 4.4 c, d).

c. Feldspar: Both K-feldspar.and plagioclase porphyroblasts are present in these
samples. In Chor section, K-feldspars are mainly = microperthitic having
sometimes inclusions of quartz and altered sericite. Myrmekite intergrthh of
quartz and feldspar are common, giving evidence of "partial m'elting and
recrystajlisation. Sometimes, rims of albite arocund K-feldspar are noticed.
Large porphyroblasts of plagioclase are mostly untwinned and sericitised. Both
K~feldspar and plagioclase porphyroblasts are deveioped syn-Kinematically

t

along main foliation.

d. Chloritoid: Tt is commonly found in Sutlej vailey and is mostly fine to medium
grained (Fig. 4.3 a). it is associated with muscovite and chlorite in the main
foliation. Simetimes, at places, it is found in associatign with staurolite in

the transistion zone, where the staurolite replaces the chloritoid (Fig. 4.3 b).
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e. Mica: Both musoov1te and blOtlte are 1nvar1ab1y assoc1ated w1th the peh tes

it et .-5"(111-’.
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fxom both the rgions. These are found with galnet as tlny 1ntlu510ns and

! !! ror 4 R N AT I NI beleae - : ‘;‘l? oL

crystalllse along the main foliation S2/Sq1 (Flgs 4l 4.-, 4.3 & 4.8; 4.9). Mlca

gt [ e [P BRI R P I T

crystalisein laL ge pOL phyrobalstlc syntectonlcally grown r{nlner als llke gaL net
R N (RO Teen, R e A LU LA Vi
staurolite, kyanlte, quartz and feldspar and marks the main metamorphlc event

1 1,,-..} ..l,,, T e A N R L .,'\, o1 EEETEN PUFRI I I

M2/MC1 (Flgs. 4 5 a, bl It 1is characterlsed by S-C shear fabr ic and cr}lstalllses

[ . S ,(,,], , ot he - I (.mi-': Py, Yo,

both along S— and C- shear planes (Figs. 4.5 a, b, 4; 48 d) ‘and predates the

l!rl'n ul( Sfoa e i

grain-size reduction associated with later C- shear zone or MCT/JT/Chor
thrust-controled mylonitic foliation (Figs. 4.5 b, d; 4.8 &, d). Transposition of

earlier-grown mica as rootless folds by later 82 mica-rich foliation 1is
RS yoe 0 Y AR YA ! 4 L

occasionally seen in the Chor Hills (Flgs. 48 a, 4.9, while at places, both

muscovite and biotite Landomly -oriented flakes are dlstlnotly post-tectonic

prv ottt S T B ST R S U T IR R TN N N A SRR RN PR

(Flgs. 4.5 a, 4 9)

I NN IR IR KR -

ot Yoo I RIS FRTE EE A AR T NZREEAN B FEIERVET I R X

It is notew01 thy that Jater deformatlon of mica either due to Dey/Dy in chor
I N R I et R ""‘“‘l" [ Frags te < tor by oy

hills and Sutlej Valley produces kinks and dlsplace/rotated and newly
.y - (RN v y('fr‘ AR \‘l\',!?/‘ e Yl

crystalllsed flakes along SB/S3b crenulatlon follatlon (Figs. 4.4 ¢, d; 4 8 a, h, <)

] . i e o PR ‘ R l)“, ] 'll; I\,‘ u[ l\. cpe ity gt
S U TN STy R T R IR R U Cruy jiry K

fet Sy by (522 B PO P R T T bt

4.4 PROBE ANALYSTS

S ier SR T O T Y T S I S AL IO A cohp b

caprtey Phegy
' Many’ pollshed thin sectlons of su1tahle samples have been examlned under

transmitted 4nd reflectéd light £5 s rtdin 'textu'rally'the equlllbrlum
mineral assemblage for the a!na‘lly's’ii‘s'.' " Altered' and 're:trogradels.la'm‘ples: were

discarded for this purpose. Metamorphic textures were used to distinguish

. 5 b gy e e < TR Voo AU ' L
differént denerations of garnet, mica étc.. Microprobe analysis was carried out

[ . P . R 3 ST B T Cor { .
‘mainly oh minerals, which have grown syntectonically durlng maln metamorphic

eventor immediately after this event. In each thin seotion,'n'\a'ln)’/ grains belong

" td thé Same geneération of ‘a pa;rtiij’ul‘ar mineral wete analysed and each grain

contiined a number of points to check tHe compositional vdriation. All the
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analysed points were checked carefully for the stolichiometry and the pmnrq

with incorrect anaiysis were discarded in the P=T calculat mn. In tlm %l lulwd

1

area, core temperature c‘*.ould only be deﬁermined in 2 samplps, while core
pressure could not he determ%’.ned due to paucity of snitable miner n] 511(‘11191011@.
Therefore, P-T determlnatJon has bheen done mainly from garnet rirﬁ and
coexisting maLrlx mlneral compomtlonq. Thus, five sampleq have been found

suitable f'lom the Sutlej vﬂllpy and nine qamplpq from thp (‘hur area fm the

microproie work.

4 .4 .1 An_ay't Tcaca l Procedu e

Sampies have been analysed, using an automated JEOT, .J XA-8600M Elect ron Probe
X-Ray Microanalyser. The instrument was operated upon at an accelerating
voitage of 15 kV and sample curvent of ;’xiﬂ's ampere, hay ing beam size bot ween
1 uww {for garnez, staurolite, ilmenite, chloritoid and rutile) and 10 ym (for
biotite, muscovite, and plagiociase). For qualitative and qua ntitative analyses,
thiree channel Wavelength Dispersive Spectrometers (WDS) were used. Highly
polisned samples were coated with carbon to a thickness of about 100 Ax. Natural
mineral stanaards (SPI Standard, Canada), such as almandine and vyrope garnets,
biotite, plagiociase, sanidine, hematite, rutile and wherever necessary,
multi-mineral standards were used in the analysis. ZAF correction was applied
for X-ray absorption, X-ravy fluorescence, atomic number effects, back scatter
and icnization-penetration losses during data acquisition. ,

LComposition close to Lthe rim of .unvzﬂnn(]_czop.‘(is! ing  minerals. have bpen
analysed for P-T calculation. For zoned minerals like garnet, staurolile and
ch,lOL'J'_toid, rim and core and in Lermediate points in some cases, were analysed
for determining the varialion in chemical composition. Quantitative line

analyses were performed in garnet for zoning. Inclnsion minerals such as,
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Figure 4.8 a : Isoclinal Fg fold with lower limb marked by wmicroscopic thrust
characterised by mylonitisation and grain size reduction. Mylonitic foliation
cuts across obliquely to main foliation and is post metamorphic fabric in the
Chor Mountain region. Also note later upright kink affecting the fold and
thrust. Cresed % 72,

figure 4.8 b : Isoclinal fold Fp, superposed by cr enulation foid Fny folds and
developed on main foliationr §,;. Note post-Fq nmylonitic streaks in hinge zone of
and kink aevelopment. Mica sc ~hist {CH 2/5 B) from Chor Mountain region. Crossed
X 72.

Figure 48 c : Crenulation folds Fy3 having kinked muscovite-bictite and
incipient mica growth along axial plane foliation Snq (CH 7/7). Crosséd X 72.

¥igure 4.8 d : Mica fish developnent along S~ and C- shear fabric in garnet-mica
schist (CH 11/21) in the Chor Mountain region. Also note stteply dipping
extensional crenulation towards right and characcerisea by fine grained streaks
of mica and guartz. Crossed X 72.
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Figure 4.9 : Rootless fold F » showing preserved earlier foliation S.; within two
main foliation planes. Porphyroclastic garnet riddied with quartz-mica
inclusions in mica schist (CH 2/5) from Chor Mountain. Crossed X 72.
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N 31

1.9736

3

3.0127

g

BRI
ELEMENTS
RIN CORE  RIM  RIM RIK | RIM - WRIN - RIH: | <RI RN | RIMC RN
WRIGHTY
ORIDES, N L o
$i0, . 0.688 37440 37632 37.357  36.866- 37943, 05U 300182 3057k 3.366. 37652, 37.800
M0, 22,263 2,573 21800 21.755 21,354 21.687 20153 20,386 20.699 20.441 20664 20.570
a0 - AN LA 1960 4438 3943 CLI57 ¢ 45T B0 3,768 2788 - L1 - 2.420
0 A0 LA 3409 32990 32067 33966 32592 32,10 33691 33446 35.688  35.6%
B 013 LA 2080 2046 0 1972 LA L6 1302 730 2500 3.020 0 2.549
o 2503 5403 2560 2,213 396 3580 3465 43 0032 208 LS 0.909
Total 101,568 100,403 100.460- 100.903 100.165 101.519 100,776, 100.172 100.192 100,317 100.826 100,891
—— f L it
b CATION - fon the basis of 12 oxygen) -
i 10328 30070 30016 2.9766  2.9726 1,015 3.0000 2,999 2.9975  2.99571  3.0001 3.0098
Al 20570 20420 20495 20432  2.0294  2.0325  2.0299  2.0032 -2.0405 2.0261 2.0328  2.0244
Ca 0,362 0.2075 0.1384 0.3789  0.3407  0.2348 03477 03326 03220 0.2385  0.1119  0.2070
Fe .o 20855 20374 0619 D.1987 . LA620 22576 . 21790 20668 22480 2.4% 23781 2.1
Mg DL3S) 02102 02485 0.2549  0.2370 0.1868  0.1928  0.1565 0.3247 0.2988  0.3586  0.3025
M D66 03676 01736 03789 0.2706 024100 U234 0,2961  0.0495  0.1885° 01020  0.0613
Total 1.0387 1,919 ERT 79600 108S1 1.0 T 1891 1.0m5 1.9
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Table 4.3 - continued
L CHIL/21) N 39 273 CH 3/8

ELEKENTS :

RIM RIN RIM RIM RIM RIN RIN RIY RIM CORE

WEIGHT%
0XIDES
§10, 36,754 30,487 37,716 37.039  37.868 34002 38.167  38.144 36,778 36.118
Al,0, 21,059 21.563 21,555 22,046  21.587  22.024  21.768  21.832 2,197 20,511
(a0 9.233  6.677  2.761  0.636 2,188 5,860 2,931 5.006 1417 4,102
Fe0 25,130 24,118 34,825 35,312 34164 32,595 34,370 339 26,17 21170
Hq0 0.761  0.798  1.886 2,373 2,245 1,945 2,079 - 2.020 © 0.831 - 0.888
Hn0 6.213  9.643 0,971 1.209 2,613 0.85%  2.384 - 0.1 6,753 10.012
Total -99.149 100,285 99.714 98,615 100.670 101.945 101.692 10].424 99,693  98.803
CATION fon the basis of 12 oxygen)

Si 2,9791  3.0034 3.0323  3.0066  3.0217  3.0238  3.0169  3.0102 2.9763  2.9803
Al 20119 2,033  2.0426  2.1093  2.0304  2.0304 2,0281 ° 2.0307 2,020 1.9949
(a 0.8019  0.5732  0.2378  0.0553  O0.1871 0.4911 0.2482 0.4233 0.6431  0.3627
Fe 17035  1.6160  2.3415  2.3973  2.2800  2.1321 2.7 2,204 1.8082  1.8752
Hg 0.0920  0.0953 0.2260 0.2871  0.2671 - 0.2267 0.2442 0.2378 0.1003  0.1092
tn 0.4266  0.6544 0.0661 0.0831  9.1769  9.0569  0.1596 0.0650 - 0.4629  (.6998
Total 8.0150  7.9785 1.9388  7.9631  7.9610 7.9691  7.0745  8.0128 8.0222

7.9464




Table 4.3

Microprobe
Sutlej valley section

analysis

continued

of garnet from the

VIR 13 RR17/22 "R 19 ]
ELEMENTS 't

RIM | RIM RIM RI RIM RIM RIN RIN RIM

"' WETGHTY :
0% IDES ' :
8i0, T840 37.990 31112 33304 32909 38,169 37,100 36,956 37,993
AlL0, C21.640 21,809 <17.919° “ 2780 21.631° 21.766 L1507 20,699 21,530
Ca0 1,690 2,405 7 5,915 5,607 1,000 6,397 2,846 7,960 1,044
Feo 35,838 36,924 301302 30.443 28,985 30.415  34.43) 15.396 34,47
Hg0 DO 2008 2002 2088 2014 0 2636 2822 2985 9065
Hno L1530 0651 0,435 0.440 3196 1.658 0.395  0.286  0.312
Total LOL.760 101.927  88.703  93.659 101.069 101.041 098.746 93,68 100.323
CATION (on the basis of 12 oxygen)

§i 30064 3.0045  2.8762  2.8533  2.9945 3.0045  3.0084 3.0100 3.0226
Al 2.0266 - 2.0330 19525 2.1995  2.0141 2.0195 .0717 19872 2.0190
Ca 01838 02072 0.5859 " 0.5148  0.6122 0.539% 0.2473 0.2059 0.2595
Fe LALLM .00 20813 LOMB 200 23350 24111 2,294
Hg 02369 0.85 0.2786  0.2662  0.2490 03093 03411 0.365 0.3516
o 00853 0.0836  0.0340 0.0319  0.2139 0.1105 00272 0.0197 0.0
Tota) 1.9805  7.9790 81475 8.0469  7.9985 79857 7.9807 7.9964 7.9679

145
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Table 4.4 Microprobe analysis of biotite from Chor Mountain area

e 7/7 cH 10720 L0 | ROLL | ch e
ELEMENTS ' :

IHC, : 1 , NG, |

WEICHTS T
OTTDES e . R ——
§i0, 34759 34,890 34,974 34,090 35275 33811 33.096 33.876 33,767 34,613 53.951
AL0, 16,510 18,298 18,179 18.406 19,033 .16.371 19.024 19.775  RRM5 k2,765 11,979
K20 B.SO4 0027 731 8491 - 8740 . 7.893 6253 5379 7518 -8.610 6.026
Na,0 0354 0,267 0.330  0.489 0360 L4100 0,293 0304 0459 0172 0.207
a0 0.099  0.04L  0.102  0.065 0.058 0256 0488 0,376 0200 0,059 0.182
Pe0 18,841 20,516 18.745 20,349 20.769 19.668 18,673 19,364 18,232 21300 17.931
g0 9,512 8.874  9.549  §.460  B.658  8.040 . 8.95 .AL.091 9.6120 6,199 30U

Hn ALY 003 0.086 - 0.036 0028 0,200 0,039 . 0207 0.8
110, 2208 2414 2617 158 1576 1,670 . da278 o249 51527 RS9 1.84L
l 0.110  0.086  0.104  0.262  0.144 0274 0,168 0.148  0.066  0.037  0.094

Total 93,314 94,804 93,438  92.534  95.065 90}§§3 88.391 91,269 89.374  93.344 96,485

CATION {on the basis of 22 bxjgen)

§1 5.4018  5.3910  5.4181 5.4075  5.4320 5.4383  5.7792  5.6291  5.4642  5:4934  7.5484
Al 3,908 3.3325 33196 3.4415  3.4547  3.4829  3.2259 32270 3.4273 33178 1L975%
K 16861 17794 17256 17184 17170 1.6197  1:5565 106851  1.6364  1.7404  1.B756
Na 0.1068  0.0799 0.,0991 0.0011 0.1078  0.1279  0.0391 0.0407 0.1294 0.0528  0.0563
Ca 0.0165 0.0069 0.0169 0.0048 0.0096 0.0441 0.0480 0.0081 o= 0.0183 0.0273
Fe 2.4488  2.6512  2.4286  2.6995  2.6748  2.6456  2:2561  2.3200  2:2843  3:0%02  2:0981
Mg 2,075 2.0440 2,205 2.0005 1.9876 1.9277 2.0314 2.3928 2.2907 1:4641  0.8158
¥n 0.0149  0.0266 0.0113 - 0.0047 0.0038  0.0054 0:0156  0.0152  0.0305  0.0456
Ti 0,2581  0.2805 0.3049 0.1886 0.1825 0.2020 0.2320 0.1509 0.2287 0.2728  0.1937
Cl 0.0290 0.0474 0.,0273 0.0703 0.0376 0.0747 0.0175 0.0262 0.0037 0.0100  0.0222

Total  15.7979 15.7525 15.5951 16.0346 15.9838 16.0363 15;1911 15.4956 15.4800 154817 13.8583




Table 4.4 continued
CH2/3 N4 CH 11721 N 39
ELEMENTS . s
WEIGATY
OXIDES
810, 35,174 36.850 35,287 33.541 34,880 35.433 34,135
Alo0;  17:300 21092 17.399 17,408 17551 19.793  18.426
k20 8.438 0016 8.515  8.832  9.331  6.664 1,232
Na,0 0:209 "'0.003 0.401  0.057  0.105  0.313 0.293
Ca0 0208 24T 0188 0.206  0.140 0,156  0.172
Pe0 20810 32,583 19,962 22.641 20,510 19.310 19,542
Mg0 0.409 T 2,549 9,864 5,885 6,584 9.112  9.413
Mn0 0.0 2,931 0.088 0,264 0.204 n -
110, 1.I80 - LS 3370 3690 1,029 0,930
¢l 0.111 0.006  0.119  0.150 0,119 0.142  0.019
Total 92,863  99.374 93,699 92,523  95.584 92,491 90,335
CATION  {on the basis of 22 oxygen)
Si 55017 5.5085  5.5051 5.3944  5.4288  5.4949  5.4535
Al 3.,2046 5.7055  3.1994 33001 3.2195  3.6180  3.4699
k 16917 0.0031  1.6%47 1.8123 1.8527 13184 1.4741
Na 0.0635  0.0008 0.1214  0.0078  0.0317  0.0943  0.0907
(a 0.0360  0.3962  0.0315 0.0356 0.0234 0.0259 0.0294
Fe L7351 40726 2.6045  3,0453  2.9298  2.5044  2.6111
Mg 2,043 0.5679  2.2941  1.4109  1.5273 2.1068  2.2418
Mn 0.0057  0:3710  0.0116 0.0388 0.0269 - .
Ti 0.1395 - 0.1705  0.4078  0.4319  0.1200 0.1118
cl 0.0295 0.0014 0.0315 0.0408 0,031 0.0373  0,0052
Total  15.6377 15.3418 16.0473 15,6623 15.9216 15.8050

15.6426
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Table 4.4 continued

Microprobe

ana

lysis of

Sutlej valley section

biotite from the

RR 17/22 RR 19

BLEMENTS|H 2/5 | W 1! W13
WEIGHTY
OFIDES . , 4 L \
§10, 35,389 33.692 34,672 35.205  32.436  34.037  33.851  34.149
Ma0;  19.238 19.065 18,592 .19.492  20.457 18,538 .18.566 18.925
8,0 8.883 8761 8.590  9.166  7.229  9.138  8.810 . 8.715
Ha,0 0.259 0319 0,155 0,242 0,129 0.381  0.334 . 0.336
(a0 C0.077 0,237 00163 0141 0,599 0,054 . 0.131 0,081
Fe0 2,453 21,532 18,927 18.739  20.634  19.678  18.685 18.310
Mg0 9.170 7,755 10.117 0 9.640 8,129 9.445  9.46%  9.071
Mn0 0.100  0.052 - 0.008  0.455  0.044 0,016 0,088
Ti0, 2964 1594 0,585 0.071  0.699  1.235 1121 1.548
cl - 0,081 0.354  0.163  0.897 - - -
Total 95,534 93,218  92.862 93.204 91.633 92,583  91.595 91.814
_CATION  [on the basis of 22 oxygen)

§1 54090 5.3228 5.4559  5.4770 5.1999 5.3664  5.3944  5.4081
Al 34658 3.5502  3.4483  3.5742  3.8656  3.44%0  3.4874  3.5287
k L7321 1.7659  1.7245  1.8192  1.4786  1.8381 1.7912 1.7588
Ha 0.076%  0.0978 0.0470 0.0731 0.0400 0.1]65 0.1031 0.1124
(a 0.0127  0.04D2 0.0274 0.0235 0,1029 0.0092 0.0224 0.0138
Fe 27423 2.8849  2.4908  2.4381  2.7666  2.5947  2.4903  2.4223
Hg 2,0893  1.8263  2.3732  2.2356  1.9426  2.2197 2,2493  2.1390
tn 0.0131  0.0070 - 0.0011 0.0617 0.0056 0.0020 0.0118
T 0.1108 0.1894 0.0693 0.0201 0.0843 0.1465 0.1344 0.1842
Cl - 0.0217 0.6937 0.2317 0.2437 - - -

15.7935 16.4247 15,9367 15.9363 15.7698 16.2069 16,0285

Total 15,6518
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Table 4.5 Microprobe analysis of plagioclase from‘Chor Mountain area

ELEMERTS w17 CH 10/20  [CH 10/10] N 3L/1| cH 3/8 N4 2

WEIGHTS

0X1DES

§i0, 60,799 60.589 59.953 63.019 63.241 66.957 62.890 60.531 61.554 57.541 41,786
AlL0s 24,195 24133 24963 23.099 23,198 20,187 23.618 25.484  23.858  25.795 23113
k40 0122 0.084  0.353 0079 0.057  0.049 0071 0200 0073 - .09
Na,0 8.436 8379 8,198 9.569 ., 9.766 11,405  9.133 8,408 11.623 10.095  8.745
(a0 5.64  5.636  6.134 4079 4395 1913 4768 6,825 5146 . 5.022 5.3
Fe0 - 0,049 0.240 0,119 . 0.099  0.010 .0.049  0.026 - = 44089
Mg0 0.015  0.028  0.007 - L1 o4 012 - I [ B
Ti0, 0.043  0.009 0,036 .01 . 0.038 - - - - -4

Total 99290 99933 99.884 99,985 100.807 101592 100,662 10L.491 102.253 98.618 99,717

CATION  [on the basis of 8 axygen)

si 26 20007 26795 27903 27827 29018 27692 26645 2.7039 26140 2,749
Al L2766 12773 L3ISL L2055 12031 L0823 L258 13200 1.3t L3812 1,439
b 0.0069 00048 0.0201 0.0045 0.0037 0.0027 0.0107 0.0022 0.0041 - 00031
N 0,733 0.7295 0.7105 0.6215 0.8333 0.9584 0.779 07176 09900 08892 0.7546
Ca 0.2106 02712 0.2937 0.1935 0.2072 0,0889 0.2250 0.3219 0.2432 9,245 0,507
Pe - 0.0019 0.0090 0.0044 D.0036 0.0004 0.0008 0.0010 - - . 0.00%
Mg 0.0010 0.0019 0.0004 - 0.0009 0.0027 0.0008 . - . -, 0012 -

n 0.0024 0.0005 0.0020 0.0007 0002 _ - - N [

Total ~ 5.0121  5.0083 5.0303  5.0207 51b360 5,037 5,011 5,039 5.1755 5.;401 50089
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Table 4.5 continued

'MICROPROBE ANALYSIS | OF
PLAGIOCLASE FROM SUTLEJ VALLEY
SECTION

ELENENTS| W 11 | RR 17722 |

WEIGHTY
0XIDES o
sio, 60,115 57741
Al,0, 25,309 26,140
k00376 0,119
N@{O_ 8319 8074
a0 5973  6.306
Fe0 J0.161 0,054
Hg0 0.048  0.069
T10, - -

Total  100.301  98.573

CATION (onnfhe basis of
§ oxygen)

51 2,6734  2.6167
Al 13267 1.3962
ko 0.0213  0.0069
‘Na 0.7174  0.7095
(a 0.2846  0.3062
Fe 0.0060  0.0020
g 0.0032 0.0046
T - -

Total  5.0326 5.0434

Poe oty e
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Table 4.6 Microprobe analysis of muscovite from Chor Mountain area

S I R UREVEEETARY o 211

WEIGHT%

OFIDES

§10, 44.937 44,662 49,114 45,714 44,816 45.470 45.783  44.367 44.788  51.872
Alo0;  33.634  33.654  29.262 35,129 35.128 31470 33.155 30,375 31,969  28.601
£20 10.193 10.118  5.816  8.520 7,536 10.514 10.984  8.790  9.441  B.407
§a,0 0.991  1.026  4.699  1.968  3.135 0,540  0.446  1.223 L340 1.194
(a0 0.037 0.069  1.755  0.020  0.060  0.001  0.020  0.084 0.102  D.1L
Fe0 1305 1263 4,556 0,972 1,639 2,532 L.919 4779 .48 2.482
tg0 0.842 0,920 0,627  0.681  0.407  0.742  0.897  1.139  1.206  0.846
Kn0 0.060  0.036  0.040 - 0.032  0.064 % k 0.032 z
710, 0,447 0.505  0.185  0.143 0314 0.690  0.615  D.458  0.458  0.780
cl "~ 0.001  0.103 - 0.013 0,015 1 0.012  0.014  0.014

Total 92,487 92,306 93.185 93.349 93.078 92,188 94.327 91.225 92,798 94.315

CATION  f{on the basis of 22 oxygen)

L]

§1 6.1809  6.1577 6.6428 6.1721 6.0813 6.3261 6.2362 6.2688  6.2065 6.9263
Al 5.4529  5.4691  4.6650 5.5905 5.6184 5.1608 5.3232 5.0587 5,227  4.5014
K 1.7887 17797 1.0035 1.4676 1.3046 1.8662 1.9088 1.5845 1.6692 1.4322
Na 0.2644 0.2743  1.2322 0.5152  0.8250 0.1457 0.1178 0.3350  0.3599  0.3090
(a 0.0055 0.0100 0.2544 0.0029 0.0087 0.0001 0.0029 0.0027 0.0152 0.0159
Fe 0.1547  0.1457 0.1760  0.1097 0.1860 0.2946 0.2186 0.567% 0.3764 0.2771
Hg 0.1727 0.189%  0.1265 0.1372  0.0823  0.1540  0.1821  0.2349  0,2491  0.1684
Hn 0.0070  0.0042 0.0046 - 0.0037  0.0076 . ¢ 0.0038 a

! 0.0463  0.0524 0.0188 0.0145 0.0320 0.0722 0.0630 0.0487 0.0477 0.0316
cl - 0.0003  0.0237 - 0.0030  0.0036 § 0.0030  0.0034  0.0059

Total 14,0730 14.1213 14.1048 14,1585 14.1453 14.1475 14.4303 14,1160 14.3068 14,0089




Table 4.6 continued

MICROPROBE ANALYSIS OF MUSCOVITE FROM SUTLEJ
VALLEY SECTION

ELEMENTS| W1l RR 17/2)

WEIGHT*

OXIDES

§10, 44,862 45.389  51.099  45.216
M0y 34912 34,637 30.867  34.802
k0 9.647  9.430  5.137 10.071
Fa 0 L2300 1179 5.013 112l
(a0 0.100  0.108  3.0001  0.129
Fe0 1293 1422 0.873  1.566
Hg0 0.621  0.569  0.379  0.736

Hn0 0.049 - - -
T10, 0.236  0.282  0.188 0,403
cl - 0.306 0,084 -

Total 92487 92,306 96.721  94.045

CATION  {on the basis of 22 oxygen)

5i 6.0176  6.1733 6.6203  6.1168
M 5.6117  5.5528 47136 5.5493
K 16839 1.6362 0.8490 1,738
Na 03252 03110 12594 0.2941
Ca 00145 0.0158 0.4305 0.0187
Pe 0.1474 01617 0.096  0.1772
Mg 00260 0.1154  0.0731 0.1485

tn 0.0057 - - -
Ti 0.0242 0.0289 0.0183 0.0410
¢l - 0.0705  0.0184 -

Total 14,0779 14.0656 14.0773 14.0837




Table 4.7 Microprobe analysis

-

§ £1 B 1

Ty
'

1 of staurolite '~

fEp 1

11 W 2/5 CH 10/10 l

ELEMENTS :

RIM CORE RIM CORE RIN CORE l

HEIGAT%
OXIDES ' ST
810, 28.054  27.686  27.852 26,816 27,480 27,359
AlL0s 52,455 51147 52,205 50.283  51.823 51.817-
Ped 11,804 12,158 11.824 11,383 10.820 =11.915 ¢
Mq0 1.365  1.493 1285 1.218: 1,209 . L.41d. ¢
Mn0 0.038  0.065  0.016  0.038. 0.024~ -0.063 .
Ca0 0.015 - n.082  0.0007 . - ~ PR
Ti0, 0.461  0.402 0,554  0.472  0.527  0.6%
n0 0.347 0,161 0.149  0.025. . 2.63% - . 2,35
Cr,0, 0.071  0.190  8.071 0,035 S Tt
Total 94,610  93.303  93.956  90.247,. §4.520 95.609.
CATION  f{on the basis of 48 oxygen)

8i §.3205 8.3475  8.3113  8.3228 . 8.2337  8.1441 . -
Al 18.3379 18.1769 18,3626 18.3952--18.3025 18.1820
Pe 2.9278  3.0658  2.9508  2.9469 -2.7113 - 2.9668
Hg 0,6036 0.6712  0.5717  0.5633- 0.5401 - 0.6294 .. .
fin 0.0095 0.0166 0.0041 0.0099 0.0060. :0.0159. .
Ca 0.0049 - 0.0006 0.0022 SRR
Ti 0.1027 0.0911 0.1242  0.1102 - 0.1187- 0.1544.; .
n 0.0759  0.0358 0,0327 0.0058 0.5840 0,579
{r 0.0167 0.0452 0.0167 0.0087... - P
Total 30,3995 30.4503 30.3748 30.3651 30.4963 30.6105

58
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--Table 4.8 Microprobe aﬁélysis.'
of chloritoid

WS CR 10/10
ELEMENTS [~ 1 11

RIN CORE RIN CORE

. BIGHTS
OXIDES
§10, 24,136 23,905 24,204, 23.665 .-
Ma0; 35050 38.278 38.021 38.102
Pe 20,241 21,019 . 20,346 21,141 -

g0 1525 0.595  2.623 2,699

MO - 0,387 0.408  0.652° '0.806"
Ca0 0.035 0012 0,083 0021
%0, 0,009 0.006 010 0.007
mo 0011

0. 0.1 0,057 0,50 0.069

Total 8575 86.280 86350 84,510

CATION  lon the basis of 48 oxygen)

| 81 §.4553  8.3530  8.4861  B.382L .,

Al 15.7116 15,7654 '15.6987 15,7241
Te 5.9304 6.1425  5.9501 . (6.1642
Mg' 13188 1.3515  1.3215  1.3710
Ma . -0.1148  0.1207- 0.2200° 0.2401
Ca 0.0131  0.0046 0.0152 0.0079
T 0.0023 °0.0015  0.0029 “'0.0018
In 0.0028 - - -
Cr 0.0917 00157 0.1012  0.0189

31,7967 32,0101

Total ~ 31.6408 31,7549
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higher grade rocks (Tracy, 1982). Calcula ted diffusion models on garnet growth
and homogenisation suggest that garnet >1 mm S172 can proserve growth zoning
even in upper amphibolite facjeyg condition, However, garnet of ¢ 1 mm size
undergoes intragranulaz: _volgrp_g _diffusion and  : experiences complete
homogenisation in these graﬁ’e‘s (S-'péia:.r; 1988:; Jiang and Lasaga, 1990; Florence and
Spear, 1991), Similarly, it is observed that garnet of > 0.4 mm size preserveg
growth zoning in staurolite—kyanité ‘grade and is not affected by diffusional

homogenisation at this tempefature condition (Florence and Spear, 1991),

To evaluate garnet zoning in pelitic rocks from the Jutogh  Nappe,
syntecltonic garnets were analysid, '].‘lm\mmlys(;g »\{('"rc‘ carried out along garnet
diameters parallel] and perpendiéular -ﬁo the main foliation. Analysis reveals
the presence of growth zoning, héving Mn-tieh ('rn"o and Mn-poor rim producing
typical bell-shaped profile, with enrichment of Ee and Mg ratios towards the
rim, indicating normal growth zoning in garnet (Fig. 4.10.a, b; ch 10/10 and Ch
10/20). Ca shows enrichment from core to.llllear— rim, but it shows depletion al the
rim. Towards the edges, garnet shoWshrevemal .with enrichment of Mn and
depletion in Mg (Fig. 4.10 a; Ch 10/10). The re&zerls.al in zoning at the rim may be
because of post-metamorphic requ i].ibrgtion during f:ooling. This is evidenced
Crom the reduction in Lemeprat ure at Uhe 1im Wilh roespoect to | he inner rim of

garnet and also by presence of retrograde ehlorite Feplacing the garnet at the

edges and biotite in the assemblage.

4 .6 GEO'J:HERMOME'I‘RY AND
GEOBAROMETI.‘R h'4

The regional metamorphic condition ig deciphered from mineral pa ragenesis,
and by 1 e determination of bressureand temperatire, using relevant: exchangoe

or discontinuous mineral teactions for which Lhermo-chemical and phase
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Figure 4.10 b : Garngt zoning showing bell-shaped pattern of Fe and Mn indicating
normal growth zoning in sample CH 10/20 from the Chor Mountain region.
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Figure 4.10 a : Garnet zoning showing bell-shaped pattern of Fe and Mn 1ndicating
normal growth zoning in sample CH 10/10 from the Chor Mounktain reqgion.
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equilibria data are available (Robie et al., 1966, 1978; Helgason et al., 1978;
Winkler, 1979; Turner, 1981; Ferry, 1982; Berman, 1988). Earlier studies emphasised
more on the appearance/disappearance of index minerals and metamorphic
facies, where mineral assemblages are repeated in space and time (cf., Winkler,
1979; Turner, 1981). However, P-T condition of metamorphism is evaluated
thermodynamically and through phase equilibria étudies in recent years, using
compositions of coexisting equilibrium mineral assemblages. For this purpose,
microprobe analysis of coexisting minerals, thermochemical and phase‘

equilibria data of specific mineral systems/reactions are essential.

In the study area, the_.metamqrphié rocks are mainiy made up of metapelites
and quartzites. Only pelites are considered, as these rocks contain suitable
minerals such as biotite, lnﬁS('oVit,e; garnet, staurolite, kyanite, plagioclase,
K-feldspar for geothermobarometric work. Metamorphism in the study area
ranges  from upper garnet to staurolite-kyanite grades, and therefore,
garnet-biotite ther.mometer énd gafnet—plagioclase— sillimanite/kyanite-quartz
and garnet-plagioclase-biotite- muscovite barometers are used for P-T

determination.

4 .6 .1 Geothermometexr

a.Garnet-biotite geothermometer (GB): The netamorphic temperature isevaluated
for the exchange reaction on the basis of intracryi_stalline distribution of
elements between sites of the same phase or intercx*yétallj_ne distribution of
elements between two or more coexisting phéé;es. The'exchange reactions, which
show very little volume changé, large entropy , i'n.sénsitivity to pressure and

do not reset during cooling, are ideal thermometers (Essene, 1982).

[
red
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The GB geothermometer is an intracrystalline exchange reaction and applied
widefy in pelitic rocksi a'S' tﬁi}é is a' (;o{n‘mon :axgs(;l}iglagiss '(’int a;lnlos;;t:.’-'é;ll
nmetamorphic grades. This geothermometer has been calibrated empirically and
through phase equilibria studies by number of workers, such as ThomE;son (1976),

Goldman and Albee (1977), Ferry and Spear (1978), Ganguly and Saxena (1984) and

Indares and Martignole (1985).
The intercrystalline exchange reaction is expressed as:

Phlogopite + Almandine = Annite » + Pyrope
and the Ky = (Fe/Mg)P10/(Fe/Mg)Ct

Caliberation by Thompson (1976) and Ferry and Spear (1978) are based on ideél
Fe-Mg mixing of garnet and biotite.Since garnet has variable Ca and Mn content,
Ganguly and Saxena (1984) have modified Ferry and Spear's calibratio;l,
considering non- ideal mixing in garnet. However, presence of high Ti and alva
in high grade granulites led Tndras and Martingole (1985) to reformulate this
thermometer, considering non-ideal mixing in both the phases. Tn Lhe preserét
work, temperature has been calculated u31ng malnly the calibrations of Ferry
and Spear (1978) and Ganguly and Saxena (1984) due to the presnce of low Mn and
Ca in garnet and Ti and Al in biotite. Temperatu!r'es,‘ caletilated uSi"n’Q Gai’igully
and Saxena (1984) method, seem to be more realistic, while considering abtivities
of minor elements and the overall mineral assemmblages and bulk composition. T'hie

P-T data are presented in Table. 4.9.



. Table 4.9 P-T data for the HHC and the Jutogh Nappe samples

from the Himachal Himalaya

CH 2/3

SUTLEJ VALLEY SECTION

112

1

W 2/5

"RR 19

w 11

W 13

RR 17/22

STAUROLITE-KYANITE GRADE

519

564

570

515

654

g TEMPERATURE - (°C) | "“PRESSURE (Kbary
S.NO.|SAMPLE NO.
CHOR AREA

GARNET GRADE

1 CH 11/21 484

2 CH 10/20 505 5.5

3 CH 10/10 513 7.10
STAUROLITE-KYANITE GRADE

4 CH 7/7 515 7.0
5 N 39 512

6 N 31/1 525 7.8
7 N 4 555 7.8
8 CH 3/8 540 -
‘9 543 6.35

1

5

9
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4.6 .2 Geobarometry

The metamorphic pressure is calculated using mainly- the solid-selid
reactions, as these reactions are not dependent on, composition or'presence of
a fluid phase. Although solid- solid reactions generally are temperature .and
pressure dependent, most of the reactions are primarily used for pressure
calculation, as the temperature is determined by exchange reaction. The
selection of suitable reaction for pressure calculation is based on large ,
V and H values. Many of. commonly applied. reactions.involve minerals like
plagioclase, pyroxene, garnet, sillimanite/kyanite, quartz, rutile, ilmenite etc.
Since most 0_1; the .minerals involved in reactions are complex solid solutions,
pressure calculation is dependent on standard thermodynamic:. and  well
constrained activity-composition data of participating minerals ina reaction

(Essene, 1982). S R o o .

a. Garnet-plagioclase-Al,510s—quartz (GASP) geobarometry: This - assenblage is

widely used as a geobaromefer due te its common occurrence Adn mediun-to
high-grade rocks. Ghent (1976) calibrated this geobarometer through

experimental phase equilibria study for the end-member reaction:

Anorthite Grossular Sillimanite Quartz

In this reaction, activity of grossular content in garnet is. considered to
be its mole fraction asswaing ideal mixing and activity coefficient of
anorthite is taken as 1.276 for calculating pressure (Orville 1972). However, this
model has been modified later by Newton and Haselton (1981), Hodges and Spear
(1982) and Koziol and Newton (1988), using different activities for grossular in
garnet and anorthite in plagioclase. For the pressure calculation, only Newton

and Haselton (1981) calibralion has been used because of ils better activity
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model.

b. Garnet-muscovite-plagioclase-biotite geobarometry: Ghent and Stout (1981)

developed alternative geobarometers for the medium grade, using the commonly
occurring garnet-muscovitce-plagioclase-biotite assemblage of pelitic rock.The

end-member reactions for this assemblage are:

Pyrope + Grossular '+ Muscovite ' ' = Anorthite + Phlogopite

‘Almandine+ Grossular + Muscovite = Anorthite + Annite

Ghent .and Stout (1981) calibrated these equilibria, wusing pressure and
temperature values, derived from GASP (Ghent et al, 1979 and GB (Ferry and
Spear, 1978) equilibria and also the Kp values obtained from natural assemblages.
This ‘model was modified further by Hodges and CrdWléy (1985), in solving
urcertainities through empirical method. However, they concluded that much of
the uncertainties in P-T estimation stem from uncertainities in enthalpy and

entropy rather than by microprobe analysis.

Among the various geobarometers nientioned, Newton and Haselton (1981)
geobarometer has been applied for rocks having garnet - plagioclase -
sillimanite/kyanite - quartz assemblagée. In the absence of aluminosilicate,
garnet - plagioclase - biotite - muscovite barometer of Hodges anhd Crowley (1985)

1s‘ used.
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4 .7 GEOTHERMOBAROMETRIC RESULTS!

[ R

4 .7 - L Chor Area

In the Nauhra-Shamra section of this area and close to-the Chor granite,; the
pelitic rocks contain muscovite-biotite-quartz-garnet-staurolite-
K-feldspar-plagioclase-opaque-tourmaline assemblage in.the staurclite-kyanite
grade. In this grade, syntectonic garnet core and rim show temperatures of
about 625° C and 550° C respectively, while only the garnetirimreveal pressures

of 6.4 to 7.8 kbar (Table 4.9).

While moving ddwn towards Shamra, staurolite, chloritoid and  chlorite
assemblages are found with substantial reduction in feldspar and biotite in the
garnet/staurolite-kyanite grade transitional zone. Garnet rim from these
assemblages record temperature and pressure of 5054525°:€ and 5.5>7:8 kbar (Tablé.
4.9). Further down in the section, garnet grade rocks record a temperature of
about 480° ¢, which is also evidenced by thé - presence of garnet, chlorite,
muscovite and biotite in the assemblage. The section reveals disappearence of
key metamorphic minerals, such as staurolite and chloritoid from top to bottom’
of the section near to the base of the Julkogh Nappe. Difference in - rim
tenperatures of about 60°C from top to bottom of this section appears to real
rather than apparent, hence is indicatve of the metamorphic inversion in the

Jutogh Nappe. ‘
4 .7 .2 Sutlej Valley Arxrea-
At the base of the hanging wall'of the MCT, the pelitic rocks contain

staurslitd-chloritoid-garnet-chlorite-nmuscovite-quartzibiotite-opaque-"

tourmaline in the assemblage. The samples are almost completely devoid of any '
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feldspar. The absence of plagiociase either as incdlusion in garnet or matrix
assemblage does not permit calculation of pressure along this valley, and
therefore, only temperaure has been calculated. Syntectonic garnet rim in
staurolite-chloritoid transition zone at the base records temperature of "520°C
in these rocks (W 2/5) on the hanging wall in immediate vicinity of the MCT. While
moving towrads ENE towards Jeori, chloritoid disappears with appearance of
kynaite in the assemblage. The rim temperature is an:easéd to about 50°C from -
the base (RR 19 to W 11) and increased further and reached a maximum temperature
of 7650°C near Jeori {RR 17/22). The change in mineral assemblage corresponds with
the rim temperature data. This section also provides evidences of possible
metamorphic inversion in the HHC, from ity base near the MCT to higher

structural levels.

4.8 DISCUSSITONS -

In the present areas of study, mineralogical and P-T data suggest that
metamorphism remains in garnet to staurolite-kyanite grade conditions. The
base of the HHC, occurring NE of Kulu-Rampur Window marks garnet and
staurolite-kyanite grade transition zone, while the Jutogh Nappe is
characterised by garnet zone at its base. This is evident from the presence of
garnet, chloritoid, and chlorite in the garnet zone, and sometimes, by the
presence of staurolite and chloritoid in the the transition ‘zone.
Chloritoid-bearing samples give temperature of about 520°C, which is less than
the temperature for chloritoid-breakdown reaction. The experimental
chloritoid-breakdown reactions suggest break-down temperature of 540°C to
575° C for water-pressures of 4 to 8 kb (Richardson, 1968; Hoschek, 1967).
Considering the overall pressure for the study area, the rim temperature should
be around 550°-560°C for this transition ‘zone. However, the reduced rim

temperatures appear to be an effect of retrograded garnet rims, as evidenced
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from Mn and Mg reversals in garnet zoning. Maximum temperature of 650°C for
rocks occurring further NE from the MCT in the Sutlej valley indicate that
these rocks have been formed in the upper amphibolite facies condition. It is
indicated by the absence of chloritoid and staurolite and the presence of
significant amount of kyanite. In such temperature conditions, staurolite is
no longer stable and breaks down to produce almandine and aluminosilicates
(Pigage and Greenwood, 1982). Regional prograde Barrovian-type mé’rvamorphis'm for

the studied region is evidenced from the assemblage, garnet zoning and P-T data.



CHAPTER 5: GRANITE GEOCHEMISTRY

5.1 INTRODUCTION

The Himalayan orogenic belt is characterised by numerous granite bodies of
different dimensions in many tectonic zones. Strachey (1851), 0Oldham (1883),
McMahon (1884) and Stoliczka (1866) are the pioneers in the study of Himalayan
granites, which have different field relationships, ages and modes of
emplacement. Based on different tectonic environment, the Himalayan plutonic

bodies are broadly divided into two groups:
(@) Pre-Himalayan granitoids of Proterozoic to Paleozoic ages, and

(b) Syn—- and post-tectonic Himalayan granitoids of Late Mesozoic to

Miocene ages.

The Himalayan plutons constitute five major belts (Le Fort, 1988) with
characteristic magmatic events. From north to south, these belts include the

following :

(@) The Karakoram belt has distinct calc-alkaline to sub-alkaline magmat ic

activity having quartz diorite to granite rocks of Eocene o Miocene age.

(b) The Trans-Himalayan belt, lying north of the Indus- Tsangpo Suture Zone
(ITSZ), is characterised by batholiths of gabbro to granite composition

with ages ranging from 60 to 100 Ma.

(@) The: North-Himalayan belt consists of Lwo-mica adamalite of Early

Paleozoic age.
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(d) The Higher Himalayan belt of Proterozoic gneiss and contains mainly
two-mica granite and biotite-tourmaline leucogranite, thelatter occur -
close to the contact of the HHC with the Tethyan Sedimentary Zone (TSZ)

and belongs to Late Cenozoic age.

(e) The Lesser Himalayan belt has concordant granite sheets of pre-Himalayan
age (" 500 Ma), characterised by discontinuous gneissic and noh-gnelssic
granite. Granite bodies of ~ 500 Ma are'also present in overthrust slab of

the MCT having almost similar petrological and. geochemical characters.

To understand the genetic -relationships.and evolutionavy history . of.
granitoid bodies from Himachal Pradesh, gedchemistry = of a few such bodies of
the Higher Himalayan Crystalline (HHC) and -the Jutogh Nappe (IN) has been

carried out.

S .2 CLASSITFICATION OF GRANITE

In geheral, granites ate classified into four main types,” based bn major,
trace and REE geochemistry and tectonic environment. Of these, Lwo types of.
granite occur more frequently (Chapple and White, 1974; White and Chapple, 1977).

namely: o A

) R T oy i

(1) I-type granite - broadly corresponding to biotite-hornblende tonalitet

association, and considered to be of igneoli$ origin, and

" (i1) S-type granite - broadly corresponding to the two-mica granite

association, considered to be of sedimentary  origin.
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I-and S- granite classification has -been further extended by White (1979 a)
to A—type and M-type granites: All éorogenic alkaline : granites are pelated to

A-type and calc-aikaline plagiograhite to M-type.

The I-type granite is generally derived by underplating at
ocean-continental convergence plate margins and the partial melting of: the
subducted plate. S-type granite ischaracteristic of continental collision zones
and encratonic ductile shear belts. In both the cases, the crust is tectonically
thickened to - cause the température at depth to rise and promote crustal
melting (Pitcher, 1983). The A-type granite is present in rift-zones of the shield
areas (anorogenic) and also in an orogenic belt. On the other hand, M-typo
granite is derived from the parental magma directly or from the subducted

oceanlc crust beneath the volcanic arcs.

5.3 GEOLOGICAIL, SETUP OF GRANITE

BODITES

In NW-Himalaya, biotite- and tourmaline-bearing leucogranite regionally
occurs immediately below the Tethyan Sedimentary Zone (TSZ) within:Vaikrita
Group of the HHC (Valdiya, 1973, 1977; -Sharma, 1976), such.as Leopargil, Gangotri,
Badrinath, Manaslu, Makalu, Chomolhari, Thimpu and Chacha leucogranites.
Besides these tourmaline-bearing granites, the HHC belt also contains biotite
granite of older ages such as Karcham granite along the Baspa valley and the
Kinnar Kailash granitoeid having Rb=Sr: isachron ages.of 494 ¢ 50 Ma and €75 ¢ 70 Ma
respectively (Sharma, 1983). Other nappes coeval with this, unit are
characterised by Proterozoic pre-Himalayan granites e.g., Wangtu, Munsiari,
Dhakuri, Ramgarh, Champawat, Ranikhet, Almora, Kulu, Chor, Dalhousie, Chamba,

Mandi, Rohtang etc. (Table 1.1).
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'Alohg the sutle) Valley And Chor MounthkH ¥edions,! differeiit granitds are"’
delineated'on'tHe basis of the Field velAbidhdhips. parkicdlstte Biot it &Zilith"
paragheiss dlong’the ‘sutlej valley'is ihtrldsd :r)'y"g'r'e‘y'gt'iam:'Lit'é"(kii!tiH asdeiated"
aplite ''ahd 'pedmetits diring’ early’ to' syh-p, ' détormation lchaptér 3
Subsequéntly,' giey granite aria‘_ Eés'c')‘dia;téd”}_::)ha%é's “drle’ " affectad TP):y~ Dy
deformation producing 'gjﬁéiSSOS;itl} within‘the granite (Figs. 5.1 &, b). Fuither §n
the northeast, the metapelite éeque;nCe' of " the HHC is 'intiuded by the Wangtl
granite ignleiss and ‘porphyroclastic granite gneiss, containing ‘metapelitic:
xenoliths. However, porphyroclastic granite gneliss, Wangtu granite'gneéiss and
associated pegmatitic phase appear to be genetically related to each other. In
many places, the porphyroclastic granite gneiss intrudes into the Wangtu
granite and the metamorphics, thus predating:the most petvasive Himalayan

deformation (D)) and metamorphism.

.. P . . oy s 0 B

The grey granite is mainly found along the Maglad Khad riear Jeori village, -

as small bodies within the garnetiferous mica rdchist of the Jeori Formation.

This body is fine grained, almost undeformed andlight grey in colour. Along the -

margins, it shows development of the, foliation, whereas: the central part is

almost undeformed. I S - ; t A

i Iy o et ot o

The undeforned Wangtu graniteiis monotonous,' fine to coarse .grained and 1s 1.

well exposed near the Wangtu bridge (Figs. 2.4 d; 3.40). Along with thisgranite, the |
associated porphyroclastic component occurs downstreamalony the Sutlejriver.
Bolth:the granites are.made up of K-feldspar, plagipclase and guartz, which are
wrapped by flakes of 'biotite-muscovite.: Reldspar ;. porphyrorlasts are
buff-coeloured and glightly weathered.. i.,.. .. | . ¢+ | oo 0 oy a
v _ (o ' ESTRLT i 1 Ve e
In the Chor Mountain area, the granite is exposed in an elliptical-shaped
3. *)

out¢rop and is surrounded by metamorphics of the Jutogh Group (Fily. 2.2).,

Towards the central parts, granite becomes goarser and almost undeformed |
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massive body. However, ;approaching towards its margin with the Jutoghs, 1F is
porphyritic, deformed and well ol tated (Figs. 2.5 b; 335 4, bl The foltation of | he
deformed granitoid body is parailel to the main folialion of the metamorphic
rocks (Fig. 3.33 ) and marks the Dey deformation, thus emplacement of the Chor
granitoid, appears to pre-date this deformation event. However, no noticeahle
pegmatitic activity, associated within the Cho_r granitoid, has been observed
sofar.. The Chor granitoid consists of biotite granite gneiss, porphyroclast ic
granite gneiss and non-foliated homogeneous granilte. These granitoids are buff

to grey and fine to coarse grained..

11 I

5.4 PETROGRAPHY

Grey granite from the Sutlej Valley is fine-grained, containing mainly
quartz and albite with less amount of K= feldspar and microeline (Fig. 52 a;
quartz - plagicclase > K- feldspar » microcline)., Muséovite ‘and -biotite are
presenl in significant amounts. Coarse and fine gqrained wuscovite is eommon
in this rock: Poorly-developed main folialioh is made up of Tine-' grained
muscovite, biotite and quartz (Fig. 5.1 a). Feldspars show minor alzeration to
sericibes Considering qualitarively The ocerall modal pereent age of minerals,

it fallswithin the tonalite fieid of quartz-ort hoclase=plagioclase diagram (e f.

Streikeisen, 1976).

The Wangltu granite body predominent:ly containg plagioclase with  less
amount of K-feldspar, quartz and biolite (Fig. 5.2 ). The accessory minerals
inciude apatite, zircon and small amount of opagues. Normai ive plot ' of this
granile 1n a quartz-orthoclase- plagiociase  diagram, (alls within he
quartz-monzodiorite field (cf. Streikeisen, 1976, However, gnalitative modal
[(niru}-r‘.xlr:g;y’ suggeslhs Fhat Lhis vork should be more of tonolile ralher han

quartz-monzodiorite. Green biol ite is prosent hoaving inclisions of apal il e and
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Figure 5. a and b : Photograph and sketch of grey granite body intruaing L he
dark coloured biotite paragneiss along the Sutlej valley during early to syn-b,
deformation, subsequently affected by main deformational event D,. Note slight
penetrative displacement along gentle dipping 5 foliation towards top-to-left
(southwestward). Also cutting across S foliation are northeasterly dipplng.
Crenulation foliation Sy, planes also indicate displacement. BG/BS - Biotite
granite gneiss/Biotite schist, GR - grey granite gneiss.






FIG. 5.2
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Figure 5.2 a : Grey granite gneiss (W 14/14) with porphyroclastic growth of
nuscovite and feldspar. Incivient foliation distinct due to mica flakes and
quartz. Crossed X 72.

Figure 5.2 b:Wangtu granitoid (W17/16), hypidiomorphic texture having subhedral
to anhedral plagioclase, quartz and green biotite. Note myrmekitic growth
around K-feldspar. Crossed X 72.

Figure 5.2 c : Porphyroclastic granite gneiss (C 10) from the HHC having large
twinned K-feldspar megacrst. Also containing sodic plagioclase. Note cataclastic
margins of feldspars and surrounded by biotite and finely commuted mica along
the foliation. Crossed X 72.

Figure 5.2 d : Chor granitoid (CH/RN) showing porphyritic character with
inclusions of quartz and sericitised plagioclase in K-feldspar. Groundmass made
up of recrsytallised polygonised quartz. Poorly foliated due to preferred
orientation of green biotite and elongated quartz. Crossed X 72.
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zircon. At places, plagioclase shows development of quartz-feldspar myrmekite,
indicating partial melting and recrystallisationof plagioclase (Fig. 5.2 ). Some
of the plagioclases are zoned suggesting disequilibrium conditions during its
crystallization. Development of epidote is se'én at the expense of élagioclase
in some places, denoting later fluid acf:iv_ity dhfing subsequéht defofrﬁétibn

and metamorphism. Feldspars show sericitizationindicating minor retrogression.

The porphyroclastic gran.ite is te;(turally similar tb'the Wangtu gfani te, but
sllghtly dlfferent in mlnerologlcal COmpOSlthl’l The modal analysis shows that
this rock contains plagioclase, K- feldspar and quartz in almost equal amounts
(Fig. 5.2 ¢ and falls within the granite field of the quartz-orthoclase-
plagioclase modal plot (cf. Streikeisen, 1976). The rock mostly contains potash
feldspars of porphyritic character (Fig. 5.2 c) Biotite is comparetively less,

having inclusions of apatite and zircon.

The Chor granite is mineralogically similar to the Wangtu granite. The main
constituent is plagioclase, having zoning and alteration in a few cases (Fig. 5.2
d). Quartz is fine grained and occurs mainly in the matrix with little
K-feldspar. Green biotite is present in this rock. The modal plot in a gquartz-
orthoclase-plagioclase diagram suggest that it is a quartz—monzodiorité {ct.

Streikeisen, 1976).

5.5 PETROCHEMISTRY

To characterise these granitoids geochemically and to understand their
genetic relations, four samples have been collected from each of these granitoid
bodies namely, grey granite, porphyroclastic granite gneiss and Wangtu
granitoid, while three samples from the Chor granitoid have been analysed for

major, trace and REE elements.
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5.5-1 Analytical ; Procedures a

Maﬂor and trace elemental analyses o_f tl1ese granitoids Were‘ carrled lotlt
using Energy dispersive XRF technique (Philips model' EDEX;El(AM ‘SIX.). The
1nstrumental condltlon used are mentloned 1n Table 5. 1 The em1s51on 1ntens1ty
of this characteristic radiation is measured w1th the sultable X- ray
spect_rometer _(Eotts, 1987) using international reference standard samples
(Govindr aju 1989) Pressurlsed -powder pellets of samples have been used with a
measurement accuracy better than 5 % and 10% for maJOL and tLace elements

respectively.

TABLE 5.1: ANALYTICAL CONDITIONS FOR THE MAJOR AND TRACE ELEMENTAL ANALYSIS

ELEMENTS TUBE VOLTZ}GE TUBE CURRENT PATH LIVE TIME
All major _ 12 KV - 400 pA VAC no 200 sec.
elements ‘ filter

Ga, Pb, Th, 40 KV 250 ua - AIR with 500 sec.
Rb, Sr, U, Ag filter

Y, zr, Nb

The rare-earth-element (REE) analysis was carried out on the Indu-ctively
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Coupled Plagma (ICP) spectrometer, using trhe g?luti!ong of dlis’sclallﬂv(eﬂd rack, sarp;__:;lgs.
Rock JGf2 (GSJ_ granite; Gci)vintdra.ju, 1989)and s_y;r}t,he_tic sa].ts were L.xsecj as
standards.

-

cybedepiany e 49

For XRF analysis, 3 gm of rock powder is mixed with two drops of polyvinyl
alcohol and stirred thoroughly into a paste in agate mortar. The sample paste
is mixed with boric acid and compressed in hydraulic press at 10 kbar for about

3 minutes to make the pellets.

The rg;e—ear»th—_elements (REE) were analysed following a chromatographic
seperal.ion and preconcentration method of Walsh ef al. (1981) alfter certaln
modifications. Approximately 0.5 gm of sample has been taken in a flat-bottom
60 ml teflon beaker and digested with hydrofluoric (HF) acid. After initial acid
attack ‘using hydrefluoric-perchloric mixture, the solution is evaporated . to
incipient dryness to permit all the silica to be lost by wvolatilisation as
silicon tetrafluoride (SiF,). This step has been repeated to dissolve the sample
completely. After drying, the residue is dissolved in 25 nl of 10% HC1 and made
to 50 ml volume. Mini-fusion has also been carried out on undissolved minerals
like zircon, tourmaline etc., in the sample. For the mini-fusion, the solutionwas
filtered on ashless paper and dried in oven. The dried filter paper was burnt in
platinum crl;lcible to remove the filter paper and the residue is fused with in
0.2 gm anhydrous lithium tetraborate (LiB,0;) with one drop of Jithium bromide
(LiBr) in FLUXY fusion appratus. The fused flux was dissolved in already prepa red

sample solution and made to volume.

For the REE separation, the sample solution was loaded on to ion-exchange
column containing DOWEX AG 8X (200-400 mesh) resgin, which was washed with 450 ml
4 N HCI to remove the major elements.After washing, the column was again eluted
with 450 mi 1.7 N HC1 to remove some of the trace elenents (all Ba, some Sr, Zr, Hf)

were retained quantitatively in the column. The REEs were then eluted from the
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coiumn with 600 ml 1 N HCl. The eluted REE fracition was then evéporated to
dryhess and made to a volume of 10.ml. One standard .rock s.ample.(JG—IZ : GSJ
granite; Govindraju, 1989 and a blank were also prepared. Finally, the REEs were
determined using the sequential monochrometer of an ICP-AES (make: JOBIN YUON,

model JY 70 PLUS).

5.6 RESULTS
5.6 .1 Major Element Geoachemistry

Analysés of major éleméntr data indicate that three distinct typés of
granite exist in this reg‘i-c;!rll. The Wangtu 'granit‘e and porphyroclastic granite
griéiés can be grouped toge’t:h.er' due to their almost similar geochemical
charactet, whereas the Chor' gl‘énite; and grey granite are different in chemical
composition. All the granites have A1‘203/’Na20+K20+CaO ratio > 1 and Na,0/K50

<1 indiéatihg their peraluminous and péralkaline character (Table 5.2).

The grey granite is characteriéed by high silica andialkalis (Na,O + K,0), low
in FeO, Ca0 and T10, contents (Table 5.0). The Na,0 vs K90 plot shows that this
granite félls in the granodiorite composition'field (Fig. 5.3 a), and in granite
and qua rtz—mc;nzonite fields iﬁ quartz—ofthoclase—plagioclase normative plot
(Table 5.3; Fig. 5.3b; Streikeisen, 1976). However, in the Nomenclature and
Characteristic mineral diagrams (Table 5.4; cf., Debon and LeFort, 1982), it falls
in the granite and quartz-syenite fields (Fig. 5.4 a) and mainly in sector IT,
except one sample in sector ITI (Fig. 5.4 b). In the silica variation diagrams, FeO,
NaQO:, K50, T10,5 and Al,04 components show negative correlation; Ca0 and MnO give

posif.ive correlation and no correlation for Py0Og (Fiys. 5.5-5.7).



TABLE 5.2 Major oxides data in wt% of different granitoids from
the HHC and the Jutogh Nappe of Himachal Pradesh

9L1

PORPHYROCLASTIC GRANITE WANGTU GRANITOID GREY GRANIfOID CHOR GRAKITOID

’Cl €7 Lo J20 RR7/6 W 17/16 W L7/17 W 17/18 | RR17/21 W 14/13 W 14/14 W 14/15 | CH 1/L CH 3/9  CH /RN
810, 70,92 720 69,96 7114 68.9 63.23 10.32 71.49 72,66 68.47 69.21 67.4 65.23  65.15 64.26
Al,0, 14146 14,28 14,47 15,44 14,98 17.72 14.12 14.35 14.82 17,33 16.22 17.38 15,87 15.43 17.01
Pe,0, 0.65 0.6 0.83 035 0.9 1.06 0.85 0,47 0.31 0.31 0.39 0.42 Lo 1.01 0.57
Fed 1.61 .40 331 139 359 4,25 3.39 1.86 1.24 1.24 1,58 1.7 £.23 4,05 2,28
tg0 0.7 0.53  0.96 0.3 0.98 1.45 0.91 0.52 0.00 0.06 0.4 0.42 175 2.0 2.85
Ca0 127 1.49 2,04 091 2.33 2.48 2.17 1.22 0.8 0.93 0.5 0.41 1.4 2,75 1.59
Na,0 3.74 .02 278 41 4D 4,33 3.65 §.21 $.17 5.2 | 3.97 5.2 376 3.8 §.53
K50 4.47 5,43 493 6,18 476 5.6 §.43 6.7 5.46 6.25 5.95 6.23 £.88 474 1,75
T10, 0.45 0,43 0.62 M4 0.4 0.6 0.46 0.3 0.1 0.14 0.14 0.12 0.6¢4 0.77 0.64
Py0s 0.22 0,25  0.22  0.43  0.26 0.12 0.2¢ 0.1 0.43 0.47 0.45 .37 0,22 0.4 §.22
tno) 0.04 0.04 0.06 0.04 0,07 0.07 0.07 0.03 0.04 6.02 0.04 0.04 0,11 0.08 0.03
Total 99,52 100.54 100,28 100.44 101.49 100,93 100.62  101.24  100.03 100,44 98,85 99.9 99.16 100.22  100.2
Ha;0/k20 0.84 0.5  0.56  6.67 0.9 0.77 0.82 0.63 0.76 0,84 0.67 0.84 0,77 0.80 0.58
Al,05/(Ca0+ 1,53 b4 148 L 132 1.43 1.38 1,18 1.42 140 1.56 147 L.sg 137 1.23
Na.0+¥,0)




Table 5.3 CIPW normative data of different granitiods from the
HHC and the Jutogh Nappe of Himachal Pradesh

|

PORPHYROCLASTIC GRANITE | WANGTU GRANITOID ! GREY GRANITOID CHOR GRANITOID
I

cl 7 (10 J20( RR 7/6 W L7/16 W LT/17 % 17/18 ‘ RR 17721 W L4/13 W 14/14 W 14/15 | cH 1/ CH 3/9  CH /BN

4

Quartz 26,219 27,926 26,564 20,497 17.520 5,788 23.908  17.698  25.546 11.457 20,861 10.810  15.868 13.360 0.00

Orthoclase 26,440 32,116 29,160 36,354 28,155 33.123  26.203  39.630  32.295 36,968 35.194 36,850 28.665 28,037  45.840
Albite 31,609 25.524 23.495 34.736 36.088  36.595  30.848 35,581  34.821 44,202 33,553 44,033 3L.778 32,201 38,286
Anorthite 6.044  7.136  9.736 4,256 7.604 11,855 8.016 0.419 3.0 4,486 2.2 L7 6,282 10.952 3,128
{Coruncun L2390 0,760 0,975 Q.41 0,000 0,170 0.000 0.000 8,756 0.298 2,417 1,397 2,084 0,000 0.000
Hypersthene 6,472 5,654  8.408 2,560 7.188 11.460 7,681 2,34 1.494 1,652 3.093 3,433 12,082 11.383 8,383
Magnetite 0,942 0.870 1.203 0,507 1.305 1,537 1.232 0.681 0,449 0,449 0.565 0.609 1,937 1,464 0.826
Tlmenite 0.418 0,475 0.608  0.817  0.494 0,228 0,456 0.199 1817 0.893 h.355 0,703 0,418 0.836 0.418

Apatite 0.095 0,085 0.142 0.095 0.166  0.166 0.166 0.071 0.095 0.047 0.095 0,095 0.260  0.189 D.418

{ TOTAL 99,538 100.558 100,292 100.434 101,510 100,922 100.620 101.256  99.983  100.453  98.854  99.704  99.175 100,245 101.741

{ Quartz-{Albite+Anorthite)-Orthoclase Plot

Quartz 9.1 0.0 299 2L 1946 b.b 6.6 19.9 6.5 11.8 n.a 11.6 19.2  15.8 0.0
Bhtin 1.7 9.2 304 406 48,9 55,5 44.3 38.6 40.0 5.1 39.0 49.0 46,0 51,0 47.5
Orthoclase  29.2 W37 3L 315 37.9 29.1 §2.5 3.5 8.1 38.3 39.4 348 33,2 52,5

LL



Table 5.4 Gram atoms * in 100 gm of material data used for Nomenclature Diagram

and Characteristic mineral diagram of different granitiods from the
HHC and the Jutogh Nappe of Himachal Pradesh

8LT

PORPHYROCLASTIC GRANITE HANGTU GRARITOID GREY ~ GRANITOID CHOR GRARITOID

(1 a7 ¢t 320 RR7/6 W 12/16 W 17/17 W 17/18 [ RR17/21 W L4/13 W 14/14 W 14/15 | CH 1/1 CH 3/9  CH /RW
51 1182.00 1201.67 1166.0 1185.67 1148.33 1053.83 117200 1191.50 1201.00  1141.17 115350 1123.33 1087.17 1085.83  1071.00
Al 283,33 279.20 283.73 302.75 29373 34745 276,86 281.37  290.59 339.80 318,04 340,78 31118 361.37  333.93
Pe 40,75 37,75 5175 L5  96.13 66,38 53.00 29.13 19,38 19.38 24,63 26.50 66,13 63.25 35.63
Hg 17,50 13,25 2400 7.50 24,50 36.25 22.75 13.00 0.00 1.50 10,00 10.50 43,75 50.00 1,25
Ca 22.68 26,61 36.43 16,25 41,61 44,28 38.75 21,79 14,29 16.61 §.93 1.32 25,18 49.11 28,39
Na 120,65  97.42  89.68 132.58 137.7¢ 139.68  117.7¢  135.81  134.51 168,70 128,077 168,07 121,29 122,90 146.13
K 95.11  115.53 104.89 131.49 101.28 119.15 94,26 142,55  116.17 132.98 l 126.60: 132,55 103.83 100.85  164.89
T 5.63 538 1.5 LIS 575 1.50 5.75 3.75 1,25 L1 LTS 1.50 §.00  9.63 §.00
P 3.10 3.52. 3.10 -6.06  3.66 1.69 3.38 1.4l h.55 6.62 6.34 5.21 LI 620 3.10
n ? 0.56 0.5 0.85 0.56 0.99 0.99 0.99 0.42 0.5 - 028 0.56 0.56 155 1.13 0.42
A-fNavkadCa) 2042 1305 1630 615 -28.50  0.05 -12.63  -40.56  11.33 5.00 45.52 25.52 35,70 39,40 -34.28
Fe+Mq+Ti: g 63.88  56.38 _83.5  31.00 8638 - M0 815 TE5.88 20,63 22,63 36.38 38.5 117.88 122,88 114.88
S1/3-(f+Nav 163.13  169.87 169.81 120.32 116.02 62,93  152.84 104,28 143,46 67.63 123.89 68.95 120,48 105.45  27.05

Walll=Q

R-{NatCa)= P -48.22  -8.50 -21.21 -17.34 -78.07 -64.81  -62.24 -15.04 <3283 -52.34 -10.40 0 -42.83 42,64 -71.16 -9.63
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Figure 5.4 b : Characteristic mineral plot showing different granitoid bodies
from the Himachal Pradesh (after Debon and Le Fort, 1982).

}Q:Si/J-(K'Nu-ZCu/J)

Figure 5.4 a : Nomenclature plot showing different granitoid bodies from the
Himachal Pradesh (after Debon and Le Fort, 1982).
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205 and Ti0, plots of different granitoid
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The Wangtu granitoid body and porphycoclastic granite are characterised
by similar silica and alkalis as that of gray granite (Table 5.2 However, on the
Na,0 vs Ky0 plot, these bodies fall in granocdiorite and tonalite fields (Fig. 5.3
Ia-h,In quartz-orthoclase-piagioclase normative plot, these are in granite and
quartz-monzonite fields respectively ( Table 5.3; Fig. 5.3 b; Streikeisen, 1976), In
the Nomenclature diagram,‘. these plot in adamellite and granite fields, except
for two samples of the former falling in quartz-syenite field (Table 5.4,"-"7F*ig. 5.4
a). In the Charactelristic mineral diagra-m, these samples plot in sector I1I and
IV, except for one sample of the Wangtu body falling in sector V (Table 5.4; Fig. -
5.4 b). The silica variation plots show negative correlation with Nay0, A12035, FeO,

MgO, MnO, Ca0 and Ti0,, but no correlation with KO and Py0q (Figs. 55-5.7.

The Chor granitoid shows comparatively low silica content, when compared
to other granites of this region and has appreciably higher FeO, MgO and TiO,
concentrations (Table 5.2. The Nay0 vs EK,0 plot indicates granodiorite
composition, with one sample falling in the tonalite field (Fig. 5.3 a). In quartz-
orthoclase-plagioclase normative plot, the Chor body falls in quartz-monzonite
and monzonite fields (Table 5.3; Fig. 5.3 b). In the Nomenclature diagram, t‘his
granitoid falls close to granite and quartz monzonite field (Table 5.4; Fig. 5.4 a),
whereas this falls in sector ITI and IV in the Characteristic mineral diagram’
(Table 5.4; Fig. 5.4 b). The silica variation diagram does not reveal c¢lear

correlation with any of the oxides (Figs. 5.5-5.7).

5 .6 .2 Trace EFElemental

Geochemistry

Trace element data have been frequently used in quantitative modelling of
petrogenetic processes and are well established in studies of oceanic basalts

(Hanson, 1980). Although trace element modelling 1s more difficult in rocks of
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other compositions, ‘particularly ingranites,isone attenpts-have récently been
made: to model dranite. petrogenesis (Chappel rand: White, '1974; ‘Hanson, : 1980).
Limited trace element data.of thege Proterozoic granitoids have been used to

understand.the petrogenesis (Table 5.5).

All the samples of the grey granitoid body of the HHC have a consistent
pattern (Fig. 5.8 a) and a distinctly lower abundance in Pb, Th, Nb, Sr and Ti and
possess higher Ga, Rb, U, K, P and Y values and consistent Rb/Sr ratio (Table 5.5;
Fig. 5.8 a). However, the spidergram plot shows lower values for Th, Nb, Ce, :Sr, Sm,
Ti and similar abundances in Rb, U, K, P Zr and Y with each-other (Fig. 5.8 a). This

body possesses distinctive negative anomalies for Th, Nb, Sr and Ti (Fig. 5.8 a).

Four samples from the Wangtu body also reveal a good and consisitent
pattern (Fig. 5.8 b). This body has similar trace element abl;ndances in Ga, Pb, Th,
Rb, Sr, U, Zr, Nb, K, P and moderate K/Rb ratio (Table 5.5). The Spidergram plot. shows
similar abundances in Rb, U, K, Sr, and Y; lower values of Nb, Sr, P and Ti and
moderate variations.in the abundances of Th, Nb, P and Zr. This body posseses

negative anomalies in distinctive Sr, P and Ti (Fig. 5.8 b)

The porphyroclastic granite gneiss possesses consistent trend in many trace
elements, except sample J 20 revealing anomalous trend in some of the elements
(Table 5.5; Fig. 5.8 ¢). Similar abundance can be noticed in Ga, Pb, Rb, Sr, U, K and
Y and moderate K/Rb ratio in all the sanples (Table 5.5; Fig. 5.8 c). The spidergram
shows identical abundances in all the samples for Rb, U, K, St and Y; lower values
in K, Nb, Sr and Ti with variation in values of Th, Nb, P, Zr and Ti (Fig. 5.8 ). This

body reveals a distinctive Sr and Ti negative anomalies (Fig. 5.8 c).

The Chor granitoid body reveals three distinct rock units: (a) large portion
of the body is made up of undeformed granite (sample CH 1/1), (b) marginal

porphyritic granite (CH R/N) and (c) deformed mylonitised augen gneissose



TABLE 5.5

Trace

elemental

HHC and the Jutogh

data in

ppm

of different granitiods

Nappe of Himachal Pradesh

from

the

' PORPHYROCLASTIC GRANITE WANGTU GRARITOID GREY  GRARITOID CHOR GRARITOID '~ .
{él 7 c1o J20 RR7/6 W 17/16 W 17/17 W 17/18 | RR 17/20 W 14/13 W 14/14 W 14/15 | CH 1/1 CH 3/9  CH /RN
Pe 2.76 2.24 3.3 L5 3. 5,21 3.69 2.18 1.3 1.34 1.53 1.64 £.85 5,05 3.05 il
Ga 19.85 20,27 20,69 18.13 - 19.72 23.15 21.21 20.98 20.86 18.89 18.96 19.59 20,42 25.09 .15
Ph 43,53 43,45 50.04 42,83 36.15  46.7 36,07 47.53 26.3 20,93 17.52 24.04 24,99 60.64 54.65
Th 53.46 48,19 57.0 1465 2478 43,31 24,34 48.73 9.3 1.88 2,34 4,73 343 55.86 1:62
Rb 243,92 350.61 290.06 276.81 743.54  352.3 252,10 326,43 25213 282,72 292,95 271.5 258.91 205.61  197.36
Sr 105.54 112,18 140.19 91.18 156.95 187.00  138.00  108.29  80.79 82,27 b4.66 57.97 168.94 799.31 1053;251"
0 9.85 14,89 11.62 10,76 9.32  15.12 9.93 13.81 9.6 11.0 11.25 10.05 10.04 10.21 ib.}
1 38.54 41,06 36,18 35.46  28.1 46.56 32.56 39.48 32.68 3.8 15.92 30.94 3444 31,34 26,45
ar 208.86  193.7 278.09 82,39 272.89 439.91 27113 16159 76.74 §0.99 §0.34 18,43 190.08 324.51 1}{.9&
b 24,76 20044 25.24 651 15,26 29.77 21.86 16.44 4.43 10.87 §.86 3.84 20,15 38.28 15.86
Na 27745,1 22403.8 206234 30489.9 31676.9 32122.0 27077.5 31231.8  30935.1 38798.7  29451.4 3B650.3  27893.5 28254.4 33605.1
K UL 45081.5 40930.4 51308.3 39518.9 46492.9 36779.2 55625.5 45330.6 51889.4  49398.7 51723.4  40515.3 39352.9 64342.90
Na/X + 0.75 0.50 0.50 0.60  0.80 0.70 0,74 0.56 0.68 0.7 0.60 0.75 0.69 0.72 0.52
K/Rb 152,2 128.6 141,01 185.4  162.3 | 131.9 145.9 170.4 1797 183.5 168.6 190.5 156.5  191.4 326.0
Rb/Sr 2.31 3.3 2,07 304 155 1.88 1.83 3.01 3.12 L A5 4.68 153 0.26 0.1%
Rb/Y+Xb 3.85 570 472 2,68 5.2 4,65 4.63 5.84 6.80 5.81 6.54 3.4l 814 1.9 §.67

98T
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Table 5.6 Trace elements data in ppm used in Spidergram of

Rb

Th

Nb

La

Ce

Sr

Nd

7y

Sm

Ti

different granitiods from the HHC and the Jutogh
Nappe of Himachal Pradesh

Wangtu Chor Porphyro- Grey Primordial
Granitoid Granitoid clastic Granitoid Mantle
Granite
243.54 258.91 290.06 252.23 0.86
24.78 34.3 57.00 9.3 0.096

9.32 10.04 11.62 9.6 0.027
39516.0 40515.3 40930.4 45330.6 252.0
15.26 20.15 25.24 4.43 0.62
53.12 68.23 88.47 9.6 0.71
111.4 133.9 186.4 21.8 1.90
156.95 168.94 140.19 80.79 23.0
45.52 51.65 68.95 16.19 1.29
1134.7 960.1 960.1 1876.6 90.4
272.89 190.08 278.09 76.74 11.0
10.97 12.94 15.69 2.03 0.385
2757.2 3836.2 3716.3 599.4 15526
28.10 34.44 36.18 32,68 4.87
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Figure 5.8 a : Spidergram plot normalised‘to primordial mantle showing pattern
of the grey granitoid body.

Figure 5.8 b : Spidergram plot normalised to primordial mantle showing pattern

of the Wangtu granitoid body.

Figure 5.8 ¢ : Spidergram plot normalised to primordial mantle showing pattern

of the porphyroclastic granite body.

Figure 5.8 d : Spidergram plot normalised to primordial mantle showing pattern
of the Chor granitoid body.

"
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granite (CH 3/9). Trace element geochemistry of thesél varieties reveal an
inconsistent trend except for a few elements. Ga, Rb, U, Ti Y and Na have
consistent values with moderate K/Rb ratio (Table 5.5). The spidergram reveals
lower values of Nb and Ti; higher variation in Th, Sr, P and Zr; and a distinet T
negative anomaly (Fig. 5.8 d).

Four least deformed and representative samples from these bodies, used for
REE analysis and geochronology, have been selected for comparison of trace

element patterns of these bodies (Table 5.6; Fig. 5.9 a).

The gre'y granitoid has a distinctive lower abundances in the trace elements
as compared to other bodies from this area (Table 5.6; Fig. 5.9 a). This body
possesses a distinctive negative anomalies in Th, Nb, Sr:and Ti, indicating a
typical crustal contamination and/or crustal affini Ly. Other bodies from the .
HHC and the Jutoyh Nappe show higher abundances in concent rat 1tonof the trace
elements. The porphyroclastic granite gneiss has a slight positive Th anomally
with strong negative Nb, Sr, P and Ti anomalies. The Wangtu granitoid also has
a slight negative Th anomally with strong Nb, Sr, P and Ti negative anomalies and
the Chor granitoid has only Nb, Sr, P and Ti anomal ies (Table 2:6; Fig, 5.9 a). It ig

evident from the plot that the overall trend is almost similar except in

abundances.

To have better understanding of fractionat jon Processes, trace element data
of Lhese bodies are normalised wil o hypol het ical Ocoange Ridye Granite (ORG)
data, as sugygested by Pearce et al. (1984). Also, for inferring the yranite
petrogenesis in relation to the different tectonic environment, more
incompatible trace elements such as Rb, Y, Nb, Ta and Yb are used, due to their
sensitivity to silica variation and their variable abundances in different

Lectonic environments (Pearce et al., 1984).



1000

100

10

1 [ SR

| L1101t

0n1 T T T T T T T T T T T T T T T T

ARb Th UK NblLaCe Sr Nd& P ZrSmT Y
—1 —+—2 —*—3 -84
Figure 5.9 a : Spidergram plot normalised to primordial mantle showing pattern

for different granitoids of the Himachal Pradesh. 1- Wangtu granitoid, 2- Grey
granitoid, 3- Porphyroclastic granite gneiss and 4~ Chor granitoic.

a

100

T TT1Trn

10

T T TTT1IT

T T T I1rrIr

o
-y
T T v T TUTTI0

0.01
K20 Rb Ba Th Te Nh Ce Hf Zr 8m Y Yb

——q —— K3 -HB-4

Figure 5.9 b : ORG-normalised vs compatible and incompatible elements plot
showing pattern for differnt granitoids of the Himachal Pradesh. 1- Wangtu
granitoid, 2- Grey granitoid, 3- Porphyroclastic granite gneiss and 4- Chor
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The ORG—normalised‘plo{: with compatible and incompatible element gives
more or less the similar pattern as that of Spidergram plot, but with moderate
variations in Th, Nb, Ce, Zr and Sm (Fig. 5.9 b). Similarly, all these trace elements
from these granitoid bodies are’l plOtted in silica variation diagrams. Among
those plots, only Rb vs SiO2-:Variation plot is distinct and falls in the field of
Within Plate granite. Likewise, Rb vs Y+Nb discrimination plot also shows that
these granitoids are derived from Within Plate environment (Figs. 5.10 a, b; cf.

Pearce et al., 1984).

5.6 .3 REE Geochemistry

The REE are a group of 15 elements with atomic numbers ranging from 57
(Lanthanum - La) to 71 (Lutenium - Lu). Out of these, 14 elements occur naturally.
The REE are generally classified as the light REE (LREE) and middle or heavy REF,
(HREE), based on their atomic numbers. The raw REE data are normalised with C1
Chondrite in order to refine the data (Sun and McDonough, 1989). In the present
study, all the REE analyses (Table 5.7) were normalised to C1 Chondrite values and

plotted in Fig. 5.11 a.

Grey granite has very low LREE and HREE abundances as compared to the other
granites of this region (Table 5.7; Fig. 5.11 a). The plots of the porphyroclastic
granite, Wangtu granite and Chor granite show almost similar trends and are
enriched in LREE and depleted in HREE (Table 5.7; Fig. 5.11 a). However, among these
three granitoids;_ the porphyroclastic granitoid has more LREE and HREE
abundances than the Wangtu granite. The Chor granitoid has also more LREE and
HREE abundances than the Wangtu granitbid, but poorer in relation to
porphyroclastic granite (Fig. 5.11 a). REE=normalised plot of grey granite gives
very gentle slope suggesting nearly an unfractionated nature of the parent

material. However, plots for porphyroclastic granite, Wangtu granitoid and Chor
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TABLE 5.7 REE data in ppm of different granitiods from the HHC
and the Jutogh Nappe of Himachal Pradesh

Wangtu Chor Porphyro- Grey C T
Graniltoid Granitoid clastic GCrani- Condrite
Granite Loid
La 53.12 68.2307 0 88,47 & 4 -onaw“.ﬂ.237
Ce 111.4 133.9 LSG:E, 21.8 | 0.612
Nd 45.52 51.65 68}55 T Me.te 0.467
Sm 10.97 12.94 15.69 2,03 0.153
Eu 1.28 1.46 1.42 “Ah0.73 ] 0.653
Gd 7.27 7.55 8.39 1.8 - 10,206
Dy 4.63 5.34 5.84 2.86 0.254
Er 2.05 2.15 2 74 3.12 0.166
oo 1.60 T L 0.17
Lu 0.21 0.19 0.24 0.265  0.025
(Ce/¥b)y 19.34 . 24.31 . 26.83 4.8
(Ce/Sm), 2.54 2.59 2.97 2.69
(Dy/Lu)y  2.21 2.77 2.40 0.64
(EW/Eu™)y 0.44 0.42 0.27
(La/Lu), 27.11 . 37.88 %, .38.89, . 1.8 0 32.26
(La/Sm), 3.13 3.40 3.64 1.05.07 it 5,61

I REE 238.05 284.94 380.07 5O, 845 280
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Figure5.11 a : REE normalised plot, normalised to C1 Chohdrite, for the Gra nitoids
form The Himachal Pradesh. 1- Wangtu granitoid, 2- Grey granitoid, 3-
Porphyroclastic granite gneiss and 4- Chor granitoid.
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granitoid give similar LREE and HREE fractionation pattern and trend with
steeper slope in LREE and yentler slope 1in HREE having slight concave trend (Fig.
5.11 a). These bodies are moderately fractionated in HREE with respect to LREE,
having (Ce/Sm)y ratio ranging from 2.54 to 2.97. These possess a moderate negative
Eu anomaly, having (Eu/Eu*)N ratio from 0.37 to 0.44. L.ow Yb concentration and
moderately fractionated REE pattern suggest that these granites are derived

from crustal source.

5.7 DISCUSSIONS

In the Himalaya, three major granitoid types have been envisaged and
classified on the basis of their tectonic setting, petrography and whole-rock

geochemistry. These belts include;

(a) Collision-related granites of "15~20Ma age, e.g. the Manaslu granite (Nepal),
the Bhagirathi and the Badrinath granites (Garhwal and Kumaon Himalaya)

(Vidal et al., 1982; _Stern et al., 1989).

(b} Subduction-related granitoidsj—gran@diorite of 60 to 100 Ma age, e.g. the
Hunza and the Baltoro gran’itoids._(Karakoram) and the Ladakh batholith of

the NW-Himalaya (Rex et al., 1988; Séarle, 1991; Sharma, 1991),

(c) Pre~collisional granitoidsof Proterozoic-Early Paleozoic ages from about
2000 to 500 Ma such as Dalhousie, Mandi, Wangtu, Chor granitoids of

Himachal Pradesh and elsewhere (Le Fort et a [., 1983 a).

48 gt
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The total REE of the Wangtu granite, Chor granite and phorphyroclastic
granite gneiss are quite high with a negative Eu anomaly (Table 5.7; Fig. 511 a
These granites are enriched in LREE in comparision to the HREE. (La/Luly, (La/Smly
and (Ce/Sm)Nratios range from 27.11 to 38.89, 3.13 to 3.64 and 254 to 297
respectively. the HREE (Dy/Luly ratio ranges from 2.21 to 2.77. 1t is evident from
the data that HREE are less fractionated as compared to LREE (Table 5.7). However,
the total REE of grey granite is considerably low and show less fractionation

trend with respect to both LREE and HREE.

5 .7.-.3 Comparisions with othex

bodies

a. Comparision with S-type and A-type granite (Fig. 5.11 b) Keeping 1n mind the
peraluminous character of these granitoids from Himachal Pradesh, comparision
with A-type and S-type of granite has been done (cf. Wahlen et al., 1989). In
spidergram plot, both the A-type and S-types of granites have similar patterns
except the abundances of the elements. It is evident from the plot that the
porphyroclastic granite gneiss, the Wangtu granitoid and the Chor granitoid
have closer affinity: towards the S-type of granite, whereas grey granitoid has
closer affinity with the A-type of granite.

b. Conparision with subduction-related granite (Fig. 5.12: When these bodies are
compared with subduction-related Hunza granite of 95 Ma and Darkot granite of
111 Ma from North Pakistan on spidergram plot (Table 5.6; Figs. 5.12 a, b) and REE
normalised plot (Table 5.7; Fig. 5.12 ¢, d), these indicate similar geochemical

characters, except in the concentration of the trace elements.
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granitoid give similar LREE and HREE fractionation pattern and trend with
steeper slope in LREE and gentler slope in HREE having slight concave trend (Fig.
5.11 a). These bodies are moderately fractionated in HREE with respect to LREE,
having (Ce/Sm)N ratio ranging from 2.54 to 2.97. These possess a moderate negative
Eu anomaly, having (EIu/E)u*)N ratio from 0.37 to 0.44. Low Yb concentration and
moderately fractionated REE pattern suggest that these granites are derived

from crustal source.

5.7 DISCUSSIONS

In the Himalaya, three major granitoid types have been envisaged and
classified on the basis of their tectonic setting, petrography and whole-rock

geochemistry. These belts i_nclude: | ;

(a) Collision-related granites of "15-20Ma age, e.g. the Manaslu granite (Nepal),
the Bhagirathi and the Badrinath granites (Garhwal and Kumaon Himalaya)

(Vidal et al., 1982; Stern et al., 1989).

(b) Subduction-related granitoids-granodiorite of 60 to 100 Ma age, e.g. the
Hunza and the Balto.'ro granitoids. (Karakoram)and the Ladakh batholith of

the NW-Himalaya (Réx et al., 1988; Séarle, 1991; Sharma, 1991).

(c) Pre-collisional granitoids of Proterozoic-Early Paleozoic ages from about
2000 to 500 Ma such as Dalhousie, Mandi, Wangtu, Chor granitoids of

Himachal Pradesh and elsewhere (Le Fort et al., 1983 a).

L |
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5.7.1 Geochemiaca L charactbters o

Himalayvan granmniboids

Major, Trace and REE geochemistry of a few of collision and sabduction-

related granitoid bodies have been studied in more detail for their tectonics

and petrogenesis.

Most of the collision-related granites, such as Manaslu and Bhagirathi
granitoids, intrude the HHC and/or occur close to the Tethyan Sedimentary Zone
(TSZ). In the Nomenclature diagram, the Manaslu samples plot in adamellite Field
and extend to granodiorite and granite fields due to variation in Na/K ratio.
The Characteristic mineral diagram for major elements indicate their general
peraluminous character in sectors I, IT and 111 (Le Fort et al., 1987). These bodies
are characterised by higher S104 content and higher Rb, Ta, Cs and U abundances;
lower FeO, Mg0O, CaO and Ti0, contents; and extremely low Sr, Ba, Zr, Hf and REE
concentrations (Le Fort, 1975, 1986; Vidal et al., 1982, 1984; Cunney et al., 1984;
Deniel, 1985; Deniel et al.,, 1987; Le Fort et al.,, 1987; Stern et al., 1989). The REER
pattern 1s characterised by low total REE with an enrichment in LREE and
negative Eu anomaly. The origin of these granites have been attributed to
crustal anatexis, associated with frictional heating along the MCT during the

Late Cenozoic collisional processes (Le Fort et al., 1987).

The subduction-related granitoids are mainly confined to the
Trans-Himalayan region, such as the Hunza and Ballora graniloids of Karakoram
vegion (Rex et al., 1988). These bodies are calc-alkaline in cowmposition with
Andean-type tectonic setting (Rex ef al., 1988). These rocks are mainly
granodioritic in composition with higher Ca0, MgO and Fe0, moderate T104 and
lower alkalis contents. The characteristic mineral diagram plot suggeslt that
these bodies are peraluminous in character. Also, these are enriched moderately

1n Rb, §r, Ba, Th, U, Zr and LREE abundances; but depeleted in most of HREE, exceph
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for a slight increase in Yb and Lu, and negative Eu anomaly (Rex et al., 1988).

The pre-collision granitoids are present in the Higher and Lesser Himalaya
and constitute a linear belt in the south such ag Dalhousie, Mandi, soul h
Almora, Simchar etc. These bodies are very similar in their structural,
petrological and geochemical characters and are generally porphyritic in
nature, showing post-magmatic deformation. The Characteristic mineral diagram
of these bodies plot in the sectors I, IT and ITI, indicating their peraluminous
character«(Valdiya, 1962; Shams, 1969; Le Fort et al., 1983 b; Sharma, 1983; Thakur,
1983; Singh et al., 1993). However, limited major and trace element data on these
granites indicate higher 8104 contents and lower Nay0, Ca0, My0 and TiO, content

with moderate Ba, Rb and Sr concentration (Le Fort et al., ?],986)

5.7.2 Granitoids from Sutlej
Valley and Chor Mountain

reqgion

The granitoids from the HHC and Jutogh Nappe are similar in geochemical
character as that of the pre-collision granites. Nay0/K50 and Aly04/Ca0+NayO+Kq0
ratios suggest that these bodies are peralkaline and peraluminous in nature
(Table 5.2), indicating the involvement of upper crustal material (cf. McDonald
et al., 1987). In the quartz-orthoclase-plagioclase modal plot, these granites fall
in tonalitic (grey granite), quartz-monzodiorite (Wanglu and Chor granitoid) and
granite (porphyroclastic granite gneiss) ' fields. "However, in the
gquartz-orthoclase-plagioclase normative plot, Fhese are ploFled in granite,
quartz-monzonite and monzonite fields respectively (Table 5.3; Fig. 5.3 b), In the
Nomenclature diagram, these bodies fall in granite, adamelite, quartz-syenite
and syenite fields (Table 5.4; Fig. 5.4 a), whereas 1in the Characteristic mineral

diagram, these fall in sectors II, I1I and IV respectively (Fable 5.4; Fig. 5.4 b).
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The total REE of the Wangtu granite, Chor granite and phorphyroclastic
granite gneiss are quite high with a negative Eu anomaly (Table 5.7; Fig. 5.11 a
These granites are enriched in LREE in comparision to the HREE. (La/Luly, (La/Smy
and (Ce/Sm)Nratios range from 27.11 to 38.89, 3.13 to 3.64 and 254 to 2.97
respectively. the HREE (Dy/Lu)y ratio ranges from 2.21 to 2.77. Tt is evident from
the data that HREE are less fractionated as compared to LREE (Table 5.7). However,
the total REE of grey granite is considerably low and show less fractionation

trend with respect to both LREE and HREE.

5.7.32 Comparisions with othex

bodirLes

a. Comparision with S-type and A-type granite (Fig. 5.11 bk Keeping in mind the
peraluminous character of these granitoids from Himachal Pradesh, comparision
with A-type and S-type of granite ﬁas been done (cf. Wahlen et al., 1989. In
spidergram plot, both the A-type and S-types of granites have similar patterns
except the abundances of the elements. It is evident from the plot that the
porphyroclastic granite gneiss, the Wangtu granitoid and the Chor granitoid
have closer affinity‘ towards the S-type of granite, whereas grey granitoid has
closer affinity with the A-type of granite.
¢

b. Comparision with subduction-related granite (Fig. 5.12: When these bodies are
compared with subduction-related Hunza granite of 95 Ma and Darkot granite of
111 Ma from North Pakistan on spidergram plot (Table 5.6; Figs. 5. 2 a, by and REE
normalised plot (Table 5.7; Fig. 5.12 ¢, d), these indicate similar geochemical

characters, except in the concentration of the trace elements.
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Figure 5.12 a : Spidergram plot normalised to primordial mantle showing
comparision of granitoids from Himachal Pradesh. 1- Wangtu granitoid, 2- Grey
granitoid, 3- Porphyroclastic granite gneiss, 4- Chor granitoid with 5-.
subduction related Hunza granite.

Figure 5.12 b : Spidergram plot normalised to primordial mantle showing
comparision of granitoids from Himachal Pradesh. 1- Wangtu granitoid, 2- Grey
granitoid, 3- Porphyroclastic granite gneiss, 4- Chor granitoid with 5-
subduction related Hunza granite and 6- Darvkotl Granite.

Figure 5.12 ¢ : REE plot normalised to Cl Chondrite’ showing comparision of
granitoids from Himachal Pradesh. 1- Wangtu granitoid, 2- Grey granitoid, 3-
Porphyroclastic granite gneiss, 4- Chor granitoid with 5- subduction related
Hunza granite. :

Figure 5.12 d : RFE plot normalised to Cl Chondrite showing comparvision of
granitoids from Himachal Pradesh. 1- Wangtu granitoid, 2- Grey ‘granitoid, 3 -
Porphyroclastic granite gneiss, 4- Chor granitoid with 5- subduction related
Hunza granite and 6- Darkot Granite.
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c. Comparision with collision-related Cenozoic leucogranites (Fig. 5.13: A
comparision of collision-related leucogranites with these bodies from the HHC
and the Jutogh Nappe shows that the collision-related bodies - the Manasalu
leucogranite from Nepal (Vidal et al., 1982) and the Bhagirathi leucogranibte from
Garhwal (Stern et al., 1988) have lower concentration of trace elements and REE
(Table 5.7} Fig.5.13) Apart from concentration, there is mismatch in pét tern both
on spidergram (Table 5.6; Fig. 5.13 a) and REE normalised plots (Fig. 5.13 b).
Normalised REE plots of the Manasalu and Bhagirathi granites give gentle slopes,

while the former also yields negati\}e Eu anomaly.

d. Rb vs Y + Nb plot (Fig. 5.14): One of the most significant discrimination plot
out of various examples appears ‘to be Rb vs Y + Nb plot (Pearce et al., 1984) for
the Himalayan granitoids including those from Uhe presenl area.s AT Uhe foar
bodies from this area plot distinctively Within Plate Granite (WPG) field with
Rb/(Y + Nb) ratios ranging between 2.68 to 6.80 (Table 5.5; Figs, 5.10 b, 5.14).
Likewise, another pre—collisiolnal and Proterozoic to Early Paleozoic Champawat
granitoid body falls distinctively within WPG field, and compareg wilth the

granitoids from Himachal Pradesh.

On the other hand, Late | Cenozoic leucogranites from  Bhagirathi lie
distinctly in the field of syn-collisional granite, while the Hunza énd Baltoro
conmplexes have a tendecy to fall nearer to Volcanic Arc Granite field (Eig. 5.14).
Overall field relations, petrography and geochemical characters strongly

support these petrogenetic provinces for the bodies.
Considering the petrography and overall geochemical pattern of thegranites
from the Chor and Sutlej Valley regions of Himchal Pradesh, he following points

are lmminent:

1. Petrographically, the grey granite is tonalitic in nature, whereas the
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granitoids from Himachal Pradesh. 1- Wangtu granitoid, 2- Grey granitoid, 3-
Porphyroclastic granite gneiss, 4- Chor granitoid with collision related

Cenozoic leucogranites: 5- Manasalu and 6- Bhagirathi.
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Porphyroclastic, Wangtu and Chor granites are granite to quartz-monzodiorite
in character.
SRR SN
2. The major element chemistry suggest that these granites are peraluminous and
- peralkaline in nature, which is similar to other Himalayan granites of younger
a\ge__s. The quartz—orthoclase—pl,a/gic%clese' normative plot shows that these
grar.l"i‘tes are mainly of g;anj,t'e t‘oéquartz—monédhi-te eomposition.
3. The negative, anomally in Nb, Sr, P ér;d Ti of these bodies in spidergram ahd:low

\

Yb concentratlon and moderately fractlonated REE pattern suggest a typlcal
\ i

crustal contamlnatlon and/or crustal affinities for these bodies. LREE

enriched and HREE depleted pattern with negatlve Eu anomally 1ndlcate that

the source material for these bodh!es might have had enrich LREE.
YL > B i R :

4. The overall trace element pattern en spidergram plot is similar to S- and
N ,
A-type granites. The grey granitoid having more affinity towards A-type

granite, otherwise rest of the bodies show affinity towards S-Type granite.

5. The similar geochemical pattern of téhese bodies suggest that, although these
bodies are different in geological and geographical entity, the source
naterial and the genesis processes iappear to be identical. |

sy e - . Cor . __! L e .
.. 6. The trace element variation and dis‘criminatiQp plots suggest that these
Proterozoic granites fall in Within Plate Granite envirvonment, whereas other

younger subduction related and collision-related granites have close

affinity towards volcanic arc and syn-collisional environments respectively.

s o : Loty . : f P P Ty . |
. . : L

‘7;’T:lr1elWP‘C; eateg'ery.'of'theee bedies in the discrimination pIo't ‘;qSl[ll;j'g’é:St that

these bodies are of A-type.
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8. Higher LREE and lower HREE abundances are cha racteristics of these granites,
suggesting moderate to higher fractionation, except grey granite which 1s
depleted both in LREE and HREE and 1is less fractionated. Other younger
granites of the Himalaya are relatively poorer in REE abundances than all

these granites of this region of Proterozolc age.



CHAPTER 6 : GEOCHRONOLOGY

6 .1 ITNTRODUCTION

The Himalaya lacks precise geochronological dates in general and by U-Pb
method in particular, where time of crystallisation of numerous granitoids can
be constrained and the Himalayan orogenesis better understood. Exceptions to
this are a few 100 Ma U-Pb zircon ages from the Trans-Himalayan belt (Honeger et
al,, 1982; Scharer et al., 1984; Debon et al., 1981, 1986; Maluski et al., 1988) and a
few dates from the Higher Himalayan metamorphic belt zCopeland et al., 1988;

Scharer et al., 1986; Parrish, 1990; Pognante et al., 1990).

To provide better geochronological constraints to the overall tectonics of
the Higher Himalayan Crystalline (HHC®) and the Jutogh Nappe in parts of Himachal
Pradesh, U-Pb zircon age determination was actively supported by Prof. D. G. Gee,
Department of Mineralogy and Petrology, Institute of Geology, University of
Lund, Sweden and at Laboratory for Isotope Geology, Swedish Museum of Natural
History , Stockholm, Sweden with Prof. S. Claesson during 1990. In this connection,
field investigations and sample collection were done jointly in Himachal

Pradesh

>
Z

6 .2 U—Pb GEOCHRONOLOGY

INTRODUCTION

Applications of the U-Pb geochronology to granitic rocks has largely been
restricted to date zircon (ZrSiOa) and to some extent monazite [(Ce, La, Di)PO4],
and sphene (CaT1810g). Although the U-Pb ages calculated from zircon are almost

invariably discordant, this method has been considered as most reliable for
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establishing meaningful crystallisation age of granitoids due to early

formation of zircon and its refractory character during subsequent: evenls.

Isotopic U-Pb investigations on zircon was started only thirtyeight years
ago, when early works were followed by the poineering efforts of Tilton et al.
(1955). Decay of U and Th to stable isotopes of Pb is the basis of this dating
method. The concentration of U in common rock-forming silicates is generally
low of the order of a few ppm or even less. U is strongly enriched in certain
accessory minerals in which it is either a major constituent or replaces other

elements.

Uranium has two naturally-occurring radiocactive parent isotopes, 238y and
235y, The half life of these isotopes are different from each other and falls into
the range of geological time. The decay of 238y gives rise to the "Uranium
Series”, which includes 234y as an intermediate daughter and ends in stable
206pp, Each atom of 23SU, that decays with a half life of 4.468 * 107 yrs (decay
constant 1.55125 * 10710 y—l), ultimately produces one atom of 206py, by emission
of 8 a particles and 6 p-articles. The decay of 235y gives rise to the "Actinium
Series", which ends with stable 207p},, Each atom of 235U, that decays with a half
life of 0.7038 * 10° yrs (decay constant 9.8486 * 10710 y'l), ultimately produces one
atom of 207pp by emission of 7 @ particles and 4 B particles.

The decay of 238y and 2%y allows us to determine the ages of ar;y mineral
containing uranium. The coupled decay of 238y o 206ph and 235y to 297pp gives
rise to three different ratios from which ages can be calculated; namely
206Pb/238U, 07pp/235y and  207ph/200pp, Of these three, only two are independent,
whereas the third ratio can be obtained by simple calculation from the first
two. These ratios can be obtained from the isotopic composition of Pb and the
concentrations of Pb and U, which are determined using the isotope dilution

technique.
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The U-Pb analytical data are generally presented and evaluated by a
graphical method known as the concordia-discordia plot (Fig. 6.1 a; Wetherill,
1956 b). The 207pb/235y stomic ratio is plotted on the X-axis and 206py, /238y on the
Y axis. The locus of points with equal 206p},/238y 4nq 207py, 235y ages define a
curve called CONCORDIA. The age of a sample is said to be concordant when the
data points fall on this curve. Otherwise, the age relationships are said to be
discordant.Discordant age patternsare mostly evaluated with reference to this
concordia diagram (Fig. 6.1 b). Only when the following conditions have been
fulfilled, the data point will fall on the curve.
a. The mineral has remained closed to U-Pb and all intermediate daughters

throughout its history.

b. Correct values of initial isotopic ratios are to be used..

c. The decay constants are known accurately.

The great advantage of the U-Pb system is that there are two coupled
systems with different decay constants. Thisoffers a simple method for testing
the assumption of a ¢losed U-Pb system with a ‘sihgle:analysis. At the time of
crystallisation, U-bearihg minerals containno radiogenic Pb and the system is
represented by a point at the origin. This point will mové along the concordia
curve as long as the system is closed to U and its daughter isotopes. The age of
the system is indicated by the location of point on the curve. Due to loss of
radiogenic Pb, there may be a change in coordinates of the point representing
the systemvand it will move back along-a chord connected to the origin. If all
the radiogenic Pb in the system is lost, the system will return to its origin and
will get reset to zero with all its earlier memory lost. The systétﬁ will once
again move along the concordia, if it becowes closed to U and to all its
daughter isotopes afterwards. If the system loses only a fraction of its
radiogenic Pb, it will be represented by a point somewhere on the chord, which

will have discordant dates. The chord will be referred to as the discordia. The
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age of crystalllzation

discordant data points obtained from
various zircon populations of the
same age of crystallization

Figure 6.1 b : Concordia diagram showing data points of four zircon population
with the apparent U/Pb ages as well as the Pb/Pb age (Gebeuer and Grunenfelder,

1979).
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Figure 6.1 810:6}Cyck>)n3/3%ntional concogéiia d%}%gram. Concordia curve is locus of points

for which L
half-lives of <

U age equals 7Pb/ U age. It 1s curved due to the different

8U and (Gebeuer and Grunenfelder, 1979).
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exact position of the U-Pb system on the discordia depends upon the fraction

of radiogenic Pb remaining in the system.

It is étlite possible to recover several fractions of zircons from a single
rock sample and these will plot as a series of data points. With several data
point plotting along a discordia line, one can get two po__ints of intersection
with the concordia curve by extrapolation. The upper intersection will give the -
time elapsed since the original grystallisation of the mineral, and the lower
interseétion. w1ll give the time elapséd since closure of the system following

an episode of Pb loss or U gain (Figs. 6.1 b).

Generally, U-bearing minerals lose a variable fract;ion of their radiogenic
Pb, depending upon the size of the crystals, U concenlration and the radiation
damage in the cryst'al. Experience - have shown that there is generally a very
strong relation between the U content of zircon, the magnetic susceptibility
and. grain size (Fig. ‘6.2 a). Smaller grains and those having 'higher U
concentrations may suffer greater Pb losses than larger grains and grains
containing less U. Zircon ¢rystals in a sample of igneous rock may thus lose
varying fractions of their radiogenic Pb, even though all of them have
experienced the same type of conditions. Such lead losseé may 'be explained by

varios models:

a. Episodic lead loss model (Fig. 6.2 b; Wetherill, 1956 a,b)
b. Diffusion model (Fig.6.3 a; Nicolaysen, 1957; Tilton, 1960; Wasserburg, 1963)
. Complex rﬁodel (Fig. 6.3 b; Wetherill, 1963; Allegre et al. 1974)

Q0

. Dilatancy model (Fig. 6.4 a; Goldich and Mudrey, 1972)

. Alteration model (Fig. 6.4 b; Krogh and Davis, 1975)

®

Hh

. Low temperature annealing model (Fig. 6.5 a; Gebauer and Grunenfelder, 1976)

g. Mixing model (Fig..6.5 b; Gebauer and Grunenfelder, 1979)



210

|
206 238
o.295Pb/2%8y

JO0by

Concordia curve

\
time of crystalllzation

\

25 o! zlrcons
i 20 .
/
) 1.5 / discordant data polnts
"o
[~ / = eplsodic lead loss due to recrystallization of )
zlrcons durlng metamorphlsm of the host rock 207 23
! L | l £|> l 1 1 ||0 1 | | il5 plb/ ISUII -—

Figure 6.2 b : Concordia diagram showing the effect of episodic lead joss on a

cogenetic zircon suit. Lea

d loss due to recrystallisation is often thought to be

the most important mechanism to produce discordant ages (Gebeuer and

Grunenfelder, 1979).
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Figure 6.2 a : Concordia diagram showing the influence of U- cont_ent, grain size
and magnetic susceptibility on degree of discordace (Gebeuer and Grunenfelder,

1979),
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Figure 6.3 a : Concordia diagram showing a diffusion trajectory through the
experlmental data points. As diffusion curves, based on either on continous
(Tilton, 1960) or time- dependent (Wasserburg, 1963) diffusion are very similar,
their application will result in practlcally the same pr 1mary ages (Gebeuer and
Grunenfelder, 1979).
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Figure 6.3 b : Concordia diagram showing data points, whose position is a result
of a two-stage opening of U-Pb zircon systems. Crosses mark the positions of data
points of today, if the second event would have reopened the U-Pb systems
(Gebeuer and Grunenfelder, 1979).



212

.6~205pb/2aeu 100y

Concordia curve -

\ time of crystollization
25

f 1 tcon
fﬁjnln polnts of metamict zlrcons

4ql after nllered reglons are removed
20 by acld lesching
| : : A METAMICT ZIRCON

\ ¥
)

15 _//dutn points of metamict v
v" }- ~altered regions

tircons and allered

1.0 regions

age of altered reglons formed In
the course 5! melamorphlism

2073y, /235y
| | | ] ! 1 ] | 1 { 1

Ih

‘,_
c

Figl_lre 6.4 b : Concordia diagram with data points of zircon fractions containing
variable amounts of altered regions (Gebeuer and Grunenfelder, 1979).
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Figure 6.4 a : Concordia diagram with data points of zircon fractions with the
discordia line, lower intersection showing the age of uplift and erosion(Gebeuer
and Grunenfelder, 1979 :
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Figure 6.5 b : Concordia diagram with the data points of zircon suit consisting
of mixed population. Such data pal:Lern mighl. occur in high-grade metamorphic
terranes, in which zircon is newly formed during nmetamorphism (Gebeuer and
Grunenfelder, 1979). : - ‘ ' '
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Figure 6.5 a : Concordia diagram with
due to low-temerature recrystallizat
anneal zircon at these low temperalure is
radiation-damaged crystal structure (Gebeuer and Grunenfelder, 1979).
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6.3 SAMPLE --C"OL.I.ECTZII.:-ON Z2E SN _")- 7

In order to obtain the best restflts, fresh comﬁgietely nﬁaltered
unmetamorphosed and undefor med 10(“}(5 should be ver y car efully seler*ted in tlie
field and collected. Carefully Selected reglons in the HHC along the Sutlej
valley have yielded two undeformed samples of the grey granite (sample r\;o RR
17/21 or 90056; Fig. 6.6) and Wangtu granitoid. (sample no. RR 7/6 or 90054; Flg‘6).6>

though these bodies have otherw1se undergone extensive deformatlon and

’

metamorphism. Likewise, the Chor = granitoid has revealed 1ts undeformed

chracter approximately 5 km from its contact with the Jutogh me1L amorphlcs has
|

been selected for U-Pb geochronology (sample ‘no. CH 1/1 or 90055 Flg 6 6) One
deformed sample has also been selected (sample, no CH 4/11 OF. 90067 E:Lg 6. 6) near

the contact with the Jutogh metamorphics to analyse the effect of defor matlon
S

and metamorphism on the U-Pb systematics. Each samples welghed appL'OXJ,ma;tely
: {

30 kg. Extreme case was undertaken to pick up unw'«-‘at:he_r-ed, fresh and l..,tndef(_).rn1ed
. : 2 o ~’ > H
bory ; ! |

6.4 ANALYTICAIL: METHODS

6.4.1L Sample pfepa:ra't ion

Concentration and purification of zircon crystals from the rocks is-

_...._._m“__»—-q..;._.._.-_.__ [RE——— .

time-consuming and painstaking process. At the beginning, the sample is washe:d
and weathered parts if present, are remo.ved. A piece of each sample ik selecte;d
to represent the bulk rock type. The dried sample is first crushed by a large ja;w
crusher into 2-3 c¢m size rock chips and then to another jaw crusher to obtajqin
even finer pieces. Before performing crushing, each active surface of the ]alw

crusher has been thoroughly cleaned with vacuum cleaner, steel brush, and

conmpressed air in order to.avoid contamination between sample processing.



Figure 6.6 : Location map of granitoid bodies used for the geochronological
purpose in present work. 1 : grey granitoid, 2 : Wangtu granitoid, 3 : deformed
Chor granitoid and 4 : undeformed Chor granitoid.
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During the whole procedure of sample treatment and subsequent chemical

preparation, precaultions were taken against cross-contamination.

After crushing the sample is split. A small portion of the sample is taken for
nmilling in a disc mill ("Schwingmuhle") for making fine powder used in whole-rock
analysis. The portion is taken in such a way that it should represent the
whole-rock composition. The bulk sample is further crushed in a mill containing
rotating cylinders. The milling starts with 0.30 mm space between the cylinders
and the sample is reprocessed at 0.20, 0.15 and less than 0.15 mm spacing. After
each milling process, the powder is sieved into three fractions: (a) < 43 um,
which is of no use, (b) 43-310 pm, which is used for the mineral separation and (c)

> 310 ym, which is taken back for repeated milling (Table 6.1).

6 .4 .2 Minexral seperation

The 43-310 um size fraction is carried to the Wilfley Vibration Table, where
mineral separati'on is done on the basis of density of minerals. The table is
tilted and shaken horizontally. Powdered sample, mixed with water in
approximately 1:4 proportion is transported from one end to another of the
table. This procedure splits up the sanple into different fractions depending
upon different specific gravities of minerals. Heavy mineral fractions are
collected, dried down in an oven and are taken to the "Band ma'gnet", where the
mineral grains are allowed to pass through a magnetic field (2.6 volt - 15 amp),

which removes minerals of high magnetic susceptibilities.

The non-magnetic fraction of heavy minerals is further treated with heavy
liguids. First to be used is Tetrabrometan (sp. gr. 2.96). The collected heavy
portion is washed in alcohol and later in 3 * distilled water and dried in oven

at 70° C. During this initial step of heavy liquid separation, the following
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TABLE 6.1 : FLOW CHART FOR CRUSHING-MILLING-SEIVING PROCESS FOR
ZIRCON SEPERATION

Bulk Sample

|

Jaw crusher I

Chip sample (2-3 cm)

Jaw crusher II

Chip sample (< 2 cm) i
' Disc Mill
Cylinder Mill l
I Powder for
Powder whole rock
analysis
Sieve
[ |
< 43 uym 43 - 310 um > 310 um

(To be discarded) (To Repeat)
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precautions are taken :

* Shelves and fume hood fioors are cleaned.

* Beaker, flasks and funnels are cleaned.

* Tetrabrometan is poured in clean separating funnel with new filter
paper.

* Floating fraction and sinked portions are drained through the filter
paper and Tetrabrometan is collected in a flask below.

* Pure tetrabrometan is then returned to the stock bottle after renewed
fiitering.

* Samples are rinsed with alcohol. Tetrabrometan mixed with alcohol is
collected in a different flask; the mixture is washed by water and taken

to another bottle for final recovery.

The dried sample is further upgraded by Frantz Isodynamic separator, where
minerals are separated according to their different magnetic susceptibilities.
The magnetic field is first setup at 0.15 amp with a constant tilt of 10° and a
slope of 5°, and then raised in steps up to 0.4 amp. Non-magnetic portion is
collected each time for continued mineral seperation. During the magnetic
separation, precaution is taken to clean the interior of Frantz Isodynamic

separator, chute and magnet thoroughly by conpressed air.

After first Frantz magnetic separation, minerals are taken for a second
heavy liquid separation using Dijodmetan (sp. gr. 3.34). After centrifuging the
sample in plastic tubes, sunk portion along with Dijodmetan is frozen by liquid
nitrogen and the float is removed. The sunk portion is washed with alcohol,
then with 3 * distilled water and subsequently put into oven at 70° C. During
this liquid separation, same precautions are taken as during the first liquid
separation. After drying down, the sunk portion is taken to second magnetic

separationwith settings ranging from0.5amp te 1.5 amnp with intermediate steps
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at 0.6 amp, 0.8 amp, 1.0 amp, 1.2 amp, and 1.35 amp. Each time only the non-magnetic
portion is reprocessed through stronger magnetic field. The non-magnetic
fraction at 1.5 amp is fin'ally treated with Clerisis solution (sp. gr. 4.03 ) for
liguid seperation. The sunk portion including zitcons are washed by 3* distilled

water and dried down'!in oven at 70° C.*

‘Zircon concentrate'is then sieved into five size fractions (i) > 210 vm (11) 150
- 210 wm (iii) 106 = 150 ‘um, (iv) 74'~ 106 ‘wm and’(v) <"74°um. The best zircons,
uncoloured and free from all inclusion, are selected by hand picking from each

fraction for the chemical treatment (Table 6.2).

i H B
St oot f = 1 - Cefegio.

6.4.4 Chemical preparation

After having hand-pitked different’ size fractions of zircon, the following
methodolegy has been adopted for chemical trestment. l

i §

a. Cleaning of zircons: The ¢chemical préparatiorn starts with different washing

procedures. Each zircon fraction is treated sepetrately in cleaned pyr'e;( beakers
with 6N'QD HCl'on hot plate for 20'minutes without létting it boil. The following

V¢ R

steps are followed in e¢leaning zircon grains:

i * HCl'is washed away by 3 * distilled H,0; alcoliol is Gsed for breaking the

#i - surface tension of water due to which sowe zifcons are seén floé‘tihg.

¢ i *Zircons are washed with 7 N HNO4 fol 20 minutes on hot plate. ; .
* HNOy is-washed of f with 3* distilled HQO.

-n* Water is removed and beakers are half-filled with ELGA water and puk
into ultrasonic bath for aboat 10 minutes. (If the water is not cléar, it is
* changed and the process is repeated until the water is clear).

* The ELGA water is removed and zircons are washed with DB H,0 (double
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TABLE 6.2 : FLOW CHART SHOWING VARIOUS STEPS IN MINERAL SEPERATION AT
ISOTOPE LABORATORY, STOCKHOLM, SWEDEN.

43 ym -

310 ym fraction

Wilfley Vibration
Table

Heavy fraction

I
f

"Band magnet"”
Field

(2.6 volt-15 amp )

Non-magnetic portion

i

Magnetic portion

Tetrabrometan (sp.
gr. 2.96)

> 2.96 {sunk portion)

< 2.96 (Floating)

Frantz Isodynamic
Separator : Constant
tilt 10° and slope 5°

0.15 amp

- Magnetic

Non-magnetic

|

0.25 amp

—- Magnetic

Non-magnetic

|

0.30 amp

— Magnetic

| ;
Non-magnetic

THE
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R VAR S IR s B LRI T

pgu~-0.40‘amp;ﬂép PRPT, _;,u;éf MagnqLﬁc

Non-magnetic

Dijodmetanzhj_., PR R
(sp. gr. 3.34) < 3.34 (floating)

1

> 3.34 (sunk portioh) YL

1

Frantz Isodynamic ;.. ;..
Separator : constant ' §: ‘
tilt 10° and slopei5°i.., [.. . j

i i
h

I ——— ? - ol

0.50 amp ! ~—m‘Mdgnetic

i
| L2 S O FI T LT

Non-magnetic RTINS
1

|

0.6 amp ‘- ' - oot Magnetic

i
! NN
Noq—magnetlc- ‘
PP ‘.’l,"‘ . ¥ .
% i -t - ¥ A oy
M R SIS L p o, ! i

,T :
0.8 amp , -— Magnetic

Non-magnetic

1.0 amp 71— Magnetic

' Non-magnetic

1.2 amp o —- Magnetic

Non-magnel ic
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1
1.35 amp - Magnetic

Non-magnetic

1.5 amp —— Magnetic

Non-magnetic

l

. Clerisis (sp. gr. 4.03)

> 4.03'(sunk portion) < 4.03 (FlAating)
|

Sieve

> 210.um 150 um1210 um 106 um1150 um 74 um1106 um < 7* ym
!

Hand picking under
microscope

Zircon concentrates
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bottle distilled) and put in oven for drying.

b. Dissolution of zircon : Dried zircons of each fx ar*tlons are weighed out into

double-walled teflon dissolution tube. 03 ml HF + HNO, (10:] ratio) is added to
each inner dissolntion capsule for dissolution, while HF + HNO; of same strength
and ratio is added to the ou;ter teflon tubes. The outer teflon tube is tightly
closed and put into a high pressure teflon-lined steel "bomb". The bomb is put
into the oven for about 4 days at 2(’)0°'C and is. later removed from the oven. The

capsules are taken out, opened up and put in the evapora;tion chamber for

drying.

¢. Spiking procedures :"Amb'uht"of 235y spike and 208py, spike for each sample are

calculaled assuming a Ucontent of 400 ppm and 4 Ph cont ent of 100 ppm for these

particular samples.

All the four capsules are taken out from thp evaporation chamber and allow
to Cool down at room temperature. Sample capsulec; are then weighed. Weighed 235y
spike is added into each tube after appropriate calculations. These are then
filled in with DB H 20 to 3/4th of the capsules and put back into the tube and

placed in the oven at 70° C overnight.

The capsules are taken out next déy aﬁd .(::ooled. F.acim sample is divided into
ID (isotope dilution - 1/4 portion) part and IC (isotope composition - 3/4 portion)
part. 208py, spike is added to the ID part. The blank sample, which has been
handled ex.tactly in the same way as the zircon sample, is divided into two halfs
and 206pp spike is added to both of these halfs rather than 2°8pb. After addi tion

of Pb spike both the ID and IC portions are put into the evaporation chamber.

1

Dried vessels are taken out from the chamber én«] 200 wml of HBr (0.4N) is added

to them and the samples are left overnight for dissolution.
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d. Ton exchange : Ton exchange is carried out by two methods:

(i) Modified traditional method (Krogh,1973) and

(i1) Modified new method (Menhes et al.,1978),

These methods have been used for comparison in getting good intensity of

isotopes in mass-spectrometer.

The samples are taken out next day for ion exchange process. Ion exchange
separation columns made up of plastic are half-filled in by analytical grade
cation exchange resin AG 1-X8 (100-200 mesh) chlorlde form + DB HyO. When the resin
has settled down, it is washed by 200 yl 0.5 N HNOj, then two times by 200 ul DB
H,0. The resin 1s conditioned by putting 150 ul of HBr (0.4N) through the column.
After that the sample, dissolved in HBr, is put into the column and U is
collected in a separate teflon vessel along with Zr and Fe. This teflon vessel is

replaced by a new vessel and the old one is put into the evaporation chamber.

The Pb ions are collected in new vessels by passing 3 * 200 ul DB H,0 through
the column. This teflon vessel is also put in the evaporation chamber for drying

down and the residue then dissolved again in 200 ul HBr (0.4N) overnight.

A 5econa Pb ion exchange step is performed next day using the same resin and
same column, fter washlng them with 200 w1 0.5 N HNO4 and two times w1th 200 ul
DB H,0 followed by conditioning with 150 ul HBr (0.4N). After that the sample
dlggolved in HBr is put into the column and washed with 200 pml HBr (0. 4N) once.
Then the Pb ions are collected in a new teflon vessel by passing 200 ul DB H20
three times throug'h the column. After collectlng the Pb ions the vessels 1s

taken to the evaporation chamber for drying down. The sample is then ready for

nass-spectronetry of Pb. i
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The sample having U, 2r and Fe are also dissolved but in 0.5 ml 3.1 N DB HCl and

is put for dissolution overnight.

After this, a new bigger plastic column is set vlzith analytical grade cation
exchange resin AG 1-X8 (200 400 mesh) nltrate form + DB H20 When the resin has
settled down, it is washed with 1.0 ml DB H,0 and condltloned with 1. 0 ml 3. 1 DB
HCl. After that, the dissolved U, Zr and Fe is put into the column and washed

away by 0.25 ml 31N DB HCl tw1ce and then one tlme 05 ml 31N DB HCl Then

elutlon of u is done by O 5 ml DB HyO and 1.0 ml DB H2O U 1s collected in seperate

teflon vessel The vessel is then taken to the evapor at ion chamber, then ered

down The sample lS now ready for mass- spectrometry of U

o f et y A I ; i i

(8§ B TR A PR VIR Pdegeqy 12} ' bed
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6 .4. 5 Mass Spectrometry

i i
At o ar bty Fivg e v Bl by

All isotopic measurements are carried out on the Finnigan = MAT 261

Mass~ Spectrometer The MAT 261 Mass Spectrometer is de51gned for 1sotope ratio

( [ 1 T tv 1 Fany |

determlnatlon us1ng thermal 1on12atlon The preclse deter mlnatlon of lSOtOplC
vl b ' 7 | i =1 3 1 !

ratlos of SOlld samples by thermal 1onlzatlon requlres a hlghly evacuated
analyser system w1th an ion source for thermal 1onlsatlon whlch usual]y

generates pos1t1ve sample ions, The ions are generated accelerated and focussed

iy

w1th1n the lon source. The resolutlon is ‘determlned by an ion source sl:Lt with
a sllt w1dth of 0. 2 mm. After pa851ng thlr.o‘ugh this sllt and ‘the follow1ng Y lens,
the“ 1ons traverse the free spaceI betmeen Ithe 1oh sdurce and ‘t‘h,e 'magnetlc
sector fleld The ion beam e)nters andl leaves,the magnetlc sector w1th 'ah angle

il ! PR i ) } ; i o

of 26 5° w1th respect to a perpendlcular entrance line. Ins1de the 90° magnet]t

r

sector field, each type of ions are affected by a sllghtly varlable force, which
is mass and charge dependent ThlS variable effect causes a seperatlon of ions
of different masses. The ions of different masses (1sotopes) can be detected

simultaneously with five Faraday detectors and one multiplier detector. The
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multiplier detector is used for very small signals, because it can detect signals
one hundred times smaller than the detectable level in a Faraday detector. The
signals from the detectors are passed through very stable amplifiers, after
which these are transformed into digital signals for the computer. Up to
thirteen samples can be loaded at the same time and can be automatically run

from the computer.

6.5 RESULTS

6.5.1 Zircon moerphology

7ircons from the grey granite are euhedral prisms of variable length;
averaging about 41, with sharp crystal edges and pointed ' pyramidal
terminations. Most crystals are transparent, with some opague inclusions, and
many are strongly zoned. Some crystals include darker colou red central parts,
which also are euhedral and oriented parallel to the crysals in which, they
occur, suggesting that they rather form part of a magmatic zonation pattern in

Lhe crystal.

The majority of the zircons in the Wangtu granitoid are well crystaliised
euhedral prisms, commonly with sharp edges and pointed py ram:dal terminations
(Fig. 6.7 a). The average length : width ratio is aboul 3:1. The crystals are
generally transparent, but inclusions are not uncommon (Fig. 6.7 b) and soma
crystals have internal structure suggesting they may include older cores (Fig.
6.7 ¢). These are, however, commonly euhedral and oriented parallel to the
crystals suggesting the same interpretation like grey granite, as parts of a
magmatic zonation pattern (Fig. 6.7 d). Other zircon varieties include twinned

crystals, zoned grains, subrounded to rounded grains and terminations, clouded
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grains and crystals containing fluid inclusions (Figs: 6.7 b,c, *dh ' i

1§ ¢ oi1 - TR () RO (N

The zircons from the Chor granitoid aré generally ‘transparert ahd some are
rich in opague inclusions (Fig. 6.8:a).” Most of the crystals are euhedral but of
variable shapes (Fig. 6.8 b) both elongated prism and-ellipscidal erystals with
well-developed high-indice surfaces are common (Fig. 6.8 c). No: :significant,
optically distinc‘t cores have been noteworthy in comparision to Wangtu
granitoid (Fig. 6.8 d). Other varieties include clouded grains, twinned crystals,

grains having fluid inclusions and subrounded grains (Figs. 6.8 b, c, d).

6 .5.2 U—Pb =Zircon agess

. - . 3 i "o oo &

The grey granite gneiss, lying near the base of the HHC within the Jeori
Formation, occurs as a small: stock. A regression. ilige, ba's'ed on 6=zircon
fractions, yitlds anupper intercept age 'of 2068 # 5 Ma (20).and a lower intercept
age’of 379 + 18 Ma (26} having MSWD value 0:93 (Fig. 6.9; Table 6.3). The finer
fractiéng < 74 ym are more discoérdant, whereas abraded fraction between 106-150
Um moves toéwards the upper intercept. The upper-intercept: age of 2068 £ 5 Ma (20)
indidates the primary crystallisatlon' :age: The lower: intercept does not have
any geological significance and there is no indication of any inherited Pb

component or any disturbance in this granitoid body.

| L, I g ) M

The Wangtu granitoid hasupper. intercept U-Pb zircon age of, 1866 :10 Ma (20)
and a lower intercept age of 48 t 28 Ma (20); with a:low: MSWD valuejof-0.1; as
evident from a regression based'on 5-zircon.fractions:(Fig. 6.10;- Table 6;4). Like
grey granitoid, the finér fractions are more discerdant, whereas.the abraded
fraction plots closer to the upper intercept. There is no. .indication of any
inherited Pb' component or any other :disturbance . in.this body and we
interpréted the upper intercept age of '1866% 10:Ma:(20):closely reflecting the,

primary crystallisation age for ‘the Wangtu granitoid:



Figure 6.7 a : Zircons from the Wangtu granitoid body with well crystalllisad,
euhedral prism cormmonly with sharp edges and pointed pyramidal terminations.
The average length : width ratic is about 3:1. PL X 308.5

Figure 6.7 b: Zircons from the Wangtu granitoid with well-grown tripple twinned,
euhedral prism with sharp edges and pointed pyramidal terminations and
transparent inclusions. The averags length : width ratio is about 3:1. PL, X 617.

Figure 6.7 ¢ : Zircons of the Wangtu granitoid with well-grown euhadral prism
withsherpedges and pointed pyramidal terminations and transparent inclusions.
Zlrcons also showing darker cores. PL X 617,

Tigure 6.7 < ¢ Zircons of the Wangtu granitoid with well-grown euhedral prism and
sharp edges aac pointed pyramidal terminations and transparent inclusions.
Zircons spowing Garker cores with magmatic zonation pattern. PL X 617,



FIG.6.7
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Figure 6.8 a : Zircons of the Chor Granitoid with well developed euhedral prism
having sharp edges and pointed pyramidal terminations and transparent to
opaque inclusions. PL X 308.5.

Figure 6.8 b : Zircons from the Chor granitoid with variable in shape and well
developed euhedral prism and sharp edges, pointed pyramidal terminations and
mostly transparent. PL X 617.

Figure 6.8 ¢ : Zircons from the Chor granitoid having variable shape with well
developed euhedral prism also ellipsoidal crystals. Also precence of twinned’
crystal is noted from the crop, which is mostly transparent in nature with a few
inclusions. PL X 617.

Figure 6.6 d : Zircons from the Chor granitoid with variable shape and well
developed euhedral prism having high indices and also ellipsoidal crystals. Also
presence of twinned crystal is noted from the crop, which is mostly transparent
in nature with no inclusions. PL X 617.
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2. <74 i
3. 74-108
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Figure 6.9 : U-Pb concordia diagram for the grey granitoid from the HHC, Sutlej
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valley.
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.3 : U-Pb analyalytical data of grey granitoid form Sutlej

valley, Himachal Pradesh

Sample Concentration Atomic ratios® and mode] -
80056 in ppn ages in Ma ,
U Ph..g 2°%Pb| 2°ph 208}, 206p}, 207p}, 207p),
{fractions) — —
204}, 206}, 238y 235)) 206p},
(74 ym 1340 307 1.345 | 218 0.0303  0,23926:55  3.953445 0.11984:120
1383 1625 1954 !
(74 ym ab | 1386 325 1.330 | 230 0.0400  0.24225¢44  4.0048:100  0.11990:19
’ 1398 1635 1955
74-106 ym | 1101 275 0.128 | 1865 0.0302f 0.25279:40  4.2005¢147  0.12080+34
’ iﬁ 1453 1676 1968 |
106-150 pm) 1059 276  0.189 | 1275 0.0287 = 0.26524+40  4,4544+165  0.12180+37
1517 ' ‘1723 1983 § a
> 150 ym | 1016 289 0,216 | 1165 0.0362  0.28729+43  4.8868+ 83 0.12337:10
1628 1800 2006
106-150 wm] 931 262 0.010 | 2290 0.0322  0.20476:46  4.8284:126  0.12298:22
ab 1613 1790 2000

‘i i
b B 1

(a) 2°96Ph/294ph corrected for blank: and mass: discrimination,

all other atomic ratios also cofrected for initial lead.
Errors are given as least significant digits at the 95%
confidence level. ay Yy :
Discrimination U 0.,05% / AMU i. «+Pb 0.12% / AMU

Blank U 0.5 ng - Pl 0209
Common lead Z2°Ph/#°%pPh - i i 2Grph/AP*Pb LG, 2

zo08ply/204ph 34.8.
(Stacey and Kramér gfowth curve) i f

= .5} D

ab - abraded as describgd by Krogh (1973) |

Pl
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0.30
206Pb I
238 U
0.26 + 1. <74 um
2. 74-108
3. 106-150
1400 4. (>150)
I 5. <74 ab
0.22
S Intercepts at
1200 (4)
i 3 1866410 and 48+28 Ma (20)
1 (MSWD = 0.1)
2
0-18 I ! l ! I ! l )
1 2 3 4 5
207 235
Pb/ U

Figure 6.10 : U~Pb concordia diagram for the Wangtu granitoid from the HHC, Sutlej

valley.
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TABLE 6.4 : U-Pb analyalytical data of the Wangtu granitoid form

Sutlej valley, Himachal Pradesh

Sample Concentration Atomic ratios* and model
90054 in ppm ages in Ma
” Pbrad 204pb Zﬂﬁpb ZOBPb ZOGPb 207Pb 207Pb
(fractions)| | ——— —
ZOAPb ZOGPb 238” 235” ZOGPb
(14 yn 677 137 0.0129] 8680 0.0942  0.19476:31  3.0373:120  0.11311+36
1147 1417 1850
74-106 ym {1125 222 0.0045] 41000 0.0856  0.19166¢ 34 2.986¢ 60 0.11300:09
ab 1130 1404 1948
106-150 wm| 309 193 0.0297| 5500 0.1005  0.20338¢ 31 3.1730¢ 54  0,11315+09
ab ."j“ 1193 1451 1851
CI50 pm ) 793 172 0.0928] 1600 0.0959  0.20934¢ 31 3.2952¢ 53 0.11382t07
‘}_'11225 1478 1861
(T4 ym ab | 810 182  0.0160) 9290 0.0160 0.21%??!32 13719478 0 0.11329+18
4;‘60 1498 1853

9-“‘ :
(a) 2°98pb/294ph corrected for blank and mass discrimination,

all other atomic.ratios also corrécted for initial lead.

Errors are given as least significant digits at the 95%

confidence level. 3

Discrimination U 0.05% / AMU Pb 0.12% / AMU

Blank U 0.5 ng Pb 0.3 ng

Conmon lead 208DphL(2°4ph 15.6 1 =29°7pL/22sp], 133
SRephf¥eiph B2 !

(Stacey and Kramer growth curve) ;.

i

ab - abraded as described by Krogh (}973)



234 L

The U-Pb zircon results for the Chor granitoid present a mlore complex
geological history. Sample CH 4/11 (90067) is slightly deformed due to the
presence of ductile shear zone and located near the contact with the Jutogh
-metamorphics. 3-zircon fractions from this sample yield a regression line with
large errors, because there are only limited fractions available, having the
upper and lower intercept ages of 859 * 11927 Ma (20) and 460 * 264 Ma (20‘) with MSWD
value 0.22 (Fig. 6.11; Table 6.5). Whereas 8-zircon fractions of the least deformed
sample CH 1/1 (90055) are scattered, these do not form any discordia line (Fig. 6.12;
Table 6.6). All the data points, except for the fraction ~150-210 un', plot close to
the concordia curve. Five of these cluster close to the discordia line, while the
coarsest un-abraded fraction is significantly more discordant (Fig. 6.13). All 8
analyses together yield a reference line with an upper intercept age of c. 910
Ma, but there is a large scatter about this line. After exclusion of the three
fraction ~> 210 pn', ~150- 210 ab ym' and ~106-150 redone ynm', the remaining five
fractions give a discordia line with the upper intercept age 912 * 6 Ma (20) and

MSWD of 2.0 (Fig. 6.13; Table 6.6). However, this line has a negative lower intercept

age.

6 .6 DISCUSSITONS

The U-Pb zircon ages for the grey granitoid sample RR 17/21 (90056) and the
Wangtu granitoid sample RR 7/6 (90054) of the HHC are, in principle, very similar
and indicate uncomplicated U-Pb isotopic sysytems in zirconcrystals from both
Lhe rocks. Both zircon populations yield good-fit discordia line, with the
exception of the coarsest grain-size fraction from the Wangtu granitoid, which
plots slightly to the right of the discordia. The discordancy generally
increases with decreasing grain size, and one abraded fraction from each sample

is slightly less discordant than the other fractions.
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Figure 6.11 : U-Pb concordia diagram for the deformed Chor granitoid from the

- 90067
800 } . <74 um
B 3 2. 74-150
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B 2
| Intercepts at
859+'1%,; Ma and 460+264 Ma <zc>_
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Chor Mountain.
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~ TABLE 6.5 : U-Pb analyalytical data of the Chor granitoid form
Chor Mountain, Himachal Pradesh

Sample Concentration Atomic ratios* and model
30067 in ppn ages in Ma
U Pbrad 204pb ZUGPb ZUBPb 206Pb 207pb 207pb
{fractions) —_ -
ZOlpb ZUpr 238“ 235“ 206pb

(74 yn 633 88 0.0113| 6100  0.1852  0,12906¢21 1.1824:63 0.06645¢31

782 792 820

T4-150wm [ 623 85  0.0119] 5800  0.1517  0.13066:20 1.1988+23 0.06654+08

792 so¢ 823

150-210ym | 548 75 0.,0121( 5100  0.1404  0.13163:20 1.2098+21 (.06665:05

797 BOS 827

(a) 2°%pPb/2°4Pb corrected for blank and mass discrimination,
all other atomic ratios also corrected for initial lead.
Errors are given as least significant digits at the 95%
confidence level. ’

Discrimination U 0.18% / AMU Pb 0.12% / AMU
Blank U 0.5 ng Pb 0.1 ng
Common lead 206phL/204ph 17.4 2067phH/294ph 15.5

208phL/=204ph 37.1
(Stacey and Kramer growth curve)
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Figure6&2:U—PbconcordiadiagnmnfortheundeformedChorgranitohﬂbodyfrom
the Chor Mountain.
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TABLE 6.6 : U-Pb analyalytical data of the chor granitoid from

Chor Mountain, Himachal Pradesh

Sample Concentration Atomic ratios* and model
90055 in ppa ages in Ma
u Pbr.d Zﬂlpb ZOGPb Zﬂﬂpb ZUGPb 207Pb 207Pb
{fractions)
Zolpb Zﬂﬁpb 236" 235“ ZOGPb
(74 yn 930 127 0.0036 30700  0.0636  0.14029:24 1.3433:66 0.06945:30
846 B&S 912
74-106yn | 887 119  0.0072| 14400  0.0690  0.13665:22 1.3159:57 0.06984:26
) 826 853 924
106-150xm | 864 121  0.0034| 26100  0.0786  0.14169:24  1.356766 0.06944+30
854 a7o 912
106-150pa | 827 114 0.0006( )100000 0.0921  0.13843:19 1.3253:23 0.06944+06
II 836 857 912
150-210pm | 1122 123 0.0044] 24400  0.0762  0.11162¢18 1.0780+37 0.07004:20
682 743 930
y 200 pym | 692 129  0.0011| 75000  0.4553  0.14160:23 1.3798:4) 0.07067:19
854 880 948
106-150pm | 741 97 0.0008| >100000 0.0719  0.13362¢20 1.3418+24 0.07283:07
ab B8 864 1009
150-210pm | 887 125  0.0008| >100000 0.1241  0.13683:21 1.2990+27 0.06885¢10
ab 827 845 894

{a) 206ph/204ph corrected for blank and mass discriinination,

ab

all other atomic ratios also corrected for initial lead.
Errors are given as least significant digits at the 95%
confidence level.

Discrimination U 0.05% / AMU Pb 0.12% / AMU
Blank U 0.5 ng Pb 0.2 ng
Common lead 208phL/294phb 17.2 207phL/294phb i5.5

208phL/294phb 36.9
(Stacey and Kramer growth curve)

- abraded as described by Krogh (1973)
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Figure 6.13: U-Pb concordia diagram for the undeformed Chor granitoid body from
the Chor Mountain.’
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As described previously, both samples include crystals with internal
structures, which could be interpreted as cores. These were avoided during
handpicking of the analysed fractions, but it is experienced that it canbe very
difficult to optically identify all such crystals. It is thus possible that the
coarse fraction O 150 ym) from the Wangtu granitoid include a minor component
of older inherited Pb. However, the good fit of all other data points, including
the abraded fractions, to the discordia line indicates that these internal
structures are either related to the zonation of crystals or that older
components, which might have been incorporated in crytals, donot significantly
affect the analytical results. Since there is no indication in the presented
data of any later disturbances, the upper intercept ages have been interpreted

as the age of primary crystallisation.

For the grey granitoid, discordia line has a MSWD value of 0.93 and the upper
intercept age is 2068 5 Ma. The Wangtu granitoid discordia line with the coarse
grain-size-fraction included gives an upper intercept age of 1879 + 62 Ma and a
high MSWD value of 3.2. With the coarse fraction excluded, the five-polint
discordia line has a MSWD of 0.1 and the upper intercept age is 1866 + 10 Ma. The
latter age has been interpreted to be the best estimate of the primary
crystalisation age of the Wangtu granitoid. The lower inltercepl ages of 379+ 18

Ma and 48 + 28 Ma respectively, have probably no direct chronological meaning.

The results for the Chor granitoid are more complex. Seven fractions,
including two abraded, were analysed from sample CH 1/1 (90055). Six of these
cluster close to the discordia line, while the coarsest un-abraded size-fraction
is significantly more discordant. There is no obvious systematic trend in these
data. In particular, the relations between the two abraded fractions and the
un-abraded fractions of the same grain size vary in an unpredicted manner. All
seven analyses together yield a reference line with an upper intercept age of

c. 910 Ma, but there is a large scatter about this line. After exclusion of the
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fraction i.e., "> 210 um' and '106-150 ab pn', the remaining five-fractions give a
discordia line with the upper intercept age of 912 + 6 Ma. Therefore, there is no
Justification for their exclusion. Three slight discordant zircon fractions from
the more deformed sample CH 4/11 (90067) define a discordia line with MSWD value
0.2 with an imprecise upper and lower intercept ages of 859 # “927 Ma and 460 %

264 Ma respectively.

The scattering data for the Chor granitoid may be a result of both inherited
Pb in zircons and a complex post-crystallisation Pb loss pattern. No exact
crystallisation age can be calculated from these data, but the near concordancy,
roughly linear arrangement and small spread of most of the data points
strongly suggest that the results reflect a major event, which most likely
appears to be the primary crystallisation event of the Chor granitoid at c. 0.9
Ga. However, two alternative interpretations require some comments. The Chor
granitoid could be either significantly older and the zircon U-Pb isotopic data
reflect partial Pb loss at a later time, or 1t could be significantly younger and
the zircons include a large component of inherited Pb. Such model requires that
the data points plot along or below a line joining the ages of the two events.
Based on published Rb-Sr isotope data for Himalayan granites (Table 1.1), one
U-Pb zircon age from the HHUC (Pognante et al., 1990) and regults of the Wangtu
granitoid and grey granitoid of the HHC, 0.5 and 1.8-2.0 Ga would be likely ages
for these two events. It is clear from the concordia diagram that the Chor
granitoid data plots well above a line joinirng 1.8 and 0.5 Ga in the concordia
diagram (Fig. 6.14). Thus, the Chor data do not allow these two-events scenarios.
The three-zircon fractions from the deformed sample CH 4/11 (90067) plot to the
left of the seven fractions (Fig. 6.14) from sample CH 1/1 (90055). This could be
related to the foliation seen along the margin of the body; the localised

deformation may also have caused a partial Pb loss.

High 875y /865y initial ratios, calculated from U-Pb model zircon ages for
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Figure 6.14 : U-Pb concordia diagram for the Chor granitoid body from the Chor
Mountain.
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e rock samples from the

TABLE 6.7 Analytical Rb-Sr data for whol
HHC and the Jutogh Nappe, Himachal Pradesh
Sample | Type Rb* ppm | Sr* ppm | Rb/Sr® | ®7Rb/®6Sre | ®75r/®65c9 Model age] { ®7Sr/®65r);
90054 | Wangtu 253 147 LN | 5.025 0.949070+10 | 1866 Ma 0.7163497¢10
granitoid
90055 | Chor 263 161 1.630 | 4.783 0.767681:08 912 Ma 0.7062572:08
granitoid
L
90067 | Chor 226 167 0.2948| 0.8540 0.719233¢10 859 Ma 0.7081703:10
granitoid
(a) XRF, approximate content

{(b)
(c)

(d)

XRF, estimated precision

XRF and Mass-Spectometer

Mass-Spectometer,
the mean.

errors

+ 0.6-0.8

given as two standard errors of
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three samples RR 7/6 (90054), CH 1/1 (90055) and CH 4/11 (90067) range from 0.7062 to

0.7163, and are indicative of crustal provenance (Table 6.7).



CHAPTER 7: DISCUSSION AND CONCLUSION

7 -1 INTRODUCTION

The geodynamics of the Himalaya has been conceptualised in terms of
northward movement and subduction of the Indian Plate beneath the Eurasian
Plate along major suture zones like the Indus Suture Zone during the Late
Mesozoic. This has possibly caused the closure of the Tethys Ocean by the
ocean-continent subduction progressingintocontinent-continent collision. The .
latter phenomenon is associated with intracontinental crustal shortening and
deformation either along southerly migrating major thrusts viz., the Main
Central Thrust (MCT), the Main Boundary Thrust (MBT) or large-scale strike-slip
faults in Tibet (Dewey and Bird, 1970; Dewey and Burke, 1973; Narain, 1973; Le Fort,
1975; Molnar and Tapponnier, 1975; Valdiya, 1980; Mattauer, 1986; Sharma, 1991;
Thakur, 1993). As a consequence of intense crustal shortening during the
Collision Tectonics, the Higher Himalayan rocks have been deformed and
nmetamorphosed during the Cenozoic (Le Fort, 1975, 1986; Bouchez and Pecher, 1981;
Honeggar et al., 1982; Searle and Rex, 1989; Jain and Anand, 1988).

The present work is an attempt to understand the Collision Tectonics in
parts of Himachal Pradesh incorporating deformation, metamorphism, igneous
geochemistry and geochronology in a segment of the metamorphic terrain,

essentially made up of Proterozoic remobilised basement.
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7 -2 SUMMARY OF PRESENT WORK

7 .-.-2.1 Geoclogical and tectonic

framework

Detailed geological mapping in parts of Sutlejvalley and Chor Mountains has
revealed major tectonostratigraphic units of the Lesser Himalayan Proterozoic
sedimentary foreland, exposed in the Kulu-Rampur Window and numerous ol her
small windows. These include the Shali Formation and Rampur Group ol Limestone,
dolomite, slate, phyllite and a thick orthoquartzite-volcanic association. The
para-autochthon of the window sequence is thrust overﬁy the southward
migrating Bajura/KuluNappe of the Middle Proterozoic mylonitised augen gneiss,
which truncates and probably overrides the frontal Chail Nappe. In the north,
the Higher Himalayan Crystalline (HHC) belt between Jakhri and Wangtu, and the
Jutogh Nappe in parts of the Chor Mountain and Luhri-Dalash region contain
essentially metapelite sequence, having occasional quartzite, marble and
amphibolite. These are prolifically emplaced by various types of-granitoids.
Numerous metamorphic nappes are distinctly demarcated by major Eectonic
boundaries like the Main Central Thrust (MCT), the Kulu Thrust (KT) and the
Chaura Thrust between basal Jeori Formation of the HHC and the Wangkbu Gneissic
Conplex; the Jutogh Thrust (JT) and the Chor Thrust between the Chor granitoid

and the Jutogh metamorphics.

T .2 .2 NDeformation and

metamorphism

The HHC belt along the Suklej valley between Jakhri and Wangtn is thrast
ovoer Fhe Rampur Gronp along Lhe antiformally folded MCT and chavactoerised by

four distinct deformation phases. Of these, the second phase D, is marked by
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prominent axial-plane foliation Sy of reclined Fy folds, which plunge N to NNE.
A coaxial stretching/mineral lineation Ly to these folds is very prominently
seen throughout the HHC. These structures are developed during
southwesterly-vergingductile shearingduring the Himalayan Orogeny.The trend
of regional foliation and orientation of strain ellipsoid in parts of -
porphyroclastic Wangtu gneiss indicate that this zone probably incorporates
at least three subsidiary ductile shear zones with bulk strain field of
flattening—type throughout the progressive deformation. It is also evident
that the contact between the Wangtu granite gneiss and garnetiferous mica
schist of the Jeori Formation is characterised by numerous structures of

ductile deformation regime in a shear zone.

In contrast, the Chor Mountain region exhibits three distinct deformational
phases, of which the most prominent is the first D¢; phase, producing a distinct
nearly horizontal E or W plunging folds and a coaxial lineation. The Dep
deformational phase corresponds to the D, deformation of the the HHC and inner
parts of the Jutogh Nappe along the. Sutle]j valley, where this nappe is thrust
over the Shali para-autochthon and represents the souhwestern limb of a

large-scale synform.

Mutual structural relationships in this part of the Himalayan metamorphic
belt indicate that main displacement along the MCT and Jutogh Thrust sensu
stricto post-date the orogen-parallel fabric of the Dy deformational event, and

transported the ductily-deformed metamorphic pile.

The Himalayan metamorphic belt of the HHC and the Jutogh Nappe has
undergone polyphase Barrovian-type metamorphism. The Lesser Himalayan units
of the Kulu-Rampur Window are essentially metamorphosed within greenschist
facies, while the metamorphism in the hanging wall of the MCT and Jutogh thrust

varies from upper greenschist to amphibolite facies condition.
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In the HHC, earliest recognisable first deformation Dy 1s associated with
metamorphism My and is absent in frontal part of the Jutogh Nappe in Chor
Mountain region. This metamorphism M; igs weak, probably having gquartz-

sericite-chlorite-biotite-feldspar-opagque assemblage of the greenschist facies.

During the most pervasive main Dy/Deq deformation in the HHC and the frontal
part of the Jutogh Nappe respectively, most of the metamorphic minerals like
mica, garnet, staurolite, kyanite, chloritoid and amphibole have grown
syntectonically both along S- and C- shear planar fabric. Growth of :hese
minerals produces concordant 5; Sg relationship during main metamorphism
M/ Mcys Garnet has grown in at least two distinguishable metamorphic episodes,
which are documented by inclusion-rich syn_tectonic core, overgrown by
inclusion-free post-tectonic rim. Staurolite is found only in a few sample,
whereas kyanite is ' noticed in staurolite-kyanite grade rocks of the Sutlej
valley. Chloritoid is present with staurolite in a few samples of garnet and

staurolite-kyanite grade transitional zone in both the areas.

Metamorphism during D3/Dgg deformation is weak and manifested by
synkinematic crystallisation of low grade minerals like quartz, muscovite and
greenish biotite along axial plane foliation of Fy/Fco folds as well as
post-tectonic cross-mica growth. Retrogression during late D3/Dgy deformation
develops chlorite at the expense of garnet and biotite, and sericite from

feldspar.

Mineralogical and P-T data indicate that metamorphism remains in garnet to
staurolite-kyanite grade conditions. The base of the HHC on northeastern parts
of the Kulu-Rampur Window, and parts of the Jutogh metamorphics in the Chor
Mountains mark the transition zone between garnet and staurolite-kyanite
grades, as 1is evident from the presence of chloritoid, staurolite and chlorite

in the assemblage. In the Jutogh Nappe, P-T estimation on syntectonic garnet
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core during Mcp metamorphism indicate a variation of about 130° C from 520° C
to 650° C, while post-tectonic garnet rim reveals a cooling path of the
nmetamorphic pile with temperature falling between 480° C and 550° C at 5.4 to
7.8 kbar from its base towards higher topographic and structural levels in the
section. This variation seems to be real rather than apparent, hence .is
indicative of the metamorphic inversion in the Jutogh Nappe. In addition, the
HHC-also reveals a temperature estimation of 520° C near its base during the M,
metamorphism and attains a maximum of 650° C towards higher structural level.
This section also provides evidences of possible metamorphic inversion in the

HHC.

7 -2 .3 Magmatism

The HHC aﬁd Jutogh Nappe contain numerous Proterozoic granitoid bodies,
now deformed into gneisses, probably due to the Himalayan Orogeny. Although
various bodies were emplaced at least during three Proterozoic episodes, these
granitoids have identical crustal protoliths, and their geographical
distribution seems to be controlled by distinct tectonostratigraphic units
within the Proterozoic basement. Basal parts of the HHC for many kilometers
lack any Tertiary leucogranites-and in contrast to the higher reaches, where

the Akpa and Rakhcham leucogranites frequent the HHC.

The granitoids from the Sutlej valley and the Chor Mountain, contain quartz,
K-feldspar, plagioclase, biotite and muscovite in varying proportions with
accessories such as zircon, apatite and opaques. The modal plot of thesco
granites indicate that grey granite is mostly tonalitic, whereas other granites
are of granite to quartz-monzodiorite in composition. However, the normative
plots indicate that grey granite, Wangtu and porpyroclastic granitoids are

nmore of granite to quartz-monzonite in composition, and the Chor granitoid is
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more of quartz-mozonite to monzonite in composition.

All these granitoids from the HHC and Jutogh Nappe are similar in their
geochemical characters and also bear resemblance to the pre-collision granites.
When trace elements of these granites are compared with the A-type and S-type
granites, these bodies appear to be more like S-type granite, except the grey
granite, which has more affinity towards A-type granite. Rb vs Si0, variation
plot and Rb vs (Y + Nb) discrimination plot indicates that all these granitoids
are distinctly anorogenic Within Plate Granite (WPG) and unrelated to
collisional Tertiary granites. The ORG-normalised plot suggest that thesc
granites intruded into the continental crust of normal or attenuated

thickness.

The U-Pb =zircon ages from these granitoid bodies 1indicate the
crystallisation around 2.0 Ga, 1.8 Ga and 0.9 Ga within the remobilised basement
of the Himalayan metamorphic belt. High 875r/80sr initial ratio from these
granitoid, and incorporation of restites and xenoliths of numerous
metamorphics within these bodies like the Wangtu granitoid indicate extensive

crustal contamination during their upward migration.

7 .3 COLILISITON TECTONILICS = PRESENT

MODEIL
7 .3.1L Proterozoic evolution

Numerous age determinations from various parts of the Lesser Himalayan
para-autochthon, exposed in many windows as well as the metamorphic
allochthons in the NW-Himalaya distinctly eluster around 1.8-2.0 Ga, 1.2-1.4 Ga

and 0.50 Ga (Chapter 1; Table 1.1; also Sorkhabi and Stump, 1993), thus revealing
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extensive involvement of the Middle Proterozoic basins and basement rocks in
the Cenozoic Himalayan collision zone. An extensive orthoguartzite-volcanic
association in the Lesser Himalayan para-autochthon window zone from Kishtwar,
Kulu-Rampur and inner Lesser Himalayan sedimantatary belt of Garhwal-Kumaon
Himalaya is of great interest to trace the Proterozoic evolutionary trends

(Fuchs, 1975; Sharma, 1977; Valdiya, 1980; Bhat and Le Fort, 1992).

These Proterozoic interstratified mafic-volcanic magmatic bodies
associated with orthoquartzite-limestone, indicate a typical platform setup.
Geochemically these volcanics are typically characterised by transitional
tholeiitic to alkalic composition and having relatively enriched incompatible
trace elements, similar to the basalt erupted in a so-called "plume" setting
(Bhat, 1984, 1987; Bhat and Ahmad, 1985). Bhat and Le Fort (1992) have recently
obtained a very good Sm-Nd whole-rock isochron from these volcanics of the
Kulu-Rampur Window. These represent an intense rift-related volcanism at 2509
+ 94 Ma, thus conétraining the Proterozoic rift basin around Archean-
Proterozoic boundary. Some of these orthoquartzite-volcanic platform
sequences are intruded by 1.8 Ga granitoids of which the Kishtwar and Bandal
bodies reveal Rb-Sr whole-rock isochrons of 1861 + 32 Ma and 1840 * 70 Ma
respectively (Frank et al., 1977; Miller and Frank, 1992). The former also reveals

a Within Plate environment (Miller and Frank, 1992).

In addition, geochronological data are now available from many metamorphic
allochthons of the HHC and Lesser Himalaya and reveal almost coeval ages of this
extremely important phase of plutonism in the Lesser and Higher Himalayan .
region. Of these, two U-Pb zircon primary crystallisation ages of granitoids
from the HHC in immediate vicinity of the Kulu-Rampur Window are most
significant and indicate 1.8-2.0 Ga anorogenic Within Plate Granitoids (WPG) like
the Kaghan valley granitoid in Pakistan (Spencer, 1992; pers. com. 1993), or

younger Champawat granitoids (Singh et al., 1993).
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on the basis of Rb-Sr whole-rock isochrons and U-Pb zircon ages from various
formations of the Lesser and Higher Himalayan units, three major magmatic
phases have been demarcated from the Sutlej valley. These phases are 2.5 Ga
Rampur Volcanics (Sm-Nd whole-rock age; Bhat and Le Fort, 1992), 2.0 Ga grey
granitoid from basal part of the HHC (U-Pb isotope dilution zircon age; present
work) and the 1.8 Ga Wangtu granitoid also from the HHC (U-Pb isotope dilution
zircon age; present work) The oldest phase appears to be basic volcanics
interstratified with orthoquartzite-limestone association of the Kulu-Ranpur
window zone and affected by the 1.8 Ga Bandal-Kishtwar granitoids. However, in
the HHC, 1.8 to 2.0 Ga granitoids represent the earliest magmatic phase intruding
the still older fine grained pelities and banded bilotite gnelss. As no
deformation episodes 1s associated with this anorogenic magmatic event, it
appears that bilotite gneiss and thinly banded pelitic sequences of the HHC
represent original geoclinal facies of shale and thin sandstone intercalations,
probably coeval to the 2.5Ga orthoquartzite-volcanic platformal association of
foreland, deposited on a still older unknown basement. This setting appears to
be similar to the basinal setting of the Aravalli's, Dharwars and other

Proterozoic basins of the Peninsular India.

This compels us to visualise an Early Proterozoic extensive ensialic basin
in the Himalayan region with its shoulder, located southward in the Lesser
Himalaya and represented by 2.5 Ga sedimentation of volcanic-orthoquartzite
platform association and geoclinal pelites of the Higher Himalaya (Fig. 7.1,
Mafic volcanism was more likely to be asociated with adiabatic rise of mantle
plume in an extremely attenuated lithosphere rather than ocean floor spreading

due to horizontal mouement of continental plates by convection roll (Bhat, 1987).

Geochemical signatures of the 1.8-2.0 Ga granitoids from the Kishtwar Window
and the HHC reveal anorogenic WPG emplacement and possibly represent rise of

the Early Protrozoic mantle plume diapirs within extended crust, both in the



Figure 7.1 : Diagmatic sketch of postulated model of 2.5 Ga ensialic basin in the
Himalaya. UM - upper mantle, LC - lower crust, UC - upper crust, LH ~ Lesser
Himalayan volcanic-orthogneiss platform association and HHC — Higher Himalayan
Crystalline (geoclinal pelites, now exposed as biotite-rich paragneiss).
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Lesser and Higher Himalayan domains. Heat source from such plumes has possibly
partially melted lower and middle continental crust to generate granitoids(Fig.
7.9). Tt is also evident from the high 87sr/80sr initial ratio between 0.70 to 0.74
from these bodies. Rise of these small granitoids plutons like Bandal, Kishtwar
and Wangtu incorporated numerous deformed metamorphosed restites and
xenoliths. Such accrietionary processes appear to be repeated during the later
part of Proterozoic around 1.2-1.4, 1.0-0.9 and in the Early Paleozoic around 0.5
Ma, when the Nirath-Baragaon mylonitised augen gneiss (Bajura/Kulu Nappe) Chor
plutons and Mandi plutons were emplaced. However, repeaﬁed mantle diapiric

acitivity needs further and clearer explanations as to how such diapirs have

been generated episodically throughout the Proterozoic and Early Paleozoic.

7.3.2 Himalavan Collision

Geochemical and geochronological data, now available from the present work,
provide better constraints on the Proterozoic evolutionary trends in the
Himalaya, where "within plate" magmatic activities repeatedly affected an
Archean-Early Proterozoic ensialic basin. This has subsequently been involved
in the Cenozoic Himalayan collision tectonics, which caused its deformation,

metamorphisn and subsequent imbrication.

a. Deformation: Deformation during the Himalayan orogeny is characterised by
numerous structures of ductile deformation regime in a shear zone, related to
main deformational phase. This has produced a consistent down-the-dip
lineation on prominent axial-plane foliation S, of reclined F, folds, and

plunging N to NNE.

Orientation of mineral elongation in Nirath-Baragaon mylonitised augen

gneiss of the Bajura/Kulu Nappe and the mineral stretching lineation of the HHC
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Figure 7.2 : Postulated evolutionary model of ensialic Himalayan crust since
Proterozoic, showing emplacement of variuos granitoids of different ages since
2.0 Ga, with partially melted lower and middle continental crust. Disosition of
various thrust is only skematic. 1 - 0.5 Ga granitoids, 2 - 0.9 to 1.0 Ga granitoids,
3-1.2to 1.4 Ga granitoids and 4 - 1.8 to 2.0 Ga granitoids. JT - Jutogh Thrust, KT -
Kulu Thrust, MCT - Main Central Thrust.
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and the Lesser Himalayan Proterozoic foreland window rock is parallel to each
other without any deflection within the MCT and Kulu Thrusl zones. This
indicates that stretching linear fabric was contemporaneous with displacement
of the nappes in a broad low-angle northeasterly dipping shear zone with an
overthrust sense of movement during the main deformational phase.
Mineral/stretching lineation on the main composite foliation trend normal to
the Himalayan belt and, therefore, reflects direction of tectonic transport

(Mattauer, 1975, 1986; Bordet et al., 1981; Andrieux et al., 1981; Coward et al., 1982;

Brunel, 1986; Jain and Anand, 1988; Lin and Williams, 1992).

parallelism of linear fabric with fold hinges has also been observed by many
workers in different folded belts. Bryant and Reed (1969) suygested that
penetrative 1ineati<;n, parallel to minor folds, is formed due to tightening,
flattening and rotation of earlier passive open folds, which were initially at
right angles to the direction of translation. Escher and Watterson (1974) have
given convincing arguments in favour of simple shear model for the principal
deformation mechanism in mobile belts. Bell (1978) and Cobbold and Quinguis (1980
have observed that XY-plane representing the foliation and linear elements in
L-S tectonite, parallels the X axis of the strain ellipsoid. This model postulates
that X and Z strain axis keep changing their orientation during deformation,
while Y axis remain unchanged. Here, X axis represent stretching and
translation direction of nappes and supports the evidence of the passive
rotation of early fold hinges towards the extension direction X resulting into
parallelism with the stretching lineation (also, Carmignani et al., 1978; Rhodes
and Gayer, 1977; Williams, 1978; Lin and Williams, 1992). However, the present
investigations do not support rotation of early fold hinges into the stretching
direction. On the other hand, it appears that main foliation 1is
contemporaneously developed during the main ductile deformation in a shear
zone, whosel transport direction 1is indicated by down-the-dip plunging

stretching lineation (Fig. 7.3 al.



(a)

(b)

Figure 7.3 : Model showing shear indicators in different tectonic regimes. (a)
Intracontinental ductile shear of overthrust-type showing development of main
foliation, lineation and folds. (b) Large-scale overturned fold with reversal of
vergence on limbs of antiform and synform.
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Within the Kulu-Rampur Window, the Manikaran quartzite is intensely
imbricated with the Rampur Volcanics due to presence of small-scale thrusts
(Fig. 2.1). Such an imbrication is likely to be associated over the ramp within the
window zone and producing tectonic lenses within volcanic-guartzite
association. Ramping appears to post date the main Himalayan deformation

event.

On the regional scale, the Bajura/Kulu Nappe is mainly developed within the
inner parts of the Lesser Himalaya at the base of the HHC and the Jutogh Nappe.
The Chail Nappe appears to be absent in inner parts, but is mainly developed in
frontal parts.This leads us to believe localised developnent of the latter, and
presence of a zone between the frontal and inner parts, where the Bajura/Kulu
Nappe transgresses over the Chail Nappe. In addition, one deformational phase
is missing in frontal parts of the Jutogh Nappe. This needs further detailed

geological and structural mapping in parts of the Jutogh Nappe.

Further, the Chor granitoid is thrust over the Jutogh metamorphics and now
rests over the Jutogh metamorphics. This granitoid body 1s an allochthon and
are not formed in situ. It also does not constitutes part of core of the
large-scale recumbent fold as described by earlier workers (Pilgrim and West,
1928). All the shear indicators within the granitoid and the Jutogh metamorphics
indicate top-to-SW movement direction, unlike the shear criteria one would

expect in the fold model (Fig. 7.3 Dbl

b.Inverted metamorphism: Many models have been proposed to explain classic

inversion of metamorphic isograds in the Himalaya. These models include (1)
recumbent folding of isograds, (11) imbrication and juxtaposition due to thrusts,
(iii) frictional heating along the MCT, (iv) hot-over-cold model, (v) diverging
isograd model and (vi) ductile shearing due to S-and C- shear fabric. Suitability

of these models in the present area 1s briefly discussed below.
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(1) Recumbent folding: Some of the typical cross—sections t hrough the Himalaya
in Simla Hills, Kulu valley, and Zanskar have pos.tulated recumbent folds to
explain large-scale structures of various tectonic units (Pilgrim and West, 1928;
Naha and Ray, 1970; Frank et al., 1977; Searle and Rex, 1989). Therefore, existence
of inverted metamorphic isograds in lower parts of the sequence and normal
disposition in the upper parts have been explained due to post-metamorphic
recumbent folding (Pilgrim and West, 1928; Searle et al., 1992). However, structures
likely to be asociated in such a model and indicating shear sense would reveal
alternating southerly vergence on normal limb and northerly vergence on
inverted limb of such large folds in the Himalaya (Fig. 7.3 b). Such a model is
inconsistent with many observations across the metamorphic belt, where ohly

southerly top-to-SW shear vergence has been observed.

(11) Thrust imbrication: Another likely model to cause inversion of metamorphic
isograds is due to imbrication and juxtaposition due to post-metamorphic
thrusting e.g., Scandinavian Caledonides (Gee, 1974; Andreasson, 1980; Andreasson
and Gorbatschev, 1980). Further, Treloar et al. (1989 and Mohan et al. (1989) noticed
such a phenomenon in Pakistan and Darjeeling Hills respectively, where each
mapped metamorphic isograds are bounded by thrusts. However, thrust-bound
metamorphic isograds have not been reported in many other parts of the

Himalaya like this area.

(111) Frictional heating: Models, based on frictional heating along large-scale
intracontinental thrusts like the MCT causing the inversion of metamorphism,
have also been proposed from Nepal (Le Fort, 1975). Such models postulate
increasing isotherm frictional (shear) heating during thrusting along the MCT.
However, shear heating can only cause localised thermal increase in restricted
narrow zones for short duration and may not develop inverted metamorphism far
away from the MCT as is evident in the area. Apart from this, localised shear

heating requires high slip velocity of about 30 cm/yr (Bird, 1978), high stresses
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and a long time span (Mohan et al., 1989).

(1v) Bot-over-cold model: Metamorphic inversion has also been explained by
emplacement of hot granitic bodies or an overriding hot crustal stack of the
Higher Himalayan belt (St-Onge, 1981; Jaupart and Provost, 1985). Le Fort (1986)
postulated generation of MCT-related Miocene leucogranite and its emplacement
near the top of the High Himalayan slab, thus providing the heat source for
high grade metamorphic rocks in upper reaches. Thermal effects of such small
bodies would have been restricted to localised zones and may not have possibly

produced metamorphic inversion in large areas.

(v) Diverging isograd model: Thakur (1976) proposed a model for decreasing of
metamorphic grades upward as well as downward in succession from sillimanite
zone in Himachal, Kumaon and Nepal. This model designated decrease in
metamorphism outward in opposite direction from the high grade areas of

sillimanite zone as divergent isograds

(vi) Ductile shearing due to S-and C- shear fabric: This model postulates that
noncoaxial ductile shearing has caused the development of S-C fabric at depth
during the main Himalayan D, deformation because of continuous variation in
orientation of the strain ellipsoid (Jain and Manickavasagam, 1993). Millimetre-
spaced C-surfaces signoidally bent the S-foliation on a small- scale towards the
direction of ductiler tectonic transport. It also suggests that metamorphic
isograd boundaries also underwent. gsmall-scale displacement along the C-shear
surfaces in the ductile shear zone, which has caused the inverted metamorphism

in the Zanskar region (Jain and Manickavasagam, 1993).

In the area under consideration, many evidences have been elaborated in
Chapters 3 and 4, wherein numerous shear criteria consistently reveal a

southwestward vergence of the metamorphic nappes. Of these, S- and C- shear
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Figure 7.4 : Schematic cross-section through the NW-Himalayan in Himachal
Pradesh showing disposition of various metamorphic nappes, thrusts and
magmatic bodies. 1 : Lesser Himalayan Proterozoic foreland showing imbricated
quartzite-volcanics. 2 : Chail Nappe. 3 : Jutogh Nappe. 4 : Chor granitoid. 5 :
Bajura/Kulu Nappe. 6 : Higher Himalayan Crystalline - (a) Jeori Formation, (b)
Wangtu granite Complex and (¢c) Vakrita Group. CT - Chail Thrust, JT - Jutogh
Thrust, CRT - Chor Thrust, KT - Kulu Thrust, MCT - Main Central Thrust, CHT -
Chaura Thrust and VT - Vaikrita Thrust. Each unit is characterised by volcanics
and granitoid bodies, emplaced during 2.5 Ga, 2.0 Ga, 1.8 Ga, 0.9 Ga and Late
Cenozoic.
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fabric is more significant, where small-scale shear displacement are
ubiquitously observed. It is also noteworthy that many index mineral have been
syntectonically rotated and grown both along S- and C- shear fabric. It 1s,
therefore, likely that small-scale ubiquous displacement along such
penetrative fabric may cause the inverted metamorphism, as has been

postulated in a newly-presented model by Jain and Manickavasagam (1993).

Certain observation are further noteworthy in this context from Himachal
Pradesh. Megascopically, many small thrust cut across crenulation foliation,
developed during Dy deformation in the HHC and, therefore, post-date the peak
M, metamorphism. In the Chor Mountain, discrete mylonite fabric related to
thrust event also post-dates the My metamorphism. Moreover, no P-T estimation
from the HHC and the Jutogh Nappe reveal an increase in temperature in the

thrust zone of the MCT and JT.

To conclude it, therefore, appears that the collision tectonics in parts of
the NW-Himalaya has intensely imbricated the remobilised Proterozoic basenent
in various metamorphic nappes and the Lesser Himalayan foreland (Fig 7.4).
Evolutionary trends within the Proterozoic regime are indicated probably by
the presence of 2.5 Ga ensialic basin undergoing repeated anorogenic within
plate magnatism around 1.8-2.0 Ga, 0.9-1.0 Ga and 0.5 Ga in the Lesser and Higher
Himalayas. These nappes have undergone main Himalayan metamorphism,
synchronous with ductile shearing ina thick intracont inental shear zone, which
predates the brittle-ductile to brittle emplacement of these nappes along the

various thrusts, like the Main Central Thrust and Jutogh Thrust etc. (Fig. 7.4).
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