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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

sediments of the Indian Plate since 50 Ma.

The basic objective of the present work is to provide better

tectonomecanorphic and geochronological constraintson the collision tectonics

of various metamorphic nappes along the Sutlej Valley and Chor Mountains in

HimachalPradesh.

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 mylonitised

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' F,

fold hinges are developed on lithological/metamorphic banding SQ having axial

plane foliation Sp which appears to be the earliest recognisable penetrative

planar fabric. The most pervasive second deformational phase develops an

intense planar fabric S2, which is axial planar to the N-NE/S-SW plunging F2

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 Nto NNE plunging stretching/mineral lineation L2, that is coaxial

to the F2 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 D3 phase is characterised by two distinct early D3
and late D3b phases. In the D3a phase, F3a folds are mainly isoclinal,

inclined-type with gentle to moderately-dipping axial surfaces (S1o). F, folds

plunge either N100° or N300° at low angles. In the later D3b phase of the same

deformational event, coaxial asymmetric, SW-verging F3b folds are mostly

crenulation-type, whose hinges form a prominent lineation. Earlier L2 lineation

is folded around many F3b hinges. The axial plane foliation S3b 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

^



tension gashes are developed during this late stage deformation.

The deformational pattern of the HHC contrasts with the Jutogh Nappe inits

frontal parts of the Simla Hills and Chor Mountains. In the frontal Jutogh

Nappe, earliest Dcl deformation phase produces an E or W plunging tight to

isoclinal, recumbent to moderately inclined folds on lithological layering of

the sedimentary origin Sq and is of Himalayan in age. This corresponds to the

D2 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 (ii) 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 MCj indicate a variation of about 130° C from

520° C to 650° C, while post-tectonic garnet rim reveals a cooling path of the

metamorphic 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 Sutlej valley section of the HHC, garnet



records a temperature of about 520° C at the base along the MCT during the M2

metamorphism and attains a maximum of 650° C towards higher structural 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 discrimination plot indicate that these bodies

are of Within Plate Granite (WPG). The Spidergram plotting of compatible and

incompatible 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 (2o) from 7-point

regression line, though better age of 912 i 6 Ma (2o) 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

+5Ma (2o) from 5-fraction regression line indicates an Early Proterozoic period ^

of granite crystallisation. Another Early Proterozoic period of 1866 ± 10 Ma (2o)

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



granitoid from a 5-fraction regression line. 87Sr/8"Sr ratios from all these

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 during or after late D3 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-Cfabric 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-Dj 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

X - 1 PREAMBLE

The Himalaya defines the seismologically-active northern margin of the

Indian Plate and displays evidences of orogenic processes due 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 to

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, initially 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. 1.1), 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 crust

having granitoids / gneisses of 400 - 500 Ma, 1800 - 2000 Ma and 2500 Ma were found
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3

reworked during the Himalayan orogeny (Zeitler et al., 1989; Treloar et al., 1989;

Pognante et al., 1990; Searle et al., 1992).

Geochronological data have considerably 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, 39Ar-40Ar and fission track techniques 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

tectonometamorphic and geochronological constraints on 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 (B5Sr/e7Sr>i SOURCE REMARK

1.DALH0USIE

a.Around Granite.granite gneiss/Jutogh Nappe 472150 0.709 Bhanot et al., 1974, 3point isochron
DalllOUSi inir

b. -do- Pegmatite/JN

2.MANDI

a.Around Granite/JN

Handi

b. -do- - do

c. -do- Leucocratic granite/JN

d. -do- Metabasic xenolith in granite/JN

3.KULU-HANALI

a.Handi- Gneiss/Higher Himalayan Metamorpics 581l9
Rohtang Pass (HHH)

b.Kulu area Higmatitic gneiss/HHH

c.S-Lahul Intrusive granite/HHH

4.RAHPUR-LARGI WINDOW

a.Bandal- Heta-rhyolite &Granite gneiss
Largi

362150 0.709 do - -do

)!100 0.8608 Jager et al., 1971 4 point isochron
1 0.9322

545H2 0.7019 Hehta, 1977
10.0015

31H6 0.8110

10.0007

-do •

640120 0.7001

10.0005

- do •

581i9 0.7113

10.0007

- do -

50018 0.7109

10.0007

- do -

3 point isochron

-do -

-do -

5 point isochron

4 point isochron

495116 0.7200 Frank et al., 1977 10 point isochron
10.002

1840170 0.7083 - do
10.0027

4 point isochron

b.Bandal Biotite granite gneiss/Window Zone 1220+1 0.748 Bhanot et al., 1976, 3point isochron
♦0.100 1979

Bhalla 4 Gupta, 1979 U-Pb 6 point
concodia plot

c.Hanikaran Uranite from quartzite/Window Zone 1232*120

4A.NIRATH- Hylonite/Base of JN and
BAR.'.GAON

14301150 0.746 Bhanot et al., 1978 6point isochron

^
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Table 1.1 continued...

4B.WANGTU- Gneiss/HHC
JEORI

5.NAITWAR, Gneiss/Naitwar Crystalline Unit
TONS VALLEY

6.HANUHAN CHATVI, Gneiss/HHM
YAMUNA VALLEY

7.BHATWARI Gneiss/HHM
BHAGIRATHI VALLEY

8'HARSIt Gneiss/HHH
BHAGIRATHI VALLEY

9.BHILGANGA VALLEY
a.Rihee-Gangi Gneiss/HHH

b.Brijrani Gad Mylonitised granite gneiss/HHH

c.Ignedi nala -&, .

d.Chailli Granite gneiss/HHH

e.Ghuttu do

f.Chirpatiya khal -do -

lO.LANSDOWN Granite gneiss/Aliora Unit

lOA.DUDATOLI Gneiss/Almora Unit

ll.AHRITPUR

a.Amritpur Gray granite/Ramgarh Nappe

White Granite/Rangarh Nappe

12.RAHGARH

a.Ramgarh Porphyritic &nylonitic granite
•gneiss/Raragarh Nappe

b.Kiodal Gneiss/Ramgarh Nappe

2025±86 |j™ ^traetal.,1986 6^int isochr'on

18111133 0.707 Singh et al.,
10.017

1986 4point isochron

point isochron

-do - -do .

•io ' 5point isochron

19721102 0.703 Singh et al., 1986 4
10.010

2047+119 0.706
10.007

521139 0.713

1841186 0.710
10.010

- do 4 point isochron

1276112 0.82 Bhattacharyaetal.,1981 3point isochron

U39!46 Mfl "do- 9point isochron

2121i60 J;™ Rajuetal.,1982 4pomt isochron

17631116 |j™ Singh et al., 1985 5point isochron
17081131 0.732

10.147
- do - 4 point isochron

334124 0.791

10.009
-do - 5 point isochron

501138 0.732

10.005
-do - 6 point isochron

1110+131 0.741 -do - 5 point isocron

15851192 0.947 - do - 4 point isochron

1765160 Jj™ Tnvedi etal., 1984 11 point isochron

7311120 0J65 «•#. 1982 4point isoch™



Table 1.1 continued,

c.Raipur-Padaupuri -do - 1238+128 0.768 - do - 5 point isochron

13.ALM0RA-CHAHPAWAT
a.Rameshwar Augen gneiss/Almora NappelBasal part) 182011JU 0.7144 Trivedi etal., 1984 6point isochron

10.0118

b.Alsora- Granodiorite/Almora NappelUpper part) 560120 0.7109
Champawat

- do 15 samples

14.BAIJNATH-GWALDAH

a.Gwaldam Granite/Baijnath Klippe
1700170 0.7375 Trivedi etal., 1984 6point isochron

♦0.0127

1300180 0.793 Pandey et al., 1981 5point isochron

1130*110 0.736 -do - 4point isochron

13201370 0.755 -do - -do -

1795+30 0.7090 Trivedi etal., 1984 9point isochron
10.0015

b. - do - - do -

c.Baijnath -do -

15.ASK0T-DHARAMGARH

a.Askot- Augen gneiss/Askot Klippe
Dharaagarh

16.MUNSIARI

a.Naurik Gneiss/HHM

b.Tawaghat -do -

1910*88 0.724 Singh et al., 1985 5point isochron

19061220 0.724 -do - 9point 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 = A REVIEW

The Lesser and Higher Himalayan morphotectonic domains in the northwestern

region comprises large-scale extensive allochthonous metamorphic nappes, which

are thrust over the Lesser Himalayan Proterozoic sedimentary foreland, exposed

in various windows. Some of the major tectonic units in Himachal Pradesh are

reviewed below.

-

«

1-3-1 .Jutocjti N&LJ^JptG

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 nappe has been transported much to the south

along the Jutogh Thrust over the Lesser Himalayan Proterozoic foreland of

quartzite-volcanics and granitoids, now exposed intheKulu-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 inthe 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



8

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 in Himachal

Pradesh and can be traced into two main outcrops :

(i) the pear-shaped klippe around Shirnla, and

(ii) 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 — R.^m^»u.i- Winclovtf

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

-.
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Figure 1.2 : Geological map of the Himachal Pradesh, India. (1) Rarapur - Kulu -
Shall 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-Suketi
Thrust.
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quartzite as stock, apophyses and tongues with a marginal migmatite zone

(Sharma, 1977; Thakur, 1983).

The Kulu-Rampur Window rocks are folded into a doubly plunging, NW-SE

trending antiform. To the west of the main window, several other 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.

1-3-3 B.a jura / Kul u . Na^^e

The Middle Proterozoic mylonitised augen gneiss (1430 +150 Ma - Bhanot et al.r

1978), known as the Bajura/Kulu nappe (Frank et al., 1977; Bhargava et ah, 1991),

occurs asa 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.



11

1-4 SELECTION OE 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 to 31°35'20"N and longitudes 77°15*E to 7880'10"E during several

field visits (Fig. 1.1).

1-5 SCORE OE 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

geotherrnobarometry
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* Geochemistry of different granitoids

* U-Pb zircon dating of various granitoid bodies

* Tectonic modelling of the Collision zone.

1-6 METHODOLOGY

* Systematic geological mapping on 1:50,000 scale using Survey of India

toposheet nos. 53 E II, 10, 11, 14; 53 F /5, 9, 53 I 12 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 87Sr /86Sr ratio using U-Pb modal age of zircon by

massspectrometer.



CHAPTER 2: GEOLOGICAL FRAMEWORK

2-1 INTRODUCTION

The earliest knowledge ofthegeology ofthe Himalaya came fromthepioneers

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 andconcerted attention from thegeologists 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 onstratigraphic 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 in

understanding tectonometamorphic evolution of parts ofthe 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 awider geological cross-section

through the area.



Foreland - (a) Krols and Infra Krols (b) SiLf r , f^ HlrnalaYan Proterozoic
(e) carbonaceous phyllite/slatS 3 Chafl T^' ^ gUartzite' «* volcanics and
Proterozoic granitoid bodies. 6: Ba^ra/SuV ' ^V^ met—Phics. 5;
Crystalllne -(a) Jeori Formation an b Wani n^ 7 " Hic*er Himalayan
Boundary Thrust, GT - Giri ThrustTr 1 ?lu Granite Complex. MBT - Main
Chor Thrust, KT - Kulu Thrust, MCT I £i~n CentrJfS^ ?T "JUt°gh Th™st' ™
- Gin River, AR - Asan River andI SR Sutlej Rivefr. ' ^ "^^ Thl"USt' GR

>
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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 EORELAND

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-Wanqtu region along the Rut lei
Valley Himachal Pradesh. 1 : Jutogh Group - (a) Jutogh metamorphics
undifferentiated, (b) quartz-muscovite schist, (c) garnetiferous mica schist. (2)
Hfgher Himalayan Crstalline - (a) Garnetiferous mica schist, (b) quartz-mica
schist, (c) Amphibole, (d) porphyroclastic granite gneiss, (e) Wangtu granitoid, and
(f? Zone of metamorphic restites. 3 : Bajura-Kulu Nappe. 4 : Lesser Himalayan
Foreland Window zone - (a) carbonaceous phylirte/slates and (b) Manikaran
Quartzite. 5 : Mam Central Thrust/Jutogh Thrust. 6 : Kulu Thrusl . 7 • Chaura

y

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

SUTLEJ VALLEY CHOR AREA

Tectonic Unit Lithological Unit Lithology Tectonic Onit Lithological Onit Lithology

HIGHER

HIMALAYAN

CRYSTALLINE

(HHC)

Porphyroclastic Non-foliated

Wangtu granite gneiss, homogeneous granite
granite fine grained gneiss,
gneiss schist and Chor Granitoid Porphyritic granite

amphibolite gneiss

Biotite granite gneiss
JUTOGH

Fine-grained grey
gneiss and pegma-

NAPPE

Dolente dykes
titic gneiss

Hornblende schist and

Jeori Amphibolite amphibolite
Formation

Quartz-muscovite

schist

Mica schist and

associated white marble

Gernetiferous mica

schist and gneiss

Jutogh
Group Upper quartzite

Carbonaceous schist and

associated black marble

Jutogh Thrust Lower quartzite

BAJURA/KULU

NAPPE

Hylonitised
augen gneiss CHAIL

NAPPE

Kulu Thrust

KULU-RAMPUR WINDOW Rampur

(Lesser Himalayan Group
Sedimentary Zone)

Carbonaceous slate/

phyllite

Mainkaran Quartzite

Rampur Volcanics

Quartzite,

quartz
schist,

chlorite

schist,

metavolcanics

—Jutogh Thrust-

Chail Formation
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Figure 2.3 : Geological map of the Chor Mountain region, Himachal Pradesh. 1 :
Jutogh Group - (a) Chor granitoid, Co) mica schsist/gneiss, (c) marble with
carbonaceous phyllite, (d) quatzite and (e) dolerite dyke. 2 : Chail Group and 3 :
Lesser Himalayan sedimentary sequence.

30
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2-3-1 Distribution

The Lesser Himalayan Proterozoic foreland is exposed in the following

antiformal windows along the Sutlej Valley beneath the allochthonous

metamorphic nappes in this area:

(a) Main Kulu-Rampur Window,

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

(c) Luhri-I and Luhri-II 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 parts 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 "window",

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 locally

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 4 94 Ma; Bhat and Le Fort, 1992) and the

overlying thick Manikaran Quartzite and carbonaceous phyllite. A concordant

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-Rampur 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 Window along the Sutlej valley below quartzite and

carbonaceous phyllite. This formation comprises greenish phyllite and schist

between Nogli gad to Rampur with thick quartzite and phyllite intercalations.

At Rampur, the formation contains deformed amygdolidal volcanic flows within

greenish chlorite schist and phyllite. Most of the amygdules are filled in with

secondary minerals like chlorite, calcite, quartz etc. and have undergone very

high flattening strain, forming a consistently N to NE or S to SW plunging

lineation. At places, these volcanics are highly sheared and crenulated with

boudinaged quartz veins parallel to the foliation. Further upstream, these

metavolcanics occur as the tectonic lenses within the massive Manikaran

Quartzite. The age of this volcanic has been assigned as 2509 ± 94 Ma by Bhat and

Le Fort (1992) by Sm-Nd whole rock isochron. These volcanics constitute the Green

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 Shali belt. It also

has equivalents 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

the 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 onthe 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: Thecarbonaceous slate and phyllite are mainly

exposed on western parts of the main Kulu- Rampur Window and also in other

small windows, where it isthrust over by overlying mylonite augen gneiss along

the Kulu Thrust (Fig. 2.2). Dark grey to blackish and brown coloured thinly

laminated carbonaceous slate and phyllite arehighly contorted and friable. The

carbonaceous phyllite is also characterised by S- andC- 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 theunderlying Manikaran Quartzite. Development of quartz fabric

in pressure shadow zone around pyrite crystal define locally developed

stretching lineation. Upon weathering, pyrite imparts a reddish and yellowish

colouration to the rocks. Carbonaceous phyllite is sporadically phosphatic and
I

also rarely contain calcareous intercalations.

d. Dolomitic limestone: In the western partsof the area, the dolomitic limestone
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Figure 2.4 a : Massive Manikaran Quartzite with a few NE-dipping uuctile shear
inTh CfM̂ aC,TS the lithol°^ Adding. Loc.: About 4km frLSmpur to"nin the Sutler 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 orthoquartzite comocsiSon
lef: Sn^of «Te S6?1P -tted b°Undar-S dUS t0 P—6 Soutton. LocP: On theleit bank of the Sutlej river near Chareota village.

Figure 2A 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 >plex
showing elongated and deformed megacrysts of alkali feldspar" Quartz and
Plagioclase, embedded in extremely fine-grained greasy-looking foliatedgroundmass of quartz, feldspar and mica. Loc. :Near NugalsJi. foliated
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is exposed within the Shali Window along.its easternmost margin. Greyish,

reddish and yellowish dolomitic limestone reveals layering with beds ranging

in thickness from 5 to 30 cm. Massive, (hard and compact limestone beds have .

characteristic elephant-skin weathering. Greyish calcareous phyllite and

phyllite intercalation are common and impart strong foliation. A mineral

lineation of sericite and muscovite is distinctly seen on many foliation plane.

Thin bands of greyish chert, lenticles of black chert, lenses of quartzite impart

the rock a bedded character. The limestone is deforr^rd^ittto lenses with

argillacedus beds wrapping around the lenses due to intense, shearing.

e. Conglomerate arid slate: The Cheroata Window contains localised outcrop of

quartzitic arid orthoquartzit'ic 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 b). These fragments are

well elongated on a poorly developed foliation, '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.

carbonaceous1 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.
t

-' -• ! 'f1" ' ^ !! •••.-•.,.. . . • .: ..,„,

2 - 4 BAJURA/KULU 1SJA.E>I>E i

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



4

25

figure 2.5 a : Nirath-Bar.utjaori mylonitised augen gneiss containing
well-developed mylonitic foliation with stretched quartz-fexdspar rich bands
near Niratfr /iliaye. Also see:. afe o-shaped asymmetrical feidspar augen and an
extensional foliation band in the left. Scale : photograph 22 cm lone,.

Figure 25 b : Metapelite sequence of garnetiferous mica schist/gneiss of the
von Formation having psammite band o^ 1*30 H tnickness. Loc. : 3 km upstream

from Jeori.

Figure 2-5 c : almost vertically diping fine-grained grey granite gneiss light
coloursd), emplaced within garnetiferous mica schist (dar»c sna: se d£ the ^eori
Formation as concoi dant igneous bodies along the metamorphic banding. Loc.: 7
km milestone towards Jakhri near road bend of the H&glad Khad on National
highway 22.

Figure 2.5 d : Undeformed Wangtu granitoid showing equigranular randomly
oriented dark coloured biotite with quartz 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/Jutogh Nappe. Earlier, Frank et al. (1977)

incorporated the underlying carbonaceous phyllite/slate within this nappe

aloni, with the mylonitised augen gneiss, while Sharma (1977) mapped these units

as part of the Kulu-Rampur Window.'Virdi (1971) and Gururajan and Virdi (1982) :j

believed that the mylonitised augen gneiss as part of the Chail Group.

Co"'~:'*-to" ""' -currence of highly mylonitised augen gneiss with a

h ^i-S fabric, a prcbabie acid volcanic affinity and it? tectcnisea lower

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

Bajura/Kulu Nappe. Oh the basis, of their «radatior.al cent acts, the underlying

carbonaceous phyllite/slate and the Manik:,ran quartzite have been classified

as p^rts of the Kulu-Rampur WindD* zone. •

,: I I . • : ' • ;" <'"' t ' '': I '':

2 -4 - 1 D i s t r i bu t io>ri •'.•/:. /-fiooq t. no us

Highly mylonitisedaugeh gneiss with large quartz and feldspar megacrysts.

is intermittently exposed between- Ravi and. Sutlej Valleys. Low-grade :

metamorphosed quattzite-volcanic- phyllite association of the Rampur .Group

is abruptly overlain by a 800 mthick dismembered mylanite and is bounded by

the Kulu Thrust at its base and MCT/Jucogh Thrust at its top. '

The age of the augen gneis belt has been assigned as 1430 ± 150 Ma, based on

six-point Rb-Sr whole-rock isochron with ar. initial high 87Sr/,863.r ratio of 0.746. t
indicating its derivation from the remobilised crustal material (Bhanot et al.,

1978); , '• I »H i'Yp.1
: : \\ : •... •.: ., vS\h7;'A ;-.i. •• '»H>iii - • •- <h

•.•...;.;: '• .- firtl'ill : • - MI' •!

. [ ,. c • : Iti :,-••':;;•• , •- ;
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• ,1
2 - -4 . 2 Lfithology

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 c). It contains elongated and deformed

alkali feldspar, quartz and plagioclase megacrysts, embeded in extremely fine

grained greenish greasy-looking and foliated groundmass of quartz, feldspar and

mica G?ig. 2.4 d). Due to intense deformation along the margins, megacrysts have

undergone grain-size reduction, recrystallisation and development of

blastomylonite and ultramylonite. The megacrysts show flattened mantles and

elongated tails of either dynamically recrystallised or reaction-softened

minerals. Megacryst's tails are derived from originally larger grains by'j

grain-size reduction. At times, extremely thinned tails of intensely strained •

megacrysts are folded, when these taper off away from the megacryst. In such

cases, ribbon structures parallel the preferred mica orientation.

- •' - .. . '. • WAV/ v '"" ' : ' • '•' •• " \ " _

The mylonitised augen gneiss contains a well-developed mylonitic foliation

due to preferred orientation and alternations of stretched

quartz-feldspar-rich bands with muscovite-biotite-chlorite bands (Fie. 2.5 a). On

all scale, chlorite and mica are seen' anastomosing quartz and feldspar'

megacrysts along 3- and C- planes, wherever shearing is prominent. The generar

trend of the my lonitic foliation is nearly ENE-WSW with low to moderate dips

towards NNE or SSW. The most prominent character of augen mylonite is the .

presence of a very strong stretching/mineral lineation on main folia t Ion giving'

it a L-S tectonite character. This lineation is marked by strong preferred

orientation of mica and streaked alkali feldspar, quartz and plagioclase augen.

Both lineation and foliation are folded due to later deformations, which have !'

produced doubly plunging antiformal windows along the Sutlej valley, indicating

that large-scale open folding has 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

discordant relationships to the main mylcr.it ic foliation. Contacts of these

shear zones are gradational, wherein coarse augen-rich bands are progressively
reduced in size from the shear zone walls towards the centre of the shear zone
(also see Chapter 3$. , , ;-..,, . ,

I "• •> - ••• ' • •: :•< . • | .,,.•-...

Aprominent discrete brittle fracture pattern transect, the main mylonitie
foliation orthogonally and. is rarely r.arked by syntaxial quartz fabric
perpendicular'to the wall of the fracture zones. ......

2-5 HIGHER H I MAI,AYA INI CRYSTALLINE

The Higher Himalaya Crystalline (HHC) of the NW-Himalaya is exposed along the

Great Himalayan Range and constitutes the "Precambrian Easement" for the

Phanerozoic Tehtyan sedimentary pile (Bagati, 1990; Bhargava et al... 1991). The HHC

predominantly incorporates pelitic and psammitic metamorphosed sequences
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; Pognante et al.r 1990; Searle et al., 1992). The Tethyan
sediments are infolded or separated from the HHC along its northern margin by
the Zanskar Shear Zone (ZSZ)/, Trans-Himadri Thrust (Searle, 1986; Herren ,1987;
Valdiya, 1989; Pat el et al., 1993). The HHC is regionally thrust southwestward over

the Proterozoic Lesser. Himalayan quartzite-volcanic association and intrusive

Bandal granitoids of the Kulu-Larj:.-Rampur Window along the folded Main

Central Thrust (MCT)/Jutogh Thrust (JT) and associated splays.
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2-5-1 Distribution

The Jakhri-Wangtu region along the Sutlej Valley provides a good
cross-section of the Higher Himalayan Crystalline (HHC). A thick stack of about

15 to 20 km of the HHC is exposed along the NE flank of the Kulu-Rampur window

beyond'Jakhrii The HHC is comprised of the following mappable lithounits in the
southern parts of the Sutlej valley section.

••• ! •:;:'• • . * V Ifo t»»H< • - -' :i't ;' ' : "••* >: 'H • i •

2-5-2 Lithology

a. Jeori Formation: The HHC belt includes the Jeori Formation near its base. Itv
lies between te knd the'newly'recognised Chaura thrust, which has been

delineated''''on' the basis of"deformatidn and strain patterns (see Chapter 3).

Earlier, this formation has been designated as the Sarahan series or as apart of'
the Wangtu gneiss (Jhingran et ah, 1950). The base of the HHC consists of
garnetiferous mica schist, quartz-muscovite schist,'amphibolite and different
varieties of gneiss. The whole unit has undergone four deformational phases out

of which the second deformation is the most prominent.
,Ji Ii i-\-'<; \t- ••.*• (MM : •': ••• " ....... -I t -

(i) Garnetiferous mica schist/gneiss: It is the most abundaht lithology in the

basal parts of the HHC in immediate vicinity of the MCT'between Jakhri and

Jeori. Metapelitic sequence with afew psammite bands is made up of light to
dark grey, garnetiferous mica schist with very thin alternating bands of
quartzo-feidspar and mica-rich gneiss on cm scale (Fig. 2.5 b). These are
extremely well foliated, medium grained schist and gneiss. The main foliation

is characterised by strong preferred orientation of biotite and muscovite with'
interspersed quartz. Along the Maglad Khad near Jeori, discordant fine grained
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 preferredorientation of chloritised biotite, muscov i teand elongated

quartz and feldspar megacryst in gneiss. It plunges consistently down-the-dip

of the main foliation towards N/NE. Abundant quartz, veinlets are boudinaged.

along the foliation. Development of shear zones within this unit. is noteworthy ,

with. S-- and C- fabric deyelopment indicating top-to-SW transport direction.

(ii) 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-muscovite and chlorite.

(iii) Amphibolite: Fine to medium grained dark coloured.and, highly foliated

amphibolite bodies are occasionally exposed within the Jeori Formation. These

are mostly 1 to 10 m thick, except for a mappable band of about 300 m thickness ,

near Jeori along the National highway 22 A. ,-.., ;..,;,, ...<-.,); |.fjj,

b. Wangtu granite gneiss: In the northeastern par;ts of the area, monotonous

medium to coarse, porphyraclastic granitic gneiss is well exposed having a

tectonised contact with the underlying Jeori Formation along the Chaura

thrust. It imperceptibly grades into the undeformed granitoid near Wangtu,

where it contains numerous xenoliths and restites of highly foliated

metamorphics (Fig. 2.5. d). T^he wholecomplex is predominant gneissic in character

and has been classified into the Wangtu granite gneiss.

The porphyroglastic 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
i

, • '. .J! | :,1 j ' ' . > •! • /

' i j" " ' |j" ' ' ' '
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lf> a : Porphyroclascic c. [itie gneiss cf the &HC having elongated
•- .. . 2 augen along S-C shea; ,c, Note gradation of augen gneiss into a

»ana development: or ba ded gneiss. Loc.: ltear bhaura.

1 'b •b. defa rrj.ecl a .d m-ic cised Chor branitoicl fncw: ng alterna^inc
and para^le^. at rlonite and .licramylonite bands: near contact with the
Jute netar. c : o. dng the Chor Thrusii Loc.: Aiaoat 3 Km . cf tfauhra, Chor
. : ..is.

•

lie ..re 2.6 c : Porphyritic granite or. , . .nor granite ^.f with very coarse grained
que I: and feldspar phynocry^ts cf varying shapes and size embedded in fine-
grair.e;. r.'.oa -rich grorndr.ass. Loc. s Nals section a.oaua £ km N£ of .vlauhra, Chor
mountain araa„

F;.v .. ?d: Undeformed, dark coloured, ir.assive olivine dolerite dyxes occurring
as thin irerusives along joints in the <„nor granitoid. Loc.: About 6 km NW of the
- a ; -_ village about bC'C m above the main road.

A
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is greyish, vitreous and fresh in character. S-C shear fabric and augen having

asymmtrictails withinthegranite gneiss indicate top-to-SWsense 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):

(i) Dark coloured biotite-rich paragneiss alteration with mica schist and

garnetiferous mica schist of the Jeori Formation,

(ii) 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,

(iii) The monotonous Wangtu granitegneiss of mostly porphyroclasticcharacter.

2-6 JUTOGH 1NIAE>E>E

The term Jutogh was introduced by Oldham (1887) for a sequence 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 3hargava, 1984).

2-6-1 D i s t jt i l>ot ion

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

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

(i) Chor mountain in the frontal parts, from where the Jutogh extends as a

folded succession towards north around Narkanda and Luhri-Dalash area

(Virdi, 1971; Sharma, 1977; Bhargava et al., 1991).

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

.

Towards south, theJutogh Group also contains theChor granite massif asan

almost circular outcroping body, lying structurally above the metamorphics.

The Jutogh Nappe rests tectonically over the less metamorphosed Chails. The

Jutoghs are comprised of lower quartzite, carbonaceous schist and black

marble, upper quartzite, mica schist and white marble. These metasedimentshave

been emplaced by basic bodies, now metamorphosed to hornblende schist and

amphibolite 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 theemplacement of the Chor

granite.
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2-15-2 Lithology

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

mappable units:

(i) Lower quartzite: Tecono-stratigraphioally, the lowermost Unit of the Jutogh

Group is exposed around Shamra and is seperated from the carbonaceous schist

of the Chail Group by the well known Chail Thrust. The' quartzite'' 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 predorainarvtaly consists of quartz,with chlorite;' biotite, muscbvite

andiron-oxides as accessories. With the increasing 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.

(ii) Carbonaceous schist and black marble: The quartzite is bounded by

carbonaceous schist having intercalated black marble bands on either sides.

Dark grey to black thin.marble bands within the carbonaceous schist contain

coarse; cajcite and dolomite with gdrnet, epidote and :zoisite^ Carbonaceous

schist is .highly friable and weathered with yellowish brown stains due to iron

leaching. It comprises of biotite/ 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). .:.

(ili) Upper quartzite: Schistose quartzite and mica schist intercalation overlie

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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(iv) Mica schist/gneiss: Different variations of schist and gneiss are exposed

overlying the upper quartzite units till the main exposure of the Chor granite

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

garnetiferous mica schist consisting of garnet, biotite, muscovite, feldspar

and quartz. Chlorite and iron-oxides also occur as the alteration product of

biotite and garnet.

(v) Amphibolite: Dark green amphibolite bodies are associated with the Jutogh

metapelite and marble as concordant to discordant bodies of varying thickness

upto 10 m. The amphibolite is well foliated, and contains a distinct mineral

lineation of actinolite, chlorite and biotite. At places, the amphibolite aioO

contains a few garnet grains.

b. Chor Granitoid: The Chor granitoid consists of biotite granite gneiss,

porphyroclastic granite gneiss and non-foliated homogeneous granite, which are

intruded by dolerite dykes. Pilgrim and West (1928) opined that the Chor granite

is a laccolith, which 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.

(i) 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

metamorphics is almost parallel and is mylonitic in character (Fig. 2.6 b). A few

ultramylonite bands mark the contact indicating the presence 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 composed of quartz, feldspar, biotite and mica of

varying shapes and .size, (Fig. 2.6 c). The porphyroclasts are fractured and

deformed. The plagioclase feldspar occurs in subordinate amount to K-feldspar.

The latter registers gradual increase in size towards the interior due to which

the rock attains a porphyroclastic, appearence (Fig. 2.6 c). Feldspar megacrysts

are mostly undeformed with.beautiful subhedral boundaries and zoned mica

inclusions. With increasing deformation towards the contact with the Jutogh

metamorphics, megacrysts attain augen shapes with elongated tails in fine

granied foliated grounmass (see Fig. 3.33 a).

(iii) Non-foliated homogeneous granite: Towards north, the Chor granitoid body

grades into light-coloured, non-foliated homogeneous granite in the interior

of massif, having small amount of biotit,e and muscovite in comparision to its

margins. The large parjt of the Chor granitoid lacks perceptible, foliation and

lineation, hence appears to be least deformed. It is therefore ideal for U-Pb

dating (see Chapter 6). , , .

c. Dolerite: Two types of dolerite dykes are present in the area. Deformed and

foliated metadolerite bodies are encountered at 8 km milestone on the Nohra-

Shamra road having hard, massive, less foliated metadolerite lenses, which are

wrapped around by strongly foliated and weathered actinoli te schist within the

Jutogh metamorphics. Undeformed, dark coloured, massive olivine dolerite cuts

across the contact of Jutogh metamorphics with the Chor granitoid and occurs

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



CHAPTER 3: DEFORMATIONAL HISTORY

3-1 INTRODUCTION

The concept of deformational phases yields a framework of successive

movements 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 strainaxesare 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:

(i) Structural forms showing characteristic geometric style reflects the

rock rheology. The structures, formed in BUCOPSsivr phases, oft nt\ show

different geometric style because each deformational phase takes place

in a particular pressure-temperature-strain rate condition.

(ii) Successive deformational phases produce small-scale structures, which

aresupposed to give characteristic geometric interference pattern. That

is why events of different phases are distinguished at outcrop level with

their overprinting relationships.

The above conceptsof deformational phaseshave beenapplied 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.



40

The present chapter deals with detailed deformational phases of the region
With a brief description, distribution and mutual relat ions-hips ofdi ff-crent.
structures and granitoid emplacement in various tectonostratigraphicunits.

l,,1 •:. ..!,!.. » . ..it ; -!'•!. !'«!ni< • • • Mr i i♦

HXGH]ER HIMALAYAN CRYSTALLINE
i -i

< HHC )
i ... i ' • .:. It 7 - H • • • ,;

.1

The Higher Himalayan Crystalline (HHC) belt of the hanging wall of the Main
Central Thrust (MCT) along theSutlej Valley section between Jakhri and Wangtu
is thrust over the Rampur Group along an anti formal ly folded thrust and
characterised by four distinct deformal Lon phases, of I1,,-m,-, Ihe second plUse
D2 is marked by prominent S2 axial-plane foliation, related to reclined N- to
NNIv-plunginc, R^ folds and a coaxial fll rpj ohi no/mineral ,!i.KM,Li««n T.i,, Tbene
structures were developed,by southwesterly verging ductile^h^ar during the
Himalayan Oroqeny.

• , \. i • . : ! , • • •! ' • • " .'•,,:.•'

,.,!., 1 ..,-.1 ! • :• l-f'J ..'"' • ' • .'' ' "' .:;'!'-'•' I'llif!- •'J !

aV-irSt deforn,ation Phase (D1>= The first deformational phase D, in the HHC is
nearly obscured. However, a few isolated occurrences indicate the presence of
earliest, extremely appressed tight to isoclinal Pj folds with very long-drawn
stretched, hinges and limbs of the 'flame type'. These folds are developed on
lithological/mef.unorphic bandirjg |Sn)(F;ig. 3.1 a). ,, „,, , . i

, ,i i ' , • f .! • ' ' ' : "• ' ' i

The development p^F, folds is also found on quartz veins and firte-grained
grey granitic bodies and assoriat,,}, peywaUl.o, wt.i.fl. ,ul ,„•.,•„;<» the

lithological/metamorphic banding SQ (Figs. 3,1 b-d). In such cases, the foliation
Sp parallels the axial surfaces of the P, folds and is at an angle to
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lithological/metamorphic banding SQ on the limbs. ,n the grey fine-grained
granitoid veinlecs, this foliation is not well developed and characterised by
poorly-oriented quartzo-feldspathic minerals but becomes prominent due to
strong preferred mica orientation (Figs. 3.1 c, d). In such cases, only one
foliation is seen in the veinlets. When traced into the pelites, this foliation
crenulates the metamorphic banding Sq around the hinge zone of F, folds (Fig. 3.1
c). This foliation is oriented at high angle to SQ 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 D,
deformation or syntectonic to this important, though poorly recorded, event.

Despite the presence of a few F, folds, earliest linear structure L, are
generally not observed. Most F, folds exhibit oblique profile sections and lack
of suitable exposure of rock faces for measurements. L, lineation appears to be
obliterated due to subsequent intense penet rat ive D-2 deformat ion.

b. Second deformation phase (D^ The structures, associated with the second
phase of deformation D2, are profusely developed in the HHC. The associated F2
folds are mostly close to isoclinal and reclined in character with relative
thickening of fold hinges (Figs. 3.2 a, b; 3.3 a). The F, folds ,ue developed Pit hot
on the pre-existing metamorphic banding (SQ) or ^ gneissosJ ty/foliation, which
predates this most prominent deformation (Fig. 3.3 b). These folds mostly plunge
either Nor S at moderate to steep angles almost in the dip di rection of their
axial plane foliation S2 (Figs. 3.2 a, 3.3 a). However, it is discordant to 3^ along
hinge zones. S2 foliation can be seen developed at an angle to the former on the
limb or in hinge zones of the F2 folds developed on gneissic bands (Fig. 3.2 a).
Otherwise, it parallels the Sq/S, planar surface and is indistinguishable from
these earlier foliation, in the present work, it is, therefore,'shown as the main
foliation Sm, wherever this foliation has been measured without associatedW
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Figure 3.1 a : Earliest, extremely appressed tight to isoclinal F, folds with very
long-drawn limb of "flame type". Also seen are Type-3 interference pattern due
to presence of F2 folds at low angles to Fj. Loc.: Near Kinnu along Sarahan-Kinnu
road section.

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

Figure 3.1c: F- folds developed on fine-grained grey granite gneiss having axial-
plane foliation Si across the vein. Loc. : About 10 km from Jeori upstream along
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.

'
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Figure 3.2 a : Isoclinal reclined F2 folds with relative thickening of fold hinges
and shearing of limbs in porphyroclastic granite gneiss. Loc. : Near ... .^ -^ _..
village.

Figure 3.2 b : F3a folds having sheared limbs and moderately thickened hinges of
competent gneissic layers in garnetiferous mica schist. Loc. : Near Sarahah.

Figure 3.2c : S-Cshear fabric in porphyroclastic granite gneiss having sigraoic.al
bending of S- foliation due to C- shear zones, Also seenare asymrctr|c£ I felc par,
augen having o tails. Loc.: Near Bhabhanagar, abou": 4 km upstream of the Sui isj
river.

Figure 3.2 d : S- and C- shear fabric with asymmetrical disposition of
quartzo-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 F2 folds developed on the pre-existing S,
foliation/gneissosity with relative thickening of their hinges and crenulation
of earlier foliation. Loc. : j

Figure 3.3 b : Sketch of development of F2 folds on the"preexisting metamorphic
banding Sq or Sj foliation/ gneissosity from the photograph taken near.

Figure 3.3"c : Sketch of developmant of F2 folds and S2 axial plane foliation on
preexisting Sj foliation.

^r

Figure 3.3 d : Sketch of development of F3a isoclinal inclined folds and S^ axial
plane foliation near Chaura village.

•

Figure 3.3 e :Sketch of the development of crenulation F3b folds and related S3
axial plane foliation withiMthe quartz vein and pelitic rocks along the Maglad
gad near Jeori village.

X

\
• I

Figure 3.3 f : Development of crenulation F3b folds and related S3 axial plane
foliation on the main foliation Sm about 6 km upstream of the Sutlej river from
Jeori village.

ALL SKETCHES ARE DAWN FROM FIELD PHOTOGRAPH

%
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folds. The main foliation strikes approximately N110° and dips either NorS 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, S2 foliation as well as the main
foliation Sm are defined by preferred orientation of the phyllosilicate and
quartz (Fig. 3.3 c), 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 in porphyroclastic
granite gneiss generally lie in S2 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 c,d).
Angular relationship between S- and C-surfaces shows presence of ductile shear
zones (Fig. 3.2 c; Berthe et al., 1979).

The prominent lineation L2 is developed as stretching/mineral lineation,
either on S2 foliation or main foliation SM. L2 is characterised by preferred
orientation of prismatic, flaky or inequidimensional minerals in all the
lithotectonic units. It is generally coaxial to the F2 folds and plunges
moderately due Nto NE or Sto 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 (D3) : The third deformational phase D3 is
characterised by two distinct phases, which are classified here as early D3a and
late D3b deformational phases.

In the D3a phase, F3a folds are mostly isoclinal to tight, inclined-type with
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gentle to moderately inclined axial surfaces and marked by moderate thickening

of competent layers in hinge zones (Figs. 3.3 d, 3.4 a). The Fu± folds plunge either

ENE or WNW at low angles. The axial plane foliation S3a, associated with F3a

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

In the later D3b phase, probably of the same deformational event, F3b 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 F3 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 F3b folds are mostly .<,

asymmetric in character and southwestward-verging (cf., Butler, 1982). In hinge

zones of the F3b fold, earlier L2 lineation plunges gently on either side due to ii,

folding. The axial planar foliation S3b of these folds in metapelites and granite i

gneiss strikes N 100° with dips varying between 45° to 80° towards-N or S. !•• <• *

d. Fourth deformational phase (D^): The effects of late deformational phase D^

are weak and sporadic during specific brittle-ductile and brittle-type local J

conditions. Thrust-faults, shear bands and quartz-filled tension gashes are

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

northerly plunging open cross-folds are also depicted from synoptic diagrams

of S2 foliation and folding structures of D3 phase. These folds are mostly

culmination and depressions. - l

Thrust faults cut across the crenulation foliation S3b at gentle to moderate

angles (Figs. 3.4 c, d), indicating post-D3 deformational structures of

discrete-type with northerly dipping planar to undulatory surfaces. These i

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

subparailei 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 geometryo'f these thrust, zones (cf., Butler, 1982). It

appear that numerous such thrust faults are indicative of the overall MCT

geometry in the brittle zone and have evolved during thrust movements. Within

the fault zones, discrete surfaces are1developed in orientation of displacement

shears (D-shear), Riedel shears (R-shears), conjugate shears (R-shears) and

P-shears to produce shear lenses.

3.2-2- Superposed fold patteirries

Interference fold patterns, produced by superposition of folds of 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 HHC 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 Ramsay (1967), have heen observed

due to overprinting of the following folds of different generations.

Fold systems Type of fold interference patterns

F, F2 - Type-3

F2 F3a Type-2

F2 F3b Type-2

F3a F3b Type-3

a. Type-2 fold interference pattern: This patterns is noted due to overprinting

of gently plunging F3a and F3b folds on reclined F2 folds (Figs. 3.5 a, b; 3.6 a, c). F3a

and F3b folds have westerly striking and steeply dipping axial surfaces with NW-

plunging hinges; while F2 folds have NE-plunging hinge zones (Figs. 3.5 a, b; 3.6 a,
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rtCirfv tt»1 ISOCUT1 t0r tlght.F3a folds having gently plunging hinges andstteply dipping axial surfaces. Tnese folds are marked by moderate thickening
of competent hvPr« in hin^ .^..^ ^i J ^cuc uui-Reningot competent layers in hinge zones near Chaura.

TndTn6-4 baF3b cf"ulation ^Ids showing variable interlimb angles between 30°
Matlad^ad " m°Vement al°n9 ^^^ •*« P^e foliltion S3b along

Figure 3.4 c:Small-scale thrust surfaces cutting across the F„ crenulation folds
TA:nZ7TVTn\ °fathe UPPet" bl°Ck tOW3^S »** han^Also" notpresence

fauirgougti ^^ °* ^ ^ '*""* SUrf"^ ^^ by the ****** °f brittle
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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 F3b and F3 folds on F2 and of P, on F,,
folds respectively. Also note that recumbant F3a folds and crenulation F-fh folds
are developed during D3 deformation. Loc. : Near temple after Nugalsari.

Figure 3.5 b : Hook-shaped Type-3 interference fold pattern produced by
superposition of F3b fold on F2 fold about 3km downstream from the Chaura along
the national highway 22.
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Figure 3.6 a : Sketch of figure 3.5 a showing boomrarig-shaped Type-2 and hook
shaped Type-3 interfererice fold pattern. ' ' . . . , ' • ,:'

Figure 3.6 b : Sketch of hook-shaped Type-3 interference fold pattern produced
by superposition of F-^ fold on F2 fold near Jeori.

>•;•',•'. ^ •

Figure 3.6 c :Sketch of figure 3.5 b hook-shaped Type-3 interference fold pattern
produced by superposition of F3b fold on..F2 fold. <;/,

.'--• i •,<•'• •'.''/ !Iff O'

Figure 3.6 d : Hook-shaped Type-3 interference fold pattern, produced "by
superposition of F3b fold on F2 fold hear Nugalsari village.

-. • •'•'.'
•.-'•.

,'• , - -L: ' '•• '
••••,, . • ' t ,'.:'••'

Figure 3.6 e and 3.6 f : Sketch of hook-shaped Type-3 interference fold pattern
produced by superpositioning of F3b fold on F3a fold about 4 km downstream from
the Nugalsari village. t

ALL SKETCHES ARE DAWN FROM FIELD PHOTOGRAPH
\
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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 F3b folds on

F2 folds. In such cases, F2 folds become nonplanar-noncylinderical, while S3b

axial surfaces of the F3b folds remain planar.

b. Type-3 fold interference pattern: This pattern has been observed by rare

superposition of F2 folds on Fj isoclinal folds (Fig. 3.1 a) and in other instances

by more common superposition of F3b on F3a folds (Figs. 3.5 b; 3.6 c-f; 3.7 a-c).

Hooked- shaped interference pattern involves the Fj isoclinal folds of the Dj

phase with the superposed F2 folds (Fig. 3.1 a) with axial surfaces striking nearly

parallel to those earlier Fj folds but dipping steeper at an angle of about 10 to

20x to the Sj foliation (Fig. 3.1 a). Near coaxial relation of F2 with Fj 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 F3b folds on NW-plunging isoclinal to close and coaxial F3a

folds (Figs. 3.5 b; 3.6 c-e; 3.7 a). As a result of superposition of nearly coaxial F3a

and F3b fold systems, considerable rotation in attitude of axial surfaces of F3a

fold has been observed. In such cases, a nearly continuous variation in dips of

sub-horizontal S3a axial plane foliation can be seen to moderately and steeply

dipping (Figs. 3.7 b, c).

3-2-3 Str-uctur-ail analysis

a. Analysis 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 F3b fold on F3a fold along the Maglad gad near Jeori village.

Figure 3.7 b : Hook-shaped Type-3 interference fold pattern produced by
superposition of F3b fold on F3a fold near Chaura along the national highway 22.

Figure 3.7 c : Hook-shaped Type-3 interference fold pattern produced by
superposition of F~ fold on F3a fold about 4 km upstream from Nugalsari on the
lational highway 22.
su
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Figure 3.8 : Distribution of domains/subareas for structural analysis of the
Higher Himalayan Crystalline (HHC) along the Sutlej valley between Jakhri and
Wangtu.
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hemisphere of the Schmidth Equal Area Net and contoured, wherever sufficient
A

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),

Ramsay (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.

-

(i) S| foliation and F| folds: Evidence of earliest deformation Di are rarely

observed along the Jakhri-Wangtu section. Flame-type Fj 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 F2 folds (Fig. 3.1 a), hence

it can be inferred that the F^ folds are NE-plunging at low to moderate angles.

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

(ii) F2 folds: The F2 folds are developed on the earlier foliation and most

prominent in metapelites and metapsammites of the Jeori Formation. These are -4-

very sparsely developed in the Wangtu Granite Complex. F2 folds regionally

plunge 37°/N 14° (Fig. 3.20 a).
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Table 3.1 : Structural data of different doma ins fl
Wangtu region along the Sutlej valley,
Pradesh.

DOMAIN ROCK TYPE AREA STRUCTURAL

FABRIC

ORIENTATION

i .,,

FIGURE

I Garnetiferous mica Around Jakhri J S2 Due south 3.12 a
schist and banded and west of h Due north 3.12 b
gneiss Gaura village \>2 N 12738' 3.12 c

' s„ N 1057407N 3.12 d

" S3b N 1357727NE

N 1357847SW

3.12 e

F3b Due east 3.12 f

II Garnetiferous mica Confluence of i Sj Due south 3.13 a
schist, banded Maglad Khad F2 Due north 3.13 b
gneiss and with Sutlej L2 N 6738" 3.13 c

amphibolite River 1 s„ N 747457N 3.13 d

1 S3b N 1407167NE 3.13 e

F3b Due E and I 3.13 f

III Garnetiferous mica Along the I S2 Due south 3.14 a
schist, banded National F2 Due north 3.14 b

gneiss and a thick Highway 22 L2 N 12745* 3.14 c

i amphibolite band 1 S„ N 967447N 3.14 d

t s3b N 9678271
N 1057807S

3.14 e

F3b Due E and W 3.14 f

IV Garnetiferous mica Around Kinnu 1 S2 Due south 3.15 a

schist and qartz- village in the h Due north 3.15 b
mica schist upper reachs of

Maglad Khad along
L2 N 13738*

N 18871'

3.15 c

the right bank »s„ N 12172271 3.15 d

1 s3b N 8976271
N 93772/S

3.15 e

FJb Due E and W 3.15 f

V Garnetiferous mica Around Bannaya 11 s„ 1 1757307N 3.16 a

schist and banded village on the ta Due north 3.16 b

gneiss right bank of
Maglad Khad

" s3b N 109,/45*/N

N 1097887S

3.16 c

F3b Due east 3.16 d

55
i Jhakri-

Himachal
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Table 3.2 continued...

DOM.UN ROCK TYPE AREA STRUCTURAL

FABRIC

ORIENTATION FIGURE

VI Garnetiferous mica Along National J S2 Due south 3.17 a

schist and banded Highway 22 and F2 Due north 3.17 b
gneiss Old Hindustan- L2 N 14757' 3.17 c

Tibet road 1 sM N 1017577N

N 1017897S

3.17 d

1 S3b N 1057837S

N 1067887N

3.17 e

F3b Due ESE and WNW 3.17 f

VII Porphyroclastic Around Chaura I s„ I 1027707N 3.18 a
Wangtu Granite village N 1027897S
Gneiss L2 N 337760' 3.18 b

VIII Porphyroclastic NE of Chaura 1 sM N 1077657N 3.18 c
Wangtu Granite village N 1077877S
Gneiss L2 N 305755' 3.18 d

I! Porphyroclastic Along National 1 sM N 1347887N 3.18 e
Wangtu Granite Highway 22 N 1347437S
Gneiss L2 N 254754' 3.18 f

X Porphyroclastic
Wangtu Granite

Along National
Highway 22

* sM N 1557317W 3.19 a

Gneiss L2 Due SW 3.19 b

XI Porphyroclastic
Wangtu Granite

Around Wangtu
village

J s„ N 857627N 3.19 c

Gneiss L2 N 334758' 3.19 d
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Figure 3.9 :Structural map showing orientation of main foliation (Sm) and
lineation L2 within the Higher Himalayan Crystalline (HHC) along the Sutlej valley
between Jakhri and Wangtu.
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Figure 3.10: Structural map showing distribution of S^ and F3b folds within the
Higher Himalayan Crystalline (HHC) along the Sutlej valley between Jakhri and
Wangtu.
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Figure 3.11 : Trajectory map of main foliation S and lineation L2 of the Higher
Himalayan Crystalline (HHC) along the Sutlej valley between Jakhri and Wangtu.
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105/40/N

CI.- 2.0 sig

C.I.= 2.0 sigma

Figure 3.12 :Stereograms of different structural elements of Domain I(see Table
\ 3.1 for datails).
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C.I.= 2.0 si gma C. I. = 2.0 si gma

I. = 2.0 sigma
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Figure 3.1.4 : Stereograms of different structural elements of Domain III (see
Table 3.1 for datails).
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C.I.- 2.0 sigma C.I. . 2.0 sigma

N - 12 C.I.= 2.0 sigma

Figure 3.15 :Stereograms of different structural elements of Domain IV (see Tabl*
3.1 for datails).
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Figure 3.18:Stereograms of different structural elements of Domain VII, VIII and
IX (see Table 3.1 for datails).
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.

C.I.- 2.0 sigma C. I.- 2.0 sigma

Figure 3.20 : Synoptic stereograms of the D2 deformational event from the HHC.
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(iii) S2 foliation: The axial plane foliation S2, associated with the F2 folds is

slightly oblique by about 20° to the main foliation SM strikes N79° with a dip

of 44° towards N (Fig. 3.20 b). These foliations are defined by preferred

orientation of feldspar, quartz and phyllosilicates.

(iv) L2 lineation: The most remarkable* structural feature of this region is the

considerable homogeneous mineral/stretching lineation L2 in its amount and

orientation (Fig. 3.20 c). On macroscopic scale, this lineation plunges 38°

towards N 4°. However, a few domains reveal steeper plunge and variable

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

zone (domain VII, VIII, IX and X).
•

(v) SM foliation: Due to intense penetrative repeated Dj and D2 deformations,

earliest metamorphic banding/lithological layering Sq and Sj foliation have

transposed into a consistent most prominent main foliation SM. This foliation

strikes N 109° and dips 45° N (Fig. 3.20 d). It may be noteworthy that SM and S2

foliation dip at the same angles, while these have slightly discordent strikes.

Only in the hinge zones of F2 folds, it has been possible to distinguish and

seperate S2 foliation from the main foliation SM. It is also been observed that

SM foliation is subsequently affected by folds during the Do deformational

phase.

It has also been noteworthy that a gradual steepening of the main foliation

SM takes place from the MCT towards the Wangtu Granite Complex, which also

contains numerous almost vertical dipping metamorphic enclaves.

(vi) S3a foliation: Synoptic diagram of poles to S3a foliation, an axial plane

foliation of recumbent to gently inclined F^a folds, shows near complete girdle

(Fig. 3.21 a) striking N 140° with a TJ-axis plunging 16" N 50°, thus indicating

effects of later cross-folds in this part of the Higher Himalaya.



70

I. - 2.0 si gma

C.I." 2.0 sigt-

Figure 3.21 : Synoptic stereograms of the D. deformational event from the HHC.
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(vii) F3a fold hinge: A few F3a 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 diagram of the S3t) crenulation foliation show that

the S3b,foliation strikes N 100° and N 102° with a dirj towards 89°/S and 82°/N

respectively (Fig. 3.21 c). The corresponding tt S3b girdle reveals its axis plunging

gently towards E, which apparently coincides with the F3b folds indicating the
\ i ' . A*%

fannimg of the S-j^ foliation. / , j. .

(ix) F3b fold hinge: Synoptic diagram of F3b 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

enhanced by dark coloured phyllosilicates and transluscent quartz. Feldspar.
' -•' ' ; \

grains appear to have syntectonicaily stretched and elongated during the D2 i

deformation and attained distinct measurable gra|h boundaries. Strain analysis <

of the Wangtu granite gneisswas undertaken to delineate strain patterns of the

Do deformation, because the Wangtu granite gneiss appears to have been
' . ' t,

emplaced after the HHC had undergone the D| deformation. "j

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

(Fig. 3.22): 9 samples, photographs of XZ and YZ planes from one locality ,and 6

tracings of the XZ planes from different localities. Approximately 50 to 120
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Figure 3.22 :Structural mapofthe 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.

1
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feldspar .megacrysts were measured on each, of the XZ and YZ sections. Rock

s_ampleg were polished and treated with lacquer to ;ehhance visual qontrast

between grain outlines. These were then traced on a cellophane transparent

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

I m, subscribed by X-axis of individual 1grains with a reference line parallel to

the trace of the foliation S_, has also been measured. ' H "
'm'

!

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-centre method have been attempted by

many workers. It has been repeatedly emphasised that Rf/<f> method, though

somewhat time-consuming, provides most reliable and reproducible results,

hence the Rf/<fp 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.

c.Two dimensional analysis: Rf/m data from the selected samples and photographs

were plotted and matched with theonion curves (Fig. 3.23 - 3.27). Most ofthedata

plot symmetrically in Rf/<|) graph indicating a general lack of initial preferred

fabric before the main deformation.

Rs values in XZ section of the Wangtu granite gneiss varies from 4.0 to 8.5.

The variation in the Rxz values is not continuous but follows a particular

trend. As one moves from the contact of porphyroclastic granite gneiss with

garnetiferous mica schist and gneiss of the Jeori Formation, Rxz values!attain

a maximum of 8.50 in the centre of atleast three: ENE-trending zonfe. Rxz
decreases on either side of these zone to almost 4.0.

d. Three dimensional analysis: Two-dimensional finite strain data of a

1
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A
TABLE-3.2 : Two• dimensional strain values of Porphyroclastic

Wangtu granite gneiss from the Sutlej Valley,
Himachal Pradesh.

SN Sample no. Section Rfmax Rfmin Rs(calc) Rs(grap. )

1. CI XZ 11.27 3.05 5.86 5.75

YZ 5.85 2.30 3.668 3.60

2. C2 XZ 7.814 3.502 5.23 5.25

YZ 4.8266 2.196 3.25 3.2

3. C3 XZ 6.82 3.067 4.575 4.4

YZ 66.428 2.65 4.127 4.2

4. C4 XZ 14.583 4.8 8.366 8.5

YZ 7.56 2.53 4.37 4.0

5. C5 XZ 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. C8 XZ 7.475 2.98 4.719 4.8

YZ 6.475 2.5433 4.058 4.0

8. C9 XZ 10.375 2.295 4.879 5.0

YZ 3.718 2.384 2.97 2.85

9. CIO XZ 7.606 4.560 5.88 5.75

YZ 4.611 2.074 3.09 3.0

10. PL7 XZ 7.42 2.8417 4.59 4.6

YZ 5.1038 2.5888 3.63 3.6

11. Tl XZ 8.5714 2.808 4.90 5.0

12. T2 XZ 10.18 2.692 5.40 5.5

13. T3 XZ 11.42 2.941 5.79 5.75

14. T4 XZ 10.7 3.372 6.00 6.0

15. T5 XZ 9.35 3.00 5.29 5.25
16. T6 XZ 18.566 4.06 8.68 8.5

*
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a

Figure 3.23 : Rf/<|> plots of XZ and YZ planes of samples (a) C] (b) Co and (c) c,
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Figure 3.24 : Rf/cJ) plots of XZ and YZ planes of samples (a) C* (b) Cr> and (r) C?.

A



• i

i

• 1

A

f\ \

I
m
' r*•'

KA
1

1

Figure 3.25 : RfAj) plots of XZ and YZ plane* of samples (a) C (b) c and (c) C
10-
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f\

Figure 326 : Rf/<J) plots of XZ and YZ planes of sample (a) PL- and YZ plane of
samples (b) T! and (c) T2. '. b nr-Xr
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Figure 3.27 : Rf/(j) plots of YZ planes of samples (a) To (b) T, (c) Tr and (d) T,
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feldspathic-porphyroclasts by Rf/<|> techniques are integrated for three

dimensional strain analysis to determine the shape of strain ellipsoid and

values of different strain parameters viz., k, K, tand es (Table 3.3). Different

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

(i) Flinn graph: On the Flinn graph, all data points are lying in the flattening
field (0 <k<1) with.k 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
a). As one moves away from the contact of porphyroclastic granite gneiss with

the garnetiferous mica schist, kvalues are maximum (0.831) near the contact and

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

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

flattening field (0 <K<1). The values of K varies from 0.027 to 0.879 and range
from 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 strain is nearly plane strain.

(iii) Hsu plot: In the case of the polar graph, all the data points are lying
again in the flattening field (0 <x<+1). The values of xvaries 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 j|
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 viz. k, K, and Gs from the Sutlej
Valley, Himachal Pradesh;

SN'Sample No. Rxs RYS RXY X:Y:Z: In R. In K. In R. k I Is

1. \ 5.75 3.6 1.59 5.75:3.6:1 1.28 0.46 1.749 0.226 0.362 0.4684 1.28

2. c2 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. c3 4.4 4.2 1.04 4.40:4.2:1 1.43 0.039 1.48 0.0125 0.027 0.9474 1.19

4. c. 8.5 4.0 2.125 8.50:4.0:1 1.38 0.753 2.14 0.375 0.543 0.2961 1.53

,u cs - 4.8 2.3 2.08 4.80:2.3:1 0.83 0.73 1.56 0.831 0.879 0.0643 1.10

6. 'C7 ! 4.0 2.85 1.40 4.0:2.85:1 1.04 0.33 1.38 0.216 0.32 0.5151 1.02

7. c8 4.8 4.0 1.20 4.80:4.0:1 1.38 0.18 1.56 0.066 0.13 0.7699 1.21

8. c9 5.0 2.85 1.75 5.0:2.85:1 1.04 0.55 1.60 0.405 0.534 0.30378 1.15

9. (-10 5.75 3.0 1.92 5.75:3.0:1 1.09 0.65 1.749 0.460 0.594 0.2547 1.25

10. PL7 4.60 3.6 1.28 4.60:3.6:1, . 1.28. 0.247 1.526 0.356 0.193 0.676 1.16

I

i -

!

i : ! .

; j . ' -. • •< I- • •• - ' | • -.- ! ':••• ' • ••

\ • . ,- i i i , •• I i <'

;.., ' -: ••.... c : i ,• ,'•••-. ' ' • ' ;' :

•j7 t-t I»fl ' 'ii ' i •;! •' > -



82

K = 0

In Ryz

Figure 3.28 b: Logrithmic plot showing strain data of samples lying in flattening
field.

K =

K - 1

C4

C10 *

C9._
*C2 C1

C*7 *
Pf7 C8

* C3 K = 0

+| I I I I | l I I i | T i i i |
2 3 4 5

Ryz

Figure 3.28 a : Flinn graph showing strain data of samples lying in flattening
field.
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*0

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

between the Wangtu granite gneiss with garnetiferous mica schist appears to

be a ductile shear zone, which is indicated by the presence of many characters

of ductile deformation regime described above.

3-3 DEFORMATION PATTERN OE THE

JUTOGH nae»:e»e

3-3-1 Chor- Mountain x~ «s «g _i_ o n

*

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 Dcl phase produces

a distinct nearly horizontal E or Wplunging folds and a coaxial lineation. As

this deformational phase corresponds to D2 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 Dc connotation.

a. First deformational phase (Dclh 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,

1979; Kishor and Kanwar, 1984, 1986). During this deformational phase, a series of

minor folds are formed. Recumbent, gently inclined to reclined-type Fci folds

have been observed on the bedding planes Scq and are prominently seen in

quartzite schist alternations (Fig. 3.31 a) and marble bands along the

Nauhra-Shamra section. The Fcl folds are tight to isoclinal folds with thickened

A
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Figure 3.30.: Cross-section of the ductile shear zone DSp DSo and DSo, regional
foliation and orientation of XZ plane of strain ellipsoid in parts oF
porphyroclastic Wangtu gneissic complex near the Chaura Thrust along the Sutlej
valley.
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Figure 3.31 a : Recumbent, gently inclined and non-plunging Fc1 folds or. the
bedding planes Sc0 in quartzite-schist alterations of the Jutogh metamorphics
along Nauhra-Shamra section, Chor Mountain.

Figure 3.31 b: Marble and amphibolite in the Jutogh metamorphic having isoclinal
Fc] folds with considerable plastic flow about 1.5 km towards Shamra from Nauhra,
Note type-3 interference pattern between Fcl and Fc2 folds.

Figure 3.31 c : Axial plane foliation Sqi in porphyroclastic augen gneiss cf the
Chor granitoids near the margin with the Jutogh metamorphics along the Raundar
Ka Khata nala. Note small-scale intrafolial Fcl .olds affecting the megacrysts.

Figure 3.31 d : Porphyrinic granite of the Chor granitoid body about 5km ENE of
NaUhra. Many subhedral feldspar megacrysts show strong prefered orientation
without any shape modification in foliated fine grained groundmass.-

A
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hinge zones and mostly of Class 1C to 2 (cf. Ramsay, 1967). Fcl 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). Thecoaxial mineral/stretching

lineation FL1 is associated with FCj folding and marked by preferred orientation

of mica, amphibole, stretched quartz and feldspar grains in the country rock.

Axial plane foliation Scl dips gently on a regionl scale (Fig. 3.31 a), but is also

nearly vertical at places. It is marked by preferred orientation of

phyllosilicates and feldspar. Scl subparallels the bedding surface S™ on the

limbs of Fcj folds.

The axial plane foliation Scl, related to Dcl 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 &»_ and is seen

throughout the area (Fig. 3.32 a). The pattern of tt Sg1 defines almost a complete

girdle whose axis plunges towards E, indicating the effect of subsequent Fc2

folding. However, Scj foliation trends almost E-W regionally and dips both

towards N and S at moderate to steep angles (Fig. 3.32 b). The Lcj lineation is

mostly found on the main foliation SCm and plunges coaxially to F™ folds

towards east or west at gentle angles (Figs. 3.32 c, d). On the macroscopic scale,

the Lcl lineation is considerably homogeneous in its amount and trends, which

isalmost parallel to the strike of the main foliation Sp_f unlike the leneation

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

Main foliation in the Chor granitoid: The main foliation SCm 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 contactwiththeJutogh metamorphics. This foliation
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Figure 3.32 a:Structural map.of Chor Mountain region showing main foliation S
and lineation Lcl in the Jutogh metamorphics. r

Figure 3.32 b :Synoptic 71 - diagram of main foliation SrM/Sr1 from the Chor
Mountain.

Figure 3.32 c:Synoptic stereoplot of mineral lineation Ln from the Jutogh
metamorphics around Nauhra and Shamra area.

. - ; 1
J

M /

Figure 3.32 d : Scattered plot of a few Fn folds from Chor Mountain area
CI

1

Figure 3.32 e:Scattered plot of a few poles to crenulation foliation Sro fr
Chor area. C3

:'om

Figure 3.32 f : Crenulation fold FC3 from the Chor Mountains showing a high
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

PHASES

D,

D3a

SOTLEJ VALLEY (Singh, 1987)

Pi :tight to isoclinal with longdrawn
limbs,

rare with tightly appressed narrow
hinge.

Si :parallels the lithological layering
of metamorphic/sedimentary origin

AREA

F2 :developed on Sj
close to isoclinal, reclined, plunging
down the dip either NNE/SSW

L2 :mineral/stretching lineation
parallels the F2
developed or, S2 foliation plane or
composite S0, S1( S2 plane designated a:
main foliation Sin

S2 :most prominent planar fabric
striking ESE-WNW
dipping NNE or SSW

F3,: isoclinal inclined to recumbent type
plunging ESE/WNW at low angle

L3.: parallels F3. folds

S3.: gentle to moderatly inclined

P3i,: crenulation folds

plunging ESE/WNW at low angle
parallels F3l folds

mostly asymmetric with southward vergence

[•31,: very,prominent and parallels the axis of
crenulation

S3b: steeply dipping axial plane of the F3b fold

SHIHM-CHOR AREA (Naha and Ray, 1972;
& Kishor and Kanwar, 1984)

ABSENT

Pi : reclined to recumbent fold

plunging moderatly Eor W
most prominent

Lx :mineral/stretching lineation
mostly E-W horizontal in attitude

Si :axial plane dipping at high angle nearly
vertical

most prominent in the area

F2 : gentle nearly upright
nearly horizontal plunging Eor W
folding feeble to insignificant

L2 :parallels F2 folds which is coaxial to tt

S2 : steep in nature

F3 : crenulation folds

open and upright folds

L3 : parallels the F3 folds

81 : steeply dipping towards SE or ENE
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Table 3.4 continued

i I • ; • 7 ••

DEFORMATIONAL

PHASES

AREA ' •

SUTLEJ VALLEY (Singh, 1987) SHIMLA-CHOR AREA (Naha and Ray, 1972;
& Kishor and Kanwar, 1984)

•

Thrust faults cutting across S3b

Shear bands and shear lenses

Quartz filled tension gashes

Culmination and depression affecting the D3
deformation

pi
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is defined by preferred orientation of phyllosilicates and feldspar (Figs. 2.56;

3.31 c). The marginal parts of the granitoid are characterised by •general

increase in the grain size resulting into the development of porphyritic:

granite (Fig. 3.31 d). Complete gradation from undeformed coarse granite to well

foliated mylbnitic augen gneiss to fine grained gneiss has been observed on the

outcrop scade (Fig.'3.33 a). In such cases,! feldspar megacrysts have undergone

gradual elongation and asymmetric rotation (Fig. 3i33 b). Towards the margin of

the Jutogh metamorphics, the megacrysts are extremely elongated with grain

size reduction (Fig.' 3.33 a)L S-C. shear fabric is developed! with asymmetric

feldspar augen and their tails ihdieatingia consistent SWr-shear vergence (Figs.

3.33 a, b). These megacrysts also define a prominent: stretching lineajtipn y

parallelling the main Lcj lineation in the Jutogh metamorphics.

b. Second deformational phase (D^fc This defdrmational phase' is not-vejry

prominent in the area, but a few occurences are notable and provide clues to

the structural relationship with the Dqj phase'.-In the southern portion of, the

Chor grahitbid, signatures of the second deformation DC2 have not been

observed, whereas these are present at =a few localities in the Jutogh

metamorphics. DC2 deformational phase is characterised by* the isoclinal folding

of the earlier axial plane foliation Scj, forming a coaxial F^ fold with FC|. The

angle between the limbs of F^ folds ranges' between less than 10° to about 40°. <*•

These folds are isoclinal to tight, Class lC-type (cf. Ramsay, 1967), nearly upright

to inclined with gentle, almost horizontal E or Wplunging hinges (Fig. 3.33 c). The

related LC2 mineral lineatio'n is also hot verjf' widespread in the area, but it'ean

well be seen in the hinge zone of FC2« Otherwise, all the linear structure of Dr|

and D^2 deformational phase are parallel to each other. The overprinting of F^

fold on Fq| give rise to type-3, hook-shaped interference pattern (Fig. 3.31 b). The

Fq2 folds have also been affected by plastic flow within the marble band along A

with FC| (Fig. 3.31 b). The associated SC2 a^cial'plane foliation of" the FC2 fold is

steeper in nature. ;
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c.Third deformational phase (D3): The third deformational phase is prominent in
the schistose rock of the Jutogh metapelites and metapsammites and nearly

absent in mylonitic rock and granitoid body. The crenulation fold Fc3 are seen

in the metapelite and metapsammite alterations with variable, interlimb angles

and wavelength-amplitude relation depending upon the lithological contrast

(Fig. 3.33 &)'. The FC3 folds are mostly asymmetric, upright in character and have
southwestward-vergence (cf. Butler, 1982). Synoptic diagram of poles of axial

plane foliation Sc3 of crenulation fold shows that Sc3 foliation strikes nearly
E-W with moderate dips towards N(Fig. 3.32 e). Fc3 fold axes in southern portion

of the Chor Mountain clearly depict a spread in plunge, orientation and amount,

probably due to late folding (Fig. 3.32 f).

3.3.2 Anni-Dalash region

The Jutbgh Nappe of the Anni-Dalash area is thrust over the Shali Formation

and contain Cambro-Ordcvician granitoids, which represent the off-shoots of

the Mandi-Karsog pluton (545 ± 12 Ma) of late Dj deformation (Fig. 2.1). These

gneissose 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).

• The Jutogh Nappe in this part of the Sutlej Valley represents the

southwestern 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 Fj folds have Aflame-type', irregular hinges and
long-drawn stretched limbs, as has been noticed in the HHC. These folds are
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Figure 3.33 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 S/J-shaar vergenge about 4 km NNW of Nauhra.

Figure 3.33 b:Gradual elongation and asymmetric rotation of feldspar megacryts
in mylomtisea augen gneiss near margin of the Chor granitoid with the Ju^qh
metamorphics. Loc. : Raundar Ka Khata nala.

Figure 3.33 c : Isoclinal, recumbent Fc2 folds of class IC-type in quartzite of the
Jutogh Group about 1 km towards Bandal village from Nauhra.

l-igure 3.3j a : Crenulation folds Fc3 with variable mterlimb angles and
wavelength-amplitude relation 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 orthoquartzite on f ootwall and hangingwail pelitic schist with
gneissos bodies. View from Jakhri towards right bank of the Sutlej valley.

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 schist. These early Fj folds are appressed, tight to isoclinal and of small

wavelength, with obscured or obliterated hinges due to shearing along short
limbs. The axial plane foliation S, of the Fj fold is parallel or subparallel to the
metamorphic/lithological layering (Sn). At some places, the earliest fabric has

angular relationship with Sj foliation. Despite the presence of the Fj folds, the
Lj lineation is less common due to subsequent deformational event.

b. Second deformational phase (D2h The second deformation D2 is most prominent
and produces F2 folds, its axial plane foliation S2 and coaxial
mineral/stretching lineation Ly The F2 folds are mostly reclined-type and less

often inclined or recumbent-type. F2 folds are characterised by long limbs and

rounded hinges with interlimb angles varying between less than 10 to 35°. F2
folds plungeconsistently towards NE at low angles and are developed in schist,

granite gneiss, pegmetite and quartz veins all over the area. However, these

locally deflect from this particular trend. The axial plane foliation Sn of these

folds is marked mainly by preferred oriented 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 tosubparalellism of both Sj and
S2 planar surfaces. The Sm foliation 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 rocks form the limb qf-a larger fold (Woldai... 1987), while later

cross-folds havecaused some minor deflections from the general persistent WNW
and NW trend.

The L2 mineral/stretching lineation is coaxial to the F2 folds and, at places,
also represented by mullions, quartz rods and boudins. L2 lineation plunges
consistently NNE to NE at moderate angles, even in the granitoids (Wolde, 1987).

In a few instances, this lineation also plunges SW, possibly due to later F3
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folds. The type and nature of the minerals defining the mineral/stretching

lineation depends upon the composition of the litholodical units. The L2

lineation maintains consistent orientation and parallelism in all the

lithological units, including the mylonite augen gneiss of the Bajura/Kulu

Nappe (Faiya, 1987). It indicates that the development of L2 lineation is

unrelated to the thrusting and have possibly developed in ductile shear strain

regime during the D2 deformational event.

c. Third deformational phase (D3): On the basis of mutual structural
j

relationships, D3 phase has been classified into the early D3a and late D3^

deformation phases.

D3a deformation phase incorporates F3a folds having recumbent to gently

inclined geometry with subhorizontal to inclined axial surfaces. These are

developed on earlier foliation Sq/Sj/S2. The axial plane foliation S3a of these

folds is marked by preferred alignment of quartz and mica at low to moderate

angle to the curved S2 foliation. F3 folds are also characterised by less

prominent nearly NW-plunging coaxial L3a lineation of mica at moderate to high
... •. ,. i i

angles to the main L2 lineation.

Late D'3)3 deformational event has produced F-^ folds, which are mostly close

to tight, moderately to steeply inclined and crenulation-type. Their hinges

form a prominent lineation L-^. These folds are coaxial to F3 folds and produce

type-3 interference pattern. These folds plunge gently to moderately towards

NW or SE. F3|j folds have variable interlimb angles and wavelength-amplitude

relationship and are mostly asymmetric in character with southward vergence

geometry. The crenulation foliation S3b, associated with F3b folds, is well

developed in pelitic schist and less cbmmonly in quartz-mica schist, it is

marked by faint alignment of mica flakes. The foliation mostly trends NW having

moderate dips towards NE.
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d. Fourth deformational phase (D4h In the last deformation phase, axial planes '
S4 of associated kink folds FJ are developed in'garnetiferous mica schist at a
few places. S4 foliations have trend Nto NE with moderate to steep dips. A
series of sporadically developed brittle and brittle-ductile shear zones have
also been observed to offset the continuity of earlier foliation. '

' • '- * " • ye ' • . : i 'i ••• •..-; • [

3.4 MAJOR TEOTONlC! BOUNDARIES
• ••.•:•,' I . ' J . , i . ,

The area along the Sutlej valley and Chor Mountain contains the following1
i : I j

major tectonic boundaries: •'

1 - •'" : • •• ' • ' : '• - -; U Hit >.-- iffv> .-,; fjj.,q bii ' ,d I-,,,

(i) Main Central Thrust (MCT), lift
(ii) Kulu Thrust (KT), ' ' ''

(iii) Chaura thrust,

(v) Chor thrust ' ' ' '" ;- ! '; ' ' ' '•'••

(iv) Jutogh Thrust (JT)

I.

mod • ' i • i*.t - •', . i • ,

3.4.1 Main Cc^nt.»-al Ttir-ust <MOT )
• ' .-= -:•:;•:. ....,, ..•.••.. ny - • - • -

The Main Central Thrust (MCT) lies between the Lesser Himalayan Proterozoic

foreland Kulu-Rampur Window and the Higher Himalayan Crystalline (HHC) along
the Sutlej Valley. The HHC is thrust southwestward along the MCT andnow rests" '

over the quartzite-volcanic sequence, where the metavolcanics yields a Sm-Nd
2509 ± 94 Ma whole rock age (Bhat and Le Fort, 1991). The HHC consists of

metapelites and metapsammites 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 merges 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 Sutlej 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 villages and then loops back to the south of Taklech. It either merges

with the Kulu Thrust or overlaps this thrust (Fig. 2.2). On the 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 overlying

metamorphic pile. , • . •

Heimand Gansser (1939) designated the boundary between the Lesser Himalayan

sedimentary zone (Berinag quartzite and/or Calc Zone of Tejam) and lowto 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, 1973; 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.

,\ i
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3-4^2 GJi^ura Thrtisl!: r : ! *

ij.'•' •< I 111" I ••,-'• :i i.i'l Mt1

• It lies between :the Jeori Formation and-'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 augenl^from 'porphyroclastic granite gneiss

(section 3.2.4).The conatct between the metasediments of the Jeori Formation and

porphyroclastic granite gneiss is concealed "below the'soil co'v'er dri the road

section; butis expose'dat higher elevation. The 'contact between' these'two Unit's -

is sharp. Foliation-within the ."•'pbrphytfbclastic ^gneiss* becomes very intense

towards the contact aild is marked by stretched quai'tz and feldspar'axigeri,"

which ifpptetr toWlii^dhitii&e&Figi'334-l^^^4dMSiNVII^I^A'%i^'1%i&,^ A
contact hasdeveloried-during ductile shear regime bf 'main deformatioriarevent.

The Chaura thtwst separates two lithotectbiii'c unit of HHC With distinct

uplift rates;'as'ttas been worked"out bri the'basis? ;b'f' Fission Track' Dating on

apatite and zircons from these units '(RiStaar, 1992). " ' • \- ,r>

•'-',- »i ! i -,m; j ,.::•.-..<,!.. ... .- : • | , • ' ' .• , \ I . ; j -i .-.!.-• • • •:. . .,!.,; | ,. |

3 .4 J*3 Kiiiu Thrtisti! •' ?";' '•'••" •'• ';•>-•

This! t^c't:onib•' 'Bbuh'dary1' is present 'ih '' between ' the Lesser !Himalayan '
sedi!mexit!ary fbre'land wirtdbws ancl the Bajura/Kulu Nappe'' of 'the Proterozoic

mylonitised augen gneiss. The thrust is basal to the Bajura/Kulu Nappe and is

a subsidiary thrust to the MCT.

"to . '•• •- • ?u ,' liq •<-,-., • .•'.." ••[ • i • \ . -• H/iK'J •' h'*l ••'• •' I

1In the tfirath-Baragaon area, the KulipThrustis distinct by the presenceof '
highly 'mylonitised and li'heated 800 mthick dismembered" augen gneiss of the

Bajura/Rixiu Nappe over carbonaceous phyi'lite'/slate of the window rock. Due to

intense deformation, mylonitised augen "gneiss is characterised by elongated

megacyrysts and grain size reduction with development of blastbmylonite and
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uitramylonite bands (Fig. 3.34 c). Numerous discrete ductile shear zones reveal

discordant relationships to the main mylonitic foliation within the nappe

ur.it- wherein coarse augen-rich band*! are progressively reduced in ~ize from

the shear zor.e walls towards the centre of the shear zone (Fig. 3.34 d). This

reflects the overall geometry of the nappe.

Along the Kulu Thrust near Luhri footwali encompasses carbonaceous

phyllite/slate and interbedded chin black massive quartzite of the Rampur

Window, and the hangingwail of the overlying my'lonitised augen gr.eiss cf the

Bajura/Kulu Nappe. In the window zone, doloriitic limestone is deformed and

crushed during thrust movements, The trend of foliations in window,rocks and

overthrust mylonitised augen gneiss is mostly concordant. However; this

structural concordance is lost towards Luhri, where incense shearing and

rotation in mylonite have resulted in diverse attitude of structures. This is

evident from a scries of thrust slabs stacked o:i top of eachother thus forming

duplex structure along the Luhri-Dalc n road 'Fig. 3.35 a). s.

Ir. the Cheorata window, the thrust lies between carbonaceous phyliite/slate

and interbedded quartzite and myloniti-aed augen gneiss along the Kali f>.itti

Nala (Fig. 3.34 c). Trie contact is very sharp between myionisied augen gneiss and

friable carbonaceous quartzite with development of fault gauge alone; planes

striking N 115° and dipping 50° S. Here, main foliation in mylonitised augen

gneiss strikes N 142° and dips at 45° S. : -.

In the main Rampur Window, the Bajura/Kulu Nappe pinches out south of

Taklech, and at the same time, the Kulu r.'hrust is concealed beneath the MCT/JT

(Fig. 2.2). On the southern slope of Nogli Gad the Kulu Thrust lies between

carbonaceous siate/phyliite and mylonitised augen gneiss. This contac'c can be

traced from a distance on the basis of, distinct sparse vegetation pattern in

cabonaceous phyllite.,
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Figure 3.35 a :Thrust slab, stacked on top of eachotner forming duplex structure
within the Bajura/Kulu nappe along the Luhri- Dalsh road. Loc. : Near Luhri. For
scale see man standing on road

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

Figure 3.35 c : 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 mfrom 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 national
highway 22 about 3 km from Rampur town. Also note a normal fault displacing
contact cf quartzite and volcanics for scale note men working for the road
construction.

.
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Figure 335 a : E-W trending recumbent, isoclinal tightly folded quartzite and
overlying carbonaceous having S-vergence beneath the Bajura/Kulu Nappe Loc. :
Kali Miti, Ka Naia near Chareota on the national highway 22

Figure 3.36 b : Conglomerate containing large rounded quartzite boulders
embedded in arenaceous matrix, having elongated pebbles witn down-the-dip
lineation. Pitted boundaries enhanced elongation of grains due to pressure
s: " . . .on ;;er.i' Char :ocs village

Figure 3.36 c : 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 displacement towards
right-hand side in the normal sense.

Figure 336 cl: 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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Earlier/this thrust was designated as tue Chail Thrust (Virdi> 1971,1976,1960;

Gururajan and Virdi, 1904; Gururajan, 1985);'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" in the Kulu area, but they did not name it. Later,

Bhargava et al. (1991) termed it as the Kulu Thrust'Sheet and the basal contact

as the Kulu Thrust after considering this unit as a part of much extensive

nappe. : • ; : -••- I '•• ' •• • • • »/'->•' •-"•-

l-y-i) / I ! <V.{I •• ! • L|:..!»,'! I- •:• i• ••• • I 1 • • !. ' •:•• -:'; • it \h -•'

On the regional scale, it appears the Kulu Thrust has transgressed over the

Chail Thrust of the frontal part of the Jutogh Nappe (Fig. 1.2). ' • •

I ! < , • . ;,,.- • • '• • .' .. • • r '•';!' ••• M -<i I •' ' " • ' ; • •• <• r.-i

3 - 4 - 4 \XiifcagH' Thrust < iJT )

• ,.

Defining the base of' the :frontal Jutogh-Nappe in Simla Hill and Chor

Mountain regions/ the Jutogh Thrust separates the Lesser Himalayan

metamorphic belt from the Chail Group metamorphics. However, the Jutogh Nappe

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

The Jutogh Thrust can be located between* carbonaceous»-phyllite of the

Jutogh Group and chlorite-sericite-bearing quartzite of the Chail Formation

near Pidiya Ghat along' the Nauhra-Shamra section (Fig. 2.3). The'emplacement of

the Jutdgh Nappe over the Chails has probably caused localised quartz fibre

growth in down-the-dip'direction and chlorite-sericite lineatibn in a;500!m

wide zone within the'fobtwall (Fig. 335 b). Within fine-grained quartzite of the

Chail Formation, kinks with gently south-'dipping axial planes are seeri in the

thrust zOhe, which can be interpreted as a gravity collapse structure. Within '

the'Chail Formation,'late-stage brittle fractures are also developed and

post-date the'kink development. The presence of discrete shears, fault gouge
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and brittle overthrusts within the Jutogh Thrust zone reveals its shallow-lev^1

structural development" ina high strain regime. B., -,irn

Between Nirath-Luhri-Baracaon, the Jutogh Thrust demarcates the contact

between the Jutogh Group metamorphics and augen mylonite of the Bajura/Kulu

Nappe (Fig. 335 c). Graphitic schist -nearly always demarcate the Jutogh Thrust

and serves as ia key horizon for distinguishing the two formations fronreach

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. Approximately 2 km NW'from

Baragaon on the Kingal-Basantpur road, the Jutogh Thrust is exposed on the road

with about 50 m strike-section (Fig. 335 c). Here, NE-trending contact between

mylonite augen gneiss and dark grey biotite schist approximately dips 20°

towards NW. One can observe this contact cblique to the trend cf vrain foliation

within these sequences, indicating gradual truncation of the Bajura/Kulu

subnappe {Fig. 335 c): The Jutogh Thrust is also very sharply exposed along the

Luhsri-Daiash road , where it is characterised by almost identical oblique

relationships. • • :.-.,.• .! , . , . •

3 .4 - 5 CMnoir fc 1^ rr \jl je? ±^ '• ,•

The Chor granitoid body reveals localised development of mylonite

containing a very prominent mylonitic foliation due to intense ductile

shearing along its contact with the Jutqgb metamorphiqs (Fig. 333 a). The

mylonitic foliation is defined by preferred orientation of phyllosilicates and

feldspar (Fig. 3.31 c). This contact has been locally termed as the Chor thrust. The

mylonitised augen gneissose granite ris characterised by many shear indicators

e.g. S-C shear fabric, asymmetrical augan and. presssure shadows baying

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

metamorrphics and subsequently 'sheared Tduring the Himalayan Orogeny. : ' i

>?•,; j-j e. . . ;.,.;•• -..,• i ;.i .••...-.;,.:••.-..' • ••; • •>•.< i -...••:•.!•• •

! «,«i • ' • • j• •• ' - ( • >1 j •' ' f • ; i -•' =• . • •• ••• • •• "•[

3-*5^LARGE-SCALE STRUCTURES ' -d »•<• .

3 - 53 . 1_ Lesser Hiitiallayalrt foreland1 '

f-l-jfv: I , '.< i window zone' ' • ••>'<;•' .; .-' , > it !>

,» !• • :d?«j i«« n I •••-•'. yi • • n«qii •

The Lesser Himalayan para-autochthonous Proterozoic foreland sequence is

exposed in numerous windows due to: the deep 'erosion' " of the''overlying

metamorphic nappes. Along the Sutlej river bed,1 'the Kulu-Rampur and Shali

Windowsare characterised by low grade metamorphosed sedimentary rocks having

metavolcanic intercalations. -' ,! ; . • '

• ••. • > -' ' *!..(•' . *'!..:!•: i ;•.",!• ill W- : '••It. i • I ' ' ' • ' ' • - .'

The Kulu-Rampur Window occurrs as'a doubly plunging antiform with a closure

towards SE. The existence of a t'ectoriic "window' around Rampur in the Sutlej

Valley was first indicated by Berthelseh (1951)'. Chakrabarti (1973, 1976, 1979) is

of opinion that the so-called window is open to the southeast of Rampur along

the Nogli Gad. Bhargava (1982) remarked that' the Manikaran Quartzite extends as

a thin narrowband upto Karcham, thert sweeps around towards'N and NW around

the Wangtu gneissic complex. Bhargava (1982) has interpreted the latter as a

tectonic inlier • within the Kulu-Rampur Window with a distinct 1800-2000'Ma

igneous activity. On the contrary, Sharma (1977) mapped the window closure

towards ENE of Rampur (also Virdi, 1981). In the present study, it has been

observed that the Manikaran Quartzite extends around Kasa and Pat villages

beneath the HHC, thus demarcating the closure of the KulU-Rampur Window. Here,

garnetiferous mica schist of the HHC wraps-around the window'-zone rocks.' !

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 tzone'KFig. 335 d). Traversing from Jakhri

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-Ra npur Window. Further downstream., metavolcanics are

imbricated with white massive quartzite near Rampur town, where atleast two

tectonic lenses cf metavolcanics within the qiartzite can be observed (Fig. 335

d). It is likely that main antiformal structure of the window is associated with

ramping along such many imbricate zones.

I • - ...,.-. . ......... .

The Cheorata Window, lying to the west of the main Kulu- Rampur Window, is

characterised by a doubly-plunging, E-W trending open anticline. The mylonitic

augen gneiss 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. 336 ah Within the wina:w zone,

quartzitic conglomerate contains large r >unded 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 nsy have enhanced

elongation of grains (Fig. 336 b). The siltstone are'locally .graded in character

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

nodules is also-present in the carbonaceous slate/ph-yllite and parallels the

pebble lineation.

The rocks of the Cheorata Window have: been regarded equivalent to.the'

Basantpur Formation of the basal Simla Group (Srikantia and Sharma,. 1971).

Bhargava et al. (1972) used the cobble bed, associated -with the -dolomitic-

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

Window, The succession of dolomitic limestone, cobble bed, carbonaceous
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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 Bhargava,

1984). Virdi (1976) proposed that the correlation of these rocks with the Rampur

Formation is more appropriate than the Simla Group, due to nearest exposure

present in the area. According to him, a change in sedimentary facies from

carbonates through euxenic toorthoquartzite with basic volcanics is a typical

shallow water assemblage.

The Luhri village isftanked by two distinct windows, therefore, they have

been designated as the Luhri-I and Luhri-II windows. The Luhri-I window is

located about 0.5 km east from the village and exposes carbonaceous phyllite and

quartzite beneath the Bajura/Kulu Nappe. The main foliation of the foreland

rocks and overlying allochthonous mylonite is parallel with each other. The

Luhri-II window is partially bounded by Kulu thrust, which can be traced on the

right flank 6f the Sutlej river and is not observed on the other side of tile

river. Withiri'the overlying allochthbhbus nappe, dip of the main foliation

varies from 10° to almost vertical rtear the boundary/while underlying phyllite

is gently dipping in the window. This window pinches out in a narrow zone to

the west of Luhri and eventually disappear beneath the Bajura/Kulu Nappe.

Apart 2'' m these small windows, westernmost parts of the area aiso exposes the

extreme eastern margin of the main' Shall Window (Fig. 2.2) with outcrops

extending along the river courses at the lower elevations. The window-zone

rocks are highly crushed and fractured due to local cataclastisra.

3-5-2 Ba j jLrsL/Xulu N-a^jpe

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 arid the Jutogh Thrust at
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its tpp. In the Parvati valley in western Himachal Pradesh, this nappe is traced

from west to Pechba, north of Bhur.tar--to Gangyasi, To the east cf Beas river, '

this gneissic band can be traced from; north of Khokhan village in the northttb" I

south of Patogi in the south and again from east of Aut to Baragaon in Sutlej

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, muscovite 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 Kulu Formation, It consist of quartzose, banded and.streaky gneiss with

augen structure. Quartz and feldspar augen are wrapped around by biotite. He

described its contact with the underlying Khamrade member (carbonaceous and

graphitic slate/phyllice and schist with limestone bands) r.rd overlying' Kulu

member (garnetiferous biotite and chlorite schist with . quartzite and

pore ryritic granites) as conformable and gradational. i -,, ,

Gururajan (1990) used the term Chail Thrust Zone, in which mylonitic augen,' >

gneiss is only a part of t,he sequence. The lower contact of the Chail .Thrust

Sheet with autochthonous Shali Formation was demarcated by him asthe Cnail

Thrust. He noted that mylonite augen,gneiss, grades into phyllite, quartzite and ,

garnet-mica schist.

(

Bhargava et al. (1991) described this unit as the Kulu Thrust Sheet with

distinct granitoid activity of 1430 t 150, Ma ag#?. The upper contact of this

thrust sheet with the Jutogh was termed by them as the Jutogh thrust, while the

lower contact with autochthonous window rocks was termed as the Kulu Thrust.

Within the Bajura/Kulu Nappe, intense ductile shearing has produced ,•
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small-scale shear zones as a penetrative planar fabric, probably at deeper'

crustal levels (Fig. 3.36 c; Faiya, 1987; GuFurarjan,"1990).Detailed' shear istraln '

analysis of, numerous such zones within "the augen mylonite Of this unit: has'-

revealed alternating zones of high and low (shear4 displacements (Faiya, 1987).

This pattern is subsequently superposed by numerous discrete'brittle-ductile

to brittle duplex thrusts within the nappe*(Fig. 336 d)l' v -. ! h. . : ,"

. . - 11 .«i n.ij i-iimii !••:>'"..)•; l f-.'- : •>I

,...-... .i-i-i i[. . ••-.'•",?•:•' ->?., :,,';-,: '• i-i* • •••

3-3-3 I!*!es;s :s e x-' £k.Tr<5L 'H'djcjlne xr ; HdLmiaL -1 ^y-ari

Metamorphic Beit bCnifnah ,- t i ,,;
• , j ! ; i i | I• - !• : !•• :• n i .;.•,;!; ?•••• ?!.<! ' >. *M >'

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 characterised by'the Higher

Himalayan Crystalline (HHC) in the inner part aVidthe UutOgh x\Tappe (jfi)*, both in

the inner as well as frontal parts.

<t:> -•; < • • ,iiUi:

The HHC is a monotonous NE-dipping belt 'with different pre-Hiraalayan

granitoid intrusions, as is evident from defbrmatiorial history and also from

U-Pb zircon ages'of^2000 Ma and "1800 Ma1 ^Chapter 6). On the basis cf th'e magmatic

activity, it is noteworthy that the HHC is characterised by atleast three

distinct zones, containing yoUriger granitoids'towards higher structural level.

The basal parts are characterised by 2000 Mk magmatic activity, which is

seperated from younger zone of 1800 Ma activity by the Chaura thrust. The

uppermost belt is bf ' Tertiary age and lies heat the cbntact with the Tethyan

Sedimentary Belt. ! ' ' ' '

...... -,.,;.,,. • • ,„.... ,. < , . • . : .• -.;. i- :• • ....,

The Jutogh Nappe ;occurs into two main butcrops; Chdr Mountain in the

frontal parts as a tongue in the Lesser Himalaya,' with its continuation-as'a

folded succession towards north around Narkanda and Luhri-Dalash area, and
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Shimla Hills exposing isolated pear-shaped klippe.. The Chail Nappe lies below

this nappe in the frontal tOngue-l-3-e and pear-shape-ouzc'rops. However, the

Jutogh Nappe is underlain by the -Bajura/Kulu Nappe along the Sutlej Valley in

the inner parts. There is a marked difference in frontal and inner parts of the

Jutogh Nappe with respect to the deformational histories. The earliest1

deformational event of the ;frontal part coincides with the second

deformational phase of the inner parts. Both the areas are emplaced by the

pre-Himaiayan granitoids, now occuring as gneissic granitoids of different ages.

Thecontact of the Cher granitoid with the underlying metamorphics appears to-'

be a thrust contact, as is evident from the presence of the mylcrite along this

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

.,, . • '. .-..•:. ...... ... • . ij-j •-,;.....,..

3.6 KUEAI?. CRITERIA Z^TSiTD SENSE OF*

JJ|X SE> I .A.GJEJKIT3N«3?

•

Numerous shear criteria have recently been used to decipher the sense of

displacement in orogenic belts and reveal complex movement histories during

various deformational phases (Berthe et al., 1979; Gapais et al., 1987). In the

Himalayas, application of these criteria have . indicated large-scale

southwestwarl verging movements cf the metancrphic nappes, followed by a

phase of extensional tectonics (Burg et aL, 1984; Burchfieid and Roydsn, 1985;

Brunei, 1986; Herren, 1987; Kunding, 1989; Jain et aL, 1991; Pate! et al., 1993) -

Most relevant shear criteria in ductile shear zones, useful 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 porphyroblastic.ai,ly. growing minerals etc. (Ramsay and

Graham, 1970; Berthe, et al., 1979; Simpson and Schmid, 1983; Gapais et ah, 1,9,87). 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 S- and C- fabric

relationships a'n<^b'ther,'shear'crit,erd'k^w^ptei'minin^^-h« g&nfeiM fcrdnfeipdn't

direction!-In the otogenic belts. ,: '">>•' • b*** " . 1= t j - !•-<-• M

The following numerous shear criteria have been analysed in the HHC and

Jutogh Nappe andl'classified1 as follows for better kinematic anatysis: '\ .-•

• i • •. ,.; 'i . • -: I W»j-.-t!)l!i ' I . ' - , i'<i!-: • j. • i >. ' ! ' ! ill »..'•.!,

..... .••,',- _,. I ' .' I • :'- V #| • : .- • - I, : ! < I

3 i 6 . 1 •!D«xc;-tt ±J1 e" rio]ni-^c;<2>SL3ci.;^-lL f'v *•'

f•-»111 tEt^fojtrmsk.fcz. Aoinia'l ^s'fei'Jt-vjlcsfeTiiires •• ••' i

' :• •. (if "••"• ,•-<'; ' ,'•/"!'••-•!•,•>• •") il; ''"'... .b : .' .--.'• i'!) V n-;- i'i. id fxv • -.; ifit

Theseistructures.show a consistent tdp-to-sout-hwest-, ow-erthrmstrfft-nse of

displacement'du!rin<j the most pervasive'deformation in themetamorphiic belts.'

1 '•'• .' :: ; i i <- • i • -; . v 'IP. <*<ni r! I i. •• i &<l .- ' i n. I .i i nil ; i • i

a. S-C composite planar fabric (Berthe et al., 1979; Lister and Snoke, 1984h S-C

fabric is charecteifised by two rsets"of ' planes i with* *ttftLak&brt 'planes' S-

gradually bending si'gmoidally due to C^sheair planes'(Figs.: 3:2 c,'!d; !«- '.-ffi 3$®).'

The latter are related to displacement dikcontirtuities ahd/or zor.

strain sub-parallel tb shear planes during'a nOri-coaxi4l 'deformation

evert within the MCT z6ne-(Fig. 337 a). Thy 'aftglAar relationship' between^ I

fabric is directly related to rotation of XY-plane of the strain ellipsoiu c

tb shearing (Ramsa^, l^StlJ. It is1very'Riudi evident that' anglebet**:/"

fabric decreases with rhcreasirig strain and predominance of C- shear f OiiatioriiV

The C-shear planes1 are1 discrete shear tones during*moderate strained domains

(Figs. 3.2 c, d), but are cbhtihbus'in higW strained !zbhes wh4rg!S-sUrfaces also:

become subparallel to C-shear bands (Figs. 3.2 c; 338) and has been widely used as

a kinemati'd Indicators for the ductile-shear zoned. ' " '' !'•' rt«d b • iti 1 ,.•»»•! j

: iff!" .,-"• u ' • I •(• i '••••. ;*:.'(' vd '. ••-• . - • '• if •• r i t r n'l";l r.u»; '

it'hasi'been observedthat the S-Ccomposite1 foliation is a 4j planat"fabric

and not oldest Si foliation (Fig. 337 c). Probably this is the eveidehce showing'
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that the S-C are synchronously developed on Scl fabric. Earlier it was

postulated that Sn La cider to C- p>.r.as (Lister and S:.oke, 198C. It appears that

boch S- and C- planes have acted like shear planes (Fig. 337 c) in the fabric

development due to varying orientation of Xand Yaxes of the strain ellipsoid.

b. Asymmetric il sheared levies, augen/negacryst and folds: Bcfti O-and fi-types

of quartz and feldspar augen are very common in granite gneiss and its

mylonitised derivatives (Figs. 3.2 d, 3.31 c, 333a, 3.37 d, 3.39 a, b). o-type augen are

characterised by vedge-shaped recryc.fallised tails on opt «ite side of a

reference plane with truj .lain foliation approximately parallel to the

rr.egacrysc boundary (Figs. 3.2 d, 337 d). In S-cype megacryst, tails lie on opposite

s- :.e of l.o plcne in augen gneiss &ndJ garnetiferous mi~-a schist (Fig. 339 a).

Further niny C- shear planes also be and tightly appressed intrafciial folds

within the T.yionite having the same SW-vergence geometry (Fig. 3.39 b).

Asyrcn-ztrA "imposition cf qnarczo-feldspar augen ic. the XZ sections

tyv cai 3 icace deformation mechaniuja in a de?p crusta; broad ductile shear,

;e overthrust-type with southward sense cf movement o:: the

ic pile as has been observed elsewhere in the Himalaya (Bouche? and

pii Brunei, 1986; Jain and .-, cr-d 1T8; Jain et aL, 1991; Fate! et a?„ 1993),

--- 1pressure shadows (Simpson and Schmidt, 1933!: ?.igid raegacr^sc of

^j-rtz, feldspar arc rotated garnet crystals show sigrr.oical inclusion tails

parallel to top-to-southwest cverthrusi sens? of shear displacement (Fics. 333

a, 337 d). These shadows mostly are of qrar ;z and biotite aggregates.

d. Fractured and displaced rigid grains* Feldspar augen in mylonite cf the

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

reveal small-scale displacement, like card-deck model, and dip mostly 50e to 60°

antithetic to the overall sense of movement towards SW (Fig. 337 d).



114

Figure 337 a : S-C fabric characterised oy two sets of planes within main
foliation. S- gradually bending sigmoidally due to C- shear planes wichin the HHC
near the MCT at Jakhri village.

Figure 337 b: S-C fabric in quartzite of the Kulu-Rampur Window showing gradual
bending of S- plane due to C- shear planes. Loc. : About 5 km downstream from
Rampur town.

Figure 337 c . Microphotograph of 3-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 S " are
synchronously developed and constitute the SCj fabric of the J v
metamorphics. CH^ :Crossed X 72

Figure 337 d :S-C shear fabric snowing 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-cype augen, characterised by wedge shaped
recrystaiised tails on opposite side of a reference plane with the main
foliation. Also showing asymmetric pressure shadow and small-scale card-deck
model displacement in feldspar megacrysts antithetic to the overall sense of
movement towards left. Loc. : About 5 km downstream from Nirath on right bank
of the Sutlej river after crossing the wooden bridge.

*
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Figure 338 z Discrete S-C shear fabric within the Wangtu granitoid i>i
characterised by development of incense localised fabric within the shear zone
from undeformed granitoid, Due ~o high strain, S-surface become almost
subparallel to C-shear fabric, Loc. : Near Wangtu bridge*
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Figure 3.39 a :6-type megacrysts with tails lying on oppsite sideof 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 c : 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.

Figure339 d: Single discrete narrow shear band within the myloniteaugen gneiss
with normal fault-sense of movement showing overall extension within the Chor
granitoid near Nauhra village.
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: A- : 5a •Single discrete narrow shear band wicnin the mylonite augen gneiss
with the normal fault sense of movement showing overall extension within the

-'•- " -coic. jcc, ; About 4 km ENE of Nauhra, village.

Mb : Conjugate set of extensional crenulation foliation prominetly
developed in metapelites and gneiss along the Nauhra-Shamra section within the
^ cor . :..~pe

Figure 3^0 c : Conjugate set of extension crenulation foliation (ECO having
opposite sense of normal extension displacement superoosed u-jon shear criteria

CCj plane dipping NE (towards left) at steeper angles are ubiquitously more
...Tuner.t than the westerly ger.cly dipping 2zA2 plane revealing overall

oi^rtening norm .;&••£;.,•..-;::.: -Oration ace excension parallel to it within
chc Wangtu granitoid, Loc, : Near Wc tu bridge.

•Figure 3^0 d : Conjugate set of extension crenulation foliation (ECO having
opposite sense of normal displacement. Planes dipping NE at steeper angles
vtowards ieft> are more prominent than the westerly and gently-dipping planes
revealing an overall extension parallel to pre-existing foliation. Loc. : Near
ennog village in the Chor Mountain area.
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3 - €5 - 2 5«.jg»e:iricVc>ise:<i'' la^yeir—parallel

extensional ^t iria.ctu.r-es

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/SEtrending folds and

their axial plane foliation.

a. Symmetrical and asymmetrical boudinage: In the symmetrical boudinage

foliation pinchs out towards the cuspate region (Fig. 339 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 bh 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. Extension Crenulation cleavage (ECC - Piatt and Visser, 1980): In the HHC and

the Jutogh Nappe, single and conjugate sets of cleavage/foliation provide

undisputed eveidences erf extension parallel to the pre-existing foliation and

shortening normal to it. Single set of ECC is prominently developed in

metapelites and gneiss (Fig. 3.40 b). Minor changes in their orientation indicate

gradual rotation during the overall non-coaxial deformation (Piatt 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). ECCj



planes dip NE at steeper angle and are ubiquitously more prominent.than the ,-

westerly, gently-dipping ECC, planes. This structure leads to overall shortening

normal to pre-existing foliation and extension parallel to it (Figs. 339 c, 3.40

c, d). . ; . . . , i ii. .i i I
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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

metamophic 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-Rampur 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 EPISODES

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

relationship, three metamorphic episodes are identified viz., i) Early
Pre-Himalayan metamorphism, ii) Main Himalayan metamorphism, and iii) Late to
post-Himalayan metamorphism.

' ' •

4.2.1 Pre-Himalayan Me t amo Jt-E>Jri i sm

The earliest Mj metamorphism, is pre-Himalayan and largely been superposed
and obliterated by later Himalayan metamorphism. The evidences of M,

metamorphism are found only in the HHC along the Sutlej valley and absent in

the frontal parts of the Jutogh Nappe in Chor Mountain region. Tn the Sutlej
valley, metamorphic layering is coeval with the P{ folds, where tiny mica flakes
trend uniformly across the hinge and parallel the lithological layering on the

limbs (Fig. 3.1 a). Sj foliation has been observed in the hinge zones of rootless

intrafolial F2 folds indicating intense transportation of the earlier

structures (Fig. 3.1 b). Crystallisation of minerals such as quartz, muscovite,

chlorite, biotite, feldspar, etc., occurred during the development of Fj folds and
preferably oriented along the axial plane foliation St and are, therefore,
related to DT deformation. The presence of quartz, chlorite, biotite, muscovite

and quartz in the assemblage along F} folds suggests greenschist facies for
pre-Himalayan metamorphism Mt. "•'

4.2.2 Ma :i-ir* Hi ma layan Me t amorph i sm

The HHC rocksin Sutlej valley seem to have undergone main Himalayan M2 K
metamorphism during strong penetrative D2 deformation. However, this
metamorphism is considered as Mcl in the frontal parts of the Jutogh Nappe in
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Chor area and related to Dcl deformation (see Chapter 3). S2/Scl foliation is
developed during this deformation with the syntectonic po'rphyrobalstic
mineral growth like garnet, staurolite, chloritoid, kyanite etc. (Figs. 4.1, 4.2, 43
a, b). Presence of kyanite, staurolite etc. in the assembalge suggest that these
rocks have attained amphibolite facies metamorphism.

Syntectonic minerals are often overgrown by the subidioblastic

inclusion-free post-tectonic minerals' mainly garnet (Figs. 4.1, 4.2) during late
to post D2/Dcl deformation and M2/Mcl metamorphism. S- and C- shear fabric

marking the S2/Scl foliation in schistose and gneissose rocks are developed
throughout the region irrespective of the major tectonic boundaries (Figs., 43,
c, d). The S- surface turn progresively into C- surface (Berthe et al., 1979) with

sense otdisplacement showing tOp-to-SW overthrust sense of movement (Fig. 4.4
a) in the. HHC as well as in the Jutogh Nappe (Figs., 4.3 c, d; 4.5 a, b). Along with
this ,S-, and C- shear fabric, asymmetric pressure shadows along rigid
porphyroblasts of garnet are also observed indicating the same sense of
overthrust movement (Figs. 4.5 c, d).

" ••

. ' ' • • t • - i ' •

4.2.3 3L,ate to Po s t —H ima 1 ayarx
Metamorphism

Minerals developed during main M2/Mcl metamorphism are later affected by
D3/Dc2 deformation during late M2/Mc] metamorphism. This is manifested by
post-kinematic growth of quartz, muscovite and greenish biotite along the S,
foliations in the hinge zones of F3a folds. Along the S^ foliation, new mica
flakes are developed parallel to the axial traces of F3b folds. Retrograde
metamorphism has taken place during D3b deformation and has resulted in

development of chlorite and muscovite at the expense of biotite garnet and
staurolite respectively (Fig. 43 b).
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Figure 4.1: Syntectonic garnet stringers along the main foliation Sm, overgrown
by subidiobiastic inclusion-free rim in garnetiferous mica schist. Internal
faoric S^ in garnet parallels external Se fabric of the main foliation from one
end to other. Wote ppst-garnet crenulation of mica-quartz-rich foliation on left
marc - campie Wii. Oblique extinction X 72.
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Figure 4.2 : Syntectonically growing rotated garnet, core having quartz, biotite,
muscovite, rutile inclusions, overgrown by subidiobiastic 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 valley. Within 50 mof the MCT zone (W 2/5). Biotite alters
to chlorite in pressure shadow zone. PL X 112.5.

Figure 43 b : Syntectonic staurolite and chloritoid along the main foliation in
the Chor Mountain region in staurolite-chloritoid-mica schist (CH 10/10).
Devlopment of chlorite and sericite felt mainly due to retrogression of biotite
and staurolite. PL X 72.

Figure 43 c : S-and C- shear fabric having mainly mica (biotite + muscovite) with
tail of tourmaline grain along S- surface, rotated by C- shear surface in
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 43 d : 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.
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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 X72.

Figure 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 S and folded by F1h
crenulation fold in staurolite-kyanite zone (W 13) along the Sutlej valley.
Oblique extinction X 72.

Figure 4.4 d : Folded main foliation Sm due to crenulation fold F3b showing many
porphyroblasts of staurolite curving around hinge zone in staurolite-kyanite
zone (W 12/10) along the Sutlej valley section. Oblique extinction X112.5.
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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 S^ is rotated is continuous with
the external foliation S in the Chor Mountain area. Oblique extinction
X 112.5.

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

Figure 4.5c .'Growth of syntectonic snowball garnet (CH 10/10) with S-shape spiral
inclusions (JL 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 Si 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 th
Jutogh Nappe in relation to distinct metamorphic episodes.

e

4.3 METAMORPHIC GRADES

In the hanging wall of the MCT within the HHC and the Jutogh Nappe,
metamorphism remains within garnet to staurolite-kyanite grades of upper
greenschist to amphibolite facies conditions. In both the areas, the rocks are
mainly peiites 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 a.2 provides detailed mineral assemblages from various
metamorphic isograds.

4 - 3 . 1 Garnet Zone

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 Scl is made up
of muscovite, quartz, and sometimes by biotite, chlorite and chloritoid.
Chloritoid-bearmg samples usually have very less amount of biotite; instead
chlorite is commonly associated in these rocks. Garnet is mostly syntectonic
having mineral inclusions, 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 areassociated together msome
of the samples (Fig. 43 b). Epidote, tourmaline, zircon, apatite and ilmenite are
found as accessories. Chlontisation 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).
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TABLE 4.1 Minerals associated with different metamorphic phases
from the HHC and the Jutogh Nappe in Himachal Pradesh

EARLY MAIN LATE
;

i i '

\ \
»

QUARTZ

i

1 _i
CHLORITE

MUSCOVITE
j

{

BIOTITE

1

1
j

GARNET

— — -

— .

i

|

i

i

-

STAUROLITE

KYANITE

—L_ _

|
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Figure 4.6 : Location map of samples used in microprobe analysis for the P-Testimation in the Chor Mountain region. <"ysis roi tne P T
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Figure 4.7 : Location map of samples used in microprobe analysis for the P-T
estimation along the Sutlej valley section. ,:'
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TABLE 4.2 Mineral assemblages in different metamorphic grades of
the HHC and the Jutogh Nappe in Himachal Pradesh

S.NO.JSAMPLE NO. CHLORITE BIOTITE MUSCOVITE GARNET STAUROLITE KYANITE CHLORITOID K-FELDSPAR PLAGIOCLASE QUARTZ

SUTLEJ VALLEY SECTION NE OF KULO-RAHPUR WINDOW
GARNET GRADE

1 1 2/3 X X XX XXX

STMR0LITE-KIARI1 E GRADE

i ;•

I 1 '2/5 X X xxx X .X

3 1 3/6 X X x x X x * x' X
4 1 6/7 X x xxx

5 RR 19 X xxx x

6 W 11 X X X X X x

7 W 12/10 X X XX X X X

8 I 13 X X X ;X X X x

9 RR 17/22 X xx-: x

CHOR AREA SECTION

GARNET GRADE
V,;

1 N 17/1 X xx-. x .. X

2 N 8/1 X x x xxx

3 CH 17/36 X xx. xxx'

4- - CH 17/35 X x - ' x X '' I x

5 . .. CH 17/33 X xx xxx

6 -CH 15/27
... - jj

x T X X X

7 CH 11/21 X xx xxx

8 CH 10/20 X xx xxx

cits r ' ' •

STAUROLITE-KYANITE GRADE • • •-. .!

1 CH 10/10 X X xxx X X X X
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Table 4.2 continued

S.NO. SAMPLE NO. CHLORITE BIOTITE MUSCOVITE GARNET STAUROLITE KYANITE CHLORITOID K-FELDSPAR PLAGIOCLASE QUARTZ

2 CH 7/7 X X X X X X

3 1 31/1 X X X X X X X

4 1 39 X x X X i X X

5 CH 5/13 X X X X X X

6 I 4 X X X X X X

7 CH 5 X X X X
1

X X

8 CH 4 X X X X
.j . .

X

9 CH 3/9 X X X X X X

10 CH 3/8 X X X X X X

11 CH 2/5 X X X X X X

12 CH 2/2 X X X X ' X X ' X

•..tMI

•• . !

, i .

• :- • ;



The mineral assemblage, observed in peiites, include:

Biotite - Muscovite - Garnet - Plagioclase - Quartz - K-feldspar ±Chloric.

± Chloritoid.

4-3.2 Garnet / stauro .1 JLte —l^^an i.te

grade transition zone

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

Hills. In this 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 Staurolite-kyanite grade

f

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 quantities with limited

occurrence of staurolite inthe assemblage. Biotite and muscoviteform the main

foliation and reveal characteristic S-C shear fabric having 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,. plagioclase and

quartz in the assemblage. In both the sections, the fdllowing!>db8»rVatici«s!are
evident: , • , , , . . . > ...; ,

(a) Biotite and muscovite vary sympathetically,: and in general, muscovite

is the most predominent mineral, • • i ;• . > .

(b) Plagioclase is variable, mere in the Chor section and negligible in the
Sutlej valley section,

(c) Chlorite is mostly retrograded after biotite and garnet, '• '"• '•'• •«'

(d) Syntectonic garnet with spiral mineral inclusions; isoften' overgrown

by post-tectonic garnet without mineral inclusions and i' n. nltl

(e) Accessories include apatite, zircon, tourmaline and ilmehite. '• '

— ' • ' "• "• ; '' <P ''

The mineral assemblages found in this grade in pelitic !rot»ks include:1 '

Biotite - Muscovite - Garnet, - Quartz -. Plagioclase'-< 'K-feidspar :'
±Staurolite + Kyanite • • _,, r, . , ,i »,& !1 n< •• • • ,. t >•••

The relation between individual mineral fabric and defo<rmatl6n:; in these

metamorphic. grades are explained below. , ! ! • ! i..tf"> : • '->"•;

a. Garnet: Garnet is a common mineral, found in all the met&morpliic grades.

Growth of embryonic Qr skeletal, snowball and subhedral garnets are observed

in the HHC and the Jutogh metamorphics (Figs. .4.1; •4.2,- 4.4 a, b; ;4.5). Garnet

stringers are either parallel to .main foliation S2/Scli(Fig.< 4.4 a)'or display
bowing out-like structures at almost normal to the foliation ''(Fig.' 4.4 U$ cf„
Misch, 1971). Some samples show deflection of the S2 foliation due to
porphyroblastic garnet stringers (Eigi4.4). All . these observations suggest'an
incipient stage of garnet growth, .during D2/Dcl deformation a;nd main M9>'MC1
metamorphism in both the areas. , , :. ' < •- . ••

,, •
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In the main D2/Dcl deformation and M2/Mcl metamorphism, growth of

syntectonic garnet with S-shaped spiral inclusions (S^ of quartz, mica and

opaque minerals are observed (Figs. 4.5 c, d). Internal fabric Si is rotated but
continuous with the external foliation Se (Fig. 4.5 a). Sometimes, continuity is

maintained at one end but disturbed at the other end (Fig. 4.1). During late to

post-deformation, idioblastic-to-subidioblastic garnet devoid of mineral

inclusions is often overgrown on syntectonic garnet (Figs. 4.1; 4.5 c, d).

b.Staurolite: Staurolite porphyroblasts are faintly pleochroic, having quartz,

mica and opaque mineral inclusions, where Si continues undisturbed with S

fabric (Figs. 4.4 c, d). However, these inclusions are occassionally arranged in

a sigmoidal pattern indicating syntectonic rotation and growth during main

D2/Dcl deformation (Fig. 4.4 c). Afew subidiobiastic staurolite crystals, devoid

of mineral inclusions are also found in these samples. Staurolite growth is

essentially syn kinematic to main D2/Dcl deformation and subsequently folded

by F3b 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 intergrowth of

quartz and feldspar are common, giving evidence of partial melting and

recrystallisation. Sometimes, rims of albite around K-feldspar are noticed.

Large porphyroblasts of plagioclase are mostly untwinned and sericitised. Both

K-feldspar and plagioclase porphyroblasts are developed syn-kinematically
along main foliation. • • I- U.

d. Chloritoid: It 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 association with staurolite in

the transistion zone, where the staurolite replaces the chloritoid (Fig. 4.3 b). -
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e. Mica: Both muscovite and biotite are invariably associated with the peiites
,1 I ,, I ,,.,,', Iii .i ' ' ' • ' ;• ••• •i • ' ' ' " ' '' "' ' • ' ' »'

from both the rgions. These are found with garnet as tiny inclusions and
I .,, ...I,::- ,., i -.,....: .; ••(! ,!<!•> LI". ••• '( l "in . ' ' '• • .• •• i

crystallise along the main foliation S2/SG] (Figs. 4.1; 4.2; 4.3 a; 4.8; 4.9). Mica

crvstalise in large porphyrobalstic syntectonically grown minerals like garnet,

staurolite, kyanite, quartz and feldspar and marks the mam metamorphic event
i .. .. .; ..,!• ..,,, -i,) !' . -ii • i '.-'<!•\ • '•• • ' - " ' * ' *r' !

M0/Mp, (Figs. 4.5 a, b). It is characterised by S-C shear fabric and crystallises
. , 2 , C1. , . i .,,; | . , • .1 . ,. (ft«i bn ,'!..-.,! Mr. I • mn •;* •'•»«'. 'mi;

both along S- and C- shear planes (Figs. 4.5 a, b, d; 4.8 d) and predates the

grain-size reduction associated with later C- shear zone or MCT/JT/Chor

thrust-controled mylonitic foliation (Figs. 4.5 b, d; 4.8 a, d). Transposition of

earlier-qrown mica as rootless folds by later S9 mica-rich foliation is

occasionally seen in the Chor Hills (Figs. 4.8 a, 4.9), while at places, both

muscovite and biotite randomly-oriented flakes are distinctly post-tectonic

(Figs. 4.5 a, 4.9).
.... .,-•. <.|.il:l|l ' •••••• I "«'" •">•' • 1'-'" " ' " ''' '{'' '*'"... ; • . • I

I . , . , H |, , |||> . | IfI-1 ill | Jill i ' " I...''-' ! I' ' ' M' ' • • ' I•
It is'noteworthy that later deformation of mica either due to Dc2/D3 in chor

,. .,j | • i,,,. .,.' i •,!.'-.->! I.I':-r|! ! '• I I '"•• IIM ':•'• . t'»" " " "' '•' ""'
hills and' Sutlej valley produces kinks and' displace/rotated and newly

crystallised flakes along S3/S3b crenulation foliation (Figs. 4.4 c, d; 4.8 a, b, c).
.. I . I .. ., ,-•• •, •,;•:• . |%'|M il '[ •(!• •'•• •''-"I • >!'!!• H ' •-•> «fl

... . l

v I i *-. ^

4 .4 pk'6BE AisiA£^ysis
I, I . .,. •• i ,:,(„ >? Il.'i ; h [I Nlli '.'.'«, "I" ••'»

'•(."• '

j i i ,; ,,,, ,,i , ,. -.i. -, i t,:•.- ,,-< ! •. !•.;!' • i ' I!iij
' Many polished thin sections of suitable samples have been examined under

transmitted and" reflected light to ascertain texturally the equilibrium

mineral assemblage for the analysis.' Altered'and retrograde samples were

discarded for this purpose. Metamorphic textures were used to distinguish

different generations of garnet, mica etc'.. Microprobe analysis was carried out

mainly on minerals, which'have grown syntectonically during main metamorphic

event or immediately after this everit.'in each'thin section, many grains belong

t6 the same generation of a particular mineral were analysed and each grain

contained a number of points to check the compositional variation. All the

4
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analysed points were checked carefully for the stoichiornef.ry and the points
with incorrect analysis were discarded in the P-T calculation. Tn the si udied

area, core temperature could only be determined in 2 samples, while core

pressure could not be determined due to paucity of suit able mineral inclusions.

Therefore, P-T determination has been done mainly from garnet rim and
coexisting matrix mineral compositions. Thus, five samples have been found

suitable from the Sutlej valley and nine samples from the Chor area for the
microprobe work.

4-4-1 Anaytical Procedure
i .

Samples have beenanalysed, using an automated JEOL JXA-8600M Election Probe

X-Ray Microanalyses The instrument was operated upon at an accelerating
voltage of 15 kV and sample current of 2xi(rR .un|..(-rc, having lw»am size hot witn

1 urn (for garnet, staurolite, ilmenite, chloritoid and rutile) and 10 ym (for

biotite, muscovite, and plagioclase). For guali tat ive and quant it.ati ve ana 1yses,
three channel Wavelength Dispersive Spectrometers (WDS) were used. Highly
poiisned samples were coated with carbon to a thickness of about 100 Ax. Natural

mineral standards (SPI Standard, Canada), such as almandine and py.rope garnets,
biotite, plagioclase, sanidine, hematite, rutile and wherever necessary,
multi-mineral standards were used in the analysis. ZAF correction was applied
for X-ray absorption, X-ray fluorescence, atomic number effects, back scatter
and ionization-penetration losses during data acquisition.

Composition close to the rim of unzonod coexisting minerals ,havf[ been

analysed for P-T calculation. For zoned minerals like garnet, staurolite and

chloritoid, rim and core and intermediate points in some cases, were analysed
for determining the variation in chemical composition. Quantitative line

analyses were performed in garnet for zoning. Inclusion minerals such as.,.
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Figure 4.6 a : Isoclinal
characterised by mylonitisation and grain size reduction. Mylt
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. Crosed X 72.

ii Fc2 fold with lower limb marked by microscopic thrust
initisation and grain size reduction. Mylonitic foliation

Figure 4.8 b : Isoclinal fold Fc2 superposed by crenulation fold Ff3 folds and
developed on main foliation Sqj. Note post-F^ mylonitic streaks in hinge zone of
and kink development. Mica schist (CH 2/5 B) from Chor Mountain region. Crossed
X 72.

Figure 4.8 c : Crenulation folds F
C3

saving kinked muscovite-biotite and
incipient mica growth along axial plane foliation Sc3 (CH 7/7). Crossed X72

Figure 4.8 d : Mica fish development along 3- 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 characterised by fine grained streaks
of mica and quartz. Crossed X 72.
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Figure 4.9 : Rootless fold Fc2 showing preserved earlier foliation Sr, within two
main foliation planes. Porphyroclastic garnet riddled with quartz-mica
inclusions in mica schist (CH 2/5) from Chor Mountain. Crossed X 72.
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Table 4.3 Microprobe analysis of garnet from Chor Mountain area

• . i. i. • ! . i '

,, I • i

ELEMENTS

CH 7/7 CH 10/20 ' CH 10/10 N 31/1

RIH CORE RIM RIM RIM RIM ' " -RIM RIH RIH RIH RIH RIH

HEIGHT*

OXIDES. , i ; i

Si02 38.688 37.440 37.63.2 37.357 36.868 37.943, 37.511 37.182 37.571 37.366 37.652 , 37.800

A1203 22.263 21.573 21.800 21.755 21.354 21.697 21.514 21.386 21.699 21.441 21.664 21.570

CaO 4.301 2.411 3.960 4.4-38 3.943 2;.757 4.057 3.849 3.768 2.788 • 1.311 2.427

FeO 31.810 31.821 32.409 32.994 32.067 33.966 32.592 32.120 33.691 33.446 35.688 35.636

' MgO ; " '2.013 1.747 2.090 2.146 1.972 1.577 1.617' 1.302 2.730 2.500 3.020 2.549

HnO . . 2.513 5.403 2.569 2,213, . 3.961. 3.580 3.465

100.776

4.334

100.172

0.732

100.192

2.788 .

100.317

1.511.

100.826

0.901

Total '101.588 100.403 100.460 100.903 100.165 101.519 100.891

!• > i. - i 11 •
1 ' '.'• . . CATION (on the basis of 12 oxygen) -

Si 3.0328 3.0070 3.0016 2.9766 1.9726 3!0155 3:ooob 2.9991 2.9975 2.9957 3.0001 3.0098

Al 2.0571 2.0422 2.0495 2.0432 2.0294 2.0325 2.0299 2.0332 •2.0405 2.0261 2.0328 2.0244

Ca 0.3612 0.2075 0.3384 0.3789 0.3407 0.2348 0.3477 0.3326 0.3221 0.2395 0.1119 0.2070

Fe l 2,0855 2.1374 2.1619 2.1987 2.1624 2'. 2576 i 2.1-799 2.1668 2.2480 2; 2.4 2* 2.1781 2.3711

Hq 0.2353 0.2102 0.2485 0.2549 0.2370 0.1868 0.1928 0.1565 0.3247 0.2988 0.3586 0.3025

Hn ' 0.16611; 0.3676 0.1736 0.3789 0.2706 0; 2410 '!. 2^347 0.2961 0.0495 0.188'5 ' 0.1020 0.0613

Total 7.9387 7.9719 7.9736 ' 8.0018 8.0127 7.9682 ' ;7.:985'1 7.9843 7.9823 7.9912' 7.9815 7.978!

! • • a

'• ; • ' - •'• >i i -f :

• • ' • • i i • • !

i . (. ;,:... |

i• i: i , • •' ' . i

..I '..(, ' • • I I

,,. 11 ..;

-. • • • ' ' ' ' • '

. ) . ," I . ,? t

: •• Vt
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Table 4.3 continued

• '

ELEHENTS

N 4 CHll/21 N 39 CH 2/3 CH 3/8

RIM RIH RIH RIH RIH RIM RIH RIM SIM CORE

HEIGHT*

OXIDES !

SiOj 36.754 37.487 37.716 37.039 37.868 38.662 38.167 38.144 36.778 36.118

Al203 21.059 21.563 21.555 22.046 21.587 22.024 21.768 21.832 21.197 20.511

CaO 9.233 6.677 2.761 0.636 2.188 5.860 2.931 5.006 7.417 4.102

FeO 25.130 24.118 34.825 35.312 34.164 32.595 34.370 33.447 26.717 27.172

MgO 0.761 0.798 1.886 2.373 2.245 1.945 2.079 2.021 0.831 0.888

HnO 6.213 9.643 0.971 1.209 2.613 0.859 2.384 0.973 6.753 10.012

Total 99.149 100.285 99.714 98.615 100.670 101.945 101.692 101.424 99.693 98.803

CATION (on 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 2.0119 2.0363 2.0426 2.1093 2.0304 2.0304 2.0281 2.3307 2.0220 1.9949

Ca 0.8019 0.5732 0.2378 0.0553 0.1871 0.4911 0.2482 0.4233 0.6431 0.3627
Fe 1.7035 1.6160 2.3415 2.3973 2.2803 2.1321 2.2721 2.2074 1.8382 1.8752

Mg 0.0920 0.095.3 0.2260 0.2871 0.2671 0.2267 0.2442 0.2378 0.1003 0.1092
Hn 0.4266 0.6544 0.0661 0.0831 0.1769 •3.0569 0.1596 0.3650 '3.4629 0.6998

Total 8.0150 7.9785 7.9464 7.9388 7.9631 7.9610 7.9691 7.9745 8.0128 8.0222

*



Table 4.3 continued

Microprobe analysis of garnet from the
Sutlej valley section

ELEMENTS

W 2/5' W 11 N 13 RR 17/22 ' RR 19

RIH RIM RIH RIM RIM RIM RIM RIH RIH
J

HEIGHT'.
OXIDES

SiO,
A1203
CaO

FeO

MgO
MnO

Total

Si

Al

Ca

Fe

Mg
Mn

37

21

1

35

2

2

840 37.990
640 21.809
693 2.445
838 36.924

001 2.108
753 0.651

31.112

17.919

5.915

31.302

2.022

0.435

33.304

21.781'

5.607

38.443

2.084

0.440

37.909

21.631

7.234

28.985

2.114

3.196

38.169

21.766

6.397

30.415

2.636

1.658

37.100 36.956
21.152',; 20.699
2.846 2.360

34.431 35.396
2.822 2.985
0.395 0.286

37.993

21.530

3.044

34.478

2.965

0.312

101.760 101.927 88.703 93.659 181.069 101.041 98.746 ».M2 101.323

3.0064

2.0266

0.1438

2.3813

0.2369

0.1853

CATION (on the "basis of 12 oxygen)

3.0045

2.0330

0.2072

2.4422

0.2485

0.0436

2.8762

1.9525

0.5859

2.4201

0.2786

0.0340

2.8533

2.1995

0.5148

2.1813

0.2662

8.8.319

2.9945

2.0141

0.6122

1.9148

0.2490

0.2139

3.0045

2.0195

0.5396

2.0023

0.3093

0.1105

3.0084 3.0100

2.0217 1.9872

0.2473 0.2059

2.3350 2.4111

0.3411 0.3625
0.0272 0.0197

3.0226

2.0190

0.2595

2.2941

0.3516

0.0211

Ma1 7.9883 7.9790 8.1475 8.0469 7.9985 7.9857 7. 17 7.9964 7.9679

145
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Table 4.4 Microprobe analysis of biotite from Chor Mountain area

ELEMENTS

CH 7/7 CH 10/20 CH 10/10 N 31/1 CH 3/8 j '"]

INC. INC.
i

HEIGHT*.

. "i.-i.

KSillTfl

OXIDES .. ji . - >

Si03 34.759 34.890 34.974 34.090 ,35.275 33.811 33.096 33.576 33.767 34.673 53.951 . • . • ':

A1203 18.511 18.298 18.179 18.406 19.033 .18.371 19.024 19.775 17.785 17,765 11.979 .1 -

K20 8.504 9.027 8.731 8.491 8.740 . .7J.93 ,6.253 5.379 • 7.518 8.610 6.026 • •'

Na20 0.354 0.267 0.330 0.489 0.361 -8,. 410 0.2.93 0.3.04 0.459 . .0.172 0.207

CaO 0.099 0.041 0.102 0.065 .0.058 ,0.256 •r0.488 • 0.376 .0.201 ,0.059 0.182 i !

FeO 18.841 20.516 18.745 20.349 2.0.769 19,668 .18-.6.73 19464 4.8,232 ,23.322 17.931 . '•

MgO 9.572 8.874 9.549 8.460 8.658 8.040 . 8.956 11.091 9.6121 :.6.1-99 3.911 lil'l

MnO 0.113 0.283 0.086 - 0.036 0,0.28 ,0,201 0.039 0.227 0,384 . :

Ti02 2.208 2.414 2.617 1.581 1-576 1,670 ..1.278 ;;4.249 , 1..527 ,1.289 1.841 I ".

Cl 0.110 8.086 0.104 0.262 0.144 0.274 0.168 0.148 0.066 0.037 0.094

Total 93.314 94.804 93.438 92.534 95.065 90.893 88.391 91.269 89.374 93.344 96.485

CATION (on the basis of 22 oxygen

Si 5.4018 5.3910 5.4181 5.4075 5.4320 5.4383 5.7792 5.6291 5.4642 5.4-934 7,5484

Al 3.3908 3.3325 3.3196 3.4415 3.4547 3.4829 3.2259 3.2270 3:.4273 3.3175 1.9755

I 1.6861 1.7794 1.7256 1.7184 1.7171 1.6197 1;5565 1.6851 1.6364 1.7404 1.8756 •

Na 0.1068 0.0799 0.8991 0.0111 0.1078 0.1279 9.0391 0.0407 0.1294 0.0528 1,8563

Ca 0.0165 8.0069 0.0169 0.0048 0.0096 0.0441 0.0480 0.0381 •-,-- 0.0183 0.0273

Fe 2.4488 2.6512 2.4286 2.6995 2.6748 2.6456 2.2561 2.3200 2.2843 3.0902 2.0981

Mg 2.2175 2.0440 2.2053 2.8005 1.9876 1.9277 2.8314 2.3928 2.2907 1.4641 0.8158

Mn 0.0149 0.0266 0.0113 - 8.0047 0.0038 0.0054 0.0156 0.0152 0.0305 0.0456

Ti 0.2581 0.2805 8.3049 0.1886 0.1825 0.2&20 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 0.0180 0.0222

Total 15.7979 15.7525 15.5951 16.0346 15.9838 16.0363 15.1911 15.4956 15.4800 15.4817 13.8583

A



Table 4.4 continued

CH 2/3 N 4 CH 11/21 N 39
ELEMENTS

_

HEIGHT*

OXIDES

Si02 35.174 36.858 35.287 33.541 34.884 35.433 34.135
A1203 17;300 21.092 17.399 17.408 17.551 19.793 18.426
K20 8.438 0.016 8.515 8.832 9.331 6.664 7.232
Na20 0.209 ' 0.003 0.401 0.057 0.105 8.313 0.293
CaO 0.214 2.474 0.188 0.206 0.148 0.156 0.172
FeO 20.810 32.583 19.962 22.641 22.510 19.310 19.542
HgO 9.409 2.549 9.864 5.885 6.584 9.112 9.413
HnO 0.043 2.931 0.088 0.284 0.204 -

Ti02 1.180 - 1.454 3.371 3.690 1.029 0.930
Cl 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 52.491 90.335

CATION (on the basis of 22 oxygen)

Si .5277 5.5085 5.5051 5.3944 5.4288 1.4949 5.4535
Al .2046 17155 3.1994 3.3001 3.2195 .6180 '.4699
K 1.6917 0.0031 1.6947 1.8123 1.8527 1.3184 1.4741
Na (.0635 0.0008 0.1214 0.0178 0.0317 0.0943 0.0987
Ca i] .0360 0.3962 0.0315 0.0356 0.0234 0.0259 0.8294
Fe 2.7351 4.0726 2.6045 3.0453 2.9298 2.5844 2.6111
Hg 2.2043 0.5679 2.2941 1.4109 1.5273 2.1064 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 0.0313 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
i,, ':•<'' " le .: :

Microprobe analysis of biotite from the
Sutlej valley section

ELEMENTS W 2/5 W 11 W 13 RR 17/22 RR 19

HEIGHT*.

OXIDES

Si02 35.389 33.692 34.672 .35.205 32.436 34.037 33.851 34.189

A1203 19.238 19.065 18.592 19.492 20.457 18.538 .18.566 18.925

K20 .8.883 8.761 8.590 9.166 7.229 9.138 8.810 .8.715

Na20 0.259 0.319 0.155 0.242 0.1.29 ,0.381 0.334 . 0.336

CaO 0,077 0.237 0.163 0.141 0.599 0.054 .0.131 0.081

FeO 21.453 21.532 18.927 18.739 20.634 1,9.678 18.685 18.310

MgO 9.170 7.755 10.117 9.640 8.129 9.445 9.469 9.071

HnO 0.101 0.052 - 0.088 0.455 0.044 0.016 0.088

Ti02 2.964 1.594 0.585 0.172 0.699 1.2.35 1.121 1.548

Cl - 0.081 0.354 0.163 0.897 '- - -

Total 95.534 93.218 92.1 93.204 91.633 92.583 91.595 91.814

CATION (on the basis of 22 oxygen)

Si 5.4090 5.3228 5.4559 5.4770 5.1999 5.3664 5.3944 5.4081

Al J..46511 3.5502 3.4483 3.5742 3.8656 3.4450 3.4874 3.5287

K 1.7321 1.7659 1.7245 1.8192 1,4786 .1.8381 1.7912 .1.75811

Na 0.0769 0,0978 0.0471 0.0731 0.0400 0.1,165 0.1031 0.1124

Ca 0.0127 0.0402 0.0274 0.0235 0.1029 0.0092 0..0224 0.0138

Fe 2.7423 2.8849 2.4908 2.4381 2.7666 2.5947 2.4903 2.4223

«9 2.0893 1.8263 2.3732 2.2356 1.9426 2.2197 2.2493 2.1390

Hn 0.0131 8.8870 - 0.0011 0.0617 0.0058 0.0821 0.0118

Ti 0.1108 0.1894 0.0693 0.0201 0.0843 0.1465 8.1344 8.1842

Cl - 0.0217 0.6937 0.2317 0.2437 - - -

Total 15.6518 15.7935 16.4247 15.9367 15.9363 15.7698 16.2069 16.0285

^

.'r ' r

• •

A

•
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Table 4.5 Microprobe analysis of plagioclase from Chor Mountain area

i * '..* ' t

.--. ! 1

,i ,....

• 1

i-

1 '• :'.

ELEMENTS CH 7/7 CH 10/20 CH 10/10 N 31/1 !CH 3/8 N 4 CH 2/3

WEIGHT* f>n • •

OXIDES

SiOj 60.799 60.589 59.953 63.019 .63.241 66.957 62.890 60.531 61.554 57.541 61.786

A1203 24.195 24.133 24.963 23.099 23.198 21.187 23.618 25.484 23.858 25.795 23.713

K20 0.122 0.084 3.353 .0.079 ,0.057 0.049 0.171 8.217 . 0.073 - . 8.055

Na20 8.436 8.379 B.198 9.569 . 9.766 11.405 9.133 8.408 11.623 10.095 8.745

CaO 5.642 5.636 5.134 .4.079 4.395 . 1.913 4.768 6.825 5.146 . 5.022 ,,5.321
FeO - 8.849 J.240 .0.119 0.09.9 0.010 ,0.049 8.026 - - J.069
HgO 0.015 0.028 1.007 - 0,013 ,0,041 . 0.012 - - 0.165 . . •

Ti02 0.04.3 0.009 1.036 8.013 0.038 , - - - - - ,,0.028

Total 99.290 99.933 99.884 99.985 100.807 101.592 180.662 101.491 102.253 98.618 '99.717

CATII1 (in ,the .basis of 8 <ixygen) .-., .i •

Si 2.7216 2.7207 2 6795 2.7903 2.7827 2.9018 2.7692 2.6645 2.7039 2,6140 2.7495

Al 1.2766 1 2773 1 3151 1.2055 1.2031 1.0823 1.2258 1.3222 1.2353 1.3812 1.2439

1 0.0069 0 0048 0 0201 0.004.5 ,0.0037 0.0.027 .0.0107 0.0.122 0.0041 - 0.0031

Na 0.7323 0 7295 0 7105 0.8215 0.8333 0.9,584 0.7798 0,7176 0.9900 0,8892 0,7546

Ca 0.2706 0 2712 0 2937 0.1935 .0,2.072 0,0889 0.2250 0,3219 0.2422 0.2445 3.2537

Fe - 0 0019 0 0090 0,0044 0.0036 8.0884 0.0018 0.001,0 - 0.0826

Mg 0.0010 0 0819 0 8884 . -' ,0.0089 0.0027 0,0008 - - 0,8,112 -

Ti 0.0024 0 0005 0 0020 0.0007 0.0021 -, -' ., - 0.0016

Total 5.0121 5.0083 5 0303 5.8237 5.0360 5.0376 5,0131 5,8393 5.1755 5.1401 5.0089
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Table 4.5 continued
ab-vl

MICROPROBE ANALYSIS | OF

PLAGIOCLASE FROM SUTLEJ VALLEY

SECTION

ELEHENTS I 11 RR 17/22

WEIGHT*

OXIDES

Si02 60.115 57.741

Al203 25.309 26.140

M . ,0,376 0.119

N.a20 .8.319 8.074

CaO 5.973 6.306

FeO 0.1.61 0.054

HgO 0.048 0.069

Ti02 - -

Total 100.301 98.573

CATION (in the ba iis of

8 oxygen)

Si 2.6734 2.6167

Al 1.3267 1.3962

1 0.0213 0.0069

•Na 0.7174 0.7095

Ca 0.2846 0.3062

Fe 0.0060 0.0020

Mg 0.0032 0.0046

Ti - -

Total 5.0326 5.0434

C f! !• '

>.& >;-rt,r

••v-

;••'
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Table 4.6 Microprobe analysis of muscovite from Chor Mountain area

Ielehents
1

CH 7/7 CH 10/20 CH 10/10 I 31/1 CH 3/8 N i CH 2/3

WEIGHT*

OXIDES

Si02 44.937 44.662 49.114 45.714 44.816 45.470 45.783 44.367 44.788 51.872
A1203 33.634 33.654 29.262 35.129 35.128 31.470 33.155 30.375 31.969 28.601
K20 10.193 10.118 5.816 8.520 7.536 10.514 10.984 8.790 9.441 8.407
Na20 0.991 1.026 4.699 1.968 3.135 0.540 0.446 1.223 1.348 1.194
CaO 0.037 0.069 1.755 0.020 0.060 0.801 0.020 0.084 0.102 0.111
FeO 1.345 1.263 4.556 0.972 1.639 2.532 1.919 4.779 3.248 2.482
HgO 0.842 0.920 0.627 0.681 0.407 8.742 0.897 1.139 1.206 0.846
HnO 0.060 0.036 0.040 - 0.032 8.364 - - 8.032 -

Ti02 0.447 0.505 0.185 0.143 0.314 0.690 0.615 9.458 0.458 0.780
Cl - 0.001 0.103 - 0.013 0.015 - 0.012 0.014 0.814

Total 92.487 92.386 93.185 93.349 93.078 92.188 94.327 91.225 92.798 94.315

CATION (on the basis of 22 oxygen) 1

Si 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 5.1688 5.3232 5.0587 5,2217 4.5014
1 1.7887 1.7797 1.0035 1.4676 1.3046 1.8662 1.9088 1.5845 1.6692 1.4322
Na 3.2644 0.2743 1.2322 0.5152 0.8250 8.1457 8.1178 0.3350 0.3599 0.3090
Ca 0.0055 0,3101 0.2544 0.0029 0.0087 0.0001 0.0029 0.8127 0.0152 0.0159
Fe 0.1547 0.1457 0.1760 0.1097 8.1868 0.2946 0.2186 0.5679 0.3764 0.2771
Hg 3.1727 0.1891 0.1265 0.1372 0.0823 0.1540 0.1821 0.2349 0.2491 8.1684
Mn 8.0070 0.0342 0.0046 - 0.0037 0.0076 - - 0.0038 -

Ti 3.0463 0.8524 0.0188 0.0145 0.0320 0.0722 0.0638 0,0487 0.8477 8.8316
Cl - 0.0003 0.0237 - 0.0030 0.0036 - 0.0030 8.0034 8.8859

Total 11.0730 14.1213 14.1848 14.1585 14.1453 14.1475 14.4303 U.1160 14.3068 14.0889
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Table 4.6 continued

MICROPROBE ANALYSIS OF MUSCOVITE FROM SUTLEJ

VALLEY SECTION

ELEMENTS W 11 RR 17/22

OXIDES

Si02

A1203
K20

Na20

CaO

FeO

MgO
MnO

Ti02
Cl

44.862

34.912

9.647

1.230

0.100

1.293

0.621

0.049

0.236

WEIGHT*

45.389

34.637

9.430

1.179

0.108

1.422

0.569

0.282

51.899

30.867

5.137

5.013

3.101

0.873

0.379

45.216

34.802

10.071

1.121

0.129

1.566

0.736

0.403

Total 92.487 92.306 96.721 94.045

CATION (on the basis of 22 oxygen)

Si 6.1176 6.1733 6.6203 6.1168

Al 5.6117 5.5528 4.7136 5.5493

1! 1.6839 1.6362 0.8490 1.7381

Na 0.3252 8.3118 1.2594 0.2941

Ca 0.0145 0.0158 0.4305 0.0187

Fe 0.1474 8.1617 0.0946 8.1772

Hg 0.1262 0.1154 0.0731 0.1485

Mn 0.0057 - - -

Ti 0.0242 0.0289 0.0183 0.0410

Cl - 0.0705 8.0184 -

Total 14/0779 14.0656 14.8773 14.0837



Table 4.7 Microprobe analysis
of' staurolite ir». *. • ' '

W 11 W 2/5 CH 10/10

ELEHENTS

RIH CORE RIH CORE RIH CORE

WEIGHT*

OXIDES

Si02 28.054 27.686 27.852 26.816 27.480 -27.355

A1203 52.455 51.147 52.205 50.283 51.823 51.812- -

FeO 11.804 12.158 11.824 11.353 10.820 11.915 .<
HgO 1.365 1.493 1.285 1.218 1.209 1.418: ;
HnO 0.038 0.065 0.016 0.038 0.024 - •0.063 •

CaO 0.015 - 0.002 0.007 - - '•• .- !

Ti02 0.461 0.402 0.554 0.472 0.527 0.690

ZnO 0.347 0.161 0.149 0.025- . 2.639 i 2.356

Cr203 0.071 0.190 0.071 0.035 - | / " ."!

Total 94.610 93.303 93.956 90.247-, ,04.522 95.609

CATION (on the basis of 48 o) ygen)
•• ;• • -• -.! •

Si 8.3205 8.3475 8.3113 8.3228 8.-2337 8.1441 r;
Al 18.3379 18.1769 18.3626 18.3952-- 18.3025 18.1820 -

Fe 2.9278 3.8658 2.9508 2.9469 2.7113 2.9668 i

Hg 0.6836 8.6712 0.5717 0.5633 0.5401 0.6294. ;•
Hn 0.8895 8.0166 0.0041 0.0099 0.0060. iO.0159

Ca 0.0049 - 0.0006 0.0022 - i \ i

Ti 0.1027 0.0911 0.1242 0.1102 0.1187 - 0.-1544 "1
In 0.0759 0.0358 0.0327 0.0058 8.5848 0.5179

Cr 0.0167 8.8452 0.0167 0.0087.. - . ,- it

it

Total 33.3995 30.4503 30.3748 30.3651 30.4963 38.6185

153

Wife'
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Table 4.8 Microprobe analysis
of chloritoid

W 2/5 CH 10/10

ELEHENTS 1

•

RIM CORE RIH CORE

, ,

WEIGHT*

OXIDES

Si02 24.136 23.905 24.204 23.665
I A1203 38.050 38.278 38.021 38.102

FfO 20.241 21.019 20.346 ' 21.141

HgO 2.525 2.595 2.623 2.699

vi. HnO 0.387 0.408 0.652 0.806

CaO 8.835 0.012 0.043 0.021

"i02 0.009 0.006 0.010 0.007

ZnO 0.011, - ; " : -

• ' Cr203 0.331 0.057 0.451 0.069

Total 85.725 86.280 86.350 84.510

i • .

CATKIN (on :he basis of 48 ox ygen)

..:

Si 8.4553 8.3530 8.4861 8,3821

i !.:•! "1- '' Al 15.7116 15.7654 15.6987 15.7241

Fe 5.9304 ,6.1425 5.9501 ,6.1642
lv- Hg' uiin 1.3515 1.3215 1.3710

Mb . 0.11,48 0.1207- 0.2210 0.2401
I f 1 ' ! •

Ca 0.0131 0.0046 0.0152 0.0079

, J * ' \- ' - . * Ti 0.8023 0.O015 0.0029 '0.0018

Zn 0.8828 - - -

Cr 0.8917 0.0157 0.1012 0.0189

Total 31.6408 31.7549 31.7967 32.8101

I | |

".'»

. - !•

. ' 'I

I

.

i:M'!

,,| •• :. ,i ;• It.]• l>

,!
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"J'-~™ —t that garnet ,, __^^ /even „ opper amphlbolUe ^ ^^ ^^ ^ ^ <̂ J
undergoes intragranular volume diffusion .„„,,

• PfW» WO experiences complete
omogenrsation in these u,-afe *H*!1*d.ang end tasaga. 1990, „„_ ..,„,

Spear, 1,91). Sinilarl, it „ ^^ ^ ^ ^ . ^ _ ^
growth .onrng in staurolUe-kyanite grade and La not affected by diffusiotwl
ho.ogenrsat.on at thls temperature condition ,„ore„ee and Spear, ,*,,.

^evaluate garnet .oning ,„ ^tic rocks from the dutogh N,w„

rameters parallel and perpendicular to t„e ma,,, foUatron.
he pr™ or growth z„„in<J, hav„KJ „„_,.„.„ „_ )|h] ^^ ^

typrcal uell-shaped profile, with enrichment of Pe and Mg ratios towards the
»* indicate normal growth Zoning in garnet ,fig. 4.]0 „ b; ch 10/1|, an<J ,„
10/20,. ca shows enrichment from core to near- rim, hut Hshows depletion at the
rrm Towards the edges, garnet shows reversal with enrichment of „„ and
deletion in Mg ,Fig. W0 a; c„ w/m % ^ -, ^ ^ ^ ^
ecause of pantamorphic re^libratron during oooling. TMs „ evld_ed

'•'' '"K ""- -111 i». w-, „,,,,,. imif„.,. f
garnet and also by pregpnep r,F tQf-.-^ j , ,yPr .sence of tet.tograde ahlorite replacing the garnet at the
edges and biotite in the assemblage.

4-6 GEOTHERMOMETRY AND
G. EO O A1ROMETR X

eregnal metamorphreoondition is deciphered tn ineral^^and b, ,k, ,Jf,,„.„„,„a. ion of preMure ;md ^ ^ ^ (sing ^^ ^
or disco.iinuous mineral reaction, for which ihermo-ehemioa, and phase

•
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Figure 4.10 b : Garnet 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 indicating
normal growth zoning in sample CH 10/1.0 from the Chor Mountain region.
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equilibria data are available (Robie et aL, 1966, 1.978; 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 studies 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 metamorphic rocks are mainly made up of metapelites

and quartzites. Only peiites are considered, as these rocks contain suitable

minerals such as biotite, muscovite, 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 thermometer and garnet-plagioclase- sillimanite/kyanite-quartz

and garnet-plagioclase-biotite- muscovite barometers are used for P-T

determination.

4 - €5 - 1 Geo t ties nnome t e i~

a. Garnet-biotitegeotheritiometer(GBhThemetamorphic temperature is evaluated

for the exchange reaction on the basis of intracrystalline distribution of

elements between sites of the same phase or intercrystalline distribution of

elements between two or more coexisting phases. The exchange reactions, which

show very little volume change, large entropy ,insensitivity to pressure and

do not reset during cooling, are ideal thermometers (Essene, 1982).
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The GB geothermometer is an intracrystalline exchange reaction and applied
- • • •• .'••...'•'•. i .,- > ,. • ,'.••' r ••> : ; • i js\>,

widely in pelitic I'ocks, as this is a .common assemblage in almost all

metamorphic grades. This geothermometer has been calibrated empirically and

through phase equilibria studies by number of workers, such as Thompson (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:

KMg3Si3AlO10(OH)2 + Fe3Al2Si3012 = KFe3Si3Al0lf)<OH)2 + Mg3Al9Si3012 (4.1)

Phlogopite + Almandine = Annite + Pyrope

and the Kn =(Fe/Mg)Bio/(Fe/Mg)Gt.

Caliberation by Thompson (1976) and Ferry and Spear (1978) are based on ideal

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 calibration,

considering non- ideal mixing in garnet. However, presence of high Ti and Alvl

in high grade granulites led Indras and Martingole (1985) to reformulate this

thermometer, considering non-ideal mixing in both the phases. In the present

work, temperature has been calculated using mainly 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. Temperatures, calculated using Ganguly

and Saxena (1984) method, seem to be more realistic, while considering abtivities

of minor elements and the overall mineral assemblages and bulk composition. The

P-T data are presented in Table. 4.9.

A
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Table 4.9 P-T data for the HHC and the Jutogh Nappe samples
from the Himachal Himalaya

TEMPERATURE (°C) PRESSURE (Kbar)
S.NO. SAMPLE NO.

GARNET GRADE

1 CH 11/21

2 CH 10/20

3 CH 10/10

CHOR AREA

484

505 .

513

STAUROLITE-KYANITE GRADE

4 CH 7/7 515

5 N 39 512

6 N 31/1 525

7 N 4 • 555

8 CH 3/8 540

9 CH 2/3 543

SUTLEJ VALLEY SECTION

STAUROLITE-KYANITE GRADE

1 W 2/5 519

2 RR 19 564

3 W 11 570

4 W 13 515

5 RR 17/22 654

5.5

7.10

7.0

7.8

7.8

6.35
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4-6-2 Geobarometry

The metamorphic pressure is calculated using., mainly the solid-solid

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 of 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 in a reaction

(Essene, 1982). t : • i ;, ...:•.:• • • '•••-.'

a. Garnet-plaaioclase-Al2Si05-quartz (GASP) geobarometry; This assemblage is

widely used as a geobarometer due to its common occurrence in medium-to

high-grade rocks. Ghent (1976) calibrated this geobarometer through

experimental phase equilibria study for the end-member reaction:

3CaAl2Si208 = Ca3Al2Si_3012 + 2Al2Si05 + Si02 (4.2)

Anorthite Grossular Sillimanite Quartz

i

In this reaction, activity of grossular content in garnet is considered to

be its mole fraction assuming 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) calibration has been used because of Its better activity

¥
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model.

b" Garnet-muscovite-plaqioclase-biotite geobarometry: Ghent and Stout (1981)
developed alternative geobarometers for the medium grade, using the commonly
occurring garnet-muscovice-plagioclase-biotite assemblage of pelitic rock. The
end-member reactions for this assemblage are:

Mg3Al2Si3012 +Ca3Al2Si3012 +KAl3Si30]n(OH)2 =3CaAl2Si20g +KMg3AlSi3Oin(OH)2 (4.3)
Pyrope + Grossular + Muscovite ' = Anorthite +Phlogopite

Fe3Al2Si3012 +Ca3Al2Si3012 +KAl3Si30]()(OH)2 '= SCaSljSi^Og ^Fe3AlSi30|n(OH)2 (4.4)
Almandine+ Grossular + Muscovite = Anorthite + Annite

Ghent .and Stout (1981) calibrated these equilibria, using pressure and

temperature values, derived from GASP (Ghent et al., 1979) and GB (Ferry and
Spear, 1978) equilibria and also the Kn values obtained from natural assemblages.
This model was modified further by Hodges and Crowley (1985), in solving
uncertainties 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 mentioned, Newton and Haselton (1981)

geobarometer has been applied for rocks having garnet - plagioclase -
sillimanite/kyanite - quartz assemblage. In the absence of aluminosilicate,
garnet - plagioclase - biotite - muscovite' barometer of Hodges and Crowley (1985)
is used. • •
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4 . "7 GEOTHERMOBAROMETRIC RESULTS

< if..! . •;< .. I-.-- i i --!• i t.i-'n

4 - "7 - 1_ Clriojr- Airea. . ! - ' t

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 staurolite-kyanite

grade. In this grade, syntectonic garnet core and rim show temperatures of

about 625° C and 550° C respectively, while only the garnet-rim-reveal pressure's

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 505-»525s C And 5.5-7*8 kbar (Table.

4.9). Further down in the section, garnet grade rocks record a temperature of

about 480° C, which is also evidenced by the presence of garnet, chlorite,

muscovite and biotite in the assemblage. The section reveals disappearance bf

key metamorphic minerals, such as staurolite and chloritoid from top to bottom

of the section near to the base of the Jutogh Nappe. Di f Terence in rim

temperatures 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 SxitXej Valley Area '

At the base of the hanging wall of the MCT, the pelitic rocks contain'

staurblite-chloritoid-garnet-chlorite^muscovite-quartz+biotite-opaque-

tourmaline in the assemblage. The samples are almost, completely devoid of any
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feldspar. The absence of plagioclase either as inclusion 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 increased to about 50°C from

the base (RR 19 to W11) and increased further and reached a maximum temperature

of ~650°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 its base near the MCT to higher

structural levels.

4-8 DISCUSSIONS

In the present areas of study, rnineralogical 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 52Q*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

(Pigageand Greenwood, 1982). Regional prograde Barrovian-type metamorphism for

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

: i
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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), Oldham (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:

(a) 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
fol lowing :

(a) The Karakoram belt has distinct calc-alkaline to sub-alkaline magmatic

activity having quartz diorite to granite rocks of Eocene to 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.

(c) The North-Himalayan belt consists of t wo-miea adamal if e 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 leucograni te, the latter 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 C 500 Ma), characterised by discontinuous gneissic arid noh-gneissic

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 evolutionary history of

granitoid bodies from Himachal Pradesh, geochemistry ' of a few such bodies of

the Higher Himalayan Crystalline (HHC) and the Jutogh Nappe' (JN) has been

carried out.

5-2 OI,i^SSI FICATION OW GRANITE

In general, granites are classified into' four main types,- based bn major,

trace and REE geochemistry and tectonic environment. Of these, two types of

granite occur more frequently (Chappie and White, 1974; White and Chappie, 1977)

namely: '" • * »• • m • -.: ' ,i i*>i:'

•!•

(i) I-type granite - broadly corresponding to bioti'te-hornblende tonalitc

association, and considered to be of igneous origin, arid'

(ii) S-type granite - broadly corresponding to the two-mica •granite i

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 MLtype granites: All-orogenic alkaline granites are .related to

A-type and calc-alkaline 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 is characteristic of continental collision zones

arid encratonic ductile shear belts. In both the cases, the crust is tectonically

thickened to cause the temperature 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-type

granite is derived from the parental magma directly or from the subducted

oceanic crust beneath the volcanic arcs.

5-3 GEOI.OGIGAI. SETUE> OE GRANITE

BOOIES »*

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 leucogranif es.

Besides these tourmaline-bearing granites, the HHC belt also contains biotite

granite of older ages such as Karcham granite along the Baspa valley and fhe

Kinnar Kailash granitoid having Rb-Sr isochron ages of 494 ± 50 Ma and 675 i 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).

f
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Along the Sutlej Valley and Chbr'Mountain' 'regions/'different: granite's are"'

delineated oh'the basis of the field r'el'alionsll^

paragneiss along the' Sutle'j1 Valley is intru'ded by'grey grabite'wi!tl-i!ai3s6ciatedv'
aplite ' 'and ' pegmetite during" early' to '' Syh'-Dj' ' defc-rmation fchapt.eV 3).';
Subsequently,'grey granite arid associated phages 'are' affecte'd by D2('

deformation producing grieissosity within the granite (Figs.- 5.1 a; b). Further in

the northeast,'the metapelite sequence of the HHC is intruded by the Wangtu

granite gneiss and porphyroclastic granite gneiss, containing metapelitic •

xenoliths. However, porphyroclastic granite gneiss, Wangtu granite'gneiss 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 pervasive Himalayan

deformation (D2) and metamorphism.

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

as small bodies within the garnetiferous mica jsfchist of the Jeori Formation. ,

This body is fine grained, almost undeformed and light grey in calour. Along the

margins, it shows development of the, foliation, whereas: the central parfas

almost undeformed. ,u ! : ., :.•-••;.,'•,- ,

. ,',,,,, ,. . . i.V .'III si • • • i : ,. .,:-'• I'r'. • • •

The updeformed Wangtu granite, is monotonous,1 fine to coarse -grained and is

well exposed near the Wangtu bridge (Figs. 2.4 d; 3.40). Along wit h t his-granite, the

associated porphyroclastic component occurs downstream along the Sutlej river.

Bothithe. granites are.ma.de up of K-feldspar, plagioclase and, q.uart.z, which ar;e

wrapped ,by flakes of. .biotite-muscovite. : Feldspar..il(. porphyroclasts .are

buff-coloured and slightly weathered.. *,,,, ... -,..,. | | ,:;,.,,:;.. ,-, • •; :=• r ' •

..;',,( | !< ...;.. f I •-•! I.| .,..:.., I )f,,ip ;i , liiii.

. In the Chor.Mountain area, thegranife is .exposed i,n, an, elliptical-shaped

outcrop and is surrounded by metamorphics. of .the Jutogh Group (Fig. 2.2).

Towards the central parts, granite becomes sparser and almost undeformed



massive body. However, .approaching towards its margin wit h the Jutoghs,, it is

porphyritic, deformed and wei 1 foliated (Figs. 2.5 b; 3.35 a, b). The fol ial ion nf I he

deformed granitoid body is parallel to the main foliation of the metamorphic

rocks (Fig. 3.33 c) and marks the Dcj deformation, thus emplacement of the Chor

granitoid .appears to pre-date this deformation event. However, no noticeable

pegmatitic activity, associated within the Chor granitoid, has been observed

sofar. The Chor granitoid consists of biotite granite gneiss, porphyroelast Lc

granite gneiss and non-foliated homogeneous granite. These granitoids are buff

to grey and fine to coarse grained. . \ , . .

5-4 PETROGRAPHY

' • • f ' ;

Grey granite from the Sutlej Valley is f ine-gra i tied, containing mainly

quartz and albite with less amount of K- feldspar and microeline (Fig. 5.2 a;

quartz • plagioclase > K- feldspar > microel ine). Mnscovi te and biotite are

present in significant amounts. Coarse and fine grained muscovite is eommon

in t;his r-ock. Poorly-developed main fol ial ioii is made up of fine- grained

muscovite, biotite and quartz (Fig. 5.1 a). Feldspars show minor alteration to

serin i I c. Consider ing qual i I .il i vol y I he overall modal pi -i i-enI age of miner, lis,

it falls within the tonalite field of qiiartz-orl lu.olase-plagioc-lase diagram (cf.

Streikeisen, 1976).

The Wangtu granite body predomi nent ly contains plagioclase with less

amount of K-feldspar, quartz and biotite (Fig. 5.2 b). The accessory minerals

include apatite, zircon and small amount of opaques. Normative plot of this

granite in a quartz-orthoolase- plagioclase diagram, falls within I he

quartz-monzodiorite field (cf. Streikeisen, !97fi>. However, qualitative modal

mineralogy suggest s thai this rock should |V« nmrc oT foimlite rather than

quart z-monzod iori I.e. Green hiol ile is present having inclusions of apiif ite and
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Figure 5.1 a and b: Photograph and sketch of grey granite body grading the
dark coloured biotite paragneiss along the Sutlej valley during.early-to syn-Di
deformation, subsequently affected by main deformational event Dj. iNoteslight
penetrative d^placement along gentle dipping S2 foliation towards top-to-left
fsouthwestward). Also cutting across S, foliation are northeasterly dipping.
Crenulation foliation S3b planes also indicate displacement. BG/BS - Biotite
granite gneiss/Biotite schist, GR - grey granite gneiss.

4
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Figure 5.2 a : Grey granite gneiss (W 14/14) with porphyroclastic growth of
muscovite and feldspar. Incipient foliation distinct due to mica flakes and
quartz. Crossed X 72.

Figure 5.2b: Wangtu granitoid (W 17/16), 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 porphyrinic 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.



172

zircon. At places, plagioclase shows development of quartz-feldspar myrmekite,

indicating partial melting and reorysf allisat ion of plagioclase (Fig. 5.2 b). Some

of the plagioclases are zoned suggesting disequilibrium conditions during its

crystallization. Development of epidote is seen at the expense of plagioclase

in some places, denoting later fluid activity during subsequent deformation

and metamorphism. Feldspars show sericitization indicating minor retrogression.

Theporphyroclastic granite is texturally similar to the Wangtu granite, but

slightly different in minerological composition. The modal analysis shows that

this rock contains plagioclase, K-feldspar and quartz in almost equal amounts

(Fig. 5.2 c) and falls within the granite field of the quartz-orthoolase-

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 quartz-

orthoclase-plagioclase diagram suggest that it is a quartz-monzodiorite (cf.

Streikeisen, 1976).

5-5 RETROCHEMISTRY

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
' i • '•

Major and trace elemental analyses of these granitoids were carried out

using Energy dispersive XRF technique (Philips model: EDEX-EXAM SIX). The

instrumental condition used are mentioned in Table 5.1. The emission intensity

of this characteristic radiation is measured with the suitable X-ray

spectrometer (Potts, 1987) using international reference standard samples

(Govindraju, 1989). Pressurised-powder pellets of samples have been used with a

measurement accuracy better than 5 % and 10% for major and trace elements

respectively.

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

ELEMENTS TUBE VOLTAGE TUBE CURRENT PATH LIVE TIME

All major 12 KV 400 yA VAC no 200 sec.

elements filter

Ga, Pb, Th, 40 KV 250 yA AIR with 500 sec.
*••»"• |- -- * ; •

Rb, Sr, U, Ag filter

Y, Zr, Nb

The rare-earth-element (REE) analysis was carried out on the Inductively
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Coupled Plasma (ICP) spectrometer, using the solutions of dissolved rock samples.

Rock JG-2 (GSJ granite; Govindraju, 1989) and synthetic salts were used as

standards.
. : ; :, I .... . . • • • . . -. :. i,("i. • :' • •• • I . . 'li'f,-'

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 rare-earth-elements (REE) were analysed following a chromatographic

seperation and preeoncentration method of Walsh et al. (1981) after- certain

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 hydrofluoric-perchloric mixture, the solution is evaporated to

incipient dryness to permit all the silica to be lost by volatilisation as

silicon tetrafluoride (SiF^). This step has been repeated to dissolve the sample

completely. After drying, the residue is dissolved in 25 ml of 10% HCl 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 solution was

filtered on ashless paper and dried in oven. The dried filter- paper was burnt in

platinum crucible to remove the filter paper and the residue is fused with in

0.2 gm anhydrous lithium tetraborate (LiB^Oy) with one drop of lithium bromide

(LiBr) in FLUXY fusion appratus. The fused flux was dissolved in already prepared

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) resin, which was washed with 450 ml

4 N HCl to remove the major elements. After washing, the column was again eluted

with 450 mi 1.7 N HCl to remove some of the trace elements (all Ba, some Sr, Zr, Hf)

were retained quantitatively in the column. The REEs were then eluted from the
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column with 600 ml 1 N HCl. The eluted REE fraction was then evaporated to

dryness and made to a volume of 10 ml. One standard rock sample (JG-2 : 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 Geochem i_ s t r y

Analyses of major element data indicate that three distinct types of

granite exist in this region. The Wangtu granite and porphyroclastic granite

gneiss can be grouped together due to their almost similar geochemical

character, whereas the Chor granite and grey granite are different in chemical

composition. All the granites have Al203/Na20+K20+CaO ratio >1 and Na20/K20

< 1 indicating their peraluminous and peralkaline character (Table 5.2).

The grey granite is characterised by high silica and alkalis (Na20 +K00), low

in FeO, CaO and Ti02 contents (Table 5.2). The Na20 vs K20 plot shows that this

granite falls in the granodiorite composition field (Fig. 5.3 a), and in granite

and quartz-monzonite fields in quartz-orthoclase-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 III (Fig. 5.4 b). In the silica variation diagrams, FeO,

Na20, K20, Ti02 and Al203 components show negative correlation; CaO and MnO give

positive correlation and no correlation for P905 (Figs. 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

PORPHYROCLASTIC GRANITE WANGTU GRANITOID GREY GRANITOID CHOR GRANITOID

Cl C7 C10 J20 RR 7/6 W 17/16 W 17/17 H 17/18 RR 17/21 W 14/13 H 14/14 W 14/15 CH 1/1 CH 3/9 CH /RN

Si02 70.92 72.1 69.96 71.1 1 68.9 63.23 70.32 71.49 72.66 68.47 69.21 67.4 65.23 65.15 64.26

A1203 14.46 14.24 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

FeA 0.65 0.6 0.83 0.3 5 0.9 1.06 0.85 0.47 0.31 0.31 0.39 0.42 1.06 1.01 0.57

FeO 2.61 2.42 3.31 1.39 3.59 4.25 3.39 1.86 1.24 1.24 1.58 1.7 4.23 4.05 2.28

MgO 0.7 0.53 0.96 0.3 0.98 1.45 0.91 0.52 0.00 0.06 0.4 0.42 1.75 2.0 2.85

CaO 1.27 1.49 2.04 0.91 2.33 2.48 2.17 1.22 0.8 0.93 0.5 0.41 1.41 2.75 1.59

Na20 3.74 3.02 2.78 4.11 4.27 4.33 3.65 4.21 4.17 5.23 3.97 5.21 3.76 3.81 4.53

K,0 4.47 5.43 4.93 6.18 4.76 5.6 4.43 6.7 5.46 6.25 5.95 6.23 4.38 4.74 7.75

Ti02 0.45 0.43 0.62 9.1 4 0.46 0.6 0.46 0.3 0.1 0.14 0.14 0.12 0.64 0.77 0.64

P,05 0.22 0.25 0.22 0.43 0.26 0.12 0.24 0.1 0.43 0.47 0.45 0.37 0.22 0.44 0.22

HnO 0.04 0.04 0.06 0.04 0.07 0.07 0.07 0.03 0.04 0.02 0.84 0.04 0.11 0.08 0.03

Total 99.52 100.54 100.23 100.44 101.49 100.93 100.62 101.24 100.03 100.44 98.85 99.3 99.16 100.22 100.5

Na20/K20 0.84 0.56 0.56 0.67 0.90 0.77 0.32 0.63 0.76 0.34 0.67 0.34 0.77 0.80 0.58

Al203 (CaO* 1.53 1.43 1.48 1.38 1.32 1.43 1.38 1.13 1.42 1.40 1.56 1.47 1.58 1.37 1.23

Ha20i K20)

z.
*



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

1
PORPHYROCLASTIC GRANITE 1 WANGTU GRANITOID GREY GRANITOID CHOR GRANITOID

Cl C7 C10 J20 RR 7/6 W 17/16 W 17/17 W 17/18 RR 17/21 W 14/13 W 14/14 W 14/15 CH 1/1 CH 3/9 CH /RN

Quartz 26.279 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

Orthociase 26.440 32.118 29.160 36.554 28.155 33.123 26.203 39.630 32.295 36.968 35.194 36.850 28.865 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 31.778 32.201 38.286

Anorthite 6.044 7.136 9.736 4.256 7.604 11.855 9.016 0.419 3.710 4.436 2.221 1.774 6.282 10.952 3.128

Corundum 1.239 0.761 0.975 0,411 0.000 0.170 0.000 0.000 0,756 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 2.341 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 1.537 1.464 0.826

Ilmerute 0.418 0.475 0.608 0.817 0.494 0.228 0.456 0.190 0.817 0.893 0.355 0.703 0.413 0.836 0.418

Apatite 0.095 0.095 0.142 0.095 0.166 0.166 0.166 0.071 0.095 0.047 0.995 0.095 0.260 3.189 0.418

TOTAL 99.533 100.558 100.292 100.434 101.510 100.922 100.620 101.256 99.983 100.453 98.354 99.704 99.175 100.245 101.741

Quartz-lAlbite+Anorthite)-Orthociase Plot

Quart: 29.1 30.1 29.9 21.3 19.6 6.6 26.6 19.0 26.5 11.3 22.7 11.6 19.2 15.3 9,9

Ab+An 41.7 35.2 37.4 40.6 48.9 55.5 44.3 38.6 40.0 50.1 39.0 49.0 46.0 51.0 47.5

Orthociase 29.2 34.7 32.7 38.1 31.5 37.9 29.1 42.5 33.5 38.1 38,3 39.4 34.8 33.2 52.5



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

PORPHYROCLASTIC GRANITE WANGTU GRANITOID GREY GRANITOID CHOR GRANITOID

Cl C7 C10 J20 RR 7/6 W 17/16 W 17/17 W 17/18 RR 17/21 W 14/13 W 14/14 W 14/15 CH 1/1 CH 3/9 CH /RN

Si 1182.00 1201.67 1166.0 1185.67 1148.33 1053.83 1172.00 1191.50 1211.00 1141.17 1153.50 1123.33 1087.17 1085.83 1071.00

ai ;83.53 279.22 283.73 302.75 293.73 347.45 276.86 281.37 290.59 339.80 318.04 340.78 311.18 361.37 333.53

Fe 40.75 37.75 51.75 21.75 56.13 66.38 53.00 29.13 19.38 19.38 24.63 26.50 66.13 63.25 35.63

Mg 17.50 13.25 24.00 7.50 24.50 36.25 22.75 13.00 0.00 1.50 10.00 10.50 43.75 50.00 71.25

Ca 22.68 26.61 36.43 16.25 41.61 44.29 38.75 21.79 14.29 16.61 8.93 7.32 25.18 49.11 28.39

Na 120.65 97.42 89.68 132.58 137.74 139.68 117.74 135.81 134.51 168.71 128.07" 163.07 121.29 122.90 146.13

I 95.11 115.53 104.89 131.49 101.28 119.15 94.26 142.55 116.17 132.98 126.60 132.55 103.83 100.85 164.89

Ti 5.63 5.38 7.75 1.75 5.75 7.50 5.75 3.75 1.25 1.75 ' 1.75 1.50 8.00 9.63 8.00

P 3.10 3.52 3.10 6.06 3.66 1.69 3.38 1.41 6.06 6.62 6.34 5.21 3.10 6.20 3.10

fa 0.56 0.56 0.85 0.56 0.99 0.99 0.99 0.42 0.56 - 0.28 0.56 0.56 1.55 1.13 0.42

Al-!Na*K+2Ca

-- A

Fe+Mg+Ti= B

) 22.42 13.05 16.30 6.11 -28.51 0.05 -12.63 -40.56 11.33 5.00 45.52 25.52 35.70 39.40 -34.28

63.88 56.38 83.5 31.00 86.33 110.13 81.5 •'45.88 20.63 22.63 36.38 38.5 117.88 122,88 114.88

Si/3-(K+Na+

2Ca/3)-- Q
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

HNa+Ca) = 1 -48.22 -8.50 -21.21 -17.34 -78.07 -64.81 -62.24 -15.04 -32.63 -52.34 -10.40 -42.83 -42.64 -71.16 -9.63

v
A

CO
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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).

QrSi/3-(K.Na.2Co/3)

250

/P;K- (Na.Ca)
L 1__ L_^

100

I
I

Figure 5.4 a : Nomenclature plot showing different granitoid bodies from the
Himachal Pradesh (after Debon and Le Fort, 1982).
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The Wangtu granitoid body and porphyroclastic granite are characterised

by similar silica and alkalis as that of grey granite (Table 5.2). However, on the

Na20 vs K20 plot, these bodies fall in granodiorite and tonalite fields (Fig. 5.3
a.K In quartz-orthoclase-piagioclase normative plot, these are in granite and

quartz-monzonite fields respectively (Table 5.3; Fig. 5.3 b; Streikeisen, 197-6). 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;- Fig. 5;4

a). In the Characteristic mineral diagram, these samples plot in sector III 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 Na20, Al203, FeO,

MgO, MnO, CaO and Ti02, but no correlation with K20 and P205 (Figs. 5v5-5.7).

The Chor granitoid shows comparatively low silica content, when compared

to other granites of this region and has appreciably higher FeO, MgO and Ti02

concentrations (Table 5.2). The Na20 vs K20 plot indicates granodiorite

composition, with one sample falling in the tonalite field (Fig. 5.3 a). In quartz-

orthoclase-piagioclase normative plot, the Chor body falls in quartz-monzonite

and monzonite fields (Table 5.3; Fig. 5.3 b). In the Nomenclature diagram, this

granitoid falls close to granite and quartz monzonite field (Table 5.4; Fig. 5.4 a),

whereas this falls in sector III and IV in the Characteristic mineral diagram

(Table 5.4; Fig. 5.4 b). The silica variation diagram does not reveal clear

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

5-6-2 Trace Elemental

GeodnemiL s t r~^r

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 is more difficult in rocks of
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Figure 5.3 a : Na20 vs K20 plot showing different granitoid bodies from the
Himachal Pradesh.
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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).
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Figure 5.4 a : Nomenclature plot showing different granitoid bodies from the
Himachal Pradesh (after Debon and Le Fort, 1982).
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other compositions, particularly ingranites/some attemptshave recentlybeen

made to model granite pedogenesis .(Chappel and White, 1974; Hanson, 1980).
Limited trace element data of these 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, 0, K, P Zr and Ywith 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 abundances in Ga, Pb, Th,

Rb, Sr, 0, Zr, Nb, K, Pand 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 c). Similar abundance can be noticed in Ga, Pb, Rb, Sr, U, Kand

Yand moderate K/Rb ratio in all the samples (Table 5.5; Fig. 5.8 c). The spidergram
shows identical abundances in all the samples for Rb, II, K, Sr and Y; lower values

in K, Nb, Sr and Ti with variation in values of Th, Nb, P, Zr and Ti (Fig. 5.8 c). 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 data in ppm of different granitiods from the
HHC and the Jutogh Nappe of Himachal Pradesh

PORPHYROCLASTIC GRANITE WANGTU GRANITOID GREY GRANITOID CHOR GRANITOID '_"

Cl C7 CIO J20 RR 7/6 W 17/16 W 17/17 W 17/18 RR 17/21 W 14/13 W 14/14 W 14/15 CH 1/1 CH 3/9 CH /RN

Fe 2.76 2.64 3.73 1.4 ) 3.91 5.27 3.69 2.18 1.31 1.34 1.53 1.64 4.85 5.05 3.05 ;"

Ga 19.85 20.27 20.69 18.1 19.72 23.15 21.21 20.98 20.86 18.89 18.96 19.59 21.42 25.09 21.15

Pb 43.53 43.45 50.04 42.8 1 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 14.6 i 24.78 43.31 24.34 48.73 9.3 1.88 2.34 4.73 34.3 55.86 1.62

Rb 243.92 350.61 290.06 276.8 I 243.54 352.3 252.12 326.43 252.23 282.72 292.95 271.5 258.91 205.61 197.36

Si 105.54 112.18 140.19 91.1 1 156.95 187.00 138.00 108.29 80.79 82.27 64.66 57.97 168.94 799.31 1093.25-

ll 9.85 14.89 11.62 10.7 i 9.32 15.12 9.83 13.81 9.6 11.0 11.25 10.05 10.04 10.21 1.0.1

Y 38.54 41.06 36.18 35.46 28.1 46.56 32.56 39.48 32.68 37.8 35.92 30.94 34.44 31.34 26.45

Zr 208.86 193.7 278.09 82.39 272.89 439.91 271.13 161.59 76.74 80.99 80.34 74.43 190.08 324.51 136.96"

Nb 24.76 20.44 25.24 6.5 I 15.26 29.27 21.86 16.44 4.43 10.87 8.86 3.84 20.15 38.28 15.86

Na 27745.1 22403.8 20623.4 30489.9 31676.9 32122.0 27077.5 31231.8 30935.1 38798.7 29451.4 38650.3 27893.5 28264.4 33605.7.

I 37111.3 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/K 0.75 0.50 0.50 0.60 0.30 0.70 0.74 0.56 0.68 0.75 0.60 0.75 0.69 0.72 0.52

K/Rb 152.2 128.6 141.1 185.4 162.3 131.9 145.9 170.4 179.7 183.5 168.6 190.5 156.5 191.4 326.0

Rb/Sr 2.31 3.13 2.07 3.04 1.55 1.88 1.83 3.01 3.12 3.44 4.53 4.68 1.53 0.26 0.18

Rb/Y+Nb 3.85 5.70 4.72 2.68 5.62 4.65 4.63 5.84 6.80 5.81 6.54 3.41 4.74 2.95 4.67

M

oo
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Table 5.6 Trace elements data in ppm used in Spidergram of
different granitiods from the HHC and the Jutogh
Nappe of Himachal Pradesh

Rb

Th

U

K

Nb

La

Ce

Sr

Nd

P

Zr

Sm

Ti

Y

Wangtu Chor Porphyro-
Granitoid Granitoid clastic

Granite

243.54 258.91 290.06

24.78 34.3 57.00

9.32 10.04 11.62

39519.0 40515.3 40930.4

15.26 20.15 25.24

53.12 68.23 88.47

111.4 13 3.9 186.4

156.95 168.94 140.19

45.52 51.65 68.95

1134.7 960.1 960.1

272.89 190.08 278.09

10.97 12.94 15.69

2757.2 3836.2 3716.3

28.10 34.44 36.18

Grey Primordial

Granitoid Mantle

252.23 0.86

9.3 0.096

9.6 0.027

45330.6 252.0

4.43 0.62

9.6 0.71

21.8 1.90

80.79 23.0

16.19 1.29

1876.6 90.4

76.74 11.0

2.03 0.385

599.4 15526

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.

• r

Figure 5.8 c : 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 geoche-iet ry of these varietie« reveal an
inconairtent trend except for a tew element* Ga, r,„ „, „ v.„„, 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. Pand 7,: and adistinct 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 grey granitoid has adistinctive 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, Strand Ti, indicating a
typical crustal contamination and/or crustal affinity, other bodies from the '
HHC and the Jutogh Nappe show higher abundances IMra.l ration of thet.racc
elements. The porphyroclastic granite gneiss has a slight positive Th anomally
with strong negative Nb, Sr, Pand Ti anomalies. The Wangtu granitoid also has
aslight negative Th anomally with strong Nb, Sr, Pand Ti neyat ive anomalies and
the Chor granitoid has only Nb, Sr, Pand Ti anomal res (Table 5.6; Fig. 5.9 a). It is
evident from the plot that the overall trend rs almost similar except m
abundances.

To have better understanding of fractionation presses. , race element data
of these bodies are normalised with hyp,,, hel „„, ,,„,„,„. judyi? VtVAnite {ORG,
data, as suggested by Pearce et al. (1984). Also, for inferring the granite
petrogenesis in relation to the different tec.onic 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
tectonic environments (Pearce et aL, 1984).
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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 granitoid.
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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- Choi-
granitoid.
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The ORG-normalised-plot 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 plotted in silica variation diagrams. Among

those plots, only Rb vs Si02 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 Geochemxstry

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 REE

(HREE), based on their atomic numbers. The raw REE data are normalised with Cl

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 Cl 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 granitoid, 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
Granitoid Granitoid clastic

Gran ite

La

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

Lu

5 3.12

111.4

45.52

10.97

1.28

7.27

4.6 3

2.05

1 .60

0.21

(Ce/Yb)N 19.34

(Ce/Sm)N 2.54

(Dy/Lu)„ 2.21

(Eu/Eu")M 0.44

(La/Lu)N 27.11

(La/Sm)N 3.13

E REE 238.05

6 8.23 . 88.47

133.9 186.4
\ • .

51.65 6 8.95

12.94 15 . 69

1.46 ;''• 1. 42

7.55 8 . 3:9

5.34 5 . 8 4

2.15 2.74

,/1.53 1.9 3
11 'J

0.19 0.24

24.31 . 2 6 . 8 3

2.59 2.97

2.77 2.4 0

0.4 2 0.37

37.88 A»,i 38.89,

3.40 3.64

284.94 3 8 0.07

• • '. , -

Grey C T

Grani- Cond r i t«
told

• 0.6 •0.237

21.8 0.612

16.. 19 1 0.46 7

2.0 3 0.153

Ntl.7 3 0.0 58

1 .8 'C 0.206

2.8 6 0 . 2 5 4

3.12 0 .16 6

1.45 0.17

0.265 0.025

4.1 8 ' A

2.6 9
i •

0.84

3.8 8

3.05J

5 9.8 4-5

3 2.20

5.61

2 8 0
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form The Himachal Pradesh. 1- Wangtu granitoid, 2- Grey gran'tola 3-
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Figure 5.11 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- A-type
granite and 6-S-type granite.
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granitoid give similar LREE and HREE fractionation pattern and trend with

steeper slope in LREEand 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 (Eu/Eu")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 41 : •

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 Radrinath 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 Baltoro granitoids (Karakoram) and the Ladakh batholith of

the NW-Himalaya (Rex et al., 1988; Searle, 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 ah, 1983 a).

• . - ••* ,U i'

•

- • . . • ' - ••-.,-•• -;

!,-:!.••! .- :.'. ••>,..-! ". ••',>• ••••••
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The total REE of the Wangtu granite, Chor granite and phorphyroclastic

granite gneiss are quite high with anegative Eu anomaly (Table 5.7; Fig. 5.11 a).

These granites are enriched in LREE in comparision to the HREE. (La/Lu)N, (La/Sm)N

and (Ce/Sm)Nratios range from 27.11 to 38.89, 3.13 to 3.64 and 2.54 to 2.97
respectively, the HREE (Dy/Lu)N ratio ranges from 2.21 to 2.77. It 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 CorrtE^jr-isiLons with ofctxe*~

a. Comparision with S-type and A-type granite (Fig. 5.11 bh Keeping in 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. 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. 5.12 a, b) and REE

normalised plot (Table 5.7; Fig. 5.12 c, d), these indicate similar geochemical
characters, except in the concentration of the trace elements.

4
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granitoid give similar LREE and HREE fractionation pattern and trend with

steeper slope in LREE and gentler slope in HREE haying 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 (Eu/Eu")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

i

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 Radrinath granites (Garhwal and Kumaon Himalaya)

(Vidal et aL, 1982; Stern et aL, 1989). "

s

(b) Subduction-related granitoids-granodiorite of 60 to 100 Ma age, e.g. the

Hunza and the Baltoro granitoids (Karakoram) and the Ladakh batholith of

the NW-Himalaya (Rex et al., 1988; Searle, 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).
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5 - "7 - 3- Geochemxca 1 characters of

II L ma 1. a yr a n cj t~a ri ;i_ t-c> id ^»

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

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, II and III (Le Fort et aL, 1987). These bodies

are characterised by higher Si02 content and higher Rb, Ta, Cs arid Uabundances;

lower FeO, MgO, CaO and Ti02 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 REE

pattern is 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 Raltora grani Ioids of Karakoram

region (Rex et aL, 1.988). These bodies are calc-alkalline in composition with

Andean-type tectonic setting (Rex et aL, 1988). These rocks ar-e mainly

granodioritic in composition with higher CaO, MgO and FeO, moderate Ti.O0 and
z

lower alkalis contents. The characteristic mineral diagram plot suggest that

these bodies are peraluminous in character. Also, these are enriched moderately

in Rb, Sr, Ba, Th, U, Zr and LREE abundances; but depeleted in most of HREE, except

-4
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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 as Dalhousie, Mandi, south

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, II and III, 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 Si02contents and lower Na20, CaO, MgO and Ti.02 content

with moderate Ea, Rb and Sr concentration (Le Fort et aL, 1986)

5 - "7 . 2 G xr a ri dL t o dL <5l $=3 from Su L: 1 «s 3)

Valley .and C7nor Mountain

x~ Gt cj i o n

The granitoids from the HHC and Jutogh Nappe are similar in geochemical

character as that of the pre-collision granites. Na0O/K2O and Al-,03/CaO+Na20+K90

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-piagioclase modal plot, these granites fall

in tonalitic (grey granite), quartz-monzodiorite (Wangtu and Chor- granitoid) and

granite (porphyroclastic granite gneiss) fields. However, in the

quartz-orthoclase-piagioclase normative plot, these are plotted 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 in the Characteristic mineral

diagram, these fall in sectors II, III and IV respectively (Table 5.4; Fig. 5.4 b).



198

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/Lu)N, (La/Sm)N

and (Ce/Sm)Nratios range from 27.11 to 38.89, 3.1.3 to 3.64 and 2.54 to 2.97
respectively, the HREE (Dy/Lu)N ratio ranges from 2.21 to 2.77. It 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 o±^1n*E:x-

bodies

a. Comparision with S-type and A-type granite (Fig. 5.11 bh Keeping in 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.Comparision wi th 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 c, 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 showinu
comparision of granitoids from Himachal Pradesh. 1- Wangtu granitoid 2 Grey
granitoid, 3- Porphyroclastic granite gneiss, 4- Chor grani oid with 5-
subduction related Hunza granite. ^luxu wicn a

Figure 5.12 b : Spidergram plot normalised to primordial mantle showina
graTtroTd10n3 P9"0,1"0^ 1* ^^^ *"**- l" Wa"*tU 9-n.xtoid, 2 G"?granitoid, 3- Porphyroclastic granite gneiss, 4- Chor granitoid with Z
subduction related Hunza granite and 6- Darkot Granite. gtani,-°ld Wlth 5~

Figure 5.12 c : REE" plot normalised to Cl Chondrite showing comparision of
granitoids from Himachal Pradesh. 1- Wangtu granitoid, 2- Grey granitoid l
[^SSS,e'*Mita 9neiSS' 4~ Ch°r 9ranit0id Wlth 5" -bduc'tion rented

i

Figure 5.12 d : REE plot normalised to Cl Chondrite showing comparision of
granitoids from Himachal Pradesh. 1- Wangtu granitoid, 2- Grey granitoid
Porphyroclastic granite gneiss, 4- Chor granitoid with 5- subduction related
Hunza granite and 6- Darkot Granite. " Elated
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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 leucocjrani I e 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 pattern 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 negative Eu anomaly.

d. Rb vs Y + Nb plot (Fig. 5.14k 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 the present area, All the four

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-collisional and Proterozoic to Early Paleozoic Champawat

granitoid body falls distinctively within WPG field, and compares with 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 and Baltoro

complexes have a tendecy to fall nearer to Volcanic Arc Granite field (Fig. 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 the granites

from the Chor and Sutlej Valley regions of Himchal Pradesh, the following points

are imminent:

1. Petrographically, the grey granite is tonalitic in nature, whereas the
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Porphyroclastic, Wangtu and Chor granites are granite to quartz-monzodiorite

in character.

2. The major element chemistry suggest that these granites are peraluminous and

peralkaline in nature, which is similar to other Himalayan granites of younger

ages. The quartz-orthoclase-piagioclase normative plot shows that these

granites are mainly of granite to jquartz-monzohite composition.

3. The negative anomally in Nb, Sr, Parid Ti of these bodies in spidergram and"'low

Yb concentration and moderately fractionated REE pattern suggest atypical

crustal contamination and/or crustal affinities for these bodies. LREE

enriched and HREE depleted pattern with negative Eu anomally indicate that

the source.material for these bodies might have had enrich LREE.

I

4. The overall trace element pattern on spidergram plot is similar to S-and

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 these bodies suggest that, although these

bodies are different in geological and geographical entity, the source

material and the genesis processes appear to be identical.

I i

6. The trace element variation and discrimination plots suggest that these

Proterozoic granites fall in Within Plate Granite envi ronrnent, whereas other

younger subduction related and collision-related granites have close

affinity towards volcanic arc and syn-collisional environments respectively.
* - .•••'•...

-,: u ' ' ; • •"•' '• '' •' • •• '!• • •• ••••' ... ..v . . ,. ,
7. The WPG category of these bodies in the discrimination plot suggest that

these bodies are of A-type.
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8. Higher LREE and lower HREE abundances are characteristic* of these granites.
suggesting moderate to higher fractionation, except grey granite which rs
depleted both in LREE and HREE and is less fractionated, other younger
granites of the Himalaya are relatively poorer in REE abundances than all
these granites of this region of Proterozoic age.

*



CHAPTER 6 : GEOCHRONOLOGY

6-1 INTRODUCTION

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 (Copeland 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 byProf. 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

6 - 2 U —I»fc» GEOCHRONOLOGY r AN

INTRODUCTION

Applications of the U-Pb geochronology to granitic rocks has largely been

restricted to date zircon (ZrSiO^) and to some extent monaz.ite [(Ce, La, Di)PO,],

and sphene (CaTiSiOjJ. 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 events.

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 radioactive parent isotopes, U and

2T5U. The half life of these isotopes are different from each other and falls into

the range of geological time. The decay of U gives rise to the "Uranium

Series", which includes 2 ^U as an intermediate daughter and ends in stable

206Pb. Each atom of 238U, that decays with a half life of 4.468 * 109 yrs (decay

constant 1.55125 * 10-10 y-1), ultimately produces one atom of 20°Pb by emission

of 8 a particles and 6 B particles. The decay of U gives rise to the "Actinium

Series", which ends with stable 207Pb. Each atom of 235U, that decays with a half

life of 0.7038 *109 yrs (decay constant 9.8486 *10"10 y"1), ultimately produces one
207atom of Pb by emission of 7 a particles and 4 8 particles.

The decay of 2J8U and 2-"u allows us to determine the ages of any mineral

containing uranium. The coupled decay of 238U to 20°Pb and 2^U to 207Pb gives

rise to three different ratios from which ages can be calculated; namely

206pb/238Uf 207pb/235n and 207pb/206pb# 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/235U atomic ratio is plotted on the X-axis and 206Pb/238U on the

Y axis. The locus of points with equal 206Pb/2JSU and 207Pb/23r)U ages define a

curve called CONCORDIA. The age of a sample is said to be concordant when the

data points fall on thiscurve. Otherwise, the age relationships are said to be

discordant. Discordant age patternsare mostly evaluatedwith 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.
i

The great advantage of the U-Pb system is that there are two coupled

systems with different decay constants. Thisoffersa simple method for testing

the assumption of a closed U-Pb system with a single analysis. At the time of

crystallisation, U-bearihg minerals contain no radiogenic Pb and the system is

represented by a point at the origin. This point will move 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 system and 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 system will once

again move along the concordia, if it becomes 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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Figure 6.1 b : Concordia diagram showing data points of four zircon population
*™ the aPParent u/pb ages as well as the Pb/Pb age (Gebeuer and Grunenfelder,
1979).
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Figure 6.1 ^Conventional concordia diagram. Concordia curve is locus of points
for which *W238U age equals 207Pb/^U age. It. is curved due to the different
half-lives of ^JOU 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 quite 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 points of intersection

with the concordia curve by extrapolation. The upper intersection will give the

time elapsed since the original crystallisation of the mineral, and the lower

intersection will give the time elapsed 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 fraction of their radiogenic

Pb, depending upon the size of the crystals, U concentration and the radiation

damage in the crystal. Experience have shown that there is generally a very

strong relation between the Ucontent 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 crystals 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 losses 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)

c. Complex model (Fig. 6.3 b; Wetherill, 1963; Allegre et al. 1974)

d. Dilatancy model (Fig. 6.4 a; Goldich and Mudrey, 1972)

e. Alteration model (Fig. 6.4 b; Krogh and Davis, 1975)

f. Low temperature annealing model (Fig. 6.5 a; Gebauer and Grunenfelder, 1976)

g. Mixing model (Fig..6.5 b; Gebauer and Grunenfelder, 1979)
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Figure 6.2 b :Concordia diagram showing the effect of episodic lead loss on a
oogenetic zircon suit. Lead 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- content, grain size
and magnetic susceptibility on degree of discordace (Gebeuer and Grunenfelder,
1979).
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3 Ob y

Figure 6.3 a : Concordia diagram showing a diffusion trajectory through the
experimental 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 practically the same primary ages (Gebeuer and
Grunenfelder, 1979).

3.0b.y.

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).
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Figure 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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Fiqure 6.4a: 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).

I
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Figure 6.5 b : Concordia diagram with the data points of zircon suit consisting
of mixed population. Such data pattern might occur in high-grade metamorphic
terranes, in which zircon is newly formed during metamorphism (Gebeuer and
Grunenfelder, 1979).

3 Ob.y.

Figure 6.5 a : Concordia diagram with data points of zircon suit, which lost lead
due to low-ternerature recrystallization at or below ca. 300° C. The condition to
anneal zircon at these low temperature is the existence of a strongly
radiation-damaged crystal structure (Gebeuer and Grunenfelder, 1979).



214

6-3

•i | i

SAMPLE COLLECTION
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In order to obtain the best results, fresh, completely ' unaltered,

unmetamorphosed and undeformed rocks should be very carefully selected; in tlie

field and collected. Carefully selected regions in the HHC along the Sutlej

valley have yielded two undeformed samples of the grey granite (sample $q. RR

17/21 or 90056; Fig. 6.6) and Wangtu granitoidlsample no. RR 7/6 or 90054; Fig., 6>6),

though these bodies have otherwise undergone extensive deformation arid

metamorphism. Likewise, the Chor granitoid has revealed ijts undeformed

chracter approximately 5 km from its contact with the Jutogh metamorphics has

been selected for U-Pb geochronology (sample-no. CH 1/1 or 90055; Fig, 6.6). One

deformed sample has also been selected (sample no. CH 4/11,01-- 90067; Fig. 6.6) near

the contact with the Jutogh metamorphics to analyse the effect of-deformation
_J tr- /o I

and metamorphism on the U-Pb systematics. Each samples weighed approximately

30 kq. Extreme case was undertaken to pick up unweathered, fresh ami undeformed
i na •-- 1 |

samples. - - - •; • >j

V- ' [ii! C '
• - .i , ••

",: : . : :' - - • •; I
: . - :....' • • •• '

6-4 ANALYTICAL METHODS

-' ,

6-4-1 Sample preparation

Concentration and purification of zircon crystals from the rocks is

time-consuming and painstaking process. At the beginning, the sample is washeid

and weathered parts if present, are removed. A piece of each sample is selected

to represent the bulk rock type. The dried sample is first crushed by a large jaw

crusher into 2-3 cm size rock chips and then to another jaw crusher to obtain

even finer pieces. Before performing crushing, each active surface.of the jaw

crusher has been thoroughly cleaned with vacuum cleaner, steel brush, and

compressed air in order to avoid contamination between sample processing.



Figure 6.6 : Location map of granitoid bod.ies 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, precautions were taken against cross-contamination.

After crushing the sample is split. A small portion of the sample is taken for

milling 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 ym,

which is of no use, (b) 43-310 ym, which is used for the mineral separation and (c)

> 310 ym, which is taken back for repeated milling (Table 6.1).

6-4-2 Mi. xx ci xr a JL seperation

The 43-310 ym size fraction is carried to the Wilfley Vibration Table, where

mineral separation 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 sample 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 magnet", 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

liquids. 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 CRDSHING-MILLING-SEIVING PROCESS FOR
ZIRCON SEPERATION

Bulk Sample

Jaw crusher I

Chip sample 2-3 cm)

Jaw crusher II

Chip sample < 2 cm)

Cylinder Mill

Powder

Sieve

< 43 ym 43 - 310 ym

(To be discarded)

]

Disc Mill

raer forPowaer tor

whole rock

analysis

> 310 ym

(To Repeat)
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precautions are taken:

* Shelves and fume hood floors 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

filtering.

* 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 compressed air.

After first Frantz magnetic separation, minerals are taken far 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

separation with settings ranging from 0.5 amp to 1.5 amp with intermediate steps

v
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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 finally treated with Clerisis solution (sp. gr. 4.03 ) for

liquid seperation. The sunk portion including zircons are washed by 3*distilled

water and dried down in oven at 70° C. '• <

•Zircon concentrate is then sieved into f ive size;ffactions (i) >210 ym (ii) 150

- 210 ym (iii) 106 - 150 ym, (iv) 74'- 106 ym and (v) < 74 ym. The best zircons,

uncoloured arid free from all inclusion, are selected by hand picking from each

fraction for the chemical treatment (Table 6.2).

... ..,' ,., : : , .. ' .,, . : • Lft '- ' I . It .- !••..-•: • --..I' i

I . ... , r . '...• ',.";"•. : I ,i > • . . ; i . ( • ,','.'. - h- . : - • • • ' • . . ' ' •..:•' ....

6-4-4 Chemical preparation

After having hand-picked different1 size fractions of zircon, the'following

methodology has been adopted for chemical treatment.

a.i Cleaning of zircons : The chemical preparation starts with different washing

procedures. Each zircon fraction is treated separately in cleaned pyrex beakers

with 6N QD HCl on hot plate for 20 minutes without letting it boil. The following

steps are followed in cleaning zircon grains: ' •••".r'tfr .,,,-,-

''.- * HCl is washed away by 3 * distilled H20; alcohol is used for breaking the

id surface tension of water due to which some zircons are seen floating.

: i * Zircons are washed with 7 N HNO3 for 20 minutes on hot plate.

: * HNO3 is washed off with 3* distilled HnO. " '

imi* Water is removed and beakers are half-filled with ELGA water and put

r;- into ultrasonic bath for about 10 minutes. (If the water is not clear, it is

changed and the process is repeated until the water is clear).

*The ELGA water is removed and zircons are washed with DB H20 (double
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TABLE 6.2 FLOW CHART SHOWING VARIOUS STEPS IN MINERAL SEPERATION AT THE

ISOTOPE LABORATORY, STOCKHOLM, SWEDEN.

43 ym - 310 ym fraction

Wilfley Vibration
Table

Heavy fraction

"Band magnet"
Field

(2.6 volt-15 amp )

Non-magnetic portion

Tetrabrometan (sp.
gr. 2.96)

> 2.96 (sunk portion)

Frantz Isodynamic
Separator : Constant
tilt 10" and slope 5'

0.15 amp

Non-magnetic

0.25 amp

Non-magnetic

0.30 amp

Non-magnetic

Magnetic portion

< 2.96 (Floating)

Magnetic

Magnetic

Magnetic

V



IT/.'-•'•"-! 'If! .JAM^Ill Ti V

i«r 0 .40 amp -,, ;

Non-magnetic

Dijodmetan ,,. ,,
(sp. gr. 3.34)

> 3.34 (sunk portion)

Frant^ Isodynamic ..;,,,, ».,,
Separator : constant |.l
tilt 10° and slope. 5',f, ,

0.50 amp

Non-magnetic

0.6 amp '

Non-magnetic

0.8 amp

Non-magnetic

1.0 amp

Non-magnetic

1.2 amp

••-•• Non—magneti.c

Tji/'t'1 •- '-. •
-:— Magnetic
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rrr-s < 3.34 (floating)

— Magnetic

Magnetic

Magnetic

Magnetic

Magnetic:
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1.35 amp

Non-magnetic

1.5 amp

Non-magnetic

Clerisis (sp. gr. 4.03)
:

Magneti c

Magnetic

•

. - ,

•

*

> 4,03 (sunk portion)
i

•

Sieve

4.03 (Floating)

• -

m-210 ym 106 ym-150 ym 74 ym-106 ym < 74> 2i

• Hand picking under
microscope

Zircon concentrates

i

•. .

•

ym

j

I

-

.oi

,1 •

V
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bottle distilled) and put in oven for drying.
i.|rt

b. Dissolution of zircon : Dried zircons of each fractions are weighed out into

double-walled teflon dissolution tube. 0.3 ml.HF + HNO-i (1.0:1 ratio) is added to

each inner dissolution .capsule for dissolution, while HF +HNO3 of same strength

and ratio is added to the outer teflon tubes. The outer teflon tube is tightly

closed and put into a high pressure teflon-J ined steel "bomb". The bomb is put

into the oven for about 4 days at 200° C and is later removed from the oven. The

capsules are taken out, opened up and put in the evaporation chamber for

drying.

c. Spiking procedures .-Amount of 235U spike and 208Pb spike for each sample are
calculated assuming a 0 content of 400 ppm ami a Pb eonl enl of 100 ppm for these

particular samples.

All the four capsules are taken out from the evaporation chamber and allow

to cool down at room temperature. Sample capsules are then weighed. Weighed 235U

spike is added into each tube after appropriate calculations. These are then

filled in with DB H20 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 day and cooled. Each sample is divided into

ID (isotope dilution - 1/4 portion) part and IC (isotope composition - 3/4 portion)
208part. Pb spike is added to the ID part. The blank sample, which has been

handled extactly in the same way as the zircon sample, is divided into two halfs

and 20Pb spike is added to both of these halfs rather than 208Pb. After addi tion

of Pb spike both the ID and IC portions are put into the evaporation chamber.

I

Dried vessels are taken out from the chamber and 200 ml of HBr (0.4N) is added

to them and the samples are left overnight for dissolution.
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d. Ionexchange :Ion exchange is carried out by two methods:

(i) Modified traditional method (Krogh,1973) and

(ii) 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) chloride form +DB H20. When the resin

has settled down, it is washed by 200 yl 0.5 N HN03, then two times by 200 yl DB

H20. The resin is conditioned by putting 150 yl 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 yl DB H20 through

thecolumn. This teflon vessel is also put in theevaporation chamber for drying

down and the residue then dissolved again in 200 yl HBr (0.4N) overnight.

A second Pbion exchange step is performed next day using the same resin and

same column, after washing them with 200 yl 0.5 N HN03 and two times with 200 yl

DB H20 followed by conditioning with 150 yl HBr (0.4N). After that the sample

dissolved in HBr is put into the column and washed with 200 yml HBr (0.4N) once.

Then the Pb ions are collected in a new teflon vessel by passing 200 yl DB H20

three times through the column. After collecting the Pb ions the vessels is

taken to the evaporation chamber for drying down. The sample is then ready for
A

mass-spectrometry of Pb. |



I

225
l:n.. f, .I- ,<•,! - M.u, ,j. ,..." ..

The sample having U, Zr 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 with analytical grade cation

exchange resin AG 1-X8 (200-400 mesh) nitrate form +DB H20. When the resin has

settled down, it is washed with 1.0 ml DB H20 and conditioned 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 3.1 N DB HCl twice and then one time 0.5 ml 3.1 N DB HCl. Then

elution of Uis done by 0.5 ml DB H20 and 1.0 ml DB H20. Uis collected in seperate

teflon vessel. The vessel is then taken to the evaporation chamber, then dried

down. The sample is now ready for mass-spectrometry of U.
• • I • . , ! If'. • ' ' : /.-..'••. -1 -.. 1 •; .. . : I

•''" ••'•••.•••••!•*;•'-•'••' •• ' '! '•: '.!•• !. .;!, •' . j, |I,,,, .,> I.,..,,,,, (,j .,, ,.,/. , .|",

!ll.l llV| I ,I? IP ., *. ,--:>.•.; ...',.
6-4-5 Mass Spectrometry

•' «" '"" - ••''! I-I'h I,'C'!«!Wi.||(|f, I -, • -- i I-.. . :. !,,-_, !

>•><>! • '] •>:•• hii hut .-, • •-, | • nil ' hr« l< -- - ;.« •- -
All isotopic measurements are carried out on the Finnigan MAT 261

Mass-Spectrometer. The MAT 261 Mass-Spectrometer is designed for isotope ratio

determination using thermal ionization. The precise determination of isotopic

ratios of solid samples by thermal ionization requires a highly evacuated

analyser system with an ion source for thermal ionisation, which usually

generates positive sample ions. The ions aregenerated, accelerated andfocussed

within the ion source. The resolution is determined by an ion source slit with
•m -'' •• •' •• • • ii u. ,«•:-p. •< :.n i«i no ,i u n-, Ai \ .-.od •. ... r •..>-• •

aslit width of 0.2 mm. After passing through this slit and the following Y-lens,
'!:;:- --: ' '•'•'• •• • • •- •'• ,:-u \r, n.?i •• i. .., .,• ;1; i,j,r„ | ;... ,,{{,:] • •-,

the ions traverse the free space between the ion source and the magnetic

sector field. The ion beam enters and leaves the magnetic sector with an angle

of 26.5° with respect to a perpendicular entrance line. Inside the 90° magnetic

sector field, each type of ions are affected bya slightly variable force, which

is mass and charge dependent. This variable effect causes a seperation of ions

of different masses. The ions of different masses (isotopes) can be detected

simultaneously with five Faraday detectors and one multiplier detector. The



226

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 niorphologY

Zircons from the grey granite are euhedral prisms of variable length,

averaging about 4:1, with sharp crystal edges and pointed pyramidal

terminations. Most crystals are transparent, with some opaque inclusions, and

many are strongly zoned. Some crystals include darker coloured 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

the crystal.

The majority of the zircons in the Wangtu granitoid are well crystallised

euhedral prisms, commonly with sharp edges and pointed pyramidal terminations

(Fig. 6.7 a). The average length : width ratio is about 3:1. The crystals are

generally transparent, but inclusions are not uncommon (Fig. 6.7 b) and some

crystals have internal structure suggesting they may include older cores (Fig.

6.7 c). 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# d). ! >

'•> '-• : '•••! i '\UU • •!•>(• -.1? I ... •! I • i:,..- :•!•»»... .1 •;:•:•

The zircons from the Chor granitoid are generally •transparent and some ate

rich in opaque inclusions (Fig. 6.8 a). Most of the1 crystals! are: euhedral but of

variable shapes (Fig. 6.8 b) both elongated prism and ellipsoidal crystals with

well-developed high-indice surfaces are common (Fig. 6.8 c). No- significant,

optically distinct cores have been noteworthy in comparision to Wangtu

granitoid (Fig. 6.8 d). Other varieties include clouded grains, twinned crystals,

gz-ains having fluid inclusions and subrounded grains (Figs. 6.8 b, c, d).

6.5-2 O — E»fc> zircon ages

'.-.J..;,.- j• . - _. --

The grey granite gneiss, lying near the base of the HHC within the Jeori

Formation) occurs as a small' stock. A' regression <line, based on 6-zircon

fractions, yields an upper interceptage 'of 2068 £ 5 Ma (2o) and a lower intercept

age of 379 ±18 Ma (2d) having MSWD value 0;93 (Fig. 6.9; Table 6.3). The finer

fractions < 74 ym are more discordant, whereas abraded fraction between 106-150

ym moves towards the upper intercept. The upper-intercept, age of 2068 ±5 Ma (2o)

indicates the primary crystallisation 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.

The Wangtu granitoid has upper, intercept U-Pbzircon age of, 1866 + 10 Ma (2o)

and a lower intercept age of 48 ± 28 Ma (20); with a .low; MSWD values of 0.1, as

evident from a regression based' on 5-zircon fractions(Fig. 6.10; Table 6,4). Like

grey granitoid, the finer fractions are ndore discordant,-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

interpreted the upper'intercept age ofi!866:+ .10•Mai(2o) .-closely reflecting the;

primary crystallisation age for the Wangtu granitoid. '. .-,.- ,; *•• .,, ,N ,.; K .
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Figure 6.7 a :Zircons from the Wangtu granitoid body with well crystalllisad,
euhedral prism commonly with sharp edges and pointed pyramidal terminations.
The average length :width ratio is about 3:1. PL X 308.5

Figure 6o7 b:Zirconsfrom the Wangtu granitoid with well-grown tripple twinned,
euhedral prism with sharp edges and pointed pyramidal terminations and
transparent inclusions- The average length :width ratio is about 3:1. PL X 617.

Figure 6.7 c :Zircons of the Wangtu granitoid with well-grov;n euhedral prism
with sharp edges and pointed pyramidal terminations and transparent inclusions.
Zircons also showing darker cores. PL X 617.

Figure 6.7 d ;Zircons of the Wangtu granitoid with well-grown euhedral prism and
sharp edges aad pointed pyramidal terminations and transparent inclusions.
Zircons snowing darker cores with magmatic zonation pattern. PL X 617. x
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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 c :Zircons from the Chor granitoid having variable shape with well
developed euhedral prism also ellipsoidal crystals. Also precence of twinned'
crystal is noted from thecrop, which is mostly transparent in nature witha few
inclusions, PL X 617.

Figure 6.8 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 thecrop, which is mostly transparent
in nature with no inclusions. PL X 617.
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Figure 6.9 :U-Pb concordia diagram for the grey granitoid from the HHC, Sutlej
valley.
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TBALE 6.3 : U-Pb analyalytical data of grey granitoid form Sutlej
valley, Himachal Pradesh

Sample Concentration Atomic ratios* and model

90056 in ppm ages in Ha

0 Pbr.a
204pb 206pb 2oepb 206pb 207pb 207pb

(fractions) _ :

20«pb 206pb 238U 235(| "•Pb

<74 ym 1340 307 1.345 218 0.0303 0.23926*55

1383

3.953*45

1625

0.11984*120

1954 :

<74 pro ab 1386 325 1.330 230 0.0400 0.24225*44

1398

4.0048*100

1635

0.11990*19

1955

74-106 lis' 1101 275 0.128 1865 0.0302- 0.25279*40 4.2105*147 0.12080*34

• -, 1453 1676 196B 1

106-150 tin 1059 276 0.189 1275 0.0287 " 0.26524*40

1517

4.4544*165

11723

0.12180*37
I

1983 | <„

> 150 pa 1016 289 0.216 1165 0.0362 0.28729*43

1628

4.8868* 83

1800

0.12337*10

2005

'1

106-150 pro 931 262 0.010 2290 0.0322 0.28476*46^ 4.8284*126 0.12298*22

ab 1613 1790 2000

(a)

I • i

Z06Pb/204Pb 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 0.05% / AMU

Blank U 0.5 ng
Common lead 206Pb./20'aPb

208Pb/204Pb

i\ • Pb 0.12% / AMU

Pb 0.2,ng
15.1 20>Pb/20<lPb 15.2
34.8. !

(Stacey and Kramer gtowth curve)

ab - abraded as described by Krogh (1973)
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Figure 6.10: U-Pb concordia diagram for the Wangtu granitoid from the HHC, Sutlei
valley.
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TABLE 6.4 U-Pb analyalytical data of the Wangtu granitoid form
Sutlej valley, Himachal Pradesh

Sample
90054

(fractions]

Concentration

in ppm
I Pbrad 20' Pb 206Pb

204pb

Atomic ratios1 and model

ages in Ha
208pb 206pb 207pb

6Pb BU '•Ii

7Pb

5Pb

<74 ym 677 137 0.0129 .0942 0.19476*31 3.0373*121

1147 1417

.11311*36

1850

74-106 pm

ab

106-150 pro

ab

< 150 pm

(74 pm ab

1125 222 0.0045

W 193 0.0297

793 172 0.0928

810 182 0.0160

41000

5500

9290

0856 0.19166* 34 2.986* 60 0.11300*09

1130 1404 1848

1005 0.20338* 31 3.1730* 54 0.11315*09

1193 1451 1851

0959 0.20934* 31 3.2852* 53 0.11382*07

Jf225 1478 1B61

0160 0.2l'5i6*32 3.3719*78 0.11329*18

1260 1498 1853

(a) 206Pb/204Pb 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 0.05% / AMU Pb 0.12% / AMU
Blank U 0.5 ng /pb 0.3 ng
Common lead 206Pb/204Pb 15.6 H 20'7Pb/204Pb 15.3

20BPb/204Pb 35.2, ;
(Stacey and Kramer growth curve) \~ ';

ab - abraded as described by Krogh (1973)
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The U-Pb zircon results for the Chor granitoid present a more 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 (2o) and 460 ±264 Ma (2o) 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 ym', 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 ym', "150- 210 ab ym' and "106-150 redone ym', the remaining five

fractions give a discordia line with the upper intercept age 912 i 6 Ma (2o) and

MSWD of 2.0 (Fig. 6.13; Table 6.6). However, this line has a negative lower intercept

age.

6-6 DISCUSSIONS

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 zircon crystals from both

the 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.

4
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Figure 6.11 :U-Pb concordia diagram for the deformed Chor granitoid from the
Chor Mountain.
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TABLE 6.5

I

U-Pb analyalytical data of the Chor granitoid form
Chor Mountain, Himachal Pradesh

Sample Concentration Atomic ratios1 and model

90067 in ppm ages in Ma
0 Pbrsd 204Pb 206Pb 2oepb 206pb 207pb 207pb

(fractions)
204pb 206pb 238„ 235„ 206pb

(74 m 633 88 0,0113 6100 0.1852 0.12906*21

782

1.1824*63

792

0.06645*31

820

74-150ym 623 85 0.0119 5800 0.1517 0.13066*20

792

1.1988*23

800

0.06654*08

823

150-210yra 548 75 0.0121 5100 0.1404 0.13163*20

797

1.2098*21

805

0.06665*05

627

(a) 206Pb/20'lPb 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 206Pb/204Pb 17.4 207Pb/204Pb 15.5

2°BPb/2C,4Pb 37.1

(Stacey and Kramer growth curve)

A
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Figure 6.12 : U-Pb concordia diagram for the undeformed Chor granitoid body from
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 Atoiic ratios" and aodel

90055 in ppi
I Pbr.d 2G4Pb 206pb 20Bpb

ages in Ha
206pb 207pb 207pb

(fractions)
204pb 20Bpb 23B„ 235„ 206pb

<74m 930 127 0.0036 30700 0.0636 0.14029*24

846

1.3433*66

865

0.06945*30

912

74-]06m 887 119 0.0072 14400 0.0690 0.13665*22

826

1.3159*57

853

0.06984*26

924

106-150ub 864 121 0.0034 26100 0.0786 0.14169*24

854

1.3567*66

870

0.06944*30

912

106-150m 827 114 0.0006 >100000 0.0921 0.13843*19 1.3253*23 0.06944*06

II 836 S57 912

150-210m 1122 123 0.0044 24400 0.0762 0.11162*18

682

1.0780*37

743

0.07004*20

930

) 210 pi 692 129 0.0011 75000 0.4553 0.14160*23

BS4

1.3798*47

880

0.07067*19

948

106-150vb 741 97 0.0008 >100000 0.0719 0.13362*20 1.3418*24 0.07283*07

ab 808 864 1009

150-210M 887 125 0.0008 M0000O 0.1241 0.13683*21 1.2990*27 0.06885*10

ab 827 845 894

(a) 206Pb/204Pb 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 0.05% / AMU

Blank U 0.5 ng
Common lead 206Pb/204Pb

20BPb/204Pb

Pb 0.12% / AMU

Pb 0.2 ng
17.2 207Pb/204Pb 15.5

36.9

(Stacey and Kramer growth curve)

ab - abraded as described by Krogh (1973)

*



0. 2 206 90055 1200

o. 1--

0. 0

0

I„ 912 ± 6 Ma -( 2s-)
MSWD 2. 0

I, -74 ± 41 Ma ( 2e )

rractional M*ifc/aa,j
1 <74 !.34J4±66 0.1402^7^
2 H-104 1.3:5937 0.13icc:r
3 106-150 ..3567+66 0.1416-;:-
4 150-210 . 07S0137 o. i i:62±:s
3 106-!5Oab .3flBt24 0. i33c^:;

Figure 6.13 :U-Pb concordia diagram for the undeformed Chor granitoid body from
the Chor Mountain.'

930

887

364

1133

741

|sj

35



240

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 can be very

difficult to optically identify all such crystals. It is thus possible that the

coarse fraction 0 150 pm) 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, do not 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 A

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 ±5Ma. 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-point

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 intercept 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 tothe 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

i
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fraction i.e., '> 210 ym' and '106-150 ab um', 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

1190.2 with an imprecise upper and lower intercept ages of 859 ± 97 ^a an^ ^60 ♦

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 f rom 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 it 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 HHC (Pognante et aL, 1990) and results 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 Choi-

granitoid data plots well above a line joining 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.

Q7 QC

High Sr/ Sr initial ratios, calculated from U-Pb model zircon ages for
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TABLE 6.7 : Analytical Rb-Sr data for whole rock samples from the
HHC and the Jutogh Nappe, Himachal Pradesh

Saiple Type Rb" ppi Sr* ppi Rb/Srb 87Rb/"6Sr0 87Sr/B6Srd Model age { "Sr/'-Srh

90054 Hangtu
granitoid

253 147 1.713 5.025 0.849070*10 1866 Ha 0.7163497+10

90055 Chor

granitoid
263 161 1.630 4.743 0.767681+08 912 Ma 0.7062572+08

90067 Chor

granitoid
226 767 0.2948 0.B540 0.719233110 859 Ma 0.7081703+10

(a) XRF, approximate content

(b) XRF, estimated precision ± 0.6-0.8%

(c) XRF and Mass-Spectometer

(d) Mass-Spectometer, errors given as two standard errors of
the mean.
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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).

A



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 progressing into continent-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

metamorphosed 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 Geological and tectonic

f x~amewo irk

Detailed geological mapping in parts of Sutlej valley and Chor Mountains has

revealed major tectonostratigraphic units of the Lesser Himalayan Proterozoic

sedimentary foreland, exposed in the Kulu-Rampur Window and numerous ot lier

small windows. These include the Shali Formation and Rampur Group of 1Lmest one,

dolomite, slate, phyllite and a thick orthoquartzite-volcanic association. The

para-autochthon of the window sequence is thrust over by the southward

migrating Bajura/Kulu Nappe 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 tectonic

boundaries like the Main Central Thrust (MCT), the Kulu Thrust (KT) and the

Chaura Thrust between basal Jeori Formation of the HHC and the Wangtu Gneissic

Complex; the Jutogh Thrust (JT) and the Chor Thrust between the Chor granitoid

and the Jutogh metamorphics.

"7-2-2 Deformation and

metamo :r-ip»n d_ -sir*

The HHC belt along the Sutlej valley between Jakhri and Wangtu is* thrust

over the Rampur Group along the anI i formally folded MCT and characterised by

four- distinct deformation phases. Of these, the second phase Dn is marked by
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prominent axial-plane foliation S2 of reclined F2 folds, which plunge Nto NNF.

A coaxial stretching/mineral lineation L2 to these folds is very prominently

seen throughout the HHC. These structures are developed during

southwesterly-verging ductile shearing during the Himalayan Orogeny. Thetrend

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 Dcl phase, producing a distinct

nearly horizontal E or W plunging folds and a coaxial lineation. The Dcl

deformational phase corresponds to the D2 deformation of the the HHC and inner

parts of the Jutogh Nappe along the Sutlej 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 D3 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 D, is associated with
metamorphism Mj and is absent in frontal part of the Jutogh Nappe in Choi-
Mountain region. This metamorphism M, is weak, probably having quartz-
sericite-chlorite-biotite-feldspar-opaque assemblage of the greenschist facies.

During the most pervasive main D2/Dcl 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 these
minerals produces concordant S± Se relationship during main metamorphism
(M2/Mcl). Garnet has grown in at least two distinguishable metamorphic episodes,
which are documented by inclusion-rich syntectonic 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.

i

Metamorphism during D3/Dc2 deformation is weak and manifested by
synkinematic crystallisation of low grade minerals like quartz, muscovite and
greenish biotite along axial plane foliation of F3/Fc2 folds as well as
post-tectonic cross-mica growth. Retrogression during late D3/Dc2 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 is evident from the presence of chloritoid, staurolite and chlorite
in the assemblage. In the Jutogh Nappe, P-T estimation on syntectonic garnet.

i
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core during Mcl 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

metamorphic 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 and 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 fromthe Sutlej valley and theChor Mountain, contain quartz,

K-feldspar, plagioclase, biotite and muscovite in varying proportions with

accessories such as zircon, apatite and opaques. The modal plot of these

granites indicate thatgrey granite is mostly tonalitic, whereas other granites

are of granite to quartz-monzodiorite in composition. However, the normativo

plots indicate that grey granite, Wangtu and porpyroclastic granitoids are

more 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-typo

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 Si02 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 these

granites intruded into the continental crust of normal or attenuated ^

thickness.

The U-Pb zircon ages from these granitoid bodies indicate the

crystallisation around 2.0 Ga, 1.8 Ga and 0.9 Ga within the remobilised basement

of the Himalayan metamorphic belt. High 87Sr/86Sr 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 COLLISION TECTONICS : PRESENT

MODEL

"7-3-1 R r~otero zo ic 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 cluster around 1.0-2.0 Ga, 1.2-1.4 Ga

and 0.50 Ga (Chapter 1; Table 1.1; also Sorkhabi and Stump, 1993), thus revealing



*

251

extensive involvement of the Middle Proterozoic basins and basement rocks in

the Cenozoic Himalayan collision zone. An extensive orthoquartzite-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 constraining 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 a]., 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
interstratifled with orthoquartzite-limestone association of the Kulu-Rampur

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 biotite gneiss. As no
deformation episodes is associated with this anorogenic magmatic event, it
appears that biotite gneiss and thinly banded pelitic sequences of the HHC
represent original geoclinal facies of shale and thin sandstone intercalations,
probably coeval to the 2.5 Ga orthoquartzite-volcanic platformal association of
foreland, deposited on astill 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 peiites 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 movement 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
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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 peiites, 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.

7.2). It is also evident from the high 87Sr/86Sr 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 accretionary 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, repeated 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 Hiinalavan 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,

metamorphism 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 S2 of reclined F2 folds, and

plunging N to NNE.

Orientation of mineral elongation in Nirath-Baragaon mylonitised augen

gneiss of the Bajura/Kulu Napr;>e 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- 1.2 to 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 Thrust 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;

Brunei, 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) suggested that

penetrative lineation, 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 mobilebelts. Bell (1978) and Cobbold and Quinquis (1980)

have observed that XY-plane representing the foliation and linear elements in

L-S tectonite, parallels the Xaxis of the strain ellipsoid. This model postulates

that Xand Zstrain 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 Xresulting 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 is

contemporaneously developed during the mam ductile deformation in a shear
zone, whose transport direction is indicated by down-the-dip plunging

stretching lineation (Fig. 7.3 a).

I
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Figure 7.3 : Model showing shear indicators in different tectonic regimes, (a)
Intracontinental ductile shear of overthrust-tyxae 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 voloamc-quartzito

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 Ltesser 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 development of the latter, and
presence of azone 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 is 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 b).

h.Tnverted metamorphism: Many models have been proposed to explain classic

inversion of metamorphic isograds in the Himalaya. These models include (i)

recumbent folding of isograds, (ii) imbrication and juxtaposition due to thrusts,

(iii) frictional heating along the MCT, dv) 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 is briefly discussed below.

4
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(i) Recumbent folding: Some of the typical cross-sect inns through the Himalaya

in Simla .Hills, Kulu valley, and Zanskar have postulated 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 only

southerly top-to-SW shear vergence has been observed.

(ii) 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.

(iii) Frictional heating: Models, based on frictional heating along large-scale

intraconf mental 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).

(iv) Hot-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; Jaux^art and Provost, 1985). Le Fort (1986)

postulated generation of MCT-related Miocene leucogranite and itsemplacement

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 ux^ward 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 D2 deformation because of continuous variation in

orientation of the strain ellipsoid (Jain and Manickavasagam, 1993). Millimetre-

spaced C-surfaces sigmoidally bent the S-foliation on a small- scale towards the

direction of ductile'tectonic transport. It also suggests that metamorphic

isograd boundaries also underwent small-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 is,

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 D3 deformation in the HHC and, therefore, post-date the peak

M2 metamorphism. In the Chor Mountain, discrete mylonite fabric related to

thrust event also post-dates the MCj 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

theNW-Himalaya has intensely imbricated theremobilised Proterozoic basement

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 magmatism 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 in a thick intracontinental 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).

i
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