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ABSTRACT

The thesis provides as much of basic geological information as possible on the Main Central
Thrust Zone (MCT-Zone) of the Himalayas taking two sections into focus: the Alaknanda section
between Joshimath and Gulabkoti was studied in greater detail than the Darmaganga section between
Sobala and Khet, the former in Garbwal and the latter in Kumaun. Thrusting along the MCT-Zone has
brought high grade crystalline rocks of the Higher Himalayas on top of the low grade Lesser
Himalayan rocks. A classic inverted metamorphic sequence is poticed across the MCT-Zone into the
crystallines above. The major deformation and metamorphism episodes that affected the MCT-Zone
and its neighbourhood, the broad physical conditions operating during the MCT-emplacement, and the
relationship of MCT-emplacement with the inverted metamorphism in the area have been wotked out.

The MCT-Zone (‘Munsiari Formation' after Valdiya, 1980) is essentially a complex shear
zone with lithology-controlled strain-partitioning, but shows a general downward increasing gradient in
strain. The upper and lower boundaries of the zope are given by the Vaikrita Thrust and the Munsiari
Thrust respectively. These two boundaries have been clearly located in the field unlike before. Two
generations of stretching lineations are present in the MCT-Zone; the dominant set corresponds to the
time of main emplacement of the MCT-sheet, while the latter is of post-retrogressive reactivational
origin.

Four episodes (F1, F2, F3 & F4) of folding could be recognised taking the MCT-Zone and the
hangingwall into consideration. F2 is the most dominant fold-episode. Though MCT-stretching or
shearing started broadly synchropously with the F2-¢pisode, the peak of the main stretching event (ie.
the main MCT-emplacement time) came about postdating the F2-episode and broadly synchronously
with the F3 episode. The fold episodes (FL, FII & FII} in the footwall (Berinag-Mandhali formations)
could not be correlated with those above.

Four episodes of metamorphism (M1, M2, M3 & M4) affected the central crystallines as well
as the MCT-Zone rocks, There was no one-to-one correspondence between the folding and
metamorphic episodes except the F3 and M3 both of which took place broadly synchronously with the
peak of MCT-shearing. M4 corresponds to the retrogressive metamorphism consequent upon and
subsequent to the main MCT-emplacement. The Lowewr amphibolite™ .facies M3 metamorphism
indicates the physical conditions prevailing during the MCT-emplacement. M2 was the highest grade
of metamorphism attained in the area; the progressive Barrovian metamorphic zopes that now occur in
an inverted order originally developed at the M2 time. M2 was slightly earlier than F2-folding, while
the M1 metamorphism was pre- or syn-F1. Events from M2 onward were in direct or indirect response
1o continuing migration of India following the collision with the Eurasian plate at 50+5 Ma, while M1
and/or F1 was pre-collisional (probably pre-Tethyan, ie. Precambrian). Imprints of four episodes of
metamorphism (MI to MIV) are recognised in the Berinag-Mandbali formations; their correlation with
the hanging wall events is not conspicuous.

Inverted metamorphism in the area is shown by the M2 isograds disposed in an inverted order
on the overturned limb of a largescale multiorder overturned antiformal F2-fold. Thrusting along the
MCT played a passive thickness-modifying role upon the already inverted metamorphic zones and,
therefore, the MCT-emplacement was not gepetically related to the inveried metamorphic sequence
developed at the base of the Higher Himalayas.



PREFACE

(with acknowledgements)

1t is said that the present status of our knowledge about Himalayan geology is
comparable to that of the Alps 100 years ago. After having worked for this thesis 1 realise the
full significance of this saying.

The thesis deals with the tectonometamorphic evolution of the Main Central Thrust
Zone of the Himalayas as revealed through an integrated structural and textural study of the
rocks across the zone from two sections: Alaknanda section (Joshimath area) in Garhwal, and
Darmaganga section (Sobala area) in Kumaun. The main focus is on the Joshimath arca
(Alaknanda section), because this area exposes a very complete succession of the MCT-Zone
rocks. The Sobala area (Darmaganga section) has been studied for the purposc of
comparison. The reader should take this (hesis as a basic groundwork that paves the way [or
future detailed study in these areas. For obvious reasons I had to put much emphasis on
noting the field atiributes of the rocks and collecting important specimens, mostly oriented.
Most of the specimens are kept in the Grant Institute of Edinburgh University, tﬁe rest are
kept in the Geology Department of Presidency College, Calcutta.

Strictly speaking, the thesis gives a much generalised picture i.e. a broad framework
of the tectonometamorphic evolution of the Main Central. Thrust Zone and its immediate
environs. Further advanced study is necessary in order to bring out the details, thereby
tracing out a more complete picture of the overall evolution. The observations embodied in
the thesis are only part of a whole wealth of information to be accrued from this classic area
where shear-related structural and chemical features are so well preserved and in such a wide
range of scale. To this end, the thesis could be taken as a guide and preliminary source-book
of data. ’

It is a great pleasure to record with heartfelt gratitude my sincere thanks to all those
individuals and organisations but for whose help and cooperation the present work could not
have been completed. Even though it would be futile to attempt naming them all, I cannot but
take this opportunity to mention the following:

The funds for the project came mainly from two sources-- first, from the Government of West
Bengal (India) in the form of a State Scholarship, and secondly, from the Committee of Vice-
Chancellors and Principals (CVCP), U. K., in the form of an ORS- Award. In the final stage



thanked for (heir kind help. Dr J. Behrmann of Giessen, Germany very kindly provided the
results of X-ray texture analyses of 6 quartzite specimens.

On my way to or from the field, I benefitted from discussions beld with Prof K. S. Valdiya at
Nainital, Drs V. C. Thakur, A. K. Sinha and A. K. Dubey ‘at Dehra- Dun, Prof D.
Mukhopadhyay at Dhanbad (now at University of Caicutta), Dr.Subhasis Sengupta, Profs P.
K. Gangopadhyay and A. K. Saha, and Messts Ananda Chakrabarti and Pradyot Banerjee in
Calcutta. Special help was rendered by the Geology Departments in the Presidency College,
Calcutta and in the Indian School of Mines, Dhanbad for trimming, packing and mailing of
the rock specimens collected in the field. Mr S. Mukherji of the Indian High Comumission in
London always completed the formalities regarding field-trips very sincerely.

In the field, accommodation was kindly provided by {he Sankaracharya Asrama at Joshimath
(Garhwal) and the National Hydroelectric Power Corporation (NHPC) of India at their
project-site at Sobala/Nyu (Kumaun). Without such base camps, doing fieldwork in the
mighty Himalayan mountains would have been much more difficult. However, it must be
mentioned ‘ihat being an Indian myself, I was in a much better position logistically to carry

out fieldwork in those strategically sensitive areas.

Gregory, Angelika & Steve, my flabmates and close friends in Edinburgh, provided great
moral A§upport over the last few months.

At the home front, therc was no dearth of encouragements from my loving parents, brother,
brother-in-law and sister. A special salutory mention is made of Susmita, my beloved wife
and an invaluable source of inspiration. She gave me strong moral as well as material support
when I needed them most. Without her by my side probably I could not have been able to
submit my thesis. Much is also due to our little 'Gora', who missed me as much as I missed
him.

i sincerely thank them all again.

Finally 1 would like to mention that the responsibility for any omissions of

commissions in the contents of the thesis solely rests upon me.
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Chapter-1
INTRODUCTION

Everything around us has its own story
to tell. We are constantly striving to read
as many of such stories as possible, and
in the process gradually discovering that
these are, in fact, interconnected parts of
a still more charming Story................

The Main Central Thrust Zone (MCT-Zone) is one of the most important
geotectonic elements of the Himalayas. It lies at the junction between the Higher
Himalayas with older crystalline rocks to the north and the Lesser Himalayas with
younger metasediments to the south. Répresenting perhaps the largest shear zone of
the Himalayas, the MCT-Zone has accommodated a significant proportion of the
shortening near the northem margin of the Indian plate in response to its northward
migration after collision with the Asian plate. Although the tectonic implications are
fairly well-known, there are serious gaps in our knowledge about the basic geological
character of the MCT-Zone.

1.1 OBJECT AND SCOPE OF THE PRESENT WORK

The priméry objective of the present work is to remedy the lack of detailed
geological information on the MCT-Zone and its immediate neighbourhood, and
thereby to provide a framework based on rigorous field and petrographic observations
for the study of the tectonometamorphic evolution of the MCT-Zone. Basically the

thesis is intended to find answers to the following questions:

(i) Is it possible to locate precisely the Vaikrita Thrust and the Munsiari Thrust that
bound the MCT-Zone? What is the nature of these thrusts, and of the MCT -Zone (i.e.
the Munsiari Formation) as a whole? What is the most likely reason for the lateral
. variation in the thickness of the MCT-Zone? Could we specify the magnitude and
direction of transport along the MCT-Zone?

(ii) Was the thrust-emplacement along the MCT-Zone a single event or was it

episodic? Can we relate this with the post-collisional migration (-cum-rotation) of



the Indian plate? What is the age of the MCT-emplacement? What are the age
relations between the Vaikrita Thrust and the Munsiari Thrust?

(iii) What are the styles of folding and distribution of folding across the MCT- Zone?
How many episodes of folding could be recogmsed in the MCT-Zone and its
immediate neighbourhood?

(iv) 'What is the time relation of MCT -emplacement with the fold episodes
established? Is there any conspicuous effect of the stretching/shearing event/s upon
the folds that developed prior to the stretching event?

(v‘) How many episodes of metamorphism could be recognised in the three units in
Joshimath area and what is their time relation with the folding and thrusting events?
What were the broad P-T conditions during the different metamorphic episodes?

(vi) What is the nature and distribution of the metamorphic minerals, particularly the
members of the Barrovian Series, across the MCT-Zone, and how is the well-known
‘inverted metamorphic sequence’ defined in the area? Which model of inverted
metamorphism is favoured by the data collected through the present study? Could it
be possible to solve the long-sustaining controversy on the origin of the Higher

Himalayan inverted metamorphic sequence?

The study concentrated mainly on the Joshimath area in Garhwal, where a
very representative, well-preserved sequence across the MCT-Zone exists along the
Alaknanda valley section. For the purpose of comparison, the Sobala area in
Kumaun, about 100 km ESE of Joshimath, was looked into following a road-section
along the Darmaganga valley. Another purpose for extending the study into the latter
area ‘was to investigate the reason for the marked variation in the thickness of the
MCT-Zone from about 2.5 km in Joshimath area to only about 400 m in Sobala area.

1.2 THE STUDY AREAS

Fig. 1.1 shows the location of the two study areas. The Vaikrita Thrust and
the Munsiari Thrust are respectively the upper and lower bounding thrusts of the
MCT-Zone. The Joshimath township and the Sobala village are both situated just
above the MCT-Zone that runs for ¢.2000 km along the Himalayas. The two study
areas span across the junction between the Higher Himalayas and the Lesser
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Himalayas along the Alaknanda and Darmaganga sections . respectively.  The
Alaknanda section from Gulabkoti in the south to Joshimath in the north preserves a
very representative succession across the MCT-Zone as well as encompassing parts
~ from both of its hanging-wall and foot-wall blocks. The Vaikrita Crystallines
(Joshimath Greiss) form the immediate hanging wall, while the Bcrinag—Mandhali
formations constitute the immediate footwall to the MCT-Zone.

1.2.1 Location

Both Joshimath and Sobala are included in the U.P. Himalaya which is a part
of the Central Himalayas and is commonly known as Kumaun Himalaya. [U.P.
stands for Uttar Pradesh, i.e. 'Northem Province' in English translation; Uttar Pradesh
is one of the largest states in North India]. The U.P. Himalaya stretches from the Kali
river in the east defining the India-Nepal border to the Tons-Pabar valleys in the west
demarcating the eastern border of Himachal Pradesh (Himachal Himalaya). Precisely
speaking, the U.P. Himalaya has_two divisions -- the_western division is called
Garhwal and the eastern called Kumaun. Of the eight administrative districts falling
in the domain of U.P. Himalaya, five viz. Dehra Dun, Uttarkashi, Tehri, Pauri &
Chamoli are included in the Garhwal region and the other three viz. Nainital, Almora

and Pithoragarh are included in the Kumaun. Joshimath is one of the subdivisional
('Téhsil‘) headquarters in the Chamoli district in Garhwal, while Sobala is a small
village in the Dbarchula subdivision ('Tehsil’) of Pithoragarh district in Kumaun.

1.2.2 Accessibility

Access to the study areas is difficult. The Joshimath field-area which ranges
in altitude from about 1500 metres to 3300 metres above MSL is connected only by a
narrow metalled road to Rishikesh, some 200 km away towards south-west, which in
turn, however, is well connected (by rail and road) with Hardwar and Dehra Dun in
the Himalayan foothills. Joshimath is situated approximately 45 km WNW of Mt.
Nanda Devi (7817 mtr) (see Fig. 1.2). The Sobala area, which is closed for political
teasons to all but Indian nationals, is about 100 km ESE of Joshimath and is still
more difficult to reach. Only a fair weather road connects the Nyu village near
Sobala with Tawaghat which, in tum, is connected by a bus-route to Tanakpur via
Dharchula and Pithoragarh. One can also go by bus from Kathgodam via Nainital
and Almora to Pithoragarh on way to Dharchula/Tawaghat. Dehra Dun, Rishikesh,
Kathgodam and Tanakpur are among the important railway-heads serving the
Garhwal-Kumaun region. Fig. 1.3 shows the most convenient routes to the study
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areas. For further details on communication network in the region see Fig. 1.3 in
Valdiya (1980, p. 3). .

1.2.3 Exposure level & logistics
The amount of rock exposure is quite good in both Joshimath and Sobala

areas. However, being the mighty mountainous regions as they are, one must not
think that one can reach and sfudy all the rock-exposures in those areas. There are
good road sections that expose almost the complete sequence of rocks across the
MCT-Zone (Munsiari Formation) and a fairly representative fraction of the two other
units, the underlying Berinag-Mandhali and the overlying Vaikrita or Joshimath
Gneiss. Barring a few dangerous ones, the mountain slopes are quite negotiable and
most of them are below the snow line and free from dense vegetation. The logistics
are assisted by the existence of a few small villages scattered throughout the areas.

The local people are very cooperative and peace loving.

1.2.4 Physiography & Climate

These areas are characterised by rugged, high, mountainous topography.

Mainly sectional view of the rocks is available, not plan view; hence in most cases it
is difficult to measure the lengths of different structures, such as late shear zones,
boudin axes etc. Plate-I shows the essential physiographic features of the core of the
Joshimath field-area. One could clearly visualise from here the location in the field
of the two bounding thrusts of the MCT-Zone (viz. the Vaikrita Thrust above and the
Munsiari Thrust below) in relation to the major valley/s and approach roads. The
lithology and structure of the rock horizons have an obvious control on the
topography of the study areas. Usually the gentler northerly mountain slopes are dip
slopes, those opposing the dip of the rock horizons are generally steep and scarp-like.
The formation of lower order valleys transverse to the main drainage channel/s has
been, to a large extent, influenced by lithology, the less resistant rock horizons
guiding the locations of such valleys. The topography of the areas is at a youthful
stage; rapid erosion.is going on by the action of glacial meltwater and rainwater.
Landslides are a major manifestation of erosion. The eroded materials are being
drained from the Joshimath area by the SW-flowing river Alaknanda, the longer of
the two major tributaries of the Ganga at its higher reaches. River Darmaganga is the
main drainage channel in the Sobala area and falls into the Kali river near Tawaghat.
More active erosion is going on in the Joshimath area than in the Sobala area.
Generally speaking, the Garhwal region shows somewhat less mature
topography/physiography than the Kumaun. In Kumaun region, particularly in its
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Lcsser.Himalayan parts, the valleys are wider and better vegetated, river gradients are
gentler, landslides are less common and ridge crests are less sharp or irregular than in
Garhwal. Most probably an over-all higher annual rainfall and a higher proportion of
carbonate rocks in the Kumaun region are two of the major factors leading to this
difference.

The mountain ranges or ridges in and around the study areas are broadly NW-
SE trending, mutually more or less parallel, but longitudinally they do not continue
for long distances and they decrease in height, more or less steadily from NNE to
SSW across the Lesser Himalayas. This last feature along the Alaknanda section
from Joshimath southward can be seen clearly in Fig. 1.4(a); while Fig. 1.4(b) shows
the snow-clad Higher Himalayan ranges looking northward from nearly the same
spot. Pig. 1.5 shows a topographic section across the whole of Lesser and Sub-
Himalayas and part of the Higher Himalayas through Vishnuprayag (Joshimath). The
slope of a statistical (hypothetical) enveloping surface touching the tops of the peaks
(i.e. ridge-tops) in this section would be about 3% t0 4° SSW. It is presumed that such
a uniformity in lowering of height of the ridges may not only coincidentally represent
an erosional feature, but could be a reflection of the effects of tectonic wedging as
well (Davis et al., 1983).

Climatically, the areas belong to a monsooon region. So fieldwork is not
advisable from July until October. Moreover in December and Janvary normally
there is heavy snowfall, so communication is impaired.

Clear and sunny weather from February till mid-July, fresh i.e. less weathered
rocks, good road-cut and natural cliff exposures, simple and friendly local inhabitants
are some of the advantageous points for carrying out field studies in the areas.
However, there are some disadvantageous points as well. For instance, lack of proper
transport and communication makes field mapping a hazardous task; much of the
time in fieldwork sessions is wasted on simply walking/trekking while trying to reach
suitable exposures. The areas are near strategically sensitive international borders, so
movements may be restricted at many places. In fact, Sobala area is closed for all but
approved Indian workers. Good quality topographic base maps are very difficult to
obtain. Due to stringent custom regulations there are often problems even to bring

rock specimens for laboratory work.

In the title of the thesis the whole 'Garhwal-Kumaun Himalayas' is mentioned,

even though the main work was concentrated on the Joshimath area. This is because:
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(a) The Joshimath area is situated roughly at the middle of the length for which the
MCT-Zone runs through the Garhwal and Kumaun Himalayas and the area exposes a
very representative section across the MCT-Zone along with its contiguous parts
from both the hanging wall and the footwall. ‘ ‘

(b) Though Joshimath is located in Garhwal, the Sobala area in Kumaun was also

looked into for the purpose of comparison. Sobala is ¢.100 km (straight line distance) -

ESE of Joshimath atong the strike trend. As per the geological map of Valdiya
(1980) the Central Crystallines (Vaikrita Gneisses) apparently come directly on top of
the Berinag-Mandhalis (i.e. the Lesser Himalayan rocks) telescoping the MCT-Zone
(Munsiari Formation) in the Sobala area. In reality, however, a thin MCT-Zone
(~400 mtr in thickness) is found to exist just below the Central Crystallines in Sobala
(see Chapter-2, Plate-V).

(c) Due to the inherent nature of the terrain, geological studies spreading quite
homogenously throughout the Himalaiyas are not possible. Detailed study along
selected traverses and reasonable extrapolation and interpolation of results are
inevitable. Scientifically it is perhaps correct to assume that structural style does not
change abruptly from area to area in a thrust zone of tectonic scale, particularly when
it is widely known that thrusting along the MCT-Zone has brought high grade Higher
Himalayan crystalline rocks on top of the low grade Lesser Himalayan rocks almost
all along the length of the Himalayas.

1.3 METHODOLOGY USED

For the present study the emphasis was (;n systematic field studies and
detailed petrographic (textural) work using the optical microscope in order to work
out the deformation-metamorphism relationships. Altogether I carried out three
sessions of fieldwork, each session lasting for three months and a half on average.
Magnetic declination in the study areas is negligible; so, for the purpose of mapping,
the magnetic north was taken as geographical north. The main objects in the
fieldwork sessions were to carry out detailed mapping and structural analysis, making

field metamorphic observations and systematic collection of rock specimens.

In the laboratory, detailed petrographic work with the help of optical
microscopes were coupled with XRD and electron microprobe analyses' for mineral
identification, XRF analyses for the determination of bulk rock chemistry of selected
rock specimens and U-stage work for some petrofabric studies. Mineral separation

using magnetic mineral separator and hand-picking was done for some biotites,
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muscovites and homblendes before sending them to SURRC (Scottish Universities
Research and Reactor Centre) at East Kilbride for dating by K-Ar, Rb-Sr and Ar-Ar
laser probe methods. A selected number of quartzite specimens were analysed for
quartz ‘petrofabrics using X-ray texture goniometer (with kind help from Dr. J.
Behrmann at Giessen, Germany). However, it is the field structural and metamorphic
observations and the textural (optical petrographic) observations which will be
mainly reported in this thesis (see title of the thesis and also section 1.1). |

A critical appreciation of the presenf trend of tectonometamorphic studies
being carried out in the Himalayas in general suggests that a significant number of
these studies is . devoted towards testing and/or proposing model/s for the Himalayan
inverted metamorphism. Modelling the inverted metamorphism of the Himalayas 18
now-a-days being based more on indirect evidence like isotopic and
geothermobarometric data than on direct microtectonic evidences and mesoscopic
field evidences. Ideally, in order to carry out any good tectonometamorphic study
with regional implications there must be a particular sequence of work to be followed
in which the essential first step is to make a detailed geological map based on field
observations. In the next step detailed petrographic (textural) study of systematically
collected rock specimens has to be done with an aim of gleaning as much information
as possible on tectonometamorphic relationships; this will then pave the way for the
next step i.e. advanced isotopic and geothermobarometric studies. Otherwise our data
cannot be put into the right perspective and so our interpretation of those data cannot
be able to claim proper scientific legitimacy. Compared to other well-studied regions
on the globe like the Scottish Highlands or the Alps, or the Appalachians, detailed
mapping in the Himalayas is still lacking.

Field-studies and petrographic (textural) work are the best tools for the study
of deformation-metamorphism relationships. Without demonstrating such
relationships, it is rather difficult to convince ourselves about the relative timing of
deformation and mineral growth (metamorphism) from the isotopic and
geothermobarometric results only. The geothermobarometric and isotopic analyses
are to be taken only to provide additional support, but never the other way round.
This realisation has dictated the strong emphasis put in the present work on field
geological observations and correlative textural/petrographic studies.
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1.4 THE HIMALAYAS AND THE MCT-ZONE: AN OVERVIEW OF
LITERATURE

Himalaya means 'an abode of snow' [Bengali (originally derived from
Sanskrit): Him = Snow, Alaya/s = Abode/s]. Home for more than two-thirds of the
world's highest peaks the entire Himalayan mountain belt extends for some 3000 km
from Afghahistan in the ‘west to Bunma in the east. However, the typical Himalayas
are represented by the c. 2500 km long central segment of this belt, arcuate, convex
toward south, from the north-western syntaxis at Nanga Parbat (8125 m) where the
antecedent Indus river cuts through the belt to the easter syntaxis at Namche Barwa
(7755 mtr) where the Brahmaputra river crosses the belt via its famous re-entrant.

The Himalayas are regarded as the most impressive example of a collision-
type mountain belt which has resulted from the closure of the Tethys ocean
(specifically, the Neo-Tethys) and the subsequent and continuing collision of India
with Asia (Dewey & Bird, 1980; Sengor, 1979, 1984, 1985, 1986a & b, 1989;
Shackleton et al., 1988; Windley, 1988).  Introducing the special issue of the
Journal of Metamorphic Geology (vol.7, No. 1, 1989) dedicated to Himalayan
metamorphism, Bamicoat & Treloar (1989) comments, “The Himalayan region is one
of great interest to petrologists because it is an area with recently uplifted
metamorphic rocks clearly associated with continental collision. It provides a
modem, evolving field laboratory in which to study the intimately associnted
processes of deformation and metamorphism, as well as to test thermal models of
continental crust undergoing thrust stacking and uplift”.

1.4.1 Sub-divisions of the Himalayas

The Himalayas are divisible into five distinct longitudinal physiotectonic
zones viz. from N to S, the Trans-Himalaya, Tethyan Himalaya, Higher Himalaya,
Lesser Himalaya and Sub-Himalaya or Foothills Himalaya (Gansser, 1964; Le fort,
1975; Valdiya, 1980; Windley, 1983, 1988). Each of these zones is delimited by
imporfant tectonic boundaries (see Fig. 1.6).

For ease of reference there has been transverse subdivision of the Himalayas
as well, based on political or administrative zones viz. NW Himalaya (or,
Kashmis/Punjab Himalaya), Himachal Himalaya, U.P. Himalaya, Nepal Himalaya,
Darjeeling-Sikkim Himalaya, Bhutan Himalaya and NE Himalaya (or, Assam and
Arunachal Himalaya) (see Fig. 1.7). Together the Himachal and the U.P. Himalayas
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are normally regarded as the Central Himalayas. Many workers prefer to call the U.P.
Himalaya as the Kumaun Himalaya, but in fact the U.P. Himalaya has two divisions -
the western one is called Garhwal Himalaya and the eastern the Kumaun Himalaya.

_ Of the five longitudinal divisions, the Trans-Himalaya represents the Andean-
:FYpe magmatic belt developc(f above the subducting Tethyan oceanic crust. Along
with its extension in the NW Himalaya, ie. the Kohistan-Ladakh island arc, the
Trans—Himalaya is thought to be the last exotic terrane to be accreted to Asia along
the Banggong/Shyok Suture prior to the main India-Eurasia collision (Petterson &
Windley, 1985; Debon et al., 1986; Coward et al.,' 1986).

The Indus-Tsangpo Suture (ITS) is the main collisional suture between the
Indian plate and the Eurasian plate. The ITS clearly separates the Trans-Himalaya
from the Tethyan Himalaya (see Fig. 1.6). Occurrence of deep-water Mesozoic
sediments and melange material as well as ophiolitic rocks marks the suture zone.
The largest ophiolitic bodies occur as klippe e.g. at Jungbwa in southemn Tibet
between Kailas and Mt Nanda Devi, and at Spontang in Ladakh (Gansser, 1964,
1979; Reibel & Reuber, 1982). Within the Indus-Tsangpo suture zone, evidence of
high-pressure metamorphism is preserved in scattered outcrops of blue schists (Jan,
1985: Le Fort et al., 1989). The high-pressure assemblages are found largely in
meta-igneous blocks contained within the suture zone melange.

South of the Indus-Tsangpo Suture is the Tethyan Himalaya consisting of an
almost continuous succession of sediments from the Cambrian to the Eocene, which
were deposited on the passive continental margin of the Indian plate (Gansser, 1964,
Le Fort, 1975; Gupta & Kumar, 1975; Fuchs, 1979; Thakur, 1981; Sinha, 1981;
Baud et al., 1984; Gaetani et al., 1986). The Tethyan sediments ovetlie the Higher
Himalayan crystalline rocks that form the Precambrian metamorphic basement
(Barnicoat & Treloar, 1989). The contact between the Tethyan sediments and the
Higher Himalayan crystallines is marked by the Tethyan Thrust (TT; locally known
as 'Malari Thrust in Garhwal-Kumaun region) which runs through a zone of
stratigraphical unconformity. During Jate-Tertiary gravitational spreading of the
Himalayan crust, the TT was reactivated inversely; there has been movement of
several tens of kilometres along this reactivated normal fault (Burg et al., 1984,
Burchfiel & Royden, 1985; Windley, 1988).

South of the Tethyan Himalaya and separated from it by the TT, is the Higher
Himalaya made up of mainly Precambrian, possibly Proterozoic, crystalline rocks
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(‘Central Crystallines’ of the Himalayas). The Central Crystallines constitute the most
extensive tract of high-grade metamorphic rocks in the Himalayas. Le Fort (1981),
Searle & Fryer {1986) have noticed that parts of the highest grades of metamorphism
in the Higher Himalayas are associated with migmatites and anatectic granites. Much
of the Higher Himalayas has been metamorphosed during Himalayan orogenic
events. A series of Bamrovian metamorphic zones disposed in an inverted order is
seen in the Central Crystallines. The studies reporting such inverted disposition of
Barrovian metamorphic zones at the base of the Higher Himalayas range along the
whole length of the Himalayan chain, from Darjeeling in the east (Lal et al., 1981)
through Nepal (Pecher, 1978) to Simla (Naha & Ray, 1970) to Kashmir (Searle &
Fryer, 1986) in the west. Papers by Hubbard (1989), Mohan et al. (1989), Pecher
(1989), Staubli (1989), Searle & Rex (1989) and Treloar et al. (1989) also document
this inversion. A separate review of the Himalayan inverted metamorphism will be

given shortly.

The rocks of the Higher Himalayas are separated from those of the Lesser
Hlmalayas by the Main Central Thrust (MCT). See later in this section for more
detailed review on the MCT. The Lesser Hlmalayan domain comprises dominantly
of low-grade late-Proterozoic to Paleozoic sediments, parts of which have been
overridden by the klippen of the high-grade Higher Himalayan gneisses (Stocklin,
1980; Valdiya, 1981; Sinha, 1981; Windley, 1988; Barnicoat & Treloar, 1989).
Part of the metamorphic imprint seen in the Lesser Himalayan rocks is pre-
Himalayan and possibly early Paleozoic or older (Pognante & Lombardo, 1989;
Barnicoat & Treloar, 1989). Johnson & Oliver (1990) argued vigorously in favour of
the presence of pre-Himalayan (pre-Eocene) metamorphism in the Lesser Himalayas.

Clear indication of pre-Himalayan (pre-MCT) metamorphism has been found in the
Lesser Himalayan rocks that were included in the present study (see later in Chapter-
5). Recent studies by Morrison & Oliver (1992) in and around the Kathmandu Klippe
in Nepal Himalaya indicated a pre-Himalayan (possibly, lower Paleozoic)

metamorphism of the Lesser Himalayan rocks.

The Sub-Himalaya, separated from the Lesser Himalaya by the Main
Boundary Thrust (MBT), is made up of mostly Neogene Siwalik molasse sediments
that were deposited in foreland basins and have been affected by the more recent of
I—ﬂmalayan deformation. The Siwalik sediments are gradually being thrusted upon
the ailuvium of the Indo-gangetic plains of North India along the Main Frontal Thrust
{(MFT) of the Himalayas (see Fig. 1.6).
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1.4.2 General tectonics of the Hi_malayas

The present-day physiographic and plate tectonic setting of the Himalayas and -

surrounding regions is indicated in Figs. 1.8a-c. Representing in many ways a classic
type of collisional orogenic belt the Himalayas contain every significant stage in the
Wilson cycle from Permian intracontinental rifting to the Quatemary neotectonics
and rifting of Tibet. Precollisional ophiolite obduction and thrusting of . shelf
sediments, syncollisional suturing and thrusting, and postcollisional indentation of
Eurasia by India, giving rise to late thrusts, inverted isograds and Miocene
leucogranites, are all easily distinguishable (Shackleton et al., 1988).

Continental collision between the Indian and the Asian plates along the Indus-
Tsangpo Suture took place in Eocene time at about 50 + 5 Ma, based OnN ==
(a) the age of the eailiest molasse sediments (Late Eocene - Oligocene) (Searle,
1983), (b) change in the rate of motion of the Indian Plate (from 10 cm/yr to 5 cm/yr
at ca.50 Ma) (Dewey et al., 1989), (c) zig-zag pattern of movement of the Indian
Plate at around 55-50 Ma (Patriat & Achache, 1984; Besse & Courtillot, 1988), (d)
intersection with the projected edge of the Indian Plate, (¢) from peak metamorphism
and cooling dates (about 55 Ma+) (Coward, 1992, oral presentation, Edinburgh).
Coward (ibid.) suggested that the total syn- to post-collisional shortening involving
Tibet and the Himalayas together is of the order of 2500 km of which 1750 km is of
the Greater India i.e. the Himalayas and 750 km is of Tibet. Clearly a significant

proportion of the post-collisional shortening across the Himalayas was’

accommodated by the shearing along the MCT-Zone. However, taking both sides of
the collisional suture zone into account, the post-collisional convergence since
Eocene has been taken up by a combination of intracontinental thrusting,
homogeneous crustal thickening and the lateral expulsion of material along strike-slip
fault systems developed in the Asian plate. A lively debate is continuing on the
relative importance of these mechanisms (e.g. Mattaver, 1984; Tapponier et al.,
1986; England, 1987; Dewey et al., 1989).

1.4.3 Inverted metamorphism in the Himalayas

'One of the most problematic facts of the whole Himalayan range’ (Gansser,
1964, p.99) is the inverted metamorphism. Since Medlicott's study in 1864 it has
been known that almost throughout the entire length of the Himalayas the highgrade

rocks occur structurally and topographically above the lowgrade rocks. In fact, there

are two facets of Himalayan inverted metamorphism - firstly, there is inverted
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mctamorphic stratigraphy the straightforward cause of which is in most cases the
occurrence of thrusts bringing higher grade and older rocks on top of the lower grade
and younger rocks; and the other, which is more important, is the occurrence
particularly at the base of the Higher Himalayas of a sequence of metamorphic
isograds in reverse order. While in normal settings we would expect the Barrovian
‘chiorite’ zone to be underlain by ‘biotite’ zone, that in turn underlain by ‘garnet’ zone
and then successively by 'staurolite’, 'kyanite' and ‘sillimanite’ zones, one below the
other, the Himalayan example shows the position of these zones in opposite order -
‘chlorite’ overlain by ‘biotite’ that, in turn, by 'garnet’ and so on up to the ‘sillimanite’
so that the 'chlorite'-zone is encountered in the field at a lower level and the
'sillimanite’-zone at a higher level. It is this second aspect of Himalayan inverted
metamorphism that concemns us most. Ray (1947) for the first time clearly mapped
such inverted disposition of isograds in the Darjeeling Himalaya (see also
Mukhopadhyay & Gangopadhyay, 1971). In many instances it has been observed that
the metamorphic isograds are discordant to the lithological or stratigraphical
boundaries (see Auden, 1935; Ray, 1947; Powell & Conaghan, 1973a etc.). However,
in Joshimath area such discordance is not very apparent. '

There has been no unanimity in opinion as to the specific cause of the
development of the inverted metamorphic sequence in the Himalayas. Explanations

for the metamorphic inversion are wide ranging:

1) The reverse or inverted metamorphism is entirely a thermal metamorphic
effect due to the occurrence of igneous intrusives in the Higher
Himalayas and the Himalayan rocks do not necessarily involve
inverted stratigraphic succession due to thrusting or overtumed folding
(Mallet, 1875; Auden, 1935 etc.)

2) Huge recumbent or overturned folding following the main isograd forming
metamorphism has resulted in the inverted disposition of isograds in
the overturned limb (Heron, 1934; Heim & Gansser, 1939; Ray,
1947; Frank et al., 1977, Searle & Rex, 1989)

3) The inverted metamorphic sequence is a result of thrusting on a
multiplicity of planes affecting an already existing metamorphic
terrain (Pilgrim & West, 1928; Bordet, 1961; Nagdir et al., 1967,
Naha & Ray, 1971; Hashimoto et al., 1973; Saxena, 1973; Ghose et
al., 1974; Treloar et al., 1989). ' '
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4) The inverted metamorphism is a consequence of the transient inversion of
isotherms during movement along the MCT ---- the so-called 'Le Fort'
or 'hot iron' model. The idea is that a nappe of hot material (the
Central Crystallines) was thrust over cold material of the Lesser
Himalaya with isotherms that were folded by the thrusting (Le 'Fort,
1975; Pecher, 1978). This model has subsequently been refined and it
has been suggested that although the upward ilicrease in gradc seen
below the MCT is a result of the ‘hot iron' effect (Caby. et al., 1983;
Brunel & Kienast, 1986; Pecher, 1989; Staubli, 1989), the downward
decrease in grade seen in the Central Crystallines (the hanging wall of
the MCT) is the result of a retrogression of earlier assemblages.

5) Though shear heating has been discounted by some workers (e.g. Hubbard,
1989) as a significant effect, a modified version of the 'Le Fort' model
with an additional component of shear heating added to it has been
suggested by Molnar & England (1990) and England et al. (1992).

6) Searle et al. (1988) envisaged as a possibility, but eventually disfavoured,a
model involving two-stage development of the inverted metamorphic
sequence. In this model an earlier emplacement of a 'hot' High
Himalayan hanging-wall on to a 'cold’ Lesser Himalayan footwall at

intermediate pressures (kyanite grade) was followed by a higher T-

lower P (sillimanite grade) metamorphism related to granitic
magmatism. They (Searle et al., ibid.) discounted this model on the
basis that any thermal imprint from partial melting would not be so
spatially extensive (up to 50 km away from the nearest granite source
region) and that there would be no effect of any shear heating outside
~ the immediate vicinity of the high-strain shear zones, mainly because

of the extensive fluid and volatile fluxing within the High Himalaya.

The relative merit§?demcrits of the different models of inverted
metamorphism will be discussed in Chapter-6 mainly in the light of the results
obtained from the present study. However, it is worth noting here that there is a
general trend now-a-days to ovcremphasiic the variations in tectonometamorphic
relationships in the Himalayas in different sections across the MCT-Zone. While
suggesting or testing a model for the inverted metamorphism, it is always important

to remember that the Himalayas form a distinct chain of mountains on the earth's

23



surface; the MCT is an jmportant geometric element of the Himalayas; thrusting
along the MCT took place at a particular zone at a particular geological time;

occurrence of the inverted sequence of isograds at the base of the Higher Himalayas
is also a major feature of the Himalayas. So it is quite unreasonable in scientific
terms, which is to say that it would be an exception rather than the rule, to expect
different reasons for the development of this inverted metmnorphjsm in different
sections through the Higher Himalayas, as much as it may be unreasonable to expect
different causes for the thrusting along the MCT in different sections.

Generally speaking, the discussions on inverted metamorphism models in the
Himalayas do not specify the mutual geometric relations among isobars, isotherms

and metamorphic isograds. Bhattacharya (1981) pointed out the importance of

analysing these relations. In recent years, considerable emphasis is being placed on

the results of geothermometry and geobarometry together, in a few cases, with P-T
path analysis (see, for example, Hodges et al., 1988; also the special issue of the
Joumal of Metamorphic Geology, vol. 7, No. 1, 1989).

As appropriately highlighted by Gansser (1991), one good thing is that now
the Himalayan geologists do not suffer from a dearth of working models. Indeed
probably all the plausible models for the Himalayan inverted metamorphism are at
hand now. The task is essentially to choose the right one which will fit the
observations and have general applicability, rather than local and restricted,
throughout the entire length of the Himalayas. From amongst the existing models the
one that is applicable, statistically speaking, to a greater number of sections across the

Higher Himalayas has a greater chance of being the correct one. Detailed discussion

on modelling the Higher Himalayan inverted metamorphism will be given in

" Chapters - 521d6.

1.4.4 The Main Central Thrust Zone (MCT-Zone}
Separating the Higher Himalayan domain from the Lesser Himalayas the
Main Central Thrust is not a discrete thrust plane, but a considerably thick and

complex movement zone (i.€. a shear zone). The MCT-Zone (equivalent to the root
zone of the Munsiari Formation' as recognised by Valdiya, 1980) is bounded at the
top and bottom by what have been designated by Valdiya (ibid.) as the Vaikrita
Thrust and the Munsiari Thrust respectively. These two boundaries of the MCT-Zone
are referred to by some workers as MCT1 and MCT?2 respectively (Hodges et al.,
1988; Morrison & Oliver, 1992). However, the only slight difficulty with this
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system of nomenclature is its obvious age connotation. The age relationship between
the two boundaries is yet to be established accurately. Thickness of the MCT-Zone
varies laterally e.g. in Joshimath area it is 2.5 km, while at Nyu (Sobala) it is only
about 400 m in thickness. The ‘Main Central Thrust' as a term was first introduced in
literature by Heim & Gansser (1939) to refer to the present day lower boundary of the
MCT-Zone. Valdiya's Munsiari Formation (i.e. the MCT-Zone) extends across the
Lesser Himalayas as a thrust-nappe which is now preserved in the form of different
detached klippen, such as at Askot, Baijnath, Almora, Nandprayag, Lansdowne etc.
(see the geological map in Valdiya, 1980). Details of regional geological setting of
the Lesser Himalayan region of Garhwal-Kumaun Himalayas in relation to the MCT-
Zone (Munsiari Formation) will be given in Chapter 2, while the features of the two
boundaries of the MCT-Zone are more fully dealt with in Chapter 4.

The generally accepted but poorly constrained age-bracket for the
emplacement of the MCT-sheet is 30-10 Ma B.P. (Windley, 1983, 1988; England et
al., 1992). Hubbard (1988) demonstrated from petrographic study of an amphibolite
specimen collected from the MCT-Zone near the Everest region of Nepal that
amphiboles grew during the main shearing event. From radiometric dating of these
amphiboles (homblende) and using homblende blocking temperature (550°C),
Hubbard & Harrison (1990) measured aﬁA:'gge of 20-21 Ma for the MCT-
emplacement, This is so far the most acceptable date of MCT emplacement.
Precisely speaking, however, this gives the age when the MCT was active.
Radiometric or any reliable evidence is lacking on the mutual age relations of the
Vaikrita Thrust and the Munsiari Thrust which are regarded as the upper and lower
boundaries of the MCT-Zone respectively. Applying the 'piggy-back’ model of thrust
development, Johnson (1986) argued that the thrusts in the (Kumaun) Himalayas
developed in a 'hinterland-to-foreland’ sequence. For modelling the sequence of
thrust development in the Kumaun Himalaya, Johnson used the geological
observations of Valdiya (1980) and found a similarity in its general geological set-up
with that of the Canadian Rockies, and pointed out that the arguments Dahlstrom
(1970) used for the thrust sequence development in the Canadian Rockies could apply
for the Kumaun Himalaya as well. The big puzzling point is that in none of the
Lesser Himalayan klippen, do we find typical Central Crystallines; the klippen are
occupied largely by the Munsiari Formation (see the geological map in colour in
Valdiya, 1980). So it is very difficult to know how far to the south the Vaikrita
Thrust extends. It is not yet clear whether translation along the Vaikrita Thrust was
more than or less than or equal to that along the Munsiari Thrust.
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The precise magnitude of transport along: the MCT is unknown (Windley,
1983; Johnson, 1986; Brunel, 1986). A lower limit of at least 100 km is given on
the basis of the distance between the northemmost outcrop of the Munsiari Formation
and its southemmost outcrop in a klippe in the Lesser Himalaya (say, the distance
petween Helang & the southern margin of the Lansdowne klippe near Lansdowne)
(see also Andrieux et al., 1981). | ' '

Brunel (1986) has shown that there is a correlation between the arcuate shape
of the Himalayan chain and mean stretching lineation orientation at the base of the
Higher Himalayas implying that there is variation in the direction of transport of the
MCT sheet from area to area (see Fig. 1.9, reproduced from his Fig. 18, p. 262, ibid).
Thete is one criticism of Brunel's data. In his compilation of stretching
lineation data from numerous sources, he did not specify whether or not all these data
refer to a single generation of stretching lineation. The present author has found two
generations of stretching lineations, particularly in Joshimath area: one dominant set
that plunges NNE is earlier, and the other weaker set that plunges North and is found
mainly in the lower part of the section has developed postdating a late retrogressive
metamorphism. From the average NNE-ward (33° — N35°E) plunge of the
dominant stretching lineation and a SSW-ward sense of overthrust shear indicated by
shear indicators found in both the Alaknanda & Dhauliganga traverses, the main
direction of emplacement of the MCT-sheet is deduced to be towards SSW. This
' SSW-ward direction of transport could be taken to be representative of the Central
sector (Garhwal-Kumaun region) of the Higher Himalayas. Further discussion on
lineations will be given later in Chapters - 3,4 & 6.

The time relation and contribution of the MCT-emplacement to the
development of the inverted metamorphic sequence in the Higher Himalayas is still a
point of major controversy (Le Fort, 1975; Brunel, 1986; Searle et al., 1988).
Considerable attention will be given in the present study to resolve this controversy
{see Chapters - 5,6 & 7).

1.4.5 Higher Himalayan Uplift
There is a diversity of cause of uplift along the Himalayas. Except in some

parts of the NW Himalayas, uplift of the metamorphic pile in the Higher Himalayas is
presumed to have been accomplished by crustal thinning, due to normal faulting
(Bamicoat & Treloar, 1989). Large extensional faults that separate the Tibetan
Tethys zone from rocks of the Central Crystallines occur in the Everest region (Burg
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et al., 1984; Burchfiel & Royden, 1985) and Zanskar (Herren, 1987). These
structures are Miocene to Recent in age, and hence may have been active while the
Higher Himalayan and Lesser Himalayan rocks were still quite deeply buried. In
Zanskar, they are of greenschist and lower grade, and are hence late- to post-
metamorphic (Herren, 1987).

On the other hand, uplift of the Nanga Parbat massif in the north-western
Himalayas has been shown to have occurred by westward thrusting, accompanied by
rapid erosion. No extensional structures have been found in this region, and the area
has inherited a pre-Himalayan drainage pattern, which indicates that erosion kept
pace with the uplift (Butler & Prior, 1988). This region has very young cooling ages
and analysis of these has revealed that the area is still being uplifted (and hence
eroded) at rates of up to 7 mm/yr (Zeitler et al., 1982; Zeitler, 1985; Chamberlain et
al., 1989).

1.4.6 Some early ideas on the evolution of the Himalayas

'This review would remain incomplete without reference to some of the
comparatively early ideas on the orogenic evolution of the Himalayas. In the fifties
and sixties, some geoscientists used to draw strong analogy between the Himalayas
and the Alps (Hagen, 1959; Krishnaswamy & Swami Nath, 1965; Valdiya, 1969).
The evolution of the Himalayas used to be attributed by many workers in the sixties
or earlier to the processes of mountain-building caused by the northward movement
of the Indian Shield (Wadia, 1931; Gansser, 1964, Pande, 1967; Mithal, 1968). A
generally held view was that the Himalayas, before the advent of the Himalayan
orogeny, involved two major geosynclines - the southern Lesser Himalayan
miogeosyncline and the northem Tethyan eugeosyncline aligned parailel to and
separated by the Central Crystalline Axial Zone in the form of a geanticline (Wadia,
1957).

Both Powell & Conaghan (1973) and Le Fort (1975) advocated '~ - two
distinct stages in the orogenic evolution of the Himalayas, instead of a single
continuous and progressive one. The first stage, according to them, refers to the time
around the initial continent-continent collision (Late Cretaceous - Early Tertiary),
whereas the second stage refers to deep crustal fracturing and subsequent
intracontinental subduction or underthrusting (Mid-Tertiary to Miocene and onward).
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Le Fort (1975) gave some remarks on.paleogeography of the Himalayan
region. Distinguishing between the Lesser Himalayan sedimentary realm and the
Tethyan sedimentary realm with the divide in between of crystalline Higher
Himalayas it has been noted that the Tethyan area represents 'a relatively
homogeneous marine paleogeographic domain’ dominated by ‘detrital and platform

carbonate lithofacies’, probably deposited on "a thinned margin along the edge ofa

continent widely open on the Tethys", while the Lesser Himalayan area is made up of
rocks that are mainly deposited in shallow water, tidal, lagoonal or even continental
conditions along with some turbiditic ﬂysch in several basins more or less paraliel to
the present Himalayan trend (see also Gansser, 1964; Kummel & Teichert, 1570,
Colchen, 1974; Valdiya, 1970; Frank & Fuchs, 1970; Jain et al., 1971; Bhargava,
1972).

1.4.7 Works closely related to the areas of the present study

There hasebeen no detailed modern structural and metamorphic studies on the
ateas of the present study. There is, for that matter, a general lack of detailed work
on the MCT-Zone as a whole, as already emphasized.

Geological information of general interest on Joshimath area are found in
Valdiya (1980, 1981, 1988), Virdi (1986), Pati & Rao (1983) etc. Valdiya's memoir
(1980) is a valuable work and gives a good portrayal of the regional geological
setting of the Lesser Garhwal-Kumaun Himalayas. Roy & Valdiya (1988) attempted
some modem studies on tectonometamorphic relations in the Higher Garhwal
Himalayas. Paul Metcalfe completed his doctoral thesis (Metcalfe, 1990) mainly
working on metamorphism and cooling-uplift history of rocks from the MCT-Zone
and above in the Bhagirathi valley section in western Garhwal.

As far as the Sobala area or, broadly, the eastern Kumaun region, is
concemned, basic reviews on general geology are given in Gansser (1964), Powar
(1972), Thakur & Chowdhury (1983), Valdiya & Gupta (1972), Fuchs & Sinha
(1978) and Sinha (1981).

1.5 LAY-OUT OF THE THESIS

The main textual part of the thesis consists of seven chapters. This is
followed by bibliography and the appendices respectively. The investigation for this

28



thesis concentrated largely on the Joshimath. area because it exposes a very
representative section across the MCT-Zone, while the Sobala area was looked into
mainly for the purpose of comparison.

This first chapter (Introduction) in the thesis is followed, in tumn, by the under-
noted ones: ' '

Chapter - 2 (Tectonostratigraphy and Lithology) which gives a tectonostratigraphical
and lithological summary of the study areas in the light of the regional geological
setting of the Central Himalayas.

Chapter - 3 (Structures and Deformation) highlights the aspects of mainly the
mesoscopic and microscopic secondary deformational structures and establishes the
sequence of deformation episodes.

Chapter - 4 (The Major Thrusts) deals with the position, nature etc. of the two
boundaries of the MCT-Zone i.e. Munsiari Formation and lists the characteristic
indicators found for the determination of shear sense during the MCT emplacement.

Chapter - 5 (Textures and Metamorphic History) discusses at length the textural and
microstructural aspects of the metamorphic minerals that have direct bearing on the
deformation-metamorphism relationships, and establishes the sequence of

metamorphic episodes in terms of the deformational episodes (i.e. fold episodes).

Chapter - 6 (Summary of results and Discussion) summarises the main observations
from the present study and discusses their implications. Particular attention is given

to modelling the Higher Himalayan inverted metamorphic sequence.

Chapter 7 (Conclusions) forms the final chapter of the thesis. In addition to giving
R the main conclusions arrived at, this last chapter also provides a list of
suggested follow-up work.
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Fig. 1.1: Location of the two study areas. Inset shows approximate position of the Garhwal- Kumaun
Himalayas in a regional context.
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Fig. 1.2: Mt. Nanda Devi (7817 mtr) as seen from Ghotsu, south of Auli. The peak, about 40km ESE
of Jo§himm, is at far centre of the photograph. River Dhauliganga is seen in the left foreground.
Munsiari Formation forms the lower part of the valley extending upto the road above the river. Above
this level, the mountain ranges are formed of Vaikrita Crystallines; whereas the top of the Nanda Devi
peak is made up of Tethyan sediments,
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Fig. 1.3: A route-map for the study areas.




Fig. 1.4(a): Progressi

Himalaya. Photo taken looking south from slightly above

just above the MCT-zone), NE of Shelang village.
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(b): Looking N from roughly the same spot as above, the snow-clad Higher
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) Trans—Himalaya
Tethyan Himalaya
Higher Himalaya
‘ ‘\ Lesser Himalaya
'\ Sub-Himalaya

MFT

> Z

BT

300 KM _ Kathmand
Darjeeling

Fig. 1.6 Longitudinal zonation of the Himalayas. Transhimalaya is bounded 1o the north by the
Banggong/Shyok Suture. ITS = Indus-Tsangpo Suture, TT = Tethyan Thrust, MCT = Main Central
Thrust, MBT = Main Boundary Thrust, MFT = Main Frontai Thrust. Afier, Barnicoat & Treloar, 1989,



Fig. 1.7: Transverse sub-divisions of the Himalayas.
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(a) Physiographic milicu around the Himalayas and India (after Gansser, 1966); (b) Regional
und India {after Le Fort, 1975); () Major tectonic zones in the India-Eurasia
plate boundary complex (after Dewey et al, 1989). See next page for (b) and ().
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direction varies due to the arcuate shape of the Himalayas (i.e. the collisional plate boundary zone).
After, Brunel (1986).
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Chapter-2
TECTONOSTRATIGRAPHY AND LITHOLOGY

2.1 INTRODUCTION

The most crucial problem in any geological study of regional nature in the
Himalayas is posed by the lack of our accurate understanding about the stratigraphy
and correlation of the Himalayan rocks. This problem stems mainly from the fact
that bamng a few, most of the Himalayan formations are devoid of fossils. Despite
this, through his sustained efforts for over three decades Prof. K.S. Valdiya of
Kumaun University, Nainital (India) was able to systematise to a significant extent
the sUatigraj)tﬁc correlation in the central sector of the Himalayas (i.e. Garhwal-
Kumaun region which is commeonly known as Kumaun Himalaya) in particular and
for the Lesser Himalayan domain of the entire mountain chain in general. However, .
pending thorough confirmation from later studies by other workers, the scheme
" established by Prof. Valdiya should be taken, strictly speaking, as a reflection of his
" personal understanding of the geology of the Kumaun Himalaya. There is no scope in
the present thesis to go into the details of stratigraphical arguments, and the tectonic
and stratigraphic subdivision suggested by Valdiya (1980, 1981, 1988) will be
rollowed for the purpose of this work.

The areas of the present study lie at the junction between the Higher and
Lesser Himalayas. In order to appreciate better the position of the study areas with
reference to the regional geological sefting it would be useful to have a brief
summary on the tectonostratigraphy and lithology of various geological units of the
Central Himalayas. '

This chapter will discuss the tectonostratigraphic subdivision of the study area
and the distribution of lithology in those tectonostratigraphic units in the light of the
regional geological setting of the Central Himalayas (Kumaun Himalaya). In
addition, the possible paleogeographic pattern across the MCT-Zone will be briefly
discussed. A discussion on a representative selection of radiometric age data available
in the literature from across the Central Himalayas will also be given, followed by a
note of guidance at the end on the usage of some lithological and
tectonostratigraphical terms in the thesis.



22 GEOLOGICAL SETT.ING OF THE KUMAUN HIMALAYA

The regional geologica] sétting of the Kumaun Himalaya is discussed below
giving the lithotectonostratigraphic succession aloﬁg with a brief description of most
of the groups and formations Wwithin them. The description will be given follbwing the
order of structural packages i.e. the sequence of nappes, from top to bottom. The
objective is to set the scene for putting the findings from the present study in a clear

perspective.

The Kumaun Himalaya has seven major lithotectonic units -- (i) Tethyan unit,
(i1) Vaikrita: unit, (ijii) Munsiari/Almora unit, (iv) Ramgarh unit, (v) Krol-Berinag
unit, {vi) 'Neo-autochthonous'/ para-autochthonous' unit and (vii) Siwalik unit
(Valdiya, 1980). Except the last two, each of the other five units derives its name
from the immediate underlying thrust that carries it. The Tethyan unit and part of the
Vaikrita unit fall within the domain of the Higher Himalayas, and the Siwalik unit in
the Sub-Himalaya, whereas the Kumaun Lesser Himalayan domain encompasses the
Vaikrita unit (part), Munsiari/Almora unit, Ramgarh unit, Krol-Berinag unit and the
'Neo-autochthonous'/para-autochthonous' unit. Fig. 2.1 shows the location of these
units in the Lesser Himalaya of Garhwal-Kumaun region (note that the Krol-Berinag
unit is subdivided into two in the map, and to emphasize correlation the unit-names
that are in vogue in the adjacent Himachal Himalaya are also shown as prefix in the
legend). For the mutual disposition in a generalised transverse cross section of all the
seven lithotectonic units in the Kumaun Himalaya, see Fig. 2.2. o 'N‘E’)te that this
generalised cross section (Fig. 2.2) is roughly along a line passing through Mt Nanda
Devi which is some 40 km ESE of Joshimath; in the figure the Malari Thrust (alocal
name) stands for the Tethyan Thrust, and each major thrust marks the lower boudary
of the lithotectonic unit named after it.

Table - 2.1 below gives further details of the lithotectonostratigraphic
succession of the Higher and Lesser Kumaun Himalayas with emphasis on the Lesser
Himalayan section. The Sub-Himalaya is excluded from discussion, so no mention of
the Main Boundary Thrust (MBT), Main Frontal Thrust (MFT) or the Siwaliks is
included in Table 2.1.

Table - 2.1
Lithotectonostratigraphic succession in the Kumaun Himalaya (after Valdiya, 1980)

Indus-Tsangpo Suture Zone
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TETHY AN SEDIMENTARY GROUP -—-—--- Comprising a fossiliferous succession

ranging in age from Cambrian to Eocene |
(injected, in parts, by Tertiary Granitoid bodies)

ewrmemmemarmmeneeenwTethyan Thrust/Fault

Budhi Schist
VAIKRITA GROUP  Pindari Formation
[defining the 'Central : " ?Precambrian -
Crystalline Nappe'] Pandukeshwar‘Fonnation

-Joshimath Grieiss Formation
mmmmer e meenen= ¥ A krita Thrust

Gumalikhet Formation
ALMORA GROUP
fdefining the Champawat Granodiorite Precambrian
' Almora /Mupsiari/
{Jutogh) Nappe'] Saryu Formation

Munsiari/Almora/Jutogh Thrust

(The “root-zone" of the Almora Nappe
is represented by the Munsiari Formation
in the Inner Lesser Himalayas)

Nathuakhan Formation

RAMGARH GROUP
[defining the 'Ramgarh Debguru Porphyroid Precambrian
(Chail) Nappe']
rmmrrmm—e———--Ramgarh/Barkot-Bhatwari Thrust
Subathu Formation Lower Eocene
SIRMUR

GROUP Bansi {Singtali) Fmn. Paleocene
[Defining Tal Formation ?Permian
the 'Krol-
Berinag MUSSOORIE Krol Formation

Nappe']

e e e e S

GROUP Late Precambrian - Cambriag
Blaini Formation
Nagthat Formation
{(=Berinag Formation in
JAUNSAR the Inner Lesser Himalaya)
GROUP
Chandpur Formation
----Krol/Berinag Thrust

Mandhali Formation Upper Riphean/Vendian
(part of this formation is
involved in the Krol Nappe)



S TEJAM GROUP '
[Forming the - Deoban Formation Up-Mid Riphean
*‘Neo-autochthonous/
Para-autochthonous . ‘ ‘
zone'] Rautgara Formation " Le-Mid Riphean
- DAMTHA GROUP
Chakrata Formation . Lower Riphean

The Vaikrita/Central Crystalline Nappe and the Almora-Munsiari-(Jutogh)
Nappe together could be considered to form a combined 'Himalayan Crystalline
Nappe', so that the former represents the 'Upper Crysta]line Nappe' and the latter the
"Lower Crystalline Nappe' (Fuchs & Frank, 1970; Fuchs, 1975). Description-of the
Tethyan rocks is not included below as the Tethyan Group has rather little relevance
to any discussion on the geological setting of the Lesser Himalayan Nappe sequence.
For concise details on this group, see Sinha (1981; particularly his Table-II, Fig.-8
and related text). Another point worth emphasizing is that because in Joshimath area
the Chandpur Formation is absent as the footwall to the MCT-Zone {Munsiari
Formation) and the Berinag Formation is in tectonic juxtaposition with the Mandhali
Formation or eveh with the Deoban Formation of the underlying Tejam Group, and
the juxtaposed Berinag and Mandhali formations occur near the base of the Higher
Himalayas, I shall refer to this immediate footwall to the MCT-Zone as ‘Berinag-
Mandhali formations'. They belong to the so-called "Garhwal Group” (Jain, 1971;
Gaur et al., 1977a & b; Agarwal & Kumar, 1980;%?% '‘Garhwal Series' of Auden,
1949).

Bounded by the Main Central Thrust Zone (MCT-Zone) to the north and the
Main Boundary Thrust (MBT) to the south the Kumaun Lesser Himalaya is built up
of a number of thrust sheets (nappes) resting on the foundation of a 'meo-
autochthonous'/para-autochthonous' unit exposed in the tectonic windows. Each of
these thrust sheets has fairly distinctive lithology, structural pattern and magmatic
history (Valdiya, 1980).

The outer Lesser Himalaya (Nag Tibba Range) adjacent to the Siwalik
subprovince comprises a succession of three nappes piled one on top of the other. The
lowermost nappe is made up of a large thickness of possibly Late Precambrian - Early
Paleozoic sediments (Mandhali Formation, and Jaunsar and Mussoorie groups). The
intermediate nappe consists of mildly metamorphosed flyschoid sediments with large
volumes of early Precambrian granitic porphyroid intrusives belonging to the
Ramgarh Group. The uppermost sheet is made up of possibly late Precambrian
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moderately metamorphosed sediments and granitic - granodioritic augen‘ gneisses
belonging to the Almora Group. '

The inner Lesser Himalaya is largely embraced by the neo-autochthonous
Precambrian sedimentaries (Damtha and Tejam groups), covered by two. thrust sheets
- the lower one is constituted of quartzites and basic volcanics (Bermag Formatlon)
while the upper sheet is represented by the detached pieces or klippen of the same
crystalline nappe that caps the Dudhatoli-Ranikhet-Champawat Range of the. outer
Lesser Himalaya. This crystalline nappe is made up of the Almora Group (Munsiarti
Formation) of rocks and is rooted at the base of the Higher Himalaya, the root-zone
being delimited at the bottom by the Munsiari Thrust and at the top by the Vaikrita
Thrust. Fig. 2.3 schematically shows the gcometry of the Almora thrust sheet over the
Lesser Himalaya, as envisaged by Valdiya (1980) and now commonly accepted by
others. Different klippen belonging to the Almora Nappe are clearly dcpicted in this
figure. The "root-zone" of the Almora Nappe, specifically designated by Valdiya as
the 'Munsiari Formation' represents the MCT shear zone.

Now a summary is given mainly following the account of Valdiya (1980) on
the salient features of the different geological units of the Kumaun Lesser Himalayan
Nappe sequence. For the location of different rivers and localities mentioned below,
please refer to the geological map (plate) in colour in Valdiya (1980).

2.2.1 Vaikrita Group

| The Vaikrita Group consists of a high-grade assembiage of metamorphic
rocks commonly intruded by young Tertiary granitoid intrusives, concordant as well
as discordant. These rocks were originally referred to as "Vaikrita system' by
Greisbach (1891) after the Sanskrit word meaning "transformed vicareously”. Heim
& Gansser (1939) included these rocks as an integral part of their 'Central Crystalline
Zone'. Attempting lithological subdivision of these "Central Crystallines", Valdiya
(1973) separated the lower unit of low-grade metamorphics that constitute the
Munsiari Formation from the group of high-grade metamorphics. Four lithological
units have been recognised in the Vaikrita Group viz. (from top to bottom) Budhi
Schist, Pindari Formation, Pandukeshwar Formation and Joshimath Gneiss Formation
(see Table-2.1 above). Valdiya (1980), Valdiya & Goel (1983) and Roy & Valdiya
(1988) gave the following lithological descriptions of the four formations in the
Vaikrita Group: |
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Budhi Schist '
This is mainty a porphyroblastic biotite-bearing calc-schist interbedded with
micaceous schist, with phyllites toward the top. Locally, carbonaceous, pyritic, or

staurolite-bearing horizons are also present.

Pindari Formation

Predominantly banded calc-silicate gneiss -and marble interbedded with
subordinate biotite-psammitic gneisses and schists ‘with or without kyanite and
sillimanite. This part of the Vaikrita Group is extensively penetrated by a network of
dykes and veins of aplite, pegmatité and granite. Pervasive penetration and invasion
of granite plutons (e.g. Badrinath Cranite) has brought about widespread
migmatisation and development of porphyroblastic augen gneisses, characterised by
sillimanite and garnet. In the Malari-Badrinath-Kedamath-Gangotri  belt the
tourmaline-bearing leucocratic granites have assumed huge batholithic dimension. In

the Pindari Formation nebulitic types of pegmatitic horizons are common.

Pandukeshwar Formation

Biotite- and/or muscovite-rich quartzite is intercalated with kyanite-gamet-
bearing mica schists and psammitic gneiss. Locally, lenses and subordinate layers of
calc-silicate gneisses and gamet-bearing amphibolite are present. Where gamet has
developed in abundance the quartzite resembles a light-coloured very high-grade
metamorphic rock.

Joshimath Gneiss Formation

In this study the attention is focussed on the lowermost unit of the Vaikrita
Group i.e. the Joshimath Gneiss Formation. In the thesis, it will be referred to simply
as Joshimath Gneiss, which consists essentially of streaky and banded gneiss and
garnet-kyanite-rich biotite schists with phyllonites at the base. Very subordinate and
local lenses of calc-silicate gneiss are also present. A cursory reconnaissance field-
traverse from Vishnuprayag to Badrinath following the road-section suggests that the
Pindari Formation has lithological affinity with the Joshimath Formation and
therefore could be a repetition due to large-scale southvergent overturned folding (the
dominant dip of the main foliation in all these formations is towards NE/NNE).
Valdjya's lithological subdivision of the Vaikrita Group did not take into
consideration the aspect of repetition due to large-scale folding and, therefore, the
compartmentalisation of the Vaikrita Group into four formations is more of working
(i.e. practical) value rather than strictly geological.



Even though there is no clear-cut structural or geomorpluc cv1dcnce, Valdiya
(1980) placed a thrust-contact below the Joshimath Gneiss' Formation (Vaikrita
Group) mainly on the ground of ‘abrupt change in lithology: and grade of
metamorphism’ and from a reglonal tectonic consideration. For example, in the Nepal
Himalaya, the French and Japanese workers recognised the tectonic contact at the
comresponding level as the M.C.T. For further discussion on this boundary above the
Munsiari Formation and the one underlying it, see later (Chapter - -4, The Major
Thrusts). ‘ '

The 'Tibetan Slab' (Dalle du Tibet) defined by Lombard' (1958) is most
probably the extension of the Vaikrita Group into Nepal. Lithologically and
tectonically the two are alike. Hagen's (1958) 'Khumbu Nappes' are possibly
comparable with the Vaikrita. In Eastern Himalaya the sillimanite-kyanite-bearing
gneisses of the 'Darjeeling Series’ (Ray, 1947) are analogous to the Joshimath Gneiss
of the Vaikrita Group. In Bhutan the cxtension of the Darjeeling Gneiss is known as
"Thimpu Formation' (Nautiyal et al., 1964) or as 'Chasilakha-Takhtsang Gneisses'
(Gansser, 1964). In the Kameng District of Arunachal Pradesh the unit has been
described as the ‘Sela Group' (Das et al., 1975). Valdiya's investigation in the Satluj
valley in Himachal Himalaya has demonstrated northwestward extension towards
Spiti-Kinnaur-Lahul of all his four units of the Vaikrita Group.

As they stratigraphically underlie the well-dated 'Cambrian-to-Eocene’
sedimentary succession of the Tethys Himalaya, the Vaikritas are almost certainly
Precambrian; but it is difficult to ascertain to which level of Precambrian the
Vaikritas belong (Gansser, 1964; Le Fort, 1975; Valdiya, 1980; Windley, 1983).

2.2.2 Almora Group

The Almora Group was referred to as the ‘Crystalline Zone of Almora’' by
Heim & Gansser (1939). This thick overthrust sequence of a variety of schists,
micaceous quartzites, amphibolites, quartzofeldspathic protomylonites-mylonites and
phyllonites is preserved in longitudinally trending synformal structures. It belongs to
the lower to middle amphibolite facies of regional metamorphism and contains
concordantly emplaced plutonic bodies of granodiorites and granites. It is named after
the town of Almora in Kumaun. The three commonly used terms - 'Almora Group',
‘Almora Nappe' & 'Almora Klippe' need to be unambiguously defined. "Almora
Group" is a lithostratigraphic term that refers to the group of rocks as mentioned
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above making up the Almora Nappe while "Almora Nappe" is a structural/tectonic
term implying the long—travellcd thrust sheet made up of Almora Group rocks. The
Almora Nappe is not exposed as a single continuous thrust sheet, but in detached or
separate outcrops ie. in various kllppcn across the Lcsser Hlmalayas The " 'Almora
Klippe" is the largest one of such klippen cropping out in and around the Almora
township/district (see geological map in colour in Valdiya, 1980).

Petrographic study of the Almora metamorphics started with Middlemiss
(1887, 1888, 1890). Later studies by Valdiya (1962, 1963, 1980), Nﬁsrd & Sharma
(1967), Vashi & Merh (1965), Vashi & Laghate (1972), Das (1971, 1974), Desai
(1973), Misra & Sharma (1973), Das (1969, 1973) etc. have provided fairly detailed
sccounts of the petrographic characters and grade and history of metamorphism of the
rocks of the Almora Group. Essentially a tectonostratigraphic rather than purely
stratigraphic uni, it is divisible into three units: (1) the 'Saryu Formation' forms the
Jower part in the northem flank in the type area, (2) the batholithic sill of 'Champawat
Granodiorite' emplaced in the southern flank, and its extension as a sill in the Nill-
Chhira-Panar belt in the northern flank, and (3) the 'Gumalikhet Formation’ forming
the upper part. The 'Munsiari Formation' is the part proximal to the "root” of the
Almora Nappe and is bound by the Munsiari and Vaikrita thrusts at the base and top
respectively. Between the overthrust Almora Group and its "root” towards the north
there is a chain of klippen, representing the detached pieces of presumably a once
continuous thrust sheet. These klippen are known as the crystalline zones of
Nandprayag, Baijnath, Dharamghar, Askot and Chhiplakot (see Valdiya, 1980). To
the southwest of the Almora Nappe there is yet another large kiippe known as the
Amri, forming the Lansdowne Hills, and its detached pieces at Satengal and Banali in
the Mussoorie Hills (Auden, 1937). These klippen are made predominantly of the
lithological elements of the Saryu Formation and the metamorphosed equivalents of
the Champawat Granodiorite.

The lower limit of the Almora Group, that is the base of the Saryu Formation,
is defined by the Almora Thrust, the North Almora Thrust in the northern flank and
South Almora Thrust in the southern. The North Almora Thrust is a very well-defined
tectonic line of division, separating the "autochthonous"” sedimentaries below from
the metamorphic and granitic rocks above. Mylonitisation of granitic rocks and augen
gneisses, and the development of a persistent band of chlorite-sericite-phyllonite
along the thrust plane marks out the plane of separation. The extension of the Almora
Thrust defines the base of the crystalline formation of the various klippe mentioned
above. In the "root-zone" at the base of the Great Himalaya, the Munsiari Thrust,
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whose extension is ‘the Almora Thrust, separates the ~sedimentaries

' (Bermag/MandhalllDeoban) from the crysta]hncs of the Munsiari Formatlon at the

base of the Great Himalaya.

Becausc the Almora Nappe represents the uppermost of the cx1st1ng thrust
sheets in the Lesser Himalaya, the Saryu Formation demarcates the upper limit of the

Almora Group and its extensions in the various klippen. But the situation is qultc

different in the "root-zone", where the Munsiari rocks are succeeded by another group ,

of higher-grade metamorphic rocks (Vaikritas), the plane of separation being
recognised as the Vaikrita Thrust. '

Saryu Formation

This lithological unit is named after the river in eastern Kumaun along which
its typical sections are exposed. It comprises chlorite-sericite schist, often phyllonitic
at the base, followed higher up by gametiferous muscovite-schists altemating with
micaceous quartzites. In the basal part in the northern flank of the Almora synformal
klippe there are bands of strongly mylonitised quani-porphyry and ultramylonite
within chloritic phyllonite, as seen between Ghat and Saryu-Panar confluence.
Towards the upper part of the Saryu Formation there is a chain of lenticular bodies or
sills of porphyritic granite grading marginally into augen gneiss. In the southern flank
the Saryu Formation has been much overshadowed by the emplacement of the huge
sili of the Champawat Granodiorite so that between the rivers Kati and Ladhiya, by
Momaula, the Saryu Formation is represented by augen gneisses interbedded with
biotite_rich mica schists and micaceous flaggy quartzites. However, NW of
Mornaula, where the Champawat pluton is in the form of thin lenticular sills of

granite or augen gneiss, the schists and flaggy quartzites assume dominance (V. aldiya,
1980).

Champawat Granodiorite

Champawat Granodiorite is a composite batholithic body concordantly
emplaced towards the upper part of the Saryu Formation. It is constituted
predominantly of granodiorite, composition often varying from tonalite (quartz-
diorite) to adamellite (quartz-monzonite). An early synkinematic suite of
trondhjemitic rocks, but conspicuously rich in biotite & quartz, is intruded by a
younger set of post-kinematic biotite-poor leucocratic adamellite and tourmaline-
bearing aplitic or pegmatitic granite. The main body is massive non-foliated coarsé-
grained, equigranular to locally porphyritic, in the central part and becoming
progressively foliated or gneissose towards the margins. Although the northern border
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is sharp, being overlain ratber | abruptly by chloritic phyllite of the Gumalikhet
Formation, the southen border is transitional, the gneissose granite giving' way
imperceptibly to augen gneiss intercalated with biotite schists and micaceous
quartzites (Valdiya, 1980).

Gumalikhet Formatlon

This upper unit of the Almora Group comprises black carbonaceous phy]htes
alternating with black, fine-grained biotite-rich grcywacke Northwestwards, the
carbonaceous phyllite becomes graphitic schist and the greywacke is convcrted into
biotite-rich schist. In the same direction (beyond Kosi River, for location, see
geological map in colour in Valdiya, 1980) gametiferous mica schists and micaceous
flaggy quartzites predominate over the black rocks and the Gumalikhet becomes
indistinguishable from the Saryu.

Munsiari Formation

Of the huge pile of metamorphics and gneisses of the Higher Himalaya, the
lower part exhibiting relatlvely low-grade metamorphism in greenschist to
almandine-amphibolite facies has been distinguished by Valdiya (1973a) as the
Munsiari Formation. The Munsiari succession is characterised by a high propomon of
mylonitic rocks and related brittle-ductile deformation. Presence of a strong and
pervasive stretching lineation and of well-defined shear structures associated
particularly with the mylonites and granitoid augen gneisses indicates a high degree
of shearing deformation. Effects of consequent retrograde metamorphism are also
highly prevalent.

Petrologically the Munsiari is similar to the Almora and its remnant in the
klippen of Askot-Baijnath-Nandprayag and Chhlplakot This fact has led Valdiya to
consider the Munsiari Formation as representmg the "root-zone" of. the Almora
Nappe. The lower limit of the Munsiari Formation is defined by the Munsiari Thrust,
and the upper limit is marked by the Vaikrita Thrust across which there are abrupt
changes of the lithology and grade of metamorphism. However, in practical terms,
these tectonic breaks are quite difficult to recognise in the field and no
straightforward geomorphological criteria are applicable in these rejuvenated
youthful mountains of the Great Himalayas. The Munsiari Formation comprises a
relatively greater volume of granitic rocks (augen gneisses) than the Almora Group in
its type area. Commonly the augen-sizes reach up to 15 cm across, for example, in the
Darmaganga valley along Khet-Pangu belt, or in the Tons valley north of Mori (see
the geological map in colour in Valdiya). The typical mylonitic-protomylonitic rocks
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are normally quartzofcldspathlc the porphyroclastic grains in them are mostly made
up of plagioclase, alkali feldspar and/or quartz. In addition to being reflected by
increased frequency of ribboning of feldspar grains andfor quartzofeldspathic
agy regates, progressive mylonitisation (i;e. grainsize reduction) down the section
across the Munsiari Formation is occasionally reflected also through advanced
myrmekitisation whereby original bigger ‘alkali feldspar grains  in the
qu;utzofeldspathjé protomylonitic-mylonitic horizons are transformed into tiny
recrystallised quartz and plagioclase grains. Valdiya (1980) considers that there are
two suites of gneisses in the Munsiari Formation; the synkinematically empiaced
biotite-quartz rich granodioritic gneisses are intruded by post;tectonic strikingly
leucocratic tourmaline-bearing  granite, adamellite and aplite. The other
metamorphics in the Munsiari Formation include phyllonite, chlorite-sericite schists,
gametiferous  mica  schists  altemating with  micaceous  quartzite,
graphitic/carbonaceous schists locally interbedded with blue-black marble and
amphibolite. Traverses along the valleys of Goriganga, Alaknanda, Dhauliganga,
Mandakini, Bhagirathi, Yamuna and Tons give a fairly good idea of the lithological
succession of the Munsiari Formation (for location of these rivers, see Fig. 1.8 in
Valdiya, 1980). Two sections as described by Valdiya (1980, p.75) are reproduced

below:
. 1. Girgaon-Lilam section (Type area), Goriganga valley.

Base : Berinag quartzites and Mandhali slates.
O Munsiari Thrust ---=-«-----==-csmmememacoemsmemoramom-
(a) Mylonitised biotite-quartzite, paragneiss, sheared amphibolite and biotite-sericite-
chlorite schist with lenses of white quartzite. The schist is locally
garnetiferous. (Girgaon to Kalamuni, and in Ramganga valley near Satgarh)

(b) Biotite-rich augen gneiss exhibiting flaser-structure, and streakiness resulting
from shearing and fragmentatlon of phenocrysts. Bands of biotite-quartz
paragneiss and sheared amphibolite. Intruded by veins, sills and schlierens of
medium-grained leucocratic aplogranite, showing ptygmatic folding such as
seen at Dummar. (Kalamuni through Munsiari to 1 km S of Lilam; in
Ramganga valley from N by Satgarh through Kethi to Siuni and beyond).

------------- - -- Vaikrita Thrust ----------s==-e=mmm-esemammmrmammmomoras

Top : Kyanite-gneiss of Joshimath Formation

II. Pana-Kunwarikhal-Tapovan-Reni section (Dhauliganga valley).
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Base : Berinag quartzites.
e EE ety Munsiari Thrust ---------==--- ‘ T ettt

(a) Chlorite-sericite schist, which in the middle of the succeséion is gametiferous.
Interbedded with a horizon of gneissose quartz 'porphyry and several bands of
amphibblite grading into chlorite schist and two horizons of blue flaggy
marble. (N by Pana to Kunwarikhal). _

(b) A large body of gneissose granite porphyry grading into augen‘ gneisé overlain by
pyritous chlorite-sericite and biotite-chlorite schist and black biotite-rich fine-
grained quartzite. Higher up near Dhak Gad another band of augen gneiss.
Intruded by leucocratic adamellite and aplite. (Kunwarikhal to Tapovan).

(c) Sheared and shattered (to powdery state) finer-grained quartzite (non-sericitic) of
grey, brown and white or light green colours. Interbedded with very
subordinate intercalations of sericite schist, locally gametiferous. (Tapovan to
3 km N of Tapovan bridge). |

(d) Pyritous black schist interbedded with masble giving way upwards to alternations
of fine-grained black biotite-rich quartzite and pyritic biotite schist. In the
Rishiganga valley brown and grey garnetiferous sericite schist characterised
by pyrite and limonite. Interbedded with subordinate grey quartzite. (From 3
km N of Tapovan to Reni).

---------------------------------------- Vaikrita Thrust -------cess-mesmmmemmmnemnmammnemnnmanas

Top : Joshimath Formation.

In terms of regional correlation with equivalent formations in other parts of
the Himalaya it is widely considered that the Munsiari Formation represents the
southeasterm extension of the "Jutogh Formation” of the Himachal Himalaya (Pilgrim
& West, 1928; Valdiya, 1964a & b, 1980). Thus the Almora Group forms the huge
nappe of the Jutogh-Munsiari-Almora unit, and the Champawat Granodiorite can be
compared, with regard to composition, petrogenesis and lithotectonic setting, with the
Chor Granite which intruded the Jutogh Formation. Towards the east, the Almora-
Munsiari rocks are comparable with the "Lower Crystallines" of Fuchs & Frank
(1970), the "Upper Midland Formation" between Thulo Bheri and Gandaki valleys of
Bordet et al. (1972), Le Fort (1975), Pecher (1976) and Hashimoto et al. (1973), the
"Kathmandu unit" in Central Nepal of Hagen (1958) and the "Irkhua Crystallines”
including "Barun Gneiss" in Central Nepal of Hashimoto et al. (1975). The lower part
of the succession of the Darjeeling Hills and adjoining Sikkim comprising what Ray
(1947) had recognised as golden and silvery mica schist with augen gneiss and

graphitic schist with garnetiferous mica schist can be equated with the Almora-
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Munsiari Group. This unit is now known as the "Paro Formation” {Acharyya, 1975)
In southern Bhutan the Paro is missing. Further east in the Kameng dlstrlct of
Arunachal Pradesh the "Bomidila Formation" comprising mica schist, garnetlferous
mica schist, marble, quartzite and porphyroblastic gneiss (Das et al., 1976) represent
the extension of the Almora-Munsiari. '

Valdiya (1980) recognised that of the four main types of schistose rocks
occurring in the Almura Group viz. chlorite schist, serlclte-chlonte schist, biotite-
sericite schist and graphmc or-carbonaceous schist, the last one fonns a prominent but
subordinate component in the upper part of the succession while the last three are
common in the lower part. Porphyroblastic gamets (2.5 mm across) are locally very
common in some schistose rock horizons; these gamet grains show an inner zone of
concentration of inclusions of quartz, mica, and black opaques. The inclusions in
some places display sigmoidal disposition in the central part probably indicating
rotation during growth. Further discussion on garnet textures will be given in Chapter
- 5 (Metamorphism), section - 5.4. Some garnetiferous carbonaceous schist horizons
show staurolite occurring as small porphyroblasts bearing inclusions of quartz, mica
and magnetite. Blades of kyanite have been reported from some horizons of pelitic
schists in the Dudhatoli region in south-central Kumaun (SE of Rudraprayag), these
kyanites also contain inclusions of quartz, muscovite, biotite and opaque minerals and
are bordered by mica flakes. Near the Almora Thrust tectonic deformation and syn-
thrust metamorphism have led to development of phyllonites from schists. The
‘porphyroblasts of gamet and feldspars are granulated, stretched, streaked out and
reduced in size, and some of the sericite and biotite grains have become extremely
finegrained and chloritised; this implies that these minerals formed prior to the
thrusting or dislocation. The phyllonites are interbedded with augen mylonite and
mylonitic granite (Valdiya, 1980).

Two main metamorphic mineral assemblages have been recognised by
Valdiya (1980), particularly in the lower part of the Almora Group:
a) quartz - garnet - sericite - biotite - albite - epidote, and
b) quartz - perthite (microcline) - albite - biotite - muscovite - almandine %
- staurolite.
‘He suggests that the former is indicative of greenschist facies of metamorphism,

while the latter represents lower amphibolite-almandine facies.

The widespread occurrence of gamet in the pelitic schists and even in

shite.and oligoclase coexisting with epidote in the
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associated gneisses indicate that the grade of metamorplusm once rose to almandine-
amphibolite facies. In the northeastern part of the Dudhatoli mountain, the grade rose
still higher as indicated by kyanite. Valdiya considers that in the lower basal pan of
the succession the dislocation metamorphism with attendant retrograde
metamorphism has brought down the grade of metamorphism to greenschlst facies as
borne out by chloritisation of biotite and gamet, biotitisation of staurohte and garnet
and fragmentatlon of felsic mmerals Relics of gamet in the chlorite-sericite schists in
some pockcts bear evidence of their former higher-grade metamorphism. 5k Mﬂ
ke bl SR i

Thus,based on the evidence of included minerals and their highgrade hosts as
reported by Valdiya (1980), there is a clear indication that the Almora Group rocks
suffered at least two episodes of progressive metamorphism. The retrogressive
metamorphism followed the prograde episodes in time. Detailed dlscussmn on these

aspects based on my own observations will be given in Chapters 5 6

Biotite from Almora granite and gneiss has been reported by Sarkar et al.
(1965) to be of lower Oligocene age (K-Ar age of 40-30 Ma) that probably marks the
end of the last major thermal event registered by the metamorphics of the Almora
Nappe. Jager et al. (1971) dated one biotite sample from the Chaur granite in
Himachal by the Rb-St method at 50 + 10 Ma. These dates suggest that the dominant
progressive metamorphism in the Almora Group took place well before the Mid-
Miocene time which is the widely accepted age for the MCT-thrusting (Windley,
1988; Hodges et al., 1988; Molnar & England, 1990; England et al., 1992).

2.2.3 Ramgarh Group :
This thrust-bound tectonic unit is analogous to the Chail of Himachal Pradesh

and comprises a quartz-porphyry and porphyritic granite suite occurring within a
succession of phyllites, finegrained quartzwackes and metasiltstone, and
carbonaceous pyritous slates alternating with banded white-blue marble.
Lithologically, the Ramgarh Group is divided into two units: (i) Nathuakhan
Formation, (ii) Debguru Porphyroid (Valdiya, 1980).

Nathuakhan Formation
This formation largely consists of brown, grey and olive green phyllite which
are locally schistose, altemating or intercalated with fine-grained sericitic flaggy

quartzite and metasiltstone. Facies variation is very common in this lithological unit.
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Debguru Porphyroid

The granitic bodies in the Ramgarh Group are .collectively recogmsed as
"Debguru Porphyroid’. The country rocks in the granitic belt are metamorphosed to
albite-epidote- amphlbohte facws In the proximity of the bounding thrust planes, the
rocks are retrogressed

The Ramgarh succession is cha:actensed by quite extenswge‘gnagmansm Its
lower boundary is defined by the Ramgarh Thrust which in the SE was called the
Ladhiya Thrust by Valdiya (1962a, 1963). The upper limit is given by the S. Almora
Thrust which has brought the huge pile of metasediments and granitic gneisses of the
Almora Group over the Ramgarh. A persistent zone of phyllonite follows the plane of
thrust throughout the belt.

2.2.4 Sirmur GGroup

The Sirmur Group consists of two formations: (i) the Subathu Formation of
Lower Eocene age, and (ii) the underlying Bansi or Singtali Formation of Upper
Cretaceous or Paleocene age (Valdiya, 1980).

Subathu Formation

The Subathu Formation is the youngest lithostratigraphic unit of the Lesser
Himalaya and occurs unconformably upon the Tal as well as on the Chakrata. It
comprises alternating maroon oOr red and grey-green greywackes, siltstone and
mudstone, with intercalations of characteristically nummulitic and shelly timestone of
Eocene age. Medlicott (1864) first studied this unit. Raiverman & Ratnan (1971)
noted that the green-grey and the red facies of the Subathu are repeated in the
sequence due to stratigraphic intertonguing. The Subathus are partially preserved in
several tectonic windows and under the Krol-Tons and Bijni/Saklana thrusts. Because
it contains identifiable fossils of limited stratigraphic range, the Subathu plays a very
important role in stratigraphic correlation in a generally unfossiliferous Lesser

Himalayan domain.

Ban i or Singtali Formation

The Bansi or Singtali Formation underlies the Subathu Formation below an
uncenformity in the Lansdowne and Mussoorie Hills. It comprises sandy,
characteristically oolitic and shelly dense limestone grading into calcareous
sandstone, showing cross-bedding. The limestone may be locally crystalline, and

blue-black in colour, but commonly weathering to brown. On the basis of Tewari &
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Kumar's (1967) discovery of cyclotomatous bryozoan fossil Laterocavea and
calcareous algae Neomeris. from the limestones of the Bansi Formation in the

Nilkanth area, the Bansi Formation is assigned a Cretaceous to Paleocene age.

2.2.5 Mussvorie Group

The Mussoorie Group consists of three formations, viz. Tal, Krol and Blaini.
. ‘
‘Tal Formation S

This youngest formation of the Mussoorie Group shows variation in 11th010gy
from area to area. In the Mussoorie Hills there is a dominance of carbonaceous
mudstones, phosphatic limestone and chert; whereas in the Lansdowne Hills there are
conglomeratic mudstone and greywacke. In addition, in both the areas there are some
quartzite and black as well as purple slate bands. The Tal Formation in the
Lansdowne Hills has yielded datable fossils, such as fenestellids, bryozoans and
brachiopods assigned to the Permian by Valdiya (1980). However, this age is not
unanimously accepted (Azmi, 1981).

Krol Formation

The Xrol Formauon is a sequence of limestones, slates and siltstones, that
follows the Blaini without perceptible break. This dominantly carbonate formation
constitutes the most prominent upper part of the synformal mountain range that
extends for over 200 km from the Yamuna valley to Nainital. The lower limit of the
Krol is not sharply defined, and the lithology of the lower member (Lower Krol) has
many things in common with the upper member of the Blaini (Infra-Krol). But the
upper limit is very sharply defined against the overlying flyschoid sequence of the
Tal Formation which begins with very distinctive phosphatic rocks in the Mussoorie
Hills and with conglomeratic black shale-greywacke assemblage in the Lansdowne

Hills. The phosphatic hotizon of the Tal Formation has been taken as marking an -

unconformity. Based on conodont fossil finds Azmi & coworkers (Azmi, 1981;
Azmi & Pancholi, 1981; Azmi & Joshi, 1981) considered that the Upper Krol is of
Cambrian age. However, the age controversy still remains. Recently, Brasier et al.
(1992) suggested an age correlation of the Krol Belt rocks with Neoproterozoic to
Lower Cambrian strata from Yangtze Platform (S. China), Alborz Mountains (Iran)
and Gobi-Altay Mountains (‘outer’ Mongolia) based on carbon isotope stratigraphic
evidences. Further suggestion for an uppermosf Proterozoic age for the Krol
carbonate sequence has come from Frank et al. (1992).
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Blaini Formation . ,
The Blaini Formation consists of conglomerate with siltstone, greywacke and
slates of grey, olive green and black colours, and impersistent lenticular beds of
purple or red limestone, associated with purple slate and sandstone. It rests upon the
Nagthat quartzites. The Blaini Formation forms an unbroken girdle all around the
' Mussoorie-Lansdowne and'Najni_tal Hills. The fine banding of siltstoné, slate and
thythmite occurring in the upper part of the Blaini Formation has been interpreted by
some workers (e.g. Fuchs & Sinha, 1975) as varvite. Thoughout its extent the Blaini
is separated from the underlying Nagthat by the sharpest unconformity of the Lesser
Himélaya, marked by a well-defined and laterally persistent conglomerate horizon
bearing pebbles of typical Nagthat rocks. But the upper boundary of the Blaini
Formation is rather blurred. ‘The slates with intercalated limestones imperceptibly
grade into the limestone-predominant calcargillaceous succession of the Lower Krol.
This upper line of division is, more often than not, placed arbitrarily (Valdiya, 1980).

2.2.6 Jaunsar Group

The Jaunsar Group consists of Nagthat Formation and Chandpur Formation.
According to Valdiya the equivalent of the Nagthat Formation in the inner parts of
Lesser Himalayas is known as the Berinag Formation. A sizable component of the
Nagthat Formation is given by a suite of basic volcanic rocks collectively known as
"Bhimtal Volcanics'. The description below is given in the following order: Nagthat

Formation, Bhimtal Volcanics, Berinag Formation and Chandpur Formation.

Nagthat Formation

The Nagthat Formation is ‘an assemblage of purple, fawn, white and green
quartz-arenites which are locally pebbly or conglomeratic, and interbedded with
green and purple slates. It is in transitional contact with the underlying Chandpur
Formation. Green tuffaceous phyllite and quartzite and penecontemporaneous basic
volcanics are essential components of the Nagthat lithology. In places the basic
volcanics i.e. the Bhimtal Volcanics assume dominance over the sediments within the

Formation.

Bhimtal Volcanics

Penecontemporaneous lava-flows of spilitic composition and tuffites are
interbedded with the Nagthat quartzites. In the Bhimtal area near Nainital the across-
strike width of the outcrops of basic rocks reaches about 5 km. The volcanic suite

comprises amygdaloidal, vesicular and massive basalts now converted partially or
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wholly into amphibolite or epidiorite, and the tuffite altcred to chlorite schist in the
vicinity of thrust zones. The older volcanics are penetrated by dykes and sills of
relatively fresh and little-metamorphosed dolerite and minor gabbro whmh obviously
are younger in age. These younger intrusives are injected also mto the overlying
Blaini and Krol formations. Thus, while the older suite of volcamcs is
penecontemporaneous with the N agthat scdunents the youngcr set could be as young
as the Krol, or may be still younger. '

Berinag Formation

The Berinag Formation is llthologlcally similar and p0331bly correiatable to
the Nagthat Formation of the outer Himalayan belt. But its structural position is quite
different in that it forms a thrust sheet bounded by thrust planes of regional
dimensions. The Berinag Formation is thrust over the Deoban of the Mandhali
Formation of the Tejam Group and is itself thrust over by the Munsiari crystallines.
The Berinag Formation covers a vast region in the inner Lesser Himalaya and
consists of massive, coarse-grained to pebbly or even bouldery and usually very
sericitic quartz-arenite of white, pale purple and green colour with metamorphosed

amygdaloidal vesicular basalts and tuffites. The Berinag quartmtes are in all

likelihood the northerly prolongation of the Nagthat (Valdiya, 1980). The only
difference is in the relatively higher grade of metamorphism exhibited by the Berinag
rocks which comprise sericitic quartzite, sericite-quartz schist, schistose amphibolite
and chlorite schist, all of which bear evidence of mylonitisation. Considering these
differences and their tectonic severence, its separate identity under the name ‘Berinag'
is retained. The lower as well as the upper limits of the Berinag are demarcated by
thrust planes of regional dimension. The Berinag Thrust below has presumably
eliminated the Chandpur and in some areas the Mandhali also and thus brought the
quartzite-volcanics assemblage over the Mandhali or the Deoban Formation of the

Tejam Group.

Lhandpur Formation

The Chandpur Formation consists of olive green and grey phyllites
. intesbedded and finely interbanded with metasiltstones and very fine-grained wackes,
with local metavolcanics. Building the base of the Krol Nappe the Chandpur
Formation covers the bulk of the Nag Tibba range in Garhwal from the Eastern Nayar
to the valley of Tons and beyond. The lithology of the Chandpur Formation
represents mildly metamorphosed greywackes with load casts and lustrous phyllites,

and is not a turbidite as some workers tend to believe. While in most sections the
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" Jower boundary of the Chandpur Formation is represented by a thrust (Krol/Berinag
Thrust), its upper boundary with the Nagthat Formation is gradational or transitional.

2.2.7 Tejam Group

Mandhali Formation ‘

The Mandhali Formation consists of greyish green and black carbonaceous
pyritic phyllitcs or slates interbedded and interbanded with marmorized and
plastically folded blue-banded limestones and a variety of lentiform

paraconglomerates. -

Deoban Formation

The Deoban Formation is an extensive succession of the stromatolite-bearing
cherty dolomite, and dolomitic limestone with bands and intercalations of blue
limestone and grey slate that overlies the Rautgara Formation of the Damtha Group.
The Deoban rocks were designated by Heim & Gansser (1939) as "Calc Zones of
Badolisera and Tejam” and they were erroneously equated in age with the Krol
Formation. Stromatolites from the Deoban Formation indicate an age of Middle-
Upper Riphean (c. 1100 - 900 Ma). According to Vaﬂdiya (1969a), bioherms of
branching-columnar stromatolites belonging predominantly to the Baicalica group
occur in the Deoban dolomites. Sporadic sulphide mineralisation is discemible
throughout the "Gangolihat Dolomite” which designates the mineralised facies of the
Deoban developed in eastern Kumaun. The contact between the Deoban and the
Rautgara Formation of the underlying Damtha Group is usually perfectly
conformable, without any suggestion of tectonic or sedimentational break. But the
transition is quite abrupt everywhere and the very shallow-water carbonates suddenly
succeed the slates and quartzites of the flyschoid facies of relatively deep water

environment.

2.2.8 Damtha Group

The Damtha group is made up of two formations: the Rautgara Formation and
the Chakrata Formation.
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Rautgara F ormatwn .

The Rautgara Formation occupies the deepest level i in the southeastern part of
the Kumaun Himalaya, but it trans1t10na]ly succeeds the Chakrata Formation in the
northwestem region. The Rautgara Formation is an extensive hthostratxgraphtc unit
of fine- to medium-grained muddy quartzite (subgreywacke to sublitharenite) of
cream, white, pink, purple, grey and brown colours, sparse lentils of conglomerates
and olive green and purple slates, often superﬁcially oxidised to deep red soils, and
characterised by extensive occurrences of basic sills, dykes and lava-flows. The
Rautgara Formation is a flyschoid formation with characteristic sedimentary
structures and represents the upper part of the deeper-water turbidite flysch of the
Chakrata Formation. The Rautgara Formation is older than the roughly 1000 Ma old
Deoban Formation. '

Chakrata Formation

The Chakrata Formation is a thick succession of dominantly greyish green
greywackes and siltstones rhythmically alternating with slates, and exhibits many
turbidite features. Cyclicity of red and green facies of the turbidites is a notable
feature of this oldest sedimentary formation of the Kumaun Lesser Himalaya. In the
north it underlies the Deoban Formation of upper Middie Riphean age with an
impersistent intervening horizon of the Rautgara Formation, while in the southern
part the Mandhali Formation of Upper Riphean to Vendian age has been thrust over
1t.

The base of the Chakrata Formation has not been discovered yet. So, it is not
possible to surmise what lies beneath it. The upper limit is variable. To the south of
the Chakrata township in SW Garhwal the formation is separated by a regional thrust,
i.e. the Tons Thrust, from the overlying Mandhali Formation, with patches of Subathu
Formation partially sandwiched in between. Almost similar is the situation in the
Bidhalna and Pharat windows in southern Tehri where the Subathu-capped Chakrata
is thrust over by the Chandpur of the Krol Nappe. In the Chakrata area generally the
northemn and southern limits of the Chakrata Formation are tectonic; but at places the
greywacke-slate assemblage of the Chakrata gradually passes into the quartzite-slate
succession of the Rautgara. On the basis of the upper Middle Riphean stromatolites
(900-1000 Ma) in the Deoban, Valdiya (1970a) considered the Chakrata to belong to
the Precambrian, most probably to Lower Riphean times.
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2.3 A DISCUSSION ON SELECTED RADIOMETRIC AGE DATA

Table-2.2 gives a selection from the available radiometric age data inthe
literature in order to highlight the fact that there was .early metamorphism (most |
possibly, Precambrian) of the crysta]hne rocks of the Himalayas in addition to their
Himalayan age metamorphlsm/s In this selection of age data the whole rock ages
have been given preference over the mineral ages. ' ‘

Table - 2.2
A list of selected radiometric age data from Himalayan crystalline rocks

Sl. No. Method Age (in Ma) Rock-unit/Location Source/Reference
1. Rb/Sr(wholerock) 675170 Biotite granite intruding Vaikrita {Sharma (1983)]
gneisses in Sutlej & Baspa valleys, H.P.
2. Rb/Sr(whole rock) 467 46 Similar setting as above near [Bhanot et al. (1979)]
Manikaran, H.P.
3. -do- 494 1 50 Vaikrita crystalline gneiss near [Sharma (1983)]}
Karcham, H.P.
4. -do- 495 £ 16 Jaspa Granite & nearby goeisses  [Frank et al. (1977
' from Spiti-Labu! area
5. -do- 1900 £ 100 Granitic gneisses (Munsiari Fmn.) [Singh et al. (1986)
. quoted in Valdiya
(1988)]
6. -do- c. 1950 Crystallines of Munsnan Formation [Gopalan, pers.
comm. to Valdiya
(1988)]
7. -do- 1830 + 200 Higher Himalayan crystaltine [Bhanot et al. (1977)]
gneiss near Kalamuni Pass
8. -do- . 1170 + 120 Ramgarh (Debguru) porphyritic  [Bhanot et al. (1976)]
’ granite near Koidal
9. -do- 1765 £ 60 Granitic porpbyroid of Ramgarh  [Trivedi et al. (19843
to unit
1875 + 90
10. -do- 1110+ 131 Amritpur Granite (Ramgarh Group)[Singh et al. (1986)]
to from SE Kumaun
1584 £ 194
11. X/Ar (K-felds) 315+5 Almora Group augen gneiss [Krummenacher
(19713

12, -do- 363+5 Almora "granite” ' -do-



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

- 23.

25.

26.

21.

28.

29,

30.

31.

32.

33.

Rb/St (whole rock) 500 + 100

K/Ar (whole rock) l 265

Rb/Sr (whole rock) 930 to 980
(max. apparent age)

-do- 650
-do- 512116
K/Ar (whole rock) 27718
&

31519

Rb/Sr (whole rock) 58019

-do- 517+8
-do- 1620 + 9¢
-do- 345 & 390
-dp— c. 1000

U/Pb (zircon) 970 to 1700

U/Pb (monazite &  20.4to 20.7

xenotime)

K/Ar (muscovite) 728 £ 12

K/Ar (sericite) 1280

K/Ar {muscovite) 872

K/Ar (uralite) 819+ 80

K/Ar (biotite) 53

K/Ar (muscovite) 113

Rb/Sr (biotite) 50+10

Fission-track 48 +24
(muscovite)

Mandi "granite”, H.P. [Jager et al. (1971)]
 Dandetdbura "granite” . [Talalov (1972)]
Selected crystalline rocks [Crawford (1981,
. from Himachal & Kumaun " p.196)] .

'Ramgarh (Chail) crystallines, LP.  -do- -

Granites in gneisses & schists, [Frank et al. (1973) &
S of Chandra Valley, Punjab Him. Frank (1977)]

Cenltral crystalline gneisses from [Mehta & Rex
Kulu-Manali-Rohtang Pass area, - (1977)]
Himachal Himalaya

Migmatitic central crystalline {Mehta (1977)]
gneiss from Manali-Rohiang Pass area

Similar rocks as above from Kulu area  -do-

Higher Himalayan crystalline [Powell et al. (1979})
gneiss from Almora-Askot area

Himalayan Central Gneiss of Lahul  -do-

Daling schists {eqv. to Ramgarh) [Crawford (198 1}
from Darjeeling Himalaya

Metaclastic protoliths of the Higher [Parrish et a}. (1992}]
Himalayan crystallines, Langtang
valley, NNW of Kathmandu, Nepal

Semipelitic gneisses and leucogranites -do-
from the same area as above

Quartzite from Higher Himatayan [Krummenacher

Nawakot Nappe, Nepal (1961)])

Carbonaceous schist near Tensing, [Krummenacher
Nepal (1966)]

Base of Kunchla Sr. (eqv. to -do-

Rautgara) in Nepal

From a metabasic extrusive from -do-

near the above location

Ulleri augen gneiss, central Nepal [Krummenacher

(1971)]
Palung "granite”, central Nepal ~ [Khan & Tater
(1970)]
Chor "granite", Kumaun [Jager et al. (1971)]
-do- [Nagpal & Nagpal
(1973)]
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34. F-T (apatite) 15102 -do- [Nagpal et al. (1973)]

35. F-T (apatite) 47+11 Dharamsala granite, Himachai. -do-

36. -do- . 36:12  Mandi granite, Himachal do-

37. Rb/Sr (biotite) 24+ 2.4 \ -do- {Tager et al. (1971)]
38. -do- 7 314129 | -do- | ~do- |
39. Ar/Ar (homblende) s From an amphibolite bandin  [Silverberg, D.S.,

Vaikrita Greiss near Suraithota,  pers. comm. to
Dbauliganga valley, Kumaun Valdiya (1987),

quoted in Valdiya

(1988)]
40. K/Ar (biotites) 851037 From rocks around the equivalent [Quoted in Roy &
of Munsiari Thrust in E. Nepal Valdiya (1988)]

Krummenacher (1961, 1966, 1971) strongly inferred from his age data
analyses a Precambrian metamorphism in the Himalayan crystalline metamorphics. 1t
must also be noted that Kumar et al. (1978) gave evidence of an angular
unconformity within the Precambrian in central Nepal and suggested a Precambrian
deformation.

Giving a compilation of radiometric dates available for granitoid rocks from
different sections of the entire Himalayan belt Sharma (1983) suggested that the
Precambrian basement (Vaikrita Group) underlying the sediments of the Tethyan
basin was once metamorphosed in late Precambrian time. He cited three pieces of
evidence for this - (a) 580 £ 9 Ma age (Rb-Sr whole rock isochron) of the Rohtang
migmatitic gneisses from Manali-Rohtang area (Himachal Himalaya) as determined
by Mehta (1977); (b) presence of xenoliths of kyanite-sillimanite psammitic gneiss in
the Kinnar Kailas granite (675 + 70 Ma old; Sharma, 1983) ) and tongues of the Jatter
in outcrops of the former, and (c) observed presence of an angular unconformity
between the fossiliferous early-Middle Paleozoic and Precambrian rocks around
Kathmandu, Central Nepal, and recognition of additional foliation and lineation in the
older rocks (Kumar et al., 1978). Sharma (1983) did not rule out additional high-
grade metamorphism of the Higher Himalayan rocks during the Himalayan orogeny.
He says that the metamorphism of the Precambrian Vaikrita rocks appears to have
gradually decreased in the upper level; as a result the base of the Vaikrita thrust sheet
. is represented by the high-grade crystallines, while in the upper levels it grades
through less metamorphosed to unmetamorphosed Precambrian sediments.
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Miller & Frank (1992) have attempted temporal grouping of the granitoid
bodies in the NW Hﬁnalayas based on jsotope age data (mainly whole-rock Rb/Sr).
They suggest that the -granitic rocks in the Himalayas can be classified mainly into
three different age-groups corresponding respectively to:

(i) A Proterozoic plutonism-volcanism dated 1900-1800 Ma;

(ii) A very extensive lower Paleozoic magmatic event around 500 Ma;

(iii) The late Tertiary leucogranite formation _

with another additional group of rather sporadic and geologically less well-defined
granitoids of 1100-1000 Ma age. '

Many of the windows in the Lesser Himalaya contain evidence for
Proterozoic magmatism only. Proterozoic granitoids also occur within distinct zones
as mylonites and augen gneisses at the base of the Higher Himalayan crystallines
(HHC). Only in western Nepal, these 1800 Ma old granitoids are an integral part of
the HHC. These granitoids are predominantly peraluminous with 8781/80sr ratios
lying in the range of 0.708 - 0.713, thereby implying' a substantial contribution from

old crustal material.

Based on a survey of literature on radiometric ages of the rocks from
Himachal and Punjab Himalayas (both whole rock and mineral ages), Mehta (1977,
1978) argued that the data reflect at least three major events in the evolutionary
history of the Himalaya:

1. Large-scale recumbent folding, high-grade metamorphism and synkinematic
granite intrusion took place between 600 and 500 Ma ago. This event produced a

'protoform’ of the Central Crystalline axis, later rejuvenated.

IL Then there was a 'Hercynian Magmatic-Epeirogenic Cycle', indicated by ages of
360 - 290 Ma. '

1. The 75 - 10 Ma mineral ages are those of the ‘Himalayan Orogeny" which is
associated with open folding, low-grade metamorphism, uplift, thrusting, nappe
development and 'regional retrogression’. '

However, according to Powell & Conaghan (1978) the ﬁrc-Cenozoic (or pre-
late Mesozoic) ages do not relate to the major folding and Himalayan regional
metamorphism, but possibly to granites incorporated in thrust sheets where regional
metamorphism was weak and affected only the biotites. The Paleozoic mineral ages
(notably, muscovite) probably reflect the age of crystallisation. Powell & Conaghan
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(ibid.) insisted that the early major folding in the Chandra Va]ley is post-Callov1an,

it deforms fossiliferous rocks near Tandi -(Pickett et al., 1975) also Frank et al.
(1977) traced this folding to the limit of the metamorphic terrain. Thus, while not
explicitly denying the existence of old granites and related local metamorph]sm

Powell & Conaghan (1978) considered that the early metamorphism was not of
regional nature and not related to the main Himalayan orogcny They thought that the
Himalayan crystalline rocks suffered their first major metamorphism only in Tertiary
time during the Himalayan orogeny. ' ' : .

The old age (whole-rock) of most of the granites and gneisses amply suggests
that the Higher Himalayan crystalline rocks suffered at least another, probably the
first, fabric-forming metamorphic event prior to the high-grade Barrovian event.
Clear intrusive relation of many of these older granitic bodies with the crystalline
country rocks cestainly means that the country rocks had acquired their first
metamorphic fabric (foliation) before the intrusions took place (see also Guru Rajan
& Virdi, 1984, p. 526). Thus the older dates place an upper bound for the time of an
early metamorphism in the Himalayan crystalline rocks. Most possibly, this early
metamorphism took place in Precambrian time. The strong effects of repeated
deformation and metamorphic recrystallisation that took place during the Himalayan
orogeny pose serious hindrance to any thorough mineralogical and textural
investigation of the early metamorphic event, hence the difficulty of understanding

the physical conditions operating at that time.

Crawford (1981, pp. 198-199) in his synthesis commented, "Though the age
data are still very few, and of variable quality....... reliable Precambrian ages have
been found. ...t seems probable that along the entire length of the Lesser Himalaya
there are Upper Precambrian rocks. The oldest reliable age is for the Almora-Askot
gneisses of Kumaun, 1620 £ 90 Ma (Powell et al., 1979 i.e. entry 21 in Table-2.2).
These Rb-Sr ages accord with the 1000 - 2000 Ma age for the granitic porphyroid
intrusions from the same area. It is also relevant that for the 'Central Crystalline

Gneiss' of the Pithoragarh region of the Kumaun Higher Himalaya Bhanot et al.
are mine).
Crawford (1981, p. 199) further commented, "If these Precambrian ages are

those of metamorphism, then their interpretation in terms of orogeny becomes a

question of whether they are associated with Himalayan deformation. This is a matter

to be solved by fieldwork” (underlined by me).
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After reviewing the published radiometric age data, Roy & Valdiya ('1988)
distinguished five tectonothermal episodes in the evolution of the Higher and inner
Lesser parts of the Central Himalayas: (i) Peak thermal conditi,oné during the
immediate post-collisional compressional episode (55 - 20 Maj; (ii) Cooling of the -
early main Barrovian Himalayan metamorphism (38 Ma)§ (iii) Cooling at the time of
uplift and unroofing of the cover during later deformation (20 - 9 Ma); (iv) Latest
phase of movement {main emplacement) along the MCT (14 Ma), and (v) Final phase
of uplift, so far, of the Himalayan orogeny (8.5 - 3.7 Ma). |

The first of the above five episodes indicating thermal plateau of broad duration from
55 Ma to 20 Ma in response to post-collisional compression is suggested by a
concentration of whole rock Rb - Sr isochron ages of anatectic granitoids (see, for
example, Hamet & Allegre, 1978; Krummenacher et al., 1978; Dietrich & Gansser,
1981; Ferrera et al., 1983). _

The second ie. the cooling age at 38 Ma (Late Eocene) of the early Barrovian
metamorphism is indicated by 40Ar/?’g'Ar mineral age of hornblendes derived from
an amphibolite horizon in Vaikrita Gneiss outcrops near Suraithota, ENE of Tapovan
in the Dhauliganga valley (D.S. Silverberg, pers. comm. to Valdiya, 1987). This
cooling age implies that the main progressive Barrovian metamorphism in the Higher
Himalayas took place during all or part of the time between 50 Ma (India-Eurasia
collision age) and 38 Ma. Given the generally accepted (Hubbérd, 1988, 1989,
Hubbard & Harrison, 1990; Windley, 1988; Molnar & England, 1990; England et
al., 1992) age for peak MCT-thrusting at mid-Miocene time (c. 20-21 Ma), this
deduction strongly corroborates my results obtained through detailed petrographic
(textural) and field studies in that peak MCT-movement postdated a high—gradé
Barrovian (isograd-forming) metamorphic event. However, I find some discrepancy
when Roy & Valdiya (1988) suggest that the peak thermal condition (i.e the first
episode) continued over the period from 55 Ma to 20 Ma B.P. and yet the cooling age
of the Barrovian metamorphism is placed at 38 Ma. It leaves us wondering about the
thermal condition during 38 Ma to 20 Ma B.P.

The third episode (20 - 9 Ma) ie. at middle to upper Miocene probably giving
cooling ages during uplift and unroofing of the cover at the time of later deformation
is indicated by K/Ar mineral (mica) ages (see Mehta, 1980).

The fourth episode at 14 Ma possibly implying the latest pulse of the main phase of
movement along the MCT is indicated by fission-track annealing ages of garnets,
apatites etc. The data also possibly suggest a vertical uplift rate of 1.1 mm/yr (Saini,
1982).



The latest episode at 8.5 to 3.7 Ma (uppenhost Miocene to miiddle Pleistocene)
possibly represents the final phase (Siwalik phase) of uplift of the Himalayan orogeny
and the age data comes from K/Ar biotite ageé from rocks around a thrust in Eastern
Nepal which probably corresponds to the Munsiari Thrust of Kumaun (Roy &
Valdiya, 1988). ' '

24 TECTONOSTRATIGRAPHY. AND LITHOLOGY OF THE STUDY
AREAS R

For the present study, the main focus of attention was on the Joshimath area
which exposes along the Alaknanda valley a very characteristic succession across the
MCT-Zone (Munsiari Formation) within an outcrop-distance of 4.25 km. True
thickness of the MCT-Zone in this section is 2.5 km. About 100 km ESE of
Joshimath is the Sobala area i.e. the Darmaganga section which was looked at for the
purpose of comparison. Interestingly the Sobala section shows a thickness of only
about 400 m of the MCT-Zone (contrast with the 2.5 km thick MCT-Zone in
Joshimath section).

Plate - II gives the lithological map of Joshimath area and Piate - IV shows
the details of the lithotectonic sequence along the Alaknanda section from Gulabkoti
to slightly NW of Joshimath. For the structural map of Joshimath area and related
discussion see Plate - IIT and relevant text in Chapter - 3. On the lithological map of
Joshimath area (Plate-IT) the most conspicuous bends or 'V's in the outcrops are due
to topographic reasons. However the main foliation data presented on the litho-map
show gradual lowering of dip of the structurally higher litho-horizons in their
southerly exposures at higher topographic levels; for instance, see the central part of
the map, SW of Auli. Here the trend of the main foliation shows a local change
clearly implying the existence of a broad, gentle to open, E-plunging, late antiformal
fold. The existence of this antiform,coupled with the fact that the structurally higher

litho-horizons occurring at higher topographic levels indicate a tendency to.show™

gradual lowering of dip southward, probably indicate that the hinge of a still large-
scale antiformal fold lies farther south, and the fold discernible in the map could be a
parasitic fold developed on the northem limb of that vast antiform (or,
'anticlinorium’). From Gulabkoti Bus Stop looking across the Alaknanda river at the
near-vertical rock-cliff, one could recognise the tendency in the litho-horizons (here,

Berinag-Mandhali formations) to show the progressive, gentle antiformal warping
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southward. It is quite possible that these folds relate to the "Chamoli Antiform"
occurring some 15 km farther to the SSW.

Plate - V gives the lithotectonic sequence along the Darmaganga valley
(Sobala area) from Khet to Sobala. Note the thin (~400 m) Munsiari Formation
(MCT-Zone) immediately below. the Vaikrita Gneiss. Compared to the Joshimath-
Helang section, the Sobala-Khet section shows less diverse lithology in the Munsiari
Formation; in the root-zone Munsiari Formation there is a dominance of amphlbohtlc
lithology, whereas farther south in the khppe -zone the quanzofeldspathlc augen

gneisses are predominant.

The study areas include three tectonostratigraphic units viz. the Joshimath
Gneiss Formation (belonging to the Vaikrita Group), the Munsiari Formation
(Almora Group) and the Berinag-Mandhali formations (ie. a juxtaposition of parts
from the Jaunsar ad Tejam groups). The general setting of the three units in Joshimath
area is indicated in Fig. 2.4. The Munsiari Formation essentially represents the MCT-
Zone bounded to the north (i.e. at the top) by the Vaikrita Thrust and to the south (i.e.
at the bottom) by the Munsiari Thrust. Earlier Gansser (1964) recognised the
presence of only the Munsiari Thrust and designated it as the Himalayan Main
Central Thrust. Later studies (e.g. Valdiya, 1980) established the presence of the
Vaikrita Thrust as well. In fact, Valdiya (1980) favoured the Vaikrita Thrust as the
real M.C.T. of the Himalayas.

Broad lithological attributes of the three units involved in the study area have
been mentioned in subsections - 2.2.1, 2.2.2, 2.2.6 & 2.2.7. The details of the
lithological succession in the three units are given in Plates IV and V. I tried to make
these plates as self-explanatory as posmble so in order to avoid the possibility of
repetition I do not consider it necessary to give much further discussion on the details
of lithological variations etc in the text here. However, it must be mentioned that for
the purpose of mapping in Joshimath area on 1 : 25,000 scale (maps now reduced in
size as Plates "Il & III for ease of presentation), no lithological subdivision was
possible of the Joshimath Gneiss, but distinct mappable litho-horizons could be

recognised in the Munsiari Formation and Berinag-Mandbali formations.

Even though for the purpose of mapping on 1:25000 scale lithological
subd1v1310n of the Joshimath Gneiss did not seem to be practicable, on a slighty finer
scale the lithology shows quite significant variation. The most dominant of the
gneissose country-rocks in the Joshimath Gneiss outcrops has a semipelitic
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composition with plagioclase (mostly oligoclasé-albite) dominating over k-feldspar,
and clinozoisite occurring as a frequent constituent. In many cases, plagioclase is the
only feldspar present in these rocks. However, there are intermittent highly pelitic,
psammitic, calc-silicate, carbonaceous and amphibo]itic horizons as wc]i. Proportion,
type and the size of the mica minerals present, colour and overall grain-size of the
rock, degree and scale of development of the main planar fabric forrn some of the
very basic, but important tools in field for the initial recognition of lithological
variations/alternations in the Joshimath Gneiss. Discussion on the high-grade
mineral constituents of the Joshimath Gneiss will be taken ﬁp in Chapter ~ 5
(Metamorphism). Features observable in the field i.e. the alternating sequence of
semipelitic, pelitic, psammitic, calc-silicate etc varieties of lithology in the Joshimath
Gneiss, the very clearly defined fine banding (probably reflecting a control of
primary lithological banding) in a number of psammopelitic horizons, and features
observable under the petrographic microscope, notably the absence of any
distinguishable remnant or indication of primary igneous textures, strongly suggest
that the Joshimath Gneiss is essentially a paragneiss formation. It is very likely
that originally it was a sedimentary succession consisting of calcareous shale,
sandstone, sandy shale, marly limestone, carbonaceous shale etc. There are many
intrasive sills and veins of granitoid materials (i.e. aplitic, pegmatitic and common
silica/quartz etc.) and also some veins of carbonate present within the Joshimath

(ineiss Formation.

A fact of vital importance is that the Munsiari Formation in the Joshimath
area consists of a distinct succession of 12 (twelve) mappable (on 1:25000 scale)
lithological horizons (see Plate 1II). These lithological subdivisions in the Munsiari
Formation (i.e. within the MCT-Zone) have not been clearly recognised before, and
they have proved to be of importance in understanding the geometrical, rheological
and other related attributes of the MCT-Zone bearing on the history of its
tectonometamorphic evolution. For example, ‘asymmetric’ Tepetition within the
succession in the order of appearance of different lithological horizons could strongly
indicate the existence of fault/s within the unit and if such repetitions are numerous
we could deduce a 'schuppen’ geometry for the unit. The Munsiari succession does
not show any such clear-cut repetition on the map-scale. Nor is any mappable
'symmetric’ ie. 'mirror-image’ repetition indicating the presence of map-scale folds
clearly discernible. This, however, does not preclude the possible existence of
internal movement zones or fault-zones within the Munsiari Formation. The absence
of map-scale repetition due to folding may imply either (i) there is no large-scale
folding in the area, or, (ii) a large part of the Munsiari Formation probably lies on a
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single limb of a large-scale fold or fold-system. The second of these two possibilities
is shown to be more likely (see Chapter-6). Some features observed in the field
strongly suggest that many of the lithological contacts within the MCT -Zone acted as
movement surfaces and retrogressive fluid pathways. For example, in many
instances, the contactfs among different mylonite-protomylonite horizons show the
effect of phyllonitisation (retrogression). I have seen in a number of cases that, where
thin amphibolite bands are  sandwiched between comparatively thicker
q_uartzofeldspathic augen gneiss and/or mylonite bands, there has been strong
retrogression of amphiboles to biotite, so.much so, that many of these former bands
have now been converted into thin zones of 'biotite phyllonite'. Interestingly, many of
these thin (sandwiched) and dark phyllonite (i.e. biotitised amphibolite) horizons
have deep greyish black colour and a very lustrous (shiny) appearance which
resembiles the body-lustre of a black snake. As will be discussed in greater detail later
(Chapters 4 & 6), the Munsiari Formation shows lithology-controlled strain-
partitioning. Typical mylonitic rocks are mostly quartzofeldspathic in composition.
-Obviously, therefore, the shear displacement has been accommodated through
microstructural changes more in some lithological bands than in others. All these
features point to the fact that the entire Munsiari Formation (MCT-Zone) at the base
of the Higher Himalayas. is largely a schuppen zone. Except in one or two rather
* doubtful cases in quartzite bands, no clear-cut "way-up" structures i.e. stratigraphical
markers such as cross-bedding, graded bedding, sole marks etc could be identified in
the Munsiari Formation. The observations from the present study suggest that the
Munsiari unit has a less unique stratigraphic status than the overlying Joshimath
Gneiss Formation and the underlying Berinag-Mandhali formations. As it stands
today, the Munsiari Formation represents more of a structural or tectonostratigraphic
succession than a pure stratigraphic one. It is a tectonostratigraphic unit having a
'mixed' or ‘hybrid' character.

The Munsiari Formation probably incorporates parts from the overlying and
the underlying units so that one could now recognise altogether at least three
contributory lithological elements in it -

(a) one element refers to the parts probably derived from the Joshimath Gneiss
and that lie in the northern part of the Munsiari outcrops just
underlying the Vaikrita Thrust. This is probably the tectonised
equivalent of the Joshimath Gneiss.

(b) another element noticeable in the lower and lower-middle parts of the

Munsiari Formation has probably some equivalence with the Berinag-
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Mandhali formations (i.e. Lesser Himalayan formations). This element

has a distinct Lesser Himalayan affinity.

(c) the most important and characteristic element of the Munsiari Formation is .

recognised at its core and lower parts. ‘This typical element of the
Munsiari Formation is given by the quartzoféldspathié - mylonite,
pmtomylonite and granodioritic and granitic augen orthogneissic
horizons and the phyllonite horizons. Some of the mylonite horizons
show polyphas<] characteristics. In the lower and lower-middle parts
of the Mﬁnsiari Formation there is some intermingling of this ‘typical

Munsiari element and the element of the Lesser Himalayan affinity.

Most of the fine-grained quartzofeldspathic protomylonite-mylonite and some
of the phyllonite horizons in the area were originally coa:se-grained augen gneisses
as evidenced by the occurrence of remnant feldspar and/or quartz "augens”
(porphyroclasts). A very cm'grhatic feature observed in the field is that horizons of
fresh (non-retrogressed) augen mylonite, retrograde phyllonite and fresh augen gneiss
occur side by side in many exposures. The obvious questions are: What does this
feature imply? Was mylonitisation and retrogression episodic, and therefore, did they
take place at different stages?r Or, did fluids invade selective rock-horizons and,
therefore, even if mylonitisation was at one single phase, do we find phyllonites
(affected by fluids) side by side with unreactive (for some reasons) mylonite
horizons? - If so, why? Or, was the shearing/mylonitisation quite a prolonged, fairly
continuous and progressive phenomenon, and did the different augen orthogneiss
horizons intrude at different times with respect to the shearing event so that the eatlier
ones among them suffered more stretching (or grain-size reduction) and/or more
retrogression than the later ones?

That ma}ly of the phyllonites in the Munsiari Formation are transformed from
original augen gneiss or mylonites is clearly indicated by the occurrence in these
phyllonites of flattened clots of scaly muscovite or sericite that represent original
feldspar augen/porphyroclasts. If we could find out the crystallisation or formation
age of this muscovite/sericite (in phyllonite) which is the product of retrogressive
muscovitisation of feldspars from the original augen gneisses, then that would
probably give a crude upper i.c. younger bound on the age of MCT-shearing, because
such retrogression must have taken place at the late stage or immediately following
the MCT-emplacement. Dating of the porphyroclastic muscovites (e.g. 'muscovite
fishes') recovered from a highly deformed, but freshfunaltered augen gneiss or

mylonite horizon may give a crude lower i.e. older bound of age (maximum) for the
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start of movement "along the MCT-Zone. These dates coupled with the age
detenmned from the tiny muscovite flakes formed during the MCT- shearmg in many
mylonite bands could pr0v1de a well-constrained data-set: for the age. of MCT—
emplacement. In this connection it is worth mentioning that the Ar/Ar hornblende
date of 21 Ma detcrmmcd by Harrison & Hubbard (1989) most probably gives the
time when the MCT was active. The exact span of tune during which the main MCT-
emplacement took place is not properly known yet.

Contrary to the common expectation, the more highly strained mylonites,
notably in the lower part of the Munsiari Formation in Joshimath area, are
characterised more by the overall grainsize reduction than by the presence of
ribboned quartz or streaked out feldspar porphyroclasts or quartzofeldspathic
aggregates. In this case mylonitic recrystallisation appears to be assisted by
progressive symplecutlsatmn (?myrmekitisation). The sequence of events can be

crudely shown in the following way:

Medium-to-coarse-grained High degree of Profuse development of fine-
quartzofeldspathic augen --—-- > SYMPLECTITISATION ----- >  grained recrystallised quartz &
gneiss with mainly (or, Tmymmeldtisation) feldspar grains in the product
feldspar augens rock
(Protolith) (Mylonite)

> Progressive Mylonitisation >

The most important implication of this feature is that mylonitisation did not take
place in retrograde conditions, but at elevated temperatures probably in the middle to

upper greenschist facies environment.

The Berinag-Mandhali formations show typical low-grade metasedimentary

rocks belonging to the Lesser Himalayan domain; the main varieties are quartzites,

pure and impure carbonates/marbles, phyllites/schists and amphibolites (see Plates <=

I & IV). Interestingly, roughly midway between Gulabkoti and Helang, kyanite is
found to occur in low-grade setting in an exposure of quartzite on the road section
(vide Plates I & IV to see the exact location of this kyanite quartzite exposure). A
local thrust is recognised just above the amphibolite horizon, N of Gulabkoti (see
Plate-IV). Valdiya (1980) probably recognised this discontinuity as the 'Berinag
Thrust'. The equivalents of the Berinag-Mandhali formations in Sobala section is
commonly referred to as ‘Sirdang sedimentary zone' (Powar, 1972; Valdiya & Gupta,
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1972; Sinha, 1981) which covers the ground between the MCT -Zoﬁc and the North
Chhiplakot Thrust (i.e. a southem prolongation or reappearance of the Munsiari
Thrust due to large-scale folding). A o

For a comparison between the TJoshimath and Sobala sections, about 100 km
apart from each other, across the MCT-Zone, please mspcct thoroughly the two
composite road traverses (Plates- IV & V). The most readily 1dent1f1able difference
in terms: of the features of the MCT-Zone is its thickness variation. The 2.5 km thick
MCT-Zone of Alaknanda section becomes as thin as onlyr about. 400 m in the
Darmaganga section. No evidence was found which couldr suggest that the thin
MCT-Zone of Sobala area shows generally higher strain than the comparatively
thicker MCT-Zone of Joshimath area. Discussion on the possible cause of this
thickness variation will be given in Chapter-6. The other most notable difference is
the generally less variable lithlogy in the MCT-Zone or Munsiari Formation in Sobala
area than in the Joshimath area. There is a predominance of amphibolites in the root-
zone and of augen orthogneisses elsewhere in the Munsiari Formation in Sobala area.
For more details on the general geology of NE Kumaun please refer to Powar (1972),
Fuchs & Sinha (1978), Valdiya & Gupta (1972), Valdiya (1980, 1981).

In the study areas the topmost Joshimath Gneiss Formation (Vaikrita Group)
is typically a Higher Himalayan sequence, and the Berinag-Mandhali formations are
i.esser Himalayan, while the Munsiari Formation (MCT-Zone) spans the junction
between the Higher s Lesser Himalayas.

Many workers (e.g Le Fort, 1975; Bordet, 1973; Pecher, 1989) dealing with
the inverted metamorphism at the base of the Higher Himalayas in the Nepalese
sector tend to ignore the existence of two thrusts bounding a variably thick Munsiari
Formation. Instead they normally tend to consider the existence of only one thrust ie.
the upper one (equivalent to the Vaikrita Thrust), designated by them as the Main
Central Thrust. The Munsiari Formation is not given clear identity or recognition in
many of their accounts. In my opinion, it would be fallacious if we try to model the
inverted metémorphism taking only one of the two thrusts into account. However,
recent studies by Morrison & Oliver (1992) in and around Kathmandu Klippe suggest
the presence of two mappable tectonic boundaries (i.e. thrusts) on either side of what
they locally recognised as "highly sheared Benighat Slates”, which is most likely the
zounterpart of the Munsiari Formation in Nepal.
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Some features tend to defy assigning a coherent tectonostratigraphic status of
the Munsiari Formation. The Munsiari Formation (Almora Group) appéars at
different structural levels in the Lesser Himalaya in the form of klippen posmbly due
to bend-over-ramp or post-thrust folding (Valdiya, 1980, 1981, 1988; Johnson, 1986).
The northemmost outcrops of the Munsiari Formation just underlying the Vaikrita
Crystallines are considered to represent the root-zone, i.e. the nbw—traditional_MCT-
Zone, of the thrust-bound Munsiari unit. Now, it is quite’a perplexing fact that
compared to those in its so-called root-zone, the augen gneiss bodies in the Munsw.n
Formation occurring at different structural levels across the Lesser Hlmalaya are
much thicker. In the so-called root-zone these bodies are qmte thin, or even non-

existent, in some instances (e.g. in Sobala). Presumably this has led some workers to

think that the huge Lesser Himalayan augen gneiss masses could represent basement -

slices moved up along deep-reaching faults (Dubey & Bhat, 1986). It is quite natural
that in the first instance these huge bodies may appear as 'para-autochthonous’ or
'semni-in situ' intrusive masses, rather than far-travelled thrust masses. Often. it is
difficult to visualise how the huge 'Chhiplakot orthogneissic mass' got squeezed
through such a narrow MCT-Zone in between Sobala and Nyu villages and still
without leaving any recognisable trail or tail of augen gneiss in that zone.
Comparatively thicker Munsiari Formation towards the south is expected to result in
the Munsiari Thrust in Sobala area to be gentler in dip than the Vaikrita Thrust. In
reality, however, we find a reverse situation, because the Vaikrita Thrust seems to be
gentler than the Munsiari Thrust in the Sobala area. To consider the different Lesser
Himalayan crystalline bodies as part of the same Munsiari Formation whose root-
zone lies below the Vaikrita Group, is still largely a conjectural supposition, not
based on any foolproof evidence such as from drill-core information or bore-hole
geophysical data or other forms of geophysical information e.g. shallow seismic
sounding data etc. However, for the sake of arguments at different points in this
thesis the generally accepted 'Nappe-Klippen' hypothesis will be followed, as already
fhentioned in the introduction to this chapter.

2.5 PALEOGEOGRAPHIC STATUS OF THE CENTRAL CRYSTALLINES
AND THE MUNSIAR] FORMATION '

For the study of the tectonometamorphic evolution of the MCT-Zone
(Munsiari Formation), it is important to understand the paleogeographic and early
tectonic status of the Central Crystallines as well as Munsiari Formation. Effectively
this wﬂl help to clarify the position of the Munsiari Formation (MCT-Zone) in the
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regional tectonometamorphic setting. The discussion here will focus on the
immediate pre-collision stage.

_ The important domains Or units to be considered in this discussion are - (a) the
Tethyan realm above the Central Crystallines, (b) the Central Crystallines themselves,
(c) the Munsjari Formation just underlying the Central Crystallines, and (d) the
Berinag-Mandhali formations or, more generally, the Lesser Himalayan
metasedimentary formations structurally below the Munsiari Formation.

The Tethyan sediments consist of a more or less continuous succession of
largely unmetamorphosed or poorly metamorphosed sediments ranging in age from
Cambrian to Early Eocene (Valdiya, 1980; Sinha,1981; Windley, 1988; Le Fort,
1975; England et al., 1991 ms. etc.). The Inner Lesser Himalayan formations are low-
grade metasedimentary rocks most of which are considered to have been deposited in
late Precambrian to early Paleozoic time (Valdiya, 1980, 1983: Sinha, 1981, 1987
etc.). It might be easy for us to visualise that immediately prior to the India-Eurasia
collision the zone occupied by the Vaikrita Gneiss and Munsiari Formation was
flanked on either side (both north and south) by a sedimentary basin - the southem
basin was older and already filled up with Lesser Himalayan sediments, while in the
northemn Tethyan basin active sedimentation was still going on concomitant with the
northward subduction of the Indian plate and consumption of the Tethyan oceanic
crust (see Fig. 2.5).

While it is easy to visualise the southern boundary of the Tethyan realm, the
northemn margin of the Lesser Himalayan basin cannot be easily demarcated. This
clearly highlights the difficulty and at the same time points out the importance of
recognising the early tectonometamorphic and paleogeographic status of the Vaikrita
Crystallines and the Munsiari Formation. As mentioned already, where we get a fairly
complete exposure of the northemmost ‘root-zone' of the Munsiari Formation, as in
the Joshimath-Helang  section, we can  recognise three  distinct
lithotectonostratigraphic characteristics in it. First, in the upper i.e. northern part it
bears some resemblance with the Vaikrita Crystallines. Second, in its lower and
lower-middle parts some intermittent lithohorizons bear similarities with the Lesser
Himalayan metasediments. The third but the most important characteristic refers to
the most typical attribute of the Munsiari Formation which is found in its middle to
Jower parts. This is the occurrence of phyllonites, quartzofeldspathic mylonites-
protomylonites and granodioritic and granitic augen orthogneissic horizons. This

characteristic of the Munsiari Formation is clearly attributable to later tectono-
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magmatic(/anatectic) events and, therefore, may not be directly relevant to our
discussion on paléogeographic relations. But if we try to understand the reason why
the zone occupied by the Munsiari Formation has been subjected to such important
and intense events (e.g. granitoid intrusions, thrusting, mylonitisation etc.), we may
get some clues as to its original paleogeographic éharacteristics. Presumably the
present Munsiari Formation originally encompassed a potentially weak contact zone
separating two substantially different lithostratigraphic realms which is why it
became the main accommodating zone for tectonic strain and intrusions. It will be
erroneous to consider the Munsiari Formation as a discrete part either of the Vaikrita
Crystallines or of the Lesser Himalayan formations. Fig. 2.6 shows a series of

cartoons depicting the suggested evolution of the Munsiari Formation.

In this connection, a paragraph from Valdiya's 1981 paper will be worth
quoting where he expressed his view on the geodynamics of the Munsiari root-zone
(Valdiya, 1981, p.101) -

"Judging from the scale and intensity of deformation suffered by the rocks in the
proximity of the Munsiari Thrust, and appreciating the fact that its squeezed out and
far-travelled part - the Almora Nappe and the chains of kiippe - register a width of
thrusting of the order of 120 km or so, it is quite obvious that the root zone had

experienced severe compression and tectonic dynamism. The age of the granite

oneiss of the Munsiari Formation near Kalamuni has been dated at 1895 & 100 m.y.
and of the Askot crystallines near Didihat at 1960 * 100 m.y. (Bhanot et al.. 1977)
and the leucocratic granite of the Almora unit near Almora, approximately at 700
m.y. (pers. comm. V.B. Bhanot) (underlined by me). ‘The granitic rocks thus point not
only to the Almora-Munsiari rocks being of early Precambrian age (considerably

older than the oldest of the sedimentary formations the Lower Riphaean Chakrata and
Rautgara of the autochthon) but also to the lithotectonic unity of the Munsiari and
Askot-Baijnath crystallines. Possibly these crystallines constitute the basement on
which the sedimentary rocks of the Lesser Himalaya were deposited. Strong
deformation in the northern extremity of the basin and consequent thrusting along the
Munsiari and Vaikrita thrusts may have uplifted and pushed southward the superficial
part of the postulated basement. It must be admitted, however, that there is no
evidence in support of this speculation, and hence it remains in the realm of
possibility."
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Shortly afterwards he wrote (p.102) - "...In my opinion, the Vaikrita Groop
represents the basement of the Tethyan sedimentary pile, just as the Munsiari rocks
possibly formed the infrastructure of the Lesser Himalayan sediments”.

The radiometric dates of the crysta]llncs from the Munsiari Formatlon show
rather wide variation from place to place. The ¢.2000 m.y. age (Rb-Sr whole-rock) of
Askot crystallines indirectly implies that the ' country-rock

(193D noted - |

(sedimentary/metasedimentary) of the Munsiari Formation was even older. , the
problem of rccogmsmg the basement to the Lesser Hnnalayan formations,
expuossed T T T T e doubts about the status of the
Munsiari Formation. HIS speculatlon on con31dcrmg the Vaikrita Group as basement
to the Tethyan sediments and the Munsiari Formation as basement to the Lesscr
Himalayan rocks leaves us contemplating the relation between the Vaikrita Group

and the Munsiari Formation.

There are at least four possibilities {;oh the mutual paleotectonic and/or
paleogeographic relationships, when we take Vaikrita Crystallines, Munsiari

Formation and the (Inner) Lesser Himalayan formations together into consideration:

_ I. Vaikrita Group, Munsiari Formation and the Inner Lesser Himalayan
formations belong to a single, more or less . continuous succession, progressively

younger in age.

II. Vaikrita Group and Munsiari Formation together were part of the basement
terrane upon which the Lesser Himalayan rocks were deposited. This was Valdiya's
tentative view (1981, p.101).

TII. Vaikrita Group formed the basement terrane upon which originally the
Munsiari Formation and the Lesser Himalayan formations were deposited

successively.

IV. Vaikrita Group formed the basement terrane upon which the Lesser
Himalayan formations were deposited in sedimentary basin/s; in the early part of its
history the "Munsiari Formation" probably developed as a kind of basin margin/floor
facies underlying the Lesser Himalayan formations, but through later tectonism it
incorporated part of the basement and parts from the overlying sedimentary
succession, thereby ultimately establishing itself as a spatial connection between the
‘pure’ basement to the north and 'pure’ basinal deposits to the south. The most typical
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attributes of the present Munsiari Formation developed through tectonism and
metamorphism when quartzofeldspathic granitoid bodies intruded and mylonitisation
affected the vulnerable lithohorizons.

The fourth of the above'pos'sibilitics is most favoured by my observations. It
is worth mentioning that if we follow the strict imt)lication of its definition after
Valdiya (1980, p. 71), the ‘Munsiari Formation' ‘is to be regarded as a
tectonostratigraphic unit which acquired its formational status consequently to
movements of the Vaikrita and Munsiari thrusts. The literature 'does not _provide
much help when we want to look back to explore the specifics about its original
limits and course of evolution before the two bounding thrusts formed.

Results from recent geochronological wg?kﬁg)y Parrish et al. (1992) are very
intersting. Though apparently these results tend to suggest an altogéther new
possibility, in fact they provide indirect support for the fourth possbility mentioned
above, highlighting that the Munsiari Formation could indeed be a unit of hybrid
character. U-Pb radiometric analysis of detrital (protolith) zircon single crystals
collected from both sides of the Vaikrita Thrust (named by them as MCT) shows that
generally the hanging wa]lﬁircons are younger in age (0.97 - 1.7 Ga) than the
footwall zircons (1.86 - 2.66 Ga). Parrish et al. (ibid.) considered this age difference
between zircons as indicating a difference in age of the protolith provenance. This,
they thought, would imply two different provenances; the provenance for the MCT-
footwall metasediments was older and different from the one for the hanging wall
rocks. I think, Parrish et al's (ibid.) interpretation of the data is correct and provides a
concrete demonstration that the Lesser Himalayan metasediments were originally
derived from older basement rocks than the Higher Himalayan and/or Tethyan
sediments. Forivlong time it has been speculated that while the Lesser Himalayan
basin/s had connections and contributions from old peninsular Indian landmass, the
Higher Himalayas or Tethyan Himalaya had not. Continuation of some Indian
peninsular orogenic trends into the Sub-Himalaya and Lesser Himalaya, and their
correlation with some Lesser Himalayan transverse structures,are already known
(Valdiya, 1980; see also Valdiya, 1992). 1 think, an older age of zircon in the MCT
(or, Vaikrita)-footwall rocks than in the hanging wall in Langtang valley of Nepal
might simply mean that the footwall samples came from rocks with comparatively
pure Lesser Himalayan affinity. Therefore, Parrish et al's results indirectly give
support for the Munsiari Formation being a multi-component hybrid unit. It is quite

possible that in another section where the Higher Himalayan component in the
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Munsiari Formation is more well preserved, the age difference between zircons may

not be as conspicuous.

2.6 A NOTE OF GUIDANCE ON THE USAGE OF SOME LITHOLOGICAL
AND TECTON()STRATIGRAPHICAL TERMS ‘

For the purpose of mappmg for the present work I used a workmg definition
of the rocks without bothering too much about strict formalisation of the rock-names.
Unlike igneous rocks, the metamorphic rocks are still termed largely in a loose
manner (Mason 1978). Standardisation of rock-nomenclature for the present areas of
study based on field, petrographical and chemical attributes would, by itself, make a
major project. Except the 'fault-related’ rocks, the naming of other mctamorphlc rocks
in the area has been done broadly in the light of the definitions suggested by Spry
(1963), Mason (1978) etc. '

The ambiguity or incompleteness in the definitions of 'fault-related’ rocks, i.e.
mylonite, cataclasite etc., is nicely pointed out by the humorous, allegorical starting
comment of a useful article by Wise et al. (1984) - "Many traditional terms for fault-
related rocks have undergone recent dynamic metamorphism under high-pressure
discussions by various groups of specialists." Rapid advances in understanding the
processes operating in both brittle and ductile fault zones have left terminology of
this field in uncestain condition (Tullis et al., 1982). For long time since Lapworth
(1885), mylonitic rocks used to be regarded as products of pulverisation until Bell &
Etheridge (1973) in their pioneering work demonstrated clearly that mylonites are
products of ductile flow and crystal-plastic grain-size reduction processes and not of
brittle comminution of grains. But still '.....some terms and definitions inappropriate
to modern concepts have survived as relics from older literature' (Wise et al., 1984, p.
391). Notable among the individual efforts for standardising the nomenclatorial
system for mylonitic rocks are Higgins (1971), Sibson (1977), Hatcher (1978) and, in
particular, White (1982). Taking into account these workers' views, Wise et al. (1984)
suggested a conceptual framework of definition into which the most commonly used
terms and mechanisms could fit. Their proposed scheme of nomenclature is shown in
Fig. 2.7 (reproduced from their Fig. 1, p. 392). The scheme does provide quite a
practical ‘framework within which both the field geologist and the rock deformation
specialist can operate.” However, a major criticism is that the system is too much
process-oriented bringing gneisses, schists, mylonites, cataclasites etc. on to the same
platform.
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Quite recenﬂy, the International Committee on the nomenclature of fault-
related rocks attempted to resolve the problem of definition of fault-rocks '(Ben Harte,
pers. comm., 1989). Following the questionnaire that was circulated by the committee
to structural geologists asking for their opinion, I personally favour the following
definitions of fault-rocks: ' N |

Mylonite: A rock pfoducedby tectonic reduction of grain size in localised zones
(shear zones), resulting in the development of a penetrative fine scale foliation and
often layering, and often with an associated mineral and stretching lineation.
Porphyroclasts and lithic fragments are commonly present of similar composition to
minerals in the fine-grained matrix. Brittle deformation of some minerals is possible,
but deformation is mainly by crystal plasticity. Crystallographic preferred orientation
is usually present. Many mylonites exhibit ésymmetn'cal fabrics that provide

evidence for shear sense of the fault zone.

Cataclasite: A cohesive rock containing generally angular fragments in a fine-
grained matrix of similar material produced by fracturing, rotation and frictional
sliding of particles (cataclasis). Generally no preferred orientation of grains or
indivi fual fragments will be present as a result of the deformation, but fractures may

have :: preferred orientation.

Thin section examination generally allows distinction between mylonites
formed due to dominantly crystal plastic processes and often producing a
crystallographic preferred orientation from foliated cataclasites which are produced
as a result of cataclastic flow. In many cases the distinction of mylonites can also be
made in hand specimen if features such as a mineral stretching lineation, or clearly
elongate single crystals (e.g. quartz ribbons), are present, both of which often indicate
crystal plastic deformation. Fig. 2.8 shows a typical-looking quartzofeldspathic
mylonite from Joshimath area. Note the presence of feldspar porphyroclasts and

ribboned quartzofeldspathic aggregates on the XZ-face of the hand specimen.

Protomylonite: A rock showing incipient mylonitisation. Normally if in a mylonitic
rock less than about 50% of the rock has undergone grain-size reduction it could be
called a protomylonite.
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Augen mylonite: A mylonite containing distinctive large porphyroclasts or. lithic
fragments around which the fine-grained banding is wrapped. The term
'blastomylonite’ is not favoured as a reptacement for ‘augen mylonite’.

Ultramylonite: A mylonite in thich most of the porphyroclasts or lithic fragments
have been eliminated ( >90% finegrained matrix). An ultramylonite need not be
"uitra" fine-grained because the grain-size reduction is relative to the initial grain-

size.

Phylionite: A hydrated, phyllosilicate-rich recrystallised mylonite is called phyllonite.
Sometimes it may be difficult to distinguish in hand specimen between a first-order
typical phyllite and a phyllonite derived from ultramylonite; but in the field or under
the microscope generally from the rock associations and/or overprinted metamorphic

fabric, phyllonites are quite easily recognised.

Fault Gouge: It is an incohesive fine-grained fault-rock which may display a foliation
and is usually rich in clay minerals due to chemical transformation of country rock.

Lithic clasts of various sizes are usually dispersed throughout the gouge body.

Evidently, the International Committee proposes a set of qualitative, rather
than strictly quantitative or process-oriented definitions. I found it quite useful in the
field.

It must be made clear that I did not lay strong emphasis on seeking the strict
definitions of the lithologies for the purpose of the present work. In fact, the decision
on the choice of lithological names for the purpose of preparing the maps and
sections was taken on the basis of field identification of the lithologies even prior to
thorough petrographic examination of the rocks under the microscope. So the
lithological names are rather loosely defined and the reader is requested to take them
with considerable latitude. Ideally, the system of naming a metamorphic rock should
be tri-partite, taking into account (i) the composition of the rock, (ii) index minerals
present, and (iii) texture of the rock.

The implications of a few tectonic/tectonostratigraphic terms used at different
points in this thesis are explained below. They mostly refer to the Joshimath area,

because this area shows a more complete sequence than the Sobala area.
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MCT-Zone: This abbreviation from the 'Main Central Thrust Zone' refers to
the Munsiari Formation in the prcsent study areafs, bounded on the top by the
Vaikrita Thrust and at the bottom by the Munsiari Thrust (thrust-nomenclature after
Valdiya, 1980). Some workers prefer to refer to these two boundaries as-the MCT-1
and MCT-II respectively (e.g. Hodges et al., 1988;. Morrison & Oliver, 1992). But,
as mentioned earlier, thefe is a slight problem with this nomchILLifure,'be-c:ause it has
‘an unqualified apparent age connotation and also gives the apparent impression that
the zone between is tectonically less important than the two boundaries. In any
discussion on Himalayan Tectonics, this whole zone is to be regarded as representing
a single unit or element which is a shear zone of complex nature lying at the base of
the Higher Himalayan crystalline stack. In order to highlight this point this zone will
be called in the thesis either as Munsiari Formation or, more commonly, as the MCT-
Zone. Details about the two boundaries of this zone are given in Chapter - 4.

MCT-sheet: Taking the whole Munsiari Formation as representing the MCT-Zone,
the term 'MCT-sheet' is used to refer to the entire rock sequence of the Higher

Himalayas up to the Indus Suture Zone including the Munsiari Formation.

MCT hanging wall block: For the purpose of the present study this term is taken to

refer to the Munsiari Formation along with that part of the Joshimath Gneiss
Formation which is included in the study area/s.

MCT foot-wall block: This term is taken to refer to that part of the Berinag-Mandhali

formations which lies within the area/s of the present study. It is re-emphasised that

this foot-wall block i.e. the Brerinag—Mandhali formations does not form an

autochthonous block.

In the next chapter, we shall investigate dominantly the mesoscale and
microscale structural and deformational aspects of the rocks of the study areas, with
particular attention to the Joshimath area for reasons already explained.
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Fig. 2.5 Cartoon depicting pos'sibie plate tectonic and palaeogeographic set-up of the Himalayan region
shortly before India-Eurasia continental collision. '
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Fig. 2.8 Photograph showing a typical quartzofeldspathic mylonite specimen from Joshimath arca.
Note the presence of clear stretching lineation on top face (XY) and ribboned quartzofeldspathic
aggregates together with feldspar porphyroclasts on the XZ face. The effect of stretching is not at all
conspicuous on the YZ face which shows somewhat irregular pattern of foliation.



Chapter-3 -
STRUCTURES AND DEFORMATION .

3.1 INTRODUCTION

. There is a wide variety of structures displayed by the rocks of the area. Most
of these structurés are secondary (deformational) in origin. Rarity of primary
structures in the rocks is attributed to their obliteration by intense deformation and
metamorphism. After a brief commentary on the primary ones, this chapter deals
mainly with the secondary structures of mesoscopic and macroscopic scale, and

attempts to establish their sequence of formation.

3.1.1 Primary Structures

Among the rare primary structures are possible relics of original sedimentary
layering/bedding as found in the psammitic exposures of Joshimath Gneiss, for
instance near the Jogidhara Falls (for the location of Jogidhara Falls see Fig. 4.1).
This is discussed in more detail in the subsection on foliations (subsection 3.2.1).
Probable bedding and cross-beds are recognised in a few quartzite horizons in the
Munsiari and Berinag-Mandhali formations. In two examples within the Munsiari
Fonmation, the angle between foresets and regional bedding in the quartzite is 187-20°
giving an indirect measure of strain. The younging direction in both the examples is
towards north. One of these cross-beds is asymmetrically folded (Fig. 3.1) and the
fold asymmetry indicates a 'top-to-south’ sense of shear. However, in the absence of
sufficient data on younging directions, the present two data indicating a northward
younging are considered to have only local significance. It must also be pointed out
that some features apparently looking like cross-beds are, in fact, wellpreserved long
limbs of disrupted tight overturned asymmetric folds (Fig. 3.2). Roy and Valdiya
(1988) also noted their occurrence from this area.

3.1.2 Secondary Struclures

The secondary or deformational structures present in the area include almost
all the structural elements-

Planar- Foliations, fold axial planes, faults, fractures/joints etc.

Linear- Different types of lineations, fold hinges, boudin axes, mullion or
rodding etc.



An important point abdut the penetrative planar structures is that most
of them have a variable but broadly N/NE dip (see Fig. 3.49). This may have
several explanations--

(1) repetition due to large scale folding/faulting

(2) the stress set-up for their development remained similar throughout the
structural history. This, in turn, may have important tectonic implications.

(3) inherent asymmetry in how the stress worked relative to geographical
coordinates.

The general N/NE dip of the rock horizons has some important consequences
as is evident in a number of instances from the following discussions. For
convenience in mapping, a single term 'main foliation' has been used to denote the
most prominent and easily recognisable foliation in the rocks. Thus it stands for the
typical gneissosity in Joshimath Gneiss, the mylonitic foliation of the mylonitic-
protomylonitic rocks in the Munsiari or the dominant schistosity in phyllonites and
other low grade rocks. It is emphasised that the term 'main foliation' as used here does

not necessarily bear any particular age connotation.

The study areas show many mutually exclusive structures, which do not often
show clear-cut and direct overprinting relationships, even though from the
circumnstantial evidence _ it may be understood that they originated at different times.
For example, in some instances due to the absence of direct overprinting relationships
among different fold episodes, cluescboi the relative age determination of folds were
provided by their relationships with the stretching lineation. lgnoring the possible
limitation imposed by the inaccessibility to suitable exposures, this must be attributed
to:

(a) in many cases, the lack of considerable time gaps between successive
generations of structures;

(b) the difference in the relative scale and place of maximum development of
such structures.

Detailed analysis of the entire structural sequence may not, therefore, lead to
distinct compartmentalisation of the different generations of structures. More often
than not, fold episodes and foliation development, especially in thrust zones, occur in
a relayed and overlapping fashion, and deformation as a whole follows a kind of
continuum (see Platt, 1987, Tobisch & Paterson, 1988; Paterson et al, 1989). With
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some generalisations, however, it is possible to indicate in a time sequence the peaks

of different deformation events.

In view of this, first it is intended to summarise the fold episodes recognised
in the area following a brief sum:’riary of the criteria used for such recognition. This
will give a reference-frame on which to tie the time of development of other
structures. Next will follow a description of other structural elements, especially
those that are in some way related to the folds, together with a detailed account of the
geometric features of the folds. Initially the structures in the tectonostratigraphic units
viz. Joshimath Gneiss, Munsiari and Berinag-Mandhali will be described separately.
Later, discussion will concentrate on how relationships with other structural elements
(particularly with stretching lineation) helped in identifying the fold episodes and in
correlation of folds and folding from one unit to the other. Also given are detailed
descriptions of those structural elements that are apparently not related to folding viz.
boudinage and faults, joints, late shear zones, etc/respectively preceding and after
this. The chapter closes with a summary of structural history and a short commentary

on the trend in structural evolution of the area.

3.1.2.1 Criteria used for recognition of fold episodes
The main criteria based on which the different episodes of folding were
recognised are:

(a) Nature of fold-defining foliations.

(b) Consistency or systematic variation in the attitude of fold axes. Orientation of
axial planes did not provide much help because most of the folds in the area have
similarly oriented axial planes.

(c) Morphology of the folds with special attention to the character of the axial planar
structures, particularly in fold-cores. |

(d) Style or geometry of the folds including interlimb angle, hinge-curvature, class

‘ etc.

and finally, in most cases providing the confirmatory evidence--

(¢) Direct and indirect overprinting relationships. Indirect overprinting
relations involving other structural elements viz. stretching lineation etc. were found

to be nearly as useful as direct overprinting relationships.

The sequence of fold episodes was established essentially through studies in
the field further corroborated”by microscopic study. Detailed description of the
textural and microstructural features will be given in later chapters.

90



3.1.2.2 Fold episodes . _

Two distinct domains ‘can be recognised in the present area in respect of
styles, morphology and orientation of folds. One domain consists of the Joshimath
Gneiss and the Munsiari formations, the other includes only the Berinag-Mandhali
formations. Most of the folds in the area are inclined (overtumed), with broadly N'ly-
NE'ly dipping axial planes reflecting a uniformity of the kinematics during folding.
The folds vary in.size from small scale crenulations (a few mm. across) to the scale of
an exposure. The discussion on folds (and other related structures) will be made in
subsections - 3.2.3, 333, 3.4 etc generally taking each of the tectonostratigraphic
units separately; mutual correlation among the folds and folding in these units will be
discussed after that. Now, the fold sequence is given below in terms of the two
above-mentioned domains. Dominant features of each episode are mentioned
alongside. It is worth noting that direct overprinting or refolding relations among the
different fold episodes is not always conspicuous; however, the Fq - F, interference
patterns are not rare . Important indication about relative age of the fold episodes
comes from the indirect overprinting relationships with the stretching lineation, It is
proposed to discuss how the fold sequence was established based on these
relationships only after the discussion about the stretching lineations in the area is
given. Here the sequence of folding which has been established through the present
study is introduced. '

Fold-sequence: a suminary
A. [Folds in the Joshimath Gneiss and the Munsiari formations}]

F folds are rare and difficult to recognise. Mainly confined in the Joshimath Gneiss,
they are high amplitude tight folds plunging broadly to NE/ENE.

F, folds are the most intensely developed ones, especially in the Joshimath Gneiss.
They are overturned, asymmetric, mostly southerly verging close to tight folds,
often multiorder, developed from microscopic to outcrop scale, with well
developed axial planar schistosity/foliation (average dip ~48°) i.e. subparallel to
the main foliation. A set of crenulations is associated with these folds. The folds
are approximately coaxial with F1, but southward the axes rotate to parallelism
with a dominant set of NNE-trending stretching lineation (Fig. 3.3). Detailed
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discussion on this feature will be given later (subsection 3.7). There is also an
appreciable tightening of these folds southward.

Fy folds are mainly crenulations developed commonly near the Joshimath Gneiss-
Munsiari transition zone in the Munsiari Formation. They are dominantly smali
scale folds, maximum size up to 40 cm. and are tight asymmetric semi-reclined,
with axes broédly N/NW-plunging and axial planes subparallel to the main
foliation. A generation of puckers also-belongs to this episode. |

- Fy folds are developed mainly within the Munsiari Formation. Their axial planes dip
ENE at a slightly steeper angle than main foliation. The folds range in size from
tens of centimetres to a few metres. F4 folding was not as intense as the F2
folding.

F4q folds include mainly a set of crenulations with steep (>50°) N-dipping axial
planar cleavage and eastward plunging axes. They are more comumen in the
Munsiari Formation than in the lower part of the Joshimath Gneiss. In terms of
regional tectonic significance, the Fgq, folds are not as important as the other four
preceding episodes.

B. {Folds in the Bciinag-Mandhali ‘formations]

Folds observed in the Berinag-Mahdhali formations are different in their axial
orientation and moiphology from the ones seen in Joshimath Gneiss and Munsiari.
Three episodes of mesoscale folding are recognised in the Bcrinag—Mandhali—-

Fy - Tight to isoclinal folds developed on compositional layering which is almost
completely transposed by the well developed axial planar foliation (i.e. the
main foliation in the exposures). Axes of these folds plunge to the NW. Fold
size is normally measurable in centimetres. Parallel to the compositional
layering, there is a micaceous foliation which is also crenulated by this phase
of folding (see subsection 3.4). |

Fyy - Close to tight semi-reclined folds, sometimes giving rise to distinct mullions in
the guartzite horizons, plunge towards slight west of north. Crenulations are
associated with these folds. Axial planes are subparaliel to the main foliation.
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Fyi1 - Open, asymmetric folds with near-horizontal axes trending 127°-307" and steep
NE-dipping axial planar spaced crenulation/fracture cleavages, This fold axial
direction is almost perpendicular to the regional stretching lineation.

In the Berinag quartzite there are some highly asymmetric southerly vérging folds
with uniformly spacéd, parallel, planar quartzose veins in their very short inverted
limbs. The folds are most likely to have resulted from a late phase of shearing (Fig.
3.4) and could be termed Fpy. However, these folds are much more local in nature
than the other three episodes in the Berinag-Mandhali formations. |

Finally, large scale gentle and upright warping with an approximate E-W
trend has affected the whole area. Whether this warping has variable axial plunge
could not be determined, but in the present arca an eastward plunge is indicated by
the way in which the trend of the rock horizons has been modified as seen in the
higher parts of the mountain SSW of Auli (see Plates - II & III). Also one can
distinguish the effect of this warping by looking from the road at Gulabkoti to the
near-vertical high cliffs on the opposite side of the Alaknanda river. This warping
episode could correspond to that of the 'Chamoli Antiform' located farther south. An
inspection of the main foliation data in Plate - I indicates that, generally speaking,
the main foliation becomes slightly gentler as one goes from N towards S. This
" feature corresponds well with the possibility of approaching the hinge zone of a large
scale upright antiformal fold located towards south.

A notable feature of most of the folds in the area is that they are confined
within the limits of exposures or outcrops, that is to say, along the profile sections the
folds cannot be traced across successive layers for long distances and are therefore
enclosed above and below by mutually parallel foliations. Thus most of the folds are
intrafolial in a broad sense and have well defined 'confining area' or ‘profile area’
(Fig. 3.5a & b). The effects of these fold episodes are not clearly borne out by the
outcrop pattern of the different lithological horizons on the map (scale 1:25000 or
larger) of the area (cf. Plate 'II).

3.2 STRUCTURES IN THE JOSHIMATH GNEISS
3.2.1 Foliations

In the Joshimath Gneiss, the most common foliation is a gneissosity in which

the quartzofeldspathic component is well segregated from the micaceous components.
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Thickness of individual bands varies rorh 05 cm. to 10-12 cm. The
quartzofeldspathic bands are generally thicker ; however, at places both types of
bands are equally thick. This reflects variation in original lithological composition
from place to place. In the gneiss the quartzofeldspathic domains are not totally
devoid of micas and these micas are commonly of smaller size and are in more
haphazard orientation than those making up the micaceous domains where'they are in
more pronounced preferréd parallel atignment. The gneissic foliation has a generally
uniform NNE-ward dip throughout the Joshimath area ( see Plates I & II1, Fig. 3.0).
It is possible sometimes to distinguish different lithologic units even in single
exposures (Fig. 3.7a & b). Near the Jogidhara Falls, finescale gneissic foliétions
group together to form thicker bands (Fig. 3.8a & b); this can be termed as ‘multi-
order gneissic foliation'. The rock here breaks more easily along the boundaries of the
composite thicker bands. Local people use these rock-slabs as roofing tiles. It is very
likely that these features viz. divisibility into distinct small scale litho-units, multi-
order foliations etc. collectively indicate an influence of primary layering on the
development of gneissosity. Another convincing evidence is shown in Fig 3.9. Here
the rock is of moderately high metamorphic grade (sec Chapter-5) and there are
examples that the relict primary structures are sometimes” better  preserved in high
grade rocks than in lowgrade ones (Miyashiro, 1973, p. 75). However the rate of
metamorphism and the degree to which deformation is associated with
metamorphism are also to be considered as prime factors for this. All these seem to
suggest a possible paragneissic character of Joshimath Gneiss. However, further
geochemical, mineralogical and textural data would be able to confirm this. Within
the Joshimath Gneiss outcrops, there are intermittent quartzite horizons in which the
main foliation is sharply defined so as to impart a flagginess in the rocks. Individual
micaceous bands are extremely thin. These sharper foliations give a fissile character
to the rocks. It is found that some massive landslides of the area have their heads
(originating points) within these guartzite exposures at the higher parts of hillslopes;
thie main foliation served as the landslip surface. In addition there are many fracture-
controlled landslides in the area.

The other foliations in Joshimath Gneiss include cleavages or schistosities
evidently of later generations than the main gneissosity. Especially in the more
northerly outcrops of Joshimath Gneiss, a schistosity is found axial planar to a
generation of outcrop scale asymmetric, overturned, close to tight folds (F2). Except
for the fold hinge-zones the angular discordance between this schistosity and the
main foliation (i.e. gneissosity, here) decreases towards south ; this is a consequence
of progressive tightening of the folds in that direction. Cleavage sets corresponding to

94



still later generations of crenulations or minor folds (F3, Fda) are also recogmsed
Some of the cleavage sets are of very restricted/local occurrence. The foliations
whose status could not be propeily established have been collectively termed as
'undifferentiated foliations'. Fig. 3.10a shows the poles of the undifferentiated

foliations plotted compositely on the equal area projection. -

3.2.2 Lineations

Lineations are very common in the Joshimath Gneiss as in the other two
formations. Of the different types of lineation, three deserve special mention- (1)
mineral lineation, (2) stretching lineation, and (3) intersection lineation. Small scale
fold-hinge or crenulation lineations are discussed in a separate section (subsection

3.5). More than one set of stretching lineation and crenulation lineation is present.

In the more northerly outcrops of Joshimath Gneiss, there is a NE/NNE-
trending mineral lineation defined mainly by the preferred linear alignment of micas

(muscovite and biotite) on the main gneissosity.

A typical stretching lineation of similar trend comes in place of the mineral
lineation in the southem parts of Joshimath Gneiss. Stretched garnet grains with their
pressure shadows are found defining this lineation on the main foliation (Fig. 3.11).
Fig. 3.11a gives an equal area plot of the stretching lineations from the J oshimath
Gneiss. The mineral lineation mﬂmnorth thus grades into a typical stretching lineation
towards south. This gradual change in the character of lineation without any
corresponding variation in trend/plunge possibly indicates on’ one hand a broad
synchroneity in their development and, on the other, a gradual passage into a thrust of

shear zone.

Among the intersection lineations, only those developed on recognisable
foliation surfaces have been considered. The ones found on joint/fracture surfaces
have not generally been measured. In the J oshimath Gneiss, due to the existence of
coarse grained gneissose fabric it is sometimes difficult to readily identify the
intersection lineation on gneissosity surfaces. The intersection lineations found in the

Joshimath Gneiss normaily belong to one of the following groups:

(1) gneissosity-axial planar schistosity/cleavage intersections;
(2) gneissosity-undifferentiated cleavage intersections,
(3) intersections between shear bands.
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Most common intersection lineations belong to groups (1) or (2) and
pnormally for ease of operation measurements were made more on the fold-axes rather
than on intersection lineations when both were common in the exposures. Lineations
whose status could not be unequivocally established were collectively grouped as
undifferentiated lineations'. Fig. 3.10b shows the equal area projection of all the
undifferentiated lineations for the whole area covering ali the three formations; many

of these are intersection lineations of some sort.

Now a short discussion will be given on the relationship between the
stretching lineation and folding. The areal distribution of fold episodes and the
general sequence of deformation in the area will be given in tabular form near the end
of this chapter. The NNE/NE-plunging main stretching lineation and mineral
lineation in Joshimath Gneiss are not folded by the F1 folding, but their geometric
relationship with the F2 folding is inconclusive. On the F2 hinge zones in the
portherly part of the area neither of the lineation types can be recognised clearly,
whereas farther south in the lower Joshimath Gneiss or upper Munsiari Formation the
stretching lineation pervasively runs through the limb and hinges of the F2 folds. This
means that the lineation cannot be pre-F2, it could be either syn-F2 or post-F2.
However, no evidence was found which could suggest that the lineation is either
strictly syn-F2 or strictly post-F2. Lineation probably started to develop
synchronously with F2 folding and then continued its development even later than the
F2 fold episode. The peak development of the stretching lineation probably came
about after F2 folding.

3.2.3 Folds

Although not equally developed in the outcrops three episodes of folding are
clearly recognisable in the Joshimath Gneiss viz. F1, F2 and F3. F1 folds are quite
rare. Their occurrence is relatively more common in the northerly parts of Joshimath
Gneiss. The most dominant set of mesoscale or larger scale folds (F2) found in
Joshimath Gneiss clearly fold the typical gneissosity. Interestingly, the Fi folds also
appear to be defined, but rather crudely, by the same gneissic foliation in Joshimath
Gneiss (see Fig. 3.12); in other words, fold definition by the gneissosity is not as
distinct in case of F1 as for F2. This indicates that possibly there was a phase of
fabric-enhancement post-dating F1 but prior to F2 and at the same time points to the
difficulty in pinpointing the age of metamorphic differentiation/s in Joshimath
Gneiss. The infrequent occurrence of F1 folds compared to F2 implies a strong
transposition associated with F1 folding. Effects of strong metamorphism further

96



complicated the situation. The first metamorphic differentiation obviously took place
before F1 folding, but it is not unlikely that the presentday main gneissosity in
Joshimath Gneiss developed originally as an axial planar fabric to the F1 folding and
sﬁbsequent recrystallisation enhanced its development as a well d_ifferentiated
metamorphic foliation. Fig. 3.12 shows a good example of an F1 fold being refolded
by F2. ' '

The F2 folds constitute the most common and dominant group of folds in
Joshimath Gneiss. A well developed axial planar schistosity is found to be steeper
than gneissosity (main foliation in Joshimath Gneiss) on normal limbs, but gentler on
the inverted limbs (Fig. 3.13) of the mesoscale or exposure-scale F2 folds which are
southerly verging overtumed asymmetric close to tight in nature. The F2 folds are
usually multi-order. The congrugnt geometric relation with the axial planar
schistosity holds true for the pumf;ellyan minor folds as well. Very often the long
limbs of the larger scale F2 folds are thicker than the short limbs. Deformation
mechanisms operating on the grain scale and the pattern of strain partitioning have
been shown to vary from one limb to the other in overtumed folds (Mitra, 1978,
Ramsay & Huber, 1983, pp-120-124). The short (inverted) limbs are usually much
attenuated, often giving rise to small scale thrusting, whereby the antiforms override
the complementary synforms (Fig. 3. 14a & b). Whereas in the Joshimath Gneiss these
small scale slip zones aloﬁg the short limbs are not occupied by veins, in the Munsiari
these limbs are almost always traversed by veins. Hudleston (1989) cited a situation
where veins occupied fractures that developed before the folding, or in other words,
the folds developed as a consequence of the heterogeneity imparted by fracturing in a
simple shear regime. Apparently there is a crude similarity between the kinematic set
up suggested by Hudleston for folds with veins and that by Platt and Vissers (1930)
for foliation boudinage. When arranged in a series or train the disrupted small scale
F2 folds affecting the quatzofeldspathic bands in the Joshimath Gneiss give the
appearance of imbricate (or rotated) boudins (Fig. 3.15a & b). The parasitic folds
(higher order) are in some instances found to be equally well developed on both the
limbs (Fig. 3.16a) or are confined mainly to the long (normal) limbs, the short
(inverted) limbs being comparatively straight and thinned in the multiorder F2 folds
within the Joshimath Gneiss (Fig. 3.16b).

Small scale tight to isoclinal rootless intrafolial folds are common in
joshimath Gneiss, as also in the Munsiari (to be discussed later). Most of these small
scale intrafolial folds in Joshimath Gneiss belong to the F2-episode (Fig. 3.17a & b},

though representatives from other episodes, notably Fl, are also present. This
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suggestion is supported by the spread of the axes of the intrafolial folds on a
composite equal area projection (Fig. 3.18¢). ‘

_ The largest directly observable folds in the whole area are found in Joshimath
Gneiss and they belong to the F2 episode. These larger profiled folds have their
mesoscale equivalents mostly in the form of congruent pumpellyan parasitic folds. It
is mainly these mesoscale or hand specimen scale F2 folds which have been used for
geometrical classification. Hand-tracings made from enlarged photographs of thin
sections or from polished surfaces of hand specimens giving profile-view of the folds
were used for the purpose. Class 2 (similar fold) geometry is found to be quite
common among the F2 folds (see Fig.3.20c). Such a geomefry is particularly
common where the competence-contrast (as determined from the mineral
composition) between adjacent folded layers is low or negligible. Where this contrast
is high or there were irregularities in the original thickness of the layers, fold
geometry is quite irregular (see Figs. 3.22 & 3.23). Further discussion on the
geometric pattemns and some peculiarities in them will be given later. At places (eg.
Loc. 4'87), where more or less homogeneous siliceous lithology is exposed within the
Joshimath Gneiss, some mesoscale F2 folds in the exposure appear like the following
(Fig. 3.19).

These folds, which might escape notice in the field, are defined by the zones
of closespaced, mica-rich, fissility surfaces which are mutually parallel as well as
parallel to the axial plane of the fold itself, and physically they resemble slip/shear
folds (card-pack model). It seems to be logical to presume that a shearing mechanism
was responsible for the development and/or modification of the F2 folds. Clear-cut
evidence of the F2 folds folding the stretching lineation is lacking. This implies that
for the most part the stretching event is not pre-F2. For further discussion on this, see
subsection 3.2.2. '

In the Joshimath Gneiss, the F3 episode was dominantly an episode of small
scale folding. They are common in its southern parts nearing the contact with the
Munsiari. A distinct set of crenulation belongs to this episode.

Now the results of a geometrical classification of the F2 folds following
Ramsay's method (1967) are discussed. Both the isogon method and thickness-ratio
method have been applied. The discussion is based on three examples, all taken from
the Joshimath Gneiss: Specimen Number 59'89 (fig. 3.20a), Sp. No. 58'87 (Fig.
3.20b) and Sp. No. 22/4/88B (Fig. 3.20c).
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Sp. No. 59'87 (Fig 20a) The geometrical analysis of this fold gives many insighté into
the relative merits of different fold classification schemes. Even the most modem
scheme for fold classification suggested by Ramsay (1967) cannot account for certain
geometrical aspects of these folds. Here it is fonnd that the results of rclassifying a
folded layer using the dip isogon method do not propesly match .with the results
obtained from thickness ratio plots. Band 1 is of class 1C geometry as indicated by
both the isogon pattem and thickness ratio distribution; but in band 2, even though
the isogon pattem suggests class 3 geometry, thé thickness data indicate that on the
right limb the folded band shows class 1C geometry whereas the left 1imb shows class
3 geometry. The same is true of band 4. This feature is not properly highlighted in
literature and is probably indicative of initial thickness variation in the bands
resulting from an earlier deformation event (F1 folding). Bands 3 and 5 were parts of
a single straight and continuous band initially. Despite the F1 folding, the isogon
pattern and thickness variation due to F2 folding are quite similar in both bands
which is attributed to the relatively greater competence and hence more active
response to folding. Broadly similar are the patterns for bands 7 and 8, but in bands 2
and 6 which were also originally continuous the fold-styles are not similar to each
other. While band 2 shows class 3-1C geometry band 6 shows class 1A geometry.
Most probably this is due to the fact that these bands are made of comparatively
incompetent materials and responded rather passively during folding.

Another important feature to note is the selective/restrictive discontinuity of
djp isogons. See, for example, the behaviour of the 45°-dip isogon on the left timb.
This 45°-dip isogon is corresponding approximately to the steepest dip of the left
limb in bands 1, 2 and 3, and also for band 8§ and in its immediate surroundings,
whereas bands 4, 5, 6 and 7 have no 45°-dip component and so no corresponding dip
isogon. The 45°-dip isogon therefore runs through bands 1,2 and 3, but disappears
across bands 4, 5, 6 and 7 only to appear again from below band 7. On the right limb
a slightly different, but more usual situation is developed. Here the successive bands
become gentler as we go towards the core region of the fold; consequently the
isogons cormresponding to gradually steeper dips become shorter and therefore pass
across fewer bands. For instance, 0°- and 15°-dip isogons pass through all the bands
even beyond band 8, whereas 30°-isogon stops just below band 8, 40°-isogon
continues only upto the top of band 5, and 60°-isogon stops at the top of band 4. This
iatter situation is discussed in literature (Hudleston, 1973; Ramsay & Huber, 1987,
p.356), but the former pecularity is neither documented nor explained. Probably this

is an extreme case where initial thickness variation has greatly influenced the overall
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fold geometry. Also a likely corollary may be that the F2-strain is not large encugh to

wipe out the influence of F1 or earlier deformation.

The thickness distribution pattern for all the bands (the whole t'a-a plot)
looks like 'a long-legged spider in motion' reflecting the complex shapes of these
folded bands. Ramsay (1967, pp.369-371) suggested that first-order and second-order
derivatives of ta with respect to a be used in order to bring out the relative
influences of different classes in the overall geometry of such folded bands. However,
for detailed classification one might need to go for repeated differentiation well
beyond second-order and so the method is still mot very precise; successive
differentiation in this example would bring in more noise and therefore the graphs

using the derivatives would be less well defined and less significant.

Sp. No. 58'87 (fig. 3.20b)- Here except for band 1, the bands are considerably thinner
on the right limb than on the left limb. This discrepancy is more marked in the pelitic
bands than in the quartzofeldspathic bands. One likely reason for this sort of
thickness variation is the involvement of at least one earlier episode of folding the
hinges of which are not present in this specimen. Compare the results and sketch
from Sp. No. 59'87 (Fig. 3.202) where the early fold hinges are clearly preserved.
These two specimens were collected within a distance of about 200 metres from each
other. In the present scheme for the classification of folds into differnt classes
according to Ramsay, scope for handling this aspect is limited. A cursory look at the
specimen (sketch) would indicate a fairly regular and systematic fold pattem but in
reality the t'ce plots show wide scatter in the thickness data. Note how markedly the
folds (graphs) cross the class boundaries. Obviously there must have been a strong
variation in band thickness prior to the F2 folding. This shows that even when dealing
with similar lithology (similar layer-combctence), caution must be exercised in the
attempts to characterise a particular fold episode in terms of fold classes. This is
especially so in areas of refolded folding. |

Sp. No. 22/4/88B (Fig. 3.20c)- As evident from the fold-sketch showing the dip
isogons in the three different bands, there is obvious difference in the isogon-pattern
between the quartzofeldspathic bands and the pelitic band. Even in a single band {e.g.
Band 1), the isogon pattem in the antiform {class 1) is different from that in the
synform (class 3). The isogons in the quartzofeldspathic band are either convergent or
divergent thus showing either class 1 or class 3 pattem respcctively, whereas those in
the pelitic band are mutually parallel suggesting class 2 (similar fold) geometry. Such
difference in the isogon pattems in the bands of different composition obviously
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indicates the difference in their competence, mica-rich layers being less competent
than the siliceous layers. '

Thickness distribution (t'a - a plot) in the folded layers corroborates the above
findings. The graph for band 2 closely follows the curve for class 2 (similar fold) and
those for the two limbs of the.synform (band 1) lie mostly within the class 3 field,
although very near to the class 2 curve (except for the steepest part of the left limb).
However, closer observation shows that the graph for one limb sometimes falls in a
field which is different from the field for the other limb even for the same band (eg.
bands 1 and 3, antiform) and also that the graph occasionally crosses the fold fields
even within a single limb (viz. left limbs for band 1 for both the antiform and the
synform). Such deviations, however, are not unexpected in natural folds (see Ramsay,
1967; Ramsay & Huber, 1987; Hudleston, 1973).

All the graphs lie within a narrow zone around the curve for class 2 folds.
This probably points to the fact that a shearing mechanism (card-pack model) has
influenced the development of these folds and the mechanism was broadly the same
for alt the layers.

Note the value of interlimb angle (40°-50°)- close fold (Fleuty, 1964).

The above discussion on fold classification indicates two things:
(a) though in many cases fold geometry may apparently seem to be uniform, in detail
they may be quite irregular;
{b) the methods of classifying natural folds still need much improvement.

33 STRUCTURES IN THE MUNSIARI

3.3.1 Foliations

The gneissose fabric of Joshimath Gneiss is found to be gradually replaced by
a schistose fabric as we enter into the top part of the Munsiari Formation. Farther
down into the Munsiari Formation, there appears, depending on the lithology
involved, a mylonitic-protomylonitic foliation or a prominent phyllonitic schistosity
representing the main foliation in the rocks. However, in the angen gneiss horizons
the main foliation is a gneissosity. The change-over in the character of the main
planar fabric between Joshimath Gneiss and Munsiari is more of a function of
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tectonism involving retrograde metamorphism, rather than being.due to gradually
northward increasing grade of a single phase of progressive metamorphism (this point
will be discussed in detail in Chapter-5). The average orientation of the main foliation
in the Munsiari is not appreciably different from that in the Joshimath Gneiss or
' Bermag—Mandhall (compare Fig. 3.21a with Figs. 3.6 & 3.21b). 'As mentioned above
the dominant planar fabric in most of the lithologies in the Munsiari is a tectonic
(mylonitic) foliation whereas in the phyllonitic horizons its equivalent is a schistosity.
There is a slight difference in the amount of 'dip between the _s/chistesity of phyllonitic
horizons and the mylonitic foliation in other horizons. This difference is interpreted
as due to refraction (Fig. 3.22). ADepending on the variation in lithological
composition the foliation-defining minerals may vary. The main foliation in augen
mylonite-protomylonite is characterised by dark, thin (1-2 mm.) phyllosilicate-rich
bands altemating with thicker bands of streaked-out feldspars, platy quartz, elongate
feldspar augens and lenticular quartzofeldspathic aggregates (Fig. 3.23). In the
amphibolite horizons, the amphibole grains are normally elongate and arranged, more
or less, parallel to one another thus defining the main foliation and a crude lineation
on it (L-S fabric). The amphibole-rich bands alternate with bands rich in quartz and
feldspar grains which are normally platy in nature. In the feldspathic horizons of
semipelites as also in some quartzites a distinct flagginess is ‘observed. The
phyllonitised horizons show a very prominent foliation which is usually
sigmoidally wavy in nature. Even though the mylonitic/protomylonitic foliation is
almost strictly parallel to the lithological boundaries, the main {foliaticn - in
phyllonites is slightly steeper , probably indicating a kind of refraction (see Fig.
3.22). Some lithological bands, especially some siliceous semipelite horizons,
apparently do not show any colour or compositional banding and appear finegrained,
massive, bluish grey in color, but on closer observation in the field a distinct layer-
parallel planar tectonic fabric is identified. This planar fabric is an expression of the
preferred shape fabric of the constituent mineral grains mainly in quartz and
feldspars. In the strongly schistose phyllonite bands, interference by other foliations

is easily recognisable with clear evidence of repeated transposition (Fig. 3.24).

The Munsiari rocks, in general, show a greater variety of foliation than do the
overlying Joshimath Gneiss and the Berinag-Mandhali below. This is particularly true

if we consider the phylionitic horizons in the Munsiari where the main foliation

(schistosity) is transected often by several foliations. Distinct shear bands are .
observed to lie tangential to the extremities of 'S'-shaped segments of sigmoidal/wavy
schistosity (Fig. 3.25). Wherever present, these shear bands are found to have a.

uniformly low NE'ly dip (see fig. 3.26a and Plate 1II).
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3.3.2 Lineations ‘

The stretching lineation referred to in subsection 3.2.2 is present south of the
Vaikrita boundary; indeed it gains prominence in the Munsiari which shows the acme
of development of the stretching lineation in the area. In the quartzité horizons of the
Munsiari Formation the stretchmg lineation is very pervasive. A stripiness on the
main foliation defines the stretching lineation within the augen gneiss honzons of the
Munsiari. The stripiness is due to the concentration of dark coloured micas (mainly
biotite) in broadly rectilinear zones which swing around intermittent bulges on the
foliation surface enclosing augens of feldspars or quartzofeldspathic aggregates. The
bulges are aligned in linear fashion defining the alternate light coloured (whitish)
zones. Three-dimensional exposures in the field show that the augens (elliptical
porphyroclasts) have their longest dimension parallel to the stretching lineation. More
than two-thirds of the porphyroclasts in the augen gneiss are elliptical in ouﬂmef&lhe
rest are circular or rectangular when observed on rock-surfaces nearly at right angles
to the main foliation but subparallel to the stretching lineation (Fig. 3.27). The
rectangular porphyroclasts are oriented so that a diagonal is often parallel to the
stretching lineation and in rectangular rhombus-shaped porphyroclasts it is normally
the longer diagonals that are parallel to the stretching direction. Yet the long
dimensions of some of these regular geometric shaped porphyroclasts show the
maximum deviation from parallelism with the stretching lineation, whereas this is
never the case with the elliptical or sigmoidal porphyroclasts which are invariably
conformable to the stretching direction (Fig. 3.28). It ‘therefore seems likely that
deformation did not modify the outlines of the regular geometric shaped
porphyroclasts; in their case the effect of strain is probably expressed through body
rotation, whereas the elliptical or sigmoidal outlines of the porphyroclasts must

indicate modification through deformation.

The stretching lineation is more clearly visible where the rock is relatively
less phyllonitised. Indeed in some phyllonites it is often difficult to identify  the
stretching lineation conclusively and for practical purposes during mapping the
lineation (normally due to mica-alignment) that corresponds in orientation to the
stretching lineation observed in nearby exposures has been taken to stand for
stretching lineation. As mentioned in the earlier chapterff}roportion of phyllonitic
rock increases towards the bottom of the Munsiari Formation, hence the typical
NE/NNE-trending stretching lineation is observed rather infrequently towards the

lower part of the Munsiari Formation; nevertheless in the intermittent competent
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hotizons of mylonite and amphibolité here the NE/NNE-trend of stretching lineation
is wéll preserved.

E The stretching lineation is defined by features such as: parallcl allgmnent of
stretchcd grains of garnets, feldspars etc. or quartzofeldspathic aggregates, preferred
ahgnment of pressure-shadow trails around porphyroblasts/porphyroclasts, also
quanz roddings, and alternate grooves and ridges on the main foliation surface (Fig.
3.30b). In the field, the stretching lineation is most commonly identified on the
surface of the main foliation; elongate flakes of biotite, muscovite, séricite, etc are
aligned parallel to it. At places, a high degree of stretching in the rocks is indicated in
sections perpendicular to foliation but parallel or subparallel to stretching lineation by
the presence of fairly homogeneously distributed thin lenticular guartzofeldspathic

fragments.

Around locations NR51, 52 etc. (see Plate IIT for location) within the Munsiari
outcrops a distinct N-trending stretching lineation is observed on the main foliation
in the semipelitic schistose phyllonites. It 1s defined by long pressure shadow trails
lying only on one side (up-plunge side) of unstretched gamet grains. When the main
foliation is viewed orthogonally up the plunge of the lineation, these garnet grains
with their pressure-shadow trails look like 'falling fireballs' (see Fig. 3.29d). In
similar situations with the NE/NNE-trending lineation farther north, there are
grooved trails lying on the down plunge side of the gamet grains seen on the main
foliation surface. Together with these trails the garnet grains look like 'a swarm of
upward moving tadpoles in water' (Fig. 3.30a). These two different features indirectly
point to the difference in the flow behaviour of the rocks during the two stretching
events; this must héve been due to a change in the ambient P-T conditions. At the
time of development of the N trending stretching lineation, the P-T condition of the
rocks was not high enough to atlow purely ductile stretching/shearing; the condition
was lowgrade (probably nearer the surface of the earth) and the stretching event took
place in a guasiductile-semibrittle environment. This N-trending stretching lineation
appears like slickenside grooving on the retrograde chlorite-rich surfaces of the main
foliation. It is not as pervasively developed as the NE/NNE trending stretching
lineation which is considered to represent the regional stretching lineation. Where the
N trending lineation is strongly developed, we cannot readily identify the NE/NNE
trending stretching lineation; but one can fairly easily see the presence of the N
trending lineation even where the NE/NNE trending stretching lineation is quite
strongly developed, particularly in the lower part of the Munsiari. Metamorphic
retrogression has altered the minerals defining the NE/NNE lineation which is almost
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obliterated where the N lineation is strongly developed. This implies that the N
trending stretching lineation is later than the NE/NNE trending one. Figs. 3.29a & b
indicate on equal area projection diagrams the orientation distributions respectively of
the main stretching lineations in the Munsiari Formation and later stretching
lineations dominantly from the same formation (compare also the composite plot of
the main stretching lineation from across the whole of Joshimath area in Fig. 3.29¢)

Lower boundary of the Munsiari Formation vs. Stretching lineation:
Unfortunately there is a lack of good and accessible in-situ exposures around
the lower boundary of the Munsiari Formation, i.e. the contact between the Munsiari
and the Berinag-Mandhali formations. However, it is evident that near the boundary
zone the NE/NNE lineation is infrequent, and more northerly trending lineation

" becomes prominent farther south. The available field evidence suggests that-

(1) the presence or absence of the NE/NNE trending stretching lineation should not
be the only criterion to be used for demarcating the lower boundary of the
Munsiari Formation. The definition of the boundary must also be based on the
differences in microstructural character of the lithologies involved and also in the
character of other deformational features (mesoscopic as well as Mmicroscopic).

(2) the boundary might be a diffused one or transitional in character unlike the classic
discrete thrusts such as the Moine thrust or the different Alpine or Rocky
Mountain thrusts.

As found in the foot track section between Salur village and Gulabkoti, at the
sharpest bend in the track on the spur axis south of Helang at 6930"-level (~2112 m),
a fine elongate mica alignment lineation, NE/NNE trending (plunge 28° towards 31%),
is present on the main foliation in an approximately 3.5 m. thick greenish white
coloured quartzite horizon. This guartzite lies below a low-grade greenish phylionite
horizon which is over 15 m in thickness and contains biotites that are almost
completely chloritised. No conspicuous lineation is found in the phyllonite horizon
and this, in tum, lies below an augen mylonite horizon (thickness not precisely
known) which shows distinct stretching lineation plunging 36" towards 18°.
Obviously this trend is somewhat different to that of the characteristic NE/NNE
lineation. The contact between this augen mylonite and the phyllonite is not exposed.
The above mentioned quartzite band is also underlain by a thick low grade greenish
coloured phyllonitic rock horizon below which appear still thicker horizons of
carbonate and quartzite; in these lower quartzite horizons, a quite distinct stretching
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lineation is observed on the main foliation plunging towards 15°-18° (cf. the section
between Helang and Gulabkoti in Plates 11, I & IV). '

Based on field-data alone, two poss1b111t1c:s can be suggested:

(a) the abovenoted augen mylomte should be regarded as the lowcrmost horizon of
the Munsiari Formation; or

(b) the Munsiari Formation ends with the phyllonite horizon just overlying the 3.5

" m’ " thick band of quartzite.

Which of these two possibilities is to be favoured and on what further grounds will be

hiscussed in next Chapter.

In the Munsiari, the types of intersection lineation are the same as in the
Joshimath Gneiss. But the main foliation on which these are developed is not a

typical gneissosity everywhere as in the J oshimath Gneiss.

The hinge of shear bands is much more common in occurrence in the
Munsiari’ than in the Joshimath Gneiss or Berinag-Mandhali ; It is normally the
phyllonitic rock-horizons that show the shear band hinges most prominently.

3.3.3 Folds

Folds belonging to the Fl episode recognised in the Joshimath Gneiss are
difficult to find in the Munsiari. Representatives of F2 folds are present, but are less
common than in Joshimath Gneiss. Generally, the F2 folds found in the Munsiari
Formation are of diminished size, with their axes reoriented to parallelism with the
main NE/NNE trending stretching lineation (see Fig. 3. ?) these folds also show
appreciable tightening graduaily towards south . There is some doubt as to whether
the isoclinal intrafolial small scale (measured in cms) folds found _]ust N of the newly

constructed Helang bridge on the Karmnasa Nala (river) can be properly correlated

with the F2 folds. If the correlation is correct, then these isoclinal folds would -

represent the extremely tightened version of the F2 folds. It must be noted here that
this fold-exposure is within only ~300 m’Z: above . Gansser's MCT. In a similar
set-up at the Almora klippe which is considered as a part of the MCT sheet,
Bhattacharya & Siawal (1985) have shown that the folds get tightened as the thrust is
approached, though it is not clear from their paper whether all those folds belong to

the same episode.

F3 folds are more common in the Munsiari Formation than in the Joshimath

Gneiss. However, it is the F4 folds that are most easily recognisable and most
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dominant folds within the Munsiari. The type-exposure of the F4 folds can be found
at Locs. 17, 18. In some close, angular F4 folds, 'S'-shaped parasitic folds (observed
looking eastward) are developed only on the overtumed limb and thin quartzose veins
are found to run through its main axial trace (Fig. 3.31). Within the mylonite horizons
in the Munsiari Formation, there are F4 folds in which a progressive increase in
tightness and an increasingly well developed axial planar fabric towards the fold-
core are observed. This axial planar fabric is locally intense enough to completely
transpose the mylonitic foliation. In some instances this axial planar cleavage shows
fanning. In another instance, mylonitic bands of different thicknesses define folds of
different wavelengths (Fig. 3.34). These two features i.e. progressive tightening
towards the core (reflecting class 1A-1B fold geometfy of Ramsay) and thickness-
dependent wavelength variation of folds defined by different bands strongly suggest
that these folds have developed by a buckling mechanism. Another point suggesting
buckling is the presence of curved stretching lineation on the folded surface
maintaining a more or less constant angular relation with the fold axis-- the measured
angle was 36" in one case. No evidence was found which could clearly indicate
whether flexural slip or tangential longitudinal strain was the specific mode of
internal deformation in these folds: Later modification by flattening strain was
probably not very significant. The curving of stretching lineation around the hingeé
necessitates that the F4 folds developed later than the stretching lineation. F 4, (from
orientational attributes and spatial closeness these folds seem somewhat akin to Fy
folds, hence a separate term is not used) crenulations and the corresponding axial
planar cleavage are rather heterogeneously developed in the area; a distinct
lithological control on their development is very apparent. Mainly the mica-rich
semipelite and phylionite horizons show their presence. In a way, the inhomogeneous
development across different lithologies is quite a characteristic of all the different
fold-episodes in the area.

The following two paragr.phs deal with the results of geometrical analysis for
classifying an unassigned (probably Fy) fold developed in an amphibolite horizon in
the Munsiari Formation (Fig. 3.35).

Slide-Loc. 18(2)'87 ( 7F4 fold in Munsiari amphibolite; FL3.3.35)

Fold trace was sketched from the negative print of thin section. Note how the
general fold class defined by different bands changes towards the core (from class 3
to class 1); however, excepting the fold defined by band C, no other clearly falls
strictly into a single class; often fold class indicated by one limb differs from that of
the other. Difficulty arises while trying to draw dip isogons to the digitations in band
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C, except for the one exactly at thc hinge. These minor folds die out within the band
C and thus make the measurement of their limb-thickness nnposmble To establish
the general fold-pattem a surface is drawn freehand enveloping the crests of minor
folds in band C. For practicai pﬁuposes this enveloping surface (dotted line in Fig.
3.35¢) is considered as the upper boundary of band C. Band D is also treated in a
similar way. The minor folds in band D, however, are analysed separately as
indicated; a common tendency in their geometry is to lie around class 2; isogon-
pattern reveals this well. - |

An important point is that though, in a strict sense, classes cannot characterise
the different fold episodes (Hobbs et al, 1976; Ramsay, 1967, Ramsay & Huber.
1987), it is found that each episode is dominated either by one particular class or,
more commonly, by a combination of two contiguous classes of folds.

3.4 STRUCTURES IN THE BERINAG-MANDHALI

Only a small part of these formations are included in the present study. In the
following paragraphs the structures observed in them are described in the same order

as for the previous two formations but without designating them as separate sections.

The main foliation (which is a planar schistose fabric) seen in the Berinag-
Mandhali formations is more closely sﬁaced and more readily recognisable in the
lowgrade phyllites than in the alternating greenish-grey quartzite horizons where it is
rather obscure. However, in the carbonate horizons and in the milky white sugary-
textured (granular) quartzites farther south a distinct flagginess characterises the main
foliation.

The Berinag-Mandhali rocks show a dominant stretching lineation which is
somewhat intermediate in trend between the NE/NNE lineation and the N lineation of
the Munsiari (see Fig. 3.51 and compare with Figs 3.29a & b). This poses a great
difficulty in correation of stretching lineations across the Munsiari/Berinag-Mandhali
contact. The lineation in the Berinag-Mandhali is not developed on a retrograde
foliation surface. On grounds of great similarity and persistence in orientation, one
could argue in favour of correlating this lineation with the N-trending later stretching
lineation of the lower Munsiari. If this correlation holds true, then two very important
inferences can be drawn '

(i) There are evidences of superimposed shearing events in the area;’
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(ii) Focus of deformation (shearing) migrated southward, and with time the condition
of deformation changed from more ductile to less ductile for progressively
younger events. :

On the other hand, if this lineation represents a slightly rotated version of the
dominant NNE trending lineation of farther N, then a wider tectonic implication
involving rotatory migration of:kandjan plate may be invoked. More discussion on
these aspects 44 given in Chapters 4 & 6.

The Berinag-Mandhali rocks show a very spectacular set of intersection
lineations developed as a striping on the main foliation. The lineétion is due to the
intersection of compositional layering with an axial planar schistosity. Owing to a
high degree of transposition the axial planar schistosity is the main foliation in the
rocks. Crudely developed shear band hinges are recognised, especially in the
semipelitic (schistose) limestone horizon about 750 m south-west of Helang Bus
Stop, at the northern part of a high road-cut cliff exposure where the road takes a very
distinct bend. In the southern part of this exposure, the abovenoted striping lineation
is most readily recognised.

The three main sets of folds recognised in the Berinag-Mandhali Formation
can be clearly observed from the same road-cut exposure. The earliest set of
recognisable mesoscale folds are tight to isoclinal with axes plunging to the NW and
strong axial planar foliation transposing the earlier compositional banding. The main
foliation in the exposure is represented by this axial planar schistosity. This folding,
however, does not represent the earliest deformation/recrystallisation suffered by
these rocks. Microscopic study reveals that parallel to the compositional layering
there is a micaceous metamorphic foliation which has been crenulated by the above
folds. The second set of folds are close to tight semi-reclined in nature plunging to
slightly W of N. Associated with the second folds are well developed mullions in the
quartzite horizons and crenulations in phyllosilicate-rich horizons. The third set of
folds are open asymmetric, nearly non-plunging with steep NE dipping axial planar

spaced crenulation cleavage.

A group of asymmetric southerly verging folds with uniformly spaced,
mutually parallel planar quartzose veins occupying the short inverted limbs could not
be properly placed in the fold sequence; these folds found in the quartzite are most
likely to have resulted from a Iate phase of shearing. See Fig. 3.5 showing a series of

systematically oriented dilatational shear veins intimately associated with the folds.
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3.5 SMALLESCALE FOLD HINGE OR CRENULATIONS AND OTHER
UNASSIGNED STRUCTURE-

Smallscale fold hinge or crenulations

With differing intensities these structures are present in all the three
formations. The fact that-all the rock horizons in this area dip towards N-NE and that
the larger scale folds are all overturned towards south and are mostly close to tight in
nature makes it easier to group the crenulations into different sets according to their
orientation, coupled with the character (roundness) of the hinge zone, the interlimb
angle and the character of the axial planar structures. However, due to a general lack
* of direct interference relations among these different sets, it is difficult to place them
into a definite time-sequence. For this reason,i":?lttempt is made to establish whether a
particular set of crenulationsor minor folds is related to or equivalent in terms of
orientation to any particular phase of major folding (mesoscale or outcropscale) and
by this way the different sets of crenulations have been fitted into a time-sequence as
indicated below. Most are found to correspond to the major fold episodes. Sets

developed on a very restricted (local) scale are not described here.

C2 (= F2): Tight or close semi-reclined crenulations with moderately steep,
broadly NE-dipping axial pianar cleavage and axial plunges to NE or E.

C3 (= F3): Tight to close inclined-type crenulations N plunging, with
moderately steep NE/ENE-dipping axial planes.

Cda (= F44): Crenulations asymmetric, close to open type, E plunging and
with N dipping axial planar cleavage at an angle>50°.

The above sets of crepulations are not represented in the- Berinag-Mandhali
where, as already mentioned, a distinct set of crenulation has horizontal axes (trend
127°) and are open asymmetric with steep NE-dipping axial planar spaced crenulation
cleavage. There is a marked scarcity of upright crenulations in the area; most of them

are with inclined axial planes.

3.6 BOUDINAGE

This phenomenon is exceptionally well exhibited in the rocks of the area and

gn a wide range of scales. Boudinage is more common in the Munsiari and Berinag-
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Mandhali formations than in the Joshimath Gneiss. Most of the boudinaged rock-
bands are made up of amphibolites and the enclosing rocks are semipelites, mostly
phyllonites. However, quartzites and intrusive aplite or pegmatite bands also often
show boudinage. Though not strictly looking like classical boudinage,
quartzofeldpsathic segregation bands as well as veins are highly stretched and torn
apart giving rise to lenticular fragments occurring fairly pervasively in the pelitic
horizons in the lowest part of Joshimath Gneiss and in the Munsiari in.particular.
Veins, particularly the stretched and fragmented ones, are quite rare in the Berinag-
Mandhali rocks. o

Boudins are long, slightly flattened sauéage-shaped or cylindrical objects
lying side by side and made up of materials more competent than the matrix
surrounding them. They were first described from Bastogne, Belgium by Lohest,
Stanier et al (1909). Since then different workers dealt with such structures from
various parts of the world, both theoretically and in experiments (Quirke, 1923,
Holmgquist, 1931; Wegmann, 1932; Read, 1934; Cloos, 1947; Ramberg, 1955; Rast,
1956; Coe, 1959; Sanderson, 1974; Hambrey & Milnes, 1975; Platt & Vissers, 1980;
Lloyd & Ferguson, 1981; Sengupta, 1983; Mandal & Karmakar, 1989; etc.).
Boudinage, as a tectonic process, is defined as involving layer-parallel extension of a
more competent layer enclosed in a more incompetent medium. The extension could
result in tensile failure producing fractures separating individual boudins
(discontinuous boudinage), or, in differential thinning producing 'pinch-and-swell'
structures (continuous boudinage) . The tension giving rise to boudinage may be
direct, or, more commonly, indirect due to, in fact, a compression acting in a
perpendicular direction or at an oblique (high) angle to the layer to be boudinaged, as
indicated in the experimental and theoretical studies by Ramberg (1955), Griggs &
Handin (1960), Paterson & Weiss (1968), Stromgard (1973), Gay & Jaeger (1975),
Selkman (1978) etc. When tension can operate freely in all directions parallel to the
competent layer during the same boudinage-event, 'chocolate-tablet boudinage’
results (Wegmann, 1932; Ramsay, 1967, pp.112-113); similar features might

probably also develop due to superposed extensional deformation.

Following Wegmann (1932) and Wilson (1982), a boudin typically has the
following dimensional properties: length or long axis, width and thickness; another
attribute i.e. 'separation’ between adjacent boudins is also taken into account. The
length of a boudin is also called boudin axis. The orientation of this axis coupled with
the magnitude of 'separation’ and the shapes of boudins especially around the
separation-zones have important tectonic significance (as discussed in the following).
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When ‘pinch-and-swell' structure develops due to either low competence-contrast
between the boudinaged layer and the enclosing matrix, or to a weak tension, neck-
zones or pinch-in zones develop in place of boudin separation zones. In progressive
development of boudinage, initial necking leads to rupture and then separation of the
boudins takes place along rupture surfaces. The boudin separation zones widen with
progressive straining. -

As boﬁdinagé is. normally developed due to layer parallel extension ina
direction perpen(hcular to the (potential) boudin axis, so the orientation of boudin
axis is measured to determine the local extension direction. The orientation of boudin
neck-zones or boudin separation zones generally corresponds to the orientation of
boudin axis. When, as often happens in field exposures, it is difficult to measure the
boudin axis directly, the orientation of boudin separation zones or neck-zones are
normally measured and taken to represent the boudin axis orientation. It should be
mentioned, however, that Burg & Harris (1982) claimed to have found boudinage that
developed at oblique angles (mostly at 65°-70°) rather than at 90° to the maximum
extension direction. Hobbs et al (1976, p.283) comment "The presence of elongate
boudins indicates that the direction parallel to the boudinaged layer and perpendicular
to the length of the boudins was a direction of extension during at least part of the
deformation”; they point out the possible role of deformation history in the apparent
reorientation of boudin lines with respect to the direction of maximum finite bulk

elongation.

Mostly we see only the cross-sections of boudins in exposures. From
characteristic profile-shapes of boudins in the boudin profile plane and the pattem of
arrangement of matrix-material around the boudin separation zones, we can make
qualitative estimates of the relative competence of the rock-layers involved and in
some cases also of the relative ratios between the principal extensions of the strain
ellipse in two dimensions (Ramsay, 1967, pp.104-106).

Fig. 3.36(reproduced from Ramsay, 1967, p.106, fig.3-44) clearly indicates
that boudinage as seen in stage III can be broadly classified into three types-—-

Brittle boudinage (exemplified by band 1)

Semi-brittle boudinage (exemplified by band 2), and

Ductile boudinage (exemplified by band 3).
Even though this is a subjective scheme of classification, it has obvious practical
value.
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Thus barrel-shaped or rectangular boudjns- with sﬁghtly curved or neaﬂy flat edges
indicate brittle boudinage; a lenticular boudin-shape is indicative of semi-
brittle/quasi-ductile boudinage, and attenuated lenticular shape of boudins with highly
pointed edges indicate ductile boudinage. Obviously, the mutual contrast in ductility
or competence between the boudinaged bands and their enclosing matrix is the main
reason for the development of different types of boudinage. Boudinage cannot
develop when the competence of the band-material is equal/comparable to that of the
matrix. Homogeneous thinning occurs in such a case {(e.g. band 4 in .Ramsay, 1967).
Brittle boudinage takes place when the competence-contrast is high, ductile
boudinage at low contrast and semi-brittle boudinage at an intermediate contrast.
Also with change in physical conditions of deformation there is a change in the type
of boudinage. It has been shown that even with a particular band-matrix combination
the rock-band showing brittle boudinage at one place might show ductile boudinage
at another place due to a change in ambient physical conditions (Ramsay & Huber,
1987, pp.399-401). Sengupta (1983) showed good examples from Vaddo area,
Sweden and Chhotanagpur area, India of brittle boudins that have behaved in ductile

manner at a later reactivated stage (superposed deformation). All these reported

changes in behaviour of a particular rock-band at different places or in different times -

are due to metamorphic transformation of the minerals constituting the rock in

response to changes in tectonothermal conditions.

In the Joshimath area, the boudin thicknesses differ in profiles in different
bands due to the difference in the original band-thickness; however, within bands the
size . variation of boudins is comparatively small. As far as the dimensions of
individual boudins are concemed; it is difficult to find out their lengths from the rock
exposures; but in cross-sections, the longer dimensions are always more than or equal
to 1.5 times the shorter dimension. The scate of profile-section of individual boudins
is from centimetres up to that of an exposure. Boudins of all the different types viz.
brittle, semi-brittle and ductile are found in the area (Figs. 3.37a, b, ¢, 3.38a, b, and
3.39a, b). There is little systematic variation or sequential arrangement of different
boudin types across the area, but in general, semibrittle-ductile boudinage appears to
he more common and boudin separation zones widen as we go southwards across the
Munsiari Formation. It is also important to note that post-boudinage deformation and
metamorphism have a more serious obscuring effect on boudin-matrix relationships
towards the lower part of the Munsiari Formation than in its upper part or in the
Joshimath Gneiss. There is wide variation in modal composition, grain-size and
texture among the boudinaged rock-bands. No boudinaged layer has been found

without distinct metamorphic foliation .and this foliation is most spectacularly
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affected due to boudinage. Thus boudinage cannot be earlier than this foliation and in
all likelihood there was no appreciable time-gap between one type of boudinage and
the other. Varying viscosity-contrast was the main reason for the development of the
various types of boudinage viz. brittle, semibrittle and ductile, and a southward
increasing magnitude of boudinage-strain played a modifying role. (At places, only
'pinch-and-swell' structures have developed instead of complete boudinage). In the
rock-bands showing brittle or semi-brittle boudinage, the boudin separation zones are
frequently occupied by quartzose vein-materials. Orientations of boudin axes have
been measured often indirectly. In most cases, the orientations of boudin neck-zones
or of boudin separation lines/zones have been measured and considefed to give the
orientations of boudin axes. Boudin axes have generally a low plunge (equal or less
than 30°) and their modal trend is spectacularly perpendicular to the mean trend of the
main stretching lineation (see Fig. 3.26b; cf. Fig. 3.29¢). This means the main
boudinage event took place at the time of the main stretching lineation.

An interesting kind of structure which may be termed ‘inverse boudinage’ has
been found (Fig. 3.40); they resemble mica-fish in a large scale and presumably
develop when relatively thin incompetent layers sandwiched between thicker
competent layers undergo extensional deformation. In literature due attention has not
yet been given to this type of structures which may well develop side by side with
conventional boudinage, given proper setting of lithology.

Interestingly, in a number of instances of semibrittle boudinage occurrence of
‘small scale boudins within larger boudins' has been observed (Fig. 341a & b). The
small scale boudinage appears as noding in well foliated rocks; nodal fractures and
nodal veins are also commonly associated. It is found that in addition to the well
developed tectonic (mylonitic-phyllonitic) foliation and distinct stretching lineation
on it, the other very significant class of small scale structure that characterises most
of the rocks of the Munsiari Formation includes such nodes/ nodal fractures which
occut in almost all the relatively mica-deficient fine grained rock-horizons. This is a
special kind of boudinage where within a single lithological horizon a particular
bunch of main foliations is necked or noded, and these necks/nodes are not arranged
in a series involving the same bunch of foliation everywhere. Mostly, along such
nodes there are quartzose veins and local bending of the mylonite/protomylonite
foliation. Where no vein-material occupies the node, there is a more or less clean cut
nodal fracture and a little void with some discoloration (due to localised mineral
transformation induced by P-T change) of the rock immediately around it. On closer

observation in the field, it is recognised that such noding/boudinage is usually
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involved with ductile-brittle microthrusting and the foliation around it is folded to
some extent. Almost always it is the lower (northern) boudin/segment that shows an
antiformal bend, whereas the upper (southern) segment/boudin shows complementary
synformal bend near the thrust/neck. Often the rupture is along a very smooth surface
and there is a gap which is occupled by the veins. The apparent fold- hinges
(antiformal ones) developed around the nodes have: subhorizontal plunge (8°-->284",
9°-->300°); this is consistent with a SSW-directed overthrust shear affecting the
rocks. Each of such individual nodal zones associated with folding seems to rep;éscnt
a 'break thrust zone' in miniature. '

Features similar to the nodes mentioned above have been described in
literature as ‘foliation-boudinage'. Hambrey & Milnes (1975) first described them
from glacial ice. Platt & Vissers (1980) found similar structures in strongly foliated
quartzofeldspathic schists lying within a shear zone in Archean metasedimentary
complex near Agnew, Western Australia, (see their figs. 1&5 pp. 398-399). All these
authors recognised two kinds of foliation-boudinage: symmetrical and asymmetrical.
Commenting on the possible mode of their origin Platt & Vissers (1980) noted that
unlike the classical types of boudins which result when extension fracturing is
preceded by necking of the competent unit surrounded by incompetent mass,
foliation-boudinage takes place by initial fracturing followed by further
inhomogeneous straining. Foliation-boudinage is nothing but perturbations in the
ductile deformation field around fractures. Platt & Vissers (1980) emphasise that a
well developed foliation means strong planar anisotropy which can limit the rate of
ductile extension parallel to foliation. Therefore, formation of extensional fractures
normal to foliation and thelr w1dcmng Iopemng take place easﬂy due to layer-
and adjacent foliations giving rise to finite pinch-and-swell geometry Le. symmetric
foliation-boudinage (see Platt & Vissers, 1980, fig. 3, p. 399). The asymmetric
foliation-boudins are closely associated with the symmetric ones and the two types
are probably formed under similar conditions. But the asymmetric boudins are caused
by shear fractures, rather than extension fractures and the sense of displacement along
both sets of shear fractures is such as to cause extension along foliation. The apparent
pinching in of the foliation (reverse drag) results from rigid body rotation of both the
fracture and the foliation adjacent to it, in compensation for slip on the fracture (see
their Fig. 4, p. 399).

Recent experiments and theoretical considerations of Mandal & Karmakar
(1989) have confirmed the idea of Platt & Vissers (ibid) regarding the origin of
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foliation-boudinage. Mandal & Karmakar show that symmetric foliation-boudins can
develop only in coaxial deformation history with the foliation and the extension
fracture remaining mutually perpendicular throughout the entire course of
deformation; whereas asymmetric foliation-boudinage may develop either in coaxial
or in noneoaxial bulk deformation in the neighbourhood of short segments of
fractures, the characteristic asymmetry developing due to the oblique positions of the
foliation or the fracture or both in relation to the principal axes of stress.

The nodes observed in the Munsiari resemble foliation-boudinage as
described in literature, blit there are some additional featires associated with the
Munsiari nodes which are yet to be explained properly. These are:

(1) the quite well developed fold-bends associated with many nodal zones/fractures.
Probably the reverse drag-effect associated with asymmetric foliation-boudinage
would be too weak to result in such well developed folds as are found associated
with the nodal zones in the Munsiaris. So post-folding thrusting must have taken
place in many cases associated with nodal fractures/zones;

(2) the occurrence of larger boudins encompassing smaller nodal boudins (cf. Fig.
3.41a). It is very likely that the formation of small scale boudins preceded large

- scale boudinage even though the time gap may not be a long one. Probably in the
limited number of studies published on foliation-boudinage so far, adequate
attention could not be given to all the associated structures, and so this sort of
'small scale boudinage within large scale boudins’ has escaped attention. Thus
sufficient room has to be made now in the theory of foliation-boudinage to account
for these features. Altematively, these features cannot be properly grouped into

classical type of foliation-boudinage and now we probably have to look for an
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altogether new and unifying th_eory- to explam the ongm of these and other related
structures.

Another very important aspect of the nodal structures is their nearly constant
association with veins which may suggest interrelation of fluid-flow, boudinage and
thrusting/shearing in the rocks.

In the Munsiari within some of the amphibolite bands showing large scale
boudinage, folded mylonitic foliation can also be recognised. This implies that the
large scale boudinage event post-dated both the grain-size reduction event and a
folding event . At Stn. NR33 the asymmetric shape of amphibolite boudins and the
characteristic fabric in the country rock surrounding them point to the role of shear in

the development of boudinage.



The above discussion on the boudinage of all scales in Joshimath area
indicates that possibly there were two distinct stages of boudinage: the earlier one on
a small scale gave rise to nodal structures broadly contemporancously (early
synchronously) with the main phase of stretching or grainsize reduction, whereas at a
later stage a large scale boudinage event took place probably representing the peak of
the main stretching or shearing event. It is important to mention that large scale
boudinage with similar orientation as in the Munsiari has been observed also in the
upper part of the Berinag‘—Mandhali formations.

3.7 FOLD-EPISODES: THE SEQUENCE DEFINITION AND
CHARACTERISTICS

The relationship between the main (NE/NNE) stretching lineation and the
folds is crucial for establishing the fold sequence in the area.

The F1 folds do not have any control over the orientation of the stretching
lineation. They neither deform the lineation nor have any systematic orientationat
relation with it. This means that the lineation must have developed later than Fl
folding. The geometric (morphological) relationship of the stretching lineation with
the F2 folding is rather inconclusive. In the northem parts of the outcrops of
Joshimath Gneiss, where the stretching lineation is at a high angle to the F2 axes, it
is difficult to recognise stretching lineation in the F2 hinge zones, but southward in
the lJower part.of the Joshimath Gneiss or upper part of the Munsiari the difference in

attitude between the F2 axes and stretching lineation becomes very small and the

stretching lineation runs pervasively along the F2 hinges as well as the limbs of the

F2 folds. Here the stretching lineation is very distinct on the F2 axial planar
schistosity as well. This means that the stretching lineation cannot be pre-F2; it could
be either syn-F2 or post-F2. No evidence was found which could unequivocally
suggest whether the lineation is syn-F2 or post-F2. The stretching lineation
presumably started to develop synchronously with F2 folding and continued its
development even beyond the F2-episode. The acme of development of stretching

lineation probably occurred following the F2 folding.

As regards the geometric relation between the stretching lineation and the F3
folds no clear evidence has been found that could indicate folding of the stretching
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lineation by the F3 folds. Instead it js observed that the stretching lineation is
undeflected by these folds (see Fig. 3.42).

This indicates at least two things:

(a) stretching was taking place during the F3 folding and possibly continued until
slightly after the F3 ‘episode. Thus: shearmg/stretchmg was a prolonged
phenomenon in the area.

(b) the time-gap was not long between the F2 & F3 episodes of folding.

The geometric relation of the F4 folds with the stretching lineation is much
imore clear. In a few selected exposures the F4-hinges show curving of the stretching
lineation around them. Thus the F4 fold-episode postdated the stretching lineation.

Thus the relationships with the main stretching lineation have proved to be
crucially important for the fold sequence definition.

As already discussed (subsections 3.2.3 and 3.3.3), the F2 and F4 episodes
were more intense than other episodes. F2 was the strongest episode producing folds
of a wide range of scale, including those of the largest scale in the area. These show a
concentration mainly in the Joshimath Gneiss. Most probably, the F2 folds developed
largely through a shearing mechanism of fold-formation. The F4 folds found almost
exclusively in the Munsiari Formation are simple buckle folds.

It is interesting to note that in this area the reorientation of early folds by later
folds 1s m31gn1ﬁcant ona reglonal or mappable scale. This is brought out very clearly
dominant orientation of each episode of folds (except Fl) is well-preserved As was
indicated nearly at the beginning of this chapter, there may be two reasons for this--
(a) there is an obvious influence of the difference in the scale, intensity and site of

maximum development of the different episodes of folds;
(b) the time-gaps are comparatively short between the successive episodes of folding

in comparison to that observed in the older soealled 'polyphase tectonite terrains’.

In addition to these factors, there is probably the limitation imposed by the
inaccessibility to, or nonavailability of, suitable exposures preserving the clearcut
refolding relationships if any among different fold-episodes.
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As mentioned at the end of section 3.1, most of the folds in the area are found
to have well defined 'confining areas’ or 'profile areas'. It is not very clear what the
main factors are in determining the size of such 'confining areas' or simply 'profile
areas' of the folds. When all the folds in the area are considered together, there is an
appreciable change in the area of the fold-profile from N to S across the region of
study. Folds having larger profﬂe~areas are much more common jin the northerly
parts, especially within the Joshimath Gneiss, than in the Munsiari or Berinag-
Mandhali to the south. This means either the presence of a gradient in folding strain
across the area at least over a particular span of time, or that there was probably a
kind of strain partitioning in a larger scale. Three possible alternative reasons could
give rise to this--

(1) Larger-sized folds of the north are not represented in the south, because we are
dealing with different thrust sheets: Vaikrita (Joshimath Gneiss) sheet in the north,
Munsiari sheet in the middle and the Berinag-Mandhali footwall block in the south.

(2) Originally the larger folds were also present in the south, especially within the
Munsiari. But due to increasing shear and repeated strong transposition most . of
these folds have been obliterated from the southern parts. ‘.

(3) Fold-formation in the area was diachronous, taking place in a time-transgressive
manner. While folding was accomodating the strain in the northern parts, in the
southem parts the strain was probably being accomodated largely by a different
mechanism. Fold-forming pulses invaded the southemn parts later on, but with
diminished strength. In other words, folding gradua]iy moved towards south, later

episodes producing generally smaller scale folds than the eadier episodes.

Strictly speaking, these alternative possibilities, particularly the second and
the third, are not mutually exclusive. Through further discussions in Chapters ~4 & 5;an
attempt to assert which of the above possibilities is most likely will be made. '

3.8 LATE BRITTLE AND DUCTILE STRUCTURES

" Among the late structures, fanlts and fractures/joints are the most important
brittle structures. In addition there are discrete ductile shear zones in the area (see
Figs. 3.47). The following discussion deals first with faults and fracture/joints along

with slickenside lineations developed on faults, and then with the ductile shear zones.

3.8.1 Faults and fracture/joints




Most of the faults and fracture/joints developed late in the history of
deformation of the area and they affect almost all other structures. Faﬁlts of diverse
orientations are present here. These faults did not develop at the same time. Most of
the foliation-parallel faults are earlier than others. In the area, particularly within the
Munsiari, there are some thin zones (less than 12.cm in thickness) made up of
phyllonites which contain meostly partly chioritised biotite, and discrete chlorite,
sericite and muscovite, that are sandwiched (concordantly) between thicker horizons
of mylonite-protomylonite, etc. These zones acted as movement zones and as major
pathways for fluid flow as evidenced by the prolific retrogression of the minerals
along them. Sometimes extreme retrogression of thin amphibolite bands has given
rise to thin phyllonitic zones, dark brownish, shiny black in colour, the rock lustre
comparable to that of the body of a black snake. These movement zones are probably
the earliest among the fault zones and can be regarded as small scale tectonic slides

(Hutton, 1981). In many cases lithological contacts have acted as movement surfaces.

Reverse faults and normal faults are more common than the wrench faults.
Fig. 3.48 clearly shows variable orientations of different faults, but there is a distinct
group subparallel to the main foliation (Fig. 3.49; cf 3.6, 3.21a & b). Displacement
magnitudes along the faults vary for different faults; many show displacements
measurable in centimetres only. Most of these low displacement faults show an
anastomosing (branching and joining) pattern bounded within zones of certain width.
Thus they show distributed displacement. Along some of the late faults there has been
development of fault gouges, while many others are without them. Although it has
been attempted to estimate the magnitude of fault displacement from gouge thickness
elsewhere (Robertson, 1982, 1983), the‘principle cannot be directly applied to this
area because most of the faults show gouge dcvclopmeﬁt in'alc.omplcx manner. At

many places there are heterogeneous gouge development across the fauit zones.

Also gouge development is found in the anastomosing faults with distributed
displacément. From Chain village, looking across the Alaknanda River, the new road-
cat exposure below the Marwari locality shows a well developed system of
faults/fractures that are steeper than the main foliation in the Joshimath Gneiss.
Locally these faults/fractures control the hillslopes; displacement along these faults

does not appear to be large.

It is imporiant to note that because the road sections provide the best of the
accessible rock exposures in the area, one has to be careful not to confuse the man-

made (blasting-induced) faults and fractures with the natural ones. To glean profitable
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information regarding the behaviour of the rocks even from these blasting-induced
fractures would require further study. ‘ '

Fractures/joints are more common than faults. ‘Restricted fracture zones are
more frequent and within them there are often several sets of close spaced joints.
Most of these joints are shear fractures/joints. o |

Shear fracture zones showing normal and reverse diéplacément sense are
present. These shear fracture zones are more common in the Munsiari Formation. As
Fig. 3.49 suggests, there are three main directions for shear fractures in the area:
ESE-WNW, NNW-SSE and ENE-WSW. Not all these coexist in equal proportion
everywhere. Fig. 3.50 indicates the presence of two conjugate sets of high angle
joints/fractures in the area. Joint development has been largely guided by the host
lithology, thus the relatively competent quarzite and quartzofeldspathic mylonite-
protomylonite horizons of the Munsiari Formation are preferred hosts for joints. In
the Joshimath Gneiss a ramp-flat geometry is shown by some fractures within an
alternating sequence of psammitic and pelitic layers. The fractures here run parallel to
the main foliation through the less competent mica rich horizons (flats) whereas they
cut across the more competent siliceous horizons at high angles to the main foliation

(ramps).

3.8.2 Slickenside lineations on faults

These are recognised mainly on faults developed late. in the sequence of
deformation. Their intensity varies. It is sometimes difficuit to identify them, for

example, on faults with well developed gouge or where thin films of carbonate

(homogeneous solution prempltate) on the fault surface mask the slickensides. They

are totally obscured in the foliation-parallel faults along which post-faulting
recrystallisation has taken place. It is very likely that these latter faults are older than
other faults.

There is less unanimity in opinion regarding the definition, classification, the
possible modes of origin or even the significance of the different types of slickenside
lineations (see Fleuty, 1975; Means, 1987; Will & Wilson, 1989 etc.). Slickenside
lineations do not always give unequivocal sense of slip along faults (Paterson, 1958;
see also Tzia, 1964; Norris & Barron, 1969; Gay, 1970; Dumey & Ramsay, 1973).
The main reason for this is the confusing presence almost always of what are called
'step structures’ on the slickensides (see Hobbs et al, 1976, pp.304-5). Hilis (1972,
pp.178-180) thought that the step structures are essentially broken up tip-zones of
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pinnate shears associated with the faults and suggested that they were _ambiguoué
indicators of the sense of fault displacement. In the present area in some instances
the slip sense along faults have been recognised from the existence of unidirectionally
poh)thlgl-ciuanz—ﬁbres defining the slickenside lineation. Sometimes, following the
slickenside lineation there has been systematic frictional bevelling of protruding
quartz crystals on the fault surface; as a result now the edges of the crystals are very
sharp resembling the head of a carpenter's chisel. The sharpness is felt most strongly
when one rubs the palm along the slickenside lineation following the direction of
movement of the wall holding the crystals. '

As far as the evolutionary history of a fault zone is concerned, this feature has
an additional significance because the protruding crystals had to grow in the fracture
before the fault-movement took place. Though it is not possible to recognise whether
there were any earlier stages of movement along the fault prior to the growth of the
crystals, the fault evolution encompasses at least three stages: (i) initial fracture
opening, (ii) formation of thin vein-like body in the fracture and development of the
protruding crystals, and (iii) fault-displacement. Altogether these might have taken a
considerable time unlike short duration, seismic faulting. It has been demonstrated
that sometimes even veins can evolve through millions of years (cf. Ramsay &
Huber, 1983, p.262; Durney & Ramsay, 1973).

Pitch of slickenside lineations varies on different faults. In general, the pitch is
higher (more than or equal to 60°) on low to moderate dipping faults (dip lcss than or
equal to 50°), whereas on the high angle faults, the pitch is lower, ~ ‘

Thus along the high angle faults in the area there is a strong component of strike-slip

displacement, whereas the low-to-moderate dipping faults have stronger dip-slip

components,

3.8.3 Late duclile shear zones

There are many examples of late discrete ductile shear zones developed in the
rocks of all the three rock formations. Most of these shear zones are cutting across the
main foliation at high angles. Wrench shear is rare compared to the normal, reverse or
oblique shears along these shear zones. There has been spectacular retrogression and
grain size reduction along these shear zones e.g. amphibolites locally tumed into
biotitised phyllonites along them or high grade gneissic rocks changed into low
grade schists show distinct biotitisation (see Fig. 3..46). Most late shear zones have
widths between 5 and 15 cms. Lack of suitable exposures makes it impossible to
determine the length/width ratios of the zones. However, their dip length/width ratios
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are found to be invariably >>30:1. In some instances, the widths vary so as to give
pinch-and-swells in the shear zones. This feature is very well marked where
- pegmatitic veins have been intruded along the shear zones. These veins also show
pinch-and-swell and occupy only the middle part of the shear zone dividing it more or
less symmem'calljr into two halves. No extra displacement is shown by the affected
foliations along the surface of these veins. The pinch-and-swells are asymmetric. The
swollen parts are asymmetric and spindle-shaped in outline; that is, a swell on onc
side is not directly opposing a swell on the other side of the zone (the same is true for
the pinched parts).

These features are good and direct indicators of shear sense. For any
asymmetric spindle, the position of a bulge on one side in relation to that on the other
side gives the sense of shear. When the bulge on the hanging wall side goes down
relative to the bulge on the footwall side, a normal shear is indicated. The reverse
situation implies a thrust shear. The validity of this criterion is checked through a
direct comparison with the sense of displacement of the main foliations in the shear
zone. Before applying such a criterion, however, one has to make sure that the vein-
intrusion and the pinch-and-swell structure are definitely syn-shearing. In the present
case, it has been possible to measure the amount of shear displacement of successive
foliations. Within the limit of the exposure it is found to be constant for all the

successive foliations. This implies that the development of pinch-and-swell, the -

intrusion of the vein and shearing all took place simultaneously. This feature is,

therefore, also an example of shear-induced boudinage.

3.9 SUMMARY OF STRUCTURAL HISTORY

3.9.1 Areal distribution of folds

ble 3.1
Folds in Joshimath Table 3

Gneiss & Munsiarjs  LJoshimath Gneiss | Munsiari Berinag-Mandhali
FI’ ' -

F2 | -

F4a - em e mv WS -

Berinag-Mandhali
folds: Fy

Fu A ——

Fr
Final gentle

warping-y
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3.9.2 Simplified sequence of deformation

In the following table (Tablé 3.2) showing the generalised sequence of

deformation, the positions of the two major metamorphic episodes are also indicated.

Tabl¢ 3.2

Stretching & | Boudinage | Laie Shears |Very latér Metamorphisim

Mylonitisatior brittle Initial | Late
structures highgrade retrograde

124 -

: —y

F2

L

F4

3.9.3 Concluding remarks

It is to be emphasised that in the present study of an area lying within a
younger orogenic belt, we are interested - in getting a magnified view of the
deformational phenomena which may have occusred within a relatively thin stice of
geological time involving the emplacement of the MCT. Therefore, the conventional
terminology-- F1, F2, F3 etc. that 4" used here to designate different episodes of
folding is to be taken with a slightly different significance from that in case of studies
on older polyphase tectonite terrains. As already mentioned in the introductory part of
the chapter, fold episodes and foliation-development in the thrust or shear zones,
occur in a relayed and overlapping fashion, and deformations as a whole follow a

continuum. Perhaps in the older orogenic belts this is not so appareni because



repeated major deformation events obliterate much of the finer details of eardier
deformations, and our observational tools are still not sophisticated enough so as to
distinguish all the successive phases of transposition. Holdsworth (1990) indicated
the changes necessary in our approach to structural analysis particularly in thrust or
shear zones. However, the conventional approach to structural analysis can still
indicate in a time sequence the relative positions of the peaks of different deformation
episodes, even though such episodes 'may be considerably overlapping in time. This
chapter attempted to fit the deformation episodes into such a sequcnce..
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Fig. 3'11 (a) Field photograph ?hOWiDS probable cross-bedding, asymmetrically folded and right-side-
lI:I[;':’.(obef ow mmengumemad), in a quartzite horizon, Munsiari Formation. Location on the Bypass Rd

the ence ini : o : i
looking N60° E, een Poini Nala and Alaknanda river (Original Location NR88). Photo taken

(b) Handsketch highlighting the folded cross-beds from the middle portion of the above

photograph.
-WNW
—_

8 cm

tight overturned asymmetric folds

Fig. 3.2 Field-sketch of well-preserved long limbs of disrupted
imath Gpeiss Formation. Location

appearing superficially as ncross-beds” in a quartzite horizon, Jos
4km N of Vishnuprayag on way to Badrinath.
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Fig. 3.4 Highly asymmetric southerly verging folds in a quartzite horizon of the Berinag-Mandhali
formations, pear Helang Bus Stop. Note the occurrence along the sbort overturned limbs of straight

quarizose veins following the axial planar orientation. Probably there was no appreciable time-gap
between folding and veining, and the folds resulted from a late phase of shearing.

(a)

(b)

Fig.3.5a&b. Respectively a schematic sketch (pot to scale) and a field phologra;:h from a mylu.:ite
horizon in Munsiari Formation (SW of Shelang village) showing Tvcll-deﬁnfsd confining area’ or
‘profile area’ of folds enclosed within mutually parallel foliations. This feature is probably a common

characteristic of shear zone folds.



129

Fig. 3.6: 89 poles to main foliation in Joshimath Gneiss. Contour percentage per 1%
area; 1.124-3.37-14.6-28.089-43.82 (corresponding number of data points: 1-3-13-
25-39). maximum concentration 65.17% (58 data points).



ns even within the limit of individual cxppsure&
in the Joshimath Goeiss Formation (Ong. Loc.
IV placed in the back pocket. Views looking E.

Fig.3.7 a & b. Distinguishable lithological variatio
Field photos from the "intraformational slide zooe’
between NR25 & 26). For details of location see Plate-
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Fig. 3.8 (a) Multiorder'gneissic foliation in Joshimath Gneiss. Location: At the base of Jogidhara Falls

(Note the water fall at upper left). Photo taken looking E-ward).
(b) Sketch showing the details of 'multiorder foliation'.

Composite thick bands taken out as slabs

(;‘While mica-rich boundary
zones (zones of weakness)

f
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folding. Location: A rolled block WSW of Tapovan. The

Fig. 3.9 Multiorder foliation' involved in
influence of primary lithological banding is quite apparent here.
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Fig. 3.10: (a) 46 poles to undifferentiated cleavage; (b) 43 undifferentiated lineations.



Fig. 3.11 Stretched gamet porphyroblasts (indicated by arrows) in Joshimath Goeiss lie parallel to the
main stretching lineation (orientation given by the alignment of the ruler). Location near Jogidhara
Falls. Photo taken looking downward, facing W.
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Fig. 3.11a: 62 main stretching lineations from Joshimath Gneiss.Contours at 1.613-
9.68-22.58-37.09% per 1% area (corresponding number of data points: 1-6-14-23).
Maximum concentration 53.23% (33 points).



rence pattern between F) & Fy in Joshimath Gneiss.
the Singdhar Bridge on Alaknanda river, on way 1o

Fig. 3.12 Hook-shaped ie. Type-3 fold interfe
Photo taken from a rolled block after crossing
Badrinath.

Fig. 3.13 F; axial planar schistosity (S) slightly gentler than the gneissosity (G) or main foliation in

Joshimath Gneiss on the overturned limb of a outcrop-scale Fy fold. The fold-hinge and the normal
limb are not included in the photograph. Photo taken looking ESE (Orig. Loc. NR3).
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Fig. 3.14 (a) Extreme attenuation leading (o microthrusting along short, inverted limbs of southerly
verging asymmetric Fy folds in Joshimath Gneiss. Note the boxed part in particular. View looking E.

(orig Loc. 2).

(b)

e of the above kind of feature. Location: A few

(b) Field sketch of a more conspicuous exampl
both (a) & (b) the absence of any vein in the

metres south of the above photographed spot. Note in
dislocation zone/s.



Fig. 3.15 a & b. Attenuation and disjunction of inverted limbs and overriding of antiformal hinges
above the complementary southern synformal hinges in a series of Fy folds developed in
quartzofeldspathic bands give rise to what apparently look like ‘imbricate (rotated) boudins'. Sense of
direction is the same in both (a) & (b). Orig. Loc. 2.

. di—w—-siliceous
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: bl Bt w L o
with minor folds developed on both the limbs of a lower
n the Lower Bypass Road.). Note that the Fo-
Photo taken looking downward facing ESE.

[3F Ty |

Fig. 3.16 (a) Clear 3D-exposure of F, fold
order fold at Loc. NR31 (i.e. the Jogidhara causeway 0
axis is already nearly parallel to the stretching lineation.

(b) An excellent example of an exposure-scale Fy fold with long, attenuated inverted hmb
free from parasitic folds, but comparatively short and thick normal limb with profusion of parasitic

folds. Photo from Loc. 21 (at Auli), looking WNW.
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Fig. 3.17 (a) Considerable transposi.tion associated with Fp folding gave tise 10 detached (i.e. locally
arzofeldspathic bands. The pencil is aligned along the

'intrafolial’) tight smallscale fold hinges in qu
axial trace of the dominant fold bere.

- N

. (b) Details of some detached fold hinges (arrowed) enlarged from the box marked in (a)-
Orig. Loc. NR8. Photos taken looking broadly ESE.



(b) (©)

Fig. 3.18: (a) 80 undifferentiated fold axes, (b) 22 poles to axial planes of undifferentiated folds, (c) 71
unclassified intrafolial fold axes.

ovl
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e % S ﬂ[i A A micaceous discontinuity surfaces
1 //

el %, (parallel to axial plane of the fold)
' - v

, ?“’[/ / I/}/%' : ' - : ;iiioeous Joshimath Goeiss
- L

e : ‘_ :'iaquanzofeldspathic el T
*. % - . ! veinor band 7 cm.

. 5 : s < on of
Fig. 3.19 The outline of Fy-folds defined mainly by localised mica-rich zones 1n a siliceous horizo
Joshimath Gneiss. Orig. Loc. 4.
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(c) from Specimen No. 22/4/88B.

Fig. 3.20 Geometrical analyses of 3 F; folds in Joshimath Gnoeiss following dip isogon and thickness
ratio methods (afterRamsay, 1967). (a) from Specimen No. 59'87. Note the clear type-3 mlt?rfe.rence
between Fy & Fy; (b) from Specimen 58'87; (c) from Specimen No. 22/4/88B. Further details in the

text.
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Fig. 3.21a: 179 Poles To Main Foliation In The Munsiari Form

ation. Contour

percentage per 1%area: 6.15-22.34-33.52 (number of data points per 1% area:1-5-1 1-

40-60). Maximum concentration 45.25% (81 data points).
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Fig. 3.21b: .14 poles to main foliation

in the Berinag-Mandhali formation.Contours at 7.14-
14.25-21.43-35.7% per 1%

area (corresponding number of data points1-2-3-5).



augen gneiss
&
N- /0 - 5 S
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ik R __siliceous
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phyllonite protomylonite
7 cm.
Fig. 3.22 Field sketch from Loc. 15 (SW of Jharkula village) showing difference in the orientation of

main foliation in different lithologies. The dominant foliation in phy
main foliation in the surrounding proto-mylonite and augen gneiss.

Fig. 3.23 Typical appearance of augen mylonite in an exposure

llonite is slightly steeper than

pear Loc. NR82. View looking E.
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-folded mylonite foliation

-folded quantz veins.
% g

-tight crumples *
NE- -crenulation cleavage
transposing all earlier
foliations.

folded quartzose veins

Fig. 3.24 Field skeich showing transposition of an early mylonitic (phyllonitised) fabric by later
development of crenulation foliation associated probably with F4 folding. Loc. MRS (SW of Animath
village where the Lower Bypass Road meets the Main Road).

:’“‘ - o { 1{!1 €3 ér- A i "- i J.r § '!:":‘ D) .-L{‘ - o ‘- ,’;{ﬁ‘ ]
Fig. 3.25 Mesoscale S-C banding in phyllonite horizon. Pencil follows the trace of a C-band. The
waviness of schistosity (S-banding) is conspicuous. View looking eastward. Loc. NR81.
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(a)

Fig. 3.26: (a) 26 poles to shear bands (C-bands), (b) 10 Boudin lines; note the remarkable orthogonality
between average boudin line orientation and main stretching lineation (cf. Fig. 3.29¢),



e \ ik
running across foliation,
ar augens of different shapes in au

; Fig. 327 On an exposure-surface
at Loc. 15 (SW of Jharkula village) feldsp

ESE.

but subparallel to main stretching lineation
gen goeiss. View looking

B e e . - .. ‘ ' -_“-‘. -.:-' 5 | : ”: _':"
on of elliptical and/or sigmoidal feldspar and quartz porphyroclasts
face at Loc. 15 (SW of Jharkula village) is across the
in augen goeiss. View looking E-ward.

-

Fig. 3.28 Conformable orientati
with the stretching direction. The exposure su

main foliation and subparallel to main stretching lineation
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Fig. 3.29a: 128 stretching lineations(main) from the Munsiari formation.Contours at 0.78-
3.906-10.16-28.125-38+28% per 1% area (corresponding number of data points1-5-13-
36-49). Maximum concentration 54.7% (70 points) per 1% area.
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Fig. 3.29b: 22 later stretching lineations from Joshimath area. Contours at 4.55-13.6-
36.4% per 1% area (corresponding number of data points 1-3-8). Maximum
concentration 68.2% (15 points) per 1% area.
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Fig. 3.29¢: 200 stretching lineations(main) from across the whole of the Joshimath area. Contours: 0.5-
1.5--7.5-12-28-45% per 1% area (corresponding number of data points 1-3-15-24-56-90). Maximum
concentration 49% (98 points) per 1% area.
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Fig. 3.294Gamet porphyroblasts along with their pressure shadow trails define ‘falling fire-balls'

feature associated with the N-trending later stretching lineation. Orig. Loc. NRS52. View looking
downward at an angle, facing S.



NeE

Fig. 3.30 (a) Gamet porphyroblasts partially sliding during the main stretching event got stuck at some stage
= leaving behind them well-marked trails (grooves). These trails, together with the gamet porphyroblasts, definc

what may be called as 'upward moving tadpoles’ feature. Orig. Loc. NR41. View looking downward facing
S30°E.

(b) A typical exposure of the main stretching lineation. Loc. 38. (SW of Main Road & Bypass Road
junction near Animath). View facing south looking downward at an angle.
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Fig.3.31 A close, angular south-vergent F4 fold. Note the thin quarizose vein running along the axial
trace and the S-shaped minor fold developed on overturned limb. Orig. Loc. 28 (SW of Shelang

village). View looking N75° E.

the core in an example of F4-fold.
features in exact core of the fold lyin

Fig. 3.32 Progressive increase in tightness towards
N70° E, Loc. 18 (WSW of Shelang village). The
lower left comer of this figure is shown in Fig. Sl

g below the




Fig. 3.33 The core region of the fold shown above has well developed .isoclinal- folds gqiving rise
locally to a new set of transposition foliation (axial planar) (cf. Fig. 3.24). View looking N65 E.

Fig. 3.34 A part of an Fy fold showing open pattern of folding. Note mylonitic bands of different
thickness gave rise to folds of different wavelengths. Loc. 17. View facing E-ward looking down at an

angle.
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Bands rich n
both biotite &
} mophibole,

{( inegrained

/] Coarsegrained
’ amphibole-rich,
but biotite-irse
bands
The nearer |
s band 1o the fold-core,
the coarser is s grainsize.

Fig. 3.35 Geometrical analysis of a thin section scale fold (7F;) from an amphibolite horizon of
Munsiari Formation. See text for details. Slide No. -Loc. 18(2).

l?.am!‘:Z 1 2
{with highest
relative

competence
(= that of matrix)}

Fig. 3.36 Different types of boudinage (see stage III) depending on the relative contrast in competence
between matrix and the boudinaged band/s. Afier Ramsay(1967).



(b)

Fig. 3.37 Different types of boudinage in Joshimath area. (a) Brittle boudinage (field sketch from
~8mtr above road level at Loc.8, N of Jharkula village); (b) Semibrittle boudinage (field sketch from 1
mtr above road level at Loc. 8); (c) Field pbotograph showing semi-brittle to quasi-ductile boudinage
of a thickly banded quartzite band enclosed within schistose pelite (Orig. Loc. NR61; view looking
ESE).
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Fig. 3.38 (a) Ductile boudinage of amphibolites in a matrix of schistose gametiferous pelites. Note the
dark eye-shaped boudin towards the lower left (under the Brunton compass). View looking E.

ST - i 2 _,r f ~r

(b) An enlarged view of eye-shaped boudin. The Brunton compass (as scale) is kept at the
same position as above. View looking ENE. Orig. Loc. NR52.



Fig. 3.39 (a) Ductile boudinage in a series of more than four amphibolite bands enclosed within
gametiferous psammopelite. Note also a low angle, somewhat listric shear zone cutting across the
foliation and boudinaged bands and showing a top-to-right sense of displacement. Probably such shear
zones are large scale equivalent of C-bands. Orig. Loc. NR60. View looking ESE.

(b) Another example of ductile boudinage of amphibolite band/s affected by low angle shear

zone having the same sense of displacement as above. View looking ESE. Loc. 17 (S of Jharkula
village).

& - s & N TG . 2l ‘
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Fig. 3.40 Example

-
> sl 8
¥

of "inverse boudinage’. Field photograph loo

king ESE. Orig. Loc. NR46.
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node (foliation boudin) i.e. small-scale boudin

neck of large-scale boudin

Fig. 3.41 (a) Schematic bandsketch showing small-scale boudinage (noding or foliation boudinage)

within larger boudins.

pode (i.e. boudin) in augen

: _up of a sli bigger - ;
(b) Field photograph showing c‘o-?n:l 1103 r:u' Ngl::tl_ym 141 (N of Karchhigaon village).

protomylonite. View looking WNW. Locaty
Photograph length 10 cm.



Main. F3 folds.
stretching lineation

-SsiW

Fig. 3.42 Schematic sketch showing relation between F3-minor folds and
stretching lineation. The lineation is distinct on the long, normal limbs of the
folds, but not visible on the short limbs; it looks, as if there is a shadow zone for
stretching lineation neighbouring the short limbs and synformal hinges.
Evidently the stretching lineation cannot be earlier than the folds here (F3). The
sketch depicts part of an exposure at Loc. NR31.
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Fig. 3.43: (a) 19 F3 minor fold axes, (b) 31 F3 puckers, (c) 15 poles to F3 axial planes.

91
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(b),

Fig. 3.44: (a) 36 F4 fold axes, (b) 23 poles to F4 axial planes.



(b)

Fig, 3.45: () 87 axes of Fp minor fold, (b) 16 F; pucker axes, (c) 47 poles to F axial planes.

991
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Fig. 3.46: 282 poles to main foliation. Composite data from three units in Joshimath
area. Contours: 0.35-1.8-6-18-36 percent per 1% area (corresponding number of data
points: 1-5-17-51-101). Maximum concentration 39.75 (112 points).



Fig. 3.47: Late ductile shear zoues occurring in a fine-grained amphibolite horizon in the lower part of
the Munsiari formation at a road-cut exposure, mid-way between Helang Bus Stop and the New
Helang Bridge. Note the occurrence of differentially 'pinched and swollen’ quartzofeldspathic vein
along the shear zones. Amphibole is transformed into biotite and chlorite in the shear zones, hence
their distinctive dark grey colour. View looking E.

168



169

Fig. 3.48: 225 poles to faults.Data collected from across the whole of Joshimath area. A
considerable number of faulis (i.e. movement zones) is parallel to main foliation.
Contours at (0.44-1.33-2.66-6.22% per 1% area (corresponding number of data points!-3-
6-14). Maximum concentration12% (27 points) per 1% area.
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Fig. 3.49: Composite equal area plot of 643 poles to fractures and faults from across the
whole of Joshimath area. Note that a significant number of faults or movement zones is
parallel to main foliation (see also next figure for comparison). .Contours at
0.155-0.47-0.93-1.55-2.33-3.11% per 1% area (corresponding number of data points 1-3-
6-10-15-20). Maximum concentration 4.82% (31 points) per 1% area.
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Fig. 3.50: 418 poles to late fractures (composite data scattered across whole of the Joshimath area).
Presence of a sub-vertical conjugate set is apparent. Note that the maximum compression stress
direction is broadly NNW_SSE. Contours: 0.24-0.72-1.44-2.15-3.83% per 1% area (corresponding
number of data points 1-3-6-9-16). Maximum concentration 6.7% (28 points) per 1% area.
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Fig. 3.51: 10 probable main stretching lineation from the Berinag Mandhali
formations. Contours: 10-20-30% per 1% area (comresponding to data points: 1-2-3).
Maximum concentration 50%(5pts). The maximum density contour (i.e. the 1 point
contour) has been drawn by Mellis(Circle) method and in absence of sufficient data

this is the most significant contour.



Chapter-i4 '
THE MAJOR THRUSTS

4.1. INTRODUCTION

In this chapter an attempt is made to establish the location and the nature of the
Vaikrita Thrust and the Munsiari Thrust, mainly using field evidence. The major gaps in
our knowledge related to the thrusts are concemed with:

(1) the positioning or delineation of the thrusts

(2) the nature of the thrusts viz. whether they are ductile or brittle and the precise

direction and magnitude of transport along them etc.

(3) the age relationship between the two thrusts.

The object of the present chapter is to attempt to fill these gaps. To accomplish

" this the discussion will be made in the following sequence: '
Firstly, a traverse across the Vaikrita Thrust will be described in order to
document the nature of the Joshimath Gneiss and Munsiari Formations in its
vicinity. Secondly, the Munsiari Thrust (Gansser's Main Central Thrust) will be
described to show the natures of the Munsiari formation and Berinag-Mandhali
formations near to its supposed trace. Thirdly, in the light of these accounts I shall
discuss briefly the nature of ductile shear zones and slides, the aim being to see
which corresponds well with the observed characteristics.

Before going into the discussion as proposed above, it must be noted that there are many

controversies in the literature regarding the thrusts in the area. Such controversies are

related mainly to three aspects- (a) Number of thrusts, (b) Location of the thrusts, and (c)

Nomenclature.

At the root of all theseﬂ*;}e the basic stratigraphical uncertainties surrounding the
rock-units. Because most of the rocks have suffered intense deformation and/or high
degree of metamorphism, we cannot simply apply general criteria for recognition of the
thrusts. Occurrence of high-grade metamorphics overlying jow-grade ones does not
necessarily prove thrusting. Radiometric ages of the associated rocks are poorly

constrained, though the general opinion is that the successively overlying units are
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comparatively older (see Gupta et al., 1982, p. '214; Windley, 1983, p. 851). The
kinematic indicators which are particularly common within the Munsiari Formation
support a SSW-ward thrusting sense. Le Fort (1975) clearly points out that workers on
Himalayan Geology, particularly those prior to mid-seventies tended to use innumerable
names for Himalayan thrusts without suggesting or attempting any useful correlation.
And yet barring only a few publications (e.g. Naha & Ray, 1971; Ray & Naha, 1971), it
is extremely difficult to know the criteria used by different workers for the recognition of
the thrusts. As pointed out by Le Fort (1975), presumably one or more of the following
points were used by different workers for recognition of thrusts in the Himalayas:

"a) Abnormal superpositioﬁ suggested on the basis of assumed stratigraphic sequence
b) Sharp modification of the lithology

¢) Cataclasis and diapthoresis on a large scale

d) Injection of basic sills

e) Apparent jump in the intensity of the mctathorphism

f) Reverse metamorphic zonation

g) Retrogression effects

h) Change in the tectonic pattern

i) (Previous recognition)

Given (i) the unfossiliferous nature and unclear stratigraphy of most of the Higher
Himalayan and Lesser Himalayan rocks involved in thrusting, (ii) the deepseated origin
and metamorphic environment of the thrusts, (iii) absence of conspicuous angular
discordance between the thrusts and foliation in the thrusted formations and (iv) control
of metamorphic mineralogy, in most cases, by varied primary rock compositions, the

abovenoted criteria are not very useful for recognising the ‘peculiar’ Himalayan thrusts.

Heim & Gansser (1939) and Gansser (1964) recognised one thrust i.e. the Main
Central Thrust (MCT), separating the Higher Himalayan crystalline rocks from the low-
grade Lesser Himalayan rocks. Gansser (1964, pp.103-104) considered it to be the major
tectonic element of the Higher Himalayas which is well defined both geologically and
geomorphologically. According to him, '‘One could enter the High Himalayan Ranges
only after crossing this major structural element and from here the rise of the high
mountains is sudden and abrupt. Along most contacts, at or near this Main Central
Thrust, occur the widespread amphibolitic sills of gabbro-dioritic composition." Whereas
Valdiya (1980) recognised two major thrusts—- the Munsiari Thrust (i.e. the lower one and
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equivalent to Gansser's MCT) and the Vaikrita Thrust (i.e. the higher one). Valdiya also
points out that the MCT as identified by Bordet (1973), Hashimoto et al. (1973) in
westem Nepal is more in line with his "V aikrita Thrust' in Garhwal-Kumaun. In terms of
the tectonostratigraphic subdivision suggested by Valdiya, the Main Central Thrust of
Gansser (IMunpsiari Thrust of Valdiya) forms the boundary between the Munsiari
Formation and the underlying Berinag-Mandhali formations. The second thrust —the
Vaikrita Thrust -- is placed between the Munsiari and the overlying Joshimath Gneiss.
Thus, according to Valdiya, the Munsiari Formation is bounded by two major thrusts—-
Vaikrita Thrust above and Munsiari Thrust (iHeim & Gansser's MCT) below. For
descriptive purposes in the present chapter, the lower thrust will be referred to as
'Munsiari Thrust' and the upper one as the 'Vaikrita Thrust'. It is commonly believed that
the whole Munsiari Formation is a schuppen zone bounded between these two thrusts
(Roy & Valdiya, 1988; Valdiya, 1988).

Unfortunately, nowhere is it mentioned where exactly one can find these thrusts in
the outcrops, nor is the nature of these thrusts clearly discussed in the literature. Prof.
K.V. Hodges (1988) comments-- "....We must recognise that ‘Main Central Thrust' has
become an unfortunate genegic term for any fault-zone that separates the Greater and the
Lesser Himalaya. It is quite likely .that the MCT as mapped in Garhwal is totally
unrelated to the MCT as mapped in Darjeeling ..."(Hodges et al., 1988, p.279). Brunel
(1986) states, 'Large thrusting along the MCT of the highly metamorphic rocks over Jess
metamorphic, is now an indisputable fact, but the precise location of this thrust is not
well-defined.' In the Nepal Himalaya apparently one thrust is present which is recognised
as the MCT, instead of the two as recognised by Valdiya in Garhwal. In Nepal the MCT
is chosen by many workers as a lithological change betow the lowermost gneiss layers of
the Higher Himalayas, while others consider it to be represented by the line marking the
first appearance of kyanite (LeFort, 1975; Stocklin, 1980).

Indiscriminate and nonstandardised nomenclature is a crippling problem in
Himalayan Geology as a whole, which is why any sort of correlation in the Himalayas is
so difficult (see Rupke, 1974; Le Fort, 1975). Confusion arises, for instance, when
Valdiya (1980, p.107) proposes to rename Gansser's 'Main Central Thrust' as the
"Munsiari Thrust’ and also when he suggests renaming his "Vaikrita Thrust' as the 'Main
Central Thrust. As mentioned before, for the sake of consistency in terminology for
descriptive purposes, the upper thrust will be referred to as "Vaikrita Thrust' and the lower
one as the 'Munsiari Thrust' in this chapter.



4.2. TRAVERSE ACROSS THE VAIKRITA THRUST

The boundary between the Joshimath Gneiss Formation (Vaikrita Group) and the
Munsiari Formation represents the Vaikrita Thrust which Valdiya (1980) regarded as the
real MCT that divides the higher grade crystallines of Higher Himalayas from the low-
grade Lesser Himalayan rocks. The main lines of evidence put forward by Valdiya
(1980) favouring the status of this boundary as a thrust are as follows-- 7
(1) An abrupt change in the grade of metamorphism from the "granulite facies” of the
overlying Vaikrita (Joshimath) Gneiss to greenschist-- lower amphibolite facies of the
underlying Munsiari Formation. He says, "The appearance of kyanite (and sillimanite)
bearing schists and gneisses with cuhedral gamet as large as a half to one centimetre
across just above the schists made vp of sericite-chlorite and very fine-grained biotite,
with very locally developed tiny gamet 1 to 2 mm. across, cannot be interpreted as
signifying gradual increase in metamorphic grade”.

(2) The "-pervasive retrogression” and profound mylonitisation in the rocks of the
Munsiari Formation are products of enormous shearing which he attributes to the
overriding of the thick Vaikrita sheet.

(3) The style and pattern of folding in the Munsiari Formation and the Vaikrita formation
are quite different. While the Vaikrita formation shows one set of disharmonic sigmoidal
isoclinal recumbent plastic folds, there are multiple generations of folding in the
Munsiari Formation.

(4) Some of the hot springs of the Great Himalaya are sited on the Vaikrita Thrust, or on
its related faults, for they spout hot water in its close proximity.

and,

(5) The seismic plane with a dip of 40 towards NE recognised by Kaila & Narain (1976)
corresponds more closely to the 30°-45° dipping Vaikrita Thrust than to the low-dipping
(5°-20°) Munsiari Thrust (Gansser's MCT). Thus the high seismicity of the belt is
attributed to active movement along the Vaikrita Thrust.

Now a critique is given of these lines of evidence:
(1) Is there a metamorphic break?

Observation along sections across the Vaikrita/Munsiari boundary does not always

clearly indicate an abrupt break in the grade of metamorphism. For instance, along the

176



Joshimath-Helang main road section the thick horizoné of highly garnetiferous schistose
psammopelitic rocks N of Jharkula chatti (village) belonging to the upper part of the
Munsiari Formation are probably a medium grained equivalent of Joshimath (Vaikrita)
Gneiss. Also the Joshimath Gneiss is not of "granulite’ facies (see Chapters - 5 & 6).
Some horizons in the Upper Munsiari schists ‘contain small fragments of staurolite
crystals (vide subsection- 5.3.5 in Ch.5). Such occurrence of staurolite in the upper part
of the Munsiari Formation some distance below the kyanite-bearing Joshimath Gneiss
would naturally indicate a progressive downward decrease in the grade of

metamorphism.

However, in the lower road section (along the Bypass Road now under
construction following the Alaknanda River) which shows a much more complete and
continuous series of exposures, we find a rather sudden appearance of fine-grained
(average grain-size less than or equal to 0.2 mm) retrograde-looking (shale-grey in
colour) schistose horizons below a kyanite and gamet bearing, fragmentary textured
horizon of Joshimath Gneiss (avg. matrix grain-size more than or equal to 0.5 mm,
gamet-size 1.0 mm, kyanite-lengths 3 mm). In the exposures the garnets in the retrograde
looking schistose rocks appear to be in disequilibrium with the surrounding matrix,
biotites are retrograded to chlorite. Clearer evidence of retrogression is found in the
nearby amphibolite horizons where amphibole is being replaced by biotite. If there is any
thrust that separates the Joshimath Gneiss from the Munsiari Formation, it must pass
through the zone separating the above mentioned retrograde schistose rocks from the
overlying kyanite-bearing Joshimath Gneiss horizon. See Figs. 4.1 & 4.2 for a complete
log across this boundary and Fig. 4.3 for the details of the exposure showing this
boundary. The section (Fig. 4.3) shows five different lithological horizons, termed A to E
for convenience. Among these, E can be regarded as a more schistose equivalent of D
(avg. grain-size 0.1 - 0.2 mm). In between D and E, there is a disturbed (movement)
zone. This zone is about 20 cm wide including a profusion of quartzofeldspathic veins
occupying what were originally an anastomosing array of fractures; the upper boundary
of this zone is a clean cut (discrete) discontinuity surface. Horizon B is the most fine-
grained of all with average grain-size <<0.1 mm. and a distinct flagginess; it is
psammopelitic in composition. The uppermost horizon A containing kyanite, garnet €{c.
is typically a part of Joshimath Gneiss (average quartzofeldspathic grain-size more than
or equal to 0.5 mm). However, the contact between this gneissic borizon A and the flaggy
horizon B does not appear to be a clear cut faulted contact.
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Now there are three possibilities as to the specific location of the Vaikrita/Munsiari
boundary (the Vaikrita Thrust of Vaidiya).
The boundary is,
(a) In the disturbed zone in between D and E;
(b) In the flaggy horizon B; '
(c) Represented by the contact between A and B horizons. :
Even though it doesn't appear like a clearcut tectonic contact, the A/B boundary evidently
indicates a sudden break in average grain-size and metamorphic grade at least ocally. It
is mainly on these grounds that this contact is considered as the boundary between the
Joshimath Gneiss and the Munsiari (Valdiya's Vaikrita Thrust). This contact is
structurally much above the staurolite-occurrence mentioned earlier. On the foot track
from Vishnu Gad foot-bridge to KalpcsWar, on the west of Alaknanda River, there are
exposures north-west of Loani village that show clear differences in the grain-size and
metamorphic characters of the rocks. Sulphur and iron oxide-stained, kyanite and garnet-
bearing coarse-grained Joshimath Gneiss horizons are found to lie above the
comparatively finergrained, fresh-looking muscovite-rich schistose rocks of the Munsiari
Formation which make up the local hillslope. Apparently much of the perfectly planar
hillslope (dip slope) below Loani village follows the orientation of the Vaikrita/Munsiari

contact.

Roy and Valdiya (1988, p.115) were so impressed by the disparities in
metamorphic grade between the Munsiaris and the Joshimath Gneiss that they went 5o
far as to claim that metamorphism in the Munsian was pre-Himalayan, while that in
Joshimath Gneiss is Himalayan. They specifically suggested that the index minerals (e.g.
staurolite) in the Munsiari Formation are of pre-Himalayan origin whereas those (e.g.
kyanite, sillimanite, etc.) in the Joshimath Gneiss are synkinematic i.e. syn-Himalayan or
syn-thrusting in origin. In my view this conclusion cannot be supported and such a strong
disparity is unacceptable (see Chapter-5 for details). Whatever disparity is apparent could
probably be explained if we think in terms of a limited amount of transport along the
Vaikrita Thrust. This is not unlikely when we consider the close chemical (mineralogical)
and textural resemblance between the upper Munsiari psammopelites and pelites with the
Joshimath Gneiss (see Chapters 22, 5 & 6 and Appendix -II). The difficulty in clear cut
recognition of the thrust may also be partly attributed to this reason, as suggested by the
section (Fig. 4.3). Another important point to note is that the Vaikrita rocks (Joshimath
Gneiss) or their equivalents are not reported from any klippe existing in the Lesser

Himalaya, whereas Munsiari rocks are reported from most of the Lesser Himalayan
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klippen. Probably, erosion cannot be the sole factor for this; limited movement along the -
Vaikrita Thrust in comparison to that along the Munsiari Thrust may be another reason.

Valdiya's evidence of decreasing garnet size is not valid because there are some
horizons, particularly in the upper part of the Munsiari Formation where the garnets are
in profusion and their size is not smaller than garnets in most of the Joshimath Gneiss.
The occurrence and size of metamorphic mineral grains depend to a large extent on the
original composition of the host lithology (Barker, 1990). Even within the Joshimath
Gneiss, there are many examples where the garnet grains are comparatively smaller in the
siliceous (quanzofeldspathic) bands than in the alternating micaceous (pelitic) bands.
Such a control of parent lithology is also reflected by the way 'kyanitcs occur in the
Joshimath Greiss. Strictly speaking, the occurrence of kyanite is not confined to a
particular horizon/band at a specific structural level (see Plate  IV). It occurs
intermittently such that one might tend to think of the existence of either a number of
kyanite zones or a very wide kyanite zone with a few intervening kyanite-free horizons.
If the former is true, then this could suggest three possibilities--

(a) the multiplicity of such kyanite-bearing hotizons is a primary metamorphic feature
controlled by the original rock composition;
(b) the multiplicity is due to tectonic repetition caused by foldiﬁg or faulting, or both,
following metamorphism; ‘
(c) it is a combined effect of deformation and metamorphism.
If (c) is true it becomes rather difficult to explain the occurrence of the wide intermediate
horizons which are devoid of kyanite. Further discussion on these aspects will be made in
Chapter 5. However, it is quite obvious that the occurrence and intensity of development
of kyanite are controlled, to a great extent, by the original composition of the host
lithology. Although the Vaikrita/Munsiari boundary coincides with the southernmost
limit of these high-grade occurrences of kyanite, kyanite has also been found in low-
grade association within the Berinag-Mandhali formations well below the Munsian
Thrust (see Chapter - 5). In Nepal, the first appearance of kyanite in amphibolite facies
rocks while approaching from the Lesser Himalaya has been regarded as one of the most
important criteria for defining the location of the MCT (Bordet et al., 1972; Le Fort,
1975; Pecher, 1977; Hashimoto et al., 1973; Brunel, 1986). Subscribing to this view
Valdiya regards his Vaikrita Thrust as the real Main Central Thrust (Roy and Valdiya,
1988, p.107). But there is an inherent difficulty in using the changing metamorphic grade
as an evidence of thrusting.
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Thus, if we confine our observations only to the Vaikrita Thrust and its immediate -
surroundings (as in Fig. 4.3), we find a rather abrupt metamorphic break across the thrust,
but when the whole area is taken into consideration the change in metamorphism from
Joshimath Gneiss to the Munsiari appears gradational.

(2) Retrogression-Mylonitisation as evidence of a thrust: .

It is difficult to appreciate this argument in relation to the Vaikrita Thrust. We
would expect to find the greatest shearing and mylonitisation in the basal part of the
Vaikrita sheet just above or within the thrust-zone itself. Instead, such features are seen
within the footwall block (here the Munsiari Formation). A similar argument applies for
retrogression as well. Retrogression is expected to affect the lower part of the hanging
wall block more than the footwall block which may, in fact, rise in metamorphic grade as
a result of being overridden by an immensely thick sheet. Contrary to this, in the present
case, in fact the footwall (Munsiari) rocks are mylonitised and retrograded to a great

extent.

Thus the whole of the Munsiari Formation could be regarded as belonging to a
thick shear zone or it may represent the sheared and retrograded basal part of a very thick
thrast sheet overlying the Gansser's MCT. The point of retrogression and mylonitisation
as presented by Valdiya(1980) is not particularly pertinent as regards the existence of the
Vaikrita Thrust.

(3) Fold style and orientation:

The postulated difference between the Vaikrita Group (Joshimath Gneiss
Formation) and the Munsiari Formation in terms of the style and pattern of folding is not
clearly borne out by the results of the present study, as discussed in subsections 3.5 &
3.7. Both the formations show multiple generations of folding. As already mentioned in
Chapter() 3, the early fold sets of Joshimath Gneiss are not represented in the Munsiari.
This is most likely to be due to their obliteration through transposition and
metamorphism and the gradually increasing intensity of shearing strain from N to S
moving from the Joshimath Gneiss into the Munsiari (see Chapters (* 3 & 6). One
plausible explanation of whatever differences we find in fold patterns between the two
formations, could be in terms of progressive southward increase in deformation. At one
point, Valdiya recognises this fact'and says, "... there is no structural discordance
indicating the existence of a thrust plane (ie. the Vaikrita Thrust), nor are there

geomorphic expressions of the weak zone associated with the thrust.” However, he



subsequently emphasises that "there is an abrupt, dramatic change in the grade of
metamorphism and the constitution of tithologies." (Valdiya, 1980, p.107).

(4) Hot springs:

The argument based on the location of hot springs is not very convincing because

181

across the whole of the Higher Himalayas and the inner Lesser Himalayas there is no

preferential distribution of hot springs around the Vaikrita/Munsiari boundary. Hot
springs are found as far up into the Higher Himalayas as Badrinath in the Alaknanda
valley, Dar-village in the Darmaganga valley or as far below the Vaikrita/Munsiari
boundary as to the south of Nyu village (near the Nyu Primary School) or Jhamrigaon in
the Darmaganga valley or SE of Loani village in the Alaknanda valley. My impression is
“that the hot springs could be related to some Jate leucogranitic or pegmatitic intrusions in
the Himalayas.

(5) Dip of thrusts:

In the Joshimath area there is no appreciable difference in dip between the
Vaikrita/Munsiari boundary (Vaikrita Thrust) and the Munsiari/Berinag-Mandhali
boundary (Munsiari Thrust) (cf. Figs. 3.6, 3.21a & 3.21b in Chapt. 3 ). In the Sobala area,
in fact, the Vaikrita Thrust is gentler than the Munsiari Thrust in its northernmost
exposure. So a unique linkage between the seismic plane of Kaila and Narain (1976) and
the Vaikrita Thrust is questionable. Whether the high seismicity of the belt is due to
temporally repetitive slip or reactivation along one of these boundaries or due to recent
faulting confined within or above the weak zone (i.e. the Munsiari Formation) enveloped

by these two boundaries is still not very clear.

Conceming the location of the MCT (i.e. equivalent to Valdiya's Vaikrita Thrust)
south of the Annapurna Range in the Central Nepal, Pecher & Le Fort (quoted in Le Fort,
1975, p. 19) recognised a distinct change in litho-association across the movement-zone,
retrogression features within the movement zone, location of kyanite isograd just above
it, presence of conspicuous shear foliation and a distinct NNE-SSW trending stretching

lineation int and around the movement zone.

The main observations from my study on the Vaikrita/Munsiari contact are
summarised below. See also Table - 4.1 at the end of this chapter for a comparison
between the features across the Vaikrita Thrust and the Munsiari Thrust.



(a) The lithological contrast across the Vaikrita/Munsiari contact is largely one of
dominantly gneissic rocks coming against schistose rocks dominated by psammopelites,
quartzofeldspathic protomylonite, phyllonite, augen mylonite etc. If the average grain-
size of the two formations are considered side by side, then there is obvious difference
between the two. The average grain-size of the Munsiari is considerably smaller than that
of the Vaikrita (Joshimath Gneiss).But there are some restricted zones of fine-grained,
flaggy horizons even within the Joshimath Gneiss (see Plate IV). Immediately above the
contact, the rocks are of Barrovian kyanite grade, whereas those below are of gamet-
biotite grade now under the influence of retrogression. Above the contact, within the
joshimath Gneiss only the fracture/fault surfaces show conspicuous signs of
retrogression (mainly hydraulic). But the Munsiari rocks immediately below the

182

Joshimath Gneiss show frequent alteration of biotite and gamet to chlorite, amphibole to-

biotite etc.

(b) In terms of folding and other strain features, there is no apparent difference
immediately across the Vaikrita/Munsiari contact. Deformation intensifies more or less

progressively southward. The rocks, in general, become more strongly foliated as the |

contact towards the south is crossed. The main stretching lineation passes undeflected in
orientation across this contact and gradually becomes more intensely developed within
the Munsiari Formation. Later stretching lineation is inconspicuous around this contact
zone. The large F5 folds which are so common in the Joshimath Gneiss outcrops distant
to the contact become very rare or absent in and around this contact zone. However,
relatively small scale Fy folds are noticeable even within the Munsiari Formation. Fj
folds are very difficult to find in the Munsiari Formation. Generaily speaking, perfect
isoclinal folds are not very common around this bouﬁdary. Most folds are asymmetric,

inclined with the major component of their vergence towards south.

(c) Boudinage (particularly of amphibolite bands) is very much more common in

the Munsiaﬁ Formation below this contact than in the Joshimath Gneiss (above the

contact). Foliation boudinage is almost totally absent in the Joshimath Gneiss, whereas
this feature is nearly a characteristic of the Munsiat rocks below (see section - 3.6 in
Chapt. 3). However, differential thinning and thickening of white quarizofeldspathic
segregation bands within Joshimath Gneiss is very frequent.

(@ Veins are more common in the Munsiari Formation than in Joshimath Gneiss.

Concordant veins intrusive into the Joshimath Gneiss may be confused with
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guartzofeldspathic segregation bands of metarnorphic origin. There is a predominarice of
concordant/peneconcordant veins over discordant ones above the Vaikrita/Munsiari
contact, whereas within the Munsiari Formation concordant and discordant veins are
nearly in equal proportions. Veins are always more common in mica-rich

kpelitic/phyﬂoMtic) horizons than in siliceous ones.

(e) Shear sense indicators found on either side of the contact all point to a SSW-
directed overthrust shear. Such indicators are more common within the Munsiari
Formation than in the Joshimath Gneiss and are defined by asymmetric microfolds, S-C
bands, sigmoidal pressure shadow trails around porphyroblasts/ porphyrociasts,
asymmetric S/Z-shaped augens or porphyroclasts, 'mica-fish'-structures and their
mesoscopic equivalents, characteristic boudin imbrications ‘etc., all giving a consistent
SSW—wai'd sense of overthrust shear,

4.3. TRAVERSE ACROSS THE MUNSIARI THRUST

The Munsiari Thrust is primarily the boundary/contact between the Munsiari
Formation above and the Berinag-Mandhali formations below. This was originally
considered by Heim & Gansser (1939) and Gansser (1964) as the Main Central Thrust of
the Himalayas. As mentioned earlier, locating this thrust in the field is a difficult
~ problem. Attributing this difficulty generally to the presence of an imbricate stack of
" thrusts in the footwall undeslying the it, Valdiya (1980, p.105) notes that there are,
however, some sections where imbrication is less pronounced and in those sections this
thrust is rather sharply defined. The present area of study around Joshimath is supposed
to pfovide one such favourable section. According to Valdiya, the following features are
the proofs or consequences of thrusting along the Munsiart Thrust -

(1) The selective thinning or, at places, even complete elimination of the
dominantly quartzitic Berinag Formation which lies just below the Munsiari Thrust,
indicates that it has been sliced off or truncated by thrusting. _

(2) Where the Berinag is missing, the crystallines above the thrust come directly
on top of the Mandhali rocks which show folds indicative of movement along the thrust.
A high frequency of landslides is also noted in the thrust zone.

(3) The occurrence of medium grade metamorphics with granitic intrusives {i.e.
the Munsiari Formation) over sediments showing low-grade metamorphism (i.e. Berinag-
Mandhali formations) indicates that the former is thrust onto the latter.



(4) The tremendous shearing and mylonitisation of the rocks of the Munsiari
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Formation speak volumes for its thrusting. The pervasive and profound post-

crystallisation cataclastic deformation of the rocks, especially augen gneiss and
granitoids, testifies to the enormity of movement along the thrust plane, as do flat
cleavages parallel to the bedding planes and the pronounced penetrative NNE lineation.
(5) The abrupt and precipitately steep rise of the ‘mountain ranges with dizzy
scarps facing the Lesser Himalaya is the geomorphic cxpfession of the youthful
movement along the Munsiari Thrust. The lessening of the gradient of the rivers, and the
transition of the vertical-walled valleys of the Great Himalayas to the broad V-shaped
ones of the Lesser Himalaya south of the thrust are further pointers to recent or sub-

recent movement along it.
The abovementioned points invite some criticisms.

(1) The alternation and/or elimination of Berinag quartzite may not be solely due
to truncation by a thrust (the Munsiari Thrust). The possiﬁﬂity of having some
stratigraphic pinch-outs cannot be totally ruled out, especially in view of the occurrence
of these rocks near the northern border of the so called 'Lesser Himalayan sedimentary
basin' (see Ahmad & Alam, 1978; Kumar, 1980; Saxena, 1980). '

(2) I have noticed that even where the intervening Berinag rocks are present, the
anderlying Mandhali rocks show folds that indicate the influence of an overriding thrust,
but not necessarily the Munsiari Thrust. Also correlation of recent landslides with thrust
is difficult to establish, especially when the thrusts are not brittle thrusts. Landslides may
occur due to so many different reasons. Neither in Joshimath area nor in Sobla area have
1 observed any preferred occurrence of landslides along the line of thrusts. In fact, it has
been observed that landslides in and around the area of my study are largely controlled
either by lithology or by late fractures; no evidence are found of more landstides taking
place along the boundaries of the MCT-Zone. Within the Munsiari Formation, landslides
are developed mainly in the fractured quartzite horizons. Some distance south of the
present study area around Joshimath, there are many massive landslides around Ganai
village which are mainly due to the existence of a particular kind of lithology, whitish in
colour, which is either Deoban-Mandhali dolomites (containing ?magnesite) and/or fine-
grained tuffaceous rocks (Ganai volcanics). The observation that on the whole landslides

" are more frequent in Garthwal region than in the Kumaun region would point to the range

of factors that may be involved in the formation of landslides.



(3) The third point is a highly valid one, but the problem is that in most of the
sections the metamnorphic discordancé is not well marked. Mostly, the situation appears
to be one of classic metamorphic convergence (Read, 1934). Fig.' 3.12 in Valdiya (1980,
p.106) shows a good example of this. Retrogression must have played a major role in
such convergence. Valdiya says, The low-grade metamorphism at the base of the
otherwise medium-grade metamorphics is but a consequence of retrogressive changes
attending mylonitisation.’ |

(4) The extensive shearing and mylonitisation of the rocks belonging to the
Munsiari Formation are features more of the entire formation rather than of its contact
with the Berinag-Mandhali. Also the ‘cataclastic’ deformation mentioned by Valdiya
should probably refer to the crystal-plastic deformation suffered by the original intrusive
granitoid bodies in order to give rise to the augen gneiss, mylonites etc. This again is not
a clear and direct testimony of extensive movement along the Munsiari Thrust which is
described in passing as a discrete planar thrust. Unfortunately, therefore, still there
remains a distinct blank about the real nature of the Munsiari/Berinag-Mandhali contact,
i.e. the Munsiari Thrust.

(5) Physiographic expressions could be equally due to reactivation of the thrusts.
However, it is indeed very difficult to assess the real magnitude or scale of movement
along thrusts from such physiographic features. The approach of Seeber & Gomitz
(1983) is usefu! for analysing recent uplifts. Seeber & Gormitz (ibid.) found that the the
long profiles of most of the transverse Himalayan rivers are charactrised by a zone of
high gradient which correlates with (a) the topographic front between Lesser and Higher
Himalayas, (b) a natrow belt of intermediate magnitude thrust earthquakes, and (c) the
occurence of the Main Central Thrust Zone. This correlation led them to suggest that
differential erosion is cause for this break in gradient but tectonic uplift of the Higher
Himalaya relative to the Lesser Himalaya.

In a regional perspective, the Munsiari Thrust (Heim & Gansser's MCT) is
generally considered as the root of the Almora Thrust and its equivalent thrust sheets
represented by various klippen exposed in the Lesser Himalaya, such as the Amri,
Almora, Baijnath-Dharamghar-Askot and Chhiplakot klippen (Valdiya, 1980, p.104; and
also his geological map; Johnson, 1986). It is postulated that these klippen represent the

remnants of a once continuous thrust sheet with its root in the northern outcrop of the
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Munsiari Formation. The Klippen occur in asymmetric synforms developed on the thrust,
such folds generally having their northemn limbs steeper than the southem limbs. The
asymmetry in these folds, increases progressively northwards towards the root, so much
so that the northernmost klippe (Chhiplakot) has an overturned northem flank dipping
NE-wards. A comparatively higher structural level of the Almora Nappe which lies in the
inner Lesser Himalaya has led Valdj);ra (1980, p.104) to think that the empléc’emem of the
Almora Nappe represents the latest thrust movement, whereas the Amri Thrust in the
outer ' Lesser Himalaya which has brought the crystallines over the Lower Eocene
Subathu rocks, is considered to have been emplaced earlier (post-Lower Eocene). This
point is important because it implies that in the Lesser Himalaya thrusting propagated in
a ‘foreland to hinterland' sequence which is just opposite to what Johnson (1986) has
proposed. Assuming a piggy-back sequence of thrusting (Dahlstrom, 1970, Elliot and
Johnson, 1980; Boyer and Elliot, 1982), Johnson (1986) demonstrated that in the Lesser
Himalaya the thrusts have developed in a 'hinterland to the foreland’ sequence-- the
Vaikrita Thrust developed first, followed in time by the Krol, Berinag and the Main
Boundary Thrusts. Definite proof is lacking but this order of developinent of the thrusts is
now widely accepted (Valdiya, 1988, p.166; Barnicoat & Treloar, 1989, p.6).

The main observations from the present study on the Munsiari/Berinag-Mandhali
boundary are enumerated below. See also Table - 4.1 at the end of this chapter for a
comparison among the features across the Munsiari Thrust and the Vaikrita Thrust.

(a) As we go from the Munsiari Formation to the Berinag-Mandhali formations
crossing the Munsiari Thrust lithology changes from one with quartzofeldspathic
raylonite, phyllonite, amphibolite etc. to another consisting dominantly of low-gréde
quartzite, phyllite, calcareous semipelite (see Fig. 4.4). Overall grain-size variation in the
rocks across the thrust is not very appreciable. Generally speaking, however, the
Munsiari shows smaller grain-size (except for micas in the mica-rich phyllonites) than do
the Berinag-Mandhalis. But the effects of grain-size reduction i.e. mylonitisation are
much more pronounced in the Munsiari Formation than in the Berinag-Mandhali
formations. Metamorphism in the rocks across the boundary shows an interesting feature.
There is distinctly a case of metamorphic convergence across the Munsiari Thrust.
Considered separately, now the grades of metamosphism on either side of the thrust show
little difference: biotite-chlorite grade above the thrust and chlorite-sericite grade below
it.
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(b) In terms of the degree of deformation, there is a wide difference between two
sides of the Munsiari Thrust. The Munsiari rocks are much more intensely deformed and
tectonised e.g. augen mylonite, phyllonite etc., whereas the Berinag-Mandhali rocks are
coniparatively much less deformed and tectonised. The main stretching lineation is rare
below the Munsiari Thrust; wherever it is present near the Munsijari Thrust or below, it is
found to be rotated slightly towards north from its usual NNE trend above (the shift in
trend is from N35°E to N23°E). It is yet to be established what this shift means. One
possibility is that it reflects the simultaneous anticlockwise rotation of the Indian plate at
one stage during its continued northward drift after collision with the Eurasian plate. The
later stretching lineation (i.e. the N-trending one) is well developed particularly in the
mica-rich phyllonite horizons in the middle to lJower part of the Munsiari Formation. This
later lineation appears prominently from about the middle of the Munsiari Formation and
continues down-section into the Berinag-Mandhali formations below the Munsiari
Thrust. Dominant fold-sets on either side of the thrust are not readily correlatable.
Outcrop-scale folds are not found. Mesoscale isoclinal, often intrafolial, folds are
common, particularly some distance above the thrust. In a section in Pithoragarh district
in Eastern Kumaun, Bhattacharya & Siawal (1985) noticed progressive increase in
ﬂattemng of mesoscale folds when they approached the MCT (i Munsiari Thrust) from
sither side. The total width of the flattened zone was noticed to be 5 to 6 km. However,
they did not make it clear to which generation those folds belong. Fold-vergence, in most

cases, in the present area of study is broadly towards south.

(c) Boudinage is found in the formations above and below the Munsiari Thrust,
but it becomes less common from about 1.5 km. farther down. Within the Munsiari
Formation, foliation boudinage is found to be less pronounced in the intensely mylonitic

and mica-rich phyllonitic rocks.

(d) The Berinag-Mandhali rocks show fewer veins than the overlying Munsiari
Formation. In and around the Munsiari Thrust, discordant veins are slightly more
common than the concordant/peneconcordant ones. Here also veins have a preference for

the mica rich (pelitic) horizons.

(e) Shear sense indicators above and below the Munsiari Thrust all point to a
broadly SSW-directed overthrust shear. They are more common within the Munsiari

Formation, but some calcareous (semipelitic) horizons in Berinag-Mandhali formations

187



188

also show well developed shear bands (?C/S-bands) all with consistent SSW-ward shear

sensc.

4.4 SHEAR INDICATORS IN THE MCT-ZONE

There are many characteristic kinematic indicators in the zone bounded by the

two major thrusts and also in its surroundings.

Deformational features preserved in rocks that indicate the kinematics of the
associated deformation are called kinematic indicators. In shear zones such indicators are
used for recognising the sense of shear.

Since late seventies there has been great upsurge among structural geologists to
establish the accurate sense of shear in shear zones using various such criteria (Berthe, et
al., 1979; Bouchez et al., 1983; Paschier & Simpson, 1983; Platt, 1984; Etchecopar &
Malavielle, 1987; Bell & Johnson, 1992).

There could be two aspects of shear sense determination (Ramsay & Huber, 1987,
p. 632): one where the associated ductile shear zones are comparatively of smaller scale
and have well defined boundaries; and the other where the shear zones are very wide
and/or their boundaries are obscure. In the first case, one or more of the following criteria
are commonly used:

a) change in finite strain state,

b) sigmoidal form of schistosity induced during the deformation,

¢) the orientation of folded and boudinaged competent layers, dykes etc.,

d)the geometry of en-echelon vein aﬁays,

e) fracture openings, together with fibrous shear veins.

In the second case, while the above criteria may be used in suitable situations,
normally other small scale structures are used to define the shear sense. These structures
can be classified into the following groups:

a)sense of fold overtuming and vein asymimetry;

b) asymmtrical pressure shadows;

¢) spiralled inclusion fabrics and rolling structures;

d) S-C fabrics, shear bands and mica fish;



e) grain-shape fabrics;

f) crystallographic preferred orientation pattern.
For details on these features see Barker (1990, pp.89-103), Ramsay & Huber (1987, pp.
632-634).

In the present study emphasis has been given on recognising unambiguously the
regional sense of shear related with the MCT-emplacement; therefore, the second of the

above aspects is more relevant here.

Some of the unambiguous mesoscale shear indicators recognised in Joshimath
area are shown in Fig. 4.5. For approximate location from where these shear indicators
have been noted in the field, see Plate IV. In the Sobala area the shear indicators are
commonly found in quartzofeldspathic augen gneiss and protomylonite-mylonite
horizons. The above indicators are associated with the main stage of MCT emplacement
and give SSW-ward sense of overthrust shear. Some microscopic evidence of fractuerd
and partially rotated fragments of gamet porphyroblasts give an unequivocal sense of
shear particularly at the final stage of main MCT emplacement. (see Figs. 4.6 & 4.7).

The Figs. 4.7 is important because it shows a good example of pulled apart garnet
indicating the effect of stretching. The two gamet fragments are tilted in such a way that
the disjointing fracture surface on either of them slope towards each other, taking the
main foliation horizontal. This coupled with the converging arrangement of micas
pointing southward in the separation zone is a very good shear indicator-- 'top-to-south’.
The most likely course of evolution of this feature is also depicted in fig. 4.7(a & b).

Shear indicators associated with the later stretching event are relatively scarce.
The 'falling fire-ball' gamet, associated with later stretching lineation indicate presence of
strain shadow zones on the up-plunge side. '

The process involved in the creation of such features is quite similar to glacial

‘crag and tail'. The shear was 'top-up-the-plunge’ giving an overthrust sense.

Thus, the kinematic indicators confirm the compressional deformation associated
with the MCT zone bounded by the Vaikrita and Munsiari Thrusts.
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4.5 CONCLUSIONS

As shown by Ramsay & Graham (1970), 'Ductile shear zones'(DSZ) showfsteep :
strain gradient across narrow well defined boundaries. DSZ normally results from
noncoaxial simple shear deformation. The deformation may be continuous without any
loss of cohesion. However, Berthe et al. (1979) showed that a combination of continuous
and discontinuous deformation leads to the development of mylonitic shear zones. The
Vaikrita/Munsiari boundary and the Munsiari/Berinag-Mandhali boundary do not
represent straightforward ductile shear zones of classic type. Evidently these are not
discrete brittle thrust surfaces either. The main foliations in the rocks within and outside
these boundaries are all mutually parallel and lithological boundaries also follow this
foliation. Though locally there is severe and repeated transposition, its effect on the large
scale in the form of lithological redistribution is not apparent at all. So we find a marble-
band or a quartzite band side by side with semipelite bands or siliceous protomylonite

band lying beside augen gneiss. Could the two boundaries represent tectonic slides?

Originally used by Bailey (1922) and later formalised and popularised by Fleuty
(1964) and Hutton (1981), the term ‘tectonic slide' is defined as a fault that forms during
metamorphism in orogenic belts. According to Hutton 'A tectonic slide is a (ductile) fault
which forms in metamorphic rocks prior to, or during, a metamorphic event. It occurs
within a zone of coeval penetrative deformation that represents an intensification of a
more widespread, often regionally developed deformation phase. Within this zone of
high strain, slides may lie along and be subparallel to the boundaries of lithelogical,
tectonic and tectonometamorphic units’. A good example of a tectonic slide is the Sgurr
Beag slide in Scottish Highlands (Kelley & Powell, 1985). Slides normally form in
metamorphic rocks exhibiting lower greenschist to upper amphibolite facies
metamorphism. These definitions fit well with what we observe in and around the two

- boundaries in question.

Thus it is concluded that these boundaries in themselves can be considered neither
as brittle thrusts nor as narrow discrete shear zones. They appear more like tectonic
slides. The whole Munsiari Formation can be regarded as a complex and thick shear zone
with lithology-controlled spatial strain partitioning within it. The two 'thrusts’ represent
the two boundaries of this zone. The upper boundary represented by the Vaikrita Thrust
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is, tectonically speaking, more diffuse than the lower boundary i.e. the Munsiari Thrust.

The relative age of these two boundaries has not yet been unequivocally established.
Generally it is believed that probably the Vaikrita Thrust developed earlier than the
Munsiari Thrust (Johnéon, 1986; Searle, 1986). Finally, Table - 4.1 summarises how the
different features vary across the two thrusts/boundaries. ‘ ' .

Table - 4.1

(A comparison of different features across the two thrusts)

Features Across the VAIKRITA THRUST Across the MUNSIARI THRUST
1. Lithological ~ Gneissic rock against schistose rocks Mylonitic and phyllonitic

contrast (dominated by protomylonite, phyllonite,  rocks against low-grade

augen mylonite etc.) quartzites and phyllites

2. Grain-gize Overall variation appreciable Not appreciable

variation
3. Barrovian Kyaoite grade above, Biotite-grade above,

grade of gamet-biotite grade below chlorite-sericile below

metamorphism

4. Retrogressive Fairly abrupt increase in
metamorphism retrogression downward

Retrograded Munsiari juxtaposed
with low-grade Berinag-Mandhali

(apparently a case of metamotphic
convergence)

5. Grade of Apparently less difference More tectonised above (augen
tectonism mylonite-phyHonite lithology
dominant), less tectonised below
6. Main Passes undeflected; more Less conspicuous below; it
stretching intensety developed within takes a slight N-ward swing
lineation the Munsiari below from the usual NE/NNE-trend
7. Later Inconspicuous or absent Almost pervasively present, particularly
strelching in the mica-rich horizons
lineation
8. Fold Large Fy-folds less common near Outcrop-scale folds not found. Some
features and below the thrust. Isoclinal distance above, mesoscale, isoclinal,
folds not very common. Most folds often intrafolial folds common.
asymmetric, broadly S-verging. Fold-vergence broadly S-ward.
Dominant fold-seis not propery
correlatable across the thrust.
9. Boudinage  More common in the Munsiari Common on either side of Munsiani



10. Veins

{below the thrust). Foliation
boudinage not seen above thrust.

Mere commeon in Munsiari Formation
than in Joshimath Gneiss. '

Thrust. Foliation boudinage common in
Munsiari, not so in Berinag-Mandhali

Conspicuously less common
in the Berinag-Mandhali
than in the Munsiari.
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Gaping fracture in amphibolite boudin--

in Joshimath iss. o g
gt,l'e"lss an.excellent shear sense indicator.

Quartzofeldspathic band suffered complemientary
extension as a result of shearing. Enclosing
medium is of psammopelite.

Boudinage of calc-silicate band with intrafolial Asymmetric overiumed folds in Joshimath Goet

folds init.

Elliptical feldspar porphyroclast in augen gneiss
As o developed tensile fractures as a result of

ymmetric south vergent folding with complementary (egsion during shearing.
attenuated and thrusted overturned limb. B

Fig. 4.5 Some mesoscale shear indicators from Joshimath area..
(For approximate level of occurrence if the section see Plate IV.) Cont'd.
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@ Sigmoidal augen-shape of feldspar porphyroclast
b Sigmoidal pressure shadow trails around gamet
porphyroblasts . . Asymmetric amphibolite boudin with
e \ : characteristic matrix microstructure.

~12cm

Joshimath Gneiss '

Berinag-Mandhali a-¢:  Asymmetric folds.
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Fio. 4.6 A tilted triangular feldspar porphyroclast in an augen phyllonite. Its tilted
po%ition, the pattem of its wrapping by matrix foliation and the difference in the length of

pressure shadow on either side give unequivocal shear sense as indicated.

converging arrangement of micas pointing to south

orientation of fracture or disjointing _

orientation of fracture or disjointing th thern fragment
surface on the southern fragmen

surface on the northem fragment a

(compare 'gaping fracture’ in a ——
boudin on the northern or top
side, shown in Fig. 4.5)

Potential disjointing fracture surface

b)) - bii) biiii)

4.7 (a) An excellent example of stretched and pulled apart gamet. See (b) for possible
course of pulling apart. '
(b) The successive stages of stretching/shearing affecting the gamet porphyroblast.



_ L Chapter-5 :
TEXTURES AND METAMORPHIC HIST_ORY o

5.1 INTRODUCTION - e S
’ .

This chapter deals with the establishment of the metmnorphié history from the
petrographic study of the textural relations among the different metamorphic minerals
in the rocks. The objective is to work out the deformation-metamorphism
relationships. The chronology for metamorphic evolution is relative to the time of the
deformation episodes as discussed in Chapter-3. For identification of minerals and for
the study of textural relations, petrographical microscopes were mainly used. In some
instances, use of X-ray diffractometer, electron microprobe or of a U-stage, fitted to a
petrographic microscope, helped in the confirmation of mineral identity. Following a
brief review of some established textural criteria bearing on deformation-
metamorphism relationships the chapter gives sequentially discussions on the
distribution and textures of the high-grade minerals viz. sillimanite, kyanite &
staurolite, then garnet followed by amphiboles and other minerals before giving a
brief summary of retrograde metamorphism. Finally, on composite fish diagrams, the
paragenetic relations of the minerals are depicted as a pre—fequisite to a discussion of
the metamorphic history and deformation-metamorphism relationships and on aspects

of inverted metamorphic sequence developed in the area/s.

5.2 RECOGNITION OF DEFORMATION - METAMORPHISM RELATIONS:
A HISTORICAL PERSPECTIVE

) H.J. Zwart's pioneering works (1960a, b; 1962, 1963) in the Central Pyrenees
initiated the modem approach to the study of textural relations in metamorphic rocks
with a view to unravelling the deformation-metamorphism relationships. Zwart
demonstrated clearly that following detailed field analysis, careful microscopic
studies of textural relations arﬁong different minerals in metamorphic rocks can
resolve their time of formation in relation to deformation episodes. Around the same
time Johnson (1963) camied out studies on establishing the time relations of
movement and metamorphism in parts of the Scottish Highlands. Later studies by
Naha (1965), Harte & Johnson (1969), Misch (1971), Ferguson & Harte (1975), Platt
& coworkers (Platt, 1982; Platt et al., 1983, 1984; Platt & Behrmann, 1986), Bakker



et al. (1989) and Bell & coworkers (see Bell et al.; 1992 and referenées therein) are

also relevant.

Traditionally the deformation-metamorphism relationships centred around the
use of porphyroblast-matrix microstructural relations. Zwart (1962, see his Fig.1)
distinguished diagnostic forms of pre-, syn- or post- kinematic porphyroblasts and
suggested the possible pattern of Si-Se (Sch13tos1ty internal - SCh.lStOSlty external)
relations corresponding to dominantly three basic types of deformatlon one, when
the schistosity is a plane of slip; the second, where the schistosity is a plane of
flattening; and the third, when the schistosity is micro-folded as a result of foliation-
parallel compression. Thus, in total, nine diagnostic forms have been given. Although
in nature, the relations between Se and Si may show a large variation, they can all be
deduced from these basic types.

‘The relations between the fabric of the rocks and the internal structure of the
porphyroblasts (minerals) help us in distinguishing whether a particular mineral
{porphyroblast) is pre-, syn- or post-kinematic with respect to the fabric-forming
deformation. There has been extensive search for criteria distinguishing pre-tectonic
crystals, syntectonic crystals and post-tectonic crystals (for an appreciation see
reviews in Spry, 1963; Vemon, 1968; Barker, 1990 etc). However, of these three
broad types the establishment of the syntectonic porphyroblasts drew maximum
attention (further details in Section 5.4 on garnet textures).

Vemon (1968) emphasized the use of common sense for identifying 'which
grew when' among the metamorphic minerals using textural criteria. Apart from the
scale I find a crude analogy between the determination of relative age of minerals
from petrographic (textural) study of thin sections and the establishment of the
relative chronostratigraphy (which is older, which is younger) among different rock

horizons using field relations or map relations.

5.3 DISTRIBUTION AND TEXTURES OF HIGH-GRADE MINERALS
(SILLIMANITE, KYANITE & STAUROLITE)

As pointed out in Chapter<4 (The Major Thrusts), even though locally the
metamorphic break between the Joshimath Gneiss and Munsiari in the MCT hanging
wall block may appear sharp, broadly it is gradational. Probably it is just a
coincidence that the first appearance of kyanite-is correlatable with the location of the
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Vaikrita Thrust. It is noted that to some extent there is altematiqn between kyanite
and staurolite zones and, therefore, a repetitive occurrence of kyanite-bearing
horizons in the Joshimath Gneiss (as studied along the Alaknanda section). “This
repetition is presumably due to folding. Also noted is a thick kyamte-bcarmg horizon
below Sitapur village on the western slope of the Alaknanda va]ley, whereas at the

corresponding level on the eastern slope, the kyanite-bearing horizon is much thinner.

Whether this is due to the inherent metamorphic pattern or due to the prescnce of a
fault locally following the course of the Alaknanda river could not be settled. Broadly
speaking, however, in the MCT-hanging wall block consisting of the Munsiari
Formation and the Joshimath Gneiss Formation, the highgrade minerals viz.
staurolite, kyanite and sillimanite occur in successive zones starting from the upper
Munsiari northward into the Joshimath Gneiss. Gamet occurs all through the
Joshimath Gneiss and southward well beyond the staurolite zone down to the lower-
middle part of the Munsiari, though sporadic occurrences of gamet are found even
farther south down-section in the very top part of the Berinag-Mandhali formations.
In addition kyanite is found to occur in Berinag quartzites in one exposure about 1.25
km below the Munsiari Thrust. Thus gamnet and kyanite are the only highgrade
minerals recorded from the Berinag-Mandhali footwall block and they occur at two
isolated exposures - gamet just below the MCT, kyanite further 1.25 km below it. In
the hanging wall block, sillimanite- and kyanite occur only in the Joshimath Gneiss,
whereas staurolite occurs in both the Munsiari Formation and Joshimath Gneiss.
Gamnet is present in both the units alongside these high grade minerals. Garnet
textures will be dealt with later in section - 5.4; here sillimanite, kyanite and staurolite
textures are described. The discussion on kyanite and staurolite will get prominence,
because sillimanite is not as prevalent and its occurrence not as clear as the kyanites

and staurolites.

It is stressed that the high grade minerals do not occur uniformly in all the
three units viz. Joshimath Gneiss, Munsiari and Berinag-Mandhali. There is a
gradation in their distribution so that the highest grade minerals occur to the north in
the Joshimath Gneiss and as we go southwards we come across the occurrences of
relatively lower grade minerals: In any attempt to establish the effects of successive
deformational events on these highgrade minerals as reflected in their textures, or
more precisely, while attempting an interrelation of different deformational (folding)
events and the formation of the high grade minerals, it is to be remembered that the
peak development of the successive fold events is noticed successively towards south.

The effects of later fold events are not clearly recognisable towards the north.
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For a brief recapitulation of the deformation (fold) episodes the reader is
referred to Subsection 3.1.2.2 (Fold episodes etc.). Essentially, of the three main fold
episodes (viz. Fy, Fp and F3) recognised in the Joshimath Gneiss, Fo is the most
prevalent and most well developed one and thus provides a lvery important time
marker. Strctchjng/shea.ring was a prolonged phenomenon whose peak intensity came
about following the F'z—folding and broadly spanning around the Fy-folding. The Fo,
F3 and F, episodes could be considered as taking place successively under the broad
influence of a progressive simple éhear regime. The Munsiaris show clear evidence of
Fy, F3 and F4 folding , while the Fy folds are presuméd to have been .oblitcratec_l due
to high strain, The folds in the footwall block could not be properly correlated with
the hanging wall folds. Mainly three episodes (F, Fy & Frp of folding have been
recognised in the Berinag-Mandhali of which the third episode was evidently a
postmetamorphic one.

The essential aim in this section is to identify if there are more than one
generation of the high grade minerals in the rocks and their time relation in terms of
the deformation episodes. The discussion is given in the following order - (1)
Sillimanite, (2) Kyanite & (3) Staurolite. Here the arguments are based mainly on
collective textural information. Detailed petrographic descﬁption of relevant thin
sections are given in Appendix-IL. A representative list of m'mérals occﬁrring in the
rocks that contain the high-grade Barrovian index minerals is given below (Table -
5.1).

Table - 5.1

List of mineral assemblage in rocks bearing the high-grade Barrovian minerals

Unit Name of the A thin section Mineral assemblage
high-grade mineral reference

Joshimath Sillimanite(?) 1F87 Quartz + plagioclase + orthoclase

Gneiss _ , (much less than plag.) + biotite +

muscovite + garoet + sillimanite(?) +
epidote + apatite + opaques

-do- Kyanite ‘ 22/4/88B Quartz + plagioclase + orthoclase
(much less than plag.} + biotite +
muscovite + kyanite (large & sm all) +
garnet + apatite

-do- Staurolite 5B,87 Quartz. + plagioclase + orthoclase (in
very small amount) + biotite +
muscovite + gamet + staurolite +
clinozoisite + epidote + apatite + zircon
+ sphene + black & red opaques
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Munsiari Staurolite TH'87  Quartz (predominant over feldspars) +

Formation plagioclase + orthoclase + muscovite +
biotite + chlorite (secondary} + garnet +
staurolite + black opaques + tourmaline
+ apatite + clinozoisite

Munsiari -do- ‘ NR58/59 Quartz + plagioclase + orthoclase (in
Formation ‘ ' very small amount) + biotite + chlorite
(secondary) + muscovite + gamet +
- staurolite (included within gamet) +
black opagues + tourmaline + apatite
+ clinozoisite :

5.3.1 Sillimanite in the Joshimath Gneiss

Very distinct examples of sillimanite have not been found in the thin sections
studied so far. However, in a few thin sections, extremely small quantities of fibrous
masses are recognised (see Fig. 5.1) which are most probably aluminosilicates, and
possibly sillimanite (fibrolite).

It is rather surprising that even though sillimanite is so often referred to in the
literature (see, for example, Valdiya 1930, 1988; Roy & Valdiya, 1988; Gupta, 1978;
Virdi, 1986; Gairola & Ackermand, 1988), no clear example of sillimanite has been
found in the rocks that I have studied? Two possible reasons for this could be-

(i) Incomplete sampling or inspection in the present study;
(ii) Reports in the literature may largely represent misidentification of sillimanite or

an over-exaggeration about the occurrence of sillimanite.

Given that good care has been taken to make thin sections of rocks from different

levels in Joshimath Gneiss starting from Vishnuprayag southward and that potential
sillimanite-bearing thin sections were carefully examined without much success, it
seems that the second possibility is the more likely one. On two occasions in course
of the present study, a different mineral was misidentified as sillimanite (cf. Figs. 5.2
& 5.3).

As far as the time of formation of tﬁe possible sillimanites is concermed, fool-
proof textural evidence is lacking in terms of the relations of sillimanite growth and
fold hinges. However, the preferred alignment of the sillimanite fibres following the
foliation that is folded by F, is taken to indicate that sillimanite grew before the Fy
folding. Though by itself this evidence is not an unambiguous proof of the pre-Fy

origin of sillimanite, other points favour such an origin e.g. the absence of any
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immediate heat source, sillimanite as a part of the progressive regionai Barrovian
sequence to which kyanite, staurolite etc also belong, and kyanite being certainly
established as a major pre-F, phase (see the next subsection for the time of major
kyanite formation). 1t is not unreasonable, particularly in view of the compositional
similarities (see Table-5.1) and spatial closeness of the index mineral-bearing. rock
horizons, to consider that sillimanite forms an integral part of a major episode of
progressive regional Barrovian metamorphism of which kyanite, staurolite etc are
also a part, and that siilimanite grew broadly at the same time as the kyanite,
staurolite etc. As discussed later, major kyanite formatlon in the Joshimath Gneiss
took place before the Fy foldmg, but during or, more possibly, after the F{ folding; so
most probably sillimanite also grew at the same time as a part of the same progressive

Barrovian sequence.

However, this does not mean that there was no later episode of sillimanite
development, particularly in the still higher parts of the Higher Himalayas. In fact,
farther to the N, near Badrinath, development of sillimanite as a contact metamorphic
effect of late leucogranitic intrusions has been reported (e.g. Sinha, 1977c, 1987
Gupta, 1978 b & ¢; Virdi, 1986). Reference to two generations of sillimanite can be
. found also from a comparison of the works of Hodges et al. (1988) and England et al.
(1992). Hodges et al. (1988) refer to an early generanon of sillimanite and their
sillimanite-bearing assembiage (i.e. gtz + biot -+ musc + plag + gaf + k-felds + sillim)

matches closely with the corresponding assemblage recognised in the present study

(cf. Table-5.1). o " England et al. (1992) mention -~~~ a later generation of

sillimanite mﬂz&nnapuma-Manaslu region of Central Nepal correspondmg to anatectic
granitoid intrusions. As will be discussed later (Chapter  6), such anatectic granitoid
intrusions took place postdating the high-grade regional Barrovian metamorphic
event in the Higher Himalayas and broadly synchronously with the MCT -shearing
(dlthough emplacement of some of the major granitoid bodies could have started prior
to the MCT-thrusting). So, temporally speaking, the later generation of sillimanite in
the Higher Himalayas developed synchronously or late synchronously with the MCT
emplacement.

For a diagrammatic representation of the time of sillimanite growth with
respect to fold episodes mﬂfoshmlath area, see Fig. 5.4 (note that the approxmlatc
position of the second generation of sillimanite reported by other workers from the
higher parts of the Higher Himalayas is also indicated).
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5.3.2 Kyamte in the Joshimath Gneiss
In Joshimath Gnclss two distinct size groups of kyanite have been found: the

most conspicuous group of kyanite is the larger ones; the other group consists of tiny
prismatic grains in which cleavage cannot be recognised. This second group of
kyanites occurs mostly as trails. Given below - are the criteria and arguments
conceming the relative age of the two groups of kyanites. ' '

'A. The larger kyanites

Among all the hig‘h—gr.ide minerals studied petrographically, kyanite shows
the clearest evidence about its time of formation. As stated earlier, the F2 folding is
the most prominent time-marker, especially in the J oshimath Gneiss. The major phase
of kyanite formation (i.e. corresponding to the larger kyanite grains) in the Joshimath
Gneiss predated the F- episode of folding. As indicated in Fig. 5.5 which is a profile-
view of an F, hinge, a kyanite grain has been distinctly folded by the F fold. So,
kyanite must have grown before the Fy fold episode. As we already know, the Fy
folding was the strongest fold episode and developed in a wide range of scales
especially in the Joshimath Gneiss. Thus if kyanite (the larger ones) has grown before
F, folding, we would now expect that the kyanite grains, in general, would appear
strained. This proved to be so, because the kyanite grains, no matter whether or not
they are near or at a conspicuous fold-hinge, generally have a very strained
appearance showing undulose extinction, many with broadly wavy, bent or irregular
outlines (see, for example, Figs 5.6 & 5.7 and cf. Fig. 5.14). Now having been
definitely established as pre-F,, when did kyanite grow in terms of the F episode of
folding? Unfortunately, for microstructural study I couldn't find any suitable cxample
of an F| fold-hinge which contains kyanite as well. So, direct evidence is lacking as
to the kyanite vs. F| time relaton. However, none of the folded kyanite grains
studied show any refolding pattern; they are deformed by only one episode of folding,
that is F5. The later episodes, such as Fj etc, have not left any recognisable imprints
either on these kyanite grains. So, it is almost certain that kyanite formation was not
pre-F1. Now three possibilities are left open: '

(1) Kyanite was syn-Fy

(2) Kyanite was syn- to post-Fy

(3) Kyanite was post-F; and developed at the interkinematic stage between F |

and Fy.

Nowhere is kyanite aligned exactly parallel to the axial planes of the F folds. Had it
been strictly syn-F; we would expect a strong orderliness in the present distribution
of the kyanite grains, but this is lacking. So, most probably, kyanite did not grow
strictly at the syn-F; time. In Chapter- 3 reference was made to the possibility of a
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stage of fabric enhancement or fabric coarsening during the interval betwéen.Fl and
Fy. Thus the third of the above possibilities regarding kyanite formation demands
special consideration. But the possibility of kyanite development starting. from a.late-
syn-F| time cannot be ruled out, even though no foolproof evidence for this could be
found. It is concluded that the major episode of kyanite dévclopment in the Joshimath
Gneiss took place at a pre-Fz,'but late-syn-F or, more possibly, post-F time.

This timing of major kyanite growth assumes great importance in view of the
fact that in many cases for various reasons it is difficult to find suitable ‘fold hinge -
mineral growth' relations. Such a problem becomes very apparent when we try to
establish the time relations of other high grade minerals (as already mentioned for
sillimanites; see later for staurolites). That the different Barrovian zones of hi glj{gx ade
minerals in Joshimath Gneiss (Vaikrita Group) are essentially members of the same
progressive metamorphic sequence is a well established fact of literature [see, for
example, Valdiya & Goel (1983) for Garhwal-Kumaun Hixhalaya, Brunel & Kienast
(1986) for Nepal Himalaya, Ray (1947) and Mohan et al. (1989) for Darjeeling
Himalaya, Searle et al. (1988) for NW or Zanskar Himalaya]. I did not find any
evidence contrary to this. Because the above-noted kyanites (bigger grains) are an
essential or integral member of the prograde Barrovian metamorphic sequence which
is largely preserved in the area, it is likely that other minerals of the sequence would
also be broadly synchronous with them. This is to say that probably one would not
expect any significant time-gap between the formation of the different high-gfade
minerals as members of a single and the same progressive regional metamorphic

sequernce.

Therefore, if the members other than kyanite of the Barrovian sequence failed
to reveal distinct evidence of ‘fold hinge--mineral growth' relations, then the approach
has been to look for indirect evidences that could tell us something about their time of
formation with respect to folding. Basically it was attempted to explore if the textures
of such minerals could be compared with those of the kyanite grains situated away
from any conspicuous fold hinge. If the features are comparable, we could then
possibly safely extrapolate the timing of kyanite-growth to the other high-grade
minerals concerned, remembering that both of them belong to the same progressive

metamorphic sequence.
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B. The smaller kyanites . _

Rock horizons at different structural levels within the Joshimath Gneiss have
been found to contain 'tiny prisms of kyanite that often lie in trails partly bordering
large grains of quartz and feldspar (Fig. 5.8.). In so__me' horiz'ons‘thc'tiny kyanites
occur in addition to the larger kyanite grains which are normally platy or bladed in
habit; these latter grains do not have any specific regular orientational relation with
the adjacent Quanz or feldspar gra.ins (see Fig. 5.9). Where both types of gr_éips’ occur
in the same rock, there are instances where the tiny kyanite prisms are adjacent t0
large kyanite grains (Fig.. 5.10). In several thin scctions,' no representative ‘of the
bigger kyanite grains is found, but only the bundles or trails of tiny kyanite prisms are
present. A slight increase is noticed in the population of the smaller kyanite grains
from north to south within the Joshimath Gneiss.

The possibility that the tiny prisms are broken up fragments of the large
kyanite grains is not totally ruled out for at least a small proportion of the tiny grains
which are intimately associated with the bigger, partly broken or fractured grains of
kyanite. However, the majority of the smaller grains are well outside the vicinity of
any larger grain of kyanite and have grown round quartz and feldspar grains that are
often augen-shaped (Fig. 5.11). In several cases even where the smaller and the larger
grains are mutually adjacent, the smaller grains are oriented with apparent disregard
to the orientation of the larger grains (Fig. 5.12). The occurrence of tiny grains is
noted from different structural levels sometimes even from lithological horizons
where no larger grains of kyanite have been found. This evidence indicates that most
of the tiny grains belong to a generation different from that of the larger kyanites.
Their distinctly smaller grainsize and fairly unstrained character are in contrast to the
strained and, in many cases, bent larger kyanite grains. This suggests that the smaller
grains grew later than the larger grains. Had it not been so, the smaller grains would
possibly have acted as nuclei upon which the bigger grains were to grow. Evidently
this has not happened. So, why and specificaily when did the smaller kyanites grow?

The small kyanite grains are found in several instances to be aligned in the
main foliation which, in tum, is folded by the Fy folding (cf. Fig. 5.5). By itself, this
cannot tell whether the small kyanites are pre-, syn- of post-F,. However, on closer
observation, these small kyanite grains are found not to be strictly aligned along the
foliation, instead they are rather haphazard in orientation, broadly confined in linear

zones that define the trace of the main foliation. Alsc}fibmajority of them do not show

any undulose extinctions. This probably means that these kyanites were not pre-Fo;

they were either syn- or post- Fp. Had they been pre-F, and pre-gneissosity
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formation, then we would expect them to show considerably stronger preferred
orientation along the main foliation. The grain reorientating effect due to the
formation of gnmssosuy followed by a strong episode of foldmg would have been
quite significant. Moreover, where these small kyanite grains are found around some
augen-shaped grains of feldspar or quartz, they are onented at high anglc or sub-
perpendicular to the augen boundary; many pro_lect well into the augens (Figs. 5. 13a
& b). Such a feature implies that these kyanite grams developed at a stage either
synchronous with or postdating the development of the augen shapes of the feldspar
and quartz grains. Now, if we assign this augen development to the peak of the
stretching or shearing event, which is not an unreasonable proposition, the smaller
kyanites assume a post-F,, syn-stretching age. In any case, therefore, these small
kyanite grains are not pre-Fp. This finding has an obvious importance insofar as the
determination of physical conditions during the main phase of stretching/shearing is
concemed. It indicates that MCT thrusting did not take place in cold, retrograde

conditions.

That (i) the occurrence of the tiny kyanite crystals is concentrated mainly
along zones following the main planar fabric, (ii) many of the crystals lie surrounding
the shear-modified porphyroclastic grains of quartz or feldspar, and (iii) there is a
slight general increase in the population of these tiny grains towards the MCT-Zone,
makes a case for shear heating due to MCT emplacement to be an important
contributor for the development of the smaller kyanites in J oshimath Gneiss. The heat
generated could easily affect the bottom part of the Joshimath Gneiss lying
immediately above the MCT-Zone. That the tiny kyanites occur only in the Joshimath
Gneiss in selected rock horizons and not in the Munsiari Formation itself (i.e. the

MCT-Zone) is probably due to a primary compositional control.

In addition, mainly towards the southern part of Joshimath Gneiss near the
Vaikrita Thrust, some gently bent larger kyanite grains show minor recrystallisation
along their transverse boundaries (Fig. 5.14). The bending or folding is probably
related to F, folding and the minor recrystallisation on the boundaries of these high
energy grains is accordingly late-syn-F). The reason why these kyanite grains are
considered to have been affected by F folding is a broad similarity in the hinge-
curvature as defined by the cleavage in the grains and strain-shadow pattern with
those in the kyanite grains lying at the hinge of well established F» folds found in
other horizons. And because the recrystallisation is in geometric conformity with the
general folded shape of the grain, a late-syn-Fy time is assigned for the
recrystallisation. Now the obvious question is, why is such recrystalhsatlon found
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more commonly towards the south than to the north? Pi‘obably this is due to the
nearness of the MCT-Zone, reflecting the intense shearing or stretching Cha;acteristic
of that zone. Additional straining imposed on grains that already had sixrplus‘ strain
energy probably triggered the recrystallisation. | ‘

The times of kyanite growth in the Joshimath Gneiss in terms of the fold
episodes are shown diagrammatically in Fig. 5.15 (sillimanite is. also shown for
comparisorf). Clearly thé two groups of kyanite have grown at two different times --
the larger and major ones earlier, the tiny ones later. ' '

5.3.3 Kyanite in the Berinag-Mandhali {footwall block)
About 1.25 km (stratigraphically or, more precisely, structurally) below the

Munsiari Thrust, kyanite occurs in a low-grade setting in a quartzite horizon in the
Berinag-Mandhali footwall block, but no sillimanite or staurolite has been found in
the specimens studied from this unit (see Plate-IV for precise location of the kyanite
quartzite exposure on the Helang-Gulabkoti road section). Occurrence of kyanite in a
fow-grade setting is not very rare, though quite unusval. This occurrence of kyanite-
quartzite south of Helang was noticed earlier by Brunel (1983) and Brunel & Kienast
(1986), but they did not give any detailed study of the textural relations or phase
relations in the rock.

Rawat (1982) reported occurrences of kyanite from the Lesser Himalayas
from farther south near Ghimtoli and gave an explanation of their origin in terms of
their rhetamorphic phase relations. The stable assemblage he recognised in the
kyanite-bearing Ghimtoli Quartzite is: quartz + muscovite + kyanite + albite +
tourmaline. The rock is rich in muscovite and tourmaline and contains traces of
chlorite as well as carbonaceous material. Rawat (ibid.) found that the tourmaline
content of the rock increases in the mylonitised parts in the vicinity of faults and
shear zones and, therefore, suggested that the tourmaline was introduced later into the
rock due to flow of boron-rich fluids along the tectonically disturbed zones. Referring
to the coexistence of stable minerals like albite and muscovite with kyanite, he argued
that the kyanite-bearing quartzite formed due to greenschist facies regional
metamorphism of aluminous sediments. Presence of carbonaceous material in the
sediments might have played a helpful role during the metamorphism by providing
COy-rich fluids. |
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In the SW Scottish nghlands kyamte has been reported from low grade
associations (Burgess et al., 1981). Here regional metamorphic kyamtc has been
found near Port Ellen (Islay) in highly aluminous phyllmc metasediments together

with chlontmd—bcarmg assemblages within the reenichint daeieg although chlorite itself

is absent in the mineral assemblages at these localities. The mineral asscmblagcs are:
(i) Quartz + muscovite + kyanite + siderite + rutile + hematite * paragomte
+ ankerite; . B ”
(ii) Quartz + muscovite + chloritoid + ritile & hematite 3 paragomte
(iit) Quartz + muscovite + siderite and/or ankerite + rutile + hematite
+ paragomte % albite. - .
Burgess et al. (ibid.) emphasized the role of fluids in the metamorphism with a
relatively broad range of CO,-H;0 composmons and argued that the occurrence of
chloritoid-phyllite instead of normal chlorite-phyllite by itself would imply a
relatively high CO- content in the fluid phase, as-indicated by the following reaction:
Chlorite + 4 CO, = chloritoid + 4 siderite + 2 quartz + 3 HpO.
It has been suggested on the basis of textural and carbon isotope evidence that
probably the oxidation of organic carbon (e.g. graphite or hydrocarbons) has
produced the CO». |

The kyanite-bearing quartzite horizon of the Berinag-Mandhali formations has
the following mineral assemblage-

Quartz + kyanite + muscovite + tourmaline + black opaques + zircon + 7rutile

+ traces of chlorite (probably secondary).
Interestingly, there are important similarities between this kyanite-bearing Berinag
Quartzite and the Ghimtoli Quartzite reported by Rawat (1982). Except the albite, the
stable assemblage looks almost the same and tourmaline is indeed a significant
component of the rock. Recrystallised quartz veins are also present (see Appendix-11).
So, obviously there was access to fluids during metamorphism. Collectively, these
features suggest that the kyanite-bearing Berinag Quartzite did not undergo any
metamorphism beyond the greenschist facies.

Emphasis will now be given on recognising the time of formation of the
kyanites in the Berinag-Mandhali formations with respect to the footwall deformation
episodes. Relative age between the kyamte-formmg event in the footwall and the
major kyanite-forming event in the hanging wall will also be established.

There is a strong linear fabric in the rock which is defined by fine trails of
elongate tourmaline needles or threads, alignment of fine micas and a fairly strong
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preferred orientation of. kyanite grains with their lengths parallel to the lineation.
When observed in sections sub-parallel to the foliation, quartz grajns_aiso show a
crude elongation parallel to the lineation. In such sections, however, a number of
kyanite grains are noticed which are aligned oblique or at a high angle to the
lineation; many of these kyanite grains are folded (see Figs. 5.16a & b). The fact that
some of the linearly oriented kyanite grains are pulled apart following thc direction of
lineation suggests that it is a stretching lineation (see Fig. 5.17). '

Kyanite is evidently porphyroblastic in origin . and forms most of the largest
grains in the rock. Their dimensions are generally >2mm in length and over lmm
across. The kyanite grains are not homogeneously distributed throughout the rock,
but have preferential concentration along micaceous foliation surfaces. In contrast to
quartz the kyanite grains appear much strained; almost all of them show strong
undulose extinction and strain shadow pattems. Some of them are conspicuously
folded or kinked (Fig. 5.18; see also Figs. 5.16a & b). That the stretching has affected
kyamtes as reflected by tensile fracturing (pulling apart) in the direction of stretching
lineation of several kyanite grains, clearly indicates that kyanite developed prior to
this stretching event. The conspicuous folding of a number of kyanite grains, on the
other hand, implies that kyanite grew before a folding event as well. So, an obvious
question is, what is the time-relation between the stretching event and the kyanite-
folding?

Both the stretching event and the folding event postdated the formation of
kyanite. The fold episode here refers to that responsible for the folding or kinking of
some kyanite porphyroblasts. There could be three possible hypotheses as to the time
relation between the folding and the stretching events:

(i) Kyanite-folding was later than the stretching lineation

(i) Kyanite-folding was synchronous with the stretching lineation

development

(iii) Kyanite-folding was earlier than the stretching lineation and, therefore,

the lineation development may have played a modifying role upon the
orientation of the kyanjté grains after folding.

We need to test which of these hypotheses is correct.

Thorough study of the rock (petrographic, hand specimen and in field) reveais
different features from which different inferences can be drawn as to the time relation
between kyanite-folding and the lineation. These observations and the corresponding

inferences are given below:
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Observation I - The kyanite grains w1th their elongauon para].lcl to lmcatmn never
show folding (see Fig. 5.16a) : ‘

Inferences: (a) Folding could be either synchronous to or later than lmcatlon
development and is due to a shortcnmg that acted perpendicular to the lineation.

(b) Folding of kyanites was earlier than and hence modified by the. lineation.
Lineation-parallel kyanite grains presumably belonged to the limb areas -of folds
whereas the folded grains at high angles to the lineation could fepresent remnant parts
of the hinge areas: ' '

Observation II - The sizes and broad shapes of kyanite are not widely varying (see
Fig. 5.16a) '

Inference: All the kyanites belong to the same generation.

Observation III - Fine streaks or trails with development of small-sized tourmaline
needles/threads and white micas along them (especially within the kyanite grains)
mainly define the lineation. Such streaks are present even within the folded kyanite
grains and are, more or less, following the fold axial traces (Fig. 5.19).

Inference: Folding could be synchronous or earlier than lineation.

Observation IV - Kyanite grains at high angle to lineation do not always show
folding (Fig. 5.20).

Inference: Folding is less likely to be later than or synchronous with the lineation; it
is probably earlier than lineation.

Observation V - Preferred alignment of many kyanite grains parallel to the lineation
s qilite distinct. Some of the kyanite grains (relatively larger ones) appear to have
been fractured and torn apart (pulled apart) following the lineation direction (see Fig.
5.17)

Inference: Kyanite formed earlier than the lineation and the lineation is to be

interpreted as a stretching lineation. Possibly, folding was earlier than stretching.

Observation VI - There is one folded kyanite grain a pait of which is pulled apart
parallel to the stretching lineation (Fig. 5.21). |

Inference: Tt could not be properly understood whether stretching took place after
folding or folding took place after stretching. This recalls the general problem of
deciding whether a particular structure is a 'folded boudinage’, or a 'boudinaged fold'.
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Most probably folding did not take place after stretching, because in the groundmass
surrounding the kyamte grain, there is no evidence of foldmg

Thus, though some of the observations lead to different inferences, most
favour the third hypothe51s that kyamte—foldmg was earlier than and modified by
stretching. Now let us see if this can be confirmed by using a specml geometric test
and following inductive loglc.

Let us assume that strétchjng lineation and folds were ﬁlumaﬂy related ie.
either they developed simultaneously, or folding took place later duec to a
compression that acted preferentially in a direction perpendicular to the lineation. In
that case we would expect that depending on their present orientation relative to the
lineat ion, the folded grains of kyanite would show systematic variation in the amount
of their shortening due to folding. Data measured from selected grains, most of them
showing conspicuous folding (see Figs. 5.16a & b), are presented in Figs. 5.22a & b
(the graph and circle plots). It is clear from these figures that there is no systematic
variation in the amount of shortening due to folding of the kyanite grains relative to
their orientation with respect to lineation. If our assumptions were correct, the data in
Fig. 5.22a would have defined a U-shaped curve implying that there were more
shortening in the grains aligned at high angle to lineation and less shortening in those
that are subparallel to lineation; in other words, the data would have defined a strain
ellipse in two dimensions in the simple case when an initial uniformity in kyanite
grainsize and homogeneous diversity in their orientation are assumed. Fig. 5.22a
clearly shows that the distribution of data is unsystematic and irregular; Fig. 5.22b
indicates that the distribution of shortening data is far from defining a strain ellipse.

[Fig. 5.22b relates to the kyanite grains depicted in Fig. 5.16b and has been constructed such that
corresponding 1o the orientation of each folded kyanite grain (precisely speaking, that of its
enveloping surface) with respect to the mean direction of lineation (m.d.l.) there is a line following a
diameter of the original circle, and the length of this diametrical line is proportional to the shortening
value of the said kyanite grain. Thus, the more shortened a grain, the shorter is the length of the
diametrical line corresponding to it. The tips of the adjacent diametrical lines are finally joined free-
hand in order to find out whether or not the resulting outline defines an ellipse (strain ellipse). Clearly

the outline is irregular (amoeboid) and does not define an ellipse.]

Therefore, neither of the assumptions that folding and stretching took place
simultaneously or folding was later than stretching was correct; folding was unrelated

to lineation ie. folding and lineation development were not parts of the same
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deformation episode. Our hypothesis testing, therefore, confirms that the third
hypothesis is correct. Folding of kyanite was earlier than the development of the
stretching lineation. '

As mentioned in Chapter-3, three episodes of mesoscale folding (Fy, Fﬁ, Fop
have been recognised in the Berinag-Mandhali rocks. The folding of the kyamte
grains is probably correlatable with the Fpy episode of the footwall fold—sequence
This correlation is on the basis that - ‘

(a) the Fyp folds are comparatively more common than the other two episodes (viz. Fy
and Fypp) in the vicinity of the kyanite-quartzite exposure.

(b) the Fy folds are conspicuously isoclinal, while almost none of the kyanite folds
have strictly isoclinal geometry. The kyanite fold geometry matches better
with the Fyy fold geometry.

(c) the scale of Fyyy folds is considerably bigger than the size of individual kyanite
grains, and these folds are not so pervasively and penetratively developed as
to affect the kyanite grains on such a small scale. Also, as mentioned above,
the distinct Fypy folds are not common in and around the kyanite quartzite

exposure.

] presume kyanite developed at a time intermediate between Fj and Frr-
Concentration of shear stress in a particular horizon in the footwall block consequent
upon the emplacement of the MCT sheet above might be called for as a major reason
for the development of these kyanites. The Fy folds in the footwall block were most
likely to be pre- to early-syn-MCT. The direction of plunge of the these folds is
perpendicular to the direction of emplacement of the MCT-sheet and the fold axial
planes parallel the main planar fabric in the MCT-Zone; these facts probably suggest
a causal connection between the development of these folds and the MCT-
emplacement. The Fyp folding is a considerably later, post-metamorphic event. For
further comments on correlation and details of observation see Section-5.8 and

Appendix-II respectively.

The position of the formation of foot-wall kyanites in a time-sequence is
shown in Table-5.2 (Details of the tectonometamorphic sequence in the foot-wall
block are discussed in Section-5.8).
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Table - 5.2 :
Time of kyanite development in the Berinag-Mandhali formations

1. First metamorphic imprint {Initial low-grade (?burial) metamorphism]

I1. Second metamorphism -accompanying- Ffold episode
. o 7 Main MCT —emﬁlacement time

IIL Third metamorphism --- WKY ANITE PORPHYROBLASTESIS"
.- - - - - F g fold episode
V. Fourth metamorphic imprint accompanying later stretching/shearing

VL- - - - - F ypp fold episode

It must be stressed that correlation could not be established between the fold
episodes of the footwall block (Berinag-Mandhali) and the hanging wall block
(Munsiari and Joshimath Gneiss together). However, as mentioned above, it is highly
probable that the episode-1 folding in the Berinag-Mandhali formations is pre- to
early-syn-MCT emplacement. Therefore, the main kyanites in Joshimath Gneiss
cannot be time-equated with the Berinag-Mandhali kyanites. Because, if the footwalil
kyanites have developed postdating the Fy episode of folding and thus broadly
synchronously or late synchronously with the main stretching event in the MCT-
Zone, then there was evidently a time-gap between their formation and the formation
of the Joshimath Gneiss kyanites (bigger or dominant ones). It has already been
established that the main kyanite-forming event in Joshimath Gneiss took place
before F, folding which, in tum, is earlier than the main stretching event. So, the
footwall kyanites are relatively younger than the Joshimath Gneiss kyanites.

({

5.3.4 Staurolite in the Joshimath Gneiss
Staurolite in Joshimath Gneiss is found to occur in discrete, prismatic grains,

generally Imm or less in length and 0.2mm or less in width. Their occurrence was
inferred in the field and confirmed through subsequent microscopic studies. Although
no clear example has been found where staurolite is directly involved in conspicuous

fold hinges, sufficient circumstantial evidence suggests their broad time of formation
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with respect to the fold episodes. Staurolite prisfns are oriented- parallel to the main
foliation (gneissosity) which defines F2 hinges, in a rféw i.nstancc.s,. only a short
distance away from the staurolite crystals. But unfortunately nowhere have I found
staurolite prism/s exactly at a fold-hinge. Most staurolite prisms show undulose
extinction, but the undulose character is not as prominent as in kyaniies in similar
Settjngs in the kyajﬁtc~bearing rocks. Differences in physical and rheological
properties between the two nﬁnerals may be the reason for this. Some staurolite
prisms show transverse or oblique cracking, and even partial breaking (Fig. 5.23); this
is in agreement with the features of some bigger kyanite grains (cf. Fig. 5.5). Mineral
grains (mostly of quartz and micas) surrounding the staurolite prisms show strain (as
evidenced by their undulose extinction). These features collectively indicate that
staurolite did not grow as a post-tectonic phase after the major fold episodes. That
staurolite represents one of the early high grade minerals is strongly supported by the
ensuing discussion on Munsiari staurolites which are included within gamet (see Fig.
—5:25)-Thefact-that-(i)-staurolite-grains-follow-the main-foliation-in-nearby-E2-hinges, —
(ii) there is a broad similarity in the strain features of the staurolites and confirmed
pre-F5 kyanites, and (iii) staurolite occurrences in the field are located well within the
domain under the strong influence of F, folding suggests, on one hand, a pre-F5 time
of development of staurolite and, on the other, its existence as an integral part of the
same Barrovian metamorphic sequence 10 which kyanite and sillimanite also belong.
By inference, a pre-F2, but syn- to post-F1 time is obtained for the staurolites in the
Joshimath Gneiss.

5.3.5 Staurolite in the Munsiari Formation (MCT-Zone)
No difference in the attributes of the staurolite crystals is found between the

Munsiari and the Joshimath Gneiss formations, except that the Munsiari staurolites
are more stretched and fragmented, particularly when they are not included within
another phase such as gamet. Within the Munsiari Formation staurolite occurs in two
modes: one, in the matrix (Fig. 5.24; thin section reference - 7H'87), and the other, as
inclusions within garnet (Fig. 5.25; thin section reference - NR58/59). However, they
are not present together in the same lithological horizon.

The matrix staurolite crystals which are stretched and fragmented (pulled
apart or tomn apart) follow the trace of the main foliation in the rock (Fig. 5.26). The
staurolites included within gamet appear intact, in distinct prismatic or thick needle-
tike crystals and quite diversely oriented (precisely speaking, however, there are two
mean directions of their orientation, mutually at about 85°-90° to each other and at
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about 45° to the present external foliation; see Fig. 527) Broadly speaking, there is
no major difference in the sizes of the included and the matrix staurolite crystals.
Probably, the ‘reas'on why the included staurolites escaped stretching is that before the
stretching took place gamet grew enclosing the staurolites and thereby protecting
them. The garnet shows eliliptical outline implying that it suffered strétchiﬁg. Now,
texturally speaking, can it be possible to find out whether or not the mhtr;'x (stretéhed)
and the included (unstretched) staurolites were of the same generation, and also their
time/s of formation? ‘ ‘

The following points are noteworthy in this context:
(a) If these are two different generations of Stau:olite, then it wouldn't be
unreasonable to expect that one of them is equivalent to the later generation of
kyanite in Joshimath Gneiss. On the other hand it could be argued that both types of
staurolite represent the same generation and that neither is synchronous with the later

— kyanites, but-could-be-contemporaneous-with-the-early-kyanites-(larger ones):

(b) Of the two types of staurolites in the Munsiari, it is quite obvious that the included |
(unstretched) ones cannot be later than the matrix (stretched) ones. They could either
be earlier than the matrix ones or are synchronous with them. Thus for the purpose of
comparison of the time of formation between the later kyanites and staurolite, we
should take up only the matrix staurolites.

(¢) In the Joshimath Gneiss, the second generation kyanites are in the form of tiny
grains and they are rarer than the first generation kyanites (larger ones). There is no
recognisable effect of stretching on the later kyanites and these grains are mostly
strain-free. Even though collectively the later kyanites appear to be confined within
linear zones following the main foliation (gneissosity), on a finer scale the grains
individually do not show any strong linear preferred orientation. As mentioned
before, their formation is presumed to be broadly synchronous with the main
stretching event, postdating the F2-folding. But clearly the matrix staurolite grains of
the Munsiari Formation are much larger than the later kyanite grains of the Joshimath
Gneiss; the former are evidently stretched and fragmented (pulled apart), show
internal strain features (exemplified by undulose extinction), and are aligned along
the present main foliation (schistosity). In several instances, they are found to
maintain a conformable relation with some smallscale folds (microfolds) of the main
foliation. Collectively all these features indicate that the Munsiari matrix staurolites
grew before the main stretching event, and possibly before an important fold event

(F5). In terms of body-strain these matrix staurolites closely resemble some members
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of the easlier group of larger kyanites of the Joshimath Gneiss. In all likelihoo_d the
matrix staurolites grew well before the later kyanites of Toshimath Gneiss (cf. point
(b) above) and most probably at the same time as the staurolite; ‘kyanitc and
sillimanite of the Joshimath Gneiss, thereby -defining-a single progressive Barrovian

sequence.

(d) Having established that the matrix staurolites grew well before the 1atef kyanites
it is now necessary to find out when the included staurolites grew. As mentloned
before, the included staurolites must have grown either earlier than or synchronously
with the matrix staurolites. The obvious difficulty posed by the first possibility is how
to explain the localised development of staurolite before even the main Barrovian
metamorphism took place. That the matrix staurolites formed as a part of the main
Barrovian sequence has been indicated above. No other related evidence of
attainment of P-T conditions high enough for the formation of staurolites before the
- —~——majnﬁBarrov-ian—met-amer—phie—event—haveﬁbeen-found~in—the—areafpa1-t-ieular—lyfon—a
local scale. As we have already seen (Sub-section 5.3.4), the higher grade Joshimath
Gneiss occurring above the Munsiari contains only one generation of staurolite. Thus -

it is unlikely that the included staurolites were earlier than the matrix staurolites.

(e) Gamet occurs in all the rocks containing staurolite . and it developed in different
generanons in the area (see discussion below and also Section 5.4). Generally
speaking, from the wide range of its occurrence gamet can be considered as one of
the most readily crystallisable metamorphic minerals. Multiple growth stages and
site-preferred growth depending on the local availability of the necessary reactants
are common phenomena for garnets in comparison to other members of the index
mineral series. Thus if there were multipie generation of gamets in the staurolite-
bearing rocks, it is possible that at one stage gamet grew selectively in one horizon
enclosing the staurolite crystals, while in the other horizon staurolites remained
unenclosed. Having multiple generation of gamets could, therefore, be an additional

indirect support in favour of a single episode of stavrolite formation.

(f) Foliation transposition occurs very noticeably in the Munsiari Formation. If
gamet-growth was followed by foliation transposition, then the possibiiity' of having
two different generations of staurolite would be less likely.

(g) As demonstrated below, the existence of multiple generation of gamets in the
same tock as the included staurolites and also the distinct evidence of foliation

transposition tend to support the view that the included staurolites and the matrix



staurolites belong to the same generation. h Note that no compositional
difference between the two staurolites could be recognised through optlcal studies
(electron microprobe work on the staurolites is yet to be undertaken).

A detailed petrographic study of the thin section - NR58/59 which contains
the example of staurolites included within garnet, furnishes some crucial cv1dence of
the existence .of more than one datable generation of garnet, foliation transposmon
etc. from which to glcan the essential information for estabhshmg the time of
development of the included staurolites. The observations and their unphcat;ons are

discussed below:

(i) There are spongy gamet porphyroblasts as well as homogencous gamet
porphyroblasts in the rock. The inclusions of staurolite crystals occur in one of the
spongy gamet porphyroblasts (see Fig. 5.25). Whilst it is difficult to recognise any

“opaque inclusion-trails-in*the-spongy‘gamets,—such-trails-are-well-dcf'med-withimthe— .

homogeneous garnets.

(ii) Opaque minerals in the matrix of the rock occur in definite trails (wavy in pattern)
which define the local orientation of the main foliation. These trails pass undeflected
through the homogeneous gamet porphyroblasts (Fig. 5.28) which implies that the
homogeneous garnets overgrew matrix foliation.

(iii) The opaque trails defining the matrix foliation swerve around the projected edges
of spongy gamet porphyroblasts (Fig. 5.29). This implies that the spongy garnet was
already in the rock when the present external foliation developed through
transposition. Thus, clearly there were two different generations or, in other words,'
two different stages of gamet growth in the rock -- the spongy garnets grew earlier
than the homogeneous ones.

(iv) There is an example where a homogeneous gamet rim appears to have partially
overgrown a spongy gamet core (Fig. 5.30); the opaque trails are less conspicuous in
the spongy inner part, but continue undeflected from the matrix through the
homogeneous outer part. This suggests that the present main foliation developed
through a phase of strong foliation transposition postdating the formation of the
spongy garnets, whereas the homogeneous gamet growth took place more or less
concomitantly with the foliation transposition.

(v) The thin section does not preserve any evidence of folding (say, F1) that might
have taken place prior to the formation of the included staurotite grains. The
staurolite crystals are quite irregularly oriented within the garnet which indicates that
in between the staurolite formation and the growth of the enclosing garnet there was

no episode of folding. If there were one, that would have imparted some sort of
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regular arcuate distribution of the staurolite crystals. This. also gwes an indirect
indication that if at ail there was a fold episode it must have been elther concomltant
with or postdating the spongy gamnet growth.
{(vi) In addition to’ the elllptlcal grains, some of the spongy gamets show folded
-outlines (Fig. 5.31) which means that indeed a fold episode took place either
synchronously with or following the development of the spongy gamets, and most
possibly before the stretching' event. Given the isotropic nature of gal'jnet, it is very
 difficult to know whether a gamet grain is internally strained or not. A mineral grain
of pre- foldmg origin would obv1ously show greater intemal strain than a syn-foldlng
one. Some clues are provided in the present case by the anisotropic included phases
within the gamet/s. There is a lack of strong undulose extinction in those included
grains. This along with the observation that the gamet shows only mild (gentle)
folding possibly favours an early-syn-folding origin of the gamet, rather than a
~ distinct pre-folding origin.

_____(vii) Pieced_together, these_evidences. build_up-a_sequence-of -events —which_closely- - -
resemble that found in the Joshimath Gneiss, that is, formation of high-grade
metamorphic mineral e.g. kyanite, followed by an episode of folding i.e. F2, followed
in turn by the main stretching event. The only difference in the present case is an
additional episode of garnet growth (the spongy ones) broadly synchronously with the
folding (Fy). This is hardly surprising when we are dealing with a thick, complex and
repeatedly active shear zone such as the MCT (i.e. the Munsiari Formation). Also as
already highlighted, garnet is one of the few metamorphic minerals that show
exceptional readiness to grow in multiple stages in preferred sites depending on the
local availability of necessary reactants. The broadly syn-F; time of development of
the spongy gamets implies that the included staurolites were pre-Fy. As indicated
above at point (v), the included staurolites were either syn-F; or, more likely, post-
Fy, because there was no folding after the staurolite formation, before they got
enclosed within the spongy gamet. This pre-F5, but syn- to post-Fj time of
development of the included staurolites, established independently, suggests that the

included staurolites are synchronous with the matrix staurolites.

The thin section (NR 58/59) preserves clear evidence of at least two
generations of garnet growth and provides information which leads to the following
reconstruction of events --

Following the staurolite formation the growth of the spongy gamets took

place broadly synchronously with an episode of folding (F2) which was

followed in time by a strong event of foliation transposition and stretching

that gave rise to the present main foliation along which the opaque trails are
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aligned. The spongy garnets enclosed some staurolites from selected horizons,
thereby protecting them from the effects of later rcaligmnent and
fragmentation due to foliation transposition and stfetchjng/shéarmg, The
remaining matrix staurolites being 'unprotected' became aligned and stretched
along the main foliatib'n. The strong event of foliation transposition is almost
certainly associated with the main stretching or shearing event related to the
MCT—emplacemeﬁt. The .ht)mogencous gameté grew either synchronously or
late synchronously with this foliation transposition thereby overgrowiﬁg the
opaque trails ( i.e. foliation). ' '

It is concluded that there was essentially one generation of staurolite in the
Munsiari Formation, but in two different modes of occurrence. The Munsiari
staurolites were also an integral part of the pre-F2, but syn- to post-F1 progressive
regional Barrovian metamorphic sequence described already from the Joshimath

. Oneiss.-In other words,-the-Munsiari-staurclites-and-the-Joshimath-Gneiss-staurolites—
belong to the same metamorphic episode. On the mineral paragenetic diagram,
therefore, the position of the Munsiari staurolites corresponds to that of the Joshimath

Gneiss staurolites (Fig. 5.32).

5.4 GARNET TEXTURES

Gamets are all porphyroblastic in origin and show a wide variety of textures.
This section first gives a review of the literature on garnet textures, particularly on
porphyroblast inclusion fabrics and then a description of the major varieties of garnet
textures recognised in the Joshimath area, along with an attempt at classification.
Wherever possible, attempts are also made to find out if such grouping has any age
connotation. Textures of garnet refer to the patterns of distribution of inclusions
within the gamet, the overall shape of the garnet grains, the geometric relation of the
inclusion fabric (Si) with the external foliation/fabric (Se), and the mode of

occurrence of the gamets in relation to the surrounding mineral phases in the matrix.

5.4.1 A review of literature on garnet textures

The literature is replete with studies on the textures of porphyroblastic
gamets, particularly on the origin and significance of inclusion trails commonly
observed in them. The inclusion trails in" gamet porphyroblasts are often curved, S-
shaped or spiral in nature and are widely designated as the internal schistosity (S1).



The geometric relations of these internal inclusion trails (Si) with the extemnal
foliation (Se) in the matrix surrounding the garnet porphyroblasts are useful in
working out the tectonometamorphic history of the rocks. Though the pattemns of
inclusions within porphyroblasts and their geometric relations with the external
foliation have long been used to distinguish between pre-, syn-, and post-tectonic
mineral growth (see, for instance, Read, 1949; Rast, 1958; Zwart, 1960a &- b, 1962,
1963; Johnson, 1963; Spry, 1963; Harte & Johnson, 1969; Ferguson & Harte, 1975),
the literatuié on syntectonic porphyroblastesis presents conflicting interpretations on
various aspects, viz. on the mechanism of formation of the S-shaped trails (Spry,
1963; Schoneveld, 1977; Carmichael, 1969; Bell et al., 1992), on the nature of matrix
deformation (Spry, 1963; Wilson, 1971; 'Bell, 1985; Bell & Johnson, 1989), on the
tectonic significance of porphyroblast rotation (Spry, 1963; Ghosh, 1975;
Schoneveld, 1977; Lister & Williams, 1983; Bell & Johnson, 1992; Bell et al., 1992),
on the three-dimensional shape of the inclusion trails (Spry, 1963, 1969; Treagus,

1964; Powell-& -Treagus,-1967,-1970;- Rosenfeld;-1970; Bell-et-al-1992)-and-also-on—

the problem of whether it is the porphyroblasts or their matrix which rotate (Ramsay,
1962; Spry, 1963; Schoneveld, 1977; Wilson, 1971; Bell, 1985; Bell & - Johnison,
1989; Bell et al., 1992).

The geometry and origin of inclusion pattemns in garnet porphyroblasts are
explainéd in various ways by various authors (for an appreciation, see Schmidt, 1918;
Spry, 1963, 1969; Powell & Treagus, 1967, 1970; Carmichael, 1969; Wilson, 1971,
1972; Rosenfeld, 1970; Harvey & Ferguson, 1973; Cox, 1969; Bell, 1985; Bell &
Johnson, 1989; Bell et al., 1992). However, there are broadly three groups of
hypotheses as to the origin of the porphyroblast inclusion trails (Si) respectively

involving:

(1) rotation of the porphyroblasts (see, for example, Peacey, 1961; Spry, 1963;
Cox, 1969; Powell & Treagus, 1970; Dixon, 1976, Schoneveld, 1977; Williams &
Schoneveld, 1981; Lister & Williams, 1983)

(2) rotation of the matrix (see, for example, Ramsay, 1962; Wilson, 1971; Bell
& Rubenach, 1983; Bell, 1985; Bell & Johnson, 1989, Bell et al., 1992), and,

(3) differential rotation of the porphyroblast and the matrix (see, for example,
Ramsay, 1962; Wilson, 1971; Bell & Rubenach, 1983; Olesen, 1978).
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of rotational origin of porphyroblast inclusion trails was supported by Ihe work of
Schoneveld (1977). Mcanwhﬁe Wilson (1971) mentioned the posmble role in the
development of the sigmoidal inclusion trails of overgrowth of a progressively
deforming mafrix by a growing porphyroblast. Finally, Bell (1985), Beli & Johnson
(1989) and Bell et al. (1992) came up with the suggestion that porphyroblast rotation
is extremely rare in nature, accordmg to them, deformation parntlomng controls how

and when the inclusion trails can develop in porphyroblasts.

Given below is a more detailed review of the works of Spry (1963),
Schoneveld (1977), Wilson (1971), Bell (1985) and Bell & Johnson (1989); these
works made significant impact on our understanding about porphyroblast growth and

inclusion trail development.

224

~ Spry's work

Spry (1963) emphasized that the development of sigmoidal syntectonic
inclusion trails in garmet is due to simultaneous rotation and growth of the gamet
porphyroblasts. Drawing an analogy between the development of such a
porphyroblast and a snowball rolling down a snow-covered slope, he says The
" snowball rotates and picks up extra snow thus increasing in radius as it rolls. The
points of contact between the snowball and the slope become enclosed when the next
jayer of snow is attached and the locus of the points of contact within the ball is a
spiral. The nature of this spiral is controlled by the rate of growth and the rate of
rotation' (Spry, 1963, p.217). Snowball structures in porphyroblastic minerals have
attracted the attention of various workers since early part of this century (see, for
example, Flett, 1912; Schmidt, 1918; Mugge, 1930; Fairbairmn, 1949; Read, 1949).
Spry's hypothesis suggests that the gamet porphyroblast grows preferentiaily along
the foliation and that the series of elongate quartz inclusions are not parts of the once-
continuous external foliation (Se). As the porphyroblast rotates, preferential growth
always occurs along Se even though the included Si have been rotated away from the
Se-direction (Fig. 5.33).

As to the behaviour of the matrix, Spry (ibid.) mentioned that the medium
(matrix) probably flows in a streamline pattern around the porphyroblast. The crystal
deflects the flow layers sideways as it grows but the close presence of a number of
rigid crystals may prevent flow within some layers and increase the viscosity. The
couple acting across the crystal is the cause of rotation and this may change during

growth resulting in a change in the raie of rotation. The rate of growth may be
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controlled by the availability of the material, and by its viscosity and femperamre
which may also vary with time. '

Schoneveld's work o :
'Schoneveld's (1977) work can be regarded as the culminating influence so far

by the advocates of ‘rotationdl origin of syntectonic porphyroblast inclusion trails.
Early supporters of pofphyro_l)last rotation dealt with inclusion patterns only in two
dimensions, perpendicular to the supposed rotation axis. Powell & Treagus (1967 &
1970) made the first attempts to discuss in more detail the three dimensional shape of
inclusion surfaces, but they considered only those gamets which suffered 90°-
rotation. Rosenfeld's (1970) comprehensive study dealing with highly rotated gamnets
came up with a ring model for the three dimensional shape of the central inclusion
surface. Rosenfeld identified two types of included surfaces in garnets and considered

—-them broadly-as-schistosity-and-compositional-banding;-but-didn’t clarify_exactly_how.
they come to be preserved as well defined alternate spirals, sometimes with varying
widths. Moreover, the occurrence of double quartz spirals and/or double opaque-
graphite—mica spirals were not explained. Schoneveld's work aimed to further our
understanding of the two dimensional inclusion patterns in central sections
perpendicular to the rotation axis in garnets that suffered rotation of 180° or more. It
highlighted the role of porphyroblast growth rate vs. rotation rate (g/r) on the
progressive thickening or thinning of inclusion spirals from centre outward of the
porphyroblasts.

The importance of Schoneveld's model stems from the fact that it can explain
many enigmatic attributes of the inclusion trails observed in nature. Schoneveld
(1977) demonstrated that the factor (g/r) given by the ratio of porphyroblast growth
rate (g) to porphyroblast rotation rate (r) plays an important role to induce different
characters to the inclusion trails. The variation in inclusion trail thickness may
depend on a change in the g/fr ratio, where g is given in terms of the increase in radius
of the porphyroblast. If g/r-ratio is kept constant, the width of inclusion spiral remains
unchanged. If the g/r-ratio decreases (implying decreasing growth rate, or increasing
rotation rate or both), a continuous thinning of the quartz spiral towards the
porphyroblast rim is observed; also the Si hinges become sharper and less frequent.
Broadening of quartz spiral towards the rim can take place when there is a relative
increase in growth rate (ie. when g/r-ratio increases). The angle between the
incremental growth surfaces of porphyroblast and the quartz and/or opaque inclusion
spirals emerging out of the porphyroblast is directly related to the g/r-ratio; the lower
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this ratio, the lower the angle, meaning thereby that in a relatively slowly growing
porphyroblast the spirals: tend to become parallel to the porphyroblast faces. Narrow
quartz spiré]s_ lacking distinct Si hinges (suggesting low g/r ratios) are therefore
expected to run almost paratlel to the crystal outline of the porph);'roblast; thus the
double quartz spiral may mimic the euhedral form of the crystal (porphyroblast).

The occurrence of gamet porphyroblasts without any.quartz inclusions, but
showing only opaque spirals is common. Referring to Rast (1965) and Spry (1969, p.
170), Schoneveld (ibid.) mentioned that the ability of a crystal to include foreign
material depends on several factors. For example, depending on its rate of growth and
the interfacial energy variation between the host and the impurity, the host crystal
may become strongly poikiloblastic or may show no inclusions at all. Such factors
may apply to rotated gamets as well, which may sometimes preserve the opaque
minerals and eliminate the quartz. Also due to varying diffusional properties between

-—garnet and~quartz;-and-the-obvious-scarcity-in-the-quartz=rich-pressure-shadow-areas—
of suitable reactants for garnet formation, gamet-growth may selectively avoid the
quartz-rich zones, so quartz does not become enclosed within garnet. In a slightly
different, but broadly similar situation, a rotating garnet can have near-concentric,
circular inclusion trails. However, circular inclusion trails (spherical in three
dimensions) have been explained in terms of replacement of matrix coupled with
displacement by ‘crystallisation force' by Harvey & Ferguson (1973), though this
suggestion has been later questioned (see Spry, 1974).

The main contribution of Schoneveld (ibid.) came from the results of his
ingeniously performed 'String Experiment' to simulate simultaneous growth and
rotation of porphyroblast in a quartz-mica rich foliated rock (see pp. 455-457,
particularly Figs. 1 & 2 in his paper). Fig. 5.34 (modified after his Fig. 2) shows four
stages (a to d) in the progressive rotation omd growth of an idealised circular garnet
porphyroblast with accompanying Si-Se fabric. The diagrams were originally
sketched (traced) from photographs taken at four stages of the 'String Experiment'.
The lines (strings) outside and inside the circular gamet model indicate Se and Si
respectively. Where the string/line segments are more closely spaced they correspond
to the mica-rich (or opaque/graphite-rich) domains and areas where they are more
widely spaced represent quartz-rich domains. The amount of rotation is given in
degrees under each of the four sketches; the progressive increase in porphyroblast
size (from a to d) is self-evident. More clearly distinguishable in (d), the white areas
inside and outside the garnet model represent respectively the quartz-rich relict (i.e.

enclosed) pressure shadows and the present ones. Thus in garnet porphyroblasts with
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large rotations (say, 360° or more), we get a pair of double spirals - a double quartz
spiral (white bands) and a double opaque spiral (dark bands). Note that the lines (Si
trails) get their maximum curvature when théy_ individually pass through the quartz-
rich pressure shadow trails (white). Schoneveld referred to these Istréngly. curved
segments as "hinges of Si frails", though they do not represenf real fold hinges. An
important point to note is that the opague-mica-graphite rich spiral domains within
the porphyroblasts do not themselves represent the early foliatioh. of the rock,
although many workers consider them to be s0; except in the very core region of the
porphyroblast these simply -rcprescnt, according to Schoneveld, a new internal fabric
within the porphyroblast dex}eloped‘as a result of bunching together of fine scale early

foliation (Si) consequent upon the porphyroblast rotation.

The few points that are not clearly dealt with in Schoneveld's paper are -

_ (a) The criteria based on which the orientation of porphyroblast rotation axes
—have been identified—A-porphyroblast-may-have-different-rotation-axes-at-different—
points of time in its history.

(b) Conceming the time-relation between the growth of pressure shadow
quartz and the garnet pbrphyroblast, when he (Schoneveld, 1977, p. 454) said that
'they are essentially produced synkinematically', he probably had compared the later
growth stages of gamet with the pressure shadow grains. But there might be
appreciable gap between their initial nucleation times, because pressure shadows can
form only when an already existing relatively more competent (rigid) object behaves
as a barrier against the pressure to act homogeneously on the rock. ..

(c) How far the suggested model of inclusion trail development would be
applicable to porphyroblasts of minerals other than garnet. '

(d) The influence of foliation transposition during or immediately after the
growth of the porphyroblast. '

Wilson's work

Wilson (1971) pointed out that in nature the deformation of the matrix
surrounding the porphyroblasts may be much more complicated than normally
considered by workers advocating. a rotational origin of sigmoidal inclusion trails in
porphyroblasts. He emphasized the incremental aspect of deformation and mentioned
that the supposed rotation axis may vary in orientation with time. "The situation is
analogous to the change in direction of fold axes generated during progressive three-
dimensional deformation (Flinn, 1962; Ramsay, 1967, p.177)'. However, in some



cases the attitude of the porphyroblast rotation axis for each incremental deformation

‘may remain constant throughout the whole duration of deformation.

Referring to the origin of S—éhaped inclusion trails, Wilson (ibid.) made a case
whereby the gradually growing porphyroblast encloses at successive stages parts of a
progressively deforming or rotating matrix fabric (Fig. 5.35). The final interﬁal fabric
(Si) would thus become a record of the successive orientations of matrix fabric
adjacent to the gamet. If, therefore, somehow the growth increments of the
porphyroblast could be distinguished (cf. Harte & Henley, 1966), then each growth
increment would preserve the Si which will give the matrix orientation at that time
and place. Wilson's work essentially highlights that the development of sigmoidal
inclusion trails in porphyroblasts in some cases can be attributed to the progressive
rotation of the foliation surrounding the porphyroblasts due to increasing deformation
and/or transposition,

The limitation-of Wilson's-model-is-that-it-is-inadequate-to-explain-inclusion
spirals which imply relative rotation of more than 90° (see Barker, 1990, p.84). Note
that the sense of curvature of the inclusion trails in Wilson's model is opposite to

what would be expected if the porphyroblast itself were to rotate.

Bell and coworkers' work

Bell and his coworkers (for example, Bell, 1981, 1985, 1986; Bell &
Rubenach, 1983; Bell et al., 1986; Bell et al., 1989; Bell & Johnson, 1989; Bell et al.,
1992) are the strongest proponents of the idea that most inclusion trails originate
without involving active rotation of the host porphyroblasts. Bell (1985) emphasized
the role of deformation partitioning for the syntectonic development of
porphyroblasts Witho_ut their active rotation. Ductile deformation affecting ‘a rock-
mass would be partitioned broadly into four different types of zones - (i) that takes up
no strain (competent or rigid zone), (ii) dominated by progressive shortening strain
(i.e. zone of progressive coaxial deformation), (iif) dominated by progressive
shortening plus shearing strain (i.e. zone of progressive non-coaxial deformation),
and (iv) dominated by progressive shearing strain (i.e. another zone of progressive
non-coaxial deformation); see Fig. 5.36 where the first three types are clearly
indicated.

Taking the most likely deformation regime that may induce porphyroblast
rotation, that is non-coaxial bulk inhomogeneous shortening, Bell (1985) suggested
that the shearing component of deformation is partitioned about the porphyroblast
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which normally acts as a rigid undeformable object and thus protects an ellipsoidal
island of matrix from the effects of progressive shearing. Thus the porphyroblasts
escape rotation, while the surrounding foliation cannot but be reactivated due to
partitioning of the deformation around the porphyroblasts. Consequently,
progreésively growing porphyroblasts commonly preserve in their strain Sﬁaddws or
within their bodies in the form of inclusion trails the orientation of"e'arly .'foliations
and stretching lineations, even if thcsc structures have been rotated or. obliterated in
the matrix due to subsequent deformation. This reinforces the fact that porphyroblast
inclusion trails are very.useful tools for the study of foliation development through
repeated transpositions and'thercfore, for deciphering deformation history. Fig. 5.37
schematically shows porphyroblasts with differing internat fabric but all with broadly
contemporaneous development overgrowing different stages and places of formation
of a crenulation cleavage belonging to a second deformation episode. Bell mentioned

that porphyroblasts can rotate only when the deformation cannot partition and

involves progressive shearing with no- combined bulk shortening component. In-this -

context, the model put forward by Ghosh (1975) of rotation of a rigid sphere in a
homogeneous isbtropic matrix or Lister & Williams' (1983) model of rotation of a
porphyroblast due to vorticity during 'fluid’ flow becomes quite relevant.

Taking representative rocks carrying inclusion trail-bearing garnet
porphyroblasts (so-called 'snow-ball' gamets) from three areas of the world viz.
Chester Dome area of Vermont in U.S.A., Modi Khola Valley of Nepal and Hunza
Valley of Pakistan, Bell & Johnson (1989) carried out a detailed microstructural
analysis in order to find out how the inclusion trails developed in the gamet
porphyroblasts. They suggest that the spiral-shaped inclusion trails do not form by
rotation of the growing porphyroblasts relative to the geographical coordinates;
instead the trails form by progressive growth by porphyroblasts over several
successive sets (often, 6) of near-orthogonal foliations with altemate sub-vertical and
sub-horizontal orientations attained through repeated transposition (see their Figs. 1
to 14 and also Fig. 20 reproduced here as Fig. 5.38). Thus this idea of inclusion trail
development and porphyroblast growth is essentially an extension of that in Bell
(1985) and in a somewhat similar vein to that of Wilson (1971).

Bell & Johnson (1989) also suggested that the above mentioned process of
inclusion pattern development in growing porphyroblasts reflects the basic pattem of
orogenesis that involves, in their opinion, a multiply repeated two-stage cycle of - (1)
crustal shortening, thickening and uplift giving rise to near-vertical foliation,
followed by (2) gravitational instability and collapse of the uplifted mass with the
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devclopmént of near-horizontal foliation (see their Figs. 24 to 26). 'Théy'de that
thrusting in orogenic belts mostly occurs in the second stages as a result of

gravitational spreading and near-coaxial vertical shortening.

‘Bell and coworkers' model calls for several criticisms.
Firstly, it is implied in the model that the suggested mode of growth of
porphyroblasts preserving the imprints of so many (often, 6) successive phases of
foliation transposition .is not special for garnets only; all porphyroblastic minerals
seem to be equal. Taking into account a noncoaxial bulk inhomogeneous shortening
regime (Bell, 1985), gamets and other porphyrobiastic minerals would probably be
comparable in terms of strain partitioning capability. Yet we hardly ever find
porphyroblasts of any other mineral which show such a prolonged and complex
growth history as has been depicted in the model taking gamets as example. This

suggests that definitely there is some inconsistency or lacuna between the prediction

- - (the suggested model-of porphyroblast-growth)-and -what-actually-happens-in-nature-

Secondly, the differences in the crystal structures, extemal shapes and physical
properties among porphyroblastic minerals must be important factors which are
neglected in the model proposed by. Bell & his coworkers. Highlighting the
importance of the external shape of the porphyroblastic grains, Prior (1987, p.27)
commented, "Unless the deformation is so strongly partitioned that no deformation of
the porphyroblasts and their immediate surrounds occurs, inequidimensional
porphyroblasts will rotate’.

In contrast the porphyroblast rotation model has the obvious underlying
assumption that the ease of rotation would depend much on the shape and properties
of the porphyroblastic crystal and therefore it can readily explain why gamets, having
isotropic-dodecahedral character, tend to suffer more rotation and, therefore, show

much more complex inclusion trail fabric than other minerats.

Thirdly, it is quite an intriguing coincidence how almost each and every garnet
porphyroblast studied by Bell & Johnson (1989) from the thin sections of rocks
collected from three widely separated areas on the surface of the globe invamnably
preserves five or even six generations of foliations! This would mean that gamet-
growth was taking place for long enough time to witness almost the entire history of
tectonometamorphism affecting the rocks since the nucleation of the porphyroblasts.
This is in contrast to the findings of Cashman & Ferry (1988) which indicated that
garnet porphyroblasts may grow to their maximum size well within 100,000 years.
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Fourthly, the suggested process of orogenesis involving successive stages of
horizontal compression and horizontal extension (i.e. spreading as a result of vertical
compression due to gravity) seems to be too simplistic to be true and the suggested
symmetrical geometry of orogenic belts seems to be untenable particularly in relation
to the collisional orogenies. - -

Fifthly, in scientific terms it is rather an unacceptable approach to infer about the

overall deformational pattern of megascopic mountain belts just- from the

observations on some microscopic porphyroblasts. There must be sufficient coherent

and correlative findings in the wide intermediate range of scale.

Finally, their claim that porphyroblast rotation is rather unlikely in nature seems to be
somewhat dogmatic. The examples shown in Chapter 4 of this thesis of pulled apart
and/or tilted gamet-or-otherporphyreblasts-or-theirfragments within. mylonitic_schists
formed in a shear fegime with complementary extension suggest that porphyroblast

rotation is not so rare in nature.

However, the strongest influence of Bell and coworkers’ work is that it now
makes us observe the porphyroblast-related microstructures very carefully and not to

take it for granted that any sigmoidal inclusion trail-bearing syntectonic

porphyroblast is of rotational origin. What Bell and his coworkers suggested about -

the development of porphyroblast inclusion trails may not be entirely implausible.
The suggested model may well be true at least for some gamet porphyroblasts in
nature. T '

An important by-product of Bell and coworkers' analyses is the strong support
for the recognition of the fact that texturally distinct concentric or sub-concentric
zones in the porphyroblasts are representative of discrete growth zones no matter
whether there is any compositional variation among those zones or not. The detailed
review given above indicates that in this particular aspect there is no diversity of
opinion among the different workers. Compositional variation by itself is not a
sufficient criterion to indicate multiple growth stages, but its presence in addition to
textural variation provides a further confirmation. However, this does not mean that
the absence of textural and/or compositional variation in a porphyroblast
automatically implies that it has developed through a single stage of growth, though
this is a very likely possibility. Also simply from a recognition of the presence of

multiple generation of porphyroblast growth, no firm indication could be given as to
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the rate of growth of the porphyroblasts in different stages In order to estimate such
rates, we need to know the ages of different growth zones of the porphyroblasts For
the present thesis the aim is to identify whether there are multiple ‘generations of
porphyroblast growth in the area and if s0, to establish when such growth took place
in terms of the deformation episodes. Precise dating (absolute) of the porphyroblasts
and estimation of porphyroblast growth rates would form an important subject-matter
for. future study. '

We, therefore, find that most of the early workers (e.g. Flett, 1912; Schmidt,
1918; Mugge, 1930; Fairbaim, 1949; Read, 1949; Peacey, 1961; Spry, 1963) did not
believe in any other process than the rotational 'snowball’ origin of the porphyroblast
inclusion trails. Ideas gradually evolved and now we recognise that for the
development of the inclusion trails rotation of the porphyroblasts is not always

necessary. In many cases the porphyroblasts can grow /5taizm!;ﬂg,, but it is due to the

—progressive-totation—of-the-foliated-matrix-surrounding-the-growing-porphyroblasts—

that the curved inclusion trails develop in them (Wilson, 1971; Bell, 1985 Bell &
- Johnson, 1989, Bell et al., 1992).

The fairly detailed review given above on the different models of
porphyroblast growth and inclusion trail development makes it clear that no one
model is universally acceptable at the exclusion of others. Because the mode of
growth of a porphyroblast does not depend only on the intrinsic properties of the
mineral concerned, but the tectonometamorphic environment also plays an influential
role, it is obvious that depending on the variation in the tectonometamorphic regime,
local as well as regional, the porphyroblasts will show different modes of growth.
This point will be evident from the following discussion on the wide textural variety
of garnet porphyroblasts from the Joshimath area.

5.4.2 Garnets of the Joshimath area

Gamet is common in the Joshimath Gnelss and the Munsiari Formation,
whereas in the Bennag—Mandhah formations it is nouced only in a thin phyllitic band
sandwiched between two quartzite horizons only a few metres below the Munsiari
thrust. In the upper part of the Munsiari Formation, garnet is very common in the
semipelitic horizons, but it becomes less common down-section. The
quartzofeldspathic mylonite-protomylonite and/or augen gneissic horizons do not
contain gamets. Generally speaking, gamet is noticed quite frequently (except in the
quartzofeldspathic horizons) ‘down to the lower-middle part of the Munsiari
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Formation below which its occurrences are sporadic. Many amphibolite horizons
both in the Munsiari and in the Joshimath Gneiss are garnet-bearing. As mentioned
before, all gainets in the area are porphyroblastic. The charactvistics of the gamets are
broadly the same in the Joshirh_ath Gneiss as in the Munsiari Formation except that
the Munsiari gamets generally show a more complex internal inclusion trail pattern
and a stronger effect of stretching. The results from the présent study do not-support
the view of Valdiya (1980, p. 87) that the variation in the size of gamet
porphyroblasts can be considered as a criterion distinguishing the Munsiari ‘rocks
from the Joshimath Gneiss. Valdiya stated that the Munsiari garoets are 'commonly
very small-sized' and are 'confined to a few horizons which are few and far between'.

But in fact some garnet-amphibolite horizons of the Munsiari Formation show the
largest among the gamet porphysoblasts from the present area of study. This
subsection gives a description of the different textural varieties of the gamet
prophyroblasts present in the area. The object is to classify them into distinct groups

deformation episodes.

Texture of garnet porphyroblasts is taken to refer to the overall shape and size
of the gamet grains, the patterns of distribution of inclusions within the gamet, the
geometric relation of the inclusion fabric (Si) with the external foliation (Se) and the
mode of occurrence of the gamets in relation to the neighbouring mineral phases in
the matrix. As far as the rotational or non-rotational origin of the inclusion trail-
bearing porphyroblasts is concemed, Bell and his coworkers (see review above and
references therein) suggested that mainly millepede microstructures and abrupt
termination or truncation of one inclusion trail against another imply a non-rotational
origin of the prophyroblasts. Absence of any such structures and presence of smooth
inclusion spirals or sigmoidal trails within porphyroblasts are generally taken to be

indicative of a rotational origin.

The inclusions in the gamet porphyroblasts are mostly of quartz, opaque
minerals including graphite, and/or micas (mainly biotite). But in a number of
instances inclusions of tourmaline, carbonate, clinozoisite, chlorite etc. are also

noticed.

‘Theoretically possible time slots for the development of gamet porphyroblasts
in the Joshimath area, particularly in the Joshimath Gneiss and the Munsiari

Formation, are as follows:

with -the—ultimate—aim—of-recognising -their-time/s—of -growth~with-respect-to ~the-.
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~Post-stretching (thus, broadly post-F3) [Here stretching refers to the
main stretching event]
-Syn-stretching (broadly syn-F3) |
-Post-F2, pre-stfetching
_Syn-F2.
. -Pre-F2, post-F1
-Syn-Fl1
-Pre-F1

As mentioned earlier, clear-cut- evidence of mineral growth during F1 folding is
relatively scarce due to the lack of suitable specimens of F1 fold hinges. Thus it could
not be properly determined whether gamets grew specifically at pre-F1 or syn—I:“ 1
time. If any mineral is found to have grown before the pre-F2, post-F 1 stage, it will

be assigned a pre- to syn-F1 age. Also because it is quite difficult to determine

whether--a gamet—per—phyrob]—ast-developed—at—syn%tretching*time—or-post=strctching—

time, the two different time slots (syn-stretching and post-stretching) are combined
innto one {syn- to post-stretching). Therefore, practically we are left with five time
slots:

Syn- to post-stretching (broadly syn- to post-F3 time)

Post-F2, pre-stretching

Syn-¥2

Pre-F2, syn- to post-F1

Pre- to syn-Fl

Criteria used for relative age determination of garnets

Wherever suitable, the following criteria have been used for the determination
of relative age of the garnet prophyroblasts:
1. The mode of occurrence of gamet grains relative to age-defining microstructures.
For instance, if in a rock (thin section) we find some gamet grains elongate in habit
and are either folded or lying along a foliation that defines a fold, whereas other
gamet grains, spheroidal in habit, occur along the axial planar foliation, then we can
deduce that the former group of gamets are pre-folding, whereas the latter group are
most probably syn- or post-folding (syn- or post-axial planar foliation) (see Fig.
5.39a).

2. Texturally distinct groups of gamets in a rock with homogeneous structure and

composition are likely to be of different ages. For instance, if in the same rock there
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are garnets with homogeneous bodies and well defined euhedral outllnes whﬂe other

garnets show skeletal or filamental growth features, then it is pos51ble that the skeletal
gamets are later than the homogeneous, euhedral garnets. Probably the skeletal group
would represent a stage of gamet growth when the rock was already depleted in
garnet-forming reactants (Fig. 5. 39b). Note that the situation would be reverse if efher
the skeletal pattern in the gamet is a replacement or alteration feature (Fig. 5.39¢) or,
the overall outline of the skeletal porphyroblast suggests deformation (Fig. 5.39d). In
these two latter cases, the skeletal or spongy gamet would be earlier than the
euhedral, homogeneous-bodied garnet.

3. Si-Se relations. If a foliation passes undeflected through some garnets in a rock,
but wraps around others then obviously the latter gamets antedate the former (Fig.
5.39e). Single prophyroblasts may show multiple growth zones where Si and Se are

continuous across the outer zone but not in the inner zone, implying that there was a

-distinet-gap-in-time -between-the formation-of-the-innet-and-outer-growth-zones—The —

criteria discussed by Zwart (1962) could also be relevant at this point.

4. Degree of alteration or chloritisation. By itself this is comparatively a weak
criterion. However, if we can assume that access to fluid per unit time is more or less
the same for all gamets in a rock, then the more altered grains are likely to be older
than the less altered. This is akin to the aging process. In suitable circumstances, the
assumption about fluid access can be checked under the microscope, for example, by
noting whether there is any micfofracture, vein or chlorite-bearing micaceous

foliation in close vicinity of the gamet grains.

S. Growth zoning features. Textural zoning features are very good indicators of
multiple growth stages of garnets. Though by themselves these features cannot
always clarify the relations between gamet growth and deformation episode, they
provide very useful circumstantial evidence and stimulate a search for more obvious

examples of different generations of garnet.

Garnets in the Joshimath Gneiss

Broadly five texturally distinct classes of gamet prophyroblasts have been
recognised in the Joshimath Gneiss. They are:

[Note that, if not otherwise mentioned, the illustrations referred to

below are from thin sections cut across the main foliation, but paraliel

or sub-parallel to the main stretching lineation. ]
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I. Spongy/Skeletal/Filamental gamets (see Fig. 5.40a; thin section reference - 'Chain-
rock”). Almost invariably the skeletal character of these porphyroblasts is a growth
fcature rather than secondary fragmentation feature, because each porphyroblast
occurs as a single grain and has discrete outline; moreover, the branchmg parts within
it neither show any zig- zag fracture features nor any patterned dlstﬂbutlon F1g 5.40a
shows just a small part (about one-fifth in size) of a large spongy porphyroblast "The
overall outline of the porphyroblasts is elliptical with their elongauon parallcl to the
direction of stretching lineation, a fact which suggests that these porphyroblasts
developed prior to the main stretching event. The rocks in which these skeletal
garnets have been found do not show any other kind of garnet porphyroblasts, and the
composition of the rock is not highly favourable for profuse garnet development. This
is why the second criterion of relative age determination mentioned above cannot be
applied properly in this case. However, the deformed outline of the porphyroblasts
possibly indicates an early age. '

Il. Elongate porphyroblasts with length-parallel elongate inclusions. No clear crystal
outline is found on these prophyroblasts. In one case, folded outline of such a
porphyroblast is noticed at a fold-hinge (related to a local fold possibly developed
shortly after F2) (Fig. 5.40b; thin section reference - NR25/26F(2)).

HI. Almost entirely homogeneous posphyroblasts with euhedral outline, occasionally
including only a small central spotty core of inclusions (Fig. 5.40c; thin section
reference - 1F'87).

IV. Circular or rounded porphyroblasts with homogeneous outer rim surrounding a |
comparatively large inner zone with inclusions. Two different types are recognised
within this class - (a) those with the inclusions in the inner zone arranged in
concentric trails (Fig. 5.40d; thin section reference - NR30F), and (b) those with a
large inner inclusion-bearing zone surrounded by thin homogeneous inclusion-free
outer rim. Crude spiral arrangement of the inclusions in the core region is noticed
(Fig. 5.40e; thin section reference - NR33B).

V. Porphyroblasts with well developed inclusion spirals. In this class also two
slightly different types are recognised - (a) porphyroblasts with subcircular outline
showing no apparent effects of stretching (Fig. 5.40f; thin section reference - 12ab),
and (b) inclusion spiral-bearing porphyroblast with somewhat ellpitical outline - the
ellipse long axis follows the stretching direction (Fig. 5.40g; thin section reference -
4Ab). ‘



Generally, in most classes of garnet porphyroblasts the associated matrix
foliation wraps around the gdmcts It is noted that distinct S-shaped inclusion trail-
bearing gamet porphyroblasts are rather rare in the Joshimath Gnelss in contrast to
the Munsiari Formation (see later); probably thls is not unexpected, given that the
Munsiari Formation represents the main shear zone (MCT-Zone). As far as the mode
of origin of the porphyroblasts is concemned, it is very likely that the class V
prophyroblasts had a rotatlonal origin (cf. Schoneveld, 1977 reviewed above). ' The
class TV porphyroblasts show an early rotational phase with a subsequent static
homogeneous overgrowth. Po'rphyfob]asts of classes IV & V came from relatively
near the Vaikrita Thrust. The other three classes (viz. classes [, II, & 1) did not
probably involve any rotation while grOWMg. Presumably while class 111
prophyroblasts represent static growth in all directions from a nucleus, classes Il and 1
represent overgrowth of an earlier fabric. The relative rarity of elongate

porphyroblasts even-on-XZ-sections-in-J oshimath-Gneiss-implies-a-generally-weak—

effect of stretching upon the rocks compared to the Munsiari Formation.

From the patterns of inclusion textures coupled with external shapes of the
porphyroblasts and their relationships with external foliations and/or microstructures
(folds etc.) suggestions could be made as to the relative times of growth of the above
classes of gamet porphyroblasts in the Joshimath Gneiss. Porphyroblast classes V &
IV most probably had their growth broadly synchronously with the main shearing or
stretching event in the area - their rotational origin might have been aided by
shearing; however, the homogeneous outer rim-overgrowth .in class IV
porphyroblasts may signify a syn- to post-stretching garnet growth phase. The folded
outline of the class II porphyroblast implies that the porphyroblast grew before the
folding. In the field it could not be properly ascertained whether this particular fold-
hinge represents an F2 fold or not. From the orientational attributes and the relatively
isolated development of the fold-hinge it was surmised that it represents a local fold
probably developed at the waning stage and thus postdating the main phase of the F2
folding. Hence I am inclined to consider this class Il folded gamet to be broadly syn-
F2 in origin. Class III porphyroblasts without any internal schistosity (Si), but with
euhedral outline and class I porphyroblasts with skeletal form and elongate-eiliptical
overall outline most probably represent the earliest among the above five classes of
posphyroblasts. However, these two classes of porphyroblasts have not been found to
occur together in any rock-horizon. Development of the skeletal gamets is attributed
to an insufficiency of gamet-forming reactants due to the unfavourable composition
of the host lithology. I conclude that the earliest classes (III & I} of garnet
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porphyroblasts developed during the early episodes of metamorphlsm Ga.met
porphyroblastesis in the Joshimath Gneiss took place probably in four stages viz. (a)
at pre- to syn-F1 time, (b) at pre-F2, but syn-, or more possibly, post- -F1 time, (c) at
syn-F2 time and (d) at syn- to post-stretching time (broadly syn- to post-F3). See, for
a comparison the discussion on gamet porphyroblasts from the Munsiari Formation

given below.

Garnets in the Munsiari Formation

Gamets in the Munsiari Formation, in géneral, show more complex intemal
textures than those in the Joshimath Gneiss. The other difference is the much
stronger effect of stretching particularly on garnets occurring in the lower middle or
lower part of the Munsiari Formation. Most of the largest garet porphyroblasts in

the area are found in some gamet amphibolite horizons of the Munsiari Formation.

What 1 propose to do here is: first, to suggest a broad classification of the
gamnet porphyroblasts from the Munsiari Formation based on their textural features.
Second, to describe in the light of this classification the different textural varieties of
gamet porphyroblasts from a representative set of thin sections. Wherever possible it
will be attemptcd to deduce the time of formation of the porphyroblasts from their
textural relations. Third, to enumerate the features of gamets from two thin sections
(viz. TM'87 & NR58/59) that will provide confirmatory evidence about the times of

garnet porphyroblastesis in the Munsiari Formation.

Based on their textural patterns, the gamet porphyroblasts in the Mungiari
Formation can be grouped into the following classification -
1. Porphyroblasts recording single growth episode:

(a) Skeletal or meshy porphyroblasts

(b) Circular or ovoid or euhedral outlined prophyroblasts with straight
inclusion trails

(c) Porphyroblasts with well developed inclusion spirals or sigmoidal

~ inclusion trails
1. Porphyroblasts recording multiple growth episodes:

(a) Ovoid or irregularly outlined porphyroblasts with inner core bearing spotty
inclusions, or sigmoidal or spiral inclusion trails, surrounded by
homogeneous rims

(b) Euhedral porphyroblasts with inner core bearing spotty inclusions, or
sigmoidal or spiral inclusion trails, surrounded by homogeneous rnms
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I11. Porphyroblasts in which growth episodes caﬁno_t be recognised e.g. partly or

wholly retrograded porphyroblasts with irregular outlines.

Class I{a) prophyroblasts

[Example from slide - NR 81]: The thin section is approximately an XZ section and
shows a number of bigger, stretched and fragmented gamets that now appear as
skeletal prophyroblasts (one is shown in Fig. 5.41). These porphyrbblasts are
definitely of pre-stretching origin, but it is difficult to say exactly . when' they
developed in terms of fold episodes. A notable feature of the larger (skeletal) garnets
is that their component segments do not appear fresh and bomogeneous; including
lots of minute non-opaque inclusions they show diffused extinction and have altered

appearance.

[Example from slide - 39G'87]: Part of a skeletal gamet from this garnetiferous
amphibolite is shown in Fig. 5.42. Here most presumably the skeletal nature is a
primary growth feature, rather than a secondary fragmentation feature. The entire
* outline (not shown in Fig. 5.42) of the porphyroblast is elliptical with its clongation
parallel to the stretching direction. This means the gamet must be pre- or early-syn-

stretching in age.

[Example from slide - NR 53]: A large meshy gamet from amphibolitic rock (Fig.
5.43). The small component parts of the porphyroblast are of various shapes and
gizes - most are without any regular outlines, but some have euhedral or subhedral
crystal shapes. The overall shape of the porphyroblast is elongate in the direction of
stretching implying that the stretching event postdated the development of the
porphyroblast.

[Example from slide - NR39/40A]: The rock is a gamet amphibolite and the section
is approximately of XZ orientation. Fig. 5.44 shows an example of broadly a class

I(a) gamet which seems to have been pulled apart as a result of stretching. The

elongate elliptical shape of the quartz-rich zone enclosing the gamet porphyroblast

clearly brings out the effect of stretching. The porphyroblast has an irregular outline.
Inclusions are aligned parallel to the grain elongation and are thus parallel to the
external foliation (Se) in this case. Generally speaking, the inclusion grainsize is

smaller than the matrix grainsize. The gamet is obviously pre-stretching in origin.
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{Example from specimen - 6E'87]' Class I(a) type of porphyroblasts (i.e. skeletal
gamets) are found in both XZ and YZ sections cut from the specimen. Fig. 545
shows an example from the XZ-section (6Ea'87). Note that the overall outline of the
skeletal grain is elliptical with its long axis comc1d1ng with the stretchmg direction.
Generally speaking, the aspect ratios (long axis: short axis) of such ellipses are larger
in the XZ section than in the YZ section. This evidence clearly shows that these
skeletal gamets developed prior to the peak of the stretching event. Less clear is, their
relation to the inclusion ttaﬂ—béarmg gamets present in the thin section. However, on
the basis of the second criterion discussed earlier for  porphyroblast age
determination it is possible that the skeletal gamets représent a relatively later
growth.

Class 1(b) porphyroblasts
[Examples from slide - 46A'87]: All the garnet porphyroblasts in the thin section

belong to the class I(b). They have elliptical outlines, clongate parallel to the
stretching lineation. Each porphyroblast shows straight inclusion trails at high angles
to the porphyroblast elongation direction (Fig. 5.46). There is a remarkable
parallelism in inclusion trail orientation from one porphyroblast to another except
only in one gamnet grain. The different Si-orientation in only one gamet suggests that
the porphyroblast encloses part of a hinge of an earlier tightly or iosclinally folded
fabric. No evidence is found which can indicate a rotational origin of these gamet
porphyroblasts. The size of the mclusmns is consistently smaller than the matfix
grainsize. This suggests that fohatlon transposition due to shearing or flattening took
place after gamet growth. The elliptical outline of the porphyroblasts probably
developed due to the same flattening or shearing that caused the transposition of the
foliation. Matrix coarsening took place after the foliation transposition. Thus, the
sequence of events is:

1. Development of an early metamorphic fabric

2. Tight to isoclinal folding of the early fabric

3. Garnet porphyroblastesis that overgrew the early fabric

4. Foliation transposition and gamet flattenning

5. Matrix grain coarsening

Now ' (3¢ 2xdmine " the time relation of these events with the fold episodes?
As we already know, there was a metamorphic fabric (corresponding probably to the
earliest metamorphism) before the high grade minerals developed in the area at pre-
F2, syn- to post-F1 time. The consistency in the orientation of the early fabric in the
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form of Si in the garnet prophyroblasts save only one grain in the present thin section
leads us to presume that this early fabric is a representative of the earliest
rccogmsable metamorphic foliation which was subjected to tight to isoclinal folding.
Clearly a very plausible candidate for this folding is the F1 fold episode. Thus,
presumably the garnet poiphyroblastesis took placc after this F1 folding. The
elliptical outlines of the porphyroblasts parallel to the stretching lineation indicate
that these gamets developed before the stretching event (i.e. before the F3 episode).
Thus we are left with three time slots for this gamet porphyroblastes1s viz. (a) at pre-
F2, syn- to post-F1 time, (b) at syn-F2 time, or (c) at post-F2, pfe-F3 timé, of which
the first two demand strong consideration. The third time-slot is probably too late for
these -garnet prophyroblasts, because we do not find any effect of the strong F2
folding upon the orientation of the Si in gamet porphyroblasts. If the gamets were of
post-F2, pre-F3 time, then it would have been very unlikely for the early fabric (now,
the inclusion trails) to escape the influence of the major F2 fold episode. On the
other hand, if the gamets had developed during the pre-F2, syn- to post-F1 time, then
they would have survived a very strong fold episode ie. F2 and perhaps would not
have looked as fresh and well defined as they appear now. So the first time slot also
could possibly be discounted. I think, most probably these gamets grew during the
syn-F2 time. We shall see later that the syn-F2 time is also an important time for

gamet porphyroblastesis in the Munsiari Formation, as in the Joshimath Gneiss.

[Examples from slide - NR 40/41]: There is considerable variation in the textures of
the garnet porphyroblasts in this thin section. The most notable ones are described
here.

Fig. 5.47 shows a gamet porphyroblast which is so full of inclusions (quartz)
that it almost appears like a skeletal gamet. The inclusions are broadly arranged in
straight trails orthogonal to the matrix foliation (Se) which wraps around the
porphyroblast. The porphyroblast has a circular outline and records only a single
growth episode. The inclusion quartz grainsize is comparable to matrix quartz
grainsize. There is no conspicuous sign of rotation of the porphyroblast. Collectively
all these points suggest that (a) the Si represents an early foliation and the Se a later
transposed foliation, (b) the porphyroblast grew before the foliation transposition, (c)

the comparable inclusion and matrix quartz grainsize suggests that no matrix

coarsening took place after the foliation transposition, or in other words, the rock
records evidence possibly suggesting that garnet growth was followed by a relatively

short time interval by the foliation transposition. This argument is favoured by the
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textural features (described below) of some gamets in the same thin section that
possibly record porphyroblast-growth at different stages of foliation transposition (see
review of Wilson's work given earlier and also Fig. 5.37). ‘

Fig. 5.48 shows a porphyroblast which has an irregular trapezoid ouﬂir_xé and
even though the angular discordance between the Si and Se is small, the distinctly
smalter inclusion grainsize compared to matrix grainsize indicates that the Si
represents an early fabric. The porphyroblast developed ovérgrowing this early
fabric. This is also suppdrted by a slightly different combinatiorr of minerals present
as inclusions than in the matrix. The inclusions are of quartz, muscovite, chlorite,
calcite, opaque and biotite. The matrix minerals include quartz, biotite, plagioclase,
muscovite, tourmaline, clinozoisite, apatite, opaques and sphene. Matrix coarsening
took place after the growth of the porphyroblast. There is no indication of any
rotation suffered by the porphyroblast.

Fig. 549 gives an example where the inclusion grainsize is comparable to

matrix grainsize and the Si is in angular conformity with the S¢. Though the micas .

(biotites) in the matrix are found to wrap around the porphyroblast, some quartz
grains project from the matrix into the porphyroblast. These features probably mean
that the formation of the main foliation,i.e. foliation transposition,followed closely in

time the growth of the gamet porphyroblast.

Fig. 5.50 shows three garnets which obviously grew before the formation of
the main foliation. It is, however, difficult to resolve whether there was any time

difference among the formation of these three gamet porphyroblasts.

On the whole the textural investigation of the gamets in the present thin
section (NR 40/41) suggests that probably there were subtle differences in the times
of formation of the gamet porphyroblasts. Had all the porphyroblasts developed at
the same time, we would expect to see broadly the same size of inclusions in all of
them, and also a similar relationship with the matrix grainsize. Clearly, this is not the
case. However, all are broadly pre-tectonic in terms of the main (matrix) foliation.
Some porphyroblasts developed much earlier than the foliation transposition which
led to the formation of the main foliation and matrix coarsening subsequent to it,
while some others were broadly concomitant with the foliation transposition, various
porphyroblasts among this latter group recording various stages of the transposition.
Any distinct evidence of porphyroblast rotation is lacking; no clear inclusion spiral or
sigmoidal inclusion trail is noticed. The differences in the Si-Se angular relations
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from one porphyroblast to another could be explained most ‘readily as due to
porphyroblast growth at different stages and places of a progresswely transpoa.mg
foliation (see review of Wilson's work and Fig. 5.37 given earlier). .

Class I{c) pogghyroblast
[Example from slide - 7Pb'87]: The thin section is cut perpendicular to the stretching

lineation, which means it is a YZ section. The porphyroblast preserves typical
example of spiral inclusion trails (Fig. 5.51). These spiral trails prdbably suggest a
rotational origin of the garnet porphyioblast (seé review of Schoneveld's work given
earlier). It is not known whether the same porphyrobtast would show spiral inclusion
trails on an XZ section. But the present case clearly indicates the inherent difficulty
in using rotated garnets as shear sense indicators particularly in areas like the present
one where there is such a wide textural variety of garnets. Unless the complete
rotation histories since their nucleation of a statistically representative number of
porphyroblasts in an area are worked out properly, the shear sense determined from
rotated porphyroblasts cannot be dependable. For instance, in the present case, the
implied sense of shear would be layer-parallel and perpendicular to the stretching
Jineation indicating almost a strike-slip shearing, a possibility which can be ruled out
totally from all the other available evidence. It is very difficult to be sure of spiral
inclusion trails indicating the sense of shear in the present area, given the repeated
foliation transposition and the different generations of garnet porphyroblasts. Indeed
only the tilted fragments of pulled apart gamets may be considered as recording a
reliable sense of shear, but this refers to a very late stage of the main shearing or
stretching process in the MCT-Zone (see later).

[Examples from slide - NR 52]: Two- porphyroblasts are shown with very well
defined spiral inclusion trails (see Figs. 5.52a & b). To some extent the matrix
foliation wraps around the porphyroblasts, but there are also examples of matrix
micas abutting against the garnets which cast some doubt as to whether the
porphyroblasts were entirely earlier than matrix foliation. The spiral inclusion trails
presumably developed through rotation.  So, it is quite possible that these
porphyroblasts developed broadly synchronously with the shearing that led to the
formation of the present matrix foliation through transposition. An intriguing fact is
that the sense of rotation given by the inclusion spires is different in the two
porphyroblasts. This again highlights the difficulty in using rotated porphyroblasts
for shear sense determination. The irregularities in the outline of the porphyroblasts

are probably due to one of the following reasons -
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(a) Primary growth feature

(b) Secondary fragmentation feature

(c) A result of differential dissolution by later chemical reactidn

(d) A combination of two or all of the three above-noted reasons.
The tiny patch of gamet on the righthand side of Fig. 5.52b probably represents a
separate grain by itself. Also there is no very obvious evidence of differential
chemical dissolution or secondary mechanical fragmentation. So, I presume the

trregularities in outlines are essentially a growth feature.

{Example from slide - 6A'87]: Here a spectacular S-shaped inclusion trail-bearing
garnet porphyroblast is shown (Figs. 5.53a & b). The inclusions are of quartz,
opaques and some micas. The nearly circular outline of the porphyroblast, the
sigmoidal Si and its relation with the Se suggest that the gamet grew during a non-
coaxial deformation and involved rotation (see review of Schoneveld's work given
earlier). The relation of the Se with the Si is somewhat ambiguous; in part there isa
continuity between Si & Se, yet in general the matrix foliation (Se) wraps around the
porphyroblast. Clearcut continuity between Si & Se would indicate that the
porphyroblast grew broadly synchronously with the folding of the matrix foliation,
but the wrapping or swerving relationship suggests a possible pre-tectonic origin of
the porphyroblast in terms of the matrix foliatien. -On balance 1 presume the
porphyroblast here developed early synchronously with the transposition that led to

the formation of the present matrix foliation.

Class li{a) prophyroblasts
[Example from slide - NR39/40A]: A distinct example of a class II(a) gamet

porphyroblast in an approximate XZ-section is shown in Fig. 554. The
porphyroblast clearly records two different stages of growth - the inner linear
inclusion trail-bearing zone is surrounded by a homogeneous inclusion-free outer rim.
The inclusion trail geometry in the inner core region resembles miilipede
microstructures of Bell (see review given earlier). Note the presence of a mica-free
(quartz-dominated) band looking like a 'corona’ enveloping the gamet porphyroblast
(cf. Fig.- 5.61 from slide - 64A'87 given later that shows a partially retrograded i.c.
partially chloritised gamet porphyroblast, surrounded by a distinct ‘corona’ of white

mica).

[An example from slide - ~NR39"]: The thin section is approximately an X7 section
in terms of the stretching lineation. The porphyroblast (see Fig. 5.55) has a distinctly
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elliptical outline with its elongation parallel to the stretching direction. 'Broadly two
growth zones are present - spotty inclusions are concentrated in the inner/central
zone, while the outer rim is almost completely free from inclusions; however, no
distinct growth ring/line is found distinguishing between the two zones. Inclusion
grainsize is .very small compé.red to the matrix grainsize. No distinct
spiral/linear/circular arrangement of the inclusions is recognised. o

[Example from specimen - G6E'87{: Figs. 5.56a & b show two class H(a)
prophyroblasts from a YZ section (slide - 6Eb'87). The sigmoidal nature of the
inclusion trails is very distinct. The Se wraps around the porphyroblasts and the
outline of the porphyroblasts appears rather irregular. More than one growth stage is
recorded in these porphyroblasts. The latter figure (Fig.- 5.56b) cleatly shows an
inner core region of S-shaped inclusion trails surrounded by a fairly homogeneous
outer rim that probably replaced matrix foliation. Although, in general, the present
overall shape of the porphyroblasts is equidimensional in this YZ section, the
inclusion trail-bearing zone has a slightly elongate elliptical shape. This enforces the
conclusion that possibly the later overgrowths on these porphyroblasts are syn- to
post-stretching, while the inclusion trail-bearing zones are pre- to early syn-
stretching. If the inclusion-bearing zone can be treated as crude strain ellipsoids, then
a comparison of the shape of the porphyroblasts in the XZ & YZ sections suggests
that the strain ellipsoid for stretching is of triaxial prolate nature with x >y > z. This
is also corroborated by the aspect ratios of the class 1(a) skeletal prophyroblasts

discussed easlier from the same specimen.

[Example from slide - 7C'87]: The section was cut at high angle to the stretching
lineation. The class Il(a) porphyroblast distinctly shows at least two or, more
possibly, three stages of growth (see Fig. 5.57). The earliest growth stage,
represented by the central ovoidal zone, shows clear S-shaped inclusion trails which
indicate rotation during this stage. The inclusion trails evidently do not continue into
the later growth stagefs. Later overgrowth did not take place homogeneously on all
sides of the inner ovoidal core. The porphyroblast shows partial retrogression (note
the presence of chlorite partially surrounding the porphyroblast). The Si-Se or other
relations are not clear enough to suggest anything about the poSsible time difference
between the successive stages of growth.
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Class 1I(b) porphyroblasts

[Example from slide - 23/88]: The rock is a gamet amphibolite. The remarkably
euhedral gamet porphyroblast has a somewhat meshy body (Fig. 5.58). It is
surrounded by altered/semi-altered plagioclase grains (not shown in the sketch). The

rock is possibly an orthoamphibolite. The extreme outer rim of the porphyroblast is

inclusion-free, but inside there are sigmoidal inclusion trails. The main body of the .

porphyroblast shows a rather meshy structure. No effect of stretching or flattening is
evident, because the euhedral hexagonal shape of the porphyroblast is virtually intact.
This suggests that possibly the gi‘owth of the porphyroblast continued up to syn— to
post-stretching time. Effect of retrogression (mainly chloritisation) is quite common
within the gamet.

[Example from slide - 8G'87]: A number of porphyroblasts with euhedral outline and
multistage growth are shown in Fig. 5.59. The inner zones are inclusion-bearing, the
outer zones are homogeneous and free from inclusions. The growth rings/lines
separating one growth zone from the other are very distinct in some of the
porphyroblasts. Lack of suitable time-marking microstructures in the matrix makes it
difficult to establish the times of development of these different growth zones. Most

possibly the outermost homogeneous overgrowth took place in a relatively quiescent

period that was followed by the main stretching event. Note that there are some-

distinct examples of pulling apart of these euhedral porphyroblasts; this pulling apart
is probably related to the main stretching event.

Description of porphyroblast classes l(a) & II(b) occurring together in slide - 7G'87:

Note how contrasting the textural pattermns are in two mutvally adjacent gamet
porphyroblasts (Fig. 5.60). One (class II(a)) shows a very irregular outline with lots
of visible inclusions arranged in splayed trails, while the other (class II(b)) has well
developed crystal outline and a fairly homogeneous body with only a few inclusions.
Closer observation, however, suggests that in addition to some visible quartz and
opaque inclusions there are innumerable fine dusty inclusions of opague and/or
graphite in the latter homogeneous euhedral porphyroblast. These fine dusty
inclusions define a pattern crudely resembling the picture of a 'rotating nebula’. The
side by side occurrence of these two porphyroblasts, with widely different textures, is
difficult to explain. They could mean either

(a) simultaneous crystallisation, but developed at different points in a

partitioned deformation space, or
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(b) growth (nucleation) at two different points of time. The complex
inclusion trail-bearing irregular-outlined gamet * grain -might have

_ started to grow earlier than the homogeneous one. 7
It is difficult to resolve clearly which of the above two possibilities is correct. There

is clear textural zonation in both the gamets; broadly three zones in the meshy

_ garnet, while in the euhedral gamnet two distinct zones are present. The latest growth

zone in the meshy gamet is represented by the somewhat isolated curved rectangular
patch (just by the fracture running across the. thin section) with a few elongate
inclusions within it defining an Si more or less parallel and continuous with the Se.
The latest growth zone in the homogeneous gamnet is completely free of inclusions.
Note that the latest growth zone in the euhedral porphyroblast is thicker in the
direction of stretching than in the direction perpendicular to it. Keeping in mind that
the thin section is roughly an XZ section, we can recognise that the distinct ellipticity
in the overall outline of both the porphyroblasts is paraliel to the stretching direction.
All these features suggest that the latest growth zones in both the porphyroblasts

developed simultaneocusly with each other and were broadly synchronous with the

- stretching/shearing event. Probably both the porphyroblasts involved rotation at

some stage during their early development. These evidences indicate that both of the
forementioned possibilities are correct in part and probably the meshy gamet

nucleated earlier.  _.

Class IIT Domhvroblasts

[Examples from slide - 64A'87]: Two examples are illustrated, one partially and the
other totally altered. A spectacular example where the garnet porphyroblast has
undergone partial retrogression (chloritisation) along the rim and the body-fractures is
shown in Figs. 5.61a & b. The degree of chloritisation is more prominently observed
under the microscope between cross polars (see Fig. 5.61b above). Note a rim of
white mica defining a 'corona’ surrounding the altered gamet porphyroblast (cf. Fig.
5.54 from slide - NR 39/40A described earlier). A few irregularly distributed opaque
inclusions are present within the porphyroblast. Fig. 5.62 is probably an example of a
wholly chloritised gamet porphyroblast (chlorite pseudomorph after gamet). There is

radial arrangement of chlorite grains within the pseudomorph.

[Example from slide - 7C'87]: Fig. 5.63 shows a class III porphyroblast. The
porphyroblast appears to be partly skeletal and does not show significant inclusion
features. A notable point is that the porphyroblast with all its arms and branches
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occurs as 'island/s in a lake' or chlorite; this indicates an advanced stage of
retrogression of the porphyroblast.

The above description of various types of gamnet porphyroblasts from different
parts of the Munsiari Formation gives ample indication that certainly all these
porphyroblast types did not develop at the same time. Now, some cn.lcial. evidence
from two thin sections - NR 58/59 and 7M'87 will be discussed which _will‘clarify and

confirm the timing of gamet pofphyroblastesis in the Munsiari Formation.

Evidence from slide - NR 58/59
As already discussed in detail in subsection-5.3.5 when exploring the time of

formation of staurolite in the Munsiari Formation, there are mainly two kinds of
porphyroblasts in the thin section (NR 58/59) - (i) spongy gamnets, and (i1)
homogeneous gamets. There are also examples where in the same porphyroblast
there are spongy core and homogeneous rim (see Fig. 5.30). One of the spongy
garnet porphyroblasts contains spectacular inclusions of staurolite cfystals (see Fig.
5.25) that formed at pre-F2, syn- to post-F1 time. Obviously, therefore, the spongy
gamets developed after this period of the main high grade Barrovian metamorphism
in the area. The matrix foliation in the rock is defined by alignment of micas and
guartz along with trails of opaque minerals. It is found that the opaque trails
" representing the matrix foliation (Se) continue undeflected through the homogeneous
gamet porphyroblasts, whereas they swerve round the spongy gamets. This
observation coupled with the fact mentioned above that in some porphyroblasts a
spongy core is surrounded by a homogeneous rim unequivocally establishes that the
spongy gamets are earlier than the homogeneous gamets. Also the evidence of
indentation or pushing aside of the matrix foliation by the pointed edge of a spongy
gamet porphyroblast (see Fig. 5.29) implies that the spongy gamet was already in
existence when the present extemnal foliation developed. The above relations of
matrix foliation with spongy gamet and homogeneous garnet suggest that the matrix
foliation developed through a phase of strong foliation transposition postdating the
formation of the spongy gamets, and that the homogeneous gamets grew more or less
concomitantly with the foliation transposition. It is established that the strong
foliation transposition that led to the development of the present main i.e. matrix
foliation in the rock took place at the time of the main shearing or stretching event.

Therefore, the homogeneous gamet porphyroblasts are syn- to post-stretching. Fig.

5.31 (see subsection - 5.3.5) shows a gently folded spongy gamet which implies that a.

fold episode took place either synchronousty or following the development of the
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spongy gamets. As argued in subsection - 5.3.5, the spongy garnets I(including the
one enclosing staurolite crystals) grew broadly synchronously with an episode of
folding (most possibly, F2).

Thus the thin section NR 58/59 supplies evidence for two definite generations
of gamet: '_ ' 3 | |
(i) Syn-F2, and
(ii) Syn- to post-stretching.
As a corollary it also hints at a very likely possibility of having at least another
generatlon of garnet in the area that developed synchronously with the staurolltes as a
part of the early main Barrovian metamofphic sequence at pre-F2, but syn- to post-F1

time.

Evidence from slide - 7TM'87
The thin section is, in fact, an F2 profile section (Fig. 5.64). In the broad fold

hinge zone there are two main subsidiary hinges. The fold hinge is clearly defined by

two broad bands of different composition - the outer band (arc) is quartz-rich, while
the inner band (arc) is rich in mica and gamet. Gamet prophyroblasts occur in
varying modes in the two broad bands. Within the outer quartz-rich band, thinner

sub-bands are recognised viz. coarse quartz-rich sub-band, fine quartz-rich sub-band, -

mica-opaque-garnet-quartz-bearing sub-band and apatite-gamet-quartz-bearing sub-

band. Within the inner mica-rich band pronounced axial planar crenulation foliation -

renders further subdivision into sub-bands difficult. The axial planar fabric is much
less pronounced in the outer quartz-rich zone. As already indicated, garmet

porphyroblasts are much more common in the inner mica-rich band (see Fig. 5.64).

(Gamets in the inner mica-rich zone)

Fig. 5.65a shows a gamet porphyroblast with at least two or, more probably,
three growth stages. First growth stage indicated by the sigmoidal inclusion trail-
bearing part is followed by possibly two successive stages of more or less
homogeneous gamet growth. Precisely speaking, however, these apparently
homogeneous later overgrowths contain boundary-parallel linear trails of dusty
inclusions. An adjacent porphyroblast (not shown in figure) preserves only the eatlier
S-shaped inclusion trail-bearing stage. There is a striking similarity in the appearance
of dusty inclusion trails in garnet porphyroblasts with those in adjacent white mica
aggregates. This probably implies that gamets overgrew earlier micas. While micas

have been chemically transformed into gamet, fine/dusty opaque or graphite
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inclusions remained unconsumed. This is supported by the fact that the trails of dusty
inclusions are found mainly in the overgrowths of the gamet porphyroblasts and that
there is angular conformity between these inclusion trails (Si) and adjoining matrix
fotiation (Se).

Fig. 5.65b shows an elongate garnet porphyroblast aligned par'allellto the
axial planar foliation. The porphyroblast has broadly three segments and records at
Ieast two gl_'owth stages; the middle segment with distinct inclusion trails represents

the early growth stage (I), while the two segments on either side of it represent a later -

growth stage (II). The pérphyroblast elongation parallel to axial planar foliation here
probably reflects favoured growth in the direction of the cleavage rather than rotation
and realignment of an original elongate grain. This possibly indicates that the later
growth stage of the gamet was synchronous with the development of the axial planar
foliation.

Fig. 5.65c shows a garnet porphyroblast whose relations with the énclosing

foliation probably suggest a broadly syntectonic development of the porphyroblast in

respect of the enclosing axial planar fabric. The matrix foliation clearly is not

indented by the gamet porphyroblast.

An oval porphyroblast of gamet with its elongation across the matrix foliation
(axial planar foliation) is shown in Fig. 5.65d. This is an ideal situation where one
could expect ‘apathetic' indentation or pushing aside of the enclosed foliation, if the
porphyroblast were definitely pretectonic. But what we see is, in fact, a simple
'sympathetic’ enveloping of the porphyroblast by the mica grains of the matrix. This
feature probably suggests that the porphyroblast is broadly syntectonic with respect to
the matrix foliation. Also note the parallelism between the Si and Se.

None of the garnet porphyroblasts in the mica-rich inner band (arc) shows
strong indentation or bending of the enclosing matrix foliation (F2 axial planar
foliation) - a fact that suggests a broadly concomitant development of these gamets
(particularly their later overgrowths) and the axial planar foliation. Had these
porphyroblasts been definitely earlier than the enclosing foliation, then we would
have expected to see pronounced indentation of the foliation adjacent to the projected
edges of the porphyroblasts. Therefore, the later growth stage/s of the garnet
porphyroblasts in question are synchronous with the F2 folding. The multistage
growth of the garnet porphyroblasts indicate that even though the final growth stagés

may be broadly synchronous with the formation of the F2 axial planar foliation, the
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early growth stages may bé earlier than the foliation. It is not'unlikély that the
earliest growth stages of these porphyroblasts may correspond to the pre-F2, but syn-

to post-F1 main Barrovian metamorphism. See below for discussion on the other -

gamets in the thin section.

(Other gamets in the thin sectlon)
Additional information is provided by two' garnet porphyroblasts occurring in
the outer quartz-rich band insofar as the determination of the time of gamet

porphyroblastesis is concemed (see Fig. 5.64).

One long and roughly prismatic garnet porphyroblast occurs in the mica-
opaque-quartz-rich sub-band mentioned earlier. The occurrence of this porphyroblast
makes the sub-band look prominent under the microscope. The sub-band represents
the early foliation that is folded by the F2 folding. On closer observation, using
higher power objective, the porphyroblast is found to show gentle folding/kinking
that corresponds to lower order F2 folds (see Fig. 5.60). Therefore, this garnet
porphyroblast is pre-F2 in origin. Now there are two distinct possibilities - either the
garnet is a part of the main Barrovian sequence developed at pre-F2, but syn- to post-
F1 time, or, it is still earlier possibly corresponding to the metamorphism when the

earliest foliation was formed at pre- to syn-F1 time.

_ The close surrounding of the gamet porphyroblast and the general appearance
(rugged look) of the porphyroblast itself have considerable snmlanty with those
associated with some staurolite porphyroblasts of the Munsiari Formation; also a
somewhat similar kinking behaviour has been noticed in a staurolite prism of the
Joshimath Gneiss (cf. Fig. 5.23). Thus it is quite probable that this garnet
porphyroblast developed at the same time as the staurolite porphyroblasts in the area
as a part of the early main Barrovian metamorphic sequence at pre-FZ, syn- to post-
F1 time.

But the alternative possibility seems to be more likely, because the elongate
porphyroblast lies along, and thereby helps in defining the early foliation' that
corresponds to the earliest recognisable metamorphic differentiation in the rock (see
Fig. 5.64); so, most probably, the gamet porphyroblast developed at the time of the
first metamorphic fabric formation i.e. at pre- to syn-F1 time.

The other porphyroblast in the outer quartz-rich band is a typical skeletal
gamet (Fig. 5.67). The skeletal nature is almost certainly due to local paucity of
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garnet-forming reactants, given that the porphyroblast is developed in the band rich in
coarse-grained quartz. In some respects, there are similarities between this skeletal
garnet and the elongate garnet mentioned above. For example, the elongate gamet
also shows partly skeletal character at one extremity of the grain. An imaginéry line
circumscribing this skeletal gamet would approximately define an ellipse whose long
axis would parallel the compositional banding which, in turn, defines the F2 fold
hinge/s; this implies a pre-F2 time of development of the skeletal gamet. These

features may induce one to consider that both the gamets belong to the same

generation (i.e. pre- to syn-F1 in age). But closer observation suggests that, in fact';m

the skeletal garnet, having a wide elliptical overall shape, overgrew the fine-scale

earliest foliation present in the outer quartz-rich band (see Fig. 5.64) which means the
porphyroblast developed later than the pre- to syn-F1 time and is, therefore, younger
than the elongate garnet. So the most obvious time of development of the skeletal
garnet is pre-F2, but syn- to post-F1 time, corresponding to the time of the major
high-grade Barrovian event in the area.  The considerable retrogression
(chloritisation) in the skeletal porphyroblast may support an older age, but this
_ criterion loses much of its significance due to the involvement of a fracture running
right across the porphyroblast; the fracture must have acted as a fluid pathway which
aided in chloritisation.

. Thus the outer quartz-rich band in the thin section (7TM'87) preserves two -

gamet porphyroblasts, one of which developed at pre-F2, syn- to post-Fi time as a
part of the major Barrovian metamorphic sequence in the area, and the other at pre- to
syn-F1 time probably during the first metamorphic differentiation; whereas the inner
mica-rich band showing pronounced F2 axial planar foliation preserves evidence of
additional growth of garnets at syn-F2 time.

Combining the results obtained from detailed textural observation on gamet
porphyroblasts from the Munsiari Formation, we therefore come to the conclusion

that there were four times of gamet porphyroblastesis viz.

i) Pre- to syn-Fl

ii) Pre-F2, syn- to post-F1-

iii) Syn-F2 '

iv) Syn- to post-stretching (broadly syn-F3).
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As already highlighted, the observations on gamets in the Joshimath Gneiss also

indicated the same times of gamet development.

Mainly due to difficulty in sampling and preparation of suitable thin sections,
no textural study under the microscope could be undertaken on the gamets of the
Berinag-Mandhali formations. On a speculative note, their time of crystallisation will
‘be discussed in section 58

Conclusions from textural study of garnets in the Joshimath area
1. Principal growth stages of gamet porphyroblasts were pre-stretching.

2. There were gamet growth during: (a) pre- to syn-F1 time; (b) the high-
grade Barrovian event at pre-F2, syn- to post-F1 time; (c) syn-F2 time, and (d) syn-
F3 (1e. syn-MCT) time.

3. However, the main phases of gamet porphyroblastesis recognised in the
area are, , :
(i) Pre-F2, syn- to post-F1 (during the regional high-grade Barrovian
episode) '
(i) Syn-F2
(iii) Syn- to post-stretching (broadly syn-F3 i.e. syn-MCT time).

Fig. 5.68 (fish diagram) shows the garnet-forming episodes in the MCT-Zone

and above more clearly.

5.5 AMPHIBOLE TEXTURES

In the Joshimath area, there are amphibolite horizons in all the three units viz.
Joshimath Gneiss, Munsiari and Beriﬂag—Mandha]j formations, but they are most
common in the Munsiari Formation. Some of them are garnet-bearing, while others
are not. The gametiferous amphibolites are not found below the lower middle part of
the Munsiari Fommation; however, above this level there are numerous non-

garnetiferous amphibolite horizons.
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For the purpose of textural description, I intend to refer to all the individual
species under the same group name 'amphibole’. The amphibole textures are
described below considering the three formations together. In some amphibolite
horizons particularly in the Munsiari Formation, it is difficult to determine whether
the amphiboles are porphyroblastic or porphyroclastic in orlgm However, ‘most
amphiboles are porphyroclastic in origin. Generally speaking, three broad textural
types of amphiboles have been recognised in the area: ‘

1) Massive type, mostly occuring with skeletal gamets in the Joshimath Gneiss or in
the upper part of the Munsiari Formation. In this type, the individual component
grains occur together without any conspicuous spatial separation among them. The

overall outline of these massive type amphiboles is irregular.

2) Discrete amphiboles. These are in the form of discrete platy or tabular crystals, or
in many cases, appear as elongate prismatic grains or as diamond shaped grains. This
type of amphibole is rather rare in the Joshimath Gneiss, but is relatively common in
the Munsiari Formation and in the Berinag-Mandhali together with other textural
types of amphiboles. Usually these discrete amphibole grains have rather irregular

_ outlines and reveal sieve texture, incorporating many inclusions.

3) Small sized elliptical, or elongate diamond-shaped, lozengc-sllapcd or slender
prismatic grains of amphibole. These occur close to each other and are restricted to
specific bands. They give rise to dlstmct amphlbole -rich bands. Often they are found
clustered along In%fear &%&? 'i'kl?igv type "of amphibole is found in the Munsiari

Formation, especially in its middle and lower middle parts.

Systematic observation suggests that the frequency of occurence of the type-3
amphiboles increases down-section in the Munsiari Formation and this is probably a
reflection of increasing stretching/shearing in that direction. In other words,
substantial proportion of type-3 amphiboles are recognised to have been derived from
class-1 and/or class-2 ones.

Given below is a description of amphibole textures from a few selected thin
sections--
(a) Joshimath Gneiss, Slide-NR25/26L(2): Amphibole grains occur mainly in
clusters (Fig. 5.69a); only a few occur as isolated crystals. The grains in the clusters
are crudely diamond-shaped and thus show subhedral to euhedral outlines. The

254



predominant type of grains has a maxmimum length of about 1.27 mm and breadth or
width of about 0.78 mm. The extinction of the amphibole grains is smooth implying
that they have very little intemal strain. Inclusions are not common and are mostly
guartz with rounded circular or elliptical shapes. There are some instances where
along some fractures, the amphibole grains have altered to biotite. No folds or strong
fotiation are observed. So the time of development of these amphiboles is difficult to
determine. The other mineral in the thin section comparable in proportion to the
amphibole is clinopyroxeﬁc (augite) (see Fig. 5.69a). Many of the clinopfroxene
grains show incipient alteration into amphibole which is apparently looking like
inclusions (Fig. 5.69b). o

(b) Munsiari, Slide-15/45G: There are broadly two types of amphibole grains in this
rock— one, the relatively larger porphyclastic grains, and the other, the smaller matrix
grains. Along with biotite, clinozoisite, quartz and plagioclase the small amphibole
grains define the matrix foliation that swerves around the porphyroclastic amphibole
grains or aggregates of them (Fig. 5.70). In many instances the porphyroclastic
grains show single dominant cleavage; the cleavage is oblique (at ~30°) to the main
foliation. While most of the porphyroclastic grains are tabular, platy or ovoid in
shape, the matrix amphibole grains are rather irregular in shape and size. There are

diamond or lozenge shapes, elongate prismatic shapes, elliptical shapes as well as

nonspecific shapes. The porphyroclastic grains are normally in the range of Imm or

more in length and 0.5mm or more across. Obviously the porphyroclastic amphiboles
have formed earlier than the present main foliation and therefore pre-stretching in
origin. While many of the matrix amphibole grains may belong to the same
generation as the porphyroclasts, some of them may have formed synchronously with
the stretching event. There are evidences of retrogression of amphibole grains into
biotite; also many of the amphibole grains show undulose extinction implying
internal strain. These features correlate well with the pre-shearing origin of majority
of the amphibole grains in this rock. However, it is difficult to determine the time of
formation of these amphiboles in terms of the fold episodes. No gamet is seen in this

rock.

(c) Munsiari, Slide-8C'87: The thin section shows a somewhat homfelsic-looking
texture particularly in the feldspar-rich portions adjacent to amphibole-rich band. In
the field, it was presumed that the amphibolite horizon had an intrusive origin and
due to the heat supplied by the intrusive sill, the adjacent parts of the country rock
suffered selective melting or homogenisation; such features are more clearly
indicated by the feldspathic portions than the quartz-rich portions in the country rock.
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Twins in the plagioclase grains have become diffused and irregular, and are,
therefore, difficult to recognisé. . On close observation such homogenisation of
plagioclase grains is found to decrease in intensity away from the amphibole-rich
band. Note that though tiny biotite flakes are common in the country rock, most of
the larger biotite grains occur just in the immediate contact with the amphibole band.
There is also evidence of chloritisation of some of these large biotites as well as
nearby amphibole grains. A relatively late quartzose vein has intruded along the
contact zone for some distance. Also, though garnet occurs both in the country rock
and in the amphibole-tic-h band, there is a strong contrast in the textures of the garnets
between the two areas of occurence. The garnet in the amphibole-rich band is large in
size and distinctly skeletal in nature with very irregular and indistinctive outline,
while gamets in the country rock are large in number and occur as discrete small
grains generally with inclusion-rich inner parts surrounded by more homogeneous

outer parts.

The amphiboles here mostly occur as dense mass consisting of many grains in
. close-knit clusters (Fig. 5.71). The foliation is very poody defined, if at all, in the
amphibole-rich band. Occasionally, several prismatic amphibole crystals showirig
lamellar twinning occur in diverse orientation defining a star-like pattern (Fig. 5.72).
These elongate prismatic grains are normally about 1 mm long and 0.2 mm wide. The
grains forming the clusters are of various sizes and shapes, generally irregular in
outline; the largest among them are somewhat platy in character with lengths of about
1.65 mm and br€dths 1 mm. The grains intermediate in size are broadly diamond-
shaped with maximum dimensions 0.84mm/0.36 mm. Inclusions of quartz, opaques,
clinozoisite, sphene, biotite and/or calcite are common, particularly in the small to
intermediate sized amphibole grains. In a few instances, biotitisation and/or
chloritisation of amphibole is noticed (Fig. 5.73). Association with calcite is also
present. Extinction of the amphibole grain is considerably undutose; in cases, even
the individual cleavage rhombs/diamonds in the same grain vary in extinction
position. This implies that there was postcrystalline internal strain upon the
amphibole grains. The general distribution of the amphibole grains in the rock
probably suggests an intrusive origin of the amphibolite possibly early synchronously
with the main shearing event.

(d) Munsiari, Slide-17Rb: The thin section is a YZ section from a highly retrograde
amphibolite horizon. Biotitisation has affected most of the amphibole grains along
two directions of their cleavage so pervasively that the original amphibole grains now

resemble a picture of the grain-bearing part of a stalk of wheat or paddy, the small
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individual cleavage rhombs standing for the wheat or rice grain itself (Fig. 5.74a).
The rice-shaped individual amphibole grains (cleavage rhombs) are very tiny in size,
measuring only 0.06/0.03 mm. But the elliptical (crude diamond shaped) outline of
the original (host) amphjbole grain is still refained in most cases and their dimensions
measure normally in the range of 0.66 /0.33 mm. Occasionally some homogeneous
looking, fairly large (0.70/0.36 mm) platy or elongate prismatic amphibole grains are
still preserved recording only incipient biotitisation and recrystallisation. A few of
these grains show twinning as well. It is clear that the alteration of amf)hjboles
contributed signiﬁcaﬁtly to the present content of biotite in the rock. Also biotites are
being chloritised. In fact, the trace of main foliation in the rock is most clearly
marked by the biotite-chlorite-rich semi-continuous bands. It is quite certain that
originally the amphibole grains were pre-shearing or pre-stretching, but their
recrystallisation (development of rice-shaped granules) and present disposition were

largely syn-stretching. No garnet is seen in the rock.

(v) Munsiari, Slide-Loc.18(2)'87: This thin section shows a fold profile and has been
used for fold class determination using thickness varjation and isogon method in
Chapter 3. In all probability this is a post-F2 fold, either F3 or, more possibly, F4,
because the mylonitic/protomylonitic foliation is distinctly folded. Three main
amphibole bearing bands (I, II & HI) can be distinguished in the thin section
depending on the size and shape of the amphibole grains and the presence or absence
of biotite as a coexisting phase with amphibole (see Fig. 5.74b). The innermost and
outermost bands have no biotite at all; while the intermediate band has biotite almost
in equal proportion with amphibole. Quartz, plagioclase and opaques are present in
all the bands, but with differing grain sizes. Generally speaking, the amphibole grain-
size decreases from core of the fold outward, so the innermost band (I) has the most
stumpy and stout grains measuring upto 0.97/0.60 mm or 1.12/0.18 mm, while the
intermediate band (II) has elongate prismatic amphibole grains normally .84/0.09
mm dimension or elongate diamond-shaped grain with maximum dimensions
- normally around 0.33/0.15 mm (even within this intermediate band, the amphibole-
size decreases outward), and the outermost band (I1I) has the tiniest amphibole grains,
slender prismatic inshape normally measuring 0.24/0.03 mm. Tiny lozenge-shaped
grains with maximum dimensions 0.07/0.04 mm are also common in this outer band.
Except for roughly at the middle level of the biotite-bearing intermediate band (2)
where whole grains of biotite are found to be chloritised along with the presence of
some calcite, the rock shows very fresh-looking amphibole, biotite and quartz-
feldspar grains. Though the fold is very clearly defined by the compositionally and
texturally different bands, no distinct example has been found where an individual
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amphibole grain is foléed_; in most cases the amphibole grains are simply reoriented
in the exact hinge zone. However these features amply suggest that amphiboles
formed prior to the fold episode. The mylonitic fabric in the rock is Very clearly
visible particularly in the outermost band, and this mylonitic foliation is folded. The
strong preferred orientation of ‘amphibole grains along the foliation, their
homogencous extinction, (i.e. without any conspicuous internal strain) and the lack of
any conspicuous retrogression/éltcration of these amphibole grains suggest that
possibly these amphiboles developed concomitant with the shearing or stretching and

do not represent pre-stretching 'old’ grains.

The foregoing description of amphibole textures from a selected number of
thin sections clearly indicates that there were mainly two stages of amphibole
growth/recrystallisation in the area -- (a) before stretching/shearing, and (b}
synchronously with the stretching/shearing event. Clearly the former stage was much
more dominant than the latter one. Though, generally speaking, it is difficult to

_identify the exact time of formation of the pre-stretching amphiboles in terms of -

deformation episodes, it is likely that there were more than one generation of them.

5.6 TEXTURES OF SOME OTHER MINERALS

Here 'other minerals' mainly refer to the matrix phases. Textures of the matrix
minerals viz. quartz, feldspars, micas etc. have not been studied in detail. It was
mainly in connection with the study of the high grade minerals and garnets that the
textures of ‘other associated minerals were also investigated. However, while
carrying out some petrofabri¢ analyses with quartz and calcite, textures of these two
minerals were studied carefully.

Quartz

Timing of significant matrix recrystallisation (quartz, in particular) has been
indicated in discussions on textures of kyanite, staurolite and garnet in sections 5.3
and 5.4. The most clearly recognisable matrix coarsening event in the hanging-wall
block, particularly within the MCT-Zone, took place late synchronously with the
main stretching event. This time is very crucial in understanding the tectonic
significance of the quartz and calcite petrofabrics.
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The textures of quartz in the footwall block, particularly in the kyanite-
bearing quartiite horizon dcsérve special mention. Three thin sections (32A]IL,
32A1L and FE.W.Kya'89) respectively of XZ, YZ and XY oriéntation f_roni the
kyanite quartzite horizon were studied in detail. Of these, the section - 32A]|L reveals
most interesting quartz textures. ' ' '

This section (32A]|L.) shows that there are three groups of quartz grains in the

kyanite quartzite of the Berinag-Mandhali formations -- matrix quartz,
porphyroclastic quartz and vein/band quartz. The vein/band qﬁértz grains are
confined to a band that runs concordant to the main foliation through one side of the
thin section. The generally larger grain-size (compared to matrix} and fairly uniform
size distribution of quartz in the band and its fsw» mica content indicates that it was
originally a concordant quartz vein which intruded the rock at an early stage of
stretching. While the porphyroclastic quartz grains are highly deformed in
appearance showing heavily undulose extinction with deformation lamellae and
embayed outlines, the matrix quartz and the vein/band quartz grains do not show
strong undulose extinction. The two latter groups show fairly annealed texture with
examples of grain-contact triple junctions (Fig. 5.75). The porphyroclastic quartz
~ grains are the largest in size, while the matrix grains are the smallest. There are clear
evidence of recrystallisation of small strain-free quartz grains out of the
porphyroclaétie quartz grains. It is likely that most of the matrix quartz are products
of recrystallisation from such larger porphyroclasts which, in tum, might represent

remnants of original clastic grains.

The crystallographic preferred orientation of the three groups of quartz grains
are different from one another. Using an accessory sensitive tint plate and taking the
main foliation perpendicular to the accessory slot so as to avoid the interference by
mica-colours, a dominance of red colour is observed among the matrix quartz grains
and that of blue-green among the vein/band quartz grains; while different
porphyroclastic grains show different colours viz. green, yellow, blue, red, bluish red,
reddish yellow etc. This confirms that the matrix and the vein/band quartz grains are
recrystallised and have acquired significant crystallographic preferred orientation
through crystal-plastic processes; whereas the haphazard crystallographic orientation
of the prophyroclastic quartz grains is a further pointer to their primary clastic
inheritance.
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An exercise of grain-size analysis from the three mutually perpcndicﬁlar thin
sections (ie. 32AJL; 32ALL and F.W Xya'89) proved to be important. Table-5.3
gives the analytical data. ‘

Table - 5.3

Grain-size data from kyanite-bearing quartzite of the Berinag-Mandhali formations

~(XZ)- —(YZ)- -(XY)-
Slide-32A||L Slide-32A 11, Slide-F.W.Kya'8§9
Average matrix quartz 0.134mm/0.09mm 0.115mm/0. 10mm 0.4mm/0.2mm
grainsize
(Aspect ratio) 149:1 1.15:1 1.8:1
Average vein/band 0.25mun/0.16mm 0.28mm/0.21mm
guartz grainsize
{Aspect ratio) 1.56:1 1.33:1 e
Av, porphyroclastic 2. 7mm/(.78mm 2.99mm/).87mm
yuartz grainsize
(Aspect ratio) 346:1 344:1
Larger muscovite size 1.12Zmm/0.076mm 0.55mm/0.036mm
(Aspect ratio) 14.7:1 153:1
Tiny muscovite size 0.05mm/0.01mm 0.04mm/0.01mm
(Aspect ratio) 5:1 4:1

It is interesting to note that, as we would expect, the aspect ratios are almost
as a rule more in the XZ-section than in the YZ-section implying a triaxial prolate
shape of the grains with long axes parallel to the stretching lineation; but the
porphyroclastic quartz grains are a major exception, and they have similar aspect
ratios in both XZ and YZ sections implying oblate ellipsoidal grain shapes. This
could mean that the porphyroclastic quartz grains responded to stretching or shearing
more by recrystallising themselves than by being bodily stretched. Hence it is quite
likely that their present oblate shape is largely inherited. These features also suggest

that the porphyroclastic quartz grains are the remnants of early, detrital clastic grains.
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The vein/band quartz grains in thin section - 32A||L show an well developed
shape fabric. Elliptical in outline, these grains are arranged in such a way as to
indicate an imbricate pattern oblique (at ~40°) to the main foliation. This sort of
shape fabric is a good indicator of shear sense -- here 'top-to-south’, which is
consistent with the regional pattern. But the matrix quartz grains do not show similar
shape fabric. Bound within fine micaceous laminae, the matrix 'qlianz grains are
mostly elongate parallel to the main foliation (Fig. 5.76). This pattern represents
growth under the inhibitory influence of a second phase (here, muscovite) (Hobbs et
al., 1976, pp. 113-118). ' . '

The still remaining, now heavily strained and embayed bodies of the clastic
quartz grains in the kyanite-bearing quartzite point to the possibility of quartz
recrystallisation at different stages within the Berinag-Mandhali footwall block.

- Phyllosilicates .

Among the phyllosilicates, muscovite s generally more ubiquitous than
biotite in the study areas. Texturally speaking, both the minerals have close
similarities. Their proportion varies from horizon to horizon; this is most likely an

indication of a distinct control of primary lithology upon the development of

metamorphic minerals in the area. A variation in phyllosilicate grain shapes and sizes .

is also noticed. This has been found to be partly due to the presence of multiple
generation of the minerals. Strong preferred orientation of the phyllosilicates
following the main foliation and, to a considerable extent, the dominant stretching
lineation is noticed; the aberrations, where present, are generally shown by the
relatively larger-sized grains. Grain shapes of phyli(')si]icate's are quite varied, but
four general classes could be recognised -- (i) large, elongate (>2cm long), (ii)
rectangular (razor-blade shaped), ~lcm long, (iii} tiny ﬂakes,- and (iv) trregularly
outlined. As a mineral phase the phyllosilicates existed through Fy, Fy, F3 & F4 fold
episodes in the MCT-Zone and its hanging wall as indicated by ‘fold-core and
foliation development' studies. Their presence is noticed from the earliest to the
latest recognisable foliations. But the dominant neomineralisation stages were at pre-

or syn-F ), syn-F5 and syn-Fz(syn-stretching) times.

Feldspars _

In Joshimath area, feldspars in quartzofeldspathic horizons in the upper and middle
parts of the Munsiari Formation show deformational textures more commonly in the
brittle-semibrittle mode than in the lower parts (Fig. 5.77). Textures implying
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crystal-plastic defonnation.in feldspars are more common in the quartzofeldspathic
rocks in the lower-middle and lower part of the Munsiari Formation. As highlighted
earlier in Chapter-2, the mylonitic-protomylonitic horizons in Joshimath area are
characterised not so much by the presence of streaked out feldspar and/or quartz
grains or quartzofeldspathic aggregates as by the crystal-plastic 'djscrétgf reduction of
grainsizes, both porphyroéléstic and matrix. A major mechanism of such-feduction in
grainsize is found to be through symplectitisation (or myrmekitisation) of plagioclase
feldspars (Fig. 5.78 a & b). -

The timing of metamorphic crystallisation or recrystallisation of the dominant
matrix phases has been determined either by direct means using similar criteria and
procedure as have been applied for the high-grade or other minerals discussed earlier,
or by indirect means through recognising stable paragenetic relations with minerals of

known age. Further discussion on this aspect will be given in section « 5.8.

5.7 RETROGRESSION FEATURES

‘ Mineralogical changes characterising the retrograde metamorphism in the
study areas include: (i) biotite — chlorite, (ii) garmet — biotite/chlorite, (iii)
amphibolite — biotite, (iv) plagioclase —»> saussurite, (v) alkali feldspar —
sericite/muscovite etc. The last feature is most clearly observable in some augen
phylionite horizons in the Munsiari Formations. For general discussion on various

aspects of retrogvession of alkali feldspar into white micas see McCaig (1988a & b).

'The main retrogressive episode of metamorphism was late syn- to post- main
stretching event, but before the second/later stretching event. However, retrogression
associated with the very late structures such as with the high angle faults, fractures
and localised shear zones is a much later phenomenon. Nowhere have I found any
chlorite grain that has been pulled apart or stretched by the main stretching event.
Evidently chloritisation of the gamet grains or amphibole grains showing pull-apart
features occurred after the latter had been stretched. In several instances, clear
examples of pseudomorphous alteration of garnet and biotite into chlorite are found
(Figs. 5.79 & 5.80; also see Fig. 5.62). |

That the later stretching event took place post-dating the retrograde
metamorphism is evident from the fact that the later stretching lineation is defined on
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chloritised foliation surfaces. Chloritisation is a hall-mark of regional retrogressive
metamorphism in the study areas.

Chlorite, sericite etc. are much more common ‘in the lower: part of the
Munsiari and the upper part of the Berinag-Mandhali formations than elsewhere.
However, sporadic occurrences of chlorite either partially or completely replacing
discrete grains of biotite, gamet and/or amphibole are found even in the upper part of
the Munsiari and the Joshimath Gneiss. '

No evidence has been found of chlorite as a discrete mineral phase developed
prior to or synchronously with the F2-folding. The relatively rare occurences of
chlorite in the form of inclusions in the gamet porphyroblasts are most probably not
of primary origin. As we see them in thin section, most of these chlorite inclusions
are surrounded on all sides by the gamet. But it is very hard to tell whether or not
these inclusions are connected with some body fractures in the garnet porphyblasts in
the third dimension that are connected with any fluid pathways. If they are, then such
inclusions would clearly represent secondary chlorites most probably replacing
biotites. There are evidences where partial chloritisation of gamet porphyroblasts
and/or complete or partial chloritisation of neighbouring biotite grains are found to
have been induced by fluids invading through adjoining fractures. Thus it is indeed
very likely that the few chlorite inclusions that are found in some gamet
porphyroblasts are secondary chlorites, a product of retrogressive alteration of

original biotite inclusions.

The main retrogressive metamorphism took over from the peak of stretching
or thrusting along the MCT and probably took place, tectonically speaking, in
relatively quiet condition without any conspicuous deformation (folding)

accompanying it.

5.8 METAMORPHIC IHSTORY
o iR i

In this concluding section of Chapter-5, at first the collective paragenetic

sequence of minerals (synoptic fish diagram) is presented taking the hanging wall

(Joshimath Gneiss and Munsiari Formation considered together) and the footwall

(Berinag-Mandhali formations) separately. This will facilitate the establishment of

the metamorphic history of the rocks across the MCT-Zone. Determination of the

time and nature of the major metamorphic episodes would effectively help in



lélarifying the tectonometamorphic relations - within and among the three
tectonostratigraphic units and give an approximate idea of the range of physical
conditions operating during the deformation events of which MCT-thrusting was the
~ most important one. The section will close with a note on the inverted

metamorphism.

5.8.1 Mineral paragenetic sequence in the hanging wall and the footwall -

264

Fig. 5.81a gives in a combined list the mineral paragenetic sequence in the

Joshimath Gneiss and the Munsiari Formation; the corresponding list for the Berinag-
Mandhali formations is given in Fig. 5.81b. These two lists embody the results of the
detailed textural studies that have been carried out. However, because the main
objective in carrying out the textural work has been to gather information so as to be
able to recognise how many metamorphic events have occurred in the area, the two
above-noted paragenetic diagrams by no means include all the minerals from each
type of lithology present in the area. Emphasis has been given for working out the
paragenetic relations of the Barrovian index minerals along with a selected number of
other minerals mainly from pelitic-semipelitic, quartzofeldspathic and basic
lithlogies. Generally speaking, the choice was confined to those minerals which, on
account of their inherent genetic significance and/or critical location in thin sections
with time-marking fabrics, have been considered to be potential source of crucial
tectonometamorphic information. Details of some other minerals are relegated to

Appendix II and that for the few remaining have not been included in discussions.

The reason why the mineral paragenetic relations in the Joshimath Gneiss and
the Munsiari Formation are shown in a combined list (Fig. 5.81a) is to emphasize the
fact that there is a remarkable correspondence between the two units in terms of the
sequence of metamorphic mineral formation. Except the sillimanite, kyanite,
scapolite and clinopyroxene which have been found to occur in the Joshimath Gneiss
only, all the other minerals shown on the list occur in both the units and have
developed in equal number of generations in both. However, there was difference in

the relative importance of the different generations of minerals between the two units.

Fig. 5.81a clearly shows that most of the high-grade Barrovian minerals in the
hanging wall block grew in one generation, more or less, intermediate in time
between the Fy and F, fold episodes, with the exception of kyanite which had an
additional weaker generation at syn-F3 (syn-MCT) time; the second generation

contact metamorphic sillimanite reported from the Higher Himalayas has not been
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encountered in the present study, so its position is only approximately shown for
reference after assessing the information provided in literature. Gamet grew in
‘multiple génerations;' in addition to a generation corresponding to the Barrovian
sequence there were three other times of gamet development. The earliest garnets
grew at pre- to syn-F; time, the latest ones at the period of main shearing (syn-F3)
and there was another generation at the time of F, folding. Taking into account both
progressive and retrogressive origins, micas (biotite a muscovite) have been found to
be the most readily crystallisable of all the enlisted minerals; they formed during each
of the identifiable metamorphic mineral-forming events. The micas of retrogressive
origin developed maihly at a late stage postdating the F4 folding, broadly
contemporaneously with one generation each of chlorite, sericite, calcite and epidote-
clinozoisite. Some chlorite and sericite developed during the syn-F3 (i.e. main
stretching) time as well, when epidote-clinozoisite also formed concomitant with the
recrystallisation of calcite, quartz, feldspars and amphibole. There was another
generation of epidote-clinozoisite and calcite at the time of the main Barrovian event
(pfe—Fz, but syn- to post-F| time). During this Barrovian event, some quartz,
feldspars (both k-feldspar and plagioclase), clinopyroxene and amphibole

(homblende) also developed, each of them in addition to having a still earlier '

generation at pre- to syn-F; time. Scapolite grew in Joshimath Gneiss oo
synchronously with the F; folding. Fig. 5.81a: #4hows  that in the banging wall
block, there were four (4) main metamorphic events, in chronological order,
respectively at: (i) pre- to syn-F time, (ii) intermediate between F 10”10’1 Fy, (iii) syn-Fq
(syn-MCT) time, and (iv) post-F4 time. Metamorphic crystallisation during the Fo-
folding was weak and not comparable in intensity to any of the above four episodes
and, therefore, it is kept out of consideration. For convenience, the four main
metamorphic episodes recognised from the hanging wall block are termed - M, M,
M3 & My respectively.

The mineral paragenetic relations in the Berinag-Mandhali footwall block
have been determined following similar procedure and criteria as in the hanging wall
block; the only exception was gamet for which, in the absence of suitable thin
sections, the possible time of growth has been worked out using observations made in
the field and employing logic based upon a comparison with the footwall kyanite
occurrence. In the thesis, the textual discussion of the textures of footwall minerals
has been kept to a minimum in order to give prominence to the discussion of textural
features of the hanging wall minerals.
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Fig. 5.81b indicates that before any recognisable fold episode took place,
there was crystallisation of calcite, quartz, feldspars, chlorite, sericite, some biotite
and muscovite in the Berinag-Mandhali formations. Collectively speaking, there were
thre¢ other times of biotite formation of which the latest was mainly through
retrogressive alteration from amphiboles during the later stretching  event,
intermediate in time between Fyj #dFypy; the other two times were respectively during
Fj episode and at the interkinematic stage between Fyad Fi. Muscovite also grew
during these two latter times. Altbough no distinct example of chlorite growth during
Fj episode has been found, some sericite developed at this time and both sericite and
chlorite developed as retrogression products at the post—FH,- pre-Fypp stage.
Recrystallisation of quartz took place during both Fy and the later stretching event
(post-Fyy, pre-Fypp). Some feldspars and calcite also grew during the Fy episode. In
addition to a generation at Fj time, epidote-clinozoisite formed as alteration products
at the post-Fpy; pre-Fyp time. Amphiboles grew mainly during the Fj episode;
whereas tourmaline developed at two stages: one, late synchronously with Fj
{corresponding broadly in time with the main stretching event in the MCT-Zone), and
the other, at the time of later stretching (kyanite-stretching in the footwatll) i.e. at the

interkinematic stage between Fyp and Fyjj- Kyanite developed in an isolated

peraluminous quartzitic horizon in the Berinag-Mandhali formations at the

interkinematic stage between Fy and Fy. The garnets in the thin phyllite band

sandwiched between two quartzite horizons near Helang Bus $top, only a few metres
below the Munsiari Thrust, possibly grew at the same time as kyanite. Fig. 5.81b
clearly shows that there were imprints of four metamorphic events in the Berinag-
Mandhali footwall block. Termmed Mj to Myy in chronological order, these
metamorphic events took place at pre-Fy time (My), syn-Fj time (Mpy), intermediate
in time between Fy%nd Fyy (Mypp) and intermediate in time between Fpém Fpyp (Mry)
respectively.

5.8.2 Tectonometamorphic summary

As indicated above, four episodes of metamorphism - My, My, M3 ird My
have been distinguished in the Joshimath Gneiss and the Munsiari Formation.
However, the observable influence of these metamorphic episodes are not present
with equal intensity in both the units. For instance, the effects of Mltbﬁd. M, are much
more easily distinguishable in the Joshimath Gneiss, but that of My are more
prominent than M, or M in the Munsiari Formation; also the My episode affected
the Munsiari Formation, particularly its lower part, more intensely than the Joshimath

Gneiss. This is partly due to the obscuring or interfering effect of later episodes upon
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the earlier ones, and partly due to the difference in the original pattem, grade and
degree (or intensity) a.mong'the_ metamorphic episodes themselves. Two things are
implied By the distribution of these metamorphic episodes: (a) Before the MCT-
emplacement, whatever metamorphic episodes affected the Joshimath Gneiss had
also affected much of what is now regarded as the Munsiari Formation, especially its
root-zone; this i amisteit <rith the possibility that much of the upper part of the Munsiari
Formation is tectonised equivalent of Joshimath Gneiss (see Chapter 2). (b) Transpozt
along the Vaikrita Thrust was most probably less than the generrally agreed lower
limit of total displacement of the MCT-sheet of 'over 100 km' (see Chapters : 1 & 4)
and also possibly less than that along the Munsiari Thrust. Pre-MCT metamorphic
minerals (M, ones, in particular) are found to occur on either side of the Vaikrita
Thrust.

An inspection of Fig. 5.81a suggests that the grade of metamorphism varied
significantly from one episode to the other in the hanging wall block. Most possibly,
the M; episode corresponds to the time when the first metamorphic foliation

. (gneissosity) formed or was initiated in the Joshimath Gneiss andfor Munsiari

Formation. M, corresponds to the highest grade metamorphism in the area when all
the high-grade Barrovian minerals (viz. garnet, staurolite, kyanite and sillimanite)
~ formed and defined a regional thermal structure. M3 episode corresponds to the syn-

MCT-emplacement metamorphism, whereas My was an episode of retrogressive -

metamorphism.

Although the primary concern throughout the textural investigation has been
to recognise how many metamorphic events have taken place and at what times
relative to the deformation episodes, it offers some scope for broadly establishing the

facies of the different episodes of metamorphism.

The development of gamet, muscovite, biotite, amphibole (homblende),
clinopyroxene etc. in suitable lithologies and the high degree of metamorphic
differentiation necessitated by the gneissosity or first foliation formation together
imply that the M; metamorphism probably took place in the upper greenschist to
lower amphibolite facies condition. The M5 episode must have required still higher
temperature and pressure, because the Barrovian zones in the area, notably the four
high-grade zones viz. garnet, staurolite, kyanite and sillimanite, developed at this
time. There has been accompanying recrystallisation or neomineralisation of -quartz,
biotite, muscovite, feldspars (both k-feldspar and plagioclase), clinozoisite etc. during

this episode. Most presumably, the conditions rose+ to upper- amphibolite facies
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during the M, metamorphism. Mylonitisation in the area (i.e. within the MCT-Zone)
took place during the M3 episode. My observations suggest that the M3 ‘event is
characterised more by tectonic (mylonitic) fabric formation than by porphyroblastesis
(metamorphic mineral formation). However, during this syn-MCT event, there was
crystallisation and/or recrysfa]lishtion, mainly in the Munsiari Foﬁnation,- of quartz,
micas (both‘white micas and biotite), feldspars (particularly, symplectitisation of
plagioclase), gamet, amphibole (some actinolitic) etc. and, interestin,ély, of one
generation of tiny kyénitc . grains confined within the Joshimath Gneiss.
Mylonitisation of quartzofeldspathic rocks through crystal-plastic processes normally
requires a temperature not less than 350° - 400°C (see White, 1977, 1979a & b;
Tullis, 1979; Schmid, 1982). Clearly the M3 metamorphism was noi a retrogressive
episode, but took place probably under ~lowes omphibolbe  facies condition.
MCT-emplacement, therefore, did not take place in low-temperature retrograde

conditions, but in moderately high-temperature Mones. arphibolite facies
condition. Finally, the M, episode was characterised by retrogressive transformation

into minerals, sech as chlorite, sericite, biotite, muscovite, epidote-

clinozoisite/saussurite etc.. Therefore, My was the episode of retrogressive

metamorphism that took place in all probability at normal pressure and temperature.

The deformation-metamorphism time relationships in the hanging wall block

are clearly indicated in Fig. 5.81a. Obviously, one must not assume equal time-gap in |

absolute sense between the successive episodes of deformation and metamorphism.

Also there was no one-to-one correlation between the metamorphic episodes and the .

fold episodes, except at the syn-MCT time. Being synchronous with the main
stretching time (the MCT-emplacement time), the M3 and F3 episodes were mutually
simultaneous. The M episode was either pre- or syn-F. The M episode took place
clearly preceding the F,-folding, but late sunchronously with or, more possibly,
postdating the Fi-folding. M, was the time of major progressive Barrovian
metamorphism when the regional index mineral zones, now defining the well known
"inverted metamorphic sequence”, originally devetoped. The M3 episode was syn-
MCT (syn-F3). Whereas the retrogressive My metamorphism took place broadly
following in time the MCT-stretching and Fj folding. Movement along the MCT-
Zone was indirectly the cause of the M4 retrogressive metamorphism, which is to say
that if there were no MCT movement, there would not have been any My
metamorphism in the rocks of the Munsiari and Joshimath Gneiss formations. In
other words, My retrogressive metamorphism was a follow-up of the MCT-
emplacement at M1/F3 time.
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In the Berinag-Mandhali footwall block, the variation in metamorphic grade
from one episode to the other is not as conspicuous as in the hanging wall block (cf.
Figs. 5.81b & a). For obvious reasons, the temporal classification of metamorphism
into different events is comparatively more subtle in the low-grade Lesser Himalayan
Berinag-Mandhali formations. - |

In the Berinag-Mandhali formations, the first mctamdrbhi;m (Mi) r;fers {o
the event when the earliest metamorphic foliation was introduced in the rocks. It has
been observed from the petrographic study of the schistose impure carbonate horizon,
located just S of Helang, that the earliest micaceous foliation is not a transposition
foliation and it follows a distinct compositional layering which is most probably
primary in origin. No conspicuous folding associated with this early metamorphism
could be recognised. These features coupled with the fact that only the low-grade
minerals developed at this time, suggest, on one hand, that the first metamorphic
foliation (S) mimicked the original sedimentary layering (Sp) and the
metamorphism was probably in response to burial without much of folding associated

“with it, and on the other, that the metamorphism most probably took place in lower
greenschist facies. The second metamorphism (Myy) was the most intense one among
the footwall events and it took place simultaneously with the Fj-folding. There was

strong transposition of foliation during this period; in fact, the main foliation of the

rocks seen in the outcrops originated at this time as an axial planar foliation to the Fy -

folds. 1t is possible that Fy-folding and the accompanying My metamorphism marked

the onset of loading of the footwall block due to the beginning of the emplacement of -

the MCT-sheet above. The group of minerals that crystallised during this event (see
Fig. 5.81b) suggests that the metamorphic conditions suese wett 1h 15 e widdle or. ugpes
greenschist facies during the My metamorphism. The nature of the My
metamorphism in the Berinag-Mandhali formations was somewhat unusuat in that, (1)
its effects are not pervasively present, instead they are seen only in restricted zones or
horizons, and (ii) two so-called high-grade minerals, such as kyanite and garnet,
along with some biotites and muscovites have been found to have grown during this
event which took place at the interkinematic stage between the Fy and Fjy epsiodes,
either late synchronously with or immediately following the MCT-emplacement.
Most presumably, consequent upon the MCT-emplacement the metamorphic
conditions locally rose up to the upper "é“r‘e"é'ﬁ‘s“éi]"jé'{”f“&?:"i‘é% and led to the development
of the so-called high-grade minerals only where ¢onducive environment (e.g. suitable
lithology and/or access to fluids) prevailed. The Mpy; metamorphism was largely

retrogressive in nature and took place at the interkinematic stage between the Fyy and
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Fpyp episodes, either synchronously or early synchronously with the later stretching

event.

For a depiction of deformation - metamorphism time rélationships in the
footwalt block, pléase see Table 5.2 given earlier in subsection 53.3. No definite
correlation of tectonometamorphic events between the hanging wall and the 'footwall_
could be -established. Probably there was oily a crude cofrespondence in time
between the My and Myyy events of the footwall with the My and M3 episodes of
the hanging wall respectively.

5.8.3 Some remarks on the inverted metamorphism
The well known inverted metamorphism developed at the base of the Higher

Himalayas can be inspected clearly in the Helang-Joshimath section. Whereas
because the Sobala area does not show a full succession across the Munsiari
Formation, we cannot get a full picture of the inverted metamorphic sequence from
the Darmaganga section (see Plate V). It must be pointed out, however, that in the
Sobala section, the Vaikrita Thrust does not coincide with the line of the first
appearance of kyanite in the Joshimath Gneiss (i.e. Vaikrita Gneiss); the kyahitc zone
starts from some distance (=300 m ) above the Vaikrita Thrust.

Going up-section from the Munsiari Thrust in Helang, apparently the chlorite
zone is met first and then biotite zone, followed by more distinct gamet zone and
staurolite zone before the Vaikrita Thrust is encountered. The kyanite zone starts
right from the Vaikrita Thrust and gives place to sillimanite zone farther up-section.
Thus, generally speaking, the progressively higher grade minerals -occur at
successively higher structural and topographical levels in Joshimath area, thereby
defining a typical example of the 'Himalayan inverted metamorphism’ (for an

appreciation, see Fig. 5.82).

However, on closer observation I found that, not all the metamorphic zonal
boundaries are typical isograds; the chlorite and biotite zones are ill-defined and
diffused; the so-cailed 'inverted metamorphic sequence’ did not develop through 2
single episode of metamorphism, but is a collective result of more than one episode
of metamorphism, hkomng/'ﬁuﬂt the inverted sequence is polymetamorphic in nature. It
is the appearance of garnet, staurolite, kyanite and, to some extent, sillimanite zones
at successively higher structural/topographical levels which forms the most distinctly

observable cogenetic part of the jnvcﬂéd metamorphic sequence in the Higher
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Himalayas in':ﬁoshimath area. Whereas the low-grade part of the sequence,
particularly the chlorite and biotite zones occurring in the lower part -of the Munsiari
Formation have been heavily affected by late retrogressive alterations during the My
metamorphism, so much so that it is difﬁcult to ascertain in the first instance whether
these so-called 'chlorite' and 'blotlte zones are of prnnmy or secondaly origin. The
following facts are to be noted in this context;

(i) No conspicuous example of primary chlorite has been found in the Munsmn
Formation or in the Joshimath Gneiss. The most typical chlorites are found in some
highly retrogressed phyllonite horizons in the Munsiari Formation.

(ii) Ideally the fresh-looking biotites of the intrusive granitoid bodies should be
excluded from the discussion on inverted metamorphic sequence. It is the biotites in
the country-rocks which should be taken into consideration; but many of these latter
biotites that we see now are not primary, but of secondary retrogressive origin.

(iif) Relics of stretched gamets occur sporadically in several pelitic as well as calc-
silicate bands even near the base of the Munsiari Formation, which is why one could
argue that originally the lower part of the Munsiari Formation, just N of Helang, was
possibly of gamet grade. :
(iv) There were contributions from more than one episode of metamorphism for
giving rise to the inverted metamorphic sequence. This is exemplified even by the
preservation of early coarse-grained fabrics. Some amphibolite horizons near Helang
in the lowermost part of the Munsiari Formation are still coarse-grained, probably
implying that they acted as resistant horizons while other weaker horizons, notably

the pelitic ones, could not escape retrogressive recrystallisation.

The above-mentioned facts suggest that the part currently appearing as the
‘chlorite zone' and possibly also the 'biotite zone' at the basal portion of the Munsiari
Formation are most likely of secondary (retrogressive) origin and they were
orligina]ly included in the gamnet zone. In other words, these two lowermost zones
(‘chlorite’ and 'biotite') in the Joshimath - Helang section are not real Barrovian zones,

but apparent.

The main cogenetic Barrovian part of the inverted metamorphic sequence is
given by the four high-grade zones viz. gamet, staurolite, kyanite and sillimanite

which developed during the M, episode of metamorphlsm prior to both the Fo-
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folding and the MCT-emplacement. No indication has been found for the regional 5 o

M, Barrovian event to have taken place under the influence of a reverse geothermal
gradient; so the Barrovian metamorphic zones must have originally developed in a

normal i.e. right-way-up order. The inversion of this original right-way-up sequence



was caused by some later tectonic reasons postdating the Mo metamorphism. The
most likely candidate which caused this inversion is either the Fz-folding'or the
MCT-thrusting or a combination of both. The detailed discussion on modelling the
Higher Himalayan inverted metamorphism will follow in respective section in the
next chapter. o
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Fig. 5.1: Fibrous masses of possible sillimanite (fibrolite) in Joshimath Gneiss. b = biotite, m =
muscovite, pl = plagioclase. Photomicrograph, PPL. (Thin section 1F87). Scale bar 0.5mm.
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Fig. 5.2: Field photograph showing clinozoisite crystals in semipelitic Joshimath Gneiss. From the
appearance and mode of occurrence (needle-like whitish crystals oriented randomly on the main
gneissosity surface) these were initially misidentified as sillimanites. Near Original Location NR20.
Coin diameter 2.5cm.
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ooking like sillimanite.
Photomicrograph, PPL. Joshimath Gneiss (thin section 22/4/88B). Scale bar 0.5mm.

Fig. 53: Discrete tiny needles (arrowed) of kyanite, apparently 1

Sillimanite f % 2

growth in Joshimath Gneiss (Vaikrita Crystallines) with respect to fold

Fig. 5.4: Times of sillimanite
episodes.
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F'ig 5.5: In an Fy-hinge a kyanite grain is distinctly folded, implying that the kyanite is pre-F; in
origin. The dash-dot line gives the F; axial trace. Note how the lower left part of the kyanite grain is
kinked and broken. Photomicrograph, PPL. Joshimath Greiss (thin section 22/4/88B). Scale bar
0.5mm.

4

Fig. 5.6: A folded porphyroblast of kyanite in Joshimath Gneiss. A freeze-shot of the migratory pattem
of extinction in the grain is clearly visible. Photomicrograph, PPL. (Thin section NR37/38(2)). Photo-
base 5.4mm,
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Fig. 5.7: Bent outline of an elongate kyanite grain. Photomicrograph, PPL. Joshimath Gneiss (thin
section ~NR38/39). Photo-base 5.4mm.

Fig. 5.8: Trails (arrowed) of tiny kyanite prisms occur partly bordering large grains of quartz and

feldspar. p = plagioclase, q = quartz. Photomicro., PPL. Joshimath Gpeiss (thin section 'Kya from foot-
track'). Scale bar 0.5mm.



N - ’h

Fig. 5.9: Occurrence of larger kyanite grains amidst biotite, feldspar, quartz and muscovite grains, but
without any regularity in mutual orientational relations. No conspicuous tiny kyanite grains could be
caught in !hm view. Pholomicro., PPL. Joshimath Greiss (thin section 22/4/88B). Scale bar 0.5mm.

Fig. 5.10: Occurrence of tiny kyanite prisms (arrowed) adjacent to a large kyanite grain lying at the
bottom. Note that generally the orientation of the tiny crystals does not follow that of the latter.
Photomicro., PPL. Joshimath Gneiss (thin section 22/4/88B). Scale bar 0.5mm.
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Fig. 5.11: Tiny kyanite crystals grown around broadly augen-shaped quartz and feldspar grains outside
the vicinity of any larger kyanite grain. p = plagioclase, q = quarz. Photomicro., PPL. Joshimath
Gneiss (thin section NR37/38(2)). Scale bar 0.5mm.

Fig. 5.12: Some tiny kyanite crystals occur spatially close to a larger kyanite porphyroblast; but note
that the former are distributed with clear disregard to the orientation of the latter. In fact, they are
partly bordering an elliptical plagioclase grain (p). Photomicro., PPL. Joshimath Gneiss (thin section
22/4/88B). Scale bar 0.5mm.
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Fig. 5.13: (a) An example where most of the
high angle to the boundary of an augen-shaped
(thin section NR37/38(2)). Scale bar 0.5mm.

e

tiny kyanite crystals (arrowed) are found to be aligned at
plagioclase grain. Photomicro., XPL. Joshimath Gneiss

(b) Some tiny kyanite crystals located at the boundary of an augen-shaped plagioclase
project well into the main body of the augen. Further details are as in (a) above.



Fig. 5.14: Minor recrystallisation along parts of the transverse boundaries of some strained (i.e. gently
folded and/or having undulose extinction) bigger kyanite grains. Photomicro., PPL. Joshimath Goeiss
(thin section NR37/38(2)). Scale bar 0.5mm.

Sillimanite ’ 5 i
Kyanite é -

Fig. 5.15: Times of kyanite growth in Joshimath Gneiss with respect to fold episodes. Sillimanite
growth times are also indicated for comparison.
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(b)

Fig. 5.16: (a) A pegative print of the whole thin section - F.W.Kya'89 (this is an XY-section, cut
parallel to the main foliation). Note the profusion of kyanite grains in the thin section. A stretching
lineation runs from lower left to upper right. There is a fairly strong preferred orientation of the
kyanite porphyroblasts, many of them having their lengths parallel or sub-parallel to the lineation. ln
details the kyanite grains show varied textures. Kyanite quartzite of the Berinag-Mandhali formations.

(b) Tracing of 19 kyanite grains from the same thin section as above. Most of these grains
show conspicuous folded outline and are aligned at varying angle to the lineation. The geometrical
analyses shown in Fig. 5.22 refer to these grains
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Fig 5.17: Some elongate kyamte porphymblasls are pulled apan (strelcbed) along the direction of
stretching lineation. The direction of lineation is shown by the dashed line. Pull-apart gaps in three
kyanite porphyroblasts are shown by arrows. Photomicro., PPL. Kyanite-bearing quartzite of Berinag-
Mandhali formations (thin section - F.W.Kya'89). Scale bar 0.5mm.

L
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Fig. 5.18: A conspicuously kinked or folded porphyroblast of kyanite. The strain shadow pattern in the
grain is remarkable; in the present position it 1ooks as though it is deformation twinning parallel to the
fold axial trace. The fold axial trace gives the direction of stretching in this case. Photomicro., XPL.
Kyanite-bearing quartzite of Berinag-Mandhali formations (thin section - F.W.Kya'89). Photo-base
3.25mm.
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Fig. 5.19: Fine trails of tourmaline threads (dark greyish blue in colour; arrowed) aligned parallel to
the stretching lineation run across a folded kyanite porphyroblast following the fold axial trace. The
stretching lineation is vertical in this photograph. Photomicro., PPL. Kyanite-bearing quartzite of
Berinag-Mandhali formations (thin section - F.W.Kya'89). Scale bar 0.5mm.

Fig. 5.20: Here the stretching direction is kept almost horizontal i.e. sub-parallel to the base of the
photograph. Note the kyanite porphyroblast at centre is aligned nearly at right angle to the stretching
lineation, yet its outline shows po sign of folding. However, one can see folded tourmaline trails
(included) within the porphyroblast; the median fracture in the porphyroblast runs along the axial trace
of this fold. Note that the folded tourmaline trails stop at the margin of the host porphyroblast and do
ot continue into the matrix. Photomicro., PPL. (Thin section - F.W.Kya'89). Scale bar 0.5mm.
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Fig. 5.21: A folded as well as pulled-apart kyanite porphyroblast. Note the occurrence of muscovite,
quartz and fine tourmaline threads in the pull-apart zone (arrowed). Stretching direction is parallel to
the base of the photograph. K = kyanite, M = muscovite, Q = quartz. Photomicro., PPL. (Thin section -
F.W.Kya'89). Scale bar 0.5mm.
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Fig. 5.22: (a) Angular distance from lineation direction vs. shortening (%) showa by kyanite grains in
Fig. 5.16b (note the grain serial nos). The paltem is highly irregular and suggests no systematic
_ variation in the amount of sbortening due to folding of the kyanite grains relative to their onentation

with respect 1o the lineation. Folding seems to be unrelated to lineation. (m.d.l. = mean direction of
lineation)

Not the outline
of an ellipse

\md-l-(O'-ret)

{b) Further demonstration (visual) that the shorteping distribution is unsystematic. Differcnt

diameter of the original circle representing differently oriented grains are shortened accordingly, but
the final outline is far from defining an ellipse (strain ellipse).



Fig. 5.23: A staurolite prism showing transverse cracks. On close observation using higher
magnification, a partial knee-bend breaking is noticed at the second crack from right. The difference in
orientation of the two segments on either side of the crack is shown by the dashed lines. B = biotite, M
= muscovite, Q = quartz, P = plagioclase. Photomicro., PPL. Joshimath Gneiss (thin section 5B _;87).
Scale bar 0.5mm.

Fig. 5.24: Occurrence of staurolite (arrowed), not included in a second phase such as gamet. In the
text, these staurolites are referred to as 'matrix staurolites' for convenience. Contrast the much bigger
size of the gamet porphyroblasts present in the same rock. Photomicro., PPL. Upper Munsiari
semipelite (thin section - 7H'87). Scale bar 0.5mm.
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Fig. 5.25: Distinct examples of staurolite crystals (arrowed) included within gamet porphyroblast.
Note the inhomogeneous-textured (i.e. spongy) body of the host gamet. C = chlorite. Photomicro.,
PPL. Munsiari Formation (thin section - NR58/59). Scale bar 0.5mm.

Fig. 5.26: A string of pulled apart staurolite fragments. Note none of the fragments is aligned
transverse or oblique to the foliation. This is a close-up view of most of the staurolite grains shown in
Fig. 5.24. The adjacent green bands below the staurolites show chloritised biotites on either side of a
quartz-rich vein. Part of a gamet porphyroblast is at lower right. Photomicro., PPL. Munsiari
Formation (thin section - 7H'87). Scale bar 0.5mm.
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Fig. 5.27: (Left) The staurolite crystals included
within gamet porphyroblast in the upper half of
the photograph are mostly prismatic or needle-
shaped and intact. Note the mutual orientation of
" the crystals and also with respect to the external
foliation whose average direction is given by

the dashed lipe. For other details see Fig. 5.25.

Fig. 5.28: (Below) Opaque trails defining the
matrix foliation (Se) continue undeflected
through a homogeneous garnet porphyroblast.
Note particularly the top right and middle

left of the porphyroblast. C = chlorite;

other matrix phases are quartz, muscovite,
biotite, plagioclase & black opaques.
Photomicro., PPL. Munsiari Formation (thin
section - NR58/59). Scale bar 0.5mm.
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Fig. 5.29: Matrix foliation swefves round the projected edge of a spongy gamel porphyroblast,
implying that the porphyroblast is older than the foliation. Note chloritisation of biotite and gamet.
Otber details are as in caption of Fig. 5.28.

Fig. 5.30: In a gamet porphyroblast the spongy part (sg) has an overgrowth of homogeneous garnet
(hg). Opaque trails are common in the homogeneous outer part, but not in the spongy inner part.
Photomicro., PPL. Munsiari Formation (thin section - NR58/59). Scale bar 0.5mm.



Fig. 5.31: Slightly folded outline of an elongate spongy gamet porphyroblast. Photomicro., PPL.
Munsiari Formation (thin section - NR58/59). Scale bar 0.5mm.

Fq EZ_ Fq Fy
Sillimanite | <@ wf
Kyanite d -
Staurolite *

Fig. 5.32: Time of staurolite growth with respect to fold episodes in Munsiari Formation as well as in
Joshimath Gneiss.
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Fig. 5.33: Progressive growth (a to d) of skeletal variety of snowball garnet. The gamet extends
digitations and incorporates quartz grains that are efongate along the foliation. The dotted lines in (b),
(c) and (d) are given to distinguish the incremental growth in each stage; so they show the
porphyroblast outline, albeit subsequently rotated, acquired at the end of immediate previous stage (Spry, 1963).

Fig. 5.34: ldealised representation of different stages {(a to d) in progressive rotation—wm-grov.ﬂh of
as indicated by Schopeveld's String Expenment.

garnet porphyroblast with associated Si-Se fabric,
The number (in degrees) under each figure gives the amount of rotation suffered by the porphyroblast

(after Schoneveld, 1977). _
//;7// =

=
=

~ -_—
(a) (b) (c)
Fig. 5.35: A model showing the development of sigmoidal inclusion fabric in a slationary growing
porphyroblast; the extemal foliation is being progressively transposed (rotated) through 90° (after
Barker, 1990 following Wilson, 1971).
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Fig. 5.36: (a) Schematically shown distribution of deformation partitioning on a strain-field diagram
{XZ-plane) for noncoaxial progressive bulk inhomogebecus shortening. 1 (areas within dashed
ellipses) - zones of no strain, 2 (areas between dashed and dotted lines) - zones of progressive
shortening strain, 3 (areas lying only between dotied lines) - zones of progressive shortening and
shearing strain (after Bell, 1985).

{b) Sketch showing partitioned deformation pattern around a porphyroblast (with dashed outline) as a
result of non-coaxial progressive bulk inhomogeneous shortening, Numbering keys are the same as in
(a) (after Bell, 1985).
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Fig. 5.37: Broadly contemporaneous porphyroblasts that have overgrown different stages and places gl
to 4) of development of a second generation crenulation cleavage. Note that the porphyroblast-matrix
relations and the distribution of phyllosilicates within the porphyroblasts imply that, relatively and
precisely speaking, the formation of porphyroblast-1 preceded that of porphyroblast-4.
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Fig. 5.38: Model showing the progressive development of spiral-shaped inclusion trails in a gamet
porphyroblast. The minerals {notably, quartz) in the pressure fringe/strain shadow zooe devclop
crenulation due to subsequent stage of orthogonal foliation formation (after Bell & Johnson, 1989).
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Fig. 5.39: Some textural criteria for relative age determination among multiple generations of garnet
porphyroblasts. See text for further details. Sketches are not (o scale.
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Fig. 5.40: (a) Sketch showing part of a large skeletal garnet porphyroblast (class I in Joshimath
Groeiss) from a semipelitic horizon. See text for details. : .
(b) Sketch showing an elongate gamet porphyroblast which is folded (late syachronously with or
shortly after F, folding) and does not have crystal outline. Note the presence of length-parallel quartz
inclusions. (Class I gamet in Joshimath Gaoeiss). Further details in text.
(c) Sketch of a euhedral outlined garnet porphyroblast with almost entirely homogencous body except
a small central zone of spoity inclusions. (Class III garvet in Joshimath Goeiss).
(d) Sketch of a gamet porphyroblast, circular in outline and having concentic trails of inclusions
inside a homogeneous outer rim. (Class TVa type in Joshimath Goeiss). Details in text.
(e) Garnet porphyroblast with rounded outline and a comparatively thin homogeneous rim surrounding
a broad inner zone of crudely arranged inclusion spirals. (Class IVb type garpet in Joshimath Goeiss).
(f) B/W photomicrograph of a subcircular gamet porphyroblast with fairly well-developed inclusion
spirals. Note the absence of any rim overgrowth or grain elongation parallel to foliation trace (here, °
stretching lineation). The stretching direction is parallel to the base of the photograph. For details see
“text. {(Class Va type gamet in Joshimath Goeiss). PPL; Scale bar Imm.
(g) B/W photomicrograph of a garnet porphyroblast with broad elliptical outline; the ellipse is more
cleardy defined if the pressure shadow areas are also considered. Ellipse long axis parallels the
stretching direction. The porphyroblast shows a relatively broad inclusion spiral, but no rim
overgrowths. Note the inclusion grain-size increases from centre outward. See text for details. (Class
~ Vb type gamet in Joshimath Gnoeiss). XPL; long diameter of garnet is 5.8mm.

(H & (g) figures (B/W photomicrographs) are on next page
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Fig. 5.41: Sketch showing a skeletal gamet porphyroblast whose overall outline is distinctly elliptical
(i.e. stretched). See text for further details. Class Ia gamet of Munsiari Formation (from thin section -
NR81).

Fig. 5.42: Photomicrograph showing large part of a skeletal garnet from an amphibolitic rock. The
skeletal nature of the porphyroblast is due to the occurrence of a large number of almost matrix-sized
inclusions. The inclusions crudely lie in straight trails oblique to the foliation. But the overall outline
of the porphyroblast is elliptical with its elongation parallel to the stretching direction. Dark greenish
grains above and at lower left are of amphibole. Munsiari Fmn (thin section - 39G'87). PPL; scale bar
0.5mm.
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details.

Fig. 5.44: A spongy elliptical gamet (g) has been pulled apart due to stretching. Note the slight inward
turn in the enveloping matrix foliation at the pull-apart zone (which looks very similar to a "boudin
neck zone’). So the gamet is definitely pre-stretching in origin. For further details see text. (a =
amphibole, q = quariz). Pbotomicro., PPL. Scale bar Imm.
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shetching direction

Fig. 5.45: i ;
s[lxgtch :]!; $lcetl;_:(l:’1no1(’:| ::ls ikf(l:)!ﬂ ga;net ;;o:phyroblast with elongate elliptical outline parallel to the
for det ails.duec porphyroblast from Munsiari Formation (thin section - 6E’87), See text

Fig. 5.46: Two elliptical gamet porphyroblasts with straight inclusion trails at high angle to the
porphyroblast elongation which is parallel to the trace of main foliation (bere, giving the stretching
direction). Note the mutual parallelism of the inclusion trails in two porphyroblasts, and the
considerably smaller inclusion grainsize compared to matrix grainsize. Matrix is made up mainly of
quartz, feldspar, muscovite, biotite and opaques. See text for detailed discussion. Class I(b)
porphyroblast from Munsiari Formation (thin section ). Photomicro., XPL. Photo-base 5.5mm.
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Fig. 5.47: Sketch of a class I(b) perphiyroblast of gamet from Munsiari Formation. Straight inclusion
trails at right angle to matrix foliation. Inclusion grainsize almost comparable to matrix grainsize. Note
that Figs. 548, 5.49 & 5.50 also come from the same thin section (NR 40/41). See text for details.

Fig. 5.48: A class I(b) gamet porphyroblast with ap irregular trapezoid outline. There are inclusions of
quartz, muscovite, biotite, calcite, chlorite and opaques in the gamet. Inclusions are clearly smaller
than the matrix grains. See text for details. Compare Figs. 5.47, 5.49 & 5.50 which also come from the
same thin section - NR40/41, Mansiari Formation.

Fig. 5.49: In this ovoid garnet porphyroblast the inclusion grainsize is comparable to matrix grainsize.
Here Si-Se relation is important. Though the biotites are found to wrap around the porphyroblast, some
quartz grains project from the matrix into the porphyroblast. See discussion in text. Mubsian
Formation (thin section - NR40/41).
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Sig. 5.50: A sketch showing three garnet grains occurring side by side from thin section - NR40/41.
All three of them appear 1o have grown prior to the formation of the enveloping matrix foliation.

Imm

Fig. 5.51: Sketch showing a class I(c) gamet from a thin section of YZ-orientation. Yet it sbows
typical spiral trails of inclusions. See text for discussion. Munsiari Formation (thin section - 7Pb’87).



Fig. 5.52: (a) & (b). Two class I(c) porphyroblasts of gamet from thin section - NR52 are put side by
side. Both show well defined spiral inclusion trails implying possibly a rotational origin of the
porphyroblasts. But, intriguingly, the sense of rotation of the inclusion spires is different in the two
porphyroblasts. Note the wrapping by matrix foliation is not very conspicuous; some mica grains abut
against (arrowed) the porphyroblasts. Further details in text.

Fig. 5.53: (a) & (b). Respectively PPL & XPL photomicrographs (B/W) showing a gamel
porphyroblast with spectacular S-shaped inclusion trails implying rotation (anticlockwise, giving
locally a "top-to-lefi’ sense of shear). The small adjoining gamet at upper left is possibly a separate
grain; however, the possibility of its existence as a restricted overgrowth to the bigger grain cannot be
totally ruled out (note, in PPL-photo (a), the continnation of fractures between the two grains). Upper
part of Munsiari Formation (thin section - 6A’87). Scale bar in (a) is Imm.

{ figures are on next page )
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Fig. 5.54: A typical example of class II(a) gamet with at least two growth stages. A fairly
homogeneous inclusion-free outer rim surrounds an inner zone bearing curvilinear inclusion trails. The
inclusion trails define 'millipede’ geometry (Bell, 1985). Note the presence of a whitish, quartz-rich
and mica-free 'corona’ (indicated by dashed line) immediately surrounding the gamet porphyroblast
(cf. also Fig. 5.61). Main foliation trace parallel to length of photo. Munsiari Formation (thin section-
NR39/40A). B/W photomicro., PPL. Scale bar 1mm.

aggregate of muscovite
with some biotite

plagioclase

—

Fig. 5.55: Sketch showing an elliptical gamet porphyroblast with .eloug?tion paralle! to stretching
direction (arrows). A smooth i.e. inclusion-free outer zone and an n:fclus:on-studded mner zone are
present in the porphyroblast. Note the absence of any linear or spu-al_ a‘rmngeme_nt of t‘nclus:o'ns.
Possibly there were two growth stages of garnet (class II(a)). Munsiari Formation (thin section

NR39").



Fig. 5.56: (a) & (b). Sketches of two class [I(a) gamet porph?rroblasts_ from thm sgctiop - 65};’87 (?n
YZ-section). Two growth stages of the porphyroblasts are indicated; distinct sigmoidal inclusion trail-
bearing wide inper zones are surrounded by relatively thin, partially preserved homogencous outer
rims. See text for details.

Fig. 5.57: Photomicrograph of a class II(a) gamet showing at least two, or possibly, three stages of
growth (1, 2, 3). Sigmoidal inclusion trails are present only in the earliest growth stage (1).
Retrogression into chlorite (c) is seen at upper right and bottom of porphyroblast. Trace of main
foliation parallel to breadth of photo. Further details in text. m = muscovite. Upper part of Munsiari
Formation (thin section-7C’87). PPL; scale bar 0.5mm.
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Fig. 5.58: Sketch of a remarkably eubedral, yet meshy gamet (class II(b)) from an amphibolite. Body
texture of the gamet is quite intriguing. However, two growth zones are cleady distinguishable. The
outer rim (present as detached zones) is inclusion-free; the comparatively large and embayed inner
zone has sigmoidal inclusion trails. Parts of gamet are altering into chlorite. Munsiari Formation (thin
section - 23/88). Scale bar Imm.

Fig. 5.59: Photomicrograph (PPL) showing a group of eubedral to subhedral gamet porphyroblasts
showing multi-stage growth. Inclusion-bearing inner zones (cores) are surrounded by inclusion-free
homogeneous outer zones. Growth rings/lines (i.e. zonal boundaries) are very clear in some
porphyroblasts (arrowed). Though here most gamet grains are equidimensional i.e. not elliptical, pull-
apart effect is present in some (an example indicated by bigger arrow). Munsiari Formation (thin
section 8G’87). Scale bar 0.5mm.
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Fig. 5.60: Photomicrograph (PPL) showing two adjacent gamet porphyroblasts with very different
textures; one (A) is class II(a) and has very irregular outline and complexly arranged (’splayed’)
inclusion trails, the other (B) has well developed crystal outline and a fairly homogeneous body with
only a few visible inclusions. A fracture runs across the middle of the thin section. See text for detailed

discussion on the two porphyroblasts. Upper part of Munsiari Formation (thin section 7G’87). Scale
bar Imm.




Fig. 5.61: (a) & (b). Respectively PPL & XPL photomicrographs showing a class II gamet

porphyroblast which gives a spectacular example of active retrogression. Chloritisation is affecting the

porphyroblast from the rim inward and along the fractures. Note the presence of a zone (*corona’) of
white mica bordering the altered gamet (cf. Fig. 5.54 where a quartzose border surrounds a gamet

porphyroblast). Munsiari Formation (thin section 64A’87). Scale bar in (a) is 0.5mm.
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Fig. 5.62: Photomicrograph (XPL) shows at the centre a possible example of a wholly chloritised
gamet. The chlorite pseudomorph is surrounded mostly by white mica (muscovite). Note the existence
of a peneconcordant vein of semi-opaque (7graphitic) material below the pseudomorph. Same thin
section as above. Photo-base 2.25mm.

Fig. 5.63: Photomicrograph (PPL) of a class III gamet porphyroblast whose area (size) has diminished
considerably due to alteration (chloritisation). The remnant gamet, partly skeletal in nature, is
preserved as "islands in a ’lake’ of chlorite”. The outline (dashed) of the ’lake’ probably gives the
original outline of the garmet porphyroblast and thus suggests a high degree of resorption of the grain.
G = gamet, C = chlorite, Q = quartz. Munsiari Formation (thin section 7C’87). Scale bar 0.5mm.



Fig. 5.64: A negative print of whole thin section - TM’87 (upper Munsiari psammopelitic schist). The
thin section preserves a broad F, fold-hinge with several subsidiary (lower order) hinges, and shows
interesting garnet textures. Location of Figs. 5.65 to 5.67 as well as some other relevant features are
indicated on the overlay. Further details in text. (1) sub-band rich in fine quartz, (2) mica-opaque-
gamet-quartz-bearing sub-band, (3) apatite-gamet-quartz-bearing sub-band, (4) sub-band rich in coarse
quartz. Length of view (photo) is 3.78cm.
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Fig. 5.65: (a) A garnet porphyroblast showing two or, more possibly, three growth stages (I, II, IT).
Please refer to text and Fig. 5.64 for further details. ‘

(b) An elongate gamnet porphyroblast aligned parallel to the F5 axial planar foliation shows two growth
stages (I & II). The mutual disposition of the growth zones clearly implies favoured growth of the
garnet along the foliation.

(¢) Micas in the matrix around the gamet porpbyroblast are arranged quite baphazardly implying no
indentation of the F;) axial plapar foliation by the porphyroblast and hence a broadly syniectonic time
of growth of the latter. The foliation trace is vertical in the sketch, :
(d) An oval-shaped gamet porphyroblast aligned perpendicular to the Fo axial planar foliation.
[nterestingly, the matrix micas generally have a "sympathetic" enveloping relation with the gamet.
Note the Si in garet is aligned paralle}f to the Se and some matrix micas abut against the gamet.
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(Drawing oot 10 scale) '
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o 2 rquatz-bearing sub-band

Fig. 5.66: A long, roughly prismatic grain of garnet aligned along the pre-F; compositional layering
(this layering would be 8¢, if the Fy axial planar foliation referred to in Figs. 5.64 & 5.65 is considered
as Sj). Note the slight bending of the porphyroblast across an Fx-hinge, implying a pre-Fp time of
origin of the gamet. Further details in text. For scale see Fig. 5.64.

a prominent F; hinge.

/1
W

(Drawing not to scale)

’ Opagque-mica-garnet-
quartz-bearing sub-band

N \&—[racture (fluid pathway)

Fig. 5.67: A typical skeletal garnet has a crude overall elliptical outline (see also Fig. 5.64) with long
axis pearly parallel to pre-F) compositional layering. A close inspection of Fig. 5.64 would suggest
that .the gamet' overgrew the relatively fine-scale pre-F foliation in the coarse quartz-rich sub-band.
For inlerpretations see text. Note the fraclure running across the porphyroblast and chioritisation. For
scale see Fig. 5.64.



Garnet paragenesis

Fl F2 F3 F4

Gamet > T D D

Peak of MCT stretching/shearing » <2Z7///777772>
1

‘ig. 5.68: Fish diagram showing gamet crystallisation times in the Munsiari Formation and Joshimath
Gneiss with respect to fold episodes.

Fig. 5.69: (b) Inclusions of amphibole in clinopyroxene grains (see the large greenish grey grain at
centre and the grain under extinction to its lower right). Note the matching colour (yellow) of the
inclusions with some discrete amphibole grains outside. Interestingly, all these inclusions in any
particular pyroxene grain together come to maximum illumination position between cross polars when
the host grain is extinct or nearly so. This suggests that these are oriented ‘apparent’ inclusions
probably indicating incipient alteration of pyroxene into amphibole along cleavage
fractures/intersections. Photomicro., XPL. A part of the same thin section as in Fig. 5.69(a). Photo-
base 2.8mn.
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25/26L(2)) of a metabasic horizon in Joshimath
= clinopyroxene

Fig. 5.69: (a) Negative print from thin section (NR
Gneiss. The height of the triangular rock section is 3.4 cm. A = amphibole, Cx

{augite).




biotite clinozoisite
quartz 4 plagioclase
amphibole

0.63 mm

Fig. 5.70: Sketch showing two size classes of amphiboles. Matrix foliation bearing small amphibole
grains and other minerals swerves around the aggregate or cluster of larger porphyroclastic amphibole
grains. The porphyroclastic grains are aligned at high angle to the matrix foliation; probably these are
older than the matrix amphibole grains. Munsiari Formation (thin section - 15/45G).

amphibole

chlorite (probably
altered from biotite)

calcite

Fig. 5.71: Sketch showing close-knit cluster of amphibole grains; associated minerals are calcite and
chlorite (shown) and clinozoisite, quartz, gamet and opaques (not shown). Munsiari Formation (thin
section 8C'87). Scale bar 0.5mm.

Fig. 5.72: Clusters of amphibole grains with diversely oriented members defining a star-like pattern.

The dark mineral is carbonate. Crude homfelsic-looking texture is seen in nearby feldspathic patches
section - 8C'87). Scale bar 0.3mm.

or bands (not shown in sketch). Munsiari Formation (thin

314



amiphibole

chlorite
m—— biotite

biotite

———————

Fig. 5.73: An amphibole grain is being progressively altered into biotite and chlorite. Discrete biotite
grains are also present alongside. Munsiari Formation (thin section - 8C'87). Scale bar 0.3mm.

amphibole grain under
(euogtession (biotitisation)

l‘v '

cleavage rhomb ' o

biotite
amphibole rice

origina! a_xmphibole grain 0.3mm (a)

Fig. 5.74 (a): Selective retrogression (biotitisation) following the two cleavage sets in amphibole
grain. With progressive retrogression the tiny cleavage shombs are separated from each other by the
intervening biotites and collectively look like a stalk of rice or wheat; however, the original diamond-
shaped outline (now elliptical) of the whole grain is still recognisable. Munsiari Formation (thin
section - 17Rb'87). ‘

(b)

Fig. 5.74 (b): Textural banding in an amphibolite depending on the varying proportion and size of the
amphibole grains and associated biotites in the profile section of a fold (possibly, F4). See text for
details. Munsiar Formation (thin section - Loc. 18(2)'87).
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Fig. 5.75: Photomicrograph (XPL) showing recrystallised matrix quartz fabric on way to attain
equilibrium (annealing). Note the common occurrence of grain contact triple junctions (arrowed).
Stretching direction is from left to right parallel to the base of photo. In the upper right comer, M =
muscovite, K = kyanite. Kyanite-bearing quartzite of the Berinag-Mandhali formations (thin section
32A||L). Length of view (photo) 2mm.

=
-

G : -

Fig. 5.76: Photomicrograph (XPL) showing the shape fabric in matrix quartz (lower haif of photo) and
vein/band quartz (upper half). Main foliation trace is horizontal in the photo; S is on right, N on left.
Note that the vein/band quartz grains show an elongate shape fabric (indicated by longer arrow at top
middle) oblique to the main foliation, whereas the matrix quartz grains are generally elongate parallel
to the main foliation (smaller arrows at bottom left and right). Main foliation in the matrix is clearly
defined by the fine micaceous laminae; but mica is very rare in vein/band. Kyanite quartzite of
Berinag-Mandhali formations (thin section 32A||L). Photo-base 7.5mm.
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Fig. 5.77: Photomicrograph (XPL) shows blngiociase (P) is deformed in brittle mode, while quartz (Q)
is not. Quartzofeldspathic protomylonite from Munsiari Formation (thin section 15/22Ab). Photo-base
is about 5.5mm.

Fig. 5.78: (a) Photomicrograph (XPL) showing break-down of plagioclase through symplectitisation.
Most of the fine-grained quartzofeldspathic matrix in this rock is presumed to have recrystallised from
plagioclase in this way. Note particularly the part within dashed ellipse at centre; probably this was
originally a single plagioclase porphyroclast (with difficulty the shades of lamellar twinning can be
seen; compare with the next figure (b)). The fairly intact, grey/white, elliptical porphyroclasts are of
quartz; yellow grains are amphibole. Lower part of Munsiari Formation (thin section - Bet.
MR 18&19). Photo-base 6.5mm.
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Fig. 5.78: (b) Photomicrograph (XPL) from the same thin section as above shows the existence of
porphyroclasts of three minerals side by side; a large ovoid quartz porphyroclast (Q), a plagioclase
porphyroclast at centre and an amphibole porphyroclast (now in extinction position surrounded by
micas) at lower left. Of the three, the plagioclase is breaking down most rapidly (through
symplectitisation) and contributing to the development of fine-grained recrystallised quartz and
feldspar in the matrix. However, still one can recognise the remains of the characteristic lamellar
twinning in the plagioclase porphyroclast. Cf. Fig. 5.78(a) above. Photo-base 4mm.

Fig. 5.79: Pseudomorphous alteration of a garnet porphyroblast into biotite and chlorite. The outline of
the original gamet grain is still preserved. Compare with Fig. 5.62. Photomicrograph, PPL. Munsiari
Formation (thin section - 64A'87). Photo-base about 2.5mm.
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Fig. 5.80: Photomicrograph (PPL) showing example of pseudomorphous alteration of biotite (B) into
chlorite (C). In fact none of the chlorite seen this thin section is primary. Note how nicely the form,
shape and size of the original biotite have been mimicked by chlorite (shown by arrow at lower left).
The arrow on right shows a small remaining portion of an otherwise totally chloritised body of biotite.
G = gamet, Q = quartz, M = muscovite. Munsiari Formation (thin section - 7Pb'87). Scale bar 0.5mm.
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Metamorphic mineral paragenesis
Combined list for the Joshimath Gneiss & Munsiari Formation.

320

Fj

F)

Fy

| Sillimanite

Kyanite

Staurolite

Garnet

Biotite

Muscovite

Sericite

- | K~feldspar
Plagioclase

Quartz

Scapolite
Epidote-Clinozoisite

| Calcite

Amphib(_)le (Hb, ma'uﬂf
Clinopyroxéne (Augite)

Chlorite

<>

|

' M{
'

boaee Houﬂ 'Rt

Peak of MCT |
shearing/stretching

M3

My
(Retro_g-r_essive) [

Fig. 5.81(a): Composite fish diagram (mineral paragenetic sequence) for Joshimath Goeiss and -

Munsiari Formation,



Metamorphic mineral paragenesis

For Befinag,-Mandhali formations.
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Fig. 5.82: Metamorphic mineral distribution defining the inverted metamorphic sequence across the
base of the Higher Himalayas in Joshimath area.
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Chapter-6
SUMMARY OF RESULTS AND DISCUSSION

In this chapter, the results are summarised and their implications discussed.
After giving an overview of the major geological features of the MCT-Zone, the
chapter will provide: ﬁrét, the essence of the structural-tectonic findings; second, the
main metamorphic observations which will set the scene for delving into the
establishment of a suitable model for the Higher Himalayan inverted metamorphism;
third, a critique of the models suggested for inverted metamorphism in general (an
introductory discussion on the models that have been applied to the Himalayas has
been given in sub-section - 1.4.3 in Chapter 1); fourth, an appreciation in the light of
the observations made in the present study, of the relative merits and demerits of the
potentially most applicable models for the Higher Himalayan inverted metamorphism.
Finally, the model which is most favoured by the data from this study will be
established; particular attention will be given to find out the relationship between the
inverted metamorphism and the MCT emplacement.

- At this point it might be useful for the reader to refer back to subsection-1.1 in
Chapter-1 for a recapitulation of the important questions posed at the outset. The
following sections are designed to cover the answers to those questions. However, it
must be noted that the results obtained mostly refer to the Joshimath area (Alaknanda
- Dhauliganga section) unless otherwise mentioned, because this area has been
studied in much greater detail than the Sobala area (Darmaganga section).

Fig. 6.1 portrays some of the most important geological features across the
MCT-Zone (Munsiari Formation). For instance, it shows how: '
(i) the pre-MCT ‘regional” F, folds are modified as a result of syn-MCT
stretching/shearing. The F, axial orientation comes into parallelism with the main
siaetching lineation and the folds show appreciable tightening as we enter into the
MCT-Zone from above. Such changes are clearly noticeable in the field from about 2
km (outcrop-distance) above the Vaikrita Thrust downward well into the MCT-Zone.
F3 ot F4 are probably "local” shear zone folds.

(ii) the later N-trending stretching becomes important low in section. ,
(iti) the My i.e. post-M3 retrogression increases down section. This may be due
largely to the introduction of retrograding hydrous fluids derived from the Lesser



Himalayan lowgrade metasedilhentary footwall into the hanging wall as a
consequence of the MCT emplacement. o

(iv) in general, the strain increases down section to the Munsiari Thrust. This increase
in strain is recognised on the basis of qualitative observations, such as, down the
section the matrix and porphyroclast grainsize decreases in the quartzofeldspathic
augen gneiss and/or mylonite-protomylonite horizons; the number of quartz ##/or
feldspar porphyroclasts decreases in them; there is an increase in the frequency of
occurrence of tight to isoclinal folds; there is progressive parallelism of the F, axes
with the main stretching lineation direction; boudinage structures are more frcqu-er_lt,
and the competent/semicompetent pre- or earty-syn-Ms porphyroblasts are generally
more strongly pulled apart or stretched.

(v) while there is a stronger correlation or continuation of structures across-the
Vaikrita Thrust particularly in terms of the pre- or syn-Mgz ones, the correlation across
the Munsiari Thrust could not be established.

All these features probably suggest that the Vaikrita Thrust is, - strictly
speaking, not as clear a shear zone boundary as the Munsiari Thrust. Considering the
MCT-Zone as a shear zone, its upper boundary is more diffused than the lower one.

The basal or lower part of the Munsiari Formation suffered maximum strain. Post--

MCT folding (F,4), retrogression {My) and the later stretching event suggest repeated
movement in the lower part of the MCT-Zone, on or near the Munsiari Thrust.

6.1 STRUCTURAL-TECTONIC OBSERVATIONS

6.1.1 Location of the Vaikrita and Munsiari thrusts and nature of the MCT-Zone

As already mentioned in Chapters 1 and3, the literature provides littie help as
regards the location of the Vaikrita Thrust and the Munsiari Thrust in the field.
Detailed studies in the field in connection with the present work has enabled the
author to establish the exact field location of the two thrusts in two important sections
(viz. Alaknanda section and the Darmmaganga section in Garhwal and Kumaun
Himalayas respectively). (see Fig. 4.2, 4.3 & 4.6 for the location of these two
bounding thrusts of the MCT-Zone or Munsiari Formation and Plates-II, IIT, IV &
V). The Vaikrita and Munsiari thrusts appear more like slide zones i.e. deep crustal
faults (for further discussion see section: 4.5 in Chapter-4).
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Compared to the Joshimath Gneiss Formation above and the Berinag-
Mandhali formations below, ‘the Munsiari Formation has a less clear stré.tigraphic
status. Certainly it is a tectonostratigraphic unit and has a less precise
lithostratigraphic or chronostratigraphic character .than the units overlying and
underlying it; it has a more 'mixed’ or 'hybrid' character (for further details see
Chapter-2, Tectonostratigraphy et Lithology). I find great difficulty in visualising the
character of the Munsiari Formation before the Vaikrita 2% Munsiari Thrusts in the
Himalayas came into existence. In Chapter2, some indications of the
paleogeographic and tectonometamorphic étatus of the Munsiari Formation in a
regional context has been given. The whole MCT-Zone or the Munsiari Formation

appears to be a complex shear zone whose exact analogue I have not found in

literature. Some workers consider the Munsiari Formation as a schuppen zone

(Gansser, 1964, 1979, 1980); Saklani & coworkers postulate the existence of large-
scale duplexes within the Munsiari Formation in Bhagirathi end Bhilangana valley
sections in westem Garhwal (see Saklani et al., 1991; Saklani et al., 1989).

Embodying a realm of lithology-controlled strain partitioning the MCT-Zone
shows a general increase in strain down the section in Joshimath area. The lithological
succession in the Munsiari Formation is quite varied and does not show any mappable
repetition (for an appreciation see Plates: Il & IV, lithomap and composite road-log).
Although the Munsiari Formation shows a general increase in strain down the section,
the conspicuous lateral variation in thickness of the MCT zone from 2.5 km in
Alaknanda section to only 400 m :in Darmaganga section is probably not due to
strain-induced attenuation. Most likely this thickness variation is a large-scale deep-
crustal equivalent of horses accreted to the base of thrusts seen in upper crustal thrust
zones or anastomosing fault-zones (see Fig. 6.2a). For example, in the Moine Thrust
zone of NW Scotland, Elliott & Johnson (1980, their Fig. 6 ard related text) describe
horses on various scales characterised by a lenticular shape in three dimensions. They
give a genetic explanation to this feature by appealing to a possible lateral variation in
the nature of slip (smooth slip vs. rough slip) along the thrust. But in case of the
MCT-Zone, it is difficult to tell whether this has been the case and certainly thrusting
along the MCT zone took place in a more ductile regime than in the Moine Thrust.
While the explanation given by Treloar & Coward (1991) for the mutual closeness of
thrusts in the NW Himalaya (Zanskar area) as due to their neamess to the pinning
points closely behind the indentation-head of the Indian plate is indeed elegant, such
an explanation cannot hold true for the lateral variation in thickness of the MCT zone
found elsewhere almost all along the length of the Himalayan belt. That the MCT-
Zone may have down dip thickness variation as well is clearly indicated in Valdiya's
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(1980) model of tecton.ic' architecture in Sobala region (i.e. NE Kumaun) (see _Fig.
6.2b). |

I have found two generations of stretching lineations, particillarly in Joshimath
area: one dominant set that plunges NNE'ly is earlier, and the other weaker set
plunging due north and found mainly in the lower part of the secﬁon has developed
postdating the last retrogressive My metamorphism. Further discussion on these two
generations of stretching lineation will follow in Subsection 6.1.4.

6.1.2 Styles and distribution of folding across the MCT zone

At least four episodes of folding are recognised in the Joshimath Gneiss and
the Munsiari Formation. The F4 folds are rarely seen in the Joshimath Gneiss and the
Fy folds are difficult to recognise in the Munsiari Formation. The main domain of
occurrence of successively younger generations of folds appears successively towards
south i.e. down the section (see Fig 6.1). In the Berinag-Mandhali formations, three
episodes of folding (I, IT & IH) could be distinguished. Correlation of these folds with
those in the hanging wall block is uncertain. For the styles of the different generations

of folds in the area, see Subsections 3.2 a4 3.3 in Chapter -3.

If one takes an overall statistical count (irrespective of fold-generations), then
the frequency of tight to isoclinal folds increases from the top to the bottom of the
MCT zone. This is probably a qualitative indicator of increasing strain down the
section across the MCT zone. Bhattacharya & Siawal (1985) in their study across the
North Almora Thrust demonstrated quantitatively that the shortening of the tight to
isoclinal folds increases progressively towards the thrust. Similarly, the
quartzofeldspathic horizons in the Joshimath-Helang section show a general decrease
in matrix grainsize and a decrease in the frequency of occurrence and in the size of
the feldspar &/or quartz porphyroclasts down the section within the MCT-Zone.

Of the four fold episodes recognised in the hanging wall block F5 is the most
dominant episode, particularly common in the Joshimath Gneiss and developed in a
wide range of scale (multi-order folds). The largest recognisable F, folds in the
exposures are all south-verging and, interestingly, most of them have long attenuated
overtumed limbs compared to relatively short, thick or wavy normal limb. This
probably suggests that these folds belong to the overturned limb of a still higher order
regional F5 fold. Further discussion on this aspect will follow in Subsection 6.4.3.
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6.1.3 Mutual time relationships between folding and stretching events

The main stretching/shearing event.is equated with the time of main MCT-
emplacement. Although the shearing/stretching event was probably initiated during
the F, fold episode, its peak postdated the Fy-episode and was broadly synchronous
with the F3-episode. Thus the main MCT—cmﬁlacement phase is considered to have
started broadly synchronously with the Fo-episode, and culminated around the Fj

time.
The later stretching event postdated the F4 fold episode.

In the Berinag-Mandhali footwall block, the stretching lineation is not
uniformly strongly developed.. Where present, a northward plunging lineation is
usually common. But in some quartzite horizons, particularly in the kyanite-quarizite
horizon, a strong N18°E-ward plunging lineation is observed which is presumed to be
later than the dominant stretching lineation in the MCT-Zone and probably
correlatable with the later (i.e. post-retrogression) stretching lineation of the MCT-
Zone. As argued in Chapter.5, probably the footwall fold episode-I developed in
response to the initiation of the MCT emplacement, while episodes 1I end ITI took place
respectively preceding and following the later stretching lineation (i.e. kyanite

quartzite lineation). The later suetching event, even though it postdated most of the

fold episodes, did not have any recognisable effect on the folds. But the main

stretching event affected the orientation and, to some extent, the style (interlimb

angle) of the F, folds. When the MCT zone is approached from the north, the F fold

axes are reorientated from ENE to NE or NNE so that they gradually come into
parallelism with the stretching lineation (see Fig. 3.3). Similarly an appreciable
tightening of the F, folds is noticed. These features imply a general increase in strain
down the section in the MCT-Zone.

6.1.4 Evolution of the MU T-Zone

Rather than being a single event, thrusting along the MCT appears to have
been episodic. Even though there was one dominant stage of thrust emplacement,
evidence of a later reactivational stage is also found. These two episodes are
recognised on the basis of the observation of two distinctly different generations of
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stretching lineations. The earlier set is the dominant one: it plungbs NNE and has
been probably recognised by other workers as the regional stretching lineation which
corresponds to the main stage of MCT-emplacement. The later, weaker set plunges

N and is found on retrograde foliation surfaces at the middle to lower part of the
Joshimath-Helang section. The later set probably indicates a post-retrogressive i.e.
post-My reactivational stage of MCT thrusting. These two generations of stretching
lineations may have some largescale tectonic implications. In collisional orogenic
belts like the Himalayas, it is very likely that different thrust motion trajectories at
different times, particularly along the MCT-Zone, could'reﬂe_ct the different post-
collisional convergence directions of the Indian plate. In other words, we could
presume that the NNE'ly plunging early stretching lineation is in response to a
broadly NNE-ward convergence of the Indian plate, whereas the later northward
plunging stretching lineation indirectly reflects a later change in the plate
convergence direction towards north (Fig. 6.3). As we know from the geophysical
investigations carried out in and around the Indian plate, the Indian plate suffered a
counter-clockwise rotation while continuing its broad northward flight (see Achache
et al., 1983; Besse et al., 1984; Patriat & Achache, 1984; Besse & Courtillot, 1988;
Dewey et al., 1989 etc.). To establish the presumed correlation, it would have been
very useful to know the dates (absolute) for the two stretching events and thus the
time-gap between them. Although some headway could be made on determining the
date (discussed below) of the main MCT-emplacement, the age of the later minor
reactivational stage is not known. Fig. 3 (p.721) of Dewey et al. (1989), reproduced
here as Fig. 6.4 displays very clearly the progressive anticlockwise rotation of the
Indian plate concomitant with its general northward migration. The motion path
established in Dewey et al-'s study (1989) bears a broad resemblance to those
reconstructed by Patriat & Achache (1984) and Besse & Courtillot (1988), but unlike
the two latter it does not show the large zig-zag deviations in the early Tertiary time.
Although there is some discrepancy between the actual values of the dates and the
magnitude of angular rotation with the available MCT-emplacement date/s and the
variation in the direction of plunge of the two generations of stretching lineations
respectively, I think this is not very serious, particularly in view of the inherent
uncertainties/errors involved in reconstructions of early movements of plates. The
important thing is the general matching pattern over the time. In this connection,
reference could be made to a recent study by Treloar et al. (1991) in the Northwest
Himalaya, where they have shown how lineation patterns reflect the rotation of thrust
sheets. Using a combination of lineation data and paleomagnetic data, they estimated
regional scale rotations of up to 40°, anticlockwise in Pakistan Himalaya and
clockwise in Xashmir Himalaya, which, they believe, led to converging thrust

328



329

interference now expressed in the form of crustal scale folds (i.e. the NW Himalayan
syntaxial bends).

6.2 METAMORPHIC OBSERVATIONS

6.2.1_ Metamorphic observations in a regional perspective

~ The present study has definitely established that the highgrade metamorphic
event (sﬂhmamte - kyanite grade) in the Higher Himalayas predates the MCT-
emplacement. So, if we accept a mid-Miocene age for thrusting along the MCT (see
Windley, 1983, 1988; Searle et al.,, 1988; Hodges et al., 1988; England et al., 1992),
then the highgrade metamorphism in the Central Crystallines ie. the Vaikrita
Crystallines would certainly assume a pre-Miocene age. This leaves two important
possibilities which are not mutually exclusive:

(a) The Central Crystallines underwent a highgrade metamorphism of Tertiary

(Himalayan) age.

{b) The Central Crystallines underwent a highgrade metamorphism which is a
much older, certainly pre-Tertiary, possibly Precambrian event.

According to (a), the highgrade event is related to post-collisional thickening
of the northern margin of the Indian plate. It is argued below that the event took place
due to P-T increase as an immediate consequence of thickening and burial following
the India-Eurasia collision, but it is proposed that there was also another older,
possibly Precambrian, highgrade metamorphic event in the Central Crystallines.

It 1s emphasized that the minerals (viz. staurolite, kyanite, sillitnanite etc.)
defining the present day inverted metamorphic sequence observed within the Central
Crystallines developed during the high-grade event of Tertiary age. Also as already
discussed in Chapter - 5 (Metamorphism), this highest grade metamorphic episode
(Mj) was preceded by at least one other episode of metamorphism (M () during which
the formation of the gneissosity (or metamorphic foliation) was initiated in the
Joshimath Gneiss (Vaikrita Group). Reaching at least up to Barrovian gamet grade the
M -episode possibly took place in lower amphibolite facies conditions consistent
with the associated high degree of metamorphic differentiation.



The important stages in large;scaic regional (plate) tectonics in the Himalayan
‘region that are expected to have identifiable metamorphic and structural signatures
are:

1. Pre-collisional stage

2. Collision and immediaté post-collisional thickening in -the .northemn

marginal part of the Indian plate :

3. Contmumg post-collisional rmgratlon of the Indian plate and consequent

progressive tectonic thickening (by folding and/or thrusting) of its, northem

margin south of the collisional suture. '

As far as the metamorphic events are concemed, if the late retrogressive My
episode is kept aside, then we are left with three other distinct metamorphic episodes
viz. M3, My omd M 1- Of these three episodes, M3 is contemporaneous with the MCT-
emplacement (see Chapter - 5). There is no doubt that thrusting along the MCT would
correspond to the third stage mentioned above (stage 3 of regional tectonics).
Therefore the M3—metamorphi.§m corresponds to this third stage. Now the most
simple and logical step would be to equate the My-episode with stage.2 and M with
stage 1. Through the course of discussion that now follows it will be clear that this
correlation is correct.

Consultation of literature on Himalayan Geology suggests the following:

(1) Most workers thought (see Naha & Ray, 197(); Ray & Naha, 1971; Powell &
Conaghan, 1973a, b; Le Fort, 1975) the highest grade metamorphism records the first
metamorphism in the Central Crystallines and this metamorphism is Himalayan (i.c.
Tertiary) in age. So far it has not been clearly emphasized in the literature that the
Central Crystallines were well-defined metamorphic rocks even before the Himalayan

orogeny.

(2) Many workers (e.g. Le Fort, 1975; Bordet et al., 1981; Sinha Roy, 1981; Burg et
al., 1987; Windley, 1983, 1988 etc.) considered this highgrade metamorphism is
correlatable with the MCT-emplacement. Only in recent years has it been postulated
that this highgrade event preceded the thrusting along the MCT (see Brunel, 1983,
1986; Hodges et al., 1988).

(3) Very rccently Hodges et al. (1988), England et al. (1992) "7 NI

R

U777 suggested that the highgrade metamorphism toock place durlng the time

T
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of immediate post-collisional thickening, but prior to the MCT —empl-acemcnt.
England et al. (1992) considered the highest grade episode as the first major
metamorphic episode affecting the Central Crystalline rocks.. This episode
corresponds to the My-episode recognised in my study.

No distinct metamorphic imprint has been recognised in the Central
Crystallines corresponding exactly to the time of India-Eurasia collision. Thus the My
episode recognised through the present study must have taken place before the Indla-
‘Eurasia collision. By itself this is a very important finding, because this means that
the Central Crystallines record clear-cut imprint of pre-Himalayan (i.e. pre-
collisional) metamorphism as well. When the India-Eurasia collision took place, the
Vaikrita or Central Crystallines were already highgrade metamorphic rocks possibly
belonging at least to the lower amphibolite facies. In other words, the Central
Crystallines were affected not only by the staurolite-kyanite-sillimanite grade
upper amphibolite facies highgrade Mj-event during the early part of the
Himalayan orogeny (in Tertiary time), but there was also another older i.e. pre-
Tertiary, fairly highgrade, probably lower amphibolite facies metamorphic event
in them.

In summary, therefore, the M |-metamorphism established in the present study
took place during the pre-collisional stage (Stage 1 of regional tectonics mentioned
earlier); the My-metamorphism took place during thickening of the northern marginal
part of the Indian continental plate closely following the India-Eurasia collision (i.e.
during stage 2 of regional tectonics), while the M3-metamorphism was a syn-MCT
episode comresponding to a relatively later stage of tectonic burial and thickening
through thrusting and folding in response to continuing post-collisional northward
migration of India (Stage 3).

6.2.2 Timing of the earliest metamorphism (Ml) in_the Central Crystallines

An important question is : What was the absolute age of the M;
metamorphism in the Central Crystallines? Unfortunately systematic and detailed
radiometric work could not be undertaken in the present study; also there is no
mention of this metamorphism and its age in literature. So, any suggestion made here
regarding the age of the M; metamorphism would be of qualitative nature.
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The M; metamoxphié episode was pre—cdllision, so certainly it was pre-
Eocene in age. Tethyan sedjlnehts that overlie the Central Crystallines range in age
from Cambrian to Early Paleogene (Le Fort, 1975; Valdiya, 1988; Windley, 1988;
Hodges -et al., 1988a; Searle et al., 1988; Molnar & England, 1990; Engia.nd et al.,
1992 etc.). No discrete evidence has been found in the Himalayan region of any
tectonothermal event on a large scale that took place intermediate in time between the
start of deposition of the Tethyan sediments and the onset of the India-Eurasia
collision. Effects of the Gondwanaland break-up are not noticeable in metamorphic
terms within the Central Crystallines. So, most possibly, for nearly the whole duration
of the Paleozoic and the Mesozoic and part of the Cenozoic there was a 'metamorphic
quiescencé‘ in the Central Crystallines, and the M-episode, which is the earliest
metamorphism recognised in them so far, most probably took place during the

Precambrian time, before the start of the Tethyan sedimentation.

6.2.3 Metamorphism across the MCT-Zone

Considering the Joshimath Gneiss ovd Munsiari Formation together, four
distinct episodes of metamorphism, M{-My, could be recognised. All the four
episodes are clearly recognisable in the Joshimath Gneiss and in the upper part of the
Munsiari Formation, while in the middle and lower part of the Munsiari Formation it
is difficult to recognise the effects of M| metamorphism probably because of intense
deformation and late retrogressive effects (My). For the time relations of
metamorphic episodes (M to My) with the fold episodes (F to Fy) and stretching
events, see Fig. 5.81a in Chapter-5.

Imprints of four episodes of metamorphism have been noticed in the Berinag-
Mandhali formations. Of these, the earliest one was a lowgrade metamorphism,
apparently not involving any deformation. The second metamorphism was
synchronous with fold episode-I. The third metamorphism included kyanite
porphyroblastesis and was followed in time by fold episode-II which, in tum, was
followed by the stretching event (kyanite stretching) accompanied by the fourth
metamorphic imprint. Finally came the fold episode-IIl. There was no one to one
correlation between the metamorphic episodes in the MCT-sheet and the Berinag-
Mandhali footwall block, except possibly during the later stretching event when
appreciable recrystallisation took place, at least in the kyanite quartzite horizon of the
Berinag-Mandhali formations.
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In the MCT-sheet (Joshimath Gneiss & Munsiari Formation together), during
the My the P-T conditions probably corresponded to lower amphibolite‘facies. The
facies determination of the M episode is somewhat speculative and is based more on
circumstantial evidence than factual evidence. For example, I noticed through textural
(petrographic) investigation that the highest grade mineral that could be recognised to
belong to this metamorphic eplsode (M) is garnet (in pelitic lithohorizons); other
minerals include micas (both muscovite & biotite), quartz, alkali & plagioclase
feldspars etc and amphiboles in basic lithologies. But the better indication-for the
highgrade nature of M episode comes from an indirect feature, that is, a high degree
of metamorphic differentiation (gneissosity or first foliation formation/initiation)
involved with this episode.

The M, event gave rise to the Barrovian isograds in the area which included at
least gamet, staurolite, kyanite and sillimanite. There has been accompanying
recrystallisation of quartz, biotite, muscovite, clinozoisite, tourmaline, apatite etc..in
tlus meta.moxphlc episode. The M, metamorphism, therefore, probably hag - taken
place mmaﬁfyper amphibolite facies condition. Some geothermobarometric studies of
the M, assemblage (eqv. to their M;) have been done by Hodges & coworkers
(Hodges & Silverberg, 1988; Hodges et al., 1988; Hubbard, 1988, 1989). Their P-T
data were mainly derived using three well-calibrated pelitic geothermol;ammeters: the
gamet-biotite geothermometer (Ferry & ‘Spear, 1978), the gamet-plagioclase-
aluminosilicate-quartz geobarometer (Newton & Haselton, 1981) and garnet-
muscovite-biotite-plagioclase geobarometer (Ghent & Stout, 1981; Hodges &
Crowley, 1985). Some additional help came from the Gibb's method modelling of

garnet zoning {Spear & Selverstone, 1983) and gamet inclusion thermobarometry (St- -

Onge, 1987). The assemblage they recognised for their M| event is quartz + biotite +

muscovite + plagioclase + garnet  microcline + sillimanite and their P-T estimate for |

this episode was T = >900 K (i.e. 627°C), and P = >960 Mpa (i.e. >9.6 Xb). They
deduced a burial depth for this metamorphism of about 36kim. It is interesting to note
that the present structural thickness above the Vaikrita Thrust in Garhwal closely
-matches with this result. Hodges & coworkers also recognised in the higher part of
Higher Himala)}as (i.e. farther away from the Vaikrita Thrust) a later Buchan-type
event, My (eqv. broadly in time to my M3) related to anatectic granitoid intrusions.
The My-assemblage recognised by them is quartz + muscovite + biotite + plagioclase
+ gamnet * kyanit‘e and their P-T estimate for this My is: P =317 to 523 Mpa (i.e. 3.17
to 5.23 Kb) which is much lower than that of the M; event, and T = >900 K (i.e.
627°C) which is the same as in their M;. Note that Hodges & coworkers found
sillimanite to belong to their M (Mo, established in my study) and, probably due to
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inadequacy in sampling, did not find any sillimanite in their M, assemblage; while
England et al. (1992) recognised sillimanite in the Annapuma-Manaslu region in
Central Nepal as belonging to this later episode of anatectic granitoid intrusion.
Formation of sillimanite in the Higher Himalayas as part of a Buchan-type
metamorphism (i.e. low-P) related to Tertiary granitoid intrusions is widely reported
ilﬁfiteraturc (e.g. Gupta, 19782‘1_ & b; Pecher, 1989; Le Fort, 1981, 1975, 1988etc.).
Therefore, we see that in the Higher Himalayas there ‘are two generations of
sillimanite (cf. suggestions made earlier in Chapter . 5).

The M3 i.e. syn—MQr event gave rise to the formation of tiny kyanite grains,
some garnets, a‘mphiboles in addition to white micas, quartz etc and myrmekitic
recrystallisation from plagioclase. Also mylonitisation in the area took place during
this event. The M3 metamorphism, therefore, probably. +ook  place under frsex.
armbphibolite facies conditions. My observations suggest that the M3 event is
characterised more by tectonic (mylonitic) fabric formation than by porphyroblastesis
(metamorphic mineral formation). Hubbard (1989) found syn-MCT (20 Ma old)
homblende whose closure temperature for Ar is 550°C. Also mylonitisation of
quartzofeldspathic rocks through crystal-plastic processes normally requires a
temperature not less than 350°-400°C (see White, 1976, 1979a & b; Schmid, 1982;
Tullis, 1979%etc).

Finally the My episode took place in chlorite-grade, retrogressive, lowermost

greenschist facies conditions, in all probability at nonnal temperature and pressure.

6.2.4 Inverted metamorphic sequence in the study area

Going upsection chlorite-biotite grade is found in the lower part of the MCT-
Zone (Munsiari Formation), gamet grade in the middle part and staurolite grade in the
upper part. At Joshimath the Vaikrita Thrust that separates the Munsiari Formation
from the Joshimath Gneiss coincides with the kyanite isograd. However, in the Sobala
area the kyanite-isograd appears slightly above the Vaikrita Thrust. The kyanite-
bearing Joshimath Gneiss is overlain by a sillimanite zone. Gamet and biotite occur
almost throughout the Joshimath Gneiss. In the Munsiari Formation, garnet occurs in
profusion in the uppermost part, decreases in abundance southward and is only

intermittently found in the lower-middle and lower part.
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Detailed observation suggests that the high-grade part of the Barrovian
sequence is more clearly defined in the Joshimath area, and out of the four well-
defined Barrovian zones two (viz. gamet and staurolite zones) lie below the Vaikrita
Thrust and two above (viz. kyanite and sillimanite zones). |

6.3A RECAP]TULA’I‘ION OF MODELS OF INVERTED METAMORPHISM

Intuitively speaking, generally two categories of models are possible for

inverted metamorphism, or a combination involving one or more models from both .

the categories. These categories are:

Category 1. Syngenetic or synmetamorphic inverted metamorphism
involving presence of reverse geothermal gradient, either
locally or regionally.

Category II. Post-metamorphic i.e. when normal progressive metamorphic
zones are inverted due to some tectonic or other reasons after

the metamorphism has occurred.

Category I (i.e. synmetamorphic type) generally covers the following models -

(i) Shear heating, whereby heat is produced as a result of shearing friction when a
hanging wall block moves past the footwall block along a fault/shear zone and a local
or perched geothermal gradient is introduced to each block. This new geothermal
gradient is normal for the hanging wall block, but reverse for the footwall block. So
when there is appreciable shear heating, we may get reverse metamorphic zoning in
the top part of the footwall block, but normal progressive sequence in the lower part
of the hanging wall block above the shear zone. For further discussion on this aspect,
see Graham & England (1976), Brewer (1981), Scholz (1980), Molnar & England
(1990) etc.

For the Higher Himalayan inverted metamorphic sequence it is unlikely that
the shear heating model would be applicable, because shearing along the MCT-Zone
postdated the development of most of the isograd-defining minerals. Also to make
any case for shear heating both the Vaikrita et Munsiari thrusts have to be taken into
account. The relative timing of the two thrusts is not known; but mainly on a
speculative basis it has been suggested that the Vaikrita Thrust either predated or was
synchronous with the Munsiari Thrust. However, this is not to rule out any shear
heating during MCT-emplacement, only that any contribution of shear heating was
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not strong enough to subdue the already existing isograd structure inherited from the
pre-MCT, M5 metamorphic episode. '

(ii) Hot-over-cold thrusting, whereby the hot hanging wall block gradually heats up
the nearby part of the footwall block and thus introduces a local inverted geothermal
gradiént across the thrust that could cause inverted metamorphism. The leading
workers who introduced this model are Oxburgh & Turcotte (1974,),,‘ Oxburgh &
England (1980), Le Fort (1975) etc., In addition England et al. (1992) recently
proposed a model for the Higher thalaym inverted metamorphism incorporating
both the 'hot-over-cold' and shear heating models. A review of England et al's work
will be given later. R |

In discussions on this model often no clear indications are given of the
detailed metamorphic character viz. early isograd distribution etc,in the hanging and
footwall blocks before thrusting. For example, in the Himalayan case 1 found the
inverted isograd structure developed during the My event predating the MCT -
emplacement. Large-scale overturned F, folding prior to or early synchronously with
MCT-thrusting was responsible for the inversion of isograds. Le Fort's (1975) model
did not recognise this point. For reasons discussed later, 1 doubt whether the Central
Crystallines were hotter than the temperature necessary for myrmekitisation ardfor the
formation of gamet, amphibole and small kyanites that took place during the syn-
MCT Mgz metamorphism. If the Higher Himalayan crystallines (Joshimath Gneiss ard.
Munsiari Formation) were hot enough and if there were no significant time -difference
between thrusting along the Vaikrita Thrust and the Munsiari Thrust, then we would
expect to see recognisable inverted metamorphic zonation in the Berinag-Mandhali
rocks underlying the Munsiari Thrust. Evidently we do not see any such zonation in
the Berinag-Mandhali rocks.

(iii) Conductive heating by a high level intrusive body (essentiailly a Buchan-type

metamorphism). To explain the Himalayan case, Mallet (1875), Auden (1935) etc..

suggested a cause-wd-effect relation between the inverted metamorphism and the
Higher Himalayan intrusives. While some Buchan-effect is not ruled out, for instance,
formation of second generation of sillimanites in the Higher Himalayan crystallines
nearby the leucogranitic intrusives underlying or cutting across the Tethyan rocks
(Pecher, 1989; England et al., 1992 .etc.), generally speaking, these intrusive
bodies occur so far to the north that contact metamorphic effect from them cannot
have given rise to the inverted metamorphism at the base of the Higher Himalayas.

Also generally the rocks showing the inverted isograds are equivalents of the country-
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rocks to the leucogranitic intrusive bodies (see Le Fort, 1975, 1981, 1986, 1988;
Brunel & Kienast, 1986 etc.) and so the inverted isograd-structure is older than the
leucogranites. The origin of these intrusives is in itself a highly debatable point.
Several workers (e.g. Le Fort, 1981, 1986, 1988; Le Fort et al., 1987; Deniel et al.,
1987; Vidal et al., 1982, 1984; France-Lanord et al., 1988 etc.) have suggested that
the Manaslu pluton in north-central Nepal was anatectic melt-product from a pﬁrt of
the Central Crystallines that displays the inverted sequence of isograds in the hanging
wall of the MCT. With an atteﬁlpt to establish an in situ melt origin of many of these
granitoid bodies, Jaupart & Provost (1985), Pinet & Jaupart (1987) proposed a 'heat
focussing’ hypothesis. All the above points suggest that conductive heating by a high
fevel intrusive body cannot account for the formation of the Higher Himalayan
inverted isograds. J |

Category Il i.e. Postmetamorphic models include the following-

(1) Postmetamorphic overturned folding of isograds, giving rise to an inverted
sequence of isograds on the inverted limb of such a fold. This model is a very
attractive one, particularly because a normal sequence of metamorphic isograds has
been discovered in the northem part of the Higher Himalayas underlying the Tethyan
Thrust. Rather than one single largescale long overtumed antiformal fold, probably a
largescale fold-system/train runs along the length of the Himalayas following the
outcrops of the Central Crystalline rocks (Vaikrita Gneisses & Munsiari Formation).
On the inverted limb of the fold-system at the base of the Higher Himalayas we find
the inverted metamorphic sequence, whereas on its normal limb at the sub-Tethyan
part a nonmal disposition of isograds is found. Also the existence of the two crustal
scale bounding thrusts viz. Tethyan Thrust to the north and MCT to the south of the
Central Crystalline domain could readily explain why we cannot see the other folds
complementary to the huge antiformal fold-system/train. .Further discussion on this

model will be given later in this chapter.

(ii) Thrust-stacking resulting in inversion of a progressive sequence of metamorphic
zones. There is a serious problem with this model to generate regional scale inverted
isograd sequence, as will be demonstrated in detail later.

(iii) Folding of isograds, followed by further geometric and/or metamorphic
modification during thrusting. This is essentially similar to the first kind of post-
metamorphic model, but with some later influence by thrusting mainly in the form of
thickness modification of the folded metamorphic zones on the limbs.
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(iv) Invasion of lower par't' of the highgrade hangingwall block and the thrust/shear
zone by hydrous retrograding fluids concomitant with or immediately after thrusting.
In the MCT- zone this is indicated by the chlorite@%biotite zones which appear to be
Iargely of secondary retrogressive origin. But this model is unlikely to produce a
spectacular inverted metamorplﬁdsequcncc of regional scale. The classic (inverted)
iso‘grad “sequence across the MCT-Zone at the base of the Higher Himalayas
originally developed during the major highgrade M, Barrovian metambrphi’sm that
took place predating the MCT-emplacement. Johnson & Oliver's (1990) results from
systematic illite crystallinity studies across the Lesser Himalaya from Hardwar to
Joshimath and across some specific Lesser Himalayan klippen suggest that the Lesser
Himalayan rocks do not register any imprint of the Higher Himalayan highgrade (M5)
metamorphism; so I think there was no role of the fluids derived from the Lesser

Himalayan rocks for the develop_—ment of the Higher Himalayan isograds.

6.4 POTENTIALLY MOST APPLICABLE MODELS -- A DISCUSSION

In my opinion, mainly three models deserve special discussion insofar as the
development of the 'traditionally famous' inverted metamorphic sequence at the base
of the Higher Himalayas is concemed -- (i) Hot-on-cold (+ shear heating) model, (ii)
Thrust-stacking model, and (iii) Folded isograd model. Given below is a discussion of

relative merits-demerits of each set of these models.

6.4.1 'Hot-on-cold (+ shear heating)' model

Originally, Le Fort (1975) proposed the 'hot-on-cold' model which involves
transient inverted geotherm for the development of inverted metamorphic sequence.
The idea was that dissipative or conductive heating of a cold footwall block
underthrust along the MCT below the hot Central Crystalline hanging wall block
would develop inverted metamorphic isograds about the thrust zone. Recently Molnar
& England (1990) and England et al. (1992) " :developed this model further and
added a shear heating component to it. Here I propose to discuss the merits-demerits
of the 'hot-on-cold (& shear heating)' model in the form of a detailed review of Molnar

& England (1990) and of England et al. (1992). 7%



The two papers treat at lcngth the many different aspects of heat gcnerétion and
transfer, temperature distribution etc, related to thrusting along the MCT: The authors
present a very clear exposition of | many . of the important problems related to
Himalayan metamorphism and thermal evolution. Based on ‘data available from the
literature and wsing rigorous. mathematical calculations they have explored
conceptually the heat sources ‘involved in the different phases of Himalayan
metamorphism. The focus in England et al.'s study Was on the Higher Himalayas and

the inner Lesser Himalayas in the AnnapumaQManaslu region of the Central Nepal.

In their study Molnar & England (1990) primarily address” ™ the question of
assessing from heat-flow data the magnitude of shear stress involved in major
faultsfthrusts, such as subduction zones, with a view to resolving an existing
controversy: one group of workers considers that deformation manifested by
earthquakes and mountain building involves more than 100 MPa (1Kb) of shear stress
(see for example, Brace & Kohistedt, 1980; Christie & Ord, 1980; Hanks, 1977,
Oxburgh & Turcotte, 1970; Scholz, 1980; Scholz et al., 1979; Toksoz et al., 1971;
Turcotte & Schubert, 1973), while another group suggests that mean stresses on major
faults are below 30 MPa (see Brune et al., 1969; Daimayrac & Molnar, 1981;
Lachenbruch & Sass, 1973, 1980; McKenzie & Jarvis, 1980; Mount & Suppe, 1987,
Tapponier & Molnar, 1976; Zoback et al., 1987 etc). Molnar & England’'s (1990)
analysis shows that the higher value of shear stress is quite plausible. They also point
out that a controversy on similar vein exists on the role of dissipative heating during
rapid slip along major faults for providing the heat necessary for metamorphism and
anatexis in orogenic belts; while Barton & England (1979), Graham & England
(1976), Scholz et al. (1979), Sibson (1980) etc considered such dissipative heating as
an important source of heat, Bird (1978), Molnar et al. (1983) did not. It is in
connection with this second controversy that they took into consideration the anatexis
and metamorphism near the MCT in the Himalayas. They say that ‘the melting and
the inverted metamorphism have been interpreted in a variety of ways, but none of the
interpretations rests on a quantitative treatment of the thermal development of the

major thrust zones'. Therefore, essentially theirs is a theoretical analysis.

According to Molnar & Engtand (1990), two simple geologic facts suggest-a
ﬁlajor influence of thrust faulting on the thermal evolution of the region surrounding
the MCT in the Himalaya, and of such regions in general -- (i) the metamorphic grade
near the MCT is commonly inverted, increasing up section before decreasing again;

(ii) Late Cenozoic anatectic granitoid bodies are common in the hanging wall of the
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MCT and they have been considered by Le Fort (1981, 1986, 1988) to surely
represent melting of the crust whilst or shortly after slip along the MCT was
occurring. Mainly three points have been cited as evidenf;e for synchroneity and
hence active interconnection between MCT -thrusting and anatectic melting .in the
Higher Hima.layas -- {a) oxygen isotope ratios in one formation of the Higher
mealayds (i.e. MCT hanging wall block) have been shown to be smular to those of
the nelghbounng Manaslu granitoid body (France-Lanord et al., 1988; Vidal et al.,

1982) and by implication it has been assumed that the gramtlc melt was derived from
that formation; (b) Le Fort ( 1981) observed syn-MCT deformational featutres in the
Chhokang arm of the Manaslu granitoid just above the MCT and this observation is
taken to imply melting was roughly synchronous with slip on the thrust; (c) Deniel et
al. (1987) dated the Manaslu granitoid at 18 Ma using Rb/Sr whole rock isochron age
and Hubbard & Harrison (1989) determined the MCT-emplacement date at 20.9 + 0.1
Ma from syn-MCT homblende mineral age usirig 40A1/39Ar method. The closeness
of the two dates has been considered to imply that the lencogranites probably formed
while the MCT was active. Molnar & England (1990) argued that in the absence of
shear heating, movement on the fault should have cooled the region where melting

occurred.

With the strong implicit assumption that the MCT hanging wall block was
considerably hotter than the footwall block at the time of thrusting, it has been
suggested by Molnar & England (1990) that slip on a thrust fault can affect the
temperature distribution in the overlying hanging wall in three main ways. First,
displacement of the relatively cool footwall, downward along the fault, should draw
heat from the overlying hanging wall and cool it. Second, the gradual emplacement of
the initially shallow, and therefore radiogenic, crust beneath the hanging wall can
eventually cause an increase in temperature. Third, shear heating along the fault will
cause an increase in temperature near it. Whether the temperature in the hanging wall
rises or falls, and the precise evolution of such changes depend upon several
parameters: the magﬁitudes and distributions of the three sources of heat (conduction
from below, radioactivity and shear heating), the rate at which displacement of the
lower block of the fault advectively removes heat, and the physical properties of the
medium (particularly, its coefficients of thermal conductivity and thermal diffusivity).

Because of the large number of parameters that affect the thermal evolution of
such a region, and the difficulties in identifying the influences of each, most studies
have considered simplifications for the advective transport of heat. The principal
simplifications have been to consider diffusion of heat only in the vertical direction
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and to simulate thrust faulting by an instantaneous juxtaposition of thé hanging wall,
with its initial steady state geotherm, over the footwall whose initial surface
temperature is 'zero (e.g. Bickle et al., 1975; Brewer, 1981; England, 1978; England &
Thompson, 1984 Molnar et al., 1983; Oxburgh & Turcotte, 1974). Shear heating is
accommodated, when required, as a point source in such a one- “dimensiona
configuration (Turcotte & Schubert, 1973).

In conclusion, assuming a direct link between MCT -thrusting and anatectic
granitoid formation, Molnar & England (1990) say-';?, " ond0 generate granitoid magmas
near the MCT ., even at rélatively low temperatures of 600°C to 650°C, in rocks
initially not hotter than 7(j{5°C, while underthrsting at a rate of 15&5 mm/yr occurs,
requires a large heat source. Heating from below the lithosphere and radiogenic
heating within the crust are insufficient to prevent the temperature near the MCT from
dropping hundreds of degrees as advectibn carries heat away rapidly. Dissipative
heating with shear stresses of roughly 100 MPa, or more, seem to be the only
plausible source of additional heat'.

But, I think, by itself the similarity in oxygen isotope ratios between Manaslu
granitoid body and one particular formation in the Higher Himalayas cannot prove
that the granitoid melt was derived from that particular formation. It could be simply
a coincidence that there is a match between the oxygen isotope values. 1 presume, we
can find similar isotopic signatures in rocks even from far-off continents; that does
not help us in any way. However, it is quite plausible that the melt was not derived
from beyond the Higher Himalayas. Brunel (1989) pointed out an important
possibility i.e. that of 'in sitd’ melting for the major Higher Himalayan anatectic
granitoid bodies.

The deformation of the Chhokang arm of Manaslu granitoid body by MCT is
probably a better indication that the intrusion took place before MCT-emplacement
rather than synchronously with it. However this is not to suggest that there was no
~ intrusions in the Higher Himalayas during or after the MCT-emplacement. Syn- or
even post-MCT minor leucogranitic or aplitic intrusions/veins also abound in the
Higher Himalayas. S T T ST T

The third point highlighting the closeness of radiometric ages determined by
two different methods may not be very important either. The Rb-Sr whole rock age
may have a completely different significance from that of the Ar-Ar mineral date
from homblende. Moreover, Deniel et al. (1987) dlso"l’t‘”""’11 Sm-Nd date of ¢.25 Ma for
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Manaslu granjtoid‘ and they suggested melting took place probably throughout the 7
Ma period (Sm-Nd age of 25 Ma minus Rb-Sr age of ‘18 Mﬂ) which, in fact, implies
that bulk of the Manaslu granitoid body was emplaced before thrusting along the
MCT took place. ' " R
Implicit in Motnar & England's (1990) work is an unqualified assumption that
the Central Crystlalline hanging wall ‘was substantiaﬂy hotter than the footwall at the
time of MCT-movement. I do not find any reason why the relative difference in mean
temperatures between hanging wall and footwall has had to be substantially different
from that observed today. Relying on all the availal'ﬂe dates, the Higher Himalayan
crystallines acquircd“j\wf highgrade character during the My metamorphism soon after
collision at 50-55 Ma; so nearly 30 Ma had elapsed since M, event before these
crystallines came on top of the footwall block due to thrusting along the MCT at ¢.20
Ma B.P. That means heat could radiate away from the Central Crystallines for ¢.30

Ma before it came in contact with the footwall block. The Joshimath Gneiss (or

Central Crystallines, in genesal) suffered 'kyanite-sillimanite' grade upper amphibolite
facies My metamorphism preclaﬁng the MCT-movement. During the M3 event (syn-
MCT metamorphism) there was gamet-kyanite-horblende grade condition o0 .

lwoor ambhibolite  facies. So, what was happenning to the Central C'rystallines
during the time-gap between My #4M,? The obvious possibility is that the Central
Crystallines were loosing heat. Prior to the MCT-emplacement did the temperature of
the hot crystallines drop below that necessary for gamet-kyanite-amphibole
formation, or did the garnet-kyanite-amphibole form at a particular stage during the
progressive cooling of the hot crystallines? Intuitively speaking, metamorphic mineral
formation (except the retrogressive alterations) in a rock is more likely when the rock

is subjected to an increase in -i“avn(awimand probably it is not so likely when the

same temperature-pressure is approached in course of progressive cooling or

nol'malisation of P-T conditions (for some hints on this point, see Harte & Johnson,
1969; England & Richardson, 1977). This is why 1 suspect that prior to the Mj
episode, but after M,, the temperature of the Central Crystallines dropped below that
favourable for the formation of gamet, kyanite, amphibole etc.. This temperature-drop
was not necessarily down to 0°C; probably it went just below the M3-temperature
before MCT-thrusting. The rise in temperature and pressure during the MCT-
emplacement may be due to shearing. The pressure increase can be readily explained
as due to this. Many of the small kyanites and amphiboles occur .along the latest
transposed (main) foliation, and also along some crude shear bands. In addition many
syn-MCT gamets show favoured growth along the latest transposed (main) foliation.
This preferential growth along high strain areas suggests that shear-heating was
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probably the main cause for this temperature-increase durixig the M3 metamorphism
(contrast Hubbard, 1989).

Also it has not been duly emphasized in Molnar & England's work (1990) that
in most cases the zoﬂé of anatectic granitoids is away from the MCT (Vaikrita Thrust)
by a considerable distance and the heat produced due to shearing will have strongest
effect closest to the shcar/fault zone and this effect will be gradually less and less
away from it. The available metamorphic evidence suggests that the MCT is overlain
by kyanite zone (or part of it) that, in turn, is overlain by sillimanite zone which is just
opposite to what one would expect if there were considerable shear heating.
Geologlcally speaking, it would be implausible that heating would be so selective as
to bypass the zone closest to the fault and affect the area that lies quite a long distance
away from the fault. Lithologically there is considerable homogeneity within the
Central Crystallines lying above the MCT (V.T.). Here reference could also be made
of the 'heat focussing' hypothesis advanced by Jaupart & Provost (1985) and Pinet &
Jaupart (1987). | ' '

Molnar & England's (1990) and England et al.'s (1992) .

MCT refers to what Valdiya (1980) called as the Vaikrita Thrust. In the
present study, Iﬁfbfollowed Valdiya's nomenclature. It is quite hard to imagine that
thermal effects of thrusting along this one plane would give rise to such a wide
metamorphic zonal structure and still without showing strict correlation between the
location of the thrust and spatial position & thickness of the metamorphic zones. We
know that the metamorphic zones vary in their width from section to section in the
Higher Himalayas. It is alsc well-known that the MCT cuts across the kyanite isograd,
although in most sections the thrust coincides with it. These are more than conclusive
evidence that the thrusting along the MCT postdated the 'traditionally famous'
~ inverted Barrovian isograd sequence at the base of the Higher Himalayas.

The six Barrovian metamorphic zones form a progressive metamorphic series,
not a retrogressive series. So we cannot expect the following kind of alterations due to
cooling: sillimanite — kyanite, kyanite — staurolite, staurolite — gamet; instead we
may get sillimanite/kyanite/staurolite/gamet — biotite, biotite — chlorite, gamet —
chlorite etc. Thus unless there has been an exceptional kind of "metamorphic
convergence”, we cannot expect to find such a complete 4nd thick sequence of inverted
Barrovian zones about the MCT as a result of heating/cooling due to thrusting. Taking
the Munsiari Thrust as the lower boundary of the MCT zone, we do not find any
metamorphic zonation in the Berinag-Mandhali footwall block due to heating effect.
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Thus the possibilities of having a pre-MCT sequence of inverted Barrovian isograds
and a not so hot hanging wall block to the MCT (compared to the footwall block) are
unavoidable. In the Higher Himalayas only one'generation of staurolite has been
found which is certainly pre-streching (i.e. pre-MCT) in origin. Clear examples of
stretched staurolite grains' have been recognised partig:ﬁlarly within the Munsiari
Formation. These staurolites are a signiﬁcanf integral part of a "cogenetic” Barrovian
sequence; the model énvisaged by Molnar & England (1990) and England et al.
(199_?-5 to be reviewed below) cannot give satisfactoryrexplmation of how the
staurolite zone formed. All these numerous problems that arise when we look at the
features of the rocks in detail keeping the "Le Fort" model or its modified version
proposed by Molnar, England & coworkers in mind, are mainly due to a
misconception about the relative age of MCT-thrusting and inverted Barrovian
sequence. When we understand that the inverted metamorphic sequence in the Higher
Himalayas is pre-MCT in origin, it becomes easy to visualise that the Central
Crystallines were not much hotter than the footwall block during the time of MCT-
thrusting which is why there has not been advective cooling effect to a significant
degree; there was some shear heating along and immediately around the MCT-Zone
giving rise to the syn-MCT M3 metamorphism, but the Higher Himalayan anatectic
granitoid formation did not owe for its heat-sources to the MCT-shearing. Of course,
this does not preclude the possibility of some coincidence in time between thrusting
and the anatectic melting. I think, post-collisional thickening (mainly by folding and
homogeneous thickening) and burial immediately prior to MCT-thrusting might have
been responsible to cause melting at deeper part of the crust and the low .density
molten mass rose above following the shortest available route to give rise to the
present granitoid bodies of the Higher Himalayas. It may be possible that some
portion of this molten crust got routed through the MCT-Zone (a weak zone itself)
shnultaneousfﬂ'ﬁvith thrusting and gave rise to some of the augen gneissic bodies in the

present Munsiari Formation.

England et al.'s work (1992)  is a follow-up to Molnar & England (1990).
Here the authors deal more or less exclusively with the heat sources and physical
processes responsible for the regional metamorphism, anatectic granitoid formation
and the inverted metamorphism found near the MCT in the Annapuma-Manaslu
region of central Nepal. Not much new geological data or observations have been
added into this work, except a more detailed theoretical analysis. The authors suggest,
"Lollowing the collision of India with southemn Tibet, the crustal rocks of the leading
edge of India (1) underwent regional metamorphism to upper amphibotite grade, (2)

were locally melted to produce anatectic granitoids, and (3) were sheared and thrust
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onto lower grade rock along the MCT, yielding an inverted metamorphic éeciuénce'

With respect to the major phase of deformation associated with slip dlong the MCT,

they recognised broadly three phases of metamorphism:

I. The upper amphibolite facies (high T - high P) regional—metamorphiém of the
Higher Himalayan Crystallines (but not in the Lesser Himaléyan rocks) that
preceded movement on the MCT. Termed ‘eo-Himalhyan metamorphism' by
them, this episode coﬁelates well with the M, episode recognised in my
study. The general range of P-T conditiohs of this metamorphic episode was T
= 650°C - 750°C, P = 750 MPa - 1000 MPa (Pecher, 1989) at a depth of about
25 to 40km below the then earth's surface. .

IL. It has been suggested that the second episode of metamorphism accompanied slip
within the MCT-Zone (syn-MCT metamorphism) and involved small change
in temperature accompanied by a decrease in pressure. Sillimanite has been
suggested to have grown replacing kyanite in the top part of this Central
Crystallines during this second phase of metamorphism = ( Pecher, 1989).
This syn-MCT metamorphism is correlatable with the M3 metamorphism
recognised in my study; but while 1 recognised lowerr omphibolede -
facies condition at this time in Joshimath area, England et al. (ibid) suggest a
nearly comparable P-T condition (slightly higher temperature and lower
pressure) to that of the eo-Himalayan phase (their first phase) in the
Annapurmna-Manaslu area. According to England et al. (1992), = 'The most
striking feature of the thermal evolution of the Higher Himalayan crystalline
series during this phase (syn-MCT) of metamorphism is the generation of
granitoids at its base during slip on the MCT. ... Unlike the first phase, the
second phase.....is also recorded in the Lesser Himalayan formations below the
MCT. A significant aspect of this metamorphism is that its grade appears to be
higher at the MCT than to either side of it. This observation led Le Fort (1975)
to suggest dissipative heating in the MCT zone as a possible contributor to this
metamorphism’.

I11. the final, retrogressive, phase of metamorphism (Caby et al., 1983) may have
involved reactivation of the MCT in a regime of lower temperature and
pressure. This third or last phase (so far) of metamorphism is equivalent to the
M -metamorphism recognised in Joshimath area.

England et al.'s (1992) ° work is concerned with the development of only
the eo-Himalayan and syn-MCT metamorphism. The major questions they have posed
and sought answers for are: (i) What processes and sources of heat are responsible for
the eo-Himalayan metamorphism in Central Crystallines? (ii) Given that the thrusting
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of cold rock benedth hotter rock should cool the upper block, what heat source could
have enabled melting in the Higher Himalayan Crystalline Series during movement
on the MCT? (iii) What processes created the inverted metamorphic isograds at the
MCT? | - |

The commonly given éxpianation for the eo-Himalayan metamorphjsrﬁ is that
temperatures within the Higher Himalayan Crystalline Series rose after it was buried
beneath the rest of the northern margin of India and southernmost. Tibet (e.g. Caby et
al., 1983; Hodges et al., 1988; Jaupart & Provost, 1985; Pinet & Jaupart, 1987;
Pecher, 1989 etc). The parameters that normally control the metamorphic grade at a
particular level within a thickened pile of crust are the depth of that particular level
below the land surface, the thermal conductivity of the rocks in the pile, the rate of
heat input'from below the crust, the amount and distribution of heat generated within
the crust, and the length of time that is available for thermal relaxation of the pile (e.g.
Bickle et al., 1975; England & Thompson, 1984; Oxburgh & Turcotte, 1974). The
depth of burial required for the eo-Himalayan metamorphism has been estimated to be
25-40 km., For M) metamorphism in Joshimath area, the above information is quite
readily applicable. What is lacking in England et al.'s work is a clear indication of the
mineral assemblage of the eo-Himalayan metamorphism. In Joshimath area, the most

~_important 'cogenetic’ minerals defining the myngt_e:d_seguence of isograds have been

recognised to belong to the M, episode (eo-Himalayan metamorphism). A

progressive increase in metamorphic grade towards the Vaikrita Thrust (MCT) from
both north and south has not been found in Joshimath area; here the thrust causes an

abrupt termination of the kyanite zone lying above.

As suggested by England et al. (ibid), the contribution of heat for the syn-
MCT metamorphism and development of inverted metamorphic sequence came from
two sources: (a) dissipative or conductive heating due to underthrusting of 'cold’
footwall block below ‘hot' hanging wall, and (b) Frictional heating or shear heating
during movement along the MCT.

In my opinion, the two basic premises (which are, in fact, assumptions and not
proven facts as indicated by the authors) that led to the theoretical analyses of Molnar
& England (1990) and of England et al. (199 *~ ' are essentially that,

(i) there is an inverted metamorphic sequence and there is a thrust (MCT) at

the base of the Higher Himalayas. Due care has not been taken to establish the

relative age of these two features. It has been just assumed that these two

features are genetically related. Detailed fieldwork and careful Microscopic
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study of suitable rock specimens should have been undertaken first in order to
establish properiy their relative ages. My detailed observations indicate that
_the 'traditiohally famous' inverted isograd sequence of the Higher Himalayas is
definitely a pre-MCT feature and, therefore, there is no genetic connection
between this inverted metamorphic sequence and the MCT. -e'mpla"ceme,nt.'

(i1) the formation of leucogranitic intrusives in the Higher Himalayaé, has been
suggested on the basis of relatively weak evidence to be synchronous with the
MCT-emplacement. And, more importantly, then it has been automatically

assumed that there is a close connection i.e a cause-and-effect relation..

between the two events. They suggested that thermal effects of thrusting along
the MCT had contributed towards the heat sources necessary for the anatectic
melting. It seems to me that MCT-thrusting has been considered by the
authors to be too important an event to lead to the development of an well-
defined inverted isograd sequence at the base of the Higher Himalayas as well
as 1o cause anatectic melting in the higher parts of the Higher Himalayas quite

a long distance away from this inverted metamorphic sequence.

The other main criticisms are:
Firstly, their MCT- equates with the Vaikrita. Thrust which is. the upper boundary of.

the MCT-Zone but no reference is made in their studies to any thrust at the base of the

MCT-Zone equivalent to the Munsiari Thrust.

Secondly, it has been implicitly stressed that the 'well-known' inverted metamorphism
of the Higher Himalayas is noticeable mainly below the Vaikrita Thrust (their MCT)
and is, therefore, most likely to be directly related to the MCT-emplacement. In my
opinion this is clearly not the case. The 'cogenc_:tic' minerals viz. =~ - gamet,
staurolite, kyanite and sillimanite that define the inverted metamorphic zonation were
clearly pre-MCT emplacement and therefore, the simple attributation of the
Himalayan inverted metamorphism to the MCT-emplacement is highly misleading.
Probably they missed to identify the real Barrovian character of their Eo-Himalayan
metamorphic episode.

Thirdly, they consider the MCT as a discrete planar thrust surface, or at most a narrow
zone of very limited thickness. But in reality their MCT (Vaikrita Thrust) is just the
upper boundary of a complex movement(shear)-zone i.e. the MCT-Zone whose lower
boundary is given by the Munsiari Thrust.  think, in any study involving the MCT-
Zone and having regional metamorphic end/or tectonic implications it would be

erroneous to take up only one boundary instead of the whole movement-zone.,
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Fourthly, referring to Pecher (1989), England et al. (1992) R suggest that
sillimanite in the Higher Himalayas developed only during the time of syn-MCT
metamorphism. As explained earlier in this chapter, two generatioﬁs of sillimanite
occur in the Higher Himalayas - the earlier generation is, in fact, ‘an integral part of
the inverted Barrovian isograd sequence and belongs to my M, or Hodges &
Silverberg’s (1988) M, episode (eqv. to England et al.’s Eo- Himalayan metamorphic
episode); but their syn-MCT sillimanites are a secondary overprint as a result of
Buchan-type metamorphism due to anatectic granitoid intrusions (broadly at the time
of my M3, or Hodges & Silverberg's M, episode). An imporfant criticism of England
et al.'s work is that the true Basrovian character of their Eo-Himalayan mctaxhorphism
has not been recognised and, therefore, the inverted Barrovian isograd sequence has
been erroneously attributed to their syn-MCT metamorphism.

Fifthly, while they emphasized only three episodes of metamorphism in the Central
Crystallines, I could recognise at least four distinct episodes of metamorphism in the
Central Crystallines and Munsiari Formation in Joshimath area. There was a
significant highgrade metamorphic event (most possibly belonging to lower
amphibolite facies) even prior to their Eo-Himalayan metamorphic episode. This
means the Higher Himalayan Central Crystallines were well-defined metamorphic

rocks even before the India-Eurasia collision. Note that their Eo-Himalayan

metamorphism has been regarded-to have.been. due to thickening & burial as an

immediate consequence of the collision.

Sixthly, as far as investigation into the cause of the Higher Himalayan inverted
metamorphism is concemed, England et al.'s modet is simply a combined version of
Le Fort's (1975) conductive or dissipative heating model and Graham & England's
(1976) shear heating model. Proposing shear heating as a viable mechanism for the
development of inverted metamorphic gradient in the Pelona Schist area of southemn
California, Graham & England (1976) thought the Himalayan inverted metamorphic
sequence would also be a possible example. They said (p. 143, ibid) that in the
Himalayas the inverted metamorphic isograds are all developed underlying the MCT
(i.e. the Vaikrita Thrust). Implicit in England et al.“(1992) ”'? is a similar
notion where the authors highlight that the MCT overlies the most important part of
the inverted sequence of isograds. The isograd distribution within the Central
Crystallines above their MCT (the Vaikrita Thrust) is not explicitly dealt with. But it
is a well-known fact that in many sections as in Joshimath area the Vaikrita Thrust
coincides with the kyanite isograd (see Brunel, 1986; Valdiya, 1980; Brunel &
Kienast, 1986; also the present study); kyanite is only rarely recorded below the
Vaikrita Thrust {(excepting of course the lowgrade Lesser Himalayan occurrences of

kyanite). This means, generally speaking, out of the six Barrovian zones, the lower
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four viz. chlorite, biotite, gamet and staurolite-zones are found in the rocks lying
below the Vaikrita Thrust (their MCT) and the higher two viz. the kyanite &
sillimanite zones are mostly dcvelopcd in the Central Crystallines lying ‘above the
Vaikrita Thrust. Clear recognition of the 'cogenetic' development of ihe inverted
metamorphic zones in the Higher Himatayas poses a great problem for applying the
‘modified Le Fort model proposéd by England & coworkers.

And, finally, the conclusions arrived at by England et al. (1992) *:on the thermal
causes of Higher Himalayan inverted metamorphism are not supported by my
observations in Joshimath area. For its major part, the Higher Himalayan inverted
metamorphic sequence is found to be defined by minerals that grew during the M,
episode predating both the F, fold episode and the MCT-emplacement. So, there was
no direct genetic link between the MCT emplacement and the Higher Himalayan
‘classic’ inverted metamorphism. The MCT-emplacement and resulting shear heating,
if any, have had no role to play in developing the classic 'cogenetic' Higher
Himalayan inverted isograds. The effect of shear heating, if any, due to MCT-
thrusting, is expressed by the addition of some later minerals into the already inverted
metameorphic sequenée. The shear heating was not strong enough to contribute to the

formation of the anatectic granitoids at the higher parts of the Higher Himalayeis. The

syn-MCT -metamorphism- gave rise to the formation of some garnets, microscopic . .

kyanite crystals, amphiboles, myrmmekitisation of plagioclase etc either within or
immediately above the MCT-Zone. Molnar & England (1990) and England et al.
(1992) modified the original "Le Fort model” a little and added a component of
shear heating into it. Still the reason why this "modified Le Fort model" is so much at
odds with the observed details of the geological features is mainly because of the
misidentification of the relative age of the MCT-thrusting and the traditionally well-

known inverted metamorphic sequence.

6.4.2 "Thrust-stacking' model

‘ | The model which involves close-spaced thrust-stacking was very favourite for
many workers in the sixties and early seventies of this century. Le Fort (1975)
mentions "This hypothesis is so widely favoured now-a-days that some authors take it
as a fact and deduce the existence of thrusting phases from the limit of the inverted
isograds.” Even though thrusting along the MCT postdated the highgrade Mo-
metamorphism, it is difficult to visualise stacking of the different 'Barrovian'

metamorphic zones in a reverse order simply due to thrusting. Thrusting or faulting
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on a series of planes would give rise to 'asymmetric’ repetition of the affected strata or
order, instead of their 'symmetric' repetition as in case of folding (see Fig. 6.5). On the
left-hand-side in the figure the original i.e. pre-faulting sequence of strata is éhown,
while on the right is shown the sequence after being affected by two reverse faults.
Now, following a traverse from point'¢" to point'4”, one would notice the following
kind of repetitive occurrence of the sequence of strata:

a/b/c/d/ afb/c/dl afvlc/dfef/t

Obviously the repetition here is not symmetric about the faults; this could be called
'asymmetric repetition’. Whereas in case of folding (see Fig. 6.6) we get ‘symimnetric’
or 'mirror-image’-type of repetition about the fold axial plane or axial trace. Here a
traverse from ( toA would give us the following kind of repetition - a/b/c/d / d/c/bfa

which is evidently a 'symmetric’ type or 'mirror-image’ type of repetition.

Fig.6.7 shows similar effects of faulting in a metamorphic isograd sequence.
Here two thrusts divide the original uniform right-way-up sequence of isograds into
three units, A, B & C (from bottom to top), that show along any particular level of
observation (say, that given by the rectangle) groups of progressively higher grade
metamorphic zones at successively higher units. But when we look at any individual
unit carefully, we find that each of them-preserves within its limit-the normal right-_ . ___.
way-up isograd sequence. Translated to.plan-view, this would mean that in the field
after crossing one thrust if we move about within the same unit (say, B, here) without
crossing the other thrust, we would find different metamorphic zones occurring in a
right-way-up sequence. Evidently in this sort of thrust-induced 'repetition’ or 'inverted
stacking' of isograds, many of the metamorphic zonal boundaries encountered along
the traverse are not the original Barrovian isograd boundaries, but are "apparent
isograds” (tectonic surfaces). This is exemplified more clearly in Fig. 6.8 taking an

extreme case.

Here a nonmal sequence of Barrovian isograds is shown to have been affected
by a stack of five reverse faults (thrusts). The result is that the highgrade metamorphic
zones occur at higher levels in successively higher thrust-sheets. An important case
would arise if one traverses from point 'A' to point 'C'. One will seem to encounter
progressively higher grade Barrovian zones at successively higher structural &/or
topographic levels which would appear as an ideal example of "inverted metamorphic
sequence”. But, in fact, none of these zonal boundaries are real isograds, they are
simply fault or thrust boundaries (tectonic planes). Metamorphic zonal boundaries

along such a traverse are virtually given by the post-metamorphic tectonic boundaries
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only and not by the original metamorphic isograds. In the drawing- of this figure

several assumptions are involved which are very unlikely to be met collectively in

nature - ' :

(a) all Barrovian zones excepting the chlorite and sillimanite are of comparable
thickness; '

{b) displacements along the thnis,ts are of comparable maghitude;

(c) the movement surfaces (faults/thrusts) are not subparalle! to the true isograds, but
at an angle to them; - | _

(d) the 'AC'-line is taken to repfescnt the topographic level or the line of ‘observation.
The observer is assﬁmed not to look around to expldre the features in the third
dimension.

(e) the topographic leve! is deliberately made to pass through the thrust-stack in such
a way that the chiorite-zone is encountered at the lowermost level and
sillimanite-zone at the highermost level, with the intermediate metamorphic

zones met at intermediate levels.

This sort of coincidence could, in extreme cases, be possible only in very
localised areas. But in case of the Himalayas the inverted sequence of isograds are
reported from various sections at different topographic levels and certainly most of
the 'Barrovian™--zones -are -bound by original-metamorphic- isograds--and -not-by-- ———--
'apparent isograds’ i.e. tectonic planes. In fact, for the latter type we should not use the
term ‘'isograd’ at all. Sometimes, however, it is possible that a fault or a thrust
coincides with a true metamorphic isograd at least within the limit of the
observational area. For instance, the Vaikrita Thrust coincides with the kyanite

isograd in many sections including Joshimath area.

So, rephrasing one of Le Fort's criticisms (Le Fort, 1975, p.28) of the thrust-
stack model, inside every thrusted sheet we would expect to see a right-way-up
sequence of isograds and clearly this once ‘widely held explanation  is

inconsistent with our knowledge of tectonics and metamorphism relationships’.



6.4.3 'Folded isograd' model

This model does not suffer from the limitations of other models, and therefore,
as demonstrated below, holds the promise to prove to be the correct one for the

development of the Higher Himalayan inverted metamorphic sequence.

The zone of Higher Himalayan inverted metamorphic sequence evolved as a
polymetamorphic feature. It has ' recognisable contributions from three episodes of
metamorphism (Mo, M3 & My) and two episodes of deformation (F, & MCT-
thrusting). However, the most spectacular 'cogenetic’ part that typifies the Higher
Himalayan inverted metamorphic sequence owes its origin to the M, metamorphic
episode. During Mé event the isograds formed in a right-way-up sequence. The
largescale overtumed F; folding that followed the M, event, but preceded the peak of

MCT-thrusting caused inversion of these isograds on the overturned limb. In+.

Joshimath area, the easily distinguishable 'cogenetic' part of the inverted metamorphic
sequence is given by the garnet-staurolite-kyanite-sillimanite zones. The two
lowgrade metamorphic zones, biotite and chlorite, are largely of secondary
retrogressive origin (influenced by My metamorphic episode). |

Strictly speaking, -proving the 'folded isograd’ model, requires confirmatory
study spreading across both the Iimbs of the large-scale overtumeJ fold. But the
present study covers only the inverted limb of this fold;, nevertheless 1 found
important circumstantial evidence that supports it. As has been emphasized already,
the generation of minerals {particularty the highgrade ones) that define the isograds in
the Joshimath Gneiss and Munsiari Formation had developed during the Mo
metamorphic episode that preceded the very intense F fold episode which, in tum,
predated the peak of the stretching event (main phase of MCT-emplacement). Also
established is the fact that the highgrade M, event, strictly speaking, did not
accompany any intense fold episode. So the metamorphic isograds almost certainly
formed in a right-way-up sequence during the M, metamorphism. The F, event
which was the first major fold episode to affect the metamorphic scenario established
through the M, metamorphism could, therefore, have folded the metamorphic
isograds. F, folds are clearly south-vergent overtumed folds (see subsection 3.1 &
3.2) and developed in a wide range of scale from microscopic to
macroscopic/megascopic (see also Virdi, 1986). Thus, in all likelihood, the inverted
metamorphic sequence in the Joshimath area is essentially what is preserved in the
inverted limb of a largescale F, fold. MCT-emplacement was certainly post-

metamorphic in terms of the original development of the metamorphic isograds
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during the My event. Thrusting along the MCT-Zone probably played a modlfymg
role on shaping the final disposition of the already mveﬁed isograds.

The overturned fold model does not involve the idea of "apparent’ isograds,
unlike the thrust-stacking model. As shown in Fig.6.9, the original isograds are folded
in such a way that when one approached the core of the largescale fold across its
inverted limb following the.line' 'AC', one would encounter the true progressively

highgrade Barrovian zones at successively higher levels.

From the detailed study of deformation-ond-metamorphism relationships in a
very limited area around Joshimath, I suggest that the metamorphic isograd
distribution in Joshimath area is consistent with the inverted limb of a largescale post-
metamorphic overturned fold. Any comment from my data on the possible location of
the normal limb of this fold would be too Aspeculative and, therefore, unwarranted.
However, it is worth emphasizing that (i) Virdi (1986) postulated the occurrence of
big south-vergent folds in the Central Crystalline outcrops in the Higher Garhwal
Himalaya between Joshimath & Pandukeswar (see his Figs.- 1a & 1b for map &
section, pp. 157-159, ibid); the axial traces of two of such folds (a complementary
antiforrn - synform pair) are shown to be located close to Joshimath; interestingly,
these south-vergent macroscopic folds have been recognised by Virdi (ibid) to belong
to the second episode of deformation and, therefore, correlate with the Fo-episode
recognised in the present study; Virdi recorded presence of crenulation cleavage as
axial planar foliation to these folds just as I also recognised in the F, folds. My slight
disagreements are in regard of the general plunge directions of these folds and the
presence or not of a synform running through just north of Joshimath; while shapes of
minor folds on the inverted limb of Virdi's 'Pandukeshwar antiform' are clearly
indicated in areas north of Vishnuprayag, those on the normal limb of
'Joshimath/Vishnuprayag synform' are not (see his section i.e. Fig. 1a, p.159); I found
the same shapes continuing in areas to the south of Vishnuprayag as to its immediate
north, which means probably there exists a single huge fold conforming to his
'"Pandukeshwar antiform'; (ii) Maruo (1979) reported a progressive upward decrease in
metamorphic grade in the Central Crystallines below the Tethyan sediments in Mt.
Nandadevi area only ~35 km E of Joshimath; it may be possible that Maruo's study-
area falls in the domain of the normal i.e. upper limb of the huge overturmed south-
verging antiform; and (iii) Searle et al. (1988) convincingly mapped the normal limb

“and hinge of such a fold in the Ladakh - Zanskar region, which is some 400 km NW
of Joshimath. So, in all probability, the inverted sequence of isograds seen at the base
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of the Higher Himalayas is éssentiaﬂy that found at the inverted limb of a large-scale
post-metamorphic overturned fold (or fold system).

As mentioned in Chapte:ls(Structure), ti1e Fy folds are muiti-order folds
developed in a wide range of scale. In the field some of the largest outcrop-scale Fy
folds measure approximately over 200m.” " in half-wave-length and over 500 1'n‘ " in
amplitude e.g. the ones found below the Sitapur village and on the cliffs to the east of
the Alaknanda river seen from Sitapur village. There is no doubt folds of still higher
order must be present in the ared. Interestingly, the largest observable folds in the
outcrops of Vaikrita Gneiss in Joshimath area are-all southerly verging and most of
them have long attenuated inverted limbs and comparatively short & thick normal
limbs (see Fig. 3.16). Therefore, when viewed downplunge, these folds appear as 'S'-
shaped congruent 'parasitic’ folds developed on the inverted limb of a major south-
verging antiform (Fig. 6.14). This gives concrete indication about the presence of
macroscopic Fy fold in the area/region.

Crucial evidence that kyanite grains are folded by microscale F,-folds has
been found. So, these kyanites are obviously pre-F, in origin. These kyanites form an

integral part of the inverted Barrovian isograd sequence developed during the M,

metamorphism in the Higher Himalayas. 1'w_found_no_ reasons to consider this

Barrovian isogra_dAse'qucnce to be polyphasal or diachronous in origin in terms of the
fold episodes recognised. Based on this direct evidence and other indirect evidence
discussed in Chapter 5 (Metamorphism), Ihsve considered that the progressive
Barrovian M, metamorphism is pre-F,. So there could be no doubt that the M,
isograds were folded by the macroscale F, fold.

Now an obvious question is: What about the continuation of the isograd-
deforming largescale F,-folds to the Lesser Himalaya i.e. MCT footwall block?

As argued earlier, the peak of the main stretching event postdated the F,
folding. So, effectively the MCT-emplacement postdated the F, folding. The
existence of two later bounding thrusts, viz. MCT to the south and Tethyan Thrust to
the north of the Higher Himalayan Central Crystallines, poses practical problems for
exploring the continuation of the Fy-folding beyond the Central Crystallines area.
Moreover, when the F5 folding took place, there 'was no MCT and the Central
Crystallines and the Lesser Himalayan rocks were at least 100 kms away from each
other. I think, the F, fold-waves did not affect the part of the Lesser Himalayan
formations that is now found to underlie the Central Crystailines below the MCT-
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Zone. And by the same count, when the cause of the M, metamorphism is regarded to
be the thickeningamd burial at the leading edge of the Indian continental plate
consequent upon the collision with the Eurasian"plate, there is little reason to expect
any sigmﬁéant effect of My metamorphism (which was cléarly pre-MCT and pre-Fo)
in the Lesser Himalayan metasediments that originally lay in far southerly areas.
Johnson & Oliver (1990) did not find significant imprint of highgrade metamdlphjsm
in their studies on Lesser Himalayan rocks. ‘ o '

Until thrust-emplacement along the MCT took place, the Lesser Himalayan
formations were nowhere near to the Central Crystaltines that formed the northem
edge of the Indian continental mass facing the collisional suture. The fold-forming
pulses and the thickening progressed from N to S-initially within the Central
Crystallines only and at later stages, concomitant with and following the thrusting
along the MCT, the Lesser Himalayan Formations also came under the influence of
tectonism and metamorphism resulting from continuing northward migration of India.
Over the time, the focus of deformation and metamorphism progressed towards the
south from the leading edge of the Indian plate involved in collision. The M, and F5
in the Central Crystallines were probably the successive results of initial shortening &
burial as immediate consequence of the beginning of post-collisional northward
migration of the Indian plate. - - e — ‘

That the MCT-emplacement postdated and is, therefore, totally unrelated to
the highgrade metamorphism.and isograd-development in the Higher Himalayas
(Central Crystallines oxd Munsiari Formation) is also indicated by the fact that
although in many sections the Vaikrita Thrust coincides with the Kyanite isograd,
there are some sections (e.g. Sobala, present study) where the kyanite isograd lies
above this thrust and in some it lies below (as in Dudh Kosi and Hongu sections near
Mt. Everest, see Fig. 9, p.267 in Hodges et al., 1988).

The effect of MCT-emplacement upon the already inverted metamorphic
sequence has been mainly in the form of differential thinningond thickening of the
metamorphic zones that lie within the MCT-Zone. Fig. 6.10 gives the synoptic
evolutionary model for the inverted metamorphic sequence and the MCT-Zone in
cartoon form. ‘

Any argument that cites the variable presentday thickness of the metamorphic
zones from one section to other across the Higher Himalayas (for instance, the

Barrovian sequence in Bhagirathi section in westem Garhwal is considerably thicker
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than in Alaknanda section in eastern Garhwal) in order to counter the 'folded isograd'
model cannot be acceptable because such thickness variation can be due to one or
more of at least the four following factors: (i) syn-Mo original metamorphic feature
which means, original metamorphic zones were not equally thick everywhere (we
cannot expect the Barrovian zones to develop with profound regularity‘itll thickness in
a region); (ii) an influence of F, folding, as a result of differential attenuation on the
overturned limb/s (longitudinal variation in limb thickness is quite common in natural
folds, particularly in the largescale ones); (iii) differential layer thinning &/or due to
horse-effect during MCT-thrusting (cf. Fig. 6.2, in Subsection 6.1.1) and, (iv) variable
influence of ovérpﬁnting by M, retrogressive metamorphism, particularly in the
lower part of the Munsiari Formation. |

356



4
N &
o, .
T FE P %%;’% ?4':‘*‘?
" > % %, Erg®
‘£ <V S
< g i:; ‘}@
(gamed)  biotit m
chlorite
+
¥
4+
te + + +

&
¥ 4 vaicrita Goeiss
+ 4 (i.e. Central Crystallines)

Lesser Himalayan formations -

357



358

* "

MCT-Zone (A narow part)
X x x Vaikrita Crystallines
Central Crystallines)

Lesser
Himalayan *
formation .

Fig. 6.2(a): Cartoon (not to scale) p(‘;:uaying anastomosing borse that induced along-strike and acvoss strike

variation in thickness of the MCT-zooe.

<> Vaikrita Thrust

present level of
observation

Fig. 6.2:(b): Regional structural interpretation of Sobala section (Darmaganga section) (after Valdiya, 1980).
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Fig. 6.3 Schematic demonstration of a possible correlation between two generations of stretching
lineations (L.; = dominant; L = latr), change in MCTmovement trajectory over time and counter-
clockwise rotation of the northward drifting Indian plate.
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Fig. 6-41. Successive positions of -!ndia in the Furasian reference frame, Numbers refer to magnetic
anomalies; numbers in brackets refer to ages in million years. (from Dewey et al, 1989)
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Fig. 6.5; 'Asymmetric’ pattern of repetition of a hqrizo_ntal set of strata after reverse
(thrust) faulting along two planes. See text for further discussion.
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Fig. 6.6: 'Symmetric or Mirror-image' pattern of repetition due to folding. See text for
details.
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Fig. 6.9: Inverted disposition of metamorphic isograds caused by overtumed folding.
The inverted isograd sequence found at the overtumed limb does not involve
‘apparent’, but "true’isograds. Further discussion is in the text.
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Chapter-7
CONCLUSIONS

7.1 THE MAIN CONCLUSIONS

1. (a) The Main Central Thurst Zone (MCT-Zone) is a complex shear zone with a ,
tectonically more clear and abrupt lower boundary than the upper. In metamorphic
terms, however, there is an apparent "convergence” due to late retrogression across

the lower boundary, whereas a somewhat abrupt break across the upper boundary.

(b) Dcvclobed at the base of the Higher Himalayas, the MCT-Zone (or, Munsiari
Formation' as recognised by Valdiya, 1980) is made up of variably sheared
semipelites, pelites, quartzites, augen gneisses, quartzofeldspathic protomylonites ard
mylonites, phyllonites, amphibolites and occasional marble bands. The MCT-Zone is
overlain by highgrade gneissic rock ('Vaikrita Gneiss’) and underlain by lowgrade
(chlorite-grade) Lesser Himalayan sedimentary rocks (locally called 'Berinag-
Mandhali formations').

(c) Sense of shear revealed by indicators of different types and scale reflects a .
consistent SSW-ward overthrusting that has brought highgrade rocks on top of the
lowgrade rocks.

(d) Embodying a realm of lithology-controlled strain partitioning, the MCT-Zone

shows a general downward increasing gradient in strain.

(€) Variation in grain-size and mylonitising strain are better criteria for the.
recognition of the MCT-Zone in the field; the criterion based on the first appearance
of kyanite for marking the upper boundary of the zone is not valid in every section.

2. (a) The dominant mesoscopic fabric in the MCT-Zone includes a strong NE-
dipping foliation with a well-defined NNE-trending stretching lineation on it. The
main foliation is uniform in orientation throughout the MCT-Zone and beyond. A
later generation of N-trending stretching lineation is also rcc;ognjsed which gains in
prominence in the middle to lower part of the MCT-Zone.



(b) The presence of two generations of stretching lineations implies two stages of
emplacement along the MCT-Zone -- the dominant NNE-trending set is earlier and
corresponds to the main emplacement, while the later N-trending set represents a
reactivational stage postdating regional retrogresSion (ie. the My episode of
mctamorpmsm) chmatlc indicators associated with both the stretchmg lineations
give overthrust sense of shear

(c) The two differently trending stretching lineations belonging to-two distinctly
different times reflect a temporal change in the direction of th[justing along the MCT-
Zone. Probably this is an evidence indicating partially the continued change in the

motion direction of the Indian plate even after the India-Eurasia collision.

3. (a) Taking the MCT-Zone and Joshimath Gneiss together, dominantly four
episodes (Fy, Fy, F3 & F,) of folding have been recognised. The frequency of
occurrence of folds of successively younger episodes increases from N towards S.
However, the second fold episode is by far the most prominent one and is manifested

in a wide range of scale. These Fy folds are multi-order, south vergent, overtured
folds.

(b) The shearing corresponding to the main stage of MCT emplacement was a
considerably prolonged phenomenon starting broadly synchronously with the F,, fold
episode, but its cuhnjnati(;n (i.e. peak of the main stretching event) came about during
the F5 episode.

(c) Of the three episodes of folding (Fy, Fy; & Fypp) recognised in the Berinag-
Mandhali footwall block, the F-episode was more dominant than the other two. The
most easily identifiable foliation in the exposures of the Berinag-Mandhali rocks is a
typical transposition foliation originally developed as axial planar foliation to the Fy
folding. Most presumnably, the Fy folding in the footwall took place in response to the
onset of the MCT emplacement above. No correlation was found between the folds in
the hanging wall and footwall blocks.

4. (a) Imprints of four distinct metamorphic episodes (M, M, M3 & My), of which
the last is retrogressive, have been recognised in the MCT-Zone and Joshimath
Gneiss. Of these, the M, episode records the highest grade attained; all the high-
grade minerals viz. garnet, staurolite, kyanite and sillimanite, and the corresponding
isograds which are now involved in the inverted metamorphic sequence, originally
developed during this high-grade M, Barrovian event. No indication has been found
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that could sugg;esi the M2 métamoxphism took place under the influence of an
inverted geothermal gradient; most probably the M, Barrovian zones ‘originally
developed in a right-way-up order. While M, was almost r-certainlly immediate-post—
collisional in origin, the M, metamorphism was pre-collisional, most probably Pre-
Tethyan (i.e. Precambrian) in age. M, metamorphism probably took place in lower
amphibolite facies condition. M3 was the syn-MCT .emplacement metamorphic
episode and took place in lower” amphibolite " facies condition. -

(b) There was no one-to-one correlation among the folding (deformation) and
metamorphism events except at the Mg and F3 time. The M; metamorphism took
place at pre- or syn-F time; M, metamorhism at pre-F5, but syn- or, more possibly,
post-F; time; the M3 (syn-MCT) metamorphism occurred broadly synchronousiy
with the F3 folding, whereas the retrogressive M4 metamorphism took place possibly
shortly after the F4 folding. - :

(c) Thus, the highest grade metamorphism (sillimanite grade, upper amphibolite
facies) recorded in the MCT-Zone rocks and above is a pre-MCT feature. The syn-
MCT metamorphism (M) was not the first metamorphism affecting these rocks. Fy
folding post-dated the }ﬁghest grge (M5) metamorphism, but was earlier than the
peak of the MCT-thrusting.

(d) Thrusting along the MCT was hot enough to induce pervasive recrystallisation

of matrix minerals, particularly quartz, and transposition of early foliations. Study of

“the nature, shape and size of quartz grains in the matrix of different rocks from the

MCT-Zone indicates that matrix coarsening took place at the late-syn main stretching

stage. This dominant matrix recrystallisation time is vital to the interpretation of any
quartz or calcite petrofabric data collected from across the MCT-zone.

(e) In the Berinag-Mandhali foot-wall block, imprints of four metamorphic events
(Mg, My, Mpp & Myy) have been recognised. None of these events went beyond the
upper greenschist facies of metamorphism. The Mj event did not accompany any
recognisable fold episode and most possibly took place well before the MCT-
emplacement. The My event accompanied the Fy folding; the Myyy event took place
at the interkinematic stage between Fy and Fyp folding, whereas the dominantly
retrogressive MIV event occurred in between the Fpy and Fypy fold episodes.

(f) No definite correlation of tectonometamorphic events between the hanging wall
and the footwall could be established.
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5. (a) The inverted metamorphic sequence in the Higher Himélayas is a
polymetamorphic feature. But the most classic part of the inverted isograd sequence is
defined by minerals that developed cogenetically during the M, épisddé predating
both the F2 folding and MCT thmsting. '

(b) The relative chronology of deformation and metamorpmc events establlshed
through the prcscnt study suggests the following:

i) The multi-order, south-vergent Fo overturned folding Wh.lCh took place
following the M, high-grade Barrovian metamorphism, most probably folded the
originaily right-way-up M, isograds, so that these isograds are now preserved in an

_inverted order in the overtumed limb of a large-scale antiformal F5 fold at the base of
the Higher Himalayas. '

ii) MCT-thrusting post-dated both F, folding and M, metamorphism, and
hence there was no genetic connection between the MCT-emplacement and the
Higher Himalayan inverted metamorphic sequence. MCT-thrusting played a passive
thickness-modifying role on an already inverted isograd sequence.

iii) The results from the present study favour the "post-metamorphic
modification” model for the development of the Higher Himalayan inverted

metamorphic sequence.

7.2 A LIST OF SUGGESTED FOLLOW-UP WORK

I. An accurate specification of P-T conditions during MCT-emplacement and
exploration of the thermal behaviour of the Higher Himalayan crystalline rocks
during the time-gap between My &rd M.

II. Further refinements of the sequence of deformationasd: metamorphism, and
systematic and detailed geothermobarometric and radiometric study along the
Alaknanda-Dhauliganga and Darmaganga traverses in order to establish a very
accurate P-T-t evolution. An important aspect of this study would be to explore the
normal limb of the large-scale F, 'overfold' that folded the M, isograds.

. Detailed and systematic'petrofabric (optical &/or X-ray goniometric) study
of quartz, calcite, feldspars &/or amphiboles supplemented by SEM/TEM studies in
order to establish the relative roles of different deformation micromechanisms

through space and time.
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IV. Selected petroéhemical sfudy (i) for the establishment of the ortho-/para-
origin. of the metabasic rocks occurrin_g,' within and around the MCT -'ZO-n_e, (ii) for
identifying the palaeotectonic setting of the ortho-amphibolites, (iii) for exploring the
nature of mylonite protbliths, (iv) for "estimating the volume loss during
mylonitisation using the mylonite trace element chemistry (following' 'thc‘ line
established by K. O'Hara, 1988, 1989). '

V. Systematic mineral age and closure temperature studies in order to
establish the pattern/s of uplift in the Higher Himalayas.

VI. Mineral radiometric studies and fluid inclusion studies of vein & matrix
minerals combined with necessary stable isotope analyses in order to establish the

role of fluids in the MCT-emplacement and regional tectonometamorphic evolution.

VII. Isotopic and electron and ion-microprobe studies to investigate the role of
fluids and microchemical processes involved in the transformation of amphibolite into
shiny black lustrous biotite phyllonite.

VHI. Exploring the pattern of recent uplift in the Higher Himalayas from
systematic tectonic analysis of the very late brittle/ductile structures.

IX. To work out the tectonometamorphic implications from exhaustive
analyses of zoning profiles in garnets,

X. Investigation into physical and chemical processes involved in the
development of shear-related boudinage and other structures in the area.

Taking a holistic view, no two things are
mutually exactly alike or equal in
Nature; they can’t be, because in the
time-space continuum everything has its
own special place. Indeed there s
always a limit to generalisation.

Fodecke dokok sk ek ko
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APPENDIX - L

Computer program used for making equa!l area projections from ficld structural
data

The following fortran program thal was used for preparing equal area projection
diagrams from field structural data was written by Susmita Ghosh in the Edinburgh

University Geography Department.

The program takes orientation data in the form of lifies only—Thus the-plapar data_ ___

were fed in potar form, whereas the linear data were readily accepted. Data input was in the
form of inclination (A) and azimuth (B). For each of the data that represented horizontal
lines, lhere were (wo inputs comesponding to two azimuths 180° apart. An Hewlett-Packard
Plotter was used for making the outputs. The plotter routine was available from the

Department of Geography. University of Edinburgh.

c PPROG --Program to calculate the coordinates of orientational
€  eemmees data on BEqual-Area Polar Net
' IMPLICIT NONE
INTEGER COUNT,I,J,PENUP, INTX, INTY, INTL, INTH, INTP, INTQ, INTS
INTEGER INTE, INTF, INTG, INTH, INTR, INTSTM
REAL A(L0OC),B(1000),D0,.X,Y,.R,L,H, VL, VL2, VLI, POD, POD2, POD3, SYH
REAL 8,r,%,8,6,P,Q,4,P1,D)
CHARMACTER *40 FILENAME
PARAMETER{PI1~3.1415%)

OPEN(UNIT=19,FILE="GEOPROG.PLT', STATUS= 'NEW')
SYM-=0.04
WRITE(*,*)} 'ENTER DATA FILENAME: (og.RAT1.DAT)'
READ' (A) ", FILENAME
Open the Plot files
CALL STPLOT
Requast to input Radius(R) of the Hemisphare which is read in cas
WRITE(*,6 *) *PLEASE TYPE RADIUS(R) OF HEMISPHERE WHICH WILL BE'
WRITE(?*, %) 'READ IN CENTIMETRES'
READ(®, %) R
PENUP~1
SYM=SYM/2
SYM=SYM*400
INTSYM=SYM
WRITE({®, %) 'PLEASE WAIT, CALCULATION IN PROCRESS...'
C Calculation of x,¥ coordinatés for Hemisphare Circle with radius(R):
DO 50,1=1,360,2
VL=(1*PE}/180
VL2=SIN(VL)
VL3=COS( VL)
X=R*VL2
Y=RA*VL3
To convert values relavant to H.P.Plotter X and Y are oultiplied
by 400 and to shift initisl XY to the centre 6000, 4000 are
added respectivaly.
INTX={X*400)+6000
INTY=({Y*400)+4000
+ CALL DRPLOT( INTX, INTY, PENUP)
PENUP=2
50 CONT INUR

[¢ X X4

£ mmm e m e o e e e s s e T T S
c DRAW BOX AROUND THE CIRCLE [P=-6000-{Rt400))

I=Re+})

Z=1%400

P=6000-2

Q=4000-2
c Assigning value to S which makes the box lcw cutside the circle
c S = (R*2%400) + 800

S=R*800

$=5+800

PENUP«1

INTP=-P

INTQ=Q

INTS=S
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CALL DRPLOT (INTP,INTQ,1}

CALL DRPLOT (INTP, INTQ+INTS,2)
CALL DRPLOT (INTP+INTS, INTQ+INTS, 2}
CALL DRPLOT (INTP+INTS,INTQ,2)
CALL DRPLOT (INTP,INTQ,2).

E=6000
F=4000
R-R*400
G=R+40
HaR+100
INTE-K
INTT=T
INTG=G
— INTH-H _

INTR=R Tt — — L

CALL DRPLOT (INTE, INTF,1) C—

CALL DRPLOT { INTE, INTF-40,1)

CALL DRPLOT (INTE, INTF+40,2)

CALL DRPLOT (INTE-40Q,INTF.1)

.CALL DRPLOT (INTE+40, INTF,2)
Cc Draw lines protruding from the circumference at 8 ,W,N,§ direction

CALL DRPLOT { INTE, INTF-INTR, 1)

CALL DRPLOT (INTE, INTF-INTG,2)

CALL DRPLOT {INTE-INTR, INTF, 1)

CALL DRPLOT ( INTE-INTG, INTF, 2)

CALL DRPLOT ( INTE, INTF+INTR, 1)

CALL DRPLOT (INTE, INTF+INTH, 2)

CALL DRPLOT (INTE+INTR,INTF,1)}

CALL DRPLOT (INTE+INTG, INTF, 1}

Road data from PROJ.DAT fila consisting of inclination(A} and
Azimuth(B) data
OPEN (UHIT-J.O,?ILB-!‘ILENAH’B.STATUS-‘OLD' ) -
Subprograa --Cslculation of coordinates(L,M) of orientation data
whars D is the distance from tha centre of tha circlse.
Calculation of D :
R=R/400
DO 150,1-1,1000
Read Data
READ{10,*) A{1),B(I)
Check for end of data whera A >90 and B>360
IF (A(1).GT.90.AND.B(I).GT.360) GOTO 200
[ Bquation for division along meridiane ;D=R*SQRT2*(SIN(45-(A/2)))
D={A(I)/2)
D=45-D
p=(D*PI)/180
D=SIN(D}
P1=SORT(2.0}
D=D1%D
D=R*D
D=D
c Calculation of coordinates of orientation dats :
[o] Finding ths coordinates{L,M) as L=D*SIN{B), M=D:COS(B)
POD=(B{X}*PI)/180
POD2«SIN(POD)
PODI=COS( POD)
L=D*POD2
M=D*POD3 .
INTL={L*400)+6000
INTM=(M*400 ) +4000
c plot a cross at each L,M to represent orjientation data :
CALL DRPLOT{INTL-INTSYM, INTM+INTSYM, 1)
CALL DRPLOT( INTL+INTSYM, INTM-INTSYM, 2)
CALL DRPLOT( INTL-INTSYH, INTM-INTSYM,1)
CALL DRPLOT( INTL+INTSYM, INTM+INTSYM, 2)
150 CONTINUB ’
CALL FIPLOT
CLOSE(19)
200 STOP

onon o0

a0
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CAmcoennnremeem--m=n= Howlatt-Psckard Plottar routines -----—-----cewe-- D
Cenvm
C---~ This consists of & routines to control the Hewlett-Packard 7550 plotter
C---- They routines write to a file on channel 19 which the user aust have
C---- previously OPENED. It is also the responsibility of the user to CLOSE t
his .
C-«-- filw ofter the finish plotter routine has been called.
Comrm .
C---- ’ B
C---- After exiting tha program, the file can be sant to the plotter with the
C--~~ HKPLOT filenase
C---+ cowmand. BEFORE SENDING A PLOT FILE, however, check that the last line
C---- contains the PG; comsand as otherwise, the next parson's plot say be dr
awn
C---- over yours, much to their, and your, annoyance.
Cuovwa
Crmmm
C---- Tha routines sre STPLOT : open the plot file
[ FIPLOT : finish the plot file
Qom== DRPLOT : draw & line, or sove the pen

e — - ———— . — PEPLOT—i—change—the—|
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pen
C----The parameters are described at the top of the subroutines.
C---- .
Cus ==

SUBROUTINE STPLOT

IMPLICIT NONE
CC--- OPEN PLOTTER ROUTINE

Cenw=
CP--- no parameters
C-===
c____ .
WRITE(19,2)} 'PG:" .. . .
¥RITE(19,%) "IN;IP 0,0:SP 1;'
WRITE(19,%) 'vs10;'
C---- the above line sets the pen speed to its slowest, and best quality.
C---- you may increase tha speed from 10 to 65 for draft coples.
RETURN
END

SUBROUTINE FI1PLOT
IMPLICIT NONE
CC--- CLOSE PLOTTER ROUTINE
Comw-
CP--- NO parameters
WRITE{19.%*) 'PG;"
RETURN
END
SUBROUTINE DRPLOT(X,Y,IP)
IMPLICIT NONE
CC--- Drowa & lina, or moves the pen, to the point X, ¥ in HP plotter units
Cmnmmm ‘
Cp--- X,Y - INTEGER - coords, in HP unita, of point to draw or move to
CP--- IP =~ INTEGER - pan code =1 pen up and pen is moved without drawing
CP--- =2 pen down and lipe ia drawn
Cmmmw
INTEGER X,Y,IP
Cmmm-
IF{1IP,LT.2) GOTO 100
WRITE({19,*) 'PD' X Y,';’
RETURN
100 CONTINUE "
WRITE(19,*) 'PU* XX, ;"
RETURN ’

END
SUBROUTINE PEPLOT{IPEN)
IMPLICIT NONE

CC--- changes pen colour

Cow—=

CP--- IPEM - INTEGER - the pen colour requested

CP--- if outside range 1-8 then pen 1 selected
[ o JE

INTEGER PEN, IPEN

PEN-1PEN
IF(PEN.L?,1.0R.PEN.GT.B) PEN=1
WRITE(19,%*) 'SP’ PEN, ;'
RETURN

END



. APPENDIX - II -
Petrographic description and discussion of some important thin sections

Here description of the petrographic (textural) features from some of the important thin
sections will be given as a supplement to the discussions in Sections - 5.3 & 5.4 in Chapter-5.

1. Slide No. 1F'87 (Possible sillimanite-bearing Joshimath Greiss) '

The main minerals are - quartz, plagioclase, orthoclase ( <<plagioclase ), biotite, muscovite,
garnet, epidote, ?sillimanite, apatite and opaques. At one place in the upper right of the slide, tufts of
‘aluminosilicate occur in between two plagioclase grains. These are most probably fibrolitic variety of

sillimanite. The fibrous aggrégate is intimately associated with fine white-micas (probably _alteration

product). The geperal rock texture is high grade gneissic, so it is quite possible that some sillimanite
tufts are preserved here. The general alignment of the fibres follows the orientation of the gneissic
foliation. Even though the fibrous mass itself is not involved in smallscale fold hinge, the thin section
clearly shows an F2 hinge defined by the gneissic foliation. In fact, on close scrutiny, a well defined
hook-shaped, type-3 interference pattern between F2 and F1 is recogpised, defined by biotite

2. Slide No. 22/4/88B (Kyanite-bearing Joshimath Gneiss)

The original hand specimen comes from over 1.5km above the Vaikrita Thrust. The main
mineral constituents are: quartz, plagioclase, orthoclase ( <<plagioclase ), biotite, muscovite, kyanite
(in two size classes - larger and smaller), gamnet and apatite. In geperal, gamet is Jess common in
kyanite-bearing horizons than in others within the Joshimath Goeiss.

In the lower-left of the thin section there is an excellent example of a large kyanite grain
folded by an F2 hinge. The straining effect on the grain due to folding is reflected by the migratory
character of its extinction (strain shadow) and also by kinking aod fragmentation of small pants from
the sides of the main grain which maintains a conformable relation with the fold. Thus the larger
kyanite grains must have developed before F2 folding. The folded kyanite grain is 1.73mm in width,
contains inclusions of quartz and micas and is surrounded mainly by quariz which show strong
undulose extinction. Many of the other kyanite grains show simple deformation twinning. There has
been development of micas (muscovite & biotite) in the fractures within the kyanite grains, possibly at
a stage following the F2 folding. The close association of the larger kyanites with biotites possibly
suggests a reaction relation between biotite and kyanite.

Another important point is the presence of tiny prismatic grains of kyanite in the slide. These
smaller kyanite grains are fresh (i.e. unaltered), do not show any conspicuous undulose extinction and
lie along the contacts of bigger plagioclase andfor quartz grains. None of them show any folded
outline. At one stage 1 had misidentified these slender prisms as sillimanites. These smaller kyanites do
not show any strong preferred orientation, but they are broadly confined in linear zones that follow the
orientation of the gneissosity i.. main foliation. Even though individually these small prismatic grains
are not folded they occupy the main foliation which is folded. While the small kyanite prisms occur
mostly at the contacts of plagioclase or quartz grains and are not closely associated with micas, the
larger kyanite grains occur without any regard to the quartz or feldspar grains. The smaller and the
larger kyanite grains are sometimes closely associated with each other. On closer observation,
however, it is found that the precise orientation of the smaller grains is not in conformity with the
alignment of the larger grain. Also there are many examples where even though they are spatially close
by, the smaller grains are distributed with clear disregard to the orientation of the larger grain.

3. Slide No. ~NR 38-39 (Kyanite-bearing Joshimath Greiss)

The hand specimen comes from a rolled boulder lying in between Stns NR 38 and 39 near the
exposure of the Vaikrita Thrust on the new bypass road under cobstruction. The rock probably
represents a kyanite-bearing horizon in the lower part of the Joshimath Gneiss lying immediately
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above the Vaikrita Thrust. The main minerals are: quartz, plagioclase, some orthoclase, biotite (in part
chloritised), kyanite (large and small), gamet, apatite and opaques. ' ' '

Kyanite occurs in the thin section normally as tabular, platy or bladed grains, some of which
are elongate in habit; length of these grains is about 0.6mm and breadth or width about 2.31mm.
However, tiny needle-like prismatic grains of kyanite, length ~ 0.27mm and breadth ~ 0.07mm, are
also found adjacent to large kyanite grains or bordering some quartz and plagioclase grains. Kyanites,
particularly the bigger grains, are closely associated with biotite. Sign of alteration of the kyanite
grains is not strong except the occurrence of patchy biotite in the cleavage-fractures of some grains;
but there is conspicaous evidence of retrogressive effects in the thin section e.g. biotite is chloritised at
many places. In the upper part of the thin section, there is an elongate kyanite grain with folded

 outline. Migration of extinction is clearly seen across the hinge of this folded grain. This feature
clearly indicates that there has been folding following the kyanite formation. A similar-looking folded
kyanite grain is also noticed in slide NR 37/38(2). No conspicuous F2 or F3 fold-hinges are found in
this thin section and hence it is difficult to correiate the fold in the kyanite-grain with-any particular
fold episode. However, the observation is in conformity with the pre-F2 origin of kyanite as indicated
clearly in the thin section 22/4/88B.

4. Slide No. NR 37/38(2) (Kyanite-bearing Joshimath Gneiss})

The hand specimen comes from near the Vaikrita Thrust from a rolled boulder lying on the
new bypass road under construction and presumably represents the kyanite-bearing Joshimath Greiss
horizon just overlying the Vaikrita Thrust. The thin section is cut subparallel (o main foliation and so
most of the biotite grains have 001-faces aligned subparallel to it. Also because the rock is
considerably retrogressed as discussed below, the biotite grains look rather patchy in thin section
giving a somewhat homfelsic appearance to the rock. The main minerals are: quartz, plagioclase, some
orthoclase, biotite, chlorite (altered from biotite), kyanite (larger and smaller grains), gamet, negligible
muscovite, apatite, opaques and 7rutile aggregates.

‘ Kyanite is very common in the rock. A number of kyanite grains show spectacular simple
twinning. Most of the kyanite grains show migratory (undulose) extinction implying that after the
growth of kyanite the rock has suffered considerable strain. The extinction in the quartz and
plagioclase in the matrix is heavily undulose. The way in which some of the kyavite grains are
wrapped around by matrix foliation and/or the foliation is pushed or bent (that is, indented) by kyanite
near the hinge of a fold near top-middle part of the slide suggests that kyanite was pre-tectonic at least
in terms of this folding. This is further confirmed by the presence of a folded kyaniie grain at the top
left part of the slide. These observations match well with the pre-F2 kyanites shown by thin section
22/4/88B. even though it has not been clearly established which generation the present folds belong to.

The most important difference in the character of kyanites in this section from those in
section 22/4/88B is that here the kyanites do not look fresh. Evidently retrogression has affected them
{o a considerable extent. The thin seclion shows good examples of alteration from biotite 1o chlorite,
gamet to chlorite or even kyanite to biotite &/or chlorite. For instance, one mildly folded kyanite grain
at the lower-right part of the section probably shows biotitisation along cleavage-fractures; aoother
smallish kyanite grain in between two bigger grains is completely engulfed within retrograde chlorite.
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Upon rotation of the microscope stage, extinction migrates across chlorite into the kyanite without any

apparent discontinuity at the kyanite grain boundary which is diffused. Also there is greater effect of
stretching and deformation because almost no kyanite grain has a smooth cross-boundary. The
transverse or cross boundaries are, in most cases, jagged. The particular way in which the section is cut
cannot explain the jaggedness which is present in almost all the kyanite grains. In none of the kyanite
grains is a well developed crystal outline preserved.

As in many other kyanite-bearing thin sections of J oshimath Gnoeiss, we find tiny needle-like
crystals of kyanite lying in clusters along the borders of some plagioclase or quarz grains. Also found
are tiny kyanite crystals which project well into plagioclase augens. The above three figures show tiny
kyanite crystals developed round the augenshaped plagioclase and/or quartz grains giving. These
figures give sufficient indication that these kyanites grew ejther synchronously with or postdating the
augen development.



Another important fact revealed by the thin section is ﬁe evidence of minor recrystallisation
along the transverse boundaries of some of the larger kyanite grains. These targer kyanite grains are
invariably high energy varieties as indicated by their folded shape and/or quite strongly undulose
extinction ' : ‘

5. Slide No. 5B~a'87 (Staurolite-bearing Joshimath Goeiss)

The rock comes from south-west of Jogidhara Falls from a road-cut exposure (Main Road),
about 700m above the Vaikrita Thrust. Main miperals are: quartz, plagioclase, negligible orthoclase,
biotite and muscovite in equal proportion, gamet, staurolite, clinozoisite, epidote, apatile, zircon,
sphene, and black and red opaques. : ‘ '

" A 1mm long and 0.Ilmm wide prismatic crystal of staurolite in the upper right of the slide.
The crysial shows trapsverse cracks and partial knee-bend breaking along one of these cracks. The two
partially broken segments show a difference in extinction across this crack the quariz and/or
plagioclase (a small opaque grain is also found in contact). The quartz and plagioclase grains show
undulose extinction. The cracking, partial breaking and related undulose extinction of the staurolite
crystal implies that staurolite growth was evidently not post-tectonic. The staurolite grain follows the
orientation of main foliation in association with micas many of which are conspicuously bent. Because
no distinguishable fold hinge is preserved in the thin section, it is difficult to establish the time of
formation of staurolite in terms of folding. However, it can be argued that staurolite also grew prior to
the F2 folding because (a) the staurolite was an integral part of the progressive metamorphic sequence
to which kyanite and sillimanite also belong, (b) the rock-exposure is located well within the domain
under the strong influence of F2 folding, and (c) there is crude similarity in the strain-features of this
staurolite and confirmed pre-F2 kyanites in other sections.

6. Slide No. 2C'87 (Staurolite-bearing Joshimath Gneiss)

The rock comes from about lkm farther north (horizontal distance) from the earlier one and
contains quartz, plagioclase, bictite, muscovite, garoet, clinozoisite, staurolite, apatite, sphene and
black opaques. Some biotite and gamet grains are partly chloritised. However, there is some doubt as
to whether or not the supposed staurolite grains in this thin section are, in fact, a thulitic variety of
zoisite. Confirmation through electron microprobing could not be done due to the smallness of the
grains and very low quantity of the mineral in the rock.shows two smail prisms of the supposed
staurolite (identifying characters - high/very high RI., faint pale pinkish brown to pale yellow
pleochroism, straight extinction, low to moderate birefringence, biaxial positive). The relatively more
stout of the two is 0.38mm long and 0.09mm wide, and the other grain at the south-western part is
0.26mm long and 0.05mm wide. Both the grains have transverse cracks and are aligned parallel to the
main foliation being closely associated with biotite. The former i.e. the stouter grain, shows distinct
undulose extinction. There is no direct way of inferring the time-relationship between this staurolite-
growth and any fold episode, because the thin section does not show any distinci fold-hinge. But
arguing in the same line as for slide-5B~a'87 and because here also the staurolite grains are not strain-
free (the other associated minerals like micas, quartz and plagioclase are strained too), it is likely that
this staurolite also grew before F2 episode of folding, as a part of the progressive metamorphic
sequence that involved kyanite and sillimanite as well.

It is proposed now to describe the petrography of two thin sections (22/4/88A and NR
25/26L(2)) from the Joshimath Greiss which do not contain highgrade metamorphic minerals. This
description is considered relevant because the first section highlights some special aspects of the F2
folding and its relation to the formation of some interesting minerals, and the second one shows that
some horizons in the Joshimath Gneiss do not contain any typical high grade metamorphic minerals
(except gamet) and do not show anty conspicuous sign of straining due to folding.

7. Slide No. 22/4/88A (An F2 profile section from a semipelitic band in Joshimath Gneiss )
: o T The rock shows very
interesting and varied mineralogy in different bands. However, broadly speaking, there are thin quartz-
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rich bands altemating with thick mica-rich bands. Bxcept for some relatively smaller-grained micas

and occasional calcite, the quartz-tich bands contain virtually only quartz; whereas the mica-rich bands

contain in varying proportions in different bands all of the minerals mentioned below:

quartz, muscovite, biotite, clinozoisite, skeletal scapolite (probably meionitic), tourmaline, calcite,

sphene, reddish black opaques (probably bematitic iron oxides) and apatite. No feldspar or highgrade
metamorphic aluminosilicate or garnet is found in the. thin section. o

. Scapolite is identified optically by low to moderate R, nonpleochroic white colour (quartz-
colour), moderately high birefringence (2n0d order yellow int. colour - hence calcic variety ie.
meiopitic rather than sodic, marialitic), straight extinction with respect to a prbminent, set of
elongationll cleavage (another set of cleavage noticed in some grains to be at-about 65° with the former
set), no twinning, -ve elongation and uniaxial -ve character. The scapolite is in skeletal form;
simultaneous extinction distinctly marks out the outline of individual scapolite grains. No undulose
extinction is noticed. This observation coupled with the fact that the F2 hinges defined by arrangement
of micas, quartz etc. pass undeflected right through many of the scapolite grains proves that scapolite
developed through static overgrowth at a post-F2 stage. Matrix-fabric continues unaffected through the
scapolite grains, Schiller-like materials (possibly weathering stains) are common along the boundaries
and cleavage/fractures in the scapolite. The overall outline of these spongy or skeletal scapolite grains
is somewhat elliptical, broadly parallel to the F2 axial trace.

Quartz grains in this section also generally have elliptical outline with their lopg axes
parallelling the F2 axial trace. The most common grainsize of quartz is 0.28mm/0.20mm ie. two
semiaxes (aspect ratio in the thin section is 1.4 : 1). However, where developed in between two mica
grains, the shape is often rectangular and the length : breadth ratio is slightly greater than 1.4 : 1.
Quartz grains show fairly undulose extinction and lack well defined crystal outlines. Typical triple
junctions are almost absent. The texture is evidently not an equilibrated or anoealled one, Axial traces
of F2 folds (crenulations) are clearly defined across the quartz-rich bands by trails of relatively
finegrained micas ranning along quartz grain contact zones :

Muscovite is more common and larger than biotite in the rock. However, a notable point is
that neither the muscovites nor the biotites show a widely varying grainsize and that they occur mostly
as short, straight and stout grains, generally free from bending, kinking and unduolose extinction
{muscovite-size 0.33mm/0.12mm, biotite-size 0.20mm/0.07mm). The F2 hinges are defined, in most
cases, by mutually oblique arrangement of several grains of mica rather than by bending of individual
large mica grains. These fold-defining mica grains are definitely pre-F2. Another less common group
of micas are still smaller in size (0.15mm/0.02mm) and occur mainly along the axial traces of the F2
crenulations, particularly in the quartz-rich bands. Apparently the fold axial traces in the mica-rich
zones are marked more clearly by reoriented early micas than by growih of new micas. The relatively
few larger elongate grains of mica which occur parailel to the F2 axial trace within the mica-rich zones
are almost certainly rotated pre-F2 grains (Fig.....photomicro. at 5X, XPL showing large micas along
axial traces as well as along limbs).

Next to quartz and micas, clinozoisite is the most commoan mineral in the section. Commonly
clinozoisite occurs in clusters following the fold traces defined by micas and, therefore, it grew before
F2? folding. The clinozoisite grains are prismatic or elliptical; modal grainsize is around
0.24mm/0.13mm. Many grains show undulose extinction, but obviously less conspicuously than
quartz.

An important point about the occurrence of tourmatine is that majority of the grains show
their circular i.e. basal sections in the slide and therefore do not show pleochroic colour change and
appear black between cross polars. The thin section is cut perpendicular to the F2 axis which means
that the tourmaline shows a preferred orientation parallel to the F2 axis. So, probably tourmaline is
also pre-F2; however, in view of such a strong preferred orientation, some recrystallisation at syn-F2
time is not ruled out. No feldspar is found in the thin section, neither is any aluminosilicate nor gamet.

Strictly speaking, it was not possible to decipher the time of growth of scapolite in terms of
the F3 or F4 folding, because no such fold hinge is found nearby. However, that the overall outline of
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scapolite grains show somewhat elliptical shape ]ﬁmﬂe]]ing the F2 axlal trace indicates the pltsence of
post-F2 flattening or shearing strain. Therefore, in all probability, scapolite had developed prior to the
end of main streiching event in-the arca and hence the likelibood is that its growth was pre- or syn-F3
folding.

8. Slide No. NR 25/26L(2) (From a metabasu:: band in J cshlmath Gneiss)

. The hand specimen came from the lower part of an intraformational slide zone in Joshimath
Gneiss more than 1km above the Vaikrita Thrust. The major minerals are: amphibole (common
homblende), clinopyroxene {augite), gamet, quartz, apatite, clinozoisite, specks of I:iiolile {probably
alteration product from homblende) and neghglble opaques No feldspar or any highgrade
metamorphic aluminosilicate occurs.

The common homblende is optically identified by virtue of its high R.L, pleochroism in
shades of pale yellow, bluish green and greenish brown, two sets of cleavage at ~57°, moderately high
birefringence, inclined extinction (z A ¢ = 18°). Confirmation is provided by the pleochroic scheme b >
g > a, positive elongation, high 2V and -ve optic sign. Some of the hormblende grains are twinned.

The clinopyroxepe is identified to. be augite on the ground of high R.L, lack of colour
(nonpleochroic), two sets of cleavage almost at right angles, moderately high birefringence (2nd order
blue-green colour), inclined extinction (z » ¢ = 45°, that is, greater than 38° which is the upper limit for
diopside), biaxial +ve with moderately high 2V (definitely >> 30°, so not a pigeonite which has a2V <
30°). The pyroxenes show well developed schiller siictures and some of the grains show incipient
alteration to amphibole. Also possibly there are some oriented inclusions of amphiboles within the
pyrtoxenes; these inclusions show maximum illumination between cross polars when the host grains
are in extinction or near extinction. The large, discrete amphibole grains, on the other band, are almost
completely devoid of inclusions except occasional ones of quarte.

There is evidence of incipient biotitisation in some amphibole grains. In fact, the few
conspicuously identifiable biotite grains in the section are mostly intimately associated with

amphiboles and are presumed to be an alteration product from the latter.

It is rather intriguing why there is almost no feldspar in the rock. Most of the white, low R.I.
minerals in the section are quartz.

The most interesting point, as mentioned before, is that majority of the mineral grains in this

thin section do not appear strongly strained and no distinct influence of any fold episode is apparent, .

yet the minerals do not bave well developed crystal outlines. Most of the grain boundaries are quite
irregular, There is no conventional highgrade metamorphic mineral in it, except gamet. It could not be
properly resolved when the minerals in the rock grew in relation to the fold episodes.

9. Slide No. NR 58/59 (Garoetiferous Munsiari schist with staurolite included in gamet)

As mentioned before, no sillimanite or kyanite has been found in any of the Munsiari rocks
that have been studied. But staurolite has been found in the upper part of the Munsiari Formation. The
present rock comes from about 500m below the Vaikrita Thrust. The main minerals are: quartz,
plagioclase, possibly some orthoclase, biotite, chlorite (retrogression product), muscovite, garnet,
stavrolite (only as an included phase within gamet), black opaques, tourmaline, apatite and
clinozoisite. Almost all these minerals are also present as small included grins in garnet
porphyroblasts. The major difference between staurolite and other included mineral phases is that the
latter grains are comparatively much smaller than the staurolite inclusions which are even larger than
many of -the matrix mineral grains. But staurolite is found in one gamet porphyroblast only. As
Fig.....(photomicro. at 5X, PPL from the westem ring) shows, an area of diversely oriented staurolite
crystals is engutfed by gamet. Broadly, however, there are two modal directions, mutually at 85°-90°,
in which the included staurolite grains are oriented; these two directions are at about 45° to the present
external foliation. Strictly speaking, the staurolite crystals within the garnet are of various sizes
ranging from 0.2mm to 1.25mm in length and 0.02mm to 0.25mm in width and mostly prismatic in
shape. No staurolite has been found outside this gamet porphyroblast in the thin section. The gamet
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porphyroblast in question is elongate, rather efliptical in outline, with semiaxes 1.64mm and 1.}mm
long respectively. ' .

The follbwing features in this thin section are very important:
(i) There are spongy gamet porphymblaSts' as well as fresh homogeneous garnet porphyroblasts in the
thin section. The staurolite crystals are found in only one of these spongy gamets. Opaque inclusion
trails are more well defined in the homogeneous porphyroblasts. - ‘

(ii) Opaque minerals occur in definite trails (wavy) in the thin section broadly defining the main
foliation. These trails pass undeflected through the bomogeneous gamet porphyroblasts.

(iii) There is possible evidence of a fractured and pulled apart gamnet in the thin section .

(iv) There are late fine fractures filled with biotite that ‘are clearly recognisable within the gariets.
These fractures are also present in the matrix and run neasly at right angles to the main foliation

(v) chlorite as retrograde product is very common in the thin section 7“

Now the obvious questions are: What is the sequence of mineral formation in the tnin

section? Ase there multiple generations of garnets here? When did the staurolite form in terms of fold

episodes? Why are the staurolites confined within a single gamet porphyroblast in a particular area in
the thin section? :

The elliptical shape of the garnet grain enclosing the staurolite crystals implies that the garmet
has been affected most probably at the time of the ‘main phase of shearing or stretching (conesponding
to the MCT-emplacement). This confirms that there was a highgrade metamorphic event
corresponding to the formation of staurolites well before the MCT emplacement (cf. kyanite
development before F2 folding which, in tum, is earlier than the main stretching event), From the
points mentioned above, it seems very likely that there are possibly two generations of gamets in the
thin section - the spongy ones are earlier (including the staurolite-bearing one) and the homogeneous
ones bearing the opaque trails are later. ‘The opaque trails defining the present main foliation in the
rock is indented or pushed aside by the pointed edge of a spongy gamet. This implies that the spongy
gamet was already in the rock when the present external foliation developed. In contrast the opaque
trails pass undeflected through the homogeneous garnets. In another instance, homogeneous garnet
appears to have overgrown a spongy gamet; the opaque trails are less conspicuous in the spongy inner
part, but continue undeflected through the homogeneous outer part. This suggests that the present main
foliation developed through a phase of strong foliation-transposition postdating the formation of
spongy gamets; the homogeneous gamet growth took place more or less concomitantly with this
foliation transposition.

It is mot possible to ascertain from this thin section whether staurolite is pre-F2. Bul the
contrary evidence is not present either.

In view of this, the most plausible story that can be read from the present thin section is as follows:

IiL[Later] Main stretching, foliation transposition and homogenecus gamet formation, more or less,
~ simultaneously

I1. Development of spongy gamets broadly synchronously with an impertant episode of folding (most
possibly, F2)

1.[Eardier] Formation of staurolite as a part of the early Barrovian metamorphic sequence.

One final point emerges as a corollary, that is, about the possibility of having a generation of
gamet which is strictly an integral part of the early Barrovian metamorphic sequence referred to above
and is, therefore, related in time with the staurolite, kyanite etc. Effectively this suggests that we must
not rule out the possibility of having altogether at least three geperations of garnet in the MCT -sheet.
Further discussion on this point will be given in Subsection 5.4 dealing with garnet-textures.
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10. Slide No. TH'87 (GameﬁferouS Munsiari schist with stretched staurolites)

The rock comes from within 400m below the Vaikrita Thrust from an exposure N of Jharkula
village on the Main Road. The main mineral constituents are: quartz, both plagioclase and orthoclase
(but in very small quantity compared to quartz), muscovile, biotite, chlorite (retrogression product),
gamet, staurolite, ‘black opaques.in considerable quantity, tourmaline, apatite and clinozoisite.
Staurolite is present as a matrix phase, not as inclusions within the gamet porphyroblasts (contrast
section NR 58/59 described above) }

The stauwrolite grains in_the thin section are quite small and infrequent. The original
dimensions cannot be determined, because the original outlines of the grains are not preserved. Most
grains bave been stretched and fragmented (pulled apart). A pumber of elongate staurolite fragments
oceur in a series or trail following the main foliation. Almost undoubtedly majority of these fragments
were originally parts of the same crystal that has been stretched and pulled apart. Thus staurolite must
have formed before the main stretching event, Direct evidence is lacking that could suggest the tine-
relationsof staurolites with F2-folding. However, there are important indirect evidences bearing on this
time relation. A geometrically conformable relation between the quartz-mica-opaque inclusion trails
(fabric intemal) defining a fold hinge within a gamet porphyroblast and the staurolite-quartz-mica-
" opaque association defining the matrix schistosity (fabric external) outside the garnet porphyroblast. If
the fold hinge within the gamet porphyroblast represents an F2-hinge, then we could certainly infer
that staurolite forms an important part of the foliation that defines the F2 fold. The gamet
porphyroblast grew either synchronously with or later than the folding. The staurolite grains maintain a
conformable relation with some smatlscale folds (microfolds) defined by micas on the main foliation.
These features coupled with the fact that none of the staurolite grains are found to have perfect
euhedral shapes or well defined crystal outlines (rather they all have embayed or zigzag outlines and
are internally strained as indicated by their strong undulose extinction) probably mean that staurolite
grew prior to a major fold episode, possibly F2. The strongly deformed appearance of two staurolite
grains. The folds mentioned above clearly do not postdate the main stretching event; the microfold in
the matrix defined by micas could at most be broadly synchronous with the streiching. Most of these
folds are probably developed at an early stage of a progressive shear the culmination of which is
represented by intense stretching. Thus the essential story appears to be the same, that is, a highgrade
metamorphic event, represented bere by the development of staurolite, is followed by a major fold
event which s followed, in tum, by the main stretching event.

11, Slide No. F.W_.Kya '89 (Kyanite-bearing quartzite from the Berinag-Maodhali)

The rock comes from the Berinag-Mandhali footwall block from about 1.25km below the
Gansser's MCT i.e. the lower limit of the MCT-zone. This is the only exposure in the study area where
a highgrade mineral like kyanite is found in the footwall block. As mentioned before, gamet is noticed
in the footwall block just below the MCT in a thin phyllite horizon sandwiched between quanzites.
The thin section is cut subparallel to the main foliation. The main minerals are: quartz, kyanite, white
mica (phengite/sericite), tourmaline, black opaques and zircon. Kyanite occurs in great numbers in the
thin section.

Corroborating the field observation the thin section shows the presence of a strong linear
fabric in the rock which is defined by fine trails of elongate tourmaline needles or threads, alignment
of fine micas and a fairly strong preferred orientation of kyanite grains with their lengths Il to the
lineation. Quartz grains also show a crude elongation parallel to the lineation. However, there are a
number of kyanite grains which are aligned oblique or at a high angle to the lineation and many of
these kyanite grains are folded. The fact that some of the linearly oriented kyanite grains are pulled
apart following the direction of lineation suggests that it is a stretching lineation.

The quartz grains are mostly strain-free with well developed crystal outline. Generally they
do pot show any undulose extinction. Grain-contact triple junctions are very common among them.
These features clearly indicate that the quartz fabric in the rock is essentially a recrystallised fabric.
Most of the quartz grains have slightly elongate bexagonal shape, their long dimensions coinciding
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with the direction of stretching lineation. The average gmlnmzx: of quartz varies from 0. 20mm/0 14mm
{i.e. two semiaxes of cucumscnbmg ellipses) to 0.29mm/0.22mm.

Kyanite is evidently porphyroblastic in origiu forming the largest grains in the thin section,
their dimensions generally ‘being >2mm in length and over lmm across. In contrast to quartz the
kyanite grains do not look at all happy; almost all of them show strong undulose extinction and strain
shadow patterns. Some of the kyanite grains are conspicuously folded or kinked. As mentioned above,
there is a fairly strong preferred orientation of the kyanite grains (particularly among those which are
not folded) with their lengths parallel to the stretching lineation in the rock. That the stretching has
affected - kyanites, as reflected by tensile fracturing (pulling apart) in the direction of streiching
lineation of several kyanite grains, clearly indicates that kyanite developed prior to' this stretching
event. The conspicuous folding of a number of kyanite grains, on the other hand, implies that kyanite
grew before a folding event as well. So, the obvious question is, what is the time-relation between the
stretching event and the kyanite-folding? We'll seek an answer to this question shortly afterwards.

The mode of occurrence of tourmaline in the thin section is very interesting. Most. -

tourmalines are in the form of fine long needles or threads bundled together and lying in trails which
broadly define the strong linear fabric present in the rock. These trails are found to continue through
the matrix of the rock right across many of the kyanile porphyroblasts. Precisely speaking, in most
cases, particularly in the matrix of the rock, what appears now as continuous trails of tovrmaline are
essentially stacks of individual fine tourmaline threads/needles arranged in a close-spaced en echelon
or imbricate fashion, It is interesting to note that the individual needles/threads mainlain a strict
parallelism with the stretching direction, while the collective stack or trail occasionally deviates away
from it. These tourmaline threads and the trails might be misconceived as of chlorites. On close
observation using high power objeclive, however, their characteristic plecchroism - from
colouress/pale yellowish blue/pale yellow to greenish blue/blue/brownish yeliow, deeper colour
appearing when the grain lengths are perpendicular to the polariser’s vibration direction, pleochroic
scheme w > e and negative elongation make it certain that these are not chlorite, but tourmaline. The
moderately high R.1. and birefringence, and uniaxial negative character are clearly recognisable from
the thicker among these acicular tourmatine grains. There are discrete tabular tourmaline grains as well
in the rock. Both tabular and thread-like tourmaline are also present as inclusions within kyanite
porphyroblasts. As indicated above, the thread-like variety in most cases maintains their arrangement
in trails even within the kyanites. '

The association of tourmaline trails with kyanite is indeed very interesting. There is an
example where a straight kyanite grain aligned subperpendicular to the stretching lineation shows
folded tourmaline trails within it; the inclusion trails are confined within the kyanite, i.e. they do not
cootinue into the matrix from the kyanite porphyroblast. This observation is very significant, because
it implies that kyanite overgrew a folded fabric. There was an episode of folding predating the kyanite
development. Essentially, therefore, the thin section preserves the evidence of at least two episodes of
folding, one prior 10 and the other following the kyanite development. For comparison, see Subsection
3.1.2.2 where the fold episodes recognised in the Berinag-Mandhali mainly from mesoscopic field
observations are tabulated. However, the kyanite porphyroblasts with folded inclusion trails in them
are not very common in the section. Most of the tourmaline trails are closely parallel to the stretching
direction both inside the kyanite porphyroblasts and outside them in the matrix of the rock. In fact, as
already indicated, the lineation in the slide is defined most clearly by these fine streaks or trails of
tourmaline and white micas which pass through undeflected across many of the kyanite
porphyroblasts. Thus arises the possibility that we are probably dealing with two generations of
tourmaline trails -- one, later; evidently related to the streiching event postdating the kyanites; the
other, eatlier, that was present even prior to the kyanite development and representing a kind of
layering. So, the important questions are:

{a) When and why did the tourmaline trail/s develop as microstructures?

{b) When and how did the tournmaline develop as mineral and what is its time relauon with kyanite?
and finally the general, but a very vital question,

{c) What is the sequence of mineral formation and tectonic events revealed by the thin section?
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Time relation between kyanite- foldmg and stretching lineation

As indicated above, both the stretching event and the folding event posidated the formation of
kyanite. The fold episede here refers to that responsible for the folding or kinking of some kyanite
porphyroblasts mentioned eartier. It is very important to-find out the time relation between this folding
event and the stretching event. There are three possible hypotheses: ’

(i) Kyanite-folding was later than the stretching lineation

" (ii) Kyanite-folding was synchronous with lineation development -

(iii} Kyanite-folding was easlier than lineation, So, lineation development may have played a
modifying role upon the orientation of the kyamle grams after foldmg o
‘We need to test which of these hypotheses is correct. -

As discussed in text (subsection-5.3.3), folding of kyanite was earlier than the development of
stretching lineation, and the deformation that led to the development of the lineation might simply
have played a modifying role on the folds. Thus, the succession of events is,

iii) Development of stretching lineation =~ = = . e

ii) Folding or kinking of kyanites -

i) Formation of kyanite porphyroblasts.

Timing of tourmaline trails as microstructures

The two most crucial evidences that have direct bearing on the time of development of the
tourmaline trails sensu lato are:

(a) Most of the tourmaline trails are parallel to the stretching lineation and pass through the
matrix cutting across majority of the kyanite porphyroblasts, folded as well as the non-folded ones.
Evidently, the kyanite porphyroblasts cannot be said to have overgrown these lineation-paraliel
tourmaline trails,

‘ {b) There are instances where the lineation-parallel] trails are not found to traverse through
kyanite porphyroblasts. These porphyroblasts are themselves not folded, but interestingly contain
folded tourmaline-trails (inclusions) in them which means that the kyanite porphyroblasts must have
overgrown these trails after their folding. Thus almost cerfainly there are two generations of
tourmaline trails in the rock -- the lineation-parailel ones are the later and these are the dominant ones;
the folded tourmaline-trails preserved in only a few kyanite porpliyroblasts represent the earlier ones.
There is hardly any doubt that the rock shows only one generation of kyanite porphyroblasts. Also the
fact that the folded trails are only seen in the straight (nonfolded) kyanite porphyroblasts rather than in
the folded ones leaves no scope for assuming that the host kyanites could represent an earlier group of
porphyroblasts.

Obviously, therefore, the earlier gemeration of tourmaline trails developed before the
formation of kyanite porphyroblasts whereas the later generation of trails developed at the time of the
stretching event postdating the kyanites. Furthermore there was an episode of smallscale tight to
isoclinal folding (evidenced by the folded inclusion trails) intermediate in time between the formation
of early tourmaline trails and the kyanite porphyroblastesis.

So far as the mode of origin of the tourmaline trails is concerned, the lineation-parallel later
trails are obviously related to the stretching event. Here again evidences suggest that possibly there are
contribution from two different ways:

(i) Recrystallisation of tourmaline following the direction of lineation as a result of shearing

(ii) Mechanical breaking down (brittle to semibrittle deformation) of early tourmaline grains and
alignment of the fine broken fragments into grooves/furrows/fractures resulting due to
shearing/stretching,

The evidence for the first contributory mechanism is provided by the very regular growth of
fine tourmaline peedles parallel to the streiching lineation within the pull-apart gaps of kyanite
porphyroblasts. Clearly recrysla]llsauon of guartz has also taken place along with tourmaline in those

gaps.
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The secomd mechamsm is supported by the fact that in several instances we see. mnumerable
small fragments, flakes or particles of tourmaline closely gathered around and partially covering larger
tabular grains of tourmaline with broken boundariés; these larger tourmaline grains act as originating
points of seme lineation-parallel tourmaline trails. The fact that kyanite porphyroblasts have been
fractured (pulled apart} due o stretchmg presents strong evidence for brittle/semibrittle deformation
associated with the smatchmg/sheanng event. Intuitively, in the lower temperature range tourmahne is
expected to cleform even in more britile way than kyanite.

The origin of the eardy lounnaline:_ trails (i.e. the folded omes) could not be recognised
properly. However, it is speculated that they probably represent the traces of the original pre-
metamorphic fabric - either fine scale sedimentary layers rich in detrital tourmalines or lmpregnauons
of hydrothermal boron-rich fluids following the original layer onentatmns

So, the sequence of events including the formation of tourmaline trails is as follows -
v) Formation of later tourmaline trails during the stretching event
iv) An episode of folding (represented by bending of kyarites)
iii) Kyanite porphyroblastesis overgrowing folded tourmaline trails
ii) Tight to isoclinal folding affecting the early trails
i) Formation of eardy tounnaline trails (possibly representing the original pre-metamorphic fabric in
the rock).

Relative time of mineral development: tourmaline vis-a-vis kyanite

The significance of the intimate association of kyanites with the tourmaline trails initially
seemed extremely difficult to unravel. Did kyanite and tourmaline grow together? Or, was tourmaline
earlier than kyanite? Or, later? These simple questions had criginally appeared very difficult to
ANSwer.

Now, however, in the light of what have been discussed already, it is quite easy to find out the
relative time of growth of tourmaline and kyanite, As stressed before, kyanite seems to have developed
in the rock in one single episode of porphyroblastesis. But growth of tourmaline in the rock involved
most possibly two processes - (a) detrital deposition of tourmaline grains, and (b) introduction
(injectionfimpregnation) of boron-rich hydrothermal fluid into the rock possibly at multiple stages. In
this connection, it is worth recollecting that tabular tourmaline grains are also present in the rock both
in the matrix as well as in the form of inclusions within some kyanite porphyroblasts which means that
there was a stage of tourmaline formation (corresponding to the discrete tabular grains) before kyanite
porphyroblastesis. Does this mean that a boron-rich fluid flowed pervasively through the rock before
the kyanites formed? It is very likely that formation of kyanite porpbyroblasts amidst a lowgrade
surrounding, as it is in the kyanite quartzite and its immediate environs within the Berinag-Mandhali
formations, can be attributed to concentration of shear stress in a particular horizon in the footwall
block consequent upon the emplacement of the MCT sheet above (also see below, and description
from slide - 32AIIL). So, it may not be at all unlikely that pervasive fluid flow along favourable rock
heorizons within the footwall led to the formation of tourmaline, either concomitant with or

immediately following the MCT-emplacement. Implicit in this discussion is that the stretching event

recorded in the kyanite quartzite is supposediy later than the main stage of MCT-emplacement. There
are evidences of quartz vein intrusions in the kyanite quartzite related in time with this later stretching
event (see discussion on slide-32AlIL); so it is possible that some contribution towards tourmaline
formation came from this later hydrothermal fluid injection as well.

The tourmaline- and kyanite-forming episodes can be shown tbusina .~ :sequence -

iv) Possible formation of tourmaline assocmled with early- syn—stnelchmg quartz vein intrusions
iii) Kyanite porphyroblastesis

ii) Possible formation of tourmaline associated with fluid flow concomitant or late synchropously with_

MCT-emplacement

i) Detrital deposition of tourmaline along with quartz, mica etc. leading to the formation of original
sedimentary fabric (andfor boron-rich hydrothermal fluid impregnations into the original
premetamorphic fabric leading to tourmaling formation)
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It must be mentioned that quartz in the rock suffered thorough recrystallisation broadly
synchronously with the stretching event (sce discussion on slide - 32AlL);

. the main early phase of mica neomineralisation that corresponded to a mild
early episode of metamorphism took place even before the first episode of folding recognised in the
rock. See in Chapter-3 where it is indicated that the ea:hest folding recognised in the Berinag-
Mandbali folds a metamorphic foliation (cf. Slide - 30E'88). -

Sequence of tectonometamorphic events, as read from the thin section :

By now, it is clear that the following sequence of events can be recons!ructed f.rom the
evidences preserved in the thin secuon (F W.Kya39):
VIL Stretching/shearing event (accompan'ied by recrysta]]isation of quartz, tourmaline and possibly
some white micas; intrusion of concordant quartz veins during carly part of the event)
VL A strong episode of folding (corresponding to the bent kyanite grains)
V. Kyanite porphyroblastesis '
IV. Possible pervasive flow of boron-rich fluids along favourable horizons (related to discrete
tourmaline grains and inclusions in kyanite) '
II1. An episode of tight to isoclinal folding (corresponding to the curved tourmaline trails presetved in
some kyanite porphyroblasts) '
II. A lowgrade metamorphism episode
I. Development of original pre-metamorphic fabric (represented by the early tourma]me trails)

Placing the local tectonometamorphic events in a largescale context

Given the local sequence of events viz. the three episodes of folding (I, II & IID) in the
Berinag-Mandhali established from mesoscale observations (see Subsectioris 3.1.2.) and the two
generations of stretching lineations found in the MCT-zone, the task is now to find out how all these fit
into a coherent sequence. The thin section preserves indications of two episodes of folding of which
the earlier one is of tight to isoclinal geometry and of smaller scale than the second one. The geometric
and morphological features, and the temporal relations of these two episodes of folding maich very
well with the episodes 1 and I respectively that have already been recognised from mesoscopic
observations. So, the two episodes preserved in the thin section are equated with the episodes 1 & I
respectively in the footwall fold sequence. As emphasized before, episode-1I1 largely represents post-
metamorphic folding and so probably postdates the entire sequence of events recognised from the thin
section. OF the two sets of stretching lineations recognised in the MCT-zone, the early major one
(NE/NNE-trending) is related directly 1o the emplacement of the MCT; the other set (N-trending)
represents a later stage of reactivation. Strictly speaking, the orientation of the stretching lineation in
the kyanite quartzite is intermediate between that of the two sets in the MCT-zone. So, it is not easy to
equate the present lineation straight away with one of the two sets in the MCT-zone, yet it is obvious

that it must be correlatable with one of them. There are, however, some indirect ways to judge the

correctness of a correlation in this case; for example, the preferred orientation of kyanite along the
lineation, folding of kyanite grains even before the development of the lineation and the origin of
kyanite must be properly pigeon-holed in the regional sequence of events. The correlation will fail if it
leads to any problem in putting these events into a proper sequence.

Now, the obvious first choice would be to correlate the kyanite-quartzite lineation with the
NE/NNE-trending major lineation of the MCT-zone. The involvement of kyanite in F2-folding within
the Joshimath Goeiss and the same fold-event (F2) predating the main streching event provide a very
enticing coincidence to suggest the possibility of such a correlation. The similarity in the sequence of
tectonic events involving kyanite indeed appears very compelling. Kyanite in this exposure, as also in
the Joshimath Gneiss, has been folded by a major fold-event which is followed by a major stretching
event. So, did the kyanites in two units (Joshimath Gneiss & Berinag-Mandhali) develop at the same
time? If they did, there are many important ramifications. For instance, our tendency would then be to
equate the folding (episode II) that folds the kyanite in Berinag-Mandhali with the F2 folds of the
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Joshimath Gneiss and likewise episode-III and episode-I folds with the F3 and Fl folds respectively.
Later we shall see whether such correlaﬁoﬁ among fold episodes can really hold true or not. Before
that, let's focus on what the implications would be on the pre-kyanite history of the rocks. There was
an episode of tight to isoclinal folding before kyanite formation in the Berinag-Mandhali and this
represents the earliest recognisable fold event in that unit. An episode of mild metamorphism s
recognised to predate this folding. In the Joshimath Goeiss the order of events appears to be very much
the same: before or during early part of kyanite development there was F1 folding, and most probably
this F1 folding postdated the formation of a gneissosity which represented a distinct metamorphic
episode. Thus we see that a rematkable correlation in the broad sequence of events between the
footwall and the hanging wall block emerges, when we equate the kyanite-quartzite stretching with the
main i.e. the earlier stretching event in the MCT-zone. : '

Let us now fry to compare the characteristics of the fold episodes and other events whose
orders of development appear so remarkably well correlatable from the footwall block to the hanging
wall block when we suppose that the kyanite-quartzite lineation is equivalent to the dominant
NE/NNE-trending lineation of the MCT-zone. However, the correlation certainly appears too well-
matched to be true and the very fact that for our comparison we are dealing with two blocks (areas)
which were at least 100 kms away from each other before the emplacement of the MCT makes us
strongly suspect the validity of such a ope-to-one correlation, including even microscale events, '
Development of kyanite in the Joshimath Gneiss is clearly related to a distinct episode of progressive
high grade Barrovian metamorphism, but that of the footwail kyanite is not. The origin of kyanite in
the Berinag-Mandhali formations is certainly due to some other reason. So, evidently, there is no
definite reason to believe that kyanite in the two blocks developed at the same time. Well-constrained
fission track dating of both kyanites could possibly indicate the difference in their age. As far as the
morphology (including items like the character of the foliation being folded, the nature of the axial
planar structures etc.) and the orientation of the folds are concetned, there is absolutely no similarity
between the F1, F2 & F3 folds in Joshimath Gneiss and/or Munsiari and the episodes - I, I & 1T folds
of the Berinag-Mandhali respectively (for details see Chapter-3). This suggests that episode - 1, 11 & Il
folds cannot be correlated with the F1, F2 & F3 folds respectively. In fact, 1 could not find out any
definite evidence or crilerion that could indicate a possible correlation among these fold episodes.
Therefore, the abovenoted remarkable correlation is apparent, not real and the basic supposition that
led to such apparent correlation is not correct. Our supposition was that the kyanite-quartzite lineation
in Berinag-Mandhali is equivalent to the 'dominant NE/NNE-trending stretching lineation’' of the
MCT-zone. With this supposition, another obvious difficulty arises when we try to explain what
happens to the 'later N-trending stretching lineation' that gradually gains in prominence towards south
within the MCT-zone (see also Subsection 3.2.2 in Chapter -3). Therefore, the only other plausible
alternative open to us is that the kyanite-quartzite lineation in the Berinag-Mandhali postdates the
dominant stretching lineation of the MCT-zone and equates better with the Tater N-trending lineation.’
Now, what have been the ¢ffects in the footwall block duetothe-emplacement-of-the-MECT—shect—
(corresponding to the 'dominant NE/NNE-trending lineation’)? In other words, which of the event/s
recognised from the thin section would corselate with the MCT emplacement? The difficulty to
explain the origin of kyanite in the footwall has been already highlighted; now an important possibility
is that concentration of shear stress selectively in the quartzite horizon comsequent upon the
emplacement of the MCT might have helped in the development of these kyanites. Also the origio of
discrete tourmalines without any preferred orientation in the rock predating kyanites. but postdating
episode-I folding can be explained as due to pervasive fiow of boron-rich fluids along favourable rock
horizons within the footwall concomitant with or immediately following the MCT-emplacement. The
direction of plunge of the episode-1 folds is perpendicular to the direction of emplacement of the
MCT-sheet and the axial planes of these folds parallel the main planar {abric in the MCT-zone; these
facts probably suggest a causal connection between the development of these folds and the MCT-
emplacement,

The following table shows the suggested correlation of the events identified from the thin
section (F.W.Kya'89) with those for the Berinag-Mandhali footwall block (MCT emplacement time is
also shown for comparison).
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Sequence of events . Sequeﬁce of events in the
recognised in the slide Berinag-Mandhali

Fold Episode-1I1

Later stretching - _ . ‘
event in MCT-  Stretching/shearing event with 1 . Stretching event with 4th
zone -qtz & tourmaline recrystallisation oo metamorphic imprint .
Kyanite folding i Fold Episode-II
Kyanite porphyroblastesis I 3rd metamorphism
MCT-emplacement
{Major stretching Possible flow of boron-rich fluids
event)
Folding of tourmaline trails i Fold Episode-I accompanied
‘ by 2nd metamorphism '
Initial lowgrade metamorphism 1 Ist metamorphic imptint (mild)
Development of original pre-

metamorphic fabric

As-indicated-above deyanite-developed in the Berinag-Mandhali in between fold episodes I &

I and most possibly immediately following the emplacement of the MCT. We bave already seen that
the MCT-emplacement (eqv. to the dominant stretching event) followed F2 fold-episode of Joshimath
Gneiss in time, and kyanite-development in the Joshimath Gneiss predated this F2 folding. Therefore,
certainly there was considerable time-gap between formation of kyanite in the Joshimath Goeiss and in
Berinag-Mandhali. The footwall kyanites are younger than the hanging wall kyanites. Fission track
annealing dates from both these kyanites could possibly confirm their age difference.

12. Slide No. 32A||L (Kyanite quartzite of the Berinag-Mandhali footwall block)

The hand specimen comes from the same kyanite-quartzite exposure as mentioned before (see
description of slide F.W.Kya'89). The section is cut across foliation, paraliel to lineation which means
that it is an XZ section. In comparison to thin section- F.W.Kya'89 which is subparallel to the foliation,
the present section contains much less proportion of kyanite. This gives a further confinnation that
there is preferred development and preferred orientation of kyanite along the main foliation within the
kyanite-quarntzite exposure.

The thin section shows very simple mineralogy -- mostly quartz, muscovite and kyanite with
accessory zircon and 7rutile; traces of chlorite are also noticed (probably alteration product from
biotite). The section does not contain any tourmaline, unlike the section - F.W. Kya'89.
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“The general rock texture is schistose. Muscovite shows strong preferred orientation; their
001-faces are mostly paralle} to foliation and their grain-fengths parallel to lineation. Thus lineation
(i.e. stretching) had a very important role in dictating the present arrangement of muscovites and
kyanites.. Kyanites show strong undulose extinction, some of the grains are fragmented (tom apart),
some show lamellar twinning; also there are some bent or kinked kyanite grains. The effect of
stretching is also highlighted by the tearing apart of the ?rutile grains (brownish black, high relief,
semi-opaque minerals in the section) and by their stringed arrangement intimately associated with
muscovite. Muscovite has grown within the fractures of some kyanite grains implying that kyanite
grew earlier than muscovite. Also, generally speaking, strain-features shown by muscovites are less
conspicuous than those in kyanites. There is bimodal distribution of grainsize of muscovites. There are
larger elongate muscovite grains and also tiny flakes. Given the strong influence of stretching, it is
very likely that most of the smaller flakes are, in fact, broken-up parts from the larger grains. However
later recrystallisation of smaller muscovite is also a possibility. - '

In addition to kyanite, quartz is showing very interesting textures. There is a band of quartz
running concordantly all along the eastern margin of the section. The size of quantz grains in this band
is comparatively larger than the average matrix quariz grainsize in the rock and the size-distribution is
not non-uniform; also the proportion of mica is much less in this band. Probably this was originally a
concordant gquartz vein that intruded the rock at an early stage of stretching (see below for further
discussion). Within this band, there is a well developed shape fabric of the guartz grains; the grains are
mostly somewhat elliptical or elongate in outline and are arranged in such a way as to indicate an
imbricate patiern oblique (at ~40°) to the main foliation. This sort of shape fabric is a good indicator
of shear sense -- here 'top-to-south' which is consistent with the shear sense established within the
MCT-zone. Thus the effect of shear or stretching is present also within the Berinag-Mandhali, well
below the Munsiari Formation (i.e. the MCT-zone). As established already, this stretching lineation in
.the kyanite-quartzite of Berinag-Mandhali equates with the later stretching event of the MCT-zone.
The type of shape fabric referred to above is less conspicuous within the matrix quartz, probably
because of the presence of more micas in the matrix. In many instances within the matrix, quariz
grains are found to be elongate parallel to the foliation; such a pattern is representative of growth under
the inhibitory influence of a second phase (here, muscovite) (Hobbs et al, 1976, pp.113-118). Also,
using a sensitive tint plate, it is found that there is a difference in the crystallographic preferred
orientation of quariz in the veiryband and in the matrix. Another important feature shown by the thin
section is the presence of larger porphyroclastic quartz grains which show heavily undulose extinction
and deformation lamelize or deformation bands, in contrast to the matrix quartz grains. Also there are
excellent evidence of recrystallisation of smalt strain-free quartz grains out of these larger quartz
porphyroclasts. It is very likely that most of the matrix quartz are products of recrystallisation from
_such larger porphyroclasts which might represent original clastic grains. These porphyroclastic quartz

grains, among themselves, have varjable crystallographic onentations. Using a sensitive tint-plate-in-
any fixed orientation of the thin section, different porphyroclasts are found to show different colours:’

green, yellow, blue, ted, bluish red, reddish yellow etc. The crystallographic preferred orientation
(C.P.0.) of these porphyroclasts differs from that of the matrix quartz grains. Using a sensitive tint
plate, a good majority of the matrix quartz grains show red colour when the trace of main foliation is
kept E-W. Thus essentially there are three different classes of C.P.O. in the thin section -- there is
dominance of red in the matrix quartz, dominance of blue-green in the vein/band quartz and different
colours in different porphyroclasts (this is seen by using an accessory sensitive tint plate and taking the
main foliation perpendicular to the accessory siot so as to avoid the interference by mica-colours). The
quite haphazard crystallographic orientation of the porphyroclastic grains is a further pointer to the
possibility of their beiog original clastic grains. While the porphyroclastic quartz grains are highly
deformed in appearance, the matrix quartz and vein/band quartz grains do not show strong undulose
extinction; the latter groups show fairly annealed texture with many examples of triple junctions.

Confining our observations only to this thin section, we can certainly erect the following
sequence of events -

Shearing/stretching (accompanied by quartz recrystallisation. and possibly immediately postdating
mica neomineralisation; at an early stage of stretching, quartz vein intrusion took place so that the
solidified vein materials also ultimatety suffered streching)
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Bending or kinking of kyanites

Formation of kyanites

Initia! metamorphism (possibly along with folding effect of which is not consplcuous in the section)
Clastic quariz deposition

Clearly there is 2 close' match between the above sequence of events and that established from
the slide - F.W.Kya'89. Though the two sections come from two different hand specimens, both the
hand specimens were collected from the same exposure of the kyanile-bearing quartzite horizon in the
Berinag-Mandhali. A comparison between the two thin sections strengthens the probability that there
were multi-stage vein intrusions thsough the rock - at Jeast an early boron-rich fluid infiltration
immediately prior to or diring kyanite formation, and a later silica-rich veining occurring in the early
stage of the stretching event. '

Now let us give a closer look at the grainsize data from the two abovementioned sections and
another section (stide - 32A4L) complementary to the section - 32AIIL. The thin section - 32ALL is a
YZ-section, cut perpendicular to the stretching lineation. As earlier mentioned, slide- 32AllL gives an
XZ-section and slide- F.W.Kya'89 gives approximately an XY-section. For measurement of quartz
grainsize the two semiaxes of circumscribing ellipses were measured using micrometer oculars; for the
porphyroclastic quantz grains the whole elliptical outlines including the recrystallised portions were
considered and the measurements were done in plane polarised light; for muscovites the lengths and
breadths were measured. Aspect ratios were calculated by dividing the value of longer dimcusion with
that of the shorter dimension. The essential data are given in a table (Table - 5.3) in Chapter - 5.
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