CHAPTER V

STRUCTURE AND METAMORPHISM

STRUCTURE

Central COrystallines form a major tectonic wunit delineating
the Higher Himalaya resting over the Lesser Himalayan rocks, and
the tectonic plane separating the two was recognised and designated
as the Main Central Thrust (MCT) in Kumaun Himalaya as well as in
other parts of the Hiealaya (Heim and Bansser, 19393 Gansser, 19443
Bordet, 19733 Virdi, 19813 Thakur, 1981; Bahuguna and Saklani,
19885 Fuchs, 1979). Valdiyaz (1973) postulated yet another thrust
in the Higher Himalaya of Kumaun region at a higher tectonic level
than the MUT of Heim and Gansser (1939} and named it as “Vaikrita
Thrust . This thrust was further ideptified by him (Valdiva, 1980,

1988, 1971, 1993} as the Main Central (Vaikrital) HC (V) T) Thruest.
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The original MCT earlier delineated by Heim and Bansser (193%9) at
a lower tectonic level was redesignated as the Munsiari Thrust by
Yaldiya (1980). Sharma (1977) and Thakur {1280} +{traced the
Vaikrita Thrust in easiern Himachal Pradesh. The MOWT is too,
confroversial and Mehdi et al. (1972} and Virdi {1980) have
questioned the existence of this thrust. While the HCT (of most
workers) marks the southern limit of the Central Crystallines, the
northern limit is bounded by the steep Hzalari Thrust, regionally
described as the Trans Himadri Thrust by Yaldiya (1987, 1988b).
Between these two tectonic linesaments ocour the huge lithobtectonic

slab thrusted upto great heights.

fin a regional scale considerable stvructurazl data has been
genarated on the MCT and the Central Crystallines of Kumaun
Himalaya and the broad details of the structural set up of the area
are avzilable (Misrz and Bhattacharva, 19763 Valdiya, 1973, 1978,
1979, 198G, 1987, 1988, 1991, 19933 Thakur, 19813 Chamyzl, 1987;
Roy and WYaldiya, 19883 Chamyal and WYashi, 19893 Chamysl and
Manudip, 1994}). In this study, the author has not been able o go
into details of the structural history of the Central Crystallines
of Komaun Himalaya, but with a view %o provide appropriste
backaground a generslised picture of the siructural characteristics
of the granitoids asnd asspciated rocks has been worked out. a
structural trend msp of the Pindar Sarju, Ramganga, SBorigangz and

Darmaganga valleys {Fip.V.11} and the cross-sactions
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(Fips.I¥11.2,4,&,8) are prepared to give an bird eye wview of the

structural setting of the region.

The rocks of the Central Cryzstallines have undergone polyphase
deformation, with igprints of each deformational event preserved in
them (Chamyal and Hanudip, 1994). The Told history of the
crystallines of the Higher Kumaun Hisalaya and as well as of the
varioous Lesser Himalayan nappes is summarised in Table V.l. The
structural history of the Lesser Himalayan Crystalline nappes is
found similar {(Chamyal and YVashi, 1989). It is ocbvious as these
have been identified to comprise resnmants of synformalily +Folded
Central Crystalliine thrust sheet (Auden, 1373 Heim and Gansser,

193%; Bansser, 1964).

ISOCLINAL/RECL INED FOLDING

The first btwo fToldings (F1 and Féi recorded in the Central
Crystallines as well as in the various Crystalline nappes of the
losser Himzlaya are co-axial, having identical geomedry with
varizble plunges towards MNE-NE/SSH-SW and are represented by the

tight isoclinalfreclined fTolds (Plates V.1,2}.

The mzin schistosity of the rocks is generzally seen to
represent axial plane cleavage of Foy though relicts of the earlier
axial plane folistion relzated to F] are abundantly recorded. HMost

of the granitoid bands ideally show F; and Fy folds at mesoscopic as
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Table V.1 z The fold history of the Central Erystallines in Kumaun.

Event HMature Central Crystallines Erystalline MNappes Trend
Pindar/Sar ju/Ranganga Alsora/Bai jnath/
Boriganga/Paraaganga Askot/Dharasgarh
valleys Chiplakot

Fy Isoclinal/ Present Present MNE-HE/

Reclined 55W-8W

Fo Isoclinal/ Present Present MNE-NE/

Reclined 55W-W

Fs Synformal Present Present WNW-5E

folding

Fy Flexural Present Present NE-5UW

folding




Plate V.2 Quartzo—Tfeldspathic veins folded on Fj near Munsiari,
Goriganga Valley



well a3s at microscopic scales (Plates V.1 and 2). Hence, i% i§
reasonable to conclude that the granitisation precluded the Fl and
Fy, fold episodes. The granitoids which are involved in Fy; and Fy
constitute F,; fold cores refolded on Fy. These F; and F, folds are
also preserved in the guartzites and quartz rich variety of schists
{Plates V.3). The hinge portions of these aesoscopic folds are
generally thick and the limbs are thin. The rootless and tight
folds of F; and Fy generation are more intense in the thrust zone.
According to Merh (1984) and Chamyal and Vashi (1989) F; and F,
foldings are pre-Himalayan and of Precambrian age. The axial
planes of these folds have a regional strike HMW-ESE with moderate

northerly dips.

The dominant schistosity (Sz) and the related planar
structures characterise the axial plane direction of FZ' That G, is
derived from Sl., is ideally shown in some thin sections of mica-
schists, that reveal tight chevron folds (micro-crinkles) (Plate
V.3). The linear struciures L, and Ly related Lo Fl and an gre the
axes of the microscopic folds in quartz and quartzofeldspathic
veins,; which many a3 time are rolled into rods; axes of the banding
of stretched gquartz veinsi orientation of mica flakes zalong Sn/Sl
and 5y intersections; and the awes of the reclined crinkles. The
two tectonic units (Munsiari and Vaikrita) of Valdiys (1977) as per
Roy and Valdiya ({(19BB)} show different skructural patierns. The
author however cowuld nobt record any change in the structural

trends.
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THRUSTING

A thrust wmovement along the pre—existing lineament (MCT)
pushed the crystallines over the Lesser Himalayan rocks (Chamyal
and Vashi, 19893 Chamyal =z2nd Manudip, 1994}). The HCT is
essentially a Pre-Himalayan tectonic Teature (Sychanthavong and
Merh, 1984; Chamyal et al., 1984). #According to Merh (1984) this
major ftectonic lineament developed during the waning pbase of
Hercynian orogeny on account of crustal stretching and vrifting, the
mechanism related to a process of obduction along the northern
flank of the subducted wmid-oceanic ridges. The Central
Crystallines, thus comprise a tectonic flake demarcated by HCT, a
dislocation developed within the Indian Precambrian shield under

collisional compressive slicing mechanism {(Oszburg, 1972).

The HCT in Kumaun trends E-W to NW-SE dipping dus K fto NE.
The movement along this thrust has not only sheared the rocks but
has alsc given rise o a3 new set of folds (related to the drag
effeck? superimposed over the Precambrian deformation (Flate V.4).
As the drag folds also show a NHE o NE axes, it appears that the
major movement along HET was from M. Besides the drag folds,
rooktless and tight folds are also observed in the vicinity of the
thrust with their plunge in the same direction (MNE to NE or 5S4 to
SW). They have folded the schistosity (5;) and their axes marks the
thrust related linear structure (Ly) while the phyllonitic cleavage

represents the planar structure (Sp). The fact that the Fya Fy folds

£741



Plate V.3 Photomicrograph showing Fj folds (Crossed Nicols X
40)

Plate V.4 Photomicrograph showing drag folds (Crossed Nicols
X 60)



and the thrust related drag folds show similar trends (Chamyal and
Manudip, 19943, is not yet fully understood. Perhaps it is just a

coincidence.

SYNFORMAL FOLDING

The next fold episode (Fp is essentially a Tertiary event
related o the Himalayan wpplift. It is this folding which iz held
responsible for the folding of the crystalline thrust sheet into
various synformal nappes (Vashi and Merh, 1974; Chamyzal =and Vashi,
1989 . The F; folds show MW/BE trend and are open in nature,
related %o this are various mesoscopic synformal nappes with
asymmeErical and parasitic folds. F; folding has alsc given rise
to extensive crinkling (Plate V.5) of the schists and iz almost at
right angles to F; and F,. The planar structure related to Fy
includes the axial plane cleavage S;S trending NW/SE. The most
significant phenomsenon related to this folding and very well
exhibited in the vicinity of the various crystalline thrusts is
development of a strong striation lineation ("a’?, trending NME and
perhaps owes its origin to the effect of flexural slip during F
{Chamyal and Vashi, 19893 Chamyal and HManudip, 1994). The
lineation at places is marked by slickensides, skripping and
stretching of ainerals in a direction noreazl to the Fy; axial trend

(Chamyzl ot al., 19243.
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FLEXURAL FOLDING

The F, which is the last fold episode has isparted only
waviness to the regional foliabtion trends (Plate V.56). The folds
are open to chevron, trending HMNE-NE/SSWH-5H. The planzr elements
related to Fy include the axial plane cleavage Sy trending NE-5Y and
also the crenulation axes of Fy (L) trending NE/NNE-SW/55W with

deviation towards N-B direction.

Almost 211 over the Himalaya are cbserved transverse faults
trending -5, NME-SESE, MME-S8W. They bave even dislocated the HCT
and perhaps represent the last deformational event in the Himalayas

(Valdiya, 1976).

Roy and Valdiys (1988) while describing the tectonomelbamorphic
evalution of the Kumaun Higher Himalaya classified the small scals
struckures into two types — (i} folds parallel to lineation and
{ii} falds at high angles to lineation. According to these workers
Fy and Fy folds (and their subtypes) farmed under different tectonic
conditions and the terms Fl and Fz do ot imply the chronological
order of their foramation, but are descriptive terms indicating the
origntation of the axes and axial planes of the folds in relation
to the direction of tectonic transport. However, Chamyal and Yashi
(1989) and Chamyal and Manudip (1994) Tind it difficult to agree

with this sitatement. They have assigned Precambrian ages to Fy and
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Plate V.5 Photomicrograph showing F, folds (Crossed Nicols X
40)

Plate V.6 Photomicrograph showing open folds related to
(Crossed Nicols X 40)



Fy (which are part and parcel of the Precambrian orogenic event),

and Himalayan to Late-Himalayan ages to Fy and Fg.
METAMORPHISH

From the metamorphic angle toc,; the Central Crystallines show
palyphased metamorphise (Pande and Saxena, 195683 Powar, 1972
Gzirala, 19753 Bairola and Ackermand, 19843 Thakur and Chaudhary,
19835 Chamyal, 1984). The textural as well as field studies reveal
that these rocks have suffered metamorphism ranging upto upper
amphibelite facies. According to Merh (1984) and Chamyal and Yashi
(198%) the Crysizlline Group of rocks of Kumaun show a metamorphic
history, extending ¥rom the Precaabrian times to as late as the

Tertiary.

The rocks of the Higher Kumaun Himalaya {Central Crystallines)
exhibit metamorphic characters that indicate mainly two progressive
phases followed by retrogression. In the vicinity of the various
thrusts (Main Central Thrast, Baijnath Thrust, North and South
Almora Thrusts, Dharamgarh Throast, HNorth and South Chiplakot
Thrusts and Askot Thrust) a gradual decrease in metammrph&sm is
ohservead. The mineralogy, texture and structure of these vocks
reveal metamorphic changes that synchronise with the successive
deformational evenis, Pre-Himzlayan as well as Himalayan {(Chamyal,
1984 . The relation betwezn the various deformational episodes

with attendant meltamorphic events in the Sarju, Pindar, Ramganga,
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Boriganga and Darmaganga valleys has been worked out by the present

author {(Table V.2).

METAMORPHIC EVENT (M)

Very limited data is available on this earliest metamorphic
gvent, owing to obliteration of the evidences. Homever, evidences
do point to the existence of a metamorphic event prior o Fl folding
under microscope. Extensive crinkling of mica flakes is conclusive
indication of the existence of an sarly micaceous foliation, which

was later on involved in Fy folding.

METAMORPHIC EVENT (M)

The granitisation and formation of the granitoid rocks within the
crystallines, perhaps comprised a3 phenomenon related to this
metamorphic event. With increasing depth, the earlier rocks might
have changed over fo granitoids. The field setting of the
granitoid rocks pointing fto successive stages of increased
granitisation and the existence of more than ane granitoid bands

within the schisis, do point out to the following fackts =
1. The involvement of granitoid rocks in F; folding,

2. The pre — Fy granitisation could be part and parcel of

the earlisr metamorphism M.
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Table V.2 Relation between the deformational episodes with
attendant metamorphic changes.

Deforaation HMetamorphic Hetazorphism/Metanorphic Products
event
Load H Development of bedding cleavage,

minerals unknown.

Isociinal folding (Fp) Hy Development of schistosity §; and
gneissic Tfolistion, granitisation and
formation of graniteids,

Isoclinal folding (Fy) Hy Development of main schistosity §,,
growth of snowball garnets, change over
of basic rocks to amphibolites,
involvement of granitoid rocks in F2

folding.
Movement along thrust and Br Development of phyllonites, chlarite,
related drag folding (Fp) sericite schists, granulation and

fracturing of quartz and development
of strain shadows in guartz grains.

Synformal folding (F3) My Erinkling of the foliation 5, and
developmentof strain—slip cleavage Sy,
formation of new garnet, of muscovite
andbiotite porphyroblasts along axial
planes of the crinkles.

Open flexuring Fg Hy Development of minor open folds and
formation of biotite and muscovite
flakes.




This is recorded by the appearance of abundant plagiociase in the
groundmass of the feldspathic schists. In the advanced stages
augen and ultimately porphyroblastic gneisses were formsd dus to
increasing activity of potassic emanations over sodic emanations.
A nuaber of plagioclase porphyroblasts are gradually replaced by
microcline because of increasing potassic content in  the
porphyroblastic variety. Studies on similar rocks in the wvarious
synformal nappes by various workers (Pande, 19835 Powar, 19723 Merh
and Vashi, 194653) have furnished interesting details about the
processes of granitisation. The undoubted invalvement of the
gneissic bands in Fl iscclinal folding in Almora Crystallines
{(Karanth, 1977, 19853} adegquately establishes that the granitisation
was pre—F; and obviously Precambrian. The available
geoschronological data on bthe gneissic rocks also points to their

being Precambrian agz (Bhanot et al.; 19773 Pande et al., 1986).

METARORPHIC EVENT (M)

The most conspicuous and widespread metamorphism that
synchronised with the isoclinal folding (Fp), is of regional
dynamcthermal type. The event is characterised by the development
of the axial plane schistosity (52)., growth of snowball garnets, and
kyanites. The mineral assemblages of the varicus rock types
suggests that M, was a regional phenomenon, with the ssxicum grade
of metamorphism being of upper amphibolite facies. The most

striking textural feature of 5, recorded is the microfolding of the
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earlier cleavage 5. Tightly folded mica flakes define the S, plane
and in the hinge zones of the F2 folds most of the micas are re—
aligned parallel to the main traces of 8, foliation. The
recrystallization of the quartz and mica reflects the effect of ”2
me tamorphism. The garnet porphyroblasts of M, generation show a
syntsctonic rotational growth. The garnets with spirally arranged
inclusions indicate the role of differential slipping during its

growth, which is synchronous with the F, folding.

HETAMORPHIC EVENT (Mp

This event is well evidenced in the vicinity of MCT and other
thrusts, bounding varicus crystalline nappes. It is characterised
by the conspicuous phenomenon of retrogression (P&) along the throst
planes; the rocks along which have been diaphthorised to
phyllonites and chlorite schists. Obviously, the retrogression iz
due bto the largescale movement of the Central Crystzllines slong
the FCT. The downgrading of the metamorphism is reflected asven in
the rocks which are away from the thrust zone and the phenomenon is

revezled by the following changes :

1. SBranulation and fracturing of guartz,
2. Development of strain shadows in quartz grains,
3. Chloritization of garnet and biotite,

#4., Bericitization of muscovite,
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5. Formation of fine grained phyllonites from the coarse
to medium grained garnet mica schists, along some thrust

related shear zones.

The sffect of the metamorphic event diminishes progressively on

mov ing éway from the thrust northuwards.

METAMORPHIC EVENT (Mp)

This metasorphic event, once again has produced progressive
metanorphic changes, but on 3 limited scale, -and is related with
the Fy folding. Development of strain-slip cleavage (83} is seen
sporadically in guite a few sections and is characterised by the
arowth of new mica and formation of new garnedts during Fz- Desai
(1268}, Patel ((1971) and Shah ((1972) have alsa described
development of this strain-slip cleavage and growth of nes garnets
in the Almora Crystallines. It is during this metamorphism that
the sevicite and chlorite recrystallissed into porphyroblastic
flakes of muscovite and biotite respectively, which show oblique

relationship with the main foliation S& and define E%.

METAMORPHIC EVENT (M)

This event has not brought any significant aetamorphic

changes. As it coincides with the F; fold episode which produced

o
-
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open flexures, some of the biotite and muscovite flakes could have

formed during this epispde.

SEQTHERMOMETRY

The prevailing temperature conditions during setamorphism can
be estimated by comparing the natural mineral assemblages with
experimentally determined mineral equilibria assuming that the
mineral assemblages and reactions wers im eguilibrium.
Thermodynamic properties of partitioning of elements in coexisting
minerals can be brought ouf with the help of electron microprobe

{EPHA) data of msbamorphic rocks.

The‘ author carried out her stuwdies in the laboratories of
M.G.R.1.; Hyderabad for obtaining the EPHMA dataz, thin sections (46
owm in length and 25-30¢ thickness) were prepared and polished on
both the sides. Each section was coated wibth carbon film (100150
A? thick? for uniform elecktrical conductivity. Mineral analyses was
done by using a CAMCED make, Came box micromode EPMA with an online
PDP 11/03 computer. Regress "I68F° correction procedure as modified
by Henock and Maurice (1978) was used. The absolute error is 2% of
the amount present for the major elements. Mnalyses was done at an
aceelerating voltage of 15 kv, 6.2 nA sample current and the

diameter of the zlectron beam was approximately 1A with a counting
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time of 10 seconds for sach element. The standards used were @
albite for Nazﬂ, arthoclase for K;_IJ, wallastonite for CIB and Bi[)z.,
synthetic HgD for fgld, synthetic Cr.ps far Cré)s., Synthetic Mn Tily

for FnO and Tioz, synthetic hematite for Fefls.

Many models of geothermometers have been proposed for the
estimation of temperatures during metamorphism. Some of these
models were applied to four samples of granitoid rocks, three from
Central Crystallines and one from the Almora Crystalline nappe,
keeping in mind the mineralogical assemblage of these rocks. Data
obtained by microprobe zanazlyses for these samples are given in

Tables V.3%5, 4, 5 ami &.

Stormer (1978} formulated a geothermometer based on  the
partitioning of the albite component between plagioclase and alkali
feldspar. He used published Margules parameters to obtain a simple
expression relating the composition of co-existing feldspars to

temperature 2

(6326.7-9963.2 Xy + 943.3 Xig + 2690.2 Xy

a + (0.0925-0.1458 Xy +0.0141 Xl +0.0392 X'pP3
T K =

- - 2
(~1.9872 In Xg/Xp + 2.6321-10.815 Xy + 7.7345 X
- 1.5512 X%

Later on Whitney and Stormer ((1977) proposed yet ancther
geothermomeber based on the partitioning of NaAlSif; between co-—
existing eicrocline and plagioclase solid-sclutions. This aodel
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was developed using published Margules parameters for microcline
low albite solid solutions. Variations in the structural state of
the alkali feldspar as per them could shift the temperature
calculated from co—-existing feldspar pairs by as much as 100° C.
The proposed geothermometer can be calculated vsing the following

equation.

- 2
[7973.1-16910.6 Xy g + 9%12.9 Xpg * (0.11-0.22 Xa ¥
+ 0.11 X5, IP]
TN =

(—1.9872 1““‘”-“""*”?3'2??'%“’ + 23.72 xEM
- ih,F

Powell and Powell {1977) have argued that the plagioclase
alkali feldspar geothermometber formulated by Stovaer (1973) does
not take inko account the effect of small asounts of calciws in the
alkali feldspar. This gecthermometer was hence reformulated and
they showed that as the Ca content of the alkali feldspar increases
the temperature calculated using the Stormer geothermometer also
increased. Their modified geothermometer is as fﬂllo&ﬁ:

ek
- xKﬂiéSEG*G.GQEP*QRkﬁJ134G+Q.OEQP)3

2 ¢
RInKprly p—4.63+1 . 54xy, )

While, Hazselton et al. (19B3) wmeasured heat capacities by
adiabatic caloriastry for five highly disordered alkzali feldspars.
They opined that positive heat capacity deviations from a linear
combinztion of the end member heat capacities, are present mostly
at very low temperatures and result in an euxcess entropy for
intermediate compositions. 6Olso that the excess entropy and the
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volume of mixing was combined with solvus determinations to obtain
a caloculated enthalpy of mixing, as the measured enthalpies of
mixing were essentially coincident with those calculated from the
solvus determinations, no short range order for the alkali site
could be inferred. Thus they combined the new data for the alkali
feldspars with data Ffor plagioclase Teldspars to derive an
expression for the two—feldspars thermometer that wmas also
consistent with the present knowledge of the thermodynamics of

these s0lid solubions:

xFoZaesto + 17030x%, + 0.384P) - (xFl?
(2B2I0 - IFH20 Xp)

10.30x¥32 + g.31431n o laxP/xF o

Price (1983) applied the ideal contribution to activity end
member or the configurational activilty of an end member, to the
feldspars to yield an ad justment of the two—Ffeldspar
geothermometer. For natural feldspars containing Ma, X, Rb, Ca,

Ba, Sr and Fe the expression is as follows:

xFolassto + 17030 xFy + o.zeapy - P2
(28230 — 37520 X )
H'y

F 2 ofl T TR 1’2 ,2
163X B?) + B8.31431ln {xrfﬁx 'Pﬂx ‘PE(X Si) /
Fﬂ n 2

The present author has applied all the above mentioned various
two—~feldspar gecthermometers €t the microprobs data for the

granitoid rocks of the study area. The resulis were ghiained in
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the form of temperatures in degqree centigrade {(Table VY.73. Though
the resulis are consistent for these rocks, yet it is cbhvious that
the ohiained temperature values are low. This could be atiributed
to the discrepancy caused by the state of order in high grade
metamorphic terranes of the minerals used for calculating the
temperatures. 8%t uvpper amphibolite facies the sitable feldspar
would probably be orthoclase. Bub, since order—disorder relations
are very sluggish, sSome order may be inherited froms lower
temperature state, a5 in alkali exchange experiments (Hhibtney and

Stovrmer, 1977}.

Using the Ti content in muscovite and biotite calculated from
the formula based on 22(ol}, Lal (1971} formulatad 3 geothermometer
which is as follows:

For hintitke,

T = [5177/¢4.544 — 1n Tidl — 273.15

For emiscovite,

T = [9098/(7.789 — In Ti)l — 273.15

The temperatures ob%tained by using this geothermometer are
furnished in Table V.8, and are found %o be consistent with those

prevailimg in the upper asphibolite facies.
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Table V.7 =

Temperature estimates for the granitoid rocks

Sample No. Stormer ¥hitney Powell Haselton Price
1975 and and et al. 1985
Stormer Powell 1283
1977 1977
M 17 at & kb 339 473 376 327 326
5 kb 339 4735 3683 357 338
A2 at 4 kb 21¢ 543 451 425 424
3 kb 4310 343 461 437 435
M2b at 4 kb 391 528 430 8403 402
3 kb 391 528 4490 414 413
M1 at 4 kb 40% 530 449 431 428
5 ki 457 330 4359 447 439
Table V.8 = Temperature estimates for the granitoids based on Ti
content in micas (Lal, 1991).
Samwple Mo, Biotite Muscovite
H 17 - 347
A2 &52 A1l
M Zb &27 394
M1 &21 &06




