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The muscovite-bearing pegmatite bodies around Sankh ocour within a series
of garnet-muscovite-biotite schist with thin bands of quartzite. A detailed
structural survey, including statistical study of the quartz orientation in
four oriented samples, indicates that the bedding schistosity (Bg) in the
metamorphic rocks was folded asymmetrically with the development of the
WNW-ESE.striking axial plane schistosity (Sg), which again has been folded
about steep south-easterly plunging axes. The main pegmatite body, which
has been studied by large-scale level mapping in the mine, is a broadly
concordant, steep south-dipping, west-pitching, irregularly lensoid body
bulging up to a thickness of 200 feet and with thin, muscovite-rich digitations
in the east. All the pegmatite bodies of the area are essentially oligoclase-
quartz-muscovite rocks with local quartz pockets and microcline-rich patches
in the central parts. The structural and petrographic data suggest that
the pegmatite magma intruded into the schists by dilational emplacement
and that the concentration of water and other volatiles in parts of the
residual potash-rich liquid led to the formation of a muscovite-quartz
aggregate instead of microcline-quartz. The tendency of the volatile-rich
residual liquid to migrate into the fractures and the border zones of the
pegmatite accounts for the concentration of muscovite in such zones.

INTRODUCTION

The village of Sankh (22° 34’ : 85° 56’, Survey of India topo-sheet 72H/12)
lies in the heart of the famous mica belt of Bihar. About half-a-mile south
of the village lies the Sivashankar Mica Mine. Good quality muscovite mica
occurs here in a pegmatite body up to 200 feet in width and extending for about
half-a-mile in WNW-ESE direction (Fig. 1). In addition to the main pegma-
tite body, there are in the vicinity a number of smaller pegmatite bodies (in
places muscovite-bearing) and also impregnations within the pre-Cambrian
metamorphic rocks consisting mainly of garnet-muscovite-biotite schists. A
detailed structural survey and some petrological studies of the schists and the
pegmatites within an area of 600X 350 yards around the mines were carried
out with the following objects :—

(a) Study of the structural history of the area, with special reference to

the time of formation of the pegmatite bodies.
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(b) Determination of the three-dimensional form of the main pegmatite
body, which had been mined up to a depth of 400 feet till the end
of 1959,

(¢) Study of the manner of emplacement of the pegmatite.

(d) Study of the genesis of muscovite in the pegmatite.

STRUCTURE OF THE HosT Rocks

The host rock of the pegmatites, as already noted, is mainly garnet-
muscovite-biotite schist with rare, thin bands of quartzite, seldom more than
a few inches thick. The latter are usually found as torn-off, discontinuous
bodies in the nature of tectonic inclusions or boudins (Fig. 2). "These meta-
morphic rocks show three groups of planar structures:—

(i) Bedding (S;), represented by the compositional banding of quartzite
and garnet mica schist; such bedding is seen only locally, such as 200-300
feet north-west of the Manager’s quarters, just south of the Compressor House
and along the eastern long cross-cut at level 3.

(ii) Bedding schistosity (S,): The schistosity in the mica-schists represents
in places a bedding schistosity with well-developed parallel alignment of the
micas and quartz. The planes are sub-parallel to the bedding, as indicated
by quartzite-mica schist contacts. This schistosity is crumpled into mesofolds
of varying amplitudes and wavelengths with moderate to steep plunges.

(i) Awial-plane schistosity (Sg): This is probably the most abundant
planar structure in the schists. Whenever S, (and 8,) are folded, a more or
less distinct NE-SW striking axial plane schistosity with steep dips is seen.
Locally, this is of the nature of fracture cleavage.

(iv) Local, faint axial-plane schistosity (S,) along the axes of the mesofolds
on Sg.

Linestion

»» Schistocity

[T Quertaite

Fia. 2A. Plan of a small exposure of folded mica schiast
and quartzite, north of the Manager’s quarters.
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The key to the structural history of the meta sediments is provided by a
small outerop of folded mica schists with thin bands of quartzite, about 300 feet
NNW of the Manager’s quarters (Fig. 2). Here the mica schists, with thin,
torn-off, discontinuous bodies of quartzite, are folded into a series of overturned
folds plunging moderately towards SW, the axial planes having moderate
dips towards SSE (Fig. 2). The well-developed foliation of the mica schist
(Sg) is parallel to its lithologic boundary with the quartzite bands. This
lithologic boundary as well as the foliation of the schist (S;) are folded into a
gystem of mesofolds whose wavelength ranges from about a foot to 3 feet,
with amplitudes of approximately a foot and a half. The folds are slightly
inhomogeneous within a span of 5 feet to 6 feet across wavelength (Fig. 2A).
They show well-developed joints fairly close to the axial plane, some diagonal
slip (?) planes and well-formed axial plane fracture cleavage. The latter
can be traced towards west to constitute the regional schistosity, where it
overshadows and possibly completely replaces bedding foliation.

» Pole to Bedding

0 Pote to A 101 ptone
mistosity

x Li !a'oﬂ

F1a. 2B. Equal-area projection of the structures
measured on this exposure,

p-diagram for the bedding foliations as measured on the above-mentioned
exposure shows the semblance of a girdle about two-thirds complete, with a
maximum plunging about 35° towards S. 80° W. (Fig. 3), the girdle axis
planging at 58° towards N. 19° E.

That the regional schistosity (Sg) is in the main an axial plane schistosity
is indicated by the following facts:— ,

(a) Visible gradation to the axial plane foliation in the folds on 8, (—- Ss),
as seen in the exposures WNW of the Manager’s quarters.

(b) A p-diagram (Fig. 5), based on 21 randomly selected surface measure-
ments of the regional schistosity, is quite distinct from that based on the
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13 measurements of the S, (=8,) planes (Fig. 3} In the former, a well-
defined girdle with a sub-horizontal axis striking N, 40° E. and two maxima,
(plunging at 70° towards S. 34° E. and at 50° towards S. 70° E. respectively) are
found. The maxima in this p-diagram lie close to the plots of most mineral
and ‘pucker lineations that occur on the plane of regional schistosity. It is
clear therefore that the attitudes of the folds on S, are different from those
of folds on S,.

(c) Wherever recognizable bedding has been found; it makes varying
angles with the regional schistosity. There is, however, the possibility of a

Contours 1-3-5.7%per
1% area

Contours 1.3-4-7-10% per

Fig, 3. B-diagram of 13 bedding (S; = Sg) measure- Fic. 4. B-diagram, based on 21 randomly selected
ments on the small exposure of folded mica schist surface measurements of the regional schistosity
and quartzite, north of the Manager’s quarters. {83) around Sivashankar mine,

part of the ‘bedding plane form’ of the individual limbs of the highly asym-
metric mesofolds coinciding with, and hence completely transposed by, the
axial-plane form (Sg). This extreme type of transposition has not, however,
been noticed in the small area around the mine.

The planes of regional schistosity (Sg) have generally WNW-ESE trends
with steep southerly dips; local northerly dips are also common (Fig. 1).
The planes are highly puckered about steep plunging axes, usually with an
eagterly rake on the plane of schistosity; some of these puckers are small-
scale, highly appressed, steeply plunging, isoclinal folds. Sub-parallel with
these puckers, a lineation due to parallelism of the mica flakes and quartz
is seen in places. In addition, there are a number of broad warps on Sg,
usually in the vicinity of the large bodies of pegmaitite.

The =Sg diagram (Fig. 6) based on 48 Sy planes measured on the surface
shows a well-developed but incomplete girdle with a single maximum at
periphery. The axis of the girdle plunges at 65° towards S. 22° E. Most
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of the measured linear structures on S cluster around this axis. The diagram
(Fig. 6) shows, in addition, a rudimentary girdle with its axis plunging 32°
towards S. 656° E.

The #»Sy diagram of 43 planes from underground data, a few of them
from the schist enclaves within the main pegmatite, also shows a similar
single-maximum girdle with axis plunging 68° towards S. 60° E. (Fig. 6).

Here, too, most of the measured linear structures on Sz cluster around
this axis; a number of #S; poles appear to lie outside the main girdle.

Both the surface and underground data thus indicate the presence of
appressed folds of Sg about steep south-easterly plunging axes, the axial
planes of which are sub-parallel to S; itself. The regional axial plane of such

Contours 2+ 5-8-U% per
1% oreq

Fia. 5. Equal-area projection of 48 S, poles

(w diagram) based on surface measurements of

S5 around Bivashankar mine; also shows poles of

the mineral lineations (squared dots), pucker

lineations (circled dots), and axis of the 8, girdles

(triangled dots) and the average axial plane of
the folds on 83 {dot-dash curve),

Fia. 8. Equal-area projection of 43 8; poles,

based on underground measurements of S, in

the Sivashankar mine; circled dots stand for

lineations and triangled dot for the axis of Sy

girdle; dot-dash curve stands for the average
axial plane of the folds on Sg.

folds, as determined by drawing planes at right angles to the S; maxima
in Figs. 5 and 6, dips 80°-85° towards SSW.

The scatter of some (Sg) poles outside the main girdles in Figs. 6 and 7
may have resulted from the dilational emplacement of the pegmatite bodies

within the schists.

Abundant evidences of such dilation are seen in the

various exposures, both surface and underground (Figs. 7-8).

Study of the quartz orientation in the mica schists

Quartz optic-axis orientation in four oriented samples of the mica schists
from the area was studied. The salient features of these orientation diagrams

(Figs. 12-16) are given in Table I.
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Many details of “the deformation history of the rocks beyond those
indicated by the study of the mega- and meso-structures are not available
from these diagrams. All the diagrams show triclinic symmetry. In the
specimen Nos. 85/59 and 38/59, incomplete peripheral girdles about the
visible fold axes (on S, and Sg respectively) are found (Figs. 12-14); both
these specimens show, in addition, one subsidiary girdle, but neither of these
girdle axes seems to correspond with any mesostructure. The other two
specimens, Nos. 38/59 and 28/59 (Figs. 15, 16), show only ill-developed peri-
pheral girdles, which do not bear any symmetrical relation with the meso-
structures. The quartz orientation in specimen No. 38/59 is characterized
by the presence of five strong-point maxima (8. tectonite?), suggesting probably
the influence of shear movements at a late stage in the deformation of the
rocks. Although this sample (38/59) does not show any visible effect of

1177111 schir
///// g / sw walt NE
///§;7/+ S.80E

Fia. 7. Roof plan at & spot towards the eastern
end of level 10 (Sivashankar Mica Mine) showing
the partly discordant and partly concordant
- hanging wall of pegmatite ; also illustrates lateral
displacement of mice schist by pegmatite intrusion.

Fig, 8. Folded schist inclusions in pegmatite
containing books of muscovite, as seen on the wall
of the Trial Shaft, above level 3 (Sivashankar mine).

Overburden

Fig. 9. Roof plan in level 4 (Sivashankar mine) showing the
irregularly discordant foot-wall contact of the pegmatite.

Fra. 10. Sketch of the exposed vertical section of a

pegmatite body, north of Sivashankar mine, showing mineral

zoning in pegmatite and forceful displacement of the mica
schist by the pegmatite.
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shearing, locally highly sheared schists have been found along the contact
zone of pegmatite.

Summary of the Structural History of the Metamorphic Rocks

The study of the mega-, meso- and micro-structures enables us to deduce
the following structural history of the metamorphic host rocks of the area:—

1. Folding, possibly accompanying the regional metamorphism, of a
group of pelites with thin bands of psammites on (8,), with local development
of a bedding plane schistosity (S,) in the pelites.

2. Development of the regional axial plane schistosity (S;3) along the
axial planes of the asymmetric folds on 8; (= 8,).

3. Folding of the regional schistosity (S;) both on mesoscopic and
regional scales about steep south-easterly plunging axes lying on ESE-striking
axial planes.

4. Introduction of pegmatite bodies by dilational emplacement with
the formation of irregular warps and accompanied by local shear movements.

Granitic N
N) Pegmatite

f / Towmokoe [ White quortz Feldspor ””
I e e [ '
" { muscovite ::::gmy hi |

121,
Fia. 11. Diagrammatic section across
the main pegmatite body (Sivashankar
mine) as seen on the surface about 60
feet SE of the Trial Shaft,

Contours 4-1-24.4% .
per 1% area

Lineation 7

Contours 1-2-3-4% 1\
oer i% area

\dq

F1¢. 12, Orientation diagram of 126 quartz F1a. 13. Orientation diagram of 117 quartz
optic axes in quartzite (85/59). Circled cross optic axis in quartz-mica schist (85/59).
denotes pole of lineation. Circled cross denotes pole of lineation.
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SHAPE or THE MAIN PEGMATITE BoDpY

The main pegmatite body extends in a WNW-ESE direction with a
slightly curved trend. It is broadly concordant with the foliation of the mica
schists but shows numerous local discordances (Fig. 9). The pegmatite body
has an extremely irregular shape; on the surface the width gradually increases
WNW from about 5 feet or less to about 50 feet. The body dips steeply
southward and is locally vertical; it has a westward pitch (Fig. 17). There
is an overall tendency of bulging at depth; below about 300 feet the width
decreases a little giving the pegmatite the shape of an extemely irregular
lens. Eastward, the body branches out into thin digitations at different
heights; some of these die out at depth as lenses; a few join up and widen.

Fia. 14, Orientation diagram of 180 quartz

optic axes in quartz-mica schist (32/69).

Circled cross denotes pole of lineation; circled
dot axis of subsidiary girdle,

PETROGRAPHY OF THE PEGMATITE BoDIES

All the pegmatite bodies in the area under investigation are essentially
oligoclase-quartz-muscovite rocks of varying grain size. Garnet and tourma-
line occur as accessories. In the main part of the pegmatite bodies oligoclase
predominates over quartz, but large, irregular-shaped patches of quartz occur
in most of them, usually in the central parts. The 30-feet-wide pegmatite
exposed on a hill about 500 feet north of the main pegmatite shows clear
zoned structure (Fig. 10). A vertical section across this body shows oligoclase-
rich border zones with muscovite books, followed inward by massive vein
quartz with occasional crumpled small mica, while another oligoclase-rich zone
(with quartz and muscovite books) occupies the central part of the body.
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The main pegmatite body is also essentially an oligoclase-quartz-muscovite
rock with only occasional microcline. The grain size is comparatively fine.
In the higher levels microcline is found in small quantities as small replace-
ment patches in oligoclase in samples adjacent to the schist walls or in the
schist inclusions. On level 10 and downwards (Fig. 9) microcline seems to be
more common, being present usually in small quantities in most samples.
Pockets of massive white quartz (5’ 15’ or more) in the central part of the
pegmatite are also common from level 10 downward. It was observed that
the pegmatite near about these quartz pockets is, in places, rich in microcline.
Myrmekitic oligoclase appears to have replaced such microcline.

Contours 1-2.3.4 -6% "

per 1% area Cortaurs 1-2 -4 -6%

oer 1% areq

Fie. 16. Oricntation diagram of 228 quartz Fie. 16. Orientation diagram of 60 quartz
optic axes in quartz.mica schist (38/59). optic axes in quartz-mica schisi (28/59).
Circled dots denote axes of girdles, Circled cross denotes pole of lineation; cireled

dot the axis of girdle.

Muscovite tends to ocour as big books or small crystals in elongated zones
(5 to 30 feet or more in length) generally parallel to the length of the pegmatite.
The muscovite-rich zones are commonest near the foot-wall of the main
pegmatite and are generally situated 3 to 14 feet from the contagt rather
than along the immediate contact. Muscovite seems to occupy the fractures
within the large oligoclase aggregate or along the intergranular spaces between
the coarse oligoclase-quartz aggregate. It is absent in the microcline-rich
parts of the pegmatite. A coarse granular (! to  inch average grain size)
quartz-muscovite pegmatite was found as small patches against the schist
walls in level 12. Small-sized books of biotite occur associated with the
muscovite ‘books’ locally. An excellent example of zoning in the main
pegmatite body was seen on the surface about 60 feet to the SE of the trial
shaft (Fig. 11).
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The generalized paragenesis of the chief minerals in the main pegmatite
is as follows: ~
Time
Oligoclase ———— _—
Quartz ———— — e
Mircrocline
Muscovite
Quartz-muscovite intergrowth (granu-

lar muscovite-quartz)

The anorthite contents of plagioclase in 15 samples from different levels
of the main pegmatite were determined from the lowest refractive index (N')
on cleavage flakes (after Tsuboi 1934). The determinations were made in
sodium light, the R.1. of the liquid being made equal to the N’ of the grains.
The composition of plagioclase as read out from the values of N’ varies
between An,, and An,,. However, such variations do not appear to be
systematic either with respect to depth or with respect to the contacts with
wall-rocks (Fig. 18). From the eight determinations on samples collected
from level 5 (depth 150 feet), there is a faint suggestion of slightly higher
anorthite contents in the samples within 1-2 feet of the border, but this can
hardly be considered significant (Fig. 18B).

The wall-rocks and the schist inclusions

The mica schists forming the host rocks are garnet-plagioclase (inter-
mediate oligoclase)—muscovite-biotite-quartz schist of moderate to coarse
grain size. At the immediate contact with the pegmatite bodies and also
in the schist inclusions the schists are generally devoid of oligoclase and are
rich in red garnet. Such garnets are also common in the marginal parts of

-Anzg
A ) . B ANy,
3 . i |
L
*» (1] -A
- : FRMs -
. * 3 —Al‘\‘5
100 200 300 400 feet 15 ' 10 feet 5 = ©
Depth below surfoce Distance from hanging wall
F1c. 18, Anorthite (mol, per cent) content of the plagioclase feldspars in the
Sivaghankar mine pegmatite:

A. Anorthite content vs, depth below surface level.
B. Anorthite content vs. distance from the hanging walls in specimens collected
along a section on level 5. :



EMPLACEMENT OF THE PEGMATITE BODIES AROUND SANKH 175

SURFACE 3L _
=

N30°E

37 : » S.60°E

BLOCK DIAGRAM SHOWING
THE MINE LEVEL PLANS

OF THE MICA-BEARING
PEGMATITE IN THE

SIVASHANKAR MICA MINE et
L':v:ll ‘l’;(‘ . 100
PEGMATITE
I (daenes indicate

approx. trends of the
strike of foliation)

SCALE
feet 100 50 26 O

Fic. 17A. Block diagram showing the plans of the main pegmatite at different levels in the Sivashankar mine.



176 SAURINDRANATH SEN & AJIT KUMAR SAHA

the pegmatite. Microcline was found only locally along the contact of the
main pegmatite; it is apparently produced from materials introduced from
the pegmatite.

EMPLACEMENT OF THE PEGMATITE AND GENESIS oF MUscovVITE Mica

As already noted, the study of the structural relations of the pegmatite
with the host rocks indicates clearly a dilational mode of emplacement of the
pegmatite bodies at a late stage in the deformation of the host rocks. The
pegmatite bodies did not form sn situ as is to be expected in the case of a
recrystallization origin (¢f. Fox 1930) or in the case of granitization in situ
(¢f. Barth 1951). The other alternative modes of emplacement of the
pegmatite that could be considered are:

1. Forceful diapiric intrusion of a solid aggregate of crystals formed at
depth. ‘ -

2." Crystallization of successive waves of alkaline-siliceous fluids along
structurally favourable channels (Mahadevan and Maithani 1961).

3. Crystallization in sitw after intrusive emplacement from a pegmatite
magma, one of the following processes being dominant:

(a) Simple crystallization of the magma (without fractional crystal-
lization).

(b) Crystallization of magma accompanied by replacement of an
earlier crystallized potash-rich pegmatite by a soda-rich
pegmatite liquid (Roy, Sharma and Chattopadhyay 1939).

(¢) Crystallization of magma accompanied by replacement of an
earlier crystallized albite pegmatite by potash-rich pegmatite
liquid.

(d) Fractional crystallization of a pegmatite melt.

Small structural discordances and the structures of the wall-rocks point
to an intrusive (dilational) emplacement, but there is nothing in the structures
to suggest forceful diapiric intrusion of a solid aggregate. Most of the
pegmatite bodies are lenticular, without any visible interconnections. In
other cases such interconnections are very narrow, often less than an inch in
width. It is difficult to visualize how the coarse crystals could move along
such narrow passages.

Details of the observations, that led Mahadevan and Maithani (1961) to
conclude that successive waves of alkaline-siliceous fluids along structurally
favourable channels gave rise to the mica-bearing pegmatites of the Bibar mica
belt, have not yet been published. However, in the present case, the fact that
the various zones within the pegmatites are as & rule gradational and nowhere
- clear-cut seems to preclude'a hypothesis of composite injections.
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Stereogram block showing shape of the eastern end of the pegmatite body between level 4 and level 10.
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We are thus led to a magmatio origin of the pegmatite, crystallization
of the major part of any individual body having taken place in situ from a melt.
It is clear, however, that the crystallization of the melt was not a simple
process. Some amount of fractional crystallization or replacement must have
taken place, because the composition of the pegmatite bodies is distinctly
heterogeneous, and in places they show zoning.

Roy, Sharma and Chattopadhyay (1939) have postulated that in the Bihar
mica belt an earlier K-feldspar bearing pegmatite was invaded and replaced
by a soda-rich pegmatite liquid, the K-feldspar being replaced by albite, the
released potash combining with the other elements to produce muscovite. In
the present case, this hypothesis appears to be inapplicable, because of the
following: (i) There is no evidence to suggest that the bulk of the oligoclase
in the pegmatite has been produced by replacement of K-feldspar. Rather,
most of the microcline in the pegmatites seem to have formed by replacement
of the oligoclase along the cleavage cracks or along the margins of the latter.
Only very locally does the microcline show replacement by oligoclase; the
latter might be considered to represent a very late phase in the crystallization
of the pegmatite.

(i) That the bulk of oligoclase in the pegmatite, crystallized earlier than
the microcline, is indicated also by the greater deformation and alterations
shown by the oligoclase. )

(iii) Except in the main pegmatite, there is complete absence of microcline
in the other smaller muscovite-bearing pegmatite bodies. Microcline would
be expected to be present as relics here and there in these pegmatite bodies.

(iv) If this hypothesis be true, one would expect in places bodies of micro-
cline pegmatite to be cut across by albite pegmatite. No such relations have
been found in this area.

The alternative hypothesis that the earlier crystallized plagioclase pegma-
tite has been replaced by a microcline pegmatite magma is also untenable,
because there is no independent microcline pegmatite body in the vicinity.

It appears then that the pegmatite bodies crystallized from melts of their
own composition, but a considerable amount of fractional crystallization
must have taken place so as to account for the compositional heterogeneity
within the individual bodies. As the textural relations indicate, oligoclase
was the first major mineral to crystallize, accompanied partly by quartz.
This led to the concentration of the residual liquid in K,;0 and water (amongst
other constituents). This residual liquid seems to have migrated partly to
the still hot central parts of the body and along the interstitial spaces and
fractures in the crystalline oligoclase-quartz aggregate. At the same time
volatiles tended to concentrate along the fractures and the border zones of
the pegmatite body. Under the water-poor, comparatively high-temperature
conditions in the central parts of pegmatite, K-feldspar crystallized along
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with quartz, the crystallization of which outlasted that of K-feldspar, so
that some of the late quartz crystallized as massive pockets.

Under the comparatively water-rich conditions prevailing in the fracture-
zones and the border zones of the pegmatite, crystallization temperature of
the potash-rich residual liquid was lowered on account of higher water content.
This, combined with the fact that a high water pressure was built up in this
residual liquid, led to its crystallization as muscovite-quartz aggregates,
instead of microcline-quartz (cf. Yoder 1959).

One of the following two equilibrium relations may have operated in
this residual liquid:

KAISi,04 + ALO, -+ H,0 = KAlSi,0,(0H), (1)
sanidine corundum water muscovite ) )

3 KAISiO; -+ 2H,0 = KAlSiy0,(0H), + 68i0, + 2KOH (2)
sanidine water muscovite quartz

Although there are no specific evidences, it is also possible that the local
concentration of the K-rich residual solutions (leading to the development of
muscovite) was brought about by the streaming in the K-rich liquid from the
lower parts of the pegmatite magma as a result of the second boiling pheno-
menon (Bowen 1928).

The absence of oligoclase in the mica schists along their contacts with
pegmatite is of great interest. One possible explanation is that at an early
stage of the intrusion of the pegmatite magma hot supra-critical water vapour,
derived from the schistose contact rocks on account of its heating up, dissolved
the alkalies from the oligoclase and diffused into the pegmatite liquid which
was then undersaturated with water vapour (Saha 1958).

The authors feel no need to postulate the origin of muscovite in the Bihar
mica belt pegmatite by assimilation of pelitic schists in the absence of any
distinct evidence in its support. Mica-bearing pegmatite has been found wéll
within amphibolite at Machwa, about 4 miles north-east of Sankh; also the
pegmatite bodies do not show preferential concentration of muscovite near
mica schist inclusions. ’
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