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Geometry and evolution of superposed folding in the Zawar
lead- zinc mineralised belt, Rajasthan
A B ROY
Department of Geology, Mohanlal Sukhadia University, Udaipur 313 001, India
AbsWa9 The lead-zinc bearing Proteroz01c rocks of Zawar, Rajasthan, show classic development of small-scale structures resulting from superposed folding and ductile shearing. The
most penetrative deformation structure noted in the rocks is a schistosity ($1) axial planar to
a phase of isoclinal folding (F1). The lineations which parallel the hinges of F 1 folds are
deformed by a set of folds (F2) having vertical or very steep axial planes. At many places
a crenulation cleavage ($2) has developed subparallel to the axial planes of F 2 folds,
particularly in the psammopelitic rocks. The plunge and trend of F 2 folds vary widely over
the area.
Deformation of F 2 folds into hook-shaped geometry and development of another set of
axial planar crenulation cleavage are the main imprints of the third generation folds (F 3) in the
region. In addition to these, there are at least two other sets of cleavage planes with
corresponding folds in small scales. More common among these is a set of recumbent and
reclined folds (F4) , developed on steeply dipping early-formed planes. Kink bands and
associated sharp-hinged folds represent the other set (Fs).
Two major refoided folds are recognizable in the map pattern of the Zawar mineralised belt.
The larger of the two, the Main Zawar Fold (MZF), shows a broad hook-shaped geometry.
The other large-scale structure is the Zawarmala fold, lying south-west of the MZF. Both the
major structures show truncation of lithoiogical units along their respective east 'limbs', and
extreme variation in the width of formatious. The MZF is primarily the result of superimposition of F 3 on F 2. F t folds are relatively smaller in scale and are recognizable in the quartzite
unit which responded to deformation mainly by buckle shortening. Large-scale pinching-andswelling that appears in the outcrop pattern seems to be a pre-F2 feature.
The structural evolutionary model worked out to explain the chronology of the deformational features and the large-scale out-crop pattern envisages extreme east-west shortening
following formation of F I structures, resulting in the formation of tight and isoclinal antiforms
(F 2) with pinched-in synforms in between. These latter zones evolved into a number of ductile
shear zones (DSZs). The east-west refolding of the large-scale F 2 isoclinal antiforms seems to
be the consequence of a continuous deformation and resultant migration of folds along the
DSZs. The main shear zone which wraps the Zawar folds followed a curved path.
Because of the penetrative nature of the F 2 movement, the early lineations which were at
high angles to the later ones (as is evident in the west of Zawarmala), became subparallel to the
trend of F2 folding over a large part of the area. Further, the virtually coaxial nature of F 2 and
F 3 folds and the refolding of F 3 folds by a new set of N-S folds is an indication of continuous
progressive deformation.
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1. Introduction
A c h a r a c t e r i s t i c f e a t u r e o f d e f o r m a t i o n p a t t e r n in t h e r o c k s o f t h e A r a v a l l i S u p e r g r o u p
(to b e d e s c r i b e d s u b s e q u e n t l y as t h e A r a v a l l i rocks) is the f o l d i n g o f e a r l y l i n e a t i o n (L1)
o v e r t h e hinges o f later folds (Fz). V a r i a t i o n f r o m this p a t t e r n has b e e n n o t e d w h e r e
b e d d i n g (So) a n d sehistosity (S 1) axial p l a n a r t o early F t folds, h a v e u n d e r g o n e r o t a t i o n
p r i o r to, o r in certain cases in response to, d e f o r m a t i o n which p r o d u c e d F 2 folding ( N a h a
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and Mohanty 1988; Roy et al 1988). A set of later east-west folds (F3) have modified the
outcrop pattern of the Aravalli rocks at several places (Naha and Halyburton 1974a, 1974b;
Roy and Jain 1974; Roy et al 1980). However, it seems possible that all the F 3 folds which
almost invariably interfered with F2 at high angles, do not belong to a single phase. For
example, the east-west later folding noted in the Aravalli rocks south of the gneissic inlier of
Sarara, is possibly related to the Satpura orogenic cycle. In some other cases, the F 3 may
have followed F 2 folds in close succession as a part of progressive deformation.
An interesting aspect of deformation of the Aravalli rocks which did not receive much
attention so far is the role played by movements along the ductile shear zones (DSZs) in the
development of successive phases of folding. World-wide attention to this aspect is evident
in the large volume of literature published during the last two decades or so (Ramsay and
Graham 1970; Coward 1976; Berth6 et al 1979; Skjernaa 1980;, Ramsay and Huber 1983;
Davis et ai 1986; Gapais et a11987; Ghosh and Sengupta 1987;Ghosh 1993). During recent
years a number of DSZs have been mapped in the Udaipur-Zawar region. Excellent
evidence of the development of DSZs in this and other adjacent regions comes from the
study of aerial photographs and sattelite imageries (Drury 1990). These DSZs not only
occur along the cover-basement interface, but also are common within the cover Aravalli
rocks. Many of these shear zones are actually reactivated basinal or basin margin faults
(Roy et al 1988).
Several DSZs have been located in the Zawar mineralised belt. These are zones
of steep dips (subvertical to vertical) and are arcuate in the ground plan. Movements
along these zones of concentrated shears during folding resulted in complexities
which are not normally expected in the case of simple superposed folding. The
intricate superimposition of folding observed in the Zawar area is the theme of the
present paper.

2. Geological setting
The rocks of the Zawar area which belong to the Middle Aravalli Group of Lower
Proterozoic age (Roy 1990), skirts the northwestern margin of the Sarara tectonic block
comprising the inlier of gneissic basement along with the immediate cover rocks (Heron
1953).
The deformation pattern observed in the rocks of the Zawar area is broadly correlatable
with those recorded elsewhere in the Aravalli rocks of the Udaipur-Nathdwara region (Roy
et al 1971, 1980; Naha and Halyburton 1974, 1977). In detail, however, the geometry and
chronology of superimposition noted at Zawar appear more complex. Reference may be
made in this connection to the earlier studies made by Mookherjee (1964), Smith (1964~
Chakraborty (1968), Roy and Jain (1974) and Basu (1982)~ who have tried to explain the
complexities by assuming different models of deformation. Poddar (1965) expressed the
opinion that the structural patterns of'the Udaipur-Zawar area are different from those of
the Nathdwara-Kankroli belt. This, however, has been belied by the later studies in the
region (Roy et al 1971; Naha and Halyburton 1977a, b).
Deformation of the Zawar rocks during different folding phases took place under
a lower greenschist fades metamorphism (cf. Mookherjee 1976). Phyllonitic characters
noted in the pelitic components do not appear to be due to diaphthoretic metamorphism of
the rocks but because of deformation under greenschist facies condition.
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3. Structural elements- Chronology of development

Bedding (So) is recognizable in most oftbe metasediments of the area. In areas of low strain
it is marked by features like cross-bedding, tipple marks, graded bedding, desiccation
cracks, etc. (figure 1). These primary structures not only helped in erecting a correct
stratigraphic succession but also in determining the precise fold geometry in certain regions.
Recognition of bedding becomes difficult in zones of intense deformation mainly due
to transposition of bedding to a new plane of schistosity ($1). Parallelism of $1
schistosity with the axial planes of the earliest folds (F x) is observed locally where such
folds are preserved (figure 2). In most cases, however, parallelism ofS o and S 1 seems to
be the rule rather than an exception (figure 3). Lineation corresponding to the axis of F
folds is marked by intersection ofS o and $1. The Sx schistosity as well as this lineation
appear quite penetrative in rocks which occur west of the Zawarmala ridge (figure 2).
Deformation of S~ schistosity as well as the bedding on vertical or steep axial planes
is commonly observed over a large part of the area (figure 4). A characteristic feature in
some parts of the area, specially around Zawarmala, is the curving of the early lineation
over the hinges of the later folds (F2) (figure 5). The angle between the early lineation
and the late fold axis (F2) is commonly very high, almost at right angles in certain
instances. In areas east of Zawarmala, beyond the plains of the Old Zawar village, the
two lineations (L~, the lineation parallel to the F 1 axis, and L2, the lineation parallel to
the F z axis) became subparallel.
The profiles of small scale F 2 folds show variable geometry (figure 6), depending on
the rock type and the location of the fold in the area. Uptight F 2 folds with large
interlimb angles abound in the region west of Zawarmala. By contrast, the F 2 folds in
other parts of the area are tight to isoclinal. Where thin beds of quartzite alternate with
phyllite, the former bands show a flattened parallel geometry (figure 7). There are
spectacular evidences of spaced crenulation cleavage planes ($2) (cf. Powel11979) in the

Figure 1. Load-casted arenitic unit showing graded bedding in grey-wacke-phyllite

rhythmite.
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Figure 2. A reclined FI fold showing development of axial planar $1 schistosity.

Figure 3. Penetrative S 1 schistosity transposed parallel to bedding in meta-dlamicte.
Stretched pebbles (dark) lie on S 1 planes (negative print).

psammopelites and arenites (figures 8 and 9). These planes which bound thin slices or
microlithons (sensu De Sitter 1964), take the form of continuous cleavage (Powell 1979)
in areas of very pronounced F 2 deformation. Relicts of early cleavage ($2) in these rocks
can be rarely observed under a microscope. In certain parts of the area close to the shear
zones, the S2 planes appear highly penetrative so that their distinction from S 1 becomes
difficult. These are truly mylonitic foliations in which the early S fabrics can be
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Figure 4. Stretched pebbles lying o n

S1
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planes deformed by F z folding (negative print).

Figure 5. Deformation of early (L 1) lineation over the hinge of open upright F z antiformal
fold.
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Figure 6. F 2 folds on S 1 schistosity and bedding. Fold geometry is disharmonic. Quartz veins
(partially boudinaged) are coaxially folded with S 1 and S Oplanes.

Figure 7. Flattened F 2 folds on thin beds of quartzite interlayered with phyllite. Axial planar
cleavage is of crenulation type. Width of the photograph is 3 cm.
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Figta-e & F 2 folding in phyllite showing development of spaced crenulation cleavage
bounding thin slices of microlithons.

identified only rarely. Intense deformation also led to the development of differentia-ted
banding, due to segregation of mica from Q F zones. These bands may locally be
mistaken as bedding.
Lineations o f F 2 generations include besides So/S t and S 2 intersections, a large array
of mullion structures, more commonly the fold mullions. The individual fold mullions
exhibit a variety of forms on profile planes, depending on the thickness of the units
involved and the nature of folding.
F 2 folds have been overprinted by a third set of folds (F3) (figure 10). The trends o f F 3
fold hinges show a systematic and continuous variation from southeast to northwest
over the area. Because of the broadly coaxial geometry of the F 2 and F 3 folds, only one
dominant lineation (subparaUel to both the fold trends) is observed on different planes
(S0, S l , S 2 and $3). The last mentioned planes are axial planar to the F 3 folds and show
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Figure 9. Dr
of spaced crenulation cleavage (S2) in phyllitic rocks. Displacements
along the cleavage planes is noticeable. Width of the photograph is 3.5 cm.

Figure 10. Superimposition of upright F 3 (north-south trending and upright folds) on F 2
isoclinal folds.
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fanning and cleavage refraction, a relationship most spectacularly observed in the
slate-phyllite units showing thin intercalations of quartzite (figures 11 and 12).
Fold and cleavage mullions abound in the region north of the Old Zawar village
(figures 13 and 14).
Deformation of F 2 fold hinges and L 2 lineations, reoriented to east-west trend, by
folds having north-south axial trend is noted south of Pratabpura and in the Balaria
Magra-Mochia Magra ridge. Here the superimposition takes the form of Type 1
interference.

Figure 11. Fanningand refraction of Sa cleavagein phyllitcintedayervdwith quartzite.
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Figure 12(a and b). (a) Thin quartz veins along the fanned fracturecleavagesm quartzose
layer within phyllitic unit. (b) Sigmoidal bending of quartz veins indicates layer parallel slip
subsequent to the formation of quartz veins.
In several outcrops, as well as in the underground mine openings, a set of recumbent
and reclined folds with subhorizontal and gently dipping axial planes are observed.
These folds (F4) which vary from open to tight have produced small-scale irregular
domes and basins on steeply dipping planes due to interference with F a folds. In some
outcrops F 4 folds are represented by sharp-hinged folds and kink bands (figure 15).
Beside all these phases of folding there are examples of kink bands at various angles
to the earlier folds. These kink bands may be described as F s folds, being the last
structures to form. Excellent examples of F~ kinks (figure 16) are observed in the region
east of the Old Zawar mining township.
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Figure 13. Well-developed fold mullions in quartzose layer within phyllite. Mullions are
subparaUel to F 3 folds.

Figure 14. Fold mullions in the form of half-boudin in quartzite embedded in phyllite.
Quartz veins occur along the zones of pinched-in synforms.

4. Geometry of large-scale structures
Detailed structural mapping coupled with scanning of satellite imageries and aerial
photographs reveal the presence of a number of 'fold domains' separated by DSZs
(figure 17). In the present map area, three major 'fold domains' are identifiable. These
are: (i) the Zawarmala Fold, (ii) the Main Zawar Fold (MZF), and (iii) the Sarara block
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Figure 15, Subhorizontal kink bands deforming fine cleavage mullions (L3) in slaty phyllitr

Figure 1s Moderately-inclinedF s kink bands developedon verticallyoriented S2 (transposed parallel to S1 planes),
of gneissic inlier and the immediate cover units. The geometry of these structural units
is described below.
4.1 Zawarmala Fold
The broad geometry of the Zawarmala Fold has been described earlier by Roy and Jain
(1974) and Singh (1988). The major structure is an F 2 antiform plunging northerly
(figures 18 and 19). Stratigraphic relationship of rocks suggests that the fold is an
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antiformal anticline, with the deeper level rocks occurring in the southerly direction,
while the fold hinge plunges northerly. That the antiform is an F 2 structure is proved by
the folding of the St cleavage alongwith So in small- and outcrop-scales, deformation of
early (L1) lineations (figure 5), and folding of boudins. A variation in plunge is
noticeable from 25~ ~ in the southern part to over 50~ in the northern tip of the fold
hinge. Attitudes of small-scale folds both on the surface and in the underground suggest
an asymmetric geometry with comparatively steeper eastern limbs. In the map-scale,
there is evidence of stratigraphic thinning. This, coupled with abrupt truncation of
bedding-parallel foliation (So/S t), clearly suggests development of a DSZ along the
eastern limb of the Zawarmala antiform. A dextral sense of shear is discernible in the
rotation of bedding-parallel foliation and asymmetry ofinterfolial folds (of. Ghosh 1993
pp. 516-517).
The map pattern of the carbonate unit suggests an enormous thickening at the hinge
compared to the limbs, even taking into consideration the fact that the map provides an
oblique view of the structure. If the small-scale folds with low wavelength/amplitude
ratio ( ~ 0.35 to 0'37) and thickened hinges ( ~
ratio around 0-3) are taken as
models, then the Zawarmala Fold can be described as being the result of flattening
strain superimposed on buckle shortening (Roy 1978).
The bulbous outcrop of quartzite in the northwest of the Zawarmala Fold in the
carbonate is a large-scale F t fold with coalesced limbs. This is a westerly plunging
reclined fold.
Although no clear large-scale superimposition of F 2 on F t folds is detectable in the
carbonate unit, the outcrop pattern exhibited by quartzite indicates the large-scale
pinching-and-swelling of the unit prior to F2 folding. Isolated large-scale Ft folds in the
quartzite are comparable to 'fish-hook' folds described by Ramsay and Huber (1987).
4.2 Main Zawar Fold
The Main Zawar Fold (MZF), an important structural element in the region, is a large
hook-shaped superposed fold having the form of a 'question mark' (figures 18 and 19)
both in the literal and metaphorical sense. The geometry of the structure when analysed
in detail appears to be exceedingly intricate, not comparable in scale and complexity
noticed elsewhere. The key units, the quartzite and carbonates which define the
structure, are truncated along the eastern margin of the fold with the Sarara block.
Influence of F~ folding (and deformation) is clearly implied in the pinching-andswelling of the layers, particularly of the key units. Detached, bulbous outcrops of
quartzite (e.g. the one occurring near the eastern termination of the carbonate outcrop
ofthe Balaria Magra) represent isolated Ft fold hinges (fold 'fishes'). One such 'fish' lies
to the northeast of the Balaria Magra (figure 18).
Irrespective of their position in the MZF, these folds show S-shaped geometry. Axial
planar orientation of St planes in relation to F t folding on bedding, are observed at
a number of places.
Over a large region in the ridges of the Balaria Magra and the Mochia Magra in the
north, and the Baroi Magra in the south-west, there is only one dominant lineation in
the rocks. This lineation, which results from the intersection of planes (So, St, or $2)
vary in morphology from purely striping type to fine cleavage mullions or even
ridges-in-groove type (of. Means 1987; Lin and Williams 1992). Penetrativeness of the
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lineation as well as the S-planes simulates LS fabric characteristic of mylonites. In spite
of definite signature of F~ folding in the MZF, there is hardly any evidence of L 1
lineation having been deformed by the F 2 folds, a feature so common in the Zawarmala
fold. This may be explained as due to rotation of LI lineation to subparallelism with the
F 2 fold.
A continuous variation in the trend and plunge of the L 2 lineation is clearly observed
as one moves from the eastern tip of the Balaria Magra to the westerly direction (see
figure 19 on facing page). In the Mochia Magra region the trend of lineation becomes
more or less constant. The plunge however shows variation from moderate to low to
almost subhorizontal. Very steep or even vertical plunge has been recorded in some
rare cases (figure 20). The relationship is seen quite spectacularly in the phyllitic rocks
north of the western tip of the Mochia Magra. There are also instances where curved
lineations are noted on the S 2 schistosity planes. These types of deformations are noted
in the regions of concentrated strains (DSZs).
The outcrop pattern of the hook-fold (MZF) owes its origin to refolding of F2 axial
plane by F 3 folding having a curved axial trace. The main F 2 hinge is at the western
termination of the carbonates of the Balaria Magra-Mochia Magra ridge. That this is
a structure of F 2 generation is proved by the folding of $1 planes along with bedding
and the development of S 2 crenulation cleavage in the phyllitic rocks.
The plunge of fold axis (F2) at the hinge is 62 ~ towards 268 ~ (figure 21). Younging
directions indicated by well-preserved primary sedimentary features prove that the
main F 2 fold is an antiformal anticline.
The major F 3 fold on the western limb of the refolded F 2 antiform shows variation
in plunge from very steep ( ~ 80 ~ to north to moderately steep in the west-northwest
direction. The axial trace being east in this region, the fold geometry varies from
truly reclined (figure 22) at the Hiran magra-Bowa region to inclined and upright
around Old Zawar. Further west the axial trace of F 3 fold gradually becomes
subparallel to F 2 axial trace of the synformal fold traceable from northwest of
the Zawarmala Fold.

Figure 20. An F 2 fold in the quartzose unit m phyllite,showing variation in plunge.
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Figure 19. Map of'the Zawar mineralised belt showing orientation of small-scale structural elements.
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Figure 21. Lower hemisphere equal area projection of 311 poles of S1 and S t planes from the
western closure of the Mochia Magra fold. 1 and 2 represent the great circles corresponding to
the two maxima. Plunge of ~ is 62~ to 268 ~ Crosses are poles of L 2 lineations.

A continuous swing in the trend of F 3 axial trace is also observed in the easterly
direction over the Sarara block, from west northwest to almost north-south (figure 23).
Identification of F3 folds in the southeastern part of the region, south and southeast
of Pratappura is possible only through the evidence of deformation of early (F2)
lineations over the later fold hinges, and by the outcrop pattern. Incidentally, this is the
region where the axial traces of F 2 folds have virtually become east-west due to
refolding. Overprinting relationship suggests that the north-south folds are younger.
Examples of domes-and-basins (Type 1 interference pattern) resulting from superimposition of north-south F 3 upright antiforrns and synforms over the reoriented F 2
isoclines having steeply dipping axial planes are observed here (figure 23).
A number of faults, not all of which are mappable, transect the folded structures (cf.
Straczek and Srikantan 1967). The faults at the Baroi ridge are vertical, primarily of
strike-slip type, and show a definite convergent pattern (viewing easterly).

Superposed folding in the Zawar lead-zinc belt

367

Iq

Figure 22. Stereogram showing equal area projection of 74 poles of bedding foliation (So/S1)
from the Bowa-Hiran Magra region. Northerly plunge of//(~ 80 to N) on east-west axial trace
suggests that the regional fold geometry is reclined.

4.3 Sarara block
Only a small part of the Sarara fold domain appears in the map area shown in figure 1.
Separated by a fault in the northeast and shear zone in the west, there is a large
antiformal fold, defined by the orientation of bedding foliation (So/S 1) in the Dantalia
quartzite. The fold is upright and open, with a moderately steep plunge (between 50~ to
60 ~ to NNW. The eastern margin of the Dantalia antiform is marked by a fault striking
NW-SE, i.e., roughly parallel to the axial plane of the antiform. A large intensity of
deformation is indicated by the occurrence of stretched pebbles and development of
mylonitic foliation in different rocks. Overprinting relationship (i.e., development of
crenulation cleavage, folded lineation and folding of extremely stretched pebbles;
figure 18) suggests involvement of the Sarara rocks in two deformations correlatable
with F1 and F 2 folding in the Zawar belt.
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5. Tectonic synthesis
In order to understand the geological processes which led to the development of
complex structures of the Zawar folds, it was found necessary to study the aerial
photographs and landsat imageries for having a larger perspective view of the rocks,
not generally provided by the simple lithological map. A geological sketch map was
prepared on the basis of aerial photographs (figure 17). The map pattern shows the
disposition of fold domains separated by DSZs, around Sarara block in the south and
the Babarmal block in the north. The pattern is comparable to the situation wherein
bending folds develop near the separation zone of boudins. The blocks simulating
'boudins' behaved in a relatively rigid fashion during certain stages of deformation.
Variability in the development of folds in the cover rocks, due to differential mobility
of the basement blocks underlying and bounding the Aravalli basins has been reported
by Roy and Nagori (1990). DSZs in the Aravalli rocks primarily developed along the
pre-existing grains (mainly the basinal faults), both during the earliest deforrnation and
subsequently during the later F 2 deformation. The movement along these DSZs was
very much activated during the F 2 deformation, mainly because of a large crustal
shortening which accompanied this folding phase which coincided with the Delhi
orogenic cycles (Roy 1990).
It was not possible to determine the sense of movement along all the DSZs marked in
figure 17. However, the nature of deflection of S fabric as well as orientation of
ridge-in-groove type lineations suggest a strong strike-slip component of movement.
A strong heterogeneous strain pattern emerged because of the development of DSZs
which anastomosed around zones of low strain (cf. Coward 1976). Under the influence
of strong east-west tangential forces, the Zawar folds were passively bent towards the

Figure24. Evidenceofhingemigration.Lineationformeddue to intersectionof veinquartz
(formingparallelto F3axialplanes)and schistosity,the formsurface,showdeformationover
the F3 foldmullions.
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northern edge of the Sarara block. Further modification of the folds was in response to
movement along the wide DSZ which followed a curved path from east of the Sarara
block to the west, along the southern edge of the Babarmal block, ultimately merging
with the north-south running DSZ in the west.
The above stated complex deformation pattern led to formation of the major F 3 folds
in the Zawar belt. The map pattern in figures 18 and 19, clearly suggests that the
east-west F3 folding is a local aberration within the zone of north-south folding.
In the tectonic plan construed above, the F 2 - F 3 interference has been conceived as
a case of fold interference in a single deformation (cf. Ghosh 1993 p. 328). A variety of
small-scale structures attests to the progressive nature of superposed deformation. The
most important ones are the folding of boudinaged layers, stretched pebbles, rotation
and folding of quartz veins developed along extensional cracks, and the evidence of
hinge migration (figure 24). The last mentioned feature possibly also indicates that the
deformation was non-coaxial in nature (cf. Ghosh 1993 p. 278).
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