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Pre-existing structures (e.g., folds, foliations, lineations) are usually rotated and modiBed within a shear
zone, depending on their attitude with respect to the kinematic framework (i.e., orientation of instantaneous stretching axes (ISA), kinematical vorticity number of the Cow (Wk)) of the shear zone. In
addition, new folds may also form within a shear zone, and it is not always easy to distinguish between the
pre- and syn-shearing structures in the Beld, especially if they form on the same rock type. The present
contribution describes the reorientation and shape modiBcation (tightening) of pre-existing and synshearing folds in metamorphosed calcareous rocks of the Kumbhalgarh Group (part of Delhi Supergroup)
due to shearing along the Ranakpur Shear Zone (RSZ), in Kumbhalgarh–Sayra–Ranakpur area of South
Delhi Fold Belt (SDFB), also called South Delhi Terrane (SDT). From Beld-based study and measurements, it is shown that the shallow-plunging, upright second generation (DF2) folds of SDFB/SDT have
been rotated to subvertical, tight folds within the RSZ. Fold shape analysis using layer thickness and limb
dip of folds (i.e., Ramsay’s classiBcation) and by Fourier transform shape analyses of fold proBle sections
corroborates and roughly quantiBes the tightening and shape modiBcation of pre-existing folds within the
RSZ. In contrast, syn-shearing folds have formed on the foliations in calc-silicate rocks which show
strongly non-cylindrical geometry with apical deCection in an oblique direction. From the available shear
sense indicators like rotated porphyroclast tails and vergence of asymmetric folds, the shear sense of the
RSZ is interpreted as oblique reverse (east-side-up) with subordinate sinistral (east-towards-north) shear
component, which is similar to the shear sense interpreted by some earlier workers.
Keywords. Pre-existing folds; fold hinge rotation; fold shape modiBcation; Ranakpur Shear Zone; South
Delhi Fold Belt.

1. Introduction
Fold belts and shear zones often have a close
association in the compressional orogenic belts in
different parts of the world. They can form in different tectonic settings and by different kinematic
processes, but fold is a common structure in these
two zones. Folds within shear zones are developed

by non-homogeneous ductile deformation of rocks
of low mechanical anisotropy and/or by deformation of closely spaced multi-layered rocks with
relatively low competence contrast. Shear zones
within mechanically isotropic rocks (e.g., massive
granite) clearly develop a boundary between the
deformed rocks within the shear zone and undeformed rocks outside the shear zone walls (Ramsay
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1980). However, a large number of shear zones cut
through the already deformed terrains and modify
the earlier linear and planar features and/or overprint its signature over the pre-existing structures
within the zone. Formation of folds in foliated
rocks within a shear zone mainly depends on the
angle between the direction of the shearing and
‘bent axis’ of the foliation (Escher and Watterson
1974; Skjernaa 1980; Wheeler 1987; Carreras 1997;
Ramsay 1997; Carreras et al. 2005). Most studies
indicate that the rotation of the linear structures
depends on the angle of the pre-existing linear
structure (e.g., fold hinge line) with the Y axis of
bulk strain (perpendicular to the shear direction on
the shear plane) (Ramsay 1979). If the linear
structure is perfectly parallel to the Y-axis, it
should not rotate at all, whereas, even a 5 divergence from the Y-axis should result in significant
rotation towards the regional stretching direction,
i.e., the X-axis of Bnite strain (Sanderson 1973;
Carreras 1997). Folds found in shear zones are
essentially of three types: (1) pre-existing folds
modiBed by later shearing, (2) early syn-shearing
folds, and (3) shear-related late folds (Carreras
et al. 2005). Once a shear zone cuts through a
deformed, foliated rock, the pre-existing folds are
likely to be modiBed by later folding (Type 1
above). During progressive shearing, the foliations
rotate towards the shear plane, and due to their
mechanically anisotropic character, may develop
new folds on the foliations (i.e., Type 2 above), if
the foliation comes into the zone of instantaneous
shortening due to shearing (Ramsay 1980; Skjernaa
1980). Non-cylindrical to sheath-like fold geometry
can develop by accentuation of an initial hinge line
curvature during tightening of the folds, or may
form due to unequal rotation of different segments
of the fold during progressive shearing (e.g., Cobbold and Quinquis 1980; Platt 1983; Ghosh and
Sengupta 1984; Mandal et al. 2004). The early
stage shear-induced folds can also be refolded
during progressive shearing.
In the present contribution, we shall look at the
geometry of pre-existing (pre-shearing) folds and
their modiBcation (tightening, rotation, shape
change, among others) during later shearing of the
intensely foliated, folded and metamorphosed calcsilicate (and impure marble) rocks of the Delhi
Supergroup in Kumbhalgarh–Sayra–Ranakpur
sector of the SDT (SDFB) in Rajasthan. This helps
us to understand the complicated structural overprinting history of the shear zone (Ranakpur Shear
Zone: RSZ) over the already folded rocks of the
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Delhi Fold Belt, which is not yet very clearly
demonstrated.
2. Geology of the study area
The Aravalli mountain ranges occurring in the
northwestern side of the Indian peninsula, contains
rocks ranging in age from Archean to late
Proterozoic, geologically known as the Aravalli–
Delhi Mobile Belt (ADMB) (Bgure 1). The
ADMB comprises of a multi-component gneissic
basement, called the Banded Gneissic Complex

Figure 1. SimpliBed geological map of Aravalli–Delhi Mobile
Belt (ADMB) showing spatial distribution of the basement
rocks (Banded Gneissic Complex: BGC), and the supracrustals (Aravalli and Delhi Supergroups) (modiBed after Heron
1953; Gupta et al. 1980). Inset Bgures show the position of the
state of Rajasthan in India and the position of ADMB in
Rajasthan, respectively. The present study area, in and
around Kumbhalgarh and Ranakpur towns, is marked in this
map with a small square box.
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Table 1. Stratigraphic succession of the Delhi Fold Belt after GSI (2011).

Classification of Delhi Super Group (Paleo-to Meso-Proterozoic)
Intrusives (Post-Delhi)

South Delhi Fold Belt
(SW Rajasthan and NE Gujarat)

North Delhi Fold Belt
Ajmer Sector

NE Rajasthan

Malani Igneous Suite
(Volcanic and Plutonic)
Erinpura Granite
Godhra Granite
Punagarh Group: Shale,
slate, phyllite, schist,

Sindreth Group: Conglomerate, arkose, bimodal volcanics

volcanics

Delhi Supergroup

Sirohi Group: Pelitic schist and calcareous rocks
Sendra–Ambaji Granite and Gneiss

Dadikar, Bairath, Ajitgarh Sikar and Chapoli Granite
Kishangarh Syenite:
Nepheline Syenite

Phulad Ophiolite Suite
Kumbhalgarh Group: Calcareous and

Ajabgarh Group: Calcareous and argillaceous

argillaceous metasedimentary rocks

metasedimentary rocks

Gogunda Group: Arenaceous rocks

Alwar Group: Arenaceous rocks

Raialo Group: Conglomarate, quartzite

(BGC), overlain by supracrustal packages of the
older Aravalli Supergroup and the younger Delhi
Supergroup. The Delhi Supergroup rocks are
intensely deformed and metamorphosed, and
occupy the central, highest part of the Aravalli
mountain ranges, popularly known as the Delhi
Fold Belt (DFB). The DFB is subdivided into the
older North Delhi Fold Belt (NDFB) and the relatively younger South Delhi Fold Belt (SDFB),
based on geochronological data (Crawford 1970;
Chowdhury et al. 1984; Sinha-Roy 1984; Vople and
Macdougall 1990; Tobisch et al. 1994; Deb 2001;
Pandit 2010; Singh et al. 2010; Just et al. 2011;
Ashwal et al. 2013; Dharma Rao et al. 2013;
Kaur et al. 2016; Chatterjee et al. 2017, 2020).
The boundary of the NDFB and the SDFB is
considered to be a structural discontinuity called
Jaipur–Sambhar–Dausa fault (Sinha-Roy 1988)
which runs E–W in the south of Ajmer. Stratigraphically, the type NDFB is divided into the
Alwar Group comprising dominantly arenaceous
metasediments, and the overlying Ajabgarh
Group which comprises mostly argillaceous

metasediments and carbonates (Heron 1953; Gupta
et al. 1980). Gupta et al. (1980) coined the terms
Gogunda Group and Kumbhalgarh Group for the
rock sequences in the SDFB (SDT) (table 1). The
Gogunda Group mainly contains arenaceous rocks,
whereas the Kumbhalgarh Group is dominantly
composed of calcareous and argillaceous metasediments which are intruded by numerous granitic
bodies. The present study area, between Sayra–
Ranakpur in the west and Kumbhalgarh–Kelwara
in the east, mostly exposes the calcareous rocks
(calc-silicate and impure marble) with minor
quartzite and mica schist of the Kumbhalgarh
Group of SDFB (Bgure 2).
The structure of Delhi Fold Belt is complex and
is debated for a long time. Heron (1953) initially
interpreted the DFB as a large-scale synclinorium.
Naha et al. (1988) demonstrated occurrence of four
phases of folding in the rocks of Delhi Supergroup
around Khetri within the NDFB. Roy and Jakhar
(2002) described superposed folding of mainly
three phases in the main Delhi belt after summarizing several studies carried out by a number of
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Figure 2. Detailed lithological and structural map of the South Delhi Fold Belt (SDFB) in Kumbhalgarh–Sayra–Ranakpur area.

workers in the DFB. Although there are many
controversies over the number of fold superposition
events in the Delhi belt, these are summed up in
four deformation phases recently (Sharma 2009,
p. 155). The Delhi Supergroup rocks show an early
phase of isoclinal, recumbent/reclined folds (DF1)
with NE–SW trending hinge lines. The second
generation folds (DF2) are upright to steeply
inclined folds with dominantly NNE–SSW trending, shallow plunging hinge lines which are superposed on the DF1 folds co-axially. The third phase
(DF3) recumbent kink folds are produced by
gravity-induced vertical compression within the
thickened orogen. The last phase of deformation of
the earlier folds has resulted in large-scale warps

with E–W striking axial planes. All these folds
have been identiBed mainly in the northern part of
the Delhi Belt, i.e., NDFB (Naha et al. 1988). On
the other hand, three phases of folding have been
reported from the SDFB (Mukhopadhyay and
Dasgupta 1978; Roday 1979; Naha et al. 1987;
Gupta et al. 1988, 1991, 1995; Bose et al. 1990;
Gupta and Bose 2000) of which the Brst two phases
are coaxial (Banerjee and Mitra 1977). Gupta et al.
(1991, 1995), Mukhopadhyay and Bhattacharyya
(2000) and Gupta (2004) described the structural
pattern of SDFB through different tectono-stratigraphic units delimited by subparallel dislocation
zones. Earlier, a generalized structural interpretation of the SDFB was given by Sugden (1987a, b)
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who suggested that the intensely sheared and
folded rocks of SDFB near Kumbhalgarh Fort
represent a ‘positive Cower structure’ formed in a
transpressional setting. The interpretation of a
transpressive zone by him was based on the opposite vergence of folds on either side of a structural

Figure 3. The structural model of South Delhi Fold Belt
proposed by Sugden (1987b) and Sugden et al. (1990). The
cross sectional representation shows a positive Cower-like
structure where Kumbhalgarh Steep Zone (KSZ) is situated at
the central part of the ‘Cower structure’. Ranakpur Shear Zone
(RSZ), situated at the western part of the belt, shows an
east-side-up reverse movement in the vertical section.
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‘steep zone’ (called Kumbhalgarh Steep Zone:
KSZ), and presence of several dislocation zones
(interpreted as obliquely-slipping thrusts) within
the folded litho-package (Bgure 3). The NNE–SSW
striking and steeply easterly dipping Ranakpur
Shear Zone (RSZ) demarcates the western boundary of the SDFB farther west of the Kumbhalgarh
Steep zone (Sugden 1987b; Sugden et al. 1990).
From the spectacular small scale monoclinic
structures, Sugden et al. (1990) interpreted that
the RSZ was deformed by an oblique-reverse
shearing where the eastern block has moved up
with a sinistral component in the horizontal section
(Bgure 3). The relative timing of shearing was
interpreted by him as post-folding (post-DF2).
However, the exact structural relationship between
the DF1/DF2 folding and the later shearing events
was not demonstrated anywhere clearly, and the
shear zone-fold belt boundary was interpreted as
very diffused and uncertain (Sugden 1987b).
The Kumbhalgarh Group, exposed in the study
area, dominantly consists of calcareous rocks (calcsilicate rocks and/or marble units), minor micaschists and a few quartzite units striking more or less
parallel to the regional trend of the SDFB, along
with intrusive granitic bodies (Bgure 2). The mineral composition of the calc-silicate rocks are

Figure 4. Microstructure and metamorphic mineral assemblage observed in the calc-silicate rocks and impure marble of the
Kumbhalgarh Group: (a) plagioclase–scapolite–calcite prograde assemblage (note inclusion of plagioclase within scapolite);
(b and c) Cpx–scapolite bordered by zoisite indicates retrogression; (d) oriented calcite grains deBne a foliation in the impure
marble rock. The sample locations of the photo micrographs: (a) 25000 28.400 N; 73300 07.300 E, (b) 25060 1200 N; 73300 56.400 E,
(c) 25000 28.400 N; 73300 07.300 E, and (d) 25030 0900 N; 73270 23.800 E.
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clinopyroxene (diopside), scapolite, tremolite,
calcite, zoisite, plagioclase with minor amount of
quartz, K-feldspar and titanite (Bgure 4). The
inclusion of plagioclase within the scapolite grain
(Bgure 4a) represents a prograde metamorphic
assemblage. Moreover, the clinopyroxene and
scapolite minerals are surrounded by zoisite, plagioclase and calcite, which indicate retrograde
metamorphic reactions (Bgure 4b, c). Along with
the calc-silicate rocks, impure marble has also
been identiBed under microscope which contains
[[50% calcite with very minor amount of scapolite, amphibole and plagioclase (Bgure 4d). The
mineral assemblage from our present study area
(Kumbhalgarh–Sayra–Ranakpur) suggests an
amphibolite–facies metamorphism of the calc-silicate/marble units. The metamorphic signatures
resemble those found from the northern part of
SDFB/SDT (from south of Ajmer to Phulad),
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parallel to the strike of this belt (Sharma 1988, 1990;
Khan et al. 2005; Chatterjee et al. 2017). Sharma
(1988) estimated 550 ± 50C temperature and 5–6
Kb pressure from geothermobarometric calculations
of the garnet–staurolite–biotite assemblages occurring between Barr and Phulad in the northern part of
SDFB. Sharma (1990) also added that amphibolite
facies metamorphism is seen all along the South
Delhi belt with occasional presence of greenschist
facies metamorphic assemblage in some parts only.
In a recent study, Chatterjee et al. (2017) have
estimated a temperature of 570–650C at the midcrustal depth (6–8 Kb pressure) from the garnetbearing mica schist of the Phulad Shear Zone.
According to Crawford (1970), the presence of
granulite in the southern part of the belt reveals that
the metamorphism increases from amphibolite to
granulite facies assemblage from north to south in
the SDFB. While some workers (e.g., Desai and

Figure 5. Field photographs of folds from SDFB: (a) DF1 recumbent/reclined folds in calc-silicate near Kumbhalgarh Fort;
(b) upright, shallow plunging DF2 folds in calc-silicate in the Kumbhalgarh fort area; (c) hook-shaped fold (Type 3 superposition
of Ramsay 1967) formed by nearly coaxial superposition of DF2 over DF1; (d) gravity-induced DF3 folds of SDFB where the
possible vertical shortening direction is shown in the inset. All the photographs have been captured in the vertical section. The
location of the photographs: (a) 25090 05.500 N; 73350 18.600 E, (b) 25090 10.300 N; 73350 17.300 E, (c) 25070 1000 N; 73350 5900 E, and
(d) 25050 5100 N; 73320 09.400 E.
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Patel 1992; Limaye and Desai 1995) correlated the
granulites with the pre-Delhi basement rocks of
Archean to Paleoproterozoic age, Biswal et al.
(1998) argued that the granulites of SDFB are the
products of subduction related magmatism during
the closure of Delhi basins. The present paper mainly
deals with the changing pattern of pre-existing folds
within the shear zone along with the syn-shearing
and late shearing folds. Therefore, we have just
brieCy documented the metamorphic characters of
the calc-silicate/impure marble rocks of the study
area. Detailed characterisation of the metamorphic
reactions and quantiBcation of the P–T conditions of
metamorphism of these rocks is under progress and
will be discussed in a separate publication.

3. Structural pattern of the SDFB
(Kumbhalgarh–Sayra–Ranakpur sector)
The Brst generation folds (DF1) observed in the
study area are recumbent/reclined folds with very
shallow (10–15) plunging fold axes (Bgure 5a).
The second generation (DF2) upright folds, with
subvertical to steeply dipping axial planes and
shallow NNE or SSW plunging hinges are also seen
throughout the study area (Bgure 5b). The superposition of the DF1 and DF2 folds has often resulted in Type 3 (hook-shaped) fold interference
pattern (Bgure 5c). Low amplitude, box-shaped
folds with subhorizontal to shallow (*10–15)
easterly dipping axial plane and very shallow
plunging axis are occasionally observed on the
subvertical foliations in the calc-silicate rocks
(Bgure 5d). These folds are later than DF2 folds
and are designated as DF3, as they are very similar
in geometry (recumbent kink-type) to the DF3
folds observed all over the Delhi Fold Belt (Naha
et al. 1988; Sharma 2009: p. 155).
The DF2 folds in the east of Kumbhalgarh Fort
area show a generally eastward vergence with steep
to moderately westerly dipping axial planes,
whereas the DF2 folds in the west (in and around
Pokhariya) show a clear westerly vergence. This
feature was earlier used to interpret the ‘Cower
structure’ in Kumbhalgarh area (Sugden 1987b;
Sugden et al. 1990). It may be argued that such
opposite vergence of folds can also be observed in a
large scale synclinorium (cf. Heron 1953). However,
discussion on the validity of the regional Cower
structure is beyond the scope of the present paper,
and we shall only concentrate on the geometry of
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the outcrop scale DF2 folds in the SDFB and within
the Ranakpur Shear Zone.

4. Structures in the Ranakpur Shear Zone
(RSZ)
The general trend of Ranakpur Shear Zone is
NNE–SSW, almost parallel to the Delhi Fold Belt
(Bgure 2). The width of the shear zone in the central and the southern part (between Ranakpur and
Sayra) is around 2 km, best studied in and around
Jorma and Singara villages (Bgure 2). In the
northern part, the shear zone apparently widens,
but the boundaries are difBcult to ascertain. The
major rock types (i.e., calc-silicate, marble and
some weakly deformed leucogranites) show subvertical to steep ([75) easterly dipping foliation.
The shear sense in the RSZ is not very clear, as the
dominant rock type in the shear zone is layered
calc-silicate rocks which do not show unequivocal
shear sense criteria. However, Sugden (1987b)
suggested that the Ranakpur Shear Zone has an
oblique reverse slip with a sinistral strike slip
component. We have got limited shear sense criteria in the deformed rocks of RSZ which is brieCy
described below.

4.1 Shear sense indicators in the Ranakpur
Shear Zone
In the sheared calc-silicate/marble units of the
RSZ, counter-clockwise rotation of thickened
quartz veins (possibly part of an earlier wide
necked pinch-and-swell structure) indicate sinistral
shearing in horizontal section (Bgure 6a). An
apparent dextral rotation is found in a ‘rolling
structure’ (e.g., Van den Driessche and Brun 1987)
in an overhanging horizontal section (i.e., looking
upward against the dip direction of the foliation in
calc-silicate rocks) (Bgure 6b). This means that on
the proper section (perpendicular to foliation
looking down along the dip direction of the foliation) it will indicate a sinistral shear sense. Tight to
isoclinal S-shaped asymmetric folds on the foliation
in sheared calc-silicate rocks also indicate sinistral
shearing in sub-horizontal section (Bgure 6c).
Asymmetric shear sense indicators were also
observed in the vertical sections of the RSZ. r- and
d-shaped mantle porphyroclasts exposed in the
vertical section (looking northward) clearly show
sinistral rotation (Bgure 6d, e) suggesting an
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Figure 6. Shear zone criteria of Ranakpur Shear Zone (RSZ): (a) counter-clockwise rotation of thickened quartz vein (possibly
part of an earlier wide necked pinch-and-swell structure) in calc-silicate rock near Parshuramji temple, indicating a sinistral
shear sense in the horizontal section; (b) a ‘rolling structure’ (e.g., Van den Drische and Brun 1987) showing an apparent dextral
rotation in an up-dip horizontal section (i.e., looking upward into an overhanging section against the dip direction in the calcsilicate foliation). Actually the rotational structure indicates a sinistral shear sense in conventional (looking down-dip) horizontal
section; (c) very tight to isoclinal S-shaped asymmetric folds on the foliation in sheared calc-silicate rocks also indicate sinistral
shearing in sub-horizontal section; (d) d-structure in an east–west vertical section near Parashuramji showing an east-side-up
movement where the foliations of the RSZ are vertical to subvertical in nature; (e) r-shaped mantle porphyroclast showing
sinistral rotation in the vertical sections (looking north) suggesting an east-side-up shear sense; (f) clockwise rotation of a
tectonic clast in a south-facing vertical section, suggesting an east-side-up movement along the shear zone (see text for more
details). The location of the photographs: (a) 25050 01.100 N; 73270 24.700 E, (b) 25040 22.400 N; 73260 56.700 E, (c) 25000 5000 N;
73250 15.500 E, (d) 25080 46.400 N; 73310 17.400 E, (e) 25040 22.400 N; 73260 56.700 E, and (f) 25080 21.200 N; 73310 34.100 E.

east-side-up shear sense. A dextral sense rotation of
a tectonic clast (sensu Ghosh et al. 2003), e.g.,
fragmented quartz vein, in a southward-looking
vertical section also suggests an east-side-up
movement sense along the shear zone (Bgure 6f).

4.2 Folds of the Ranakpur Shear Zone
Two types of folds are found in the layered calcsilicate rocks of the Ranakpur Shear Zone in
Jorma–Singhara area (Bgure 7). The Brst type of
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Figure 7. Shear zone folds within the RSZ: (a) tight, vertical fold found in sub-horizontal section at Jorma village within the
Ranakpur shear Zone (modiBed DF2 fold); (b) sub-vertical, tight folds in sub-horizontal section within the calc-silicate rocks at
Singara village (modiBed DF2 folds); (c) eye-shaped closed outcrop of folds in sub-horizontal section as well as in (d) the vertical
section in sheared calc-silicate rocks; (e) S- and Z-shaped folds in the same folded later, indicating strongly non-cylindrical
character of the fold. See the inset for better understanding and the 3D visualisation. The location of the photographs:
(a) 25000 5000 N; 73250 15.500 E, (b) 25000 49.1800 N; 73250 16.3900 E, (c) 25000 5500 N; 73250 1000 E, (d) 25000 59.1800 N; 73250 1600 E, and
(e) 25000 4900 N; 73250 15.00500 E.

Figure 8. Graphical plots of (a) plunge and (b) interlimb angle of the DF2 folds within the fold belt (SDFB) and within the shear
zone (RSZ). Plunge steepens within the shear zone and interlimb angle decreases, suggesting rotation and tightening of
pre-shearing DF2 folds within RSZ.

folds are tight, cylindrical folds with subvertical to
steeply plunging hinges (Bgure 7a,b), while the
second type folds are weakly to strongly noncylindrical in nature with shallow to steeply

plunging hinge segments. Therefore, these curve
hinge lines often show closed ‘eye-type’ outcrop
pattern (Bgure 7c). Eyed folds are also seen in the
vertical section at many places (Bgure 7d).
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Figure 9. Stereographic projection of DF2 fold axes from the (a) RSZ and (b) SDFB – clearly shows that folds in shear zone are
much steeply plunging in comparison to the shallow plunging DF2 folds of the SDFB. Stereonet 9.5 of Richard W. Allmendinger
(free, open-source software) has been used for plotting the data on the stereonet.

Opposite asymmetry of folds (S- and Z-type) on a
sub-horizontal surface (Bgure 7e), indicate strongly
non-cylindrical nature of the shear related fold
where the fold hinge is bent so much that the
oppositely plunging fold segments are exposed in
the same section (Bgure 7e-inset) (e.g., also see
Bgure 11 of Ghosh and Sengupta (1987) and
Bgure 14(a) of Carreras et al. 2005).
As one approaches the boundary of the RSZ from
the east (crossing the SDFB into the shear zone), the
tightness of the DF2 folds increase and their plunges
also steepen considerably (Bgure 8). When we plot
the plunge of the DF2 fold hinges, it clearly shows a
rapid increase inside the shear zone in comparison to
the fold belt (Bgure 8a). Plot of interlimb angle of the
DF2 folds show a significant decrease from fold belt
to the shear zone (Bgure 8b). The plunge variation
can also be clearly seen in the stereographic projections (Bgure 9). The DF2 folds of the SDFB generally
show shallow plunge (maximum 30–40), whereas
in the shear zone (RSZ) tight cylindrical folds show
steep plunges ranging from 60 to 90.

4.3 Geometric characterization of fold shapes
in SDFB and RSZ
The DF2 folds found within the study area clearly
show changes in fold shape while approaching from
the fold belt (SDFB) into the Ranakpur Shear
Zone. To analyse the fold shapes in a more quantitative manner, we have used the relationship
between orthogonal thickness and limb dip of folds
in the proBle section of the DF2 folds (Ramsay’s
classiBcation 1967), and Fourier transform analysis
of DF2 fold shapes, as described brieCy below.

4.3.1 Ramsay’s classiBcation of fold shape
Ramsay (1967) proposed a classiBcation of fold
morphology based on three parameters: (i)
orthogonal (layer-normal) thickness (t) of the
folded layer in proBle section, (ii) axial planeparallel thickness (T) of the folded layer and (iii)
dip of the limb (a) at different points of the folded
layer (Bgure 10a). By plotting the normalized
orthogonal thickness (ta0 = ta /t0) against the limb
dip (a), he classiBed the folds into Bve major
classes with characteristic geometry (for detailed
methodology, see Ramsay and Huber 1987,
pp. 347–349). For the present study, we have
selected a number of outcrop-scale folds (DF2)
from the east (near Kumbhalgarh Fort) to west
(inside the RSZ) of the study area (Bgure 10b–d),
for which we had good quality photographs of the
proBle section. Using the photographs, we measured the orthogonal layer thickness (ta) for different values of dip (a), and plotted the ta0 (t0/ta)
vs. a in a graph. The plot (Bgure 10e) clearly
shows a variety of fold shapes. While some
supratenuous folds (Class 1A) are found in the
Kumbhalgarh area (Bgure 10e), majority of DF2
folds in the eastern part of the study area belong
to Class 1B (parallel fold) to Class 1C. As the
RSZ boundary is approached, more and more
folds belong to Class 1C to Class 2 (similar folds).
4.3.2 Fourier transform analysis of fold shape
A folded layer is usually a sinuous curve with
complex waveform which can be best approximated by a polynomial equation like (Ramsay and
Huber 1987, p. 314)
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f ðxy Þ ¼ a þ bx þ cx 2 þ dx 3 :

ð1Þ

The harmonic or Fourier analysis of fold
waveform uses a series of trigonometric functions
to express a fold shape such as:
f ðxy Þ ¼ a0 þ a1 cos x þ a2 cos 2x þ a3 cos 3x þ . . .
þ b1 sin x þ b2 sin 2x þ b3 sin 3x þ . . . ;
ð2Þ
where a, b parameters are known as Fourier coefBcients which represent the amplitudes of
different sine and cosine waveforms. A simpliBed
analysis of the fourier components for fold
waveforms has been presented by Stabler (1968).
By choosing a quarter wavelength of a fold and
putting the origin of the XY co-ordinate system at
the inCexion point (Bgure 11a), we can get a
reduced fourier series:
f ðxy Þ ¼ b1 sin x þ b3 sin 3x þ b5 sin 5x;

ð3Þ

as all the a-type coefBcients become zero and the
even numbered b-type co-efBcients, representing
changes in shape of the successive quarter
wavelengths, also become zero (for details see
Ramsay and Huber 1987, pp. 314–316). In practice,
it is found that only three co-efBcients (b1, b3, b5)
significantly describe the fold shape. Dividing the
quarter wavelength sector into three equal parts,
we can get simple equations for the co-efBcients:
b1 ¼ ðy1 þ

p

3y2 þ y3 Þ=3;

b3 ¼ ð2y1 y3 Þ=3;
p
b5 ¼ ðy1  3y2 þ y3 Þ=3:

b-coefBcients were calculated using the set of
equations (4) given above. The b3–b1 plot (Hudleston diagram) of the data clearly shows the quantitative shape and amplitude variation of the fold
forms from eastern to western side (Bgure 11c).
The folds from the fold belt (eastern part of the
study area) show a range of shapes from parabola
to chevron folds (D to F), whereas the shear zone
folds show two shape ranges C and E–F (semielliptical and chevron shapes) (Bgure 11c). The
amplitudes show a consistent increase from the fold
belt to the shear zone (1–2) in the eastern part as
compared to 3–4 in the shear zone (Bgure 11c).
Therefore, shear zone folds are tighter, with sharper hinges, and higher amplitude:wavelength ratio,
which is easily apparent if we compare their shape
and amplitude ranges in the visual harmonic
analysis chart of fold shape and amplitude
(Bgure 11b).

ð4Þ

Hudleston (1973) suggested that a plot of b1
against b3 can eAectively create a visual analysis
of fold shapes where each fold form has a
characteristic b3/b1 ratio. Visual harmonic analysis
(Hudleston 1973) can be done using shape type
(indicated by letters A to F) and amplitude
(indicated by numbers 1 to 5) (Bgure 11b). The
Hudleston diagram (Bgure 11c) can present all the
shape types with amplitude variations of fold shapes
in a b1 vs. b3 plot.
In the present study, we have used a number of
fold segments (total 25 segments) from different
parts of the fold belt (east of Kumbhalgarh Fort to
the Ranakpur Shear Zone in the west). The y-values of the quarter wave of each fold arc were
measured at three equal distance from the origin,
as mentioned above (see Bgure 11a), and the

5. Discussion
5.1 Pre-shearing and syn-shearing folds
within the RSZ
From the above geometric description of DF2 folds
of the study area, we suggest that the folds in the
Ranakpur Shear Zone belong to two different
types: (i) sheared/modiBed pre-existing folds (i.e.,
DF2 folds of the SDFB) and (ii) newly formed synshearing folds developed on the foliation in calcsilicate rocks. The major difference between the
two types is that the shallow plunging DF2 folds
(Bgure 12a) of the fold belt, which have been
tightened and rotated within the RSZ, are cylindrical in nature with steeply plunging to subvertical hinge lines within the RSZ (Bgure 12b), while
the new syn-shearing folds formed within the RSZ
are weakly to strongly non-cylindrical (Bgure 12c,
d) with shallow to steeply plunging hinge segments.
It is noteworthy that all the outcrop scale DF2 folds
of the fold belt are shallow plunging in nature
(Bgures 5b, c, 12a), whereas they are steeply
plunging within the shear zone (Bgures 7a, b, 12b).
We interpret that these pre-shearing DF2 folds
were rotated by progressive shearing within the
RSZ and were also tightened, as depicted by the
increasing plunge and the decreasing interlimb
angle of the RSZ folds with respect to those of the
type Delhi Fold Belt (Bgure 8a, b). In section 4.1,
we have discussed that the RSZ shows an oblique
reverse movement (east-side-up with a lateral
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Figure 10. Fold shape classiBcation by Ramsay (1967) method: (a) parameters like hinge thickness (t0), orthogonal thickness
(ta), axial plane parallel thickness (Ta) and limb dip (a) explained. Representative fold photographs have been shown from
(b) fold belt (i.e., South Delhi Fold Belt), (c) the boundary between fold belt (SDFB) and Ranakpur shear Zone (RSZ), and
(d) Shear zone (RSZ). The gradual decrease in the interlimb angle of DF2 folds, and increase in the plunge of DF2 folds hinges can
be clearly seen from the photographs; (e) the ta0 (t0/ta) vs. a plot showing variation in the fold morphology from the SDFB to the
RSZ. It may be noted that the fold pattern varies continuously from the eastern to the western part. See text for details. The
location of the Beld photographs: (b) 25070 31.0600 N; 73330 44.3100 E, (c) 25080 17.500 N; 73320 01.500 E, and (d) 25000 5500 N;
73250 1000 E.

sinistral shear component). Therefore, the major
stretching direction of Bnite strain (i.e., X-axis of
the Bnite strain ellipsoid) is subvertical to steeply
southerly pitching on the shear plane (Bgure 12b).
The sub-horizontal to shallow plunging pre-shearing folds (DF2 of SDFB) are thus rotated towards
the X-direction and becomes steeply plunging as
well as considerably tightened (Bgure 8).

The syn-shearing folds of the RSZ, on the other
hand, show a non-cylindrical nature with eye-type
outcrop pattern dominantly on the sub-horizontal
outcrop surfaces (Bgure 7c, d). Very often, one
segment of the hinge is very steeply plunging to
overturned, and the other part is shallow plunging.
As the RSZ is an oblique reverse shear zone with
east side going up and towards north, the initial
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Figure 11. Fourier transform analysis of fold shape: (a) geometric parameters of the quarter wavelength of a fold (after Stabler
1968); (b) visual harmonic analysis chart of fold shapes (after Hudleston 1973); (c) graphical plot of b1 vs. b3 coefBcients of folds
showing the variation in shape and amplitude (after Hudleston 1973). See text for details.

fold instabilities should be sub-horizontal to shallow northerly plunging, i.e., perpendicular to the
shear direction (Bgure 12c, d). With continued
shearing, the irregularity of the fold hinges would
be accentuated to form a non-cylindrical fold with
apical deCection in the X-direction (Bgure 12d).
This would result in an eye-shaped outcrop pattern
on the sub-horizontal surfaces as we have observed
in the Beld (Bgure 7c). If the fold becomes strongly
non-cylindrical, a bull’s eye shape outcrop may
form which was occasionally found in the RSZ.
Presence of eye folds in both horizontal (Bgure 7c)
and vertical sections (Bgure 7d) suggests that the
hinges of the non-cylindrical shear zone folds have
a variable orientation.
5.2 Shape modiBcation of pre-existing folds
Many workers have demonstrated that parallel
folds (Class 1B) of Ramsay (1967) can be modiBed
to the geometry of a Class 1C fold by progressive
homogeneous strain and/or Cattening, and may
approach Class 2 (similar fold) geometry with
increasing strain (e.g., Ramsay 1967, p. 413;
Hudleston 1973; Srivastava and Srivastava 1988;
Lisle 1992). Similarly, Class 3 folds can also
approach Class 2 geometry with increasing strain
(Ramsay and Huber 1987, p. 359). From our
analysis (Bgure 10b), it is seen that parallel (1B)
folds of the SDFB have changed largely to 1C

geometry farther westward, and within the RSZ,
the fold geometry approaches Class 2. This suggests that pre-existing buckle folds have been
sheared and modiBed as well as rotated within the
RSZ by progressive shearing and Cattening. Similarly, the Fourier shape analysis shows progressive
tightening and increasing amplitude:wavelength
ratio of pre-existing buckle folds by progressive
rotation and tightening (Bgure 11c).
5.3 Relative timing of shearing with respect
to the fold belt
Sugden (1987a) initially suggested that the RSZ
developed during the D3 deformation of SDFB, as a
sinistral reverse (E-side-up) sense shear zone that
aAected the western boundary of SDFB. The
eastern boundary of the RSZ was not traced by him
and was considered as very diffuse. The data presented above supports the idea that the RSZ is a D3
(post-D2) structure as it has definitely modiBed the
DF2 folds of SDFB, and also developed new synshearing folds on the layering (S2 metamorphic
foliation) of calc-silicate rocks. The shear zone has
an oblique sinistral-reverse sense of movement with
east side-up sense.
From the distribution of shear zone structures
and occurrence of the pre-shearing folds in the
outcrop scale, the eastern boundary of the RSZ is
traced between Jorma and Dhinkoda villages in the
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Figure 12. Schematic presentation of fold modiBcation: (a) block diagram showing generally shallow plunging DF2 folds of the
SDFB; (b) after rotation and tightening, the DF2 folds within the RSZ become steeply plunging tight folds; (c) syn-shearing folds
forming with a curved hinge line in calc-silicate rocks; and (d) the curvature is accentuated by oblique reverse shearing and
strongly non-cylindrical folds are formed with apical deCection in an oblique (non-vertical) direction, so that eye-shaped closure
is found in horizontal section in the Beld.

southern part, west of Kamba village in the central
part, and west of Parshuramji temple in the
northern part of the study area (Bgure 2).
Absolute ages of the shearing and folding deformation events in the SDFB are largely unknown,
although the approximate age of the Delhi Supergroup
is considered as 1.06–0.76 Ga (Singh et al. 2010).
Future work in the present project will attempt to
establish the absolute ages of shearing and folding
using the deformed intrusive granites of the study
area.
6. Conclusions
• The NE–SW trending Ranakpur Shear Zone
(RSZ) shows an oblique-reverse shear sense with
the eastern block going up and towards north
with respect to the western block.
• The RSZ has aAected the folds and foliations of the
type SDFB exposed in the eastern part of the study
area. The shallow plunging DF2 folds of the SDFB
have been sheared and rotated within the Ranakpur shear zone to steeply plunging, tight folds.

• New syn-shearing folds have developed on the
foliation of calc-silicate rocks, with weakly to
strongly non-cylindrical geometry.
• RSZ definitely postdates the D2 deformation of
the SDFB, as the DF2 folds of the SDFB are
modiBed in shape and orientation within the
shear zone.
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