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The mineralized (U bearing) rocks, near Bangurdih area, in the western part of the Singhbhum shear zone
(SSZ) are strongly deformed and metamorphosed. The host and country rocks are mylonitic in nature
with strong linear and planar fabrics. Surface studies indicate that the mineralized bodies are discontinuous in nature and occur sporadically. The thickness of the individual mineralized bodies is also not
uniform. Present work is aimed at studying meso- and micro-scale deformational structures, their bearing
on regional scale structure and their relation with the occurrences of U-mineralization in and around
Bangurdih area. The area comprises predominantly of quartz–chlorite schist/quartz–chlorite–sericite
schist with intercalated quartzite, meta-conglomerate and feldspathic schist of varying thickness.
Apatite–tourmaline–magnetite-rich quartzite, chlorite schist and conglomerate are commonly radioactive. The uranium mineralized body at Bangurdih shows pinch-and-swell structure. Stretched thin quartz
veins, observed within the sheared quartzite layers, have undergone layer parallel Cow resulting in
bidirectional pinch-and-swell structure lying on YZ and XZ sections of strain ellipsoid with their axes
parallel and perpendicular to the shear lineation, respectively. Oriented samples were collected from
quartz veins and the country rocks to prepare thin sections parallel to XY, YZ and XZ plane of strain
ellipsoid from each sample for microstructural study. Aspect ratios of strain ellipses of XY, YZ and XZ
sections are measured using Fry analysis. Flinn diagram shows that the rocks of the Bangurdih were
subjected to bi-directional Cattening (average k = 0.77), which indicates that in addition to simple shear
deformation there is a shortening component perpendicular to the shear plane in this area. To correlate
the strain pattern of Bangurdih with nearby areas, deformed pebbles from conglomeratic horizons and
oriented samples of other rocks from Bhurkuli–Bundu and Rangamatia–Simulbera area were studied.
Flinn diagram, prepared using all data, reveals that while the strain type in Bangurdih area shows intense
Cattening type of deformation, the Rangamatia–Simulbera area shows constrictional type of deformation
(k values range from 0.57 to 0.88 and 1.02 to 2, respectively). Other locations (Bhurkuli–Bundu) in
between Bangurdih and Rangamatia–Simulbera show both constriction and Cattening type of strain
(k values vary from 0.67 to 1.35). Therefore, it is concluded that the intense Cattening type of simple shear
deformation in Bangurdih area leads the ore rich layers to be stretched and detached in two directions

137

Page 2 of 18

J. Earth Syst. Sci. (2021)130:137

(X and Y), which in turn, causes the mineralized body to occur intermittently with systematic trend on
the surface and possibly in subsurface conditions too.
Keywords. Meso- to micro-scale structures; Fry method; Cattening deformation; bi-directional
stretching; uranium mineralization; Singhbhum shear zone.

1. Introduction
The Singhbhum shear zone (SSZ; Bgure 1) in
eastern India has been the sole uranium-producing
belt in India until recently. Along with U, it also
hosts several Cu and apatite–magnetite deposits
and holds potential for REE-mineralization (Pal
et al. 2011a). It is well known that the host rocks of
polymetallic mineralization in the shear zone are
strongly deformed and metamorphosed and had
been the locale of profuse Na–Ca, K, B, H+ metasomatism (Dunn and Dey 1942; Banerji and Talapatra 1966; Talapatra 1968; Ghosh 1972; Banerji
1981; Sarkar 1984; Sengupta et al. 2005; Pal et al.
2010; Pal and Chaudhuri 2016). Several studies
have been conducted over decades to understand
the origin and evolution of ore mineralization in the
shear zone (Dunn and Dey 1942; Bhola et al. 1966;
Banerji 1981; Sarkar 1982, 1984; Rao and Rao
1983; Pal et al. 2009, 2010, 2011a, b; Ghosh et al.

2013; Pal and Rhede 2013; Pal and Bhowmick
2015; Chowdhury and Lentz 2017; Sinha et al.
2019; Chowdhury et al. 2020). In a shear zonehosted mineralization, it is always important,
though challenging, to decipher whether shear
deformation localized mineralization (syn-shearing
mineralization) or shear deformation was localized
in previously mineralized and altered rocks (preshearing mineralization). Answering this question
is important to understand the ore-forming processes. Moreover, deciphering the role of deformation in localizing mineralization or modifying the
ore body morphology has important implications
in mineral exploration. One important way of
unravelling this relation is dating the mineralization and deformation/metamorphic events. Rao
et al. (1979) suggested an age of ca 1.58 Ga as the
age of original uranium mineralization. However,
recent studies, integrating mode of occurrence,
texture and in situ dating suggest multiple stages

Figure 1. SimpliBed geological map (modiBed after Saha 1994) of Eastern Indian Shield showing location of the study area.
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of U-, Cu-, REE- and magnetite (± apatite) mineralization and mobilization in the SSZ (Pal et al.
2009, 2011a, b; Ghosh et al. 2013; Pal and Rhede
2013; Chowdhury et al. 2020). Consequently, dating of texturally well-constrained different generations of dateable ore minerals are necessary in such
terrain. Chemical dating of uraninite (Pal and
Rhede 2013) and laser ablation inductively coupled
plasma mass spectrometric dating of allanite and
monazite from the eastern sector of the Singhbhum
shear zone (Pal et al. 2011a) suggest that the uranium and light rare earth element mineralization
(LREE) took place in Paleoproterozoic (U: ca.
C1.82 Ga; LREE: *1.88 Ga) and was subsequently modiBed in the Mesoproterozoic (at ca.
1.66 Ga and ca. 1.0 Ga; op cit). Johnson et al.
(1993) proposed an age of 1766±82 Ma for sulBde
mineralization (Pb–Pb sulBde age). On the other
hand, the supracrustal rocks of the North Singhbhum Mobile Belt of which the SSZ is a part, have
undergone multiple episodes of metamorphism/
deformation between ca. 1.60 Ga and 1.0 Ga
(Mahato et al. 2008; Chatterjee et al. 2010; Rekha
et al. 2011). Although these published works collectively indicate a major event of pre-/earlyshearing uranium mineralizaion in the SSZ, the role
and eAect of deformation on uranium mineralized
bodies is unclear. In addition to dating the events
of mineralization and metamorphism/deformation,
the relations of the ore body morphology with
structural fabric of the host and country rocks
provide important clues about relative timing of
mineralization with respect to deformation. In a
multiple-deformed and metamorphosed terrain like
the Singhbhum shear zone, it is always necessary to
understand the control of deformation on the disposition of ore bodies, to develop any comprehensive and eAective model for exploration.
This study was conducted in and around Bangurdih area located in the western sector of the
Singhbhum shear zone. The sporadically exposed
mineralized bodies in the area are laterally discontinuous and show variation in thickness and in
the strike of shear foliation. The stretching and
discontinuity of the mineralized bodies are in
agreement with other deformation markers such as
stretched pebbles and quartz veins. In this contribution we aim at deciphering the relation between
the morphology of the mineralized body and the
structural fabric of the rocks to unravel the role of
shear deformation, if any, on the nature and distribution of mineralized bodies in this sector of
the shear zone. Integrating large-scale structural

mapping of exposed ore bodies in the Beld, analysis
of meso- and micro-scale structures and spatial
distribution of strain pattern in and around the
study area, we demonstrate that the discontinuity
of the mineralized bodies can be explained by a
combination of simple shear with a pure shear
component during the southward thrusting of the
rocks of the fold belt onto the Singhbhum craton.

2. Geological background
2.1 Regional geology
The *200 km long and 1–5 km wide curvilinear
Singhbhum shear zone (SSZ) is one of the most
conspicuous geological features of the Eastern
Indian shield (Bgure 1). The supracrustal province
of the North Singhbhum Mobile Belt comprises the
Chaibasa, Dhalbhum, Dalma and Chandil formations and has undergone multiple episodes of
deformation/metamorphism and felsic magmatism. Recent studies indicate that rocks of the
south-NSMB (located on the south of Dalma volcanic belt), and consequently the SSZ, which is an
integral part of the NSMB, have tectonothermal
overprints at *1.60–1.55, *1.45 and *1.0–0.95
Ga (Mahato et al. 2008; Chatterjee et al. 2010;
Rekha et al. 2011; Chakraborty et al. 2019). The
SSZ is a brittle-ductile shear zone that passes close
to the contact between the Archaean nucleus on
the south and the Proterozoic Mobile Belt on the
north (Bgure 1). The SSZ hosts variably altered,
deformed and metamorphosed chlorite–biotite–
sericite schist, kyanite–sericite schist, kyanite–
quartzite, meta-conglomerate, tourmalinite, and
feldspathic schist or ‘soda granite’ (a term coined
by Dunn and Dey 1942 to describe Na-rich albitequartz rock). The shear zone is characterized by a
multiplicity of thrust planes with variable upward
and southward displacement of the northern block.
These thrust planes splay out into a number of
diverging faults in the south (Naha 1954). There
are several bands of mylonites formed principally
during the Brst phase of deformation. As a product
of progressive ductile deformation, the shear zone
exhibits reclined folds, asymmetric folds with subhorizontal to gently plunging axes, and gently
upright transverse folds (Ghosh and Sengupta
1987; Sengupta and Ghosh 1997; Bhattacharyya
and Sanyal 1988). The prograde metamorphism of
the rocks in the SSZ culminated in the epidoteamphibolite facies at a temperature and pressure of
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*480 ± 40°C and *6 ± 0.4 kb, respectively
(Sengupta et al. 2005). The prograde metamorphism accompanied and outlasted the ductile
shearing (Sengupta et al. 2005).
2.2 Local geology
The present study was carried out in the western
extension of the SSZ (Bgure 1). The rocks that are
exposed in and around the study area include
Singhbhum Granite, Arkasani Granophyre,
feldspathic schist/‘soda granite’, quartzite, quartz–
chlorite/chlorite–quartz schist, quartz–sericite
schist, quartz–muscovite schist and meta-conglomerate (Bgures 2 and 3). Additionally, tourmaline-rich quartzite constitutes an important
rock unit in terms of mineralization. Several
radioactive anomalies have been identiBed by the
Atomic Minerals Directorate for Exploration and
Research in this sector, among which the Bangurdih (22°450 1100 N; 85°450 5600 E) area, located about
10 km towards south-west from Kharswan, has
been selected for detailed structural studies
including large scale mapping, documentation and
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interpretation of meso- and micro-scale structures
and strain analysis (Bgure 2). In addition, intensely
sheared conglomerate, near Tamadungri hill
(22°440 4600 N; 86°20 4600 E) and those in and around
Bhurkuli–Bundu area (22°430 3800 N; 85°540 4000 E)
have also been studied to decipher the regional
variations, if any, in strain pattern. It is emphasized here that the conglomerate near Tamadungri
hill is also strongly radioactive. The Bhurkuli–
Bundu and Tamadungri areas are located about
16 and 30 km east of Bangurdih, respectively. In
the following paragraph, rocks that have been
studied for structural analysis are described in
more detail.
The area in and around Bangurdih, radioactive
exposure is mainly soil-covered, except two linear
exposures trending nearly east–west, separated
from each other by a distance of about 50 m
(Bgure 4). The rocks are represented by discontinuous quartzite layer, surrounded by quartz
chlorite–sericite schist. The quartzite is composed
predominantly of quartz with strongly variable
proportions of tourmaline, apatite, magnetite and
chlorite. At places, it is nearly pure quartzite with

Figure 2. Regional lithological map of the study area (compiled from Roy 1967 and map provided by Atomic Minerals
Directorate for Exploration and Research, Govt. of India). Note that the study area (Bangurdih) is located at the extreme west of
the map.
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Figure 3. Field photographs of representative rock types in the western part of the Singhbhum shear zone. (a) Arkasani
Granophyre; (b) feldspathic schist/‘soda granite’; (c) quartzite; (d) tourmaline-bearing quartzite with oriented grains
of tourmaline; (e) massive tourmaline-rich quartzite; (f) quartz–chlorite schist; (g) quartz–sericite schist; and (h) deformed
meta-conglomerate.

more than about 90% quartz, while at other places
it contains significant volumes of tourmaline,
magnetite and apatite. The volume proportion of
tourmaline often much exceeds 15–20% and may be
deBned as tourmaline-rich quartzite or tourmalinite (Bgure 5a). Highly radioactive apatite–magnetite–tourmaline-bearing veins, which are locally
cut by later generations of quartz veins, are common in this tourmaline-rich unit (Bgure 5b). It may
be noted that similar radioactive tourmaline-rich
quartzite occurs in other places in this western

segment (Rangamatia–Simulbera, for example) as
well as many other places in the central and eastern
segments of the SSZ (Pal et al. 2010). The rock at
places contains abundant cross-cutting, multiple
generations of quartz veins (Bgure 5c). Some quartz
veins are stretched and boudinaged. The tourmaline + apatite + magnetite-rich domains are highly
radioactive, whereas the nearly pure quartzitic
portions are weakly radioactive or non-radioactive.
The radioactive minerals identiBed based on
Energy Dispersive X-ray spectroscopy of Scanning
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Figure 4. Plane paper map of Bangurdih (radioactive occurrence) area with stereographic plotting of shear foliation (planes and
contour of pie poles) and lineation (contour); Inset shows the general disposition of mineralized body. The western and eastern
parts of the exposures are shown separately with detailed lithology and structural elements. Note that the bedding planes and the
shear foliation are almost parallel due to intense shearing.

Electron Microscope and Electron Probe Micro
Analysis from this rock are uraninite, and unidentiBed U–Y–silicate, U–Ti–HREE oxide, and
U–Nb–Y oxides (unpublished data of DCP).
Exposures of quartz chlorite–sericite schist are
very scanty in the area, presumably because of its
low preservation potential. The studied exposure in
the Bangurdih area is extensively siliciBed as
exempliBed by the presence of abundant quartz
veins, which explains why this unit has deBed
weathering. The rock is composed primarily of
quartz and sericite with variable proportions of
chlorite. In strongly deformed representatives,
some discontinuous, elongated or Cattened quartzrich zones (apparently appearing as stretched
quartz pebbles) are present within the host rock,
mainly at the southwestern end of the Bangurdih
outcrop. The quartz-rich zones are coarse grained,
stretched, and disc shaped and show interlocking
texture. They occur along certain layers which are
distorted and boudinaged, appearing as isolated

Cattened pebbles in some places (Bgure 5d). The
monomineralic character, coarse-grained nature
and continuity along particular layer collectively
indicate that these are actually deformed, stretched and boudinaged quartz veins. The folded
nature of the boudinage structure further implies
that the quartz veins formed early in the deformation history. However, the long axes of boudins
are parallel to lineation.
Long continuous conglomeratic quartzite and
meta-conglomerate bands cover a significant part
of the Tamadungri hill. Although the clasts are
dominantly of typical quartzite, at places clasts of
chert are also present (Bgure 5e–f). The pebbles are
strongly deformed, elongated in two directions,
attaining the shape of ellipsoid to lens. Generally,
the clasts are embedded in quartzose matrix. At
places, the matrix is composed predominantly of
magnetite. The presence of bedding parallel and
bedding transgressive magnetite bands/veins in
the conglomerate indicates epigenetic origin of the

J. Earth Syst. Sci. (2021)130:137
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Figure 5. Field photographs of selected rocks from Bangurdih and Tamadungri area: (a) Tourmaline-rich quartzite comprising
variable proportions of quartz and tourmaline; (b) tourmaline + magnetite + apatite-bearing veins in tourmaline-rich quartzite;
(c) cross-cutting, multiple generations of quartz veins within tourmalinite; (d) stretched and boudinaged quartz veins appearing
as isolated pebbles; (e) meta-conglomerate comprising predominantly of quartzite pebbles; (f) conglomeratic quartzite with
clasts of chert; (g) bedding parallel and bedding transgressive specularite bands in conglomeratic quartzite. Figures (a–d) are
from Bangurdih area and Bgures (e–g) are from Tamadungri area.

matrix magnetite. Micaceous Caky hematite, i.e.,
specularite ± chlorite ± quartz veins are also
present in this conglomerate mainly across the
primary bedding of the rock, implying a late
generation of the veins (Bgure 5g). The magnetiterich conglomerates are commonly strongly
radioactive, with about 15–20 times higher
radioactivity than background.

3. Meso- and micro-scale structure
Detailed study of meso- and micro-scale structures
was carried out in Bangurdih and its adjoining
areas. The east–west trending mineralized body in
Bangurdih area is exposed in two separate outcrops
over a total length of 300 m, including an intervening barren zone of about 50 m. The rock shows
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signature of intense deformation (e.g., brittle vs.
ductile). The primary objective of the study was to
understand the role of deformation, if any, on the
morphology and spatial distribution of the mineralized bodies on the surface. A large-scale plane
paper map of the mineralized bodies was prepared
in the scale of 1:200 (Bgure 4). Along with attitude
of the quartzite bed, shear foliation (C-fabric) and
stretching lineation were plotted. Zones of extensive siliciBcation (abundant quartz vein) were
marked on the plane paper map. Collected data
shows that the quartzite has an overall trend of
250–280° and dip of 35–60° towards north. The
plane paper map clearly demonstrates that the
thickness of the quartzite body is not uniform in
space (Bgure 4). Although the mineralized body
has a general trend of E–W, the strikes of the
foliation planes (C-fabric) change laterally mimicking the boundary of the mineralized body. In the
following sections, we document and describe several meso-scale and micro-scale structures present
in different rock types in the study area.
3.1 Meso-scale structures
3.1.1 Foliation plane, S, C and C 0 fabric
The planar structures in the study area are represented by bedding planes and foliation planes.
Bedding plane and foliation plane are nearly parallel to each other. The strongly deformed rocks are
characterized by S-, C- and C0 -fabric, among which
the C-fabric/shear plane is pervasive and is the
most prominent planar structure/foliation in this
part of the shear zone, including Bangurdih
(Bgure 6a). The foliation plane is deBned by stretched quartz grains in quartzite and by Caky minerals, such as chlorite, biotite, sericite, etc., in the
surrounding schistose rocks. Pervasive foliations/
C-shear plane have general E–W strike and moderate northerly dip. S fabric is rarely found in
mesoscopic scale only found in microscopic scale
within zones between two thin zones of C fabric. C0
fabric is weakly developed in places at low angle
with the C fabric. These features imply that the
quartzite layer is strongly sheared and mylonitized
(Bgure 6a).
3.1.2 Stretched quartz veins
Quartz ± chlorite ± tourmaline veins are abundant
in the study area. They are extremely stretched
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along the regional E–W foliation and also show bidirectional stretching both parallel and perpendicular to the mineral lineation (on XZ and YZ
sections, respectively). This observation suggests
the presence of compression in N–S direction, in
general. The amounts of stretching in both directions are so intense that locally the veins are either
stretched to form pinch-and-swell structures or
boudinaged and pulled apart in two directions
forming Cattened pebble-like objects (resembling chocolate-tablet type boudins) in the Beld
(Bgure 6b).
3.1.3 Asymmetric fold
The planar structures, described above, are folded
asymmetrically and also refolded with variable
intensities (Bgure 6c–e). Participation of mylonitic
foliation and ductily-deformed quartz veins in this
folding indicate that ductile deformation started
early in the evolution of shear deformation in the
study area and corroborate the general observations made by earlier workers from other parts of
the SSZ (Ghosh and Sengupta 1987; Sengupta and
Ghosh 1997). Among the different types of folds,
asymmetric folds are very common in this area
(Bgure 6c–d). The vergence of asymmetric folds is
in accordance with the southward thrusting of the
rocks of the North Singhbhum Fold Belt onto the
southern Archaean nucleus (Ghosh and Sengupta
1987; Sengupta and Ghosh 1997).
3.1.4 Linear structures
Different types of lineations/linear structures are
present in the study area. Mineral lineation,
deBned by elongated quartz grains, Caky chlorite
and mica, plunges moderately towards north/
north-east. Mineral lineation is measured on the
dominant foliation (C-) plane and the trend of
lineations varies between NW and NE with plunge
amount varying from 40° to 50°. Pie plot of foliation planes and contour of linear structures measured from the Bangurdih area are given in
Bgure 4(b) for reference. Such variation is found
due to variation of attitude of foliation planes on
which the lineation lies. The axes of the pinch-andswell or boudin structures in YZ section, developed
due to stretching of quartz veins, are oriented
parallel to the mineral lineation on shear surface
indicating direction of maximum stretching (X).
The linear structures developed by the preferential

J. Earth Syst. Sci. (2021)130:137
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Figure 6. Field photograph: (a) C and C0 fabric within chlorite quartz schist; (b) stretched quartz vein appearing as isolated
pebbles are arranged as bookshelf; (c) asymmetric fold within the shear zone indicating thrust movement; (d) asymmetric fold of
quartz vein; also note the displacement of earlier quartz vein along shear fractures (e) intersecting and folded en-echelon Mode-I
fractures within quartz-tourmaline rock. Note that the earlier quartz veins are refolded. A new set of en-echelon veins cut parallel
to the axial plane of the fold of earlier veins. (f) Stretched pebbles with their long axes parallel to shear lineation. Figures (a, c and
f) are from Simulbera area and Bgures (b, d and e) are from Bangurdih area.

orientation of major axes of elongated pebbles of
meta-conglomerate are also common in some
domain (Bgure 6b). This pebble lineation is parallel
to the mineral lineation on shear surface (Bgure 6f).
3.1.5 Fractures
Mineralized tourmaline bearing quartzite layers
show evidence of brittle deformation such as the

presence fractures. Both shear and extension
fractures Blled with quartz veins are observed.
Extension fractures are earlier and they intersect
one another indicating their formation at different
episodes (Bgure 6e). Some of the earlier veins are
even tightly folded where next sets of veins are
emplaced parallel to their axial planes (Bgure 6e).
These features conBrm the deformation at alternate brittle and ductile conditions. Shear fractures
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are of later deformation. Earlier quartz veins are
aAected by shear fractures lying low angle with the
regional foliation plane (Bgure 6d). Their sense of
movement is dextral in outcrop.

fragments are parallel to each other (Hanmer 1986;
Hippertt 1993; Samanta et al. 2002).

3.2 Micro-scale structures

Large ilmenite grains show tail structures deBned
by Bner grained ilmenite and sericite (Bgure 7g).

3.2.6 Tail structure

3.2.1 S and C fabric
S fabric is only preserved in microscale within the
zones between two thin zones of C-fabrics. Both S
and C fabrics are deBned by elongated quartz grain
or the Caky minerals (Bgure 7a). Similar to regional
scale and macro-scale structures, C-fabrics/shear
foliation is the most prominent planar structure in
micro-scale.
3.2.2 Pressure fringe
Fibrous quartz or the Caky mineral such as chlorite
deBne pressure fringe against stiA mineral grains,
e.g., magnetite, apatite and tourmaline (Bgure 7b).
Due to pressure variation around stiA grains, these
materials are mobilized from high pressure areas and
recrystallized at the detached interface of those stiA
grains. Complex rotation of the stiA grains due to
shearing, resulted in dragging of the Bbrous minerals, present at the pressure fringe (Bgure 7b).
3.2.3 Pinch and swell structure
Tourmaline + quartz veins are stretched forming
pinch-and-swell structure (Bgure 7c) in which
pinching part is asymmetrically folded.
3.2.4 Asymmetric fold
The pervasive foliation (C-fabric) in the rocks is
asymmetrically folded (Bgure 7d–e). Stretched and
mineralogically diverse, e.g., quartz–allanite and
quartz–tourmaline micro-veins also display such
asymmetric folds, commonly with ribbon-like tails
(Bgure 7d).
3.2.5 Micro-scale pull-apart structures
In Bgure 7(f), fragmented tourmaline grains with
mutually parallel faces are seen. These structures
are very common in any shear zone and are formed
by the independent movement of fragmented
grains due to shear deformation. Here the structure
shows Type I parallel pull-apart as the walls of two

4. Strain analysis
Documentation of different structures in the foregoing discussion demonstrates that the structures,
observed in mesoscopic and microscopic scales are
similar in nature and the rocks were subjected to
intense shear deformation. The meso- and microscale structures and bi-directional stretching further indicate that the rocks of the Bangurdih area
was subjected to simple shear deformation along
with some pure shear component. The laterally
discontinuous Bangurdih outcrop shows pinch-andswell nature along the strike of the shear foliation
and also parallel to the shear lineation resulting in
the formation of bi-directional pinch-and-swell
structures (Bgures 5d and 6b). Therefore, for a
better understanding on the three-dimensional
geometry of the ore bodies and the role of shearing
determining the type of strain is warranted.
Different strain analysis methods have been
proposed in the literature (e.g., Ramsay and Huber
1983) depending on the type of strain marker used
in the measurement. Strain analysis seeks to
understand the spatial variations in the strain
intensity and symmetry and to evaluate their
kinematic significance in the context of regional
tectonic framework (Ramsay and Huber 1983;
Fossen 2016). In the present study, besides Bangurdih, the analysis of the rocks was also extended
on the deformed conglomerates in Bhurkuli–Bundu
and Rangamatia–Simulbera (Tamadungri Hills)
areas, located geologically well within the Singhbhum shear zone to characterize the strain state in
the shear zones, and to determine the main direction of principal strain axes. Fry method and Flinn
diagram were used in this analysis based on
deformed structures.
4.1 Methodology
4.1.1 Sample preparation
Oriented samples were collected from stretched
quartz veins and the host sericite schist from the
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Figure 7. Photomicrographs showing different micro-structures in X–Z section: (a) S and C fabric; (b) pressure fringe around
magnetite grains; (c) stretched tourmaline-quartz veins showing pinch and swell structure; (d) asymmetric folds of
quartz–allanite micro-veins; (e) complex asymmetric folds (marked by dashed lines) of shear foliation (C-fabric) deBned by
quartz–chlorite; (f) micro-scale pull-apart structures of tourmaline grains indicating sense of shearing; (g) r-shaped tail structure
around ilmenite grain.

Bangurdih area. To compare the strain pattern in
the Bangurdih area with the other parts of shear
zone, samples were also collected from the
deformed conglomerate horizons in the Bhurkuli–
Bundu and Rangamatia–Simulbera–Tamadungri
areas. Samples from pebbles and stretched quartz
veins and their respective host rocks were cut at
three different orientations to prepare thin sections
for microscopic study. Considering the mineral
lineation parallel to maximum stretching direction,

three sections represent three principal planes XY,
YZ and XZ, respectively, as follows (Bgure 8a–c):
XY plane: parallel to lineation as well as foliation;
YZ plane: perpendicular to lineation as well as
foliation; XZ plane: parallel to lineation and perpendicular to foliation. A total number of about
200 samples were collected for the petrography and
structural study from the entire study area. Three
thin sections were prepared from each of the 25
oriented samples of host rock, deformed pebbles or
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Figure 8. Thin sections of sheared rocks/pebbles of three mutual perpendicular principal planes (XY, YZ and XZ) under
petrography microscope and related Fry diagrams. Corresponding aspect ratios are 1.452 (a0 ), 1.864 (b0 ) and 1.990 (c0 ),
respectively.

pebble-like stretched quartz veins from important
locations and studied under microscope for strain
analysis.
4.1.2 Fry method
Although there are number of methods for determining the type of strain, Fry method was
employed to extract strain, since, this method
measures the type of strain appropriately in our
case where the inclusions/pebbles have different
mechanical properties than the embedding matrix,
and their boundaries (under microscope) are poorly
deBned. In contrast to Rf/Phi method, Fry method
does not depend on the original shape of the grains
which is also unknown in the present study. The
method is based on the assumption that the centers

of the markers must be isotropically distributed
with almost uniform distance between the centers
of the markers and suffered homogeneous deformation (Ramsay and Huber 1983; Passchier and
Trouw 2005). During deformation, the center- to
center-lines behave as material lines (Ghosh 1993)
and are rotated and stretched according to shape
and orientation of the strain ellipse. Because of its
basic assumption (uniform distribution of central
points of grains), this method was applied on some
of the thin sections. The detailed procedure of the
method was Brst proposed by Fry (1979). The
method gives cluster of points all over the sheet
except in the middle where a clear region is
obtained in the form of an ellipse. This ellipse can
be used to determine the strain ratio by measuring
the ratio of the long and short axis of the ellipse.
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The analyses were done using EllipseFit (ver. 3.7.3,
Vollmer 2014). The strain ratios RXY and RYZ of
the sections XY and YZ were determined from each
of the 25 samples of host rock, deformed pebbles or
pebble-like stretched quartz veins from the entire
study area.
4.1.3 Measurement from deformed pebble
Data were also collected directly from the pebble of
deformed conglomeratic horizon at different places
such as Bhurkuli–Bundu and Simulbera–Tamadungri areas. Pebbles were either embedded in the
rock exposure or were dislodged and dispersed at
the neighbourhood of the exposure. Both types of
pebbles were analyzed for this work. The conglomeratic horizons are divided into number of
sectors. Deformed pebbles were collected from each
of the sectors. The pebbles were so intensely
deformed that slight deviation of initial shape from
the sphere does not inCuence much on determining
strain type. Assuming the initial near spherical
shape of pebble, the length of different axes of
deformed pebbles can be approximated to Bnal
strain ellipsoid. The lengths of long, short and
intermediate axes of all pebbles were measured.
The harmonic mean is calculated from those data,
which represent the length of axes of the pebble of
that area.
4.1.4 Flinn diagram
Data obtained from the Fry analysis using thin
sections of deformed rock of shear zone and measured from the pebbles of deformed conglomeratic
lithounits are plotted in the Flinn diagram. Flinn
diagram is the graphical representation of three
dimensional strain states in deformed rocks, with
or without a change in their volume. The diagram
plots a value for the principal strain axes, which
result from dilation and/or distortion of a reference
sphere. It takes into account the semi-major axes
X, Y, Z of the strain ellipsoid. The ratio RXY (i.e.,
X/Y) is plotted against the ratio RYZ (i.e., Y/Z).
As R value\1 cannot exist, the origin of the graph
is the point (1, 1) which represents a spherical
shape. According to the diagram, parameter k describes the general position of the ellipsoid. The
value of k is given by the formula k = RXY/RYZ.
For plane strain type deformation (k = 1), the plot
lies on a straight line passing through the origin of
the plot making an angle of 45° with both the axes,
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and for constriction (i.e., ? C k[1) and Cattening
(i.e., 1 [ k C 0) type of deformation the plot lies
above and below the straight line, respectively.
4.2 Results of strain analysis
Representative data are summarized in tables 1
and 2. Table 1 contains the data of Fry analysis
of different areas including Bangurdih and
table 2 contains the data of pebbles of different
locations where RS were measured directly on the
Beld. The data were plotted in Flinn diagram.
The diagram shows the shape of strain ellipsoids
with respect to the locations (Bgure 9). So, in
order to infer the nature of strain, the value of
k is needed which is deBned by the ratios of the
principal strains. Systematic studies of all data
obtained from both micro-structures and pebble
were done.
Separate plotting of data from microstructures
shows that the nature of strain in Bangurdih area is
more or less Cattening in nature (0 \ k \ 1),
whereas the data of Tamadungri are in the constrictional Beld (1 \ k \ ?) (Bgure 9a) irrespective
of the methods used. Rest of data from the other
locations like Bhurkuli–Bundu, etc., i.e., the area
in between Bangurdih and Tamadungri are either
in the Cattening Beld or under plane strain
condition.
In case of direct measurement from pebble, the
distribution of data is also very conspicuous
(Bgure 9b). It is found that the pebbles near
Tamadungri Hill shows almost prolate-shaped
geometry and they lie on the upper constrictional
Beld (1 \ k \ ?). Pebbles from Bhurkuli–Bundu
located at the middle portion of the shear zone lie
mostly in the lower Cattening Beld, with few in the
upper constrictional Beld or near the midline
depending on the rheology of the lithounits.
Although there is no conglomerate horizon in
Bangurdih area, the data from stretched quartz
veins show Cattened pebble-like structures indicating Cattening type of strain pattern. The axes of
those stretched out vein are plotted and also found
to lie in the Cattening Beld.
5. Discussion and conclusions
Present investigation was carried out in the western segment of the Singhbhum shear zone.
Although a large part of this area is soil covered,
metamorphosed and deformed rocks similar to
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Table 1. Finite strain data and stretching parameters measured from the thin sections of rock samples at different places (west to
east along the SSZ).
Loc. no.

Lat.

Long.

Place

Rxy

Ryz

Principal strain
ratio (k)

L1˙TS
L2˙TS
L3˙TS
L4˙TS
L5˙TS
L6˙TS
L7˙TS
L8˙TS
L9˙TS
L10˙TS
L11˙TS
L12˙TS
L13˙TS

22°450 12.3300 N
22°450 12.1100 N
22°450 10.9100 N
22°450 10.5300 N
22°450 11.5300 N
22°430 36.2600 N
22°430 54.0900 N
22°440 44.9000 N
22°440 38.6400 N
22°440 12.5700 N
22°430 49.2500 N
22°450 0.6900 N
22°440 46.7500 N

85°460 2.8100 E
85°460 0.8200 E
85°450 56.3600 E
85°450 51.3600 E
85°450 51.0100 E
85°540 9.9300 E
85°540 39.9800 E
85°550 49.2900 E
85°560 11.1600 E
85°560 15.3500 E
85°570 13.4700 E
86°20 11.3600 E
86°20 46.7300 E

Bangurdih
Bangurdih
Bangurdih
Bangurdih
Bangurdih
Bhurkuli
Bhurkuli
Bundu
Bundu
Bundu
Manikbazar
Tamadungri**
Tamadungri**

1.732
1.500
1.338
1.822
1.452
1.838
1.789
2.166
2.094
1.859
1.515
2.437
1.865

2.060
2.610
1.678
2.059
1.864
2.390
1.396
2.490
1.554
1.510
1.343
1.637
1.833

0.84
0.57
0.80
0.88
0.78
0.77
1.28*
0.87
1.35*
1.23*
1.13*
1.49*
1.02*

*Constriction strain. Rests are either plane or Cattening strain. **Located at Ramgamatia–Simulbaria area.

Table 2. Finite strain data and stretching parameters obtained directly from stretched pebbles of conglomerate layers at different
places (west to east along the SSZ).
Stretch
Loc. no.

Lat.

Long.

Place

Rxy

Ryz

Rxz

L4˙DP
L7˙DP
L8˙DP
L9˙DP
L11˙DP1
L11˙DP2
L12˙DP
L13˙DP

22°450 10.5300 N
22°430 54.0900 N
22°430 54.0900 N
22°440 44.9000 N
22°430 49.2500 N
22°430 42.2800 N
22°450 0.6900 N
22°440 46.7500 N

85°450 51.3600 E
85°540 39.9800 E
85°540 39.9800 E
85°550 49.2900 E
85°570 13.4700 E
85°570 8.1900 E
86°20 11.3600 E
86°20 46.7300 E

Bangurdih#
Bhurkuli
Bhurkuli
Bundu
Manikbazar
Manikbazar
Tamadungri**
Tamadungri**

2.77
1.64
1.98
2.18
1.96
1.65
2.98
2.67

3.74
2.46
2.60
2.93
2.40
2.32
1.49
1.82

11.01
4.06
5.20
6.49
4.50
3.88
4.57
4.93

Sx
2.46
1.43
1.80
1.96
1.86
1.47
3.72
3.02

Sy

Sz

Principal
strain ratio (k)

1.13
1.15
1.10
1.11
1.05
1.13
0.80
0.88

0.36
0.61
0.51
0.46
0.51
0.61
0.34
0.37

0.74
0.67
0.76
0.74
0.82
0.71
2.00*
1.47*

#

Data obtained from the Cattened pebble-like structures formed due to deformation of quartz vein with in the SSZ (Bgure 11).
*Constriction strain. Rests are either plane or Cattening strain. **Located at Ramgamatia–Simulbaria area.

those that occur in the central and eastern segment
of the SSZ also occur in this area. Radiometric
survey and detailed microscopic study shows that
mineralization is hosted mainly by apatite–magnetite-bearing tourmaline-rich quartzite and chlorite schist. The exposed radioactive bands, with
varying thickness, are commonly laterally discontinuous. As the rocks bear evidence of intense
deformation, detailed structural study in different
scales was carried out to decipher the role of
deformation, if any, on the geometry of the mineralized body, emphasizing that of the Bangurdih
tourmaline-rich quartzite.
The plane paper map shows that the width of the
exposed Bangurdih quartzitic mineralized body
varies along its general E–W trend. The strike of

the pervasive foliation (C shear foliation) also
changes accordingly following the boundary of, or
the contact between the exposed Bangurdih mineralized body and the surrounding schist (now
mainly soil covered). Such a variation in thickness
in accordance with strikes of the foliation plane
cannot be explained either by differential weathering or fold interference. This can be best
explained by pinch-and-swell structure developed
due to ductile shearing, with shortening component
across the shear surface. Several meso- and microscale structures, e.g., shear foliation (C, C0 ),
pinched, swelled and boudinaged quartz veins,
elongated pebbles, rotated pressure fringe, etc.,
collectively indicate that this area was subjected to
strong ductile shearing, thereby supporting the
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Figure 9. Flinn diagram for determining nature of strain; data
obtained from the Fry analysis of thin sections of rocks/
pebbles (a) and from direct measurement of pebble (b) from
the conglomerate layers at different locations in the study
area.

above proposition. However, plane paper map
cannot predict the nature of the mineralized body
in down-dip direction. On the other hand, pinchand-swell structures, in mesoscale, may provide
clues to the three dimensional geometry. The
pinch-and-swell and boudinage structure deBned
by stretched quartz veins in the Bangurdih area are
observed in two sections/planes: (a) section normal
both to the shear foliation and lineation, i.e., YZsection of strain ellipsoidal (pinch-and-swell parallel to the strike of the shear foliation) and
(b) section normal to the shear foliation and parallel to the shear lineation, i.e., XZ section of strain
ellipsoidal (pinch-and-swell parallel to the shear
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Figure 10. Bi-directionally (parallel and perpendicular to the
stretching lineation) stretched quartz veins within the
quartzite of Bangurdih exposure. (a–c) represent XY (parallel
to both foliation and lineation), YZ (perpendicular to both
foliation and lineation) and XZ (perpendicular to foliation and
parallel to lineation) principal planes of strain ellipsoid,
respectively. Note that the rock underwent Cattening type of
simple shear deformation which causes stretching in both the
X and Y directions of strain ellipsoid. Shear lineations are
observed parallel to the long axis of Cattened pebble on
foliation (XY) plane. The width of the photo in (c) is *40 cm.

lineation) (Bgure 10). By-directional pinch and
swell structure suggests that apart from stretching
along the shear direction (X axis), extension also
prevailed perpendicular to the lineation on the
shear foliation (Y axis) indicating complex strain
pattern.
Flinn diagram shows that the nature of strain in
Bangurdih area lies in the Cattening Beld. This is
also supported by the bi-directional stretched
quartz veins in the study area (Bgure 10). The
study indicates that, rocks in Bangurdih area has

137

Page 16 of 18

not fully suffered plane strain type simple shear. In
addition, there was a component of compression
perpendicular to the shear plane producing intense
Cattening (Bgure 11a). The structural analysis
using Flinn diagram further suggests that the
strain pattern in this part of the Singhbhum shear
zone is not uniform. The eastern sector (Bhurkuli–Manikbazar area) of the study area shows more
close to plane strain (simple shear) type of deformation, whereas the deformation changes to constrictional type at further east (Tamadungri). So,
from the systematic study of meso- and micro-scale
structures, it is concluded that the Cattening type
of deformation in Bangurdih area lead the mineralized quartzite layers to stretch into two directions which, in turn, causes the mineralized body to
occur intermittently with systematic trend along
strike and predictably along dip (Bgure 11b). The
mineralized body at Bangurdih was thus subjected
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to intense shear deformation implying that most
mineralization was pre-/early-deformation/shearing which is in agreement with the known ages of
mineralization vis-
a-vis deformation and metamorphism in the shear zone (see introduction section and Mahato et al. 2008; Rekha et al. 2011; Pal
et al. 2011a; Pal and Rhede 2013; Prabhakar et al.
2014).
Detailed studies of meso- and micro-scale structures and the Flinn diagram reveal that the rocks
in Bangurdih area suffered Cattening type of
deformation. Data from two methods lie on the
Cattening Beld in the Flinn diagram, albeit minor
deviation of data obtained from different methods.
In Bangurdih area, samples were taken both from
stretched quartz vein and also from different
quartzite units and they also show similar Cattening type strain. Interestingly, Bangurdih area
shows more stretching component both in X and Y
direction.
Systematic study of meso- and micro-scale
structures and the strain analysis leads to following
conclusions.
1. Nature of deformation within the western part
of Singhbhum shear zone is not uniform and
varies between constrictional to Cattening type
and also plane strain type in few areas depending on the lithological variation.
2. The rock in Bangurdih area shows extension in
two directions along and across the lineation on
XY plane of strain ellipsoid.
3. Flinn diagram using data obtained from Cattened pebble-like body, Fry method of microstructures of Bangurdih area indicate that the
data of all methods lie in Cattening Beld.
4. Rocks in Bangurdih area were subjected to
strong shearing along with a pure shear component (Cattening) at least at the late stage of
deformation.
5. Due to intense Cattening type strain, the
uranium bearing layers in Bangurdih area are
not continuous on the surface but show particular trend with intermittently exposed ellipsoidal body. Similar pattern of disposition of
the mineralized bodies may be expected in
subsurface level.

Figure 11. (a) Schematic 3-D diagram showing disposition of
the different structures (asymmetric and reclined folds, bidirectional pinch-n-swell structures, mineral lineations and
pebble-like objects) at different planes with respect to orientation of strain-ellipsoid (Cattening) within the shear zone.
(b) Conceptual 3-D block diagram showing the possible nature
of disposition of mineralized body in Bangurdih area.
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