Evolution of Eastern Ghats granulite belt of India in a
compressional tectonic regime and juxtaposition against Iron
Ore Craton of Singhbhum by oblique c o l l i s i o n - transpression
S BHATTACHARYA
Geological Studies Unit, Indian Statistical Institute, Calcutta 700 035, India
Three major episodes of folding are evident in the Eastern Ghats terrain. The first and second generation
folds are the reclined type; coaxial refolding has produced hook-shaped folds, except in massif-type
charnockites in which non-coaxial refolding has produced arrow head folds. The third generation folds are
upright with a stretching lineation parallel to subhorizontal fold axes. The sequence of fold styles reclined F1 and coaxial F2, clearly points to an early compressional regime and attendant progressive
simple shear. Significant subhorizontal extension during F3 folding is indicated by stretching lineation
parallel to subhorizontal fold axes. In the massif-type charnockites low plunges of F2 folds indicate a
flattening type of deformation partitioning in the weakly foliated rocks (magmatic ?). The juxtaposition
of EGMB against the Iron Ore Craton of Singhbhum by oblique collision is indicative of a transpressional
regime.

1. Introduction
The Eastern Ghats mobile belt (EGMB) forms an
important component of the Precambrian crust of
India and exposes lower crustal rocks (granulites)
on a vast scale. Although a polyphase deformation
history is generally acknowledged, a scenario for the
complex deformation history of the EGMB - key to
an understanding of its tectonic evolution - is yet to
be worked out. Some provisional tectonic models
have been advocated on the basis of petrological
studies, but they are not constrained by data on
deformation history (Dasgupta et al 1993). Boundary
relations with the adjacent cratons, Singhbhum to the
north and Bastar to the west, are also not well
documented and the proposed tectonic models are
based on fragmentary data, geological as well as
geophysical.
Regional studies on the structures of the Eastern
Ghats mobile belt, particularly the deformation
structures of different generations, are few and have
been published only recently (Sarkar et al 1981,
Halden e t a [ 1982, Bhattacharya et al 1994). Here a

generalized scenario of the deformation history of
EGMB, based on structural investigations in three
sectors (figure 8 ) - Chilka (northeast), Rayagada
(central) and Jenapore (north) is presented. Further,
the change of major structural trends and the
structural features of the northern sector (adjacent
to the Singhbhum craton) are utilized to throw light
on the boundary relations of EGMB with the
Singhbhum craton. A tectonic framework that is
compatible with both deformational and petrological
histories is presented.

2. R o c k types
The Eastern Ghats belt comprises several rock types
that may be broadly classified into six groups:
1) Metapelitic rocks, dominantly khondalites (garnetsillimanite-k-feldspar gneisses), and quartzites and
calc-granulites;
2) Massif-type charnockitic rocks (charnockite sensu
stricto and enderbite) and sills of mafic granulites;
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Figure l(a). Xenolith of foliated calc-granulite in porphyritic
granite near Rayagada.

Figure l(b). Rootless folds in khondalites defined by quartzrich bgnds; gneissic banding $1 axial planar; plan view; near
Chareidhara.

Figure 1(c). Rootless fold in charnockitic rocks defined by
enderbite band; pervasive foliation $2 at high angle; plan view;
near Jenapore.

Figure l(d). Mafic granulite band in charnockite; $1 gneissic
banding oblique to litho-boundary (So); near Jenapore; plan
view.

3) Migmatitic rocks including leptynites (garnetiferous granite gneisses), bands and lenses of charnockitic rocks and mafic and ultramafic granulites
(enclaves), and quartzofeldspathic veins and pegmatites;
4) Anorthosites;
5) Alkaline rock complexes;
6) Porphyiritic granites.

The Chilka area exposes three major groups of
rocks. The dominant group consists of metapelites,
the second is a migmatite complex; and the third
consists of massif-type anorthosites.
The Rayagada area comprises four major groups of
rocks. The first is a group of metapelitic rocks,
dominantly khondalites but including several mappable bands of quartzites and calc-granulites; the
second consists of charnockitic rocks (mainly massiftype) and sills of mafic granulites; the third is a group
of peraluminous granitic gneisses (garnetiferous granite gneiss), at places leptynitic, which include minor
enclaves of charnockitic rocks at places; and the
fourth consists of stocks of porphyritic granite
(figure la).
The Jenapore area exposes four major rock
groups. The dominant group consists of massif-type
charnockitic rocks and sills of mafic granulites;
the second is a group of metapelitic rocks, dominantly
khondalites with minor quartzites and calc-granulites;
the third is, a migmatite complex - composed of

Nanda and Pati (1989) proposed a zonal distribution of the dominant lithologies in the Eastern
Ghats - the eastern migmatite zone, the central
metapelitic zone and the western charnockite (basal?)
zone. This subdivision oversimplifies the complex field
relations between the different lithologies and is
thus inadequate. Here we would like to emphasize
that charnockite massifs or large bodies of charnockitic rocks are not confined to the western sector,
and have been recorded from several other areas,
Jenapore in the northern sector being an important
locality.
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peraluminous granite gneisses with minor enclaves of
charnockitie rocks and marie granulites; and the
fourth consists of minor stocks of porphyritic granites.

3. D e f o r m a t i o n s t r u c t u r e s
Imprints of three episodes of folding are commonly
observed in the granulite terrain of the Eastern Ghats.
The first generation folds (F1) are rootless folds whose
axial planes are parallel to the most pervasive gneissic
banding, $1, in the metapelites as well as massif-type
charnockitic rocks (figures lb and c). In the metapelitic rocks this axial planar foliation is enhanced by
metamorphic differentiation. In the charnockitic rocks
(massif-type) and some larger bands of marie granulites, pyroxene and/or pyroxene-garnet segregation
banding constitutes the penetrative foliation and is
axial planar to rootless folds. The metamorphism
attendant with $1 foliation is of granulite facies, as is
evident from the most common P-T values given by
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garnet-sillimanite-ilmenite-rutile assemblage in the
metapelites and pyroxene-garnet-plagioclase-quartz
assemblage in the charnockites and marie granulites
(Sen et al 1995). In the metapelites original compositional layering/bedding, So, is locally preserved in the
rootless folds. Rootless folds defined by interbanded
charnockite-enderbite with the axial planar gneissic
banding S], and a leptynitic foliation $2 at high angle
(figure lc) point to the existence of some pre-S1
foliation in the charnockites. The pervasive gneissic
foliation, $1, in the host charnockites is also observed
in the mafic granulite band and is at high angle to the
lithologic boundary (figure ld). This again points to
the existence of mafic sills prior to F1 folding and
granulite facies metamorphism.
The second generation folds (F2) are tight to
isoclinal and frequently overturned. They are the
most common folds in both metapelitic and charnockitic rocks and often control the map pattern.
Some thin bands of charnockite within leptynite, also
depict the coaxially refolded F1 folds (figure 2a). The

Figure 2(a). RefoldedF1 fold defined by charnockite band; $2
foliation in host leptynite axial planar, near Rayagada.

Figure 2(b). F2 folds in charnockites; garnet segregation and
flattened quartz define axial planar $2; near Jenapore. (sketch
from photograph).

Figure 2(@ $1 gneissic banding in charnockite folded and
transposed parallel to $2, in the upper part of the photograph,

Figure 2(d). Fine crenulation of $2 in leptynite; subvertical $3
as a shear vein, near Rayagada.
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Figure 3(a). $3 fracture cleavage in metapelitic granulites
near Chareidhara; plan view.

Figure 3(b). F1-F2interference pattern; hook-shaped fold in
khondalites; near Dongarpara.

Figure 3(c). Plan view of F3 warps in khondalites with steep
plunge of F3, around Jenapore.

Figure 3(d). F1/F2interference (non-coaxial) arrow-head fold
in charnockite near Chareidhara.

axial planar foliation, $2 in the metapelitic rocks is
locally defined by garnet and/or sillimanite segregations. In the eharnockitie rocks and migmatite
complex $2 foliation is characterized by flattened
quartz and/or garnet segregations (figure 2b). In the
migmatite complex $I foliation is preserved only in
the enclaves of charnockitic rocks and mafic granulites
and is commonly transposed parallel to $2 foliation
(figure 2c, also Bhattaeharya et al 1994).
The third generation folds (F3) are upright and
open folds commonly
observed in the migmatite
complex and leptynites. The axial planar foliation $3
is a locally developed gneissosity or crenulation
cleavage and at places associated with microfaults or
shear veins (figure 2d). In the metapelitic and
eharnockitic rocks F3 folds are broad warps with a
distinct fracture cleavage (figure 3a). Large scale F3
folds are common in the EGMB,
as is evident in the
regional maps (figures 6, 7 and 8). It is important to
note that large scale F3 folds are mainly responsible
for 'deviations' of the tectonic trends. Bhattaeharya
et al (1994) have demonstrated that the NE- SW
Eastern Ghats trend is defined by $1 foliation, and

because F2 folds are isoclinal, S1/$2 are regionally
parallel. Local variations in tectonic trends in the
Chilka area are the result of large scale F3 folds.
However, an altogether different tectonic t r e n d in the
n o r t h e r n sector (adjacent to Singhbhum craton) is not
related to the F3 folds, as will be discussed in a later
section.

4. F o l d g e o m e t r y

and map pattern

In the Chilka and Rayagada areas (figures 6 and 7)
where the dominant rocks are metapelitic, the map
pattern is described by the $I foliation in them. The
gneissic banding ($1) trends NNE - SSW to NE - SW,
and F1-F2 interference patterns in the form of hookshaped folds are observed on mesoseopic (figure 3b) as
well as map scale. In the Rayagada area (figure 7)
bands of quartzite and calc-granulites display several
hook-shaped folds in addition to the common F2 folds
in both metapelitic and charnockitic rocks. In these
two areas FI and F2 folds are generally steeply
plunging (reclined folds), and virtually coaxial. The
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Figure 4(a). Pseudotachylite veins truncating pervasive $2
foliation in charnockite near Jenapore.

Figure 4(b). Sinistral strike-slip across shear cleavage (parallel to pen) on plan view in granite gneiss near Bhuban.

Figure 4(c). Quartzite mylonite with a downdip stretching
lineation on mylonitic banding in the Chilka area.

Figure 4(d). Photomicrograph showing asymmetric 'micafish'
in XY section of the mylonite in figure 4@).

third generation folds (F3) are commonly observed in
the migmatite complex in the Chilka area, where some
large scale Fa folds with E - W trending axial traces
(figure 6) are present. In the Rayagada area F3 folds
are broad warps with E - W trending steep fracture
cleavage. F3 axes are subhorizontal in both these areas
(figures 6 and 7).
In the northern sector, around Jenapore, the map
pattern is more complex (figure 8). Here, the gneissic
banding (St) in both the eharnockitic and metapelitic
rocks has a W N W - ESE trend, which is markedly
different from the N E - SW 'Eastern Ghats' trend.
F3 folds are broad warps on N - S trending axial
traces and steeply plunging axes (figures 8 and 3c).
Although, F1 folds in both metapelitic and charnoekitic rocks have steep westerly plunges, attitudes of F2
folds are different in the metapelitic and charnockitic
rocks. In the metapelitic rocks the F2 folds are of
reclined type and FI-F2 interference (coaxial) has
produced hook-shaped folds on mesoscopie as well
as map scale. In the charnoekitic rocks F2 folds
have variable but low plunges and F1-F2 inter-

ference (non-coaxial) has produced arrowhead patterns (figure 3d). F3 folds with N - S axial traces have
caused reversal in plunge of F2 folds (figure 8). A
special feature of the northern sector (adjacent to
Singhbhum craton) is the production of a shear
cleavage and pseudotaehylite veins (figure 4a) which
are nearly parallel to the W N W - ESE boundary and
the tectonic trend in the granulites in this sector.
Incidentally, this late shear cleavage is also developed
in the adjacent granitoids of the Singhbhum craton
(figure 4b).

5. T e c t o n i c r e g i m e s
Isoclinal and rootless F1 folds with NE - SW trending
steep axial plane foliation $1 (also representing
granulite facies event) suggest a regional N W - SE
directed compression and shortening during the
development of the first generation folds. Isoclinal
and commonly overturned F2 folds on N E - SW
trending, steep axial plane foliation $2, point to a
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Figure 5(a). Subhorizontal rod-like structures parallel to F3
in migmatite complex near Tapang; width of photograph 1 m.

Figure ~(b). Early mylonite banding stretched, boudinaged
and later folded in quartizite of Iron Ore Craton, near Bhuban.

Figure 5(c). Small scale shear cleavage in khondalites near
Jenapore. Dextral strike-slip across the cleavage noticed on
plan view.

Figure 5(d). Sinistral strike-slip across shear cleavage noticed
on plan view in charnockites near Bhuban.

continued compressional regime during the development of the second generation folds. Coaxial refolding
(resulting in hook-shaped folds) and the development
of a mylonitic fabric with a downdip stretching
lineation (figures 4c and d) are observed in several
localities (figure 9) and are correlated with the second
deformation (Bhattacharya et al 1994). Moreover,
varying plunges of F2 minor folds (figure 7) suggest
that F2 folds rotated to parallelism with F1 in certain
localities. These features are indicative of simple shear
regime o f deformation (Bell 1978; Bhattacharya
1989). The F3 folds are commonly upright on E - W
trending axial planes with subhorizontal axes. The $3
foliation is locally developed as a shear cleavage with a
strike-slip component; elongated boudins, augens and
rod-like structures parallel to subhorizontal F3 axes
(figure 5a) - all point to an extension parallel to F3
axes during the development of F3 folds. Large scale
F3 folds and deflection of tectonic trends (around
Vanshadhara River, Mahanadi River etc.) also point
to sinistral strike slip movement during the third
episode of folding (figure 9).

A marked departure frbm the aforesaid sequence of
tectonic regime is noted from massif-type charnockitic
rocks (Jenapore in the northern sector and Jeypore in
the west). F2 folds in the charnockitic rocks of these
areas have gentle plunges (figure 8) and are at high
angles to the reclined F1 folds and arrowhead patterns
generated by F1-F2 interference (figure 3d). This is
incompatible with the N W - SE compressional regime
and simple shear, as deduced from the geometry of F2
structures in the adjacent metapelitic rocks. It is
evident that simple shear deformation during F2 folding was not effective in the massif-type charnockitic
rocks. This deformation partitioning is probably related to the nature of anisotropy in the two lithologies.
The metapelites had a strong layered anisotropy in the
form of gneissic banding and hence facilitated simple
shear deformation. The massif-type charnockitic rocks
(including charnockites and enderbites) even after F1
folding and granulite facies metamorphism developed
only a weak anisotropy in the form of streaky
gneissosity and responded by pure shear or flattening.
This, together with the evidence of charnockitic
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assemblage pre-dating F1 folding and granulite facies
metamorphism strongly suggest a magmatic lineage
for the massif-type charnockitic rocks.
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6. J u x t a p o s i t i o n o f E a s t e r n G h a t s a n d
Singhbhum
The boundary relation is complex and a host of
granitoids separate the two lithotectonic provinces.
Rao et al (1964) proposed a boundary thrust and
Banerjee et al (1987) considered the possibility of a
faulted boundary on the evidence of crushed rocks and
blastomylonites in the boundary region. Recently
Mahalik (1994) proposed a boundary fault as interpreted from Landsat imageries but did not elaborate
on the nature of the fault. Incidentally, the Sukinda
ultramafics are generally taken to indicate a cryptic
suture representing the 'Sukinda thrust' (Saha 1994).
However, no shear zone or clear cut fault zone is
recognizable in the Landsat imageries or aerial
photographs. Thus, even though the general consensus is in favour of a tectonized boundary, the tectonic
regime of juxtaposition has not yet been enunciated.
A detailed analysis of structures of different
generations reveals a late shear cleavage and associated cataclasites in both the belts adjoining the
boundary region. This shear cleavage, which trends
ESE - W N W and dips steeply to the south, clearly
postdates F3 folds in the EGMB and also postdates
the latest folding (F3) in the Singhbhum belt. It is
important here to distinguish this shear cleavage from
early mylonitization in the Singhbhum rocks of the
boundary region. This is evident from refolding of
mylonitic banding and associated lineation (figure 5b). The granitoids of the boundary region, which
have enclaves from both the belts and also preserve
the shear cleavage (figure 4b), were synkinematically
emplaced at the time of juxtaposition of the two belts.
The tectonic juxtaposition by oblique collision transpression, is indicated by a south to north
convergent movement in the granulite belt and
strike-slip shear zones in the rocks of the boundary
region. In addition, rigid body rotation of the
adjoining blocks probably resulted from this collision.
F3 axes are subhorizontal in Chilka and Rayagada
areas (figures 6, 7) but are steeply plunging in the
northern sector (figure 8). This indicates a post-F3
northward tectonic transport (figure 10a). Moreover,
granulites have been recovered in the boreholes in
Rengali dam-site, while the exposed rocks in the area
are granites and cherty quartzites of the Iron Ore
Craton. Thus it is evident that Eastern Ghats rocks
have moved below the IOC rocks by a northward
convergent motion.
The post-F3 shear cleavage in the boundary region
(figure 5b) represents small scale strike-slip shear
zones and/or faults. This shear cleavage forms an
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Figure 6. Structural map of the Chilka Lake area with stereoplot of foliations and lineations.
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Figure 7. Structural map of the Rayagada
plot of foliations and lineations.

area with stereo-

anastomozing network on the map scale (figure 10b)
and represents strike-slip shear zones and faults. The
E N E - W S W system has a sinistral sense of shear
(figure 5c) and the W N W - ESE system has a dextral
sense of shear (figure 5d).
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The regional tectonic trends of the two belts are
clearly rotated near the boundary. The N E - SW
Eastern Ghats trend is rotated to W N W - E S E ,
while the N - S Singhbhum trend (representing
short limb of F3 folds) is rotated to W N W - ESE
(figure 10a). A striking feature is the dominant
tectonic trend of W N W - ESE in both the geologic
provinces in the boundary region (figure 9). When the
attitude of the different foliations in EGMB are
examined from the three sectors, it is noticed that
all the foliations, including axial traces of /13 folds,
have a markedly different trend in the northern
sector9 This is interpreted as a post-F3 rigid body
rotation of the granulite belt and is schematically
shown in figure 9(a and b).
Significantly, rotations of rigid crustal blocks about
vertical axes have been observed in areas crosscut by
strike-slip faults: Western Transverse Ranges in
California (Hornafius et al 1986); east central Idaho
in the Basin and Range Province (Janecke et a11991);
Central Hokkaido, northern Japan (Kodama et al
1993)9

7. D i s c u s s i o n

Geophysical criteria and geobarometric estimates
from granulites suggest that the Eastern Ghats
granulite terrain represents an overthickened crustal
segment9 Subrahmanyan and Verma (1986) considered a denser crust beneath the Eastern Ghats from
gravity data. Subba Rao (1994) proposed crustal
thickening beneath the Eastern Ghats, from Bouguer
gravity data and DSS profiles9 Geobarometric estimates (Bhattacharya and Sen 1991) indicate that the
granulites of the Eastern Ghats equilibrated at a
depth of around 35 km. Assuming another 35 km of
stable continental crust beneath the granulites at the
time of granulite facies metamorphism, it is evident
that granulite facies metamorphism was accompanied
by crustal thickening. However, the mechanism of
thickening- a key question for understanding the
tectonic evolution - has not received sufficient attention in the literature.
From petrological studies in the Araku-Anantagiri
areas of Andhra Pradesh Dasgupta et al (1993)
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proposed magmatic thickening, by underplating or
intraplating, as the cause of granulite facies metamorphism of the enclosing rocks. Mukherjee (1989)
suggested that anorthosite magma at Bolangir caused
the granulite facies metamorphism. Ramakrishnan
et al (1994) in a review suggests that the emplacement
of anorthosites and alkaline complexes marked the
initiation of the Eastern Ghats basin. Recently,
Chetty and Murthy (1994) proposed early thrusting

as the cause of crustal thickening in the Eastern
Ghats.
The fact that a significant proportion of the
granulite terrain is occupied by the metasedimentary
rocks (mainly khondalites) which attained deep burial
up to 35km (indicated by barometric estimates of
ca.10kbar) and that mafic granulites (protoliths of
which were assigned the role of underplating or intraplating by Dasgupta et al 1993) are of insignificant
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volume, precludes the possibility that mafic granulites
(or more properly their protoliths) might have
supplied the necessary heat for the granulite facies
metamorphism. Also, from the point of view of deformation history and metamorphic fabrics, the 'protoliths of mafic granulites' and the 'enclosing rocks'
(charnockitic rocks?) both preserve the first episode of
folding, foliation due to metamorphic differentiation
and granulite fabric and hence are more or less coeval.
Moreover, Sen et al (1995) have implied that counterclockwise P-T-t path for the Eastern Ghats granulite
belt (commonly considered as evidence in favour of
magmatic underplating model), is unlikely in view of
the common occurrence of a high-T decompression
segment preceding the IBC segment of the retrograde
path.
Bhattacharya et al (1994) on structural grounds
described the Chilka anorthosite as post-F2, while the
granulites in the same area and elsewhere preserve/'1
and F2 structures. Also, the first and regionally
extensive granulite facies metamorphism is correlated
with F1 folding. Moreover, geochronological data on
granulites, anorthosites and alkaline complexes (Aftalion et a11988; Vinogradov et al 1964; Paul et a11990;
Sarkar et al 1981) clearly assign a much younger age
to anorthosites and alkaline complexes (ca. 1400 Ma)
as against the late Archaean to early Proterozoic

(ca. 2100-2600Ma) age of the granulites. All these
clearly argue against the propositions of Mukherjee
(1989) and Ramakrishnan et al (1994).
Though not addressed to the question of crustal
thickening mechanism, Chetty and Murthy's (1994)
proposition of early thrust tectonics implies that
crustal thickening in the Eastern Ghats was achieved
by thrusting. But no structural data in support were
forwarded. Thrust tectonics would require that the
earliest structures be subhorizontal - namely recumbent folds and subhorizontal lineations. We have
already shown that all the early structures are
subvertical. The only subhorizontal structure in the
Eastern Ghats are the F3 fold axes and related rods
and boudins.
Based on our structural-tectonic studies we propose
that crustal thickening (and granulite facies metamorphism) in the Eastern Ghats was attained by
homogeneous shortening and folding in response to
compression. Significant subhorizontal extension during F3 may be related to emplacement of anorthosites
and alkaline complexes. Our tectonic model of crustal
thickening by compression is also consistent with
petrological constraints, e.g., the presence of a high-T
decompression vector, and lack of significant volume
of magmatic rocks predating or at least synchronous
with metapel+itic granulites.
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