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Abstract
Structural fabrics of schist belt, gneiss, migmatites and younger granitoids are different. Various morphology of migmatites 
is recognized for the first time in the southern part of EDC along with gneiss. The younger granite plutons are examined 
from northern through central to southern part of EDC. The paleosome-dominated portions of migmatite were possibly 
formed from low degree partial melting of older rocks and identified as metatexites. Whereas, the neosome dominated parts 
were developed by complete melting and marked as diatexites. There is a link between diatexite and granite in the southern 
part, which is chracterized as catazone segment. The four sub-types of metatexites are observed (viz, patch, dilatant, net 
and stromatic). The diatexites are dominated by two major structures (viz, schollen or raft and schlieren). Gneisses show 
lit-per-lit as well as fold and leucocratic material flow features. The litho-structural variation from north to south connotes 
systematic changes from epizone through mesozone to catazone. The qualitative study of mineral content and textural aspects 
from rocks at different localities suggest preserved portions of different parts of a pressure–temperature path. However, 
exact quantification should be possible after thermo-barometry and pseudo section study. The present contribution focuses 
on documentation of classic representative outcrops and petrographic features of gneissic and migmatitic rocks of EDC. It 
is observed that the six (6) major ductile deformation stages of Kenoran orogeny implies ductile signature before granite 
plutonism. Subsequently post granite emplacement deformation phenomenon indicates a transition from ductile to brittle 
regime and entrance into Hudsonian orogeny.
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Introduction

Dharwar Craton (DC) is one of the oldest parts of the Earth's 
continental crust that remain stable inside the Indian plate 
since Archaean (Jayananda et al. 2018, 2023; Goswami et al. 
2021a). The DC has mainly three major tectonic domains 
(1. > 3.2 Ga cratonic nuclei with Late Archaean younger 
granite plutons, 2. Proterozoic mobile belt, 3. Proterozoic 
basins). Recently the DC is divided into three cratonic blocks 
(i.e., east, central and west blocks afterPeucat et al. 2013; 
Jayananda et al. 2018, 2020; Dey 2013; Li et al. 2018a, b) 

on the basis of age relationships of rocks, thermal records 
and interpreted accretionary histories. However, most of the 
literature suggests about two major components viz., East 
Dharwar Craton (EDC) and West Dharwar Craton (WDC) 
on the basis of contrasts in lithounits, metamorphic grade 
and crustal thickness (Fig. 1). The Chitradurga shear zone 
(CSZ) has been considered as dividing plane between the 
EDC and WDC (Naqvi and Rogers 1987; Chadwick et al. 
1996, 2000, 2007; Chardon et al. 2008, 2011; Jayananda 
et al. 2006, 2015). Some literature considers Closepet Gran-
ite (CG) as the contact area between these two blocks (e.g., 
Swami Nath et al. 1976; Vishwanatha and Ramakrishnan 
1976; Swami Nath and Ramakrishnan 1981; Moyen et al. 
2003; Gupta et al. 2003).

In this context, it must be noted that these Archaean rocks 
of DC form the basement for three Proterozoic basins viz, 
Cuddapah, Bhima and Kaladgi basins. Among these Kaladgi 
basin comes under both EDC and WDC. Two cratons cannot 

 *	 Sukanta Goswami 
	 sukantagoswami.amd@gov.in

1	 Atomic Minerals Directorate for Exploration and Research, 
Headquarter, 7‑201, Divyashakti Apartment, Hyderabad, 
Telangana 500016, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s43538-023-00173-x&domain=pdf
http://orcid.org/0000-0002-5986-9232


614	 Proceedings of the Indian National Science Academy (2023) 89:613–643

1 3

comprise same platformal basin and it is not so far common 
to introduce inter cratonic basin. Usually mobile belts exist 
in between two cratons (Katz 1985) but there are no such 
mobile belts in between EDC and WDC. Thus, instead of 
considering the EDC and WDC as different cratons, these 
should be considered as separate blocks of same craton with 
different litho-structural attributes. Therefore, in this paper 
we consider EDC as the eastern part of DC. The gneiss, mig-
matite and associated rocks are lesser in volume in WDC. 
Whereas greenstone belts of EDC part are comparatively 
smaller in size than in WDC portion (Jayananda et al. 2013; 
2019).

The schist-migmatite-gneiss complex cannot form at 
Earth's surface but at deeper part with fulfilment of required 

pressure, temperature and other factors like fluid, differential 
stress etc. Hence the complex represents exhumed segment 
of the deeper continental crust and gives valuable insight 
into the processes of crustal genesis. These medium to high 
grade metamorphic rocks with distinguishable morphology 
like schistosity, crenulation, gneissosity, shear band, melano-
some, leucosome (Fig. 2A–C) represent the different regime 
of deformation and onset of partial melting process. This 
led to variation in structures and associated deformation 
with increasing pressure and temperature related to time-
dependant crustal growth mechanism.

So far, the specific field based structural attributes and 
the recognizable criteria of schist-gneiss-migmatite are not 
addressed in EDC part especially at outcrop scale. Most of 

Fig. 1   Geological map of the Dharwar Craton, Southern India (modified after Vasundhara Project, Geological Survey of India 1994). T1, T2 and 
T3 represents major transacts in the northern, central and southern part of EDC
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the works on tectonics were mostly done on the basis of 
LANDSAT image (Drury and Holt 1980; Chadwick et al. 
2000; Chardon and Jayananda 2008; Jayananda et al 2006). 
Categorization and characterization of gneisses and espe-
cially migmatite are not yet attempted systematically. The 
aim of this paper is to characterizeand interpret genetic 
aspects of schist, gneiss, migmatite and granitoid based 
on structural attributes, which can give insights on crustal 
development mechanism.

Geologic setting

Geology of the Dharwar Craton is well known and there 
are extensive numbers of literature available (e.g., Swami 
Nath and Ramakrishnan 1981; Radhakrishna and Naqvi 
1986; Naqvi and Rogers 1987; Chadwick et al. 2000, 2007; 
Chardon et al. 2008, 2011; Jayananda et al. 2006, 2015, 
2018, 2020). The DC covering ~ 350,000 km2 area is one 
of the major constituents cratonic nucleus in Peninsular 
India (Rogers 1986). This craton is bounded to the south by 
Proterozoic Southern Granulite Terrain (SGT), to the north 
by the Cretaceous Deccan Traps and the Bastar Craton, to 
the northeast by the 2.6 Ga Karimnagar Granulite belt and 
Godavari graben, to the east by the Eastern Ghats Mobile 
Belt and to the west by Arabian Sea. The EDC comprises 
mainly of greenschist to amphibolite facies greenstone belts 
of ~ 2.7 Ga age, along with felsic calc-alkaline plutonic, and 
volcanic rocks of ~ 2.7- ~ 2.5 Ga age (e.g., Jayananda et al. 
2000, 2013, 2020; Chardon et al. 2002, 2011; Dey et al. 
2012, 2016; Manikyamba and Kerrich 2012; Manikyamba 
et al. 2017). Older (3.3–3.0 Ga) granitoids and metasedi-
mentary rocks are rarein EDC and only present as remnants 
(Jayananda et al. 2000; Bidyananda et al. 2011; Maibam 
et al. 2011; Dey 2013). There are about 13 greenstone belts 
in EDC viz., Kolar, Veligallu, Kadiri, T. Sundupalle, Nel-
lore, Ramagiri, Khustagi, Hutti, Sandur, Raichur-Mangalur, 
Garwal, Jonnagiri and Peddavuru (Jayananda et al. 2013; 
Goswami et al. 2016, 2017, 2019a, b). Amongst them, the 
southern greenstone belts are mostly N-S and the northern 
greenstone belts are NW–SE trending (Jayananda et al. 
2013). The changes in this trend are possibly due to later 
deformation events during Eastern Ghats orogeny (equiva-
lent to globally known Greenville orogeny), which is also 
responsible for crescentic shape of the Cuddapah basin.

Another important aspect is that the rocks are relatively 
younger in EDC than those in WDC (Jayananda et al. 2013). 
The Peninsular gneiss (~ 3 Ga) in WDC shows relatively 
older age than that in EDC (~ 2.8 Ga) in spite of their broad 
petrological similarities as TTG (Jayananda et al. 2020). 
Thus, the term 'Peninsular gneiss equivalent 'is used in EDC. 
The EDC greenstone belts are dated 2.6- 2.7 Ga and often 
intruded by the ~ 2.5 Ga potassic granitic bodies equivalent 

to Closepet Granite. Different ages of Palaeoproterozoic 
dyke swarms are established with different orientation of 
stress field (French and Heaman 2010; Belica et al. 2014; 
Goswami et al. 2019a, b). The emplacement of younger gra-
nitic bodies in EDC exhibit linearity, parallel to the green-
stone belts. Chadwick et al. (2000, 2007) designated them 
together as Dharwar Batholith to differentiate from Penin-
sular gneissic complex (PGC) of WDC. The EDC Basement 
Complex of Cuddapah and Bhima basins exhibit diverse 
nature. Weakly developed gneissosity and migmatitized 
remnants within younger granitoids are common. Patches 
of greenstone/schist belts and PGC equivalents nowhere cut 
across each other. Hence, it is difficult to establish chrono-
logical order on the basis of field observations. Mafic dyke 
swarms are the youngest lithounits in the basement (Soder-
lund et al. 2019).

The relationship between EDC and WDC is studied 
extensively in recent past (e.g., Gireesh et al. 2012; Dey 
2013; Jayananda et al. 2018, 2020; Vijaya Rao et al. 2015; 
Bhaskar Rao et al. 2020; Jayananda et al. 2020 and refer-
ences there in). As per the zircon U–Pb age and Hf iso-
tope data interpretation of these earlier workers, two major 
juvenile crust accretion episodes involved depleted mantle 
sources at 3.45 to 3.17 Ga and 2.7 to 2.5 Ga. Crustal recy-
cling was dominated during the intervening period. The 
Dharwar craton records clear evidence for the operation of 
modern style plate tectonics since ~ 2.7 Ga. Several schools 
of thoughts are available on tectonic models of DC. Con-
sidering most widely accepted views, it has been proposed 
that present configuration of DC suggest an exposed part of 
oblique cross section of continental crust due to a dominant 
northerly tilting by block faulting (Pichamuthu et al. 1981; 
Radhakrishna and Naqvi 1986; Rogers 1986; Newton 1990).

Field outcrop analysis

During the field work, different representative sectors 
(e.g., Wajhal-Hunasagi-Talikota area in north, Ramagiri-
Penakacherla in central part and Rayachoti-Pincha-Bhakra-
peta in southern part of EDC) were chosen to study the 
variation in deformation pattern (T1, T2 and T3 traverse in 
Fig. 1). Along with these, several number of transects were 
chosen throughout the area. In fact, all the litho-structural 
features visible in different outcrops were studied together 
to understand the structural fabric elements and their ori-
entation, symmetry and relative ages, so that a sequence of 
deformationand intrusion events can be established.

The schist/greenstone belts have been metamorphosed to 
a lower grade compared to the gneisses/migmatites (Gos-
wami et al. 2016, 2017, 2019a, b). However, well developed 
schistosity can also be observed in some younger granites 
and foliated gneisses, which comprise higher amount of 
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mica. The younger intrusive granitoids are not intensely met-
amorphosed and deformed as compared to foliated green-
stones and gneisses except at places along their boundaries, 
where they are mylonitic. The lesser deformed areas with 
patches of greenstone belts indicate low strain zones, where 
the rocks survived intense deformation despite being older 
than gneiss-migmatite-granitoids.

The structural features are discussed according to the 
occurrences either in schist/greenstone belts or gneiss-
migmatite and younger granite for better understanding of 
the influence of rheology (Table. 1). Then structural data 
base (Annexure 1, 2) is examined with reference to different 
deformation stages (i.e., time) and major occurrence loca-
tion (i.e., if northern or central or southern part of EDC) of 
corresponding deformation fabrics (i.e., space). This study 
is helpful in demarcating the influence of combined factors 
like generation of different rock types vis-a-vis deformation 
events.

Structures in greenstone belts

Schistosity and shear zones are most common structural 
features in the greenstone belts. The original basaltic rocks 
in these belts are mostly metamorphosed in greenschist to 
amphibolite facies. Medium to coarse minerals with sheet or 
long prismatic grains (e.g., Biotite, chlorite, hornblende etc.) 
exhibit preferred orientation due to shearing during meta-
morphism and form schistosity. Broad pattern of deforma-
tion in the greenstone belts of EDC are mostly characterized 
by several phases of deformation and folding with different 
types of interference pattern and associated superposed fold-
ing (Figs. 3A–G and 4A–C). Mostly recumbent, upright, 
reclined folds and locally sheath folds are noted. The folds 
often show intrafolial nature with thinner limbs and wider 
hinges.

Throughout the greenstone belts, lithologic layering (S0) 
is approximately parallel to primary metamorphic foliation 
(S1), which is sub-horizontal in general. However, for ini-
tial planar fabrics S0 (i.e., flow beds, volcaniclastic layers 
etc.) random arrangement of minerals and absence of any 
fabric is expected. Although S0 do not show such primary 
features, there are no evidence of associated folding as well 
for developing S1. Therefore, S0 and S1 are not possible to 
differentiate from outcrop. Hence, it is naturally expected 

to get initially developed recumbent folds (F1) with hori-
zontal axial planar foliation (S1). This represents the first 
phase of deformation (D1), with broadly horizontal axial 
planes, limbs (Fig. 3A) and ~ E-W hinge line indicative of 
N-S shearing and associated effective compression vector 
acted sub-vertically. Clearly distinguishable and preserved 
fabric elements are more common after D1 phase.

The horizontal axial planes of recumbent folds got 
refolded to upright fold (F2) with NNW-SSE sub-vertical 
axial planar direction, during second phase of deformation 
(D2) in response to E-W compression. Apparently normal 
stress on the plane was dominated during this event to 
develop upright geometry. Thus, the vertical to sub-vertical 
axial planes and cleavages are common along NNW-SSE to 
N-S direction. This upright folding of older recumbent fold 
often creates ambiguity near the older hinge areas which 
apparently give reclined geometry (Fig. 3A). Due to later 
developed shearing slightly plunging syncline and anticline 
are developed (Fig. 3F).

During the third phase of deformation (D3), neutral folds 
(F3) were developed with sidewise closure (Fig. 3B–D). 
The reclined nature of these neutral folds is notable from 
the ~ 900 pitch of axes on axial planes. This lead to develop 
sub-vertical S3 planes at very low angle or often parallel to 
older S2 due to shearing along N-S to NNW-SSE direction 
with effective compression at right angle (i.e., ~ E-W). This 
also supports the tight to isoclinal nature of folding. Dur-
ing this episode plunging folds also appear locally near the 
preserved hinges of older fold and effects of later refolding, 
which complicated the outcrops further due to layer parallel 
shearing (D4) and folding (F4).

F4 folds are not large-scale folds but locally superposed 
over F2 and produce hook or flame like feature with NE-SW 
axial planar foliation (Fig. 4A, B) due to type 3 interfer-
ence pattern (i.e., fold axes of older and later generation are 
parallel but axial planes are perpendicular. Ramsay 1967). 
Although shearing direction with respect to older fabric 
planes is same in case of F3 and F4 (i.e., broadly ranging 
fromN-S to NNW-SSE), maximum compression (σ1) and 
slip direction gets changed to right angle (i.e., E-W directed 
σ1 in F3 and NNW-SSE directed σ1 in F4). In these F2, F3, F4 
folds of D2, D3 and D4 deformation events respectively, the 
axial planes remain vertical to sub-vertical. D1, D2 and D3 
events represent separate strain conditions as incremental 
strain. Subsequently, D3 and D4 is most probable product 
of progressive stress event, which often develop intrafolial 
folds.

However, foliation planes of second and third defor-
mation events (S2 and S3) mainly controlled the regional 
outcrop pattern. The major F1 recumbent folds are not well 
defined as compared to upright F2 folds (which also exhibit 
reclined geometry of F2 folds nearby the hinge areas of older 
F1 folds). Minor local scale F1 and especially F2 folds are 

Fig. 2   A Outcrop photo of schist with crenulation (Ramagiri area, 
Anantapur dist. A.P., mesozone part). Vertical N–S and E–W folia-
tion give vertical intersection lineation. B. Outcrop photo (plan view) 
of gneiss with dark–light banding (S of T. Sundupalle, Kadapa dist. 
A.P. catazone part). Dextral NNW-SSE shear zone boundary (C 
plane) is reconstructed with NE-SW shear band (C' plane) and micro-
lithons form dark–light zones. C. Outcrop photo (plan view) of mig-
matite with patches of leucosome (L) and melanosomes (M) (S of T. 
Sundupalle, Kadapa dist. A.P. catazone part)

◂
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often observed in the meta-volcanics and BIF unit. After 
F2 folding quartz veination along S2 planes enhances the 
competence contrast to facilitate later generation folding 
and boudinage. The crenulation cleavage (S4) developed by 
fourth phase of deformation (D4) is variable in orientation 
but commonly intersects S3 at angle of more than 450. The 
steep (plunging ~ 700–800) lineation locally developed on the 
schistosity plane is parallel to the axial plane of F4 folds.

Foliation morphology varies from phyllitic and locally 
schistose in metapelites, to a spaced phyllitic cleavage in 
chloritic greenstone. Sheath folds are also observed with 
deformed outline and overprint of later superposed folding 
in the competent quartz veins due to its flowage capabili-
ties (Fig. 4C). Such multiply deformed and tight to isocli-
nally folded greenstone units with lower metamorphic grade 
(greenschist facies) are often associated with interlayered 
high metamorphic grade gneiss (upper amphibolite facies) 
and migmatite. There are several places where relics of 
shearing related fold hinges are preserved. The most inten-
sive and clearly visible F3 and later developed folding (i.e., 
related to the NNW-SSE shearing), are often related to the 
contemporaneous development of localized secondary folds 
depending upon relative orientation with respect to shear-
ing. However, layer parallel transposition with progressive 
stress events develops parallel schistosity planes (trending 
N-S to NNW-SSE) in greenstone belts and at certain places 
transposition process modified the older fold geometry.

Different types of lineation along with axial plane folia-
tion are also noticed in greenstone belts. Pressure shadow/
pressure fringe (Fig. 5A) with spindle shaped zones having 
aggregates of minerals formed on both sides of porphyrob-
lasts/porphyroclasts is indicative of shadow zones that sur-
vived deformation and thus preferential settlement at these 
shadows. Mostly, NNW-SSE to N-S extension (σ1direction 
ranges fromENE-WSW to E-W) directions is manifested by 
such pressure shadow lineations. Reclined neutral isoclinally 
folded (D3) veins are more common in the schist belt than 
upright isoclinal folds, which are related to later tectonics 
(D5) of NNW-SSE normal stressand more prominent in 
southern part of EDC (Fig. 5B). During the D4 stage hori-
zontal quartz veins appeared along weak horizontal planes.

The haphazardly oriented quartz veins may be imag-
ined as blanket, in which different parts exhibit different 
style of folding due to major component of localized stress 
vector. Therefore, the structural data of quartz veins are 
critically examined and carefully chosen before interpret-
ing. In such cases other supportive data is also taken into 
consideration. Overall, the stages of folding in quartz veins 
can be understood broadly from the refolded sheath fold 
geometry (viz., Fig. 4C indicating three stages D4, D5 and 
D6). Another important feature is boudinaged folds, which 
indicate progressive regional sinistral shear along NNW-
SSE direction. This event is linked to D6 deformation when Ta
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transposition and transformation from extension to shorten-
ing field (and vice versa) are observed at different parts. 
Broadly the σ1 direction for D6 is found along ESE-WNW. 
Different segments are observed to define all the four major 
fields of shortening and extension (Fig. 5C and D). Initia-
tion of granite generation was started after D3 event, when 
quartz vein appeared as probable proxy of granitic magma 
at depth. However, profuse granite generation from anatexis 
of gneiss-migmatite is observed at southern catazone parts 
of EDC during D3 unlike central mesozone and northern 
epizone parts of EDC. In the central mesozone and northern 
epizone parts younger granite is emplaced at least after D6. 
Tectonites suggest N-S to NNW-SSE direction of maximum 
stretching. Thus N-S to NNW-SSE horizontal stretching 

lineations is common (Fig. 6A and B). However, the com-
petent granitic layers with brittle signature of deformation 
implies D7 event after granite generation and segregation 
along weak older foliation.

Development of boudinage imply the process of NNW 
stretching, necking and eventually segmentation of the lay-
ers (Fig. 6C). Pillow structures (Fig. 6D) are also used to 
measure the rotation from top–bottom determination criteria 
of pillow shape. The brecciation in pillow to become hya-
loclastite is possibly linked to the D2 deformation, which 
is also corroborating similarities of such rotation in other 
areas during upright refolding of older fabrics. Different 
degree of boudinage ranging from micro to macroscopic 
scale is exhibited by competent quartzo-feldspathic veins in 

Fig. 3   A. Recumbent fold with horizontal fold axis and axial plane 
in schist belt. West of Ramagiri (mesozone part). Later imprints of 
folding is also manifested near rotated hinge portions. B. Northerly 
plunging syncline in schist belt with easterly dipping steep fold axial 
plane. ESE of Ramagiri (mesozone part). C. Southerly plunging anti-
cline in schist. ESE of Ramagiri (mesozone part). D. Intrafolial neu-

tral reclined fold with NNW sub-vertical axial planar foliation (S3). 
S of Ramagiri (mesozone part). E. Minor folding along with major 
isoclinal reclined folding in BIF layers. NNE of Ramagiri. F. NW ver-
gence of open fold with in NNW trending BIF. G. Multiply folded 
quartz vein with hook shaped type 3 interferece in plan outcrop of 
schist belt near T. Sundupalle (catazone part)
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schistose meta-basaltic hosts. The boudin axes are carefully 
observed and with reference to the axial direction boudin 
profiles are noted as symmetrical or asymmetrical. Mostly 
asymmetric boudinage give shear sense unlike symmetric 
boudins and pinch and swell structures, which are also com-
mon and associated with folding. They imply synchronous 
development in layers and veins of different orientation and 
significant competence contrast. Figure 7 shows a schematic 
3D model of the few prominent phases of folding with asso-
ciated foliation, lineation and boudin development stages 
(modified after Goscombe et al. 2004). The layer bounda-
ries of the boudins are also of different types like convex, 

tapering or straight (Figs. 5C and 6C). Asymmetric bou-
dins are used for sense of shear determination because such 
boudins show lozenge shape and stretched at diagonally 
opposed corners (Fig. 8). The noncoaxial nature of strain 
with NW–SE trending dextral sense of shear are observed 
from such boudins.

Structures in gneiss‑migmatite

Lit-par-lit intrusion mechanism can be described from the 
gneisses surrounding the greenstone belts, in the southern 
catazone parts (~ broadly south of 140N latitude) where 

Fig. 4   A. Superposition of fold with type 3 interference in quartz rib-
bon/vein near T. Sundupalle (catazone part). B. Type threefold inter-
ference with flame shaped pattern in which phase 1 and phase 2 folds 
show parallel axes but perpendicular axial planes (Ramsay and Huber 

1987). (T. Sundupalle west, catazone part) C. Outcrop plan showing 
refolding in sheath folds (T. Sundupalle—G Reddivaripalle area, cat-
azone part)



621Proceedings of the Indian National Science Academy (2023) 89:613–643	

1 3

granitoids and quartzo-feldspathic veins are observed to 
intrude along older schistosity planes (mostly S2 and S3) 
and develop alternating light and dark color bands (Fig. 9A, 
B). Broadly, majority of gneissic bands indicate about their 
origin fromshearing associated layer transposition and pull-
ing apart of layers (i.e., earlier folded layers, or composi-
tional layers of different competence) during deformation 
event (D4 and later). Therefore, all older features attend par-
allelism according to latest shearing, which results in the 
stretching of tight folds and separation of hinges from the 
limbs. The preserved rootless fold hinges often substanti-
ated from this mechanism of NW–SE shearing (Fig. 9C) 
during D4. The medium to high grade metamorphic areas 
with gneisses and migmatites are often affected by younger 
granitic emplacements (D6). Juvenile granite development 
is not a simple event but it comprises several long-lasting 
developmental stages.

Thus, to avoid ambiguity it must be noted in the field 
that deformation signatures within granite may or may not 
be preserved because at different depths along the craton 
characteristics of granite varies. However, it is quite nat-
ural that granite of deeper cratonic parts will have transi-
tional nature with migmatite and often difficult to separate 
at places of anatexis. With subsequent segregation and 
upward emplacements, later stages of deformation may be 
imprinted at shallow level (i.e., epizone/mesozone parts). 
These areas (~ mostly south of 140N latitude) are character-
ized by the dominance of diatexites (anatexis of older rock to 
form neosome), especially leucosome and melanosome are 
very common. The light leucosome fractions show network 
channel with low dihedral angle (θ < 600) between solid and 
melt phase (Vanderhaeghe 2009). This portion of migmatite 
can be considered as granite kitchen (Fig. 9D, E). The pre-
partial-melting structures and paleosome are almost absent 
in such higher-grade metamorphic areas. Presence of mig-
matites suggests a temperature condition of about 6500C, in 
which the rocks begin to melt and produce such hybrid type 
rocks with both igneous and metamorphic characteristics 
(Sawyer 2008).

The gneissic layering is characterized by distinct colour 
bands due to alternating light quartz and/or feldspar- rich 
layers and dark biotite, amphibole rich layers. It is often 
observed that in some granite-gneiss-migmatite complex, 
feldspar grains are left behind due to its more rigid nature 
than quartz. Hence, quartz could flow as ribbon due to 
shearing but rigid feldspar remains either as laths or as oval 
eye—shaped (i.e., augen) grains (Fig. 9F). These are also 
called augen gneiss and mostly characterized as ortho-gneiss 
since they develop from anatexis of igneous protolith mostly 
granitoids and metavolcnics.

Low degree of anatexis is indicated by patchy meta-
texites and recrystallization of leucocratic minerals 
without much transport was noticed. This is because the 

Fig. 5   A Pressure shadow lineation in schist belt metavolcanics (T. sun-
dupalle west area, catazone part). B Isoclinal folding in quartz vein show 
upright nature with thick hinge and thin limb with steeply dipping axial 
planes. (T. sundupalle west area, catazone part). C Boudinaged folds with 
convex and straight outline of competent quartz vein. Boudin and fold 
association indicate competence contrast between meta volcanic matrix 
and quartz vein. Different domain of active stress component can be visu-
alized from plan view (Brunton index to North). (Adavipalle area kadapa 
dist. A.P.). D. Strain ellipse for the boudinaged fold (Fig.  5C) indicates 
different domain of compression and extension field as marked numeri-
cally (Adavipalle area, catazone part)
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ferromagnesian dark minerals have higher melting tem-
peratures than lighter quartzo-feldspathic minerals. Thus, 
lighter fraction could flow with low order stress towards 
dilatant sites and preferentially arranged as banding. Dif-
ferent morphology of migmatites is indicative of different 
stages of partial melting and stress conditions (i.e., static 
or dynamic mode). The paleosome-dominated metatex-
ites of four sub-types (viz, patch, dilatant, net and stro-
matic) were differentiated in field (Fig. 10). Apart from 
this schollen or raft and schlieren type diatexites with 
enriched neosome were also noticed (Fig. 11). The mig-
matite stage itself indicate a plastic regime in which slight 
deformation can play immense role in creating passage of 
melt and creation of opening by faulting and shearing can 
enhance partial melting by pressure release induce drop 
in melting point.

Therefore, to create profuse granite during D6 stage in 
the southern catazone segment along with deeper high tem-
perature zone (static mode), deformation (dynamic mode) 
also helped in segregating the granite. The typical grada-
tional contact between granite and older hosts in the south-
ern extreme indicate higher temperature condition but low 
temperature contrast unlike the northern part with sharp 
intrusive contacts (epizone), where shallow crustal regime 
exhibited low temperature condition but higher contrast 
between emplaced hot granite with cooler country rocks.

Structures in younger granitoids

The younger late Archaean granitoids of EDC are mostly 
characterized by brittle and to some extent brittle-duc-
tile regime structures. As such, absence of older ductile 

Fig. 6   A 3 dimensional outcrops of L-S tectonites developed in gra-
nitic veins intruded along schistosity of Kadiri greenstone belt (Dori-
gallu area, Anantapur dist. A.P., mesozone-catazone transition). 
B. Plan view of L-S tectonites showing elliptical stretched granitic 
fragments along N-S. (Dorigallu area, Anantapur dist. A.P.). Ham-

mer kept along N-S. C. Symmetric pinch and swell and boudins with 
tapering outlines in greenstone belt metabasics (G Reddivaripalle 
area, Kadapa dist. A.P., catazone) Brunton index to North. D. Rotated 
pillow structures in meta basalts (N of Ramagiri area, Anantapur dist. 
A.P., mesozone)
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deformation fabrics (D1 to D5) indicates crystallization 
and solidification of granitic magma took place after these 
deformation events. However, that does not mean granite 
melt generation, segregation and emplacement after these 

deformations. There are evidences of syn-tectonic nature 
(Chadwick et al. 2000; Moyen et al. 2003; Jayananda et al. 
2020) and most of the features are better observed under 
microscope. However, during D5 stage of deformation 

Fig. 7   A. Block diagram 
showing the disposition most 
commonly observed features of 
vertical axial planar foliation, 
crenulation, stretching and inter-
section lineation in greenstone 
belts in field. B. A zoomed in 
plan view to reveal the imprint 
of later phase deformation 
signatures like isoclinal folding 
and boudinage and rotation by 
transposition (modified after 
Goscombe et al. 2004)

Fig. 8   Asymmetric style of 
pinch-swell and boudins in 
competent quartz vein sur-
rounded by incompetent matrix 
of metabasalts. This is used as 
NNW dextral shear sense indi-
cator (Brunton index to North). 
(Adivipalle area, Kadapa dist. 
A.P., catazone part)
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intense migmatite and diatexitic fractions started appear-
ing in the southern parts. Further, D6 fabrics also frequently 
observed to develop pathway for anatexis melt segregation 
in the form of tube-like channel defined by transposed linear 
fabrics. Therefore, D5 can be linked with generation and D6 

with segregation and transport of granitic melt. Therefore, 
after D6 granite emplacement, cooling and solidification 
occur. Thus, the granite outcrop does not show any pre D6 
ductile features as such. The newly generated granitic melt 
got well defined pathways along older foliation planes to 

Fig. 9   A Lit per lit folded gneiss developed by quartzo-feldspathic 
intrusion along foliation in metabasalt. Later developed folds are 
visible with NNW vergence (D6). B Lit per lit intrusion of younger 
granitoid veins along foliation planes (S2 and S3) in greenstone belts. 
C Gneiss with isoclinal rootless fold hinge segments (F3) remaining 
with colour banding due to layer parallel transposition. D Low degree 
anatexis and associated quartz ribbon development in gneiss-migma-
tite. Linear bands developed due to preferential alignment of leuco-

some flow. E Close view of small part of static mode migmatite, in 
which feldspar remain intact and quartz start flowing around feldspar. 
Considering quartz as leucosome melt the low dihedral angle can be 
found to substantiate material flow with melt channel development. 
F Feldspar crystals left behind after quartz removal (Reddivaripalle-
Adivipalle-Madithadu areas, Kadapa dist. A.P., catazone segment) 
(Brunton index and pen cap oriented to North)
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Fig. 10   Different types of metatexitic migmatites. A Patch. B Dilatant. C Net structured. D Stromatic types (pen cap to the north, hammer head 
to the north, brunton index pointing north). (Ramagiri, Reddivaripalle-Adivipalle area, Anantapur and Kadapa dist. A.P., catazone part)
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exhibit lit-per-lit intrusions, which is later affected by brit-
tle-ductile deformation to form tectonites (D7). Generally, 
the younger granite occurs as distinct hillocks of compos-
ite/simple plutons. Near northernmost part of EDC, along 
the Bhima basin margin, pink alkali feldspar granite with 
megacrysts of K-feldspar are exposed with sharp discordant 
contacts with older rocks. While, the southern part of EDC 
along the Pincha-Bhakrapeta (south of Cuddapah basin) tract 
is characterized by diatexitic granite with gradational patchy 
contacts with older rocks. The intensity of ductile deforma-
tion features, migmatites and gneisses increase toward south.

Development of protomylonite and mylonite indicate 
a ductile to brittle-ductile transition regime in the central 
block (Fig. 12A, B). The shear bands with S, C and C' 
planes indicate progressive shearing and mylonitization. 
The incompetent rocks like biotite rich schist and gneiss 
commonly display more ductile behavior than quartz and 
feldspar rich granitoids with higher competency. The brit-
tle structures like veins and dykes are often sheared and 
reactivated in granite. The pseudotachylite is formed due 
to shearing and associated heating during brittle fracturing. 
Few outcrop sections show horizontal quartz vein and high 
angle reverse faults, indicating unloading and exhumation 
(Fig. 12C). Quartz veins often show shearing with en-ech-
elon pattern. Mica rich granite often developed schistosity 
due to parallel alignment of sheet silicates.

Overall, the granitoids represent sheet like bodies with 
slab by layerings formed due to exhumation. There are few 
outcrops exhibit dextral shearing with marked displacements 
of older fracture as well as pull apart depression cracks 
development (Fig. 12D). There are no discrete contacts 
between granite and anatexis product in the southern part 
of EDC, where granite show catazone character (Fig. 12E). 
Close observation of such granite reveals melting of quartz 
around feldspar crystals, which gives idea on diatexitic 

granite (Fig. 12F). At certain places dextral bookshelf tec-
tonics can be interpreted from shear zone (Fig. 12G, H). 
Since the southern part represents deeper crustal segment 
association of such shear zones and migmatites-gneiss are 
more with granite. In this southern part granite is possibly 
generated as diatexite and the segregated upward (i.e., north-
erly in present day). Thus, segregation and migration fea-
tures (e.g., apophyses, contact metamorphic zones) are more 
towards north. Extreme northern sector is characterised 
by relatively static emplacement features (e.g., K-feldspar 
megacrysts, sharp contacts with country rocks) of shallow 
epizone.

Use of principle of inclusion and cross cutting 
relationship

After a detailed observation and analysis of acquired data 
from the entire study area, sequence of established deforma-
tion from each outcrop are combined to build up a repre-
sentative standard sequence of deformation events. Based 
on the principle of intrusive relationships using cross-cutting 
contacts, granite is found to be younger than greenstone and 
gneiss. Mafic dykes, quartz and pegmatite veins are further 
younger to granite. It is obvious that shear zones and faults 
affecting a particular lithounit must be a later event than the 
formation of that lithounit itself. With this analogy, different 
episodes of ductile shearing were interpreted as pre, syn and 
post granitic in time. The faulting events are mostly later 
shallow brittle phenomenon after granitic emplacement.

The principle of inclusions and components are also 
used in field to understand that inclusions must be older 
than the host that contains them. Hence, xenoliths of mafic 
supracrustals within gneiss and xenoliths of greenstone 
and gneiss within granitoids explain the sequence of rock 
formation. In fact, several episodes of greenstone & TTG 

Fig. 11   Two types of diatexitic fetaures in migmatite marked by arrow. A. schlieren. B. schollen and raft structures (brunton index pointing 
north). (Reddivaripalle-Adivipalle area, Kadapa dist. A.P. catazone part)
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gneiss and then granite appeared in EDC which can also 
be reaffirmed by absolute dating. In fact, radiometric age 
data (Zircon U–Pb) from other parts of EDC showed ages of 
TTG (~ 3.36–2.96 Ga), greenstone (~ 2.74–2.70 Ga), gneiss 
(~ 2.67–2.60 Ga) and younger felsic plutonic and less com-
mon felsic volcanic rocks (~ 2.57–2.52 Ga) (Jayananda et al. 
2020).

The contacts of the schist belts with the granitoids are 
typically intrusive, but are tectonic also at places (Fig. 13A, 
B). Granitoids mostly intruded metavolcanics near green-
stone belt margins. The lit-par-lit intrusion along schistos-
ity planes, apophyses and intertonging relationships and 
effects of rare contact metamorphism are common around 
the margins of many granitic plutons (Fig. 13C, D) and 
these suggest later development of juvenile granite plutons. 
Contact metamorphism with chilled margin (aureole) and 
apophyses are more especially in the northern and central 
sector of EDC. This implies temperature contrast between 
granite and country rocks are higher than that in the southern 
part. Granite tongues are often extended from main body 
to the greenstone belts, where competence contrast led to 
development of ptygmatic folds (Fig. 13E). This indicates 
that later formed granite intruded over greenstone and then 
shearing associated deformation took place. The xenoliths of 
greenstone patches with preserved shear sense indicator (σ) 
within granite also supports the similar sequence of events 
(Fig. 13F).

The generalized methods applied throughout the terrane 
to determine shear sense are to use the rotation/displace-
ment of marker features such as mafic dykes, quartzo-feld-
spathic veins, xenoliths and banding over the shear zones. 
Altogether, the combined observation suggest that ductile 
shearing is more common before granite intrusion and thus 
older supracrustals exhibit more ductile features than later 
granite, which mostly show brittle-ductile to pure brittle 
shear associated deformation. Therefore, granite segrega-
tion can be related to a contemporaneous exhumation from 
ductile to brittle-ductile regime.

Petrography

The granoblastic polygonal texture in gneiss and irregular 
grain boundaries in metavolcanics of greenstone belts sug-
gest higher and lower metamorphic grades respectively. 
This is due to grain boundary migration towards a low-
energy configuration since shorter and straight boundaries 
need lower free energy than irregular ones (Fig. 14A), also 
known as grain boundary area reduction (GBAR) (Ver-
non 1983, 2004; Poirier 1985; Passchier and Trouw 2005). 
To be more precise greenstone belt rocks indicate high 
temperature grain boundary migration (GBM) with low 
flow stress (Passchier and Trouw 2005). The granoblastic 

fabrics indicate relatively fast diffusion and recrystal-
lisation which lead to generation of melt pockets along 
grain boundaries (Urai et  al. 1986). Such grain scale 
deformation is repaired by grain boundary area reduction 
and formation of gneiss. Although strong macroscopic/
mesoscopic deformation features like isoclinal folding 
is present in gneiss (Fig. 14B), small scale granoblastic 
fabrics indicate apparently undeformed gneiss. The brittle 
deformation is manifested by fractures across and between 
grains and the resulting fragments is found to move rela-
tive to each other. Microstructures indicative of cataclastic 
flow include micro-fractures and displacements of cleav-
age as well as displacement and rotation of rigid particles 
(Fig. 14C).

Different events of the P–T-t history are preserved in dif-
ferent part of the terrain. Poikiloblastic textures as ortho 
pyroxene inclusions in clino pyroxene (Fig. 14D) indicate 
prograde metamorphism. Hydration reactions are evidenced 
by replacement of anhydrous mineral (e.g., ortho pyroxenes) 
by hydrous minerals (amphibole and chlorite), during retro-
gradation with exhumation (Fig. 14E, F) which led to form 
such outcrops to be exposed to the surface. The epizone 
segments in the northern part often characterized by differ-
ent types of symplectites, fine grained intergrown crystals 
of quartz and plagioclase and alkali feldspar. Thus, meta-
morphic assemblage indicates about clockwise P–T-t path. 
Further justification of the P–T-t path is substantiated in 
discussion part. Grain-scale fracturing (i.e., a mechanism 
of removing fluids) connotes about the fact that during 
prograde metamorphism possibly devolatilization reac-
tions took place. However, in normal scale it does not show 
any microstructural evidences. Retrograde metamorphic 
imprints do not show complete changes in mineralogy of 
earlier prograde event due to the fact that chemical reactions 
run faster at higher temperature. Moreover, removal of fluids 
during devolatilization caused scarcity of available fluids.

However, this is a qualitative study in which mineral 
content and textural aspects from rocks at different locali-
ties suggest preserved portions of different parts of a pres-
sure–temperature-time path. However, exact quantification 
should be possible after quantitative studies like thermo-
barometry and pseudo section study.

The most commonly observed hydration reaction suggests 
a later destruction of previous prograde features possibly due 
to textural and chemical re-equilibration of the rock during 
retrogradation. Moreover, the lower diffusion rate for low 
temperature retrograde condition, the mineral composition 
of the terrain mainly reflects a specific part of the total P–T 
path following peak metamorphic conditions. Brittle fractur-
ing of older plagioclase indicates shallow depth (Fig. 14G) 
and subsequent quartz vein development is signifies later 
unloading related to fracturing (Fig. 14H).
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By synthesizing all the above discussed macro and micro 
structural as well as textural evidences collected from 
both the high- and low-gradeterrains it can be concluded 
that there was a deeper ductile regime which gradually 
exhumed through brittle-ductile transition to brittle surfi-
cial condition during northerly crustal tilting with block 
faulting (evidenced by increasing grade of metamorphism 
from greenschist to amphibolite towards south and progres-
sive transition from epizone through mesozone to catazone 

Fig. 12   Different brittle and brittle-ductile regime deformation fea-
tures in younger granitoids. A mylonites with quartz ribbon around 
feldspar. T. Sundupalle, catazone segment. B S-C proto mylonites. 
Ramagiri, mesozone. C Quartzo-fedspathic veins and small scale 
faulting in younger granite. Dorigallu ghat section, mesozone-cat-
azone transition. D Dextral strike slip faulting and pull apart basin 
structure in granite. Pincha area, catazone part. E diatexitic granite 
and migmatite association. Pincha, catazone. F partial melting and 
quartz ribbon flow around feldspar crystals, catazone. G shear zone 
with bookshelf feature of blocks rotation in response to dextral shear, 
catazone. H zoomed in view for better illustration. (Santhigettu area, 
Kadapa dist. A.P.)

◂

Fig. 13   A Emplacement of coarse granite along foliation in green-
stone belt indicating intrusive contact zone (D6), catazone segment. 
B Presence of fault along the granite-greenstone contact indicate tec-
tonic contact, catazone. C Apophyses of granite indicate later intru-
sion and small scale displacement of apophyses indicate later phase 
tectonism, mesozone. D Contact metamorphism along granite-green-

stone contact, mesozone. E Granite tongue extended into the green-
stone belt and later deformation led to development of folds, meso-
zone. F Meta basalt xenoliths of greenstone belt in sheared granite, 
catazone. (Ramagiri-Pennakacherla, Reddivaripalle-Adivipalle area, 
Anantapur and Kadapa dist. A. P.)
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from north to south implies exposed deeper crustal segments 
towards south). Evidences of tectonic events are observed 
from overprinting of deformation fabrics. These are also 
substantiated from field observation on post granite unload-
ing and exhumation features.

In this work, minutely observed features are noted down 
one by one. In fact, with increasing degree of anatexis the 
rock property or especially rheology also automatically gets 
changed and hence slight stress can be enough to transpose 
fabrics when anatexis continue. Actually, the event sequence 
is Metamorphism-crustal melting (partial & phase wise)-
slight stress related channel creation-melt segregation-ascent 
and emplacement at shallow level as magmatism.

Discussion

The metamorphic grades in EDC varies from low to high 
depending up on the terrain like greenstone, gneiss-migma-
tite and granitoids because metamorphic changes in mineral-
ogy, grain size, shape, and chemical composition depend-
ent up on protoliths of different rheology. It is a fact that 
greenschist/amphibolite facies metamorphism cannot occur 
at the Earth's surface but at certain depth range with opti-
mum pressure (P) and temperature (T) and time (t). Since 
we are getting metamorphic rocks of greenstone belt (vol-
cano-sedimentary assemblages), a qualitative understanding 
can be drawn that some prograde path in P–T space caused 
burial and metamorphism followed exhumation back to the 
surface along a retrograde path. After integrating published 
P–T data to visualize quantitative aspects (Jayananda et al. 

2011, 2013; Peucat et al. 2013), it is found that DC exhibit a 
systematic increase in P–T conditions from north (400 MPa-
4500C) to south (800 MPa-8000C).

It is also visualized that the P–T path can be either clock-
wise or anticlockwise. Now the point is how to examine such 
path so that we can have ideas on burial and exhumation pro-
cess? Our field-based studies with supportive microscopic 
examination of petro-mineralogy and texture give ideas on 
qualitative aspects. However quantitative studies like radio-
metric dating and thermodynamic modeling can provide fur-
ther information, which is beyond the scope of the present 
paper context.

The present context deals with the Archaean deformation 
and metamorphic history of EDC. The time relationships 
among greenstone, gneiss-migmatites and granitoids with 
their corresponding structural and metamorphic attributes 
reveal the tectonic history of EDC. Apart from rheology, 
the development of schistosity, gneissosity, migmatites and 
granitoid magma can be linked to the progressive increase 
in the pressure/depth and temperature with time. Therefore, 
the progressive increase in the grade of such regional and 
burial metamorphism can be related to crustal growth with 
time. However, granitic intrusions in the upper crust cannot 
be considered as addition to older crust because these are 
derived from anatexis of older deeper crustal differentiates. 
This observation is supporting the earlier view of Taylor and 
McLennan (1981, 2009) and as per their standard crustal 
evolution model major episodic pulses of crustal growth is 
most acceptable than steady-state model.

In the EDC rocks of older TTG (~ 3.36–2.96  Ga) 
are rare and most of the meta basics of greenstone belt 
(~ 2.74–2.70 Ga), gneiss (~ 2.67–2.60 Ga) and younger 
felsic plutonic and felsic volcanic rocks (~ 2.57–2.52 Ga) 
(Jayananda et al. 2013, 2020) occupy over 99% area. Thus, 
present structural data implies geological attributes of par-
ticular time window (Fig. 15A), during which initiation of 
older crustal melting started with enhanced rate of crustal 
growth in terms of newly added lighter granodioritic gneiss 
and granite at the end. Therefore, net volume enhancement 
with time due to increasing lighter fraction in the upper 
crust caused change in geothermal gradient. Older rarely 
observed supracrustal rocks of greenstone-TTG association 
is falling in the field 1 and presently studied data, i.e., com-
monly found in field indicate field 2 in the modified growth 
rate curve of the continental crust (Fig. 15A). The story of 

Fig. 14   A Photo micrographs and sketches showing petrographic 
difference between lower grade schistose rocks and higher-grade 
gneissic rocks and process of grain boundary area reduction (GBAR, 
inset after Passchier and Trouw 2005). Mangalur and T. Sundupalle 
schist belt and granitoids. B Isoclinal fold in gneiss (F3 and D3). 
Adivipalle, catazone. C Microstructure indicate cataclastic flow, dis-
placed twin lamellae with kinked plagioclase feldspar TL, XN. Huna-
sagi.epizone part. D Ophitic texture between clino pyroxene (Cpx) 
and plagioclase (Plag) and poikilitic texture between ortho pyroxene 
(Opx) and Cpx, mesozone part. Ramagiri schist belt. E Cpx altered 
to chlorite (Chl), mesozone, Ramagiri schist belt. F Opx altered to 
Chl indicte hydration. Mesozone, Ramagiri schist belt. G Brittle frac-
turing in plagioclase grains of younger granitoids. Wajhal (epizone 
segment). H Quartz vein and fracturing in younger granitoids, Wajhal 
(epizone segment)

◂



632	 Proceedings of the Indian National Science Academy (2023) 89:613–643

1 3

field 1 in crustal evolution curve (Fig. 15A) suggests that 
crustal thickness was less at the beginning and there was no 
support below the thin crust, because hot molten materials 
were more. When greenstone belt volcanism took place over 
initially build thin crust, they started sinking with cooling 
due to dense material content (rich in Fe–Mg rich minerals). 

During the period of field 2 (Fig. 15A) significant accretion 
events occur. Thus, it is actually relevant in terms of major 
acceleration pulse of crustal growth due to Kenoran oro-
genic event (Goswami et al. 2019b) with associated ductile 
deformation stages.



633Proceedings of the Indian National Science Academy (2023) 89:613–643	

1 3

During the onset of deformation, the crust attended about 
15 km thickness and thus schistosity started developing 
with different styles of folding (Fig. 15B). Subsequently, 
the gneissosity also generated with further growth of con-
tinent and associated thickness increase (i.e., depth and 
pressure increase). Meanwhile short-term changes in defor-
mation (viz. faulting related uplift and isothermal decom-
pression) and other factors can influence melting point to 
produce patchy migmatites. At the terminal Archaean, the 
crustal thickness and associated deformation was enough to 
form granitic melt of sufficient quantity to form batholith 
as per the pressure–temperature condition of ~ 30 km crust 
(Fig. 15C). P–T conditions from north (400 MPa–450 °C) to 
south (800 MPa–800 °C) in DC also supports the qualitative 
observation.

Possibly, a dynamo-thermal metamorphic setting with 
temperatures about∼600 °C can be deciphered from the 
gneissic rocks (Hefferan and O’Brien 2010). With further 
increase in depth and/or temperature the intense partial melt-
ing led to development of hybrid type of migmititic rocks 
with both igneous and metamorphic characteristics (Sawyer 

2008; Vernon 2004). Brittle structures developed mostly in 
the rocks of uppercrust resulting in widespread fracturing 
and faulting. Brittle-ductile boundary (Fig. 15D) or tran-
sitional regime structures are indicative of further deeper 
condition existing at ∼10 – 20 km depth range and tem-
peratures of about ∼300 °C (Hefferan and O’Brien 2010). 
The temperatures at which transition from brittle to ductile 
behavior took place could not be the same for all minerals. 
For quartz this transition takes place at ∼300 °C, for biotite 
∼250 °C, for feldspar ~ 400 °C, for amphibole and garnet 
∼650 °C (Passchier and Trouw 2005).

Rocks older than 3.4 Ga are not found in the EDC. How-
ever, progressive thickening of the Earth's crust from about 
3 Ga to 2.5 Ga can be interpreted from the rock assemblages 
with characteristic structures and metamorphic signatures. 
Development of schistosity and gneissosity indicate a par-
ticular depth/thickness of crust, below which they cannot 
form. Since, the brittle- ductile transition zone (Duba 1990) 
occurs around 14–18 km depth range (Fig. 15D), it can be 
said that the presently observed ductile features like schis-
tosity in greenstone belts, gneissic foliation and migmatitic 
rocks might have been formed during Meso to Neoarchaean 
time when the crust in EDC achieved a thickness of at least 
about 25 km. The geothermal gradient of Earth was rela-
tively steeper during Archaean because it was hotter. How-
ever, later concentration and enrichment of radioactive ele-
ments in the crust balances the net gradient. Therefore, the 
depth of formation of schistosity and gneissosity is related 
to accretionary growth of the crust because with progres-
sive thickening of the crust geothermal gradient and pressure 
caused different types of burial and regional metamorphism 
and resultant fabrics.

Older schist/greenstone belts suggest 15–18 km thick 
crust which encountered initial deformation phases of 
Kenoran Orogeny (D1 to D4). In this way crust thickened 
with time and therefore pressure temperature condition 
also enhanced in the deeper part, which develop a prograde 
metamorphic track (Fig. 15E). Further, continued growth up 
to about 25 km when the gneissic fabric started appearing, 
deeper catazone part suffered anatexis and patchy migma-
tite pockets appeared (Fig. 15E; Duba 1990). With further 
thickening, rate of anatexis increased and drastic change in 
rheology occur due to enhanced melt proportion in the sys-
tem. Thus, even low order deformation also could help in 
channelizing and segregating the melt. Therefore, when epi-
zone part exhibited peak metamorphic condition, catazone 
parts got melted and such crustal melting generated small 
volumes of felsic magmas to form granite plutons but often 

Fig. 15   A Growth curve of continental crust (after Taylor and 
McLennan 2009), modified to show present window i.e., time range 
of EDC schist-gneiss-migmatite. Major fields (shown as 1, 2 and 
3) shown to differentiate pre and post Kenoran orogeny events. B 
Enlarged representation of the window 2 to interpret the field data 
with reference to deformation stages and associated crustal growth 
vis-a-vis present litho-structural attributes. C Diagram showing tem-
perature and pressure conditions of diagenesis, different grades of 
metamorphic conditions, and the high temperature magmatic field. 
(modified after Nelson 2018). D Diagram showing brittle-ductile 
transition within Earth and corresponding structural deformation 
features (modified after Duba 1990). E Estimated crustal thickness 
with reference to age are converted to depth/pressures data and cor-
responding temperature of standard anatexis melt generation data plot 
to define a P–T-t path (qualitative) of EDC with reference to defor-
mation events. Three portions are interpreted from combined field 
and microscopic studies. Initial deformation and associated thickness 
enhancement of crust indicate prograde condition and Kenoran orog-
eny related deformation stages. Further thickening lead to anatexis, 
migmatite and initiation of granite melt generation. Subsequent seg-
regation, transport and emplacement of granite followed by the retro-
grade path is related to exhumation, also substantiated by hydration 
of ortho pyroxene into chlorite, amphibole. Brittle deformation and 
fracturing of plagioclase and recrystallization and flow of quartz rib-
bon indicate deformation in brittle-ductile regime. Chloritization of 
all pyroxene is final dehydration during retrograde exhumation and 
transition to brittle regime along with Hudsonian orogeny. F Depic-
tion of normal and elevated geothermal gradient curve and its effect 
on melt generation. G Stages of progressive anatexis in migmatite 
and associated granite melt generation with reference to decreasing 
dihedral angle between solid and melt phases

◂
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batholithic in dimensions and its upward transportation in 
the form of vein, apophyses in the mesozone also indicated 
along with simultaneous deformation (D6). This deformation 
played significant role in granite migration and lower crustal 
melting by reducing melting point due to pressure release/
decompression (Fig. 15F). Therefore, elevated geothermal 
gradient helped in granite melt generation and emplacement.

The formation of migmatites or granitoids by anatexis 
or partial melting are mainly influenced by two factors, viz. 
increasing pressure–temperature with progressive thickened 
crust (geothermal gradient) and deformation events. Finally, 
isothermal decompression with unloading, exhumation due 
to faulting exhibited a change from ductile to brittle regime 
(field 3 in Fig. 15A). These later brittle-ductile to pure brit-
tle deformation events of post granite emplacement (D7 
onwards) belong to Hudsonian orogeny (Goswami et al. 
2019b). Schist-gneiss-migmatites are developed in older 
ductile deformational regime (> 2.6 Ga Kenoran orogeny) 
unlike the younger granitoids with dominantly brittle defor-
mational features (< 2.5 Ga Hudsonian orogeny) like frac-
tures, veins, pseudotachylite and breccia (Goswami et al. 
2021a, b).

Therefore, the present configuration of the EDC from 
north to south implies upliftment of southern part of north-
erly tilted crustal block. The uplifted southern part is eroded 
subsequently and fills the depression in the north as Kaladgi 
and Bhima basin sediments. Such deformation events can be 
understood from field data of epizone, mesozone and cata-
zone rock assemblages, micro-structures and overgrowth 
textures as well as mineral assemblages. Petrographic 
observations also suggest hydration and brittle deformation 
features which are suggestive of decompression and uplift-
ment to shallower depth. The process of granite batholith 
formation mechanism is shown in Fig. 15G.

Conclusion

Based on the discussion and interpretation of all field data 
present study suggests the following broad conclusions:

1.	 The different rock types in the EDC are geneti-
cally linked to the Archaean crust building process. 
The northern most part of the EDC is relatively less 
deformed than south. Northern part is characterized by 
K-feldspar rich granitoids with dominant brittle features 
such as faults with marked displacements, veination, 
pseudotachylite and dominant microcline megacrysts. 
The southernmost part is gneiss-migmatite rich ductile 
deformation dominated terrain. Presence of shear zones, 
mylonites, schistosity, gneissosity, migmatites of differ-
ent types indicate anatexis and deformation fabrics. The 
granitoid and country rock contacts are also diffused in 
the south unlike the sharp contacts in the north.

2.	 This indicate a crustal epizone (< 10 km depth crust) 
in the north and catazone (> 15 km depth crust) in the 
south. The progressive change in litho-structural attrib-
utes (i.e., from epizone in the north through mesozone 
in the centre to catazone in the south) and grade of meta-
morphism (lower greenschist in north to upper amphi-
bolite in south) from north to south indicate a preserved 
eroded segment of northerly tilted crust.

3.	 During the transition from ductile to brittle deforma-
tion regime of the overall system a significant tectonic 
event with signatures of brittle-ductile deformation (evi-
denced from protomylonites, reactivated shear zone and 
deformed en-echelon veins) have taken place during late 
Archaean.
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Annexure 1

Structural data sheet for schist, gneiss and migmatites
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Annexure 2

Deformation episodes and corresponding structure in different lithounits
Deformation stage Major events Nature of deformation Description Remarks

D1 (Ductile) Recumbent folding (F1) Most prominent in the 
form of horizontal (S1) 
axial plane in greenstone 
belt along epizone-
mesozone part

This is oldest event of defor-
mation, often disturbed by 
later imprints. This stage 
is better manifested in the 
northern (epizone-meso-
zone) and central part of 
EDC schist belts

Obscure in TTG gneiss and 
migmatite

D2 (Ductile) Upright folding (F2) Most prominent in the 
form of vertical (S2) 
axial plane in greenstone 
belt along epizone-
mesozone part

Rotation of older (S1) axial 
plane is visible at places 
near the older hinge por-
tion, where limbs become 
tight to isoclinal with 
apparent reclined plunging 
as well as non-plunging 
neutral geometry

Quartz veination started 
along this newly devel-
oped NNW-SSE to N-S 
(S2) planes. Onset of lit-
per-lit gneiss generation

D3 (Ductile) Tight to isoclinal folding 
with layer parallel slip

Most prominent in the 
form of vertical NNW to 
NW striking axial plane 
(S3) in greenstone belt 
and gneiss-migmatite 
along all the parts (i.e., 
epi, meso and catazone)

Older (S2) layer parallel slip 
produced intrafolial folding 
of neutral tight to isoclinal 
fold with most commonly 
NNW and NNE striking 
sub-vertical axial plane 
(S3). Thick hinge thin limb 
style of folding in common 
in both gneiss and schist 
of mesozone and catazone. 
Differential flowage of 
older quartz vein is com-
mon due to layer parallel 
transposition., stretching 
and leucocratic flow from 
fold limb towards hinge 
part. Boudinage is common 
along with folding

This stage is equally abun-
dant in gneiss and schist 
belts with broadly NNW 
sub-vertical axial plane. 
Pressure shadow lineation 
developed at some places. 
Gneissosity development 
by differential flow, leuco-
cratic and melanocratic 
banding. Patchy migma-
tites with isolated melt 
pockets developed with 
high solid-melt dihedral 
angle (θ > 600)

D4 (Ductile) Type3 interference fold-
ing (F4) over older (S3) 
planes, sheath folding in 
quartz vein

Commonly found in 
the southern block 
(catazone), where 
complicated deforma-
tion fabrics often show 
intense overlapping

Different parts of quartz 
vein show different nature. 
Relative orientation with 
reference to the stress direc-
tion and its major shearing 
component give different 
signatures at different area. 
Migmatite development is 
abundant and immensely 
controlled by the weak 
channel development along 
shear bands in the southern 
part (catazone)

Development of minor "S" 
and "Z" fold as part of 
opposite limbs of major 
fold in gneiss, sheath fol 
in quartz veins within 
schist belt due to compe-
tence contrast. Stromatic 
and other migmatite 
developed along linear 
channel. Dihedral angle 
reduced with increase in 
melt fraction
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Deformation stage Major events Nature of deformation Description Remarks

D5 (Ductile) Rotation of sheath fold 
head by probable 
upright fold (F5)

This upright fold axial 
plane (S5) is rarely 
observed in the southern 
part (catazone) at high 
angle to the general 
NNW trend

This stage is giving us oppor-
tunity to observe sub-cir-
cular sheath fold outline in 
plan. The high angle (> 600) 
between general NNW 
foliation and S5 is giving 
vertical to sub-vertical 
intersection lineation. Gran-
ite generation from diatexite 
started because generation 
of about 25% melt can form 
interlinking melt network. 
Transition from solid 
dominated to melt domi-
nated mass. In this system 
slight deformation can play 
significant role in creating 
melt migration channel

Older horizontal folded 
veins exhibit upright 
folding in section view 
also. Percentage of melt 
increases to the south, i.e., 
deeper crust segment. The 
system in the southern 
extreme become juvenile 
granite melt dominated 
rock mass. The drastic 
change in rheology of the 
system lead to form gra-
dational contact between 
solid and melt phase

D6 (Ductile) Refolding parallel to 
older dominant NNW 
trend

Plan outcrop of deformed 
folded sheath fold is 
indicating this event

This event is significant in the 
catazone and mesozone for 
segregation and transporta-
tion of granitic melt. Gra-
nitic apophyses and tongues 
are common

This is considerable as 
reactivation of older shear 
zone, which facilitate 
upward movement of 
juvenile granite melt

D7 (Brittle-ductile transi-
tion)

L-S tectonites Transition stage with 
exhumation by faulting 
and associated block 
upliftment, possible tilt-
ing and unloading

Granitic vein/apophyses 
within metabasics of green-
stone belt create compe-
tence contrast. Stretching 
lead to elliptical fragmenta-
tion and alignment normal 
to E-W maximum compres-
sion (σ1)

This is the first deformation 
as post granite emplace-
ment

Later brittle deformation 
stages

Mostly post Archaean 
events

Pure brittle deformation Mafic dyke swarms, quartz 
vein-reef, faulting and 
reactivation etc. followed by 
Proterozoic basin opening

These events are not 
addressed in detail in the 
present context
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