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A widely spaced Neoarchean shear zone network traverses the granite-greenstone terrains of the Western Dharwar craton
(WDC). The NNW-SSE trending Balehonnur shear zone traverses the largest part of the preserved tilted Archean crustal
ensemble in the Western Dharwar craton (WDC) from the amphibolite-granulite transition in the south to greenschist facies
in the north and eventually concealed under Deccan lava flows. Published tectonic fabrics data and kinematic analysis, with
our data reveal a sinistral sense of shearing that effectuate greenstone sequences, Tonalite-Trondhjemite-Granodiorite Gneisses
(TTG), and Koppa granite as reflected in variable deformation and strain localization. A profound increase of strain towards
the core of the shear zone in the ca. 2610Ma Koppa granite is marked by a transition from weak foliation outside the shear
zone through the development of C-S structures and C-prime fabrics, mylonite to ultramylonite. The mineral assemblages in
the Koppa granite and adjoining greenstone indicate near peak P-T conditions of 1.2Gpa, 775-800°C following a slow cooling
path of 1.0GPa and 650°C. Field-based tectonic fabrics data together with U-Pb zircon ages reveal that the Koppa granite
emplaced along the contact zone of Shimoga-Bababudan basin ca. 2610Ma, coinciding with the emplacement of ca. 2600Ma
Arsikere-Banavara, Pandavpura, and Chitradurga granites further east which mark the stabilization of WDC. Significant
variation in major element oxide (SiO2 = 56-69wt.%) together with high content of incompatible elements (REE, Nb, Zr,
and Y) and high zircon crystallization temperatures (~1000°C) of Koppa granite suggests derivation by partial melting of
composite sources involving enriched uppermost mantle and lower crust. The development of widely spaced shear zones is
probably linked to the assembly of eastern and western blocks through westward convergence of hot oceanic lithosphere
against already cratonized thick colder western block leading to the development of strain heterogeneities between
greenstone and TTGs due to their different mineral assemblages leading to rheological contrast in the cratonic lithologies.

1. Introduction

In recent years, understanding the tectonic strain of Precam-
brian terrains has been a subject of renewed interest [1, 2].
The Pilbara (Western Australia), Kaapvaal craton (Southern
Africa), and Western Dharwar craton (Southern India) pre-
serve dome and keel patterns that originated from gravity-

driven tectonics associated with partial convective overturn
of the crust during Paleoarchean [3–7]. On the other hand,
tectonic strain in the Neoarchean granite-greenstone ter-
rains is characterized by an anastomosing network of
regional transcurrent shear zones indicating heterogeneous
strain localization influencing the bulk geometries [8], meta-
morphism, and exhumation [9–11]. The temporal changes
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in heat production and mantle temperatures through the
Archean are reflected in a change in the mechanical behavior
of the continental lithosphere and its changeover from episodic
partial convective overturn in Paleoarchean to horizontal
motion of tectonic plates during Neoarchean times [12]. Such
transition in the global tectonic scenario by Neoarchean times
manifested in a significant increase in recycling of crustal mate-
rials into the mantle, emplacement of potassic granitic plutons,
and heterogeneous regional strain distribution leading to the
development of regional shear zones [13–15]. Also, the
Neoarchean record of granite plutonism and the development
of heterogeneous strain in shear zones, fluid transfer, and meta-
morphism are particularly interesting as they are spatially
linked to important gold mineralization in many cratons [16,
17]. The Western Dharwar craton (WDC) preserves a unique
Paleoarchean dome and keel patterns and Neoarchean regional
shear zone network, which offer an excellent opportunity to
address, temporal changes in thermo-mechanical processes,
and tectonic strain through time [18]. Bouhallier et al. [19]
and Chardon et al. [5] described the regional tectonic fabrics
and their relationships in the dome and keel patterns from the
Western Dharwar craton. Chardon et al. [2], Chadwick et al.
[20], and Chardon et al. [18] further studied the sinking basin
models and shear zone patterns in the same area. However, in
the absence of age-integrated P-T-t modelling of Neoarchean-
Paleoproterozoic granites, the tectonic significance of crustal-
scale shear zones and their spatial relationship to granite
plutonism and metamorphism remains poorly constrained.
This contribution addresses the spatial and temporal relation-
ships between shear zone development, metamorphic P-T
paths, and emplacement of Koppa granite within the frame-
work of Neoarchean tectonics of the Western Dharwar craton.

2. Regional Geology

The Dharwar craton preserves a large section of pristine
Archaean continental crust, forming a wide time window
for early Earth dynamics. Numerous studies by Chadwick
et al. [20], Bouhallier et al. [19], Chardon et al. [18, 21], Vijay
Rao et al. [22], Jayananda et al. [23], and several other
workers have contributed to our understanding of funda-
mental architecture, accretionary processes, and craton
building processes of the Western Dharwar craton. A com-
prehensive complication of available literature by Jayananda
et al. [24, 25], Corfu and Hegde [26], and Ao et al. [27]
reveals that this craton is made of three major lithological
associations, including vast areas of TTG-type gneisses (Pen-
insular gneisses), two generations of volcano-sedimentary
greenstone sequences (older ca.3400-3200Ma Sargur group
and younger ca.3000-2600Ma Dharwar supergroup), and
three generations of calc-alkaline to potassic granites (ca.
3000Ma, 2640-2600Ma, and 2550-2500Ma).

Ramakrishnan et al. [28] subdivided the Dharwar craton
into two blocks based on the abundance of granite-
greenstone assemblages and metamorphic grade. However,
Peucat et al. [29] and Jayananda et al. [30] work on tectonic
fabric analysis and metamorphic record. Nd isotope data
reveal three crustal blocks, namely, the Western block, Cen-
tral block, and Eastern block in the Dharwar craton

(Figure 1). The Western block preserves the oldest (3600-
3200Ma) basement, classical dome-keel patterns with two
major thermal events coinciding with craton forming epi-
sodes [31–33]. The Central block comprises a mix of the
minor old basement (ca. 3400-3000Ma) but dominant
young (2600-2530Ma) juvenile crust and was affected by
three thermal events (3150Ma, 2640Ma, and 2500Ma). In
contrast, the Eastern block contains 2600-2500Ma juvenile
crust that experienced only a 2500Ma thermal event [29,
34, 35]. The whole Archean crust is affected by significant
shear deformation and regional metamorphism close to
2500Ma, which was immediately preceded by major juvenile
magmatic accretion [21, 34, 36]. Tectonic fabric analysis,
geophysical data, accretion history, and metamorphic record
suggest that all the crustal blocks assembled into a cratonic
framework around 2500Ma [22, 34, 37].

3. Geology of the Study Area

3.1. Regional Geology of the Western Dharwar Craton. The
Western Dharwar craton (WDC) contains a well-preserved
TTG basement and two-generation greenstone sequences
separated by an angular uniformity (Figure 1) [28]. The
older Sargur group greenstone successions are composed of
mafic volcanics with komatiite lineage interlayered with
shallow water sedimentary sequences (conglomerate-quartz-
ite-pelite-BIFs). The younger Dharwar supergroup deposited
unconformably on the basement (granitoids and inter-
layered Sargur group) and comprised the lower Bababudan
group and upper Chitradurga group.

The Bababudan group starts with an oligomictic conglom-
erate [38], followed by thick basaltic lava flows. The basaltic
flows are interlayered with quartzites, showing cross-bedding,
followed by phyllite-tuff-BIFs towards the summits [39]. A
detailed strain fabrics mapping and kinematic analysis of the
Bababudan basin demonstrate a radial centripetal collapse of
high-density greenstones into low-density gneiss basement
with strain localization confined to the decollement at the
contact with basement and greenstone sequence [18]. The
younger Dharwar supergroup is represented by the ca. 2700-
2650Ma Chitradurga greenstone belt and ca. 2635-2605Ma
Shimoga-Dharwar basin [40, 41]. These greenstone sequences
start with polymict conglomerate followed by basaltic flows,
intermediate to felsic volcanic flows, and shallow- to deep-
water carbonate-greywacke-argillite-carbonaceous-shale-BIF
sequences [20, 30, 34, 42]. These Chitradurga–Shimoga green-
stone sequences are intruded by ca. 2620-2600Ma granite plu-
tons [24, 43].

Earlier studies imply that the WDC was affected by
regional shortening associated with strain localized along
with major widely spaced north-south trending shear zone
networks [18, 44]. These shear zones run from amphibolite-
granulite-transition in the south and are traversing the greens-
chist facies greenstone-granite terrains to the north and finally
concealed by the Deccan volcanic province. The major shear
zones include the anastomosing shear zone network that tra-
verses the Chitradurga greenstone belt, the shear zone travers-
ing the Holenarsipur and Bababudan greenstone belt’s eastern
boundary, and the Balehonnur shear zone that traverses
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contact zones of the Bababudan, Shimoga, and Kudremukh
greenstone belts (Figure 1 [18]). The present study focuses
on the Balehonnur shear zone covering a crustal corridor from
Koppa in the north to Kottigehara in the south (Figure 2).

3.2. The Balehonnur Shear Zone. The Balehonnur shear zone
(Figure 2) is a major north-south trending crustal-scale
shear zone network (about 400 km in length and 5-15 km
width) with a sinistral sense of displacement that traverses

Dharwar 
SupergroupBababudan group 

Chitradurga group

Sargur group

3.0 to 3.4 Ga crust
& late 2.61 Ga K-granites

Western block

> 3.0 Ga crust
& 2.70-2.52 Ga magmatism

Central block

2.7-2.6 Ga crust, 2.55-2.53 Ga
magmatism & 2.52 Ga migmatization

Eastern block

Sanukitoid pluton

Composite plutons
(sanukitoids + anatectic granite)

Cenozoic sediments

Charnockites

Proterozoic cover

Granulites

Deccan volcanic province

EDC greenstones

WDC greenstones
Southern Granulites

Figure 1: Regional geological map of Dharwar craton [after 18,21,23].
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the largest preserved section of Archean crust in the WDC
[2, 18]. This shear zone is exposed from the southern margin
of the craton and extends to the north up to Goa and is con-
cealed under Deccan lava flows further north [2, 18, 45, 46].
In the southern part of the WDC, the WNW trending
Kasaragod-Mercara shear zone is transposed into the Bale-
honnur shear zone, and the southernmost tip of the latter
is deflected into the Moyar shear zone [18]. The Balehonnur
shear zone separates Bababudan greenstone in the east,
Western Ghats greenstone belt (Kudremukh belt), and Shi-
moga basin to the west (Figure 2). A significant part of the
Shimoga basin is found within the shear zone and affected
by high-shearing strains, as revealed by the decrease in the
width of the greenstone sequences and intense stretching
of the greenstone assemblages (Figure 3(a)). Detailed satel-
lite image analysis, field mapping, and kinematic analysis
revealed a sinistral motion in this shear zone [18, 46]. The
reduction in thickness of Bababudan, Shimoga, and Kudre-
mukh greenstone sequences, together with TTGs and potas-
sic pluton (Koppa granite), can be observed in the shear
zone. The Koppa granite exhibits a vertical to oblique

NNW trending foliation with horizontal to shallow-
plunging lineation (Figure 3(b)). Based on field observations
along the selected corridor, an increase in strain could be
inferred by a grain size reduction, intense stretching of con-
stituent minerals, and recrystallization of the greenstone vol-
canics, TTGs, and granites that ultimately lead to mylonite
to ultramylonite formation (Figure 3(c)). Jayananda et al.
[34] previously correlated this shear zone’s temporal and
spatial evolution with regional metamorphism through slow
cooling that affected the entire Western Dharwar craton
during ca. 2.5-2.40Ga ([34]). Within the greenstone volca-
nics, shear deformation is spatially associated with meta-
morphic recrystallization with upper greenschist–lower
amphibolite facies garnet-hornblende–actinolite assem-
blages (Figure 3(d)). The extensively deformed portion
(referred as core) of the shear zone comprises mylonite to
ultramylonite (see Figure 3(c)). In the deeper levels of the
shear zone (south of Kottigehara in Charmadi Ghat–Shiradi
Ghat section), a progressive increase in metamorphic grade
from lower amphibolite–upper amphibolite facies garnet-
biotite-plagioclase assemblage is developed (Figure 3(e)).

Bababudan group
Chitradurga-shimoga group
Granites

Basement gneisses
Sample location

NR Pura
Koppa

Thirthahalli

Shimoga

Tarikere

Sringeri

Balehonnur Chikmagalur

Mudigere

Dharmasthala
Sakaleshpur

Honnali
Shikaripur

0 20 km

(a)

Thirthahalli

Koppa

Sringeri

Shimoga

Balehonnur
Magundi

Kottigehara Hassan

Chikmagalur

75° 30'E 76°E

13°N

14°N

Shikaripur

Honnali

MB-02

BH-01
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Figure 2: (a) Google terrain map of the studied corridor and (b) geological sketch map of the Balehonnur shear zone with fabrics data.
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3.3. The Koppa Granite. The Koppa granite pluton, includ-
ing geological and fabric maps, is poorly known due to dense
vegetation cover. This study focused on the crustal corridor
covering Koppa-NR-Pura in the north and Kottigehara in
the south (see Figure 2). We have made several traverses
along road sections, particularly on small roads in coffee

plantations and forest, to understand the extent of the plu-
ton and fabrics of the constituent mineral phases in the plu-
ton. In the field, Koppa granite is found as an elongated N-S
trending pluton along the contact zone with Kudremukh
(Western Ghats belt)-Shimoga–Bababudan greenstone belts.
Due to dense vegetation, poor outcrops, and intense shear

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 3: Field photographs. (a) Panoramic view of Balehonnur shear zone. (b) Garnet-bearing amphibolite containing small feldspar-
quartz. (c) Mylonite in Balehonnur shear. (d) Large garnet crystals close to granite veins in mafic rocks. (e) TTGs with mafic boudins
SW Kottegehara. (f) Koppa granite vein boudinaged within mafic volcanics containing garnet. (g) Koppa granite showing C-S fabrics.
(h) Koppa granite showing C-prime fabric. (i) Mylonitic Koppa granite. (j) Transformed garnet-biotite rock near Magundi.
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deformation, the nature of contact between Koppa granite
and adjoining greenstone assemblages is not clear. However,
intrusive relationships, as marked by granitic veins within
the greenstone volcanics, can be observed at the outcrop
scale (Figure 3(f)). On the latitude of Koppa, outside the
shear zone, the granite is less deformed and shows a weak
foliation defined by the alignment of amphibole and biotite.
However, granite pluton shows a progressive increase in
plastic deformation towards the core of the shear zone and
is marked by prominent foliation defined by the alignment
of mafic minerals, stretching of feldspars followed by C-S
and C-prime structures (Figures 3(g) and 3(h)). With a fur-
ther increase in strain, the granite transforms into mylonite
(Figure 3(i)) and eventually to ultramylonite (see
Figure 3(c)). Towards south in the Magundi region within
the central part of the shear zone, the Koppa granite was
completely recrystallized and transformed into garnet-
biotite rock (Figure 3(j)) with rare feldspars, possibly indi-
cating garnet formation by consuming plagioclase and bio-
tite during eclogite-high P granulite facies metamorphism
[9, 10, 47].

Further south, in the Kottigehara-Charmadi Ghat sec-
tion, the shear zone displays steep ductile fabrics in migma-
titic TTGs containing garnet-clinopyroxene bearing mafic
boudins, in turn, traversed by granite veins of possible
Koppa granite affinity along foliation (see Figure 3(e)). Fur-
ther south in the Shiradi Ghat section, typical granulite
facies assemblages with orthopyroxene are preserved
[48–50], which is beyond the scope of the present study.

4. Analytical Methods

4.1. Electron Probe Microanalysis. Representative back-
scattered electron images (BSE) of silicate phases were
acquired using a scanning electron microscope (SEM)
installed at the Indian Institute of Science Education and
Research in Bhopal. The analytical conditions for BSE imag-
ing are as follows: accelerating voltage of 20 kV and filament
current: 400 picoamperes (pA). The silicate minerals in stud-
ied samples were analyzed using a 5 WDS CAMECA SX-100
electron probe microanalyzer (EPMA) at Central Petrologi-
cal Laboratory, Geological Survey of India. The accelerating
voltage was set to15 kV in a LaB6 cathode with a beam cur-
rent of 15nA and beam diameter between 1 and 5μm for sil-
icate analysis. The following natural mineral standards are
chosen for analysis: MgO for Mg, apatite for Ca, hematite
for Fe, rhodonite for Mn, orthoclase for K, rutile for Ti,
albite for Na and Si, and almandine for Al. The analytical
errors and reproducibility are within the limits mentioned
in Camaca Standard Operating Procedure for SX-100.

4.2. Major and Trace Elements. Major and trace element
contents of the studied samples were determined by utilizing
an X-ray fluorescence spectrometer and a high-resolution
inductively coupled plasma mass spectrometer installed at
CSIR-National Geophysical Research Institute Hyderabad.
The analytical protocols, including reference material and
associated errors, are after Krishna et al. [51] and Satyanar-
ayanan et al. [52], respectively.

4.3. U-Pb Zircon Geochronology. Zircon crystals were imaged
by cathodoluminescence or back-scattered electrons using
SEM and dated by U-Th-Pb isotope measurements done
by LA-ICP-MS at Laboratoire Magmas et Volcans (Univer-
sité Clermont Auvergne, France), using the same analytical
facility and conditions as described in Jayananda et al. [25]
and Guitreau et al. [53]). The reference material 91500 was
used as an external standard for instrumental fractionation
correction, and AS3 and Plešovice zircons were used as sec-
ondary standards for data quality check. The laser frequency
was set to 4Hz for the analytical session, laser fluency to
2.5 J.cm-2,, and spot size to 33μm. Zircon crystals were ana-
lyzed from two samples, WG-14 and 18MB-02, the latter of
which only yielded one pristine crystal. The Zircon reference
material 91500 gave a Concordia age of 1066:5 ± 3:1Ma (2σ
), consistent with the reference 1065Ma [54]. Similarly, AS3
and Plešovice reference material gave Concordia ages of,
respectively, 1093:8 ± 4:2Ma (2SE) and 334:3 ± 3:9Ma
(2SE), consistent with the ages of 1099 and 337Ma, as
reported in Paces and Miller [55] and Sláma et al. [56],
respectively.

5. Data Reduction

5.1. Electron Probe Microanalysis. The structural formula and
representative chemical analysis of the current set of samples
were calculated using A-X software (http://ccp14.cryst.bbk.ac
.uk/ccp/web-mirrors/crush/astaff/holland/ax.html).

The mineral chemical data and its representative chemi-
cal formulae are given in Appendix 1. Mineral abbreviations
are after Whitney and Evans [57].

5.2. Classical Thermobarometry. Empirical formations
involving Fe-Mg exchange between garnet and biotite were
used to constrain the peak temperature of the studied sam-
ples experienced during metamorphism. As plagioclase
grains are rare in the studied sample, the equilibrium pres-
sure estimation using the chemical composition of coexist-
ing garnet, biotite, plagioclase, and quartz is uncertain.
Still, the garnet-biotite-plagioclase-quartz barometer [58] is
utilized to calculate the equilibrium pressure for reference,

In contrast to the garnet-biotite schist (sample 18MB-
02), empirical formulations involving garnet and calcic-
amphibole could not be utilized as the measured composi-
tions of amphiboles were mostly grunerite—cummingtonite
and plotted outside the calibrated amphibole composition.
Thus, phase equilibria diagrams using appropriate bulk
composition are constructed to constrain the studied sam-
ples’ prograde, peak, and retrograde P-T conditions.

Also, the temperature (TZr) of granitic magma emplace-
ment can be estimated using an empirical formulation of
Watson and Harrison [59] and Boehnke et al. [60],
respectively.

5.3. P-T Pseudosection Analysis. The FORTRAN program
package, PERPLE_X (version 6.9.1, compiled on 20-4-222),
was utilized for the phase topology modelling in the
NCKFMASH system [61]. The thermodynamic properties
of mineral phases are taken from hp633ver.dat and its
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subsequent modifications after Holland and Powell [62].
Quartz is set to present as excess. As the Fe3+/Fetotal ratio
is uncertain from-XRF analysis, all Fe is assumed to be in
Fe2+ in calculations.

For the garnet-biotite gneiss sample, the following
activity-composition solution models were used in the
phase-topology modelling: garnet [63], biotite [64], plagio-
clase [65], orthopyroxene [66], and granitic melt [67].
Since the studied sample contains alkali feldspar and bio-
tite, the amount of H2O is fixed from the relative modal
proportions of these minerals. Accordingly, fifteen thin
sections chosen randomly from the same sample were
examined in a scanning electron microscope to get the rel-
ative proportions of biotite and alkali feldspar. In the next
step, the studied sample’s total K2O (mol.) content is
adjusted between K-feldspar and biotite as per their rela-
tive abundances. As biotite stoichiometry contains water
twice the cations in the A-site [68], H2O is fixed as twice
K2O content estimated from volume portions of biotite to
make the system just water saturated for biotite
stabilization.

For the garnet-amphibolite bearing enclave solution,
models consistent with the melting of mafic rocks are chosen
for equilibrium phase diagram modelling. The activity com-
position models for monoclinic amphibole were taken from
Green et al. [69]. Accordingly, the garnet and silicate melt
models are taken from Holland et al. [70].

Initially, the whole-rock bulk composition is used to
construct P-T conditions. We correlate the predicted and
observed mineral assemblages in the whole-rock phase dia-
gram. In case of a discrepancy, the P-T pseudosection is
again constructed using microdomain bulk rock composi-
tion, as local reaction equilibrium seems to be more practical
and realistic for rocks with relatively fewer H2O-rich min-
erals [71].

The following compositional parameters are modelled to
constrain the P-T conditions: anorthite mol. % ½Ca/Ca +
NaÞ × 100� for plagioclase, Mg mol.% ½Mg/ðMg + FeÞ × 100�
for biotite, pyrope mol.% ½Mg/Ca +Mg + FeÞ × 100�, grossu-
lar mol.% ½Ca/Ca +Mg + FeÞ × 100�, and almandine mol.%
½Fe/Ca +Mg + FeÞ × 100� for garnet.

5.4. Geochemical Analysis. GCDKIT [10] is used to plot geo-
chemical data. The major trace and rare-earth-element data
is given in Appendix 2. The individual temperature and
pressure estimates calculated from zircon solubility in are
silicate melt [59, 60], and normative silica-albite orthoclase
content [72] is shown in Appendix 2.

5.5. U-Pb Zircon Ages. Data reduction was made using Glit-
ter software [73]. The U-Pb Concordia plots and age calcu-
lations were done using Isoplot [74]. The geochemical data
are shown in Appendix 3.

6. Results

6.1. Petrology. Details of studied samples from Balehonnur
shear zone including GPS location, rock types, and mineral
assemblages and ages are presented in Appendix 4. Similar

to the undeformed Koppa granite mineralogy, quartz > K-
feldspar >>plagioclase, in order of decreasing abundances,
constitutes the primary magmatic minerals in the garnet-
biotite schist (Figures 4(a) and 4(b)). Blastoporphyric garnet
and biotite are metamorphic minerals in the studied samples
(Figure 4(c)). Zircon and titanite are the accessory minerals.
Quartz grains exhibit undoes extinction (Figure 4(a)) and
wavy grain boundaries (Figure 4(b)). The blastoporphyric
garnets are mostly subhedral–euhedral and contain rounded
inclusions of biotite and quartz (Figure 4(c)). Inclusions of
plagioclase feldspar are rare within blastoporphyric garnet.
Quartz along the garnet boundary is cuspate-shaped,
implying their crystallization from melts (marked as while
a box in Figure 4(c)) [75–78]. Most of the garnet grains
are homogeneous in composition, with the composition
tightly constrained between Alm (core-rim) mol. %: 66–68,
Pyp (core-rim) mol. %: 12-14, and Grs (core-rim) mol. %:
16-18 with Sps content <2mol. %. Locally biotite grains
overgrow the garnet grains along cracks.

The biotite Mg mol. % and TiO2 content are tightly con-
strained between 44–46 and 2.45–2.85wt.% (11 O p.f.u),
respectively. Plagioclase grains are rare in the studied sam-
ples. Only a single grain with plagioclase composition, a
mol. %=36, is observed during the present study; the paucity
of the plagioclase grains implies that most of the grains are
consumed during garnet stabilization (discussed later in
the P-T pseudosection chapter).

Deformed plagioclase, garnet, and fibrous amphiboles
are major constituent phases in mafic enclaves (21BH-
01) within the granite. In the less retrogressed variety,
garnet-clinopyroxene–amphibole assemblage is preserved
(Figure 4(c)). Large blastoporphyric garnets (average diam-
eter 250–300 μm) are the only metamorphic mineral pres-
ent in the samples (Figures 4(d)–4(f)). Amphibole, quartz,
and occasionally feldspar are present as inclusion phases
within the garnet.

The amphiboles belong to the grunerite–cummingtonite
series with Si (23 O a.p.f.u) and Mg mol.% of the analyzed
grains vary between 6.52 to 6.90 and 58 to 59, respectively.
The plagioclase from the present study mostly andesine-
oligoclase in composition (An mol.%=32-34). The blasto-
porphyric garnets are mostly homogeneous (Alm: 71-73,
Pyp 16-19, and Grs 9-11), with end member chemical com-
positions varying between 2mol.% within an individual
grain. The retrograde textures, i.e., the formation of hydrous
minerals over granites, are not developed in the rocks,
implying the lack of water during cooling.

6.2. P-T Estimation

6.2.1. Magmatic Temperature. The T°C (TZr) estimation for
the undeformed granite samples is constrained between
821°C–1022°C and 827°C–1027°C if the formulation after
Watson and Harrison [59] and Boehnke et al. [60] is uti-
lized, respectively. The temperature estimations are higher
than general cut-off temperature, i.e., 830°C, for A-type
granites [79, 80]. For the undeformed granites and
garnet-biotite gneisses, the Tzr is a first-hand information
about the magmatic crystallization temperature of
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undeformed Koppa granite. Without a suitable magmatic
geobarometer, the depth for magma emplacement could
not be determined.

6.2.2. Metamorphic Pressure–Temperature Conditions. As
the blastoporphyric garnets are primarily homogeneous,
chemical composition from garnet–biotite pair which is
not in contact yield 700-725°C, between 0.4 and 1.4GPa, if
formulations after Holdaway et al. [81] are used. However,

a modified formulation by Holdaway [82] yielded a rela-
tively higher peak temperature of 750–775°C, between 0.4
and 1.4GPa. As the temperature differences (50°C-70°C)
are very close to the general analytical uncertainties, ±50°C
[83, 84], we suggest the peak metamorphic temperature esti-
mates involving garnet-biotite pairs are consistent when two
different formulations are involved. The chemical formula-
tions of coexisting garnet–biotite–plagioclase–quartz barom-
eter yield pressure 0.9–1.0GPa [58].

(a) (b)

(d)

(c)

(e)

1 mm

1 mm

1 mm

500 𝜇m

500 𝜇m500 𝜇m

(f)

Figure 4: Photomicrographs of reaction microstructure. (a) Crossed polar photo micrograph showing chess-board (undulose) extinction in
quartz (marled by unfilled white circle). (b) Quartz-biotite defined fabric in the deformed Koppa granite. The quartz-ribbons show wavy
grain boundary, implying grain boundary migration accommodated recrystallization. (c) Back-scattered electron image showing garnet
growth over biotite defined fabric. Quartz microstructures resembling recrystallization from incipient melt is marked by a white box. (d)
Crossed polar photomicrograph of plagioclase- clinopyroxene – amphibole bearing mafic enclave. (e–f) Plane polar photomicrograph
showing blastoporphyric garnet growth over amphibole-quartz defined fabric. Amphibole, quartz, and occasionally feldspar are present
as inclusion.
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The chemical composition of amphiboles in the studied
mafic rock sample does not correspond to the calibrated
composition of amphiboles in the amphibole–plagioclase
thermometer [85] and amphibole-plagioclase barometer
[86]. Accordingly, P-T conditions are determined by using
the stability of phases in P-T pseudosection and the intersec-
tion of composition isopleths.

6.3. P-T Pseudosection

6.3.1. Sample 18MB-02. The phase relations using whole-
rock bulk composition in the NCKFMASH system for
600°C to 950°C and 0.4 to 1.4GPa for garnet-biotite schist
do not predict the stable mineral assemblages similar to
those observed in the studied samples (Appendix 1a). The
absence of observed mineral phases in the modelled phase
diagram implies a different and smaller reaction volume
compared to whole-rock reaction volume [71, 87].
Accordingly, reaction volumes are determined by con-
structing P-X (composition) diagrams at temperatures
obtained from garnet-biotite thermometers.

Experimental data by Gardien et al. [88] imply incon-
gruent melting of plagioclase and biotite to stabilize garnet
and melt (alkali feldspar–quartz). Accordingly, the two
end members (Co, C1) are fixed as plagioclase-feldspar
and biotite, respectively. The temperature and pressure
are fixed at 730°C (obtained from garnet-biotite thermos-
barometry) and 0.4 to 1.4GPa, respectively. In the P-X
(composition) diagram (Appendix 1b), the modelled min-
eral assemblage, i.e., plagioclase-alkali feldspar–biotite–gar-
net–melt, similar to the assemblage observed in the
present sample is stable towards plagioclase composition
end member between 1.0 – 1.2GPa, implying plagioclase
destabilization at higher proportion compared to biotite
destabilization during blastoporphyric garnet formation.
The higher rate of plagioclase consumption is also
reflected by the general paucity of plagioclase grains in
the studied sample. In the plagioclase-alkali feldspar–bio-
tite–garnet–melt field, the plagioclase: biotite ratio varies
between 0.95: 0.05 and 0.84: 0.16. Thus, to constrain the
bulk involving minimum plagioclase and maximum bio-
tite, the effective chemical composition is determined by
mixing 0.84 plagioclase and 0.16 biotite (option 1 in the
Werami program of Perplex).

In the next step, phase relations using microdomain-
bulk composition for 600°C to 950°C and 0.4 to 1.4GPa
for garnet-biotite schist are shown in Figure 5. The phase
diagram could be divided into three distinct fields based on
the mineral assemblages. The mica-bearing assemblage is
present in the low T–high P field. In contrast,
orthopyroxene-bearing assemblages are stable in the rela-
tively low P–high T field.

The magmatic assemblage biotite-plagioclase–quartz is
stable between 600 and 700°C and between 0.4 and 1.6GPa
(Figure 5(a)). Muscovite-bearing assemblages are stable
between temperatures 600-700°C, at pressure >0.6GPa. As
the studied sample does not contain muscovite, the
muscovite-in invariant line limits the maximum pressure
the rock experienced.

With an increase in temperature >700°C, biotite destabi-
lizes with silicate melt formation. At temperature ~775°C,
orthopyroxene appears as a stable mineral with plagioclase,
biotite, sanidine, and melt. As the rock does not contain
orthopyroxene, the orthopyroxene-in invariant line marks
the maximum temperature the rock has experienced. At
pressure ranges >1.0GPa and 0.8GPa, between tempera-
tures 700 and 775°C, garnet becomes stable with plagio-
clase–biotite–melt and sanidine. As the modelled
assemblage, plagioclase–biotite–garnet–sanidine ± melt are
similar to those observed in the studied sample, the follow-
ing conditions, i.e., 700°C at pressure >1.0GPa to 775°C at
pressure>0.8GPa, provide first-hand information about the
stability of minerals in the current sample.

The change in the modal abundances of minerals pro-
vides vital insight to constrain the progress of metamorphic
reactions. The modal abundances of constituent mineral
phases are shown in Figures 5(b) and 5(c). The biotite abun-
dance decreases with temperature. Like the biotite modal
abundance, plagioclase abundances also decrease with
increased temperature. In contrast, garnet, melt, and sani-
dine modal abundances increase with increased
temperature.

The chemical compositions of biotite, feldspar, and gar-
net are also modelled to constrain the P-T condition. The
modelled Mg mol.% of biotite and An mol.% of plagioclase,
i.e., Mg mol.%=46 and An mol.% =32, intersects at 650°C,
0.8GPa (Figure 5(d)). As plagioclase and biotite are the pri-
mary minerals for the studied sample, we constrain 650°C
and 1.0GPa as the equilibrium P-T condition. Similarly,
the modelled Pyp mol.% and Grs mol.%, similar to those
of measured composition, i.e., Pyp mol.%=14 and Grs
mol.%=16-18, intersect at 775°C-800°C and pressure 1.1-
1.2GPa (Figures 5(e) and 5(f)). The modelled almandine
composition of garnet, i.e., 65-66 within the P-T window,
is similar to the values obtained from electron probe micro-
analysis of the representative sample.

The phase diagram predicts ~5 vol% of silicate melt in
the P-T window defined by the garnet composition. The rel-
atively small melt volume is below the melt percolation
threshold [89] and will not be able to form an intercon-
nected melt network to escape from the rock.

6.3.2. Sample 21-BH01. Figure 6 shows the phase relations
for garnet-amphibolite schist (21-BH01) in the NCFMASH
system. The prograde mineral assemblages similar to com-
monly observed minerals in mafic rocks, i.e., plagioclase–
amphibole, are stable between temperature 650 and 750°C
at pressure 0.8-1.0GPa. With an increase in temperature
>750°C, silicate melt and garnet appear as a stable phase
with amphibole. The mineral plagioclase is stable with gar-
net–silicate melt–amphibole at pressure<0.8GPa, and pla-
gioclase destabilizes at pressure >0.8GPa, at temperature
>750°C. Still, an increase in temperature leads to free quartz
dissolution in the silicate melt. Since plagioclase and quartz
are present as a stable assemblage in the studied sample,
the quartz-out and plagioclase-out univariant reaction lines
define the upper limit of the temperature and pressure the
rocks have experienced.
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Figure 5: Results of P-T pseudosection analysis for garnet–biotite bearing granite. (a) NCKFMASH phase topology for 600°C shown to
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The modal abundances for minerals are shown in
Figures 6(b) and 6(c). The isopleths showing amphibole
modal abundances exhibit a flat slope between 550 and
750°C and a steep slope at temperatures >750°C. The garnet
and melt modal abundances increase with an increase in
pressure and temperature. In contrast, the amphibole modal
abundances decrease with an increase in temperature. The
opposite abundances of garnet, melt, and amphibole within
550-750°C imply the formation of garnet via melting of
amphibole (discussed later).

The chemical composition of garnet is also modelled
to constrain the peak P-T. The Pyp content of garnet
increases with an increase in temperature. In contrast,
the modelled Grs content increase with an increase in
pressure. The Pyp and Grs isopleths, similar to those
values obtained from the electron probe microanalyzer,
intersect at 0.8–1.0GPa and 750-775°C (Figure 6(c)). In
this P-T window, the modelled Alm component also

matches with the measured chemical composition of gar-
net (Figure 6(d)).

6.4. Geochemical Data: Major and Trace Elements. Five sam-
ples from the shear zone were analyzed for major and trace
element contents, and data is presented in Appendix 2.
Among the five samples analyzed, four samples are Koppa
granites affected by variable shear strain and one sample of
garnet-bearing mafic rock involved in shear deformation.

The analyzed Koppa granite samples show significant
variation in SiO2 (69.62-55.53wt.%), Al2O3 (13.34-
16.64wt.%), MgO (1.19-5.82wt.%), and K2O (3.92-
1.12wt.%) while garnet-bearing mafic rock displays low
SiO2 (49.74wt.%), high Al2O3 (15.23wt.%), Fe2O3
(12.15wt.%), and MgO (8.39wt.%). The Koppa granite con-
tains variable normative quartz (31.03-18.15mol.%). Mafic
rock is also quartz-normative (9.66mol.%). Three of four
analyzed granite samples are peraluminous, and one shows
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Figure 6: Results of P-T pseudosection analysis for garnet–amphibole gneiss. (a) NCFMASH phase topology for 600°C to 850°C and 0.2 to 1.6GPa
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a metaluminous character (figure not given). On the Ab-An-
Or plot (O’Connor, 1965), the Koppa granite shows tonalite,
granodiorite, and granite composition, while the mafic rock
plot outside the field (Figure 7(a)).

Among the analyzed Koppa granite, a decrease of LIL
elements (K, Rb, Ba, and Sr) content with the increase of
shear deformation wherein mylonitic sample (21-BAB 40)
show very low-K2O (1.12wt%), Rb (9.92 ppm), Ba
(48.59 ppm) and Sr (88.39 ppm) is observed. Other less
deformed samples show higher LIL element contents
(K2O=2.90-3.92wt%; Rb=72.52-219-91ppm; Ba=412-
1179ppm; and Sr=132-715ppm). This observation suggests
that LIL element’s content is affected by strong shear deforma-
tion, metamorphism, and associated fluid flow. The high fluid
pressure associated with metamorphism and deformation in
the core of the shear zone probably flushed the LIL elements
and shifted to higher structural levels in the crust. Earlier,

Newton [90] documented that higher content of LIL elements
in shear zones rocks is linked to fluid flow.

On the other hand, all the analyzed Koppa granite
samples exhibit high HFS elements (Zr =290.5-
1515.0 ppm; Hf =7.08-37.60 ppm; Nb=16.87-23.50 ppm;
Ta=1.50-8.07 ppm; Y=35.57-88.62 ppm; Th=7.19-
40.08 ppm; and U=0.91-3.04 ppm), and it appears that
HFS elements were not affected by shear deformation,
metamorphism, and fluid flow. The high HFS element
contents together with high Y/Nb (>2.1; c.f Nelson Eby,
1990) and Zr versus 104∗Ga/Al plot (Whalen et al., [91])
indicate A-type granite (Figure 7(b)). The analyzed
garnet-bearing mafic rock is characterized by low contents
of LIL elements (Rb=7.74 ppm; Ba=44.01 ppm; and
Sr =144.93 ppm) and moderate HFS elements
(Zr =103 ppm; Hf =2.69 ppm; Nb=4.49 ppm; Ta=0.47 ppm;
Y=20.17 ppm; Th=2.13 ppm; and U=0.53 ppm).

Ab

An

Or
Granite

Gra
no

dio
rit

e

To
na

lit
e

Qua
rtz

-m
on

zo
ni

te

Trondhjemite

Grt-bearing
mafic rock

1 10

104⁎Ga/Al

100

1000

Zr
 (p

pm
)

I-S-M type granites
A-type granites

2000

0.1

1

10

100

1000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Ro
ck

/C
ho

nd
rit

e

2017-WG14
18 MB02
21-BAB40

18KOP01
21 BH 01

(a)

(b)

(c)
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The Koppa granite samples contain high to very high
total REE (391-975 ppm). In contrast, the mafic rock con-
tains low total REE (67.0 ppm). The granite samples show
poorly to highly fractionated REE patterns ½ðLa/YbÞN =
5:55 − 55:40�, with two samples showing minor negative Eu
anomalies (Figure 7(c)). The garnet-bearing mafic rock dis-
plays moderately fractionated REE patterns
[ðLa/YbÞN = 3:63 and ðGd/YbÞN = 1:23] with slight positive
Eu ðEu/Eu∗Þ = 1:10.

6.5. U-Pb Zircon Ages. Zircon crystals from WG-14 exhibit
fine broad faint oscillatory zoning from core to rim. In some
grains, a metasomatic alteration can be seen. Some crystals
contained inclusions that were avoided during analysis.
The only pristine crystal recovered from MB-02 shows fine
oscillatory zoning from core to rim. As visible in Figure 8,
most U-Pb data obtained on WG-14 zircons are concordant
and cluster at a Concordia age of 2610:8 ± 6:6Ma (2σ).

Two data points indicate slightly older ages of ~2700Ma
and plot to the right of the main cluster. Only one analysis of
WG-14 returned very discordant data that was not consid-
ered for age calculation. The zircon recovered from 18MB-
02 was analyzed twice and gave a very discordant analysis
and near concordant one corresponding to an age of 2594
± 17Ma (2σ), which is consistent with that of the WG-14
main cluster within analytical uncertainty. Discordant zir-
cons were also those with the highest U and Th contents,
but they did not show a different Th/U compared to other
zircons. It should be noted that zircon crystals consistently
exhibit Th/U values, i.e., 0.7 to 2.0, which is mostly higher
than typical magmatic zircons (~0.2-1.0) [92, 93].

We interpret the age of 2610:8 ± 6:6Ma (2σ) as the best
estimate for the timing of crystallization of WG-14 and
18MB-02, and the slightly older ages may represent crystals
inherited from a slightly earlier event.

7. Discussion

7.1. Metamorphic P-T Evolution of Balehonnur Shear Zone

7.1.1. Sample 18MB-02. The opposite trend of garnet–melt–
sanidine and biotite implies that garnet formed via consum-
ing biotite ± plagioclase ± quartz in water undersaturated/
just saturated conditions following reactions [88, 94]

Biotite ± Quartz ± Plagioclase➔Garnet + Sanidine + Liquid,
Biotite ± Quartz ± Plagioclase ± Sanidine➔Garnet + Liquid:

ð1Þ

7.1.2. Sample 21BH-01. Patino Douce and Beard [95] suggest
that the amphibole dehydration reaction occurs over a wide
range of temperatures, depending on the amphibole (proto-
lith) composition. Different anhydrous phases may accom-
pany the reaction. The complete absence of calcic
amphibole in the present sample implies a complete destabi-
lization of hornblende during prograde metamorphism,
leaving blastoporphyric garnet and monoclinic amphibole
(grunerite–cummingtonite) as a restite [96]. Accordingly,
the following reaction is suggested for the formation of
garnet-amphibolite [95].

Calcic AmphI + Pl− > SilicateMelt ± Cpx –Opxð Þ
+Moniclinic Amh + Garnet at P > 0:8GPað Þ:

ð2Þ

7.2. P-T Path Reconstructions. The temperature estimates
from zircon solubility, reaction microstructure, and P-T con-
ditions estimated from phase equilibria modelling enable us
to derive the P-T path of the present sample.

Concordia age:
2610.8 ± 6.6 Ma (2 SE)
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Figure 8: Zircon U-Pb Concordia plot of 18MB-02 and 17WG14.
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The magmatic temperature (Tzr) is estimated to be
>1,000°C for the undeformed granites. When plotted in a
P-T path, the peak magmatic temperature (Tzr) and pro-
grade path define a phase of initial cooling and hydration
leading to the stabilization of biotite (Figure 9).

The prograde P-T and peak P-T conditions, i.e., 650°C,
0.8GPa, and 775°C-800°C, and 1.0–1.2GPa, define a clock-
wise P-T path for garnet–biotite bearing samples (18MB-
02) from the Balehonnur shear zone. However, the samples
of the present study do not exhibit the retrograde reaction
texture, which implies a lack of water during retrogression.
Conversely, the garnet-amphibolite bearing sample (21BH-
01) from the same shear zone yielded garnet crystallization
P-T conditions as 750°C and 0.8GPa.

Compared with the modelled geothermal gradients of
Brown [10], the peak conditions from garnet-biotite schist
imply garnet stabilization by consuming biotite and plagio-
clase occurred in the eclogite-high P granulite facies P-T
condition (Figure 9). In contrast, the garnets from garnet-
amphibolite schist are formed in a shallow depth and at a
nearly similar temperature. The estimated P-T conditions
from garnet-biotite schist and garnet-amphibole schist
imply an increase in the pressure gradient from garnet-
amphibole mafic rock to the garnet-biotite rock towards
the southern part of the shear zone in the studied corridor.

7.3. Relationship between Pluton Emplacement and Shear
Zone Development. Calc-alkaline to potassic plutons are spa-
tially associated with crustal-scale transcurrent shear zones
documented worldwide [44, 97]. In the northern part of
the studied corridor (Koppa-N.R. Pura section), outside the
shear zone, the Koppa granite displays poorly developed
foliation with coarse-grained equigranular to porphyritic

textures, which show a progressive increase in deformation
towards the shear zone as reflected in plastic strain charac-
terized by the reduction in grain size and strong preferred
orientation of constituent minerals (see Figure 3(h))
followed by C-S/C-prime fabrics and eventually mylonite
to ultramylonite. These plastic fabrics argue that granite
was already crystallized at the time of initiation of regional
shear zone development ca. 2547Ma, as revealed by U-b
monazite ages in the adjacent regions of the WDC (Rekha
et al., [98]). As chess-board twinning in quartz is considered
a characteristic high-temperature deformation feature
(>650°C, [99]), the presence of the same in the studied sam-
ple also implies shearing initiation at temperature ~650°C.
The estimation of prograde P-T condition for the
plagioclase-biotite assemblage at 650°C and 0.9GPa also sup-
ports our observation. Also, the grain size reduction leading
to progressive ultramylonite formation towards the core
implies an increase in strain rate, where quartz and biotite
behave as mechanically weaker compared to stiff magmatic
alkali feldspars which align parallel to the shear zone [99, 100].

Further, lower amphibolite facies metamorphic assem-
blages in the eastern part of the shear zone (10 km north of
Balehonnur) corresponding to cooling and exhumation
indicate ca. 2400Ma [29]. In contrast, in the northwest of
the studied corridor, garnet and monazite from NW trend-
ing shear zones indicate ages of ca. 2500 ([101, 102].
Towards southeast garnet-bearing metamorphic assem-
blages along the southern margin of Bababudan basin and
Holenarsipur greenstone belt indicate ca. 2520-2470Ma
[30]. These ages reveal the development of the regional shear
zone network initiated by 2547-2520Ma, which coincides
with the lower crustal granulite facies event in the southern
margin of the Western Dharwar craton [29].
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Field-based tectonic fabrics data such as plastic strain in
granite and absence of Koppa granite veins filled shears
reveal that shear deformation initiated after 2610Ma Koppa
granite emplacement. Therefore, shear zone development
post-dates the pluton emplacement, and Koppa granite cor-
responds to prekinematic pluton.

7.4. The Origin of Koppa Granite. The high contents of LIL
(excluding ultramylonite) and HFS elements, including
REE of the Koppa granite samples, preclude their derivation
either through direct melting of mantle or from a mafic
source. Melting of mafic crust originated at oceanic spread-
ing centre (MORB) with strong depletion in incompatible
elements [(0.16wt.% K2O, <2.88 ppm Rb and <29.2 ppm of
Ba, (La/Yb)N=<0.84; Sr/Y=<3.5 [103], cannot explain the
observed high content of incompatible elements. Alterna-
tively, the melting of preexisting TTGs (3350-3200Ma; Jaya-
nanda et al. [32].) in the lower crustal levels can be
considered. Melting of TTGs in the thickened lower crustal
levels can generate potassic granites. Potassic granites of
similar ages further east (Arsikere-Chitradurga-Pandavpura)
have been attributed to the melting of TTGs in the lower
crust (Jayananda et al. [24, 37]. However, the melting of
lower crustal TTGs generates granite melts with higher
SiO2 contents and cannot explain the observed lower SiO2
contents (56-69%). Globally, the diversity of Neoarchean
granites is attributed to their origin from composite sources.
Laurent et al. [13] have proposed a triangular discriminant
plot of 3CaO-Al2O3/FeOt+MgO-5K2O/Na2O for granitoid
sources where the Koppa granite samples plot on the high-
K mafic source (Figure 10(a)). The observed high-K con-
tents, together with the high content of incompatible ele-
ments, suggest composite sources either enriched lower
crustal mafic rocks or melts originated from metasomatized
upper mantle contaminated with lower crustal TTGs.

The following model is suggested for the heat source,
melting conditions, and sources for Koppa granite. The
emplacement of ca. 2610Ma Koppa granites was immedi-
ately preceded by widespread ca. 2638 ± 66Ma mafic volca-
nism in the adjoining Shimoga basin [104]. These magmas
show depleted to the highly enriched character [89], and
their interaction with the uppermost mantle and lower crust
during their upward passage probably caused metasomatic
enrichment in incompatible elements. Furthermore, their
emplacement and eruption caused thermal blanketing and
melting of enriched uppermost mantle and overlying lower
crustal basement rocks, thus generating the granite magmas.
The documented peak P-T conditions (775°C and 1.0-
1.2GPa) in the garnet-biotite rock in the Balehonnur shear
zone are well within the range of melting of the lower part
of the enriched mafic crust and consistent with the origin
of granite magma. Alternatively, melts can be generated by
enriched uppermost mantle and can be contaminated with
lower crustal basement. The resultant granite magmas prob-
ably emplaced rapidly along with the contact between the
TTG basement and greenstone as reflected in primary mag-
matic epidote.

The elemental and Nd isotope data of potassic granites
in Chitradurga, Arsikere, and Pandavpura region emplaced

during ca. 2620-2600Ma originated by melting of preexist-
ing lower crustal TTGs with minor mantle-derived juvenile
input [34]. On the tectonic discriminant plots of Nb versus
Y (Figure 10(b), after Pearce et al. [105]) and Nb/Y versus
Nb+Y plot (Figure 10(c) after Whalen and Hilderbrand,
[106]), the Koppa granite plot in the within plate A-type
extending into Syn-collisional field. The Koppa granite and
potassic plutons further NNW may be originated by melting
of lower crustal TTG source during assembly of volcanic arc
(Shimoga basin)–continent (3300-3150Ma) TTG -3000-
2800Ma Bababudan-Western Ghat (greenstone belt).

7.5. Tectonic Significance of Balehonnur Shear Zone. The ori-
gin of crustal-scale shear zone patterns in Archean cratons
has been interpreted by different thermo-mechanical and
tectonic context [18, 19, 21, 107]. The cratonal strike-slip
shear zones have been attributed to cratonic collisions
[107], whereas Chardon et al. [18] argue that shear zone pat-
terns in Archean craton are not due to amalgamation but
linked to later crustal flow. Bouhallier [19] argued that the
transcurrent shears result by a combination of relative verti-
cal movements linked to body forces and crustal shortening
linked to boundary forces.

Understanding the spatial relationship between granite
emplacement and shear zone development is crucial as they
place first-order constraints on the timing and duration of
the orogenic system. The tectonic fabrics mapping in the
Western Dharwar craton reveals widely spaced Neoarchean
shear zone network [18]. Furthermore, strain fabrics analysis
together with petrologic data, U-Pb zircon ages of potassic
granites in the Western Dharwar suggest their emplacement
coincided with second stage stabilization of Archean crust
close to 2600Ma followed by the development of widely
spaced shear zones [18, 24]. These shear zones have been
attributed to boundary forces and accommodated moderate
shortening without large-scale displacements as documented
along modern plate margin settings. Combined petrologic
and geochronologic data on the metamorphic assemblages
from major shear zones traversing WDC reveal the develop-
ment of shear zones followed by regional metamorphism
through slow cooling occurred during 2547-2400Ma [29,
30, 98, 108]. Further north-west of Balehonnur shear zone,
garnet-biotite schist from Kumata shear zone indicates P-T
conditions 1.1GPa and 790°C, and youngest zircon ages
coincide with U-Pb monazite age of 2547Ma probably cor-
respond to the development of regional shear zones and
metamorphism [108].

The crustal-scale Balehonnur shear zone traverses ca.
3300-3150Ma TTG basement with ca. 3000Ma old Western
Ghat/Kudremukh greenstone belt [48, 109] (ca. 2900-
2800Ma old Bababudan greenstone belt [110], ca. 2630Ma
Shimoga greenstone belt [104], and 2610Ma Koppa granite
(this study). All the lithological assemblages affected by
strong shear strain and kinematic analysis reveal a sinistral
sense of displacement. Tectonic fabrics data and mineral
reactions (feldspars totally consumed in the development
of garnet) reveal that granite affected by plastic strain indi-
cates shearing post-date the emplacement of potassic
plutons.
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The thermo-mechanical processes of initiation of shear
deformation and development of regional shear zone net-
work are still debated [18, 20, 21]. The development of
regional shear zones in the Western Dharwar craton is
attributed to NE-SW shortening and sinistral transcurrent
shearing in the foreland and arc-related, arc-normal, and
arc-parallel displacements during Neoarchean oblique con-
vergence [20]. On the other hand, Chardon et al. [18, 21]
proposed that westward convergence of hot oceanic litho-
sphere during 2560-2500Ma rejuvenated newly formed
continental lithosphere in response to shortening by hori-
zontal crustal flow against already cratonized older thick-
ened continental crust (WDC). This tectonic movement
leads to the development of strain heterogeneities between

greenstone–TTGs/granites due to their different density
and mechanical strength, eventually leading to the devel-
opment of widely spaced shear zones along the boundary
of greenstone belts without much horizontal displacement.
The continued convergence of lithosphere and eventual
assembly of crustal blocks causes regional shortening and
strain portioning along major widely spaced shear zones
in the WDC. Shear deformation, metamorphism, and fluid
flow continued through the slow cooling of Archean crust
until ca. 2400Ma [30]. Such model accounts for the doc-
umented ca. 2600Ma potassic plutonism, subsequent
development of widely spaced crustal-scale shear zones,
and final cratonization marking the end of the Archean
Eon.
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8. Conclusions

The development of crustal-scale sinistral Balehonnur shear
zone initiated following the emplacement of ca. 2610Ma
Koppa granite, and shearing continued through peak meta-
morphism, followed by slow cooling ca. 2547-2450Ma as
documented further NNW in Kumata shear zone and Goa.
The phase petrological and geochemical characteristics of
the Koppa granite point towards the A-type geochemical
character of the studied samples that probably originated
by melting composite sources involving the uppermost
enriched mantle and lower crustal basement. The zircon sat-
uration temperature (Tzr = 1, 000°C) also implies magmatic
emplacement temperature, higher than the general cut-off
value, i.e., 830–850°C, for A-type granites [80]. Biotite stabi-
lizes during post-emplacement water infiltration and cool-
ing. Following biotite stabilization, the granite experienced
shear deformation with an extremely high-strain rate leading
to granite-mylonite formation. The sinistral shear imposes a
metamorphic field gradient by stabilizing eclogite-high-
pressure granulite facies garnet-biotite assemblages in the
western and southern part of the shear zone.

In contrast, the mafic boudins in the eastern part experi-
ence low P-high T melting of amphibole, leading to stabiliza-
tion of garnet. The contrasting P-T data from the western
and eastern part of the shear zone imply shear zone develop-
ment initiated probably during the amalgamation of the
Bababudan greenstone belt with Shimoga and the Western
Ghats belts, which in turn linked to the assembly of CDC
with WDC, ca. 2560-2520Ma.
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