Precambrian Research 233 (2013) 316-336

journal homepage: www.elsevier.com/locate/precamres

Contents lists available at SciVerse ScienceDirect

PRECAMBRIAN
RESEARCH

Precambrian Research

Meso/Neoarchean crustal domains along the north Konkan coast, { )

CrossMark

western India: The Western Dharwar Craton and the Antongil-Masora
Block (NE Madagascar) connection

S. Rekha®*, T.A. ViswanathP, A. Bhattacharya?, N. Prabhakar?

a Department of Geology and Geophysics, Indian Institute of Technology, Kharagpur 721302, India
b Department of Earth Sciences, Goa University, Taleigao Plateau, Goa 403206, India

ARTICLE INFO

Article history:

Received 16 December 2012
Received in revised form 7 May 2013
Accepted 21 May 2013

Available online 31 May 2013

Keywords:

Antongil-Masora Block (Madagascar)
Western Dharwar Craton (India)
Monazite chemical ages
Mesoarchean

Neoarchean

Gondwanaland

ABSTRACT

Synthesis of mesoscopic structures and microscopic analyses of fabric superposition and deformation
microstructures are combined with Th-U-Pb (total) ages in monazites to constrain the Meso/Neoarchean
crustal domains in the Western Dharwar Craton (WDC) along the western coast of India; the domains
are correlated with those in NE Madagascar to configure the assembly of crustal domains in the East
Gondwanaland prior to the Mesozoic break up. In the WDC, para-schists and phyllites of the Shimoga
schist belt, SSB (unmixed age components, 3067 426 and 3158 =110 Ma) and the Peninsular gneisses
(3138 £35Ma) are intruded by granitoid plutons (2924 4+ 50 Ma) deformed at low-T. Five generations of
deformation events are identified in the SSB and Peninsular gneisses. But the two early tectonic fabrics
in Peninsular gneisses formed at anatectic amphibolite facies conditions are in sharp contrast to fabrics
in SSB formed at greenschist facies. The two lithodemic units are inferred to share a pre-3.2 Ga tectonic
contact.

By contrast, in the Goa schist belt (GSB), phyllites/schists (unmixed ages — 2436 434, 2543 + 66 and
2625436 Ma) and polymict conglomerates (unmixed ages - 2458 + 34 and 2566 & 53 Ma) possess two
generations of tectonic fabrics and are the youngest dated metamorphic unit in the WDC. The deformed
Quepem granitoid pluton located along the axial zone of the regional-scale N-trending gently plunging
upright folds in GSB yields comparable chemical age (2565 + 33 Ma). Angular to sub-rounded and boulder
to granule sized polymict clasts of Peninsular gneisses (3128 & 60 Ma), foliated granitoids, amphibolites,
BIFs and low-grade quartzite/chlorite-muscovite schists in GSB para-conglomerates suggest the sedi-
ments deposited in shallow basin were derived from neighboring sources, e.g. the Peninsular gneisses
and SSB supracrustals. The Neoarchean deformation-metamorphism marks the closure of the Goa basin
synchronous with the 2.4-2.6 Ga accretion of the West and the East Dharwar Cratons.

Based on the results of this study, the following correlation among Mesoarchean-Neoarchean crys-
tallites in the Western Dharwar Craton and the Antongil-Masora Block, NE Madagascar (in italics below)
appears realistic, e.g. 2.4-2.6 Ga Goa schist belt~ Mananara Group; 2.5 Ga Quepem granitoid ~ Masoala
Suite; 3.1 Ga Shimoga schist belt ~ Fenerivo Group; 3.1 Ga Peninsular gneiss suite ~ Nosy Boraha suite.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

fragments (Fitzsimons, 2000; Katz and Premoli, 1979; Sacks et al.,
1997; Shackleton, 1996; Stern, 1994; Windley et al., 1994). The

The Earth’s history is marked by episodic agglomeration and present landmass of Madagascar, located at the margin of East

dispersal of the continental lithosphere (Gurnis, 1988; Wilson,
1966). Re-assembling supercontinents from their dispersed frag-
ments involves retrieval of the pre-drift configuration of rifted
crustal fragments and comparing their crustal evolutionary histo-
ries (Payne et al., 2009). Tracing regional shear/thrust zones across
rifted continental landmasses is important to link continental
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and West Gondwana land (Fig. 1), comprises fragments of Archean
crustal domains of Africa and India amalgamated during the Late
Neoproterozoic (720-620 Ma; Blasband et al., 2000; Stern, 1994)
and the Early Paleozoic (570-520 Ma; Collins and Pisarevsky, 2005;
Kroner et al., 2000; McWilliams, 1981; Meert et al., 1995; Unrug,
1996; Veevers, 2004) assembly of the Gondwana Supercontinent
(Borg and De Paolo, 1991; Cayley, 2011; Collins and Pisarevsky,
2005; Dalziel, 1991; Hoffman, 1991; Kusky and Matsah, 2003;
Moores, 1991; Rogers and Santosh, 2003; Torsvik et al., 1996;
Trompette, 2000; Tucker et al., 1999, 2011a; Weil et al., 1998).
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Fig. 1. Paleoposition of Madagascar and India as part of East Gondwana (modified after Yoshida and Santosh, 1996) at 500 Ma. Inset shows pre-drift Gondwanaland configu-
ration (after Sommer et al., 2003). Major tectonic divisions of Madagascar (after Collins et al., 2003), and India (modified after Narayanaswami, 1966) are shown. Precambrian
crystalline terranes in India (in white) along with major structural trends are shown. The identity of the Betsimisaraka suture is contested by Tucker et al. (2011a). The
Western Dharwar Craton (India) and the Antongil-Masora Block (Madagascar) are highlighted in dark gray shade. MD = Madagascar, SL = Sri Lanka, WDC = Western Dharwar
Craton, EDC=Eastern Dharwar Craton, SGT = Southern Granulite Terrain, EGMB =Eastern Ghats Mobile Belt, SC=Singhbhum Craton, BC=Bastar Craton, DB = Deccan Basalt,
CITZ = Central Indian Tectonic Zone. The Konkan coast extends from Kasargod (K) in south to Ratnagiri (R) in the north.

Paleogeographic reconstructions based on paleomagnetic and geo-
logical data suggest that Madagascar was demonstrably contiguous
with India at 530 Ma (Collins and Pisarevsky, 2005; De Wit, 2003;
Lawver and Scotese, 1987; Fig. 1). Tucker et al. (1999, 2011a)
suggested the Antongil Block, the oldest known crustal domain
in NE Madagascar, shared a coherent Paleo/Mesoarchean evolu-
tionary history with the Western Dharwar Craton (WDC) of India
(Fig. 1). The authors point to the broad overlap in U-Pb zircon
age (3187 &2 Ma) and Sm-Nd Model age (3204 Ma) obtained from
migmatitic orthogneisses at Ile Sainte Marie in the Antongil Block,
and Rb-Sr and Pb-Pb ages available from Peninsular gneisses from
the WDC in India (3.4-3.0 Ga; Beckinsale et al., 1980; Bhaskar Rao
et al,, 1991; Meen et al., 1992; Peucat et al., 1995; Taylor et al.,
1984). According to Tucker et al. (1999, 2011a) the broad overlap
in éNd and &Sr values (2500 Ma) between the “Dharwar gneisses
and anatectic granites” and similar rocks from Ile Sainte Marie
and Alaotra-Beforona areas in Madagascar support the once con-
tiguous nature of the Antongil Block and the WDC. Recent U-Pb
SHRIMP ages (3.1-3.3 Ga) in three samples from the Nosy Boraha
suite determined by Tucker et al. (2011a) re-emphasizes that these
ancient rocks were broadly coeval with the Peninsular gneisses in
the Western Dharwar Craton.

In recent years, in areas neighboring the NE coast of Madagas-
car, new geological (Pili et al., 1997; Raharimahefa and Kusky, 2006,
2010; Tucker et al., 2011a,b), petrological (Buchwaldt et al., 2003;
Jons et al., 2009) and chronological (Paquette et al., 2003; Schofield
etal.,, 2010; Thomas et al., 2009) data have helped to identify differ-
ent lithodemic units and shear/thrust zones separating these units
(Fig. 1). The continuity of “equivalent” rocks eastwards into west-
ern India is unknown due to the lack of geological, petrological and
chronological data along the western coast of India. Except Rb-Sr

ages obtained from areas neighboring Goa (Dhoundial et al., 1987),
available structural, petrological and chronological information
from the WDC are located 50-100 km inwards from the western
coast of India (Figs. 2 and 3). This lack of critical geologic informa-
tion along the northern Konkan coast impedes a comprehensive
space-time correlation of lithodemic units along the north-eastern
coast of Madagascar with those in the Konkan coast (India) that
arguably represent the rifted margin of the landmasses of Mada-
gascar and India shared prior to the break up of Gondwanaland in
the Late Cretaceous.

In this study, we provide structural settings, petrological char-
acteristics and U-Pb-Th chemical ages of texturally constrained
monazites in a wide variety of Precambrian lithologic units along
the northern parts of the Konkan coast. The information is compiled
with lithologic-structural data to evaluate the common tectonic
histories between NE Madagascar and western India in the Archean
time.

2. Geological outline of WDC from inland areas: previous
studies

The Western Dharwar Craton (WDC) comprises several litho-
demic units, the most expansive among these are the Peninsular
gneisses and the N/NNW-trending supracrustal belts (Fig. 2). The
Peninsular gneisses comprise tonalite-trondhjemite-granodiorite
polyphase migmatite gneisses and the homophanus trondhjemite-
granodiorite plutons of Paleo/Mesoarchean in age (>3.0 Ga; Fig. 3).
The Gorur gneiss (~3.4 Ga; Beckinsale et al., 1980) and the Anmod
Ghat trondhjemite gneiss (~3.4 Ga; Dhoundial et al., 1987) are the
oldest dated rocks in the WDC, and are considered to be the base-
ment rocks in the craton. The supracrustal belts are sub-divided
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Fig. 2. Generalized geological map of the Western Dharwar Craton (modified after
Naha et al,, 1991). The study area along the west coast of India shown by thick
continuous line (Chauri is indicated). Localities mentioned in the text are shown
with open circles. Location of sample ZEN-8, used for monazite dating is shown
with filled circle (locations of other monazite dated samples are shown in Fig. 4).
Filled-stars are generalized locations of published ages from the WDC (for details
of ages refer to Fig. 3): B1 =Bhaskar Rao et al. (1991); B2 =Beckinsale et al. (1980);
D=Dhoundial etal.(1987); F1 =Friend and Nutman (1991); F2 = French and Heaman
(2010); F3 =French et al. (2004); H1 =Halls et al. (2007); H2 =Hokada et al. (2012);
J=Jayananda et al. (2008); K=Kumar et al. (1996); M=Maya et al. (2011); N1=Naha
et al. (1993); N2=Nutman et al. (1992); S1=Sarangi et al. (2007); S2=Sarma et al.
(2011); T=Taylor et al. (1984).

into the amphibolite facies (granulite facies in southern parts of
the WDC) Paleo/Mesoarchean Sargur Group (3.1-3.3Ga) and the
low-grade (dominantly greenschist facies) Neoarchean Dharwar
Supergroup (2.6-2.8 Ga) (Ramakrishnan and Vaidyanadhan, 2008).
The Dharwar Supergroup (2.6-2.8 Ga) is further classified into the
older Bababudan Group and the younger Chitradurga Group sepa-
rated by a disconformity (Swami Nath and Ramakrishnan, 1981).
The older Bababudan Group dominated by meta-basalt/gabbro,
ultramafic schist, layered mafic complex, felsic volcanic, siliceous
phyllite, cross-bedded quartzite and minor banded iron formation,
is lithologically distinct from the Chitradurga Group compris-
ing meta-volcanic, banded iron formation (often Mn-bearing),
orthoquartzite, meta-carbonate, greywacke, polymict conglomer-
ate horizon, and siliceous phyllite. Three episodes of regional scale
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Fig. 3. Summary of published ages of lithological units in the WDC. Refer to Fig. 2
for list of acronyms.
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Fig.4. Simplified lithological map of the northern Konkan coast compiled from geo-
logical maps of the state of Goa, Sindhudurg district (Maharashtra), and the state of
Karnataka published by the Geological Survey of India (1996, 1995 and 1981). Loca-
tions of monazite-dated samples from this study (open circles) and key localities
(filled rectangles) referred in the text are shown. L, Q, C, K and Y are acronyms for
granitoid plutons in around Londa, Quepem, Chauri, Karwar and Yana respectively.
The State of Goa encompasses the area south of Vengurla, north of Karwar, west of
Londa, and SW of Amboli.

folding events are recognized in the supracrustal belts and the
Peninsular gneisses. Isoclinal folds on mineralogical layering in
Peninsular gneisses and supracrustals with development of pen-
etrative axial planar foliation marked the first generation folds.
These were superimposed by upright asymmetric folds with N- to
NNW-trending axial planes and gentle to moderately plunging fold
axes. The last folding event is manifested by locally developed open
folds with E-W trending axial plane (Naha et al., 1986, 1990, 1991,
1993, 1995; Naha and Chatterjee, 1982; Mukhopadhyay, 1986).
Expansive felsic magmatism in the WDC occurred in two stages,
3.0-3.2 Ga and 2.5-2.7 Ga (Fig. 3). Proterozoic mafic dykes in three
age clusters (2.4 Ga, 2.0-2.2 Ga and 1.6 Ga) (French and Heaman,
2010; French et al., 2004; Halls et al., 2007; Radhakrishna et al.,
2004) mark the last phases of activity in WDC.

3. The structural set up of the northern Konkan coastal
plain: this study

A 50-60 km wide and 200 km long corridor along the Konkan
coastal plain (Fig. 4) from Amboli (Maharashtra) to Kumta (Kar-
nataka) was structurally mapped (Fig. 5). The rocks are poorly
exposed along the coastal plain due to deep chemical weathering,
and to the east, among the thickly vegetated hills of the Western
Ghats, the rocks are inaccessible except in freshly cut road sections,
quarries, and rare monadnocks and inselbergs. The area is dom-
inated by Peninsular gneisses (migmatitic tonalite-trondjhemite-
granodiorite gneisses), and greenschist facies phyllites, chlorite-
muscovite + calcite &+ biotite schists, chlorite-actinolite 4 calcite
schists, quartzites, quartz-conglomerates and polymict conglom-
erates. The para-schists/phyllites occur in two belts, e.g. the
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Fig. 5. (a) Planar structures and (b) linear structures along the northern Konkan coast. The legend for lithologic units is same as in Fig. 4, except (a) banded iron formation
and ultramafic complex in Goa schist belt in Fig. 4 is omitted, (b) only outlines of deformed para-conglomerate in Fig. 4 is shown, (c) horizontal dots in metabasic units in
Fig. 4 are omitted in this figure, and (d) the unclassified schists and granitoids to the North of Vengurla are shown with different symbols in this figure.

Goa schist belt (GSB) in the northern part of the mapped area,
and the Karwar-Kumta schists along the strike extension of the
NW-trending Shimoga schist belt (SSB) in the east and south
(Figs. 4 and 5). Five generations of tectonic fabrics are recognized
in the anatectic Peninsular gneisses and in the SSB metasediments.
By contrast, para-schists/phyllites and quartzites of the GSB with
fewer tectonic fabrics are structurally younger. The gneisses and the
supracrustal belts host several blastoporphyritic granitoid plutons
around Karwar, Chauri, Londa (tonalite-granodiorite) and Quepem
(granodiorite-granite).

3.1. Migmatitic Peninsular gneiss

In Peninsular gneisses, the gneissose structure (Fig. 6a) is
defined by the alternation of couple-of-cm to tens-of-cm wide
hornblende/biotite-plagioclase dominated melanocratic layers and
plagioclase, K-feldspar and quartz dominated leucocratic lay-
ers. The layers posses a penetrative tectonic fabric defined by
dynamically recrystallized hornblende aggregates anchored to
polygonized feldspars in the melanocratic layers (Fig. 6b), and
quartz ribbons to which phase/grain margins of polygonized
feldspars are pinned in the leucocratic layers (Fig. 6b). Polygo-
nized hornblende sharing triple junction (Fig. 6¢) is common in
the melanocratic layers. The penetrative foliation is axial planar
to intra-layer rootless hinges of isoclinal and eye-shaped folds
described by cm-wide leucosome layers (Fig. 6a). The leucosomes,
couple of cm wide (herein termed Sqyg; MG for migmatite gneiss),
and the axial planar foliation (designated S,yig) curve into or are
drawn sub-parallel to the gneissic layering (S3mg) in the gneisses
(Fig. 6d). In regional scale, the Ssyc gneissic fabric is folded with
long N/NNW-trending limbs and short E-trending limbs (Fig. 5),
but the corresponding axial planar fabric (S4pmg ) is poorly developed
in the area. Greenschist facies epidote-clinozoisite, actinolite and
chlorite aggregates replacing the high-T hornblende-plagioclase
aggregates defining fabrics (Fig. 6e) possibly correlate with this
Samc deformation event. A set of locally developed E-W clos-
ing broad warps and widely spaced E-W trending fracture planes

(Ssmg) comprise the last deformation event in the rocks. The
superposition of structures is similar to that described by Naha et al.
(1991, 1995, 1996) in gneissic rocks to the SE of the mapped area.

3.2. The Karwar-Kumta schist belt

The lithodemic unit is dominated by quartzite, ferruginous
quartzite, mafic schist and para-schist/phyllite. The early fabrics
in para-schists/phyllites are best preserved in an outcrop in the
Kudremukh National Park (Fig. 7a and b Lat: N 13° 12.38’: Long:
E 75° 11.74) south of the mapped area in Fig. 5. In this outcrop,
the earliest schistosity (S1kk) is crenulated, and the gently dipping
crenulation cleavage (Syki) is warped by the penetrative schis-
tosity, Sskk (Fig. 7a-c; ‘KK’ is the acronym for the Karwar-Kumta
schist belt). The successive fabrics in mafic schists are defined by
chlorite-actinolite (Fig. 7d) and rare zoisite; while shape-preferred
aggregates of chlorite-muscovite 4 biotite define the fabrics in
para-schists and phyllites (Fig. 7e). Poles to Sskk fabric in regional
scale (Fig. 5) describe a well-defined girdle with the [3-axis plung-
ing at low angle (<30°) towards S/SSW and N/NNE consistent
with the measured plunges of mesoscopic asymmetric open to
close upright Fsxx folds with NNW trending axial planes (Sakk)
(Fig. 8). The non-plane nature of Ssxk and the non-cylindricity of
F4kk (Figs. 5 and 8) in regional scale are due to interference by the
locally developed younger E-trending cross-folds similar to those
observed in migmatitic Peninsular gneisses reported by Naha et al.
(1991, 1996).

3.3. The Goa schist belt

Metagreywacke  (chlorite-calcite-biotite and  chlorite-
muscovite &+ calcite schist) and inter-banded Banded Iron
Formation, quartzite, and chlorite-actinolite bearing amphi-
bolite dominate the schist belt. An intensely deformed horizon
of polymict and quartz conglomerates with granule to boulder
sized clasts demarcates the southern and the eastern margins
of the schist belt (Fig. 9a and b). In the polymict conglomerates,
the low-sphericity clasts are Banded Iron Formation, quartzite,
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Fig. 6. Field photographs (a, d) and plane polarized microphotographs of textural relations (b, ¢ and e) in Peninsular gneisses. (a) Section view showing gneissic layering
(Ssmcg) in migmatitic gneiss (Peninsular gneiss). The inter-layer penetrative foliation in gneiss (Samg ) is axial planar to isoclinal folds (arrow with bar) and parallel to long axes
of eye shaped (arrow) folds on leucocratic segregations (S1mc). (b) Platy granoblastic texture defined by polygonized aggregates of hornblende (darker shade) anchored to
annealed plagioclase (lighter shade) in melanocratic layer in Peninsular gneiss (sphene indicated by arrow). (c) Close up view of melanocratic layer showing triple junction
among hornblende anchored to recrystallized plagioclase. (d) Plan view of the Peninsular gneiss (pen: 15 cm long; pen-head points north) showing both isoclinal folds on
Simc leucosome layers (dotted line) and axial planar Syyg fabric (broken line) drawn into parallelism with Ssyg fabric (continuous line). (e) Fine-grained intergrowths of
actinolite-chlorite-epidote replacing aggregates of coarser-grained hornblende and plagioclase defining Savmc in melanocratic layer in Peninsular gneiss. Note polygonized
plagioclase grains are rounded by the replacement reactions. Calcite is often an accessory phase. Mineral abbreviations are from Kretz (1983), unless otherwise specified.

chlorite-muscovite schist, and amphibolite (Fig. 9b); granitoids
and gneisses constitute more rounded/elliptical clasts (Fig. 9a).

The penetrative fabric in the para-schists/phyllites is defined
by fine-grained chlorite-biotite aggregates (Fig. 9c); the fabric in
deformed conglomerates is sub-greenschist facies and stylolitic,
with prominent quartz, calcite beards in strain shadow zones of
clasts (Fig. 9d). In the absence of preceding tectonic fabric barring
local crenulations in strain shadow zones of clasts in conglomer-
ates, the penetrative tectonic fabric in GSB designated S0 (‘GO’ for
Goaschistbelt)isinferred to be the earliest fabric. S g is frequently
crenulated, but the corresponding axial planar fabric (S,go) defined
by neo-crystallized muscovite-chlorite aggregates is weakly devel-
oped through out the Goa schist belt (Fig. 9c and d). In regional
scale, poles to Sigo describe a well-defined girdle (Fig. 8). The -
axis of the girdle plunging at low angle toward SE/SSE and N/NNW
broadly corresponds with the measured plunges of asymmetric
upright Fygo folds (Fig. 8). E-trending F3¢o crenulations on Sigo
mark the last deformation event in the GSB (Fig. 9a).

3.4. Granitoids

Granitoids occur as (i) medium-grained, equigranular and meso-
cratic tonalite-granodiorite dykes (Fig. 10a and b) in Peninsular
gneiss, and (ii) coarse-grained, leucocratic blastoporphyritic grano-
diorite (Fig. 10c) occurring as apophyses and plutons that intrude
Peninsular gneisses, tonalite granitoids (Fig. 10a) and supracrustals.
The granitoid dykes contain angular rafts of Peninsular gneisses
(Fig. 10a) and truncate the S3y fabric in these gneisses (Fig. 10b).
In the mesocratic dykes, the internally strained plagioclase and
K-feldspar grains (deformation bands, undulatory extinction, and
sub-grains) that comprise the equigranular mosaic share high
energy (serrated to plumose) grain/phase boundaries. By contrast,
plagioclase in blastoporphyritic granitoids is weakly deformed and
largely preserves euhedral/subhedral magmatic shape (Fig. 10d).
Magmatic plagioclase crystals locally aligned in the polygonized
matrix of K-feldspar and quartz (Fig. 10d) are reminiscent of mag-
matic flow textures. Evidence of internal plastic strain in feldspars is
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Fig. 7. Fabric relations in the Karwar-Kumta schists: (a, b) field photos, (c) stereographic plot, and (d, e) optical images. (a) Perspective view (looking NW) of a ~1 m wide
“microlithon” in quartz-mica schist from the Kudremukh National Park (exact location in text). The warping foliation to the “microlithon” is the penetrative Sskk foliation
(continuous line). In the Sk interfolial domain, early foliation Sikk (dotted line) is crenulated and the sub-horizontal crenulation cleavage (Saxk; broken line) is truncated
by the S3k fabric. (b) Close up view of the “microlithon” shown with white box in (a), but lines are avoided to preserve clarity. (c) Stereographic projection of foliation data
measured in the outcrop (a, b). Poles to Sikk (n=24) contoured at intervals of 5% (continuous line) and 10% (dotted line) (Max ~ 21%) describe ENE-WSW pole girdle; the axis
corresponding to the girdle (BL2; open diamond) indicated. Poles to Sykk (open squares; n=18) and the corresponding mean girdle of gentle SW-dipping Sxkx (broken line)
are shown. Poles to the warping Sskk foliation (filled circles; n=17) and the mean girdle of NNW-trending ESE-dipping Sskk foliation (dash-dot line) are shown. Fsxx fold
axis is designated BL3 (filled diamond). (d) Chlorite-actinolite schist showing folded interfolial chlorite-defined Skx fabric, warping crenulation cleavage Sskk, and weakly
developed Skx cleavage defined by prismatic actinolite (Amph). (e) Weak crenulations on Sskx fabric in Bt-Mus schist and development of associated Sakk disjunctive shears
axial planar to the crenulations. Epidote crystals in quartz veins growing inward from the vein wall grew by dissolution-precipitation in fractures oriented parallel to the
instantaneous stretching axes of the en echelon shears.

and Londa blastoporphyritic granitoid plutons, provides a conve-
nient starting point for structural correlation among the different
lithodemic units. The mineralogy of chlorite-mica and chlorite-
actinolite aggregates defining the axial planar fabric associated
with this folding event suggests the deformation occurred at green-
schist facies conditions. The low-T of deformation is corroborated

manifested by sub-grain rotation recrystallization along margins of
magmatic plagioclase crystals, and weak undulatory extinction in
the core (Fig. 10d). By contrast, strain wavy extinction, deformation
bands, and high-energy grain boundaries characterize polygonized
quartz lentils defining the foliation (Fig. 10d).

3.5. Synthesis of structural relations

The non-planar and non-cylindrical set of open to close,
N/NNW-trending, upright and sub-horizontal to gently plunging
asymmetric folds (Fogo &~ Famg ~ Faxi) affecting the gneisses, both
supracrustal belts, and presumably the deformed Karwar-Chauri

by microstructures in the blastoporphyritic granitoids, e.g. intense
dynamic recrystallization in K-feldspar, but plagioclase porphyries
largely preserve their magmatic shapes, and are at best, weakly
strained (Fig. 10d). Plastic deformation in K-feldspar is initiated
at 400-450°C for a wide range of fluid pressure and strain rate
(Simpson, 1985), and brittle-ductile transition in plagioclase occurs
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WDC (northern Konkan coast)

Phyllite/Schist/Quartzite/Deformed conglomerate

Granitoids

Karwar-Kumta

Goa

W Poles to S, (n=56)
¢ L, fold axis (n=11)

(b) @

T

W Poles to S, (n=28)
M L, fold axis (n=29)

WET Poles to S, (n=90)
¢ L, fold axis (n=24)

A Poles to S, (n=21)
M L, fold axis (n=18)

| Poles to S,(Karwar/Yana) (n=48)
O Poles to S,(Londa) (n=21)

-

W Poles to S,(Karwar/Yana) (n=24)
A Poles to S,(Londa) (n=4)
M Fold axis (n=5)

Fig. 8. Stereographic plot of structural elements in (a, b) the Karwar-Kumta schist belt, (c, d) the Goa schist belt, and (e, f) Karwar, Yana and Londa blastoporphyritic granitoids.
(a) Pole girdle of Sskk (n=56) contoured at intervals of 2%, 4% and 8% (in increasing shades of gray; Max =11.86%) and the filled diamonds are Lskx fold axis (n=11). (b) Poles
to Saxk (n=28) contoured at intervals of 4%, 8% and 16% (in increasing shades of gray; Max ~ 32%) and the filled rectangles are Lskk fold axis (n=29). (c) Poles to Sico (n=90)
contoured at intervals of 2%, 4% and 8% (in increasing shades of gray; Max = 13%) and the filled diamonds are undifferentiated L;¢o fold axis (n=24). (d) Poles to Syco (n=21)
contoured at intervals of 5%, 10% and 20% (in increasing shades of gray; Max = 24%) and the filled rectangles are L,¢ fold axis (n=18). (e) Poles to S, (Karwar/Yana granitoids)
(n=48) contoured at intervals of 3% and 6% (in increasing shades of gray; Max ~ 10%) and poles to S, (Londa granitoid) (n=21) has shown with open rectangles. (f) Pi poles
of S3 (Karwar/Yana granitoids) (n =24) contoured at intervals of 5%, 10% and 20% (in increasing shades of gray; Max =33%) and the poles to S; (Londa granitoid) (n=4) shown

by open triangles. The filled rectangles are fold axis (n=>5).

at somewhat higher temperature, e.g. >450-500°C (Lafrance and
Vernon, 1999). Clearly the lithodemic units were deformed at
temperature 450-500°C bracketed by the brittle-ductile transi-
tion temperatures of K-feldspar and plagioclase. However, the
mesoscopic features in Fig. 10 suggest that the equigranular and
mesocratic granitoids, occurring as dykes in Peninsular gneisses
and deformed above the brittle-ductile transition temperature of
plagioclase, were emplaced earlier than the blastoporphyritic gran-
itoids.

The fewer tectonic fabrics in the GSB para-schists relative to
the Karwar-Kumta schists suggests that the Goa schist belt was
either tectonically accreted to the migmatitic basement gneisses
post-dating the tectonic accretion of Karwar-Kumta schist belt or
unconformably overlies the basement gneisses and the Karwar-
Kumta schist belt composite. Although the fold geometry in the
two schist belts appears similar in regional scale, the orientations
of axial planes and axes of the asymmetric folds in the two schist
belts are different (Fig. 8). The obliquities arise due to the curvi-
linear nature of the axial plane of the folds, e.g. the axial planes
of the asymmetric folds trending NNE in the southern part in the
area curve to a more westerly orientation (NNW-trending) north-
wards in the region around Goa (Fig. 5) due to superposition of
younger deformation events (F3go ~ Fskk ~ Fsumg ). If the axial planes
of the asymmetric folds are restored to similar orientation, the pole
girdles corresponding to S1go and S3kk (Fig. 8) are not co-planar,
i.e. the orientations of S;go in the Goa schist belt and the S3kk

Karwar-Kumta schist belts were different prior to E-W shorten-
ing that gave rise to asymmetric N-trending folds. The obliquity
of pole girdles and the fewer tectonic fabrics in the Goa schist belt
suggests the two supracrustal belts did not share a coherent crustal
evolutionary history prior to the E-W crustal shortening event.

Several lines of evidence suggest the Syyc and Sy fabrics
in Peninsular gneisses formed at high-T anatectic conditions, e.g.
the occurrence of biotite rimming leucosome layers (Fig. 6a), the
assemblage of polygonized hornblende and plagioclase in the
melanocratic Syyc layers (Fig. 6b), and annealing recrystalliza-
tion in hornblende forming triple junctions (T>650°C; Berger and
Stiinitz, 1996; Hacker and Christie, 1991) anchored to polygonized
plagioclase grains (Fig. 6¢). By contrast, chlorite-biotite-muscovite
aggregates defining successive tectonic fabrics in the Karwar-
Kumta schist belt imply the rocks were perpetually deformed at
greenschist facies condition. We infer therefore that the Karwar-
Kumta schists were tectonically accreted to the Peninsular gneisses
post-dating the high-T fabric-forming deformation events in the
gneisses.

4. Electron micro-probe (EMP) age determinations in
monazite

All analyses were carried out with a CAMECA SX-100 elec-
tron probe microanalyzer equipped with 4 wavelength dispersive
spectrometers in the Department of Geology and Geophysics, IIT
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Fig. 9. (a, b) Poorly-sorted angular to sub-rounded clasts of Banded Iron Formations (broken arrow), amphibolites (arrow with bar), phyllite, gneiss, foliated granitoid (arrow)
in deformed polymict para-conglomerates close to the margin of the Goa schist belt (Fig. 4). The penetrative foliation (from left to right) is Sico (see text for explanation).
Rulerin(a)and (b)is ~15 cm long. In (a), trace of axial plane of weakly developed F5co crenulations is shown by broken line. In (b), the broken line shows S0 warping around
a clast. (c) Wispy aggregates (S1co) of Chl and Mus axial planar to a folded quartz vein in phyllites. Note the absence of a preceding cleavage in the interfolial domain of Sy¢o.
The ellipsoidal light colored objects in the matrix are monomineralic quartz grains. (d) Stylolitic cleavage and “beard structure” (arrow) in deformed quartz conglomerate.
The quartz clasts replaced by equant polygonized grains are sugary in appearance.

-
§
1% 3
g .
A3
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Fig. 10. Field appearances (a-c)and textural relation (d) in granitoids. (a) Rafts of Peninsular gneiss (arrows) in equigranular, mesocratic tonalite dyke. Note blastoporphyritic
granitoid is intrusive into the tonalite dyke. Ruler is 15 cm long. (b) Peninsular gneiss intruded by equigranular, mesocratic tonalite dyke (contact between these two lithounits
is shown with continuous line). Note the S3mc gneiss layer in Peninsular gneiss is truncated by the intrusive tonalite dyke. (c) Appearance of foliated blastoporphyritic granitoid.
Aggregates of polygonized K-feldspar grains and quartz lenticels warping around plagioclase porphyry define the tectonic fabric in blastoporphyritic granitoid. Note pressure
shadow zones around porphyries. Pen: 15 cm long; pen-head points north. (d) Locally aligned laths of euhedral plagioclase (polysynthetic twins parallel to grain elongation)

in a finer-grained mosaic of recrystallized quartz and K-feldspar in blastoporphyritic granitoid. Note (i) the lack of internal strain in plagioclase laths, and (ii) sub-grain along
plagioclase margin.



Table 1
ThO,, UO, and PbO concentrations, chemical spot ages, and 2¢ error of spot ages in monazites (locations of monazite-dated samples in Figs. 2 and 4) obtained in this study. Electron probe microanalysis data on monazites are
provided in Data Repository.

Spot age Ref. No: ThO, (wt%) U0, (wt%) PbO (wt%) Age (Ma) Age err (£20) Spot age Ref. No: ThO, (wt%) U0, (wt%) PbO (wt%) Age (Ma) Age err (£20)

Blastoporphyritic granitoid (Karwar and Chauri)
CAN-10 (Lat: 15° 00.920' N Long: 74° 01.071' E)

Cin 3.50 0.24 0.62 2998 94 Cips 5.07 0.28 0.85 2994 73
Cii 3.65 0.22 0.62 2982 94 Cija 520 0.30 0.87 2961 71
Cips 3.67 0.25 0.64 2998 91 Cipis 341 0.20 0.58 2083 99
Cija 9.84 0.33 1.48 2903 49 Cije 403 0.25 0.68 2033 84
Cys 13.96 0.45 2.08 2904 39 Cipy 419 0.24 0.71 2989 85
Cie 12.19 0.35 1.80 2910 43 Cips 3.86 0.21 0.65 3030 92
Cipy 8.25 0.30 127 2043 55 Cijo 424 0.20 0.69 2971 86
Cis 6.20 0.19 0.90 2862 68 Cipo 3.64 0.18 0.60 3002 97
Cio 6.41 0.23 0.99 2954 66 Cim 3.92 0.18 0.62 2941 93
Cijo 3.46 0.20 0.59 3023 99 Cij2 5.32 0.26 0.86 2962 73
Cimn 417 0.17 0.67 3023 90 Cijs 3.70 0.20 0.62 2995 95
Cijiz 3.80 0.23 0.65 2996 90

KK-49C (Lat: 14° 47.361' N Long: 74° 07.021' E)

Kyt 9.18 0.38 1.41 2889 49 Kij1s 6.37 0.22 0.96 2916 66
Kij2 6.86 0.36 1.13 2959 59 Kijis 7.47 0.24 1.11 2893 59
Ki/3 7.95 0.34 125 2028 55 Ki/17 6.11 0.19 0.93 2961 70
Ky/4 7.89 0.31 1.22 2937 56 Ki/1s 3.37 0.28 0.61 2952 91
Kys 9.82 0.30 1.46 2909 49 Kijto 3.95 0.26 0.70 3036 87
Kijg 7.25 0.25 1.10 2912 60 Kija0 8.84 0.27 132 2920 53
Kyj7 6.40 0.20 0.97 2048 67 Kij21 8.23 0.27 125 2941 55
Kys 6.05 0.19 0.91 2924 70 K122 7.44 0.22 1.11 2919 60
Kijo 10.31 0.36 157 2931 47 Kij23 5.86 0.18 0.88 2936 71
K110 8.42 0.31 1.29 2929 54 K124 8.05 0.27 1.18 2839 55
Ky 8.64 0.26 1.29 2918 54 K125 485 0.16 0.74 2974 83
Kijr2 10.88 0.33 1.60 2890 46 Kij26 443 0.18 0.69 2941 86
Kij13 14.73 0.43 218 2908 38 K127 5.75 0.20 0.87 2028 72
Ki/14 7.48 0.24 1.13 2939 59 K128 3.78 0.14 0.59 2952 99
KK-47 (Lat: 14° 48.190' N Long: 74° 07.494' E)

K1 4.70 0.20 0.76 3005 82 Kajs 4.44 0.08 0.64 2970 94
Koz 6.46 0.31 1.05 2064 63 Koo 472 0.09 0.69 2083 89
Ka3 6.02 0.31 0.99 2976 66 K210 4.49 0.18 0.70 2947 84
Koy 529 0.34 0.89 2902 68 Kai1 6.45 0.33 1.04 2930 62
Koy 451 0.24 0.77 3044 82 Ko12 5.20 0.34 0.88 2917 69
Koy 469 0.22 0.78 3026 81 Ko13 6.43 0.31 1.04 2943 62
Ko7 5.75 0.17 0.85 2915 73 Koj1a 5.44 0.15 0.82 2968 77
KK-50 (Lat: 14° 46.924' N Long: 74° 08.443' E)

Ks1 10.86 0.32 1.60 2889 46 Kss 11.82 0.34 1.73 2886 43
K32 11.17 0.30 1.59 2839 45 Ks/7 11.93 0.32 1.74 2901 44
Ks3 1039 0.26 1.51 2897 48 Ks 11.50 0.32 1.74 2979 45
K4 12.04 0.32 1.83 3015 44 K/ 11.37 0.34 1.65 2850 44
Ky 16.97 0.32 2.32 2809 35 K310 15.01 0.25 2.12 2911 39

Blastoporphyritic granitoid (Quepem)
CHA-4 (Lat: 15° 11.954' N Long: 74° 02.143' E)

G 13.70 0.76 1.96 2594 35 Cao 11.75 0.67 1.68 2586 38
Cop 20.77 0.99 2.83 2553 28 Com 12.39 0.69 1.79 2619 37
Cops 12.34 0.69 1.75 2581 37 Copz 12.78 0.52 1.66 2500 37
Coa 11.77 0.66 1.64 2540 38 Cons 12,51 0.37 1.60 2549 39
Cops 20.43 0.76 2.72 2579 29 Copa 20.09 0.77 2.70 2588 29
Coge 12.18 0.68 1.73 2582 37 Copis 13.26 0.35 1.64 2506 38
Cor 13.51 0.22 1.69 2614 39 Cops 11.40 0.33 145 2537 2
Cogs 17.07 0.68 224 2526 31 Copz 11.74 0.31 1.50 2581 42

Ca0 12.63 0.70 1.78 2570 36

e
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Phyllite/schist (Goa schist belt)
ZEN-44C (Lat: 15° 31.981' N Long: 74° 05.709 E)

Zin 3.89 0.05 0.45
Zip 403 0.06 0.48
Zis 2.58 0.06 0.32
Zia 452 0.06 0.53
Zyjs 3.38 0.05 0.38
Zyjs 2.83 0.05 0.32
Ziy 3.89 0.11 0.47
Zis 411 0.11 0.49
Zijo 3.49 0.00 0.37
Zijo 452 0.01 0.49
ZEN-45C (Lat: 15° 31.613' N Long: 74° 06.115' E)

Zon 2.76 0.04 0.35
Zop 3.56 0.05 0.44
Zys 3.87 0.05 0.47
Zo 2.40 0.04 0.30
Zyss 478 0.07 0.58
Zojs 3.81 0.11 0.48
Zo7 322 0.05 0.40
Zojs 2.51 0.04 0.32
Zojo 3.75 0.06 0.46
Zono 3.93 0.08 0.48
Zom 3.31 0.11 0.41
Zona 2.58 0.06 0.34
Zons 471 0.07 0.59
Zona 2.56 0.05 0.30
Zops 3.66 0.05 0.47
Zone 3.73 0.05 0.47
Zons 2.49 0.04 0.32
Zons 3.29 0.05 0.42
Zono 5.00 0.06 0.60
ZEN-39A & B (Lat: 15° 02.757' N Long: 74° 01.618' E)

Zsn 468 0.22 0.68
Zs 431 0.09 0.56
Zys 3.62 0.17 0.48

Phyllite/schist (Karwar-Kumta schist belt)
KK-79A (Lat: 14° 17.546' N Long: 74° 30.264' E)

Kapt 11.88 0.33 1.85
Kaj2 11.80 0.32 1.84
Kyj3 10.81 0.24 1.69
KK-115 (Lat: 14° 44.362' N Long: 74° 40.306' E)

Ks)1 1.94 0.09 0.33
K/ 426 0.11 0.69
K3 3.57 0.11 0.55
Ks/4 7.87 0.61 1.49

Clasts in deformed polymict conglomerate (Goa schist belt)
ZEN-31Cx & Cy (Lat: 15° 15.115' N Long: 74° 01.181' E)

Zan 5.19 0.30 0.94
Zap 5.70 0.25 0.97
Zys 7.65 0.55 1.45

2450
2501
2512
2493
2383
2375
2406
2408
2384
2425

2639
2588
2580
2631
2547
2530
2633
2648
2546
2506
2454
2675
2621
2430
2680
2648
2681
2672
2567

2683
2694
2505

3064
3075
3122

3097
3191
2992
3105

3167
3124
3157

95
94
132
84
107
123
92
88
108
98

132
108

99
151

96
118
144
101

96
105
138

137
106
103
139
116

80

108
119
122

45
45
73

161

98
108
122

73
71
53

Zyn
Zij12
Zips
Zija
Zins
Zi)16
Zip7
Zins
Zi)19

Z3120
Zop1
Zy22
25123
Z3p24
Zyps
Zope
23127
Zo28
Z3p29
23130
Zyp31
Zy32
2533
23134
Zyp35
Zy136
23137

734
Z3)5
Z36

K4
Kyjs
\

Ks/s
I\
Ks;7

Zajia
Zans
Zyji6

4.61
4.07
3.29
4.42
3.03
4.39
4.98
2.70
3.80

4.90
3.69
3.24
4.98
3.74
4.83
5.19
5.02
3.88
4.53
3.19
4.60
4.00
3.14
3.60
3.19
3.40
2.25

3.38
3.41
3.68

11.24
4.69
4.85

6.10
5.56
5.60

9.27
8.20
8.42

0.02
0.03
0.01
0.03
0.04
0.01
0.02
0.02
0.02

0.06
0.07
0.02
0.02
0.03
0.02
0.03
0.03
0.03
0.02
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.00

0.12
0.09
0.08

0.24
0.04
0.04

0.22
0.07
0.07

0.27
0.34
0.25

0.50
0.46
0.35
0.50
0.34
0.48
0.53
0.31
0.42

0.58
0.43
0.36
0.56
0.42
0.53
0.59
0.60
0.46
0.51
0.39
0.54
0.48
0.36
0.43
0.37
0.40
0.26

0.44
0.44
0.47

1.73
0.65
0.68

0.93
0.86
0.85

1.48
1.37
1.35

2398
2457
2334
2443
2416
2414
2363
2526
2406

2533
2425
2415
2476
2414
2429
2491
2602
2548
2456
2662
2630
2678
2547
2649
2574
2568
2566

2546
2588
2598

3095
2962
2988

2930
3205
3165

3109
3093
3117

102
113
122
108
142
101

98
150
113

80

98
139
111
130
110
112
116
131
115
141
104
117
140
114
136
136
139

132
135
130

70
117
114

144
165
163

53
55
57
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Table 1 (Continued)

Spot age Ref. No: ThO, (wt%) U0, (wt%) PbO (wt%) Age (Ma) Age err (£20) Spot age Ref. No: ThO, (wt%) U0, (wt%) PbO (wt%) Age (Ma) Age err (£20)
Y m 5.89 0.32 1.06 3187 67 ymys 10.46 0.70 1.93 3122 42
Zyjs 5.58 0.25 0.94 3116 73 Zyis 7.00 0.23 1.10 3026 63
Zyjs 4.60 0.14 0.75 3175 89 Zsng 4.15 0.16 0.71 3196 94
Zay7 4.47 0.13 0.75 3238 92 Zap2o 9.31 0.28 1.44 3012 52
Zyjg 5.90 0.32 1.06 3167 67 Zapn 8.67 0.16 1.32 3102 93
Zyjo 6.90 0.12 1.02 3032 67 Z4j22 8.64 0.17 1.32 3098 93
Zapno 7.70 0.19 1.22 3136 62 Zaps 7.00 0.04 1.02 3132 99
Zamn 5.63 0.28 1.02 3232 71 Zapa 3.83 0.26 0.71 3143 89
Zyj12 537 0.18 0.89 3155 78 Zypas 3.59 0.26 0.71 3251 92
Zans 6.32 0.23 1.07 3188 69

Peninsular gneiss

JD-2 (Lat: 15° 10.001' N Long: 74° 29.700' E)

Jin 4.63 0.06 0.71 3198 95 T 5.09 0.06 0.78 3215 89
Jip 4,73 0.05 0.70 3120 93 Jis 5.04 0.06 0.76 3123 88
Ji3 4.36 0.05 0.65 3107 99 Jije 5.43 0.07 0.83 3181 84
J1ja 5.28 0.07 0.80 3127 85 Jij10 4.62 0.04 0.67 3058 94
Jiss 5.52 0.07 0.84 3187 83 Jim 539 0.07 0.83 3193 85
Jie 5.54 0.08 0.85 3146 82 Jin2 529 0.07 0.81 3168 85
ZEN-8 (Lat: 12° 56.185' N Long: 74° 51.646' E)

Zsy 4.48 0.04 0.68 3177 97 Zspno 8.23 0.09 1.22 3111 61
Zs, 473 0.04 0.71 3178 94 Zsj1y 8.26 0.10 1.22 3094 60
Zs;3 493 0.06 0.74 3135 90 Zsj12 7.17 0.08 1.07 3125 67
yam 5.06 0.07 0.77 3148 87 Zsp3 6.47 0.08 0.96 3109 72
Zsj5 9.25 0.12 1.39 3133 56 Zsj14 8.64 0.09 1.28 3120 59
Zsjs 530 0.07 0.82 3183 86 Zs)is 5.98 0.08 0.90 3129 77
Zs;7 5.20 0.07 0.79 3161 86 Zsne 4.55 0.05 0.69 3183 96
Zsj3 5.97 0.08 0.89 3117 77 Zsp7 4.67 0.07 0.71 3140 93
Zsjg 8.76 0.10 1.30 3115 58

Matrix in deformed polymict conglomerate (Goa schist belt)

ZEN-36B (Lat: 15° 03.761' N Long: 74° 03.244' E)

Zsp 3.70 0.07 0.46 2588 101 Zgs 2.52 0.06 0.30 2396 132
Zs)2 6.30 0.08 0.74 2487 67 Zsjs 2.84 0.00 0.31 2414 113
Zsj3 6.31 0.08 0.73 2451 66 Zej7 3.21 0.04 0.37 2471 132
Zgja 6.23 0.07 0.71 2434 66

ZEN-36D (Lat: 15° 03.761' N Long: 74° 03.244' E)

Zn 2.55 0.04 0.31 2539 138 Z717 4.42 0.04 0.53 2586 113
772 3.57 0.08 0.44 2512 116 Zys 427 0.04 0.48 2407 112
Z73 4.55 0.07 0.56 2575 87 Z719 3.47 0.04 0.42 2608 135
274 3.97 0.05 047 2511 95 Z710 3.49 0.03 0.39 2426 126
775 3.05 0.08 0.39 2595 128 Zn 3.61 0.01 0.42 2577 116
Z76 2.77 0.05 0.32 2439 124

9ze

9€€-91€ (€£107) EET Y24DasaY UDLIGUIDIAL] /"D I DIPIY °S



S. Rekha et al. / Precambrian Research 233 (2013) 316-336 327

Kharagpur, India. Monazites were analyzed using 20kV accel-
eration voltage and 200nA beam current, but calibration was
performed with acceleration voltage 20kV and 20 nA beam cur-
rent. SiKy, AlKy, FeKy, PK, and CaK, were calibrated using natural
mineral standards. REEs (LaL,, CeL, PrLg, NdLﬂ, SmLy, GdLﬂ, DyLy,
HoLg) were calibrated using synthetic silica-aluminum glass, and
yttrium-aluminum garnet (YAG) was used for yttrium (YLy). Syn-
thetic standards were used for ThM, UMpg and PbM. ThO, and UO,
were used for Th and U respectively. Vanadinite [(Pbs(VO4)3Cl] is
selected as the standard for Pb instead of galena to avoid inter-
ferences of Pb and S (Scherrer et al., 2000). Integral mode in
pulse-height analyzers was adopted for all elements, and matrix
effects were corrected for by using X-PHI method (Merlet, 1992).
The spectral interference of YLy, YLy3 on PbMy and ThMy, ThM3N,4
on UMg was corrected during quantification. Pb was overestimated
by ~35 ppm per wt% Y, and ThM2-04, ThM{1 and ThM{2 together
contribute 34 ppm Pb for 12 wt% Th (Jercinovic and Williams, 2005).
In view of the fact that an overwhelming number of analyzed mon-
azites contain «3wt% Y503 and «12wt% ThO, (Table 1), these
corrections contribute marginally to total Pb estimation, and were
ignored. The interference of LaL, spectral line on PbM,, (Jercinovic
and Williams, 2005) was not determined. Detection limits were
calculated using the formulation developed by Ancey et al. (1978).
The detection limits were 110, 330 and 170 ppm for Pb, Th and U
respectively.

Pb, U and Th were simultaneously analyzed with LPET and PET
crystals to enhance the number of counts. In this approach the
counting times on LPET, PET crystals were respectively, 300s, 180 s
for PbM, 200s and 1205 individually for ThMy and UMg, with half
of the peak time assigned for background measurement. Exponen-
tial background fit for PbM,, was adopted for achieving better fit to
the curvature of background values measured far away from peak
position below the Pb peak (Jercinovic and Williams, 2005; Spear
et al., 2009; Williams et al., 2006, 2007). The following overlaps,
e.g. SiKy on UMg, GdLy, on UMpg, ThMy, PbM, and PrLg on UMg,
ThMy, PbM, were examined and neglected due to ineffectiveness.
Pb, Th and U were analyzed using the ‘sub-counting’ method to
minimize sample surface damage (details of method in Spear et al.,
2009); for the method, background and peak measurement were
done in 10 cycles, and Chi? test was performed on the measure-
ments to remove the inconsistent values, and final result was used
for the age quantification (Spear et al., 2009). The new adjustments
yielded the detection limits to be 90 ppm, 135 ppm and 115 ppm
on Pb, Th and U respectively. The detection limits improved by 18%
for Pb, 60% for Th and 32% for U over the corresponding values
(quoted earlier) obtained without employing the above correc-
tions.

The analytical protocol was tested and compared on two
monazite standards (courtesy N. Chatterjee, Electron Microprobe
Facility, Department of Earth, Atmospheric and Planetary Sciences,
Massachusetts Institute of Technology). One of the standards is
a pegmatite-hosted monazite (JCA-8 M09 and M10) from the
Mount Narryer complex, Australia (TIMS age of 31324+ 1Ma;
Chatterjee and Nicolaysen, 2012; Crowley et al., 2005). The other
consists of three grains from the ‘Moacyr’ monazite (JCA-8)
from Brazil. Thermal ionization mass spectrometry (TIMS) yielded
207pb/235U =483.1 + 1.0 Ma and 206Pb/238 =487.5 Ma ages for the
sample (Crowley et al., 2005). Spear et al. (2009) obtained a TIMS
age 509.3+0.5Ma for the Moacyr monazite. The age of the Mt.
Narryer sample is close to the ages of rocks investigated in this
study. For the Moacyr monazite, the estimated abundances of U
and Th using the protocol agree with the TIMS values (Crowley
et al., 2005) and EPM values (Spear et al., 2009), but Pb abundances
obtained for the Moacyr monazite agree with those obtained by
Spear et al. (2009). The cumulative probability plot with weighted-
age of spot ages obtained using the formulation of Montel et al.

(1996) yield 3118 £28 (n=13) and 516 £ 12 Ma (n=17) for the Mt.
Narryer and the Moacyr monazite standards respectively (‘n’ is the
number of spot ages). Details of analytical protocol and analyti-
cal results in the two standard samples are provided in Prabhakar
(2013).

In this study, 240 monazite spot ages in 17 samples (locations
in Fig. 4) are reported. The 20 errors associated with the spot ages
in the range between 2334 + 122 Ma and 3196 +£94 Ma (Table 1)
are variable, e.g. 30-95 Ma (in granitoids), 60-97 Ma (in Peninsular
gneisses), 42-100 Ma (in clasts in conglomerates). The 2o errors
in phyllites and schists are higher, e.g. 45-164 Ma (in the Karwar-
Kumta schist belt) and 80-142 Ma (in the Goa schist belt). The %
error [100 x (20 error in Ma/absolute age in Ma)] in monazite spot
ages (this study) increase with decreasing abundances of U, Th and
Pb (Fig. 11). Vlach (2010) demonstrates that 20 errors in spot ages
are inversely correlated with the Th contents in monazite.

The % errors increase sharply at Th<20,000 ppm, U< 1000 ppm
and Pb <2000 ppm The variations in the % error of spot ages with
Th, U and Pb abundances (this study; Fig. 11d-f and Table 1) closely
conform to the trends described by spot age data culled from the
literature (Fig. 11a-c) in rocks older than 2000 Ma. The spot age
errors (£20) reported by Mahan et al. (2006) are among the low-
est known for Archean rocks (% error < 1.0%; not shown in Fig. 11).
In the samples investigated by Mahan et al. (2006) for the age
range 2462 4+ 16 Ma-2593 4+ 15 Ma, the abundances of Th, U and
Pb are >27,000 ppm, >1700 ppm and >3800 ppm respectively. At
these minimum values, the 2o errors in the samples dated (this
study) are higher relative to Mahan et al. (2006) by factors between
2.0 and 3.0; at higher Th, U and Pb abundances the 2o errors are
~1.0 and 1.5 times the values quoted by Mahan et al. (2006). The
% errors vary from 1% to 6% for the data sets of Cocherie and
Albarede (2001), Duclaux et al. (2008), Goncalves et al. (2004),
Loehn (2011)and Tickyj et al. (2004) (Fig. 11a-c). The % error in spot
agesreported by Braun et al.(1998), Halpin et al. (2007) and Hokada
etal.(2012; only 10 error reported) are higher, e.g. ~7-16%, ~4-8%
and ~2-37% respectively (Fig. 11a-c). Overall, the 20 errors of our
spot age data are better than, or comparable, with these estimates
(Fig. 11).

In phyllites, schists and quartzites, the large errors associated
with spot ages (Fig. 11d-f and Table 1) are problematic because (i)
monazites with polygenetic history within the stated uncertainties
cannot be resolved, and (ii) the mean age obtained from a popu-
lation of monazites with un-resolved polygenetic history may not
be significant. It is important therefore to identify if all analyti-
cal errors are adequately accounted. In this context, the age data in
sample KK-79A from the Karwar-Kumta schist belt is instructive. In
this sample, small (max. length: 10 wm) and chemically un-zoned
monazite grains with high contents of ThO, (11.24-11.88 wt%),
U0, (0.24-0.33 wt%) and PbO (1.73-1.85 wt%) yield three spot ages
tightly constrained between 3064 and 3095 Ma, with 2o errors
between 45 and 73 Ma. In the same sample, two spot ages with
largererrors, e.g. 2962 + 117 Maand 2988 + 114 Ma are determined
in two chemically homogenous low-Th monazite grains (ThO;:
4.69-4.85 wt%). For the quoted errors, the two age populations are
statistically indistinguishable (see below), and the larger age errors
in low-Th monazites are due to the propagation of larger analytical
errors at low abundances of Th, Pb and U (cf. Vlach, 2010). Appar-
ently these larger analytical errors are induced by the attenuation in
peakintensities at low concentrations of U, Pb and Th (Fig. 11) closer
to the detection limits of the elements and/or errors in extrapo-
lating peak/background ratios from high-Th, U and Pb standards
(used in calibration) to samples (for age determination) having low
abundances of these elements.

The probability density distribution of the spot ages computed
using Isoplot/Ex (Ludwig, 2003)is presented for the individual sam-
ples (Fig. 12).
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5. Discussion

Smith and Giletti (1997) experimentally determined the closure
temperature for diffusive Pb loss in monazites to be ~600°C and
700 °C for cooling rates corresponding to 10°C/Ma and 100°C/Ma
respectively. More recent estimation (Cherniak et al., 2004) sug-
gests the closure temperature for Pb loss in monazite is significantly
higher >900°C for 10°C/Ma cooling rate. Based on the available
data, Pb loss in monazite may be considered to be arguably negligi-
ble at T<700°C (Cocherie et al., 1998; Copeland et al., 1988; Dahl,
1997; Mezger et al., 1991; Parrish, 1990; Spear and Parrish, 1996).
Alternatively, monazites may grow by fluid-mediated dissolution-
precipitation mechanisms over a wide range of metamorphic
conditions (Finger et al., 1998; Grapes et al., 2005; Kim et al., 2009;
Kohn and Malloy, 2004; Poitrasson et al., 1996), inclusive of growth
at low-T (300-450°C) corresponding to greenschist facies meta-
morphism (Cabella et al., 2001; Poitrasson et al., 2000; Rasmussen
et al,, 2005; Rasmussen and Muhling, 2009; Rekha et al., 2012)
and hydrothermal alteration (Kempe et al., 2008; Rasmussen et al.,
2006). At low-T condition, the detrital monazites are unstable
and replaced by low-Th monazite, apatite, thorite and allanite
(Rasmussen and Muhling, 2009).

5.1. Textural settings of monazites and significance of age
determinations

In this section, the textural settings of monazites in Peninsu-
lar gneisses, para-schists/phyllites in the Karwar-Kumta and the
Goa schist belts, deformed para-conglomerates in the Goa schist

belt, and granitoid plutons in Karwar, Chauri and Quepem are dis-
cussed to understand the significance of EMP ages. In polygenetic
monazites, geologically significant ages estimated from age popu-
lations of chemically distinct domains in texturally constrained
monazites (Cocherie et al., 1998; Goncalves et al., 2004; Montel
et al., 1996; Spear and Pyle, 2002; Williams et al., 2006), although
chemically similar domains may also yield different ages, and vice
versa (Williams et al., 1999). For the samples examined in this
study, the methodology was applied to large-sized (80-500 pwm
long axis) monazites in granitoids and Peninsular gneisses, but
for small-sized (typically < 10 wm) monazites with patchy, couple-
of-microns wide chemical zones in low-grade metamorphic rocks
of the supracrustal belts the exercise could not be implemented
because radiation damage on the sample from exposure to electron
beam was observed to be wider (3-4 wm diameter for ThO, abun-
dance > 5 wt%)relative to the width of chemical zones. Thus the spot
ages (Table 1) in the schists/phyllites correspond to monazite grain
interiors, and multiple-ages in monazites were retrieved by statisti-
cal analysis of spot age data. In granitoids and gneisses, the radiation
damage is wider (> 7-8 pmdiameter) especially for higher-Th mon-
azite (ThO, >10 wt%), but as the chemical zones in these monazites
are wider than in the schist and phyllites, the chemically distinct
domains in gneisses and granitoids could be accurately dated.

5.1.1. Peninsular gneiss

Monazites are rare in Peninsular gneisses. Monazites are cir-
cular to elliptical in shape, moderate to large-sized (diameter:
80-300 wm) and share stable boundaries with silicate phases.
Monazites included in and located at grain/phase boundaries of
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Fig. 12. Probability density and histogram plots (Isoplot/Ex; Ludwig, 2003) of monazite spot ages (data in Table 1) in (a) Peninsular gneiss (JD-2, ZEN-8), (b) phyllite/schist in
the Karwar-Kumta schist belt (KK-79A, 115), (c) phyllite/schist in Goa schist belt (ZEN-44C, 45C, 39A, B), (d) foliated matrix in GSB deformed polymict conglomerate (ZEN-36B,
D) (e) clasts in GSB polymict conglomerate (ZEN-31CX, y), (f) Karwar and Chauri blastoporphyritic granitoids (CAN-10, KK-47, 49C and 50), and (g) Quepem granitoid (CHA-4).
Spot age data in Table 1. For the Karwar-Kumta schist belt (b), the broken line (shown for visual aid) is the probability density plot if all spot ages were pooled into a single
population. The vertical lines are the unmixed age components (Isoplot/Ex; Ludwig, 2003) from the same spot age data set. For the GSB phyllites and schists (c), the vertical
lines are the statistically unmixed ages if all spot age data in the four samples are pooled together; the broken line is the probability density plot for data sets in individual
samples (shown for visual aid). The vertical lines in foliated matrix in GSB polymict conglomerate (d) are the unmixed age components and the broken line is the probability
density plot (shown for visual aid) for data sets in individual samples. In the remaining samples, the probability density plots are computed for the spot ages in each sample.
‘n’ is the number of spot age analysis in each sample. The locations of the samples are in Fig. 4. X-ray Th maps of monazites with spot ages and 2¢ errors keyed to the maps
are provided as insets wherever relevant. (Th, U, Pb and Y X-ray maps for the grains are provided in Data Repository?). Monazite grain in phyllite (KK-115) is mantled by

huttonite (Ht) and xenotime (Xe), Data Repository?.

polygonized minerals are weakly zoned (Fig. 12a) or are chem-
ically homogeneous (Fig. 13a and b). Ages in different zones in
chemically zoned monazites (Fig. 12a) are within 2c errors of spot
ages. The large number of monazite spot ages in two samples JD-
2 and ZEN-8 range between 3058 Ma and 3198 Ma (Table 1 and
Fig. 12a). The age data pooled together constitute a single statisti-
cally significant population with the mean age 3138 + 35 Ma. Given
the coarse size of monazites, unlikely to have grown during low-T
deformation-metamorphism, we infer the age to correspond with
the age of anatectic amphibolite facies metamorphism (S1mg/Samc)
experienced by the migmatitic Peninsular gneisses.

5.1.2. Phyllites, schists and quartzites

In the Karwar-Kumta and the Goa schist belts, monazites are
small (max length rarely > 10 um), xenomorphic and appear chem-
ically homogeneous in back-scattered electron images (Fig. 13c-e).
In Th and Y maps, the small monazite grains exhibit unclear and
fuzzy variations, but these zones are barely 1-2 um wide and are
difficult to analyze. Huttonite and xenotime aggregates replace
strongly embayed margins of these monazites (Fig. 12b; Data
Repository?). Monazites overgrowing tectonic fabrics in phyllites

and schists are of metamorphic origin (Fig. 13c and e), however,
monazite hosted in dynamically recrystallized quartz (Fig. 13d)
could be detrital in origin or metamorphic in nature.

Chemical ages in monazites in the Karwar-Kumta schist belt
(KK-79A, KK-115; Fig. 12b) and the Goa schist belt (ZEN-44C,
45C, 39A, B; Fig. 12c) belong to two distinct age groups. For the
Karwar-Kumta schist belt, spot ages in KK-79A and 115 pooled
together yield two unmixed age components, e.g. 31584+ 110 Ma
(84% of the age population) and 3067 426 Ma (16% of the age pop-
ulation) (Fig. 12b). By contrast, the spot ages in ZEN-44C, 45C,
39A and 39B in the Goa schist belt pooled together yield three
younger unmixed age clusters, 2436 + 34 Ma (41% of the age popu-
lation), 2543 4+ 66 Ma (24% of the age population) and 2625 + 36 Ma
(35% of the age population) (Fig. 12c). The data demonstrates
that metamorphism in the Goa schist belt is Neoarchean in age
(temporally equivalent to the Chitradurga Group of the Dharwar
Supergroup) in contrast to the Mesoarchean Karwar-Kumta schist
belt (temporally equivalent to the Sargur Group). The chronological
results are consistent with the inference made earlier that the Goa
schist belt is structurally younger than the Karwar-Kumta schist
belt.
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Fig. 13. BSE images of monazites (designated M) with textural settings, age, and 2o error in Ma. (a, b) Sub-rounded to elliptical monazites in Peninsular gneiss. (c) Metamorphic
monazites in M-domain overgrowing Sskk foliation in the Karwar-Kumta schist belt. Note pre-Sskk fabric in the inter folial Q-domains. (d) Monazite hosted within deformed
quartz grain in quartzite from the Karwar-Kumta schist belt. Establishing if the monazite is detrital or metamorphicin origin is difficult. (e) Metamorphic monazite overgrowing
Sico in the Goa schist belt defined by quartz ribbon and biotite aggregate. (f) Metamorphic monazite in meta-conglomerates from Goa schist belt overgrowing wispy Sico
aggregates of phyllo-silicates. (g) A crescent-shaped monazite around lineated apatite in the Karwar blastoporphyritic granitoid. The apatite along with ilmenite and biotite
define the earliest tectonic fabric in the foliated granitoid. (h) Skeletal monazite grown around Fe-oxide aggregate in blastoporphyritic granitoid. Note faint patchy zoning
in monazite in BSE image (right). Age difference, if any, between different gray shades cannot be resolved within the errors of spot ages. (i) Monazite, with strong oscillatory
zoning along margin, in aggregates of recrystallized quartz and K-feldspar is rimmed by epidote-chlorite corona in foliated Quepem granitoid. Within 2¢ error of spot ages,

age difference, if any, between the grain core and zoned margin cannot be resolved.

5.1.3. Para-conglomerates of the Goa schist belt

Monazites lodged within detrital clasts in para-conglomerates
from the Goa schist belt are easily distinguished from metamorphic
monazites overgrowing the fine-grained S;go chlorite-muscovite-
biotite + calcite fabric warping around clasts (Figs. 12d and 13f).
Monazites hosted in tonalite clasts are older (mean age:
3128 4+ 60 Ma; Fig. 12e) relative to prismatic monazite overgrowing
the warping fabric with unmixed metamorphic age components,
e.g. 2458 £ 34 Ma (40% of the age population) and 2566 + 53 Ma
(for the remaining age fraction) from two samples ZEN-36D and
ZEN-36B (Fig. 12d). These ages retrieved from metamorphic mon-
azites in the para-conglomerates ZEN-36B and ZEN-36D are similar
to the ages of metamorphic monazites in the GSB schist/phyllite
and quartzite. On the other hand, the range and mean age of
clast-hosted monazites in the GSB para-conglomerates closely
correspond to the ages retrieved from Peninsular gneisses, e.g.
3138+ 35 Ma. This and the identical rare earth element patterns
and abundances in monazites in the Peninsular gneiss clasts
(Fig. 14a; Data Repository!) suggest the Peninsular gneisses were
the source rocks for the Goa basin sediments. The gamut of
monazite ages (Fig. 12e) in the GSB para-conglomerate ZEN-
31Cx, y and phyllites/schists/quartzites (ZEN-44C, 45C, 39A and

39B) suggests the Goa basin formation post-dated 3.1-3.2Ga
deformation-metamorphism in the Peninsular gneisses and the
Karwar-Kumta schist belt, but was older than 2.6 Ga when the basin
probably closed.

5.1.4. Blastoporphyritic granitoids

Karwar-Chauri granitoids: Monazites occur in three textural
settings. Round to sub-rounded and coarse (>100wm, up to
500 wm) monazites occur in neo-crystallized quartz, quartz sub-
grains, and at boundaries of polygonized quartz and feldspar.
Monazites in polymineralic aggregates of Fe-Ti oxide, apatite and
biotite defining the tectonic fabric are skeletal in shape and grow
as mantles around apatite and Fe-oxides (Figs. 12f and 13g, h);
rafts of apatite and Fe oxides are commonly included in these
monazites. These monazites are clearly of metamorphic origin. In
contrast to the chemically homogenous metamorphic monazites of
the two textural types (Fig. 13g and h), monazites hosted in plagio-
clase porphyries are chemically zoned, with Th-poorer and Y-richer
interiors relative to rim parts (Fig. 12f; Data Repository?2). These
large-sized monazites with chemically zoned rationally developed
crystal faces appear to be of magmatic origin. The core to rim vari-
ations in ages in the zoned monazites are within the +2c error of
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spot ages (Fig. 12f), and age differences, if any, between magmatic
(zoned) monazite and skeletal metamorphic monazite cannot be
statistically resolved. The large number (n=75; Fig. 12f) of spot
ages in the Karwar-Chauri granitoid samples pooled together yield
a statistically vetted single age population, 2924 + 50 Ma. The age
corresponds with low-T deformation-metamorphism of Karwar-
Chauri granitoids that closely followed granitoid emplacement.

Quepem granitoid: Monazites in the Quepem granitoid pluton
are coarse (60-300 wm in diameter) and euhedral in shape, and
occur in recrystallized aggregates of quartz and K-feldspar. As
with the Karwar-Chauri granitoid, monazites in Quepem granitoid
are invariably zoned, with concentric chemically zoned rationally
developed faces in monazites (Figs. 12g and 13i). The margins of
these monazites are rimmed by epidote-allanite corona (Fig. 13i).
Monazite in the Quepem granitoid shows rim ward increase in Th
abundance; Y initially shows rim ward increase, and thereafter,
decreases sharply near the margin (Fig. 12g; Data Repository?2).
Relative to monazites in the Karwar-Chauri granitoids, the Quepem
granitoid is characterized by flatter and lower abundances of LREEs,
while MREE and HREE abundances are somewhat higher (Fig. 14b;
Data Repository!). The monazite spot ages in the Quepem granitoid
vary from 2500 4 37 to 2619 + 37 Ma. The older ages retrieved from
the coarse grains of zoned magmatic monazite possibly correspond
to pluton emplacement, whereas the younger age cluster com-
pares favorably with the mean age of metamorphism-deformation
in the Goa schist belt. It appears that the Qupem granitoid ~500 Ma
younger relative to the Karwar-Chauri granitoid plutons may have
been causally related to deformation-metamorphism marking the
closure of the Neoarchean Goa basin.

5.2. Correlating lithodemic units along the Konkan coast with
WDC stratigraphic units

According to Swami Nath and Ramakrishnan (1981) and
Ramakrishnan and Vaidyanadhan (2008), the Karwar-Kumta
schists and the Goa schists belong to the Dharwar Supergroup
(2.6-2.8 Ga); the Dharwar Supergroup in turn overlies the >3.0 Ga
Peninsular gneiss that shares intrusive/tectonic contact with the
Sargur Group (3.1-3.3 Ga). The monazite chemical age (3.1-3.2 Ga)
and the sequence of fabric superposition of anatectic amphibolite-
facies Peninsular gneisses along the Konkan coast are similar to
those in the Peninsular gneisses reported elsewhere in the WDC
(Naha et al., 1993; Taylor et al., 1984). The Karwar-Kumta schists
of the Shimoga schist belt is correlated with the older Bababu-
dan Group (2.6-2.8 Ga) of the Dharwar Supergroup by Swami Nath
and Ramakrishnan (1981) and Ramakrishnan and Vaidyanadhan

(2008). This is untenable based on the available data. The monazite
chemical ages indicate that the greenschist facies Karwar-Kumta
schists correlate with the 3.1-3.3 Ga Sargur Group rather than
the Bababudan Group. The schists were tectonically accreted to
the migmatitic gneisses (~Peninsular gneiss). It stands to reason
that the gneisses were not intrusive into the Karwar-Kumta schist
(~Sargur Group) as suggested by some workers (Swami Nath and
Ramakrishnan, 1981; Ramakrishnan and Vaidyanadhan, 2008).
The existing U-Pb and Pb-Pb zircon ages and Rb-Sr and
Pb-Pb whole-rock ages in the tonalite-granodiorite plutons, pods
and dykes in the WDC lie between 2.9 and 3.1Ga (Fig. 3). The
range includes emplacement ages in well-studied intrusives at
Halekote (3063 + 39 Ma, Monrad, 1983; 3069 + 28 Ma, Stroh et al.,
1983), Chitradurga (2970 & 100 Ma; Taylor et al., 1984) and Kuncha
(3080 + 76 Ma; Beckinsale et al., 1982). In comparison, the mean
monazite chemical age (2924 4+ 50 Ma) in the Karwar-Chauri gran-
itoids is somewhat lower, e.g. by 100 Ma. The difference in age
may suggest that the mean monazite age corresponds with the
low-T deformation of the granitoids. But this appears unrealistic
in view of the large sizes of the monazite grains hosted within
weakly deformed plagioclase porphyries. Alternatively, felsic plu-
tonism in the Mesoarchean may have been episodic as suggested
by the field relations in Fig. 10, and the Karwar-Chauri granitoids
possibly belong to a younger generation of felsic plutonism.
Recent studies by Hokada et al. (2012) constrain the deposi-
tion of supracrustal sequences of Lower Unit of the Chitradurga
Group to be Late Neoarchean to Early Paleoproterozoic (2.3-2.5 Ga).
We correlate the 2.3-2.7 Ga Goa schist belt to be coeval with Chi-
tradurga Group. The 2.5-2.6 Ga Quepem granitoid in the Goa schist
belt is in good agreement with available age data in granitoids
from the Goa area, e.g. Rb-Sr whole rock age 2.65 £ 0.1 Ga (Chan-
dranath/Quepem granodiorite-granite); 2.56 + 0.09 Ga (Dudhsagar
granite) and 2.65+0.13Ga (Londa granitoid) (Dhoundial et al.,
1987) and from those in the inland areas in the WDC, e.g. Pb-Pb
whole rock age 2.48+0.08 Ga (meta-carbonate), 2.57+0.03 Ga
(meta-volcanics) from the Sandur schist belt (Russell et al.,
1996) and Honnali area (Taylor et al.,, 1984) respectively, and
SHRIMP U-Pb ages (2.52-2.59 Ga) obtained from zircon, titanite
and xenotime-monazite in metamorphosed felsic volcanics, gran-
ite, and gold bearing pegmatites (Sarma et al., 2011). Similar dates
(2.48+0.07 Ga, 2.46+0.14Ga) are also obtained from dolomite-
diopside-forsterite marble of the Sargur schists (Bettadabidu area)
by Sarangi et al. (2007) using ID-TIMS 207Pb-2094Pb in zircon. The
age range (2.4-2.6Ga) is attributed to tectonism related to E-W
amalgamation of the East and the West Dharwar Cratons and the
emplacement of syn-orogenic granitoids typified by the N-trending
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Fig. 15. A comparison between monazite ages from the northern Konkan coast (this study) and available age data from the Antongil Block (after Schofield et al., 2010). The
extent of the Fenerivo Group is adopted from Tucker et al. (2011a). *Unmixed ages (refer Fig. 12).

Closepet pluton, e.g. ~2.5 Ga (Bhaskar Rao et al., 1992; Chadwick
et al.,, 2000; Chardon and Jayananda, 2008; Friend and Nutman,
1991; Moyen et al., 2003; Peucat et al., 2007; Taylor et al., 1988).
We infer that the ~2.57 Ga deformation-metamorphism and fel-
sic plutonism that marked the closure of the Goa basin sediments
formed broadly synchronous with the 2.4-2.6 Ga accretion of the
West and the East Dharwar Cratons.

5.3. Brief outline of the geology of the Antongil-Masora Block, NE
Madagascar

The northern Antongil Block, the southern Masora Block and the
central Antananarivo Block constitute the Archean crustal domains
along the northeastern coast of Madagascar (Schofield et al., 2010;
Tucker et al., 2011a). The rock association, lithology and metamor-
phic grade vary greatly across the domain. The Antongil-Masora

Blocks comprise three lithodemic units: (a) The Paleo/Mesoarchean
(3.15-3.35Ga) high-grade (migmatite) gneisses represented by the
Nosy Boraha Suite and a group of stratified metasedimentary rocks
(Fenerivo Group) which structurally overlies the Nosy Boraha Suite
(Tucker et al., 1999, 2011a); (b) the expansive Neoarchean felsic
intrusives (Collins et al., 2001, 2003; Paquette et al., 2003; Schofield
et al., 2010; Tucker et al., 1999; Vachette and Hottin, 1970, 1979);
and (c) the Neoarchean/Paleoproterozoic low-grade supracrustal
of the Mananara Group (Raharimahefa and Kusky, 2006; Schofield
et al,, 2010) overlain by Cretaceous basalts. The Fenerivo Group in
the central part (between Fenerivo and Soanierana-lvongo) com-
prises extensively migmatized and polydeformed kyanite-fuchsite
schist, garnet-amphibolite gneiss, quartzo-feldspathic schist, talc
schist, and garnet-magnetite quartzite (Tucker etal.,2011a). Tucker
et al. (2011a) reported 297Pb/2%6Pb zircon age of 3178 +£2Ma
from feldspar-rich leucocratic gneiss within kyanite-muscovite
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quartzo-feldspathic gneisses from the Fenerivo Group. These rocks
were subjected to polyphase deformation, metamorphism, and
partial melting at 2550 442 Ma. The rocks in the Fenerivo Group
are intruded by weakly foliated granitoids (2.55-2.51 Ga) of the
Masoala Suite (Tucker et al., 2011a).

More than 90% of the exposed parts of the Antongil Block
consists of Neoarchean rocks, out of which variably deformed
granite, monzo-granite and granodiorite of the Masaola suite
(Besairie, 1970) comprise ~30%. The rocks experienced weak
low-grade (greenschist facies) deformation that post-dates the
magmatic fabric (Schofield et al., 2010). U-Pb zircon ages in
the Masoala Suite rocks yield tight age cluster of 2.49-2.57 Ga
and rare 2.7Ga (De Waele et al, 2008; Paquette et al., 2003;
Schofield et al., 2010; Tucker et al., 1999). The Mananara Group
includes low-grade (greenschist to epidote-amphibolite facies)
metamorphic rocks (Collins, 2006; Schofield et al., 2010). The
Ambodiriana Formation is characterized by rocks of distinctly
higher metamorphic grade; e.g. locally interlayered migmatitic
gneisses, staurolite-sillimanite-kyanite schists, foliated amphibo-
lites, fuchsite quartzite and banded magnetite quartzites associated
with ultramafic rocks (Schofield et al., 2010; Tucker et al., 2011a).
The metasedimentary rocks from both the Mananara Group and
the Ambodiriana Formation yield a tight age cluster of ~2.5Ga
(De Waele et al., 2008; Schofield et al., 2010). Schofield et al.
(2010) reported an inherited age of 3176 + 6 Ma and Pb-loss during
763 + 13 Ma in supracrustal rocks from Ambodiriana Formation.

5.4. WDC - Antongil-Masora Block correlation

The existing ages of the lithodemic units in the Antongil-Masora
Block, Madagascar and the monazite chemical ages obtained in this
study in WDC lithologies along the Konkan coast are compared
across the reconstructed coast line in Fig. 15. Early Cambrian-
Neoproterozoic dates are not recorded in the monazite-dated rocks
along the Konkan coast, unlike lithologies in the Antongil-Masora
block that are demonstrably affected by Early Paleozoic tectonism
(Collins, 2006; Raharimahefa and Kusky, 2006; Schofield et al.,
2010). Due to the modifying effects of Neoproterozoic/Early Paleo-
zoic tectonism, mesoscopic structures in the Peninsular gneisses in
the WDC and the Antongil-Masora cannot be directly correlated.
Nevertheless, in the Antongil Block, in domains along the coast
and least modified by effects of Neoproterozoic/Early Paleozoic
deformation, three folding events are identified in the Mesoarchean
high-grade gneisses (Raharimahefa and Kusky, 2006). The first gen-
eration folds on gneissic layering with NE-trending axial planes are
superposed by N-trending upright gently plunging second gener-
ation folds, and third generation folds with ENE-WSW trending
axial plane (Raharimahefa and Kusky, 2006). These fold super-
position structures correspond with the last three regional scale
folding events identified in the low-grade phyllite/schist belts of
the Karwar-Kumta and the Goa schist belts.

Along the western coast of India, the monazite ages decrease
from Kumta (Mesoarchean) in the south (near) to Panaji (Pale-
oproterozoic/Neoarchean) in the north along the Konkan coast.
Similar northward younging is also observed in the Antongil-
Masora Block (Fig. 15). The Mesoarchean (~3.1Ga) high-grade
Peninsular gneisses of WDC are expansive along the Konkan coast,
but their equivalents in NE Madagascar, e.g. the Nosy Boraha Suite,
are exposed over limited extent in the Antongil-Masora Block
(Fig. 15). At the other extreme of the age spectrum, metamorphic
assemblages and monazite ages in the Goa schist/phyllite belt cor-
relate well with rocks in the Mananara Group and the Ambodiriana
Formation in Madagascar. The Late Neoarchean Quepem granit-
oid appears to correlate with the felsic plutonic Masoala Suite
deformed at low temperature. But these Late Archean supracrustals

and intrusives expansive in NE Madagascar are spatially restricted
along the Konkan coast.

Based on chronological considerations, the lithological ensem-
ble of kyanite-fuchsite schist, garnet-amphibolite gneiss, talc schist
and garnet-magnetite quartzite (BIF) in the Fenerivo Group struc-
turally overlying the Nosy Boraha Suite (Tucker et al., 1999, 2011a)
appear to correlate well with the 3.1-3.3Ga Sargur Group in
WDC comprising fuchsite quartzite, forsterite-diopside marble,
garnet-biotite schist, kyanite-staurolite 4+ corundum schist, chert,
BIF, meta-komatiite and garnet-bearing amphibolite and ultra-
mafic complex. Age-wise the ~3.1 Ga low-grade metamorphics in
the Shimoga schist belt to which the Karwar-Kumta schists belong
should also correlate with the Fenerivo Group in the Antongil-
MasoraBlock. Butitis unclear if low-grade schists are a conspicuous
litho-unit in the Fenerivo Group. Considering available data, we
tentatively correlate the Mesoarchean (~3.1Ga) Fenerivo Group
in the Anongil-Masora Block with the Sargur supracrustals vis-a-
vis the Karwar-Kumta schists of the Shimoga schist belt in WDC.
The ~2.9 Ga WDC granitoids are as yet unknown in the Anongil-
Masora Block. The reason for this omission is unclear. Summarizing
the available evidence suggests the Antongil Block and the WDC
formed parts of a coherently evolved Mesoarchean to Neoarchean
continental lithosphere that was part of the East Gondwana super-
continent prior to the assembly of East and West Gondwanaland.
It appears that the Early Cambrian-Neoproterozoic tectonism asso-
ciated with the Gondwana Supercontinent assembly did not affect
the western coast of India or at least weakened considerably east-
wards into India.
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