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ABSTRACT 

This thesis is divided into 2 parts. The first part (Chapters 1-5) concentrates on unravelling the 

. Precambrian geological history of the high-grade poly-metamorphic and poly-deformed 

basement of southernmost India, using field geology and U-Pb geochronology. Because 

Peninsular India occupied a central position in Gondwana, this work bears on reconstruction 

models of central Gondwana between circa 600 Ma and 200 :f\1,a. The second part of the thesis 

(Chapter 6) tests the use of organic carbon isotopes as a chemostratigraphic tool to correlate 

between the lower part of terrestrial Gondwana (Upper Carboniferous to Triassic) sequences 

in India. This work contributes to (i) intra-basinal and inter-basinal stratigraphic correlation 

and carbon isotope variations during the Pennian-Triassic extinction event of Gondwana; and 

(ii) refines the inter-continental correlations of the Gondwana type sequences in India with 

those in South Africa and Madagascar. 

This century much attention has been focused on the reconstruction of Gondwana, and as a 

result, the broad relative positions of different Gondwana fragments and their later dispersal 

histories is now well understood. Finer-scale reconstructions, based on modern 

geochronological and isotope studies integrated with field studies of continental rocks, are still 

needed to resolve the detailed kinematic histories of continental break-up and the evolution of 

continental lithosphere in general. Shear zones that cross the boundaries of continental 

fragments provide 'piercing points' in fitting the fragments back together. To realize this, the 

kinematics and the timing of major shear zones need to be detennined. The first part of this 

thesis, therefore, primarily focuses on understanding the kinematics and geochronology of a 

number of subvertical continental scale shear zones in the Southern Granulite Terrain ofindia 

(SGT). 

Peninsular India is a complex Precambrian terrain .in which the Archean granite-greenstone 

basement of the Dharwar craton is flanked by high-grade metamorphic terrains of the SGT in 

the south and the Eastern Ghats in the east. These two high-grade terrains have suffered a 

Proterozoic polyphase history of deformation and charnockitization. The boundaries between 

the Dharwar craton and the two high-grade terrains intersect the eastern coast of India. 

Whether these high-grade terrains are parts of a single orogenic belt, however, remains an 

outstanding question. Also it is not known if the two high-grade terrains comprise remobilised 

Dharwar basement or not. A number of models propose that terrane boundaries exists (i.e., 

the SGT comprises a number of terranes) along some major shear zones/lineaments in the 

Peninsular India. However, these models are rarely backed up by field data and precise 

geochronology. To test these models, a number of corridors across major shear zones in the 

SGT were mapped in detail and 35 rock samples were collected and dated precisely using U­

Pb geochronological techniques. The findings of this study are: 

(i) Circa 2.5 Ga rocks of the Dharwar craton extend at least -250 km into the SGT at least up 



to a newly defined shear zone, the Karur-Kambam-Painavu-Trichur Shear Zone (KKPTSZ) 

(ii) The KKPT Shear Zone is the best candidate for a terrane boundary in the SGT. High­

grade equivalents of the Dharwar craton occur in the north of this shear zone and rocks of the 

· Eastern Ghats extend to the south of this shear zone. 

(iii) The SGT has experienced many magmatic and high-grade metamorphic and tectonic 

events spanning from Mid-Archean to Early Paleozoic. Events at circa 2.9 Ga, 2.5 Ga, 1.6 Ga, 

1.0 Ga, 800 Ma, 720 Ma, 600 Ma, 570 Ma, 550 Ma and at 525 Ma are recorded from 

different part of the SGT using U/Pb zircon and monazite dating. 

(iv) Two new major shear zones in the SGT have been proposed and the positions of two 

other shear zones have been re-defined. All these shear zones date between circa 600 Ma and 

circa 560 Ma. None of them, excepting the KKPTSZ, represents a terrane boundary. 

(v) Charnockitization is not all of the same age. In the southern part of the SGT, it post-dates 

the shear zones, and has occurred between circa 550 Ma and 525 Ma. Much older -2.5 Ga 

charnockitization occurs in the northern part of the SGT, but in places these rocks are also 

affected by the late Neoproterozoic - early Paleozoic charnockitization. 

(vi) There is a marked similarity in the ages of charnockites, shear zones and other thermal 

events of southern India with those in Madagascar and Antarctica. The new data suggest that 

the KKPT Shear Zone in India is possibly continuous to the east with the boundary zone 

between the Napier Complex and the Rayner Complex in Antarctica, and to the west, with the 

Ranotsara Shear Zone in Madagascar_ 

The second part of this thesis examines the organic carbon isotope variations in terrestrial 

Gondwana sequences. To correctly understand the larger context of Gondwana evolution 

during its life span between about 500 Ma and 200 Ma, the terrestrial stratigraphic records 

preserved in the type localities, now separated as far as South Africa and India, need to be 

correlated with confidence. The plant and vertebrate fossil records cannot be correlated with 

sufficient resolution. Therefore, the use of organic carbon ( C0rg ) isotopes as a high-resolution 

chemical stratigraphic tool is examined. More than 500 samples from different Gondwana 

sections in Peninsular India, Madagascar and South Africa, spanning - l 00 million years of 

Middle to Late Paleozoic history, have been analysed for C0 rg isotope ratios (expressed as 

o13C0 rg). A number of samples across the palynologically determined Permian-Triassic 

boundary came from different boreholes in India. The results of this pilot study demonstrate 

exciting new possibilities of using this technique for stratigraphic correlation between 

Gondwana basins. The findings of this study are: 

(i) Sharp negative o13C
0
rg spikes of >5-6%0 across the Permian-Triassic boundary are present 

in most but not all of the terrestrial Gondwana sections. The largest rapid 013C0rg variation 

records a change of l 9o/oo, between -18o/oo to -3 7o/oo. Instead of single sharp negative spike · 

commonly present at the Permian-Triassic boundary of marine carbonates, 2 or 3 sharp 

negative spikes, spanning a lithologic thickness of 40-60m, have been discovered across the 
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Permian-Triassic boundary in the terrestrial deposits of Gondwana oflndia. 

(ii) In the Permian section of the type Gondwana sequences, a cyclic variation in the organic 

carbon isotope ratios is evident These variations broadly correspond to established 

lithostratigraphic boundaries and/or well defined palynologic zones, suggesting that these 

patterns may be useful for high-resolution stratigraphic correlations. 

(iii) Prelimanary inspection of the isotopic signatures suggests that the P-T boundary in 

Madagascar has been incorrectly placed. 

In summary, both the radiogenic and light stable isotope studies of this thesis have improved 

correlation of both the basement and cover rocks between fragments of the former Gondwana 

supercontinent. 
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Chapter-1: Introduction to the geology of Southern India 

1.1. Overview of a tectonic problem 

India can be divided into a number of crustal sub-domains (Fig. 1.1) bounded in the north by 

the Himalayan tectonic domain, and in the south by the Southern Granulite Terrain (SGT). 

This thesis focuses predominantly on the geol.ogic evolution of the Southern Indian Shield 

(SIS), which exposes various Archaean to Early Proterozoic rock associations (Fig. 1.2). 

Broadly, the northern part of this shield is dominated by rocks of granite-greenstone 

association (Eastern and Western Dharwar cratons) whilst the eastern and southern parts are 

dominated by high-grade metasediments and charnockites (the Eastern Ghats and the SGT). 

This broad spatial differentlation in the di~tribution of the rocks of different metamorphic 

grade has been used as a key element in a number of different hypotheses bearing on the 

tectonic evolution of the SIS. A geological map of the SIS compiled and modified mainly after 

the geological maps of the Indian states of Kerala, Tamil Nadu, Pondichery and Karnataka 

(GSI, 1981, 1995a, 1995b) is given in Fig. 1.3 . 

The relatively low grade rocks of the granite-greenstone association in the north of the SIS 

form part of the Dharwar craton, while the southern and eastern sectors of the SIS are 

represented by high-grade lithologic assemblages of the SGT and the Eastern Ghats, 

respectively. Each of these Ii tho-tectonic regions vary in their relative proportions of rock 

types, their geochronology, metamorphic history and geophysical makeup. On the basis of 

these variations, attempts have been made by various workers to delineate boundaries between 

these principal regions and to understand their mutual relationships. One of the earliest 

attempts was by Fermor (1936), who divided the Peninsular India into a charnockitic terrain in 

the south and east, and a non-charnockitic terrain in the north. The rocks of the charnock.itic 

terrain retain evidence of intense ductile deformation and high grade of metamorphism, and 
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was considered a mobile belt adjacent to the non-charnockitic terrain, the Dharwar craton. 

Fermor considered that the boundary between these two provinces represents a fundamental 

· litho-tectonic boundary along which there must have been considerable vertical movement. 

This boundary became known as the 'Ferrnor line' (Figs. 1.2, 1.4). However, from the 1950s 

onward studies on the charnockites, all along the Fermor line rpade it clear that chamockites 

south of the Fermor line represent metasomatic alteration products of a variety of precursor 

Ii tho-units which are also present north of the Ferrnor Jin~ (Pichamuthu, 1965; Subrahmanyam, 

1967). Thus, the significance of the Fermor line as a fundamental litho-tectonic boundary came 

to be questioned and subsequent models proposed continuity of Dharwar craton across the 

Fermor line into the SGT (Pascoe, 1950; Pichamuthu, 1965). In these models, the SGT 

represents either vertically uplifted parts of the Dharwar craton, or the exposure of the core of 

a northerly plunging regional anticlinorium of the Dharwar craton. 

During the last 15 years, there has been another major reformulation of the tectonic models of 

the Peninsular India, based primarily on the recognition of trans-continental shear zones along 

major physiographic lineaments (Fig. 1. 5) recognised using satellite imagery (Drury and Holt, 

1980). These shear zones include (i) the Moyar and the Bhavani Shear Zones, (ii) the Palghat­

Cauvery Shear Zone and (iii) the Achankovil Shear Zone (Fig.1.5). The identification of these 

major shear zones, and variations of metamorphic P-T estimates (Drury et al. 1984) as well as 

Nd-model ages (Harris et al. 1994) across the Palghat-Cauvery Lineament, have largely 

influenced recent tectonic interpretations of the Peninsular lndia. In these models, the Palghat­

Cauvery Lineament, a pronounced physiographically low area in the SIS (Fig. 1.5), has been 

interpreted by various workers as a major lithospheric boundary variously interpreted as: (i) a 

dextral transcurrent shear belt (Drury and Holt, 1980); (ii) a collapsed marginal basin (Drury 

et al . 1984); (ui) a cryptic collisional suture zone (Gopalakrishnan et al. 1990); (iv) a 
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prominent terrane
1 

boundary with its continuation in the suspected terrane boundary between 

the Archaean Napier Complex and Proterozoic Rayner Complex of East Antarctica (Harris et 

· al. .1994); and (v) a prominent west-directed thrust belt (Chetty and Bhaskar Rao, 1996). 

Various geophysical constraints, for example, gravity (Mishra, 1988, 1992), magnetic (Reddy, 

1988) and teleseismic (Rai et al. 1993; Ramesh, 1992) data ha ye been used to support tectonic 

models involving the Palghat-Cauvery Lineament as a major crustal boundary. However, other 

interpretations of geophysical data highlight the absence of any geophysical break between the 

Dharwar craton and the Southern Granulite Terrain and infer that the granulites are exposed 

in the south because of northward tilting of the SIS (Hari Narayan and Subramhaniam, 1986). 

To date, aU these models are seriously impaired by absence of good field and geoch.ronological 

data; some of the eiisting structural investigations across the Palghat-Cauvery Lineament, 

have cast doubt on large scale shearing along the Palghat-Cauvery Lineament, and thus 

question its status as a terrane boundary (Gopalakrishnan, 1981; Nair and Nair, 1980; Naha et 

al. 1996). The publication of new geologic maps at a scale ofl: 500,000 (GSI, l 995a, b.) 

covering of whole of the SGT area and its contact with the Dharwar craton (Fig. 1.3) also 

highlights many hitherto unknown geological features on a scale beyond the small-scale 

geological maps generally used to support tectonic models. The most conspicuous feature of 

these new geologic maps is the near-absence of any large-scale tectonic lineaments along the 

zones previously interpreted as major shear zones on the basis of satellite data interpretation 

(i .e., Drury et al. 1984; GSI, 1994). This apparent difference between the geological maps and 

the satellite-based maps requires a re-evaluation of the structures and tectonic models of 

Peninsular India. A major question to be z.ddressed i.n such re-evaluations is whether or not the 

1 The term terrane has a specific meaning in geology. Aaxirding to HoweH (1989), 'the term terrane describes 
a particular geologic body .... A tectono-stratigraphic terrane has both structural (tectonic) and stratigraphic crileria­
a fault bounded package of strata that is genetically unrelated to lhe adjoining stratigraphic packages - generically 
distinct from the other tectono-stratigraphic terranes and this is al!ochlhonous with respect to surrounding terranes . 
... Terrain with this spelling refers to topographic or physiographic features, as in a mountainous terrain , ... .' 
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major shear zones interpreted on the basis of the satellite-imagery data actually exist. If they 

do exist, then what is the nature and the timing of movement along these large scale shear 

. zones; and what do these shear zones tell us about the tectonic evolution of Peninsular India? 

Does any one of these shear zones represents a terrane boundary sensu stricto (cf Howell, 

1989)? If the shear zones are not terrane boundaries, what is tqeir tectonic significance? 

Linked to these questions is the origin of geophysical anomalies commonly interpreted to 

extend along and across the Palghat-Cauvery Lineament (Fig. 1.3; GSI, 1994). Finally, can 

these major lineaments/shear zones be used with confidence in various models of 

reconstruction of Gondwana, in which these shear zones are linked with apparently similar 

shear zones on other continental fragments such as East Africa, Sri Lanka and East Antarctica 

(de Wit et al. 1995, 1998)? 

In this thesis a number of corridors across several of the previously-inferred shear zones have 

been mapped to umavel the structural history within these lineaments. Field data were 

supplemented by U-Pb single-crystal zircon and monazite dating of a number of geologically 

well-constrained samples from different regions in several of these corridors. These new data 

have been used to re-evaluate tectonic models of the Peninsular India. 

1.2. Introduction to the geology of the Southern Indian Shield (SIS) 

1.2.1. Geological framework of the SIS 

The southern Indian shield comprises essentially three geological provinces. These are the 

Eastern Ghats, the Dharwar craton and the SGT (Fig.1 .1). A 20-35 km wide zone of transition 

between the Dharwar craton and the Southern Granulite Terrain, where amphibolitic rocks of 

the Dharwar craton transform to granu!itic rocks of the SGT is known as the Transition Zone. 

The characteristics of these geological provinces are summarized in Table 1.1 . 
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Table 1 l S ummary o f geo og1ca 1 f. eatu res o f pnnc1pa tectonic units of the SIS . 

Dharwar cralon Southern GranuJite Eastern Ghats 
Terrain 

Western Eastern 

Rock types Granite-g.reenstone Grani tc-greenstone Cbamockite, Chamockite, 
association·. associati::m; mig.malite, migmatile, 
greenstone bells with g:reenstone belts have paragneisses and paragneisses and 
substantial elastic only subordi.nate metasedi.ffients. metasedimenls·. 
sediments. These belts elastic sediments. 
cover> 15% of the These belts cover <5% 
area of the area 

Structural WNW-ESE to N-S; N-S to NNE-SSW NE-SW to N\V-SE NE-SW 
trends broad E-W trending through E-W; tight 

warps reg.iona l folds are 
corrunon. 

Metamor- Greenschist lo Low pressure-high Mainly granulite Mainly granulite 
phism amphibolite facies temperature type grade grade 

with localy granulite 
facies 

Geochro- 3.4 Ga-2.5 Ga; limited Dominated by -2.5 No reliable data for Limited data indicate 
no logy Neoproterozoic Ga old gneisses. basement age are Archaean basement. 

granitic activity is Sporadic available. Mesoproterozoic-
corrunon in the south. Neoprolerozoic Neoproterozoic Ncoproterozoic 

granitic activity is granitic activity and granitic activity is 
common. metamorphism are widespread. 

common. 

The eastern part of the Indian srueld is bordered by a prominent NE-SW trending, elevated 

physiographic region ( 400 to 4000 metres) known as Eastern Ghats. The Eastern Ghats is 

mainJy underlain by strongly deformed rugh-grade rocks, chamock..ite and khondalite (quartz-

gamet-sillimanite-biotite±graphite±cordierite gneiss), intruded by a number of anorthositic 

massifs and alkaline plutons. The Eastern Ghats stretches from the Mahanadi (Gondwana) 

"graben" in the north almost to Nellore in the south, where the belt is covered by younger 

sediments (Figs. l. l, 1.2). A central portion of the Eastern Ghats is cut by the Godavari rift 

basin (Fig.1.1 ). 

To the west of the Eastern Ghats is the Dharwar craton of the Indian Peninsula 

Physiographically the Dharwar craton is represented by an undulating rolling topography, with 

an elevation range between 500m to 800m and an average e levation of-600m. The Dharwar 
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craton comprises of a vast terrain of granitic gneiss (>200,000 km2
) with supracrustal belts of 

different lithological associations at various grades of metamorphism. The northern extension 

of the Dharwar craton is covered by the -60-65 Ma Deccan flood basalts and 

Mesoproterozoic sedimentary basins. The Dharwar craton has been subdivided into the 

Eastern Dharwar and Western Dharwar blocks on the basis of.contrasting litho-tectonic 

features (Swami Nath et al. 1976). The southern margin of the Dharwar craton is marked by a 

transitional boundary (spanning over -30 km) into the Southern Granulite Terrain (SGT)2. 

The Southern Granulitic Terrain (SGT) is a topographically rugged terrain (600m to 2700m). 

It is essentially composed of high-grade rocks, charnockite and kbondalite with associated 

amphibolite facies granitic gneiss and supracrustals. Chamockite generally occupies the higher 

terrain whilst associated granitic gneisses occur at lower elevations. 

The tectonic relationships amongst these three geological provinces in the Peninsular India 

and their contact relationships are important in understanding the geological evolution of the 

SIS. A review of our present understanding of these geological provinces is given below. 

1.2.2. The Eastern Ghat Granulite Belt 

The Eastern Ghat Granulite Belt (Fig. 1.6; EGGB) comprises essentially high-grade 

metamorphic, polyphase-deforrned rocks (Ramakrishnan et al. 1998). These include 

chamockite ( orthopyroxene-bearing quartzo-fel s pathic gneiss), leptyni te (garnet-perthite-

2 Traditionally, \he term Southern Granulite Terrain (SGT) is restricted to the area south of the granite­
greenstone terrain of the Dharwar cralon (see for example, see Fig.1 in Subrahmanyam, 1983). More recenUy, the 
term is often confined in a tectonic sense to a block (terrane) of the SGT to the south of the Palghal Cauvery Shear 
Zone which has a distinct lithological assemblages and thermal history as well as geophysical signatures (see for 
example, Santosh, 1996). The important distinction in this definition of the Southern Granulite I errain (SGT) is the 
recognttion of Neoprolerozoic to Early Paleozoic chamockitization, in contrast to the Late Archean chamockitization 
of the Dharwar craton. The subdivision of the Southern Indian Shield into two separate terranes is based on limited 
data. lri this thesis, for example, tt will be shown that Neoproterozoic chamockitizalion and thermal events are present 
as least as far north as the Moyar-Attur Shear Zone. For this reason, the traditional description of the term Southern 
Granulite Terrain, i.e., a terrain dominated by granulile facies rocks and occurring south of the granite-greenstone 
terrain of the Dharwar craton is retained in this thesis (e.g. , Fig.11 ). 
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quartz± plagioclase gneiss), mafic granullte ( orthopyroxene-cJinopyroxene-garnet ± 

plagioclase) and khondalite ( quartz-garnet-sillimanite-biotite±graphite±cordierite gneiss) . 

Structurally the area represents a complicated metamorphic terrain transected by a number of 

anastomosing regional shears (Chetty, 1995). The overall gneissic fabric of the Eastern Ghats 

is NE-SW, subparaUel to the regional trend of the EGGB . A ~-SW trending major shear 

zone, the Sileru Shear Zone (Fig. 1.6) separates the EGGB into two distinct lithological 

provinces (Ramakrishnan et al., 1998). The western part is dominated by chamockite, basic 

granulite and BIF while the eastern part is dominated by k.hondallte, migrnatite and minor 

charnockite. 

Available geochronological data from the Eastern Ghats are mostly Rb-Sr and Sm-Nd whole 

rock isochrons or model ages. In many areas these ages are not well integrated with tectonic 

and metamorphic events. Shaw et al. (1997) have compiled available geochronologicaJ data 

from the Eastern Ghats . A few available Archaean ages from different parts of the Eastern 

Ghats [ndicate the antiquity of at least some of the Eastern Ghat rocks (Perraju et al. 1979; 

Paul et al. 1990) . Available data suggest more than one period of high grade metamorphism. A 

2.6 Ga metamorphic event is suggested by Perraju et al. (1979; whole rock Rb-Sr isochron) 

and by Vinogradov et al. (1964 ; U-Pb zircon age). Granulitic rocks of the EGGB have been 

sheared and subsequently migmatized and intruded by alkaline and anorthositic plutons. A few 

of the anorthosite massifs have been dated as between 1200 and 1400 Ma (Rb-Sr whole rock 

isochron; Sarkar et al. 1981 ). This implies the presence of a pre-1400 Ma granulitic event in 

Eastern Ghats. Subsequent metamorphic events at -1.0 Ga, 800 Ma and 500-5 50 Ma have 

been recorded a number of workers (Shaw et al. 1997 and references therein). Some of these 

important events are summarized in Table 1.2. 
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T bl l 2 S a e ummar f ·1 bl Jo ava1 a hr e geoc ono op,ica Id fr h E at.a omt e astern Gh ats. 

Age Rock type/ Method Location Reference 

~3025 Ma Khondalitc; Rb-Sr model age Puri, Kashipatnam Perraju et al. 

- 1979 

-2.9 Ga Chamockite; Sm-Nd model age Visakhapatnam Paul et al. 1990 

-2430 Ma Khondalite; Rb-Sr model age Kashipatnarn Perraju et al. 
1979 

- 1400 to-1200 Rb-Sr whole rock isoch.ron of anorthosile Chilka Lake Sarkar et 111. 
Ma 1981 

985±5 Ma Chnmockite; U-Pb roonazite Phulbani Pal,ll et al. 1990 

-1088 Ma Chamockite; U-Pb zircon Angul Aftalion et al. 
1988 

-l.O Ga U-Pb xenotirn.e Anakapalle and Grew and 
Vishakha- Manton, 1986 
pananam. 

800-850 Ma Rb-Sr and Sm-Nd mineral isochron of chamockite Vishakhapatnam Shaw et al 
and pelite 1997 

-600Ma K-Ar biotite Aswathanaraya 
nu, 1964 

-550Ma Rb-Sr and Sm-Nd mineral isochron of petites Vishakhapatnam Shaw et a!. 
1997 

The boundary between the Eastern Ghats and the Dharwar craton is tectonic and generally 

modelled as a suture zone, mainly on the basis of a steep gravity gradient (Subrahmanyam, 

1983) which is believed to represent more than 5 km vertical displacement (Kalia and Tewari, 

1982, referenced in Rogers, 1986). However7 there is almost no field validation of this suture 

contact. Crookshank ( 1938) proposed that the contact between the granulite facies rocks of 

the Eastern Ghats and the amphibolite facies rocks of the Dharwar craton is gradational 

implying that both of them are parts of a single terrane. 

8 



1.2.3. The Dharwar Craton 

1.2.3.I. Introduction 

The principal rocks of the Dharwar craton are Early- to Late-Afchaean TTG (tonalitic­

trondhjemitic-granodioritic) gneisses of different ages (3 .4 Ga to 2. 9 Ga), collectively known 

as the Peninsular Gneiss, interspersed with Archaean supracrustal belts (greenstone belts) 

containing continental and oceanic-like volcano-sedimentary rocks, all intruded by Late 

Archaean (-2_5 Ga) calc-alkaline- to K-rich- granitic intrusives (Radhak.rishna and Naqvi, 

1986). The Dharwar craton is divided into eastern and western cratonic blocks (known as 

Eastern Dharwar and Western Dharwar, respectively) along the N-S trending -2.5 Ga old 

Closepet Granite batholith (Swami Nath et al. 1976; Fig_ 1.2). A deep Seismic Sounding 

(DSS) survey has identified two deep steeply dipping faults bounding the crustal blocks 

beneath the Closepet Granite (Kalia et aL 1979) . An alternative boundary has been identified 

along the eastern margin of the Chitradurga Schist Belt (CBT, the Chitradurga Boundary 

Thrust; Fig_ l.4; Drury et al. 1984) on the basis of Landsat imagery interpretation. A 

prominent lineament passes CBT. Southward, this lineament can be traced within gneisses, 

and further south defines the western flank of Biligirirangan granulite massif (Fig_ 1.4). This 

lineament is reflected as a strong gravity gradient along the eastern margjn of the Chitradurga 

Schist Belt (Fig_ 1.4) as well as strong air-borne total magnetic intensity profiles (Hari Narain 

and Subrahmanyam, 1986) and as deep faults in DSS (Deep Seismic Sounding) profiles (Kalia 

et al. 1979) . It is interpreted as an east dipping thrust along which deeper levels of Eastern 

Dharwar were emplaced across the western tectonic block. The Eastern Dharwar contains an 

abundance ofK-rich granites (-2_5 Ga) with scattered occurrences of volcano-sedimentary 

supracrustal belts which, according to Drury et al. (1983), represent a deeper crustal level than 

that of the Western Dharwar. Important differences between the Eastern Dharwar and the 

Western Dharwar are given in. Table 1.3_ 
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T bl l 3 I a e mportant c h aractenstics o f W estem an dE astern Db arwar. 

Western Dharwar Eastern Dharwar 

Areal Extent 6,500,000 km2 375,000,000 km2 

(Rogers and Gira!, 
1997) 

Supracrustal Belts: Supracrustal belts cover SupraGrustal belts cover <5% of 
Distribution and - 15% of the area the area 
abundance 

Lithologies Clastic sediments dominate Mafic volcanic rocks along with 
supracrustal belts oceanic-like sediments dominate 

the supracrustal belts 

Metamorphism Medium pressure Low pressure metamorphism is 
metamorphism is common common 

Paleo proterozoic Sparse Very common 
reactivation 

1.2.3.2. The Western Dharwar 

The Western Dharwar is ma.inly composed of Archaean TTG (tonalite-trondhjemite-

granodiorite) gneiss within which occur numerous scattered linear and irregular high-grade 

and low-grade supracrustal belts and younger granitoids. The relationship between these 

djfferent litho-tectonic units is controversial (Srinivasan and Naqvi, 1990; Ventaka Dasu et al. 

1991; Rogers and Giral , 1997; Pichamuthu, 1982~ Pichamuthu and Srinivasan, 1983, 1984; 

and Naha, 1987; Mukhopadhyay, 1986). Amongst the supracrustals, the high-grade and low-

grade supracrust.al belts have been classified into two different lithostratigraphic units: the 

older Sargur Group and the younger Dharwar Supergroup (Swami Nath et al. 1976; 

Radhak:rishna and Vasudev, 1977). The basis of this classification has been lithologic~ 

association, metamorphic and structural discordance and presence of a regional angular 

unconformity between the Sargur and Dharwar Group, marked by presence of a distinct 

quartz-pebble conglomerate at the contact (Ramakrishnan and Viswanatha, 1987). The Sargur 

Group is composed mainly of high~grade supracrustals including serpentinised komatiite1 high 

grade petite, fuchsitic quartzite and minor layered barite. These rocks are mainly restricted in 



the southern part of the Dharwar craton. The Dharwar Supergroup consists of low- to 

medium-grade supracrustals and are common in the northern part of the Dharwar craton. 

· Based on lithological association, the Dharwar Supergroup has been classified into a lower 

Bababudan Group and an upper Chitradurga Group. The lithologic-assemblage of the 

Bababudan Group consists of vesicular basalt, quartzite, pelitic schist, phyllite alternating with 

subordinate felsic volcanics, ultramafic rocks and BIF. The upper Chitradurga Group is 

dominated by quartzite, marble, pelitic schist, phyllite and BIF, with subordinate polymict 

conglomerate, pillow basalt, rhyolite and manganiferous sediments. Within the Dharwar 

greenstone belts, in general, metamorphic grade commonly increases towards their margins 

(Mukhopadhyay, 1986 and references therein). Belts containing high-grade rocks have aJso 

been reported from many widely separated regions in central and northern part of Dharwar 

craton (Mukhopadhyay, 1986 and references therein). These high-grade supracrustals are 

often included within the Sargur Group. However, it is not certain whether these spatially 

separated high-grade supracrustals constitute a single litho-stratigraphic unit or if they 

represent high-grade equivalents oflow- to medium-grade rocks of different greenstone belts. 

1.2.3.3. The Eastern Dharwar 

The Eastern Dharwar comprises mainly younger granites with subordinate TTG (tonalite­

trondhjemite-granodiorite) gneiss. SupracrustaJ belts are much less abundant than in the 

Western Dharwar, and are smaller and narrower (Figs. 1.3, 1.4). They occur as long N-S 

trending linear belts. These lithologic assemblage of the supracrustal belts also differs from 

that of the Western Dharwar. The Eastern Dharwar supracrusta1 belts contain mainly volcanic 

assemblages of pillow basalts, rhyolite, pyroclastics and associated polymict conglomerate, 

phyllite, and BIF with subordinate quartzite, marble and pelite. Similar to the Western 

Dharwar, both high-grade and low~grade supracrustals are present in the E astern Dharwar. 

Supracrustals of this block exhibit low-pressure metamorphism in contrast to the medium­

pressure metamorphism of the Western Dharwar. Radhakrishna ( 1983) hypothesized that the 
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supracrustals of the Eastern Dharwar belong to an older greens tone cycle than those in the 

Western Dharwar, because their lithologic assemblagesuggest that they were formed prior to 

· the large-scale intrusion ofTTG (-3 Ga), while the supracrustals of the Western Dharwar 

postdate these TTG. However, others maintain that available structural data suggest coeval 

development of the supracrustals in both blocks and that the t\YO blocks represent exposures 

of different levels of Archaean crust (Mukhopadhyay, 1986). 

1.2.3.4. The Transition Zone 

The boundary zone across which rocks of Dharwar craton change from low- to medium-grade 

to high grade and charnockitic rocks in the south is known as the Transition Zone (Ramienger 

et al. 1978). The width of the Transition Zone varies between 20 to 35 kilometres (Condie and 

AJlen., 1984). South of the Transition Zone is the Southern Granulite Terrain (SGT). The SGT 

is occupied by vast expanse of massif charnockites in the Nilgiri Hills, Biligirirangan Hill, 

Sheveroy Hills and in the Madras area (Fig. 1.4, 1. 7). 

The tectonic nature of the boundary between the Dharwar craton and the granulitic terrain in 

the south (Southern Granulite Terrane, SGT) remains unclear. Fermor (1936) first suggested 

that the boundary between the chamockitic province in the south and the non-charnockitic 

province in the north ('Fermor line') is a fundamental litho-tectonic boundary. The charnockitic 

region of the SGT was traditionalJy considered as a mobile belt surrounding the Dharwar 

craton. Subsequently, however, areas showing incipient charnockitization, indicating 

metasomatic transformation of the granitic rocks of the Dharwar craton, were reported from 

all along the 'Fermor line' (Pichamuthu, 1965, Subramaniam, 1967). Gradual increase in 

paJeopressure from 5-6 kbar north to 8-10 kbar in the south (Gopalakrishna et al. 1986) and 

metamorphic grade from the Dharwar craton to the SGT in the south were documented across 

the Transition Zone, whilst some structural and lithologic elements were traced continuously 

across the amphibolite facies-granulite facies boundary along the southern margin of the 
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Dharwar craton (Hansen et al. 1984; Mukhopadhyay, 1986} Similarly, gravity and magnetic 

trends continue across the Fermor line without any major deflections. The chamockitic massifs 

· along the sou them edge of the amphibolite facies rocks of the Dharwar craton are also part of 

the Dharwar craton. These observations undermine the nature of the 'F ermor line' as a simple 

tectonic boundary. Rama.krishnan and Swami Nath (1981) had suggested that the boundary 

between the Dharwar craton and the mobile belt in the south (which SGT is believed to 

represent) should be placed either along the Bhavani lineament or the Achankovjl Lineament. 

Harris et al. ( 1994) suggested that the northern boundary of the SGT can be placed along the 

PaJghat-Cauvery lineament and that chamockites north of the lineament including the 

Transition Zone should be considered as part of the Dharwar craton. 

1.2.3.5. Charnockitization in the Transition Zone 

Chamockites are abundant in the Transition Zone. Within the Transition Zone, gneissic rocks 

of the Dharwar craton and mafic enclaves in them have apparently been converted into 

chamockites and mafic granulite, respectively. The transitional relationship between 

charnockites and granite gneiss has been described by many in detail (Pichamuthu, 1960; 

Ramiengar et aJ. 1978, Janardhan et aJ. 1979, 1982; Friend, 1985). Chamockite in the 

Transition Zone occurs in irregular patches or along ductile shear zones cutting across the 

gneissic foliation. The earlier foliation is generally obliterated within the chamockite, although 

ghost relics of foliation can commonly be traced through the converted part (Chapter 2, Fig. 

2.8; 2.9). This can be shown both on outcrop scale (Chapter 2) and regional scale (Drury and 

Holt, 1980). These relationships have led to the interpretation that chamockite formation is a 

metasomatic process (Newton et al. 1980) 

Janardhan et al. (1979, 1982) first described the mechanism by which the conversion of 

amphibolite facies rocks into chamockitic rocks could have occurred during prograde 

metamorphism and fluid activity. This process is believed to involve the dehydration of 
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amphibolite facies rocks during their equilibration with an invading C02-rich volatile phase 

introduced from an undetennined deep source .. The C02-rich solutions are believed to have 

-driven off H20-bearing solutions from the rocks which, in turn, caused K-metasomatism and 

partial melting. More recently, hypersa line brine has been considered the most important 

chamockitizing fluid (Newton et al. 1998) . 

The possibility of more than one charnock.itization event in the Dharwar craton was first 

suggested by Pichamuthu ( 1953, 1960), who classified charnockites into two groups: an 

earlier group formed by regional metamorphism of pre-existing Peninsular Gneiss and 

Dharwar schist, known as massive- or highland-charnockite; and (ii) a later group of 

chamockite fonned by widespread metasomatism of Peninsular Gneiss. This later variety is 

also known as incipient type or the ' low-land charnock.ite-type'. This two-fold classification of 

chamockites has received wide acceptance, although neither their genetic nor their 

chronologic distinctions have been verified. It may be instead that incipient types progressively 

give way to massive types of chamock.ite (Ramienger et al. 1978; Friend, 1985). In this model, 

during charnockitization, channelized fluid flow causes incipient charnockitization; with time, 

the fluid impregnates the entire rock, which leads. to comptete conversion of the rock into 

massive charnockite (Friend, 1985). This model is consistent with my own observation that 

incipient charnockites are common in the foot-hills oflarge massive charnock.ites (Chapter 3) 

Thus it may be that for both incipient charnock.ites of the Transition Zone and the massive 

chamockites south of the Transition Zone, the process of charnockitization has taken place in 

situ, under essentially static conditions, postdating major processes of fonnation of gneissic 

fabric of th~ tem~in. 
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1.3. Structure and Tectonics of the Southern Indian Shield 

1.3.1. Structure of the Dharwar craton 

The dominant structural trend of the supracrustal belts of the Dharwar craton in the north is 

NNW-SSE which swings to N-S in the south. Trends of the supracrustals of the Western 

Dharwar are more variable. For example, the Bababudan belt in the no1thern part shows 

dominant E-W trends. According to Drury and Holt (1980), the NNW-SSE trend of the 

supracrustal belts reflects the trend of shear belts into which preexisting structures have been 

rotated. From Landsat satellite imagery studies, Drury and Holt ( 1980) identified a number of 

NNW-SSE to N-S trending shear zones. The existence of many of these shear zones is, 

however, not supported by field data (Mukhopadhyay, 1986). Parallelism of the linear 

supracrustal belts and the consistent structural pattern over a wide region does, however, 

suggest a regionally consistent stress pattern. 

1.3.2. Structure of the Southern Granulitic Terrain (SGT) 

1.3.2.1. Distribution of lithological units 

The area south of the Transition Zone is known as the Southern Granulite Terrain (SGT). It is 

dominated by a number of large chamoclcitic massifs that occupy generally elevated 

topography Some of the prominent charnock.itic massifs include: the Biligirirangan Hills, the 

Nilgiri Hills, the Sheveroy I-I.ills of the Salem area, the Anaimalai Hills, the Palni Hills, the 

Cardamom Hills and the Nagercoil Massif (Fig. 1. 7). These charnockitic massifs comprise 

massive chamock.ite and enderbite with mafic granulite and high grade metasedimentary 

enclaves. The massive chamock.ites are non-foliated rocks in which there is no trace of an 

earlier planar penetrative fabric of the protolith. The protoliths of massive charnock.ites include 

both para- and 01tho-gneisses. The chamock.itic massifs are surrounded by granitic gneiss 
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(both ortho- and para- gneisses) and non-charnockitized supracrustals of amphibolite to 

granulite facies, which include khondallte, calc-silicate rocks, quartzite, and amphibolite (Fig. 

· L3 ). The supracrustals occur generally at low elevations. Around many of the charnockite 

massifs, over widely scattered areas, evidence of incipient charnockitization showing pro grade 

relationships are present. Most the of the contact regions betw~en the charnockitic massifs and 

amphibolite facies gneisses in the southern granulitic terrain have been described as gradational 

(e.g., Narayanaswamy and Lakshmi, 1967, near Tinnevelly; Saravanan and Ramanathan, 1973, 

near Salem; Holt and Wightman, 1983, on the eastern side of the Kodaikanal Massif). Thus, 

around each of the isolated charnockitic massif in SGT, there exists a local transition zone 

varying from few 100s metres to few km in width, similar to the Transition Zone south of the 

Dharwar craton. 

J.:3.2.2. Major lineaments of the SGT 
'. 

The southern boundary of the Dharwar craton is marked by a number of Charnockite massifs. 

These are, from west to East, the Kroog Massif, the Biligirirangan Hill Massif and the Saveroy 

Hill Massif (Figs. l. 4, 1. 7). To the south of these charnoc.kitic massifs there is a ca. l 00 km 

wide E-W trending belt which, with some exceptions, lacks the high topographic expression of 

the charnock.itic massifs to the north. To the south ohhis belt, a number of chamoc.kitic 

massifs give rise to elevated topography (Anaimalaj Hills Massif, Palni Hills Massif, 

Cardamom Hills Massif, Fig. 1. 7). The southern boundary of the topographic low region 

extends from Palghat in the west to Tiruchirapally in the east, and is known as the Palghat­

Cauvery Lineament (PCL). The northern boundary is along the Moyar river in the western 

part through a prominent valley in the eastern part passing through Salem arid Attur (Fig. 1.5) 

and is known as the Moyar-Attur lineament (MAL). Between the northern and southern 

bounding lineaments there are a number of smaller lineaments, either sub-parallel to or at a 

low angle to the bounding lineaments. These lineaments also mark boundaries of a few 

charnockite massifs (e.g, the Nilgiri Hill Massif in the west and the Kollimalai HilJ Massif in 
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Charnockite 

50 JOO km 

Fig. 1.7. Location of major chamockite massifs of the SGT (after GSI, 1981, 1995a, b) and 
previously interpreted shears (Drury and Holt, 1980; GSI, 1994). Note that shear zones are 
mostly located along major rivers and along boundaries of major charnockite massifs. 
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the east). The E-W trending region oflow topography bounded by the MAL in the north and 

the PCL in the south has long been recognized by many workers. The best expression of this 

· physiographic contrast is in the western part of the PCL near Palghat, where it is known as the 

Palghat Gap (Fig. I. 7) . Different interpretations have been given for the origin of the Palghat 

Gap, including tectonic (Reddy et al. 1988, Thara and Soman, ,1993), fluvial erosion (Jacob 

and Narayanaswamy, 1954), marine erosion (Arogyaswamy, 1962), crustal-upwarp and 

related development of fractures (Subrahrnanian and Muralledharan, 1985), post Jurassic uplift 

of blocks on either side of the physiographic lineament (Vaidyanadhan, 1977) and escarpment 

slopes. 

Another prominent lineament, the Achankovil lineament, occurs further south (Fig. 1.6 and 

1.7). It demarcates a boundary between massive chamockite of the Cardamom Hills and the 

granitic gneiss-metasediments dominated Kerala Khondalite Belt (also known as the 

Trivandrum Block; Fig 1.7). This lineament trends NW-SE from just south ofKottayam in 

the west to Tirunelveli in the south. In the west, part this lineament follows the trend of the 

Achankovil River (Fig. 1. 7) and from there become asympotic to the west coast of India. 

1.3.2.3. Shear zones in the SGT 

The SGT has been interpreted to comprise a number of tectonic blocks (Reddy et al. 1988; 

Harris et al. 1994). The model of Harris et al. (1994) is an integrated interpretation of the 

satellite imagery interpretation of Drury and Holt (1980), and Nd-model age data (n=56) from 

both the SGT and the Dharwar craton. Based on geological arguments, Harris et al. (1994) 

distinguish tfilee tectonic blocks within the SGT. These are: the Madurai Block, the 

Trivandrum Block and the Nagercoil Block (Fig. 1.5). 

The block boundaries of Reddy et al. (1988) were interpreted on the basis of low-pass filtered 

magnetic anomaly data. They argued that the SGT is composed of a mosaic of at least seven 
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different blocks and that the block boundaries mark zones of considerable vertical and/or 

horizontal movement. However, the block boundaries interpreted by Reddy et al. (l988) and 

by Hanis et al. ( 1994) do not coincide (Fig. 1.5) . 

. Although precise block boundaries of various models differ, it is generally agreed that the 

block boundaries are marked by major shear zones that follow major topographic lineaments 

(Fig. 1.7). For example, the tectonic blocks of Hanis et al. ( 1984) are bounded by three major 

shear zones: the Moyar Shear Zone (MSZ), the Bhavani Shear Zone (BSZ), the Palghat­

Cauvery Shear Zone (PCSZ) and the Achankovil Shear Zone (ASZ) of which the PSZ is 

considered to mark a major terrane boundary in the SGT. The basis of the identification of 

these shear zones has remained mainly the interpretation of satellite imagery data (Drury and 

Holt, 1980; GSI, 1994; Chetty, 1996). The presence of sharp changes in the trends of various 

lithologic units as observed in satellite imagery data influenced the identification of the shear 

zones. However, on the ground, these trends of lithologic units, interpreted from satellite 

imagery, do not always reflect the tectonic fabric of an area. Field validation of the major shear 

zones based on satellite imagery is lacking; those few field-based investigations available have 

cast doubt on the interpretation of the satellite imagery interpretations (Naha and Srinivasan, 

1996, Nair and Nair, 1980; Gopalakrishnan, 1981 for the PCSZ; and Radhakrishna et al. 1990 

for the ASZ). 

One of the main factors that influenced the development of major topographic lineaments in 

the SGT is the competance difference between charnock.ites and their non-charnockitized 

protoliths. The boundaries between these different rock types are metasomatic boundaries 

which often transect lithe-stratigraphic boundaries and shear zones. The newly-published 

geological maps of SGT (GSI, 1995 a,b; Fig. 1.3) highlight this relationship. In a number of 

places on these maps, quartzite and calc-silicate bands transect the charnock.ite-granite gneiss 

boundaries. For example, near Rajampalayam in the Madurai Block, the chamock.ite-gneiss 

boundary transects quartzite bands (Fig. 1.3). Because these shear zones are crucial in 
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Fig. 1.8. Tectonic fabric map andl its interpretation of the South lnwan Shield (SIS) by 
Drury and Holt ( 1980) and Drury et al. (1984). A. Landsat Imagery interpretatjon of the SIS 
(Drury and Holt, l980). Note: (i) south ofSargur (marked by pink circle) curvilinear tectonic 
grain cuts across the Moyar Shear zone and (ii) a discordance in the structural grains 
exists between the areas northwest and southeast of KodaikanaJ (marked by blue circle). 
B. Tectonic interpretation of strurctural fabric of the SJS (Drury et al. , 1984). Note that a sharp 
discordance in the structural trend has beeo. interpreted across the Acbankovil Shear Zone 
(marked by red circle). Th.is discordance is not evident in the l ,andsat imagery 
interpretation (see map A). 



understanding the tectonic framework of the SGT, the status of understanding of these shear 

zones is described below in some detail 

1.3.2.4. Description of the major shear zones in the Southern GranuJite Terrain 

A Landsat imagery study by Drury and Holt ( 1980) recognised three major subvertical shear 

zones with dominant strike-slip movement in Southern Indian Granulite Terrain (see Fig. 1. 8). 

These are: 

(1) The Moyar and Bhavani Shear Zone (MSZ and BSZ) 

(2) The Palghat-Cauvery Shear Zone (PCSZ) and 

(3) The Achankovil Shear Zone (ASZ) 

1.3.2.4.1. Moyar, Bhavani and Palghat-Cauvery shear zones 

The MSZ, the BSZ and the PCSZ were considered by Drury and Holt (1980) to be part of a 

complex anastomosing shear system with broadly E-W trend bound in the north by the Moyar 

Shear Zone (MSZ) along the Moyar-Attur Lineament (MAL), and in the south by the PCSZ 

along the Palghat-Cauvery Lineament (PCL). There are a number of smaller shear zones 

within tills shear system, either subparallel or at low to moderate angle to the two major 

boundary shears. These smaller shear zones mark boundaries of some prominent chamockitic 

massifs within the PCSZ; for example, Kollimalai Hills Massif in the east and the Nilgiri Rills 

Massif in the west (Fig. 1.7 & 1.8). The most prominent of these smaller shear zones is the 

NE-SW trending Bhavani Shear Zone (BSZ), wruch marks the southeastern boundary of the 

Nilgiri Hills Massif 
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Drury and Holt ( 1980), through study of satellite imagery, noted that in the western part of the 

MAL, across the E-W trending Moyar valley, the regional strike swings from roughly N-S 

through NE-SW to roughly E-W in the valley itself; then south of the valley, the regional 

strike reverts back to NE-SW in the Nilgiri Hills. Based on this observation, they proposed 

that the MAL represents a major dextra] shear zone that follow.s the Moyar valley in the west, 

to the Attur valley in the east, passing through the Bhavani and Salem areas (Fig. 1. 7 & 1. 8). 

They interpreted this shear zone as being nearly 20 km wide. They further assumed that the 

Nilgiri Hill Massif (south of the MAL), and the Biligirirangan Hill Massif (north of the MAL), 

were originally adjacent to each other, and subsequently displaced by at least 70 km of dextral 

strike-slip movement along the MSZ. They also noted the presence of new planar and linear 

fabrics, extensive au gen gneiss and retrogression of high grade rocks along the MSZ. The BSZ 

marks the southeastern limit ofNilgiri Hill Massif The trend of this shear is sub-parallel to the 

strike oflithological units on both sides of it. Drury et. al. (1984) also assumed dextral strike­

slip movement along this shear zone (Fig. 1.8). It was thought by them that the MSZ and the 

BSZ merge near Satyarnangalam (Fig. 1. 7) and from there they continue as one shear zone 

upto Salem. Further east, the shear zone bends to the NE and merges with the shears along the 

eastern boundary of the Cuddapah basin where they have affected Neoproterozoic rocks. On 

this basis, Drury et al. ( 1984) interpreted both the MSZ and the BSZ to be Neoproterozoic. 

The southern boundary of the shear system is defined by a prominent E-W trending shear 

zone, the Palghat-Cauvery Shear Zone, broadly along the Noyil and Cauvery Rivers (Fig. 1.5). 

The PCSZ is not evident in the Landsat imagery data, as it is concealed for most of its length 

by recent alluvium. Drury et al. ( 1984) noted that there is no structural evidence in field for 

this shear zone. However, they placed the southern limit of PCSZ along the northern flank of 

the Anaimalai and Palni Hills charnockitic massifs (Fig. 1. 7, 1.8). The overall delineation of 

this shear zone was accepted by many later workers (e.g., GSI, 1994; Chetty, 1996). Chetty 

(1996) cited gravity and aeromagnetic anomaly maps in support of the existence of this shear 

zone, but neither gravity nor aeromagnetic maps show any well defined lineament along this 
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shear zone (Fig. I. 9 & 1. I 0). Ramakrishnan (1993) opined that the Palghat-Cauvery Shear 

Zone marks the southern boundary of the Dharwar craton, and he named the area south of this 

·shear zone the Pandyan Mobile Belt (Fig. 1.2). 

1.3.2.4.2. The Achankov;f Shear Zone 

The Achankovil Shear Zone (ASZ) was identified along the Achankovil Lineament (Fig. 1.5) 

primarily on the basis of assumed differences in the strikes of the lithological units on both 

sides of the lineament (Drury et al. 1984). From satellite imagery study it was interpreted that 

the structural trends oflithological units in the northeastern part of the Achankovil Lineament 

is N""NE-SSW, and that this trend abuts against the lineament. On the other hand, in the area 

south of the lineament, the structures are NW-SE, subparallel to the lineament. The ASZ was 

interpreted to have a dominantly sinistral strike-slip movement (Drury et al. 1984). 

Radhakrislma et al. (I 990), on the other hand, pointed out that at least some of the lithological 

units can be traced across the Achankovil Lineament. This is also clear on the recent 

1:500,000 scale geological map of the area (GSI 1995a,b), which depicts a gradational change 

in the litho-tectonic strike across the lineament (Fig. 1.3), possibly related to folding. This 

negates presence of substantial strike slip movement along this shear zone. 

Another shear zone, the Tenrnala Shear Zone, grazing the southern boundary of the 

Achankovil Lineament and south of the ASZ, has been identified by some workers (Chacko et 

al. 1987; GSI, 1995b; Sacks et al. 1997). This shear zone is about 3-4 km wide. Sacks et al. 

(1997) proposed that the Tenrnala Shear Zone is a major shear zone with dominantly dextral 

strike-slip movement. However~ others maintain that the Achankovil and the Terunala shear 

zones have dominantly sinistral strike-slip movement (Rajesh et al. 1998) . 
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1.3.2.5. Discussion 

Since Drury et al. ( 1980) first proposed the presence of major trans-continental shear zones in 

the SGT, these have been widely accepted by majority of workers in the Southern Indian 

Shield; and these shear zones have been widely applied as a Stfl!ctural framework for many 

subsequent tectonic model of the SGT and for Gondwana reconstructions (Kriegsman, 1993; 

Windley and Razakamanana, 1996). These shear zones have been hypothesized as 

representing terrane boundaries and/or suture zones by various workers (e.g., ASZ, 

Srikantappa, 1984; MSZ, Srikantappa 1993; PCZ, Harris et a!. 1994). 

In much of the above quoted literature, field validation of the structural model proposed by 

Drury et al. (1980) is generally lacking. However, some investigators (e.g., Nair and Nair, 

1980, Gopalakrishna; 198 l and Naha and Srinivasan, 1996) of the PCSZ have cast doubt on 

the presence of the major shear system proposed by Drury et al. ( 1980). Gopalakrishnan 

( 19 81 ), for example, mentions that structural trends of the Precambrian rocks from the 

northeastern part of th.e Anaimalai Hills into th.e Palghat Gap (Fig. 1.6) are continuous. Nair 

and Nair ( 1980) noted that the general structural style of the Palghat area is dominated by NE­

SW to NNE-SSW trending isoclinal folds, which in many cases are coaxially refolded. There is 

no evidence of intense shearing in the western part of the Palghat lineament (Gopalak.rishnan, 

1981 ; Nair and Nair, 1980; Naha and Srinivasan, 1996). Naha and Srinivasan ( 1996) observed 

that there is no major difference in the structural style from north of the Moyar lineament to 

south of Palghat lineament. Recently published geological maps of the area at a scale of 

1:500,000 ( GSI, 199 5) corroborate these observations: these maps do not depict any major 

shear zone along the Palghat-Cauvery Lineament. 
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1.4. Geophysics of the Southern Indian Shield 

1.4.1. .Magnetic data 

The sub-surface map of the magnetic basement of the SGT reveals a block structure of the 

SGT in which the depth to the basement varies from -11 OOm to -4000m below mean sea level 

(Fig. l. l 0). Seven block boundaries were recognized by (Reddy et al. 1988; Figs. 1.5, 1. 10). 

The majority of these block boundaries display NW-SE or NE-SW trends, at a high angle to 

the E-W trending Palghat-Cauvery Lineament. Low-pass filtering processing on the magnetic 

data reveals that some of the block boundaries identified in the magnetic basement map may 

extend to deeper crustal levels . The anomaly trends in the magnetic maps and those in the low­

pass filtered map do not correspond unequivocally (Fig. 1. 10) although good coherence 

between these two types of magnetic anomaly maps has been suggested by Reddy et al. (1988) 

and has been used as a support for the block structures of the SGT. The Palghat-Cauvery 

Lineament zone is not reflected in either the magnetic basement map or the low-pass filtered 

anomaly map. On the magnetic basement map, two conical depression11 sep~rat@~ py ~ N@­

SSW trending high in the central part may outline this area (Fig. 1.10). The lineament is also at 

a high angle with other prominent anomaly trends evident on the low-pass filtered anomaly 

map. 

1.4.2. Gravity Data 

1.4.2.1. Dhanvar craton 

The gravity field over the Peninsular India maintains a general north-easterly trend along the 

east coast and a north-westerly trend along the western coast (Fig. 1. 9). In the central part, 

across the Dharwar craton, the gravity field is main!y negative, varying between -60 and -120 

mgal and is charact~rised by several highs and lows (Fig. 1.9). The 'highs' (-60 to -80 mgal) in 

most cases are associated with greenstone belts, while the 'lows' (-90 to -130 mgal) often 

occur over granitic bodies. Gravity modelling of the greenstone belts and associated granites 

23 



suggests that they are bounded by steeply dipping faults (Subrahmaniyam and Verma, 1982). 

1t also shows that Chitradurga belt has a deep narrow trough of at least 8-10 km thickness in 

the central part (Hari Narain and Subrahmanyam, 1986), consistent with the interpretations of 

sutures between the eastern and the western blocks. 

1.4.2.2. Southern Granulitic Terrain (SGT) 

The SGT is characterized by a strong negative gravity fields (-50 to -120 mgal) with a sharp 

negative anomaly in the interior of the region. This overall negative gravity field signature ~s 

been explained by the effect of regional gravity compensation of the elevated charnockitic 

massifs of the Nilgiri, Paln.i, Cardamom and other Hills having long roots (Subrahmanyam, 

1983 ). However, within the charnockite massifs there are considerable variations over in 

gravity signatures. Within the charnockitic terrain, gravity highs are associated with mafic 

granulites and gravity lows are observed over felsic chamockites. Neither the Transition Zone 

nor the major satellite interpretation based shear zones are associated with any sharp gradients 

on the Bouguer anomaly map (Hari Narain and Subrahmanyam, 1986). 

1.4.2.3. Eastern Ghat Granulite Belt (EGGB) 

The gravity field of this belt ranges from -50 mgal to +40 mgal. Such an elevated gravity field 

compared to that of the Dharwar craton, in spite of the higher topographic elevations of the 

EGGB, suggests either a basic djfference in the lithologic associations or a difference in the 

crust/mantle depths_ Or it could be due to a difference in the depth of compensation. In detail, 

there are several narrow anomaly belts that run for hundreds of km along the length of the 

Eastern Ghats terrain. A number of the gravity highs have been explained by the presence of 

partly exposed and unexposed gabbro bodies (Verma, 1985, p.-84) whilst subparallel negative 

gravity anomalies have been interpreted in terms of emplacement of granitic and charnockitic 

bodies. 
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The gravity gradient across the boundary of the Eastern Ghats and the Dharwar craton is very 

steep, which was interpretated as a sharp tectonic contact (Hari Narain and Subrahmanyam, 

1986). 

1.4.3. Seismic data 

3-0 seismic tomography studies (Rai et al. 1992, 1993) reveal that the crust beneath the 

southern granulitic belt is thicker by 2-4 km and displays lower velocity than that underlying 

the Dharwar craton. The estimated crustal thickness below the Dharwar craton is around 33 -

34 km, while the estimated thickness below the SGT is around 35 - 37 km (Ramesh et aL 

1992). A low velocity zone of the SGT extends from 35 km up to 200 km in the upper mantle 

while the mantle underneath the Dharwar craton is of high velocity. The velocity break, which 

is gradational, between the two terrains may be placed along lat. 12·3o'N, which roughly 

coincides with the boundary between the chamockitic and non-chamockitic province (Fennor 

Line) . The Jow velocity, thickened crust and the low velocity upper mantle below the 

granulitic terrain have been interpreted as due to Precambrian continent-continent collision 

during which subduction of the Dharwar plate occurred southwards beneath an "ancient 

continent'' (Rai et al. 1993). This model supports the hypothesis that the Fennor line may 

represent a fundamental tectonic boundary (e.g . Fenner, 1936). This model, however, cannot 

explain the higher heat flow observed in the granulitic terrain compared to the adjacent 

gneissic terrain. Within the granulitic terrain, the area adjacent to the Palghat-Cauvery 

Lineament is underlain by higher velocity crust, which was hypothesised to be due to 

underplated mafic material (Rai et al. 1993). But, as mentioned in the section 1.4 .2.2, the area 

does not show a gravity high which is expected if there is underplating ma.fie material along 

the Palghat Cauvery Lineament. 
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1.4.4. Palaeomagnetism 

Available palaeomagnetic data from the Dha!Vlar craton and the SGT were compiled by 

Radhakrishna and Joseph (1993). Both terrains have similar pole positions and Apparent Polar 

Wandering Paths (APWP) after -2.0 Ga, implying that the Dhll:!Vlar and the SGT had been in 

approximately their present positions relative to one another since then. This is in contrast to 

the hypothesis Drury et al. ( 1984) that there has been substantial displacement and even 

convergence among different crustal blocks along ductile shears in the SGT 

1.5. Geochronological Framework of Southern Indian shield 

1.5.1. Overview 

Available geochronological data from the Southern Indian Shield are meagre. A compilation of 

available geochronological data up to 1986 is given on the Isotopic Age Map of India, 

published by the Gelogical Survey of India ( 1988). The majority of the data consist of Rb-Sr 

or Sm-Nd whole rock data. However, in recent years some new U-Pb z.ircon age data from 

different areas have become available These data allow some constraints on the various 

magmatic and metamorphic events. A compilation of representative age data highlighting 

various geological events is summarized in Table J .4 and in Fig. 1.11 
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1.5.2. Protolith ages 

1.5.2.1. The Dharwar Craton 

Recently geochronological data on some areas of tbe Dharwar craton and Southern Granulitic 

Terrain have been compiled by Jayananda and Peucat (1996). J;>rotolith ages, determined by U­

Pb zircon and Rb-Sr whole rock methods, of the Peninsular Gne[ss date at ca 3 .3-3.4 Ga and 

2. 9-3. l Ga. Many intermediate ages are common, and the Peninsular Gneiss can be regarded 

to span an evolutionary continuum from -3.4 Ga and - 3.0 Ga. Field classification of the 

supracrustals into age groups and their relationship with various phases of the Peninsular 

Gneiss is unresolved. However, detrital zircons from supracrustals of the Holenarashipur and 

Banavara belts have yielded U-Pb zircon ages between 3.58 Ga and 3.13 Ga (Nutman et al. 

1992). Peucat et al. ( 1995) reported U-Pb zircon ages of 3298 ± 7 Ma from a meta-rhyolite 

layer in 'Dharwar type' supracrustal of the Holenarashipur belt. These data suggest that at least 

some of the supracrustals are Early Archaean in age, similar to tbe surrounding gneisses. 

Younger ages have been recorded from some other supracrustal belts. Notable are a Sm-Nd 

whole rock isochron age of 3.03 ± 0.23 Ga from mafic volcanics of the Bababudan belt 

(Drury, 1983); a 2 .614 ± 8 Ma SHRIMP age of zircons from felsic volcanics in the Shimoga 

belt (Nutman et al. 1996); and 2.658 ± 14 Ma to 2.691 ± 18 Ma SHRIMP ages of zircons 

from the Sandur belt in the northern part of the craton. In the Eastern Dharwar mafic 

volcanics of the Kolar Schist Belt yield an Sm-Nd whole rock isochron age of2732 ± 155 Ma 

(Balakrishnan et al. 1990). 

Thus both the supracrustals and tbe surrounqing gneiss of the Dharwar craton have an Early 

to Late Archaean range of formation ages. 

Early Archaean TTG gneisses (>J,O Ga) have mostly been recprp~d from central and northern 

part of the yvestern Dharwar craton. In the eastern and southprn part of the craton there are 

28 



records of extensive 2.6-2.5 Ga crustal magmatism. Gneisses from the Kolar-Bangalore area 

in the southeast, from the Salem-Krishnagiri-Gundlupet area in the southern part and from the 

·Nilgiri Hills area in the southwestern part all have recorded extensive 2.6-2.5 Ga granitic 

intrusion followed by charnockitization (Krogstad et al. 199 l; Peucat et al. 1989; Jayananda et 

aL 1995b). 

1.5.2.2. The Southern Granulite Terrain 

GeochronoJogicaJ information south of the PaJghat-Cauvery Lineament is more limited. Single 

crystal zircon ages have been obtained (using the zircon evaporation teclmique) on a meta­

grarute and a charnockite, yielding 2436 ± 4 Ma and 21l5 ± 8 Ma, respectively (Bartlett et al. 

1995; Jayananda et al. 1995). The zircon evaporation technique yields 206Pb-io7Pb ages which 

are reliable only if the zircons are concordant and simple; any discordance yields a falsely 

lower age. Thus, these ages can be taken to indicate -2.5 Ga or older protoliths south of the 

Palghat-Cauvery lineament. However to date, there is no confirmation of rocks older than 

-2.5 Ga south of the lineament. Further south, in the Kerala KhondaJite Belt, no reliable 

prototith ages are available. 

1.5.3. Ages of metamorphism and other tectono-thermal events 

1.5.3.1. Dhanvar cratoo: Archaean to Paleoproterozoic 

In the Dharwar craton, the Sarglir Group is demonstrably polymetamorphic. The first 

metamorphism, which was of upper:- amphibolite to granulite facies, has been dated at about 

3. l to 3.0 Ga (see Mukhopadhyay, 1986 for review). Chamockitization within and north of 

the Transition Zone has been well constrained to have occurred at around 2.5 Ga by U-Pb 

allanite, monazite and zircon dating of chamockites (Buhl et. al., 1983; Grew and Manton, 

1984; Friend and Nutman, 1992; Mahabaleswar, 1995). More than one event of 
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metamorphism has been recognised in outcrop as well as on a regional scale (Mahabafeswar 

and Peucat, 1988). But delineation of domains of different metamorphic events has not yet 

been attempted. Until such time when different metamorphic events can be distinguished on a 

geochronological basis and their domains delineated, a broad generalisation that the 

metamorphic grade increases towards south may not have any ~ectono-thermal meaning. 

Dating of biotite from charnockites in the Transition Zone by Rb-Sr method has yielded ages 

ranging 2.4 Ga to 2.2 Ga (Buhl1 1987~ Peucat et al. 1993). Because the Closure temperature of 

biotite is <350°C, it is generaJly taken that the area remained undisturbed from 2.2 Ga 

onward. 

1.5.3.2. Dharwar craton: Neoproterozoic thermal events 

Some newly available U-Pb dating of granitiods from different parts ofDharwar craton have 

Concordia lower intercept ages between 500-800 Ma. For example, Rogers et. al. (1995) 

report a U-Pb concordia from the Arsikere Granite of the Dharwar craton in which zircon and 

allanite grains define an upper intercept of- 2,62 Ga and a lower intercept of 442 ± 54 Ma. 

This may indicate a significant Pb-loss event dl.lring the Early Paleozoic. 

Nutman et aJ .. (1996) dated a number of granito1d bodfes (U-Pb on zircon using the SHRIMP 

method) from the centraJ and northern parts of the Dharwar craton. Many of these results 

yield weU-defined lower concordia intercepts between - 500 Ma and - 800 Ma. Although near­

surface leaching of Pb may aJso cause concordia lower intercepts (Mezger and Krogstad, 

l 997), the possibility of a Neoproterozoic thermal event cannot be excluded. In fact, 

Neoproterozoic magmatic and metamorphic events are well documented in the eastern part of 

the Dharwar craton. Here, for example, whole~rock biotite ages (Rb-Sr and K-Ar~ 

Aswathanarayana, 1964), fission track ages of apatite and zircon from the Nellore Schjst Belt 

and elsewhere in the east of Dharwar craton (Nagpaul and Mehta, 1975; Prasad et al. 1979) 
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have documented magmatic and metamorphic event between -440 and -700 Ma. In the 

southeast of the Krishnagiri area (i.e., in the southeastern part of Eastern Dharwar craton) a 

· number of alkaline bodies have Rb-Sr whole-rock ages between -700 Ma and -800 Ma (see 

Anil Kumar et aJ. 1996 for review). An isotopic age map oflndia published by GSI ( 1986) 

also reveals a few Neoproterozoic K-Ar and Pb-Pb whole roe~ ages from the Dharwar craton 

north of the Moyar-Attur Lineament. Nutman et al. (1996) believe that the scatter in many 

published Rb-Sr mineral and whole rock 'errorchrons' from the Western Dharwar craton could 

be the result of Neoproterozoic resetting. 

There are also a number ofNeoproterozoic alkaline granite bodies in the western part of the 

Dharwar era ton, north of the Moyar lineament (see review by Santosh et al. L 989). Although 

it may be argued that such Neoproterozoic alkaline bodies represent anorogenic emplacement, 

and may not represent a regional tectono--thennal event, they overlap in age with thermal 

events in the southern granul.ite belt (see below). 

1.5.3.3. The Southern Granulite Terrain: The Madurai Block 

Neoproterozoic thermal events have been revealed in the area between the KKB and the PCL 

(known as the Madurai Block) through circa 560 Ma zircon evaporation ages from 

charnockites of the Kodaikanal and Gangurapatti area (Bartlett et al. 1995; Jayananda et al. 

1995), and by Rb-Sr mineral isochrons between -760 Ma and -550 Ma of a number of 

granitic bodies (Santosh et al. 1989). However, geochronologic information from this area is 

sparse and there are no reliable age data from non-charnockitized terrains of the Madurai 

Block. Therefore, whether the Neoproterozoic thermal event was pervasive throughout the 

Madurai block, especially in its eastern part, is not known at present. 
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1.5.3.4. The Southern Granulite Terrain: the Kerala Khondalite Belt 

In the Kera1a Khondalite Belt, a Neoproterozoic granulite fades metamorphic event at -550-

520 Ma has been well-documented from Sm-Nd mineral isochrons obtained on chamockite, 

khondalite and cordierite gneiss (Choudhary et al. 1992; Unnikr\shnan-Warrior et al. 1995 ~ 

Jayananda et al. 1996). A number of alkal i granite plutons also record this Neoproterozoic 

granulite facies event. Sm-Nd and Rb-Sr whole rock and mineral isochrons illustrate that these 

isotopic systems were comp1etely reset during th.is Neoproterozoic granullte facies event 

(Choudhary et al. 1992, Santosh et al. 1992; Unnik.rishnan-Warrier et al. 1995, 1997). An U­

Pb monazite age (-550 Ma) from patchy charnockites of the Kerala Khondalite Belt also 

record this Neoproterozoic thennal event (Buhl., 1987). Rb-Sr whole rock-biotite isochrons 

from charnockites and khondalites have yielded ages that range between -470 Ma and -480 

Ma (Buhl., 1987; Unnik.rishnan-Warrior, 1995) which suggests that the terrain passed through 

the biotite blocking temperature of ~3 50 ° C around that time. Recently, Ar-Ar dating of 

biotite in the matrix of khondalite and as inclusions within garnet have yielded -455 Ma and 

- 1.8 Ga ages (Kelly et al. 1997). The - 455 Ma age has been interpreted as the age of cooling 

of the rock below - 350°C; the - 1.8 Ga age has been fnterpretetj as the age of garoet growth 

during a previous high-grade metamorphism and was not reset by Neoproterzoic event 

because of protective cover of garnet. 

1.5.4. Discussion 

Presently available data suggest that the Dharwar craton is made up of-3.0 Ga· and older TTG 

gneisses and greenstone belts. In the Transition Zone and further south in the Nilgiri Hills 

Massif, the protolith ages are ~2. 5 Ga. Further south in the Kodaikanal area there are 

indications of continuation of this - 2. 5 Ga old protolith. However, precise age information 'is 

lacking. 

32 



There are at least two well-documented chamockitization/high-grade metamorphic events in 

the SIS. One is at ~2.5 Ga, which is well recorded in the Transition Zone; the other is - 550 

·Ma, which is well-documented in the Kerala Khondalite Belt and in the Nagercoil Block. This 

implies that different parts of the Southern Indian Shield have been affected by 

chamoclcitization separated in time by -2000 Ma. A -2.9 Ga c~amockitization event has also 

been suspected in the Transition Zone, but this has not been con.finned (Mahabaleswar and 

Peucat, 1988). 

Many workers have highJighted the abundance ofNeoproterozoic Rb-Sr (whole rock or 

mineraJ reset) ages south of the PaJghat-Cauvery Lineament in contrast to their absence north 

of the Palghat-Cauvery Lineament. This has prompted the suggestion that this lineament 

marks the boundary between two (allochthonous) terranes with contrasting tectonothermal 

histories (Hanis and Santosh, 1993; Hanis et al. 1994). The question as to why it is that Rb­

Sr systematics in biotite .from the chamock.ites of the Transition Zone were not reset during 

Neoproterozoic time, however, remains unanswered. A possible explanation may be that 

although biotite generally releases its Sr above about J50°C or higher (Dodson, 1979) and 

thus resets the Rb-Sr radiometric clock in it, at such temperature other minerals surrounding 

the biotite may not able to accept the released Sr, particularly in dry envirorunents containing 

charnockite. 

The Neoproterozoic thennal event was clearly more intense in the southern part than in the 

Dharwar craton. Rogers et al. (1995) pointed out that the Dharwar craton had suffered a 

major tectoojc-magmatic event at - 3.0-J . l Ga. This, they hypothesized, depleted the lower 

crust of its significant incompatible heat-producing elements. 
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1.6. Summary of Tectonic Framework of the Southern Indian Shield 

There have been a number of tectonic models of the evolution of Peninsular India. Fermor 

(1936) believed that high grade terrains of the Eastern Ghats and the SGT represent mobile 

belts to the Dharwar craton (Fig. 1. l 2a), and that there has been considerable vertical 

movement between the craton and these mobile belts. With the discovery of gradual variation 

in metamorphic grade across the chamockite non-chamock.ite terrains, the Dharwar craton 

was thought to extend beyond this Transition Zone into the SGT. Pichamuthu ( 1965) 

postulated a north~ard plunging anticlinorium for the rocks of the Southern Indian Shield, so 

that the deeper portions are now exposed in the south. Important assumptions in such 

simplistic tectonic interpretations have been that (i) all the chamock.itic rocks in the SGT 

represent higher grade metamorphic equivalents of the greenstone to amphibolite facies rocks 

in the north, and formed at deeper levels of the crust, and (ii) the higher grade rocks in the 

south and the 1ower grade rocks in the north are products of the same metamorphic event. The 

common occurrence of incipient chamockites in urunetamorphosed granites (Nathan et al . 

1994) and along brittle fractures in them (Chapter 2) it is likely that in many places 

charnockites also have formed at a higher level in the crust than where amphibolitic rocks are 

generally stable. Thus, the assumption in (i) above is not always true. Again, the presence of 

more than one generation of chamockite in the SIS have been demonstrated by well 

constrained geochronological data (Grew and Manton, 1984; Choudhary et al. 1992). So the 

assumption (ii) is also not correct. 

It is now generally accepted that chamockites of the SGT have formed during at least two 

different chamockitization events, at - 2.5 Ga and the other-550 Ma (Peucat et al . 1993; 

Choudhary et al. 1992; Unnikrishnan-Warrier et al. 1995). The-2.5 Ga event occurs in the 

northern part of the SGT while the - 550 Ma event is more prevalent in the so.uthern part of 

the SGT. Therefore, neither of these chamockitization events affected the entire SGT. In fact, 

the SGT includes large mappable regions of amphibolite facies rocks with widespread 
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Radhakrishna 
and Naqvi 
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KN = Kamataka Nucleus 
JBN = Jeypore-Basfar 
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SN = Singhbhum Nudeus 

EPMB =Early Proterozoic 
Mobile Belt 

MPMB = Middle Proterozoic 
Mobile Belt 

Dru~ et 
al. , 984 

<> , 

200km 

Fig. 1.12. Simplified maps of southern Inclia showing major models referred in text. 

a. Fermor (1936) oonsidered that the Eastern Ghats and the Southern Granulite Terrain are mobile 
belts flanking the Dharwar craton. He hypothesized considerable vertical movement along the 
oontact between these two terrains. b. Radhakrishna and Naqvi (1986) considered that the entire 
Peninsular sbeild are made up of three relics of Arcbaean nucleii (KN, JBN and SN) surrounded by 
clistinct Early Proterozoic and Middle Proterozoic mobile behs (EPMB and MPMB). 
c. Rogers ( 1986) considered that Peninsular India is a mosaic of five tectonic blocks superated by 

' joins'. These joins' are either thrust planes (e.g., the Eastern Ghats-Bhandara contact) or rift valleys 
(e.g., the Bhandara- Dravidian Block). He considered that the Dharwar craton and the Soothem 
Granulite Terrain fonn a single tectonic block which he named as the Dravidian Block. 
d. Drury et al., (1984) considered that the peninsular sheild is madeup of a number of anastomosing 

trans-continental shears. One of these shears (the Palghat Cauvery Shear Zone, PCSZ) was later 
interpreted as a terrane boundary marking a suture zone between the Dharwar craton and the SGt 
(Harris et al. 1993). 



occurrence of onJy incipient charnock.ites . 

Because more than one regional metamorphic event and charnockitization has occurred in the 

Southern Indian Shield, it ts difficult to test a hypothesis that holds that the charnockitic 

terrain is merely a deeply eroded equivalent of a non-charnockitic part in the north. This is 

because the extent and intensity of each metamorphic event are not known. In fact, the pattern 

of distribution of high grade rocks in the Dharwar craton shows that although there is a 

dominance of higher grade rocks in its southern part than the northern part, no single 

boundary can be drawn that differentiates its higher-grade rocks from its lower-grade rocks. 

Amphibolite facies supracrustals and gneisses occur in abundance within the SGT. Although 

there are some hypotheses inferring that the amph.ibolite facies supracrustals with.in the SGT 

are retrogressed products of granulite facies rocks (Khan and Janardhan, 1989), prograde 

relationships observed from a number oflocations spread over the SGT (Chapter 2 & 3) 

indicate that gneisses are precursors to charnockite and not the other way round. The irregular 

and isolated distribution of the high grade metamorphic rocks in the southern Indian shield are 

more likely to be the result of polymetamorphism and polydeformational events, perhaps 

causing dismemberment of early metamorphic assemblages with variable 

metamorphic/deformational intensities. The simplistic model of Pichamuthu (1965) and others, 

that the SGT represents a deeper level of a northerly plunging anticlinorium does not 

adequately explain the existing structural and paleopressure data. 

Radhakrishna and Naqvi (1986) proposed that the bulk of the Indian Shield was cratonised 

prior to 2600 Ma and was subsequently remobilised, leaving only three surviving early 

Archaean nucleii. These Archaean nuclei are: the Karnataka nucleus (KN), the Jeypore-Bastar 

nucleus (JBN), and the Singhbhum nucleus (SN) (Fig. 1.12b ) . Areas around these nucleii were 

remobilised along two belts (the EP~, Early Proterozoic mobile belt and the MPMB, Middle_ 

Proterozoic mobile belt) . 
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Rogers (1986) divided the Indian Shield into five distinct crustal areas, the Bhandara, 

Singhbhum and Aravalli cratons, the Eastern Ghat and the Dharwar-Granulite terrains (Fig. 

1. l 2c). These crustal areas are separated by a number of "joins" representing both thrusts (for 

example, the Eastern Ghat-Dharwar join) or rifts zones (for example, the Dharwar-Bhandara 

join along Godavari rift). The granulitic terrain of southern India and the Dharwar craton was 

considered as part of a single crustal block, which Rogers named the Dravidian Block. 

Presently the model of Drury et al. (1984), which advocates that the SIS is composed of two 

terranes, the northern and the southern terranes, separated along the Palghat-Cauvery Shear 

Zone (PCSZ; Fig. l, 12c) has received wide acceptance. Table 1.5 sununarizes arguments in 

favour of the sub-division of the SIS into two separate terranes. However, these arguments 

need substantiation and can be counterbalanced, as is summarized in the discussion column in 

Table 1.5. 
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To conclude, models invoking juxtaposition of two different terranes in the make up of the 

Southern Indian Shield along the Pa1ghat lineamen1 are based on limited and questionable data 

First, the very existence· of the crustal-scale shear zone along the Palghat Cauvery Lineament 

is in doubt; second, there is no break in the metamorphism across this lineament; and finally, 

the significance of Nd-model age in a multiply deformed and m~tamorphosed terrain is 

uncertain (because of known mobility of Sm and Nd in respose to medium to high-grade 

thermal events)3. Rb-Sr whole rock-biotite ages, however, do show a difference between the 

SGT and the Dharwar craton. But, because of paucity of such data, it is not known whether 

such difference is across any of the major lineaments or it is just a reflection of spatial variation 

any thermal event. 1t is necessary, therefore, to further explore the cause of such variation 

between the SGT and the Dharwar craton. Other tectonic models for the southern Indian 

shield may be equally viable (Fig_ 1.12). Some of these are variants of the model proposed by 

Harris et al. (1994). 

W!thln this general framework, a study of field relations across the major lineaments in 

southern Indian shield viz., Moyar, Bhavani, Palghat-Cauvery and Achankovil lineaments was 

undertaken before commencing with new geochronological studies. Because the distribution 

of the chamockites, and the th.rung of charnockitization vis-a-vis deformation have influenced 

3 The calculation of Sm-Nd model ages of crustal rocks assumes close system behaviour of Sm and Nd in 
a rock (which, in tum, means constant of Sm/Nd ratios) subsequent to mantle extraction of the crustal rock {de Paolo, 
1988). This requires that garnet or any other minerals (llke monazite and apatite in acidic rock) with significant affinity 
of Sm (Sm decays to Nd) have not participated in any crustal processes such as intra-crustal differentiation, 
metasomatism, crustal melting and weathering. Recent work has demonstrated that Sm and Nd in crustal rocks may 
undergo significant fractionation in response to various me\asomatlc processes in different metamorphic environments 
(Gruau et al. 1996 and references therein). If Sm and Nd are fractionated during such crustal processes, Sm/Nd ratios 
are disturbed and model ages are partially reset. :n addition, in a polymetamorphic high~rade terrains, multiple 
overgrowth and inclusions of minerals with high Sm-Nd content are common in b0th garnet and rnonazite. These can 
significantly alter the Sm/Nd distributions in these rocks. Fractionation and mobility of Sm-Nd during Neoproterozoic­
Paleozoic chamockitization in the SGT has been demonstrated by Choudhary et al. ( 1992). It is possible, (herefore, 
that Sm-Nd budget fn various rocks was fractionated during the many thermal events in the SGT. Only in the case of 
juvenile magmatic rocks and their single-stage metamorphic derivatives, can. a primary model age (i.e., age of ex1rclion 
of the rock from mantle} be eonfidenHy calculated. Since several assumptions concerning the isotopic composition and 
evolution of the upper mantle must be made (e.g., manUe homogeneity), the model ages are only crude approximation 
of geological events and may have errors up to several hundreds million years more particularly in terrains that are 
subjected to repeated tectonothermal processes ~n the crust {Arndt and Goldstein, 1987). 
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the many available tectonic models, unravelling the study of field relations of charnockites was 

one of the main aims of the present study. This work was then followed by U-Pb single crystal 

zircon and monazite dating, using both conventional TIMS (Thermal fonisation Mass 

Spectrometry) and SHRJMP (Sensitive High-Resolution Ion Micro Probe) technique on 

samples collected from well constrained field relations. This geochronological work 

supplements presently available age information from the SGT to better constrain the 

distribution of protolith ages of different magmatic events across the major lineaments; and to 

identify different deformation and chamockitization events. Data obtained during this study on 

the SGT have been used to construct a new tectonic model for the SGT The data are then 

compared with similar available data from southern Madagascar, and a model for possible 

India-Madagascar reconstruction is proposed 
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Chapter-2: Charnockites of the Southern Indian Shield 

· 2.1: Introduction 

2.1. l. BistoricaJ background and the charnockite pro bJem · 

Holland (1900) introduced the term charnockite for a dark greasy-grey-coloured rock from 

the Madras area in India, having quartz, microcline, plagioclase, hypersthene and garnet as 

major minerals, and accessory iron oxides, zircon, and biotite. Previously this rock was 

mapped as "syenitoid granite". Holland thought the rock to be igneous in origin and applied 

the term · Charnockite Series' to a group of rocks with hypersthene and granulitic texture, 

varying in composition from siJicic to pyroxenite, all of which he believed to be genetically 

related. Holland believed that the terms "Chamockite" and "Charnockite Series" need never 

become a burden to petrographical nomenclature. However, since then, the term chamockite 

has been embroiled in controversary. 

The chamockite debates have revolved around the nomenclature of chamockite, the origin of 

its distinctive colour, and above all its petrogenesis (Stillwell, 19 18; Vredenburg, 19 19; 

Ghosh, 1941; Rama Rao, 1945; Pichamuthu, 1953, 1961 ; Howie, R. A, 1954; Subramaniam, 

1959, 1967; Janardhan et al . 1979; Friend, 1981 ; Condie et al. 1982; Janardhan et al. 1982; 

Condie and Allen, 1984; Hansen et al. 1987). Controversary about chamockite nomenclature 

centres on whether the term should be used only for rocks with silicic composition, or whether 

it should be extended to include rocks of broader chemical composition. Terms like acidic­

chamockite, intermediate-charnockite and mafic-chamockite were frequently used, with the 

assumption that the chamockitic "series" has a similar genetic relationship as do the granite 

"series11
. Whether chamockites are magmatic or metasomatic or both also remained a core 

problem. An excellent review of the chamoclcite debate before the mid-70s can be found in 

Bhattacharyya ( 1977). 
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Field mapping of charnockites is especially challenging. Irrespective of their modal 

composition, chamockites are dark greasy greyish-green coarse grained rock with a granulitic 

texture. The main constituent minerals are quartz and feldspar, with variable amounts of 

orthopyroxene, garnet, opaque minerals and in some cases hornblende, biotite. In chamockite, 

all these minerals, including quartz and feldspar are dark in colour4
• Uniformity in the colour 

and texture of chamockites in spite of differences in various modal proportions of different 

minerals makes it very difficult to identify different varieties of chamockites in field for 

example, to classify them as chamockite (K-rich) or other varieties like enderbite (Na-rich) 

etc. Thus, mapping contacts between chamockite, charno-enderbite and enderbite, depends 

almost entirely on follow-up petrography. 

The southern part of the Southern Indian Shield is dominated by high-grade rocks, of which 

chamock.ite is the most common (- 40% by area; Fig. 1.7) and much work on the origin of 

chamockite was initiated in India. In recent years there has been remarkable progress in 

understanding processes of charnocl<ltization and particularly the recognition that these rocks 

may have a metasomattc origin. Such work has focussed on the characteri.sation of fluids 

involved in lower crustal processes mainly through application of geochemistry and high­

quality stable isotope geochemistry. However, t_~ere are a number of unresolved problems 

regarding charnockites that have bearing in understanding the tectonics of the SGT. These are: 

(i) Is there more than one episode of chamockitization; and how would this be recognised? 

4
. The darl< colour of chamockite (not all chamockites are dark coloured) is mainly due to the dark colour of 

~s most predominant minerals. quartz, feldspar and iron oxides. In thin sections numerous thin bluish and green veins, 
derived from chloritic alteration of margins of orthopyroxene and other ferromagnesian minerals, can be observed 
along cracks of feldspar and quartz along with dust-like opaque impurities, which cause darl< colours of quartz and 
feldspars in chamockite (Howie, 1964, 1967; Bhatt.acharyya, 1966). Dark coloured chamockite bleaches upon 
treatment with warm HCI (Howie, 1964; 1967). It is observed in many quarry sections that the weathered shell of 
chamoOO!e resembles normal light-<:aloured granite. Bleaching of chamockite also occurs upon prolonged exposures 
of the drill holes where explosives are used for quarrying. The oily appearance and bluish-grey colour of chamockite 
has been suggested to have been caused by the diffraction effect of coarse exsolution perthite blebs and scapolite 
veins in quartz (Bhaltacharyya, 1966; Ray, 1972). 
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Fig. 2.2 . Continuity of the gneissic banding across the charnockite (C) 
khondalite (K) boundary. A and B corresponds to positions I and 2, marked 
in Fig. 2.1. Locatio~ Kottaram quarry,~ 5 km north ofKannyakumari. 



(ii) Do some charnockites, such as the Cardamom Hill charnockite and the Nagercoil Hill 

charnockite massifs, represent magmatic charnockites, as interpreted by Farquhar et al. 

. (199 l ), Chacko et al. ( 1996); and Santo sh ( 1996)? Or were all chamockites in southern India 

fonned during secondary processes, such as during fluid infiltration. 

(iii) Is there a relationship between the timing of charnockitization and/or charnockite 

emplacement with tectoni.sm, and/or granitic igneous activity? 

In this chapter, I wiU explore some of these questions further. 

There are three main hypotheses for the origin of chamockite: 

(i) magmatic (Holland, 1900; Howie, l 954; Kilpatrick and Ellis, 1992 and references therein). 

(ii) metamorphic (Vredenburg, 1919~ Stillwell, 1918; Ghosh, 1941) and 

(iii) metasomatic (Pichamuthu, 1953; Friend, 1981; Janardhan et al. 1982; Newton and 

Hansen, 1983; Stahle et al. 1987). 

Another, hybrid model, holds that both magmatic and meta.somatic processes were involved, 

whereby metasomatic alteration is linked to magmatic chamock.ite intrusion, much like 

autometamorphism associated with late stages of the crystallization of granites (Ravindra 

Kumar and Chacko, 1986). 

The granulitic texture of chamock.ites do not provide a clear cut petrographic answer as to 

whether or not the rocks result from crystallization from a magma under high P-T conditions 

(available P-T data indicate chamockite formed at pressure between 5 to 9 kbar and 

temperature >650°C), or they represent metamorphic rocks with textures developed at high P­

T conditions in the solid state. There have been a number of field observations which argue for 

an intrusive origin of chamockites (some of them are mentioned in Pichamuthu, 1953; others 

include Bohlender et al. 1992; Santosh ~t al. 1996). However, the exposures mentioned in 
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Santosh et al. (1996) have been re-examined in this work and it was found that the intrusive 

relationships described by them are a misinterpretation (section 2 .12). 

2.1.2. Charnockitization: dehydration metasomatism5 of rocks 

With increasing discovery of occurences where incipient charnockite formation has been 

proposed to have taken place, Ccharnockite in the making', Pichamuthu, 1960) from various 

parts of southern India, the term charnockitization came to be used to infer a process of 

transformation of granitic rocks into chamockitic rocks (Pichamuthu, 1960). The modal 

compositions of the orthopyroxene-bearing granulitic rocks largely depend on the modal 

compositions of the precursor rocks . Thus, in general, a tonalitic rock transforms to ender bite 

and granite transforms to charnockite. In some cases, this process of transformation 

accompanies replacement of plagioclase by alkali feldspar so that a tonalitic (Na-feldspar 

bearing) rock may get transformed into charno-enderbite or chamockite (Touret, 1996). In a 

poly-deformed terra[n, such as in the SGT, precursor mafic and acidic rocks occur inter-

layered on a scale which varies from hand-specimen scale to map scale. Upon metasomatic 

transformation, the acidic portion becomes charnockite (or enderbite) while the mafic portion 

transforms to ma:fic granulite. It is now well recognised that the process of transformation is a 

metasomatic process which necessarily includes a process of dehydration of the rock (Newton 

et al. 1986; Stahle et al. 1987; Touret, 1995). 

The most obvious changes that accompany charnockitization through metasomatism are (i) 

recrystallization of minerals and consequent destruction of any planar and linear penetrative 

fabrics that are present in the rock and (ii) transformation of pale coloured minerals (for 

example, quartz and feldspar) into dark coloured minerals. These changes conunonly make it 

5 I have used lhe term melasomatism and metamorphism in their classical sense, i.e., metasomalism is a 
process of replacement of minerals by different ones within a rock by the action of externally-derived percolating fluids. 
Metamorphism on the other hand is a process of changing mineralogical and structural constitution of the rock as a 
result of changing physicochemical environment, notably, pressure and temperature (Dictionary of the physical 
sciences. Oxford University Press, New York, 1987). 
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difficult to identify the precursor rocks of the charnockites. However, gneissose layering or 

bedding of precursor rocks can often be recognised, both in hand-specimen and outcrop 

. scales, within the chamockitized part, as 'ghost' layering (Fig. 2.1, 2 .2). Careful observatiqn of 

'ghost' layering in the rock, and comparison with associated non-charnockitized portions and 

recognition of the minerals that are not affected by charnockitization, often help in identifying 

the precursor rocks of charnockites. 

The near absence of hydrous mineral phases in charnockite suggests anhydrous condition 

. a 
during granulite facies conditions. Granulite metamorphism typically occurs with H20 .$ 0.4 

(Newton, 1986)_ Fluid-absent metamorphism for the origin of charnodcite has thus been 

suggested by some workers (Lamb and Valley, 1984; Harley, 1989). However, recognition of 

abundant of high-density C02-bearing fluid inclusions in charnockites and high CO/H20 ratios 

in fluid inclusions of charnock.ites has further supported the model of a 'carbonic 

metamorphism' whereby extensive influx of the rock with C02 on regional scale drives off the 

H20 in the host rocks, and this causes, in turn, causes transformation of amphibolite facies 

rocks to charnockites (Newton et al. 1980). Carbonic metamorphism has b_een the most 

popular hypothesis for the origin of the chamockites of the SGT for more than a decade and 

half Some workers have since proposed, however, that the abundance of C02-rich inclusions 

in chamockites does not represent fluids trapped during peak of metasomatism, but instead, 

fluids trapped during retrogression (Lamb et aL 1987~ Sterner and Bodnar, 1989) . The 

following possible explanations, based on field and experimental data, for the high CO/H20 

ratio in fluid inclusions of chamockites were compiled by Santosh et al. (1991) . 

(i) Removal of Ji2Q puring late plastic deformation of crystals (Hollister, 1988~ Buick and 

Holland, 1991). 

(ii) Preferen~ial f~J110Val ofH20 by granitic partial melts (cf, Fyfe, 1973; Burton and O'Nions, 

1990). However, the absence of granitic melts associated with the majority of patchy 
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charnockites on outcrop scale does not support that dehydration occured by removal of 

granitic partial melts, unJess all granitic melts have been removed to higher level. Experimental 

data, moreover, indicate that C02 might readily dissolve in silicate melts during partial melting 

of phlogopite-bearing rocks (Haggerty, 1990). Therefore, removal of granitic melts alone 

cannot explain the dominance of C02-rich inclusions, unless suc.h melting occurs only in the 

biotite stability field. 

(iii) Influx of C02 from external sources (Hoefs and Touret, 1975; Dunai et al. 1992; Dunai 

and Touret, l 993; Santosh and Wada, 1993 ). This hypothesis suffers from difficulty in 

identifying a deep source for C02. However, most of these models assume a mantle origin or a 

decarbonation reaction in the lower crust involving limestones/marbles (J anardhan et al. 1982; 

Hansen et al. 1984, 1987). Lack of oxygen and carbon isotope homogenization in some 

chamockites is one of the main difficulties with this hypothesis (Hoernes et al. 1994) although 

charnockites of the SGT show both low and near-unifonn values of o 180 in individual minerals 

of chamock.ites (Jiang et al. 1988). 

(iv) Influx of internally buffered C02 (Stahle, et al. 1987; Hansen et al. 1987; Raith et al. 

1989). 

A major objection to the carbonic metamorphism model has been the lack of isotopic 

homogenisation, which should have occurred if pervasive influx of C02-rich fluid causes 

charnock.itization. Also, low solubilities of silicate constituents in C02 , and the low wetting 

ability of such fluids) inhibiting in.filtration, do not support C02 as an important fluid for 

granulite metasomatism. In recent years it has been convincingly shown that the isotopic 

compositions of C02 fluid inclusions in chamock.ites retain their pre-charnock.itization 

"memory" (Vry and Brown, 1991; Hoernes et al. 1994; Touret, 1995). An alternative 

explanation, which proposes the importance of hypersaline brine as the most important 

granulite facies fluid, has recently been stressed by a number of workers (Touret, 1995; 
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Newton et al. 1998). Hypersaline brine solutions are also common in fluid inclusions in 

charnockites. It is argued by Newton et al. (1998) that brine better explains complex trace 

. element patterns in charnockites. 

2.1.3. Charnockite and regional high-grade metamorphism 

Charnockites are generally limited to high-grade granulitic terrains, and the essential presence 

of opx and granulitic texture justifies charnockite as a granulite. However, although broadly 

confined within high-grade terrains, charnockites also occur as small patches within 

amphibolite facies rocks or in upper-crustal granites that have apparently not suffered 

granulite-grade metamorphism (Nathan, 1994; Newton, 1995). It was observed during the 

present study that chamockitization may be restricted to large ( l Os of metres to 100s of 

metres) brittle fractures within granite or other host rocks (Figs. 2.5A, Band 2. 10), which 

have developed at upper crustal levels. Broad confinement of chamockites to high-grade 

metamorphic terrains suggests that high-grade metamorphic conditions are a pre-requisite for 

triggering chamockitization, but some of the actual transformation process might occur at 

upper crustal levels where host rocks are not metamorphosed and large brittle fractures can 

form along which fluids might penetrate (Figs., 2.5, 2.10; Nathan et al. 1994). 

There are two opposing views regarding the relationship of charnockitization and regional 

metamorphism. One view (Janardhan et al. 1982; Newton, 1986; Hansen et al. 1987) is that 

chamockite forms in zones of infiltration of syn-metamorphic fluids derived from a deep 

crustal or mantle reservoir. The other view (Stahle et al. 1987; Baur and Kroner, 1987; Raith 

et al. 1988, 1989) is that chamockites represent late, structurally-controlled dehydration 

processes following granulite metamorphism. 
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2.2. Previous works on charnockites of the SGT 

2.2.1. Na ture and origin of charnockite in the SGT 

In the SGT, chamock.ites of the Transition Zone, in the Nilgiri ·Hill Massif and in the KKB are 

believed to be derived either from ortho-gneiss or para-gneiss protoliths, through 

metasornatism (Janardhan et al. 1979, 1982; Friend, 1981 , 1985; Stahle et al. 1987, Raith et al. 

1989; Srikantappa et al. 1992; Srikantappa et al. 1985; Ravindra-Kumar and Chacko, 1986; 

Yoshida and Santosh, 1987; Raith and Srikantappa, 1993; Friend, 1995). The precise 

mechanism of transformation of pre-existing rocks into chamockites, however, remains 

elusive .. 

Although it is generally agreed that majority of the charnockites of the SGT are metasornatic 

in origin, some workers believe that magmatic chamockite exists in the charnockitic massifs of 

the Cardamom Hills and the Nagercoil area (Farquher and Chacko, 1991; Chacko et al, 1996; 

Santosh, 1996), Support for magmatic charnockite comes mainly from geochemical arguments 

(mainly stable isotopic work; e.g., Farquhar and Chacko, 1991). Other indirect evidences cited 

for a magmatic origin for the chamockites of the Cardamom Hill massif and the Nagercoil 

Massif, (situated north and south of the K.KB respectively) are: 

(i) Calculation of temperature estimates from the Kerala Khondalite Belt (KKB) using the AJ­

based geothermobarometer (regarded as Jess susceptible to retrograde resetting; Chacko et-al. 

1996), yield results between -700°C and -880°C for rocks in the central part of the KKB, 

while in the marginal part of the K.KB, close to the contacts. of the Cardamom Hill and the 

Nagercoil Massif, h.igher temperatures were obtained (between ~820° C and - 1070 ° C; Chacko 

et al. I 996). On the basis of this large difference in the temperature estimates, Chacko et al. 

(1996) suggested that both the Cardamom Hill Massif north ofKKB and the Nagercoil Massif 

south ofKKB represent magmatic charnockites (C-type magma, after Kilpatrick and 'Ellis, 
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1992). 

(ii) Charnockites of the Kottaram quarry within the NagercoiJ Massif contain rotated blocks of 

metasediments and pyroxene granulite, and their whole-rock 6180 values across khondalite 

blocks within charnockite gneiss reveal an increasingly magmatic signature (lower 6180 value) 

away from the khondalite enclaves (Santosh, 1996). AJso, possible melt (glass) fractions in 

fluid inclusions in feldspars were identified (Santosh, 1996). FinaJly, Sm-Nd and Rb-Sr 

mineral isochrons of the charnockite gneiss from this quarry define ages of 517 ± 26 Ma and 

484 ± 15 Ma, respectively (Unnikrishnan-Warrior et al. 1995). These dates have been 

interpreted as representing the timing of magmatic charnockite emplacement in the Nagercoil 

block. Similar to the rocks of the Kottaram quarry, charnockites of the entire Nagercoil Massif 

were then inferred to be magmatic in origin. 

The idea of the existence of magmatic charnockite in the charnockite massifs in the SGT is 

sometimes influenced by the generally held believe that charnockitic massifs are represented by 

charnockite of near uniform composition (Ravindra Kumar, 1996). Unequivocal field evidence 

supporting magmatic charnockites from the SGT is absent. 

These interpretations on the origin of charnockites have profoundly influenced tectonic 

modelling of SGT. One of the principal criteria for dividing SGT into three tectonic blocks 

(the Madurai block, the Trivandrum Block and the Nagercoil Block, Santosh, 1996; see also 

Chapter I) has been that 'both the Nagercoil Massif and the Cardamom Hj)Js Massif represent 

magmatic charnockites, while the charnockites of the Trivandrum Block represent 

metasomatic charnockites. 

In the SGT, two first-order field observations are crucial with respect to the origin of 

chamockites: (i) 'patchy charnockites' are common within amphibolite facies country rocks. 

These charnockite patches, at various stages of development, are suggestive of replacement of 
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pre-existing rocks. These observations have fuell ed the hypothesis of secondary replacement 

of various rocks to charnockite. (ii) Close tempo cal (but not necessarily spatial) relationship 

between chamockitization and granitic activity has been recorded. Two well-documented 

chamockite-forming events, one at - 2.5 Ga in the Transition Zone and the other in the Kerala 

Khondalite Belt at around - 530 Ma (Table 3, 1) are both broadly associated with widespread 

granitic activity that either just precede or overlap with chamockitization. Experimental works 

indicate that in fluid-absent granulite metamorphism, substantial (up to - 50%) granitic melt 

generation is possible if the temper~ture of granulite metamorphism exceeds - 850°C (Vielzeuf 

et al 1990). 

Mapping of the charnockitic terrains of southern India has largely been influenced by a non­

genetic definition of chamockite as a dark greasy-grey green coloured rock with granulitic 

texture and composition varying from alka.li granite to tonalite, and which commonly contains 

orthopyroxene. Often this non-genetic descriptive definition has been given a stratigraphic 

status for example, <chamockite series' (Narayanaswam.i, 1975). This makes charnock.ite more 

resistant to weathering compared to other rocks such as granite gneiss. Vast areas of SGT 

north of the Achankovil Lineament have been mapped as part of chamockite Series although 

they include many non-chamockitized khondalite and other gneissic rocks. 

2.2.2. Age of cbarnockitization in the SGT 

It has been suggested that a~ 3.0 Ga chamockite event occurred in the transition zone and in 

the Madras area in the northeastern part of the SGT (Mahabaleswar and Peucat, 1988 and 

Unnikrisbnan-Warrior et al. 1997, respectively). In the transition zone this is based on a Rb-Sr 

errorchron (Table 6.1) whilst in the Madras area it is based on a - 3.0 Ga Sm-Nd garnet 

mineral isochron age. The latter yields an abnormally large negative ENd value6 at - 3 0 Ga 

6 
e:Nd is defined as below, where CHUR is the acronym for Chondritic Uniform Reservoir, 

l! t 4:tNd/1 44Nd1 . 1· - (· 1~:;Ndf'HNd !1" 'RJ . "" = )sump e .!C I U x I OoO() 
. \l ( l" ' · I 4-4 \ ... Nd/ Ndx-Mt >R 
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(Unnikrishnan-Warrior et al. 1995b). Since garnet commonJy contains small inclusions ofrutile 

and monazite, the -3 .0 Ga Sm-Nd isochron data given by Unnikrishnan-Warrior (l 995b) 

needs to be critically assessed, particularly because a -2.5 Ga Sm-Nd whole rock isochron 

from a number of nearby samples has also been reported from the Madras area (Bemard­

Griffith et al. 1987). Thus, although -3. 0 Ga charnockitization event may be present, this 

remains to be proven beyond doubt. Table 2.1 summarizes the presently available isotopic age 

information on the charnockites of southern India. 
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Table 2. l : Age data for charnock.ites of the SGT: previous work 'see Fig. 1.1 1 for location) 

Charnockiti- Location/rock type Method/proce<l ure Reference Interpreted as 
zatioo age 

-2.97 Ga Kabba! Durga quarry, U-Pb SHRilvll' on zircons Friend and Protolith age 
charnockite Nutman, 1982 

Sivasamudram area, west of U-Pb zircon evaporation age Mahabaleswar et Protolith age 

Krishna!riri; charnock.ite al 1995 

-2.9 Ga -100 km south of Bangalore; Rb-Sr whole rock Mahabaleswar and Charnockitizatioo 

errorcbroo withlli the transition zone errorcbroo. Peucat, I 988 

Madras area; eastem part of Sm-Nd garnet-whole rock U unikrishnan- Charnockitiz.ation 

Dharwar cratou; charnock.ite isocbron Warrior el al. 199 5 

2440±155 Ma Bili girirangan Hills; Sm-Nd whole rock i.sochron Peucat et al. 1989 Charnockitization 

charnockite 

-2.5 Ga Kabbal Durga quarry; U/Pb zircon Friend and Nutman Charnockitizatioo 

Transition Zone; chamockite ' 1992 
and intruding granite. 

Krishnagiri Area, Transition '
07Pbl206Pb age of mooazite Mahabaleswar et Charnockitization 

Zone; cbamockite al. 1995 

-2.53 Ga Kabba! Durga; transition zone; U-Pb dating on allanite Grew and Manton, Chamockitization 

chamockite 1984. 

2555±140 Ma Madras area; composite Sm-Nd whole rock isocbron Bemard-Griffith et Protolith/ 

isocbron of charnockite, on 4 genetically unrelated al. l 987 Chamockitization 

granite and mafic granulite rocks 

- 2.0 Ga Pon.m.udiquarry,KKB; Upper intercept of U-Pb Buhl.,1987 Protolitb age of 

charnockite. discordia on zircons. detrital zircon 

1.5- 1.2 Ga KKB; cordierite- bearing Sm-Nd model ages Harris et al. L 994; Mixed protolith age 

charnock.ite Bartlett et al. 1995 

- 550 Ma Porunudiquarry,KKB; Sm-Nd garnet-WR age Choudhary et al. Charnockitiza tio.n 
charnockite 1992 

Kodaikanal area, Madurai U-Pb zircon evaporation age Jayananda et al. 

Block; chamockite 1995; Bartlett et al. 
1995 

539 ± 20 Ma Nell.ikala quarry, KKB; Sm-Nd mineral isochroo. Santosh et al. 1992 Charnock.itization 
charnock.ite 

517 ± 26 Ma Konaram quarry, Nagercoil Sm-Nd mineral isochron. Unnikrish.nan et al. Chamockitizatioo 
Block; chamockite 1995 

484 ± 15 Ma Kottaram quarry, Nagercoil Rb-Sr mineral isocbron Unnikrishnan et al. Thermal event after 
Block; chamockite 1995 chamock.ite 

formation 

458± 8 Ma Pon.m.udiquarry, KKB; Rb-Sr biotite-plagioclase Choudhary et al. Thermal event after 
chamockire pau 1992 charnockite 

formation 

Evidence for - 2.5 Ga charnock.itization event in the Transition Zone (Table 2.1) has been well 

documented by U-Pb dating of monazite and allanite in charnockites (Peucat et aL 1989; Grew 

and Manton, 1984 ), since the closure temperature of these minerals are similar to that of 

temperature of charnockitization, and also by U-Pb zircon dating of charnock.itized granite and 
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granite cutting across charnockite (Friend and Nutman, 1992). 

Circa -550-520 Ma charnock.itization event is also well documented in the Kerala Khondalite 

Belt by U-Pb monazite dating (Buhl, 1987) and a Sm-Nd mineral isochron (Unnikrishnan et al. 

1995; Santo sh et al. 1987). In the Madurai Block, north of the Kera la Khondalite Belt, a -550 

Ma regional metamorphism event has been suggested on the basis of Rb-Sr whole-rock 

isochron dating of granite gneiss (Hansen et al. 1985). Recently, Bartlett et al. (1995) and 

Jayananda et al. (1995) have interpreted --550 Ma peaks in their evaporation analyses on 

zircons from charnockite and granite gneiss samples from the Kodaikanal area (Madurai 

Block) as the age of charnock.itization in the area. This suggests the possible presence of -550 

Ma charnock.itization events in the Madurai block. Work with more precise techniques like U­

Pb TWS or SHRIMP on single minerals or their parts is now needed to confirm this. 

In surrunary, at least two periods of charnock.itization have been recorded in the SGT; ca. 2.5 

Ga and ca. 550 Ma. Charnock.itization was widespread throughout the Transition Zone at ca. 

2.5 Ga, but the southern extent ofthis - 2.5 Ga event is not known. This is because of the Jack 

of high-quality geochronolog]cal data, and because of the difficulty in identifying isotopic 

memories of an earlier granulitic event in an area that has suffered younger granulitic 

metamorphism. The - 550 Ma charnock.itization event has been well documented in the Kerala 

Khondalite Belt by Sm-Nd mineral isochron (Choudhary et al 1992). In the present work it 

has been shown that this chamock.itization event extends at least as far north as the Moyar 

Lineament. 
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2.3. Nature and origin of charnockite in the SGT: New field observations 

and geochronology 

2.3.1. Field observations bearing on the origin of charnockite in the SGT 

During the present work more than 1 SO quarry sections in different parts of Southern Indian 

granulite terrain were studied. Many of them display excellent relationships between 

chamockite/enderbite and their host/protolith non-charnockite rocks. Both in the Transition 

Zone and in the Kerala K.hondalite Belt, there are numerous exposures of incipient 

chamockites ("patchy chamockite 11
) in which various stages of transformation of the protolith 

into charnockite can be observed (Fig. 2.3). Such incipient chamockite provides strong 

evidence for the metasomatic origin of charnockites7
. Charnockites of the Nagercoil Block and 

of the Madurai Block, which are dominated by charnockite massifs are, however, considered 

by some workers as magmatic in origin (see section 2.2.1). In the following section my field 

observations in these two blocks are summarized, which indicate that chamockites of these 

two blocks are also metasomatic in origin. 

7 There are, however, some divergent views regarding the origin of the incipient charnockite patches (Sen 
and Bhattacharyya, 1993; Bhattacharyya et al. 1993). These authors believe that in many cases, the charnockite 
patches represent pre-existing chamockite xenoliths (in magmatic rocks) or structurally dismembered clots within 
highly deformed meta-sediments. They argue that the commonly observed continuation of the planar fabric of the host 
rocks into the charnockite patches as ghost layering are results of later deformation and that in many cases chamockite 
patches and host rocks have sharp boundaries. However this view seems unlikely because of (i) well-documented 
transitions between the incipient chamockite patches and the host rocks (Figs. 2.2, 2.3, 2.4 ), (ii) lack of internal planar 
fabric within the chamockites that is often present in the host rocks; in many cases gneissosity layering within host 
rocks can be traced continuously into the charnockite patches as 'ghost' layering and (iii) the age of the youngest 
granite affected by chamockitization and the age of the granite intruding the charnockite clearly demonstrate 
chamockitization to be younger than the planar fabric present in metasedimentary host rocks (Fig. 2.5; 2.6; Chapter 
4 for relevant geochronology). Apparent sharp boundaries are observed in the present wor1< between the chamockite 
and the granite host rocks (Fig. 2.4a, 2.5a). Protoliths of these charnockites are xenoliths of granite gneiss or 
khondalite. 
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fig. 2.3. Patchy charnockite (C) within garnet-biotite gneiss (Gn) in the Kerala 
Khondalite Belt. Location, Kottavattam quarry, ~4km south ofllampally, Kerala. 
A. Irregular distribution of chamock.ite (dark) on the quarry face. Note: people for 
scale). B. Close-up view showing that charnockite-gneiss boundary is gradational. 
C. Charnockite patches developed irregularly along a biotite-rich layer within 
granite gneiss (Gu). Scale is 15 cm long. 



Fig. 2. 4 (~b,c). a; Chamockite superimposed on migmatitic gamet-biotite 
gneiss (gn) and bleached (retrogressed) by a granite dyke (g). Note that 
leucosomes (green arrow) in migrnatite are also charnockitized. Location, 
~2km east ofKalaojhur, Achankovil Lineament, (location 316 in Fig. 3.6 l ). 
b,c; Chamockite superimposed on Ka lipara Granite (g) and granite gneiss 
(gn) xenoJ iths within it. Note that charnockite granite (g) and granite 
gneiss (gn) boundary transgresses gneiss and granite boundary. 
Location Kali para quarry, PPP Corridor (lo cat iou 3 18 in Fig. 3. 61 ). 
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ig. 2.5. Patchy 
charnockitization (dark) 
concentrated along a 
brittle fracture 

· ('charnockite vein', marked 
by arrows) in 548 ± 2 Ma 

.. ~ Kalipara Granite and in 
'granite gneiss xenoliths (G) 
in it. The fracture has 

Kalipara Granite from a 
, nearby quarry has been 
dated at 548 ± 2 Ma 
Location , -1 km 

, SE of Arithingal. 

B. A close-up of a portion of the 'charnockite vein' (red rectangle in A). Note 
that charnockite-granite boundary is gradational (pale grey) over 5-10 cm. 



Fig. 2.6. Regrogression of charnockite around pegmatitic granite veins (G) 

Thin section study shows that in the bleached part (B), ·orthopyroxene of 

chanockite (C) is replaced by biotite and quartz. This granite has been 

dated at 526 ± 2 Ma in the area from two nearby quarries (Chapter-4). 

Location: A, Malayampuzha quarry, - 3 km NE of Pathanamthitta (Fig. 3.61). 

B. Chamber quarry, 11 km NNE of Pathanapuram (Fig . 3.61). 



2.3.1.2. N agercoil Block 

Detailed mapping ( 1: 1000 scale) of part of the Kottaram quarry in the Nagercoil Block (~5 

kms north ofKannyakumari, with.in the Nagercoil Block, Fig. 2.1) was canied out to study the 

relationship between charnockite and khondalite. The Kottaram quarry comprises charnockite­

gneiss with enclaves of mafic granulite, quartzite and garnet-cordierite-sillimanite-biotite 

gneiss (khondalite). The quarry has been studied by a number of workers (Unnikrishnan -

Warrior et al. 1995; Santosh, 1996) who interpreted the charnock.ite gneiss to be magmatic in 

origin. 

Detailed mapping of this quarry face (Fig. 2.1) reveals that no crosscutting relationship 

between the charnockite gneiss and metasedimentary enclaves is present. Contacts are always 

gradational, and the layering in the khondalite gne[sses can be traced continuously as "ghost" 

layering into the chamockite gneiss across their contacts (Fig. 2.1). Veins and dykes of 

undeformed (massive) charnock.ite in the quarry cut across both the chamock.ite gneiss and 

khondalite enclaves (Fig. 2.1 ~ 2.2). At places such dykes are partialJy chamockitized. 

Therefore, the massive charnock:ite veins are interpreted as charnockitized granite dykes. 

These observations contradict observations made by Santosh (1996) that khondalite enclaves 

in the quarry merely represent rotated blocks of gneiss. The continuity of gneissic fabric across 

the khondalite gneiss and the chamockite gneiss in wruch the gnessic fabric is recrystallized 

and also gradational boundaries across charnockite and khondalite indicate that charnockite 

gneiss in the quarry is charnock.itized khondalite. The later veins and dykes of unfoliated 

charnockite which intrude charnockite gneiss are charnockitized granite. Zircons from one 

such late charnockitized dyke has a complicated core-rim structure. The core age is -2.1 Ga 

and the rim age is -570 Ma (sample S-361; Chapter 4). Th.is places the minimum age of this 

dyke at - 570 Ma. Since a Sm-Nd mineral isochron of charnockite gneiss of this quarry gives 

an age of 517 ± 26 Ma, the chamockite gneiss from trus quarry could not have been magmatic 
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and emplaced at that age because they are cut by the - 570 Ma dyke. These observations 

undermine the use of o'KO values of whole rock samples as a reliable indicator of magmatic 

. origin the chamock.ite gneiss. 

A terrane boundary between the Trivandrum and the Nagercoil blocks was proposed by Harris 

and Santosh (1993) and Santosh (1996) because, in their opinion, the Nagercoil Block 

contains magmatic charnock.ite and the Trivandrum Block contains metasomatic charnock.ite. 

My work questions the basis for this tectonic interpretation because the charnockites of the 

Nagercoil Block are probably not magmatic in origin. 

2.3.1.3. Cardamom Hills 

In a number of places in the southern part of the Cardamom Hill massif, charnockite includes 

significant amounts of charnock.itized khonda1ite, garnet biotite gneiss and cordierite gneiss. 

Although charnock.ites are more abundant here than .in the Kera1a Khondalite Belt, non­

charnockitized khondalite, garnet-biotite gneiss also occur in many places (Fig. 2.7 a,b). 

Gneissose layering and foliations in these rocks can be traced continuously into charnock.ite 

patches where they are retained as 'ghost' layering (Fig. 2.8b). Nowhere do the contacts 

between the such charnock.ite and non-charnockitized rocks reveal intrusive relationships. 

Many sub parallel intercalated quartzite and calc-silicate layers in the massif suggest that much 

of the charnock.ite has a metasedimentary protolith (Fig. 1.J, 2.8). In the Rajampalayam area, 

east of the Cardamom Hill Massif, quartzite layers can be traced from the non-charnock.itized 

granite gneiss into charnock.ites (Fig. 1.3). This suggests that the charnock.ite-granite gneiss 

boundary is a metasomatic boundary rather than a magmatic boundary. 

f\1Y fl~lq observations (see also Chapter 3) thus suggest that charnock.ites in both the 

Nagen~c;iH M~ssif and the Ca.rdamom Hills Massif are products of dehydration metasomatism 

of prer~~ing ro~~s, predominantly khondalite and paragneisses, and are not magmatic 
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F:ig . 2 .7. Patchy charnockites w ithin khondalite in the Cardamom Hills . 

Location , -8km NNW of Pattanamitta (Figs. 3.61; 4.1 ). 

A. P~ charnockites (C) cross-cut the gneissic fol iation in khondalite (K) . 1.-•= sample location for U-Pb monazite dating (524 ± 1 Ma) . 

B. Charnockitized Kalipara Granite (age -550 Ma; patterned areas) cross­

cutting layering in khondalite (K) which is also partially charnockitized . 



c 

c 

c 
Fig. 2.8. Charnockite (C) superimposed on layered gam~t-biotite gneiss 

I (gn) ~terlayered with quartzite .l~~ers (Q) whiph are also charn~ckitized. 
, Location, A. 2km north ofMurmJikallu (north· of the Achankov1I 
Lineament; 326 on Fig. 3.61). B, 5km north .. ofMekkazhuvur, (south of 

I the Achankovil Lineament; 352 on Fig. 3.6:i). 



Fig. 2.9. Charnockitization of migmatitic rock in Namakkal area, Corridor-I 

A. Interlayered mafic granulite (M) and Enderbite (E). 

B. Mafic granulite (M) occurring as patches within enderbite (E) 

Location, southern slope of the Nainarmalai Hill (Fig. 3.13). 

·~ · · ... -· __ .. . ~'-:; - ~·-



charnock.ite. The difference between the charnock.ites of the Kerala Khondalite Belt vis-a-vis 

the charnock.ite massifs of the Cardamom Hills and the Nagercoil Hills thus lies in their degree 

. of charnock.itization and not in their genesis: the Nagercoil Massif and the Cardamom Hills 

Massif are both more intensely chamockitized rocks than the rocks of the Kerala Khondalite 

Belt. The protoJith assemblages of all these three terrains are, however, similar. This implies 

that the division of the SGT into tectonic blocks such as the M~durai block, Trivandrum block 

and the Nagercoil block on the basis of spatial distribution of chamockites may be erroneous. 

This proposition will be explored further throughout this thesis. 

2.3.1.4. Summary of other field observations on charnockitization in SGT 

The following summarizes my field observations on charnockites of the SGT. 

(i) Rocks affected by chamockitization include a wide compositional range: granitic gneiss, 

massive granite, khondalite, amphibolite, migmatite etc (Fig. 2.9). Jn one exposure along the 

southern slope of the Nainar Malai Hill north east of Narnakkal (Corridor-I; Chapter-3), 

chamockitization is superimposed (as deduced from presence of patchy chamock.ites in quarry 

section) on a migmatite formed by sub parallel intercalation of tonalite gneiss and arnphibolite 

at their contact region (Fig. 2.9). Tonalite which had an original composition of 

quartz+plagioclase+biotite/homblende is converted to enderbite and orginal amphibolite which 

had the composition of homblende+plagioclase+quartz is converted to mafic granulite. This 

confirms that the end product of chamock.itization depends on the pre-exiting rock type. 

(ii) Charnockitization involves reconstitution of the mineralogy and recrystallization of the 

rock. When complete, this process destroys original planar penetrative fabrics m the rocks. 

(iii) Patchy charnockitization is preferentially localised along pre-existing anisotropy within the · 

protolith rocks, though at places charnockitization is simply patchy without any structural 
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control. Structures such as lithologic contacts, fracture planes, schistosity, shear planes etc. 

(Fig.2.3, 2.5, 2. 1 O) are often preferentially chamockitized . Jn many outcrops various stages of 

chamockitization can be observed. With progressive chamockitization, more massive parts of 

various lithologic units are also transformed and in many places protoliths are completely 

chamockitized. 

(iv) The original relationsrups amongst various lithologic units are not affected by 

chamockitization. For example, an intrusive relationsrup between k.hondaJite and massive 

granite (Kalipara Granite, descriped in Chapter-3) is unaffected by later charnockitization (Fig_ 

2.7b). A charnockitized quartz-biotite gneiss or khondalite preserves the gneissose layering in 

them, although the original mineralogy and remnant planar penetrative fabric has been 

progressively transformed depending on the intensity of the chamockitization process. 

Chamockitized massive granite lacks any layering. Thus, although a charnockitized granitic 

gneiss and charnockitized massive granite have similar mineralogy and appearance, presence 

or absence of layering in them may ail ow broad characterization of their protolith. It is, 

however, generally not possible to characterize the original mineralogy of the rocks because 

charnockitization transforms original mineralogy into a near uniform-mineralogy of opx-plag­

kf-quartz. Where charnockitization is less pervasive, relics of original mineralogy can be 

observed, wruch may help broad characterization of the protolith. Mesoscopic field relations 

like intrusive contacts, inter-layering of contrasting lithologies (e.g., gamet-biotite gneiss and 

quartzite) may be recognized even in most intensely chamockitzed areas. 

(v) Chamockitization first affects rocks along pre-existing brittle fractures . Two localities 

where this feature has been studied are (a) a quarry section about 1 km east of Aritrungal and 

(b) another quarry section at Maveli Para, 20 km west of Patanamthitta. 

(a) Arithingal quany: This quarry exposes mainJy pinkish~white to greyish­

white massive coarse-grained granite (Kalipara Granite) with numerous large 
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Fig. 2.10. Charnockitization 
along brittle fractures 
('chamoclcite veins') in 
khondalite (K). Location, 

: Maveli Para, I 1 km WSW 
of Pattanamitta (Fig. 3.61). 

A. Chamockitized brittle 
fractures (F) on quarry face 
(marked by yellow arrows). 
Note person in the lower 
left part for scale. 

·. B. Close-up of one 
· of the 'chamockite 

veins' (CV). Note that 
the gneissic foliation in 
the khondalite (K) can 
·be traced across the 
'charnockite vein' 
(marked by arrow). 

, . C. Close-up of 
'. another 'chamockite 

vein' showing that 
" _, garnet stingers (gnt) 

extend across 

. • • <. ~. - - -



(up to 1 Os of metres long) xenoliths of granite gneiss and quartzite. Brittle fault 

planes in the quarry face cut across some of the quartzite and quartz-biotite 

schist xenoliths with displacements up to a metre or more. One fault could be 

traced for more than 60 metre on the quarry face (Fig. 2.5a). Along the entire 

length of this fracture, the massive granite has been chamockitised on both 

margins over a width of about 25-3 5 cm. In the chamockitised parts the host 

rock has turned into greasy green colour with a halo of about 20 cm where the 

granite is blueish-grey in colour. The boundary between the charnockitised 

portion and the non-chamockitised portion is gradational over about 5 cm. 

(b) Maveli para quarry: This is a quarry of khondalite located in the western 

part of the PPT corridor in the Kerala K.hondalite Belt within the Achankovil 

Lineament. There are many N-S trending fractures within the quarry face which 

are chamockitized (Fig. 2.10) . These fractures are at a low oblique angle with 

the gneissosity. In places garnet stingers of khondalite can be traced across the 

charnockite-khondalite boundary. 

2.3.1.5. Inferences from field observations 

The following inferences can be drawn from the above summarized observations: 

(i) The localization of chamockite patches in exposures showing patchy chamockites along 

planes of mechanical weakness, such as brittle fracture, shear planes, gneissosity planes rich in 

flaky minerals suggest that the chamockitization is probably caused by passage of some fluid 

(either C02-rich fluid and/or brine) along available zones of weakness. 

(ii) The fluid responsible for chamockitization affects almost all rock types through. which it 

passes. The resulting mineral composition of the rock largely depends on the precursor rock 
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type. But the physical appearance of chamockites with varying modal composition are similar 

due to uniform granulitic texture and dark greasy grey-colour of the rock. 

(iii) There is no field evidence for the presence of magmatic charnockite in the studied area. 

On the other hand, the common presence of metasedimentary rocks, like khondalite, points 

again to a secondary process. While in theory, magmatic charnockite may exist, the 

observations from southern India do not provide unequivocal demonstration of igneous 

contact relationships or igneous textures . 

(iv) A super£cial similarity may be drawn between the processes of chamockitization and 

lateritization in that both these processes may pervasively affect the precursor rocks 

irrespective of their composition and involve bulk geochemical changes. Both these processes 

progressively destroy internal fabrics of the precursor rocks and transform the rocks into near 

uniform rock types, often quite different from their precursor rock types in texture. In the 

transitional areas, gradations between the transformed rocks and the precursor rocks remain 

preserved. 

Mapping in chamockiJe Jerrain: 

The common use of the term chamockite for mapping purpose excludes distinction of its 

relative proportion of alkali feldspar and plagioclase (because these are difficult to identify in 

field) and includes any quartzo-felsdpathic rock type affected by the process of 

charnockitization. A mapping strategy in chamockitic terrain might best aim at identifying the 

precursor rock type by studying the ghost fabric in them and by their relationship with non­

chamockitized parts. Using this approach, in the present work, precursor rocks of vast areas 

in the southern part of the Cardamom Hills charnockite massif have been identified as 

khondalite and garnet biotite gneiss. 
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2.3.2. New Results: geochronology 

puring this study, field work, and geochronology on samples from different parts of the SGT 

were carried out with an aim to better constrain the charnockitization events. Although the 

analyses are documented in detail in chapters 3 and 4, the following results that have bearing 

on charnockitization are also summarized below: 

I . ln theNamakkal area, (Corridor 1, Fig. 3. 14), monazitesfrom a chamockitized tonalite 

were analysed. The most concordant (within 1% of the concordia) crystal has a 207Pb/2°6Pb age 

of2507 ± 5 Ma (Chapter 4; sample S-130M). 1 interpret this as the minimum age of 

charnockitization because monazite is likely to record peak granulite facies metamorphic 

conditions (Mezger, 1990). If this is correct, then the circa 2 .5 Ga chamockitization, which 

was previously documented in the Transition zone (Friend and N utman, 1992; Peucat et al. 

1993), extends at least as far south as the Narnakkal area. 

2_ Zircons from neosomes of migmatites, which are abundant south ofNamakkal, were dated 

at 603 ± 14 Ma. The neosomes are tightly folded and charnockitization is superposed across 

these folds (Chapter 3; Fig. 3 .38)_ Thus evidence of both Early Proterozoic and 

Neoproterozoic charnockitization are present in the Namakkal area of Corridor-I. 

j _ U/Pb SHRIMP anaJyses on monazites from granite gneiss in the Bhavani area, within the 

Moyar lineament (Corridor-IT), have yielded two clusters of ages, one at -2. 52 Ga and the 

other at -612 ±JO Ma (sample S-273 ; Chapter-4) . Since monazite is likely to record peak 

granulite facies metamorphic conditions (Mezger, 1990), I interpret the--612 ± 10 Ma age as 

the age of high-grade metamorphism. The - 2.52 Ga age represents either the age of the Late 

Archean metamorphism or the protolith age of the granite gneiss. 

4 . Io the Palghat area (Corridor-IV), charnockitization is superposed on a granite dated at 568 
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± 2 Ma (Fig. 2. 11; S-404B; Table 5.1). A different population of zircons with very low Th/U 

ratio ( <0.1) in this rock gave a concordant age of 524 ± 2 Ma. This age is interpreted as late 

growth of zircon possibly due to circulation of hydrothermal fluid through these rocks. 

5. In the eastern part of the SGT, in the Palayam area (Corridor-I), a 791 ± 17 Ma high grade 

metamorphic event has been identified by U-Pb monazite dating of khondalite (Sample S-

259m; Chapter-5; Fig. 4.1). 

6. In the western part of Pala yam area, zircons from a banded charnockite have an upper 

intercept age of 804 ± 31 ma and a lower intercept age of 473 ± 83 Ma. The lower intercept 

age constrains minimum age of charnockitization or a younger event. 

7. In the Kerala Khondalite Belt, a chamockitization event has been dated in the present 

investigation by U-Pb analysis on zircon from the youngest granite that is charnockitized (548 

± 2 Ma), and the granite which has retrogressed (Fig. 2.6) the charnockites (526 ± 2 Ma) 

respectively (sample nos. S-3 l 8A and S-3 l 8b; Chapter 4). Thus the charnockitization event in 

the Kerala Khondalite Belt can be bracketed between these two ages. This age constraint of 

charnockitization is in agreement with previous Sm-Nd mineral isochron ages from the area 

(Table 6. 1; Santosh et al. 1992; Unnikrishnan-Warriror, 1997 and Choudhary et al. 1992). 

8. In the southern part of the Cardamom Hill, north of the Achankovil lineament, monazite 

from the non-chamockitized portion of khondalite within a charnockite massif (Fig. 2. 7a) was 

dated in the present work at 524 ± 2 Ma (Chapter-4, Sample, s-355). This age is interpreted as 

either the age of charnockitization or a period of cooling following peak of charnockitization 

event in the area. 

From the above results it can be said that Late Archean (-2.5 Ga) charnockitization which has 

been documented by many workers in qi<1ny places in the Transition Zone (Grew and Manton, 
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Fig. 2.11 ( a,b,c ). Charnockite patches within unmetamorphosed massive granite 
veins within biotite gneiss. A, B, location southern slope of the 
Puz.hikkunnumala Hill, Maruthamkad village, 20 kms NNW of Palghat. 
A. Charnockite along the contact between granite gneiss and folded 
granite dykes. Red arrows show chamockite patches. 
B. A close-up of part of A. Chamockite along both along the contact 
between type D granite and granite gneiss also with.in type D granite. 
C. Cbarnockite entirely within massive grarute. Red arrows show charnockite 
patches within granite. Location, I km SSW of Mundur, l 2 km NW of Palghat. 



1984; Friend and Nutman, 1992; Peucat et al. 1993), extended as far south as the Narnakkal 

area of Corridor-I. Whether or not this charnoclcitization event extended further south, i.e., 

south of the Pal ghat lineament is not yet clear. Superimposition ofNeoproterozoic high-grade 

metamorphism and granitic magmatism, which has been recorded as far north as the Moyar­

Attur lineament, may have obliterated most chemical "memories" of any -2,5 Ga 

charnoclcitization in the area south of the Palghat-Cauvery Lineament. Early Paleozoic 

chamoclcitization is very common in the area south of the Palghat-Cauvery Lineament but has 

been recorded as far north as the Moyar-Attur lineament. In the Kerala Khondalite Belt, this 

later chamoclcitizat ion has been well constrainted to have occurred between 548± 2 Ma and 

526 ± 2 Ma. The U/Pb monazite age of 524 ± 2 Ma from khondalite within chamockite gneiss 

in the Cardamom Hill possibly narrows down age of chamoclcitization to within few m.y. 

2.4. Relationship between the charnocl<ltization and the tectonism 

During this study, the age of the chamockitization in the KKB has been constrained to have 

occurred after the emplacement of the Kali para-type granite (548 ± 2 Ma). This is because 

widespread chamoclcitization has affected this granite, and which in tum has been intruded by 

later pegmatitic granite (526 ± 2 Ma) that has retrogressed (bleached) the chamockite. The 

Kalipara-type granite has been emplaced across the regional tectonic fabric of the Kerala 

Khondalite Belt, which is NW-SE (for example, in the Chenganoor area, Fig. 3.61). The 

Kali para-type granite sheets are folded into outcrop-scale open to tight folds (Fig.3 .63; 

Chapter 3 ). Thus although intrusion of the Kalipara-type granite likely to be syntectonic with 

the deformation expressed by the regional NW-SE tectonic fabric of the area, the deformation 

outlasted intrusion. 

Elsewhere, in the Kottamangalam, Palghat and in the Namakkal areas, Neoproterozoic 

charnoclcitization has been superimposed on the syntectonic granites that have been dated at 

-568±2 Ma, 600 ± 4 Ma, and 603 ± 14 Ma, respectively. Thus it can be concluded that 
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Neoproterozoic chamockitization post-dates Neoproterozoic tectonism in the SGT or is 

contemporaneous with the terminal phase of tectonism. 

2.5. Conclusion 

Use of the term chamockite has varied since the term was first introduced in 1900. Such 

variation in the use of the term has arisen mainly because of difficulty in applying of the 

charnockite as a useful field term for mapping. The term charnockite, refers to a rock with 

granulitic texture8
, with more than 66% of the feldspars as potash feldspar (orthoclase) in 

addition to the essential mineral orthopyroxene. Such a strict definition is difficult to apply in 

the field, because the texture and dark colour of the rock does not allow differentiation of the 

orthoclase- from the plagioclase-feldspar in the field. The process of chamockitization gives 

rise to rocks of different modal composition depending on the precursor rocks, which may 

vary significantly in a multiply deformed high-grade granitoid terrain. So, a strict use of the 

term chamockite is difficult to practise as a field-term. For example, in many parts of SGT, 

precursor rocks include an ensemble of khondalite, paragneisses, tonalite, granite, granite 

gneiss, quartzite and amph.ibolite. Upon chamockitization each of these rocks changes to 

"granulites)) with various modal composition, but many such rocks do not contain the 

hypersthene essential for a strict definition of chamockite. Thus, a strict use of the term 

charnockite becomes unwieldy in the field. To circumvent such problem many people have 

used various qualifters reflecting modal composition along with the term chamockite. For 

example, Pichamuthu (1969) proposed use of the term 'acidic chamockite', 'intermediate 

charnockite', 'mafic chamockite' etc. 

~Although there is lot of controversy about the origin of charnockite, its granulitic texture is nearly universal. 
Charnockiles, whether igneous or metamorphic, almost always have even-grained textures lacking preferred 
crystallographic orientation. Chamocldtes obviously lack the most distinctive feature of magmatic crystallization, such 
as, euhedral or subhedral feldspar, ophitic and sub-ophitic textures and preferred crystallographic orientation of such 
crystals. The dominance of metamorphic textures, however, does not eliminate the possibility of some ear1ier 
magmatic origin of these rocks. However, textural evidence for magmatic crystallization, even if found, may be related 
to local melting rather than widespread igneous activity. The evidence for magmatic or metamorphic origins of 
charnockites has to be found in field. 
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Vast areas of the SGT are underlain by charnockite/enderbite rocks which are products of 

charnockitization. The reported presence of magmatic charnockites in the Nagercoil Block and 

in the Cardamom Hills are not confinned in the present study. Contacts between chamockitic 

rocks and their hosts show signatures of metasomatism and generally do not have any 

stratigraphic or tectonic significance. Two such periods of regional dehydration metasomatism 

have been recorded: the first at ~2. 5 Ga and the second at -525 Ma. Both these events were 

associated with and/or followed regional granitic activity and tectonism. 
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Chapter-3: Geology of major shear zones of the SGT 

3.1. The regional setting of major shear zones of SGT 

Three trans-continental shear zones were first identified in the SGT by Drury and Holt (1.980) 

using Landsat satellite imagery: (i) the Moyar and Bhavani shear zones (MSZ and BSZ) (ii) 

the Palghat-Cauvery Shear Zone (PCSZ) and (iii) the Achankovil Shear Zone (ASZ) (Fig.1.5). 

The broad existence and delineation of these shear zones were later confirmed by others (e.g., 

Ramakrishnan, 1993; GSI, 1994; Chetty, 1996), also on the basis of satelJite imagery 

interpretation. The three shear zones mark the boundaries of a number of charnockite massifs 

in SGT (Figs. 1.7; 3.1). For example, the MSZ passes between the Sheveroy Hill, the 

Biligirirangan Hill and the Kroog Massif in the north, and the KollimaJai Massif and Nilgiri 

Massifs in the south. The B SZ cuts close to the southeastern boundary of the Nilgiri Hills 

Massif; and the PCSZ follows a physiographic low area in the western part, known as the 

'Palghat Gap', surrounded on either side by elevated chamock.ite massifs (Fig. 1.7). Drury and 

Holt (1980) acknowledged that along its southern boundary, the PCSZ is not wel1 defined . 

There, the shear zone follows the northern slope of Anaimalai and Palni Hills (Fig. 1.7). The 

GSI (1994) have defined trus shear zone as passing through Palghat, Polachi, Karur and 

Tiruchiraplly (Fig. l. 7). The PCSZ is variously considered as: (i) a craton-mobile belt boundary 

(the Dharwar craton in the north and the Pandian Mobile Belt in the south, Rarnakrishnan, 

1993 and GSI, 1994); (ii) a terrane boundary defining a suture between the Dharwar craton 

and the SGT (Harris et al. 1994;) and (iii) a tectonic block boundary (Dharwar craton in the 

north and the Madurai Block in the south, Santosh, 1996). 

The ASZ has a NW-SE trend and follows the southwestern margin of the Cardamom Hill 

Massif This shear zone marks the boundary between the chamockite-dominated Madurai 

Block and the high-grade metasedirnent-dominated Trivandrurn Block (also known as the 

Kerala Khondalite Belt; Chacko et al. 1987). In the northwest, the Achankovil Shear Zone 
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follows the course of the Achankovil river. The GSI ( 1994) has identified yet another shear 

zone, the Tenrnala Shear Zone, south of, but parallel to, the Achankovil Shear Zone. 

The contacts between the of charnoclcitic terrains and non-charnockitic terrains are 

metasomatic in nature and often cross-cut the tectonic trends of the area. In places these 

margins define prominent lineaments on satellite images mainly due to differential weathering 

of charnockite and granitic gneisses. Such lineaments have been interpreted as shear zones, 

neglecting the tectonic fabric of the terrains (Drury and Holt, 1980, Drury et al. 1984; Chetty, 

1996). Field validation of the existence of these shear zones is generally laclcing. Indeed, the 

few avaHable field studies (Nair and Nair, 1980, Gopalakrishna, I 981 and Naha and 

Srinivasan, 1996 across parts of the Palghat-Cauvery Shear Zone and Radhakrishna et al.1990 

in the Achankovil Shear Zone) do not support the interpretation of the lineaments as trans­

continental shear systems. For example, Nair and Nair (1980) and Gopalakrishnan (198 1) 

mentioned that in the Pafghat Gap area, the structural trends of the Precambrian gneisses are 

continuous from the north across the Palghat Gap region. Nair and Nair (1980) specifically 

stated that there is no apparent evidence of intense shearing in the western section of the 

Palghat-Cauvery Lineament. Similarly, Naha et al. (1996) demonstrated that there is no 

apparent change in the structural geometry from north of the Moyar Attur Lineament to the 

south of the Palghat-Cauvery Lineament. The recently published geological maps of the area 

on 1 :500,000 (GS!, 1995a, b) also do not identify any major shear zone along the PCL. 

The Achankovil Shear Zone (ASZ) in the southernmost pan of the SGT is also regarded as a 

major tectonic boundary (Srikant"ppa et al. 1985; Santosh, 1996) and has been argued to 

separate boundaries between the two tectonic blocks in the SGT. (e.g., the northern Madurai 

Block and the southern TrivandrutnBlock, Harris and Santosh, 1993; Fig. 1.5). 

To further test the possible existence of the inferred trans-continental shear zones and their 

nature as potential terrane boundaries, four selected corridors (Corridors I to IV~ Fig. 3 .1) 
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across the MSZ, BSZ and PCSZ, and another one across the ASZ (the PPP Corridor; Fig. 3.1, 

inset) were selected for structural studies and geochronology. It was envisaged that this 

:approach would yield a better understanding of the geological evolution of the SGT area 

regionally, and that locally the relationship between the geology north and south of the PCSZ 

might be unravelled. Reconnaissance mapping involved a few wide traverses within the 

corridors to identify key areas which were later taken up for detailed structural mapping. U-Pb 

zircon, monazite, sphene and apatite geochronology on a number of samples collected from 

within these corridors were also carried out to establish the distribution of protolith ages for 

different magmatic rocks and the age(s) of high grade metamorphism across different parts of 

the SGT. The geology of these major shear zones are described in the following sections: 

3.2. Geology of the Moyar, Bhavani and Palghat-Cauvery Shear Zones 

3.2.1. Introduction 

Four corridors (I-IV) covering the MSZ, the BSZ and the PCSZ were selected using available 

geological maps from the area so that these conidors cover key geologic elements, such as 

sharp changes in regional trends, and intersections of regional shear zones. 

Corridor L The Salem-Namakkal-Palayam corridor: 

The northern extension of this corridor includes the Salem area covering the eastern 

extension of the Moyar Lineament (Fig. 3 .1). The structural trend ofrocks north of 

Salem area is NE-SW (extension of the Eastern Ghat trend (Fig. 1.3). This trend 

swings to nearly E-W around Salem and then reverts back to a NE-SW trend south of 

Salem (GSI, 1995a). In the central sector of the conidor, around Namakkal , the 

regional trend of various lithologies changes from NE-SW (extension of Eastern Ghats 

trend) in the north, to WNW-ESE in the south. South ofNamakkal, the Cauvery valley 

is poorly exposed. Here the PCSZ has been inferred to pass beneath a thick aJluvial 

69 



cover (Drury et al.1980; GSI, 1994). The southern sector of this corridor covers the 

Karur and the Palayam areas to the south of the PCSZ (Fig. 3.1). This area is also 

poorly exposed but appears dominated by charnockite, granite gneiss and high-grade 

metasediments. The area south of the PCSZ has been interpreted as a separate terrane 

from the Dharwar craton (Harris et al. 1994) and/or part of a mobile belt (the Pandian 

Mobile Belt; Fig. 1.2) flanking the Dharwar craton (Ramakrishnan, 1993; GSI, 1994). 

Corridor fl The Bhavani-Erode-Chennimalai corridor: 

The northern section part of this corridor passes through an extension of the Moyar 

Lineament in the Bhavani area (Fig. 3.1). The southern part of this corridor exposes 

broadly E-W trending Jitho-units defining the broad E-W trending shear system (the 

PCSZ as defined by Drury and Holt, 1980). 

Corridor Ill. The Bhavani Sagar-Mettupalayam-Agali corridor: 

This corridor extends from north of the Bhavanisagar to south ofMettupalayam (Fig. 

3 .1 ). The northern section of this corridor is across the MSZ, whilst the southern 

section of the corridor is a1ong the BSZ. 

Corridor IV: The Pa/ghat Gap corridor: 

This corridor crosses the Pa1ghat Gap, an area of physiographic low between the 

Nilgiri Hills Massif charnockites in the north and the Anaima1ai Hills Massif 

charnock.ites in the south. The Pa1ghat lineament is best expressed in this area (Fig. 

1.5). 

3.2.2. Geology of Corridor I 

Present investigation's in this corridor were focused on three areas: 
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(i) The Salem area, which includes part of the Moyar Shear Zone. 

(ii) The Namak.kal area, which includes part of the area where the NE-SW trending 

structural fabric of the north changes to WNW-ESE trends in the south. This domain 

has been sub-divided into three sub-domains (I, II and III) on the basis of differences in 

their structural styles. 

(iii) The Karur-Palayam domalns, wh.ich represent an area south of the Palghat­

Cauvery Lineament. 

3.2.2.1. Geology of the Salem Area 

3.2.2.1.1. Geological setting 

The Moyar-Attur Lineament in this area is represented by a 2 to 5 km wide valley extending 

from Salem in the west to Attur in the east, a distance of about I 00 km. This physiographically 

low area is bounded in the north by the charnockitic massifs of the Sheveroy Hills and of the 

North Arcot district and in the south by the charnockitic massifs of the Kollimalai and the 

Pachaimalai Hills (Fig. 1.7). Drury and Holt ( 1980) inferred that the MSZ has a strike-slip 

displacement of -70 km and that it extends in the east up to the Attur area from where it 

swings to a NNE-SSW direction and then, further north, merges with the eastern extremity of 

the Cuddapah Shear System. Because the shear systems along the eastern boundary of the 

Cuddapah basin are of probable Neoproterozoic age, Drury and Holt (1980) assumed that the 

MSZ, and by extrapolation the entire PCSZ, are also of Neoproterozoic in age. Chetty (1996) 

noted sub-horizontal to low-plunging stretching lineations in the MSZ near Salem, lending 

support to the strike-slip model of Drury and Holt ( 1980). However, Palniswamy et al. 

( 1990), who worked in the Attur valley area, demonstrated that the E-W trending MSZ, which 

passes through the Salem area, has only a limited strike-slip component and which, moreover, 

is superposed on NE-SW trending shear zones in the area. According to them, the MSZ does 

not swerve towards NE-SW to join the shear systems along the eastern boundary of the 
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Cuddapah basin. The part of the MSZ between Salem and Attur js known as Salem-Attur 

Shear Zone (Palniswamy et al. 1990). 

During the present study, an area of about 150 k.m2
, immediately west of Salem, was mapped 

along widely spaced traverses using tbe 1:50,000 scale topographic sheets (Fig.3.2). The 

regional strike of lithologic and tectonic fabric in the northern and southern sectors of the area 

is N-S to NNE-SSW wrule the tectonic fabric and lithologic units in the central part of the 

mapped area has a dominantly E-W strike. (Fig. 3.2). The most prominent physiographic 

feature of the area is the Kanja Malai llill, which is about 8 km Jong and 3 km wide and rises 

to about 700 m above ground level. This hill comprises inter-layered BIF and mafic granuLite 

bands. Part of the eastern extension of this hill was also mapped at 1 :25JOOO scale (Fig .. 3.3). 

3. 2. 2.1 . .2. Li.thology 

The major lithologies of the Salem area are represented by tonalite gneiss, enderbite. gneiss, 

amphibolite and mafic granulite, banded iron formation and associated metasediments, 

including quartzite, meta-greywacke and pe]ites. 

Granite gneiss is the most dominant rock type. It comprises quartz, plagioclase, hornblende 

and biotite with accessory phases of apatite, epidote, zircon and opaques. Gneissosity (S 1) is 

defined by alternation of indistinct quartzofelspathic layers and mafic mineral-rich layers. In 

places along the northern and southern flan.ks of the Kanja Malai llill, granite gneiss is 

distinctly mylonitised (Fig. 3.4a-c). The mylonites are characterised by a well developed 

planar-fabric (S2, s-tectonites). In trun section they are charactacterized alternation of ribbons 

of fine & coarse granulated layers. Flattened mafic-clots of variable size ranging from few 

centimetres to few metres, are aligned within the plane of gneissosity of the rock (Fig. 3. 4c, 

1 .5a). 
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Fig. 3.2. Geological map of an area west of Salem, within the Moyar-Attur Shear Zone, 
mapped as part of this study. Inset shows position of the area within the Corridor-I. 
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Fig. 3.3. Geological map of the eastern part of the Kanja Malai Hill (for location 
see Fig. 3.2). Note that in the northern part, a mafic granulite band bifurcate 
suggesting an intrusive origin for these rocks. 



Fig. 3.4. Sheared granite 

gneiss within the Moyar­

' Attur Shear Zone. 

a. Tight and 
:..-"" . 
.. _ isoclinal folds with sub-

~·---
vertical to moderately 

- east-dipping axes 

,.. (marked by arrow) in the 

quartzose layers within 

~~t::t.Jiji".i!.:w..~!2~;.:;:B~•-- granite gneiss. Location, 
eastern margin ofKanja-

malai Hi11, Salem. 

b. Sheared quartz veins 

(pale) within granite 

gneiss surrounded by 

discrete shear planes. 

~~Location, lkm NNW of 

til~~rtill Virapandi Railway 
~~~.._, station, south of 

---

Kanjamalai Hi11, Salem 

c. Flattemed xenoliths of 

amphibo.Jite within granite 

mylonite. Coin in the 

centre is ~ 1.5 cm diam. 

Location, lkm NNW of 

Virapandi Railway 

station, south of 

Kanja Malai Hill, Salem. 
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Fig.3.5a. Charnockite (dark grey patches, marked by blue arrows) 
superposed on E-W trending ductile shears (D 2) in grantie gneiss (lower 
half of the photograph). The charnockitized parts are completely 
recrystallized while the non-charnockitized parts retain ductile deformation 
fabric. Flattened mafic clots within the shear zone are marked by yellow 
arrow. Location, 1/2 km north ofKattur (Fig. 3.2). 

Fig.3.5b Tight fold in charnockite (C) and mafic granulite (M) layers. The 
rocks are recrystallized and do not have a penetrative axial planar fabric, 
suggesting that charnockitization is post-deformational. Location, ~lkm 

west ofErvadi (Fig. 3.2). 



In outcrop, the granite gneisses display intrusive relationships with the mafic granulite, BIF 

and associated metasediments . This is also evident from the map pattern of the part of the 

Kanja Malai Hill (Fig. 3 J). 

The granite gneiss displays incipient (patchy) charnockitization (Fig. 3.Sa). Charnock.ites are 

composed of quartz, plagioclase, orthopyroxene, biotite and hornblende with apatite, zircon 

and opaques as minor minerals. Charnock.itization is clearly younger than the E-W trending 

ductile shear fabric (S2). Where charnock.itization is superimposed on the E-W trending 

mylonitic fabric (S2) of the granite gneiss, S2 is replaced by a granoblastic texture. However, in 

outcrop, the remnant mylonitic layering of the granite gneiss can be traced into the 

charnock.itized portion as 1ghost' layering (Fig. 3 .Sa). In the charnockitic parts, prograde 

orthopyroxene occurs as rims around hornblende crystals. Kban and Janardhan (1989) 

mentioned extensive retrogression of charnock.ites to granite gneisses in the area, wh.ich they 

assumed to be related to shearing along the MSZ. However, this was not confirmed during the 

present study. Only limited retrogression affected the chamock.ites, as evidenced by small, 

patchy alteration of orthopyroxene into biotite and chlorite. 

Enderbite gneiss is the most dominant rock type present in the northern and southern part of 

the area, where these rocks form isolated hills. Enderbite patches are common in the tonalite 

gneiss exposed in quarries at the foothills of the enderbite massifs, suggesting that these 

massifs are chamock.itized tonalite gneiss. In places mafic enclaves are common within 

charnock.itic massifs. These enclaves are flattened and are commonly isoclinally folded (Fig. 

3 .Sb). Isoc!inal folds lack any associated axial planar penetrative fabric. Presumably such fabric 

that may have been present has been destroyed by recrystallization associated with 

chamock.itization. Presently both the chamock.itic portions and the mafic enclaves have 

granoblastic texture. 

Mafic granulite and amphibolite bands occur within tonalitic gneiss or are associated with BIF 
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and metasediments. Mafic granulite comprises diopsidic-clinopyroxene, hypersthene, 

plagioclase and garnet, with secondary hornblende and chlorite. Foliation in the mafic granulite 

is defined by alternating leucocratic (plagioclase-rich) and melanocratic (mafic mineral-rich) 

layers on a centimetre scale. A schistosity is also commonly developed in mafic granulites 

along discrete late shear zones (for example in the northern fla~ of the Kanjama1ai Hill). 

Garnet (varying from few mm up to a dm across) is mainly present in the mafic melanocratic 

layers. 

The relationship between the mafic granulites and the BIF and associated metasediments is not 

clear. Due to deformation in the area, both BIF and mafic granulite bands are sub-parallel and 

display sub-parallel planar fabrics. It is thus difficult to decide whether the mafic granuJite 

bands originaJly were extrusive or intrusive igneous rocks. A few exposures in the eastern part 

of the Kanjamalai Hill display complex relationship at the contact between quartzite and mafic 

granulite. In one of the exposures both mafic granulite and quartzite are co-folded into tight to 

isoclinaJ folds (Fig. 3.6). Gneissosity in the mafic granulite and the bedding in the quartzite are 

all subparallel. Fold hinges in mafic granulites are cuspate (Fig. 3 .6 a, b) and there is marked 

variation in the thickness of individual folded mafic granulite layers (Fig. 3.6 a, central part). 

These features suggest considerable contrast in viscosity between quartzite and mafic granulite 

during folding. Mafic granulite layers aJso show bifurcation within quartzite (Fig. 3 .3, 3. 6a,c) 

suggesting that they were intruded into quartzite prior to deformation. In a few places aJong 

the contact between the mafic granulite and the meta sediments, the quartzite contains clots 

(centimetre to decimeter size) of mafic minerals (Fig. 3. 7). These clots are possibly the result 

of intrusion of mafic magma into quartzites aJong their contacts. 

BIF and quartzite are common in the Kanja Malai Hill area, while petites and psamites are 

corrunon in the area south of Kanja Malai Hill between Kak.kapalaiyam and 

Chinnasirangappadi (Fig. 3.2). IHFs i.r1 the Kanj~alai Hill area are mainly magnetite-bearing. 

Psarnmites comprises quartz, muscovite, epidote-zaisite, biotite with accessory zircons and 
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Fig.3.6 (a-c). Mafic granulite interbanded and folded within quartzite (Q). 
Fold hinges are mostly cuspate. Schistosity in the quartzite and the 
mafic granulite are subparallel (parallel to the blue pen in b). In places, 
mafic granulite bands bifurcate (marked by arrows in c ), which suggests 
that the protolith of the mafic rocks may have been intrusive into the 
quartzite. Location, eastern slope of the Kanjamalai Hill, Salem (Fig. 3.3). 



Fig. 3. 7. Intimate mixing of mafic granulite clots and quartzite at the 

contact between a mafic granulite layer and a quartzite layer 

suggesting that the mafic granulites are intrusive into the quartzite. 

Location, southern slope of the Kanjiramalai Hill, Fig. 3.3. 

~- · •.' ... ..... ~ ~-.. 
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Fjg. 3.8a. Fold in 
granite mylonite io 
Kanja Malai Hill. 
Rootless F1 folds 
and flattened 
xenoliths along S1 

(arrow) may be 
preserved 
at places. 
However, E-W 
trending F2 folds 
are the most 
commonly preserved 
folds . 

.. ~~:..:a....~.-:11..,;;.:?::~:.:::.......B; 

Fig. 3.8b. Small-scale Di folds in BIF layers in the Kaoja Malai Hills. Original 
bedding is transposed by D2 shearing. Rootless F1 folds are preserved at 
places with.in the sheared BIF. Later open F2 folds are, however, the most 
common type of fold present in the area. These F2 folds are Z-shaped with 
steep sub-vertical axes. 



opaque minerals. Peli tic rocks are composed of muscovite, biotite and quartz, with kyanite and 

staurolite. The presence of kyanite and staurolite together suggests a medium grade of 

metamorphic facies of these rocks. Close association of charnockite patches together with 

kyanite and staurolite bearing pelites suggest that charnockitization process in the area did not 

involve high grade regional metamorphism. Rather, charnockitization might have occurred in 

an essentially dry condition. 

3.2.2. l. 3. Structural geology 

Both the northern and the southern sections of the area contain a N-S to NE-SW regional 

strike of the gneissosity whilst the central section has an E-W strike (Fig. 3 .2). In the present 

area, a number of discrete E-W trending shear zones have been identified at the eastern end of 

the Kanja MaJai Hill and south of it, one of which in the eastern part of the Kanja MaJai Hill 

has a sinistral sense of movement (Fig. 3.3). South of the Kanjamalai Hill, some outcrops of 

granite and tonalite gneiss are mylonitized. Chevron to open E-W trending f 2 folds are 

conunon in these outcrops (Fig. 3.8a). Granite gneiss in the area is generally flattened (S1) .. 

Quartzofelspathic layers and lenses surrounded by few miJlimetres to few centimetres spaced 

sigmoidal discrete shear planes are common in granite gneiss (Fig. 3.4b, c). In BIF, the 

original layering is transposed by a later E-W trending planar fabric ( S2) into rootless 

intrafolial folds. In most places original bedding and folds in the rock are obscured by 

transposition of a later (D2) E-W trending flattening fabric ( S2~ Fig. 3. 8b ). Minor folds are 

scarce in the BIF and mafic granulite of the Kanja Malai Hill. However, two periods of folding 

(deformation) can still be clearly recognized (D 1 and D2) . F,-folds are represented by rootless 

folds bounded within S1 shear planes in BIF. F2-folds are represented by open - tight steep 

plung1ng 'Z' shaped folds which are superposed on both early F1-folds and S1. On a stereoplot, 

schistosity and axial planes of F 1 and F2 all cluster around an orientation with ENE-WSW 

strike and a steep northwesterly dip (Fig. 3.9) . Gneissosity however, displays a spread on a 

girdle reflecting variation in strike from E-W to N-S through NE-SW, with dips varying from 
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steep northwesterly to steep south-southeasterly. The variation in the strike of the gneissosity 

is explained by rotation into E-W trending shears in the central part of the area. 

Lineations are uncommon in the BIF and quartzite. In a few places, micromullions are present 

in quartzite and granite mylonite. Mineral stretching lineation defined by stretched garnet are 

present in some exposures of mafic granulite. For example, northeast ofKanja Malai Hill, a 

vertical stretching lineation of garnet is well developed on the gneissic plane of mafic 

granulites (Fig. 3 .10). ln the granite gneiss lineation of long drawn-out subverticaJ mafic-rich 

clots are common on gneissosity planes. Lineations in BIF and granite gneiss are subparallel to 

the subvertical to moderately east-plunging 'Z' shaped F2 fold axes (Fig. 3 .9) . These lineations 

in the mylonitized granite gneiss and in garnetiferous mafic granulites suggest subvertical 

movement along the studied shear zones. No evidence for horizontaJ lineations was observed. 

The nature of transition between E-W strike of the central section of the area with the general 

N-S to ENE-WSW strike in the southern part of the area was studied in detail in the pelites 

exposed between Chinnasirangappadi and Kakkapalaiyam. Here the pelites have a general NE­

SW strike. They are intruded by dense quartzofelspathic veins subparallel to the.SL in the 

pelites. The veins are open to tightly folded (Fig. 3. l l). These F2 folds have E-W trending 

subvertical axial planes with subverticaJ to moderately easterly plunging fold axes. Such folds 

are mostly symmetrical ("M"-type). Occasionally, the relative displacement of quartzose layers 

by shear planes associated with the E-W trending folds indicates a si.nistraJ sense of movement 

along minor shear planes (Fig. 3 . lla). 

In surrunary, rocks in the central section of the SaJem area thus record flattening and shearing 

on subverticaJ planes with subvertical movements as indicated by occasionaJ presence of 

subvertical stretching lineation. There is no evidence for significant strike-slip movement along 

these shears. E-W trending D2 shears are superposed on regional NNE-SSW to NE-SW 
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Fig. 3.10. Sub-vertical stretching lineation in mafic granulite. Location, 
noththeastem tip of the Kanjamalai Hill, 6 lan west of Salem (Fig. 3.2). 
a. Sub-vertical section, perpendicular to the gneissosity in which 
garnet megacrysts (marked by arrows) are stretched in 
down-dip direction. 
b. Sub-horizontal surface; garnet megacrysts (G) are either 
equidimensional or show minor flatteming. 



trending sinistral 
shear bands (D 2) 

(marked by yellow 
arrows) in metapelite 
with quartzo­
feldspathic veins 
within the Moyar­
Attur shear zone. 
White arrow head 
points to north. 
Location: 12 Ian 
southwest of Salem, 
south ofNationaJ 
Highway 47 
(see Fig. 3.2) 

B. Near symmetrical 
(M-shaped) F2 folds 
in pelitic rocks with 
the Moyar-Attur 
Shear Zone. Location, 

~a;~~ .~l'.l~flb.,.~ 13 km southwest 
of Salem, north of 
National Highway 47 ............. ..,,. 



striking tectonic fabric present in the rocks both to the northern and to the southern sections 

of the Salem area. 

3. 2. 2.1. 4. Conclusion 

The oldest recognisable rocks of the area are the BIF and associated metasediments. 1V1afic 

granulites present in the area are probably intrusive sills into the BIF and associated 

metasediments. However, conclusive evidence is lean. A granite gneiss sample collected from 

a quarry in the Kattur area (Fig. 3.2) with incipient chamockitization (Fig. 3 .Sa) has an U-Pb 

zircon age of 2528 ± 21\lfa (Chapter 4). Granite gneiss in this area is intrusive into mafic 

granulites, BIF and associated metasediments. Therefore, granite gneiss in the area is of 

Archaean age. The E-W trending shears present in the central part of the area are subvertical 

in orientation and have both stretching and flattening components. Subvertical stretching 

lineations present at few places indicate subvertical tectonic transport during flattening. The 

shearing predate incipient chamockites patches present in the area because the incipient 

charnockites crosscut the tectonic fabric (Fig. 3.Sa). There are no age data available for this 

chamockitization event. In the Krishnagiri area, about -100 km north of the Salem area, 

Peucat et al. (1993) reported a 206Pb-207Pb monazite age of -2507 Ma from chamockite. AU­

Pb monazite age of 2507 ± 5 Ma from chamockite in the Narnakkal area (about 60 km south 

of Salem) was obtained during this study; and is interpreted as the age of charnockitization 

(see Chapter-4) . A Rb-Sr whole rock isochron from chamockite in the Salem area gives an 

age of2476 ± 115 Ma age (Spooner and Fairbairn, 1970). Thus, assuming that 

chamockitization in Salem area is also about -2.5 Ga, the N-S tectonic fabrics (S 1) and the E­

W shear fabric (S2) in the Salem area, which predates this charnockitization (Fig. 3.5a), are 

also Archaean in age. Again, Neoproterozoic-Ealy Paleozoic charnockitization which has been 

recorded in the Namakkal, Bhavani and Bhavanisagar areas where they are present along with 

Archean chamockites. The incipient chamockitization in the Salem area could aJso be 

Neoproterozoic in age. If so, then the E-W shear fabric (S2) are also Neoproterozoic in age. S1 
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is likely to be Archean in age as SL fabric in the Namakkal area is dated to be older than 2.S 

Ga. 

3.2.2.2. Geology of the N amakkal area 

3.2.22 r Geological setting 

The Namakkal area falls within the eastern extremity of the PCSZ and is also underlain by 

granite gneiss, chamockite gneiss, BIF and associated metasediments. Rocks in the northern 

part ofNamakkal have a consistent NE-SW strike (Fig. 3.1). This strike continues south of 

Namakkal where it takes on an E-W orientation along a number of NW-SE trending shear 

zones (GSI, 1995). Chetty and Bhaskar Rao (1996) interpreted this zone to represent a 

westerly-directed thrust. About 200 km2 around Namakkal was mapped at LS0,000 scale 

during the present study (Fig. 3.12; 3 .13) complemented by detailed mapping on 1 :251000 

scale in few key areas. The area of study extends from about 8 km south ofRasipuram In the 

north to about 5 km north of the Cauvery River in the south. The area further south is covered 

by alluvium of the Cauvery River system. The Palghat Shear Zone has been extrapolated to 

pass through this alluvium-covered area (Fig. 3 .1) . 

3.2.2.2.2. Lithology 

Similar to the Salem area, the major lithologic units of the Namakkal area are represented by 

granite gneiss, charnockitic gneiss, mafic granulite, BIF and associated metasediments. 

However, in the southern part of the are~ south of Namakkal, there occur a number of 

massive grartite intrusions. These younger granites have introded subparallel to the planar 

fabrics of deformed older rocks, giving rise to extensive migmatites. Large tors of the younger 

granite occur in the 'southe rn part of the area. A sample of this granite yields U/Pb zircon age 
\ - ••,, 

of -600 Ma (Chapter 4 ). 
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Tonalite and enderbite gneiss are spatially closely associated and commonly, transitions 

between these two rock types are marked by a zone of incipient charnockitization. The 

_ tonalite gneiss comprises plagiodase, quartz, hornblende and biotite; the enderbitic gneiss 

comprises quartz, plagioclase and hypersthene as major minerals. Secondary alteration of 

hypersthene to chJorite is common in enderbitic rocks. 

Metasedimentary rocks are represented mainly by BIF and associated quartzite and 

metagreywacke. Rare calc-silicate rock exposures occur in the southern part of the area. The 

two most prominent hills in the area (Nainar Malai Hill [743m] in the northern part of the area 

and Saruva Malai Hill [436m] in the southern part of the area) are predominatly underlain by 

BIF and ma.fie granulite. Psammites associated with the BIF are partially charnockitized in 

many places. The best examples occur along the south em slope of the Nainar Malal Hill. 

Mafic granulites are commonly gneissose and occur 1nterlayered with BIF, quartzite and 

psammites. Mafic granulites are also present as large (km-scale) layers with.in granitic gneiss. 

Major minerals of the mafic granulites include plagioclase, clinopyroxene, orthopyroxene, 

garnet, quartz and secondary hornblende and chlorite. Foliation in the mafic granulites is 

defined by alternating layers rich in pyroxene and garnet, with layers rich in plagioclase. With.in 

some large mappable units of mafic granulite apparent primary igneous layering is preserved. 

For example, layers rich in chromite and magnetite present along the southern slope of the 

Saruva Malai Hill are probably cumulates (Fig. 3.14)_ Mafic granulite in the area is intrusive 

into the BIF and associated metasediments. The geological map of Nainar Malai Hill illustrates 

this (Fig. 3 .13 ); and on outcrop scale, exposures showing an intrusive relationship between the 

mafic granulite and quartzite are present in a quarry about l km NW of Pulavakk.al along the 

southern slope ofNainar Malai Hill. The mafic granulites and B.IF on the other hand have both 

been intruded by syntectonic granite gneiss present in the area. This is clearly visible just to the 

north of the Nainar Malai Hill and in numerous outcrops (Figs. 3.13, 3.15). This granite has 
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been dated at 2537 ± l Ma (Chapter 4). Thus, the BIF - mafic granulite rocks are Archean in 

age. 

A few late gab bro and dolerite dykes are present in the northern part. of the present area. They 

crosscut structural fabric of the older rocks but themselves are undefonned. 

3.2.2.2-3. Structural Geology 

Regional Structure 

In this area, the general strike of the lithologic units and gneissosity are subparallel and vary 

from NE-SW in the north to WNW-ESE in the south, whilst in between the strike is E-W. 

This strike variation is due to a major E-W trending fold (F2; named here the Namakkal Fold; 

Fig 3.12, 3.13). The northern limb of the f 2 fold occupies the Nainannalai Hill and the 

south.em limb occupies the Saruva Malai Hill (Fig. 3.12, 3.13). Both limbs of this F2 fold 

preserve km-scale Z-shaped folds (F 1) without complimentary S-shaped folds; these Z-shaped 

folds are, therefore, interpreted as earlier folds (F 1). These F 1 folds are defined by folding of 

lithological contacts and gneissosity. The presence ofZ-shaped folds along both limbs of the 

Namakkal fold without intervening S-shaped folds is interpreted to represent an early dextral 

shear zone (S 1) which was subsequently folded by the F2 Namakkal fold. The southern limb of 

the Namakkal fold is highly defonned and is also affected by two later shearing events (S2 and 

S3). S2 shearing is present in a zone along the southern limb of the Namakkal fold, while S3 

shearing crosscuts this southern limb (Fig. 3_ 12, 3 .13). 

T_he Namakkal area has been subdivided into three distinct structural domains (Fig. 3 .12). 

Domain-I represents the northern limb of the Namakkal fold. It extends from Singalandapuram 

to just north of Namakkal. Domain-II represents the core of the Namakkal fold . It extends 

from about 3 km north ofNamakkal to Kanaveypatti (about 4 km south ofNamakkal). 
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Fig. 3.14. Primary layering in mafic granulite: Fine layering within the 

dark layer in the centre represents chromite-rich and chromite-poor 
layers. Layers rich in garnet and chromite and other opaque minerals 

(dark coloured, marked by arrow) also define primary layering. Pale 
coloured portions are feldspar-rich. Location, southern slope of the 
Saruva Malai Hill (Fig. 3.13), Namakkal, Corridor-I. 
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Fig. 3.15. Intrusion of syntectonic granite gneiss across the gneissosity 
(Sm) in mafic granulite. The granite gneiss in the Nainarmalai is dated 
at 2537±1 Ma. 
A. Gneissosity in the mafic granulite (Sm) and schistosity in the syntectonic 
granite gneiss (Sg) are subparallel. Note that in the boxed area, the granite 
gneiss cuts across a limb of a fold defined by a garnet-rich layer (marked 
by white arrows) suggesting Sg (described regionally as S,) is post Sm. 
B. Dykelet of granite gneiss cross-cutting gneissosity in mafic granulite (Sm). 
Locations: A, southern slope of Nainarmalai Hill; 
B., northern slope of Saruva Malai Hill. (see Fig. 3.13). 



Domain III covers the southern part of the Namakkal fold, extending from south of 

Kanaveypatti in the north to the Cauvery River. A surrunary of the main characteristics of 

-'these domains is given in Table 3.1 

Table 3 .1 Characteristics of three structural domains ofNamakkal area. 

Domain I Domain ll Domain ill 

Regional NE-SW to ENE- ENE-WSW to NW-SE 
strike WSW NW-SE 

Folding Z-shaped F 1 fold Open to tight F2 Z-shaped F 1 fold 
fold 

Rock types Tonalite, granite and Same as in Same as in Domain I 
their chamockitized Domain- I and ll; in addition this 

domain has extensive 
migmatite and young 
granite 

Shearing S1shears related to S1 and S3 shears S2 and S3 shears related 
D1 deformation related to D1 and to D2 and D3 shears 

D3 shearing 

Domain I 

The most prominent feature of this domain is the structlJre of the Nainar Malai Hill. Here, an 

ENE-WSW trending, 1-3 km thick inter-layered sequence ofBIF, quartzite and mafic 

granulite can be traced for a length of about 10 km. The BIF and mafic granulites of the hill 

define a Z-shaped fold with a subvertical axis and axial plane. The gneissic fabric in mafic 

granulite is also folded and thus predates the folding. The northern limb is attenuated. An 

elongate graoite sheet (- 2 km wide) has intruded this fold along its shorter limb (Figs. 3. 13, 

3.16b) and has since been charnockitized. Zircons from this granite sheet was dated at 2537 ± 

l Ma (U-Pb zircon) which is interpreted as the protolith age of this chamockite body, whilst 

monazite from th.is sheet is gives an age of 2507 ± 5 Ma (Chapter 4). This later age is 

interpreted as the age the charnockitization. The granite sheet has a prominent gneissosity and 
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fracture cleavage sub parallel to the axial plane of the folding. Numerous xenoliths of BIF and 

mafic granulite occur within this granite sheet. These xeno)iths are h.ighJy flattened and are 

aligned subparallel with the gneissosity of the rocks (Fig. 3 .16a). The contact between the BIF 

or mafic granulite with the granite is also highly deformed and dextrally sheared (Fig. 3 .16b ). I 

interpret these structure to indicate that the gran.ite sheet is syntectonic. Th.is implies that the 

suggested that NE-SW trending deformation fabric in the area is the result of circa 2.53 Ga 

deformation. Isoclinal folds and subvertical stretching lineation are common in BIF in the 

Nainar Malai Hill (Fig. 3.17) but fold interference is not corrunon. All planar fabrics in this 

domain (S0, St and S2) are steeply dipping and strike ENE-WSW. The dominant lineation (L3) 

is also subvertical (Figs. 3.18). 

Domain-II 

This domain represents the core of the Namakkal fold, best depicted by two prominent mafic 

granulite bands (Fig. 3.13). Late discrete D 3 shears have transposed earlier SL and S2 fabric of 

the rock (Fig. 3 .19). Minor structures associated with D3 have dextral sense of movement 

(Fig. 3 .20). In places within the DJ shear zones, rocks have been transformed into schists (Fig. 

1 .21). About 4 km SSW of Namakkal (west ofKanaveypatti village, see Fig. 3. 13) a D3 shear 

zone has completely transposed the BIF into a lineated rock plunging steeply to west (Fig. 

3 .22). Around Kanaveypatti, garnet-rich zones have been folded into rootless isoclinal folds 

with.in DJ shears (Fig. 3 .23 ). In these shear zones granite gneiss and ma.fie granulite are 

straightened into interlayered gneisses over lengths of up to 100 m (Fig. 3 .24 ) . Equal area plot 

of SL planes Domain-II show wide variation in attitude (Fig. 3.25), which is possibly the result 

of both F2 folding and So shearing. 

Domain-III 

The best structures representative of this domain are exposed on Saruva Malai Hill. 
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Fig. 3. l 6a. Syntectonic granite gneiss emplaced along the shorter limb of 
Z-shaped fold in the Nainarmalai Hill, Namakkal, Corridor I. Note that 
xenoliths ofBIF (B) are flattened and aligned paralle l to the gneissosity. 
Zircons from this granite gneiss has been dated at 2537 ± 1 Ma and 
monazites have an age of 2507 ± 5 Ma (Chapter 4). 

Fig. 3.16b. Dextrally sheared contact between the BIF and granite gneiss 
(arrows). Layers ofBJF are dragged into parallelism at the contact. 
Location: - 1.5 km NW of the peak of the Nainarmalai Hill (Fig. 3.13) 
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Fig. 3.17. Isoclinal folds (F,) and subvertical stretching lineation in BIF. 
A. Plan view; along the nothem limb of the F1 at Nainarmalai Hill, Namakkal. 
B. Plan view; along the southern limb of the Fi, Namarmalai Hill, Namakkal. 
C. Vertical section; stretching lineation. defined by subparallel alignment of 
iron-rich clots along bedding plane ofBIF. Location, - 1.5 km SE of the 
Nainarmalai Hill peak, Namakkal (Fig. 3.13). 



,____-

Domain-I 
Namakkal area 

Domain-I 
Naroakkal area 

\ 

Domain-I 
Namakkal area 

\ , 

~- · 

/'·J 
J 

I 

• Data outside 
6%domain 

r- 6% 
12% 
24% 

es to bedding (So) 

Data outside 
0 o domain ' 3% 

6% 
12% 
24% 
48% 

Vector meao: 
7l/76S 

• Ribbing lineation 

F1 fold axes 

• Gneissosity 
(S 1) poles 

3% 
6% 
12% 

N=4 1 

I l . 

Domain-1 
Namakkal area 

Ribbing 
lineatioo 

and F1 axes 

Scbistosity 
(Si) poles 

Fig. 3.18. Equal area plots 
of poles to planar and linear 
elements in the Domain-I; 
Namakkal area.Note that 
S0 , S 1 and S 2 are all 
steeply dipping and strike 
NNE-SSW. 



cm 
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associated with 
dextral D phears 
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Fig. 3.19. Superimposition ofD3shears on S1 gneissosity in mafic granulite and granite gneiss 
a, Location,~2 km SE of Namakkal on the top of a 309m high peak. 
b, S-C fabric developed in granite gneiss due to superposition of dextral D 3 shears on S1 

gneissosity in granite gneiss, Location, ~3km south ofNamakkal. 
Inset map shows part of fig. 3.13. 
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Fig. 3.20. Dextral shear sense indicators within S3shears. 
a. Garnet-rich clots in tonalite gneiss displaced by S3 shears. 
b. Gneissose layering and S3 shears in granite gneiss with asymptotic relationship. 
c. Dextral sense of S3 shearing in ma.fie granulite. 
Locations, a & b, ~ 3km south ofNamakkal; c, I km east ofKanaveypatti (Fig.3.13) 



Fig. 3.21. Transformation of tonalite 
gneiss into schistose rock within D3 
shears. Location, ~ 3 km south of 
Namak.kal (see inset c). a. Gradation 
of gneissose structure (zone-i) to 
schistose structure (zone-iii) through 
a zone where gneissosity is folded 
(zone-ii) in between shear planes. 
b. Enlarged part of photograph A. 
showing dismemberement of a vein 

:;:;:;;:::::;:~;::::;~;::;;:;::;:::;;~;;::;::=::;::::;~~~~q!:t:::1artz due to shearing. 
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.Fig. 3 .22. Early to Ids anected by lh snears. wcanon, - l.iWI ~w uf Klllll1vt:_y paui (rii:;. ::> . DJ. 

0 3 shear zones are marked by highly strained rocks. 
a, In between two 0 3 shear zones, F 1 fold in mafic granulite is folded by F 3 folds related to 
0 3 shears. 
b, A layer of boudins in mafic granulite cut by D3 shears. 
c., Map pattern of a BIF band affected by 0 3 shears. 
d, subvertical stretching lineation in BTF with.in 0 3 shear zone. Jn this rock lineation is the 
most dominant fabric. 



Fig. 3.23. Rootless fold (f 1) in garnet-rich layers (G) in mafic granulite 
(M) within D3 shear zone. Location,~ 1.5 km east of Kanaveypatty, 
Namakkal area (Fig. 3.13). 

Fig. 3.24. Interlayered mafic granulite (M) and granite gneiss (G) 
within D3 shear zone,~ 1/2 km east of Kanaveypatti, Namakkal, 
Corridor-I (Fig. 3.13). These zones can be traced for over 100 metres. 
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Fig. 3.26. Transposition of 0 2 folds within granite gneiss by D2 shears. 

Rootless F 1 folds (marked by blue arrow) are also bend by later 

D3 s.hears. Pink granitic veins have intmded along the axial trace of 

late D3 bends (marked by red arrows). This pink granite from a 

nearby exposure has been dated at 603±12 Ma. Location, -1 km SW of 

Aniyapur•m . -2.5 km SE of the peak of the Saruvamalai Hill (Fig. 3.12) . 

Fig. 3.27. Transposition of early gneissosity (S1) by D2 shears in mafic 

granulite. Both S1 and D2 are subparallel to the light coloured quartzo­

feldspathic layers. Rootless fold hinges can be seen in leucocratic quartzo­

feldspathic layers (marked by arrows). Location, same as the above figure. 
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Fig. 3.28. Field photograph (a,c) and sketch (c) showing ~ /F2 interference 
folding (Type-2, Ramsay, 1967) and both cut by 0 3 shears. 
Location, -1 km NW of Saruvamalai Hill peak, Namakkal area (Fig. 3.13). 
F 

1 
(axial planes of "Z-shaped" folds related to D 1 deformation) are deformed 

by F2 (axial planes of "S-shaped" folds related to 0 2 deformation) . 03 shears 
are present as discrete planes with clear dextral shear movement as 
revealed by sygmoidal garnet rich clots on S3planes (marked by yel low 
circle). Granite-pegmatoid dykes (G) intrude along S2 and also cut across 
S3 shear planes (circled). A similar nearby pegmatoid has been dated at 
603 ± 14 Ma, indicating that S3 is older than 600 Ma. 

...... ------... ~~ --~::=r.~--- ... 
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Fig. 3 .29. Sigmoidal syntectonic garnet prophyroblast in mafic granulite 
within D2 shear zone. Curvature of the gneissosity (S,) planes suggests 
a sinistral sense of movement. Location, 3km NW of Saruvamalai peak, 
Namakkal, Corridor-I (Fig. 3.13). 

Fig. 3.30. F 2 Sheath fold developed in mafic granulite within 0 2 shear zone. 
Hinges of the 'eyed' fold is marked by arrows. Transport direction 
perpendicular to the outcrop. Location: ~2km NW of Saruvamalai peak, 
Namakkal, Corridor-I (Fig. 3.13). 
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Ali.t:rnating bands of mafic granulite and a few thin BfF and quartzite layers (Fig. 3.13) depict 

.:. 1·,1uj01 Z-snaped foici. This foid is superposed oy at ieast two events (D2 and D
3
) of shearing. 

D? shears have a predominantly sinistral sense of movement and are best exposed along the 

southern slope of the Saruva Malai Hill. Within D2 shear zones, the early S, gneissic fabric and 

F, folds in mafic granulite and bedding of BIF and quartzite are completely transposed (Fig. 

3.26; 3.27). 'S'-shaped F2 folds associated with D, shears have been superimposed on 'Z'­

shaped F, folds associated with D 1 shears. D3 shears cut across all early structures (Fig. 3.28). 

Numerous shear sense indicators in the garnetiferous mafic granulite indicate sinistral sense of 

movement across the D2 shears (Fig. 3 .29). S2 is sub-vertical and strikes WNW-ESE (Fig. 

3.31). The stretching direction associated with sheath folds (Fig. 3.30) present within D2 shear 

zones indicate shear transport direction to be moderately westerly dipping, The northern 

boundary of the D2 shear can be traced along the southern slope of the Saruva Malai Hill. Its 

southern boundary is, not exposed. South of Saruva Malai Hill, the gneissosity of the mafic 

granulites are completely transposed parallel to D2 shears along which there is a dense 

network of granitic veins sub parallel to S2 simulating a migmatitic structure. Because of the 

extensive impregnation by these granitic veins, the characteristics of the original rocks are 

obscured. Exposure south of the Saruva Malai H.ill is poor. 

D3 shearing is represented only along some discrete zones varying from few ems to a few 100s 

of metres wide (Fig. 3. J 3 ). Numerous shear sense indicators indicate dextral sense of 

movement (Fig. J .20). D 3 shear planes are subvertical and strike ESE-WNW (Fig. 3.31). F3-

axes are randomly oriented (Fig. 3 .31 ). This is possibly due to pre-F3 random orientation of 

the lithological units. 

Summary and conclusion 

The major Z-shaped F 1 folds, mapped in the Nainar Malal Hill in Domain-I do not have S-

sh aped counterpart in Domain lII. Instead, a similar large dextral fold have been mapped in the 
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Saruva Malai Hill in Domain-III. I there fore interpret these two major mappable dextral folds 

in the area to be part of the same dextral shear system (S1) which was later folded by E-W 

trending Namakkal fold (F2) . 

The F 
1 

fold in the Nainar Malai Hill has ENE trending axial trace which, on regional scale, is 

continuous with the trend of the Eastern Ghats. Syn-tectonic granite with F1 fold in the Nainar 

Malai Hill is dated at -2. 53 Ga. This may mean that the Eastern Ghat trends in the SGT are as 

old as Late Archaean. 

Similar to the Salem area, the oldest recognisable lithologic units of the area are the BIF and 

associated metasediments, intruded by mafic granulites. Zircon from a mafic granulite body 

south of Namakkal (Fig. 3 .14; sample S-117) has a near concordia spread between 2.9 and 3.0 

Ga wruch is interpreted as possible the protolith age of these mafic granulites. If trus is correct, 

then the BIF and associated sediments are at least -3 .0 Ga old. BIFs and ma.fie granulites have 

suffered intense deformation (DJ in which flattening was a significant component. This 

deformation was contemporaneous with intrusion of voluminous granite, which was 

subsequently chamockitized in many places. Whether the biotite gneiss, the most dominant 

rock type occurring in between Salem and Namak.kal areas, and the charnockitized granite and 

tonalite gneiss of the N amakkal area are part of the same rock suite could not be confidently 

established in field. However, both the biotite gneiss and the tonaJite gneiss yield similar U/Pb 

zircon ages (-2.53 Ga, see Chapter-4) suggesting that the dominant granitic gneisses present 

in the area are intrusive into the BIF-mafic granulite association and do not represent 

basement to the metasediments. Thus it can be concluded that BIFs and mafic granulites 

represent older xenoliths of various sizes within a regjonal terrain of - 2.53 Ga old granitoids. 

The entire region suffered at least two younger shearing events (02 and D3) and younger 

granitic intrusions at -600 Ma. D, shearing pre-dates 600 Ma, as D2 shear planes are intruded 

by --600 Ma granitic veins (Fig. 3.26). The age ofD3 shear could not be constrained by the 
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Fig. 3.32. Subparallel 

impregnation of granite 

veins within mafic 

granulite. The resultant 

rock is a migmatite 

The migmatites are 

deformed by E-W to 

._,, ESE-WNW trending 

~~· 

F 3 folds and D3 

shears. Location: 

Kutamparai, -12 km 
south of Namakkal 

(S-196 in Fig. 3.13). 

Fig. 3.33. Highly deformed and sheared migmatite in a NW-SE trending shear 

zone. Location: Peruma-palayam village, -3 km WSW ofBhavani, Corridor-TI. 
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Fig. 3.34. Interrelationship between mafic granulite, gran:ite gneiss and 
massive granite in the Kamr area, south of the Palghat-Cauvery Lineament. 
Location, Ottaiyur quarry, -5 southwest ofKarur, Corridor-I. 
A. Xenoliths of mafic granulite (M) within granite gneiss (Gn). 
B. Mafic granulite (M) cross-cut by both granite gneiss (Gn) and massive 
granite sheet (G). I , sample location (S-326A) for zircon dating. 
C. Plan view of granite sheet intruded along and across the foliation of 
granite gneiss and folded along with it. 



present work. Granitic veins within gneissic rocks (migmatite) south of the Narnakkal area are 

intensely folded (Fig. 3.32). Deformed migmatites are the predominant rock types along a 

.·NW-SE trending shear zone from south ofNamakkal to south ofBhavani in Corridor-II (Fig. 

3.33). These granitic veins in the Namakka1 area have been dated in the present work to be 

-600 Ma (Chapter-4). It is possible, therefore, that regionally these veins are pre- to syn­

tectonic with respect to the D3 shearin'g. 

3.2.2.3. Geology of the Karur-Palayam area 

3. 2. 2. 3. 1. Geological setting 

The southern part of Namakkal, where the Palghat-Cauvery Lineament (PCL) follows the 

course of the Cauvery River, is poorly exposed. The Karur area to the south of the PCL (Fig. 

3.1), is also poorly exposed as it is mostly covered by flood plains of the Cauvery River. 

Between Karur and Palayam which is -30 km south ofKarur, there are few tors and quarries 

in an otherwise alluvium covered area. 

3.2.2.3.2. Lithology 

The main lithologies of the Karur area are granite gneiss, enderbite gneiss, mafic granulite 

gneiss and massive coarse grained granite. The granite gneiss has an intrusive relationship with 

mafic granulite (Fig. 3.34). The coarse grained massive granite is intrusive into both the 

granite gneiss and the mafic granulite. Granite gneiss from a quarry in Ottayur village, about 6 

km SW ofKarur has yielded a 2545 ± 20 Ma age (U-Pb zircon age~ chapter 4). Thus the mafic 

g.ranulites are older and Archaean in age. 

South ofKarur, the Palayam area (Fig. 3. 1) is dominated by metasedimentary rocks. The 

common metasedimentary rocks present in the area include kbondalite schist (garnet-biotite-
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sillimanite-graphite), calc-silicate, garnet-biotite gneiss and quartzite. Most of these rocks have 

been densely intruded by granitic veins subparallel to the schistosity (S1) . The original 

relationship between these metasedimentary rock types with the surrounding granite gneiss is 

not clear. On the southwestern slope of Yid ya Malai Hill, about 20 km east of Palayam, 

khondali te and mafic granulite occur in close juxtaposition. Near the contact, numerous clasts 

of rnafic granulite and folded BIF (Fig. 3.35) occur within the khondalite. The mafic granulite 

clasts are mostly ellipsoidal as weU as rounded and are aligned subparallel to the schistosity of 

the host . The clasts of folded BIT are angular with sharp boundaries. This relationship 

suggests the presence of a possible unconformity between the mafic granulites and the 

metasediments. On the basis of thls observation, therefore, metasediments of the Pala yam area 

are probably younger than the Archaean BIF and mafic granulites present in the Karur and 

Namak.kal area. 

The majority of the detrital zircons from khondalite have yielded ages of-2.5 Ga age (sample 

S-259Z; Chapter-4) placing an upper age limit to the deposition of the metasediments. 

Monazites from the k.hondalite of thls area have a concordant U-Pb age of- 800 Ma (Chapter-

4). This is interpreted as the time of granulite facies metamorphism of these rocks. 

3.2.2.3. 2. Structure 

The general .strike of the granite gneiss in the Karur-Palayam area is NE-SW contiguous with 

the strike of various lithologic units north of the Namakkal area. This NE-SW trend of 

lithologic uruts continues further south up to Palayam area. There are no E-W trending shears 

or planar fabrics in the area. This places doubt on the presence of an E-W trending shear zone 

along the Cauvery River as suggested by Drury and Holt (1980) and GSI (1994). South of 

Palayam, the structure is more complex as is evident from the highly contorted pattern of the 

quartzlte bands south to the Palayam (Fig. J .1). West of the Palayam area, calc-silicate and 

BIF bands define a major fold with a SW-NE trending axial trace. The axes of the dominant 
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Fig. 3.35a. Folded BIF clasts (B) within khondalite gneiss. Location, 
western slope of the Valya Malai Hill, 16 km ESE of Palayam, 
Corridor-I. Monazites from this khondalite have yielded - 790 Ma 
age while zircons (detrital) are between -2.0 Ga and -2.5 Ga old. 

Fig. 3.35b. Deformed clasts of mafic granulite (M; now altered to 
amphibolite) within khondalite gneiss. 
Location, -700 m SSW of the peak ofValya Malai Hill, - 16 km 
ESE ·of Pala yam, Corridor-I. 



minor folds and prominent mineral lineations have a subvertical to steep easterly plunge . 

. The question of the structural continuity between the areas north of the Cauvery River and 

south of it was not resolved during the present investigation because of lack of exposures in 

the Cauvery valley. However, NE-SW regional strikes of the lithologic units north and south 

of the Cauvery River are similar. 

3. 2. 2. 3. 4. Summary and conclusion 

In the Karur area south of the PCL and the Namakkal area north of the PCL, the lithologic­

associations and the ages of the granitic gneisses are similar. Regional structural trends are 

also continuous across the PCL. I interpret this to indicate continuity of the geology across 

the PCL. However, the areas east and south of Pala yam differ in their lithologic association 

and metamorphism from the Karur and Namakkal areas. Although the broad structural trends 

in the Palayam area and the Namakkal area are similar, there are differences in the lithologic 

and structural in detail. The southern part of the Palayarn area, for example, is affected by 

younger NNW-SSE trending folding. Khondalites which are the most dominant metasediments 

in the area south of Pala yam, are younger than - 2.5 Ga whereas the metasediments 

encountered in the Narnakkal and Salem area are older than - 2.5 Ga. It is thus possible, that in 

the southern part of the PCL there are two different geological assemblages. One, which is 

exposed in the Karur area and to the immediate west of it Is the continuation of the Dharwar 

craton north of PCL. The other, exposed in the Pala yarn area and further south, represents a 

younger metasedimentary dominated geological assemblage. The boundary between these two 

terrains is interpreted to be a shear zone (the KKPT Shear Zone, discussed in Chapter-5). 
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3.2.3. Geology of Corridor-IT 

3.2.3.1. lntroduction 

Corridor II covers a N-S trending area from north of Bhavani (on the Moyar-Attur 

Lineament) in the north to Surya Malai Hill in the south (- 10 km north of the Palghat-Cauvery 

Lineament (Fig. 3. J ). The corridor was mapped across wide traverses. A part of the area, 

north of Bhavani, where three different regional structural trends converge (Fig.3.1 ), was 

mapped on 1:50,000 scale (Fig. 3.36). These three trends are: 

(l) N-S to NNE-SSW trends of the Dharwar craton. The northern part of this corridor 

includes continuation of the charnock.itic massif of Biligirirangan Hill which is 

considered a southern extremity of the Dharwar era ton. 

(ii) E-W trends of the Moyar Shear Zone. 

(iii) NW-SE trends of the D2 shear which continues from the south ofNarnakkal in 

Corridor l up to Bhavani following the Cauvery River. 

The Bhavani area is poorly exposed. Rocks of this area are densely intruded by late massive 

granitic veins making it difficult to study the pre-rnigmatization structural elements of the 

lithologic uruts 

3.2.3.2. Lithology 

The principal lithologic units of the northern part of the corridor, the area north ofBhavani, 

include granite gneiss, enderbite gneiss, charnock.ite gneiss, fuchsite quartzite, and mafic 

granulite. Granite gneiss is made up of quartz, plagioclase, hornblende and opaque. The main 
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Fig. 3.37. Migmatites of south ofBhavani, Corridor-II. 
Subparallel dense intrusion of granitic veins (g) into schistose mafic 
granulite (m) has given rise to migmatite. Migmatite is intensely 
folded and sheared. Folds have NE-SW axial traces and sub-vertical 
axes. Similar leucosomes of migmatite has bee!! date~ =. ~':~ 
Namakkal area of Corridor-I at-603±14 Ma. 

Migmatite gneiss 

Fig. 3.38. Dark chamockite superimposed on migmatite gneiss. Note 
the boundary between the charnockite and the migmatite transgresses 
folds and gneissosity in the migmatite. Location, south of 
Perumapalayam, -3 km WSW ofBhavani, Corridor-II. 



mineral constituents of mafic granulite are hornblende, plagiociase, garnet, clinopyroxene and 

occasional orthopyroxene. The mafic granulite intrudes fuchsitic quartzite layers (Fig. 3 .36). 

In the southern part of the Bhavani area all these rock types are profusely impregnated by 

massive coarse granitic ieucosomes giving the rock a migmatitic appearance (Fig. 3.37). These 

migmatites are the most dominant rock type between Bhavani to south of Erode. Similar 

Jeucosomes of migmatite in the Namakkal have been dated at 603 ± 14 Ma (sample S-196A, 

Chapter 4). In places (for example, in the hills, 4 km SW of Bhavani) these migmatites are 

patchily charnockitzed (Fig. 3.38). In the southern part of this corridor, in the Chennimalai 

area, there are a number of BIF and calc-silicate bands intruded by massive coarse granite 

bodies. 

3.2.3.3. Structure 

The northern part of this corridor records a change in the strike of the lithologic units from the 

NNE-SSW trend in the Dharwar craton in the northern part, to a 2-3 km wide zone of E-W 

strike just north of the Bhavani (Fig. 3 .1). This change in the strike is gradational over -1 km. 

Lineations in this area are scarce. All rocks within the E-W trending zone are mylonitised . The 

transition from NE-SW trending strike in the northern part ofthis area into E-W zone can be 

traced along near-continuous exposures in the western part of the area. Regional structural 

trends indicate that the E-W zone is possibly the continuation of the MASZ, which has been 

identified in the Bhavani Sagar area (Corridor-ill) and in the Salem area (Conidor-I). 

South ofBhavani, migmatitic gneisses show well developed E-W to ENE-WSW trending 

folds (Fig. 3 .3 7) with steep easterly dipping axes. The area between Bhavani in the north and 

just south of Erode is represented by NW-SE strikes (Fig. 3.1), subparallel with the alignment 

of the Cauve:ry River. Here, mainly migmatitic gneisses strike parallel to the D2 shearing 

identified in the Namak.kal area. Further northwest Hus D2 shear zone curves into an E-W 

orien.t~\lon, s'~pparaUel to the alignment of the Bhavani River, and merges with the MSZ 
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southeast of Bhavanisagar. This 0
2 

shear zone is hence named as the Cauvery-Bhavani Shear 

Zone {CBSZ; Fig. 3.1). 

In the southern part of the corridor, around Chennimalai and further south, the strike of the 

lithologic units changes from NW-SE in the northern part to ~-Wand ENE-WSW. The two 

most conspicuous structural features of this part of the corridor are the E-W trending BIF 

ridge of the Chennimalru Hill and the mafic granulites northeast of Sivamalru Hill. Minor folds 

of the Chennimalai Hill are dominated by E-W trending nearly upright folds with subhorizontal 

axes. There is no evidence of mylonitization in the BIFs or in associated mafic granuJites and 

calc silicates. South of the Chennimalru Hill mafic granulite layers show variations in trend 

from NW-SE to NE-SW, due to open warps superimposed on a shallow to moderately 

dipping gneissosity. 

3.2.3.4. Metamorphism/Charnockitization 

Along this corridor two different types of chamockites have been recognized, which have 

formed at different times: (i) massive chamockite and (ii) patchy chamockite. Massive 

chamockites occur in the northern part of this corridor and represent a continuation of the 

chamockites in the Biligirirangan Hill. These chamockites were formed at ~2.5 Ga (U-Pb 

dating of monazite and allanite from chamockite; Mahabaleswar et al. 1995; Grew and 

Manton, 1984). During the present investigation, patchy chamockites have been recorded in 

rnigmatite gneiss south of the Bhavani. The migmatitic gneisses are folded and are 

chamockitized in small heterogeneous patches in many places (Fig. 3.38). Leucosomes of 

similar gneisses from the Namakkal area have been dated to be 604 ± 14 Ma (Chapter 4) 

indic&ting 'lO additional chanock.itization event in the Neoproterozoic. Nathan et al. (1991 ; 

1994) also reported chamockitization within the Neoproterozoic Tiruchengodu granite massif, 

about 301.m to the east ofl3havani (Fig.3 . .1). Thus chamockitization of two distinct ages, 

Late Arcbae~'1 and N~oproterozoic, is present. 
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3.2.3.5. Geochronology 

Monazites from a fuchsitic quartzite from in the E-W trending shear zone were dated using the 

SHRIMP (Chapter 4). Most of the monazites are concordant, giving an average U-Pb age of 

ca. 612 ± 6 Ma. However, a few grains record ages -2.5 Ga. This indicates that the latest 

granulite facies metamorphism in the area was around 600 Ma. The -2.5 Ga monazite age 

possibly represents an earlier high grade metamorphism, which has been recorded by previous 

workers ~IOO km north of the present area. These -2.5 Ga monazite is not likely to be 

inherited grains because the host rock (fuchsitic quartzite) is most likely older than -2.5 Ga 

since elsewhere they are intruded by - 2.5 Ga old granite gneiss. 

3.2.3.6. GeoJogicaJ Evolution of the Corridor-II and the Moyar Shear Zone 

Fuchsitic quartzite, BIF and associated sediments are the oldest rocks present in the area. 

These were intruded by the mafic magma (now mafic granulite). The interrelationship between 

quartzite and associated metasediments and granite gneiss could not be established due to lack 

of sufficient suitable outcrops. By extrapolation from the Namakkal and Karur area (in 

Corridor:.. I), I assume that granite gneisses are intrusives into quartzite and mafic granulites. 

Younger massive coarse grained granites have intruded all the above. Similar relationships 

have aJso been recorded in the BiligiriranganHiJls, - 100 km north ofBhavani. 

The northern part of this corridor marks the intersection of three different structural trends: 

the N-S trending Archaean Dharwar trend, E-W trending Moyar Shear Zone of unknown age 

and the NW-SE trending D2 (?and D 3) shear zone(s) ofNeoproterozoic age, which continue 

from south ofNamakkal area. The E-W trending Moyar Shear Zone has been superimposed 

on the Dharwar strike·. The NW-SE D2 trends swerves and become assympotic with the E-W 

trending Moyar Shear. The U2 shear can thus be interpreted to be pre- to syn-Moyar (-600 
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Ma) shear_ In the southern part of the corridor, in the Chnnimalai area, numerous folds in E-W 

striking B(f and calc-silicate layers probably represent the regional folding associated with this 

shear zone activity. 

Extensive Neoproterozoic migmatization and shearing confirm~ extensive remobilisation of the 

northern part of this corridor at about 600 Ma. 

3.2.4. Geology of the Corridor-ill 

3.2.4.1. Regional setting 

This corridor covers the area of intersection between the Moyar and the Bhavani lineaments in 

the Bhavani Sagar area. Both lineaments are well developed in this corridor. The Moyar 

lineament has an E-W trend while the Bhavani lineament has an NE-SW trend. These two 

lineaments comprise mylonitised-schistose granitic gneiss and define northern and southeastern 

limits of the Nilgiri Hill chamockitic massif (Fig. l . 6). The corridor was studied along wide 

spaced traverses and detailed studies in some quarry sections. The area was previously 

mapped by Rajan and Sundara Moorthy (1992) and by Srinivansan et al. (1994). Their map 

was modified during the present study (Fig. 3.39). 

3.2.4.2. Lithology 

The principal lithologies of the area include tonalitic gneiss, mafic granulite, BIF and massive 

coarse grained granite. Mafic granuiite intrudes BIF (Fig. 3.40). These are, in tum, intruded by 

the tonalite gneiss. Younger massive granite intrudes all rock types. This sequence of events 

occurs both to the north and to the south of the Moyar lineament. The northern part cf the 

corridor is occupied by massive enderbite which is the continuation of the Biiigirirangan Hill 
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Fig. 3.40. Field photograph and field sketch showing vertical section of a 
sheared BIF intruded by mafic granulite dyke. The shear planes have 
sub-vertical dips and NE-SW trends. Note that mafic granulite cuts shear 
planes and foliation in BIF (marked by box). A nearby mafic granulite has 
been dated at ~2.9 Ga (Sm-Nd mineral isochron; Bhaskar Rao et al., 
1996) which is similar to the U-Pb age of mafic granulite from the Namakkal 
area (Chapter 4). The shear fabric in BIF north of the Moyar Shear Zone is, 
therefore, older than ~2.9 Ga. 



-
I . 

Fig.3 .41 a. My lorute fabric in tonalite gneiss. Original gneissic fabric is 
transposed parallel to the ductile shear fabric. Rootless folds (F) defined 
by mafic-rich clots and layers are present in the mylorute. A granite (G) 
dyke intrudes the mylonite fabric. Vertical section. Trend of mylonitie 
fabric is NNE-SSW. Location ~3km south of Bhavani Sagar, Corridor~m 



Fig. 3.42. Patchy charnock.ite (C; dark grey/blue) superimposed on 
granite gneiss (GG, upper photograph) and granitic mylonite (GM, lower 
photograph). Note the preservation of the layering and tectonic fabric 
across the charnockite-host rock boundary. 
Location: A, - 3 km south ofBhananisagar; B, Gudiyar quarry, - 5 lan 
east of Mettupalayam. 



charnockite massif in the north (Fig. 3 .1 ). They comprise plagioclase, orthopyroxene, garnet 

and hornblende. BIF and mafic granulite occur as xenoliths within enderbitic rocks. The 

. principal lithology of the corridor is tonalite gneiss also with a number of isolated outcrops of 

mafic granulites, quartzite and BIFS. Tonalite gneiss is composed of plagioclase, quartz, 

hornblende, biotite and garnet. Gneissosity in many places has been transposed by a ductile 
' 

mylonitic shear fabric (Fig. 3 .41 a). Patchy charnock.ites are present in the granite gneiss (Fig. 

3.42). Within the chamockitized patches, the prominent fabric (S2) present in the granitic 

gneiss has been recrystallized to a massive granulitic texture. Granite gneiss is intruded by 

coarse massive granite which is present as veins within granitic gneiss (Fig. 3 . 41 ). There are 

also a number of tors of massive granite in the area. 

3.2.4.3. Structure 

3.2.4.3.l. The Moyar Shear Zone 

North of the Moyar Artur Lineament the general trend of the lithological units is NNE-SSW, 

with subvertical to steep easterly dips as a continuation of those in the Dharwar craton (Fig. 

1.3). All the lithologic units in the area are highly deformed as evidenced by flattening of the 

mafic-rich clots and feldspar porphyroblasts in tonalite gneiss. There is well developed 

schistose fabric and augen structure in the tonalite-gneiss. In the enderbites the augen 

structure has been preserved but the schistose fabric has been recrystallized into coarse 

grained granoblastic texture. One NNE-SSW trending BIF band north ofMoyar lineament 

shows development of shear lenses. Mafic granulite tnmcates these shear planes (Fig. 3 .40). 

Mafic granulites in nearby areas has been dated at ~2.9 Ga (Nd-Sm whole rock isochron, 

Bhaskar Rao et al. 1996). Thus the NNE-SSW shear fabric north of the MSZ is older than 2 .9 

Ga. 

The general strike of th~ lithologi.c units in the Moyar lineament is E-W and the general dip is 
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subvertical to steep to the south. The E-W trend of the lithologic units is restricted to a width 

of about 3-5 km centred on the Bhavanisagar. The zone of transition between the NE-SW 

strike in the north and the E-W strike of the Moyar lineament is covered by alluvials of 

Bhavani River. North of the Bhavani River, there are some exposures ofE-W trending 

tonalite/granite gneiss in which cataclastic fabric and pseudotachylite veins are common (Fig. 

3.43b). These may be related to late brittle shearing movement along the Moyar Shear Zone. 

Granite gneisses have discrete E-W trending ductile shear planes and mylonite zones (Fig. 

3.43a). Bedding in one BJF layer, about 3 km south ofBhavanisagar (Fig. 3.39), has been 

totally transposed by this mylonitic fabric. 

3.2.4.3.2. The Bhavani Shear Zone 

South of Bhavanisagar
1 

in the Bhavani lineament, the strike of different lithologic units reverts 

back to NE-SE to ENE-WSW similar to that area north of the Moyar Shear Zone. The rocks 

contain deformed mafic clots and quartzofelspathic ribbons. The original gneissosity in tonalite 

gneiss is transposed by ductile mylonite fabric in which rootless folds is preserved (Fig. 3.4la). 

In many places flattened mafic and quartzofelspathic clots commonJy show down-dip 

elongation, suggesting stretching within the Bhavani Shear Zone. The granite gneiss contains 

well developed su bvertical ribbing lineation (micro-mullions; Fig. 3. 44 ). Schistosity planes in 

tonalite gneiss either wraps around or cut across garnet and feldspar porphyroblasts (Fig. 3.45; 

3. 46) suggesting that schistosity were developed after or during growth of garnet. Deformed 

granitic gneiss is commonly cut by discrete zones of brittle to brittle-ductile shears. Within 

these shears quartzose layers of the gneisses are granulated. Late coarse granite veins cut 

across brittle shears and at places these granite veins are also deformed (Fig. 3.4lb; 3.47), 

indicating that these granite veins in the area are syntectonic with the brittle shearing 

4eform?tion in the Moyar and Bhavani Shear Zones. Pseudotachylites are common within the 

brittle shefl.fS, and occur as subparallel or anastomosing veins and dykes enclosing the 

unaffected fragments of granite gneiss (Fig 3.48). Patchy chamockitization is corrunon, and in 
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Fig. 3.43. Ductile and brittle-ductile shears in the Moyar Shear Zone. 
A. Tonalite gneiss show E-W trending ductile shear with dextral sense 
of movement. Plan view. Location: ~2 km SE of Bhavanisagar. 

B. E-W trending brittle and brittle-ductile shears superimposed on foliated 
tonalite gneiss. Pseudotachylite veins are present along some brittle 
shears (marked by arrows). Location: ~2.km north of Bhavanisagar; along 
the northern margin of the Moyar Shear Zone. 



Fig. 3.44. Subvertical ribbing (micro-mullion) lineation in granite gneiss 
within the Bhavani Shear Zone. Pen for scale is - 15 ems long. 
Location: a quarry section in Gudiyar, - 5 km east of Mettupalayam., 
Corridor-ID . 

.. .. ~ ... : , ,, 
'· .. 

Fig. 3.45. Close-up of granite gneiss exposed in the Bhavani Shear Zone. 
Foliations in the gneiss wrap around (arrow at the bottom right) or cut 
across (arrow near the centre) the garnet porphyroblast, suggesting that 
the garnet porphyroblast could either be syn-tectonic to post-tectonic 
with respect to the development of schistosity (S1). Location: - 5 km south 
of Bbavanisagar, Corridor-ill. 



- . 
Fig.3.46.Tonalite gneiss in the Bhavani Shear Zone. Note that 
gneissosity wraps round a feldspar phenocryst in the centre. 
Location, Gudiyar quarry, ~5km east of Mettupalayam, Corridor-ill 
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Fig.3.47. Granite dyke cutting across folded brittle-ductile mylonite 
fabric (D2 ) within the MSZ (circled area). The granite dyke also has 
developed a weak schistosity parallel to the E-W trending brittle-ductile 
mylonitic fabric (mf). Location, -2 km ESE of Bhavanisagar, Corridor-III. 



Fig. 3.48. Brittle and brittle-ducti le shears in granite gneiss within the 
Bhavani Shear Zone. Location: a quarry section at Gudiyar, - 5 km east 
of Mettupalayam, Corridor-III 
A. Anastomosing brittle fracture planes surrounding tonalite gneiss 

fragments. Thin psuedo-tachylite (P) veins cut across St fabric in the 
gneiss. Coin for scale is of '"" 1.5. cm diameter. 
B. Pseudotachylite veins (P) cuts tonalite gneiss. Location: a 

quarry section at Gudiyar, - 5 km east ofMettupalayam, Corridor-III. 



such charnockitized patches, the orjginal schistose fabric of the granite gneiss has been 

recrystallized into coarse granuJitic texture although "ghost" layering commonly persists . 

. Garnet porphyroblasts present in the rock have grown across the schistose fabric in the granite 

gneiss, but in the brittle shear zones, these garnet porphyroblasts are also defonned. 

I 

A number rock types from the Bhavani Shear Zone have been dated during the present study 

(Chapter 4). Zircons from the granite gneiss and granitic mylonite have U/Pb ages of-2.53 

Ga, which are interpreted as the protolith age of the granite gneiss (Chapter-4). Zircons from 

the mafic granulite have a U/Pb age of-2.48 Ga. However, field relations shows that mafic 

granulite is intruded by the granite gneiss. Also, mafic granulite from this corridor has been 

dated recently by the Sm-Nd whole rock method which yielded -2.9 Ga age (Bhaskar Rao et 

al. 1996). The -2.48 Ga age of zircons from the mafic granulite are thus interpreted as 

metamorphic, documenting a Late Archaean high grade metamorphism. Zircons from a 

crosscutting pegmatitic granite yielded an age of -600 Ma, providing an approx.imate age of 

the syntectonic brittle to brittle ductile defonnation in the Moyar Shear Zone. 

3.2.4.4. GeologicaJ evolution in Corridor-III 

Similar to Corridors I & II, the oldest lithol.ogic types encountered in the area Corridor III are 

the BIF and other metasediments. These were intruded by mafic granulite, all of which were 

subsequently intruded by - 2.53 Ga old granite gneiss. The granitic gneisses are highly 

defonned . Charnockitization was superimposed on these deformed rocks. A -2.5 Ma 

charnockitization event has previously been recorded in the Dharwar craton north of the 

present corridor by (Friend and Nutman, 1992; Grew and Manton, 1984~ Peucat et al. 1993; 

Mahabaleswar et al. 199 5). The -2.48 Ga age of zircons from the mafic granuLte in the 

present area is possibly related to the Late Archaean Paleoproterozoic chamock.itization. It is, 

however, not clear whether more than one charnockitization event is present in the area, as 
' 

has been recordeq In Corridor II. The youngest magmatic activity is represented by - 600 Ma 
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coarse massive granite. ln many places, these coarse granitic veins truncate the brittle to 

brittle-ductile shear fabric, but they themselves are also affected by shearing. This gramte 

event is thus interpreted as syntectonic with the brittle to brittle-ductil.e shearing in the MASZ. 

Granite gneisses both north and south of the MASZ are highly. deformed. Zones of ductile 

shearing are common both north and south ofMoyar shear zone. The NE-SW strike of the 

lithologic units north of the Moyar Shear Zone are the same as those to the south in the 

Bhavani Lineament. But along the MASZ, the strike is E-W. Both the Moyar and the Bhavani 

lineaments have well developed brittle to brittle-ductile shear zones. But the general continuity 

of the structural trend and rock types both north and south of the Moyar lineament suggests 

that the MASZ is not a fundamental terrane boundary. 

3.2.5. Geology of the Corridor-IV 

This corridor covers part of the Palghat Gap (Fig 1.7). The Palghat-Cauvery Lineament is best 

developed in this area. The general trend of the litho!ogic units in this corridor is E-W. The 

corridor was covered by wide traverses and studies of selected quarry sections. 

The area is dominated by granite gneiss, coarse massive granite and ma.fie granulite. At least 

four different granitic events separated by deformational episodes can be recognized (Fig. 

3 .49). The earliest grarutic rocks recognized in the area are homogeneous schistose biotite-rich 

tonalite-gneiss (type-A), is made up of plagioclase, biotite and quartz. Th.is variety is intruded 

by gneissose homblende-biotite-gneiss (type-B) which is the most dominant rock type in the 

area. The third granitoid rock type (type-C) is represented by thin, pale coloured medium­

grained quartzofelspathic veins which have intruded subparallel to the gneissosity in type-B. In 

places the veins show cross-cutting relationship with both type-A and type-B (Fig. 4.49; 4.50). 

The veins are deformed and have dev~loped internal planar fabric. The rock has isolated and 

subparallely aligned eDipsoidal mafic rich clots, which define a weak gneissosity_ Similar rock 
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Fig. 3.49. Four types of granites (A,B,C and D) and their inter-relationships 
in a vertical quarry section in Maruthamkad village, - 30 km north of 
Palghat. Type A is intruded (1) by type B. Both are intruded (2) by type C. 
Type C is intruded (3) by type D . .... , sample locations for U-Pb zircon 
dating of type A (S-404A) and type D (S-404B) granites. Zircons from both 
varieties contain multiple populations (see Chapter 4 for details). 

Fig. 3.50. Isoclinal folds in type C granites intruded into the type A granites. 
Location, Vayalur quarry, -30 km east of Attapad4 Bhavani 
Shear Zone (Fig. 3.1). 



Fig. 3.51. Intrusion of type D granite into type B granite both sub-parallel 
(1) to the gneissosity and cutting across (2) it. Type D may include two separate 
phases (D1 and D2). But the boundary between these two varieties is not 
sharp. It is possible that the D1 variety which is folded in places, were intruded 
late-syntectonically ~while the D2 variety may represent in situ partial melt 
product following D1 • 

Location, Maruthamkad quarry,-30 km north of Palghat. 

Fig. 3.52. Intrusion of type D granite into type A, subparalleJ to the 
gneissosity in type A, resulting in a composite multilayered rock. 
This multilayered rock has been affected by isoclinal folding (F) 
and shearing (S). Location, NachchipilJi quarry, - 20 km north 
of PaJghat. 



Fig. 3.53. Intrusion of type-D granite both along and across the gneissosity 
of types-A and -B granite gneisses. An ealier phase of type D has been 
sheared (S) along with host rocks but a younger phase intrudes the shear 
fabric. Thus type-D granite includes more than one phase and these 
phases overlaps with the shearing along the PCSZ. Shear planes (S) 
have a sinistral sense of movent. 
Location, A ., Mudur quarry, ~15 NW of Palghat. B., Vellapara quarry, 
- 20 km south of Palghat. 



types fonn a -50 km
2 

batholithic body (known as the Sholiyur Granite; Fig. 4.50) north of the 

corridor. The youngest granitic rock is represented by coarse pink coloured massive granite 

(type-D). It cross-cuts foliation in both type-A and B. (Fig. 3.51). SubparalleJ dense intrusion 

by this variety into the type-A and B granitoids have commonly developed composite multi­

Jayered rocks which in places are isoclinally folded and sheared in both sinistral and dextral 

simple shears (Fig. 3.52, dextral; 3.53, sinistral). In many place~, type-D granite has crosscut 

simple shear planes in composite multi-layered rocks (Fig. 3.52; 3.53). Thus, type-D granite 

includes more than one generation of granites. The older phase (type-01) has been defonned 

and sheared (without development of planar penetrative fabric, while the younger phase (type­

D2) have apparently crosscut the shear fabric in D1• However, both types D1 and D2 are coarse 

grained pink granites and nowhere has any sharp contact between these two types been 

observed. It is thus possible that intrusions of type-D granite overlapped with simple shear 

defonnation jn the rock in which younger phase intrude defonned earlier phases. All four 

types of granitoids, including type-D granite, show partial charnockitization at places (Fig. 

2. 5) indicating a phase of charnockitization that is younger than intrusion of the type-D 

granite. Ayounge1 phase of type-D granite has, in tum, intruded and 1etrogressed 

charnockites (Fig. 2.6). 

Zi1cons from type-A granite gneiss and type-D (specifically type-D1) granite have been dated 

in the present work using the SHRIMP and conventional IDTIMS respectively (Chapter 4). 

Type-A granite gneiss yielded two separate concordant population of zircons with igneous 

zoriing in them. These two populations gave ages of-2.9 Ga and 1643 ± 10 Ma, respectively 

(Fig. 3.49). While the -2.9 Ga population is interpreted as the protolith age of type-A granite 

gneiss) the 1.65 Ga population rep1esent another thermal event which may be related to 

intrusion of either type-B or type-C granites which have intruded type-A granite gneiss. 

Zircons from type-D granite have also yielded two distinct populations of zircon. One 

population, with a Th/U ratio of -0.3 yielded near concordant age of 600 ± 4 Ma while the 

other population with Th/U ratio of- .02 yielded a concordant 522 ± 3 Ma age (Fig. 3.49). 
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The magmatic crystallization age of the type-D granite is interpreted as -600 Ma. The very 

low Th/U ratios in the younger population possibly represent their formation during later 

hyd rothennal activity. 

3.2.6. Synthesis of geological observations in Palghat-Cauv,ery, Moyar and Moyar Shear 

Zones 

3.2.6.1. Lithostratigraphy 

The areas covered in four corridors (I-IV) comprise a diverse variety of rock types. These 

include metasedimentary units, ma±ic granulite, granite gneiss and coarse massive granite 

intruded by late dolerite and gabbro. Metasedimentary assemblages are represented by BIF, 

quartzite (sometimes fuchsitic), calc-silicates, psamites and petites. Cale-silicate rocks are 

mostly represented by diopsidic gneiss and marbles. The lithologic assemblages on either side 

of the Palghat-Cauvery Lineament are similar but their relative proportions differ. While calc­

silicates and pelites are abundant in the southern part of the lineament, BIFs are more common 

in the area north of the lineament. This difference may simply be due to the original facies 

variations . Except for the area south of Pala yam, the broad litho-stratigraphic relationsrup 

amongst various lithologic units in all the corridors are similar. 

BIF and its associated metasediments are the oldest recognizable rock types of the area. They 

were defonned and later intruded by mafic granulites (Fig. 3 .36). The age of the mafic 

granulite bodies is around 2.9 Ga to 3.0 Ga (Chapter 4 and Bhaskar Rao et al. 1996). Thus, 

the BJFs were deformed prior to -2.9 Ga. Mafic granulites and BIFs were folded together and 

sheared at around 2.53 Ga, during large scale intrusion of tonalite. This tonalite has 

dismembered the early BlF and mafic granulites, which presently occur as isolated xenoliths at 

various scales. They must have been deformed prior to the intrusion of tonalitic gneiss. The 

granitic gneisses have, in tum, been intruded by a variety of younger granitic and mafic 
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intrusives. The most abundant variety is the pink coarse granite which has been dated in the 

Namakka] (Corridor-I), Mettupalayam (Corridor-Ill) and in Palghat (Corridor-IV) areas at 

about 600 Ma and in Palghat area at about 570 Ma. This variety is syntectonic with respect to 

an event of shearing deformation in the area. Two distinct phases of charnockitization are 

present in the area. One is Late Archaean (~2.5 Ga) and the other is Late Neoproterozoic 

( <-600 Ma) to Early Paleozoic_ 

South of Corridor I, in the Pala yam area metasediments dorn.inate. There, khondalite (quartz­

muscovite-garnet-sillimanite-graphite schist) contains clasts of mafic granulite and folded BIF 

fragments suggesting that the khondalite ::nay have an unconformable relationship with the 

mafic granulites and BIF, and thus probably represent younger metasediments . Two detrital 

zircons from khondalite yielded -2.5 Ga ages, which supports this interpretation. 

3.2.6.2. Structural geometry 

The MASZ has been studied in the present investigation in three corridors (I, II and III). In all 

these corridors the shear zone was found be a E-W trending zone of 2-3 km wide with a 

subvertical planar shear fabric. Nowhere is there any evidence of large scale strike-slip 

movement. Instead, subvertical downdip stretching lineations are present in several places. 

Shear zone rocks display a high degree of flattening. This suggest that the MASZ had mainly 

subvertical movement with a significant pure shear component. Rocks on either side of the 2-3 

km wide Moyar Shear Zone have broadly NNE-SSW to NE-SW trend. 

The NW-SE trending CBSZ, identified during this study has a complex movement history. 

South of the Namakkal area both sinistral D2 and dextral D3 shears are present within this 

shear zone. Regionally, the tectonic fabric suggests an overall dextral movement along the 

CBSZ. 
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The BSZ has been investigated in Corridor-ID. There, E-W to NE-SW trending subvertical 

ductile to brittle-ductile shears deform an earlier NE-SW striking gneisses. The width of the 

B SZ is not known. 

Evidence for an E-W trending PCSZ was not observed either in Corridor I or Corridor IL If 

present, lt could be below the alluvial sediments of the Cauvery River in these corridors. In 

Corridor I both sides of the PCSZ have similar lithologic association, structural trends, and 
' 

ages of dominant granite gneisses (-2.53). This suggests that even if an E-W trending shear 

zone is present underneath the alluvial sediments of the Cauvery River, the PCSZ is unlikely to 

be a major crustal shear zone, and less so a terrane boundary. 

3.2.6.3. Geochronology 

U-Pb geochronological studies carried out in the present work have revealed that -2.5 Ga 

granitic rocks, known to ex.ist in the Transition zone, continue further south across both MSZ 

and PCSZ. Granulite metamorphism at -2.5 Ga has also been recorded in the Namakkal area, 

which is the southernmost extent of this Late Archeam-Early Proterozoic metamorphism 

known to date. Syntectonic and post-tectonic granites from ttte Namak.kal area of Corridor-I, 

the Metttupalayam area of Corridor-III and Palghat area of Corridor IV have been dated at 

603 ± 14, 601 ± l Ma and 600 ± 4 Ma. Monazite from the MSZ in Corridor-II have been 

dated at 612 ± 6 Ma. These ages suggests that the MSZ, the CBSZ, theBSZ and the PCSZ 

were formed or reactivated at - 600 Ma. A group of hydrothermal(?) zircons from a 

syn tectonic granite from Palghat area of Corridor III have yielded an age of 522 ± 3 Ma which 

is possibly the final phase of movement along this shear zone. 
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3.3. Geology of the area between the PCSZ and the ASZ: The Madurai 

Block 

3.3.1. Introduction 

The area between the PCSZ and the ASZ is known as the Madurai Block (Harris and Santosh, 

1994; Chapter 1; Fig. 1.7 ). The Madurai Block is the largest but least studied area of the 

SGT. Only a few recent studies on metamorphism (Sivasubraman.ian, 1991 ; Anand Mohan, 

1996; Janardhan et al. 1997) and geochronology (Hansen et al. 1985; Jayananda et al. 1995; 

Bartlett et al. 199 5, 1998) from selected localities exists. 

The age relationship between the high grade metasediments of the Madurai Block and those 

of the high grade metasediments of the Sargur Group of the Dharwar craton is not known. 

There is no convincing record of Archaean basement from either the Madurai Block or the 

KKB south of it. Only Odom (1982) has recorded a U-Pb zircon age of-2.9 Ga from a 

chamockite from the Trivandrum area. The continuity of this rock is, however, unknown. Two 

zircon evaporation ages from charnockites of the Kodaikanal area hint at the possible presence 

of granitic basement older than-2.4 Ga (Jayananda et al. 1995; Bartlett et al. 1995; 1998). 

The entirety of the SGT might have been accreted to the Dharwar craton during a -2.5 Ga 

event and the vast expanse of metasedirnents in the area might have been deposited on-2.5 

Ga basement. Available data have recorded Neoproterozoic migmatization and 

chamockitization event in the SGT (Santosh et al. 1989; Jayananda et al. 1995; Bartlett et al. 

1995, l 998). 

The Madurai Block has suffered polymetamorphism and has a very complex structural 

geometry. The distribution of the charnockites, granite gneiss and supracrustals in the Madurai 

Block is irregular. They define a brnad regional trend suggestive of major NNW-SSE trending 

folds (Fig. L3 ) . However, the satellite images of the Madurai Block have revealed N-S 
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structural trends (Drury and Holt, 1980), which broadly conform to the charnock1'te-granite 

gneiss contacts of the area. 

A major discontinuity In the regional structure and Jithological assemblage within the Madurai 

Block has been identified during the present investigation, which is Interpreted as a rr.ajor 

shear zone (the KKPT Shear Zone; Fig, l .3). This discontinuity can be traced along a NE-SW 

trending zone broadly from south of Karur through south ofKodaikanal up to north of 

Kambam .. From there, this shear zone takes a turn towa1ds NW and passes through north of 

Painavu up to the west coast ofindia, north of Trichur. 

3.3.2. Rock types 

The Madurai Bl.ock is dominated by amphibolite fac1es granitic para- and ortho-gneisses, hlgh 

grade metasediments, and their charnockitized equivalents. Charnockitization is more 

extensive in the western part of the area, where the Kodaikanal and the Cardamom Hlll ranges 

form a vast expanse of massive charnock.ite. Other than chamockite/enderbite and granitic 

gneisses, the Madurai Block has a high abundance of khondalite, calc-silicate gneiss, quartzite 

and mafic granulite. In addition there are a number of younger granitic bodies, which includes 

alkaline rocks. Two massive anorthosite bodies, namely the Oddhanchattram anorthosite and 

the Kadavur anorthosite occur i.n the northeastern part of this block (Janardhan and Wiebe. 

1985). 

3.3.3. Structure 

The distribution of quartzite, calc-silicate and mafic granulite layers define the distinct regional 

structural pattern of this block. These, along with trends of gneissosity in earlier published 

studies display the complex structural geometry of the terrain. A clear distinction can be made 

between structures north and south of the KKPT Shear Zone. South of the KKPT Shear Zone, 
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Fig.3.55. Crenulated granite mylonite (GM) in the KKPT Shear Zone, - 35 
East ofKotamangalam. Granite veins of different generations, both folded 
with crenulation (red arrow) and cross-cutting the crenulation (yellow arrow) 
intrudes the mylonite. Granite and mylonite both are affected by patchy 
charnockitization (pink outline) within which the mylonitic fabric is no longer 
discernable. Location: Mamalakandu village, 35 km east ofKotamangalam . 

~- - . -
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.., Fig.3.57 .Biotite gneiss and 
(syntectonic) granites in a 
quarry near Tallakod, -30 
east of Kotamangalam. 

, A. Both biotite gneiss and 
granite are partially or 
wholly charnockitized (Ch) . 
Granite occur as folded 
(F) or non-folded (N) veins, 
probably depending on their 
initial orientation viz a viz the 
regional strain orientation. 
B. Partially charnockitized 
(Ch) folded gran ite vein. 
, sample (S-415) location 
for U-Pb geochronology. 
(age, 568 ± 2 Ma) 

C. Biotite gneiss and syntectonic granite . ..... sample (S-416) 
location for U-Pb geochronology (age, 2511 ±17 Ma). 



m the nonheastern part, quartzite bands show complex refolding of early tight to lsoclinal 

folds of variable trends by Jate tight NNW-SSE trending folds . The northern part ofthe KKPT 

Shear Zone comprises broad open folds that belong to the structures seen in the Dharwar 

craton. Because of this structural distinction and difference in the li thological association 

across the KKPT Shear Zone, it is possible that KKPT Shear Zone is a major shear zone 
. 

separating two different types oft.erranes in the SGT. Three traverses were taken across this 

shear zone in the area east ofKotamangalam (Fig. 3.1). Granite gneiss within the shear zone is 

mylon.itized and is intruded by granites of more than one generation (Fig. 3.55; 3.56 ). 

Mylonitic fabric has NW-SE strike and subvertical dips .. Granite mylonite, biotite granite, and 

granites within the KKPT Shear Zone are chamockitized (Fig. 3 .5 5). Within the charnockite 

patches, mylonites are recrystallized into massive chamocki:te (Fig. 3.55 ; 3.57A)- Since most 

of the KKPT Shear Zone is underlain by charnock.ites, it is likely that the mylonites associated 

with the KKPT Shear Zone are converted to massive charnocki.tes 

3.3.4. Geochronology 

A number of rock types from the Madurai Block have been dated m the present investigation. 

Granite gneiss from the Kotamangalam falling within the KKPT Shear Zone has been dated at 

2511 ± 17 Ma, while a syntectonic granite has been dated at 568±2 Ma (Chapter 5). The 

Oddhanchatram anorthosite massif, which is NE-SW trending body and lies close to the K.KPT 

Shear Zone, has also been dated at 563 ± 9 Ma (Chapter 4) . These data suggest a major 

period of movement along theKKPT Shear Zone at about 560-570 Ma. Since patchy 

chamockites have been superposed Of'! syntectonic granite, and have obliterated the mylonitic 

fabric along the KKPT Shear Zone, chamockitization is post-tecto.riic in nature and is younger 

than 560-570 Ma granites. 

Monazite from a khondalite sample from eastern part of the Madurai Block has been dated at 

791 ± 17 Ma which is interpreted as the age of the high-grade metamorphism in the area, 
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Zircons from a charnockite gneiss sample, also from eastern part of the Madurai Block, have 

been dated at 796 ± l Ma which interpreted as its protolith age. Thus - 790-800 Ma represents 

the latest high-grade metamorphism and a period of granitic magmatism in the eastern part of 

the Madurai Block. 

3.3.5. Summary 

The Madurai Block is dominated by paragneisses, metasediments and their charnockitized 

equivalent rocks. The -2.5 Ga granitic gneiss, that continues from the southern part of the 

Dharwar craton that has been recorded to continue as far south as the PCSZ, also continues at 

least as far south as the Kotamangalam area. A major Hthological and structural discontinuity 

exists in the Madurai Block along the the newly defined KKPT Shear Zone. The KKPT Shear 

Zone was formed or reactivated in a period between 560 and 570 Ma. The latest high-grade 

metamorphism and a period of granitic magmatism in the eastern part of the Madurai Block 

occurred between 790 and 800 Ma. Th.is suggests that the -550 Ma granulite metamorph.ism, 

which has been recorded in the Kerala Khondalite Belt, may not have affected the eastern part 

of the Madurai Block. 

3.4. The Trivandrum Block and the Achankovil Shear Zone 

3.4.1. Introduction 

The southern margin of the Madurai Block is placed along the NW-SE trending Achankovil 

Lineament, which marks the southern margin of the Cardamom Hill charnockite massif (Fig. 

1.6). The area south of the Achankovil Lineament is dominated by khondalite and related 

metasedimentary rocks and is popularly known as the Kerala K.hondalite Belt (KKB), which 

Harris and Santosh (1993) named as the Trivandrum Block following their interpretation that 

the Achankovil Lineament marks a tectonic boundary between two blocks. The Trivandrum 
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Block has been interpreted as having NW-SE structural trend as against N-S trend of the 

Madurai Block (Drury and Holt, 1980). The discordance in the imagery-interpreted structural 

trends between the Madurai Block and the Trivandrum Block has been explained by 

hypothesizing a major shear zone (the Achankovil Shear Zone, ASZ) with significant sinistral 

strike-slip movement along the Achankovil lineament. The Achankovil Lineament is prominent 

in the northwestern part along the southern edge of the Cardamom Hills chamockite massif. In 

the southeast, the lineament is not well developed. However, the Achankovil Shear Zone has 

been hypothesized to have extended right up to the southeastern coast of the Peninsula. Since 

proposed, there has been very little structural work on this shear zone. Limited available field 

observations by Sinha Roy et al. (1984) and Radhakrishna et al. (1990) have questioned the 

presence of a shear zone along the Achankovil Lineament. Recently Sacks et al. ( 1997) have 

proposed an alternate position for a major shear zone with dextral strike-slip movement alOng 

the Tenmala Lineament, which marks the southern margin of the Achankovil shear zone. This 

shear zone is known as the Tenmala Shear Zone (Chacko et al. 1987; Ramak.rishnan, 1993; 

GS!, 1995). 

3.4.2. Geology of the Perinad-Pattanamitta-Punalur (PPP) corridor 

3.4.2.1. Introduction 

During the present study a - 10 km wide NW-SE trending corridor across the Achankovil and 

Tenmala lineaments covering parts ofKKB and Cardamom Hill charnock.ite massif has been 

mapped on scale 1:50,000 (Fig. 3.60). The corridor passes through Perinad in the north, 

Pattanamitta in the centre and Punalur in the south (Fig. 3 .61; henceforth referred as PPP 

Corridor). The southern part of PPP corridor falls within the KKB, while the northern part of 

it falls within the Cardamam Hills chamock.ite massif A number of quarry sections in the area 

were ·studied in detail with the aim to understanding nature of the charnockite~granite gneiss 

transition and to examine the inferred shear zones. One aim was to understand the sequence of 
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geological events in SGT, and especially any possible contrast in the evolutionary history 

between the Kerala Khondalite Belt and the Cardamom Hill Massif U-Pb zircon and monazite 

dating of selected samples were carried out to constrain the defonnation and metamorphic 

events. 

3.4.2.2. Lithology of PPP Corr)dor 

The major lithologic units of the PPB corridor are charnockitized and non-charnockitized 

lithologic assemblages of leptynitic garnet-biotite gneiss, khondalite and cordierite-gneiss, with 

minor mafic granulite, calc-silicate, quartzite, and massive granite. All these lithologic units 

have undergone chamockitization to varying degree and intensity, resulting in extensive 

occurrence of various types of charnockites: unfoliated, gneissic and incipient charnockites are 

widely distributed throughout the PPP. Thus chamockites with.in various parts of the PPP 

corridor include charnockitized equivalents of khondalite, garnet biotite gneiss, cordierite 

gneiss and massive granite. All these rocks are cut by the granitic pegmatite. 

3. 4. 2. 2.1. Lithological descriptions 

Garnetif erous quartz biotite gneiss: The most common rock type in the KKB is 

gametiferous quartz biotite gneiss (GQBG). The rock contains irregular veins of quartz and 

feldspar (QFY) with variable amounts of biotite and garnet. Gamet has grown after the 

development of QFVs and is thus post-tectonic (fig. 3.62). An earlier generation of garnet has 

been suggested by others (Sacks et al. 1997). Common accessory minerals in GQBG are 

graphite, zircon and apatite. 

Khoodalite: Khondalite is a name given by Walker ( 1902) after the Khond tribe which 

inhabited the state of Orissa, India, for a para-schist and para-gneiss sequence dominated by 

garnetiferous quartz-sillimanite rocks. In the KKB the mineralogy of khondalite is quartz-
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Fig. 3.62. Quartzo-feldspathic 
veins (QFVs) within garnet-biotite 
gneiss and khondalite in the KKB. 
Location numbers refer to Fig. 3.61 
A. Dense subparallel intrusion of 

·QFVs within garnet-biotite gneiss. 
Note that equant garnets cut across 
the margins of the QFVs and the 
gneissosity (location, 320, Fig., 3.61). 
B. QFV s coaleses to fonn thick veins 
(upto several metres) alternating 

._...___..._...._ ..... 

with khondalite (location 333) 
C. QFVs both parallel and at high 
angle to the gneissosity in the 
garnet-biotite gneiss (location 319) . 



biotite-garnet-K-feldspar-graphite ± cordierite ± rutile . 

. Cordierite gneiss contains cordierite-garnet-plagioclase-quartz-biotite as the major mineral 

assemblage. In places, it may also contain hypersthene or siilimanite. Although cordierite is 

present in almost all rock types ofKKB, there is a discontinuous and wide zone(~ 10 km) of 

cordierite gneiss spatially associated with the Achankovit. Lineament (Sinha-Roy et al. 1984; 

Santosh, 1987). It is believed that the cordierite-producing reaction was caused by isothermal 

decrease of pressure during uplift (Chacko et al. 1987; Santosh, 1987). The cordierite 

producing reactions are also believed to be dehydration reactions (Santosh, 1996) which are: 

(i) Biotite + Garnet+ Quartz= Orthopyroxene + Cordierite + K-feldspar + H:iO 

(ii) Gamet + Quartz = Cordierite + Orthopyroxene 

Cordierite development in charnockite is mainly controlled by bulk composition, where Mg/Fe 

ratio is high. Santosh et al. (1993) calculated P-T conditions of 4.2 ± 1.2 kbar and 753 ± 32°C 

for the cordierite-orthopyroxene reaction. 

Leptynites are gametiferous quartzo-felspathic gneisses with or without biotite (generally Jess 

than 10%). They occur as elongate (up to tens of metres in length) layers or lenses along the 

foliation of the gneisses. Leptynites may represent original arenite/arkose layers intercalated 

with petites. They may also represent metamorphosed quartzo-felspathic veins (QFVs) . 

Granite: Other than the ubiquitous granitic gneisses and the chamockitized gneisses that 

occur throughout the region, there are a number of isolated massive, non-foliated granite 

bodies that have intruded gneisses. These bodies are mostly elongate in shape and are 

em placed sub parallel to the regional trend of the foliation. Two types of intrusive granitic 

rocks are present (i) medium grained mesocratic biotite-bearing granite which occurs as long 

bodies up to several km in length; and (ii) coarse biotite-bearing pegmatitic-granite. While the 

massive granite bodies have been chamockitized in many places, the pegmatitic granitic veins 

have, in turn, bleached (retrograded) the chamockites (Fig. 2.12). This difference in their 
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relative emplacement ages has been corroborated by U-Pb zircon dating of these two types of 

rocks from Nirettipara quarry (location 318) where they occur close together. The massive 

granite is found to be - 550 Ma and the pegmatitic granite is - 530 Ma (see Chapter-4). The 

massive biotite- bearing granites are best exposed around Kali para; -6 km NE of Kalanjur 

(Fig. 3.61). Accordingly this granite is, hereafter, referred to as the Kalipara Granite. The 
' 

Kalipara Granite is the youngest magmatic body that has been affected by charnockitization. 

3.4. 2. 2. 2. lntntslon of Kalipara grani le and later granites 

In the central part of the PPP corridor, in a number of isolated areas, massive Kali para-type 

biotite-granite has intruded the gneisses. It shows crosscutting relationships with the S2 and is 

thus younger than D2 deformation event. These granites do not have any planar penetrative 

fabric . In places, veins of Kali para-type are tightly folded by D3 folds (Fig. 3.63) suggesting 

that they could be pre- or syn-D3. Intrusion of the Kalipara Granite was followed by 

widespread development of charnockitization in the area. Chamockitization in the Kalipara 

Granite is present in various stages of development. The Kalipara Granite is the youngest 

intrusive rock which is chamockitized. It is intruded by a number of bronze coloured, biotite-

bearing granitic and pegmatitic veins. These veins are present only locally and are a few cm to 

a few metre thick. Wherever these veins have intruded charnockitized parts of the host rocks, 

there are a selvage of retrogressed charnockites around them (Fig. 2.12). Such retrogression 

might have caused by H20-rich fluids associated with such granitic veins (Srikantappa et aL 

1985; Ravindra Kumar and Chacko, 1986) 

3.4.2.3. Charnockitization in PPP Corridor 

Chamockitization is more pervasive and intense in the northern part of the area adJacent to the 

continuation of the Carda.mom Hill Massif Her~ near complete transformation of 

metasediments and granitic gneisses to charnockites has given rise to vast expanses of massive 
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Fig. 3.63. Open FJ folding of the Kalipara Granite (KG) dyke within 
charnockite gneiss (CHG). A man standing in the lower right part 
for scale (Location, 326 in Fig. 3.61) 

Fig. 3.64. Isoclinal F1 fold defined by folding of mafic granulite gneiss. 
Plan view. Axis of the fold is subvertical. Coin for scale in the center is 
2 cm in diameter. Location S-323 (Fig. 3.61). 
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charnockite. Charnockite of the Cardamom Hill Massif is often regarded as magmatic 

charnocki.te on the basis of its geochem.i:al signature and high (-1000° C - l 1 00° C) estimates 

. of paleo-temperature using the Al-based geothermometry (Chacko et al. 1987; Chacko et al. 

1996). In the southern part of the PPP corridor, charnockites occur as isolated bodies within 

k.hondalite metasediments (Fig. 3.61) and are regarded as the product of metasomatic 

alteration of pre-existing rock types (Srikantappa et al. 1985; Ravindra Kumar and Chacko, 

1986~ Harris and Bickle, 1989; and Santosh, 1992). In this area paleo-temperature estimates 

on chamocki.tes of the KKB range between - 700°C and 950°C, with a very broad increase in 

temperature estimates towards the Achankovil lineament. The paleo-pressure estimates are 

between 4 and 6 kb. 

During the present study, destruction of original planar fabric of the rock through 

recrystallization of pre-existing granites and gneisses during charnoclcitization was observed in 

both northern and southern part of the corridor. In gneisses, the gneissose layering can be 

recognised in the chamoclcitized part in continuity with the gneissose layering in the non­

chamoclcitized gneisses (Fig. 2.9, 2.3). Although chamock.ite gneisses of the northern part of 

the area is generally regarded as magmatic chamoclcites (Chacko et al. l 997, Santosh, 1996), 

intrusive relationship between charnockite gneiss and non-charnock.itized parts could not be 

observed. In places, however, original intrusive relationships between late Kalipara-type 

granites and paragneisses are preserved in the chamock.itized parts also (Fig. 2.7). Thus 

presence of C-type (C denotes chamockite) magma as proposed for the Cardamom Hill 

chamoclcites (Chacko et al. 1996, Santosh, 1996) cannot be supported on the basis of field 

observations. The higher temperature estimates in the Cardamom Hill area than in the 

Trivandrum Block as recorded by Chacko et al. ( l 996) are likely to be the reflection of more 

pervasive chamockitization in the area. 
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3.4.2.4. Migmatization in the PPP Corridor 

. The most conspicuous feature of the PPP corridor is the extensive migmatisation of various 

Lithologic units. Almost all the rock types have been densely intruded by pale grey colored 

quartzofelspathic veins (hereafter referred as QFV) containing quartz, alkali feldspar and 

biotite, with QFV, often comprising up to half of the rock volume. These veins are commonly 

a few cm in width, but locally they coalesce into pods and dyke upto a metre or two thick. 

They have intruded sub-parallel to the pre-existing fabric but locally cross-cut this fabric at 

high angle (Fig. 3.62; 3.65a). Whether the QFVs represent leucosome melts as a result ofin 

situ melting or subparallel dense intrusion of allochthonous granitic melt is not clear. Biotite 

rich pods and layers are often interpreted as melanosome restites. In many places they are 

found to be alteration products of mafic granulite bands or pods (Fig. 3.65b). Subparallel 

impregnation of pre-existing rocks by QFV throughout KKB has given rise to prominent 

gneissic banding in almost all the rock types except the mafic granulites in which the QFV 

impregnation is less conspicuous. 

The sub parallel orientation of the mafic granulites and adjac:ent garnetiferous quartz-biotite 

gneiss (QBG), and the absence of clear-cut cross-cutting relationship between them are often 

cited as evidence of sedimentary origin of mafic granulite (original Fe-Mg rich sediments) and 

adjacent quartz-biotite gneiss (original arkosic sediments; e.g., Chacko et al. 1992). However, 

such sub parallelism of the QBG and mafic granulites can also be explained by an early folding 

and flattening of the sequence. Subsequently subparallel impregnation of the whole sequence 

by QFV s resulted in the development of prominent gneissosity in the QBG and alteration of 

the ma.fie granulites along the margins into biotite-rich quartzofelspathic gneiss. Such marginal 

alteration of the ma.fie granulite bands has caused gradational contacts between ma.fie 

granulites and QBGs (Fig. 3.65b). The conspicuous gneissosity present in different rock types 

of the KKB may thus be the result of preferential emplacement of granitic veins subparallel to 

a preexisting anisotropy in various rock types; this could explain absence of any obvious 
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Fig. 3.65. Field sketches 
showing inter-relationships 

_ C - ........., among khondal ite, garnet 
/ ~::: ~-.. biotite gniess, massive 
~ ::::::- - --.. .._ granite (Kalipara Granite) 

Khondalite- _:::::.._ .and mafic granu li te. 
,.-- -==::._-=-~ :::::- Location, Kanamukku quarry, 
/---_:::-:=_-=_ - 8 km NW of Pattanammitta. 

L.-l--7---;r~~yL.. __ _J A. Khondalite is intruded by 

Zones rich in 
quartzo-feldspathic 
veins 

0 

mafic granulite which in 
turn is 1ntruded by Kalipara 
Granite (massjve). 

B. A patch of Mafic granulite 
emplaced sub-parallel to 
the gneissosity of garnet-
bioti te gneiss. Margins of 
mafic granulite are extensively 
densely intruded by quartzo­
feldspathic veins. Along margins 
mafic granulites are altered 
to migmatitic rocks and have 
subparallell al ignment of biotite 
cJots in them. Such alteration 
along margins often make it 
difficult to study their contact 
relationships. 



crosscutting relationship between QBG and mafic granufite bands. 

Rocks unaffected by QFVs are unconunon. Where present, they allow identification of original 

rock types. Thus locations 319 and 320 in Fig. 3 .61 expose weakly schistose granite. Because 

of the rarity of such exposures, however, it is difficult to identify the original protoliths of 

various quartzo-felspathic gneisses in most outcrops. 

3.4.2.5. Stratigraphy and nature of the protohth of gneissic rocks of the KKB 

The stratigraphic relationship and nature of the protolith of various gneissic rocks of the KKB 

are not well understood. Many workers (Srikantappa et al. 1985; Ravindra Kumar and 

Chacko, 1986; Chacko et al. 1987; Hansen et al. 1987) hold the view that the various 

lithologic units of the KKB are of sedimentary origin because they are interlayered and 

contacts between them show no obvious intrusive or tectonic relationships. Abundance of 

graphite ( z 1 %) in the leptynite-khondalite rocks is taken as an additional evidence of 

sedimentary origin. Whole rock or trace element geochemistry on various gneissic tocks of 

the KKB have been used to discriminate between various types sedimentary protoliths for 

different gneissic rocks of the KKB on the assumptions that they represent metasedimentary 

rocks (Srikantappa et al. 1985; Chacko et al. 1987, 1992). It is generally inferred on the basis 

of these geochemical analyses that the leptynitic rocks represent arkosic metasediments while 

khondalitic gneisses represent pelites (Chacko et al. 1987, 1992; Srikantappa et al. 1985). 

However, none of these analyses unequivocally discriminate between a magmatic or 

sedimentary protolith. Instead, relative consistency in K/Na ratio over wide area (Chacko et al. 

1988) and very tight clustering of the analyses of leptynites (Srikantappa et al. 1985) may be 

suggestive of magmatic origin of majority of these gneissic rocks of KKB. 

Carbon isotope ratios of the disseminated graphite in Khondalite and potassic gamet-biotite 

gneisses from southern Kerala (o 13C -J4o/'oo to -17%0) broadly corresponds to a sedimentary-
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biogenic origin (Soman et al. 1986, Klatt et al. 1988; Jackson et al 1988, Wada and Santosh, 

1993), which generally varies between -32%0 and -25%0. It is argued that the positive shift in 

isotope ratios are very likely in part due to the higher grade of metamorphism (Valley, 1986) 

and in part due to participation of magmatic carbon in graphite genesis. The origin of graphite 

through reduction of carbonate phases and through recycling of the biogenic sediments 

through melting cannot be ruled out. o 13C in graphites of pegmatite of Kerala is around -

12.S~Voo (Soman, 1986). Such graphite could have been formed during reduction of C02 by H 2. 

Elevated o 180 values (9. 3-10. 6%0) of the most dominant of the gneissic rocks, garnet biotite 

gneiss, is also cited as evidence for their sedimentary origin (Chacko et al. 1988). But these 

values are not unusual for magmatic rocks. 

On the basis of the major and trace element data, Chacko et al. ( 1992) suggested that massif 

charnock.ite of the Cardamom Hill Massif constituted the main source of the metasediments of 

the KKB. However, this hypothesis is based on the assumption that the charnockites of CHM 

are magmatic, which is not proven. Since charnockites of the CHM are of metasomatic origin 

(Chapter 2), it is likely that protolith of these charnockites are continuous with the (para-

) gneisses of the KKB. 

3.4.2.6. Structure and metamorphism 

There has been very little structural work in the Kerala Khondalite Belt. Yoshida and Santosh 

( 1987) and Radhakrishna et al. (1990) have described local structural features while Sinha Roy 

et al. ( 1993) reviewed the regional structural geometry ofKKB. Recently Sacks et al.(1997) 

recorded their observations on features ofTerunala Shear Zone. 

AH the rock types of the area, except the Kalipara Granite and younger granites, show 

pervasive development of schistosity and gneissosity. Schistosity is defined by subparallel 
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planar alignment of biotite flakes, hornblende and ellipsoidal quartzo-felspathic minerals. Two 

lcinds of gneissosity are recognised in the area. The earlier one (Gn,) is defined by regular 

_alternation of mafic-rich and mafic-poor minerals layers (few mm to few cm thick). In mafic 

the granulites this gneissosity is represented by an alternation of garnet-rich and garnet-poor 

layers. The second kind of gneissosity (Gn2) comprises dense subparallel QFV layering in a 

variety of lithologic units of the area. This kind of gneissosity may be called migmatitic 

banding. However, whether they represent migmatitic banding, partial melt veins or 

impregnation by allochthonous melts is not clear. Distinction between the two types of 

gneissosity is often difficult. However, the later impregnated QFVs are generally of uneven 

thickness and also often merge into pod and lenses, which helps their distinction from earlier 

gneissosity, which is generally very regular. 

The earliest deformational structure present in the area is the Gn 1 gneissosity in the mafic 

granulites and in the garnetiferous quartz tiotite-gneiss. These structures have been recorded 

as D1 structures (Radhakrishna et al. 1990; Sinha Roy et at 1984). Radhakrishna et al. ( 1990) 

inferred that this deformation event was accompanied by regional high grade metamorphism, 

resulting in the development of sillimanite gneisses and other high-grade rocks. Isoclinal and 

tight folds of Gn 1 gneissosity have been ascribed to a second, 0 2 deformation (Sinha Roy et 

al.. 1984 and by Radhakrishna et al. 1990). Yoshida and Santo sh ( 1987) mentioned two more 

deformation events, which they termed D3a and D3b. Although Radhakrishna et al. (1990) and 

Sinha Roy et al. ( 1984) mentioned the presence of sporadic development of intrafolial isocJinal 

folds in the garnet biotite gneiss in different parts of the Kerala Khondalite Belt, such folds 

were not observed in the present area. Possibly, traces of earlier mesoscopic folds have been 

obliterated by later pervasive QFV s and development of Gn2. Yoshida and Santosh (1987) 

mentioned cross-cutting relationships between folds associated with 0 2 deformation and the 

Gn2. Isoclinal fold associated with 0 2 deformation are, however, conunon in the mafic 

granulite bands, where they have folded Gnl gneissositY. These folds have NW-SE trends with 

subvertical axial planes and steep but variable plunges. In some quarries (for example, the 
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Kunnanpara quarry reported by Yoshida and Santosh, 1987) matic granulite bands outline 

mesoscopic folds. D2 deformation was followed by pervasive intrusion of various lithologic 

units by QFV s. Subparallel dense intrusion of the Ji tho logic units by QFV s following earlier 

deformation fabric of the rocks has given rise to Gn2 gneissosity. Sinha-Roy ( 1979) believes 

that migmatitic banding and mafi.c granulite have been subjected to isoclinal folding, which 

resulted in the dominant NW-SE trend of the gneissic foliation in KKB. Santosh ( 1996) also 

reports the presence of augen structure in gamet-biotite gneiss defined by subparallel 

aligrunent oflarge feldspar crystals in the QFVs. However QFVs lack development of any 

post-emplacement penetrative planar fabric. Subparalle aligrunent of feldspar megacrysts in 

the QFVs have been interpreted by some workers as augen structures. But they have sharp 

crystal boundaries, without any evidence of marginal granulation or recrystallization. As such 

there is no evidence to indicate that such sub parallel alignment is the result of flattening in the 

rock; on the contrary this is probably an inherited feature. 

In a few quarry sections the rnigmatitic gneissic rocks delineate broad large scale folds with N­

S axial trends. These large scale broad folds have been designated by Sinha Roy et al. (1984) 

as D3 folds and by Yoshida and Santo sh ( 1987) as D 4 folds. Sinha Roy et al. ( 1987) regarded 

that this D3 event is responsible for the regional NW-SE orientation of the various lithologic 

uruts of the area. In the PPP corridor it is observed that D3 fold are only locally developed and 

have curvilinear a,'Cial traces. There is no axial. planar penetrative fabric associated with D3 

folds. It appears more likely that D3 folds have caused local variation in the trends of various 

Ii tho logic units and that the regional NW-SE trend of the lithologic uruts of the Kerala 

Khondalite Belt are related to D 1 and D2 deformation events. 

3.4.3. Status of AchankoviJ or Tenmala shear zones 

A major shear zone of about I 0 km wide following the Achankovil lineament has been 

proposed by Drury et al. ( 1980) . The main arguments in favour of existence ofthis shear zone 
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had been (i) the contrast in the trend of the lithologic units on northeastern and southwestern 

side of the lineament as observed in satellite imagery, the northern side shows a dominantly N­

S trend while the southern side shows dominantly NW-SE trend. (ii) The contrast in the Jitho­

assemblage, the northeastern side being dominated by massive chamock.ite, while the 

southwestern side is dominated by an assemblage of charnockite and metapelites. (iii) The 

contrast in attitude of various lithologic units. Lithologic units of the northern side were 

interpreted to have subvertical to steep dips while the southwestern side has shallow plunging 

beds. 

In the present study none of the above criteria have been found to be ubiquitous. The 

lineaments as expressed in the satellite imageries are determined by the distribution 

chamock.ites (which form positive geomorphic features) and granitic gneisses (which general1y 

form negative geomorphic features). Since charnock.ite-granite gneiss boundaries are 

metasomatic boundaries that may not have tectonic significance, such lineaments identified in 

satellite imageries may also not have tectonic significance, but merely enhance lithological 

boundaries. Geological maps of the area clearly show that in many places (e.g., in the area 

north of Rajampalayam, see geological map in the pouch) quartzite and other metasedimentary 

bands are at a high angle to the charnock.ite-granite gneiss contacts. Thus trends of lineaments 

interpreted from satellite imagery do not necessarily correspond with tectonic trends. 

The contrast in the li thologic assemblagebetween the northeastern and southwestern sides of 

the lineaments is also proposed to be an artifact of the process of charnock.itization rather than 

a difference in their original tectono-stratigraphic makeup. In the present work, similar 

lithologic assemblages have been noticed on either side of the lineament. The only difference 

between these two sides of the lineament is the difference in the degree of charnock.itization. 

The extent of chamockitization in the northeastern part of the lineament is greater than that in 

the southeastern part. Fig. J .6 1 clearly shows that the boundary between the massive 

charnockite and the non-charnockitized areas is highly irregular, cutting across the structural 
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trends of the host lithologic units. Regional charnocki.tization is clearly a post-tectonic (post 

D3) phenomenon superimposed on the regjonal structural trend of the rocks. 

The present work shows (Fig. 3.61) that there is no perceptible variation in the dips of 

various lithologic units in the northeastern and southwestern sides of the lineament. The 

interpretation ofDrury et al. (1984) that the southern part of the lineament is dominated by 

shallow dipping litho-unlts was not found to be true. 

Sacks et al . ( 1997) have reported field features suggestive of dextral strike-slip movement 

along the Tenmala Shear Zone, (a shear zone lying about 15 km south of and sub parallel to 

the Achankovil lineament). On the contrary, Rajesh et al. (1998» from the same area, 

reported field features indicating sinistral sense of shear movement. Kinematic indicators like 

stretched and asymmetric porphyroblast, shear bands, asymmetric folds, rolling structure (cf , 

Van Den Driessche, 1986) have been reported by both Sacks et al. (1997) and Rajesh et al. 

( 1998). 

My field observations in the PPP corridor, whiyh includes areas studied by Sacks et aL ( 1997) 

and Rajesh et al, ( 1998) could not, however, confinn the presence of any consistent shear 

sense indicators in either the Achankovil or the Tenmala shear zones. Shear bands (Fig. 2.7) 

and asymmetric folds have been observed in some isolated exposures; but these could not be 

related to any consistent shearing movement along the Achankovil Lineament. Pervasive dense 

intrusion of the QFVs within pre-existing gneissic rocks have obliterated and modified the 

majority of the minor structural features that might have been present in the pre-existing rocks. 

Nowhere do QFV s show any penetrative planar fabric. The majority of the garnets present in 

the gneisses are post-tectonic and do not show any evidence of defonnation (neither in field 

nor in dun section). Structures si.m'ilar to the stretched and rotated garnet porphyroblasts were 

observed in many places. However, such structures are found to be aggregates of undeformed 

garnet crystals and the shapes of these aggregates vary from place to place. Structures similar 
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to the rolling structures described by Rajesh et al. (1998) as their principal argument for 

sinistral shearing movement along the ASZ are the result of irregular shapes of the QFV s 

. within pre-existing gneisses (Fig. 3. 62). fo the northwestern part of the TenmaJa Shear Zone 

(location 3 53, Fig. 3. 61) the rocks were found to be totally recrystallized, and kinematic 

indicators as reported by Sacks et al. ( 1997) could not be found . Thus, while isolated 

occurrence of shear sense indicators is suggestive of shearing movement, consistency of shear 

sense (either dex-tral or sinistral) could not be verified. Any shearing movement that might 

have been present is pre-KaJipara granite in age since the Kali para Granite has not suffered any 

major deformation. 

Study of regional structural fabric suggests that the Achankovil Lineament marks the 

southwestern limb of a regional NW-SE trending fold (Fig. 5 . 1 ~ Chapter-5) which may explain 

the presence of localised dextral kinematic sense indicators as reported by Sacks et al. ( l 997). 

On the other hand, the presence of a major shear zone, running subparallel to the west coast of 

Indi~ with sinistral sense of movement is proposed in the present work (Chapter 6) . If true, 

this may explain the localised sinistral kinematic indicators as reported by Rajesh et al. (1998) . 

3.4.4. Geochronology 

Barring some recent Rb-Sr, Sm-Nd whole and mineral isochron data and a few U-Pb zircon 

age data, geochronoJogical data from the Kerala K.hondalite Belt are scarce. 

Protolith Ages: There is no reliable age information about the age of the basement or the age 

of the protolith of the metasediments of the KKB. Odom (1982) reported a U-Pb zircon age of 

-2. 9 Ga from a chamockite body near Trivandrum. However, the continuity of this rock, and 

whether the age represents that of the basement or of detritus is not known. Recent attempts 

to date zircons from khondalite (Soman et al. 1995) and from charnockite gneiss (Buhl, 1987) 

from the KKB have resulted in highly discordant U-Pb ages, with poorly-defined upper 
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intercept ages of ~2200 Ma and -1970 Ma, respectively. Metasediments from the KKB also 

yielded a poorly defined Rb-Sr whole rock isochron at around 2100 Ma (Chacko et al. 1987). 

These ages have been interpreted to constrain the minimum age of deposition of the protolith 

of the paragneisses of KKB to< ~2.0 Ga .. 

From structural work, the oldest identified magmatic protolith identified is the ma.fie granulite. 

This and some granite gneiss xenoliths within the Kali para granite were analysed for U-Pb 

zircon dating. Both these rock types have yielded highly discordant zircons and could not 

provide any meaningful upper intercept ages (Chapter 4). One of the possible reasons for 

zircon grains being highly discordance is recrystallization of zircons at a later stage, possibly 

related to Neoproterozoic thennal activity. This aspect has been dealt with in chapter- 4. A 

few zircon grains from massive charnockite from the Kottaram quarry of the Nagercoil Block 

yielded a core age, of-2100 Ma and a rim age of 570 Ma by the SHRIMP method (Chapter 

5) . Since the protolith of the charnockite is paragneiss, the ~2 100 Ma age represents the age 

of detrital zircon. Thus, with the presently available data it cannot be said whether or not the 

basement of the KKB is of Archaean age. In other words, it is not known whether Dharwar 

craton, which extends at least up to the north of the KKPT Shear Zone, includes the KKB. 

3.4.5. Ages of metamorphism, charnockitization and other thermal events 

The KKB has suffered more than one granulite facies metamorphism. Neoproterozoic 

granulite facies metamorphism is expressed in the form of ex.tensive charnockitization of 

various protoliths of the area. An earlier granuJite facies metamorphism is suggested by the 

presence of sillimanite facies khondalite, widespread within the KKB. These khondalite have 

been chamockitized during a Neoproterozoic event. The age of the earlier granulite facies 

metamorphism is not clear. A Mesoproterozoic age (-1 .8 Ga) age of granulite facies 

metamorphism has been suggested by laser probe Ar-Ar analysis of the biotite included within 

garnet from KKB paragneiss, while biotite in the matrix of the same sample gave an -455 Ma 
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age corresponding to a cooling age following Neoproterozoic granulite facies metamorphism 

(Kelly et al. 1997). Indication of ·-1. 8 Ga granulite facies metamorphism can also be found 

from one of the Sm-Nd whole rock-garnet age data of Choudhary et al. (1992) from 

charnockitized paragneiss of the Ponmudi quarry, which suggests -1793 Ma age and from 

zircon evaporation age of 1803 ± l S Ma from khondalite (Bartlett, 1995). 

The Neoproterozoic charnockitization event is well documented by a number of recent 

determinations of Sm-Nd whole rock and mineral isochrons (Choudhary et al. 1992; 

Unnikrishnan-Warror et al. 199\ 1997; Santosh et al. 1992. These studies variously estimate 

that the timing of resetting of Sm-Nd systematics in various minerals of charnockites, 

kh.ondalites and cordierite gneiss ranging between 520 Ma and 560 Ma. This range may 

indicate that Neoproterozoic charnockitization spanned for a long period, or that the region 

remained at an elevated temperatures for such a period indicating slow cooling. In the present 

work the age of Neoproterozoic charnockitization has been more precisely constrained by 

dating zircons from the Kalipara Granite, which yielded 548 ± 2 Ma, and from pristine 

pegmatitic granite, which has retrogressed charnockite and yielded 526 ± 2 Ma (Chapter 5). 

Monazite from a non-charnockitized kh.ondalite enclave within charnockitized massif in the 

southern part of the Cardamom Hills yielded 524±2 Ma (sample S-35SE, chapter 5). This age 

may reflect a cooling age immediately following charnockitization, since charnock.ites have 

been retrogressed by -530 Ma old granite. 

Rb-Sr plagioclase-biotite-whole rock mineral isochrons from two samples in Ponmudi quarry 

indicate 441±16 Ma and 488 ± 96 Ma, respectively (Buhl, 1983). Kbondalites of the KKB 

have yielded Rb-Sr mineral ages between 473 ± 9 Ma and 467 ± 9 Ma. Immediately north of 

the Achankovil lineament in the Ottapalam area, a Rb-Sr mineral isochron of chamockite 

indicates -500 Ma (Unnikrishnan-Warrior et al. 1995). These ages have been interpreted as 

the time of cooling and isothermal uplift. Assuming the closure temperature for U-Pb of 

monazite to be -750°C (Panish, 1990) and closure temperature of biotite to be -320°C 
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(Dodson, 1979), a cooling rate of- 8°C/Ma can be calculated_ 

3.5. Conclusion 

This chapter dealt with my field observations within some corr,idors across previously­

interpreted major crustal scale shear zones in the Southern Granulite Terrain. The regional 

structural pattern and role of major shear zones in the SGT are described in Chapter 5. On the 

basis of present field observations the following inferences can be drawn regarding major shear 

zones in the SGT 

(i) MSZ, BSZ and PCSZ are subverticaJ shear zones with predominantly subvertical 

movement. There is no evidence of significant strike-slip movement on these shear zones. This 

is corroborated by the fact that Archaean structural grains continue from the Dharwar craton 

across these major shear zones. Granites syntectonic with respect to movement along these 

shear zones have been dated at -600 Ma. Also monazite from quartzite within the MSZ in the 

Bhavani area is - 610 Ma old. Thus these shear zones were active (either reactivated or were 

formed) at -600 Ma. 

(ii) A new shear zone, the KKPT Shear Zone, has been identified in the Madurai Block on the 

basis of study of regional structural pattern (discussed in detail in Chapter 5). The presence of 

this shear zone has been confirmed by field observation in a part of this shear zone, east of 

Kotamangalam. 

(iii) The existance of the Achankovil Shear Zone along the southwestern margin of the 

Cardamom Hill Massif could not be confirmed by field observation across the shear zone. The 

Achankovil lineament marks the boundary between the Cardamom Hill charnock.ite massif and 

the khondalite-dominated gneisses of the KeraJa Khondalite Belt This boundary is a 

metasomatic boundary, younger than post-tectonic Paleozoic charnoc.btization in the area. 
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Chapter 4: Geochronology 

4.1: Introduction 

Modern geochrono logical techniques include a number of isotopic chronometers based on the 

decay of radioactive elements incorporated into a rock or its constituent minerals at the time 

of its crystallization. The radioactive element (known as the parent element) decays into a 

different element (known as the daughter element). By measuring the amounts of parent and 

daughter elements, the age of the mineral or rock can be calculated given a known rate of 

decay_ Specific chronometric systems vary in their ability to retain parent and daughter 

elements in response to new physico-chemical envi.rorunents that the system undergoes. The 

temperature below which parent and daughter elements are retained with.in a mineral or rock is 

called the closure temperature for that system. 

The U-Pb decay system is particularly robust because two different isotopes of U (235U and 

238U) decay into two different isotopes of Pb (207Pb and 206Pb, respectively) . These two 

mutually independent decay schemes thus provide an internal check on their parent-daughter 

ratios. Two commonly used minerals for U-Pb geochronology, zircon and monazite, have the 

added advantage of high closure temperature with respect to both the parent and daughter 

elements. Once crystallized, zircon generally is little affected by even severe later thermal 

events, and retains its crystallization age, although a new generation of the mineral may be 

grown. On the other hand, monazite is reset at temperatures comparable to that of granulite 

facies metamorphism (- 7 50 ° C) and it is also a common new mineral in high-grade 

metamorphic rocks. For th.is reason zircon and monazite are valuable minerals in unravelling 

the tectono-magmatic history in high-grade metamorphic terrains. In the present investigatio~ 

therefore, U-Pb dating of zircon and monazite, together with sphene and apatite was carried 

out on a number of samples from differer.t parts of the SGT in the Peninsular India. A brief 
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overview of the principles ofU-Pb dating of zircon and monazite, and their response to high 

grade metamorphism is given in Appendix- A.4-L 

4.2. Southern Indian Geochronology 

Available geochronological data from the Southern Granulite Terrain (SGT) ofindia are 

meagre (Fig. 1.11; Table 1.3 in Chapter 1) but do provide a broad geochronological 

framework. The proto1ith ages of some charnockites in the SGT are now known from recent 

U-Pb zircon and Rb-Sr whole rock studies (Crawford, 1969; Spooner and Fairbairn, 1970; 

Buhl, 1983, 1987; Peucat et al, 1989, 1993; Jayananda and Peucat, 1995). The northern part 

of the SGT, from the Krishnagiri-Biligirirangan Hill in the north to as far south as the Nilgiri 

Hills (Fig. 1.4, 1, 11), is mainly underlain by 2.52 Ga old granitic gneiss with some vestiges of 

> 2_9 Ga old granitic rocks in the Biligirirangan Hill area_ High grade metamorphism, 

deformation and charnockitization in this part of the SGT immediately foUowed the 2.52 Ga 

granitic emplacement (Friend and Nutman, 1992, Peucat et al. 1993). South of the Pa1ghat­

Cauvery Lineament (PCL), protolith ages are not well established. On1y zircon evaporation 

ages of- 2.1 1 Ga and - 2.43 Ga from the Kodaikanal area of the Madurai Block (Jayananda et 

al. 1995; Bartlett et al. 1995) are available. Because the evaporation method provides only a 

minimum age for simple zircon grains and often geo logically meaningless mixed ages for 

zircons with more than one period of growth (Appendix- A-4-II), these data can not be taken 

as reliable indicators for the - 2. 52 Ga old Dharwar-like granitic gneiss in the Madurai Block. 

Further south, Nd-model ages from the Cardamom Hills in the Madurai Block (Brandon and 

Meen, 1995) and from the Kera1a Khondalite Belt (Harris et al. 1994; Bartlett et al. 1995) 

range widely from - 2.6 Ga to 1.3 Ga. Odom (1982) obtained an U-Pb age of 2930 ± 50 Ma 

for a zircon fraction from charnockites in the Trivandrum area of the KKB, that gave the first 

possible evidence of Archaean basement rocks in the southern part of the P eninsula. However, 

they could just as well be inherited detrital zircons. Zircon analyses from the granitic gneisses 
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of the Kerala Khondalite Belt indicate extreme complexity due to Pb-loss and overgrmNth. 

Soman et al. (1995) reported analyses of zircon fractions from the K.KB that are - 50-80% 

discordant and have a poorly defined upper intercept age of 2144 ± 130 Ma, with a lower 

intercept age of 564 ± 77 Ma . Srikantappa et al_ (1985) also reported similar upper and lower 

intercepts of -1930 Ma and - 540 Ma for zircon fractions from charnockites. Such discordant 

ages from a polymetamorphic terrane may not be geologically meaningful and thus the 

antiquity of these rocks is not firmly established. However, a Rb-Sr whole rock age from the 

Kerala Khondalite Belt (KKB) also gives an age of - 2100 Ma (Chacko, 1987). Santo sh et al. 

( l 989) compiled Rb-Sr whole rock and K-Ar biotite ages of nine Neoproterozoic to Early 

Cambrian (765-550 Ma) granitic plutons widely spread over the SGT from west of Marcara, 

-400 km north of the Moyar lineament, to near the southern tip of Peninsular India. 

Charnockitization and high-grade metamorphism in the KKB have been interpreted to have 

occurred between 550 Ma and 520 Ma on the basis of Sm-Nd whole rock and mineral 

isochrons (Choudhary, 1992, Unnik.rishnan-Warrior, 1995, 1997). North of the KKB, in the 

Kodaikanal area of the Madurai Block, zircons from charnockite record low-temperature 

evaporation ages of-550 Ma which have also been interpreted as the charnockitization age 

(Bartlett et al. 1995; Jayanada et al.1995). Thus, NeoproterozoidEarly Cambrian 

charnock.itization has been suggested to extend from the southenunost tip of India to at Jeast 

as far north as Kodaikanal over an area of over 150,000 km2
. Time of movement along the 

major shear zones (discussed in Chapter 3) has not been well constrained. Only recently, 

Deters-Umlauf et al. ( 1997) provided Rb-Sr and Sm-Nd whole rock and mineral isochron ages 

that indicate Neoproterozoic to Early Paleozoic (-624 Ma to - 472 Ma) activity along the 

Moyar and Bhavani Shear Zones. 
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4.3. U/Pb single zircon and monazite geochronometry 

· 4.3.1. Analytical results 

Zircon geochronometry has experienced rapid growth in last t~o decades. In the 1970s 

conventional isotope dilution thermal ionization mass spectrometry (IDTTh1S) techniques 

required milligram quantities of zircon, mainly because of high laboratory Pb blanks ( 100s of 

picograms; 1 picogram = 10-12 gram). Age uncertainties were usually on the order of several % 

of the age. Today, the technology (chemistry and mass spectrometry) has improved: a few 

pico gram to sub-picogram laboratory Pb blanks can be achieved. Age uncertainties of a few 

tenths of a percent are obtainable even on microgram-sized single zircon crystals (Krogh, 

1982~ Davis et al. 1997; Bowring et al. 1998). Such significant developments have spread the 

use of zircon geochronometry to high resolution stratigraphy and tectonic analyses (Bowring, 

1993, 1998). Two other techniques, namely, the sensitive high resolution ion microprobe 

(SHRIMP, Compson et al. 1984) and direct TTh1S zircon evaporation (Kober, 1986, 1987) 

were developed in the 1980s. A discussion of these three different techniques and their relative 

advantages and disadvantages are given in Appendix IV-II. With these new developments, U­

Pb geochronology has emerged as one of the most suitable techniques for high precision 

geochronological work. 

For this project, two of the three U-Pb geochronoJogical techniques, namely, the IDTIMS and 

SHRIMP, were used on single crystals of zircon, monazite, sphene and apatite. A number of 

samples with well constrained geological relationships were collected from various corridors 

of study across major lineaments in the SGT (Chapter 3). 

Analyses were performed in three different laboratories. Table 4.1 summarizes number of 

samples analysed in different laboratories. 
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Zircon age 

ID Archean 

Meso­
proterozoic 

0 Neoproterozoic 

Monazite age 

© Archean 
© Neoproterozoic 

(Sample numbers are 
given on age symbols) 

D Charnockite .... .......... ___ _ 

N 

\ 
\ 

LJ Granite& 
orthogneiss 

D Paragneiss1 granite ano 
sediments 0 25 50km 

Fig.4.1 . Summ~ of new U-Pb ages from the SGT determined during this study. 
Names of the shear zones are same as in Fig. 1.2 



T bl 4 1 S a e . . ummary ta bl f eo b f al num er o an lyses earned out in different Jaboratories. 

Laboratory Number of Number of zircons(Z)/ Monazite (M)/ 
samples analysed Apatite (A)/ Sphene (S) analysed 

Massachusetts Institute of 8 27 (Z), 2(S) and 2(A) 
Technology, USA 

University of Cape Town, 19 95(Z) I 17(M) 
South Africa 

Curtin University, 6 104 spots (Z), 20 spots (M) 
Australia 

Initial geochronological work was done in 1996 in the isotope laboratory of Prof. Sam 

Bowring at the Massachusetts Institute of Technology where I was introduced to the single 

crystal zircon, monazite, sphene and apatite geochronological techniques. Eight samples, one 

each from granite gneiss, granite mylonite, mafic granulite, granitic pegmatite and two 

chamockite samples collected from the Bhavani Shear Zone were analysed using IDTIMS 

(Table A.4 .2, in Appendix). 

SubsequentJy, during 1997 and 1998, the bulk of the analyses (19 samples) reported in th.is 

Chapter were canied out in the Radiogenic Isotope Facility at the University of Cape Town 

under the guidance of Prof. Robert Zartman (Table 4.3) These analyses yielded the first 

precise U-Pb zircon ages detemlined in this laboratory. 

In 1998, I analysed six samples with complex (identified by initial IDTIMS analyses) zircons 

and monazite in the SHRIMP-IT facility at Curtin University, Perth, Western Australia (Table 

4.4, in Appendix), with the help of Dr. Pete Kirmy. 

A summary of the analytical data set is documented in Tables 4.2 to 4.4. Age data obtained 

and locations of various samples are given in Fig. 4. l. Detailed descriptions of the various 

samples analysed, and interpretation of results are provided in Table 4.5. 
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Fig. 4.6 (a,b) .U-Pb concordia diagram from SHRIMP-IT analyses of zircons from a mafic granulite 
within a 02 shear zone in the Namak.kal area, Corridor-I. 
a. Three different age groups are present. (i) the oldest group have a mean age of - 2.86 Ma. 
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Fig. 4.18. Microphotographs of some ofthe zircons from sample S-404A 
which yielded -2.9 Ga ages. PosiLions of SHRIMP spols (circled) are 
indicated. Note that both zoned and unzoned grains are present in this 
population. 
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4.3.2 . .Discussion 

4.3.2.1. Data from Corridor-I 

The dominant rock types of th[s corridor include graniti c and tonalitic gneiss and their 

charnockitized equivalents (Fig. 3.1). Mafic granulite, BIF and associated metasediments 

occur as enclaves within these gneisses. The central part of the corridor is dominated by 

extensive migmatite and granite intrusion. The southern part of the corridor at Pala yam and 

further south is mostly underlain by metasediments intruded by granite and anorthosite. 

Zircons from the granitic gneisses, their charnock.itized equivalent, and mafic granulite from 

the Salem, Namakkal, Karur, and Palayatn areas were analysed to determine the protolith ages 

across the Moyar and Palghat-Cauvery Shear Zones. Intrusive granites as well as anorthosite 

from Oddhanchatram at the southern end of the corridor provide insight into the age of later 

magmatic events. Monazite from charnockites and a khondalite from the central and southern 

part of the corridor, respectively, give ages of the high-grade metamorphism in the corridor. 

4. 3. 2.1.1. Salem Area 

The Salem area is dominated by granite and tonalite gneisses and their charnockitized 

equivalents. Previously, Spooner and Fairbairn ( 1970) dated the charnockites of the area at 

around 2476 ± 115 Ma using the Rb-Sr whole rock technique. AJso, Peucat et al. (1993) dated 

chamockite and granite gneiss from the Krishnagiri area, - 150 km north of Salem, at 2 .53 -

2. 55 Ga by the U-Pb zircon technique. 

Five zircon grains from a tonaLite gneiss (S-27 A) were analysed . The average of the four most 

concordant grains gives a U/Pb age of2528 ± 1.7 Ma, and the 108Pb/2l1Th age of two analysed 

grains is 2528 ± 3.7 Ma (Fig. 4.2; Table 4 .2). Circa 2.5 Ga gneisses have been reported from 

the Krishnagiri area of the Dharwar craton which is -200 km north of Salem (Fig . 1.11 ) 
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These results provide support for the continuation of - 2 . .5 Ga granitic gneisses between the 

Krishnagiri and the Salem areas (Fig. 4.1 ), 

4.3.2. 1.2. Namakkal area 

The ages of the biotite gneiss (S-220, Table 4.2) and the enderbite gneiss (S-130, Table 4.4) 

are 2512 ± 2 Ma and the 253 7 ± 1 Ma, respectively, suggesting that they are broadly 

contemporaneous. 

Monazite from the -2. 5 Ga old enderbitic gneiss (S-130) has a high a Th content (>3 wt%). 

The U-Pb ages of five analysed monazite crystals are somewhat discordant (Fig. 4 5, Table 

4 .2) . The best estimate of the crystallization age of the monazite is given by the 207Pbl206Pb age 

of tbe most concordant grain, which is 2507 ± 5 Ma. This age is interpreted as the age of 

charnockitization which, therefore, closely followed emplacement of the tonalite gneiss 

(presently enderbite gneiss) . Charnockitization has recrystallized the planar penetrative 

deformation fabric of the rock. Hence, the age of D 1 deformation is older than 2507 ± 5 Ma. 

Younger massive granites and granitic veins have extensively intruded the older gneisses in 

some cases yielding migmatite. In places they crosscut shear planes related to D2 deformation 

(Fig. 3.26). These migmatitic rocks have themselves been tightly folded (Fig. 3.33) in response 

to D 3 shearing. A sample (S-196A) from about a metre thick leucosome in the migmatite was 

collected for analyses. Six zircons from this rock are all a few percent discordant and yield a 

tight grouping of 206Pb/238U ages (534-550 Ma) but, in all but one case, significantly older 

207Pb/206Pb ages (591-629 Ma). The causes of this discordancy are not well understood. Ifit is 

due to inheritance, then the age of the rock should be younger than the 206Pb/238U ages (i.e., 

younger than 550 Ma) . On the other hand if it is due to Pb-loss, then the 207Pbl206Pb ages 

should approximate the age of the rock . The average of the five older 207Pb/206Pb ages is 603 ± 

14 Ma (Fig. 4 . 7 ~ Table 4.4). Because of this somewhat narrow range of 207Pb/206Pb ages, I 
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interpret this age as the best estimate of protoJith age. This age is probably also the time of 

tectonic activity along the S3 shears. 

Mafic granulites in the Namakkal area are intrusive into the BIF and associated sediments, 

with which they are co-deformed and intruded by the -2.53 Ga, old tonalitic gneisses. The age 

of emplacement of the mafic granulites, therefore, must be older. Mafic granulite bodies 

commonly retain the igneous layering of felsic-rich and mafic-rich layers . Zircons from a fe!sic­

rich layer (S-1I7) were analysed. The zircon crystals are colourless and show complex core 

and rim structure (Fig. 4.6b). SHRIMP analyses (Fig.4.6b; Table 4.3) reveal very complex 

geochronological information. Spots in the cores of zircon grains were all reversely discordant 

with 207Pb/2°6Pb ages varying from -2.8 Ga to -3. l Ga, whilst the rim provided a number of 

concordant and slightly normally discordant points with 201Pbl2°6Pb ages of-2.5 Ga (Fig. 

4.6a). Because the rock has been intruded by-2.5 Ga old tonalite, the rims might have grown 

during intrusion of the -2.53 Ga granitoids in the area. Whether the cores represent zircon 

crystallized during emplacement of the mafic granulite, or are xenocrysts is not clear. Since 

field relations prove this body to be older than 2.53 Ga, the age of old zircon cores cou.ld 

represent age of crystallization of the mafic granulite. 

A number of other zircon grains analysed from this sample define an array of 23 points along a 

discordiajoining-2.5 Ga and -720 Ma (Fig.4.6a) . Of these, 7 points cluster near the lower 

concordia intercept, with a mean 206Pb/238U age of 722 ± 13 Ma. The array may thus be 

interpreted as a mixing line between -2.5 Ga zircons and new zircons grown at -720 Ma, 

possibly in response to a tectonothermal event (D2 ?). A similar age of 726 ± 6 Ma (Sm-Nd 

mineral isochron) has been reported from mafic granulite for an adjacent area, which was 

interpreted as the age of metamorphism in the area (Bhaskar Rao et al. 1996). 

The Namakkal area thus records Mid- to Late-Archaean magmatic, metamorphic and tectonic 

activity. The - 2 ,9 Ga mafic granulite and older ff[f and associated metasediments were 
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extensively invaded by tonalite at around - 2.S Ga. Deformation (D1) and subseq:Jent 

charnockitization of the area closely followed this extensive granitoid activity. The area was 

later affected by a number of shear zones which were activated at different times between 

-725 Ma (D2) and -600 Ma (D3) south ofNamakkal. 

4. 3.2.1. 3. Karur 

The Karur area is dominated by granite gneisses and their chamockitized equivalents. A 

granite gneiss sample (S-236A) from a quarry about 6 km southwest ofKarur and south of the 

PCSZ (Drury et al . 1984 and GSI, 1994) was analysed. Six zircons from this rock are a11 

normally discordant (3-7%) with an upper intercept age of 2545 ± 20 Ma. This age confirms 

the continuation of ~2. S Ga old granite gneiss from the Salem area within the Mcyar-Attur 

Shear Zone to the Karur area across the PCSZ. The absence of obvious structural 

discontinuity across the PCSZ also supports the interpretation that this zone does not 

represent a major terrane boundary .. 

4. 3.2. J. 4. Charnockite of the Ranga Mala; H;!f area 

The Ranga Malai Hill is located about 40 km north of Dindigul. Here chamockitized granite 

(S-267) has retained a ghost gneissosity defined by subparallel alignment of ellipsoidal mafic 

clots. The rock is, however, totally recrystallized and does not show any preserved penetrative 

planar fabric . The upper and lower concordia intercepts of 8 zircon grains are 804 ± 4 Ma and 

473 ± 83 Ma, respectively (Fig. 4.9). The least discordant grain has a 207Pb/206Pb age of 796 ± 

1 Ma, wruch is interpreted as the crystallization age of the precursor granite. The lower 

intercept age, poorly defined at 473 ± 83 Ma, possibly records cessation of high-grade 

metamorphism, but rt could also represent an uplift/cooling age that might have caused Pb loss 

from the zircon grains resulting in their alignment along a discordia. The ~800 Ma protolith 

age of t~is rocks, along with the -800 Ma monazite from Val ya Malai, suggest that a thennal 
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event was regionally extensive at this time. 

4.3.2. 1.5. Khondalite of the Va/ya Malai Hill area 

Valya Malai is located about 16 km ESE of Pala yam. The area is occupied predominantly by 

khondalite and calc-silicate rocks. 14 monazite crystals from a sample of khondalite were 

dated at 791 ± 15 Ma by the SHRINIP (Fig. 4 .1 Oa; Table 4 .1 ). The best interpretation is that 

this monazite age reflects the timing of latest granulite facies metamorphism (>750°C) in the 

area. It is important to note that in the Kodaikanal area (Fig. 4.1), -250 km southwest of 

Val ya Malai, the age of charnockitization has been interpreted to be - 5 50 Ma on the basis of 

Pb-isotopic ratios by low-temperature zircon evaporation analyses (Bartlett, 1995; Jayananda, 

1995). This ~550 Ma event has apparently not affected the U-Pb systematics of monazite in 

the non-charnockitized rocks of the Val ya Malai area. Thus the -550 Ma chamockitization 

event was restricted to restricted areas of the SGT, rather than being present pervasively 

throughout the SGT. 

4.3. 2. 1. 6. The Oddanchatram Anorthosite 

The Oddanchatram anorthosite occupies a~35 km2 elliptical massif, -40 km to the south of 

the Palghat-Cauvery Lineament but close to the KKPT Shear Zone, which is here interpreted 

as a major decollement. The long axis of the body traces NNE-SSW, subparaJlel to the KKPT. 

This is a labradorite-type anorthositic massif (cf, Ashwal, 1993), with a central coarse-grained 

anorthosite facies and a marginaJ fine-grained gabbroic facies (Leelanandam, 1990). The 

pluton exhibits protoclastic granulation and flow differentiation (Narasimha Rao, 1977). The 

marginal rim of this massif bears evidences of metamorphism with development of garnet, 

biotite, quartz, K-feldspar and secondary high-calcic plagioclase (Leelanandam, 1990) 

however, the central part of the body is unmetamorphosed and preserves primary igneous 

textures (Janardhan and Wiebe, 1985). 
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Zircons from a sample (S-268) of the comparatively silica-rich central part of this massif were 

analysed by the SHRIMP (Fig. 4.1 I). Zircons from this rock are large (-JOO µm 3
) and equant 

. and pale pink in colour. Cathodoluminiscence and back scattering electron imaging of these 

zircons show that they are homogeneous without zoning or recrystallization textures. Almost 

all of them show marginal granulation. Nine spots from nine different crystals were analysed 
' 

which gave a tight clustering with an average 106Pb/2l8U age of 563 ± 9 Ma. This age overlaps 

with similar ages of syntectonic granite (S-415) along the K.KPT Shear Zone. In Madagascar, 

Ashwal et al. (1999) have documented that many concordant zircons from a similar meta­

anorthosite range in age between 63 l Ma and 549 Ma. They attributed this age pattern to high 

temperature Pb-loss during one or more periods of granulite metamorphism from originally 

magmatic zircons. Clearly, caution should be applied in the interpretation of concordant zircon 

ages for these types of meta-igneous rocks. 

4.3.2.2. Corridor-TI 

The northern part of Corridor-II is dominated by granite gneiss with enclaves of quartzite and 

mafic granulite. The central and southern parts of the area comprise rnigmatite similar to the 

Namakkal area of Corridor-I. Monazite from a quartzite sample in the northern part of the 

corridor, within the MSZ, has been dated by the U-Pb method. 

4. 3. 2. 2.1. Monazite from juchsite quartzite in the Bhavani area 

Monazite from fuchsitic quartzite (S-259) within the Moyar shear zone north of Bhavani (Fig. 

4 .1) was analysed by SHR.Th1P (Fig. 4.12). Two different ages were obtained: (i) -2.56 Ga, 

represented by two concordant points and (ii) another concordant age, clustering around 612 

± 6 Ma. The -2.56 Ga age closely matches the 2.52 Ga monazite and allanite ages reported 

from charnockites ofBiligirirangan Hills (about 60-70 km northwest of this area), and may 

thus broadly represent the age ofregional granulite facies metamorphism (Grew and Manton, 
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1984). The-612 Ma cluster matches the zircon ages for migmatisation obtained in the 

Namakkal and Mettupalayam areas (Fig, 4.7, 4, 16), and may represent the age of deformation 

.and fluid activity in the shear zones of both areas. 

4.3.2.3. Corridor-ill 

4.3.2.3-1. Granile gneiss, ma.fie granulite, and granitic pegmatite from the 

Mettupalayam area 

The Mettupalayam area lies with.in the Bhavani Shear Zone. The predominant lithologies of 

the area include granite gneiss, mylonitized granite, mafic granulite, enderbite, and massive 

granite. Representative samples of each of these rock types were collected in a q\Jarry in 

Gudiyar, about 5 km east of MettupaJayam. Zircons from these rocks were analysed by the 

IDTIMS method. Zircons from the granite gneiss, mylonitised granite, and enderbite are all 

nearly concordant with a best estimate of their intrusive age of- 2.53 Ga (Fig. 4.14). Zircons 

from the mafic granulite have a best estimated age-2.5 Ga (Fig. 4.13). Field evidence 

suggests that the mafic granulites are intruded by the granitic gneiss. This slmilar age of the 

zircons from mafic granulite and from younger (-2.5 Ga) granitic gneisses is thus interpreted 

as growth of metamorphic zircons soon after emplacement of the granite gneiss. This age may 

also represent the time of general high-grade metamorphism and associated charnockitization. 

Zircons from a granitic pegmatite vei'n (MS-3) , which cuts across the main fabric of the 

Bhavani Shear Zone in the Gudiyar quarry, have very distinctive shapes ranging from platy to 

acicular (Fig. 4.15). The 207Pbf06Pb age of the most concordant of three such zircons analysed 

is 601 ± 1 Ma, which is taken as the emplacement age of the pegmatite body and, possibly, 

other massive granites present in the area. It may be noted that this age is similar to th.e age of 

a post-S2 peginatite (608 ± 1 Ma) reported from S. Madagascar (de Wit et al , MS in 

preparation). 
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4.3.2.4. Corridor-IV 

The dominant rock type of the Palghat area is a biotite-rich granite gneis.5 (type A) that has 

been intruded by at least two phases of granitic veins (Fig. 3 .49). One of these phases (type B) 

has densely intruded the type A rocks subparallel to their gneissosity; and both rocks have 

been co-folded into isoclinal folds (Fig. 3 .49). The second phase of granitic vein (type C) 'is 

present as l Os of cm truck dikes that cut the gneissosity at high angle1 and which are folded 

into broad shallow easterly plunging folds without axial planar fabric. Type B granite veios are 

possibly related to the D2 deformation present in the area. The type C granitic veins are 

syntectonic with a late phase shearing event (D3) . 

4.3,2.4.2. Gramte gnezss 

A sample of the biotite gneiss (S-404A; type A) was collected where it is least densely 

intruded by types Band C veins (Fig. 3.49) .. Zircons from this rock are colourless and 

t(ansparent. They have well developed concentric zoning (Fig.4.17; 4.18), which is indicative 

of their magmatic origin (Pidgeon, 1992). Core and overgrowth rims are quite common in the 

zircons from this rock. SHRIMP analyses of the zircons yield two distinct clusters that plot 

close to concordia. One of the clusters (13 spots) scatters (-up to 5% normally and reversely 

discordant) around 2. 86 Ga; the other (J 2 spots) is near concordant with a mean 207Pb/206Pb 

age of 1643 ± l 0 Ma. The 2. 86 Ga age is interpreted as the intrusive age of the type A granite 

gneiss while the 1643 ± 10 Ma age may be related to the intrusion of the type B granite 

because these zircons also display magmatic zoning . 

.:/.3.2.4.3. Granite 

Zircon from type C granite (S-404B) was analysed by IDTIMS. This rock has two distinct 

populations of zircons. One of them is colourless and the other is orange in colour. These two 

variet_ies have distinct geochemical signatures: the Th/U ratio of the colourless variety varies 

160 



from 0.5 to 1.5 while the Th/U ratio of the orange coloured variety lies between 0.02 and 

0.05. The colourless variety is older than the orange coloured variety. The best age estimate of 

. the colourless variety is 600 ± 4 Ma. The 207Pb/206Pb age of the most concordant zircon of the 

orange coloured variety is 522 ± 3 Ma. Thus the best estimate of the age of the type C granite 

is given by the colourless variety, i.e., 600 ± 4 Ma, while 522 ± J Ma age could represent 

younger (hydro)thermal activity (very low Th/U ratio in these zircons is suggestive of their 

hydrothermal origin), related to uplift following charnockitization. Circa 600 Ma ages have 

also been recorded along the Cauvery-Bhavan.i Shear Zone (CBSZ; S-196A, Namakkal area), 

and along the Bhavaoi Shear Zone (BSZ; S-27JM; Bhavani area), which implies 

contemporaneity of tectono-thermal events along these shear zones. A 5 24 ± 2 Ma age has 

also been recorded in monazite from khondalite and in zircons in a late granite from the 

Pattanammitta area in the PPP corridor (Fig. 3.61) in the northern edge of the KKB. 

4.3.2.5. Kottamongalam area (western part of the KKPT Shear Zone) 

The Kottamangalam area lies close to the KKPT Shear Zone at the intersection of two 

different regional structural styles (Fig. 4.1). Lithologic units of the area are highly deformed. 

Samples (S-416 & S-415; Table 4.2) were collected from a quarry in which many syntectooic 

granitic veins have intruded the granite gneiss (Fig. J .57). Both the granite gneiss (S-416) and 

a syntectonic granite (S-4 l 5) vein were sampled and analysed . 

4.3.2.5.1. Granite Gneiss 

Zircons from the granite gneiss were spheroidal and colourless. Six zircon grains were 

analysed. AJI of them fall on a discordia with upper and lower intercepts of25l1 ± 27 Ma and 

571 ± 58 Ma respectively (Fig. 4.19). The upper intercept age is interpreted as the best 

estimate of the intrusive age of the granite gneiss The lower intercept matches the age of the 

syntectonic granite from the same quarry, which yielded an age of 568 ± 2 Ma (Fig. 4.20). 

?
08Pb/2)2Th ages for these analysed samples correlate moderately well with the U-Pb ages and 
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form a linear array when plotted against percent discordancy (Fig. 4. 19) which is defined as 

the distance of a particular point on the discordia from its upper intercept expressed as percent 

: of the length of the discordia (see Appendix- A.4. 1. .5). 

The alignment of data points along a discordia is thus consistent with either overgrowth of the 
' 

original 2511 Ma zircon by ~570 Ma old zircon, or a Pb-loss event at 570 Ma. The Th/U 

ratios of zircons from the granite gneiss ranges between 0.3 and 0.6, while in the granite the 

ratio varies between-2 .0 and -2.5. Mixtures between these two types of zircon with 

contrasting Th/U ratios would thus be expected to give good correlation between the percent 

discordancy and the Th/U ratios of the mixed zircons. In this set of samples, however, there is 

no correlation between the Th/U ratios of the zircons and their l?ercent discordancy (as 

defined in Appendix- A.4.1.5). This lack of correlation suggests that the more likely cause of 

discordancy is Pb-loss at 570 Ma rather than overgrowth by zircons from the younger granite. 

4.3.2.5.2. Granite 

Zircons from a syn-tectonic (syn-tectonic to a shearing event along the KKPT Shear Zone~ D2 

or D3) granite vein (S-415), which intruded granite gneiss (S-416), yield a concordant age of 

567 ± 2 Ma. Also, 208Pbf32Th ages of these zircons have a weighted average age of 563 ± 3 .4 

Ma (Fig. 4.20). This age is similar to that of the zircon age from an ellipsoidal anorthosite 

body (563 ± 9 Ma; section 4.4.3.1.6), aligned subparallel and close to the KKPT Shear Zone, 

in the Oddahchattram area. This anorthosite body is defonned along its periphery. Together, 

these two ages suggest that shearing occurred along the KKPT shear zone between circa 560 

and 570 Ma. 

4.3.2.6. PPP corridor in the Kerala Khondalite Belt 

The Kerala Khondalite Belt is dominated by various metasedimentary rocks and their 
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migmatized and charnockitized equivalents. These include khondalite, garnet-biotite gneiss, 

cordierite gneiss, quartzite, calc-silicate gneisses, etc. Mafic granulites are present as 

interlayered units within various P?-ragneisses. All these lithologic units were intruded by later 

massive granite and pegmatite. Unequivocal orthogneisses were not observed during the 

present investigation in the PPP corridor. However, there are some enclaves of biotite gneiss 

and their charnockitized equivalents within younger massive granites, which may represent 

orthogneiss basement rocks to the metasediments. Chamockitization has affected all rock 

types present in the KeraJa Khondalite Belt except a suite of pegmatitic granites which have 

intruded charnockites and have retrogressed the charnockitized patches in older rocks. The 

present investigation focussed on (i) dating the biotite gneiss and the mafic granulites, which 

may represent the basement of the metasediments, and (ii) to constrain the age of 

chamockitization. 

4. 3. 2. 6. 1. Biotite gneiss 

Granite gneisses in the K.KB, mostly interpreted as paragneisses (Chacko et aJ. 1992), have 

suffered extensive migmatisation. Because unequivocal basement orthogneiss to rhe 

metasediments of the KKB could not be identified in the present work, zircon from a sample 

of neosome in a migmatitic garnet biotite gneiss (S-320; Fig. 4.24) and from a biotite gneiss 

enclave (S-325; Fig. 2. la) within massive KaJipara Granite were analysed-- the former to 

obtain the age of the neosome and the latter to obtain the age of the possible basement of the 

metasediments of the KKB. 

4.3.2. 6.2. Neosome in the biotite gneiss (S-320) 

Zircons from a neosome in the biotite gneiss are greenish in colour and are clouded with dusty 

opaque inclusions. Two grains were analysed by the TIM'S method and 25 spots from 15 

crystals were analysed by the SHRilvfP. Analysed points scatter near the lower end of a 
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discordia whose lower intercept is - 200 Ma and upper intercept is older than -2 Ga (Fig. 

4.25). Zircons from this rock all have very high U content (2000 - 7000 ppm). BSE (Back 

Scattered Electon) images show the presence of recrystallized domains within each grain 

(Fig.4.26). The recrystallized domains have older 206Pb/238U, 207Pb/235U and 207Pbf06Pb ages 

than the non-recrystallized domains (Fig. 4.25). This pattern suggests that the very high U­

content of the zircon crystals have effected metamictization and consequent Pb-loss. At a 

subsequent stage parts of zircon crystals were recrystallized. Damage due to metamictization 

were annealed during recrystallization and the recrystallized domains were subsequently 

subjected to less Pb-loss than the non-recrystallized areas. This may explain why the analyses 

of recrystallized domains plot on the upper end of the discordia while those of the non­

recrystallized areas plot towards the lower end. No meaningful age of the leucosome could be 

obtained from such highly discordant points. 

4. 3. 2. 6. 3. Bio!Ue gneiss enclm1e within the Kalipara Granite 

A sample from a - 4-5 m long xenolith of biotite gneiss within the Kali para Granite in the 

Arithingal quarry (Fig. 2.1 a) was collected for zircon analyses. Since zircon analyses from 

mafic granulite (T-4) and from the leucosome of a biotite gneiss all were highly discordant due 

to Pb-loss and recrystallization, it was thought that a sample of a xenolith (S-325C) might 

have been protected from later fluid activity by the host granite and thus may yield its protolith 

age. Zircons from this biotite gneiss are of two different morphological varieties. One variety 

is globular in shape with indistinct core-rim structure and the second is transparent and long 

prismatic in shape. The latter varjety was selected for analyses. Five crystals analysed are all 

discordant (between 20-60%) but they fall on a discordia defining an upper intercept age of 

987 ± 65 Ma (Fig. 4.24). This age is likely to represent the protolith age of the granite gneiss 

xenolith. It may, however, represent zircon grown in the biotite gneiss during subsequent 

metamorphism/thermal event but prior to its incorporation in the host -550 Ma Kabpara 

Granite. 
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4.3.2.6.4. Majic Granulile 

. A mafic granulite sample (T-4) was collected from the Kunnampuram quarry, -13 km NNW 

of Trivandrum, for zircon analyses. The zircons are all transparent, inclusion-free and globular. 

All four analyzed crystals fall towards the lower intercept of a discordia with lower intercept 

at 546 ±. 29 Ma and upper intercept at - 1.6 Ga (Fig. 4.29). Discordant plots of these points 

could be due either to overgrowth or Pb-loss. The lower intercept age corresponds to the age 

of the Kalipara Granite (S-318a), which has intruded the mafic granulite. Thus, the lower 

intercept age may be due to zircon growth during the intrusion of the Kali para Granite. The 

protolith age of the mafic granulite is poorly constrained by the upper discordia intercept, 

which gives only a suggestion of a considerably older age. 

Analyses of zircons from a massive granite (S-318A) from the KKB have yielded 5 concordant 

to slightly discordant points (S-318A, Table 4.2) giving the best estimate of the age of the 

granite as 548 ± 2 Ma age. Zircons from this rock also include 3 discordant points with 

207Pb/206Pb ages greater than 2.3 Ga. When two of these three (most discordant one was 

ornitted) discordant analyses are regressed along with three most concordant analyses at -550 

Ma, they give an upper intercept age of 2466 ± 22 Ma age. Assuming that these three 

discordant points a(e the result of either Pb-loss or zircon overgrowth at - 550 Ma, the upper 

intercept age may represent a population of -2.5 Ga old zircon, which may be the general age 

of the basement in this area. 

4.3.2.7. Age of Charnockitization in the Kera.la Khondalite Belt 

There are many spectacular outcrops of incipient charnockitization in the Kerala Khondalite 

belt. Various lithotypes of the area have been affected by charnockitization (Srikantappa et al. 

1985). In the Nirettipara quarry, about 0.5 km NNE ofNirettipara; --6 km NE ofKalanjur 

(Fig. 3.61), massive Kalipara Granite has intruded biotite gneiss. This massive granite displays 
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incipient chamockitization (Fig. 2.5), and these incipient chamockite patches, in tum, have 

been intruded by coarse granitic veins and dykes. Along their margins, these veins have 

bleached (retrogressed; i.,e., orthopyroxene has reacted to form quartz and biotite) the host 

incipient charnockite patches (Fig. 2.6). Numerous bodies of the Kalipara Granite occur within 

the Achankovil Lineament (Fig. 3. 61 ), cutting across the prorrtinent NW-SE trending fabric of 

the area. One of the largest such bodies, exposed in the Chenganoor area, yields a K-Ar 

hornblende age of 550 ± 25 Ma (Soman and Santosh, 1983). The Kali para Granite is thus 

interpreted as post-tectonic in origin and the charnockitization in the Kerala Khondalite Belt is 

also post-tectonic. Zircons from a sample of the Kalipara Granite (S-318A) and of two late 

intrusive veins (S-318B and S-340) have been analysed to constrain the age of 

charnockitization. Zircons from the Kalipara Granite proved to be very complex. A number of 

the zircons plot discordantly with 207Pb/2°6Pb age varying from -2.3 Ga and 2.5 Ga. Other 

zircons give a concordant to slightly discordant ages of -548 ± 2 Ma (Fig. 4.22). The old 

discordant points are interpreted as inherited grains that have suffered younger Pb-loss or 

overgrowth. The grains plotting around 548 Ma are interpreted as the intrusive age of the 

Kalipara Granite. The coarse granitic veins (S-3188; S-340), which have intruded the incipient 

chamockite patches, have a well-defined age of 526 ± 1 Ma (Fig. 4.23). The age of 

Neoproterozoic chamockitization can thus be bracketed between 548 ± 2 and 526 ± 1 Ma. 

Monazite from a non-chamockitized khondalite enclave (S-355M) within charnockite gneiss 

(charnockitized khondalite gneiss) from a quarry in Kanamukku village, -8 km horth of 

Pattanarrtitta (north of the Achankovil Lineament), yields a concordant U-Pb age of 524 ± 1 

Ma (Fig. 4.21; Table 4.4) and a weighted average 208Pbl232Th age of 523.5 ± 4 Ma. Because 

the closure temperature of the U/Pb system in monazite is between 700°C and 750°C, the 

minimum age of the latest high-grade metamorphism can be taken as -524 Ma. It is worth 

noting that the granite vein in the Nirettipara quarry (S-3188), which has bleached charnockite 

is dated at 526 ± 1 Ma. Thus the monazite age of 524 ± l Ma can be best interpreted as 

marking the c~ssation of high-grade metamorphic conditions or as uplift and cooling of the 
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terrain immediately follow(ng from high-grade metamorphic conditions. 

_.Monazites from a leucosome of migmatised garnet biotite gneiss (S-320M) from a quarry-5 

km east of Kalanjur (Fig. 3 .61) within the Keraia Khondalite Belt have yielded a number of 

highly discordant ages and two nearly concordant ages (-1 % discordant)_ The most 

concordant monazite grain gives a 200Pbl238U age of 475 ± 2 Ma. In many places these 

leucosomes are chamockitized. Chamockitization is dated as having occurred between -548 

Ma and -526 Ma. Therefore, this 475 Ma age can not be the formation age ofleucosomes~ but 

may indicate a period of uplift and cooling of the terrain. Similar ages have been reported by 

early workers in the area using Rb-Sr mineral isochrons (Santosh et al. 1992; Choudhary et aL 

1992; Unrukrishnan-Warrior, 1997). It is interesting to note that monazites from a sample of 

khondalite enclave (S-3 55M) within massif chanrockites in the southern slope of the 

Cardamom Hills have yielded 524 ± I Ma. This difference in the monazite ages between two 

samples seperated by - 60 km (Fig. 4. I) may mean either differential uplift between these two 

areas or the influence of host rock and and its environment with respect to fluid circulation. 

Geological evidence for substantial differential uplift between these two areas is lacking. 

Hence, later interpretation that the monazite in the migmatized garnet biotie gneiss have been 

affected by later fluid circulation is more likely the case. Rb-Sr mineral isochron ages from 

nearby area also have yielded similar ages (Santosh et aL 1992; Choudhary et al. 1992; 

Unnikrishnan, 1997). The closure temperature for the U/Pb system in monazite is generally 

taken to be between 700°C (Copeland et al. 1988) and 725°C (Parrish, 1990). ·0n the other 

hand the closure temperature for Rb-Sr in biotite is less than 400°C (Verschure et al. 1980). 

Because in the KKB two different isotopic systems with very different closure temperatures 

yields similar ages, it likely that these isotopic systems were intensely affected and were reset 

by passage of fluids through them. Zircons from the same sample (S-3202) have revealed 

extensive recrystallization and Pb-loss, which also suggests that fluids have affected the rock 

intensely. Thus -475 Ma age for monazites from leucosome of granite gneiss (S-320M) is 

more likely to be the effect of fluid activity through the rock and may not represent the age of 
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the cessation of granulite metamorphism.In the KKB. 

4.4. Summary and conclusion 

The present geochronologica1 analyses have improved the geo~hronological database from the 

SGT of Peninsular India. Thirty-five rocks were precisely dated to bracket a number of 

tectonomagmatic events. A summary of new data obtained in this study is given in Fig. 4.30. 

The most important conclusions that can be made from these data are: 

(i) Archaean and Paleoproterozoic events; 

Zircons from the ma.fie granulite of the Namakkal area (Corridor-I) and the biotite gneiss 

from the Palghat area (Corridor-IV) provide the southernmost Archaean single crystal 

zircon ages (--2.9 Ga) from Peninsular India, and indicate that the Dharwar craton may 

extend considerably further south than previously realized. 

Circa 2. 5 Ga granites and tonalites are quite common in the Transition Zone (the area of 

transition from amphibolite facies rock?. of the Dharwar craton and the granulite facies 

rocks of the SGT) and in the Eastern Dharwar Block (Peucat et al. 1993 ). During the 

present study, -2.5 Ga single zircon ages have been obtained from the Salem, Namakkal, 

Karur, Mettupalayam and Kotamanga1am areas (Fig. 4.1). These occurrences suggest 

that Late Archaean granitic activity was widely spread, covering a much larger area in the 

SGT than previously thought, and extending at least as far south as the KKPT Shear 

Zone. In the Namakka1 area, field relationships indicate that these intrusions were coeval 

with NE-SW trending dextral shearing and were em placed along shear zones, in the 

eastem part of the Dharwar craton. 
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(ii) Mesoproterozoic events: 

A concordant - l 650 Ma age for zircon with concentric growth zoning (which [s 

common in magmatic zircons) in granite gneiss from the Palghat area (sample S-404A) 

represents a new age for the SGT. The extent and significance of tectono-thermal activity 

at this time is not known. Kelly et al. ( 1997) reported an - 1.8 Ga Ar-Ar plateau age for 

biotite included within garnet from the Kerala Khondalite Belt, which was interpreted as 

a high-grade metamorphic event. It i.s also possible that Mesoproterozoic. tectono­

thennal events of unknown extent affected the SGT. A - l.O Ga (987 ± 65 Ma) single 

zircon age has also been recorded for a granitic gneiss xenolith in the 548 Ma old 

Kali para Granite. This -1.0 Ga age is interpreted as the age of either intrusion or 

metamorphism pcior to its incorporation in the Kalipara Granite. The - 1.0 Ga age is a 

commonly recorded thermal event in the Eastern Ghats (Shaw et al. 1997). 

(iii) Neoproterozoic thermal events: 

Santosh et al. ( 1989) has shown from existing age data that granitoids with ages ranging 

from -765 Ma to 550 Ma are common from north of the Moyar Shear Zone to the 

southern tip of the Perunsula. This study records a number of Neoproterozoic events in 

the SGT with distinct zircon ages at -800 Ma, -720 Ma, -600 Ma, -570 Ma, -550 Ma 

and -525 Ma and monazite ages at -800 Ma and at -525 Ma. Thus, the SGT was 

episodically active in the Neoproterozoic over a 300 m.y. period of time, very similar to 

the Pan African events recorded in southern Madagascar (Paquette et al. 1994; Paquette 

and Nedelec, 1998; Kroner et al. 1996; Tucker et al. 1998 and de Wit et al. 1998) and 

East Africa (PiMa et al. 1993) 
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An 800 Ma event: 

Zircons from the charnock.itized granite ofRangamalai (sample S-267; Table 4.2; Fig. 

4.9) and monazites from khondalite of the Vidya Malai Hill area (sample S-259; Table 

4.3; Fig_ 4.10a) all give -800 Ma ages. While the zircons from the Rangamalai Hill 

granite is affected by charnock.itization at -550 Ma (lower intercept on concordia), the 

Vidya Malai Hill monazite is not affected by this event. The -800 Ma age is a conunon 

high grade metamorphism age in the classical Eastern Ghats terrain (Shaw et al. 1997). 

The present finding of -800 Ma zircon and monazite ages from SGT suggests that there 

is a possible common -800 Ma tectonothermal link between these two terrains. 

A 720 Ma event 

SHRIMP analyses of zircons from one mafic granulite from the Namakkal area (Sample 

S-117) gives a discordant array with upper and lower intercepts at -2.5 Ga and -720 

Ma, respectively (Fig. 4.6). This mafic granulite body occurs within the sinistral NW-SE 

trending D 2 shear zone identified in the present work (Fig. 3 .14 ). It is possible that the 

- 720 Ma age is related to a tectonothermal activity along the D2 shear zone. 

600 Ma, - 570 Ma, -550 Ma and - 520 Ma events: 

The entirely of the SGT has experienced a number of Neoproterozoic events. Granites 

were emplaced as isolated batholiths and veins and charnoclcitization overlaps with the 

emplacement of these granitic bodies in the southern part of this terrain, as is evidenced 

by the ubiquitous patchy charnock.itization of these granites and, in turn, the bleaching of 

these charnockites by younger granitic veins. 

A ~600 Ma age is recorded in four localities separated by l 00s of kms. The~e localities 
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are, Namakkal (zircon age; Corridor-I), Bhavani (monazite age; Corridor-II), 

Mettupalayam (zircon age; Corridor-Ill) falling within the Cauvery-Bhavani (CB) and the 

Bhavani Shear Zones and in the Palghat area (zircon age; Corridor-IV) within the 

Palghat-Cauvery Shear Zone. Such widespread ages at around - 600 Ma suggests 

regional tectonothermal event of this period along these major shear zones. 

A -570 Ma age is obtained for syntectonic granitic veins from the Kottamangalam area 

(Chapters 3 & 4; sample S-415) within the KKPT Shear Zone and for zircon rims age in 

the chamockites of the Nagercoil Block (sample S-361). Zircons from the 

Oddhanchatram anorthosite massif have been dated at 563 ± 9 Ma, which is interpreted 

as its age of intrusion subparallel to the KKPT Shear Zone. This massif is sheared along 

its margins. The -570 Ma event may thus mark a period of major shear deformation in 

the area. 

Zircon ages of -548 Ma were obtair..ed from the patchily charnockitized Kalipara Granite 

from the Nirettipara quarry near Pattanamitta (Fig. 3 .6 l) which are, in turn, retrogressed 

by an undeformed 526 ± 2 Ma granite vein. These ages thus constrain the age of 

chamockitization in the Kerala K.hondalite Belt to have occurred between 548 Ma and 

526 Ma. 523 Ma ages have also been determined for zircon from a syntectonic granite in 

the Palghat area (Corridor-IV) and pegmatitic granite veins in the Nirettipara area (PPP 

Corridor), and in monazite from chamockites of the Cardamom Hills north of 

Achankovil Lineament. These zircon ages together with the monazite age of -525 Ma 

possibly signify a period of uplift and cooling, signifying the end of Neoproterozoic­

Early Phanerozoic thermal activity in the area. These ages are similar to those found in 

East Africa and Madagascar, and will be discussed further in Chapter 5. 
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Chapter 5: Summary and conclusion 

5.1. Introduction 

The Southern Indian Granulite Terrain (SGT) is one of the largest and oldest granulite 

provinces on Earth. Together with its extensions .in Antarctica, 'Sri Lanka and Madagascar in a 

pre-breakup Gondwana reconstruction, this granulite terrain forms an area of» 700 000 km2 

of exposed deep continental crust. The vast expanse of granulite facies supracrustals in the 

SGT were once deposited/ emplaced at the surface of the Earth. This type of terrain is, 

therefore, of great interest to scientists studying the make-up and evolution of the middle crnst 

of continents. Not surprisingly, then, the Southern Indian Shield (SIS) has been investigated 

by scores of Earth scientists for Jast two centuries. In these quests, understanding the 

transition between the high-grade terrain of the SGT and the low-grade terrain of the Dharwar 

craton to the north is of prime importance for several reasons. The Dharwar craton preserves a 

long Archaean history, part of which may also be inherited by the SGT. But the major 

questions as to how much of old Archaean craton might be preserved within parts of the SGT 

had not yet been satisfactorily answered. For nearly a century and a half, during which 

geological investigations were dominated by field investigations, this relationship was viewed 

mainly as one in which a mobile belt (the SGT) surrounds a stable craton (the Dharwar 

craton} In recent years, with inputs of modern techniques such as geophysics and high­

precision isotopic works, there has been renewed interest in the SIS from Earth scientists from 

India and abroad_ Principal contributions in recent years have been: (i) the identification of the 

processes of charnockitization whereby amphibolite facies rocks transform to granulite facies 

rocks through a combination of parameters such as pressure, temperature and in particular, 

Au id activity; (li) the identification of major trans-continental shear zones in the SGT through 

study of satellite imagery; and (iii) the realisation that at least one of these shear zones marks a 

terrane boundary within the SGT. 

The present study has generated more than 35 new high-precision U-Pb geochronological data 
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controlled within the framework of detailed filed observations in a number of critical areas 

within the SGT. These new data necessitate a re-evaluation of the tectonic framework of the 

SGT and in this Chapter a new model for the tectonic evolution of the SGT is explored. Since 

the SGT occupies a central part in the pre-fragmentation Eastern Gondwana, this new model 

has important bearing on the reconstruction of Gondwana. In :'1ew of the availability of recent 

data on the structure and geochronology of a similar high-grade terrain of Madagascar (de Wit 

et al. 1998~ Tucker et al. 1998~ Ashwal et al. 1998), time has also come for a re-evaluation of 

the correlation of geological structures and events, between India and Madagascar and to have 

these to evaluate the pre-fragmentation configurations of East Gondwana. This aspect will be 

dealt with in the later parts of this Chapter. First, 1 will surrunarize the regional tectonic 

framework of the SGT, using both the existing data and my own new observations and 

analyses. 

5.2. Tectonic framework of the SGT 

Major issues concerning the tectonic framework of the SGT are (i) the tectonic status of 

regional shear zones and folds in the SGT (ii) the relationship between the SGT and the 

Dharwar craton and (iii) the continuity of the Eastern Ghats into the SGT. 

5.2.1. Major shears and folds in the SGT 

The Southern Granulite Terrain (SGT) is a polymetamorphosed and polydefonned region 

dominated by granitic gneisses, high-grade metasedimentary rocks and charnock.ites. Contacts 

between protolith rocks and chamockites are transgressive and hence metasomatic in origin. 

Recrystallisation in charnockites has in many instances obliterated an early deformation fabric 

present in the protolith rocks. In many cases, metasomatic "fronts" can be seen to cross-cut · 

the structural fabrics of the rocks and shear zones (Chapter 2). Within the charnoclcites, the 

early structural geometry may only be deciphered by "ghost" gneissic layering and/or by the 
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alignment of lithologic remnants of quartzite, mafic granulite and calc-silicate layers. Trends of 

these various elements must be used to unravel the tectonic fabric of the SGT. Field studies 

- reveal that the quartzite, calc-silicate and mafic granulites in different parts of the SGT are 

older than the granitic gneisses and have retained evidence of major deformation phases 

throughout area (Chapter 3 & 4). Structural trend lines defined ,by these lithological remnants 

records the geometry of all major regional folds and shear zones (Fig.5.1 ). 

5.2.Ll. Major shear zones 

Major shear zones identified by previous workers (Drury et al. 1984; GSI, 1994) are: (i) the 

Moyar-Attur Shear Zone (MAS); (ii) the Bhavani Shear Zone (BSZ); (iii) the Palghat-Cauvery 

Shear Zone (PCSZ) and (iv) the Achankovil Shear Zone (ASZ). These shear zones were 

interpreted to have significant strike-slip movement. In the present study, using compilation of 

existing maps and new fieldwork in critical areas across these shear zones in a number of 

corridors (Chapter 3 & 4), the existence of the first three of the above mentioned shear zones 

were confirmed_ However, their location, geometry, orientation and movement direction have 

been redefined (Fig. 5 .1 ). The Achankovil Shear Zone is a slide (flattend fold limb) rather than 

a simple shear zone. Two new shear zones have also been identified during the present study: 

(i) the Cauvery-Bhavani Shear Zone (CBSZ) and (ii) the Karur-Kambam-Painavu-Trichur 

Shear Zone (KKPTSZ), as discussed in Chapter 3. 

(i) The Moyar-Attur Shear (MAS) 

This shear zone has a E-W trend and can be traced from east of Attur in the eastern part to 

just south of Gundlupet in the west. This zone passes through Bhavan.i, Salem and 

Bhavanisagar (Fig.· 5.1). In the west, this shear zone follows the course of the Moyar river and 

to the west of Gundlupet it is no longer discernable and have probably does not exist. The 

shear zone is -5 km wide and within the shear zone, the NE-SW to NNE-SSW trending 
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lithologic units of the Dharwar craton have been transposed to an E-W orientation (Figs. 3.2, 

3 J 4 and 3.39). Near Bhavanisagar, the Bhavan.i Shear Zone joins the MAS and further east, 

west of Bhavani, the Cauvery-Bhavani Shear Zone joins the MAS. Parts of this shear system 

have been studied in three areas: Salem, Bhavani and Bhavanisagar (Figs. 3.2, 3.36 and 3.39) 

No field evidence was found for dextral strike-slip movement along the MAS. In the Salem 

and the Bhavani area, field evidence reveals dominantly ductile flattening deformation with 

subvertical stretching lineations with.in the earliest planar fabrics. In the Bhavanisagar area, th.is 

early shear fabric is superimposed by late brittle to brittle-ductile shears with subvertical 

movement indicators. 

(ii) The Bhavani Shear Zone (BSZ) 

Th.is shear zone is NE-SW trending. It extends from Bhavanisagar in the northeast to Attapadi 

in the southwest through Mettupalyam. Further south, it swings to NW-SE and continues 

beyond Kedavur sub-parallel to the west coast ofindia (Fig. 5.1 ). The trend of this shear zone 

is subparallel to the trend of the lithologic units on either sides of the shear zone. Brittle to 

brittle-ductile shear has been superposed on early highly flattened rocks. Kinematic indicators 

suggest that this late shearing was accompanied by subvertical movements. 

(iii) The Cauvery-Bhavani Shear (CBS) 

This is a newly defined NW-SE trending shear zone and is very conspicuous on the structural 

trend map (Fig. 5.1). It is - 15 km wide and ex:tends from north ofTiruchirapaUy in the east, 

following the trend of the Cauvery River through north to just north of Karur and Erode. 

From there it continues along the course of the Bhavani River in the west; and merges with the 

MAS and the BSZ near Bhavanisagar. Parts of trus shear zone have been studied in the 

Namak.kal area where three distinct shearing events were identified: NE-SW trending D 1 

dextral shears superposed by NW-SE trending D2 sinistral shears and in tu rn by an E-W 

trending dex:tral shear (D3) (Chapter 3 ). The pattern of regional variation in the trend lines of 
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the lithologic units across this shear zone reveals a dextral strike-slip movement along this 

shear (Fig. 5. l) . This dextral shearing could be related to the dextral shears (D3) identified in 

· the Namakkal area. 

(iv) The Palghat-Cauvery Shear Zone (PCSZ) 

This shear zone was earlier interpreted as an E-W trending shear zone passing through Pal ghat 

in the west to the north of Karur in the east. However,. the regional strike pattern suggests it is 

an arcuate shear zone, extending from Mallapuram in the west through Palghat and south of 

Chennimalai to north ofKarur (Fig. 5.1). Part of this shear zone was studied in the area north 

of Pal ghat (Corridor-IV; Chapter 3). In the western extremity, this shear zone merges with the 

BSZ and in the eastern extremity lt merges with the CBS. The PCSZ forms the southern 

boundary of a regional shear band whose northern boundary is defined by the CBS and BSZ. 

Trends of lithologic units adjacent to this shear band suggest a regional dextral sense of 

movement. 

(v) The Karur-Kambam-Painavu-Trichur KKPT Shear Zone (KKPTSZ) 

This is a newly recognized shear zone identified on the basis of presence of striking contrasts 

in structural style and lithological assemblage across it (Fig. 5. 1 ) . It is an arcuate shear zone 

extending from south ofKarur in the east, with a NE-SW trend, to just south of Kodaikanal 

and from there just to the west of Kambam, where it bends towards the NW. From there, it 

can be traced to the west coast oflndia, just south of Trichur. The bend of this shear zone 

near Kambam appears to be in continuity with a regional fold axial trace that can be traced 

from the Dharwar craton in the north to the Tiruneveli area in the south across the KKPT 

Shear Zone (Fig. 5.1). Thus, the arcuate nature of the KKPT Shear Zone could be related to a 

late regional re-folding of the KKPTSZ. The structural and lithologic discontinuity across the 

KKPT Shear Zone is very pronounced in its eastern section. Here,, the structural trend lines 
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adjacent to the northern part of th.is shear zone trend NE-SW, sub parallel to the shear zone 

but south of the shear zone the trend lines define a complex structural pattern, resembling 

. disharmonic folding, which has resulted from the superposition of more than one phase of 

folding. Axial traces of folds were interpreted on the basis of map patterns (GSI, l 995a,b ). 

Early axial traces (interpreted as F 1 and F2) in the southeastern part of the KKPT Shear Zone 

are transposed along the KKPT, while axial traces of late folds (f 3) abut against the KKPT 

Shear Zone and are not traceable north of it (Fig . 5 .2). In the northwestern part, structural 

discontinuity across the KKPT Shear Zone is not distinct. There, the shear zone can be traced 

following the trend lines of the lithologic units parallel to the shear zone. A part of this shear 

zone in the northwestern part was studied in field (east of Kotamangalam) where granitic 

rocks are mylonitized and minor structures confirm the presence of a NW-SE trending shear 

zone (Chapter-3). The lithologies north and south of the KKPTSZ are also quite distinct. 

South of the KKPTSZ, the terrain is dominated by khondalite, paragneisses with abundant 

quartzite and calc-silicate bands, while to the north of the KKPTSZ, the terrain is dominated 

by granitic and tonalitic gneisses with mafic granulite, BIF and associated metasediments (Fig. 

l J). The khondalitic metasediments south of the KKPT Shear Zone have - 2.5 Ga and - 2.0 

Ga old detrital zircons and so are Paleoproterozoic or younger . In contrast, the BIF and 

associated metasediments to the north are older than ~2 . 9 Ga (Chapter 4). The lithologic 

ensemble north of the shear zone is akin to the high-grade equivalents of the Dharwar craton, 

but the rocks in the south are more akin to those of the Eastern Ghats (Chapter l ). These 

structural and lithological differences across the KKPT Shear Zone suggest that it may 

represents a major terrane boundary. Large sections of the KKPTSZ are superposed by 

charnockite (Figs. 1.3, 5.1 ) . Thus, the KK.PTSZ pre-dates chamockitization (which is dated in 

the Kerala Khondalite Belt to have occurred between 526 Ma and 548 Ma, Chapter 4)_ Since 

chamockitization destroys the planar penetrative fabric of the rocks, it is unlikely that the 

original mylonites are preserved along large tract of this shear zone. A part of this shear zone 

was studied in detail in the area east of Kotamangalam (Fig. 5. 1 ), where charnock.itization is 

onJy patchily developed across the KKPTSZ. Here, granitic gneisses are highly deformed and 
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are mylonitized and display more than one phase of shearing (Fig. 3.55, 3.56). A granite vein, 

syntectonic with the latest phase of shearing, was dated as 568 ± 2 Ma in the present study 

using the U-Pb zircon technique (Chapter-4). A large NE-SW trending anorthosite massif (> 

- 35 km2
) was emplaced alo.ng this shear zone near Oddanchatram which has been dated as 

-563 ± 9 Ma by SHRIMP U-Pb zircon technique (Chapter-4). ~he marginal part of this body 

is deformed, the inner parts are unmetarnorphosed and undeformed. Thus, shearing along the 

KKPTSZ continued even after emplacement of trus body at -563 ± 9 Ma. 

(vi) West Coast Shear Zone (WCSZ) 

The orientation of the structural fabric of lithologic units of the western part of the SGT 

changes from E-W to NNW-SSE sub-parallel to the west coast of India. This realignment of 

the structural fabrics, including shear zones, suggest the presence of an off-shore dextral shear 

zone sub-parallel to the west coast (Fig. 5.1). 

5.2.1.2. Ages and displacements of shear zones 

There is little reliable direct age data from the major shear zones discussed above. Moreover, 

it is likely, as has been observed in the case of the CBSZ, that these shear zones were 

reactivated more than once, with variable senses of movements. These uncertainties are a 

major hindrance in reconstruction of the history of the shear zones. Some new ages obtained 

during this investigation, however, provide some first order constraints. 

The BSZ and the western part of the MASZ bound the Nilgiri Hills Charnocklte Massif in its 

southeastern and northern parts, respectively. Paleo-pressure estimates of the charnockltes of 

the Nilgiri ffill Massif are - 10 kbar in its central part, and -7-8 kbar at its peripheries (Raith et 

al.l 990; Srikantappa, 1993). Further out, across the bounding shears of the massif, the paleo­

pressures of the surrounding gneisses vary between 6 kbar and 5.5 kbar ( Janardharn, 1982; 
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Srikantappa et al. 1992). Paleo-isobars of the Nilgiri Hills Massif are sharply truncated along 

the Bhavani Shear Zone suggesting relative uplift of the Nilgiri massif along these shears 

(Raith et al. 1990; Srikantappa, 1996). AU-Pb zircon age of a post-shearing granite from the 

Bhavani Shear Zone indicates a minimum age for brittle-ductile deformation at -600 Ma 

(Chapter 4). In the Bhavani area of MASZ, U-Pb dating of m~nazite from the quartzite gives 

an age of-600 Ma (Chapter 4). This indicates that latest thermal peak along both MASZ and 

BSZ was around 600 Ma. Rb-Sr biotite ages from western part of the MASZ in the Moyar 

area and from BSZ suggests that these shear zones were thermally active between 624 ± 37 

Ma and 472 ± 12 Ma (Deters-Umlauf et al. 1997). It can be concluded, therefore, that the 

upliftment of the Nilgiri Hills Massif possibly occurred between circa 600 Ma and 500 Ma 

along both the BSZ and MASZ. 

The brittle-ductile deformation along the BSZ and the western part of MASZ were 

superposed on an earlier ductile shearing fabric whose age is not known. 

Structural studies in the CBSZ zone indicate that early sinistral D2 shear is superimposed by 

later dextral D3 shear (Chapter J). Zircons from a mafic granulite along the northeastern 

margin of this shear zone, in the area south ofNamakkal, gave a .concordant age of 722 ± l J 

Ma (Chapter 4). This mafic granulite has been intruded by -2 .5 Ga granitic gneiss. Thus the 

- 722 Ma age must represent a period of thermal activity or metamorphism. Within the D2 

shear zones, the mafic granulite has developed a schistose fabric and the rock has been 

mylonitized and transformed to amphibolite. Thus, the D2 shear is likely to be younger than 

- 722 Ma. D2 shears are cut by late granitic dykes (Fig. 3.26; 3.28) which are syn-tectonic with 

D3 shears. These late granit~c rocks have an age of 603 ± 14 Ma. Thus, the D2 shears can be 

bracketed between - 722 Ma and - 603 Ma and the age of the D3 shears is -603 ± 14 Ma. 

Syntectonic granite from the Palghat area (Fig. 3.49) of the PCSZ is 600 ± 4 Ma old. These 

granites also have younger hydrothermal zircons of 520 ± 1 Ma old (Chapter 4). Thus, 

although it is likely that each of these shear zones had more than one period of shearing and 
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reactivation, the MSZ, the BSZ, the CBSZ and the PCSZ have either syntectonjc granite 

emplacement or record a thermal high between -600 Ma and 610 Ma. Thus, all these shear 

: zones are likely to be part of a single shear system. 

The KKPTSZ in the KotamangaJam area has suffered more than one phase of shearing and 

granitic activity (Fig. 3.57). A late syntectonic granite (Fig. 3.55-3.57) within the K.KPTSZ 

was dated at 568 ± 2 Ma. An anorthosite massif em placed sub-parallel with the KKPTSZ but 

deformed within it has been dated at 563 ± 9 Ma (Chapter 4). Thus, it can be concluded that 

the late shearing in the KKPTSZ occurred between - 560 Ma and - 570 Ma old. 

It 1s of interest to note that the hypothetical West Coast Shear Zone (WCSZ), off the western 

coast of India, has affected both Palghat-Cauvery and the K.KPT shear zones. This shear zone 

is thus younger than both Palghat-Cauvery and KKPT shear zones. 

The CBSZ, BSZ, and PCSZ together form a regional shear lens with an overall dextral sense 

of movement (Fig. 5, 1 ). The amount of displacement along this shear system is not known 

because of the absence of obvious strain markers and lithologic tracers_ A rough estimate of 

shear displacement however, can be made by assuming that the BIF layers of the Chennimalai 

Hill area were continuous with the southernmost BIF layers in the Kollimalai Hill south of 

Namakkal. These BIF layers are the southernmost mappable BIF bands on either side of the 

CBSZ. On the basis of th.is assumption, a maximum horizontal displacement of-25 km is 

evident along the CBSZ. 

Because major regional folds can be traced from the southwestern part of the Dharwar craton 

across the western part of MASZ, BSZ and tl1e PCSZ (Fig. 5 .1 ), none of these regional shears 

can have significant strike-slip movement post-dating th.is folding. These shear zones, north of 

the KKPTSZ are, therefore, intra-shield zones and do not represent major boundaries between 

allochthonous blocks (i.e., terrane boundaries) .. 
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The sense and amount of shear along the KKPT shear are not known. Folds and structural 

trend lines southeast ofKKPT bend both clockwise and anticlockwise in the KKPT Shear 

. Zone. Such variable style of bending of trend lines could not be used for shear sense 

determination on a regional scale. 

5.2.1.3. Major folds in SGT 

5.2. 1.3. I Folds north of KKPT shear zone 

Marcara-Sargur-Gudalur Fold (MSGF) 

ln the northwestern part of the area (Fig. 5 .1 ), the distribution of the metasedimentary and 

metavolcanic enclaves define a major mappable (A.> 150 km) open-tight fold with a NNW 

trending axial trace. This fold closes towards south. The eastern limb of this fold can be traced 

from SE of Hassan through Mysore, Sargur and Gundlupet and then across the Moyar-Attur 

lineament to Gudalur and further south still . The western limb of the fold can be traced from 

Puttur in the northwest through Mercara, Iritti and Mattanur to Vaihathri across the Moyar 

lineament. The axial trace of this fold can be traced from east ofMercara in the north through 

west of Sargur then across the Moyar lineament to west of Gulalur (I refer to this as the MSG 

fold). This fold can be traced across a number of major shear zones identified in the present 

study, for example, the BSZ, the PCSZ and the KKPTSZ. All these shear zones are folded by 

the MSG fold . The bend in the KKPT Shear Zone near Kambam may also be related to this 

folding. If this is so then the MSG fold is younger than this shear zone i .e., younger than - 570 

Ma and thus younger than the D3 deformation present in the area. 

The area to the east of the Chitradurga Boundary Shear Zone (CBSZ) has a near uniform 

NNE-SSW trend continuous with the eastern-limb of the MSG fold . These trend can be traced 

continuously across the Moyar-Attur Shear Zone where it takes on a NW-SE trend. 
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Fig. 5.3. Suniifrary map showing different litho-tectonic domains of the 
Southern Granulite Terrain and tb.e Eastern Ghats, as discussed in 
this thesis in their Gondwana framework. 

Domain boundaries are marked by major shear zones. With the 
present state of knowledge, the Silern Shear Zone (Eastern 
Ghats), the KKPT Shear Zone (Southern Granulite Belt), the 
Rayner Boundary Zone (Antarctica) and the Ranotsara 
Shear Zone (Madagascar) may represent possible terrane 
boundaries seperating Archean granulites from the Late .. 
Proterozoic-Early Cambrian granulites (see text ~· c:..~\· 
for details). This present model is an attempt to correlate , ~ '<::~· 
these possible terrane boundaries. However, geologicaJ. \ v X' ·~ 
information from most of these potential terrane ~ '" ~ -
bowidaries is sparse. Thus, th.is model needs to b~ c:...:;:-· 

reviewed with more data from these shear zones., 
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5. 2. 1. 3. 2. Folds soulh of KKPT Shear Zone 

. South of the KKPT shear, the geopletry of a number of fold structures is co~plex. Quartzite 

and the calc-gneiss bands around Dindigul display a number of hook-"shaped refolded folds 

(Fig., 5.2; these represent type-II interference pattern of Ramsay, 1967). Axial traces of the 

early folds (F1) , which possibly include more than one generation of folds, are folded by later 

NW-SE trending folds (Fi). Extrapolation of the axial traces of both F1 and F2 from the 

Dindigul area to the west shows that both axial traces abut against the KKPTSZ and cannot be 

traced to the north of it. 

Regional folds in the Tiruneveli area (Fig. 5. l) are well defined by various meta-sedimentary 

litho-units like calc-silicates) quartzite and khondalites. Axial traces of these major folds have 

trends varying from NW-SE to NNW-SSE. Two major fold closures are present in the area. 

First, around Tiruneveli) has a southwesterly closure . The other, to the east of Tiruneveli, has 

a NNW closure. 

5.2.2. Relationship between the Dharwar craton and the SGT 

For the purpose of discussion of the tectonic framework, the SGT can be subdivided into a 

number of domains bounded by a number of regional shear zones . These domains are 

numbered 1-7 and are marked on Fig. 5.3. A summary of characteristic lithology, structure 

and geochronology with each these different domains is given in Table 5. L Differences in the 

lithological assemblages, structure and geochronology amongst different domains of the SGT 

suggest that, areas north of the KKPT Shear Zone (domains 1-5, as numbered in Fig. 5.3) 

have a similar geological history. Th.is is consistent with the observation that major shear 

zones and lineaments which define boundaries of these domains, do not have significant strike­

slip movement. It is important to note that there is a general, gradual increase in the 

metamorphic grade of rocks in area from north to south. Thus, supracrustal rocks, 
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metasediments and greenstones present in the northern part of domain l are also present in the 

south but are at higher metamorphic grade. On the other hand
7 

areas south of the KKPT Shear 

Zone, i.e., domains 6 and 7, have similar lithologj.es, structural patterns and geo.chronology 

which are distinct from those in domains 1-5. The KKPT Shear Zone is thus likely to mark a 

terrane boundary in the SGT, to the north part of which is the .highly reconstituted and 

remobilized continuation of the Dharwar craton; to the south the paragneiss-dorninated terrain 

could be the southern extension of the Eastern Ghats (Fig. 5.3). 

The geology of the Domain 2 is not well constrained. Continuation with the Eastern Ghats 

(Ramak:rishnan, 1993) and the Dharwar craton (Gopalakrishnan, 1995) have both been 

previously suggested. Considering that Cauvery-Bhavani Shear Zone has only a net dextral 

strike-slip movement of less than 25 km, it is likely that domain 5 continues into Domain 2. 

However, the eastern half of Domain 2 is largely covered by recent sediments. So it need not 

necessarily be continuous with the exposed high-grade terrain in the Domain 2. Future 

geophysical and geological studies in this domain may resolve this further 
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5.2.J. Relationship between the Eastern Ghats and the SGT 

Continuity between Eastern Ghats and the SGT has been suggested by some early workers 011 

the basis of similarity of the Jithological assemblages (Narayanaswamy and Laxmi, 1967) and 

structures (Sinha Roy, J 985). Continuity of the Bouguer gravity anomalies (>40 mgaJ) from 

the Eastern Ghats to the southern tip of SGT has also been recorded (Subrahmaniam? 1986). 

New age data from the SGT obtained in this study has brought out additional and more 

striking similarity with the Eastern Ghats (Table 5.4). 

Table 5. 2 . Comparison of age information from the Eastern Ghats and new age data from the 
Southern Granulite Terrain 

Ages of magmatism/ high- Eastern Ghats SGT 

grade metamorphism N. ofKKPT S. ofKKPT 

-2900 Ma t/ t/ 

- 2500 Ma t/ t/ 

- 1600 Ma t/ t/ 

- 1000 Ma t/ t/ 

- 800 Ma v t/ 

--550 Ma t/ t/ 

--525 Ma t/ 

The Eastern Ghats can be subdivided into two parts along the Sileru Shear Zone (Fig. 1.6), the 

western part (El in Table 5.1) contains charnockite with abundant BIF enclaves; and the 

eastem part (E2 in Table 5. J) is kbondaJite dominated. Lithological assemblages and 

geochronology of the E2 domain are similar to those of the domains 6 and 7 in the SGT. 

Geocbronological information from El is meagre. A - 1.6 Ga U-Pb zircon age (Mezger et al. 

1996) and its lithological make-up suggest that this domain could be similar to the Domain 5 

in the SGT. I, therefore, suggest that the KKPT Shear Zone may be continuous with East 

Ghats-Dharwar boundary. 
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5.2.4. Summary of new changes in the tectonic framework of SIS 

Field and geochronological studies along several conidors in the SGT, and compilation of 

existing geological, geochronological and geophysical information on the SGT reveal that the 

Dharwar craton continues to the south into the SGT as far as the KKPT Shear Zone. The 

KKPT Shear Zone may mark a prominent structural discontinuity within the SGT. Continuity 

of the Dharwar craton south of the KKPT Shear Zone is not certain. The lithological 

assemblage south of the KKPT Shear Zone is more akin to the lithological assemblage of the 

Eastern Ghats. It is thus possible that the KKPT Shear Zone marks the boundary between the 

Dharwar craton and the continuation of the Eastern Ghats south in the SGT. It is not clear at 

present if this southernmost part of the SGT and the Eastern Ghats contain tectonic blocks of 

variable geologic histories. This will have to be resolved in the future. 

5.3. India as a fragment in Good wana 

5.3.1. Introduction 

The Southern Indian Shield occupies a central position in any Gondwana reconstruction 

(Lawver and Scotesse, 1987~ de Wit et al. 1988; Powell et al. 1988). New data, both field and 

geochronological measurements, generated in this study necessitate a re-evaluation of the 

details of these existing reconstructions. There are two aspects of Gondwana reconstructions 

in which present work has an important bearing. One is the reconstruction of India with 

respect to Antarctica and Sri Lanka. The other is the correlation oflndia with Madagascar. 

The very striking unifying factor in the correlation of these dispersed Gondwana fragments 

(India, Antarctica, Sri Lanka and Madagascar) is that they all have been affected by high-grade 

metamorphism and charnockitization and/or granitic activity between -650 Ma and -525 Ma 

(Shiraishi et al . 1994 and references therein for Antarctica; Holzl et al. 1994 and references 
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therein for Sri Lanka; Shaw et aL J 997 and references therein and present study for the 

Eastern Ghats and SGT in India respectively; Tucker et al. 1998 and de Wit et al. 1998 for 

Madagascar). This, together with the lithologicaJ similarity amongst these fragments, 

geophysical data (Reeves, 1998; Sahu and Reeves, 1998) from these fragments and from the I 
ocean floors separating them (Reeves and de Wit, 1998) have. made it possible to achieve a 

broad consensus regarding relative positions of these dispersed fragments in a Gondwana 

reconstruction (Lawver and Scotese, 1987; de Wit et al. 1988; Yoshida et aJ . 1992; Shiraishi 

et aL 1994). Although a generaJ fit is agreed upon, not all of these previous attempts were able 

to achieve reconstructions to a resolution better than a few hundred kilometres. Also, in detail, 

there are many of inconsistancies in these models. The main reasons for such discrepancy are 

the lack of high-quality geochronological data and field data that could serve as possible 

piercing points at the continental boundaries. Obtaining rugh-quality field and 

geochronological data for such a large area as .Gondwana, is both time consuming and 

expensive. In these circumstances, the importance of using sub-vertical Precambrian 

lineaments/shear zones for a tighter reconstruction has been pointed out and used by some 

workers (Katz and Premoti, 1979, de Wit et al. t 995; Windley and Razakarnanana, l 996; 

Kriegsman, 1995). This thesis is essentially directed at understanding the nature, kinematics 

and ages of various shear zones in the SGT. Data generated in this work can be used in 

constraining Gondwana reconstructions. In the following section I shall explore how these 

new data can be used to derive a tighter reconstruction of centraJ Gondwana. 

5.3.2. Reconstruction of India-Antarctica and Sri Lanka 

Broad positioning of Antarctica and Sri Lanka against the eastern coast oflndia has been 

suggested by many workers on the basis of both geologicaJ and geophysical arguments and 

(Yoshida et aL 1992; Harris et al. 1997 and references therein; Sahu and Reevest 1998, 

Reeves, 1998 and references therein). Important for such correJation are (i) the Dharwar, 

Eastern Ghats and SGT in India (ii) the Rayner and Napier Complexes in the Antarctica and 
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the (iii) Wanni, Highland and Vijayan Complexes in Sri Lanka. Except for the Dharwar craton 

in India, all these areas have been affected by high-grade metamorphism and charnockitization_ 

. The most important factor guiding the fine-tuning of the reconstruction of these former 

Gondwana fragments is the status of major shear zones in these fragments, specially the ones 

which demarcate possible terrane boundaries. In Antarctica, the Napier complex represents an 

A.rchaean granulite terrain with protolith ages > J . 9 Ga (Black et al. 1986). South of it is the 

Proterozoic granulite terrain> the Rayner complex which records 550-525 Ma old 

chamockitization and granitic activity (Shiraishi et al. 1994 ) . The Napier and Rayner 

complexes have very contrasting Nd-model ages (the Napier Complex has Archaean Nd­

model ages, while Rayner Complex has Paleoproterozoic to Mesoproterozoic Nd-model ages 

[Black et al. 1987]). The boundary between these two terrains, here termed as the Rayner 

Boundary Zone, is sharp but poorly exposed. It may represent a terrane boundary. 

The Sileru Shear Zone (SSZ) in the Eastern Ghats may also represent a terrane boundary in 

that it separates two contrasting lithological associations (Ramakrishnan et al. 1998) similar to 

the KKPT Shear Zone in the SGT. It is thus possible that the KKPT Shear Zone in the SGT, 

the Rayner Boundary Zone in Antarctica and the Sileru Shear Zone form part of a single 

terrane boundary (Fig. 5.3) that separates an A.rchaean granulite terrane in the north and west 

dominated by chamockite, orthogneisses with mafic granulites and BIF enclaves, from a 

Proterozoic granulite terrain in the south and east dominated by khondalite, rnigmatite and 

their chamockitized equivalents. A possible correlation of different litho-tectonic blocks in the 

SGT, Eastern Ghats, Sri Lanka and Antarctica is shown in Table 5.J . The precise connection 

between the KKPT Shear Zone and the Rayner Boundary Zone across the Cauvery-Bhavani 

Shear Zone and Domain 2 in Fig_ 5_3 is uncertain. Considering that the Cauvery-Bhavani 

Shear Zone does not have large strike slip component (~25 kms), it is likely that the KKPT 

Shear Zone continue~ to the Rayner Boundary Zone through the Domain 2 . Available 

geological information from Domain 2 is poor as the eastern part of the Domain 2 is covered 
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by alluvial sediments making it difficult to test a continuation of the KKPT Shear Zone 

through it. 

Table 5.3. Tentative correlii!lou ofdiffereo.1 litho-tecfonic domiiins in the fnuiii , Antarctica and Sri Lanka. 

SGT Eastern Ghats Sri Lanka Antarctica 

Granite-Greenstone terrane Domain l in Dharwar craton, absent ?? 
Fig. 5.3 west of the Eastern 

Ghat, Neyvelli 
Greenstone Belt 

Transition Zoue Domain l i.o Transition zone absent ?? 
Fig. 5.3 northwest of 

domain El 

Archaean Granulite Terrain with Area north of Domain E 1, west of absent Napier 

-2.5 Ga granulite metamorphism theKKPTSZ, the SSZ (Fig. 5.3 ) Complex 

and protoliths older than-2. 9 Ga domains 1-5 in 
Fig. 5.3 

Possible terrane boundary TheKKPT The Silcru Shear ?? Reyner Belt 
Shear Zone Zone 

Neoproterozoic granulite terrain Area south of Area east of the West Reyner 
dominated by metasediments with the KKPTSZ, SSZ, domain E2 in Vijayan complex 
recorded high-grade metamorphism domains 6 and Fig. 5.3 and 
and/or grarutic intrusion at -1.0 Ga, 7 in Fig. 5.3 Highland 
-800 Ma and -600-520 Ma. complexes 

5 ... 3.3. Reconstruction of India and Madagascar 

Most reconstructions of Gondwana fragments, since the initial attempt by du Toit ( 193 7) 

show eastern coast of Madagascar facing against the western coast of India, particularly the 

western Dharwar block (Katz and Premoli, 1979;_ Lawver, 1987; de Wit et a1. 1988; Scotesse, 

1988). Broad physiographic, lithologic, tectonic and geophysical similarities between these 

two fragments of the Gondwana has been pointed out by many workers (Narayanaswarni and 

Laxmi, 1967, Sinha-Roy, 1987). Studies of the sea-floor gravity, magnetic anomaly and 

palaeomagnetic data also constrain the position of Madagascar close to the western coast of 

India (Norton and Sclater, 1979; Torsvik et al. 1998; Reeves, 1998 and references therein). 

The Ranotsara Lineament in southern Madagascar is a trans-island shear belt with NW-SE 

trend. This lineament has been interpreted by many as a shear zone (Bangolava-Ranotsara 
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Shear Zone) having a sinistral strike-slip movement (Bottin, 1976; Windley et al. 1994; Muller 

et al. 1997; de Wit et aL 1998). A possible continuation of this lineament in southern India 

could be one of the three trans-peninsular lineaments, the Moyar-Attur Lineament, the 

Palghat-Cauvery Lineament, and the Achankovil Lineament (Fig. 5.5). All these lineaments 

were interpreted as shear zones having I arge strike-slip movement (Drury et al. 1984 ). 

However the basis of interpretation that these lineaments, both in Madagascar and in India, are 

shear zones with large strike-slip component are mainJy satellite imagery-based studies. The 

problem of using these lineaments/shear zones as a tool for reconstruction without establishing 

their timing and kinematics have been pointed out by Naha and Srinasan. (l 996) who pointed 

out that orogenic trends interpreted from satellite imageris could be very misleading. In fact, 

satellite imagery interpretation indicated a sinistral strike-slip movement along the ASZ while 

internal evidences collected by Sacks et al. (1997) showed a dextral strike-slip movement. This 

thesis also illustrates the need for re-defining and re-aligning the major shear zones of southern 

India. New field and geochronologic data presented in this thesis allow a first order 

approximation of the kinematics of major shear zones in southern India and timing of 

movement along them. Also, in southern Madagascar, though limited, some new data have 

been generated on the kinematics and timing of movement aJong major shear zones. 

The western one-third of Madagascar is occupied by Phanerozoic cover rocks while the 

eastern two-third is occupied by Precambrian rocks (Fig. 5.4) . Of these, the southern part is 

occupied by granulite facies rocks which include charnockite, khondalite, marble, and 

migmatite. 

North of this high-grade rock association is an arnphibolite facies association, which includes a 

number of greenstone belts (Rambeloson, 1997). In addition, the area contains a number of 

metasedimentary belts and Archaean granitic terrain (Fig. 5.5, Tucker et al. 1998). These 

Archaean granitic terranes and greenstone belts are important for correlation with the 

greenstone belts of the Dharwar craton in India. This shear zone is often interpreted as 

separating Archaean tectonite in the north from the Proterozoic tectonite in the south (de Wit 
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et al. 1995) . However, the metamorphic grade or lithological boundaries across this shear 

zone do not show abrupt discontinuity (Nicollet, 1990) and continue across the shear zone 

. (Fig. S .4 ), suggesting that the Ranotsara Shear Zone may not have large strike-slip 

component. The Ranotsara Lineament is best expressed in the south-central part of 

Madagascar around the town oflhosy (Fig.S.a) . Its continuation in the southeast up to the 

eastern coast of Madagascar is not certain. Satellite imagery does not show its continuation up 

to the eastern coast (Muller, personal communication) .. A field traverse taken in the present 

study across this lineament around Midongi did not reveal the presence of mylonites along the 

lineament. Compilation of available structural data from the southeastern part of Madagascar 

shows that in the southeastern continuation of the Ranotsara Lineament, the strike of the 

lithologic units changes from NW-SE to N-S i.e., it becomes sub-parallel to the coast. 

Therefore, it may be that in the southeastern part, the Ranotsara Shear Zone is subparallel with 

the eastern coast of Madagascar. This change in the strike of the shear zone may be due to the 

presence of West Coast Shear Zone
1 

off the western coast of India, as proposed in this work. 

The Ranotsara Shear Zone in Ihosy has affected - 620 Ma old D2 fabrics related to the 

Amphanihy Shear Zone in southern Madagascar, and a post-tectonic granite from this shear 

zone has been dated at - SJO Ma old (personal communication, M. J. de Wit). Thus, 

movement along the Ranotsara Shear Zone is constrained to have occurred between -620 Ma 

and -530 Ma. It is important to note that movements along major shear zones in the SGT of 

India also fall within this time limit. However, in this study it has been possible to constrain the 

timing of movements along the PCSZ (~600 Ma) and the KKPTSZ (560 - 570Ma). Ongoing 

detailed geochronological work from the Ranotsara Shear Zone by Muller et al. (personal 

corrununication) may be able to further constrain the timing of movement along the Ranotsara 

Shear Zone which may allow identi£cation of either the KKPTSZ or the PCSZ as a 

continuation of the Ranotsara Shear Zone in India. 

Lithologically, the NW-SE trending RSZ of Madagascar broadly separates paragneiss-

194 



In
d

ia
 

OJ 
-6

00
-6

10
 M

a 

~
 -

5
7

0
M

a
 

[1J
 -5

5
0

M
a 

<5
30

M
a 

~
 

>6
10

M
a 

<6
30

 M
a 

~
 >

SS
O

M
a 

r7
l A

re
a

 o
f e

xt
en
~i
ve
 

~
 N

eo
pr

ot
er

oz
o1

c 
· 

th
er

m
al

 e
ve

nt
s 

I J 

Fi
g.

 5
. 7

. A
 r

ev
is

ed
 fi

t o
f t

h~
 c

en
tr

al
 p

ar
t o

f G
on

dw
an

a 
us

in
~ 

ag
es

 o
f s

he
ar

 z
on

es
, 

st
ru

ct
ur

al
 f

ab
ri

c 
an

d 
li

th
ol

og
ic

al
 a

ss
em

bl
ag

es
. 

A
ge

s 
o

f s
he

ar
 z

on
es

 in
 M

ad
ag

as
ca

r 
ar

e 
fr

om
 d

e 
W

it 
et

 a
l. 

(i
n 

pr
ep

.)
 



khondalite-charnockite dominated lithologic assemblagein the southwest from the granite­

greenstone dominated lithe-assemblages in the northeast (Mi.iller et al. 1997). The KKPTSZ in 

the SGT also separates similar lithe-assemblages. Thus, it appears to me that the KKPTSZ 

could be the continuation of the RSZ in Madagascar; both separates Eastern Ghat-type of 

lithological assemblage from the Dharwar-type lithological assemblages . A reconstruction 

model in which the KKPTSZ and the RSZ are placed close to one another, reveals a broad 

correspondence between the structural trends of these two fragments (Fig. 5.6). NW-SE trend 

of lithologic units along the western coast of the SGT appears to continue in the eastern part 

of Madagascar between Fianarantsoa and Fort Dauphin. Geological information from the 

granite-greenstone belts of Madagascar is very scanty. Until such time when the geology and 

geochronology of these belts are worked out in some detail, a tighter reconstruction between 

India and Madagascar will remain uncertain. 

With the present state of availability of information on the kinematics and ages of the major 

shear zones in India, Madagascar, Antarctica and East Africa, a model of reconstruction of 

East Gondwana is presented in Fig. 5.J . In this model an Archaean terrain, with metamorphic 

grade varying from greenschist to granulite grade, is separated from a Neoproterozoic-Early 

Paleozoic granulite terrain by a. terrane boundary defined by the Sileru Shear Zone, the Rayner 

Boundary Zone, the KKPT Shear Zone and the Ranotsara Shear. Major drawback of thi s 

model is that field and geochronological data from the Ranotsara Shear Zone, and the Sileru 

Shear Zone are very meagre. Future works need to be directed in these areas to attain a 

realistic model of Gondwana reconstruction. 
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5.4. A summary of major conclusions on the structure, geochronology and tectonics of 

the SGT (based on new data presented in this thesis) 

A. New U-Pb dates: 

Age Events Tectonic Evidence 
Block/lineament 

-480 Ma Theonal resetting South of the Lower intercepts fo( ziicons in charnockite (Fig. 4.9) 

KKPTSZ and zircons and monaz.ites from k.bondalites in the 

K.KB (Figs. 4.27 & 4.29 ). Previous dates of -480 Ma 

(Rb-Sr whole rock and mineral ages) from the KKB 

(Table 1.5) ovedap with this date. 

523 ± 2 Ma Granite veins and SGT; Achankovil (i) Zircon (with very high Th/U rntio, characteristic of 

dykes and high- lineament and hydrotheonal zircons) dated in the PCSZ (Fig. 

grade Cardamom HiUs 4. J 68); (u) Zircon from granite veins in the 

metamorphism Achankovil Lineament (Fig. 4.23) cutting 

charnockites and (iii) monazite analyses from 

khondalite in the Cardamom Hills (Fig. 4.21). 

525-550 Ma Charnockitization SGT; both north The youngest date of granite charnockitized along the 

and south of the CBSZ is -600 Ma (Fig.4.7) and along the Achankovil 

KKPTSZ Lineament it is 548 ± 2 Ma (Fig. 4.22A). Within the 

Achankovil lineament, charnockite is retrogressed by 

523 ± 2 Ma granite dykes (Fig. 4.23). 

548 ± 2 Ma Deformation and SGT, Achankovil Zircon dated from syntectonic granite em placed along 

granitic activity Lineament the Achankovil Lineament (Fig. 4.22A). 

570-560 Ma Shearing along Along the Zircon dated from syntectooic granite emplace<! in the 

the KKPTSZ; KKPTSZand .KKPTSZ (Fig. 4.20); zircon rims in charnockitized 

emplacement of south of the granite in the southern tip of the SGT (Fig. 4.28); 

anorthosite and Achankovil zircon from tJ1e Oddhanchatram Anorthosit.e (Fig. 

granitic intrusion. Lineament 4.11 ). 

-600 Ma Granite CBSZ, MASZ, Zircon and monazites from the CBSZ (Fig. 4.7), 

emplacement and BSZ andPCSZ MASZ (Fig. 4.12), BSZ(Fig. 4.15) and from tJ1e 

lhermal activity PCSZ (Fig. 4.16B) 
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Age Events Tectonic Evidence 
Block/lineament 

~720 Ma Metamorphism Along the CBSZ Zircon dated from mafic granulite close to the CBSZ 

(Fig. 4.6). 

-800 Ma Granite Area south of the Zircon dated from a chamockite (Fig. 4.9) and 

emplacement and KKPTSZ. monazite from a khondalite (Fig. 4. lOa). 

metamorphism 

- 1 Ga Emplacement of KKB in the SGT Zircon analyses from a granite gneiss enclave within 

biotite gneiss -548 Ma granite (Fig. 4.24). 

-l .6 Ga Thermal activity SGT (Palgbat Zircon analyses from a granite gneiss within the 

(metamorphism/ Gap area) PCSZ (Fig. 4. l6A). 

magmatism) 

-2.0 Ga Possible granitic KKB in the SGT Cores of zircons from the SGT (Fig. 4.28). 

activity 

2.51-2.50 Ga Chamockitization Northeast of the Ca. 2.5 1 Ga zircon subsets from charnockite gneiss 

CBSZ (Fig. 4.9). 

2.54-2.51 Ga Extensive Area north of the Numerous zircons dates for cbamockite and granite 

intrusion of KKPTSZ gneisses from a number of places (Figs., 4.2, 4.3, 4.4, 

granite/tonali te 4.6, 4.8, 4.13, 4.14 and 4.19). 

gneiss 

-2.9 Ga Emplacement of DC, as far south Zircons from mafic granuLite and biotite granite 

mafic granulite as the PCSZ. gneiss (Figs., 4.6 and 4.16). 

and biotite gneiss. 

B. Structural data: 

1. Identification of two new regional shear zones; the CB SZ and the KKPTSZ (Fig. 5 .1) 

2. Re-alignment of the some of the previously identified shear zones (the MASZ, the 

BSZ and the PCSZ, see Fig. 1.3 and 5.1). The previously identified Achan.kovil 

Shear Zone is now interpreted as a flattened limb of a regional fold. It does not 

represent a fundamental (crustal-scale) shear zone. 

3. Kinematic analysis of major shear zones in the SGT indicates that they all have sub-

vertical movements accompanied by flatterning and these are not large scale 
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stri.ke-slio shear zones. as oreviouslv inferred . 
& ~ ,. ... 

4. Chronology of movements along the major regional shear zones have been 

constrained. The MASZ, BSZ, PCSZ and the KKPTSZ all have experienced a 

maior defonn.ation between ca. 600 Ma and ca. 570 Ma. 

C. Summary of new tectonic interpretation: 

l. The PCSZ does not represent a terrane boundary Wlthin the SGT. 

2. The KKPTSZ may represent a possible terrane boundary within the SGT. 

3. The area south of the KKPT possibly represent a continuation of the Eastern Ghats 

rocks. 

4. A possible Gondwana terrane boundary may pass along Sileru Shear Zone in the 

Eastern Ghats, the boundary between the Reynar Complex and the Napier 

Complex, the KKPT Shear Zone and the Ranotsara Shear Zone in the 

Madagascar_ 
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Chapter-6: Use of organic carbon isotope as stratigraphic 

markers in Gondwana stratigraphy 

6.1. Introduction 

The type locality of Gondwana stratigraphy9 is in India. This is true for the other recognized 

type localities in South Africa, South America, Madagascar and other continents. Stratigraphic 

correlation between these sequences is important if we are to correctly reconstruct the 

paleoenvirorunental history of this supercontinent. The present correlation schemes depend 

either on biostratigraphy or paleomagnetism. Neither of these have the resolution needed to 

resolve the climate change record which these sequences store, and that holds the key to 

unraveling the details of Gondwana events, such as the Fermo-Carboniferous glaciation or the 

greatest of all mass extinction events across the Penno-Triassic boundary. In most i'nstances, 

the latter, for example, is well-preserved in marine sequences in several places around the 

world. However, in order to gain a true global insight, the terrestrial sequences of Gond wana 

hold the key to understanding atmospheric chemical climate change. A precise terrestrial 

stratigraphic correlation tool is, therefore, needed to confidently compare and contrast 

terrestrial sequences as far apart as India and South Africa. 

Changes in the isotopic composition of organic and inorganic carbon across major 

stratigraphic boundaries are well recognized (Baud et al. 1989; Thackeray et al. 1990; Jin-Shi 

et al. 1991; Koch et al. 1992; Meyer, 1992; Wang el al. 1993; Derry et al. 1994; R.ipperdan, 

1994). Such changes, whatever their cause,e are probably synchronous and of a global scale 

· 
9 The name Gondwana 'System' was orginally introduced by Henry Medlicot in 1872 for a group of 

Lerrigenous sediments in the Satpura basin of Central India. OrV;jinally the Gondwana 'System' was meant lo designate 
a continental sedimentary sequence ranging in age from late Carboniferous to early Cretaceous. PresenUy the term 
is used to designate a group of primarily terngenous sediements, with minor marine inter-beds, ranging in age from 
earliest Permian to end Triassic. 

199 



because they are driven by atmospheric and oceanic global circulation patterns that mix 

carbon-bearing fluids efficiently over short periods oftime relative to geological processes_ In 

detail, however, such variations in the isotopic composition of organic and inorganic carbon 

are far from simple. Commonly there is more than one large spike in the variation of isotopic 

composition across major geological boundaries. Large variatio~s (spikes) across geological 

boundaries are often explained in terms of catastrophic release of carbon from within Earth 

(endogenous) or by influx of extraterrestrial carbon. 

Carbon isotope studies in carbonates and in organic carbon remains have also been used in 

high-resolution stratigraphic correlation (Underwood et al. 1997), as a tool for environmental 

tracers and for paleo-environmental reconstructions (Compton et al_ 1990; Leavitt and Long, 

1991; Hollander and McKenzie, 1991 ; Mora, et aL 1991; Des Marais et al_ 1992; Tsozaki. 

1997; Hoffinan, 1998; Bowring et al. 1998). The causes of variation in the carbon isotope 

ratios in the geologic records is far from understood, but continuously-changing carbon 

isotope compositions of Earth's fluid envelope makes it a potential powerful tool for 

stratigraphic correlation that cannot be neglected, To date, the use of carbon isotopes for 

stratigraphic correlation has primarily been restricted to marine carbonate rocks_ In the marine 
- ' 

environment the residence times for organic and inorganic carbons are greater than the mixing 

time for the oceanic water masses. Th.is allow their stratigraphic use on a global scale. 

However, in the terrestrial environment mixing amongst sub-reservoirs of carbon may be 

difficult, which restricts its use as a stratigraphic marker. Available works on terrestrial 

organic carbon in geological samples (Morante et al . 1994 ; Faure et al_ 1995) are few, but 

they highlight its usefulness as a potential stratigraphic tool for terrestrial deposits as well. 

In the present study, more than 500 samples of terrestrial plant remains from different 

Gondwana basins in the Peninsular India, Madagascar and South Africa have been analysed to 

examine the possibility of using the variations in the carbon isotope ratio in plant remains as a 

tool for intra-basinal, inter-basinal and inter-continental correlation of Gondwana sequences. A 
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subsidiary aim of the present study has been to study the pattern of organic carbon isotope 

variation in terrestrial deposits. In course ofthis study, it became clear that organic carbon 

isotope in terrestrial deposits can also be used as a powerful tool for stratigraphic correlation 

though caution is needed to correctly interpret them. 

6.2. Principles of carbon isotope analyses 

6.2.1. Isotopes of carbon 

Carbon has five radiogenic C°C, uc, 14C, 15C and L
6C) and two non-radiogenic or stable (12c 

and nc) isotopes. Of the radiogenic ones, 14C has the highest half life (-5726 years) and is 

often used for environmental and geologic research. Of the two non-radiogenic isotopes, DC 

has an abundance of-1 % while 12C constitute -99% of total carbon present in the crust. 

Variation in the different environmental parameters often influence variation in the relative 

abundances of 12C and 13C within and amongst different reservoirs of carbon. Thus the 

variations in their abundances are often used to monitor present day environment and to 

reconstruct paleo-environments. For most natural organic samples, the ratio 13C/12C is 

-0.0112. Minor variation in this ratio are often present in geologic and present-day samples 

which is conventionally expressed with reference to a standard in the following way. 

The standard is a Cretaceous 

belemnite shell from Pee Dee 

Formation in South Carolina whose 

13C/12C ratio is 0 .0112372 (Holser et 

al. 1999). So the equation becomes, )lJC (n 0 12c ) 
= [ sample - 1] X 1 OJ 

0.0112372 
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6 . .2.2. Major reservoirs of carbon and carbon cycle 

Major reservoirs of carbon on Earth incl.ude 5 surficial reservoirs and 3 geologic reservoirs. 

The surficial reservoirs include (i) the atmosphere, (ii) terrestrial biota, (iii) surface ocean, (iv) 

deep ocean, and (v) litter, peat and soil carbon. The geologic reservoirs include (i) carbonate 

sediments (ii) sedimentary organic carbon and (iii) the mantle carbonate. Estimates of carbon 

stored in these reservoirs are illustrated in Fig. 6.1. There is large scale variation in the carbon 

content of these different reservoirs and their isotopic composition (Fig. 6. 1 a). The bulk of the 

surficial carbon is present in the deeper parts of ocean, which has -7 times the carbon stored 

in terrestrial biota (Schlesinger, 1991~ Heimann and maier-Reimaer, 1996). Living organisms 

encompass only a small fraction of the earth's carbon. So a mass extinction., even the one as 

severe as the one at Permian-Triassic boundary is urilikely to cause large changes in the 013C 

on a global scale. Fluxes of carbon among different surficial reservoirs can be quite high 

(Sandquist, 1985). For atmospheric C02, nearly 25% gets turned over every year . Thus any 

inequilibrium in the carbon cycle in involving surficial reservoirs can be expected to be very 

sharp and of short duration (few decades). For geologic reservoirs, precise estimation of their 

size of carbon storage is difficult. However, each of these reservoirs contain carbon many 

times more than aJI five surficial reservoirs put together. Isotopic composition of different 

geologic reservoirs also have large variation (Fig. 6.1 b ). However, equilibrium fluxes amongst 

geologic reservoirs are low. But a catastrophic change in the equilibrium amongst geologic 

reservoirs can swamp su.rficial carbon reservoirs and can easily cause large and detectable 

changes in the isotopic compositions of geologic samples. Observed isotopic changes in 

geologic past were thus more likely to have caused by release of (organic) carbon locked up in 

the solid Earth rather than in the fluid-enveloped Earth or by the influx of extra-terrestrial 

carbon. 

Interactions amongst different reservoirs of carbon due to various bio-geocheroical processes 

is accompanied by fractjonation of carbon isotope amongst different reservoirs. Carbon from 
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inorganic reservoirs gets into the organic reservoirs mainly through photosynthesis, while 

carbon from organic reservoirs get into inorganic reservoirs mainly by oxidation. 

Photosynthesis is the prime cause of large scale fractionation of carbon isotope. 

Photosynthesizing organisms accumulate more of 12C than 13C during photosynthesis and on 

average the ratio of 12C/13C increases by about 25-28%0 oDC compared to the atmospheric 

ratio of ~7%0 (O'Leary, 1981). Short term and long term interactions amongst different 

reservoirs of carbon, their content and isotopic ratios are il.l.ustrated in Fig. 6. I. 

6.2.3. Significance of carbon isotope stratigraphy 

6.2.3.1. Identification of global events 

Major era boundaries are typically marked by significant and often sharp fluctuations of carbon 

isotope ratios in both marine carbonates and organic carbons. For example, at the K-T 

boundary, shallow marine carbonates show a spike of- -3o/oo which persisted for about 0.5 

Ma. Hsu and Machans ( 1990) suggested this to be due to reduced photosynthesis at shallow 

oceans after a catastrophic event triggered by bolide impact or explosive volcanism_ They also 

suggested such large variations seen at the P-T boundary and at the Precambrian-Cambrian 

boundary are due also to similar causes. 

Scholle and Arthur (1980) have demonstrated some global excursions in the oJJC values in 

the latest Jurassic to Early Tertiary oceanlC pelagic sediments_ They suggested the possible use 

of 013C excursions for fine scale stratigraphic subdivision of parts of Cretaceous time. A sharp 

negative spike (about 8-lOo/oo shift: in ouC values of marine carbonate) exists at the 

Devonian-Carbonaceous boundary in the South China (Dao-Yi et al. 1986). This, they 

explained to be related to sud dell' decrease in the fertility of organisms in ancient ocean_ The 

sharpness of spikes in o 13C values indicates that the triggering factor was geologically of short 

duration . At the K-T boundary it has been shown while the planktonic forms were affected by 
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a o '3C incursion, the deep water forms were not affected (Hsu et al. 1982). This possibly 

indicates that the duration of the incursion was not long enough to affect the ouc value of 

deeper water formation. At the Permian-Triassic boundary also, while the shallow water faun.a 

suffered near total extinction, many of the deep water fauna were not much affected, 

Similar incursions in the o13C values have also been shown from the Pleistocene pelagic 

sediments (Sommer and Matthews, 1975), and the Late Proterozoic sediments (Kaufman et 

al. 1991; Knoll et al. 1986; Hoffman, 1996) and in many other global bio-events (Bowring and 

Erwin, l998). 

6.2.3 .2. P:deoclimatic reconstruction 

A pos.itive shift in 0 13C value in organic carbons may reflect any of the following or 

combination of them: 

(i) Shift in plant population from dominantly C3 photosynthesis type' 0 to C4 and /or CAM 

photosynthesis (which have very distinct isotopic compositi.ons, see below). Although it is 

generally held that C4 and CAM photosynthesis are of recent origin, some authors held that 

CAM existed before breakup of Africa from South America (i.e., 140 Ma ago). A shift 

10 On the basis of type of photosyn!hesis used, plants are classified into three broad groups: 
(~ C3 metabolism: Also called Calvin cycle photosynlhesls. A metabolic pathway exhibited by autotrophs in which the 
three-carbon compound phosphoglyceric acid is the first identified product of carbon fixation. Almost all trees, most 
shrubs, herbs and forbs and cool season grasses and sedges use C3 metabolfsm.613C varies from -23%0 to -35%0. 
(ii) C4 metabol~m: A metabolic pathway exhibiled by autotrophs in which C02 initially combines with phosphophenol 
pyrwate, a four-carbon rompound malate, or asparfu acid as the first identified product of carbon fixation. This is then 
translocated to bundle sheath cells where C02 is released and used in Calvin cycle reactions. Warm season grasses 
and sedges are most abundant C4 plants.613C ranges from about -1 0%o to -14%0 averaging about -13%0 (Gerling et 
al. , 1993). Tropical savanas, temparate grassland and semiarid scrub lands are most rommon areas of such plants 
C4 photosyntheric type is favoured when there is low concentration of CO~ in the atmosphere. It is generally argued 
tllat C4 biomass originated and showed greal expansion jn both old world and New world starting fororn 7 to 5 mllllon 
years ago. This according lo Gerling et al. (1 993) was due to lower atomosphereic carbon dioxide level. 
(iii) CAM metabolism: CAM Is abbreviation for Crassulacean Arid Metabolism. This photosynthetic type rornbines 
fealures of both C3 and C4 plants. Such plants are adapted to conditions of CO ?nd water stress. They have 
intermediate 613C valuee. 
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towards C4 photosynthetic type is likely, under conditions of low atmospheric C0
2

. 

(ii) Low moisture availability (arid and semiarid lands) causes C3 plants to be several %0 

: enriched in 013C (Ehleringer and Monson, 1993). 

A negative shift in ouc may be caused by any one or combination of the following factors. 

(i) Cooler temperature; (ii) Deficient light; (iii) wet condition; (iv) higher P c02 in ambient 

atmosphere; (v) Plants richer in lipids than protein and carbohydrate and (vi) an anoxic or dys­

aerobic depositional environment which favour preservation of hydrogenated compounds 

because of lack of oxic degradation. 

Kaufman et al. (1991) observed deposition of ouC-depleted carbonate during or immediately 

following three separate glacial events in the Late Proterozoic. Similarly, Knoll et al. (1986) 

observed that the area of enhanced burial of organic carbon (i.e., deposition of isotopicaUy 

heavier carbonates) coincided with the major Eocambrian glaciations. According to Knoll et 

al. ( 1986 ), the occurrence of major glaciations implied the existence of a strong climatic 

gradient which, in turn, is very likely to have affected circulation within the ocean, possibly 

encouraging the development of deep circulation and reducing rates of burial of organic 

material. Significantly, we do not find any evidence of glaciation as~ociated with the carbon 

isotope excursion across the Perrno-Triassic boundary. The last phase of Permo-Carboniferous 

glaciation was in the mid-Permian (Erwin, 1993). 

6.2.4. Carbon isotopes in terrestrial plant matters 

Organic carbon isotope in terrestrial geologic samples is derived mostly from plant matter. 

Isotopic characteristics of plant-derived organic carbon are affected by a number of factors 

during the life time of plants. It is, thus, important to understand factors responsible for 

causing changes in the isotopic compositions of plants in order to correctly interpret isotopic 

records in geologic samples. The following section summarizes causes of variation in the 
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b '3C0 rs in plant matters. 

6.2.4.1 Photosynthesis and carbon isotope fractionation 

During photosynthesis plants takes up C02 from the atmosphere with o 13C of~ 7 . 5%o and 

implant this into various organic molecules, whose average one value is -25o/oo. Thus, 

photosynthesis is accompanied by large-scale fractionation of carbon isotopes. Each 

photosynthetic type generally occupies a particular ecological niche within each ecosystem. 

For example, in arid lands, the greatest fraction of non-succulent species are C3 plants. The 

succulent species tend to be either stem or leaf succulent and mostly follow CAM 

photosynthesis. C4 photosynthesis in arid lands are most frequent among perennial heliotypes 

and annuals. In arid lands, C3 is the most common type in mesic sites, CAM occurs in the most 

driest locations and C4 only on arid locations where there is significant summer precipitation 

and saline soil. In CAM plants, o 13C varies from • 10 to -22%. The range reflect different 

proportion of C3 and CAM pathways in plants. Some CA.1\1 plants operate with C3 

photosynthesis during wet period whilst the photosynthetic tissues change to CA.1\1 under 

drought conditions. In some other plants, leaves operate on C3 and stems on the CAM type 

photosynthesis. CAM plants which fix C02 during the nocturnal portion of their diurnal cycle 

shows more positive values of 0 13C than those fixing C02 during daytime. 

The large range of o13C in C3 plants reflect diffusional processes limited by leaf performance. 

In arid lands, twigs and stems also represent major photosynthetic surfaces (and which may 

include all three photosynthetic types C3, C4 and CAM). Photosynthetic twigs have na average 

of 1 .5%o higher o13C value than the leaves of the same plants. But in non-photosynthetic types, 

twigs show only an average of 0.1-0.2%0 higher o13C values than leaves. 

Different isotopic composition among C3 plants can be explained by differing proportions of 

stromal and mesophyll resistance to C02 uptake (O'Leary, 1988). If the stromal component is 
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large, overall discrimination of l3C is small, because the physical discrimination by slower 

diffusion of 13C02 as compared to 12C02 is very small. If the mesophyll component is very 

large, 13C content of tissue will deviate greatly from ambient due to strong discrimination 

against 13C02 during carboxylation process. The variation in o'3C in plants can be understood 

in tenns of the C/Ca ratio which is the ratio of internal vs. ambient C02 partial pressure. 

Factors that increase the C/C, ratio will reduce the 6 13C of a plant. Thus the C/ C, ratio should 

increase when carboxylation capacity is limiting, as might occur for example, under light- or 

nutrient- deficient conditions, or with low-temperature limitations. Conditions that mainly 

restrict C02 supply, for example water stress or saturating photon flux densities, will result in 

a low C/C. ratio, and a higher value of the D 13C for the plant. 

6.2.4.2. Variation of o13C in plant matters 

6.2.4.2.J. Variation in living plant matters 

Variation among different plants 

In living plant matters there is wide variation in D13C values. Such variations may exist 

between different parts of a plant and even in different bionuclides within a plant. Galimov 

( 1980) showed that bionuclides within a single terrestrial plant could vary by as much as 4%o. 

Similarly D13C values are generally changed during carbonisation of non-living plant matters. 

Fig. 6.2. sununarizes the principal sources and extent of variation in the o 13C in plant matters . 

The principal causes of such variations are as below: 

(a) C4 vs. C;i plants: Plants utilizing C4 biosynthetic pathways utilize more of 13C than 12C . 

They are more effective in this aspect than plants utilizing C, biosynthetic pathways. Algae 

have intermediate 6 13C
0

rg values. olJC0 rg values in C3 plants in fresh and intermediate marshes 

range from -26.5 to -27.9%0 while C4 plants growing in brackish and saline marshes of the 
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same depositional basins have o13C
0
rg values around 13-14 %0. Different species composition 

of the primary producers can cause isotopic variation. Terrestrial plants in the Permian, 

however, only used the C3 photosynthetic pathway of fixing C02 (Thomasson et aL 1986). 

(b) Upper and Lower part of forest canopy: In the tropical ,rain forests, a variation between 

the o13C°'"" values of the leaves of the upper part of the canopy and the leaves in the lower part 
" 

of the canopy has been described: leaves in the upper part of the canopy have higher 013C0 rg 

values (as high as 7%o; Medina et al.1986). Medina et al. (1986) attributed such variation to 

the variation in the o13C values of the ambient C02 available to the plant. Shade flora 

assimilate C02 from soil respiration, which is depleted in o13C. 

(C) Terrestrial vs. marine plants: Terrestrial plants are enriched in 12C by 5-8%o when 

compared with the marine plants. This is possibly due to higher degree of utilization of the 

ambient C02 by water plants and partly due to differences between atmospheric sources ( o13C 

- -7.8o/oo) and seawater bicarbonate (o 13C--2o/oo). Wben preserved as fossil organic matter, this 

difference between terrestrial and marine plants (5-8%0) reduces to -3%o to -5%o only in their 

appropriate kerogen fractions. Transitional environments like continental reservoirs have 

intermediate values (Galimov, 1980) 

Variations within different parts of plants 

(a) There is some variation in the o13Cars values among different part of the same plant 

V aria ti on between the leaves and the stems of the same plant can be as high as 3 .1 %0 

(Galimov, 1980). Organic compounds like carbohydrate and proteins are isotopicaHy heavier 

than lipids. Variations in proportions of protein to lipids produced at different times by a 

group of algae causes differences in o13C values. Different components of lipid fractions like 

fatty acid, di- and tri-glycerides, chlorophyll etc. also shows large variation in carbon isotope 

(3-5%0~ Galimov, 1980). 
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(b) Variation in tree rings in response to climate: 

Carbon-isotope fractionation within different parts of plants depends on one of the 

· atmosphere and also on any condition which affect the ratio of internal plant C02 to external 

C02 concentration (C/CJ When this ratio is low, the plant does not discriminate as effectively 

against 
13

C. This ratio is in tum, affected by the rates of C02 fi~ation and stromatal 

conductance. Draught, light, soil moisture, precipitation etc could affect this ratio. 

Combination of these environmental influences could affect o 13C
0

rg values of plants (Francey 

and Farquhar, 1982). Levitt and Long (1991) recorded variations as high as 3%o amongst 

different tree rings of conifer and hardwood trees. They stated that soil moisture and radiation 

level have stronger correlation with the 013C of tree rings than change in the o13C of 

atmospheric C02 . Increased soil moisture and low solar radiation reduces 13C in the tree ring. 

However, inter-species variation of o13C in tree ring in a site is not very significant. 

Variation due to changes in climate 

(a) Variation due to atmospheric C02: 

High concentration of C02 favour enzymatic rate control over diffusional rate control in 

isotope fractionation, with the result that organic carbon synthesized under these conditions is 

isotopically more light. 

(b) Variation due to temperature: Cooler temperatures generally result in greater fractionation 

of carbon isotope with the effect that 12C uptake is increased. The theoratical temperature 

dependance of the thermodynamic carbon isotope effects for fossil organic matter is about 0.2-

0.4%0 per °C (Galimov, 1980). However, this estimate varies. Emrich et al. 1970 (in Williams 

et aL 1997) have shown that organic carbon isotopes are little affected by variation in 

temperature (0.035%0 per °C) 

(C) Variation due to altitude: There is a. pronounced altitudinal increase in the efficiency of 
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C02 uptake with respect to intercellular C02 levels This leads to a significantly reduced P/P a 

(ratio of internal to external partial pressure) in plants. At High altitude there is a marked 

. increase in o13C vaJue (~ -26.15%0) than lowland average (-28.8o/oo) (Komer et al. 1988). For a 

single species altitudinal variation of 4 .7%0) have been recorded (Komer et al. 1988). 

6.2.4.2.2. Varialfon due lo post-depositional processes 

Variation during diagenesis 

Isotopic changes due to processes involved during burial and diagenesis are illustrated in Fig. 

6.3 . 

(a) During early d;agenesis: After a organism or part of it is buried, the earliest 

diagenesis is microbial, initially aerobic but anaerobic after burial at moderate depth ( <l.Om; 

Hayes et al. 1983). Bacterial oxidation may produce more negative ouc values. Also 

preferential degradation of carbohydrate and protein and selective preservation of lipids can 

cause a significant isotopic shift because lipids are much depleted in 13C. Organic matter even 

in most recent sediments is systematically depleted in 013C by 2-4%0 relative to its biological 

source (Hayes et al.1983). Anoxic or dyaerobic depositional envirorunents favour preservation 

of hydrogenated compounds because lack of oxic degradation. 

(b) During calagenesis, mobile hydrogen rich organic matter is produced. The onset of 

the process sometimes occurs as low as at 60°C and continues up to l 50°C. During 

metagenesis, (150°C to 250°C) hydrogen is lost in part by the elimination of methane. 

Catagenesis and metagenesis involve decreases in H/C ratio due to production of 

hydrocarbons. The amount of carbon lost depends on the amount of H available (which in tum 

depends on the source material) (Hayes et aL 1983) and the envirorunent of diagenesis (open 

system or closed system) (Scholle and Arthur, 1980). The transformation of organic matter to 
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lighter molecules is never complete. CH4 , C02, H20 , H2 co-exist with an insoluble residue 

(Durand, 1980). The isotopic consequences depend on the importance of these carbon-loss 

_ mechanisms. Gases generated during the coalification include principally methane and carbon 

dioxide. Relative to coal, methane is highly depleted in 13C, in contrast to C02 which contains 

more l
3C (Degens, 1969). Diagenesis is generally held to caus~ very small shift in o13C0 rg value 

(Deines, 1980, Redding et al. 1980, Scholle and Arthur, 1980, Hayes et al. 1983; Degens, 

1969). However, there is no conclusive prove for this. De gens ( 1969) inferred this from near 

uniform value of o13C for different ranks of coal. But his data included samples from widely 

varying age and location. It is now known that these factors cause considerable variation in 

one_ So the uniform values shown by Degens ( 1969) could be due to coincidence. 

The effect of thermal alteration, and hence the carbon loss can be gleaned from a plot of 

atomic H/C vs_ atomic O/C (van Krevelen plot). The overall composition of most organisms 

lie within a rather low range, with H/C values generally being within l 0% of l. 54 and O/C 

values being within 20% of 0. 5. Any significant departure from this will mean loss of carbon. 

Post diaEZenetic alteration 

(a) Differential thermal alteration of samp~es can cause variation in isotopic composition. The 

theoretical temperature dependance of the thermodynamic carbon isotope effects for fossil 

organic matter is about 0.2 -0.4%0 per I °C (Galimov, 1980). The effect of thermal alteration 

can be gleaned from atomic H/C vs. N/C plots of kerogen 

(b) Character of the host rock: lmbus et al . (1992) found, in Precambrian shale, that kerogen 

that comprise < 0.15% of their host rock tend to be strongly enriched in 13C. This they 

suggested to be due to relative ease of destruction of isotopically light organic carbon via 

oxidation and microbial activity. Scholle and Arthur ( 1980) have also made similar observation 

for marine organic limestone. lrnbus et al.(1 992) also observed that 013Ckcr show a moderate 

depletion with increasing grain size of the sediments. 
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6.3. Permo-Triassic Extinction 

Gondwana type sections include rocks formed across the Permian-Triassic extinction event 

Thus, Gondwana sections provide an opportunity to look at the changes during the extinction 

event 

6.3.1. Pattern of Extinction 

Erwin (1993, 1994) reviewed of the nature and the possible factors causing the Permo­

Triassic extinction event. The pattern of extinction is not synchronous. Some organisms 

disappeared well below the boundary, some were very diverse well up to the boundary while 

others were not affected . This extinction event includes elimination of 90% of the species in 

the ocean and 70% of the vertebrate families on land. 

The extinction was seen to be more severe among shallow water and planktonic fauna like 

epifaunal, suspension feeders, Paleozoic corals, articulate brachiopods, bryozoans 

echinoderms, trilobites etc. AU of these, however, started declining from Middle Permian time 

on. While shallow water fuscilinid foraminifera suffered complete extinction, non-fuscilinid 

foraminifera experienced only slight extinction. 

Many families like Nautiloids, Bivalvia, Bryozoa, Porifera were only slightly affected by the 

extinction event. Erwin (1994) noted that increased extinction among marine invertebrates 

with planktotrophic larval development may simply reflect the increased extinction in near­

shore environments and in the tropics, both areas where planktotrophs dominate. The last 

appearance of shallow marine invertebrates had a close relationship with the extent of shallow 

marine sea over the time in question. 
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Among terrestrial fauna reptiles and amphibians suffered most. But the extinction was not 

restricted to the P-T boundary but was spread over a wide time interval from Lower Permian 

to Middle Triassic, with the heaviest loss at the Lower Triassic-Middle Triassic boundary 

(Olson, 1982). Insects also suffered considerably. 

Plant fossi ls showed little evidence of mass extinction. However, gytJmosperm pollen was 

much reduced and a new arid-resistant pollen type appeared across the Permian-Triassic 

boundary. The timing of extinction for different living fauna, however, does not appear to be 

synchronous. But it must be remembered that the terrestrial fauna biostratigraphy is not weU 

correlated beyond sub-regions. 

Abrupt or gradual? 

From the study of extinction of shaUow marine invertebrates, it appears that P-T events had a 

very short time span (Erwin, 1992). In Alpine Austria, the sharp negative spike in o13C value 

has been estimated to have lasted for 1-3 m.y. (Margaritz, 1989 and Helser et al. 1991) on the 

basis of paleontological records. Radiometric dating of volcanic ash beds at the Permo­

Triassic boundary in the Meishan section, South China yielded a 206Pb/238U age of 251 ,2 ± 3 .4 

Ma and the 107Pb/135U age of 250 ± 5.0 Ma (Claoue-:Long et al. 1991) Although dated 

precisely, this work could not give the span of extinction event or carbon isotope spike. 

Recently, Bowring et al ( 1998), with the help of precise U/Pb zircon dating of number of 

volcanic ash beds across the P-T boundary estimated that in the same Southern China section, 

the span of o13C incursion to be less than 165,000 years. They dated the P-T boundary more 

precisely at 251 .4 ± 0.3 Ma. However, the rarity ofLatePerm.ian marine deposits and 

associated volcanic ash beds do not allow to validate this record of short time span globally. 

The extinction pattern of terrestrial vertebrates does not appear to reflect such an abrupt 

change at P-T boundary (Olson~ 1982). Thus, one of the ways to better understand the P-T 

extinction event is to examine the terrestrial records and examine how P-T extinction event is 

reflected in them. 
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Floral assemblage at the Pff boundarv 

After the ice age of Late Carbonaceous and Early Permian times, the climate warmed up. 

There was rapid evolution of glossopterid flora (Chandra, 1998). Cool temperate swamps 

with thriving plant communities were extensive. The trees and .shrubs of glossopterids had 

special aeration tissues in their roots suited to the boggy condition (White, 1986), which were 

adapted to their swampy habitats. It is· likely that there had been a rapid change-over from 

cool-temperate climates of most of the Permian to a warm, moist interval near the Permo­

Triassic boundary. Within this time interval the sudden appearance of new flora characterised 

by the first forked-fronted seed-ferns, conifers, Ferns, Gin.kgos and Cycadophytes has been 

noted. Fems and Lycopods foliage had a high content oflignin (30-50%0; average plants being 

between l 0-25o/oo) . So they had a better chance of preservation (Robinson, 1990). 

All over Gondwana, the Glossopterids almost disappeared from the fossil record at the P-T 

boundary. Early Triassic flora show characteristics related to a warm moist climate without 

marked seasonal dry periods. They show large leaf foliose expressions and do not have the 

clear xerophile adaptation of those later in the Triassic. 

6.3.2. Causes of Extinction. 

Various factors have been hetd respo nsible for P-T extinction, such as volcanism, 

extraterrestrial causes, oceanic anoxia, global warming and global cooling Analysing the 

strengths of these factors, Erwin ( 1993) suggested that a complex web of factO'rs may have 

been responsible for the mass extinction. Faure et al. (1995) related the extinction to the 

continental elevation due to final phases of consolidation of Pangea during the end of the 

Penni an. Bowever, with indications that Permian-T riai;sic extinction event and its associated 

spikes in carbon isotope record in marine carbonates are of very short duration (less than 0.2 

Ma; Bowring et al. 1998), catastrophic causes like bolide (with hydrocarbons having highly 
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negative impact o13C values) impact have been proposed (Bowring et al. 1998). As noted 

above, there was no major effect on terrestrial fauna. There was also no major abrupt change 

in the physical environments. Expansion of habitats and colonisation of new environments for 

terrestrial fauna are evident from Middle Permian time. Changes of new environments might 

have caused elimination of certain families of terrestrial flora from Middle Permian onwards. 

There is a general increase in aridity in the circum equatorial regions of Gondwana from the 

Early Permian, which caused extinction of certain families of aquatic based terrestrial 

vertebrates. This also caused the appearance of the carnivore-herbivore food chain in the 

record.No large strictly terrestrial herbivorus existed while late in the Early Pem1ian. A 

very rapid increase in body size took place among newly evolved terrestrial herbivores. Also 

large arurnaJ size tends to increase vulnerability to changes in environment. Thus, the 

extinction event that is recorded in shallow marine deposits as abrupt, does not appear to be 

so in terrestrial records. However, high-precision geochronology, along with carbon isotope 

stratigraphy from terrestrial sequences, are needed to resolve the question as to whether the 

short duration of the extinction and spikes in o 13C values were global, and if they are global, 

whether they are synchronous. 

Cooler or Warmer Temperature at the P-T boundary 

Both cooler and warmer climates have been suggested as the cause of Permo-Triassic 

extinction. Stanley ( 1988) suggested that bipolar glaciation triggered the extinction. However 

Erwin (1993) and others observed that last phase of Permo-Carboniferous glaciation was in 

the mid-Permian. He held that cooler climate was possibly not the cause of extinction. But as 

in the KIT boundary (Holster and Margaritz, 1992), Wang et al. (1994) have held that there 

was a reduction in the primary productivity in the shallow marine environment. Also shallow 

w&ter fusilin.ids suffered extinction at the P!I boundary, in contrast to the survival of deeper 

water, but more complex foraminifers . A cooler environment is consistent with this 

oj).&~rv'ltion but may not be the cause. 
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6.3.3. Carbon isotope record at the Fermo-Triassic boundary 

6.3.3.1. In marine carbonates · 

The Permian-Triassic boundary in the marine section in Eurasia, particularly along the margins 

of the fonner Tethys Ocean, is characterized by a sharp drop in o13Cc.,rb of -3%o (from +3 to 

Oo/oo; Bolser and Magaritz, 1987~ Baud et al. 1989) and a similar drop in o13Coig of-3%o (from 

mean values of -24.6 to -27.4%0) in shale and marl interbeded with carbonates in Alpine 

Austria ( Magaritz et aL 1992). Along the fonner margin of the Panthalassan Ocean in 

Canada, in deep-water marine sediments, the drop in ol3CC/f& also can be traced from marine 

(Tethyan sections in northwestern Australia to alluvial-paralic Panthalassan) sections in 

southeastern Australia ( Morante, 1993; Morante et al.1994). 

6.3.3.2. In terrestrial plants 

A precipitous drop (3~5%o) in oncorg in plant fossil remains across the Permian- Triassic 

boundary has been recorded in the Sydney and Bowen Basins of eastern Australia (Morante 

et al. 1994) and in the Karoo basin of So1,1th Africa (Faure et al. 1995). 

6.3.3.3. In terrestrial animals 

Thackeray et al. (1990) have recorded a decline of ~6o/oo in the ()lJC value of apatite in the 

fossil tooth enamel of therapsids, which were terrestrial herbivorous animals just below PIT 

boundary. This, they interpreted as reflecting biogenic variation associated with global changes 

in C02 . 
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6.3.3.4. Changes in the o13C value at the PIT boundary: global or local 

Although the general pattern of isotopi::: incursion is globally similar, in detail the isotopic 

patterns show variation, and similar isotopic spikes are also found in Upper Permian sediments 

(Faure et al.1995). One of the most detailed studies of isotopic incursions across the P-T 

boundary has.been made in the GK-I borehole in Austria (Holster et al. 1991 ). There, three 

distinct spikes are present spanning a sediment thickness of - 40m. In some other places, 

however, the variation in the 013C value appears to be sharp (for example, Wang et al. l 994) 

Such differences could be due to variation in the local envirorunent of deposition . It is 

important to note that in the GK-1 borehole cited above, all three o 13C minima are associated 

with high concentration of pyrite, distinct negative o34S values, a peak in Ce./La s value, high Ir 

concentration, high SIC ratios. Th.is relationship indicates a correlation of oL
3C minima with a 

reducing envirorunent. A global change in the atmospheric o L3c value should be reflected in 

various types of sedimentary envirorunent including reducing, open basin, marine and fresh 

water_ 

Based on available data, it is perhaps premature to say, for sure, that the isotopic excursion at 

the PIT boundary was a synchronous global event However, the isotopic signatures at the 

Permian-Triassic boundary are so similar that global synchronous event seems likely . 

6.3.4. Climate change and 6 13 C spikes at the .Permian-Triassic boundary 

Regression 

The traditional view holds that the Late Permian experienced a worldwide regression and that 

the transgression did not commence until the beginning of Triassic (Yang, Sheng and Yin, 

1995). However, there are evidences that in South China, Italy, Arctic, Canada and at many 

other localities of Tethys that the transgression began not in the earliest Triassic but in the 

latest Permian (Sheng and Yin, 1995 and references therein). The Permian-Triassic boundary 

is regarded as the time of final consolidation ofGondwana (Faure et al. 199 5). Amalgation of 

continental fragments Is likely to have caused orogeny and uplift o f landmass causing 
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widespread regression. Regression would cause exposure and oxidation of carbonates (in 

terrestrial and shallow marine environments) and carbon (oil/gas/gas hydrates) locked up in 

shale, sandstones and peat-coal. The average content of carbon locked up in carbonates is far 

in excess than that locked up in shale-sandstone and coal. Weathering of carbonate rock 

liberates carbon to the atmosphere-ocean system with a reside~ce time far less than one m. y. 

With regression, the amount of carbonate carbon that is likely to be released in the ocean­

atmosphere is far in excess than that from organic carbon released from sandstone-shale-coal 

together. The difference in o13C value of carbonates and atmosphere is -7.5o/oo, cabonates 

being more positive but the difference between organic carbon and atmosphere is -l 8%0. So if 

carbon released from carbonate is more that J. 5 times than the carbon released from organic 

carbon (which is more likely the case in the event of regression) a positive shift in the 

atmosphere is expected. But instead, in general, a sharp negative spike is observed in the 

marine carbonates across the Permo-Triassic boundary. 

Organic carbon exposed during regression may get attached to atmospheric oxygen. Various 

estimates of atmospheric oxygen (Garre! and Lerman, 1984; Bemer, 1989, 1990) show that 

atmospheric oxygen was rapidly decreasing from Carboniferous times giving one of the lowest 

concentration at the Penno-Triassic boundary. So the oxidative potential of organic carbon at 

Perrno-Triassic boundary was much low at the Perrno-Triassic boundary. On the contrary, red 

beds at the P-T boundary suggests an oxidative environment. 

Arid Climate 

A coal gap at the P-T boundary (Faure et al. 1995) may mean a decrease in primary 

productivity and/or non preservation of plant materials. A model with high C02 (due to release 

of locked C02) in the atmosphere should see higher productivity of land plants along with a 

shift towards negative values of o13C in organic matter. But then why were plants not 

preserved? Lignin is the most important constituent in plant matter that gets prese(Ved as 

coal/peat. In modem environments, lignin is mainly destroyed by basidiomycetes organisms 

(like mushroom and allied algae) however, there lignolitic activity gets greatly reduced with 

decrease in oxygen in the atmosphere (Robinson, 1990), which was the case during P-T 
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boundary. Lignin is also degraded abiotically by ultraviolet radiation, ozone, etc. Arid climate 

gets 1ot of ultraviolet radiation suitable for lignin degradation. 

: In Permian time most coals formed in temperate belts of high latitude (Rotallack et al. 1996); 

But by the end of the Permian, the first red beds occurred signifying the onset of climate 

change or prevailing oxidizing environments 

6.4. Carbon isotope stratigraphy of some Gondwana sequences 

In tills study, a number samples from terrestrial Gondwana sections from Peninsular India, 

South Africa and Madagascar have been jnvestigated for C-isotope stratigraphy. In the case of 

samples from India, in most cases, the same set of samples were also investigated for detailed 

palynology by collaborators from the Virbal Sahni Institute of Paleo botany, Lucknow, India. 

Tills allowed calibration of palyno-stratigraphy with C-isotope stratigraphy. Sirrularly, 

representative samples across the lower part of the Gondwana sequences from the Lings burg 

basin in South Africa and from the Morondava basin in Madagascar have been analyzed for C­

isotope stratigraphy. In the following section, analytical procedure and results of tills study are 

summarized. 

6.4.1 Sampling method 

In general, samples were collected at smal1 (2-4 m) Intervals. In some cases, samples 

representing larger intervals were also collected. Samples from Peninsular India are all from 13 

boreholes in different Gondwana basins witilln Peninsular India (Fig. 6.4). Two of these 

boreholes intersected almost the entire part of the Lower Gondwana sequence (i.e ., from 

glaciogenic Talcher Formation at the lower part of Gondwana sequence to the reb-bed horizon 

of the Panchet Formation in the upper part of the Gondwana sequence) . From other boreholes 

in Peninsular India onJy samples from across the Permian-Triassic boundary were sampled. 
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These sets of samples provided for comparative study of o13C
0

r.g signal across the Perrnian­

Triassic boundary in different parts of a basin and among widely separated basins. Samples 

. from the Morondava basin Madagascar and from the Laingsburg sub-basin of the Karoo basin 

of South Africa include samples across parts of the Upper Pennian. These samples were 

collected from scarp sections. Samples from Madagascar were. collected and processed by Mr. 

Nicolas Rakotosolomofo (M. Sc dissertation). 

Samples with visible plant remains were prefe1Ten1ially seperated for analysis. Where visible 

plant remains were not observed, dark grey or brown coloured samples were preferred over 

pale coloured ones. About 0.5 mg of organic matter were used for the analyses. 

Sample preparation 

All analyses were carried out at the University of Cape Town Stable Isotope Facility housed at 

the Archeology Department. Analyses carried out in this study constitute first set of analyses 

of coal and carbonaceous shales from geological samples using an automated CN analyzer 

attached to a mass spectrometer. Therefore, in the following section, sample preparation is 

discussed in some detail. Individual samples were cleaned with water to remove dirt adhered 

to the samples. Small chips of each sample were visually inspected for carbonaceous remains. 

Where present, the carbonaceous matter in samples were scooped with a knife and were kept 

in vials for further processing. Samples without vislble carbonaceous matter were ground to 

coarse grain sizes (-60 mesh) and inspected under a binocular microscope for visible finer 

grained carbonaceous matter. Such carbonaceous matter was collected with a tweezer and 

were kept in vials for further processing. In samples where carbonaceous matters could not be 

separated in this way, a small (- 1 gram) portion of the sample was finely ground for further 

processmg. 

Samples were immersed in dilute (1:6) HCl and kept in an oven at-60°C for ~ 10 hours to 
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dissolve any carbonate that may have been present in the sample. It is essential to ensure that 

the sample is sufficiently fine ground so that HCl acid can permeate through the entire sample . 

. This will ensure that carbonates and bicarbo11ates are dissolved. After all the samples were 

treated with HCl, they were washed a few times thoroughly with distilled water and then dried 

at -60°C in an oven. Each dried sample was then inspected under a binocular microscope for 

final picking of the sample. For analyses in the automatic CN analyser attached to a mass 

spectrometer, it is essential that the sample size remains within a narrow limit so that C02 

obtained by oxidizing the sample is similar in quantity to the reference gas used for analyses. 

Larger or smaller sized samples do not yield precise analyses. For the mass spectrometric set­

up used for present analyses, coal or carbonaceous shale samples weighing -0.06 mg gave 

good analyses. For samples in which carbonaceous matters could be seperated, physical 

description of each samples was noted. In samples where carbonaceous matter was not present 

a portion of the bulk sample was taken for analyses so that it contained~ 0.06 mg of 

carbonaceous matter. Samples were packed within~ 100 micro litre sized tin micro-capsules. 

Once packed samples are ready for analysis. 

All samples in the present study were analysed in Finigan Mat® 252 mass spectrometer fitted 

with an automatic CN analyser with automatic sample loader. In this system the sample is 

loaded in a tin vial which is burnt jn the CN analyser at -1000 °C. The resultant gas is passed 

through a dehydrant material and then through a gas chromatometer where C02 gas from the 

sample is separated from other gases. Separated C02 gas is then passed to the mass 

spectrometer for isotopic analyses. An internal standard was first calibrated using NBS-21 

standard and one internal standard was analysed alternated almost with every 5 samples. 

6.4.2. Analytical results 

Analytical results for various borehole samples, recalculated with respect to PBD standard, are 

presented in Figs. 6.5-6.11 . Table o.1 sumrnarizes isotopic results. 
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Table 6.1. Isotopic characteristics of samples analysed from different Gondwana basins of 
India, Madagascar and South Africa. 

Gondwana Bore- Stratigraphic Isotopic characteristics Discussion 
· basin holes section 

Raniganj R$M- 13 samples 3 sharp negative The lowe11T1ost 
Coalfields, 1 . , from a 50m excursions (0 13C

0
rg < -30) negative incursion 

West thick section interspaced by positive is about Sm below 
Bengal, across the excursions (o13C0 rs > -25) palynologically 
India Penni an- spanning a thickness of defined Permian-

Triassic -20m exist (Fig. 6.5). Triassic boundary 
boundary. 

R-14 150 samples There are at least two While the large 
+ from a - 850m pronounced negative negative incursion 
TDB- thick section (& 13C0rg <-30 %o) spikes in the o°Corg (>5-6 
3): from the top of near the palynogically %0) is characteristic 

glaciogenic defined Permian-Triassic of the P-T 
Talcher boundary. One of them is boundary. A rugh 
Formation just below the P-T positive value of,.... 
(Lower boundary while the other is -16%oin 
Gondwana) to -50m above the P-T association of 
the bottom of boundary. In between these sharp negative 
the Panchet two negative spikes there spikes giving a 
Formation is a zone of-15m total range of 
(Upper thickness with highly variation as high as 
Gondwana) positive 0 ucorg value (- - -20 %0, is, 

16 o/oo). The total range of however, not 
variation (from the most recorded yet from 
positive value to the most across the Permian-
negative value) across the Triassic boundary 
Permian-Triassic boundary is, however, 
is - 20 o/oo). Below the P-T unknown and the 
boundary there are a cyclic variation of 
number of cyclic 3-4 o/oo (Fig. 5.6) is 
repetitions of o13C0 rg value possibly related to 
of the order of- 3-4 %0 climatic changes. 
which is superposed by a Random variation 
noise (random variation) of of 1-2 'Yoo is 
-1 -2%o (Fig. 6.5, 6.6) , probably due to 

natural variation in 
the organic matter 
and/or due to post-
depositional 
changes. 
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Gondwana Bore- Stratigraphic Isotopic characteristics Discussion 
basin holes section 

-

RAD- 7 samples from o13C0rg value for 7 analysed 
2: a - l 60m thick samples vary randomly 

section across between -24 and -27 %0. 
the Permian- No definite pattern is 
Triassic evident is which is -likely to 
boundary. be result of very sparse 

sampling density (Fig. 6.5). 

RAD-5 11 samples There is a zone of The large -ve 
across a 150m pronounced -ve incursion incursion at the P-
section from (o13C0rg value between -27 T boundary is 
across the and -30) just above the possibly related to 
Pennian- palynologically defined P-T some P-T event. 
Triassic boundary. Below and 
boundary. above this zone o13C0rg 

value is -24 o/oo (Fig. 6.5). 

RAD-6 10 samples A large -ve excursion The large -ve 
across a-25 m (o13C0r& value <-30 %0) incursion at the P-
thick section spanning -5-1 Om thickness T boundary is 
from across the exists around the possibly related to 
P-T boundary palynologica1ly defined some P-T event . 

Pennian-Triassic boundary 
(Fig. 6.5). 

RAD-8 10 samples olJCorg values of samples Negative incursions 
across a-16 m show 3 sharp negative in this section may 
thick section spikes of -4o/oo inters paced be related to large 
across the P-T by positive spikes (Fig. negative excursions 
boundary 6.5). However, negative generally present 

excursion is much less across the P-T 
pronouned in this section boundary. 
than in other sections. 
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Gondwana Bore- Stratigraphic 1sotopic characteristics Discussion 
basin holes section 

.Talcher TP-8: 178 samples This set of samples covers The presence of 
basin, India from a lOOOm almost the entire Lower three large negative 

section Gondwana sequence in the excursions across 
spanning from pen.insular India. The the P-T boundary 
the top of the majority of the samples spatUUng over a 
Talcher have o13C0,s, values thickness of -60m 
Formation between -26 and -23%o. indicates that 
(glaciogenic) in There are three negative incursions 
the lower part pronounced negative at theP-T 
of the incursions (o 13C0 ,& value <- boundary are not a 
Gondwana 30%0) within a span of single short-lived 
sequence. up to -60m thickness across the event. Cyclic 
the nU'ddle part P-T boW1dary. The variation of 3-4%0 
of the Kamthi lowermost one of these in the coal-bearing 
Formation in excursions peaks just Permian section 
the upper part below the palynologically may be related to 
of the defined P-T boundary. climatic variations 
Gondwana There are a number of since such variation 
sequence. cyclic variation in the also broadly 

o13Corg values in the coincide with 
Pennian section. Positive palynozones. This 
and negative gradient in needs much greater 
such cyclicity often statistical analysis, 
coincide with distinct beyond the scope 
palynozones (Fig. 6. 7, of t.rus thesis . 
6.8). 

TP-9: 9 samples from Two samples, one above No definite pattern 
a 42m section the P-T boundary and the could be identified 
across the other below the P-T although very large 
palynologically boundary have o13Corg negative values of 
detennined values<-28%0. Other two samples may 
Permian- samples have o13Corg values be related to the P-
Triassic between -20 and -26o/oo T events. 
boundary. (Fig. 6.7). 

TP-10 11 samples A large negative incursion The negative 
spanning a 82m of -5o/oo is present -1 Om incursion above the 
section across above palynologically P-T boundary is 
the detennined P-T boundary probably related to 
palynologicallY. (Fig. 6. 7). the P-T event. 
identified P-T 
boundary 
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Gondwana Bore- Stratigraphic Isotopic characteristics Discussion 
basin holes sect.ion 

Godavari GAM- 18 samples A large (-8o/oo) negative Both negative and 
Coal.field, 7 spanrung a incursjon is present - J 0 m positive incursions 
Andhra 224m section below palynologically may be related to 
Pradesh, across the defined P-T boundary. This the P-T event. 
India palynologically negative incursion is 

identified P-T followed by a positive 
boundary. incursion (Fig. 6.9). 

GBR-7 14 samples A 50m thick zone just It ls not certain 
spanrung a above the P-T has three whether 
section of 161 m negative spikes interspaced inters paced 
across the by positive spikes. negative and 
palynologjcally However the large positive excursions 
determined P-T negative spikes that are are related to the 
boundary. nonnally associated with P-T event or not. 

P-T boundaries could not 
be detected in this section 
(Fig. 6.9), 

Wardha DGW- 12 samples Samples are very widely A zone of-150m 
Basin, 7 spanrung a spaced making it difficult thickness with.in the 
Madhya depth of 754m to detect any negative Pennian section 
Pradesh, across the incursion that nUght be has oLJCOTg values 
India palynologically present associated with the which are - 2-3o/oo 

determined P-T P-T boundary (Fig. 6.9). more negative than 
boundary, the rest. It is not 

known, however, 
whether ttus zone 
of negative 
incursion is related 
to the P-T event. 

UKD-7 11 samples There is no large negative 
from a 160m spike associated with P-T 
thick section boundary. There is 
across the however -Jo/oo variation 
palynologically within this section (Fig. 
defined P-T 6.9). 
boundary 
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Gondwana Bore- Stratigraphic Isotopic characteristics Discussion 
basin ho'les section 

Morondava oasin, 37 very widely The whole secfion is within Such large negative 
Madagascar spaced samples the Perm.ian. A very large incursion within the 

spanrung a (- 6%o) negative incursion Permian coal-
thickness of is present in the lower part bearing ho.rizons in 
- 3km within of the section within the India. 
Perm.ian coal-bearing horizon (Fig. 
section. 6.10). 

Laingsburg basin, 40 sample The whole section is within Sharp break across 
South Africa spanning from Permian. There is sharp lithostratigraph.ic 

top of the variation (of the order of boundaries 
glaciogenic -4o/oo) in the o13Corg values highlights 
Dwyka across the importance of 
Formation to lithostratigraphic using o13Corg 
the Upper boundaries (F\g. 6.11 ). values for high-
Pennian resolution 
Yischkuil stratigraphy. 
Fonnation 

6.4.3. o llC~~ variation a.cro.~-" the P-T h ou ndarv 

6.4.3.l. Rani~anj coaifield~ India 

Samples from seven boreholes (RAD-2,5,6,8; R-14, TDB-3 and RBM-1 ; Table 6. ; fig. 6.5) 

have been analysed. Of these, five boreholes have intersected the !=>alynologicallv defined 

Pennian-Triassic boundary (Fig. 6.S). Sharp negative spikes have been detected in four of 

these boreholes (RAD-5,6, RBM-1 and R-14) . In these boreholes 0 13C0,,t. values becomes more 

negative than -28%0. The zones of negative incursjon (interspaced by positive incursions) span 

borehole thicknesses between - 200m (RBM-1) and -40m (R.AD-5). l!l R.AD-2, sampling 

density is dun and any negative incursion that might be present has not been detected. 
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6.4.3.2. Talcher Coalfield, India 

Samples from three boreholes (TP-8, 9 and 10) were analysed , all of which intersected the 

palynologically defined Permian-Triassic boundary (Fig. 6.7). TP-8 and TP-10 show sharp 

negative incursions associated with the Permian-Triassic boundary. In TP-9, the paJynologicaJ 

P -T boundary is not welldefined. However Triassic palynoflora ex.ists at least up to 2 88 m 

borehole depth. One sample having 0 13C0 ..,. value of -30%0 has been analysed at J 1 Sm depth, 

which may or may not be related to the P-T event. In TP-10, the sharp negative incursion is 

present within - 10 m above the palynologically defined P-T boundary. In tbe TP-8 borehole, 

three sharp negative incursions associated with the P-T boundary spans a borehole depth of 

-60m. 

6.4.3.3. Godavari, Wardba and Korar coalfields, India 

Samples from two boreholes (GAM-7 and GBR-7) from the Godavari basin and one each 

from the Ward ha basin (DGW-6) and the Korar basin (UKD-8) have been analysed. Of these, 

only GAM-7 shows a sharp negative incursion of -8%0, followed by a positive incursion. In 

other boreholes, no regular pattern of variation across the P-T boundary is detected. 

6.4.4. o13C
0
rg stratigraphy in Gondwana sections 

During the present study, a large number of samples were collected from two boreholes 

sections in Talcher (TP-8; 180 samples) and Ranigunj (TDB-3; 160 samples) Gondwana 

basins oflndia which intersected a substantial portion of the Gondwana succession in those 

basins, from the glacial deposits in the lower part to the Triassic red bed horizons in the upper 

part. Also - 40 representative samples covering a substantial portion of the Gondwana 
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successions from both the Laingsburg basin in South Africa and the Morondava basin in 

Madagascar were collected and analysed. These analyses show a similar variation patterns in 

the 013C0 ,& values in the Gondwana successions across major lithostratigraphic boundaries 

(Fig. 6.10; 6.1 I) and also allow a comparative study of such variations across different 

continents (Fig. 6.12). 

6.4.4.1. 0 1'3Cnrg stratigraphy in the Talcher basin, India 

In this borehole 180 samples from the lower glaciogenic Talcher Formation to the Panchet 

Formation in the Upper Gondwana have been analysed (Fig. 6.8). Bere, a number of cyclical 

changes, with an amplitude of -3%o in the 01.1C0 r.· values, are present in the Pennian section of 
" 

this borehole. The overall positive gradient of these cyclical pattern often coincides with onset 

of a coal cycle, while negative gradients generally coincide with fluvial succession. Gradients 

in the cyclical changes also show moderately good correspondence with palynozones 

identified in this section. Near the P-T boundary within a zone of -SOm thickness, there are at 

least three large (-6%o) negative incursions interspaced by normal or positive incursions. 

Above the P-T boundary, normal o 13Cor& values of -25%0 are present. 

6.4.4.2. 0 13C 0rn stratigraphy in the Ranigunj basin, India 
b 

In this borehole 160 samples spanning from the glaciogenic Talcher Formation to the Panchet 

Formation in the Upper Gondwana have been analysed (Fig. 6.6). Similar to the TP-& 

borehofe,, here too are a number of cyclical variations with an amplitude of-3o/oo in the o~3C0rg 

values of the Pennian section. Detailed lithological logging and palynozones in this borehole 

are not yet available. At the P-T boundary~ two large (>6%0) negative incursions are present 

within a span of-40m thickness. Above the P-T boundary. normal values for 013C0~ prevail. 
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6.4.4.3. 6 13C0 ,:: stratigraphy in the Morondava basin, Madagascar 

: In the Morondava basin of Madagascar, the coal-bearing horizon is condensed compared to 

the two basins described above. Here surface samples from a number places from the lower 

glaciogenic horizon in the lower part of the Gondwana succession to the Upper Gondwana, 

red bed succession, represented by the Sakamena Group have been sampled. Analyses of the 

samples show a large (~6%0) negative incursion towards the top of the Coal Measures. 

Whether this large negative incursion is related to the P-T event is not known. However, on 

the basis of similarity of the spikes at the P-T boundary and lithologic succession in India, I 

speculate this large negative spike in the Morondava basin may represent the P-T boundary. 

Above this spike, the o13Cart values become more positive. In the Morondava basin, the P-T 

boundary is generally taken to be present within the Sakamena Group wh.ich lies above Lower 

Red Bed Series although no paleontological work is definitive (N. Rakotosolofo, M.Sc.thesis). 

6.4.4.4. 0 13C0 rg stratigraphy in the Laingsburg basin, South Africa 

There are no coal beds in this part of the Karoo basin of South Africa. Here the glaciogenic 

Dwyka Formation at the bottom is succeeded by the Prince Albert Formation, the Whlte Hill 

Formation, the Collingham formation and the Vischkuil Formation (Smith, R. M . H., 1990). 

The lower part of the Gondwana succession in this basin is very similar to those in the 

Madagascar and in India (M. de Wit., 1998, personal communication) . Forty samples across 

four major lithostratigraphic horizons (the Prince Albert Formation, the Whlte Hill Formation, 

the Collingham Formation and the Vischkuil Formation) have been analysed. There is a sharp 

variation of-3-4%0 in the oncorg values across lithostratigraphic boundaries (Fig. 6. 11) . The 

P-T boundary is known to occur above this sequnce. However, a few analyses from Triassic 

Gondwana sediments from an adjacent Gondwana basin.are available (Faure et al. 1995). 

Those data have been plotted in Fig. 6. 12 along with present analyses. Analyses of 40 samples 

across the P-T boundary are in progress~. Rakotosolofo, M.Sc. thesis). 
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6.5. Discussion 

A broad pattern of cyclical variation in the o13Ccr:; values within the Permian sections of the 

Gondwana successions and 1 to 3 sharp negative incursions at the P-T boundary spanning 

- 50m thickness of sediments are present in both Ranigunj and the Talcher basins of India. 1n 

the Talcher basin, the cyclical variation in the Permian section is seen to broadly correspond 

with the palynological asseblages which suggests that cyclical variation in the o 13Cw.: values 

may be used for high-resolution stratigraphic correlation. Because of non-avai lability of 

palynological data from the Ranigunj coalfield (TDB-3 borehole), it is not known now 

whether the cyclical variation in both the Talcher and the Ranigunj coalfields are stratigraphic 

equivalents. A random variation of-2-2.5%0 is superposed on the cyclical variation patterns 

of both the Ranigunj and the Talcher coalfields. Assuming that the environment remained 

broadly similar, such variation could be explained by a number of ways. For example, there is 

always some variation in o 13C
0
rg value of different parts of plant both in arid land (EhJeringer, 

1988) and in tropl.cal wetland (Medina et. al., 1986). As a whole, leaves are more negative in 

0 13C than s tems and roots. And such variation could be as high as 3%o. 

From visual observation of the trends in the ot3Cor:; in Talcher Coalfield (TP-8; Fig. 6.8) 

borehole, Fig. from the Barakar Formation in the lower of the Gondwana .sequence to the end 

of Permian there are some cyclic variatjon in the o13C
0

rg, having an amplitude of-3o/oo It 

appears that a coal cycle is broadly associated with increase In ot3C
0

r& whjle a elastic 

sediment cycle is associated with decrease in o13C0rg value. The start of a coal cycle signifies 

greatly enhanced tree growth, which augments the biospheric removal of carbon diox.ide from 

the atmosphere. C02 was genera1ly present in considerably greater concentrations than it is 

today (Berner, 1990; Yapp and Poth, 1992)_ However, because of higher removal of 

atmospheric C02 due to higher photosynthetic rate, there is a limiting factor to which 

atmospheric C02 can rise. According to ldoso (1991) for current anthropogenic emission 

values and size of global forest, the C0 2 content of the atmosphere could only rise by only 
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another 170 ppmv. Continuation of increased photosynthesis depletes atmosphere of l2C 

causing plants becoming more positive. An heavier atmospheric C02 sboul.d also cause 

. carbonates deposited during that time to become enriched in 13C. Gruszczynski et al. I 989 

reports a positive spike in marine carbonate in Upper Perm.ian time (Kazanian- Tartarian 

boundary)_ Similar positive spike of~ 6-8%0 also precedes negative spike at the Perm.ian­

Triassic boundary in carbonate rocks of Delaware Basin of Western Texas (Magaritz et al. 

1983). A positive spike also precede negative spike at the Ordovician - Silurian boundary at 

South China (Wang, 1993). Erwin (1993) calculated that if rapid oxidation of buried organic 

carbon is the sole cause of negative incursion at the Permian -Triassic boundary then oxidation 

of 6500 to 8400 gigatons of carbon are necessary compared to total volume of 800 gigatons in 

living biomass. This means a very large increase in C02 content of the atmosphere is 

necessary. 

To summarize, this present study demonstrates that o13C0 rg analyses have great potential for 

use as a chemostratigraphic tool for intrabasinal and interbasinal correlation of Gondwana 

sequences. However, it is needed to calibrate this tool with other known methods of 

correlation such as lithostratigraphy, palynology. But the presently available database is too 

meagre for such an integrated apporoch. It is beyond the scope of this thesis at this stage, to 

analyze the data viz., a viz. other associated aspects like the origin of the PIT spike and 

cylcical variation of oucorg within Gondwana sequence etc. 
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Appendix to Chapter 4 

A. 4_ l _ U-Pb dating of zircon and monazite and its application in high-grade 

metamorphic terrains. 

A.4.2. Methodology of various zircon analytical techniques: their uses and linlltations 

and a comparative study. 

A4.3. Pb~blank in U-Pb single crystal work- its sources and measures adopted at 

UCT to reduce it. 
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Appendi1-A.4.l: U-Pb dating of zircon and monazite and its application in high-grade 

metamorphic terrains. 

A.4.1.1 U-Th-Pb geochronology: Introduction 

U-Th-Pb dating method uses three different decay systems: mu--+2~b; 235"(J--+2ori>b and 

mTh--+208Pb. Coupling of these three decay systems provides internal checks on the age 

information obtained from their analyses. This unique feature of the U-Th-Pb dating method 

allows verification of one of the important assumptions in geochronology: that the isotopic 

system remained closed with respect to the parent and daughter isotopes. Thus, this technique 

is one of the most precise geochronological tool in polymetamorphic terrains where isotopic 

systems are prone to loss or gain in parent or daughter isotopes. In the present work, the U­

Th-Pb method has been used extensively for precise geochronology. The principles of the U­

Th-Pb technique are discussed below: 

A.4.1.2. Principles of U-Th-Pb geochronology 

There are four stable isotopes of lead. They are 204Pb, 206J>b, '2orpb and 108Pb. Except for 2()4.Pb, 

these are all radiogenic, being final decay products of =u, 23'U and mTh, respectively. For a 

system of age t, the equations for the nu cl ides involved in each decay scheme can be written as 

below: 

208pb _iospb n2Th ( m21 ) c···) P- 1+ pe -l ..... ..... ... . 111 
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where P Indicates the abundance of a given nuclide at the present time and I indicates the 

initial abundance of that nuclide. 

Half-lives (t 112) and the decay constants (A.) for these three decay series are as below· 

Decay series t 112, in Gyrs Decay const.)..y(t 

mu_206pb 4.47 1.55125 X 10·lO 

mu ... 207Pb 0.704 9.8485 x 10·10 

232Th-208Pb 14.01 0.494 75 X Jo-IO 

Some accessory minerals like zircon, haddyellite, monazite, al!anite, sphene, rutile and apatite 

etc., preferentially incorporate uranium and exclude Pb. For the very little initial/commou Pb 

that are present in these minerals, a correction can be made and then the equation (i) can be 

simplified as below: 

206pb • = 2.:isu ( exiJs1 _ 1) 

where Ph· represents radiogenic lead only. Taking 238U to the other side yields the equation: 

206pb·123su = (e.1.m1 -l) 

Similarly, equation (ii) can he simplified to: 

207pb. ;mu = ( e;i.,ns1 - l) 

Each of these two decay systems provide independent ages. Minerals which have remained 

closed with respect to U and Ph give concordant values oft from the above two equations. 

When 207Pb ·123su and 206Pb •/238U are plotted against each other, the locus of all points that 

represent the same age in both systems defines a curve known as concordia (Fig. A.4. 1.1; 

Wetherill, 1956). Pb-loss and overgrowth in minerals cause the 235U-207Pb and 238U-206Pb ages 

to differ from each other and consequently the analyses plot off concordia. Very oft.en, 

analyses of related samples lie on a straight line joining two points on concordia. Such straight 
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lines are known as discordia. The present day ratio of 238U to 235U is 137.88. This ratio has 

changed over time because of the difrerence in the rate of decay of 238U and ·mu. For example, 

when the Earth was accreted, this ratio was 3 .17, it was 16 in !ate Archaean and 82 in late 

Proterozoic time. Since the rate of decay of 135U is about six times faster than the 238U, the 

relative rate of build up of radiogenic 206Pb and radiogenic 207Pb continuously changes and so 

the ratio 207Pbf06Pb varies systematically with age. Thus, the 207Pb/206Pb ratio in minerals gives 

their crystallization age if the system has remained closed with respect to the isotopes of Pb 

and U. This age is known as the 207Pbf06Pb age. In a concordia diagram the 201Pb/2°6Pb age is 

obtained by the intersection of concordia and a line joining the analysed point and the origin. 

The 232Th-+208Pb decay series provides independent age information. 

A.4.1.3. Geochemical behaviour of U, Th 

In chemical environments typical of most magmas, uranium (atomic number 92) and thorium 

(atomic number 90) have comparable geochemical properties. They both form tetravalent ions 

with similar ionic radii (U+4=0.1 run; Th+4 =O .105 run), and thus easily substitute for each 

other. Thorium has only one oxidatlon state, is insoluble in water and is one of the most inert 

element during exogenous processes. In contrast, U may takes on a hexavelant state, forming 

the uranyl ion uo+2
, which is highly soluble in water, and under oxidizing condition U may be 

significantly fractionated from Th. 
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A.4.1.4. Zircon geochronology 

Zircon, a silicate of zirconium (ZrSiO.), is one of the most useful minerals for high precision 

geochronometry mair1Jy because of its resistance to thennaJ dis\urbances in respect to U and 

Pb (i.e_, low diffusibility) . U and Pb are strongly fractionated during the crystallization and 

growth of zircon because the ions of these two elements differ both in their charges (U is 

generally tetravalent U4""· whereas Pb is generally divalent Pb2+) and in their ionic radii 

(U4.=l.OO A; Pb2·=L29 A, in VIII-coordination). In zircon, U4
' substitutes readily for Zr4 ~ 

which· has an ionic radius of 0.84 A. This explains the high U-content and high U/Pb ratios of 

zircon compared to other silicates, making z.ircon ideally suited for high precision 

geochronology. 

A.4.1.5. Interpretation of U-P b zircon ages 

Zircons generally survive partial melting, entrapment i'n hot magmas and regional 

metamorphism without completely losing their age Information. However, it is also known 

that in some cases, .zircons tend to lose Pb during low grade metamorphism, flu id circulation, 

weathering or even without any apparently understood geological process (Mezger and 

Krogstad, 1997). Pb-loss, overgrowth and recrystallization often cause complications in zircon 

isotopic systematics. Pb-loss often occurs because Pb is much more incompatible in zircon 

crystal structure than U. Increase in temperature can cause preferential Pb-loss by diffusion or 

leads to recrystallization of damaged ii1con. 

Zircon grains that have remained closed with respect to U-Pb and Th-Pb isotopic systematics 

and do not have any younger overgrowth, should give consistent ages for all three decay 

systems (235U-+207Pb, 238U-+206Pb and 232Th-+208Pb )- For the U-Pb decay systems, such grains 

should have concordant ages. Zircons with a single stage history of Pb-loss or overgrowth 
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should lie on a discordia line. In such cases, the upper intercept of discordia with concordia 

gives the age of the crystallization of the zircon grains while the lower intercept dates an event 

of Pb-loss and/or overgrowth. In generaJ, discordant zircon grains fall on the concave side of 

concordia. Such discordant grains are called normally discordant zircons. Normally discordant 

zircon grains have 
207Pb/2°6Pb age> 207Pb/ 235U age> 206Pb/238U. age. In some instances, 

however, zircons fall on the convex side of concordia and are called reversely discordant 

grains. The cause of such reversely discordant ages is not well understood. Possible 

explanations for reversely discordant grains include Pb-gain_ or U-loss from the zircon grains .. 

Reversely discordant grains have 206Pb/238U age> 207Pb/ 235U age> 207Pb/2°6Pb age. 208Pb/ 

232Th ages often are more affected by both Pb-loss and Th-loss than the U-Pb ages. However, 

very often in young rocks 208Pb/ 232Th ages also approximates the age of the zircon grains and 

are concordant with U-Pb ages. Zircons having more than one episode of Pb-loss 

and/overgrowth often give a scattered plot on a concordia diagram. Any straight line passing 

through such grains that plot off concordia may not give any geologically meaningful age. The 

best estimate of the minimum age of such zircon grains is obtained from the 207Pb/ 206Pb age of 

the least discordant grain rather than from the upper intercept of discordia passing through 

some scattered points. Discordancy analyzed grains is generally expressed as the percent 

difference between the 207Pbl206Pb age and 206Pb/238U age expressed as percentage of the 

207Pbl206Pb age (cf. Davis et al. l 997). In mathematical term this can be expressed as: 

Discordancy(%) = 100 x 
eo?pbf06pb age)- (206pbf38u age) 

This definition of discordancy is good for analyses which plot near the upper end of the 

concordia and\or which have recent Pb-loss or overgrowth. In the present study many 

Archean rock samples have been affected by Neoproterozoic Pb-loss and/over growth which 

bas caused many analyzed point spread over a discordia joining an Archean age and an 

Neoproterozoic age (Fig. 4.9; 4.19; 4.24). In such case, specialiy for analyses which plot far 

away from the upper intercept of discordia, the above definition of discorcancy do not reflect 
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the amount of Pb-loss or overgrowth. In this study, therefore, an alternative definition of 

discordancy has been used. In this new definition percent discordancy is distance of a 

. particular analysis on the discordia from its upper intercept expressed as percent of the length 

of the discordia. Mathematically, percent discordancy can be expressed as: 

206Pb 

23~U 

t. ~,________,__...____..____.__~____,] 
0 207Pb/235U 

f 1(.. 1\.4.J, Dia~ ;;bov..'Uli: vmou.~ parameter;; used for t.hc new dcfinmo11 of di.~conlancy 

Discordancy (in%) 
· 1cvs,6-ss,6? +<v11s-sm? = l OQx_Y~~~~~~~~~ 
J< US/6-LS/6)

2
+( U7(5-L715)2 

Where U, L and S denote isotopic ratios at the upper intercept, lower intercept and sample 

position respectively as shown in Fig. A. 4.3 and subscripts 8/6 and 7/5 stand for isotopic 

ratios of 238U/206Pb and 107Pbf35U respectively as shown in Fig. A.4.3. 
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Jt has been observed that zircon crystals sometimes tend to leak Pb continually and that this 

leakage is not strongly temperature dependent (Tilton, 1960). The most likely reason for low 

. temperature loss must be related to the destruction of the zircon lattice by alpha-particles as a 

result of U-decay (==metamictization). 

A.4.1.6. Zircon and monazite in the granulite facies metamorphism 

Zircon: 

Zircon ages are very difficult to reset completely, even by granulite grade metamorphism and 

partial melting (Pidgeon and Aftalion, 1978; Kroner et al. l 987a, l 987b). The closure 

temperature of zircon for U-Pb is around 800°C (Beaman and Panish, 1991; Mezger et al. 

1989). The response of U-Pb isotopes in zircon to C02 fluid-induced graoulite-facies 

metamorphism has been studied in detail by Friend and Nutman (1992). These researchers 

analysed a number of samples across charnockitized patches (which were interpreted to have 

fonned by C02 purging) within granitic gneiss in the famous Kabba! Durga quarry of the 

Dharwar craton (Fig. L 11 ). They concluded that the zircon U-Pb isotopic systematics are not 

disturbed by C02 fluid-induced granulite-facies metamorphism (charnockitization). In contrast, 

Paquette et al. (1994) working on rocks from SE Madagascar concluded from their U-Pb 

zircon studies that there is near total loss of Pb during granurite metamorphism and 

chamockitization. They concluded that the high temperature associated with C02-rich fluids 

during the granulitic facies event has possibly dissolved and recrystallized most pre-existing 

zircons. 

1n general, charnockitization involves LREE depletion and HR.EE enrichment (Touret, 1994). 

Depletion of Zr accompanies depletions in elements such as U, Th and Pb, which are 

particularly mob lie. These chemical changes are principally related to the breakdown of biot!te 

and amphibole and the production of pyroxenes and feldspars (Janardhan et al .1982; Glassley 

et al. 1989). Whether such changes .in the trace element chemistry of major minerals are also 
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accompanied by U and Pb re-distribution in zircon is not known. WiUiams and Claesson 

( l 987) have suggested that zircons grown under upper amphibolite and granulite grade of 

metamorphism .generally have either very high or very low Th/U ratio. 

Srffi.IlvfP analyses of zircons from the chamockite and granite .gneisses of the KKB in the 

present work revealed significant recrystallization and new growth of zircon. An interpretation 

of zircon ages from high-grade terrains and chamoclcitized areas should, therefore, be treated 

with care. Recrystallization of zircon following Pb-loss often causes each analysed spot within 

a grain to be discordant because of incomplete loss of Pb from different parts of the grain. 

Thus, in the present work, SHRIMP analyses of both recrystallized and non-recrystallized 

spots in zircons from a biotite gneiss all plotted as a single discordant array, the non­

recrystallized spots showing more Pb loss than the recrystallized spots. 

Metamorphic reactions can lead to formation of metamorphic zircons. Zr can be derived from 

sphene, garnet, clinopyroxene and hornblende when they participate in metamorphic reactions 

(Beaman and Parrish, 1991). Although ma.fie igneous rocks are generally poor in zircon 

content, their metamorphosed equivalents often contain zircon which possibly may have been 

crystallized from zirconium released from clinopyroxene during alteration to amphibole 

(Heaman and Parrish, 1991). Thus zircons in many metamorphosed mafic rocks are 

metamorphic in origin. 

Monazite: 

Monazite is a La-Ce-rich light-rare-earth-element (LREE) phosphate. This is another suitable 

mineral for high temperature geochronometry because of its high (700 - 725°C; Copeland et 

al. 1988; Parrish, 1990) blocking tem,perature. Like zircon~ monazite incorporates a small 

amount of irutial Pb, but high Th and U. Ages can, therefore, be obtained with reasonable 

ease by analysis of single grains. However, there are two potential problems with U-Pb 

monazite dating. The first relates to the observation that many young monazite are reversely 

discordant Many monazite crystals incorporate a high concentration of Th. Thus, during 
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crystallization, they may incorporate high amounts of 230Th, which is a intermediate daughter 

product of the mu decay chain and has a half life of 7 5,200 years. The excess 230Th decays to 

: 
206Pb that is unaccounted for by the amount of 238u present in the mineral, and, thereby, this 

can cause reverse discordance, specially if the Th/U ratio is very high. Another problem 

relating to U-Pb monazite analyses is that because of preferential high concentrations ofmTh, 

monazite may contain very high 208Pb. With a very high concentration of 208Pb in the sample it 

is often difficult to resolve the 201Pb peak in the tail of the 208Pb during mass-spectrometric 

analyses. Normally, the concentration of Th is calculated from the 208Pb present in the sample. 

However, in the present analyses a mixed tracer containing Th was used . This allowed 

measurement of Th contents and hence 232Th-208Pb ages. 
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Appendix- A.4.2. Methodology of various zircon analytical techniques: their uses and 

limitations and a comparative study 

A.4.2.1. Introduction 

There are now three well-established zircon chronometric techniques available. These are (i) 

Isotope Dilution Thermal Ionisation Mass Spectrometry (IDTIMS), (ii) Sensitive High 

Resolution Ion Micro Probe (SHRIMP) and (iii) Zircon Evaporation . Both the IDTIMS and 

SHRIMP dating techniques have been utilized in the present investigation. The IDTIMS 

technique was employed in the analyses carried out at the Massachusetts Institute of 

Technology and at the University of Cape Town. SHRIJvtP analyses were carried out at the 

Western Australia SHRIMP Facility housed at Curtin University, Perth. In the following 

section the methodology of these various techniques, their usefulness and linlitations, and a 

comparison of these techniques are discussed. 

A.4.2.2. IDTIMS (Isotope Dilution Thermal fooisation Mass Spectrometry) 

technique 

A. 4. 2. 2. J. Analylical Procedure 

The analytical procedure adopted for zircon and monazite analyses using conventional 

IDTIMS technique at the UCT laborator1 includes the following steps. 

(i) Separation of heavy minerals, (ii) abrasion of selected mineral fraction (for zircon onJy) (ii) 

selection of abraded grains, (iv) dissolution of grains, ( v) separation of U and Pb from the 

dissolute, and (vi) isotopic analyses of U, Th and Pb. 

243 



(i) Separation of heavy minerals: 

Zircon, monazite, apatite and spbene were analysed in the present srudy. These accessory 

minerals are liberated from the rock samples by conventional crushing and rruneral separation 

techniques. Samples are pulverized using a jaw crusher and disk mill in two or three stages so 

that most of the rock sample Is reduced to the -500µ to +80µ ~ize range. The crushed sample 

is then passed over a WilfleyTM tab le to obtain a heavy mineral concentrate. This concentrate is 

dri'ed using a heat lamp. A large hand magnet is passed over the thinly spread sample to 

remove iron filings and strongly magnetic minerals (like magnetite, ilmenite etc). The sample is 

then subjected to an irutial magnetic separation in a Frantz™ isodynarnic separator at ~0 .35A 

current and side-tilt of20° . This process removes magnetic minerals like amphibole, pyroxene, 

and biotite from the concentrate. The concentrate is then passed through the heavy liquid, 

bromoform (p-2.86) to separate out quartz and feldspar. If the heavier fraction after this stage 

contains more than ~ 100 gram, the sample is passed through a second heavy liquid, methylene· 

iodide (density, p-3.42)1 which removes most of the apatite. If the sample contains abundant 

pyrite, this is removed by a dilute HN03 wash. The concentrate at this stage consists mainly of 

zircon, monazite, some apatite, sphene, garnet and rutile. These minerals are separated by 

passing the concentrate through the magnetic separator repeatedly by varying current and 

side-tilt at each stage. Magnetic properties of accessory minerals depend on a variety of 

factors, such as contaminant, LREE content, etc. There is, therefore, no specific order in 

which the different accessory minerals are separated under increasing current in the 

isodynamic separator. However, the general sequence of separation of accessory rrunerals with 

increasing current and decreasing tilt is: a]lanite, rnonazite, sphene, rutile, baddeleyite and 

zircon. Normally with a - 1.0 A current and a <6 ° side-tilt a pure zircon fraction is obtained as 

the non-magnetic fraction. The aim of such zircon selection is to obtain non-magnet ic, 

'inclusion-free, crack-free grains for analyses. This is facilitated by a procedure called magnetic 

splitting. First the zircon fraction is passed through the isodynamic separator at a 1. 0 A current 

and a l" or 2° negative side tilt in a so called diamagnetic setup. Normally the diamagnetic 

fractions of zircon are sufficiently clear and inclusion and fracture free to be suitable for 
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analyses. However, if the diamagnetic fraction does not yield sufficient number of suitable 

zircon grains, the zircon concentrate is split by using a paramagnetic setup with a - L5 A 0 

current and positive side-tilt decreasing from 6 ° to 0° in steps of 1 °. The less magnetic 

fraction is chosen for the next stage of processing. 

(ii) Abrasion of grains (for zircon only): The least magnetic fraction of zircons are examined 

under a binocular microscope. Inclusion-free, crack-free, clear zircon grains are selected and 

are classified into different populations according to their physical properties like shape, 

colour, size etc. The reason for separating grains into different population is that zircons 

grown during different stages of crystaJJjzation/ recrystallization may have different physical 

properties. Each population of zircon grains is then abraded separately in an air-abrader along 

with pyrite grains of similar size following the technique described by Krogh (1982). Air 

abrasion removes altered rims and soft regions associated with excessive radiation damage and 

surface-correlated lead loss. Duration and air-pressure for abrasion vary according to the type 

of zircons. Normally - 48 hours of abrasion in - 2.5 psi. pressure abrades the grains sufficiently 

to thoroughly remove the outer rim of the grains. A periodic check at few hours interval is 

required to monitor abrasion. 

Each abraded grain is washed with dilute (~20%) HN03 to remove surface coating of pyrite. 

It is washed again with acetone. Abraded grains from each fraction are then studied under a 

binocular microscope for final selection of grains to be analysed. 

(iii) Selection of grains: Abraded zircon grains or unabraded monazite, apatite, sphene grains 

are carefully selected under a binocular microscope for dissolution. Grains should be free of 

inclusion, fracture and overgrowth. Selected grains are measured and photographed before 

being dissolved. 

(iv) Dissolution of grains and separation ofU-Th-Pb from the dissolute: Dissolution of 
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individual grains is carried out in O.J ml SavillexTM capsules after the addition of a mixed 235U-

230Th-205Pb tracer. Zircons were dissolved in-120µ1 of70% HF, while monazites were 

dissolved in 12N HCI, Apatites were dissolved in - 7N HN03 in Jml Savillexnv' beakeron a 

hotplate 

For zircon and monazite grains, individual capsules were placed in a Paar1
M acid dissolution 

bomb, in the presence of excess 50% HF in the reservoir of the bomb and heated at 210°C for 

48 to 72 hours. The dissolute was then dried and an additional - 120µ1of6N HCI added .. The 

capsules were heated again for an additional 24 hours at 180°C. Lead and Uranium were 

separated using HCI based ion chromatography following a procedure as outlined by Krogh 

(1973) using 0.05 ml columns .. In this procedure, Pb is separated from the samples by elution 

with HCl (Catanzaro and Kulp, 1964) or with HBr (Chen and Wasserburg, 198 1) on anion 

exchange resins. Pb has a high distribution coefficient onto the anion exchange resin in either 

2-J M HCI or 0.5-0.8 M HBr. Beyond these ranges of molarity of these acids, the distribution 

coefficient in resin falls sharply (Nelson and Kraus, 1954; Krogh, 1973). 

In an anion exchange column using HCI, the dissolute is loaded in chloride form in JM HCL 

Except for Pb and U, all other elements (including Th) are eluted with JM HCl which is 

collected in beakers for extraction of Th at a later stage. After that, Pb is eluted with 6.2M 

HCI and subsequently U is eluted with HzO. For extraction of Th, the initial elutes in JM HCI 

are converted into -N03 form. The sample is then load in 7M HN03 on the resin column. 

Except Th, all other elements are eluted with 7M HNOJ . Th is extracted with H20 or with 

O.SMHCI. 

For samples with large quantities of Fe and Ti (for example whole rock samples, sphene, 

apatite etc), HCI chemistry is not efficient to separate Pb from Fe and Ti. However, HCI 

chemistry is !11ore efficient in recovering Pb from samples with simpler chemistry (for example, 

zircon and monazite) 
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In the present work, both HBr chemistry and HCI chemistry were tried. HCl chemistry was 

found to be more efficient in recovering U, Pb and Th from zircons. Th is eluted along with 

zirconium and other elements (excepting U and Pb) during initial treatment of the dissolute by 

3. lN HN03. This elute was collected in separate beakers for extraction of Th in HN03 

medium at the end of elution ofU. The total procedural steps.are outlined in Table A..4.IJ. l 

which includes a procedural checklist for U-Th-Pb column chemistry adopted in the University 

of Cape Town laboratory. 
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Table: A.4.II .1. Check-list for U-Pb column run using chloride chemistry. 

UCT. Geo/o<>rcgl Sciences Low-Pb rsorgpe lnbgr(lloty 

Name: Joy Gopa l g.hosh 

Datt: 

ColurmNo. 

Sample cumber 

Fill the rese!"Voir wi.th 6N HQ 

- 200 µl MQH10~ drops 

- 200 µI 6N HCI ~ drops 

-200 µI 6N HCI --0 drops 

Precondition lhe C olWIUl: 

-200 µI JN HCI~ drops 

L<Jod sample (d.U.SOlved in 2 d rops ofJN HO) 

Checklist for 'Zircon column nm 

W ith Chloride Chemistry 

l 2 

WASH the column d ro p wise {coO«t elute for thorium extraction) : 

Beaker to collect WASH for Th eXlnldion: 

-JS µI ofJN HCJ- 1 drop 

-J 5 µI ofJN HCI - 1 drop 

- J5 µ! ofJN HCl - 1 drop 

Dry WASH in ~ hot plate imide bench 

ElouPb: 

Beaker for ooUeaing Pb elUT..e (with +-5mJ H,PO,) 

--00 µI 6N HCI - 2 drops 

~o µ I 6N HCI - 2 drops 

--00 µl 6N HCI - 2 drops 

Elute U: 

Beaker fOl'CQUectiog U ellll.e (with +-5mJ H,PO,) 

--00 µI MQH,O - 2 drops 

~o µJ MQ H,0-2 drops 

--00 µI MQH,0 -2 drops 

Wash the column for Th e.rtt'Uction : 

- 200 µl MQH,O ~ drops 

Precondition the cohun.n for T h ertractton 

) 4 5 6 

~o µI HN0, -2 drops 

I I I I I I I --00 µI HNO,-Zdrops 

~o µ I HN0,- 2 drops 

L<Jad 53mple: d ried WASH in -2 drops of7N H NO, 

-35 µ l 7N HN0,- 1 drop 

-35 µ I 7N HN0, - 1 drop 

-35 µl 7N HN0,-1 drop 

Elu te T h 

Place U be<ikcn under lbe colwnns 

--00 µI MQH00-2 drops 

--00 µI MQH10-2 drops 

--00 µ I MQH,0 - 2 drops 

Dry the sampJe with on e small d rop of H,PO, on a hOt p!Ate (-ISO"C) Inside bench. 
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(iv) Isotopic analyses ofU and Pb: 

Both U and Th were loaded on degassed Re filaments embedded into thin layers of colloidal 

graphite. Pb was loaded on separate degassed Re filaments using silica gel as a medium. 

Isotopic analyses of Pb were performed using a VG Sector (VG Sector 54 at .MJT) thermal 

ionisation mass spectrometer fitted with six Faraday cups and a Daly detector _ Two separate 

procedures were used for analyses of Pb isotopes: (i) Static mode multi collector procedure 

whereby all isotopes of Pb except 204Pb was measured in Faraday cups. 204Pb was measured 

using a Daly detector and was calibrated using frequently ran calibration factor (ii) Static 

mode using only the Daly detector in a peak jumping method. Multi-collector analyses were 

corrected for a 0. 12% fractionation factor and single collector analyses were corrected for a 

0.24% fractionation factor. Correspondence between these two methods of analyses was 

verified in selected samples and was found to be true within analytical error limit. U and Th 

were analysed using Daly detector only by the peak jumping mode. 

A.4.2.3. A comparison between the analytical procedures adopted in MIT and 

UCT laboratories 

The analytical procedure adopted in the UCT laboratory, as outlined above is similar to that in 

operation at the MIT laboratory. However, there are few differences: 

(i) Spike 

The MIT laboratory uses a rruxed 205Pb-235U-233U spike while the UCT laboratory uses rruxed 

205Pb-235U-230Th spike. Use of double spike for U in the NtIT laboratory helps in maintaining 

good control over fractionation of U isotopes during mass spectrometric run. This, in tum, 

helps in getting high precision in U concentration values. 
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{n the UCT laboratory, use of spike mixed with 230Th helps in getting precise 208Pbi232Th ages 

for samples analysed in addition to U-Pb ages. This also enables precise determination of Th/U 

. ratios of analysed samples, which often helps in identifying different population of 

zircon/monaz.ite within a rock and their varying chronologic information. Although Th/Pb 

systematics in high-grade metamorphic environments is not we~l-understood, a number of 

analyses in the present work point to a similarity in the Pb-loss behaviour between the U!Pb 

and Th/Pb systematics. To extract Th from the samples, a modification in the colunm 

chemistry procedure to that adopted at the MJT laboratory was introduced (see Table 

A.4 .U. l) . 

(ii) Mass spectrometry: 

The tvITT laboratory uses a VG-54® mass spectrometer with 128 mm effective magnetic 

diameter and the UCT laboratory uses a VG Sector® mass spectrometer with an effective 

diameter of 64 mm. The ivflT laboratory is thus capable of getting higher mass resolution . 

(iii) Analytica1 blank: 

Analytical Pb-blank during my analysis at the MJT was -3 picogram. But the Pb-blank in my 

analyses at the UCT laboratory varied widely but improved with time (-1 year) from -40 

picogram to -4 picogram. The initia1 analyses at the UCT laboratory thus lack the high 

precision generally obtainable in IDTIMS analyses. 

A.4.2.4. A note on 208Pb/232Th ages obtained at the UCT laboratory 

Conventional IDTIMS analyses generally do not include 208Pbi232Th ages ma.inly because (i) 

coupling between the 207Pb/235U and the 106Pb/mU ages gives precise age information of the 

analysed material and generally no better age information can be obtained from the 208Pb/232Th 

systematics (ii) unlike U/Pb systematics there is no independent method for validation of 

208Pb/232Th ages and (iii) behaviour of the Th/Pb systematics in various geological environment 
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is not well understood. 

In the present investigation, because of the availability of a mixed spike with mTh at the UCT 

laboratory, Th contents of zircon and monazite were aJso determined to obtain additional aoe 
0 

information using 208Pb/232Th systematics. To recover Th fro~ the zircon and monazite 

dissolutes, the standard chloride colurrm chemistry (Krogh, 1973) was modified as outlined 

above (Table A.4 .U. l). Th was analysed in the mass spectrometer along with U in a graphite 

medium. 

For analyses with concordant zircon population, there is a fairly good correspondence 

between the U/Pb concordant ages and the Th/Pb ages, and weighted average of Th/Pb ages 

are often with.in error limits of U/Pb concordant ages (Fig. 4.2, 4.4, 4. I 9, 4.20, 4.21 and 

4.24). For discordant U/Pb analyses, the Th/Pb ages also decrease along with 206Pb/238U and 

207Pbf35U ages (Fig. 4.8, 4.19 and 4.23). Particularly, in the case of granite gneiss samples S-

416 and S-325C, Th/Pb ages show a systematic increase with the increase in the concordancy 

in the U/Pb ages (Fig. 4.19 and 4.24). Hcwever, within this general coupling of the U/Pb ages 

and the Th/Pb ages, a number of aberrations in the Th/Pb ages were also noticed. For 

example, the most concordant zircon crystal in sample S-130 shows the least Th/Pb age (Fig. 

4.4) and in samples S-27 A and S-236A there is no correspondence between the discordancy of 

the analysed crystaJs and their Th/Pb ages. The cause of such aberrations in the Th/Pb ages in 

comparison to the U/Pb ages is not known but may be due to incomplete equilibration 

between sample and spike. Another possible explanation is that Th and U concentration within 

a crystal may vary either due to the presence of inclusions rich in Th (for example monazite) 

or due to original variation during crystallization. Such variation may cause differential Pb-loss 

pattern from the Th-rich sites and U-rich sites which in turn causes aberration in the Th/Pb 

ages in comparison to the U/Pb ages. 
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A.4.2.5. DetajJ jnstruction sheet followed in the UCT laboratory for zircon 

dissolution and column chemistry. 

A. Bomb digestion 

1. Put on a pair of clean latex gloves. Lay a Teflon (or a low-lint paper) mat on 

laminar flow bench top and remove blue tongs with curved tips and three Teflon watch glasses 

from the cleaning box. Also have available the Teflon cup from a Paar® bomb, ultra clean 

Teflon-coated tweezers, 1-l OµL micro pipette with Teflon spaghetti, paper wipes, dispensing 

bottles of 1'best" reagents (H20 , 70% HF, 7N HN03), 
205Pb-235U-230Th spike, and petri dishes 

containing zircon. Take cover off Teflon cup, and, with blue tongs, remove and take apart 

three-tier puck assembly. Set the three pucks, each containing 5 sample digestion capsules, 

each of 0.3 mL capacity, at back of mat. Put cover back on Teflon cup and set aside 

2. Place one of the pucks on one of the Teflon watch glasses, remove caps from 

capsules with ultra clean tweezers, verify matching numbers, rinse capsules and caps with 

H20 , and replace caps. Repeat for other two pucks. 

J . View petri dish containing zircon under binocular microscope, decide which 

grain( s) is to constitute sample 1, and dispense a drop of H 20 into dish. Remove cap from 

first capsule, use micro pipette to deposit a 1 µL droplet ofH20 on inside of capsule. Pick up 

grain(s) of zircon in a second 1 µL droplet of water, and touch to first droplet. Grain(s) should 

now be transferred into capsules (multiple grains may require several transfers). Each grain 

should be weighed or measured before tranferring into capsule. Wash zircon grains inside 

capsules. W~shing is done initially by adding few drops of 6N HCI in each capsule and 

warming (60°C-70°C for few hours and then by rinsing the grains by H20. Dispense 1 drop 

(-25µL) ofHN03 on H 20 droplet containing zircon; the acid should cause the entire drop to 
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slide down to bottom of the capsule. Then dispense 4 drops (-10011L) of HF into capsule and 

replace cap . 

4 _ Repeat step 3 for all capsules in the three pucks, except that one or more of the 

capsules can be processed without sample as blank analyses. Finally, remove caps sequentially 

from each capsule, use micro pipette to deposit a measured amount (usually 2-5µL) of 205Pb-

235U-230Th spike into each capsule, and replace caps. 

5. Put three-tier puck assembly back together, remove cover from Teflon cup, and fill 

reservoir at base of Teflon cup with about 1 mL "secon best" 1N HN03 and 4mL "second best" 

50% HF. Insert puck assembly into Teflon cup, and replace cover on cup. The assembled 

Teflon cup can now be carried into anteroom and reinserted into steel Paar bomb. After 

reassembling the bomb, it is put into a 210°C oven. Paleozoic and older single zircon grain 

samples usually dissolve in 2-3 days; younger or larger samples may take longer. 

6. After appropriate number of days, remove bomb from oven using heavy towel, 

allow to cool on aluminum plate for 2 hours, and dissemble to remove Teflon cup. Clean 

outside of Teflon cup with paper wipes wetted with MQ H20 and acetone before bringing into 

clean laboratory. Put on a pair of clean latex gloves. Lay a Teflon (or low-lint paper) mat on 

laminar flow bench top and remove blue tongs with curved tips and three Teflon watch glasses 

from the cleaning box. Also have available ultra clean Teflon-coated tweezers, paper wipes, 

and dispensing bottle of "best" reagent (6_2N HCI). Break seal between cup and cover by 

applying a twisting motion to cover, then, with blue tongs, remove and take apart three-tier 

puck assembly. Set the three pucks containing digestion capsules at back of mat 

7. Place the pucks on the Teflon watch glasses, remove caps from capsules with ultra 
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clean tweezers, and check for undissolved sample. The capsule quite likely will still contain 

fluid at this time, but, tf dry, may reveal a tiny residue of dissolved sample. Place all three 

pucks on 80°C hotplate and evaporate any remaining fluid to dryness. Caps should be 

protected under Parafilm during the time they are removed from the capsules. Turn off 

hotplate, allow pucks to cool somewhat, return to their respective watch glass, dispense 4 

drops(~ 1 OOµL) 6 2N HCI into each capsule, and replace caps on capsules. 

8. Put three-tier puck assembly back together, remove cover from Teflon cup, and fill 

reservoir at base of cup with about 5mL "second best" 6.2N HCL Insert puck assembly into 

Teflon cup, and replace cover on cup. The assembled Teflon cup can now be carried into 

anteroom and reinserted into steel Paar bomb. After reassembling the bomb, it is put into a 

210°C oven for one additional day. 

9. The following day remove bomb from oven using heavy towel, allow to cool on 

aluminum plate for 2 hours, and dissemble to remove Teflon cup. Use paper wipes wetted 

with MQ H20 and acetone before bringing into clean laboratory. Put on a pair of clean latex 

gloves. Lay a Teflon (or low-lint paper) mat on laminar flow bench top and remove blue 

tongs with curved tips and three Teflon watch glasses from the cleaning box. Also have 

available ultra clean Teflon-coated tweezers, paper wipes, and dispensing bottle of ''best" 

reagent (3 . lN HCI) . Break seal between cup and cover by applying a twisting motion to 

cover, then, with blue tongs, remove and take apart three-tier puck assembly. Set the three 

pucks containing digestion capsules at back of mat. 

10. Place the pucks on the Teflon watch glasses, remove caps from capsules with ultra 

clean tweezers, and place all three pucks on 80°C hotplate and evaporate any remaining fluid 

to dryness. Caps should be protected under Parafilm during the time they are removed from 
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the capsules. Turn off hotplate, allow pucks to cool somewhat, return to their respective 

watch glass, dispense 2 drops (-50µL) 3. lN HCI into each capsule, and replace caps on 

. capsules. Capsules are not reheated, but at least several hours should pass before transferring 

contents to an ion exchange column so as to insure sample dissolution. 

B. Column separation 

L Preparing the beakers 

Construct a table in the notebook with headings: "sample number" ; " column number" ; "Th 

beaker"; "Pb beaker"; "box position"; " turret position"; «lJ beaker"; " box position"; " turret 

position" to record the information needed for identifying samples. 

Choose 15 clean "M'' or ''K" beakers for collection of lead, 15 o f any other clean beaker for 

Th and 15 for U. The numbers of all beakers should be recorded in the notebook. Into each of 

the Pb and U beakers, put 1 micro drop (- 7-8µ1) ofH3P04 from the 30mL bottle in the bench. 

Keep the beakers closed until use. 

ii. Preoaring the columns 
' 

The stands for the columns are found in cupboard IVA and the Teflon column holders 

(wrapped in Para.film) in the vertically set air box to the left of the benches. Assemble holders 

in stands and set out from 1 to 15 across the back of the laminar flow bench. Also set out 

column waste collection beakers (available in wall cupboard) in the stands. 

The Teflon columns used for U, Th and Pb separation have a stem volume of around 50µ L. 

They are stored in dilute HCJ, which is kept at 40°C in a Teflon jar on the bench hotplate. The 

columns can be removed from the HCI with the blue tongs, and placed on a clean Teflon 

square available on the bench. Once all columns have been collected, they must be cleaned and 
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filled with resin. This is done by picking the column up at its stem with the blue tongs, 

inverting it and squirting MQ water through the stem (this can be done over the sink), as well 

.as filling and empting the reservoir a few times. At this point, observe the number inscribed 

on the base of the column reservoir. 

To add the resin, invert the column and squirt water into the stem again. When a droplet inside 

the reservoir is fanned and before it runs out, turn the column upright halfway and quickly 

squirt in water until the reservoir is about 1/3 full. (This should allow enough time to add the 

resin while preventing an air bubble from forming in the stem if the water runs out too fast.) 

Shake up the resin bottle and add ten drops of resin into the water in the reservoir. Once this 

has been done, the column can be turned completely upright, as resin slows down flow. 

Check that there are no air bubbles in the stem. If there are, try to get rid of them by squirting 

with water from the top, or use resin pipette (on bench, next to tweezers). Otherwise, discard 

by following the cleaning steps and fill again. 

Place each column in the stands as you go along, noting each time in your book the number of 

the column from position 1 through 15_ (Do not reach over columns, as lint or dust from your 

coat or glove could fall in and contribute to the lead blank!) 

Check which columns are filled, and add resin drop wise into those that are not. (A filled 

column has resin up the top of the stem. Do nQ1 overfill the columns. If this happens, remove 

excess resin with the resin pipette.) 

Keep the columns 113 full during resin settling, to prevent air bubbles.from forming. 
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The checklist for the zircon column run is available in drawer 1. Follow the procedure listed in 

the check.list. 

Once the water has run through all columns11
, fill all reservoirs with 6.2N HCl , and allow to 

run through (about 45 minutes-I hour). 

Then add the following, allowing the liquid to run through completely after each addition. 

-- 6 drops reagent MQH20 (cleanest water, from the 30rnL reagent bottle) 

-- 6 drops 6.2N HCl 

-- 6 drops 6.2N HCI 

where 1 drop = 25 - 3 0 yL. 

(NB. Remember to check off each addition on the checklist as you go along! t) 

The 6.2N HCl should flush out the lead contaminants, and the H 20 the Th and U 

contaminants, that may be in the resin. 

Precondition the columns for lead separation by adding 6 drops of 3.lN HCL 3. lN HCI 

holds Pb and U in the resin. Allow it to run through the column completely. The columns are 

now ready for loading the samples. 

iii. Loading the sample 

11 if this takes too long, use resin pipette to remove excess. 
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List the sample numbers Jn your notebook as well as on the Ghecklist. (Remember to include 

the bomb capsule numbers in the table.) 

The samples in the capsules may be loaded in two ways; either with a pipette, or directly into 
' 

the column from the capsule, using the method described below. 

L Clear a big enough area on the bench for your arm to rest on during loading. 

II. Bring the first stand forward, and turn lengthways from you, to reduce disturbance of the 

two columns which are not being filled during each loading. (Remember that you should 

avoid reaching over a column, especially during loading.) 

m Using the ultra clean tweezers, lift the first capsule from the puck. Ensure that it is 

secure in the tweezers. 

TV_ Carry the capsule over to the columns in the stand. Rest your arm on the bench, 

parallel to the stand, with hand (holding the tweezers) resting sideways and small 

finger extended on the ben_ch for extra support 

V. Once near the designated column, the capsule can be turned over until it is almost upside­

down inside the column. Try not to touch the inside of the column with the bomb capsule 

Hold firmJy with the tweezers[ 

VI. With your free hand, flick a finger against the tweezers. The sudden jolt should tree 

the sample droplet without causing too much movement of the capsule, which could 

cause the droplet to overshoot the column. 

Repeat the procedure for all samples, making sure that they are done In the correct order and 

checking off on the checkJist each time. 
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iv. Thorium and zirconium. elution 

Replace the column waste beakers with the thorium beakers, in the order listed in the book. 

. At all times, you should avoid touching the tips of the columns with the beakers' Note the 

beaker numbers on the checklist as you go along as a double-check. 

The Th and Zr will be washed from the resin with 3.lN HCI as on the checklist -- 1 drop of 

3 .1 N HCl is added and allowed to run through. This is done 3 times. U and Pb are held by 

the resin. Once all the HC! has run through remove the Th beakers. If the beakers touch the 

column tips, squirt MQ water on them to rinse the tips off, as they may be contaminated. Place 

thorium beakers on a hotplate in an air bench (not in the laminar flow bench, as acid fumes will 

escape into the room!) at 100-125° C <with lids off, and set out in order in the air bench) to 

evaporate off the liquid droplet. 

v. Lead and uran;um elution 

In each of the clean beakers marked for U and Pb collection, add a ~ l Oµl drop of lN H3P04 . 

Th.is will concentrate coHected U and Pb within a small droplet. 

Place the Pb beakers under the columns, and elute Pb with three separate washes of 2 drops 

6.2N HCI. (Remember to record the beaker numbers on the checklist again.) Once the final 

drop has been collected, the Pb beakers can be removed, and replaced with U beakers. As with 

the Th beakers, the Pb beakers shou Id be placed on a hotplate for acid evaporation at 100-

l 250C. The U is eluted with 3 separate washes of 2 drops reagent MQ water. After the Uhas 

been collected, the beakers can be removed and closed. Do not dry the U sample at this point, 

as U beakers will be used to collect the Th as well . 
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The U beakers should then be replaced with waste beakers, and the column washed with 6 

drops reagent MQ water before the collection of the Th. 

vi. Collecting the thor;um 

At this point, the Th beakers should be dried down, leaving a visible spot of residue in each 

beaker. Add 2 drops 7N HN03 to each beaker and allow the residue to dissolve. While this is 

happening, precondition the column for Th extraction with 3 separate washes of 2 drops 7N 

HN03 _ Once the residue has gone into solution, the sample droplets can be dropped directly 

from the beaker into their corresponding columns. 

The sample must be washed with 7N HN01 (3 separate washes of 1 drop) to elute the Zr and 

other elements, leaving the Th on the resin. The U beakers can then be placed under the 

columns, and the Th extracted with 3 washes of 2 drops reagent MQ water. 

The U beakers can then be dried down on a hotplate as above. 

A discussion on the analytical blank in single crystal works and procedures taken at the UCT 

laboratory to improve analytical blank is given in Appendix A 4. 3. 

A.4.2.6. SHRIMP (Sensitive High Resolution Ion Microprobe) analyses 

A. 4. 2. 6. J. Methodology 

Zircon and monazite from five rock samples were analysed in the present work using SHRIMP 

IT located in the Curtin University, Perth, Australia . The basic design of SHR.IlvlP-II is 

illustrated in Fig. A.4 .2. 
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SHRIMP II 

Farada~ cu~ 

tleclron rnulti~lier 

) Electrostatic 
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Fig. A.4.2. Design of SHRIMP-II at the Curtin University, Perth, Australia. Central inset 

photo shows side view of SHRIMP-II. Lower inset photo shows front view of the 

SHRIMP-II. Source unit is marked in blue box while the collector unit is marked in 

pink box. 



Zircon or monazite are separated by the standard procedure of crushing, Wilfley® table, heavy 

liquid and magnetic separation techniques. Without any selection of grains the entire 

population of grains or representative fractions of different populations are mounted on a resin 

block for analyses. Selections of grains are avoided at this stage since SHRilVIP allows 

analyses of small domains of grains with variable textures etc., thus facilitating analysis of 

complex zircons. 

Mounting of grains 

Double sided adhesive tape of about 2.5 cm wide is pasted on a -3 cm wide glass slide. 

Grains are mounted within a -2.5 cm diameter area on the upper side of the tape leaving an 

annular area of -5 mm in the outer rim. It is desirable to mount grains of similar thickness on 

the same mount, so that, when subsequently polished, all grains can be easily abraded to 

almost half their thickness. Zircon or monazite grains from two or three samples can be 

mounted together in identifiable sub-areas within the circular area. Also mounted in the central 

part of the slide are 2-3 grains of standard zircon or monazite. Once all the grains are 

mounted, a Teflon mould is placed on the slide, encapsulating all the grains. A freshly 

prepared mixture ofEpicompound® and Epi-hardener® (in 100:13 ratio) is poured slowly on 

to the mould along one of its sides. The liquid mixture of epoxy creeps slowly over the 

mounted grains avoiding any trapping of air bubbles. The sample is then allowed to stand for 

several hours. Once the resin hardens, the mould is taken out and the adhesive tape is slowly 

peeled off the glass slide. A fine sand paper is then applied on the hardened resin block to 

expose and section the zircon on its surface. The analytical surface is then polished using first 

5-7 µm and then 1 µm diamond paste. The grains are then photographed with back-scattered 

electron microprobe (BSE) and then with Cathodoluminiscence (CL) to highlight the 

inhomogeneity in the internal structures of each grains. In general for high U grains and 

contrasts in the distribution ofU are well highlighted by BSE at -35K current. Inhomogeneity 
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in grains with low U content and those with contrasting Th distribution are better highlighted 

with Cathodoluminiscence. Study ofBSE and CL images help identifying domains of different 

generations of zircon/ monazite growth or recrystallization within a single grain. Identification 
/ 

of such domains are important since during SHRIMP analyses specific domains of a grain can 

be analysed separately. The grains are photographically mapped at high magnification (~x200) 

to guide probing. The surface is then cleaned and a conductive coat of ultrapure gold is 

applied to the mount surface to induce the electrical potential of the mount as required for 

fixed and optimal extraction of secondary ions. The sample is now ready for loading in the 

SHRIMP. 

Analyses of mounted grains: 

The sample mount is placed in the sample holder in the SHRIMP where it is kept in high 

vacuum for several hours. High vacuum eliminates any hydrous phase that may come in 

contact with the sample, which may form undesirable hydride ions during ionisation. 

During analyses, a primary beam of 0-2 ions produced from a hollow cathode duoplasmatron, 

which is accelerated and focused, strikes the target grains at an angle of 45 ° with an ion 

current of about 4 nA. This primary beam creates a crater of20-30 µm diameter. The sample 

surface is illuminated and its view is captured through an online CCT monitor. This helps in 

guiding the sample to specific areas ofionisation. The primary beam is subjected to a Wein 

filter to ensure isotopic purity of the beam so that OH- ions are eliminated, and use is made of 

the Kohler illumination method so that the crater has sharply defined edges and a flat bottom. 

A proportion of the material sputtered from the crater becomes ionized and is extracted 

normally by 10 keV accelerating potential for transfer via matching lenses to the entrance slit 

of the mass spectrometer. The lens system constitutes a double focusing design comprising a 

cylindrical 85 ° electrostatic analyser with a turning radius of 1.27 m and a 72.5° magnet 

sector with turning radius of 1 m. The beam is measured by ion counting with a single electron 
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multiplier into which the masses of interest are directed by switchihg the field of the magnet. 

The source slit width is maintained to about 80 µm, which gives a mass resolution of 

approximately 6000. At this resolution all significant interferences with the masses of interest 

are removed (excepting for Pb hydrides which is reduced by maintaining very high vacuum). 

Ion counting: 

Before starting actual ion counting of the secondary beam, a defocussed primary beam is first 

used to clean the surface of the sample target for approximately 3 minutes with an aperture of 

about 100 µm. This removes any contaminant that might have adhered during polishing and 

gold coating. The secondary beam of ions is then collected while the magnet is cycled through 

field positions equivalent to nine masses ofinterest: 90Zr160, 204Pb, 206Pb, 207Pb, 208Pb, 238U, 

232Th160, 238U160, and a background reading (0.04 A.M.U heavier than 204Pb). Seven scans 

over these field positions are made and a best fit track for each mass is taken to calculate the 

required isotopic ratios. 207Pb/2°6Pb ratios can be directly estimated from the ion counting 

statistics obtained from SHRIMP with small correction for any common lead present. The 

latter is monitored through 204Pb ion counts in the case of zircon, and 207Pb count in the case of 

monazite. The 206Pb/238U ratio of the grain is measured indirectly. This is because during 

ionisation, most of the Pb in zircon is yielded as Pb+ ions, whilst most of the U is converted to 

uo+ instead of u+. Thus, the 206Pb/238U ratio observed by SHRIMP is much higher than the 

true ratio of 206PbP8U in the target zircon. The bias is not constant, but at low sputtering 

rates of homogeneous zircons, there is a correlation between the emission of 206Pb+psu+ and 

238U 160+psu+ (Compston and others, 1984). It has been found through comparison with the 

TIMS analyses that the 206J>b+p3su+ of the sample is related to the measured UO+fU+ by a simple 

power law (Claoue-Long et al. 1996): 

where A is a constant (~0.0069). 
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This forms the basis of comparative analysis which assumes only that the bias of observed 

206Pb + /238U+ relative to the real 206Pbf38U in the target is the same for the standard zircon as 

for the unknowns: 

The reference zircon used in Western Australia SHRIMP-II at Curtin University is CZ-3 

whose 206Pb/238U ratio is precisely known to be 0.0914 through repeated TIMS analyses. The 

reference monazite used is MAD whose 206Pbf38U ratio is 0.0830. The above equation then 

allows the 206Pbf38U of an unknO\vn zircon to be measured from the difference between its 

observed 206Pb+f38U+ and that measured for the standard at the same uo+/U+. The total 

uncertainty in the 206Pbf38U ratios is determined by combining counting statistics on the 

various masses, uncertainty introduced by correction for common Pb, and uncertainty in the 

factor that describes the position of the calibration curve. As the 206Pb/238U ratios are 

measured by difference from the determination of the position of the calibration curves, the 

uncertainty in calibration is the principal control on the accuracy obtained. 

A.4.2. 7. Ko bar Evaporation Method 

A single zircon evaporation technique was developed by Kober (1986, 1987) and by Kroner 

and Todt (1988). This method uses a double filament and thermal ion mass spectrometry. One 

of the filaments, called the evaporation filament, in which the zircon is embedded, is canoe 

shaped. This filament is placed in front of a second filament, known as the ionisation filament. 

At temperatures, typically between 1400°C and 1600°C, the evaporation filament emits Pb, 

which is then ionized by the ionisation filament held at a higher temperature. The ionized beam 

is then measured for Pb isotopic abundances. The evaporation technique is very fast and does 

not involve difficult chemical procedure associated with conventional zircon analyses. 
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However, because there is no capability for spiking during zircon evaporation, this method 

cannot measure Pb or U concentrations and is thus limited to 207Pb/206Pb model ages. 

Information on discordancy of the mineral grains cannot, therefore, be obtained. 

The 207Pb/2°6Pb model ages approximate the crystallization ages of the minerals only if, 

(I) the grains are simple and concordant grains, or 

(ii) there has been only recent Pb-loss from the mineral. 

In a high grade terrain, specially those suffering more than one thermal event, it is difficult to 

find grains that satisfy both of these two conditions. In multiply-deformed high-grade terrain, 

zircons often show one or more episodes of Pb-loss due to metamorphism, recrystallization 

and overgrowth. In such a case, 207Pb/2°6Pb model ages can only give a mixed (minimum) age 

of crystallization of the grain. Whether or not such minimum model ages approximate 

crystallization ages of zircons need to be validated by other independent analytical techniques 

like conventional dissolution method or SHRIJ\.1P. 

It is often claimed that the evaporation technique can yield information on different stages of 

zircon growth (Cocherie et al.1992). The assumption behind such claim is that initial 

evaporation steps at lower temperatures emit Pb from the outer rims of the crystal, which is 

more susceptible to Pb-loss. 207Pb/206Pb ages obtained at this stage may thus approximate the 

thermal event causing Pb-loss. More strongly bound Pb within the ZrSi04 lattice is thermally 

stable and is emitted at higher evaporation temperatures. On the basis of these assumptions, 

different 207Pb/2°6Pb ages at different temperature steps are often interpreted as rim and core 

ages of grains. However, the behaviour of the zircon crystal at high evaporation temperature is 

not kno\vn. Thus the assumption that at lower evaporation temperatures Pb is emitted from 

the rim or weaker sites has not been validated. Observation on partially evaporated zircon has 
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indicated that Pb is preferentially lost from the metamict parts and the crystalline parts release 

their Pb during higher temperature steps (Chapman and Roddick, 1994). Thus, for metamict 

zircon early evaporation stages may yield geologically meaningless ages. The interpretation of 

zircon evaporation ages is more complicated ifthe metamict zircon is recrystallized in which 

case every parts of zircon may yield discordant ages. 

A.4.2.8. A comparative study of different zircon and monazite geochronometric 

techniques 

Each of the three zircon geochronometric techniques discussed above (the IDTIMS, the 

SHRIMP and the Evaporation techniques) has its own advantages and disadvantages. A 

comparative study of these techniques should focus on the following aspects. 

(i) Cost and accessibility (ii) precision and accuracy and (iii) resolution. · 

A.4.2.8.1. (i) Cost and accessibility 

The conventional IDTIMS technique demands maintenance of a high quality chemical 

laboratory, which, though not very e~pensive, necessitates highly skilled personnel. Both the 

evaporation technique and SHRIMP technique do not require maintenance of such a high­

quality chemical laboratory. While the evaporation technique can run on a conventional mass 

spectrometer similar to IDTIMS, the SHRIMP technique demands a high resolution mass 

spectrometer which costs about 10 times that of a conventional mass spectrometer. This high 

cost of SHRIMP has limited its accessibility for many demanding geological problems. 
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The evaporation technique is least expensive of these three techniques. However, its serious 

inability in analysing Pb and U concentrations and, thus, the amount of concordance of the 

grains, has limited its use. 

A.4.2.8.2. (ii) Precision and accuracy 

While precision determines the reproducibility of the analysed grains, accuracy determines the 

nearness of the analyses to the true value. In IDTIMS, Pb and U are loaded in the mass 

spectrometer as P04 and N03-but ionized as Pb+ and U+, which are extracted from the 

mineral grain by chemical procedures. These metals are thus mostly free of numerous other 

metal and compounds that were originally associated with them. Separation of such metals 

ensures high signals for most of the isotopes and also, to a large extent, removes the 

possibility of isobaric interference from other possible interfering elements and compound. 

Purification of sample, good ion optics and stable ion beam are important for IDTIMS 

analyses. Individual analyses by the IDTIMS technique thus can achieve very high precision. 

In both the evaporation and SHRIMP techniques, Pb is ionized along with other elements 

present in the mineral grains. The possibility of isobaric interference in the Pb isotopes from 

other elements and compounds are thus high. While in SHRIMP a very high mass resolution 

(of the order of about-6000) can remove most of the possible isobaric interferences, the 

evaporation technique is swamped by possible isobaric interference. Although in the SHRIMP 

technique, isobaric interference can be removed to a large extent, the amount of material 

sputtered from the target mineral for each analyses is quite small (typically ---0.2 ng), about 3 

or 4 orders of magnitude less than the material used for IDTIMS or evaporation technique. 

Higher ion beam intensity in IDTIMS can yield stable and high precision counting statistics 

within individual analyses which cannot be achieved during SHRIMP or in evaporation 

analysis. The high precision of IDTIMS analyses for homogeneous grains can yield highly 

accurate measurements of the isotopic ratios of the grains. However, in cases of 
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inhomogeneous grains, such high precision ages gives an average value of the various 

inhomogenities present in the mineral. With the development of zircon abrasion technique 

developed by Krogh (1982), inhomogeneity in the outer rims of zircon grains are quite often 

successfully removed to yield a precise age of the core of zircon grain. In the case of SHRIMP 

analyses, the deficiency in the precision of individual analyses is partially overcome by 

increasing the number of analyses. Increased number of analyses in the case of homogeneous 

grains decreases errors in determination of crystallization age. 

SHRIMP analysis is heavily dependent on standards for determining the abundances ofU and 

Pb. A significant difference between the standard and the sample in terms of their U and or Pb 

content, metamictization, characteristics of the matrix, and even some undefined factors can 

cause significant differences ('matrix effect')in the sputtering of different ions from the 

standards and from the unknown minerals. Such differences can cause significant error in their 

age determination. 

A.4.2.8.3. Resolution 

While the evaporation technique and the IDTIMS techniques typically uses single grains of 

zircon which are normally between 50 and 200 µmin dimensions, the diameter of the 

sputtering area in the SHRIMP procedure is comparatively small (typically 25 µm to 30 µm 

diameter). The pit depth in each sputtering position is also very small (1-2 µm). Thus the 

SHRIMP method can analyze 10 to more than 50 spots within a single grain. This high 

resolution of analyses is able to detect inhomogeneity in the distribution of U and Pb and in the 

Pb isotopic composition within a single grain. Recent SHRIMP and IDTIMS analyses have 

shown that zircon grains in many rocks, specially peraluminus magmatic rocks and in multiply 

metamorphosed terrain are very heterogeneous. Often optically homogeneous zircons are 
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internally recrystallized (Fig. 4.26) and have inhomogeneous distribution ofU and Pb. Such 

inhomogeneties are, in many cases, due to core and overgrowth relationship and/or due to 

irregular distribution of recrystallization patches within a single grain. While inhomogeneity in 

the distribution of U and Pb isotopes can easily be resolved using SHRIMP technique, the 

inhomogeneity due to recrystallization of zircon (which is a common feature in a 

polymetamorphic terrains) may not be resolvable even by the SHRIMP technique, because 

every parts of the recrystallized grains are potentially discordant. This is because 

recrystallization involves both Pb-loss as well as retention of Pb "memory". 

Using the SHRIMP technique it is also possible to analyse U-Pb isotopic ratios of minerals 

from thin sections. The ability to analyse grains at such high resolution is one of the greatest 

advantages of the SHRIMP technique. The SHRIMP technique is ideally suited, therefore, for 

analyses of complex grains and can yield much information about the cryptic thermal, 

deformational and fluid history that the grain may have experienced. 

Recent developments in achieving very low laboratory blanks in IDTIMS analyses have 

allowed many workers to analyse fractions of zircon and monazite crystals which are 

potentially inhomogeneous (Hawkins and Bowring, 1997). Inhomogenities identified by 

electron probe or Cathodoluminiscence are separated mechanically and analysed separately. 

This technique is, however, tedious and needs highly skilled personnel. But where this 

technique is applied successfully, it achieves high resolution with high precision. 

A. 4. 2. 8. 4. Choice of zircon geochronological technique 

In summary, the choice of the techniques for zircon geochronometry should depend on the 

nature of the material available and problems to be resolved. The evaporation technique is 
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cost-effective and can be employed where first order information on the age of a terrain is 

needed. Since this method can only yield 207Pb/2°6Pb model ages, it can only give minimum 

estimation of the age or, in some cases, grossly erroneous age of zircon grains. Although it is 

generally claimed that the evaporation method can yield information on multiple thermal 

events suffered by the grains, such claims remains unproven. The ability to analyse grains very 

quickly in SHRIMP makes this method useful for areas where many reconnaissance analyses 

are needed but this comes at significant costs. The greatest advantage of the SHRIMP is its 

ability to analyse sub-grain inhomogenities and in situ analyses in thin sections. This ability can 

extract a wealth of information on the chronology vis-a-vis paragenesis of minerals and 

multiple thermal events within a single grain. The SHRIMP method is heavily dependent on 

the analyses of standards. Any significant departure in the sputtering characteristic of the 

standards and the unknown can give aberrant results. The SHRIMP method is inferior in 

precision of data to that of IDTIMS method. The IDTIMS method is ideally suited for 

homogeneous population of zircons or where homogenous population can be isolated optically 

and/or by mechanically (abrasion, cutting, drilling etc). Very high quality data can be 

obtained at lower costs than similar SHRIMP analyses. However the IDTIMS method is 

unsuitable for complex zircons with cryptic sub-grain scale inhomogeneity unless such 'matrix 

effect' can be avoided. Also, maintenance of a good IDTIMS facility demands maintenance of 

a high-quality chemistry laboratory. 

. ' 
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Appendix-A.4.3. Pb-blank in U-Pb single crystal work- its sources and 

measures adopted at UCT to reduce it. 

A.4.3.1. Introduction 

U-Pb single crystal work using the conventional IDTIMS method demands an ultra clean 

laboratory and maintenance of an extremely low Pb level. It is essential to ensure that various 

apparatus and chemicals used for the analyses do not contribute more than a specified amount 

of Pb (called Pb-blank). The quantity of an acceptable amount of Pb-blank in single crystal 

work varies according to the amount of radiogenic Pb present in the sample. As a rule of 

thumb, ifthe radiogenic Pb content of the sample is more than 50 times the Pb-blank (which is 

introduced during analytical procedures), then with good mass spectrometric runs, such 

analyses can accurately determine the isotopic ratios of the sample. In general, zircon crystals 

do not incorporate Pb during crystallization. Thus, the amount of Pb present in the zircon 

crystals is mainly derived from in-situ radioactive disintegration ofU. Any Pb that is 

incorporated from the surrounding host during crystallization of the rock is called "common 

lead". Accumulation of Pb increases with time. Thus, the amount ofradiogenic Pb in 

undisturbed zircon depends on the initial concentration U incorporated in the crystal and the 

age of the zircon. 

The older the zircon the more likely that it will have more radiogenic Pb. For Archaean 

zircons, ~ 100 ppm ofradiogenic Pb is fairly common. Given a prismatic zircon of 100 

µmxlOO µmx250 µm dimension, weighing about 10 microgram, the amount of radiogenic Pb 

w~µld b~ ~ l ng. If a tolerable limit of the ratio of radiogenic Pb versus Pb blank is taken as 50, 

then fpr su~h crystal, up to 20 picogram of Pb blank will yield a reasonable determination of 
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the isotopic ratios of the sample. A higher Pb blank is acceptable only ifthe amount and 

isotopic ratios of such Pb blanks can be constrained by reproducible analyses of total 

procedural blanks. For larger grains, and grains with higher radiogenic Pb content, even higher 

Pb blank can be tolerated. Radiogenic Pb contents of younger zircons are generally less than 

older zircons. So precise analyses of younger zircons demands lower analytical Pb blanks. 
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A.4.3.2. Sources of Pb contamination in conventional Isotope Dilution Thermal 

Ionisation Mass spectrometry (IDTIMS) method and ways to reduce Pb­

contamination 

Conventional IDTIMS analyses of zircon and monazite broadly involves the following 

procedures: (i) Separation and selection of the grains (ii) complete dissolution of the grains by 

various acids, (iii) conversion of the dissolute into chloride or bromide salts, (iii) separation of 

U and Pb from these salts in anion exchange resin columns, (iv) loading ofU and Pb onto 

Rhenium filaments and (v) mass spectrometric analyses of these metals. Each of these 

procedural steps are a potential source of Pb contamination. 

A.4.3.2.1. Infrastructure 

(a) Apparatus: One of the major steps to be completed in setting up a new low-Pb isotope 

laboratory, such as the laboratory at the University of Cape Town, is cleaning of various 

apparatus. Newly acquired apparatus may contain extraneous Pb and is thus prone to Pb­

leaching for an extended period oftime. During chemical procedures such leaching of Pb 

becomes a major source of contaminant of the sample. All newly acquired apparatus (for 

example, Teflon® beakers, digestion vessels, storage bottles, resin columns, pipette tips etc) 

were treated with various warm to hot strong acids (HN03, HCl, and HF) for an extended 

period of time (6-8 weeks). Various acids were alternated at 3-4 days inteivals. This 

procedure was continued until the blank analyses from these different vessels gave an 

acceptably low level of Pb. 
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(b) Reagents: The main reagents used for separating U, Pb and Th from the samples are H20, 

HCl, HF, HN03, HBr, H3P04 and anion exchange resin. Except for HBr, H3P04 and resins, 

other reagents are cleaned by two cycles of two-bottle sub-boiling distillation. Water used for 

the distillation is provided by a Millepore® water purification system. Frequent replacement of 

filters and the placing of additional filters in this system help keep the Pb blank of H20 to a 

low level. HBr and H3P04 were cleaned by passing through an anion exchange resin in HBr 

medium. The anion exchange resin is cleaned by 6N HCI. Newly acquired resin is washed by 

clean H20 and allowed to settle for some time. The finer fraction of the resin is then decanted 

off This procedure is repeated several times until most of the finer fractions of the resin is 

removed. The resin is then washed alternately by 10-15 times by H20 and 6N HCl over a 2 

weeks period. Cleaned resin is then stored in H20. 

A.4.3.2.2. Contamination during chemical procedure 

Pre-dissolution contamination: 

Surface defects and coatings on the selected zircon grain can become a major source of 

contamination. Before dissolution, zircons are abraded in an air-abrader to remove the outer 

surface of zircon grains. Surface adherence of pyrite and other contaminant are removed by 

treating the abraded grains in warm dilute (~30%) HN03
12 for about 15 minutes, decanting off 

the acid, and then washing with acetone. Selected crystals of zircon are transferred into 0.3ml 

Savillex® Teflon capsules for dissolution by 70% HF acid. Before acid dissolution, the zircons 

are again cleaned inside the Savillex® capsules with warm 6N HCl and MQH20. 

12 Although Black (1987) states that this HN03 wash procedure leaches Pb out of zircon and is a major 
source of discordancy in the analytical results, a number of highly concordant analyses obtained in the present work 
in both old and young zircons does not support this interpretation. His interpretation was possibly influenced by the 
high Pb-blank (-200 picograms) in their analyses, which if not similar in all analyses can influence analytical results 
to a great extent. 
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Contamination during dissolution 

Zircon grains are dissolved in -150 µl of70% HF acid in 0.3ml Savillex capsules. 15 such 

capsules are fit together in a Parr® acid dissolution bomb which is then kept in an oven at 

210 ° C for 40-60 hours. After dissolution, the dissolutes are dried in a hot plate. The dried 

material are again mixed with -150 µl of HCl for conversion of the sample to chloride and to 

ensure equilibration of the spike with the sample. A potential source of contamination in this 

stage is leaching of Pb from the Savillex® capsules. This is specially true for a newly acquired 

capsules. Before using these capsules for dissolution of samples, several blank dissolution 

procedures are carried out in these capsules and analysed to monitor Pb blank contributions of 

the capsules. 

Contamination during separation of U, 1h and Pb from the sample using column 

chemistry. 

This is the most important step in zircon chemistry and is a major source of contamination 

because it involves several steps of handling of the samples by transferring from one container 

to the other. 

Pb is normally separated from the samples by elution with HCl (Catanzaro and Kulp, 1964) or 

with HBr (Chen and Wasserburg, 1981) on anion exchange resins. If the reagents and the 

vessels for this procedure are clean, Pb-blank associated with this step can be improved by 

adhering to strict handling procedure. To keep handling of the samples to the minimum, the 

zircon dissolutes in chloride-form are directly transferred to the columns from the dissolution 

capsules. 

275 



Loading blank: 

Pb and U+Th are loaded separately on Re filaments in silica gel and colloidal graphite medium, 

respectively. Re filaments are outgassed in high vacuum at 4-5 Amp current prior to loading 

samples on to them. Samples are transferred from the beaker to the Re filaments with clean 

Teflon® capillary tubing. Each Teflon® tubing is cleaned with warm 6N HCl prior to use-­

making sure that the inside of the tubes are also filled with 6N HCl. 

Mass spectrometric run: 

The first source plate of the mass spectrometer and hats covering the filament blocks are a 

source of common Pb inside the mass spectrometer. These items need to be cleaned and 

replaced prior to each set of analyses. During the mass spectrometric run, it is essential that 

data should be collected during a steady ion-beam. It is generally observed that at lower 

temperatures, the Pb ion-beam is generally affected by isobaric interferences. Such 

interferences at mass 204 can lead to apparent increases in common Pb estimation. 
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