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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 centra] Gondwana between circa 600 Ma and 200 Ma. 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 vanations during the Permian-Triassic extinction event of Gondwana; and
(if) 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 determined. The first part of this
thesis, therefore, pimarily focuses on understanding the kinematics and geochronology of a
number of subvertical continental scale shear zones in the Southern Granulite Terrain of India
(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 (l.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 sarﬁples were collected and dated precisely using U-
Pb geochronological techniques. The findings of this study are:

(1) Circa 2.5 Ga rocks of the Dharwar craton extend at least ~250 km into the SGT at least up
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Permian-Triassic boundary in the terrestrial deposits of Gondwana of India.

(ii) In the Permian section of the type Gondwana sequences, a cyclic variation in the organic
carbon isotope ratios is evident. These vanations 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 Southem Granulite Terrain (SGT).
This thesis focuses predominantly on the geologic 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
assoclation (Eastern and Western Dharwar cratons) whilst the eastern and southern parts are
domuinated by high-grade metasediments and charnockites {the FEastern Ghats and the SGT).
This broad spatial differentiation in the distribution 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 southem and eastern sectors of the SIS are
represented by high-grade lithologic assemblages of the SGT and the Eastern Ghats,
respectively Each of these litho-tectonic regions vary in their relative proportions of rock
types, their geochronology, metamorphic history and geophysical makeup. On the basis of
these vanations, attempts have been made by vanous workers to delineate boundanes between
these principal regions and to understand their mutual relationships. One of the earliest
attempts was by Fermor (1936), who divided the Peminsular India into a charnockitic terrain in
the south and east, and a non-charnockitic terrain in the north.. The rocks of the charnockitic

terrain retain evidence of intense ductile deformation and high grade of metamorplusm, and



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 Fermor line' (Figs. 1.2, 1.4). However, from the 1950s
onward studies on the charnockites, all along the Fermor line made it clear that charnockites
scuth of the Fermor line represent metasomatic alteration products of a vanety of precursor
litho-units which are also present north of the Fermor line (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 vanations 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 India. In these models, the Palghat-
Cauvery Lineament, a pronounced physiographically low area in the SIS (Fig. 1.5), has been
interpreted by varicus workers as a major lithospheric boundary varicusly interpreted as; (i) 2
dextral transcurrent shear belt (Drury and Holt, 1980); (1) a coltapsed marginal basin (Drury

et al. 1984); () a cryptic collisional suture zone (Gopalaknishnan et al. 1990); (iv) a









prominent terrane' 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 (Ral et al. 1993; Ramesh, 1992) data have 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 (Han Narayan and Subramhaniam, 1986).

To date, all these models are seriously impaired by absence of good field and geochronological
data, some of the existing 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 of 1:500,000 (GSI, 1995a, 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; GSI1, 1994). This apparent difference between the geclogical maps and
the satellite-based maps requires a re-evaluation of the structures and tectonic models of

Peninsular India. A major question to be addressed in such re-evaluations is whether or not the

! The term termane has a specific meaning in geolagy. According to Howell (1989), "the term terrane describes
a particular geologic body. ... A tectono-stratigraphic terane has both slructural (leclonic) and slratigraphic critena-
a fault bounded package of strata that is genetically unrelated to the adjoining stratigraphic packages - genencally
dislinct from the other tectone-slratigraphic terranes and this is allochthonous with respect to surrounding leranes.
.. Terrain with this spelling refers to topographic or physiographic features, as in a mountainous terain, ...
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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 their 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 thus thesis a number of corridors across several of the previously-inferred shear zones have
been mapped to unravel 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 granulitic rocks of the SGT is known as the Transition Zone.

The characteristics of these geological provinces are summarized in Table 1.1,



Table J.1._Summary of geological features of principal tectonic units of the SIS,

COTOI0n.

Dharwar craton Southern Granulite Laslern Ghats
Terrain
Western Eastern
Rock types | Granite-greenstone Granile-greenstone Chamockite, Chamaockite,
associalion; associalion, migmatite, migrmalile,
greenstone belts with greensione bells have | paragneisses and paragneisses and
substantial clastic only subordinate melasediments. melasedimenls.
sedunents. These belts | elastic sediments.
cover > 5% of the These belts cover <5%
area of the area
Structural WNW-ESE (o N-5; N-5 to NNE-55W NE-SW to NW-SE NE-SW
trends broad E-W trending through E-W; tight
Warps regional folds are
COmUnIOn.
Metamor- Greenschist to Low pressure-hugh Maunly granulite Mainly granulite
phism amphibolite facies temperature type grade grade
wilh localy granulile
facies
Geochro- 3.4 Ga-2.5 Ga, limited | Deminated by ~2.5 No reliable data for Limited data indicate
nology Neoproterozoic Ga old gneisses. bascraent age are Axchaean basement.
gramitic activity is Sporadic available. Mesoproterozoic-
common n lhe south. Neoproterozeic Neoproterozoic Neoproterozoic
gramitic activity is gragitic activity and granitic activity 1s
COmmon. metamorphism are widespread.

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

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

mainly underlain by strongly deformed high-grade rocks, chamockite and khondalite (quartz-

gamet-sillimanite-biotitetgraphitetcordierite 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. 1.1, 1.2). A central portion of the Eastern Ghats is cut by the Godavan nift

basin (Fig.1.1).

To the west of the Easternn 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 elevation of ~600m. The Dharwar




craton comprises of a vast terrain of granitic gneiss (>200,000 km®) 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)™.

The Southern Granulitic Terrain (SGT) is a topographically rugged terrain (600m to 2700m,).
It is essentially composed of high-grade rocks, charnockite and khondalite with associated
amphibolite facies granitic gneiss and supracrustals. Charnockite 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-deformed rocks (Ramakrishnan et al. 1998). These include

charnockite (orthopyroxene-bearing quartzo-felspathic gneiss), leptynite (garnet-perthite-

¢ Traditionally, the lerm Southem Granufite Temain (SGT) is restricted 1o the area south of the granite-
greenstone terrain of the Dharwar craton (see for example, see Fig.1 in Subrahmanyam, 1983). More recently, the
term is often confined in a tectonic sense to a block (terrane) of the SGT to the south of the Palghat 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 definilion of the Southem Granulite Terrain (SGT) is the
recognition of Neoproterozoic to Eary Paleozoic chamockitization, in contrast to the Late Archean chamockitization
of the Dharwar craton. The subdivision of the Southern indian Shield into wo separate terranes is based on limited
data. I this thesis, for example;, it will be shown that Neoproterozoic chamockitizalion and thermal events are present
as ieast as far north as the Moyar-Atlur Shear Zone. For lhis reason, the traditional descnption of the term Southern
Granulile Terrain, i.e., a terrain dominated by granulite facies rocks and occurring south of the granite-greenstone
terrain of the Dharwar craton is retained in this thesis (e.g., Fig.1.1).
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quartz * plagioclase gneiss), mafic granulite (orthopyroxene-clinopyroxene-garnet +
plagioclase) and khondalite (quartz-garnet-sillimanite-biotitet-graphitescordierite 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, subparallel to the regional trend of the EGGB. A NE-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 charnockite, basic
granulite and BIF while the eastern part is dominated by khondalite, migmatite 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 geochronological data
from the Eastern Ghats, A few available Archaean ages from different parts of the Eastern
Ghats indicate 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 lugh grade metamorphism. A
2.6 Ga metamorphic event i1s 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 500-550 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.






1.2.3. The Dharwar Craton
1.2.3.1, Introduction

The principal rocks of the Dharwar craton are Early- to Late-Archaean 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 (Radhakrishna and Naquvi,
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 Gramite 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 i1dentified
along fhe eastern margin of the Chitradurga Schist Belt (CBT, the Chitradurga Boundary
Thrust; Fig. 1.4; Drury et al. 1984) on the basis of l.andsat imagery interpretation. A
prominent {ineament 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 margin 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 of K-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.



Table 1 3 Important characteristics of Western and Eastern Dharwar

Western Dharwar Eastern Dharwar

Areal Extent 6,500,000 km? 375,000,000 km®

(Rogers and Giral,

1997)

Supracrustal Belts: | Supracrustal belts cover Supracrustal belts cover <5% of

Distributton and ~15% ofthe 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

Paleoproterozoic Sparse Very common

reactivation

1.2.3.2. The Western Dharwar

The Western Dharwar is mainly composed of Archaean TTG (tonalite-trondhjemite-
granodionte) gneiss within which occur numerous scattered linear and irregular high-grade
and low-grade supracrustal belts and younger granitoids. The relationship between these
different 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 supracrustal belts have been classified into two different lithostratigraphic units: the
older Sargur Group and the younger Dharwar Supergroup (Swami Nath et al. 1976;
Radhakrishna and Vasudev, 1977). The basis of this classification has been lithclogic-
assoctation, 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 serpentirused komatiite, high

grade pelite, fuchsitic quartzite and minor layered bante. These rocks are mainly restricted in
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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 also
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 of low- to medium-grade rocks of different greenstone belts.
1.2.3.3. The Eastern Dharwar

The Eastern Dharwar comprises mainly younger granites with subordinate TT( (tonalite-
trondhjemite-granodiorite) gneiss. Supracrustal 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-§
trending linear belts. These lithologic assemblage of the supracrustal belts also differs from
that of the Western Dharwar. The Eastern Dharwar supracrustal belts contain matnly 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 Eastern 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 greenstone cycle than those in the
Western Dharwar, because their lithologic assemblagesuggest that they were formed prior to
- the large-scale intrusion of TTG (~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 two 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
Allen, 1984). South of the Transition Zone is the Southemn Granulite Terrain (SGT). The SGT
15 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 (Southem 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 traditionally 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
paleopressure 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 docu memed across
the Translition 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 charnockitic massifs
-along the southern edge of the amphibolite facies rocks of the Dharwar craton are also part of
the Dharwar craton. These observations undermine the nature of the ‘Fermor line' as a simple
tectonic boundary. Ramakrishnan 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 Achankovil Lineament.
Harns et al. (1994) suggested that the northern boundary of the SGT can be placed along the
Palghat-Cauvery lineament and that charnockites 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
charnockites and mafic granulite, respectively. The transitional relationship between
charnockites and granite gneiss has been described by many in detail (Pichamuthu, 1960;
Ramiengar et al. 1978, Janardhan et al. 1579, 1982, Friend, 1985). Charnockite in the
Transition Zone occurs in uregular 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 outerop 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 charnockitic 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 CO,-rich volatile phase
introduced from an undetermined deep source. The CO,-rich solutions are believed to have
driven off H,O-bearing soluttons from the rocks which, in turn, caused K-metasomatism and
partial melting, More recently, hypersaline brine has been considered the most important

charnockitizing fluid (Newton et al. 1998).

The possibility of more than one charnockitization 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 Peninsuiar Gneiss and
Dharwar schist, known as massive- or highland-charnockate; and (ii} a later group of
chamockite formed by widespread metasomatism of Peninsular Gneiss This later variety is
also known as incipient type or the "low-land chamockite-type'. This two-fold classification of
charnockites has received wide acceptance, although neither their genetic nor their
chronelogte distinctions have been venfied It may be instead that incipient types progressively
give way to massive types of chamockite (Ramienger et al. 1978, Friend, 1985). In this model,
during chamockitization, channelized fluid flow causes incipient chamockitization; with time,
the fluid impregnates the entire rock, which leads to complete conversion of the rock into
massive chamockite (Friend, 1985). This model is consistent with my own observation that
incipient charnockites are common in the foot-hills of large massive charnockites (Chapter 3)
Thus it may be that for both incipient charnockites of the Transition Zone and the massive
charnockites south of the Transition Zone, the process of chamockitization has taken place in
situ, under essentially static conditions, postdating major processes of formation of gneissic

fabric of the terrain.
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1.3. Structure and Tectonics of the Southern Indian Shield

1.3.1. Structure of the Dharwar craton

The domunant structural trend of the supracrustal belts of the Dharwar craton in the north is
NNW-SSE which swings to N-S in the scuth. Trends of the supracrustals of the Western
Dharwar are more vanable. For example, the Bababudan belt in the northern 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. Distributien of lithological units

The area south of the Transition Zone is known as the Southern Granulite Terrain (SGT). It 1s
dominated by a number of large charnockitic massifs that occupy generally elevated
topography. Some of the prominent charnockitic massifs include: the Biliginrangan Hills, the
Nilgin Hills, the Sheveroy Hills 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 charnockite and enderbite with mafic granulite and high grade metasedimentary
enclaves. The massive charnockites are non-foliated rocks in which there is no trace of an
earlier planar penetrative fabric of the protolith. The protoliths of massive charnockites include

both para- and ortho-gneisses. The charnockitic 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 khondalite, calc-silicate rocks, quartzite, and amphibolite (Fig.
"1.3). The supracrustals occur generally at low elevations. Around many of the chamockite
massifs, over widely scattered areas, evidence of incipient charnockitization showing prograde
relationships are present. Most the of the contact regions between 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 massifin SGT, there- exists a local transition zone
varying from few 100s metres to few km tn width, similar to the Transition Zone south of the

Dharwar craton.
1.3.2.2, 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. 1.4, 1.7). To the south of these charnockitic massifs there is a ca. 100 km
wide E-W trending belt which, with some exceptions, lacks the high topographic expression of
the charnockitic massifs to the north. To the south of this belt, a number of charnockitic
massifs give rise to elevated topography (Anaimalai 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 valiey in the eastern part passing through Salem and 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-parallei to or at a
low angle to the bounding lineaments. These lineaments also mark boundanes of a few

charnockite massifs (e.g., the Nilgin Hill Massif in the west and the Kollimalai Hill Massif in
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the east). The E-W trending region of low 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. 1.7). 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 (Subrahmanian 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
granmitic gneiss-metasediments dominated Kerala Khondalite Belt (also known as the
Trivandrum Block; Fig. 1.7). This lineament trends NW-SE from just south of Kottayam in
the west to Tirunelveli in the south. In the west, part this lineament follows the trend of the

Achankowil 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 three tectonic blocks within the SGT. These are: the Madurai Block, the

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

The block boundanes 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. (1988) and

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

Although precise block boundaries of various models differ, it js generally agreed that the
biock boundaries are marked by major shear zones that follow major topographic lineaments
(Fig. 1.7). For example, the tectonic blocks of Harris 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 vanous
lithologic units as observed in satellite imagery data influenced the identification of the shear
zones. However, on the ground, these trends of lithclogic 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 Srimvasan,
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 charnockites and their non-charnockitized
protoliths. The boundaries between these different rock types are metasomatic boundaries
which often transect litho-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 charnockite-granite gneiss
boundanes. For example, near Rajampalayam in the Madurai Biock, the charnockite-gneiss

boundary transects quartzite bands (Fig. 1.3). Because these shear zones are crucial in
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Drucy apd Holt (1980) and Drary et al. (1984). A. Landsat Imagery interpretation of the SIS

(Drury and Holt, 1980}. Note: (i} south of Sargur (marked by pink circle) curvilinear tectonic

grain cuts across the Moyar Shear zone and (ii) a discordance i the structural grains
exists between the areas northwest and southeast of Kodaikanal (marked by blue circle).

B. Tectonic interpretation of soructural fabric of the SIS (Drury er al., 1984). Note that a sharp

discordance in the structural trend has been interpreted across the Achankovil Shear Zone
{marked by red circle). This 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 1s described below in some detail
1.3.2.4. Description of the major shear zones in the Southern Granulite 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 De part of a
complex anastomosing shear system with Groadly 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 this 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 charnockitic
massifs within the PCSZ; for example, Kollimalai Hills Massif in the east and the Nilgin Hills
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), which marks the southeastern boundary of the

Nilgiri Hills Massif.
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shear zone (Fig. 1.9 & 1 10). 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 Achaniovil 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 of Jithological umts in the northeastern part of the Achankovil Lineament
1s NNE-SSW, and that thjs 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).
Radhakrishna et al. (1990), on the other Land, 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 Tenmala 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 Tenmala Shear Zone is a major shear zone with dominantly dextral
strike-slip movement. However, others maintain that the Achankovil and the Tenmala 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 structural 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 al. 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; 1981 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
(1981), for example, mentions that structural trends of the Precambrian rocks from the
northeastern part of the Anaimalai Hills into the 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 (Gopalakrishnan,
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, 1995) 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 -1100m to -4000m below mean sea level
(Fig. 1.10). 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 depressions separated by ¢ NNE-
SSW trending hugh 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. Dharwar 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 mainly negative, varying between -60 and -120
mgal and is characterised by several highs and lows (Fig. 1.9). The 'ghs’ (-60 to -80 mgal) in
most cases are assoclated with greenstone belts, while the 'lows’ (-90 to -130 mgal) often

occur over granitic bodies. Gravity modelling of the greenstone belts and associated granites
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suggests that they are bounded by steeply dipping faults (Subrahmaniyam and Verma, 1982).
It 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 intertor of the region. This overall negative gravity field signature has
been explained by the effect of regional gravity compensation of the elevated charnockitic
massifs of the Nilgiri, Palni, Cardamom and other Hills having long roots (Subrahmanyam,
1983). However, within the charnockite massifs there are considerable vanations over in
gravity signatures. Within the charnoclatic terrain, gravity highs are associated with mafic
granulites and gravity lows are observed over felsic charnockites. Neither the Transition Zone
nor the major satellite interpretation based shear zones are assoclated with any sharp gradients

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

1.4.2.3. Eastern Ghat Granulite Beit (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 difference 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 subparalle! 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-D 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°30'N, which roughly
cowmncides with the boundary between the charnockitic and non-charnockitic province (Fermor
Line). The low 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 Fermor line may
represent a fundamental tectonic boundary (e.g. Fermor, 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 mafic matenal along

the Palghat Cauvery Lineament.
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1.4.4. Palacomagnetism

Available palaeomagnetic data from the Dharwar 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 Dharwar and the SGT had been in
approximately their present positions refative 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. Geochroanological Framework of Southera Indiaa 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 zircon age data from
different areas have become available These data aliow some constraints on the various
magmatic and metamorphic events. A compilation of representative age data highlighting

various geological events is summarized in Table 1.4 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 the Dharwar craton and Southern Granulitic
Terrain have been compiled by Jayananda and Peucat (1996). Protolith ages, determined by U-
Pb zircon and Rb-Sr whole rock methods, of the Peninsular Gneiss date at ca 3.3-3.4 Ga and
2.9-3.1 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 the 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 volcanucs 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 of 2732 & 155 Ma

(Balaknishnan et al. 1990).

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

to Late Archaean range of formation ages.

Early Archaean TTG gneisses (>3.0 Ga) have mostly been recorded from central and northern

part of the Western Dharwar craton. In the eastern and southgrp part of thg cratan there are
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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 southem 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. 1991; Peucat et al. 1989; Jayananda et

al. 1995b).
1.5.2.2. The Southern Granulite Terrain

Geochronological information south of the Palghat-Cauvery Lineament is more limited. Single
crystal zircon ages have been obtained (using the zircon evaporation technique) on a meta-
granite and a charnockite, yielding 2436 + 4 Ma and 2115 + 8 Ma, respectively (Bartlett et al,
1995; Jayananda et al. 1995). The zircon evaporation technique yields **Pb-*"Pb ages which
are refiable 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 Khondalite Belt, no reliable

protolith ages are available,
1.5.3. Ages of metamorphism and other tectono-thermal events
1.5.3.1. Dharwar craton: Archaean to Paleoproterozoic

In the Dharwar craton, the Sargur Group is demonstrably polymetamorphic. The first
metamorphism, which was of upper amphibolite to granulite facies, has been dated at about
3.1 t0 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, moﬁazite and zircon dating of charnockites (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 (Mahabaleswar
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 tectono-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 (Buhl, 1987; Peucat et al. 1993). Because the closure temperature of
biotite is <350°C, it is generally 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 of Dharwar 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 during the Early Paleozoic.

Nutman et al. {1996) dated a number of granitoid bodies (U-Pb on zircon using the SHRIMP
method) from the central and northern parts of the Dharwar craton. Many of these resuits
yield well-defined lower concordia intercepts between ~500 Ma and ~800 Ma. Although near-
surface leaching of Pb may also cause concordia lower intercepts (Mezger and Krogstad,
1997), 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 a.nd zircon from the Neilore Schist 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 al. 1996 for review). An isotopic age map of India published by GSI (1986)
also reveals a few Neoproterozoic K-Ar and Pb-Pb whole rock 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 of Neoproterozoic alkaline granite bodies in the western part of the
Dharwar craton, north of the Moyar lineament (see review by Santosh et al. 1989). Although
it may be argued that such Neoproterozoic alkaline bodies represent anorogenic emplacement,
and may not represent a regional tectono-thermal event, they overlap in age with thermal

events in the southern granulite 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 pe.rvasive 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

[n the Kerala Khondalite Belt, a Neoproterozoic granulite facies metamorphic event at ~550-
520 Ma has been well-documented from Sm-Nd mineral isochrons obtained on charmockite,
khondalite and cordierite gneiss (Choudhary et al. 1992; Unnikrishnan-Warrior et al, 1995,
Jayananda et al. 1996). A number of alkali granite plutons also record this Neoproterozoic
granulite facies event. Sm-Nd and Rb-Sr whole rock and mineral isochrons illustrate that these
1sotopic systems were completely reset duning this Neoproterozotc granulite facies event
(Choudhary et al. 1992, Santosh et al. 1992; Unnikrishnan-Warrier et al. 1995, 1997), An U-
Pb monazite age (~550 Ma) from patchy charnockites of the Kerala Khondalite Belt also
record this Neoproterozoic thermal event (Buhl , 1987). Rb-8r whole rock-biotite isochrons
from charnockites and khondalites have yielded ages that range between ~470 Ma and ~480
Ma (Buhl,, 1987; Unnikrishnan-Warrior, 1995) which suggests that the terrain passed through
the biotite blocking temperature of ~350°C around that time. Recently, Ar-Ar dating of
biotite in the matrix of khondalite and as inclusions within garnet have ytelded ~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 interpreted as the age of garnet growth
dunng a previous high-grade metamorphism and was not reset by Neoproterzoic event

because of protective cover of gamet.

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.



There are at least rwo well-documented charnockitization/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 1s 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
charnockitization separated in time by ~2000 Ma. A ~2.9 Ga chamockitization event has also
been suspected in the Transition Zone, but this has not been confirmed (Mahabaleswar and

Peucat, 1988).

Many workers have hughlighted the abundance of Neoproterozoic Rb-Sr (whole rock or
mineral reset) ages south of the Palghat-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 (Harns and Santosh, 1993; Harnis et al. 1994). The question as to why it is that Rb-
Sr systematics in biotite from the charnockites 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 350°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 environments containing

charnockate.

The Neoproterozoic thermal event was clearly more intense in the southemn part than in the
Dharwar craton. Rogers et al. {(1995) pointed out that the Dharwar craton had suffered a
major tectonic-magmatic event at ~3 0-3 1 Ga. Thus, they hypothesized, depleted the lower

crust of its significant incompatible heat-producing elements.



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. 1.12a), 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 charnockite non-charnockite terrains, the Dharwar craton
was thought to extend beyond this Transition Zone into the SGT. Pichamuthu (1965)
postulated a northward 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 charnockitic 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 (i) the higher grade rocks in the
south and the lower grade rocks in the north are products of the same metamorphic event. The
common occurrence of incipient charnockites in unmetamorphosed gramtes (Nathan et al.
1994) and along bnttle 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 charnockite in the SIS have been demonstrated by well
constrained geochronological data (Grew and Manton, 1984; Choudhary et al. 1992). So the

assumption (11) is also not correct.

It is now generally accepted that charnockites of the SGT have formed duning at least two
different charmmockitization events, at ~2.5 Ga and the other ~550 Ma (Peucat et al, 1993;
Choudhary et al. 1992; Unnikrishnan-Wartier 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 southern part of
the SGT. Therefore, neither of these charnockitization events affected the entire SGT. In fact,

the SGT includes large mappable regions of amphibolite facies rocks with widespread
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occurrence of only incipient chamockites.

Because more than one regional metamorphic event and charnockitization has occurred in the
Southern Indian Shield, it s 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
donunance 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 amphubolite facies supracrustals within the SGT
are retrogressed products of granulite facies rocks (Khan and Janardhan, 1989), prograde
relationships observed from a number of locations 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 cratorused
prior to 2600 Ma and was subsequently remobilised, leaving only three surviving early
Archaean nucleii. These Archaean nuclei are: the Kamataka nucleus (KIN), the Jeypore-Bastar
nucteus (JBN), and the Singhbhum nucleus (SN) (Fig. 1.12b). Areas around these nucleil were
remobilised along two belts (the EPMB, Early Proterozoic mobile belt and the MPMB, Middle

Proterozoic mobile belt).

35



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,
'1.12¢). 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 1s composed of two
terranes, the northern and the southern terranes, separated along the Palghat-Cauvery Shear
Zone (PCSZ, Fig. 1.12c¢) has received wide acceptance. Table 1.5 summarizes 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 Palghat lineament are based on himited 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 metamorphosed terrain is
uncertain (because of known mobility of Sm and Nd in respose to medium to high-grade
thermal events)’. 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 varation
any thermal event. 1t is necessary, therefore, to further explore the cause of such vanation
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},

Within this general framework, a study of field relations across the major kneaments i
southern Indian shield viz., Moyar, Bhavani, Palghat-Cauvery and Achankowvil lineaments was
undertaken before commencing with new geochronological studies. Because the distribution

of the charnockites, and the timing of charnockitization vis-a-vis deformation have influenced

? The calculalion of Sm-Nd model ages of crustal rocks assumes dlose system behaviour of Sm and Nd in
a ook (which, in tum, means constant of Sm/Nd ratios) subseguent to mantle extraction of the crustal rock {de Paolo,
1988). This requires Lhat gamet or any other minerals {llke monazite and apatite in acidic rock) with significant affinity
of 5m (Sm decays lo Nd) have not participated in any crustal processes such as intra<crustal differenliation,
metasomalism, crustal melting and weathering. Recen! work has demonstrated thal Sm and Nd in crustal rocks may
undergo significant fractionation in response ta various metasomatic processes in different metamorphic environments
(Gruau et al. 1996 and references therein). If Sm and Nd are fractionated during such crustal processes, SmiNd ratios
are disturbed and madel ages are partially reset. 'n addition, in a polymelamorphic high-grade temains, mulfiple
overgrowth and indlusions of minerals with high Sm-Nd content are common in bath gamet and monarzite. These can
sgnificanlly alter the Sm/Nd distributions in these rocks. Fractionation and mobility of Sm-Nd duning Neoproterozoic-
Paleozoic chamockitization in the SGT has been demonstrated by Choudhary et al. {1952). [t is possible, therefore,
that Sm-Nd budget in various rocks was fractionated during ihe 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 extrction
of lhe rock from mantie) be confidently calculaled. Since several assumptions conceming the isotopic compoesition and
evolution of he upper mantle must be made {e.g., mantle homogeneity), the mode! ages are only crude approximalion
of geclogical events and may have efrors up to several hundreds million years more particularly in terrains that are
subjecled lo repeated tectonothermal processes in 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 Tonisation Mass
Spectrometry) and SHRIMP (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

2.1.1. Historical background and the charnockite problem’

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 silicic to pyroxenite, all of which he believed to be genetically
reiated. Holland believed that the terms "Chamockite" and "Charnockite Series" need never
become a burden to petrographical nomenclature. However, since then, the term charnockite

has been embroiled in controversary.

The charnockite debates have revolved around the nomenclature of chamockite, the origin of
1ts distinctive colour, and above all its petrogenesis (Stillwell, 1918; Vredenburg, 1919,
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-
charnockite, intermediate-charnockite and mafic-charnockite were frequently used, with the
assumption that the charnockitic "series" has a similar genetic relationship as do the granite
"series" Whether chamockites are magmatic or metasomatic or both also remained a core
problem. An excellent review of the charnockite 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, chamnockites 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 charnockate,
all these minerals, including quartz and feldspar are dark in colour®. Uniformity in the colour
and texture of charnockites in spite of differences in various m;)daJ proporttons of different
minerals makes it very difficult to identify different varieties of charnockites in field for
example, 10 classify them as charnockite (K-rich) or other varieties like enderbite (Na-rich)
etc. Thus, mapping contacts between charnockite, 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
charnockite is the most common (~40% by area; Fig. 1.7) and much work on the onigin of
chamockite was initiated in India. In recent years there has been remarkable progress in
understanding processes of charnockitization and particularly the recognition that these rocks
may have a metasomatic origin. Such work has focussed on the characterisation of fluids
involved in lower crustal processes mainly through application of geocherustry and high-
quality stable isotope geochemistry. However, tpere are a number of unresolved problems

regarding charnockites that have bearing in understanding the tectonics of the SGT. These are:

(i) I's there more than one episode of chamockitization; and how would this be recognised?

* The dark colour of chamackite {not all chamackites are dark coloured) is mainly due fo the dark colour of
ils masl predominant minerals, quartz, feidspar and iron oxides. in Lhin sections numerous thin bluish and green veins,
denved from chlorilic alteration of margins of orthopyroxene and other ferromagnestan minerals, can be observed
along cracks of feldspar and quariz along with dust-like opaque impurities, which cause dark colours of quartz and
feldspars in chamockite {Howie, 1964, 1967; Bhattacharyya, 1966). Dark coloured chamockite bleaches upon
treatment with warm HCI (Howie, 1964; 1967). It is observed in many quamy seclions that the weathered shell of
chamockite resembles normal light-coloured granile. Bieaching 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 perhite biebs and scapolite
veins in quanz (Bhattacharyya, 1966; Ray, 1972).
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(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,
(1991), Chacko et al. (1996); and Santosh (1996)? Or were all charnockites in southern India

formed during secondary processes, such as during fluid infiltration.

(iii) Is there a relationship between the timing of charnockitization and/or charnockite

emplacement with tectonism, and/or granitic igneous activity?

In this chapter, I will explore some of these questions further.

There are three main hypotheses for the origin of charnockite:

(1) magmatic (Holland, 1900; Howie, 1954; Kilpatrick and Ellis, 1992 and references therein).
(i) 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, hybnid model, holds that both magmatic and metasomatic processes were involved,
whereby metasomatic alteration is linked to magmatic charnockite intrusion, much hke
autometamorphism associated with late stages of the crystallization of granites (Ravindra

Kumar and Chacko, 1986)

The granulitic texture of charnockites 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 charnockite 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 ihtrusive origin of chamockites (some of them are mentioned in Pichamuthu, 1953; others

include Bohlender et al. 1992; Santosh et 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 metasomatism® of rocks

With increasing discovery of occurences where incipient charnockite formation has been
proposed to have taken place, (‘charnockite 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 charnockitic 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 enderbite
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 charnockite (Touret, 1996). In a
poly-deformed terrain, such as in the SGT, precursor mafic and acidic rocks occur inter-
layered on a scale which vanes from hand-specimen scale to map scale. Upon metasomatic
transformation, the acidic portion becomes charnockite (or enderbite) while the mafic portion
transforms to mafic granulite. It 1s now well recogniscd 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 (i) transformation of pale coloured minerals (for

example, quartz and feldspar) into dark coloured minerals. These changes commonly make it

> | have used the term metasomalism and metamorphism in their classical sense, i.e., metasomatism is a
process of replacement of minerals by different ones within a rock by lhe action of extemnally-derived percolaling fluids.
Metamomhism an 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 Universily 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 charnockitized part, as “ghost' layering (Fig. 2.1, 2.2). Careful observation 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 H,0 < 0.4

(Newton, 1986). Fluid-absent metamorphism for the origin of charnockite has thus been
suggested by some workers (Lamb and Valley, 1984; Harley, 1989). However, recognition of
abundant of high-density CO,-bearing fluid inclusions in charnockites and high CO,/H,O ratios
in fluid inclusions of charnockites has further supported the model of a "carbonic
metamorphism' whereby extensive influx of the rock with CO.2 on regional scale drives off the
H,0 in the host rocks, and this causes, in turn, causes transformation of amphibolite facies
rocks to charnockites (Newton et al. 1980). Carbonic metamorphism has been the most
popular hypothesis for the origin of the charnockites of the SGT for more than a decade and
half. Some workers have since proposed, however, that the abundance of CO,-rich inclusions
in charnockites 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,/H,0

ratio in fluid inclusions of charnockites were compiled by Santosh et al. (1991).

(i) Removal of H,Q during late plastic deformation of crystals (Hollister, 1988, Buick and

Holland, 1991),

(i1) Preferential removal of H,O by granitic partial melts (cf, Fyfe, 1973; Burton and ONions,

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, unless all granitic melts have been removed to higher level. Experimental
data, moreover, indicate that CO, 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 CO,-rich inclusions, unless 5uc.h melting occurs only in the

biotite stability field.

(i) Influx of CO, from external sources (Hoefs and Touret, 1975, Dunai et al. 1992; Dunat
and Touret, 1993; Santosh and Wada, 1993). This hypothesis suffers from difficulty in
identifying a deep source for CO,. However, most of these models assume a mantle origin or a
decarbonation reaction in the lower crust involving limestones/marbles (Janardhan et al. 1982;
Hansen et al. 1984, 1987). Lack of oxygen and carbon isotope homogenization in some
charmockites is one of the main difficulties with this hypothesis (Hoemes et al. 1994) although
charnockites of the SGT show both low and near-uniform values of 3"*O in individual minerals

of charmockites (Jiang et al. 1988).

(i) Influx of internally buffered CO, (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 CO,-nich fluid causes
chamockitization. Also, low solubilities of silicate constituents in CQO, , and the low wetting
ability of such fluids, inhibiting infiltration, do not support CO, as an important fluid for
granulite metasomatism. [n recent years it has been convincingly shown that the isotopic
compositions of CQ, fluid inclusions in charnockites retain their pre-charnockitization
"memory” (Vry and Brown, 1991; Hoernes et al. 1994; Touret, 1995). An alternative
explanation, which préposes the importance of hypersaline brine as the most important

granulite facies fluid, has recently been stressed by 2 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

Chamockites 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 charnockitization may be restricted to large (10s of metres to 100s of
metres) brittle fractures within granite or other host rocks (Figs. 2.5A, B and 2,10), which
have developed at upper crustal levels. Broad confinement of charnockites to high-grade
metamorphic terrains suggests that high-grade metamorphic conditions are a pre-requisite for
triggering charnockitization, 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
charnockite 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 charnockites 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. Nature and origin of charnockite in the SGT

In the SGT, charnockites 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
metasomatism (Janardhan et al 1979, 1982; Friend, 1981, 1985; Stahle et al. 1987, Raith et al,
1989; Srikantappa et al. 1992; Snkantappa et al. 1985; Ravindra-Kumar and Chacko, 1986,
Yoshida and Santosh, 1987, Raith and Srikantappa, 1993; Fniend, 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 metasomatic
in origin, some workers believe that magmatic chamockite exists in the charnockitic massifs of
the Cardamom Hills and the Nagercotl area (Farquher and Chacko, 1991; Chacko et al, 1596,
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 charnockites of the Cardamom Hill massif and the Nagercoil

Massif, (situated north and south of the KKB respectively) are:

(1) Calculation of temperature estimates from the Kerala Khondalite Belt (KKB) using the Al-
based geothermobarometer (regarded as less 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 KKB, close to the contacts of the Cardamom Hill and the
Nagercoil Massif, higher temperatures were obtained (between ~820°C and ~1070°C; Chacko
et al. 1996). On the basis of this large difference in the temperature estimates, Chacko et al,
{1996) suggested that both the Cardamom Hill Massif north of KKB and the Nagercoil Massif

south of KKB represent magmatic charnockites (C-type magma, after Kilpatrick and Ellis,
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1992).

(ii) Charnockites of the Kottaram quarry within the Nagercoil Massif contain rotated blocks of
metasediments and pyroxene granulite, and their whole-rock 8**Q values across khondalite
blocks within charnockite gneiss reveal an increasingly magmatic signature (lower $'*0 value)
away from the khondalite enclaves (Santosh, 1996). Also, possible melt (glass) fractions in
fluid inclusions in feldspars were identified (Santosh, 1996). Finally, Sm-Nd and Rb-Sr
mineral 1sochrons 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. Simular to the rocks of the Kottaram quarry, charmockites 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 Tnvandrum Block and the Nagercoil Block, Santosh, 1996, see also
Chapter 1) has been that both the Nagercoil Massif and the Cardamom Hills 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
charnockites: (i) 'patchy chamockites’ 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 fuelled the hypothesis of secondary replacement
of various rocks to charnockite. (i) Close temporal (but not necessarily spatial) relationship
between chamockitization and granitic activity has been recorded. Two well-documented
charmockite-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 charnockitization. Experimental works
indicate that in fAluid-absent granulite metamorphism, substantial (up to ~50%) granitic melt
generation is possible if the temperature of granulite metamorphism exceeds ~850°C (Vielzeuf

et al 1990).

Mapping of the chamockitic terrains of southern India has largely been influenced by a non-
genetic definition of chamnockite as a dark greasy-grey green coloured rock with granulitic
texture and composition varying from alkali granite to tonalite, and which commonly contains
orthopyroxene Often this non-genetic descriptive definition has been given a stratigraphic
status for example, “chamockite series’ (Narayanaswami, 1975). This makes charnockite more
resistant to weathering compared to other rocks such as gramte gneiss. Vast areas of SGT
north of the Achankovil Lineament have been mapped as part of charnockite Series although

they include many non-chamockitized khondalite and other gneissic rocks.

2.2.2. Age of charnockitization in the SGT

It has been suggested that a ~ 3.0 Ga charnockite event cccurred n the transition zone and in
the Madras area in the northeastern part of the SGT (Mahabaleswar and Peucat, 1988 and
Unnikrishnan-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 1s based on a ~3.0 Ga Sm-Nd gamet

mineral isochron age. The laiter yields an abnormally large negative €,, value® at ~3 0 Ga

° €, is defined as below, where GHUR is the acronym for Chondritic Uniform Reservoir.

B [”-T?\‘d!"“Nd_Lumpie < [MNIN ke
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(Unnikrishnan-Warrior et al. 1995b). Since garnet commonly contains small inclusions of rutile
and monazite, the ~3.0 Ga Sm-Nd isochron data given by Unnikrishnan-Warrior (1995b)
_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 (Bernard-
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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granite cutting across charnockite (Friend and Nutman, 1992).

Circa ~550-520 Ma charnockitization 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, Santosh et al. 1987). In the Madurai Block, north of the Kerala Khondalite Belt, a ~550
Ma regional metamorphism event has been suggested on the bzlasis of Rb-Sr whole-rock
1sochron 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 charnockitization in the area. This suggests the possible presence of ~550
Ma chamockitization events in the Madurai block. Work with more precise techniques like U-

Pb TIMS or SHRIMP on single minerals or their parts is now needed to confirm this.

In summary, at least two periods of charnockitization have been recorded in the SGT; ca. 2.5
Ga and ca. 550 Ma. Chamockitization was widespread throughout the Transition Zone at ca.
2.5 Ga, but the southern extent ol this ~2.5 Ga event is not known. This 1s because of the lack
of high-quality geochronological data, and because of the difficulty in identifying isotopic
memones of an earlier granulitic event in an area that has suffered younger granulitic
metamorphism. The 550 Ma charnockitization 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 charnockitization event extends at least as far north as the Moyar

Lineament.
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2.3.1.2. Nagercoil Block

Detailed mapping (1:1000 scale) of part of the Kottaram quarry in the Nagercoil Block (~5
kms north of Kannyakumari, within the Nagercoil Block, Fig. 2.1) was carried 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 charnockite 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 gneisses can be traced continuously as "ghost"
layering into the charnockite gneiss across their contacts (Fig. 2.1). Veins and dykes of
undeformed (massive) charnockite in the quarry cut across both the chamockite gneiss and
khondalite enclaves (Fig. 2.1; 2.2). At places such dykes are partially charnockitized.

Therefore, the massive charnockite 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 charnockite gneiss in which the gnessic fabric is recrystallized
and also gradational boundaries across charnockite and khondalite indicate that charnockite
gneiss in the quarry is charnockitized 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). This 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 this 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 8'*0 values of whole rock samples as a reliable indicator of magmatic

origin the charnockite gneiss.

A terrane boundary between the Trivandrum and the Nagercoil blocks was proposed by Harris
and Santosh (1993) and Santosh (1996) because, in their opinfon, the Nagercoil Block
contains magmatic charnockite and the Trivandrum Block contains metasomatic charnockite.
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 charnockitized khondalite, garnet biotite gneiss and cordierite gneiss.
Although chamockites are more abundant here than in the Kerala 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 charmockite
patches where they are retained as 'ghost’ layering (Fig. 2.8b). Nowhere do the contacts
between the such charnockite and non-charnockitized rocks reveal intrusive relationships.
Many subparallel intercalated quartzite and calc-silicate layers in the massif suggest that much
of the chamockite has a metasedimentary protolith (Fig. 1.3, 2.8). In the Rajampalayam area,
east of the Cardamom Fill Massif, quartzite layers can be traced from the non-charnockitized
granite gneiss into charnockites (Fig. 1.3). This suggests that the charmockite-granite gness

boundary is a metasomatic boundary rather than a magmatic boundary.
My fleld abservations (see also Chapter 3) thus suggest that charnockates in both the
Nagercail Massif and the Cardamom Hills Massif are products of dehydration metasomatism

of preexjgting rocks, predominantly khondalite and paragneisses, and are not magmatic
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charnockite. The difference between the charnockites of the Kerala Khondalite Belt vis-a-vis
the charnockite massifs of the Cardamom Hills and the Nagercoil Hills thus lies in their degree
~of chamockitization 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 protolith assemblages of all these three terrains are, however, similar. This implies
that the division of the SGT into tectonic blocks such as the M'adurai block, Trivandrum block
and the Nagercoil block on the basis of spatial distribution of charnockites 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.

(1) Rocks affected by charnockitization include a wide compositional range; granitic gneiss,
massive granite, khondalite, amphibolite, migmatite etc (Fig. 2.9). In one exposure along the
southern slope of the Nainar Malat Hill north east of Namakkal (Corridor-I; Chapter-3),
charnockitization is superimposed (as deduced from presence of patchy charnockites in quarry
section) on a migmatite formed by subparallel intercalation of tonalite gneiss and amphibolite
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 hormblende+plagioclasetquartz is converted to mafic granulite. This

confirms that the end product of chamockitization 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 in the rocks.

(111) 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, 2.10) are often preferentially charnockitized. Tn many outcrops various stages of
charnockitization can be observed. With progressive chamockitization, more massive parts of
various lithologic units are also transformed and in many places protoliths are completely

charnockitized.

(iv) The original relationships amongst various lithologie units are not affected by
charnockitization, For example, an intrusive relationship between khondalite 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 charnockitization process.
Charnockitized massive granite lacks any layering. Thus, although a charnockitized granitic
oneiss and charnockitized massive granite have similar nuneralogy and appearance, presence
or absence of layering in them may allow 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, which may help broad charactenization of the protolith, Mesoscopic field relations
like intrusive contacts, inter-layering of contrasting lithologies (e.g., garnet-biotite gneiss and

quartzite) may be recognized even in most intensely chamnockitzed areas.

(v) Charnockitization 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 Anthingal and

(b) another quarry section at Maveli Para, 20 km west of Patanamthitta.

(a) Arithingal quarry: This quarry exposes mainly pinkish-white to greyish-

white massive coarse-grained granite (Kalipara Granite) with numerous large
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(up to 10s 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 25-35 cm. In the charno'ckitised parts the host
rock has turned into greasy green colour with a halo of about 20 ¢m where the
granite is blueish-grey in colour. The boundary between the charnockitised

portion and the non-charmockitised portion is gradational over about 5 crm.

(b) Maveli para quarry: Thus Is a quarry of khondalite located in the western
part of the PPT corridor in the Kerala Khondalite Belt within the Achankovil
Lineament. There are many N-S trending fractures within the quarry face which
are charnockitized (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:
(1) The localization of charmockite patches in exposures showing patchy charnockites 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 CO,-rich fluid and/or brine) along available zones of weakness.

(1) The fluid responsible for charnockitization 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 charnockites 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 cha[ﬂockjte may exist, the
observations from southern India do not provide unequivocal demonstration of igneous

contact relationships or igneous textures.

(1v) A superficial sirmlarity may be drawn between the processes of charnockitization 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.

Moapping in charnockite terrain:
The common use of the term charnockite 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 charnockitic terrain might best aim at identifying the
precursor rock type by studying the ghost fabric in them and by their relationship with non-
charnockitized 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 gamnet biotite gneiss.
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2.3.2. New Results: geochronology

During 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:

1. In the Namakkal area, (Corridor 1, Fig. 3.14), monazites from a charnockitized tonalite
were analysed. The most concordant (within 1% of the concordia) crystal has a “"Pb/*®Pb age
of 2507 + 5 Ma (Chapter 4; sample S-130M). | interpret this as the minimum age of
charnockitization because monazite is likely to record peak granulite factes metamorphic
conditions (Mezger, 1990). If this is correct, then the circa 2 5 Ga charmnockitization, which
was previously documented in the Transition zone (Friend and Nutman, 1992; Peucat et al.

1993), extends at least as far south as the Namakkal area.

2. Zircons from neosomes of migmatites, which are abundant south of Namakkal, were dated
at 603 + 14 Ma. The neosomes are tightly folded and charmmockitization 1s 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-1.

3 U/Pb SHRIMP analyses on monazites from granite gneiss in the Bhavani area, within the
Moyar lineament (Corridor-1I), have yielded two clusters of ages, one at ~2.52 Ga and the
other at ~612 + 10 Ma (sample S-273; Chapter-4). Since monazite is likely to record peak
granulite facies metamorphic conditions (Mezger, 1990), 1 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 In the Palghat area (Corridor-1V), 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 Palayam 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 charnockitization 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-318A and S-318b; Chapter 4). Thus the chamockitization 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-charnockitized portion of khondalite within a charnockite massif (Fig. 2.7a) was
dated in the present work at 524 + 2 Ma (Chapter-4, Sample, 5-355). 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 many places in the Transition Zone (Grew and Manton,
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1984; Friend and Nutman, 1992; Peucat et al. 1993), extended as far south as the Namakkal
area of Corridor-1. Whether or not this charnockitization event extended further south, i.e
south of the Palghat lineament is not yet clear. Superimposition of Neoproterozoic 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
charnockitization in the area south of the Palghat-Cauvery Linéamcnt. Early Paleozoic
charnockitization 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 charnockitization 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 charnockite gneiss

in the Cardamormn Hill possibly narrows down age of charnockitization to within few m.y.
2.4. Relationship between the charnockitization and the tectonism

During this study, the age of the charnockitization in the KKB has been constrained to have
occurred after the emplacement of the Kalipara-type grarute (548 + 2 Ma). This is because
widespread chamnockitization has affected this granite, and which in turn has been intruded by
later pegmatitic granite (526 % ‘2 Ma) that has retrogressed (bleached) the charnockite. 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
Kalipara-type granite sheets are folded into outcrop-scale open to tight folds (Fig.3.63;
Chapter 3). Thus although intrusion of the Kalipara-type grarute 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
charnockitization has been superimposed on the syntectonuc granites that have been dated at

~568+2 Ma, 600 + 4 Ma, and 603 £ 14 Ma, respectively. Thus it can be concluded that



Neoproterozoic charnockitization post-dates Neoproterozoic tectonism in the SGT or is

contemporaneous with the terminal phase of tectomsm.

2.5. Conclusion

Use of the term charmockite 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 texture®, 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 charnockitization 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 paris of SGT,
precursor rocks include an ensemble of khondalite, paragneisses, tonalite, granite, granite
gneiss, quartzite and amphibolite. 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 gualifiers reflecting modal composition along with the term chamockite. For
example, Pichamuthu (1969) proposed use of the term 'acidic charnockite', 'intermediate

charnockite', 'mafic chamockite' etc.

¥ Although there is lot of controversy aboul the origin of charnockite, its granulitic texlure is nearly universal.
Charnockites, whether igneous or metamorphic, almost always have even-grained lextures lacking preferred
orystallographic orientation. Chamockites obvicusly ack the most distinctive feature of magmalic crystallization, such
as, euhedral or subhedral feldspar, ophitic and sub-ophitic textures and preferred crystallographic orientation of such
crystals. The dominance of metamorphic lexiures, however, does not eliminate the possibility of some earier
magmatic origin of these rocks. However, fexiural evidence for magmalic crystallization, even if found, may be related
to local melting rather than widespread igneous aclivity. The evidence for magmalic or metamorphic origins of
chamockites has lo be found in field.
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Vast areas of the SGT are underlain by charnockite/enderbite rocks which are products of
chamockitization. The reported presence of magmatic charnockites in the Nagercoil Block and
in the Cardamom Hills are not confirmed in the present study, Contacts between chamnockitic
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 ~52."‘; Ma. Both these events were

assoclated 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 (1980)
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 satellite 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
Biliginrangan Hill and the Kroog Massif in the north, and the Kollimalai Massif and Nilgin
Massifs in the south. The BSZ cuts close to the southeastern boundary of the Nilgir 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 charnockite massifs (Fig. 1.7). Drury and
Holt (1980) acknowledged that along its southern boundary, the PCSZ is not well defined.
There, the shear zone follows the northern slope of Anaimalai and Palni Hills (Fig. 1.7). The
(GSI {1994) have defined this shear zone as passing through Palghat, Polachi, Karur and
Tiruchiraplly (Fig.1.7). 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, Ramaknishnan,
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 metasediment-dominated Trivandrum 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 Achankowil river. The GSI (1994) has identified yet another shear

zone, the Tenmala Shear Zone, south of, but parallel to, the Achankovil Shear Zone.

The contacts between the of charnockitic 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 mainl); 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 15 generally lacking. Indeed, the
few available field studies (Nair and Nair, 1980, Gopalakrishna, 1981 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 (1981)
mentioned that in the Palghat Gap area, the structural trends of the Precambnan gneisses are
continucus 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 (GSI, 1995a, b) also do not identify any major shear zone along the PCL.

The Achankovil Shear Zone (ASZ) in the southernmost part of the SGT is also regarded as a
major tectonic boundary (Srikantappa 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 southem Trivandrum Block, Hards 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 (Cornidors [ to 1V; 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 de;tailed 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 corndors cover key geologic elements, such as

sharp changes in regional trends, and intersections of regional shear zones.

Corridor I. 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 of rocks 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 corridor, 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 of Namakkal, the Cauvery valley

is poorly exposed. Here the PCSZ has been inferred to pass beneath a thick alluvial
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cover {Drury et al. 1980; GSY, 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 chamockite, 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 II. The Bhavani-Erode-Chennimalai corridor:

The northem 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 corndor exposes
broadly E-W trending litho-units defining the broad E-W trending shear system (the
PCSZ as defined by Drury and Holt, 1980).

Corridor IIl. The Bhavani Sagar-Mettupalayam-Agali corridor:
This corridor extends from north of the Bhavanisagar to south of Mettupalayam (Fig.
3.1). The northem section of this corridor is across the MSZ, whilst the southern

section of the corridor 1s along the BSZ.

Corridor IV: The Palghat Gap corridor:

This corridor crosses the Palghat Gap, an area of physiographic low between the
Nilgiri Hills Massif chamockites in the north and the Anaimalai Hills Massif
chamnockites in the south. The Palghat lineament is best expressed in this area (Fig.

1.5),
3.2.2. Geology of Corridor 1

Present investigations in this corridor were focused on three areas:
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(1) The Salem area, which includes part of the Moyar Shear Zone.

(i) The Namakkal 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, IT and II1) on the basis of differences in
their structural styles.

(1) The Karur-Palayam domains, which represent an ar'ea 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 100 km. This physiographically
low area 1s 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 is known as Salem-Attur

Shear Zone (Palniswamy et al. 1990).

During the present study, an area of about 150 km?, immediately west of Salem, was mapped
along widely spaced traverses using the 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
1s N-S to NNE-SSW while the tectonic fabric and lithologic units in the central part of the
mapped area has a dominantly E-W stnke (Fig. 3.2). The most prominent physiographic
feature of the area is the Kanja Malai Hill, which is about 8 km long and 3 km wide and nses
to about 700 m above ground level. This hill comprises inter-layered BIF and mafic granulite

bands. Part of the eastern extension of this hll was also mapped at 1:25,000 scale (Fig. 3.3).

3.2.2.1.2. Lithology

The major Lthologies 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 pelites

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,) 1s
defined by altemnation of indistinct quartzofeispathic layers and mafic mineral-rich layers. In
places along the northern and southern flanks of the Kanja Malai Hill, granite gneiss is
distinctly mylonitised (Fig. 3.4a-c). The myionites are characterised by a well developed
planar-fabric (S,, s-tectonites) In thin section they are charactacterized alternatton 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,

3.5a).
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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. 3.3).

The granite gneiss displays incipient (patchy) charnockitization (Fig. 3.5a). Charnockites are
composed of quartz, plagioclase, orthopyroxene, biotite and hémb]ende with apatite, zircon
and opaques as minor minerals. Charnockitization is clearly younger than the E-W trending
ductile shear fabric (S,). Where chamockitization is superimposed on the E-W trending
mylonitic fabric (S,) of the granite gneiss, S, is replaced by a granoblastic texture. However, in
outcrop, the remnant mylonitic layering of the granite gneiss can be traced into the
charnockitized portion as 'ghost' layering (Fig. 3.5a). In the charnockitic parts, prograde
orthopyroxene occurs as rims around hornblende crystals. Khan and Janardhan (1989)
mentioned extensive retrogression of charnockites to granite gneisses in the area, which they
assumed to be related to shearing along the MSZ. However, this was not confirmed during the
present study. Only limited retrogression affected the charnockites, 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 charnockitized tonalite gneiss. In places mafic enclaves are common within
charnockitic massifs. These enclaves are flattened and are commonly isoclinally folded (Fig.
3.5b). Isoclinal folds lack any associated axial planar penetrative fabric. Presumably such fabric
that may have been present has been destroyed by recrystallization associated with
charnockitization. Presently both the charnockitic 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
i1s defined by alternating leucocratic (plagioclase-rich) and melanocratic (mafic mineral-rich)
layers on a centimetre scale. A schistosity 1s also commonly developed in mafic granulites
along discrete late shear zones (for example in the northern flank of the Kanjamalai 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 granulite
bands originally 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
isoclinal 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
variatjon 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 also show bifurcation within quartzite (Fig. 3.3, 3.6a,c)
suggesting that they were intruded into quartzite prior to deformation. In a few places along
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 along their contacts.

BIF and quartzite are common in the Kanja Malai Hill area, while pelites and psamutes are
common in the area south of Kanja Malai Hill between Kakkapalaiyam and
Chinnasirangappadi (Fig. 3.2). BIFs in the Kanjgmalai Hill area are mainly magnetite-bearing.

Psammites comprises quartz, muscovite, epidote-zaisite, biotite with accessory zircons and
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opaque minerals. Pelitic 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.
3.2.2.1.3. Structural geology

Both the northern and the southern secticns 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). Tn thé present
area, a number of discrete E-W trending shear zones have been identified at the eastern end of
the Kanja Malai Hill and south of'it, one of which in the eastern part of the Kanja Malai Hill
has a sinistral sense of movement (Fig. 3.3). South of the Kanjamalai Hili, some outcrops of
granite and tonalite gneiss are mylonitized. Chevron to open E-W trending F, folds are
common in these outcrops (Fig. 3.8a). Granite gneiss in the area is generally flattened (S)).
Quartzofelspathic layers and lenses surrounded by few millimetres to few centimetres spaced
sigmoidal discrete shear planes are common in granite gneiss (Fig. 3.4b, ¢). In BIF, the
onginal layering is transposed by a later E-W trending planar fabric (S,) into rootless
intrafolial folds. In most places oniginal bedding and folds in the rock are obscured by
transposition of a later (D,) E-W trending flattening fabric (S,; 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, and D,). F,-folds are represented by rootless
folds bounded within S, shear planes in BIF. F,-folds are represented by open - tight steep
plunging "Z' shaped folds which are superposed on both early F -folds and S,. On a stereoplot,
schistosity and axial planes of F, and F, 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 gamet are
present in some exposures of mafic granulite. For example, northeast of Kanja Malai Hill, a
vertical stretching lineation of gamet is well developed on the gneissic plane of mafic
granulites (Fig. 3.10). In the granite gneiss lineation of long drawn-out subvertical 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 F, 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 horizontal 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 S, in the
pelites. The veins are open to tightly folded (Fig. 3.11). These F, folds have E-W trending
subvertical axial planes with subvertical to moderately easterly plunging fold axes. Such folds
are mostly symmetrical ("M"-type). Occasionally, the relative displacement of quartzose Jayers
by shear planes associated with the E-W trending folds indicates a sinistral sense of movement

along minor shear planes (Fig. 3.11a).

In summary, rocks in the central section of the Salem area thus record flattening and shearing
on subvertical planes with subvertical movements as indicated by occasional presence of
subvertical stretching lineation. There is no evidence for significant strike-slip movement along

these shears. E-W trending D, shears are superposed on regionél NNE-SSW to NE-SW
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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 assolciated metasediments. Mafic
granulites present in the area are probably intrusive sills into the BIF and associated
metasediments. However, conclusive evidence is lean. A granite gneiss sample coliected from
a quarry in the Kattur area (Fig. 3.2) with incipient charnockitization (Fig. 3.5a) has an U-Pb
zircon age of 2528 + 2 Ma (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 charnockites patches present in the area because the incipient
charnockites crosscut the tectonic fabric (Fig. 3.5a). There are no age data available for this
charnockitization event. In the Krishnagiri area, about ~100 km north of the Salem area,
Peucat et al. (1993) reported a **Pb-*’Pb monazite age of ~2507 Ma from charnockite. A U-
Pb monazite age of 2507 £ 5 Ma from charnockite in the Namakkal area (about 60 km south
of Salem) was obtained during this study; and 1s interpreted as the age of charnockitization
(see Chapter-4). A Rb-Sr whole rock isochron from charnockite in the Salem area gives an
age of 2476 + 115 Ma age (Spooner and Fairbairn, 1970). Thus, assuming that
charnockitization in Salem area is also about ~2.5 Ga, the N-S tectonic fabrics (S,) and the E-
W shear fabric (S,) 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 charnockites. The incipient charnockitization in the Salem area could also be

Neoproterozoic in age. If so, then the E-W shear fabric (S,) are also Neoproterozoic in age. S,
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i1s hikely to be Archean in age as S, fabric in the Namakkal area is dated to be older than 2.5

QGa.

3.2.2.2. Geology of the Namakkatl area
3.2.2.2.1. Geological seifing

The Namakkal area falls within the eastern extremity of the PCSZ and is also underlain by
granite gneiss, charnockite gneiss, BIF and associated metasediments. Rocks in the northern
part of Namakkal have a consistent NE-SW strike (Fig, 3.1), This stoke 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 km? around Namakkal was mapped at 1:50,000 scale
during the present study (Fig. 3.12; 3.13) complemented by detailed mapping on 1:25,000
scale in few key areas. The area of study extends from about 8 km south of Rasipuram 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 area, south of Namakkal, there occur a number of
massive granite intrusions. These younger granites have infruded subparallel to the planar
fabncs of deformed older rocks, giving ﬁse to extensive migmatites. Large tors of the younger
granite oceur i ‘_tbt;?outhern 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 plagioclase, quartz, hornblende and biotite; the enderbitic gneiss
comprises quariz, plagioclase and hypersthene as major minerals. Secondary alteration of

hypersthene to chlorite is common in enderbitic rocks.

Metasedimentary rocks are represented mainly by BIF and associated quartzite and
metagreywacke. Rare cale-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 mafic granulite. Psammites assoclated with the BIF are partially charnockitized in

many places. The best examples occur along the southern slope of the Nainar Malai Hill.

Mafic granulites are commonly gneissose and occur interlayered with BIF, quartzite and
psammites. Mafic granulites are also present as large (km-scale) layers within granitic gneiss.
Major minerals of the mafic granulites include plagioclase, clinopyroxene, orthopyroxene,
garnet, quartz and secondary homblende and chlorite. Foliation in the mafic granulites is
defined by alternating layers rich in pyroxene and garnet, with layers rich in plagioclase. Within
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 assocjated 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 1 kmn NW of Pulavakkal along the
southern slope of Nainar Malai Hill. The mafic granulites and BIF 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 & 1 Ma (Chapter 4). Thus, the BIF - mafic granulite rocks are Archean in

age.

A few late gabbro and dolerite dykes are present in the northern part of the present area. They

crosscut structural fabric of the older rocks but themselves are undeformed.

3.2.2.2.3. Structural Geology

Regional Structure

In this area, the general strike of the lithologic units and gnetssosity are subparallel and vary
from NE-SW in the north to WINW-ESE in the south, whilst in between the strike is E-W.
Thus strike variation is due to a major E-W trending fold (¥,; named here the Namakkal Fold;
Fig 3.12, 3.13). The northern limb of the ¥, fold occupies the Nainarmalai Hill and the
southern limb occupies the Saruva Malai Hill (Fig. 3.12, 3.13). Both limbs of this F, fold
preserve km-scale Z-shaped folds (F,) without complimentary S-shaped folds; these Z-shaped
folds are, therefore, interpreted as earlier folds (F,). These ¥, folds are defined by folding of
lithological contacts and gneissosity. The presence of Z-shaped folds along both limbs of the
Namakkal fold without intervening S-shaped folds is interpreted to represent an early dextral
shear zone (S,) which was subsequently folded by the ¥, Namakkal fold. The southern limb of
the Namakkal fold is highly deformed and is also affected by two later shearing events (S, and
S4). §; shearing is present in a zone along the southern limb of the Namakkal fold, while S,

shearing crosscuts this southern limb (Fig. 3.12, 3.13).

The Namalkal area has been subdivided into three distinet 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. Tt extends

from about 3 km north of Namakkal to Kanaveypatti (about 4 km south of Namakkal).
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Domain I1l covers the southern part of the Namakkal fold, extending from south of
Kanaveypatti in the north to the Cauvery River. A summary of the main characteristics of

‘these domains is given in Table 3.1

Table 3.1Charactenstics of three structural domains of Namakkal area.

Domain I Domain II Domain 11
Regional NE-SW to ENE- ENE-WSW to NW-SE
strike WSW NW-SE
Folding Z-shaped F, fold Opento tight F, | Z-shaped F, fold
fold
Rock types | Tonalite, granite and | Same as in Same as in Domain 1
their charmnockitized | Domain- I and H; in addition this

domain has extensive
migmatite and young

granite
Shearing S,shears related to S, and S, shears | S, and S, shears related
D, deformation refated to D, and | to D, and D; shears

D, sheanng

Domain I

The most prominent feature of this domain is the structure of the Nainar Matai Hill. Here, an
ENE-WSW trending, 1-3 km thick inter-layered sequence of BIF, 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 granite sheet (~2 km wide) has intruded this fold along its shorter imb (Figs, 3.13,
3.16b) and has since been charnockitized. Zircons from this granite sheet was dated at 2537 +
1 Ma (U-Pb zircon) which is interpreted as the protolith age of this charnockite body, whulst
monazite from this sheet is gives an age of 2507 + 5 Ma (Chapter 4). Thys later age 1s

interpreted as the age the chamockitization. The granite sheet has a prominent gneissosity and
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fracture cleavage subparallel to the axial plane of the folding. Numerous xenoliths of BIF and
mafic granulite occur within this granite sheet. These xenoliths are highly 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).
interpret these structure to indicate that the granite sheet is syqtectonic. This 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 common. All planar fabrics in this
domain (S,, S, and S,) are steeply dipping and strike ENE-WSW. The dominant lineation (L,)

15 also subvertical (Figs. 3.18).
Domain-IT

This domain represents the core of the Namakkal fold, best depicted by two prominent mafic
granulite bands (Fig. 3.13). Late discrete D, shears have transposed earlier S, and S, fabric of
the rock (Fig. 3.19). Minor structures associated with D, have dextral sense of movement
(Fig. 3.20). In places within the D, shear zones, rocks have been transformed into schists (Fig.
3.21). About 4 km SSW of Namakkal (west of Kanaveypatti village, see Fig. 3.13) a D, shear
zone has completely transposed the BIF into a lineated rock plunging steeply to west (Fig,
3.22). Around Kanaveypatti, garmet-rich zones have been folded into rootless isoclinai folds
within D, shears (Fig. 3.23). In these shear zones granite gneiss and mafic granulite are
straightened into interlayered gneisses over lengths of up to 100 m (Fig. 3.24). Equal area plot
of S, planes Domain-II show wide variation in attitude (Fig. 3.25), which is possibly the result

of both F, folding and So shearing.
Domain-III
The best structures representative of this domain are exposed on Saruva Malai Hill.
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Aliernating bands of mafic granulite and a few thin BIF and quartzite layers (Fig. 3.13) depict
& inajor Z-shaped oid. This foid is superposed by at ieast two events (D, and D,) of shearing.
D, shears have a predominantly sinistral sense of movement and are best exposed along the
southem slope of the Saruva Malai Hill. Within D, 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 F, folds associated with D, shears have i:)een supermmposed on 'Z'-
shaped F, folds associated with D, shears. D, shears cut across all early structures (Fig. 3 2 8).
Numerous shear sense indicators in the garnetiferous mafic granulite indicate sinistral sense of
movement across the D, shears (Fig. 3.29). S, is sub-vertical and strikes WNW-ESE (Fig.
331). The stretching direction associated with sheath folds (Fig. 3.30) present within D, shear
zones indicate shear transport direction to be moderately westerly dipping. The northern
boundary of the D, 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 D, shears along which there is a dense
network of granitic veins subparaliel to S, simulating a migmatitic structure. Because of the
extensive impregnation by these granitic veins, the characteristics of the onginal rocks are

obscured. Exposure south of the Saruva Malai Hill is poor.

D, shearing is represented only along some discrete zones varying from few cms to a few 100s
of metres wide (Fig. 3.13). Numerous shear sense indicators indicate dextral sense of
movement (Fig. 3.20). D, shear planes are subvertical and strike ESE-WNW (Fig. 3.31). F,-
axes are randomly oriented {Fig. 3.31). This is possibly due to pre-F, random onentation of

the lithological units.

Summary and conclusion

The major Z-shaped F, folds, mapped in the Nainar Malai Hill in Domain-I do not have S-

shaped counterpart in Domain [I1. Instead, a similar large dextral fold have been mapped in the
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Saruva Malai Hill in Domain-II1, I there fore interpret these two major mappable dextral folds
in the area to be part of the same dextral shear system (S,) which was later folded by E-W

“trending Namakkal fold (F,).

The F, 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 F, 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 which is interpreted as possible the protolith age of these mafic granulites. If this is correct,
then the BIF and associated sediments are at least ~3.0 Ga old. BIFs and mafic granulites have
suffered intense deformation (D, ) in which flattening was a significant cornponent. This
deformation was contemporaneous with intrusion of voluminous granite, which was
subsequently charnockitized in many places. Whether the biotite gneiss, the most dominant
rock type occurning in between Salem and Namakkal areas, and the charmockitized granite and
tonalite gneiss of the Namakkal area are part of the same rock suite could not be confidently
established in field. However, both the biotite gneiss and the tonalite 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 regional terrain of ~2.53 Ga old granitoids.
The entire region suffered at least two younger shearing events (D, and D,) and younger
granitic intrusions at ~600 Ma. D, sheanng pre-datés 600 Ma, as D, shear planes are intruded

by ~600 Ma granitic veins (Fig. 3.26). The age of D, shear could not be constrained by the
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present work. Granitic veins within gneissic rocks (migmatite) south of the Namakkal area are
intensely folded (Fig. 3.32). Deformed migmatites are the predominant rock types along a
-NW-SE trending shear zone from south of Namakkal to south of Bhavani in Corridar-II (Fig.
3.33). These granitic veins in the Namakkal 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 D, shearing.
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 of Karur, 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 1s intrusive into both the
granite gneiss and the mafic granulite. Granite gneiss from a quarry in Ottayur village, about 6
km SW of Karur has yielded a 2545 + 20 Ma age (U-Pb zircon age; chapter 4). Thus the mafic

granulites are older and Archaean in age.

South of Karur, the Palayam area (Fig. 3 1) is dominated by metasedimentary rocks. The

common metasedimentary rocks present in the area include khondalite 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 subparalle! to the schistosity (S,). The onginal
relationship between these metasedimentary rock types with the surrounding granite gneiss is
not clear. On the southwestern slope of Vidya Malai Hill, about 20 km east of Palayam,
khondalite and mafic granulite oceur in close juxtaposition. Negr the contact, numerous clasts
of mafic granulite and folded BIF (Fig. 3 35) occur within the khondalite. The mafic granulite
clasts are mostly eflipsoidal as well as rounded and are aligned subparallel to the schistosity of
the host. The clasts of folded BIF 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 this observation, therefore, metasediments of the Palayam area

are probably younger than the Archaean BIF and mafic granulites present in the Karur and

Narnakkal 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.
Monaztes from the khondalite of this 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 stnike of various lithologic units north of the Namakkal area. This NE-SW trend of
lithologic units 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
quanzite bands south to the Palayam (Fig. 3.1) 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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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 Cayvery 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-
assoclations 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 Palayam 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 simular, there are differences in the lithologic
and structural in detail. The southern part of the Palayam area, for example, is affected by
younger NNW-SSE trending folding. Khondalites which are the most dominant metasediments
in the area south of Palayam, are younger than ~2.5 Ga whereas the metasediments
encountered in the Namakkal and Salem area are older than ~2.5 Ga. 1t 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 Palayam 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-11
3.2.3.1. Introduction

Corridor 11 covers a N-§ 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. 3.1). 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:

(1) N-S to NNE-SSW trends of the Dharwar craton. The northern part of this cormidor
includes continuation of the charnockitic massif of Biligirirangan Hill which is

considered a southern extremity of the Dharwar craton,
(i1) E-W trends of the Moyar Shear Zone.

(ill) NW-SE trends of the D, shear which continues from the south of Namakkal in

Corridor 1 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 difficuit to study the pre-migmatization structural elements of the

Iithologic units
3.2.3.2. Lithology

The prncipal fithologic units of the northern part of the corndor, the area north of Bhavani,
include granite gneiss, enderbite gneiss, charnockite gneiss, fuchsite quartzite, and mafic

granulite. Granite gneiss is made up of quartz, plagioclase, hornblende and opaque. The main
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mineral constituents of mafic granulite are hornblende, plagioclase, 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 leucosomes giving the rock a migmatitic appearance (Fig. 3.37). These
migmatites are the most dominant rock type between Bhavani to south of Erode. Similar
leucosomes of migmatite in the Namakkal have been dated at 603 + 14 Ma (sample S-1964,
Chapter 4). In places (for example, in the hills, 4 km SW of Bhavant) these migmatites are
patctuly chamockitzed (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 ~1km.
Lineations in this area are scarce. All rocks within the E-W trending zone are mylonitised. The
tranéition from NE-SW trending strike in the northern part of this 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-IIT) and in the Salem area (Cormidor-I).

South of Bhavani, migmatitic gneisses show well developed E-W to ENE-WSW trending
folds (Fig. 3.37) 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 Cauyery River. Here, mainly migmatitic gneisses strike parallel to the D, shearing
identified in the Namakkal area. Further northwest this D, shear zone curves into an E-W
orientgfion, subparallel to the alignment of the Bhavani River, and merges with the MSZ

-

89



southeast of Bhavanisagar. This D, shear zone is hence named as the Cauvery-Bhavam 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 E.-W and ENE-WSW._ The two
most conspicuous structural features of this part of the corridor are the E-W trending BIF
ridge of the Chennimalai Hill and the mafic granulites northeast of Sivamalai 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 granulites and
calc silicates. South of the Chennirnalai 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 cormidor two different types of charnockites have been recogmzed, which have
formed at different times: (i) massive charnockite and (ii) patchy charnockite. Massive
charnockites occur in the northern part of this cornidor 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 charnockite, Mahabaleswar et al. 1995; Grew and
Manton, 1984). During the present investigation, patchy charnockites have been recorded in
migmatite 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)
indicating gn additional chanockitization event in the Neoproterozoic. Nathan et al. (1991,
1994} also reported charnockitization within the Neoproterozoic Tiruchengodu granite massif,
about 30 km to the east of Bhavani (Fig.3.1). Thus charnockitization of two distinct ages,

Late Archaean and Ngoproterozeic, 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. ’l:his indicates that the latest
graﬁulite 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 ~100 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. Geological Evolution of the Corridor-IT 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-1), 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 also been recorded in the Biligirirangan Hills, ~100 km north of Bhavani.

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 D, (?and D,) shear zone(s) of Neoproterozoic age, which continue
from south of Namakkal area. The E-W trending Moyar Shear Zone has been superimposed
on the Dharwar strike. The NW-SE D, trends swerves and become assympotic with the E-W

trending Moyar Shear. The 1, 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 BIF and calc-silicate layers probably represent the regional folding associated with this

shear zone activity.

Extensive Neoproterozoic migmatization and shearing confirms extensive remobilisation of the

northem part of this corridor at about 600 Ma.
3.2.4. Geology of the Corridor-1I
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 charnockitic massif (Fig. 1.6). 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 stud-y- (Fig. 3.39).

3.2.4.2. Lithology

The pnncipal lithologies of the area include tonalitic gneiss, mafic granulite, BIF and massive
coarse grained granite. Mafic granulite intrudes BIF (Fig. 3.40). These are, in turn, 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 paﬁ cf the

corridor 1s occupied by massive enderbite which is the continuation of the Biligirirangan Hill
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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 outerops of
mafic granulites, quartzite and BIFS, Tonalite gneiss is composed of plagioclase, quartz,
homblende, biotite and garnet. Gneissosity in many places has been transposed by a ductile
mylonitic shear fabric (Fig. 3.41a). Patchy charnockites are prelsent in the granite gneiss (Fig.
3.42). Within the charnockitized patches, the prominent fabric (S,) 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
3.2.4.3.1. The Moyar Shear Zone

North of the Moyar Attur 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 hughly 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 NINE-SSW trending BIF band north of Moyar lineament
shows development of shear lenses. Mafic granulite truncates these shear planes (Fig. 3.40).
Mafrc granulites in nearby areas has been dated at ~2.9 Ga (INd-Sm whole rock i1sochron,
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 the lithologic 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 Rjver, there are some exposures of E-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 aiong the Moyar Shear Zone,
Granite pneisses have discrete E-W trending ductile shear planes and mylonite zones (Fig.
3.43a). Bedding in one BIF layer, about 3 km south of Bhavanisagar (Fig. 3.39), has been

totally transposed by this mylonitic fabric.
3.2.4.3.2. The Bhavani Shear Zone

South of Bhavanisagar, 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 1s preserved (Fig. 3.41a).
In many places flattened mafic and quartzofelspathic clots commonly show down-dip
elongation, suggesting stretching within the Bhavani Shear Zone. The granite gneiss contains
well developed subvertical 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 quﬁrtzose layers of the gneisses are granulated. Late coarse granite veins cut
across bnttle shears and at places these granite veins are also deformed (Fig. 3.41b; 3.47),
indicating that these granite veins in the area are syntectonic with the bnttle shearing
deformation in the Moyar and Bhavani Shear Zones. Pseudotachylites are common within the
brittle shears, and occur as subparallel or anastomosing veins and dykes enclosing the

unaffected fragments of granite gneiss (Fig 3.48). Patchy chamockitization is common, and in
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such charnockitized patches the original schistose fabric of the granite gneiss has been
recrystallized into coarse granulitic 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 deformed.

A number rock types from the Bhavani Shear Zone have been ciated during the present study
(Chapter 4). Zircons from the granite gneiss and granitic myionite 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 1s 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 approximate age of

the syntectomic brittle to brittle ductile deformation in the Moyar Shear Zone.
3.2.4.4, Geological evolution in Corridor-II1

Similar to Corridors I & II, the oldest lithologic types encountered in the area Corridor LI are
the BTF 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
deformed. Chamockitization was superimposed on these deformed rocks. A ~2.5 Ma
chamockitization 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. 1995). The ~2.48 Ga age of zircons from the mafic granulite in the
present area is possibly related to the Late Archaean Paleoproterozoic charnockitization. It is,
however, not clgar whether more than one charnockitization event is present in the area, as

has been recorded in Corridor I1. The youngest magmatic activity is represented by ~600 Ma
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coarse massive granite [n many places, these coarse granitic veins truncate the brittle to
brittle-ductile shear fabric, but they themselves are also affected by shearing. This granite

event is thus interpreted as syntectonic with the brittle to brittle-ductile sheaning 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 of Moyar 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 Bhavan
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-1V

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 lithologic units in this corridor 1s E-W. The

corridor was covered by wide traverses and studies of selected quarty sections.

The area is dominated by granite gneiss, coarse massive granite and mafic granulite. At least
four different granitic events separated by deformational episodes can be recognized (Fig,
3.49). The eartliest granitic rocks recognized in the area are homogeneous schistose biotite-nich
tonalite-gneiss (type-A), is made up of plagioclase, biotite and quartz. This variety is intruded
by gneissose hornblende-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 developed internal planar fabric. The rock has isolated and

subparallely aligned ellipsoidal mafic rich clots, which define a weak gneissosity. Similar rock
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types form a ~50 km? 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 granjte
(type-D). It cross-cuts foliation in both type-A and B. (Fig. 3.51). Subparallel dense intrusion
by this variety into the type-A and B granitoids have commonly developed composite multi-
layered 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's, 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-D,) has been deformed
and sheared (without development of planar penetrative fabric, while the younger phase (type-
D,) have apparently crosscut the shear fabric in D,, However, both types D, and D, 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
deformation in the rock in which younger phase intrude deformed earlier phases. All four
types of granitoids, including type-D granjte, show partial charnockitization at places (Fig.
2.5) indicating a phase of charmockitization that is younger than intrusion of the type-D
granite. A younger phase of type-D granite has, in turn, intruded and retrogressed

charnockites (Fig. 2.6).

Zircons from type-A granite gneiss and type-D (specifically type-D,) 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
zoning 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 represent 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

hydrothermal activity.

3.2.6. Synthesis of geological observations in Palghat-Cauvery, 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, mafic granulite, granite gneiss and coarse massive gramte
intruded by late dolerite and gabbro. Metasedimentary assemblages are represented by BIF,
quartzite (sometimes fuchsitic), calc-silicates, psamites and pelites. Calc-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 cale-
silicates and pelites are abundant in the southem part of the lineament, BIFs are more common
in the area north of the lineament. This difference may simply be due to the oniginal facies
variations. Except for the area south of Palayam, the broad litho-stratigraphic relationship

amongst vanous lithologic units in all the corridors are similar.

BIF and its associated metasediments are the oldest recognizable rock types of the area. They
were deformed 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 BIFs 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 BIF and mafic granulites, which presently occur as 1solated xenoliths at
various scales. They must have been deformed prior to lﬁe intrusion of tonalitic gneiss. The

granitic gneisses have, in turn, been intruded by a vanety 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
Namakkal (Corridor-I), Mettupalayam (Corridor-TIT) 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 Palayam area metasediments dominate, There, khondalite {quartz-
muscovite-garnet-sillimanite-graphite schist) contains clasts of mafic granulite and folded BIF
fragments suggesting that the khondalite may 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, 1I 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 D, and dextral D, 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-II1L There, E-W to NE-SW trending subvertical
ductile to brittle-ductile shears deform an earlier NE-SW striking gneisses. The width of the

RSZ is not known.

Evidence for an E-W trending PCSZ was not observed either in Corridor 1 or Corridor I1. If
present, it 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 exst 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 Archearn-Early Proterozoic metamorphism
known to date. Syntectonic and post-tectonic granites from the Namakkal area of Cornidor-1,
the Metttupalayam area of Corridor-1I and Palghat area of Corridor IV have been dated at
603 £ 14, 601 £ 1 Ma and 600 + 4 Ma. Monazite from the MSZ in Corridor-11 have been
dated at 612 + 6 Ma. These ages suggests that the MSZ, the CBSZ, the BSZ and the PCSZ
were formed or reactivated at ~600 Ma. A group of hydrothermal(?) zircons from a

syntectonic granite from Palghat area of Corridor IIT 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 (Harms 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 (Sivasubramanian, 1991; Anand Mohan,
1996, Janardhan et al. 1997) and geochronology (Hansen et al. 1985; Jayananda et al. 1995

Bartlett et al. 1995, 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
charnockite 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 metasediments in the area might have been deposited on~2.5
Ga basement. Available data have recorded Neoproterozoic migmatization and
charnockitization event in the SGT (Santosh et al. 1989, Jayananda et al. 1995; Bartlett et al.

1995, 1998).

The Madurai Block has suffered polymetamorphism and has a very complex structural
geometry. The distribution of the charnockites, granite gneiss and supracrustals in the Madurar
Block is irregular. They define a broad regional trend suggestive of major NNW-SSE trending

folds (Fig. 1.3). 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 charnockite-granite

gneiss contacts of the area.

A major discontinuity in the regional structure and lithological assemblage within the Maduras
Block has been identified during the present investigation, which is interpreted as a m.ajor
shear zone (the KKPT Shear Zone; Fig. 1.3). This discontinuity can be traced along a NE-SW
trending zone broadly from south of Karur through south of Kodaikanal up to north of
Kambam.. From there, this shear zone takes a turn towards NW and passes through north of

Painavu up to the west coast of India, north of Trichur.
3.3.2. Rock types

The Madurai Block is dominated by amphibolite racies granitic para- and ortho-gneisses, high
srade metasediments, and their charnockitized equivalents. Charnockitization is more
extensive in the western part of the area, where the Kodaikanal and the Cardamom Hill ranges
form a vast expanse of massive charnockite. Other than charnockite/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 in 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 paitern of this block. These, along with trends of gneissosity in earher 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. Scuth of the KKPT Shear Zone,
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i the northeastern part, quartzite bands show complex refolding of early tight to isoclinal
folds of variable trends by late tight NNW-SSE trending folds. The northern part of the 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 lithological association
across the KKPT Shear Zone, it is possible that KKPT Shear Zone is a major shear zone
separating two different types of terranes in the SGT. Three tralverses were faken across this
shear zone in the area east of Kotamangalam (Fig. 3.1). Granite gneiss within the shear zone is
mylonitized and is intruded by granites of more than ane 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. 3.55). Within the charnockite
patches, mylonites are recrystallized into massive chamockite (Fig. 3.55; 3.57A). Since most
of the KKPT Shear Zone is underlain by chamockites, it is likely that the mylonites associated

with the KKPT Shear Zone are converted to massive charnockites

3.3.4. Geochronology

A number of rock types from the Madurat Block have been dated in 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 KKPT
Shear Zone, has also been dated at 563 £ S Ma (Chapter 4). These data suggest a major
period of movement along the KKPT Shear Zone at about 560-570 Ma. Since patchy
chamockites have been superposed on syntectonic granite, and have obliterated the mylonitic
fabric along the KKKPT Shear Zone, chamnockitization is post-tectonic 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 1n the area.
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7ircons from a charnockite gneiss sample, also from eastern part of the Madurai Block, have
been dated at 796 + 1 Ma which interpreted as its protolith age. Thus ~790-800 Ma represents
the latest high-grade metamorphism and a pertod of granitic magmatism in the eastern part of

the Madurat 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 lithological 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. This suggests that the ~550 Ma granulite metamorphism,

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 chamockite 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 Khondalite 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

104









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 Cardarﬁom Hills charmockite 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 Peninsuia. 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; Ramakrishnan, 1993;

GSI, 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 of KKB and Cardamom Hill charnockite 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 charnockite massif. A number of quarry sections tn 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 deformation and metamorphic

events.

3.4.2.2. Lithology of PPP Corridor

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 charnockitization to varying degree and intensity, resulting in extensive
occurrence of various types of charnockites: unfoliated, gneissic and incipient charmockites are
widely distributed throughout the PPP. Thus charnockites within 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

Garnetiferous quartz biotite gneiss: The most common rock type in the KKB i1s
garpetiferous quartz biotite gneiss (GQBG). The rock contains irregular veins of quartz and
feldspar (QFV) with variable amounts of biotite and garnet. Garnet 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.

Khondalite: Khondalite is a name given by Walker (1902) after the Khond tribe which
inhabited the state of Qrissa, 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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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 sillimanite. Although cordierite is
present in almost all rock types of KKB, there is a discontinuous and wide zone (~10 km) of
cordierite gneiss spatially associated with the Achankovil Linea'ment (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:
(1) Biotite + Garnet + Quartz = Orthopyroxene + Cordierite + K-feldspar + H,0

(1) Gamet + Quartz = Cordierite + Orthopyroxene

Cordierite development in charmnockite is mainly controlled by bulk composition, where Mg/Fe
ratio is high. Santosh et al. (1993) calculated P-T conditions of 4.2 2 1.2 kbar and 753 £32°C

for the cordierite-orthopyroxene reaction.

Leptynites are gametiferous quartzo-felspathic gneisses with or without biotite (generally less
than 10%). They occur as elongate (up to tens of metres in length) layers or lenses along the
fohation of the gneisses. Leptynites may represent original arenite/arkose layers intercalated

with pelites. They may also represent metamorphosed quartzo-felspathic veins (QFVs).

Granite: Other than the ubiquitous granitic gneisses and the charnockitized 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
emplaced subparallel 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 (i1) coarse biotite-beanng pegmatitic-granite. While the
massive granite bodies have been charnockitized in many places, the pegmatitic granitic veins

have, in turn, bleached (retrograded) the charnockites (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 Kalipara, ~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. Intrusion of Kalipara granite and later granites

In the central part of the PPP cormidor, in a number of isolated areas, massive Kalipara-type
biotite-granite has intruded the gneisses. It shows crosscutting relationships with the S, and is
thus younger than D, deformation event. These granites do not have any planar penetrative
fabric. In places, veins of Kalipara-type are tightly folded by D, folds (Fig. 3 63) suggesting
that they could be pre- or syn-D, Intrusion of the Kalipara Granite was followed by
widespread development of charnockitization in the area. Charnockitization in the Kalipara
Granite is present in various stages of devetopment. The Kalipara Granite is the youngest
intrusive rock which 1s charnockitized. It is intruded by a number of bronze coloured, biotite-
beanng 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 charmockites around them (Fig. 2.12). Such retrogression
might have caused by H,O-rich fluids associated with such granitic veins (Snkantappa et al

1985; Ravindra Kumar and Chacko, 1986)

3.4.2.3. Charnockitization in PPP Corridor
Chamnockitization is more pervasive and intense in the northem part of the area adjacent to the
continuation of the Cardamom Hill Massif. Here, near complete transformation of

metasediments and granitic gneisses to charnockites has given rise to vast expanses of massive
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charnockite, Charnockite of the Cardamom Hill Massif is often regarded as magmatic
charnockite on the basis of its geochemizal signature and high (~1000°C -1100°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 cormidor, charnockites occur as isolated bodies within
khondalite metasediments (Fig. 3.61) and are regarded as the product of metasomatic
alteration of pre-existing rock types (Srikantappa et al. 1985; ﬁavindra Kumar and Chacko,
1986; Harmis and Bickle, 1989; and Santosh, 1992). In this area paleo-temperature estimates
on charnockites 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

Dunng the present study, destruction of original planar fabnic of the rock through
recrystallization of pre-existing granites and gneisses during charnockitization was observed in
both northern and southern part of the corridor. In gneisses, the gneissose layering can be
recognised in the charnockitized part in continuity with the gneissose layering in the non-
charnockitized gneisses (Fig. 2.9, 2.3). Although charnockite gneisses of the northern part of
the area is generally regarded as magmatic charnockites (Chacko et al. 1997, Santosh, 1996),
intrusive relationship between charnockite gneiss and non-charnockitized parts could not be
observed. In places, however, original intrusive relationships between late Kalipara-type
granites and paragneisses are preserved in the charnockitized parts also (Fig. 2.7). Thus
presence of C-type (C denotes charmockite) magma as proposed for the Cardamom Hill
charnockites (Chacko et al. 1996, Santosh, 1996) cannot be supported on the basis of field
observations. The higher temperature estimates tn the Cardamom Hill area than in the
Trivandrum Block as recorded by Chacko et al. (1996) are likely to be the reflection of more

pervasive charmockitization in the area.
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3.4.2.4. Migmatization in the PPP Corridor

The most conspicuous feature of the PPP cornidor 1s 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 m width, but locally they coalesce into pods and dyke upto a metre or two thick.
They have intruded sub-paralle| to the pre-existing fabnic but locally cross-cut this fabric at
high angle (Fig. 3.62; 3.65a), Whether the QFVs represent leucosome melts as a result of in
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 nise to prominent
gneissic banding in almost all the rock types except the mafic granulites in which the QFV

impregnation is less conspicuous.

The subparallel orientation of the mafic granulites and adjacent gametiferous quartz-biotite
gneiss (QBG), and the absence of clear-cut cross-cutting rellationship 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 subparallelism 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 QFVs resulted in the development of prominent gneissosity in the QBG and alteration of
the mafic granulites along the margins into biotite-rich quartzofelspathic gneiss. Such marginal
alteration of the mafic granulite bands has caused gradational contacts between mafic
granulites and QBGs (Fig. 3.65b). The conspicuous gneissosity present in different rock types
of the KKB may thus be the result of preferential emblacement of granitic veins subparallel to

a preexisting anisotropy in various rock types, this could explatn absence of any obvious
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crosscutting relationship between QBG and mafic granulite bands.

Rocks unaffected by QF Vs are uncommon. 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 protolith 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 (=1%) in the leptynite-khondalite rocks is taken as an additional evidence of
sedimentary origin. Whole rock or trace element geochemistry on various gneissic rocks of
the KKKB 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 garnet-biotite

eneisses from southern Kerala (8C -34%o to -17%o) 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%» and -25%.. 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. 8" C in graphites of pegm;ltjte of Kerala is around -

12.5%o (Soman, 1986). Such graphite could have been formed during reduction of CO, by H,.

Elevated 80 values (9.3-10.6%) 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
charnockute of the Cardamom Hill Massif constituted the main source of the metasediments of
the KXB. However, this hypothesis is based on the assumption that the charnockites of CHM
are magmatic, which is not proven. Since chamnockites of the CHM are of metasomatic origin
{Chapter 2), it is likely that protolith of these charnockites are continuous with the (para-

Jgneisses 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 of KXKB. Recently Sacks et al.(1957)

recorded thelr observations on features of Tenmala Shear Zone.

All 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
kinds 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 gamet-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 r'nay be called migmatitic
banding. However, whether they represent migmatitic banding, partial melt veins or
impregnation by allochthonous melts 1s not clear. Distinction between the two types of
gneissosity is often difficult. However, the later impregnated QFV's 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 Gnl gneissosity in the mafic
granulites and in the garnetiferous quartz tiotite-gneiss. These structures have been recorded
as D, structures (Radhakrishna et al. 1990; Sinha Roy et al. 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 Gnl gneissosity have been ascribed to a second, D, deformation (Sinha Roy et
al. 1984 and by Radhakrishna et al. 1990). Yoshida and Santosh (1987) mentioned two more
deformation events, which they termed D,a and D;b. Although Radhaknishna et al. (1990} and
Sinha Roy et al. (1984) mentioned the presence of sporadic development of intrafolial isoclinal
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 QFVs and development of Gn2. Yoshida and Santosh (1987)
mentioned cross-cutting relationships between folds associated with D, deformation and the
Gn2. Isoclinal foid associated with D, deformation are, however, common 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 quartes (for example, the
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Kunnanpara quarry reported by Yoshida and Santosh, 1987) mafic granulite bands outline
mesoscopic folds. D, deformation was followed by pervasive intrusion of various lithologic
~units by QFVs. Subparallel dense intrusion of the lithologic units by Q¥ Vs following earlier
deformation fabric of the rocks has given rise to Gn2 gneissosity. Sinha-Roy (1979) believes
that migmatitic banding and mafic granulite have been subjected to isoclinal folding, which
resulted in the dominant NW-SE trend of the gneissic fo]iation' in KKB. Santosh (1996) also
reports the presence of augen structure in garnet-biotite gneiss defined by subparallel
alignment of large feldspar crystals in the QFVs. However QFVs lack development of any
post-emplacement penetrative planar fabric. Subparalle alignment 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 subparallel alignment is the result of flattening in the

rock; on the contrary this is probably an inherited feature.

In a few quarry sections the migmatitic 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 D, folds and by Yoshida and Santosh (1987) as D, folds. Sinha Roy et al. (1987) regarded
that this D event is responsible for the regional NW-5E orientation of the various lithologic
units of the area. In the PPP corridor it is observed that D; fold are only locally developed and
have curvilinear axial traces. There is no a.:dal_plaﬁar penetrative fabric associated with D,
folds. It appears more likely that D, folds have caused local variation in the trends of various
lithologic units and that the regional NW-SE trend of the lithologic units of the Kerala

Khondalite Belt are related to D, and D, deformation events.
3.4.3. Status of Achankovil or Tenmala shear zones

A major shear zone of about 10 km wide following the Achankovil lineament has been

proposed by Drury et al. (1980). The main arguments in favour of existence of this 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 litho-
assemblage, the northeastern side being dominated by massive charnockite, while the
southwestern side is dominated by an assemblage of charnockite and metapelites. (i) The
contrast in attitude of various lithologic units. Lithologic units Iofthe 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
charnockites (which form positive geomorphic features) and granitic gneisses (which generally
form negative geomorphic features). Since charmockite-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., n the area
north of Rajampalayam, see geological map in the pouch) quartzite and other metasedimentary
bands are at a high angle to the charnockite-granite gneiss contacts, Thus trends of lineaments

interpreted from satellite imagery do not necessarily correspond with tectonic trends.

The contrast in the lithologic assemblagebetween the northeastern and southwestern sides of
the lineaments is also proposed to be an artifact of the process of charnockitization 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 1s the difference in the degree of chamockitization.
The extent of charmockitization in the northeastern part of the lineament is greater than that in
the southeastern pért. Fig.3.61 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 charnockitization is clearly a post-tectonic (post

D,) phenomenon superimposed on the regional 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 of Drury et al. (1984) that the southern part of the lineament 1s dominated by

shailow dipping litho-units 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 subparallel 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 comridor, which includes areas studied by Sacks et al. (1997)
and Rajesh et al. (1998) could not, however, confirm 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 consisient 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 QFVs show any penetrative planar fabric. The majonty of the garnets present in
the gneisses are post-tectonic and do not show any evidence of deformation (neither in field
nor in thin section). Structures similar to the stretched and rotated garnet porphyroblasts were
observed in many places. However, such structures are found to be aggregates of undeformed

gamet 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 QF Vs
.within pre-existing gneisses (Fig. 3.62). In the northwestern part of the Tenmala Shear Zone
(location 353, 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 n‘mvement, consistency of shear
sense (either dextral or sinistral) could not be verified. Any shearing movement that might
have been present is pre-Kalipara granite in age since the Kalipara 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-3) which may explain
the presence of localised dextral kinematic sense indicators as reported by Sacks et al. (1997).
On the other hand, the presence of a major shear zone, running subparallel to the west coast of
India, with sinistral sense of movement is proposed 1n 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, geochronological data from the Kerala Khondalite 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 charmockite 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 mafic granulite.
This and some granite gneiss xenoliths within the Kalipara 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 thermal 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 chammockite is paragneiss, the ~2100 Ma age represents the age
of detnital 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 Jeast up to the north of the KKPT Shear Zone, includes the KKB.

3.4.5. Ages of metamorphism, ckarnockitization and other thermal events

The KKB has suffered more than one granulite facies metamorphism. Neoproterozoic
granulite facies metamorphism is expressed in the form of extensive charnockitization of
vanous protoliths of the area. An earlier granulite facies metamorphism is suggested by the
presence of sillimanite facies khondalite, widespread within the KKB. These khondalite have
been charnockitized 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 metamorphisim
(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
chamockitized paragneiss of the Ponmudi quarry, which suggests ~1793 Ma age and from

zircon evaporation age of 1803 + 15 Ma from khondalite (Bartlett, 1995).

The Neoproterozoic charnockitization event is well documented by a number of recent
determnations of Sm-Nd whole rock and mineral isochrons (Choudhary et al. 1992,
Unnikrishnan-Warror et al. 1995, 1997, Santosh et al. 1992, These studies variously estimate
that the timing of resetting of Sm-Nd systematics in various minerals of charnockites,
khondalites and cordiente gneiss ranging between 520 Ma and 560 Ma. This range may
indicate that Neoproterozoic charnockitization spanned for a long penod, or that the region
remained at an elevated temperatures for such a penod indicating slow cooling. In the present
work the age of Neoproterozotc 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 khondalite enclave within charnockitized massifin the
southern part of the Cardamom Hills yielded 524+2 Ma (sample S-355E, chapter 5). Thus age
may reflect a cooling age immediately following charnockitization, since charnockites 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). Khondalites 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 charmockite
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 (Parrish, 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 corridors 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 subvertical shear zones with predominantly gubvenical
movement. There is no evidence of significant strike-slip movement on these shear zones. Thus
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 1s ~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.

(i) 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 charnockite massif and
the khondalite-dominated gneisses of the Kerala Khondalite Belt. This boundary is a

metasomatic boundary, younger than post-tectonic Paleozoic charnockitization in the area.
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Chapter 4: Geochronology

4 1- Introduction

Modern geochronological 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 environments that the system undergoes. The
temperature below which parent and daughter elements are retained within 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 (®°U and
83U} decay into two different isotopes of Pb (**’Pb and **Pb, 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 (~750°C) and it is also a common new mineral in high-grade
metamorphic rocks. For this reason zircon and monazite are valuable minerals in unravelling
the tectono-magmatic history in high-grade metamorphic terrains. In the present investigation,
therefore, U-Pb dating of zircon and monazite, together with sphene and apatite was carried

out on a number of samples from differert parts of the SGT in the Peninsular India. A brief
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overview of the principles of U-Pb dating of zircon and monazite, and their response to high

“grade metamorphism is given in Appendix- A 4-1.

4.2. Southern Indian Geochronology

Available geochronological data from the Southern Granulite Terrain (SGT) of India are
meagre (Fig. 1.11; Table 1.3 in Chapter 1) but do provide a broad geochronological
framework. The protolith 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;
Biihl, 1983, 1987; Peucat et al, 1989, 1993, Jayananda and Peucat, 1995). The northern part
of the SGT, from the Krishnagini-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 Biligintrangan Hill area. High grade metamorphism,
deformation and charnockitization in this part of the SGT immediately followed the 2.52 Ga
granitic emplacement (Friend and Nutman, 1992, Peucat et al. 1993). South of the Palghat-
Cauvery Lineament (PCL), protolith ages are not well established. Only zircon evaporation
ages of ~2.11 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 geologically meaningless mixed ages for
zircons with more than one period of growth (Appendix- A-4-1I), 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 Kerala Khondalite Belt (Harris et al. 1994; Bartlett et al. 1995)
range widely from ~2.6 Ga to 1.3 Ga. Odom (1982) obtaihed 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 Peninsula. 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 overgrowth,
Soman et al. (1995) reported analyses of zircon fractions from the KKB 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 . Sckantappa 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 fneam’ngful 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). Santosh et al.
(1989) 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 who'e rock and nuneral
isochrons (Choudhary, 1992, Unnikrishnan-Warrior, 1995, 1997). North of the KKB, in the
Kodaikanal area of the Madurai Block, zircons from charmockite 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, Neoproterozoic/Early Cambrian
charnockitization has been suggested to extend from the southernmost tip of India to at least
as far north as Kodaikanal over an area of over 150,000 km®. Time of movement along the
major shear zones {(discussed in Chapter 3) has not been well constrained. Only recently,
Deters-Umlaufet al. (1997) provided Rb-Sr and Sm-Nd whole rock and muneral 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 two decades. In the 1970s
conventional isotope dilution thermal 1onization mass spectrometry (IDTIMS) techniques
required milligram quantities of zircon, mainly because of high laboratory Pb blanks (100s of
picograms; 1 picogram = 10" gram). Age uncertainties were usually on the order of several %
of the age. Today, the technology (chemistry and mass spectrometry) has improved: a few
plcogram 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 TIMS 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 geochronological 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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Table 4.1. Summary table of number of analyses carried out in different laboratories.

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, 15 95(Z) / 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
charnockite samples collected from the Bhavani Shear Zone were analysed using IDTIMS

(Table A.4.2,in Appendix).

Subsequently, during 1997 and 1998, the bulk of the analyses (19 samples) reported in this
Chapter were carried 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 determined in this laboratory.

In 1998, I analysed six samples with complex (identified by initial IDTIMS analyses) zircons
and monazite in the SHRIMP-II facility at Curtin University, Perth, Western Australia (Table

4.4, in Appendix), with the help of Dr. Pete Kinny.
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. 4.1. Detailed descriptions of the various

samples analysed, and interpretation of results are provided in Table 4.5

125






























LTl

‘s8e W usarory

a1 saynuess arjew

AL pue ‘sjUaUNPISEIALUL
PalBI20SSE 5)1

AT Ay sny | csennuesd
lBLL S8 [[34 SE
S]UDLLITPISEII PAJEIN0SSEH
pue JJ§ O BAISTUIUT §1
ga1R LN U s510uB Al[RUC |

‘sstaud ajrjeuo)

(Z'p BiD 288 qg

-(1 Jo aleumsa 1539 ai v SIr3e
UMM ‘BN (¢ F RZST ST pasATeue
sapdures asny; Jo om] 10 sa3z

UL/ 9dgge JO aBBIas® payBam
9B ey L] F gzsy sl

(paroufit sem Jurod juepioosip jsOW
aq) siuned o) YBnony eiproostp
Jo ydaoio)un sadd( pasA[euB amam
sjesAI 9| 8uns 9a1,] [RIPaYqQNS pueB

{T¢ s
snonumuo? 218 ss1aud
8]I[EUQ) Oy pUue
sstaud a)1q1apus tpoq
ur Ajisossisugy ssiaud
A BUQ) UM
sayored se smigoo
ss1oUB S)GIspUy
"8A1B UIABG

QU0 1ES MUYy
~IBAOIN 212 UNIA

HEEIN
Jo 1samyinos uny 7 ~ ‘a3eyia
Inyey 10 Yuol Wooz~ “Uonoss

SU0DNZ Jo

10 988 aatsnnu] anewsud ssopmoleo a1p sucon7 | wog sstatd sieuo] | Aremb v N ZELEL 1T T.81.8.8L] simsAwaBuis gl viz-s
Fias [2oTB0[053 ou
jireiinls iy uonmaidisug o8y pue adi yo0y UOTIROO] Aogeroqe]| spdureg

(NLLEND TI-ATIHS =S
“10N =N "1LIN =N A101e10qeT] sesAleue JJATWHS PU® SIALL Y109 sepnjour) safe may) pue sajdues [eoidojouoiyooad jo uoiduosa( ¢ v (a[qe .







8T1

"BaIB
a3l Ut 9dA) 3001 SAISUANXA
1sow ay 51 ss1aud a1molq

ONIueIB B <7~ SN

‘ssraud aymorg
a1 Jo 288 aarsnuug

(A

BN T F 21ST 30 982 Qudyoy/d 00
$BY UBIE JUSpPIOsUOD |SOL

Q] "BIp102UOD 2Y] 0] 9s0[2 [[8]
WSL JO |[B ‘posA[eus aIam s[msAIa
uoonz 2[Buts sam ], "onewsud

pUe $$a[MO[02 218 SUO2IT/

(¢1¢ Bry) anpnuerd
D1JBUL OJUT DAISMLNUL
sstauB syjorg

Texp{BuUIBN JO
NN ury o7~ ‘wemdepus[eduig
Jo g8 uny ¢~ o

PeOI INL¥$.60. €7 “TaEE.11.8L

UOOIIZ JO
s[gisAto o[Buts ¢ i)

0ZZ-§

JUAUNUO0 )

uoneg)ard oy

2By

Fuiyas [go1Bo[0ad
pue adfy yo0y

U0

A10)810Q8]

ou
apdureg







6¢1

“UCTIBZTINOOWIBYD Ja

ade us ayporput BW BJA
L1057~ Jo afe 1odunodf ay ]
"puUan 18yc) UIAses aiy
yim snonumiuoa Ajqissod
gale i ut juasard

s1eays '] Swpuan s
-N AUl il Jtuoa)-isod
10 -uds se pajaxdrajur

st sscad ajueld soyy

(e66] 1810

leanad) [exT{EWEN] JO
JHou ury g [~ ‘8a1g
uTdRUYSLIY Al WolJ
UOTIBZTI{O0UIBYD
Joode

pauodal yiim [[am
sal[[#) 288 Idumol
sty | uswzosjdws
s11 0] Juanbasqns
Jiwald uoonz mau
sajgorpun A[qrssod
paoyo urod om B Aq
pauyap a3e BN 7'
FLOSTIYL BN LO
F LEST SLAPOq sty
Jo afe satstuim sy

Wy TDeN Tl

F 067 Jo Wdsousiut addn v giim
BIPIOISIp B SUWJap [/°[ pus T’ Jo
ol (AL YiEm stetd 1ayjo om |,
BN L0 F LEST IO 9T Qely/Ad, i ©
$8Y Weld juepiooucs 1508 a] BN
7' ¥ 99§57 Jo doosmn 1addn ue
Uim BIPJODSIP € 3UYSP §°( PUE | ')
u2amiaqg (YL Pitm sureld xis ag
Jo mod ‘[eipayqgns pue sngwsud
*mojo3 i uad 131 ale sucony

(£1¢ 81D P
padeys 7 sjgqeddew
B JO quu[ Loys 2y
Buoje papnllt sey
Apoq sstauB el
SIY] SNONUNUOY 3J8
$S19UB 2)poWwRyD
pus sstau3 suesd
ieq W Asosstaun
‘sstaud augui3
LTYIIm Sayred woyg
s5loud Mooweyy

‘ajdwan tRjuULIIRBN

10 AN Uy |~ “aydwes doy |1y

NOPETLT1 3,021 .82

spmsiin 9[3wms g o)

0t1-S

UBWWo

uonig1adiaiug

28y

Bumnas (gotdolesd
pus ad{) ooy

uonE507

Lojeioqe

‘ou
apdureg







0t

{g661 81

15aN34) HONIBZIIoOWIeYD
aq jo aBe ap

sB pajaddiann sam yorm
117 “B1g) wusweauy|
IzAoj 21 Jo o0

‘parm 1nBeuysLy o1 U0y
paurmqe oBe ajzeuowt
2 o1 tejruns st aBe snyy,

‘gals A

1 uongzniypouiey?
awzoiordos[ad

Jo ofe

alp sy0ayar Ajqeqoid
(N ¥'S F LOST)
afe a)ZeUOW 211

Jo apwnsa 18aq Ay |

{t ¢ 313 225 Z0¢€1-5)
X001 JWBS U] WO S(E1SAI9 UooNZ

oml Jo 1dasaraqn 1addn eipioouoo
Aq paurap dBe BN 7| F L0ST 971
yum sayzewt 28e sy (¢ p D)
BN 'S F L0ST J0 988 Qd g, /qd g, P
2AB([ S|NSAID )1ZEUOW JUERIDOUOD
150U 3 | ', JO 19354 |181 SBIE]
0] 3P JUAUCD . JO UCLIBLINISA
astard pajosge sey ST,

UL . YBTY Apuanbasuos
PUB (%65 £<) WL YB1Y A19A aaBY
Aay ] uepioosrp alg sutetd au) v

0f1-S Se auey

0€1-§ §¥ aureg

"pasA[eue
aIam S|nsAL
alizeuowl 9 N

WOEL-S

WUy

uoneaidiauy

a8y

gunss [eniBo) 0!
pur ad4y a0y

BONBICT]

AIore10qB]

ajdweg







el

5388 paseq pN-wIg 2501
SULIIJUOD 10 JUSS3I]
(9661 18 12 0By IesEyg)
gaIg Juasald ayy Jo 150
uny g~ “eale pndwentg
a1y} woyg “A[aarioadsal
‘EpoyjaLW UOIYIOST
[BISUTUI PUB U1DIY20S]
3001 S[0Ym PN-UIG 21} A9
Aluaoa1 palodal usaq sey
annusId 1B Ioy sade

BN 0tL~ PUg B 6°7~

"TONBULIC]ap 10/pUE
wsrydloweai
palejas

2q ABUI yoTym BN
77/~ 18 marf uoonz
mau Ay, (NOEl

-g ‘o8 2y1ZrUOUI)
ss12ud 2)1ueId

Jo Juawaoeldua
Pamora) yorgm
UOT|BZT) IO0LIBYD

10 (Z0£1-§ “o8e
uconz) ssroud sjrusi3
Jo uotsnunut Fuimp
wisrqdroursaw
[BULI21 O paje[al
Alqeqoxd s1ade um
8D ¢~ 3yl (0l
-g) ss1ouB airueld pjo
BD) bS'Z~ 4q papnnw
uasq sey Apoq STy}
AsTIBOAQ SOUBLISUT
ueLy 191E1 ajinusrd
2IJBW 21 Jo 0RF
JAISTLUL 1USsaIdas
Alqrssod BD (g-6" 7~
Jo a8s updBYory SY ]

(9'v 31,g) suoonz BD) ¢z~ Uo
SUCONZ BN €[ F 77/ JO YmiorBiaao
10/pUR SUODIZ B) § "7~ WO §50]
-qd I2wpte yoapyel simod asay ] BN
274 pue B ¢'Z~ Jutuiof erp1oosip
PoUIJap-T[am B UO [[8] YOrym SUIEId
Jo Iequnu e 21e 311 ] B £

F TZLJO 388 [gey/Adgo; P S9B0
JUFPIOJUOD (111) By ¢ 7~ Jo safle
9dgn/9d oz Wi $338 WWERPIOOUOD
AIBau sUPop SUTRIS UCOIIZ SLUOS
Joswuz (1) BD) (g~ pUB B 67~
usamiag Fuidiea $38e qdg,,/A9d
A s11od JURpI0osTp Aas1aAsl
aAmY SUTRI3 UDONZ SIS JO 2107 (1)
"$328 JUAISJIP 301U} PaP[al4 $UOSIIZ
Jo sasA[Bus JATAHS (9'v B
UOUTTLOY 918 AITYINNS UILL PUB 2107
-adeys w1 yuenba pue §§3[IN0J00

218 }001 ST} LUOL] SUCOITZ

‘sstau® ayuerd

BN £$ 7~ Aq papnnu
u22q sey 2nuerd
oiyew 3], ‘Funreays
I Aq patoapge st
pueq s, ‘ayinueld
Y8 WiIm 1o£B]
J1JISOULIOUE Wog
pe1oal|oo a1dweg

(g1 ¢ ‘Brq) suoz Ivays

4 ua [-IOPLIOT) ‘e BUIBN
Jo {SS ury ¢'p1~ ‘weddedterep

Jo AN U § £~ “domno

dol (1T *NLSS.LOA T LS T 1084

‘pasklete
31am SuTBId
61 woyg sjods ¢¢ ‘g

LIT-S

JUAUIUIO Y

uotigleidrajug

o8y

Jumyss (0130058
pue adA] ooy

UOIBOOT

AioywloqeT

ou
o|dureg







ctl

“UOTIBZTINO0WIBYD O]
pale[al 5q Avwr g-7 jo 99
Adanz/9d,0r BN 096~ 3UL
‘JU3A3 [BULIINI-0UOI3]
a10Zo1n01dosp] 15918]

Jo runy Iaddn wensuos
282 BN [ F £09

ay] ‘(g-1:ydeyn) seveld
HUI0S 18 SHTIOOUIEYD
Juatdiour aaey

9)TJELIBIUT JO SWUOSOINI]

“52100

B §'{~Uo BN
0S¢~ 18 palea[anu
SUOOITZ 3531

1811 51 Uonjpueldxs
JAIIDUIANE

Uy BN 095~

18 moIf uooIz
mau syuassidsr
Arqissod ‘urBId
JBPIOOSIP 1SB3]

I ‘g7 “wale o

Ul UOI}BZI)BLUR I JO
988 a1p sv pajardiajn
SISTYL BN b1 F 09
ST 90131 Jo 38s 2
JO 31BUTISa 153Q A ],

WednD

BN ¥1 F £09J0 98% Adyg/Qd
9F8Iaa8 PAIYBlam B SARY SIAUI0
[TV "B § F 966 JO 388 qdggy/Ad ;0
B 581 (9-7) SUQ JUBPIOISIP

18%9] 9] “IUBpIOOSIp 218 PISA[BUB
S[81sAI0 UOANZ ]V '[BIPAYQUS
‘onewsud ‘$$3[MO[0V 918 SUGAUTZ

‘PRpIO)

ATIYBY 218 SUTIA
o1 BWATA] "$aUOZ
18y *CY/A UTA
$$1918 onneud
UTUJ I SUWIOS0INA]
Yoy anatw

[~ ® woy s[duweg

(E1°¢ B (op{puweN

Jo MG W 71 ~ ‘wedeedweily
JO 158m Uny [~ |1y paje(ost ug
Jodoray ‘NS Lo L1 “H909-8L

‘DISA[EUE 21am
S|BISAIO UOONZ § [

Yo61-§

juauIo)

uotejaxdia

a3y

Fumpas [ea1d0]0s3
pus adA) ooy

uonE0Y

Atole10987]

‘ou
srdweg







£el

at

“B1.) auo7 1Bayg A1aanen
1By B[ed ayl ssei08

odz 1B[Tuts Jo sstau3
o o Jo Amujuos

B £1
F Tip Jo a8e ue 2413 BIpI0SIP JO

o6l
‘1$D) 2uoZ leays
AlaaneD) paiskdiann

Ksnotaid aup jo
iymos 211 o} 1o sdoio
Apoq ssraud ajruesd
ST [ 2B pauerd

2SIB0D SATSSEIN

£15988ns sy ‘BO) $¢ 7~ daorayn 1addn sy JuBpIOISIP 8y Aq papnumn usaq
PUB BD) 76 7~ Udamiaq PUE £ L93M)3q S1E SpASAL atp Iy sBY pue alnuard
$238 ARy [[¥ WS[ES WO ‘suolsnomn padeys-y1g| s53[Mo[02 DIBUI PAPILA (¥ "Brg) muey R
PUB [EX{BLIBN] “TNUIBY 'sStoud [ amuT SNOIILIND i ‘jEoUpN (LD SBY o1y ss1aud 10 AASS Uy § ~ uotjaas Atrenb | &) pasiieus olam
oy s51aUd 2Ly aymerd ay jo 38y pue jeIpayqns {je 2e uoomz | omueld e jo sjdureg € NLLTPSa0l “Dub5.£0.82] siMsAtouoanz g ‘n|  gez-g
Buryas jeo1Bo[oad “ou
JUSUNLOT uonmardsaug a8y pue adAy ooy

uolAdO |

Aaieloqen

adueg







Fel

U/ UOTIBZUD{OO0UIEYD
I8 01 anp ssof
-qJ/iNmerdIaac o] parsjal
3q Aew smeId ay; Jo
150U1 3 Jo ASUBPIOsSI]
(£661 1812 meyg)
paAlasqo ATUOWNLOD

8 SE JUaA BN Q08~

B alaUm S}EUL) WDISET
At itm AnuTiueo

Ul 3q Ot paAst[aq 278
‘auo7 1Bayg 143 ey1 o
INos “yao[¢ 1eInpap aq
Jo 53901 a1 Apnis Juasaud
1) a7 ™90[g lempepy
ai} wox 288 sy jo
plo2al 15Ty 3y} $t AJalloE

(5661

‘[& 12 gpusuELe[
'$661 1918 Na[usg])
0L tBINpBIA

Al ut paplodal
U017 D{O0WIBYD

Jo 3B jo g

JOLI9 UM ST BIA

£8 F €Ly Jo idasuayn
13m0l Y[, (y-7)
uLesd JUBpIOISIp 1SED|
31 §0 230 Adlge/d 00
BN [ F 964 31 £q
uaar3 st a2e yiojod

6y 31D BN £8F £LY IO
wdosiayun 13mO[ B pUb 8N ¥ F p(8
Jo 1daaratun 1addn uw prarA sjnod
pasA|eus ay] [ YBnoJy) BIpIOasIp

VB [ F 96L J0 9288 Ad0/Id sz
g SB1] ($~7) [BISAID JUBPIOOUOD

150w 3Y [, Jusploosip lusolad

"PRTN[[¥IsAl921 MmOl
S1 Jamja ANsoistyas
A]aea syuasardar
1w Buuade] JsoyR,

'y B InBipuig

JO yHou uny Oy~ "MpUEsEpa A

Jo ypiou ury g~ L-HN Jo

ApIs UI2}SEI A1 U0 U996 Auenb

pasA[BUEB 3)am

oNTUBIA BN 008~ STUL. | JO IJEWNSA 153 Y[ | m3J UMM B S[BYSAID eonz g [[v| AU SIOOUIBYD 7 N.8Z6€a01 “A.89950LL| S[PISA UCONZ G N[ £9Z-S
Jurpas [eo130[0ad ou
JUBIILIO D) uoneadeaiug By pus ad1 ooy uonesoy Aloiproqer | spdusg













ot

BUOZ 18IS 1A
a3} Buo[e uonEULIOSP

01 PR1B[AI 3q ABUI ]} ‘ARIOZ
1B3Ys 3y) 0} (a1 eIRdgns
pa18Bun)2 s1 pUB 3UL?
Bayg LM e ol 3sejo
1] Apoq 211SO1ICUE ST |,

‘Kpaq
apsoyuoug suyj jo
UOTIBZI][RISA12 JO a8y

e

B BN 6 ¥ £95 58 988 N /ade,
Jo 218W353 153 plalA puB
WEPIoUCT B pasA[eun sjpsiin
UOSIZ § JO INO g “SUOISN|DUL UCOITZ
AuBo sjgsAia assjoolBe(d swos
‘U013 UMY} U] ‘WL 3t Ul S3INeEY
i (eprosayds ([ [ ¢ 31
snoauaBowaoy 91g sucanz ayl |y

sulBimu Aty 18
UOHIBLLLIOaP S]HINP
pa1ayns s8y Apoq
STY[ “Asoyoue

2 Wmymm uoiod
you zi18nb 8 wog
paoa[od sem ajdureg
SSOULIOUE JAISSEIN

(¢ Bi) (rBrpng
JO MNM U (¢~ UIBnEyousppO
JO N Wiy [ ~ ‘uohioss Auenb

[[omBnp 8 NOS, L[ “HObLLL

‘pasieue
a19AY S[EISAID
s woyg siods 6 g

89Z-5

RIETTE T

uonejaidiay

oy

Bumas (831301033
pug adA] Yooy

uenEne']

Azo1mi0q87]

sdurey







Ll

ERLS TER T o R

"S3U07 JBALS IUBABYY
pue Aisanen) ‘reAopy
Suoie AJ1ANOE |eLLISY]

Jo pousad iofeur v e
BN 019-009 1E\Y) 37E21pUL
(191B] possnosIp ¢

-GN} Bale wedp[ednnay
ui ayjewdad wog

U0z (|BULIRLIOIPAY) BN
009~ 3 pue (y961-S)
BUE [BP{BWEBN U1 wog
2IneUIFIUL JO A0SO
Joa3e eI b1F£09

a1} Yita uoje 28w s1YL

JU3AI JELLLIION01I

atozoroldoaN

J1e| B Buunp
JimOI8 3)1zeuow
AU S3)BDIPUL
BeeN 9 FII9
ayr ‘wsiydioweyaws
apead Y3y eniul
JosBe syl o ole
Yioioad sy) Isyne
soa13 288 BD) 7~

Lt R

B1) ey 9 F 719 Jo leWNSI 23E
Mgez/Adgo; B YU BIPIOSUOD JEIU
J21SN|2 SI2Y10 3|1y e By (]

FITST~ 10 988 (1/qd,,, TuionE
UE BAEY $3SA[RUR JURPIOOUOD OM ],

"UO7Z JeNS
Tefo}y Buipuan A
-7 a1 Aq paJeays pue
nuels sgew pio
e ("¢~ Aq papnaul
aizyenb 21Isyong

¥

"81) WeABYE JO MNN U § [~
muwa__mb [NPIRANT JO AN
ury 7 v_oo__m_._ eJo onouw LIINGS
NL0S. 1€, 11 “LLbOELLL

‘pesA|euE

2 S|EISAI0
ANZBUOUL JURIS 1P
£1 wog sods ¢1 °g

LTS

JUSWIWOD)

uoneadisyuy

a8y

Buas (801801023
pue adA) ooy

uoneso|

AlOJRIOQET]

"ou
a1dweg







8¢ 1

i sydioureewl
Jo2q 0 Ay

QIE SUODIIZ BO) §'Z~ Y1
JBUY 15353NS SIY| "poyRW
LOJY20S] HO0I JjoUm
PN-WS 31 Aq B) 67~ 18
(9661 ' 12 0By Jexseud)
SIONI0Mm snoladd

"SoHE JIGWIOINEOW €
12221 Aew ojynuerd
ayjew u) $a8e

uoa11Z 05 {M0o|2q 295
‘gry opdwres) ss1oud
anuedd B 757~ Aq
POPTLLLS 81 SN NURF
JYBLW SIlY] "UODIZ JO
1mo4d drydioweaw
10 28e 1pijojoid

21 Ja12 59)ED1PUI

(€10 'B1d) e

01 ¢~ jo 23e danlou) Jamor augep
BIPIODSIP AL ‘§7 Lo SUoILZ
U passadfial sie asay) usya
‘pashleue 2lam ssidwes aypede

7 "S50{-qd Jo/pue adueIayul

0} 3Np §1 Japeds Y] 1daniau
1addn eIprooucd B OZFDRYT
Jo3%e q4,,/9d,,, >Feisae ue

syjoqiyde ue

(U7 "B14) 6L | 1 WL ELE 9L
‘wiedeednysy

{sesiao oygede 7
pUE UoLIZ 7) 6/9LE

AqQ pajep udaq sey eae | A|qissod B 67~ 18| 2aey Eipsooucs Jo idaassul seddn | s1 57 tanuesd sgew J0 35 uny § Lredipnn) (sureld §) 2SI | &/9L8°C

SIy) ui souynuesd syely | 1deosagui Jaddn ay a1 ptmore 1apess suleid Jsopy | ouB §/9LF Pue Z-SIN 101583 Uy |~ UOKDAS ALrenb v HsuesS £ 'S7 W | -SWIST
Fuimas jes1doosd ou

JUIUIUOT) uotiewidialy) o0y pue 3dA1 %30y UoiED0] Aojeroqey | sdweg







6¢l

238 yojod Ay
saA1d BD) 7577 ~ 18
1desrayur 1addn s

(ORI

e ¢ T ¢157 stade oy Jo syewmsa
159q 3], JUEPIOOUOD JO %] UTYlm
oIR O] ‘pASA[BUE 2Ioa SUGONZ T

‘PasAlElER alam

ANOOWIBY ) papuey 7-SA PUe §7 Wl sB aweg | sjmslo uoanz 7N | pIND
128
BLL) ©N 90ST PUe BN 9TST
Jo 382 44907/9dL0T 248Y pus
BIpIOSUOS 3t Jo 1daoIa)n saddn
ay1 01 aso[o Jold os[e (au|nuoy)
db-§IN JO SUOONZ Om] BN QS
18 s1 )daolaqut Jamof ay |, "ureld
‘Burioos 10 Buinasal UOIINZ TUBPIODUOT 1SOUL 3] Yilm I pus ai[nusRId
(euusy) eotput | Buole passoudal pue pasi[eus alam | IR PPN aABY
ABUI BIN OG5t~ | ool soyl oy s[e1sAxo suayds om [ Aay] -sooeld auios
Jo1doo1aut 19mo] | 'SUODLIZ JUBPICOUGS ISOW { Y] JO Ut paZHI{o0UByd
ss1oud o1(eucy | aBvIsAB 24l ST YOTYM BN T F L[ST a1 sesstaud
pue sstouf anueld | st sypunise afe 1seq a1y “eIpiosuod arjTUBLN "$S1oUB (smeid 7) gp-S
yioq Jo o8 aatsnaul 0] 25079 [[B] [[B ‘pasA[sut alom alBUL) "Hi-SIN ‘GGuiead | gy-Sy
ay S B 757~ (¢} sswouB ayruesd jo sutead g | ‘ssioud anuwid ‘¢-n) 7-S}N PUB §7 Ul S8 2WES gy 's-0n Wl ‘s-nn
Bunes [eorfooa’ "olu
UG ) uoneadiou] 38y pue ad4j 300y UCTIEQO ] Aojeioqe | ejdueg







orl

J-10ptuo’y

UT B3IB |EMRBLUBN]

Syl pue [[-10pLUCTy

LN E2IB (UBABYE U] WO
papodar uaag osje sary

238 el Q0G~ SIT{POMEYD
woy s588 susyds syj Yl

“Apoq sjuewiBad oy

Jo yuaurasejdws jo

(€1 b BLD) BN 1 FT09

J0 38e qd,,,Md,,, B $9A18 1l
JuBp09sIp 1583[ oy, amewdad Jo
aseyd BinzipersAo ([euLoy0IpAy)
KLeurud e jo £jqeqord aie pue
sadelfs UT 1B|NQE1 PUE LB]NOIDE 319

iy
“81) pasA[Eus alam

Alnosuco ut s1 afe snyy | =28e ay) st B QOO SUTR(E UoaNZ pasAfeus aamy) |[v apeuiad -5 pue g7 tTseateg | sutBuosuz ¢ L SN
Humas [sardolaad ou
uonerasdiaiug 2By pue 5dA1 Yooy UOIEDO" AoteioqeT|  Ardweg

Ao







(474!

BN TTG~ JB UCTIPUOD
sydiowmaw spad-y3y
wog poydn seam Bipu] Jo
di) w=snos iy o) YyHou
a3 ut 18YTI[Ed WOY UIBLIa]
ajoym a1 ey Funsading
‘€T 241 U saIR{eouIsyD
Sy paprut gotym (HR [ €
-g) uma ounewdad B puw
(g5¢£-) SITY wowrepIe)
U WOg 3)1T20uUIByd Jo
S11ZEUOWI U1 PapIooal Usaq
©S{B 2ABY 5288 BJA] (TG~
I} STU] 18 JAI98 OS[B
SBA UQ7 IBIYS ATSATED
-1BY8[ed 181 $31801pU
e otuo}oauss

BIAl 009~ Jo souasaxd

YL (3A0Q8 passSNISIP)
SaUQ7 IB3yS UBARYY

PUE 1840 "A19ANE])

91 WO UOTyBBNSIALT
uasard sy ut paplosal
U3¢ SBY WSBWdg

‘uoT}IpPUod
srydiowtersur apsid
-ydny wox yrdn

0] pa1v]al 9q Agtl
Atanon [BULISNOIPAY
S, fimord
[BULISIIOIPAY $19{1au
Arqrssed 1uauoo
y3iy s uonejnded
6 J0 938 By

£ F 776 YL snuesd
o Jo 988 o

BN F F 009

Jo 288 a4, /4, © $BY (87) StTerd
35311 JO JUBPIOOUDY 15OLL 31 |

(288 \dsauain Joddn y3ng snb
3AgY 1nq 8388 g, /4d o 1Y

O] $ITLSO[2 St BIPIOAUOD U Uil
143212101 J9MO| 350U 3UN| B UO []Y)
Ol pu3t sUIBIS asaU1) FUEILSYN

Jo asnea3q A|qissod 191B25 smoys
pue (¢°Q - ¢ |)oues /Yl ysny

B 1ty 559(mc[oo st A1auea Jso
SUL BN £ F 7TS JO 989 Qdyyy/Ad 0;
U sp(otA (7('0-80 0) onat

NI Moy Aaa pue ) wdd 0of<
1Ay Mojod u1 3Buglo-ysmmoiq
WA JO AU 20! STY U pUNo)

eaJe ap Ut

1Uaa3 Juueays solmu
8 Bump 2muciv9)uss
sv patasdiu

st iauen sy (6p €
“B1.] *310Q¥ passnosip
g v adA) ssraud
211uBLd out sarsnAul

@91y
“B1) pasATeuB a1am

siuerd gy (09~ §138% BN + F (09 248 suoonz o suonejndod om | armueLd anissepy YEOp-S W se oweg | simsAlouconz § | gr0y-S
Buryas (o000 ‘ou
JUILIUIO ) uctieraidrajuy aly puw add) 300y ucn B0 Kommroqe|  s)dureg




Iyl

108 ) Wog 338

SI] JO 1u242 amydiot el
B 10 AJIAljog onyussd

10J 2OUSPIAZ }SIJ 3] S
suoonz ayswiew Jo 988
B0 9 [~ N[ "B2:e leYB[B]
Ay S8 INOS 18] S8

UTgLId] SIY) Jo UOHBNUTIUCO
s)saB8ns yurou s

0) UO}BII IBMIFY(] 9] U
UOUIUO] ST Y3 “SSTHIR
aioiq Jo 98¢ 80 6'7~
aty L, ‘saseyd snewdew
JURI[JIp OM) LWL} SUQOIZ
asardar e yood

SI) UT pUNoj SUOSNZ Jo
uone[ndod omy ayy {gp ¢
‘B11) paynudp! Usaq 248y

JuaAa
uonezi[[e1sk1o21 B 3q
p[noo 1 AJaanBwAy
“(syruBI3

g adA1;) yo01

SIJL UT S31LOS0AN3]
unp £q pajuasardal
2q ABW Yorysm
ANALI0B 0N TUBIE
Isyjoue sjuasaidal
A1qissod s8e

BW Ol F 491 24l
3y sstaud anoiq
ayy Jo 181 51 a8e BD
9 7~ 9], "suoalz
smewBew sjuassidss
uonsindod yioq 181
s1qrssod s1 )i “sje1sA1a

BN 0T F £491
Jo 998 JUEPIOSUOS B PUNOIR $1311805

(s10ds 7[) 19)SN[s pUCIIS U YA
By 9" 7~ Jo 988 JUBPIOOUOS B
punole s1aneds sjods ¢ Jo s1a1snye
aq joauy (81 ¢ pue L1 p sALD)
suoanz pauoz padolsiap-[[am
apn[aul $1518N[0 353y} Ylog (84] b
“B1,{) 2IpI10OUGO PUNOCIE JBISN[D

91y Bid

“gh0v-8) BN 009~ 18
pa18p §! yom JO suo
1saBunek ay1 (1 pue
2 ‘g sed4)) avrussd
pug sassoud onmerd
3)8] Ag papnnur

SI1] "BalB 3} Ul
sstaud onruerd jsapjo
3y aq 0} psleidiul
§13001 5] (v

ad4)) sswosousawl
qou sjnolq

(1'p "B 1eyB(8d Jo NN

saseyd onuerd juatafip pauoz padofanap| omyun [rey sjuted pasi[Buy (Z66] i BumiELs) e uny gz~ ‘oBe([ia peUEYILIBIA (89] ¢
MOJ SB[ 18 21w SUCT -][3s sprysul 18 12 ucaBpid) e onBwBew | sawesoaNa| ¥ory T JO AN Uy [ ~ 'suo7 134§ “Br,|) “pesh[eue
Ipayg 1eyBed o urgim | si9isnyo juepIosucs| g dunesiput Butuoz padojaasp [[am ma] B Ul ssioud | 1eyB[eg o1 unniLm uorjoas Auenb | amm s)msilo uoanz
wog st a[dies ST, yloqoourg | - aney s[eisAlo sy yo Quoleway] | - suued you oy B NLLTSS01 ‘T E1EE.0L | ST Wog s10ds $715 | Vpop-S
Burpas [enBorosd ‘ou
IUIIWIO)) uone1d1disu] a8y pus adA1 yo0y UolROOT Aoleroqe | opdweg










(L v’V -XIpuaddy Ui pauyap se) 8ouepIcISIP JIBY} JO % Jsuiebe panoid ueym Aeue Jesu|| e LLIO) A8l se sebe qd-n ew tpim 6u)dnoo peuyep

oM Aj@jesapol moys (Jesul) sabe Y] Z€Z/ad80zZ 9yl "sedAl ool OM) 888U} WO SUODIIZ Jo Soled NALL Judlayip AleA jo eshedeq e}iueld By | /G~
8y) WO SUCIIZ JO YIMOIBIBA0 UBY) Jayjel Jusaa [euLeLjouo}ds] e | /S~ ey BuLinp ssoj-gd 0 anp eq 03 pajaidieju) S| SUODLIZ U} JO SoUBPIOISIP
ay] ‘ease awes ey} Woy (GLy-S) 8yuelb JuoPejuis e Woy peurelqo ebe gd-n ey} saydjew Ajesoo Yoiym "B |/G 1. 81 idedleiu; Jemo| ey

‘abe Lp1j030ad ay jo sjewisa Jsaq eyl Si siU) BW LZF1 162 Je 1dsaisiu) Jaddn Ulim BIpIcISIp B Quyep Puk Jueplodsip ale pezAjeue S|ejsAms Xis |V
"8U0Z Jeays | 4N 8t jo Yed waysam ay) uo ease weebuewe)joy oy u) ssieub ejiuelb e woy suodliz sifujs Jo; weibeip BIPI0OUOd Ad-N 6L+ B4

Zl o1 9 o 18€7/AdLOT, z 0
o _ _ _ | a | _ (0T ,m D ._Hm mws ! 0
0T v "31J) ss1eud oyuelsd Supnnul
6 g [ISEUAILN 9 S (S1p-S) sywerd ut suoonz
ﬁ. N T ! .:J T ! !
L _ — 10
000¢ , O FITFILS
! ydaoaagut samoy
r .
- — To
N8ET
................ q4d90t
— 4_ — €0
00vT |
- ! |-
R ﬂ 0091
R | ~Z i
T DWLEFIST | owesy 2 (0% ] PO
‘1daoudyur 4add)) g _ | y1zET - |
\ e | | 9480 S0 0
4 -Q | P/ _
2 oore Y-S . ~loozz |
P - L | _ | S0




el

Z280d 9
Fuo[e 51970 YeILq |BISTUD

Iofew ou ey $15988ns
saunz 189Ys Iolsur sso108
eaip o1 Jo 2adh) yoo1
ITBUTIIOP 350U aU) Jo $ade
I8]UTG UB]eFUBIURIOT
pus ‘weis sdnpagy
IIBY ) BYABWB N

‘Wwajeg Sspn[aut

yoTym ‘v3I8 pEallS

Aopim B 19a0 DS 93
wiogy uonsBuseany Juasad
QU1 Ut pepI1ooal usaq 3ALY
sesstoud snusiB ey ¢z~

Slr-s)en s

89¢ st ssraud onuesd
) peprutn Yanym
9TUBIS 2IUOI1TNUAS B
Jo 98y 'wsnewBew
PUR WSTIO)

Ylim paleIoosEE
UOTIBAT]DB3I

[euLIay B

SNEDIPUT BN TL¢~ JO
38e jdoo1ai 1amo)
Y] “ss1oud mytusild
311 Jo 288 salsngut
ayrsten (¢~

e
86 ¥ 1,6 jo1deoiaiuy 1amo] & pus
BN LT F | [$7 jo ydearaun Joddn
ue yilm EIPIOISIP Pauyap-|[om & Uo
[18] pesdleus s{mslo uoanz § |y

(£s¢ B s149)
ueld oruojoaluds e
Aq pepnout uzsq SeY

pue Ba1e 2y Jo adg
3901 JUBUIWICP 3] 51
ol ‘ss13ud amoig

BUC7 183G
Ld3 3 Jo W maj ullfiim 31|
gaie 21| wejefusgo’y jo 1589
uny g7 “9Be[ poyB|[E] JO Ines

wy % NLOT Y6 “Hu0P 206 LL

w6ly
‘B1) pesi|pue ammm
5[B1SAID UOONZ 9§ [

ANr-s

JUSUILIG,)

ueneracioy]

oFy

Buiyas [ea1do[0a?
pue 2d4y ooy

WONEOOT

KIo1eioqe]

ajdwsg







24!

U0 1BYS L4
aq fuoje UanBATOES!

Bl aurt) & ag AW
BN 7 ¥ 896 SNy SuozZ
Igays [ J01 91 01 3800
sat] os[2 arym (BN 6

F £55 "897-5) AsOYUOUB
WENEQOUBLPP)

A 107 1811 JO S|

Ious unyiiam st aBe sy |

PUAZ tess LA
a1 Buops Fuireays
Josuin e 3q os|e ABW
UITYM BN 7 F 896
§1 21U AMUoloPIIAS
aq jo 28y

0Ty B BN vEF (95

5US|B15AI0 XI5 [ JO $988 U [, /d ey,

Jo s8eweae paydapy ey

ZF89¢ Jo a8k ue ssunop spmsiio
moj asay ydnon eipoosip B
Jodsammut saddp) ueprosuocd are
pasA[BUE S{EISAID XIS 9] JO Mo ]

EECER

UL UCHIBZII0WRYD
Jo iy 232

saddn a1y SUNERSUD
sy pue saved

Ut pIZNRPoILIBD
Aryored usaq sey
ayuerd sty (q45°¢
314 ‘91§ ss1oug
ANatq BN ¢~

Sl paprunut yotgas
aeB are1aiuls v

9[ -5 U SB ALLEG

PAsA|BUB oM
s[esAlo uoonz g ‘)

Civ-%

NISUIIe )

vonelasdi

B

FuTyas (0180003
pue ad4; yooy

lelil:nlugi

Ao1rioqe]

‘ou
ajduzeg







Svl

‘B3] apEd
-y8ry a1 jo y1[dn
01 paig|al 3q ABw Ty 31D BN v FSETS
"1OS a1 UT uoipuos “UOTIRZIIN0WIBYD St s388 YT1,,,/0dg,, PSAIBUR 1)

smdiowsaw speig-ydny
Jo uonessas jo Burung
a1 9BYIpUT $ade 9sa1p)
‘133280 a1Io0LBYD
passardonal pus apnnul
oTgm SUTaA OTIIUBIZ

W ZS0d 34l Ut pus g
al} Wog papIooal Uaaq
os{e sey ade BN 76~

Buumorioy 23e
Buasal v s;polpu
snyy BN ZF

¥7¢ Jo a8e anzeuow
L (ove-S g8l
-g) rus3 BN ZF
976 B £q passarBonal
uaaq €8l Bale a1y

ur S11{90WIBYD 84 |

Jo moj Jo afe1oae paydta BN
ZF PZS 1B SIZEUOL 31} JO aFe 1]
Jo s181UmI$9 J52q o) anrd s[Ejshio
JUBEIOOUOD 1SOW NoJ yEnoay
etpI0asIp Jo dasiaiur 1addn sy
“JUEPIOISIP A{[RILOU A1E SISO O]
3l (UBPIOOSIP A[9SIAST 318 WST])
JO sanq JUEPIOIUCd JO U4[ UTILA
218 S[BYSALD DUZBUCLU JALY [V

“B)IBEPUOY
PaZIUNOOWIRYD
T (W Z~)

3AB[OUS 3)I[RPUCIY
g woy sjdweg

(I

19'¢ Bv) "eunpuIsust e JO
MNN U 8~ “a8e)[la nopnureusy
Jo 1Ses ury g4~ ‘U0N0ss

Aurenb e ° 0£,61.6 ‘A.SES.5L

"pasA|sue
alom suieId
3)IZBUOW ¢ )

NeSE-S

UL,

uonmardiaug

£

Furpas [eorBojosd
pue adf) Yooy

o180

AI0)BIOqE|

‘ou
ayduwisg







orl

“BJAl 816 I9E pSNUNUOY
OS]B UOLBULIOOp JAq
BIN 84§ -o1d st juaturaur]
i Buore uonsuLC)ap
Jo aseyd ursur

S sy [ "pap[o] os[e
a8 Aau ssoeld uj ouqQB)
Burpusp g5- N wew
OJUL AISNIUL 2J8 pue
JUSLBIUTT [IAONUBY2Y
a1l Buole peos[dius a18
$31pOq 31UBLr) eledifey]

SougLayUl
Jo ynsal s1y] 18

(zz ' BuL) B0 [ ueyy odow ssFu

Adsor/Ad 1oz WM WEPIOOSIP A|YBLy

"BOIE
a1 Ul pazn{2oureyo
auetd 1safunok

3U[ “UOIBINLOBYD SU0DIIZ JUBDPICOSID 218 suteB 19410 ¢ BN 7 F 8F€ ay) s1 e sy (197¢ B1.D
palagns sBy ATyaty By | se ool 2yl Jo oFe Jo S1BMINSA 183q WONETNLOOIBYD | 84,/ 0.6 9,955 ,9, ‘mluefey
Uo1ga g3 21 ut 23rusIE 7 F 8P¢ st ayusid|  oaB3 yonm BIPIOOUOD aY) 0] 2SO[0 Aygsred Jo gN ury ¢~ teredipanN "PRSATBUB 210M
ysafumod o stsmyL | =y Jo 288 aalstupg [18] suoonz pasA[BUB § a4l Jo § | il ajtuein) eredi[ey [ Jo GNN UTY 3~ Uonoss Auerb y|  sumiBuoonzgin| vgics
Fumas [poidojoed "ou
TUSWILLOD) uoneyaldrajuy afy pus od4) ooy uonBoe| Aoeroqe | o(dwes







e

g )

vl

“UOLBZ1114200UIBYD

au Jo 98w

WMWITUTL 31 8T ST, "B
7 = 976 Jo 98e pajaunsa
1859 a1 aAny oy
“2I{OQUIBYD passalBonal
$8Y Yorys 1TussB yjoq sus

BN | ¥ 9T
§1)Ap 0B A

@ETy TD

BN | F $7¢ Jo 238 -y Ve san13
Yoym JayiaBol passardar aram
s3dwes om] 359 WOy SUTBIZ
JUBPIOOSIP 1583) { ‘al{IOWRYD
pessardonal aaBy Oq 8 [£-S
pus 3[dwss s1) 00w "B | F 9T§

J0 988 qQd 0/9d o B SBY (pZ) Su0
JUBPIDIULD 1SOW I | 'SIURPIOIUOD

(19°¢ "314) 1wawest) [1a0)URYDY
31} JO YHOU {EUTWIBUE] By
Jo g8 uny ¢~ ‘mremdnyyepes

PIsA[BUR alam

0ve-3 2 €81¢-S aldures [ jo srewmsa ysaq al, | Jo 9450 WY sl suiesd sarq [y ourp ut uoneas ALenb v | st uoanz ¢ in | Obe-S
(g7 Y
“UONBIILIO) Bt 8 £ F 97§ ST Yomym ‘sursrd ‘A)THIOWBYD
Q) Dj90LLIEYD 31y 10 23w sarq 3say] Jo 388 9, ,/qd o ay) (passar3onal)
WNLUTUTLY 94 $UTR1ISUOD sfesanr a1 Bunyel Aq panElqo PoYoEa[q
Yorym 1DjsowIeyo BN €] st ayAp a1 jo o838 a1 Jo sleunisa seY yorym (¥R ¢
a1y passardonal | 3 97¢ staAp siuerd | 153q AY| IUEPIODUOD JO 94 UMM ENE N BLITETRET ‘poshjeus alam
sBY 2IURIE ST 20uig | 9y Jo 930 aarsnouy [18] sussed pasi{eue ¢ JO Mo ¢ | UMYtm AP S1Ued v velg-swseausg| sueBuoonzgin| ggic-s
Bumas (83301058 “ou
TUSUILIOT) woneRidiann ady pur ad4) 320y Uoreso] Aoeioge] | ajdureg







8rl

1908

Yl W sTX0 ABLl :yuBId
B ¢~ 81 Uouaotptl
SI0] 3Y1 $an18 Noa

sy ] ‘saBe juepiooto
210w popjad aolay

PUGE LOBZE[BISAIIRI
I2)B] WoI] pap[arys
sdeytad a1am 210UBID
-m1edniey Ayl urgim
SII[OUSX $$19UA 2)ruseLn)
‘sapdwies pze-§ pus

p-1 JO sasAleusr i) uI0g
1EBPIAY ST 5B §50]-qJ pus
UOL BRI [NSAI0al 2AISUSIXS

L0 BT 0ILIEYD
wanbasgns

pue sjruein) viediey
1501] 30 UOISTLGUT
Burmp Yrvmosdisao
J0/pUuE $50[-qQd 39 o1

01 5np WepIoasip ATYBn [ Ay st Aouepiodsip (T B BN 1z 3D
2Je WYY 1N SUCINZ ‘G Jo aa18ap yBhy $9F /86 19 ooz raddn s anueiny eedipey
oI} M yo0d wetiwop | ay] 'ss1aud saimiF | erproostp paunyap |[oas Aja)elapow PaZNIYO0ILIBYD
1soul anp a%e {oque |  at Jo a8e aatsngun ® U [|8} 181 safe weproosip Anpeued
pue vred joq) sasstaud | a syoepgar tayna a3e ATyBry pyak Aay] adeys m A Yitjoaax {1o¢ #1) eBuqioy PAsATEUR alom
anuwd yBnoypy BIAL $O F /86 Y] | snewsud Buoj are SUOINZ aAY [V a1 ayrueiny Joqs unj z~uonoss Lumb v| smeBuconz¢in| oozs-s
~ Auas (ealdo[oad "ou
USWLOY) uofnsadayg afy pue adi Yooy UOIEIo | Avjetoqe] | apdweg




m  m—

BIPJ0DSIP Yons Jo pu? 1addn spremor joid sjods pazij[e1sAIoal sy, ‘BIPIOOSIp patljap A|apnid B JO pua Iamo] ayi 1e joid sjods
Pozi|[BISAI1091-Uou pue pazZI[[RISAI0aI 9yl Ylof (97 y “B1g) pazi[[z1sA10a1 AJy31y 03 AJenred {[g oI YOOI STy} Ul SU0OIZ J[og Sijepuoyy
zle1ay 2u1 woyy (0Ze-S) sstaud 211019 alueis B JO 2w0500Ns] JO jdures v woy suosnz 10) swerdeip vip1oouod qd-1) $7'y ‘9

1 6€7/49d LOT
1 00 o

-
—
o
L]
o
Ap—]
°°.'
<
O
=
-
<
o
<

0,
-
]

€00

00

$0°0

900

hooDwmm

qd 90¢
800

600

0ro

1o

%
@
/!
el berra b g bve v by Lo gt raatrcaa b

T T T T T T T e A [ T [T T T T[T T[T T T T I i i T TITT]

L

48



6F1

B31B pPAZI[IRISALIYL

-U0U 3q1 Woxy

SSOY} ULy} JUFPLOISIP SS3]
ale SUTRUIOP PaZT||EISAloal
Jo sasAteus a1

Aym uteidxa Aew syy qqd
350[ ©] PANMMUOY SUTBWOP

($Tp Big) searm
paz1|[®1543221-110U
ay) uey) 1UBpIOISTp
$53[ U8 STeIFALD
asary Jo Furuoz
anewdsw [emdo
a] SSOISR IND YOTYm

"ABLIE S} JO

ued 1amo] 3yl Ul {]g] 18] sasA[sus
an(B sEaIB paloz 1ap[o Ay [y
Avue a1 Jo yusd 1addn s spemol
[1B] SUBlop pazl[[asAdoal ay |,
(97 t '914) smewop pazyasileal
Jo uonnquystp 1BMEaL

A8y po[rasas saBEult 4
(7' "B1d) BN 00~ Jo 1ds01amnt
BIpJOaU00 Jamo] B 183U BUIfle]
Ajisows Aelie JESUN| B JUTJap PUB

pazn|MsAR2I-UnU | sayoied pezi][#isial | Juepzossip AyBry aze synod at [y

YL SNy UonezljmsAdoar | Sy ‘pelardisyut aq | pasAleus atam s{eisiic ¢1 w sjods s{eIshIo ¢ Ul
Buimot[o) ssof-qd | pmoo yiotaid oy Je | 67 wweproosip AYB1Y o518 are slods s1ods ¢7 jo sask[pue
0] auaoxd 5§81 a1e 0% pus afle 3)Injap op ‘sso[ ﬁumba:m JATRHS 3y [ WepI1osip dJNTHHS \E
uonezij[e1sAloal Buump -qd weoytudis o) AyBy a1z suerd os jo sasd[eus pamollo] SINLLAI
s)03jop (818410 oy jo ued | ajqudaosns sny1 ae| QAL suoisnpom anbedo Asnp {19¢ B Aq pasAjgus
pajeauus aaey sUlswop | pue jualoa 1 Y3ny| Jo S10] sARy puE Mojoo Ul Ysaald sstaud aynjotq | miugey jo J upy ¢~ ‘tlugumg amm suBsI3

pazi| ;s itoas ay | 9ABY U0INZ 353y [ afed ase 53001 ST UL SUOONZ | IBILIEB JO AWOSOONAT | JO MG UMY 74~ UON00s uenb v uoanz ¢ +8 | 2076

Futnas [#oidojoal “ou
pUELIil]g] uonmadiajuy 28y pue 2d4; ooy UoTBao] Aroyeioqe | aydweg










0S1

"5[BISAID

ajrzeuowW 3Y) Jo Auolsw
31] Jo AJUBPICOSIpP

Jo 2ardap y3ug oy
mejdxs Aew yarym ‘sso|
-qd PuB UoNBZI[[8]1$A1031
suoB1apun

2ABY 08]8 £BW S[BSAID
anzeUoW Ay (Z07¢

-g) sso[-q4 Juanbasuoo
PUE UL BZI[B}SAI001
JuBIYTUB1S pajedIpur
S8 §001 STY} Wo

BN Q8 p~ UBY) 13p[o
‘yed ut jses] )8 ‘oI
suTed UBpIOdSIp
310W 3 [, "W

181 Buumnp PmoId
3lizeuoul Jo pouad
B 15383ns el 08 b~
18 BIRIOOUOY 183U
Fur[ ey spe1skio om
“Kougploosip Yy
0] 0P PIUIELII0SE
3q 10U PInoo $[EISAI0

(L7t BLI) BN O8p~ 1B

BIPIOOUOD SJTLD YITYm 2UI| B Fuo(s
saAjasway ugdi[s Ing JUBPIOXSIP
sIow a1 suleId auie oyl BN
08~ 18 TUBPIOAUOD JO 04| WTPLM
1w sutgLd x1s o) Jo om] -aderys
[BIpeyNa 318 puB MO[eo Ul MO[[a4

‘pasd|aun
azam, s[B)sA10

53sA[BUB UQCONZ 3Y] J0ulg | duzemow ai Jo 38y | ystuaasd ajed a1v s[Byshio 9)IZeUOA] onip ontp anzeuow g ‘N | WOZE-S
Funyias [e213071023 ‘ou
uswIon uonmaidiajuy aty pue adA) ¥00q Pis:te| foreroqe| sjdureg







161

"ssieUB 9)1|BpUOLY
Wweae(pe syl Wol uoanz
pRIUaLI 1931521 Ajqissod

B0y (7~ JO 9%8% 2100
84 “UONBZNT{OOLLIRYD

"SU00.1Z PAJUSLL

JosBray s
BO) (T~ Jo 98w 2100
UL 3[Im uo1SNOIN

BN LG~

J0 288 Wl 2181UNSD 159 SY] PUB BL)
'z~ Jo 988 9109 2} I0] a1BUINSA
1590 1UE)[Nsal B Y)m anbrryas)
ANTHHS 21 4 pasAleus

319 snesd 7 wox sjods 7] 'so¥s

Jo 98% umuwTXEW adAp a1 Joofe| ueploasip AyBry aaed jje suisd ss1oud synfooLLsys £-HN Jo 1889 "Lsimy
ayi uo utensuod | ayp aq o) usye st el | oAty Jo soskjeus QL (RT P DY) | UMyiias aojdp 9iuesd | eAusf JO YuoU WY § ~ WBIENOY
sind oFp unsayy | <76~ 0988 wuayy AIMINnS UNI-0J09 3ABY SU0AN7 pormaoWieys | Jo aFejjia ayp Ut uonpas Anenb vy ‘n+s| vriet-g
Buryss [eotdoload “ou
TUIUILIO uoneraidiaiug By oue 3d4) a0y Pal:lugd Aoeioqe | apdureg







4]

"uoNEZI|[RISALOAL
SAISUZIXD PAIIYNS

aazy] osye B apdures
alnupif o1yBu S} Wog
sucanz ‘gz ¢-g apdwes
JO sasA[BUE UGINZ puE
J1ZBUOLL AU} O JE|TUNG

‘§[B1SAI PasA[euE

ay wox pajadia
aq ues ade

qoloid oN eaue
) U1 WSTEWOSH}IW
ajnuesd 0

afe a1 Yilm saarde
aBe (dsatopn amol
YT UONEZT|[EI5AI3]
10 OUBLIIYUL 1313
0] anp aq o) Ajay1] 218
S[HISAI0 UOATZ A1

Jo 39uBpIOASIP A,

{6z v B1d) BN 095
F $p91 Jo 1dearan 1addn pue e

67 F 9p¢ Jo 1danaiut Tamo[ B it
BIPICTSIP 8 JO PU3 13m0 3Ly J8au
I21SN{3 PUE |UBPICISIP 318 S[BISAID

3yl [Ty 2deys ut {eprotayds
PUB SS3[IMO[0T al8 sUCANZ

‘ss1aud ayr{oowets
Ulm palake|iaiu
Anusid BN

(1'y ‘Bi4) wrupusau|

JO AMANN Un §( ‘wemdusuuny

n uonjaas Auenb v

"PAsABUB JI3M
suteIB uoaIz p i)

bl

NicTehyiilvig]

uonelaldiau]

2ty

Buryas [eoiFojoed
pue ads) yooy

IOT:Eg

Alojeioqe]

‘ou
aidareg




4.3.2. Discussion

4.3.2.1. Data from Corridor-I
The dominant rock types of this corridor include granitic and tonalitic gneiss and their
charnockitized equivalents (Fig. 3.1). Mafic granuhte, BIF and associated metasediments
occur as enclaves within these gneisses. The central part ot‘the'corridor 1s dominated by
extensive migmatite and granite intrusion. The southern part of the cormdor at Palayam and

further south is mostly underlain by metasediments intruded by granite and anorthosite.

Zircons from the granitic gneisses, their charnockitized equivalent, and mafic granulite from
the Salem, Namakkal, Karur, and Palayam 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 cormidor provide insight into the age of later
magmatic events. Monazite from charnockites and a khondalite from the central and southemn

part of the corridor, respectively, give ages of the high-grade metamorphism in the corridor.
4.3.2.1. 1. Salem drea

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. Also, Peucat et al. (1993) dated
charnockite 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-27A) were analysed. The average of the four most
concordant grains gives a U/Pb age of 2528 + 1.7 Ma, and the ™Pb/*'Th 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 2537 + 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 *’Pb/2®Pb age
of the 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, 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 D, deformation
(Fig. 3.26). These migmatitic rocks have themselves been tightly folded (Fig. 3.33) in response
to Dy 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 *®Pb/”*U ages (534-550 Ma) but, in all but one case, significantly older
“Tpb/P%Ph 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 **Pb/”*U ages (i.e.,
younger than 550 Ma). On the other hand if it is due to Pb-loss, then the *’Pb/”*Pb ages
should approximate the age of the rock. The average of the five older *’Pb/**®Pb ages is 603 +

14 Ma (Fig. 4.7, Table 4 4). Because of this somewhat narrow range of *”’Pb/**Pb ages, |
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interpret this age as the best estimate of protolith age. This age is probably also the time of

tectonic activity along the S; 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 felsic-
rich layer (S-117) 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 *7Pb/®Pb ages varying from ~2.8 Ga to ~3.1 Ga, whilst the rim provided a number of
concordant and slightly normally discordant points with *"Pb/**Pb 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 could

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
discordia joining ~2.5 Ga and ~720 Ma (Fig.4.6a). Of these, 7 points cluster near the lower
concordia intercept, with a mean **Pb/?*U 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 (DD,7). 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 BIF and associated metasediments were
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extensively invaded by tonalite at around ~2.5 Ga. Deformation (D) and subsequent
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 (D,) and ~600 Ma (D;) south of Namakkal.

4.3.2.1. 3 Karur

The Karur area is dominated by granite gneisses and their charnockitized equivalents. A
granite gneiss sample {S-236A) from a quarry about 6 km southwest of Karur and south of the
PCSZ (Drury et al. 1984 and GSI, 1994} was analysed. Six zircons from this rock are all
normally discordant (3-7%) with an upper intercept age of 2545 £ 20 Ma. This age confirms
the continuation of ~2.5 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 .

4.3.2.1.4. Charnockite of the Remga Malai Hill area

The Ranga Malai Hill is located about 40 km north of Dindigul. Here charnockitized granite
{S-267) has retained a ghost gneissosity defined by subparallel alignment of ellipsoidal mafic
clots. The rock 1s, 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 *’Pb/**Pb age of 796 +
1 Ma, which 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 it could also represent an uplifi/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 this rocks, along with the ~800 Ma monazite from Valya Malai, suggest that a thermal
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event was regionally extensive at this time.
4.3.2.1.5. Khondalite of the Valya Malai Hill area

Valya Malai is located about 16 km ESE of Palayam. 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 SHRIMP (Fig. 4 10a; Table 4.1). The best interpretation is that
this monazite age reflects the timing of latest granulite facies metamorphism (>750°C) in the
area. [t is :important to note that in the Kodaikanal area (Fig. 4.1), ~250 km southwest of
Valya Malai, the age of charnockitization has been interpreted to be ~550 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 Valya Malai area. Thus the ~550 Ma charnockitization
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 km? 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, subparallel to the KKPT.
This is a labradorite-type anorthositic massif (cf., Ashwal, 1993), with a central coarse-grained
anorthosite facies and a marginal 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. 4.11). Zircons from this rock are large (~300 #m®) 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 *Pb/*#J age of 563 + 9 Ma. This age overlaps
with similar ages of syntectonic granite (S-415) along the KKPT Shear Zone. In Madagascar,
Ashwal et al. (1999) have documented that many concordant zircons from a simular meta-
anorthosite range in age between 631 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-1I

The northemn 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 migmatite 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 fuchsite 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 SHRIMP (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 chamockites of Biligirirangan Hills (about 60-70 km northwest of this area), and may

thus broadly represent the age of regional 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-I11

4.3.2.3.1. Granite gneiss, mafic granulite, and granitic pegmatite from the

Merttupalayom area

The Mettupalayam area lies within the Bhavani Shear Zone. The predomunant hithologies of
the area include granite gneiss, mylonitized granite, matic granulite, enderbite, and massive
granite. Representative samples of each of these rock types were collected in a quarry in
Gudiyar, about 5 km east of Mettupalayam. 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 similar age of the
zircons from mafic granulite and from younger (~2.5 Gaj glra;njtic 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 pranitic pegmatite vein (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 *"Pb/Pb age of the most concordant of three such zircons analysed
is 601 £ 1 Ma, which 1s 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 the age of
a post-S, pegmatite (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 gneiss (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 subparalle! to their gneissosity; and both rocks have
been co-folded into isoclinal folds (Fig. 3.49). The second phase of gramtic vein (type C) is
present as 10s of cm thick dikes that cut the gneissosity at high angle, and which are folded
into broad shallow easterly plunging folds without axial planar fabric. Type B granite veins are
possibly related to the D, deformation present in the area, The type C granitic veins are

syntectonic with a late phase shearing event (D).

4.3.2.4.2. Gramite gneiss
A sample of the biotite gneiss (S-404A, type A) was collected where it is least densely
intruded by types B and C veins (Fig. 3.49). Zircons from this rock are colourless and
transparent. 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 {12 spots) is near concordant with a mean **Pb/2%Pb
age of 1643 £ 10 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.

+4.3.2.4.3 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

varieties have distinct geochemical signatures: the Th/U ratio of the colourless variety varies
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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 *'Pb/**Pb 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
s given by the colourless variety, i.e,, 600 + 4 Ma, while 522 + 3 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-Bhavani Shear Zone (CBSZ; S-196A, Namakkal area),
and along the Bhavani Shear Zone (BSZ; S-273M, Bhavani area), which implies
contemporaneity of tectono-thermal events along these shear zones. A 524 + 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 KIKPT 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 syntectonic
granitic veins have intruded the granite gneiss (Fig. 3.57). Both the granite gneiss (S-416) and

a syntectonic granite (S-415) 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. All of them fall on a discordia with upper and lower intercepts of 2511 + 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).

Ph/221Th 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. [n this set of samples, however, there is
no correlation between the Th/U ratios of the zircons and their percent 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; D,
or D;) granite vein (S-415), which intruded granite gneiss (S-416), yield a concordant age of
567 + 2 Ma. Also, ™Pb/®*Th 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 1s deformed along its peniphery. 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 paragneisses. 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 Kerala 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 (i1) to constrain the age of

charnockitization.
4.3.2.6.1. Biotite gneiss

Granite gneisses in the KKB, mostly interpreted as paragneisses {Chacko et al. 1992), have
suffered extensive migmatisation. Because unequivocal basement orthogneiss to the
metasediments of the KKB could not be identified in the present work, zircon from a sample
of neosome in a migmatitic garnet biotite gneiss (§-320; Fig. 4.24) and from a biotite gneiss
enclave (§-325; Fig. 2.1a) within massive Kalipara 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 (5-320)
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 TIMS method aﬁd 25 spots from 15

crystals were analysed by the SHRIMP. 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 **Pb/Z*U, 27Pb/?*U and *"Pb/*®Pb 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. Biolite gneiss enclave within the Kalipara Granite

A sample from a ~ 4-5 m long xenolith of biotite gneiss within the Kalipara Granite in the
Arithingal quarry (Fig. 2.1a} 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 (§-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
1s globular in shape with indistinct core-rim structure and the second 1s transparent and long
prismatic in shape. The latter variety 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
metamorpkﬁsﬁﬂthermal event but prior to its incorporation in the host ~550 Ma Kalipara

(Granite.
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4.3.2.6.4. Mafic Granulite

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). Dis‘cordant plots of these points
could be due either to overgrowth or Pb-foss. 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 Kalipara 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
*"Pb*Pb ages greater than 2.3 Ga. When two of these three (most discordant one was
omitted) discordant analyses are regressed along with three most concordant analyses at ~550
Ma, they give an upper intercept age of 2466 £ 22 Ma age. Assumuing that these three
discordant points are 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 Kerala Khondalite Beit

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 Nirettipa:é quarry, about 0.5 km NNE of Nirettipara, ~6 km NE of Kalanjur

(Fig. 3.61), massive Kalipara Granite has intruded biotite gneiss. This massive granite displays
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incipient charnockitization (Fig. 2.5), and these incipient charnockite patches, in turn, have
been intruded by coarse granitic veins and dykes. Along their margins, these veins have
 bleached (retrogressed; i.,e., orthopyroxene has reacted to form quariz 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 prominent 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 Kalipara Granite s 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 $-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 *’Pb/***Pb 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-318B; S-340), which have intruded the incipient
charnockite patches, have a well-defined age of 526 + 1 Ma (Fig. 4.23). The age of

Neoproterozoic charnockitization can thus be bracketed between 548 + 2 and 526 + 1 Ma,

Monazite from a non-chamockitized khondalite enclave (S-355M) wathin charnockite gneiss
(charnockitized khondalite gneiss) from a quarry in Kanamukku village, ~8 km north of
Pattanamitta (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 **Pb/2?Th 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-318B), which has bleached charnockite
1s dated at 526 + 1 Ma. Thus the monazite age of 524 + 1 Ma can be best interpreted as

marking the cessation of high-grade metarnorphic conditions or as uplift and cooling of the
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terrain immediately following 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 Kerala Khondalite Belt have yielded a number of
highly discordant ages and two nearly concordant ages (~1% discordant) The most
concordant monazite grain gives a Pb/*®U age of 475 £ 2 M‘a. In many places these
leucosomes are charnockitized. Chamockitization is dated as having occurred between ~548
Ma and ~526 Ma. Therefore, this 475 Ma age can not be the formation age of leucosomes, 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; Unnikrishnan-Warrior, 1997). It is interesting to note that monazites from a sample of
khondalite enclave (S~355M) within massif chanrockites in the southern slope of the
Cardamom Hills have yielded 524 £ 1 Ma. This difference in the monazite ages between two
samples seperated by ~60 km (Fig. 4 1) 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).-On 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-320Z) 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 metamorphismin the KKB.
4.4. Summary and conclusion

The present geochronological analyses have improved the geochronological 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 fronr the mafic 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 rocks 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 Kotamangalam 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 Namakkal area, field relationships indicate that these intrusions were coeval
with NE-SW trending dextral shearing and were emplaced along shear zones, in the

eastern part of the Dharwar craton.
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(i1) Mesoproterozoic events:

* A concordant ~1650 Ma age for zircon with concentric growth zoning (which is
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. 1t 15 also possible that Mesoproterozoic tectono-
thermal events of unknown extent affected the SGT A ~1.0 Ga (987 + 65 Ma) single
zircon age has also been recorded for a granitic gneiss xenolith in the 548 Ma old
Kalipara Granite. Thuis ~1.0 Ga age is interpreted as the age of either intrusion or
metamorphism prior to its incorporation in the Kahpara Grante The ~1.0 Gaage is a

commonly recorded thermal event in the Eastern Ghats (Shaw et al. 1997),

(u1) 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 Peninsula. 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 Nedélec, 1998; Kroner et al. 1996; Tucker et al. 1998 and de Wit et al. 1998) and

East Africa (Pinna et al. 1993)
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An 800 Ma event:

»  Zircons from the charnockitized granite of Rangamalal (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 chamockitization at ~550 Ma (]ower‘ intercept on concordia), the
Vidya Malai Hill monazite is not affected by this event. The ~800 Ma age is a common
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, 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 D, 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 tsolated batholiths and veins and charnockitization overlaps with the
emplacement of these granitic bodies in the southern part of this terrain, as 13 evidenced
by the ubiquitous patchy chamockitization 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 100s of kms. These localities
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are, Namakkal (zircon age; Corridor-I), Bhavani (monazite age; Corridor-II),
Mettupalayam (zircon age; Corridor-II1) 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 charnockites 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 massifis 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 obtained from the patchily charnockitized Kalipara Granite
from the Nirettipara quarry near Pattanamitta (Fig. 3.61) which are, in turn, retrogressed
by an undeformed 526 + 2 Ma granite vein. These ages thus constrain the age of
charnockitization in the Kerala Khondalite Belt to have occurred between 548 Ma and
526 Ma. 523 Ma ages have also been deteriuned for zircon from a syntectonic granite in
the Palghat area (Corridor-IV) and pegmatitic granite veins in the Nirettipara area (PPP
Comdor), 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 Neoproterozotc-
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 km?
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 crust
of continents. Not surprisingly, then, the Southern Indian Shield (SIS) has been investigated
by scores of Earth scientists for last 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,
fluid activity; (ii) the identification of major trans-continental shear zones in the SGT through
study of satellite imagery; and (in) 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 view 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, I will summanze 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 polydeformed region
dominated by granitic gneisses, high-grade metasedimentary rocks and charnockites. Contacts
between protolith rocks and charnockites 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 chamnockites, 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).

3.2.1.1. Major shear zones

Major shear zones identified by previous workers (Drury et al. 1984; GSI, 1994) are: (i) the
Moyar-Attur Shear Zone (MAS); (i) the Bhavani Shear Zone (BSZ); (i) 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:
(1) the Cauvery-Bhavani Shear Zone (CBSZ) and (ii) the Karur-Kambam-Painavu-Trichur
Shear Zone (KKPTSZ), as discussed in Chapter 3.

(1) 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 Bhavani, 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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the lithologic units across this shear zone reveals a dextral strike-slip movement along this
shear (Fig. 5.1). This dextral shearing could be related to the dextral shears (D,) 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 Palghat
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 of Karur (Fig. 5.1). Part of this shear zone was studied in the area north
of Palghat (Corridor-1V; Chapter 3). In the western extrernity, this shear zone merges with the
BSZ and in the eastern extremity it 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 (KXPTSZ)

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 of Karur 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 of India, 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 ofthe 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 this shear zone trend NE-SW, subparallel 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, 1995a,b).
Early axial traces (interpreted as F, and F,) in the southeastern part of the KKPT Shear Zone
are transposed along the KKPT, while axial traces of late folds'(FJ) 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.
1.3). The khondalitic metasediments south of the KKPT Shear Zone have ~2.5 Ga and ~2.0
Ga old detnital 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 1). These
structural and lithologacal differences across the KKPT Shear Zone suggest that it may
represents a major terrane boundary. Large sections of the KKPTSZ are superposed by
chamockite (Figs. 1.3, 5.1). Thus, the KKPTSZ pre-dates charnockitization {(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 detal] in the area east of Kotamangalam (Fig. 5.1), where chamockitization is

only 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 km?®) was emplaced along this shear zone near Oddanchatram which has been dated as
~563 £+ 9 Ma by SHRIMP U-Pb zircon technique (Chapter-4). The marginal part of this body
is deformed, the inner parts are unmetamorphosed and undeformed. Thus, shearing along the

KKPTSZ continued even after emplacement of this body at ~563 + 9 Ma.
(vi) West Coast Shear Zone (WCSZ)

The onentation 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 molre: than once, with variable senses of movements. These uncertainties are a
major hindrance in reconstruction of the hjstory 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 Charnockite Massif tn its
southeastern and northern parts, respectively. Paleo-pressure estimates of the charnockites of
the Nilgiri Hill Massif are ~10 kbar in its central part, and ~7-8 kbar at its peripheries (Raith et
al.1990; 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). Palec-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). A U-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 monazite 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 D, shear is superimposed by
later dextral D, shear (Chapter 3). Zircons from a mafic granulite along the northeastern
margin of this shear zone, in the area south of Namakkal, gave a-concordant age of 722 + 13
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 D,
shear zones, the mafic granulite has developed a schistose fabric and the rock has been
mytonitized and transformed to amphibolite. Thus, the D, shear 1s likely to be younger than
~722 Ma. D, shears are cut by late granitic dykes (Fig. 3.26; 3.28) which are syn-tectonic with
D, shears. These late granitic rocks have an age of 603 £ 14 Ma. Thus, the D, shears can be
bracketed between ~722 Ma and ~ 603 Ma and the age of the D, shears is ~603 £ 14 Ma.
Syntectonuc granite from the Palghat area (Fig. 3.49) of the PCSZ 15 600 + 4 Ma old. These
granites also have younger hydrothermal zircons of 520 + 1 Ma old (Chapter 4). Thus,

although it 1s 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 syntectonic 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 Kotamangalam 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 KKPTSZ
was dated at 568 + 2 Ma. An anorthosite massif emplaced 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 KKPT 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 systemt 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 this assumption, a maximurn 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 the PCSZ (Fig. 5.1), none of these regional shears
can have significant strike-slip movement post-dating this folding. These shear zones, north of
the KKPTSZ are, therefore, intra-shield zones and do not répresent major boundaries between

allochthonous blocks (i e., terrane boundaries).

181



The sense and amount of shear along the KKPT shear are not known. Folds and structural
trend lines southeast of KKPT 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
5.2.1.3.1 Folds north of KKPT shear zone
Marcara-Sargur-Gudalur Fold (MSGF)

In the northwestern part of the area (Fig. 5.1), the distribution of the metasedimentary and
metavoicanic 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, intti and Mattanur to Vaihéthri across the Moyar
lineament. The axial trace of this fold can be traced from east of Mercara 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 D, 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.






3.2.1.3.2. Folds south of KKPT Shear Zone

. South of the KKPT shear, the geometry of a number of fold structures is con;plex. Quartzite
and the calc-gneiss bands around Dindigul display a number of hook—'shaped refolded folds
(Fig,, 5.2; these represent type-I1 interference pattern of Ramsay, 1967). Axial traces of the
early folds (F,), which possibly include more than one generati;n of folds, are folded by later
NW-SE trending folds (F,). Extrapolation of the axial traces of both F, and F, 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 Tirunevelt area (Fig. 5.1) 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 NINW 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 charactenstic lithology, structure
and geochronology with each these different domains is given in Table 5.1. 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 This 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 2 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 1 are also present in the
south but are at higher metamorphic grade. On the other hand, areas south of the KKPT Shear
Zone, i.e,, domains 6 and 7, have similar lithologyes, structural patterns and geochronology
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 pari of which is the 'highly reconstituted and
remobilized continuation of the Dharwar craton; to the south the paragneiss-dominated 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
(Ramakrishnan, 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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5.2.3. Relationship between the Eastern Ghats and the SGT

Continuity between Eastern Ghats and the SGT has been suggested by some early workers on
the basis of similarity of the lithological assemblages {Narayanaswamy and Laxmi, 1967} and
structures (Sinha Roy, 1985). Continuity of the Bouguer gravity anomalies (>40 mgal) from
the Eastern Ghats to the southern tip of SGT has also been recorded (Subrahmaniam, 19806).
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. of KKPT | S. of KKPT
~2900 Ma v v

~2500 Ma v v

~1600 Ma v v

~1000 Ma 4 v

~800 Ma v v

~550 Ma v v

~525 Ma v

The Eastern Ghats can be subdivided into two parts along the Sileru Shear Zone (Fig. 1.6), the
western part (E1 in Table 5.1) contains charnockite with abundant BIF enclaves, and the
eastern part (E2 in Table 5.1) is khondalite dominated. Lithological assemblages and
geochronology of the E2 domain are similar to those of the domains 6 and 7 in the SGT
Geochronological information from E1 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. 1, therefore, suggest that the KKPT Shear Zone may be continuous with East

Ghats-Dharwar boundary.
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3.2.4. Summary of new changes in the tectonic framework of SIS

Field and geochronological studies along several corridors 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 tectonuc blocks of

variable geologic histories. This will have to be resolved in the future.

3.3. India as a fragment in Gondwana

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 of India 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 charmockitization 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 1997 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
Madapascar) This, together with the lithological simularity amongst these fragments,
geophysical data (Reeves, 1998; Sahu and Reeves, 1998) from these fragments and from the
ocean floors separating them (Reeves and de Wit, 1998) have_ made 1t 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 al. 1992; Shiraishi
et al. 1994). Although a general 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 tack of high-quality geochronological data and field data that could serve as possible
piercing points at tlie continental boundanes. Obtaining high-quality field and
geochronological data for such a large area as Gondwana, 1s 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 Premoli, 1979, de Wit et al. 1995; Windley and Razakamanana, 1996;
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 1 shall explore how these

new data can be used to derive a tighter reconstruction of central Gondwana.

5.3.2. Reconstruction of India-Antarctica and Srt Lanka

Broad positioning of Antarctica and Sri Lanka against the eastern coast of India has been
suggested by many workers on the basis of both geological and geophysical arguments and
(Yoshida et al 1992, Harris et al. 1997 and references therein; Sahu and Reeves, 1998,
Reeves, 1998 and references therein). Important for such correlation are (1) the Dharwar,

Eastern Ghats and SGT tn India (ii) the Rayner and Napier Complexes in the Antarctica and
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the (i) 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
Archaean granulite terrain with protolith ages > 3. 9 Ga (Black et al. 1986). South of it is the
Proterozoic granulite terrain, the Rayner complex which records 550-525 Ma old
chamnockitization 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 Archaean granulite terrane in the north and west
dominated by charnockite, orthogneisses with mafic granulites and BIF enclaves, from a
Proterozoic granulite terrain in the south and east dominated by khondalite, migmatite and
their charnockitized equivalents. A possible correlation of different litho-tectonic blocks in the
SGT, Eastern Ghats, Sri Lanka and Antarctica is shown in Table 5.3. The precise connection
between the KKPT Shear Zone and the Rayner Boundary Zone across the Cauvery-Bhavam
Shear Zone and Domain 2 in Fig. 5.3 is uncertain, Considenng that the Cauvery-Bhavam
Shear Zone does not have large strike slip component (<25 kms), it is likely that the KKPT
Shear Zone continues 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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Shear Zone) having a sinistral strike-slip movement (Hottin, 1976, Windley et al. 1994; Miiller
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 large 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 mainly 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. (1996) who pointed
out that orogenic trends interpreted from satellite imagens 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 along 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 chamockite, khondalite, marble, and
migmatite.

North of this high-grade rock association is an amphibolite 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. 5.4), 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 of Thosy (Fig.5 ). Its continuation in the southeast up to the
eastern coast of Madagascar 1s not certain. Satellite imagery does not show its continuation up
to the eastern coast (Miiller, personal communication). A field traverse taken in the present
study across this lineament around Midongi did not reveal the presence of mylomtes 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 ie,, it becomes sub-parallel to the coast.
Therefore, it may be that in the southeastern part, the Ranotsara Shear Zone is subparalle] 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, off the western coast of India, as proposed in this work.

The Ranotsara Shear Zone in Thosy has affected ~ 620 Ma old D, fabrics related to the
Amphanihy Shear Zone in southemn Madagascar, and a post-tectonic granite from this shear
zone has been dated at ~530 Ma old (perséhai 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
communication) may be able to further constrain the timing of movement along the Ranotsara
Shear Zone which may allow identification 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-
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khondalite-charnockite dominated lithologic assemblagein the southwest from the granite-
greenstone dominated litho-assemblages in the northeast (Miiller et al. 1997), The KKPTSZ in
the SGT also separates similar litho-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.%. 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 this
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 Tectomc Evidence
Block/lineament
~480 Ma Thermal resetting | South of the Lower intercepts for zircons in chamockite (Fig. 4.9)
KKPTSZ and zircons and monazites from khondalites in the
KKB (Figs. 4.27 & 4.29 ). Previous dates of ~480 Ma
(Rb-Sr whole rock and mineral ages) from the KKB
(Table 1 5) overlap with this date.
523 +2 Ma | Granite vewns and | SGT; Achankovil | (i) Zircon (with very high Th/U ratio, charactenstic of
dykes and high- |lineament and hydrothermal zircons) dated in the PCSZ (Fig.
grade Cardamom Hills |4.16B); (ii) Zucon from granite veins in the
metamorphism Achankovil Lineament (Fig. 4.23) cutting
chamockites and (i) monazite analyses from
khondalite in the Cardamom Hills (Fig. 4.21).
325-550 Ma [ Charnockitization |SGT; both north | The youngest date of granite chamockitized along the
and south of the [CBSZis ~600 Ma (Fig.4.7) and along the Achankovil
KKPTSZ Lineament it is 548 + 2 Ma (Fig. 4. 22A). Within the
Achankovil lineament, éhamockjte is retrogressed by
523 + 2 Ma pranite dykes (Fig. 4.23).
548 +2 Ma |Deformation and |SGT, Achankovil |Zircon dated from syntectonic granite emplaced along
granitic activity | Lineament the Achankovil Lineament (Fig. 4.22A).
570-560 Ma |Shearing along | Along the Zircon dated from syntectonic granite emplaced in the
the KKPTSZ; KKPTSZ and KXPTSZ (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 the Oddhanchatram Anorthosite (Fig.
gramitic trusion. | Lineament 4,113,
~600 Ma Granite CBSZ, MASZ, Zircon and monazites from the CBSZ (Fig. 4.7),
emplacement and {BSZ and PCSZ | MASZ (Fig. 4.12), BSZ (Fig. 4.15) and from the

thermal activity

PCSZ (Fig. 4.16B)
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Age Events Tectonic Evidence
Block/tineament
~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 charnockite (Fig. 4.9) and
emplacement and | KKPTSZ, monazite from a khondalite (Fig. 4.10a).
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).

~1.6 Ga Thermal activity | SGT (Palghat Zircon analyses from a granite gneiss within the
(metamorphism/ | Gap area) PCSZ (Fig. 4.16A).
magmatism)

~2.0Ga Possible granitic | KKB in the SGT | Cores of zircons from the SGT (Fig. 4.28).
activity

2.51-2.50 Ga | Charnockitization | Northeast of the | Ca. 2.51 Ga zircon subsets from chamockite gneiss

CBSZ (Fig 4.9).

2.54-2.51 Ga |Extensive Area north of the | Numerous zircons dates for chamoclate and granite
wmtrusion of KKPTSZ gneisses from a number of places (Figs., 4.2,4.3, 4.4,
granite/tonalite 46,48 413,414 and 4.19).
E1€1SS

~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 CBSZ 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 Achankovil

Shear Zone is now interpreted as a flattened limb of a regional fold. 1t 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 flattemning and these are not large scale
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strike-slip shear zones, as previously inferred,

4. Chronology of movements along the major regional shear zones have been
constrained. The MASZ, BSZ. PCSZ and the KKPTSZ ail have experienced a

maior deformation between ca. 600 Ma and ca. 570 Ma.

Summary of new tectonic interpretation:
1. The PCSZ does not represent a terrane boundarv within 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.



Chapter-6: Use of organic carbon isotope as stratigraphic

markers in Gondwana stratigraphy

6.1. Introduction

The type locality of Gondwana stratigraphy’ 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
paleoenvironmental 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 Permo-Carboniferous glaciation or the
greatest of all mass extinction events across the Permo-Triassic boundary. [n most instances,
the latter, for example, is well-preserved in manne sequences in several places around the
world. However, in order to gatn a true global insight, the terrestnal sequences of Gondwana
hold the key to understanding atmosphenc 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 Affica.

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 et al. 1993; Demry et al. 1994, Ripperdan,

1994). Such changes, whatever their cause,e are probably synchronous and of a global scale

> The name Gondwana ‘Syslem’ was orginally introduced by Henry Medlicot in 1872 for a group of
temgenous sediments in the Satpura basin of Central India. Originally the Gondwana 'System' was meant lo designate
a continental sedimentary sequence ranging in age from late Carboniferous to early Cretaceous, Presently the term
is used to designate a group of primanly termigencus sediements, with minor marine inter-beds, ranging in age from
earliest Permian to end Triassic.
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because they are driven by atmospheric and oceanic global circulation patterns that mix
carbon-bearing fluids efficiently over short periods of time 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 vaﬁatior}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; [sozaki.
1997; Hoffman, 1998; Bowring et al. 1998). The causes of variation 1n 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. This 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

too! 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 of this 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,"C, C and '*C) and two non-radiogenic or stable (**C
and *C) isotopes. Of the radiogenic ones, ™C has the highest half life (~5726 years) and is
often used for environmental and geologic research. Of the two non-radiogenic isotopes, *C

has an abundance of ~1% while *C constitute ~99% of total carbon present in the crust.

Variation in the different environmental parameters often influence variation in the relative
abundances of '*C and "C 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 “C/*C 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 15 a Cretaceous
(]3C/llcmmple_13cl/ilc

(IJCI/I‘ZC

§UC = [ ”"”d'”d)] x 103 belemnite shell from Pee Dee

.\-randard) N . .
Formation in South Carolina whose

PC/1*C ratio is 0.0112372 (Holser et

(t]C/l'ZCmmple) i

al. 1999). So the equation becomes, 313~ _ [
0.0112372

] x 10°
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6.2.2. Major reservoirs of carbon and carben cycle

Major reservoirs of carbon on Earth include 5 surficial reservoirs and 3 geologic reservolrs.
The surficial reservoirs include (i) the atmosphere, (i) terrestnal biota, (iif) surface ocean, (iv)
deep ocean, and (v) litter, peat and soil carbon. The geologic reservoirs include (1) 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 vanation in the carbon
content of these different reservoirs and their isotobic composition (Fig. 6.1a). 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 smal! fraction of the earth's carbon. So a mass extinction, even the one as
severe as the one at Permian-Triassic boundary is unlikely to cause large changes in the "C
on a global scale. Fluxes of carbon among different surficial reservoirs can be quite high
(Sandquist, 1985). For atmospheric CO,, nearly 25% gets turned over every year. Thus any
inequilibnum 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
stze of carbon storage is difficult. However, each of these reservoirs contain carbon many
times more than all five surficial reservoirs put together. Isotopic composition of different
geologic reservoirs also have large vanation (Fig. 6.1b). However, equilibrium fluxes amongst
geologic reservoirs are low, But a catastrophic change in the equilibrium amongst geologic
reservolrs can swamp surficial 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 resecvoirs of carbon due to various bio-geochemical processes

is accompanied by fractionation 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 1sotope.
Photosynthesizing organisms accumulate more of '2C than "*C during photosynthesis and on
average the ratio of “C/“C increases by about 25-28%0 8°C compared to the atmospheric
ratio of ~7%o (O’Leary, 1981). Short term and long term interactions amongst different

reservoirs of carbon, their content and isotopic ratios are illustrated in Fig. 6.1.

6.2.3. Significance of carben 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 manne carbonates show a spike of ~ -3%o which persisted for about 0.5
Ma. Hst and Machans (1990) suggested this to be due to reduced photosynthesis at shallow
oceans after a catastrophic event triggered by bolide immpact or explosive volcanism. They also
suggested such large vanations seen at the P-T boundary and at the Precambrian-Cambrian

boundary are due also to similar causes.

Schélle and Arthur (1980) have demonstrated some global excursions in the 8C values in
the latest Jurassic to Early Tertiary oceanic pelagic sediments. They suggested the possible use
of 8"°C excursions for fine scale stratigraphic subdivision of parts of Cretaceous time. A sharp
negative spike (about 8-10%. shift in 8"C 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 sudden-decrease in the fertility of organisms in ancient ocean. The
sharpness of spikes in 8°C 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 8"C 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 6"°C value of
deeper water formation. At the Permian-Triassic boundary also, while the shallow water fauna

suffered near total extinction, many of the deep water fauna were not much affected.

Similar incursions in the 8'*C 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, 1998).

6.2.3.2. Paleoclimatic reconstruction

A positive shift in §"°C value in organic carbons may reflect any of the following or

¢ombination of them:

(1) Shift in plant population from dominantly C, photosynthesis type'® to C4 and /for CAM
photosynthesis (which have very distinct 1sotopic composttions, see below). Although it s
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

' On the basis of type of photosynthesis used, plants are classfied into three broad groups:

(i) C3 metabolism: Also called Calvin cycle photosynthesis. A metabolic pathway exhibited by autotrophs in which the
three-carbon compound phosphoglycenc acid is the first idenlified product of carbon fixation, Almost all frees, most
shrubs, herbs and forbs and cool season grasses and sedges use C3 metabolism.3"C vanes from -23% 10 -35%o.
{i) C4 metabolism: A melabolic palhway exhibited by autotrophs in which CQ, initially combines with phosphophenol
pyluvate, a four-carbon compound maiate, or aspartic acid as the first identified product of carbon fixation. This is then
translocated to bundie sheath celis where CO, is refeased and used in Calvin Cycle reactions. Wamm season grasses
and sedges are mast abundant C4 plants.5"C ranges from about -10%e 10 - 14%. averaging about -13%e (Ceding et
al., 1993). Tropical savanas, temparate grassland and semiand scrub lands are most common areas of such plants
4 pholosynthenc tyoe is favoured when there is low concentration of CQ, in the atmosphere. It is generally argued
that C4 biomass onginated and showed greal expansion in both oid world and New wodd starting forom 7 to § million
years ago. This according to Cerling el al, {1993} was due 1o lower atomosphereic carbon dioxide level.

(it} CAM metabolism: CAM is abbreviation for Crassulacean Arid Melabolism. This photosynthelic type combines
features of both C, and C4 plants. Such planls are adapted lo conditions of CO gnd water stress. They have
intermediate §'C values.
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towards C4 photosynthetic type is likely, under conditions of low atmospheric CO,.

(1) Low moisture availability (arid and semiarid lands) causes C, plants to be several %o

senriched in 8"°C (Ehleringer and Monson, 1993).

A negative shift in §"°C may be caused by any one or combination of the following factors.

(1) Cooler temperature; (ii) Deficient light; (iii) wet condition; (iv) higher P, 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 §"C-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 isotopically
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 associated with the carbon
isotope excursion across the Permo-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 compositicns 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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8"C,, in plant matters.

6.2.4.1 Photosynthesis and carbon isotope fractionation

During photosynthesis plants takes up CO, from the atmosphere with 3"*C of ~7.5%o and
implant this into various organic molecules, whose average 8”°C value is -25%». Thus,
photosynthesis is accompanied by large-scale fractionation of carbon isotopes. Each
photosynthetic type generally occupies & particular ecological niche within each ecosystem.
For example, in arid lands, the greatest fraction of non-succulent species are C, plants. The
succulent species tend to be either stem or leaf succulent and mostly follow CAM
photosynthesis, C, photosynthesis in arid lands are most frequent among perennjal heliotypes
and annuals. In and lands, C, is the most common type in mesic sites, CAM occurs in the most
driest locations and C, only on arid locations where there 1s significant summer precipitation
and saline soil. In CAM plants, 8"°C vares from -10 to -22%. The range reflect different
proportion of C,; and CAM pathways in plants. Some CAM plants operate with C,
photosynthesis during wet period whilst the photosynthetic tissues change to CAM under
drought conditions. In some other plants, leaves operate on C, and stems on the CAM type
photosynthesis. CAM plants which fix CO, during the nocturnal portion of their diurnal cycle

shows more positive values of 8"'C than those fixing CQ, during daytime.

The large range of "C in C, plants reflect diffusional processes limited by leaf performance.
In and lands, twigs and stems also represent major photosynthetic surfaces (and which may
include all three photosynthetic types C,, C; and CAM). Photosynthetic twigs have na average
of 1.5%e higher 8"*C value than the leaves of the same plants. But in non-photosynthetic types,

twigs show only an average of 0.1-0.2%e higher 3"C values than leaves.

Different isotopic composition among C, plants can be explained by differing proportions of

stromal and mesophyll resistance to CO, uptake (O’Leary, 1988). If the stromal component is
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large, overall discrimination of *C is small, because the physical discrimination by slower
diffusion of ®CO, as compared to ‘*CO, is very small. If the mesophyll component is very
large, PC content of tissue will deviate greatly from ambient due to strong discrimination
against CQ, during carboxylation process. The variation in 3°C in plants can be understood
in terms of the C/C, ratio which is the ratio of internal vs. ambient CQ, partial pressure.
Factors that increase the C/C, ratio will reduce the 8"°C 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 CO, supply, for example water stress or saturating photon flux densities, will result in

a low C/C, ratio, and a higher value of the "C for the plant.

6.2.4.2. Variation of $"°C in plant matters

6.2.4.2.1. Variation in living plant matters

Variation among different plants

In living plant matters there is wide variation in 8C 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 8"C values are generally changed during carbonisation of non-living plant matters.
Fig. 6.2. summarizes the principal sources and extent of variation in the 8"C in plant matters,

The principal causes of such vanations are as below:

(a) C, vs. C; plants: Plants utilizing C, biosynthetic pathways utilize more of *C than "*C .
They are more effective in this aspect than plants utilizing C; biosynthetic pathways. Algae
have intermediate 8"°C,, values. d7C,,, values in C; plants in fresh and intermediate marshes

range from -26.5 to -27.9%. while C, plants growing in brackish and saline marshes of the
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same depositional basins have 8"C,, values around 13-14 %o. Different species composition
of the primary producers can cause isotopic variation. Terrestrial plants in the Permian,

however, only used the C, photosynthetic pathway of fixing CO, (Thomasson et al. 1986).

(b) Upper and Lower part of forest canopy: In the tropical rain forests, a variation between
the 8"°C,, 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 8"°C,,
values (as high as 7%.; Medina et al. 1986). Medina et al. (1986) attributed such variation to
the variation in the 6"*C values of the ambient CQ, available to the plant. Shade flora

assimilate CQ, from soil respiration, which is depleted in $"C.

(C) Terrestrial vs. marine plants: Terrestrial plants are enriched in **C by 5-8%o when
compared with the marine plants. This is possibly due to higher degree of utilization of the
ambient CO, by water plants and partly due to differences between atmospheric sources (8°C
~ -7.8%o) and seawater bicarbonate (8*C~-2%o). When preserved as fossil organic matter, this
difference between terrestrial and marine plants (5-8%o) reduces to -3%o to -5%. only in their
appropriate kerogen {ractions. Transitional environments like continental reservours have

intermediate values (Galimov, 1980)

Variations within different parts of plants

(a) There is some variation in the "C,,, values among different part of the same plant.
Vanation between the leaves and the stems of the same plant can be as high as 3.1%o
(Galimov, 1980). Organic compounds like carbohydrate and proteins are isotopically heavier
than lipids. Variations in proportions of protein to lipids produced at different times by a
group of algae causes differences in 8*C 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 87°C of the
-atmosphere and also on any condition which affect the ratio of internal plant CO, to external
CO, concentration (C/C,). When this ratio is low, the plant does not discriminate as effectively
against PC. This ratio is in turn, affected by the rates of CO, fixation and stromatal
conductance. Draught, light, soil moisture, precipitation etc could affect this ratio.
Combination of these environmental influences could affect 5‘3C°rg values of plants (Francey
and Farquhar, 1982). Levitt and Long (1991) recorded variations as high as 3%. amongst
different tree rings of conifer and hardwood trees. They stated that soil moisture and radiation
level have stronger correlation with the §*C of tree rings than change in the *C of
atmospheric CO,. Increased soil moisture and low solar radiation reduces ®C in the tree ring

However, inter-species variation of 8"’C in tree ring in a site is not very significant.

Variation due to changes in climate

(a) Vanation due to atmospheric CO,;
High concentration of CO, 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 "*C uptake is increased. The theoratical temperature
dependance of the thermodynamic carbon isotope effects for fossil organic matter is about 0.2-
0.4%o per °C (Galimov, 1980). However, this estimate varies. Emnich et al. 1970 (in Williams
et al.1997) have shown that organic carbon isotopes are little affected by variation in

temperature {0.035%o per °C)

(C) Variation due to altitude: There is a pronounced altitudinal increase in the efficiency of
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CO, uptake with respect to intercellular CO, levels This leads to a significantly reduced P/P,
(ratio of internal to external partial pressure) in plants. At High altitude there is a marked
_increase in 8"C value (~ -26.15%) than lowland average (-28.8%o) (Kormer et al. 1988). For a

single species altitudinal variation of 4.7%o) have been recorded (Korner et al. 1988).

6.2.4.2.2. Variation due to post-depositional processes

Varation during diagenesis

Isotopic changes due to processes involved during burial and diagenesis are illustrated in Fig.

6.3.

(a) During early diagenesis. After a organism or part of it is buried, the earliest
diagenesis is nuicrobial, initially aerobic but anaerobic after bunal at moderate depth (<1.0m;
Hayes et al. 1983). Bacterial oxidation may produce more negative 8“C 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 PC. Organic matter even
in most recent sediments is systematically depleted in 8"C by 2-4%. relative to its biological
source (Hayes et al. 1983). Anoxic or dyaerobic depositional environments favour preservation

of hydrogenated compounds because lack of oxic degradation.

(b) During catagenesis, mobile hydrogen rich organic matter is produced. The onset of
the process sometimes occurs as low as at 60°C and continues up to 150°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 turmn
depends on the source material) (Hayes et al. 1983) and the environment of diagenesis (open

system or closed system) (Scholle and Arthur, 1980). The transformation of organic matter to
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lighter molecuies is never complete. CH,, CO,, 4,0, H, 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 ’C, in contrast to CO, which contains
more 2C (Degens, 1969). Diagenesis is generally held to cause very small shift in 6°C,, value
(Deines, 1980, Redding et a}.1980, Scholle and Arthur, 1980, Hayes et al. 1983; Degens,
1969). However, there is no conclusive prove for this. Degens (1969) inferred this from near
uniform value of §C 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

dC. 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. atomjc O/C (van Krevelen plot). The overall composition of most organjsms
lie within a rather low range, with H/C values generally being within 10% of 1.54 and O/C

values being within 20% of 0.5. Any signuficant departure from this will mean loss of carbon.

Post diagenetic alteration

(a) Differential thermal alteration of samples can cause vanation in isotopic composition. The
theoretical temperature dependance of the thermodynamic carbon isotope effects for fossil
organic matter is about 0.2 -0.4%. per 1°C (Galimov, 1980). The effect of thermal alteration

can be gleaned from atormic H/C vs. N/C plots of kerogen.

{b) Character of the host rock: Imbus et al. (1992) found, in Precambrian shale, that kerogen
that comprise < 0.15% of their host rock tend to be strongly enriched in **C. 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. Imbus et al.(1992) also observed that 8*C, . 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-
Tnassic 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. All 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 fossils showed little evidence of mass extinction. However, gymnosperm 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 10 be
synchronous. But it must be remembered that the terrestrial fauna biostratigraphy is not well

correlated beyond sub-regions.

Abrupt or gradual?

From the study of extinction of shallow marine invertebrates, it appears that P-T events had a
very short time span (Erwin, 1992). In Alpine Austria, the sharp negative spike in 8*C value
has been estimated to have lasted for 1-3 m.y. (Margaritz, 1989 and Holser 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 **Pb/**U age of 251.2+ 3 4
Ma and the *’Pb/2*U 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 1solope 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 8'*C incursion to be less than 165,000 years. They dated the P-T boundary more
precisely at 251.4 = (0.3 Ma. However, the ranty of Late Permian marine deposits and
associated volcanic ash beds do not allow to validate this record of short time span globally,
The extinction pattern of terrestnal vertebrates does not appear to reflect such an abrpt
change at P-T boundary (Olson, 1982). Thus, one of the ways to better understand the P-T
extinction event is to exanune the terrestrial records and examine how P-T extinction event 1s

reflected (n them.



Floral assemblage at the P/T boundary

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 glossoptends 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 charactensed
by the first forked-fronted seed-ferns, conifers, Ferns, Ginkgos and Cycadophytes has been
noted. Ferns and Lycopods foliage had a high content of lignin (30-50%o; average plants being

between 10-25%0) 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 Trassic 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 Tnassic.

6.3.2. Causes of Extinction

Vanous factors have been held responsible 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 factors 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

. Permian. However, with indications that Permian-Trassic 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 3'"°C 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 tn 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 camivore-herbivore food chain in the
record. No large strictly terrestrial herbivorus existed while late in the Early Permian. A
very rapid increase in body size took place among newly evolved terrestrial herbivores. Also
large animal size tends to tncrease 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 8'°C 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-Carbon:iferous glaciation was in
the mid-Permian. He held that cooler climate was possibly not the cause of extinction. But as
in the K/T boundary (Holster and Margaritz, 1992), Wang et al. (1994) have held that there
was a reduction in the pnmary productivity in the shallow marine environment. Also shallow
water fusilinids suffered extinction at the P/T boundary, in contrast to the survival of deeper
water, but more complex foraminifers. A cooler environment is consistent with this

observation but may not be the cause.
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6.3.3. Carbon isotope record at the Permo-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 former Tethys Ocean, is characterized by a sharp drop in 8"C,,, of ~3% (from +3 to
0%; Holser and Magaritz, 1987; Baud et al. 1989) and a similar drop in 8"°C,, of ~3%o ( from
mean values of -24.6 to -27 4%e) in shale and marl interbeded with carbonates in Alpine
Austria ( Magaritz et al. 1992). Along the former margin of the Panthalassan Ocean in
Canada, in deep-water marine sediments, the drop in C, 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 8°C,,, in plant fossil remains across the Permian- Triassic
boundary has been recorded in the Sydney and Bowen Bastns of eastern Australia (Morante

et al. 1994) and in the Karoo basin of South Africa {Faure et al. 1995).

6.3.3.3. In terrestrial animals

Thackeray et al. (1990) have recorded a decline of 26%e in the $"C value of apatite in the
fossil tooth ename] of therapsids, which were terrestrial herbivorous animals just below P/T

boundary. This, they interpreted as reflecting biogenic variation associated with global changes

in CO,.
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6.3.3.4, Changes in the 8°C value at the P/T boundary: global or local

Although the general pattern of isotopis 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 isotopi¢ incursions across the P-T
boundary has been made in the GK-1 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 8"*C value appears to be sharp (for example, Wang et al. 1994)
Such differences could be due to variation in the local environment of deposition. Tt is
important to note that in the GK-1 borehole cited above, all three 6'*C minima are associated
with high concentration of pyrite, distinct negative 'S values, a peak in Ce"/La" value, high Ir
concentration, high S/C ratios. This relationship indicates a correlation of 8"*C minima with a
reducing envirorment. A global change in the atmospheric $*C value should be reflected in
various types of sedimentary environment 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 P/T boundary was a synchronous glebal 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 " C spikes at the Permian-Triassic boundary

Regression

The traditional view holds that the Late Permian expenenced a worldwide regression and that
the transgression did not commence unti! the beginning of Triassic (Yang, Sheng and Yin,
1995). Hawever, 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
1s regarded as the time of final consolidation of Gondwana (Faure et al. 1995). Amalgation of

continental fragments is likely to have caused orogeny and uplift of 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 residence 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 frem crganic carbon released from sandstone-shale-coal
together. The difference in 8"*C value of carbonates and atmosphere is ~7.5%, cabenates
being more positive but the difference between organic carbon and atmosphere is ~18%o. So if
carbon released from carbonate is more that 3.5 times than the carbon released from crganic
carbon (which is more likely the case in the event of regressicn) 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 atmosphenc oxygen. Varous
estimates of atmosphernic oxygen (Garrel and Lerman, 1984; Berner, 1989, 1990) show that
atmcspheric oxygen was rapidly decreasing from Carboniferous times giving one of the lowest
concentration at the Permo-Triassic boundary. So the oxidative potential of organic carbon at
Permo-Tnassic boundary was much low at the Permo-Triassic boundary. On the contrary, red
beds at the P-T boundary suggests an oxidative envircnment.

And 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 CO, (due to release
of locked CO,) in the atmosphere should see higher productivity of land plants along with a
shift towards negative values of *C in organic matter. But then why were plants not
preserved? Ligmn is the most important constituent in plant matter that gets preserved as
coal/peat. In modern environments, lignin is mainly destrcyed by basidiomycetes organisms
(like mu;%hroom 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 abictically by ultraviolet radiation, ozone, etc. Arid climate

gets lot 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 envirecnments

6.4. Carbon isotope stratigraphy of some Gondwana sequences

In this study, a number samples from terrestrial Gondwana sections from Peninsular India,
South Africa and Madagascar have been investigated for C-isctope stratigraphy. In the case of
samples from India, in most cases, the same set of samples were also investigated for detailed
palynclegy by cellaborators from the Virbal Sahni Institute of Paleobotany, Lucknow, India.
This allowed calibration of palyno-stratigraphy with C-isotope stratigraphy. Simularly,
representative samples across the lower part of the Gondwana sequences from the Lingsburg
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 this study are

summarnzed.

6.4.1 Sampling method

In general, samples were collected at small (2-4 m) intervals. In some cases, samples
representing larger intervals were also collected. Samples from Peninsular India are all frem 13
boreholes in different Gondwana basins within Peninsular India (Fig. 6.4). Two cof these
boreholes intersected almost the entire part of the Lower Gondwana sequence (1.e., from
glaciogenic Talcher Formaticn 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 borehcles

in Peninsular India only samples from acress the Permian-Triassic boundary were sampled.



These sets of samples provided for comparative study of $°C,, signal across the Permian-
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 Permian. 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 preferrentially 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 visible 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

processing.

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 HC) acid can permeate through the entire sample.
. This will ensure that carbonates and bicarbonates are dissolved. After all the samples were
treated with HCI, 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 uqder 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 CO,
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 bumt in the CN analyser at ~1000°C. The resultant gas is passed
through a dehydrant material and then through a gas chromatometer where CO, gas from the
samiple is separated from other gases. Separated CO, 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 PBI standard, are

presented in Figs. 6.5-6.11. Table 6.1 summarizes isotopic results.
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Table 6.1, [sotopic characteristics of samples analysed from different Gondwana basins of
India, Madagascar and South Affrica.

(Gondwana | Bore- | Stratigraphic Isotopic characteristics Discussion
basin holes section
Ranigan) RBM- | 13 samples 3 sharp nepative The [owermost
Coalfields, | 1, from a 50m excursions (8°C,, < -30) | negative incursion
West thick section interspaced by positive is about 5m below
Bengal, across the excursions (8'°C,. > -25) | palynologically
India Permuan- spanning a thickness of defined Permian-
Trassic ~20m exist (Fig. 6.5). Triassic boundary
boundary.
R-14 150 samples There are at least two While the large
+ froma ~850m | pronounced negative negative incursion
TDB- | thick section (8C,yy <-30 %) spikes in the $°C,, (>5-6
3) from the top of | near the palynogically %o) is characteristic

glaciogenic
Talcher
Formation
(Lower
(Gondwana) to
the bottom of
the Panchet
Formation
(Upper
Gondwana)

defined Permian-Triassic
bourndary. One of them is
Just below the P-T
boundary while the other 15
~50m above the P-T
boundary. In between these
two negative spikes there
is a zone of ~15m
thickness with highly
positive 8°°C,,, value (~ -
16 %) The total range of
variation {from the most
positive value to the most
negative value) across the
Permian-Triassic boundary
is ~ 20 %c). Below the P-T
boundary there are a
number of cyclic
repetitions of 8°C, value
of the order of ~3-4 %o
which is superposed by a
noise (random variation) of
~1-2%s (Fig. 6.5, 6.6),

of the P-T
boundary. A high
positive value of ~
-16 %o in
association of
sharp negative
spikes gtving a
total range of
vanation as high as
~20 %u, iS,
however, not
recorded yet from
across the Permian-
Triassic boundary
is, however,
unknown and the
cyclic vanation of
3-4 %o (Fig. 5.6) is
possibly related to
ciimatic changes.
Random vanation
of 1-2 % is
probably due to
natural variation in
the orgaruc matter
and/or due to post-
depositional
changes.







Gondwana
basin

Beore- | Stratigraphic Isotopic characteristics Discussion

holes section

RAD- | 7 samples from | 8°C,,, value for 7 analysed

2: a~160m thick | samples vary randomly
section across between -24 and -27 %o.
the Permian- No definite pattern is
Triassic evident 1s which 1s 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 incursicn at the P-
section from (8"C,,, value between -27 | T boundary is
across the and -30) just above the possibly related to
Permian- palynologically defined P-T | some P-T event.
Triassic boundary. Below and
boundary. above this zone 8°C,,

value 1s ~24 %o (Fig. 6.5).

RAD-6 | 10 samples A large -ve excursion The large -ve
across a~25m | (8PC,, value <-30 %o) incursion at the P-
thick secticn spannming ~5-10m thickness | T boundary is
from across the | exists around the possibly related to
P-T boundary palynologically defined some P-T event.

Permian-Tnassic boundary
(Fig. 6.5).
RAD-8 | 10 samples $°C,,, values of samples Negative incursions

across a~16 m
thick section
across the P-T
boundary

show 3 sharp negative
spikes of ~4%o interspaced
by positive spikes (Fig.
6.5). However, negative
excursion 15 much less
pronouned in this section
than in other sections.

in this section may
be related to large
negative excursions
generally present
across the P-T
boundary.
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Gondwana | Bore- | Stratigraphic [sotopic characteristics Discussion
basin holes section
Talcher TP-8 178 samples This set of samples covers | The presence of
basin, [ndia from a 1000m | almost the entire Lower three large negative
section Gondwana sequence mn the | excursions across
spanning from | pemnsular India. The the P-T boundary
the top of the majority of the samples spanning over a
Talcher have "C,,, values thckness of ~60m
Formation between -26 and -23%o. indicates that
{glaciogenic) in | There are three negative Incursions
the lower part pronounced negative at the P-T
of the incursions {(8Y°C,,, value <- | boundary are not a
Gondwana 30%c} within a span of single short-lived
sequence, up to | ~60m thickness across the | event. Cyclic
the muddle part | P-T boundary. The variation of 3-4%o
of the Kamthi lowermost one of these tn 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 vanation
sequence. cyclic variation in the also broadly
0"*C,,; values in the coincide with
Permian section. Positive palynozones. This
and gegative gradient in needs much greater
such cyclicity often statistical analysis,
comcide with distinct beyond the scope
palynozones (Fig. 6.7, of this thesis.
6.8).
TP-9: 9 samples from | Two samples, one above No definste 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 8VC,__ negative values of
determined values<-28%eo. Other two samples may
Permian- samples have 8"°C, values | be related to the P-
Tnassic between -20 and -26%o T events.
boundary. (Fig. 6.7).
TP-10 | 11 samples A large negative incursion | The negative

spanning a 82m
section across
the
palynologically
identified P-T
boundary

of ~5%e is present ~10m
above palynologically
determined P-T boundary
(Fig. 6.7)

incursion above the
P-T boundary is
probably related to
the P-T event.
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Gondwana | Bore- Stratigraphic [sotopic charactenstics Discusston
basin holes section
Godavari | GAM- | 18 samples A large (~8%o) negative Both negative and
Coalfield, |7 spanning a incursion is present ~10 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 1s not certain
spannung a above the P-T has three whether
section of 161m | negative spikes interspaced | interspaced
across the by posttive spikes. negative and
palynologically | However the large positive excursions
determined P-T | negative spikes that are are related to the
boundary. normally associated with P-T event or not.
P-T boundanes could not
be detected in this section
(Fig. 6.9).
Wardha DGW- | X2 samples Samples are very widely A zone of ~150m
Basin, 7 spanning a spaced making it difficult thickness within the
Madhya depth of 754m | to detect any negative Permian section
Pradesh, across the incursion that mught be has 8"C,,, values
India palynologically | present associated with the | which are ~2-3%.
determined P-T ] P-T boundary (Fig. 6.9). more negative than
boundary the rest. It is not
known, however,
whether this zone
of negative
incurston 1s 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 ~3%s» variation
palynologically | within this section (Fig.
defined P-T 6.9).
boundary
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Gondwana | Bore- Stratigraphic Isotopic charactenstics Discussion

basin holes section

Morondava basin, 37 very widely | The whole section is withun | Such large negative

Madagascar spaced samples | the Permian. A very large | incursion within the
spanmung a (~6%) negative incursion | Permian coal-
thickness of (s present in the lower part | bearing honzons in
~3km withun of the section within the India.
Permian coal-bearing horizon (Fig.
section. 6.10).

Laingsburg basin, 40 sample The whole section is within | Sharp break across

South Afnea spanning from | Permian. There is sharp lithostratigraphic
top of the vanation (of the order of boundaries
glaciogenic ~4%o) in the 8"°C,,, values | highlights
Dwyka across the importance of
Formation to lithostratigraphic using 8°C,,
the Upper boundaries (Fig 6.11) values for high-
Permian resolution
Vischkuil stratigraphy.
Formation

6.4.3. 5°C,,, variation across the P-T houndarv

4.4.3.1, Ranigani 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 analvsed. Of these. five boreholes have intersected the palynologicallv defined

Permian-Triassic boundarv (Fig. 6.5). Sharp negative spikes have been detected in four of

these boreholes (RAD-5 6, RBM-1 and R-14). In these boreholes 8™°C,,, values becomes more

negative than -28%ec. The zones of negative incursion (interspaced by positive incursions) span

borehole thicknesses between ~200m (RBM-1) and ~40m (RAD-5) In RAD-2 samphng

density is thin 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 palynological
P-T boundary is not welldefined. However Tnassic palynoflora exists at least up to 288 m
borehole depth. One sample having 8"'C,,, value of -30%o has been analysed at 315m 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 the TP-8 borehole,
three sharp negative incursions associated with the P-T boundary spans a borehole depth of

~60m,
6.4.3.3. Godavari, Wardha and Xorar coalfields, India

Samples from two boreholes (GAM-7 and GBR-7) from the Godavari basin and one each
from the Wardha basin (DGW-6) and the Korar basin (UKD-8) have been analysed. Of these,
only GAM-7 shows a sharp negative incursion of ~8%s, followed by a positive incursion. In

other boreholes, no regular pattern of vanation across the P-T boundary is detected.
6.4.4, 3°C,, 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 of India 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 {SDCM values in the Gondwana successions across major lithostratigraphic boundaries
(Fig. 6.10; 6.11) and also allow a comparative study of such variations across different

continents (Fig. 6.12)

6.4.4.1. &%C,__ stratigraphy in the Talcher basin, India

nrg

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). Here, a number of cyclical
changes, with an amplitude of ~3%. in the 8"°C,, values, are present in the Permian 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 ~50m thickness, there are at
least three large (~6%) negative incursions interspaced by normal or positive incursions

Above the P-T boundary, normal 8°C, values of ~25%a are present.

6.4.4.2. 8*C,,, stratigraphy in the Ranigunj basin, India

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-8
borehole, here too are a number of cyclical variations with an amplitude of ~3%. in the 8°C,,
values of the Permian section. Detailed lithological logging and palynozones in this borehole
are not yet available. At the P-T boundary, two large (>6%.) negative incursions are present

within a span of ~40m thickness. Above the P-T boundary, normal values for 8°C,,, prevail.









6.4.4.3. 6°C,, 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%o) 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, T
speculate this large negative spike in the Morondava basin may represent the P-T boundary.
Above this spike, the 6’3C°,g values become more positive. In the Morondava basin, the P-T
boundary is generally taken to be present within the Sakamena Group which lies above Lower

Red Bed Series although no paleontological work is definitive (N. Rakotosolofo, M. Sc.thesis).

6.4.4.4. 8°°C,_ 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 White Hill
Formation, the Collingham formation and the Vischkwu! Formation (Smuth, 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 White Hill Formation,
the Collingham Formation and the Vischkuil Formation) have been analysed. There is a sharp
variation of ~3-4%s in the 8*C_, values across lithostratigraphic boundaries (Fig. 6.11). The
P-T boundary i1s 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 ON. Rakotosolofo, M.Sc. thesis).
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6.5. Discussion

A broad pattern of cyclical variation in the 8’C,, 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. In
the Talcher basin, the cyclical variation in the Permian section is seen to hroadly correspond
with the palynological asseblages which suggests that cyclical varation in the 8°C_, values
may be used for high-resolution stratigraphic correlation. Because of non-availability of
palynological data from the Ramgunj coalfield (TDB-3 borehole), it is not known now
whether the cyclical vaniation in both the Talcher and the Ranigunj coalfields are stratigraphic
equivalents. A random variation of ~2-2.5%o 15 superposed on the cyclical vanation 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 °C,, value of different parts of plant both in and land (Ehleringer,
1988) and in tropical wetland (Medina et. al., 1986). As a whole, leaves are more negative in

8"C than stems and roots. And such variation could be as high as 3%a.

From visual observation of the trends in the 8°C,, 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 variation in the 6‘3Cmg, having an amplitude of ~3%a It
appears that a coal cycle is broadly associated with increase in 8"*C,, while a clastic
sedument cycle is associated with decrease in §"'C,, value. The start of a coal cycle signifies
greatly enhanced tree growth, which augments the biosphenc removal of carbon dioxide from
the atmosphere. CO, was generally present in considerably greater concentrations than it is
today (Berner, 1990; Yapp and Poth, 1992) However, Because of higher removal of
atmospheric CQ, due to higher photosynthetic rate, there is a limiting factor to which
atmospheric CO, can rise. According to Idoso (1991) for current anthropogenic emission

values and size of global forest, the CO, content of the atmosphere could only rise by only
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another 170 ppmv. Continuation of increased photosynthesis depletes atmosphere of **C
causing plants becoming more positive. An heavier atmospheric CO, should also cause

_ carbonates deposited during that time to become enriched in *C. Gruszczynski et al. 1989
reports a positive spike in marine carbonate in Upper Permian time (Kazanian- Tartarian
boundary). Similar positive spike of ~ 6-8%o also precedes negative spike at the Permian-
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. Thus means a very large increase in CO, content of the atmosphere is

necessary.

To summarize, this present study demonstrates that '°C,,, analyses have great potential for
use as a chemostratigraphic too! for intrabasinal and interbasina! 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 1s 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 P/T spike and

cylcical variation of §"°C,,, within Gondwana sequence etc.
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Appendix to Chapter 4

A4l U-Pb dating of zircon and monazite and its application in high-grade

metamorphic terrains.

A42. Methedology of various zircon analytical techniques: their uses and limitations

and a comparative study.

A4d3 Pb-blank 1n U-Pb single crystal work- its sources and measures adopted at
UCT to reduce it.
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Appendix-A.4.1: 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: #*U—*Pb; »U—*""Pb and
2Th—Pb, 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 **Pb, ®Pb, *Pb and **Pb. Except for **Pb,
these are all radiogenic, being final decay products of ®*U, ®U and **Th, respectively. For a

system of age t, the equations for the nuclides involved in each decay scheme can be written as

below.

P, =""Ph UL 1) ()
WIph =0TpH A+ (PN A1) (ii)
W¥ph =2Ph +* Th (P2 -1) (iii)
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where P indicates the abundance of a given nuclide at the present time and [ indicates the

initial abundance of that nuclide.

Half-lives (t,,} and the decay constants (A) for these three decay series are as below

Decay series 1,5, in Gyrs Decay const. Ayr'
- 2pp 447 1.55125 x 1079
ZU-»"ph 0.704 9.8485 x 107
BITh-*"*Ph 14.01 0.49475 10"

Some accessory minerais like zircon, baddyellite, monazite, allanite, sphene, rutile and apatite
etc., preferentially incorporate uranium and exclude Ph. For the very little imtial/common Ph
that are present in these minerals, a correction can be made and then the equation (i) can be
simplified as below:

Iﬂﬁpb‘ o 23ﬂu(e}(.’.]81 _])

where Ph” represents radiogenic lead only Taking **U to the other side vields the equation:
PR = (e 1)

Similarly, equation (i1) can be simplified to.

ZG?Pb.IBSU — (el'ZJSE ~ ])

Each of these two decay systems provide independent ages. Minerals which have remained
closed with respect to U and Ph give concordant values of t from the above two equations.
When *7Pb’/~*U and Pb"/7*U 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. A4.1.1;
Wetherili, 1956) Ph-loss and overgrowth in minerals cause the “*U-*"Ph and **U-"*Pb ages
to differ from each other and consequentiy the analyses plot off concordia. Very often,

analyses of related samples lie on a straight line joining two points on concordia. Such strarght
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lines are known as discordia. The present dav ratio of **U to **U is 137.88. This ratio has
changed over time because of the difference in the rate of decay of **U and **U. For example,
when the Earth was accreted, this ratio was 3.17, it was 16 in late Archaean and 82 in late
Proterozoic time. Since the rate of decay of **U is about six times faster than the ***U, the
relative rate of build up of radiogenic ***Pb and radiogenic **’Pb continuously changes and so
the ratio *"Pb/”Pb varies systematically with age. Thus, the *"Pb/?Pb ratio in minerals gives
their crystallization age if the system has remained closed with respect to the isotopes of Pb
and U. This age 1s known as the *’Pb/**Pb age. In a concordia diagram the “’Pb/®Pb age is
obtained by the intersection of concordia and a line joining the analysed point and the origin.

The #*Th—""Ph 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
(atomnic number 90) have comparable geochemical properties. They both form tetravalent ions
with similar ionic radii (U"*=0.1 nm; Th™ =0.105 nm), and thus easily substitute for each
other. Thorium has only one oxidation 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™?, which 1s highly soluble in water, and under oxidizing condition U may be

significantly fractionated from Th.



A.4.1.4, Zircon geochronology

Zircon, a silicate of zircontum (ZrSiQ,), is one of the most useful minerals for hugh precision
geochronometry mainly because of its resistance to thermal disturbances 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 U*" whereas Pb is generally divalent Pb*") and in their ionic radii
(U*=1.00 A; Pb*"=1 29 A, in VIIl-coordination). In zircon, U*" substitutes readily for Zr*"
w}‘u'ch'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 zircon ideally suited for high precision

geochronology.
A4 LS. Interpretation of U-Pb zircon ages

Zircons generally survive partial melting, entrapment in 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 dunng low grade metamorphism, fluid circulation,
weathering or even without any apparently understood geological process {(Mezger and
Krogstad, 1997). Pb-loss, overgrowth and recrystallizatton 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 zircon

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 (2 U—*"Pb, P¥U—"*Pb and ?*Th—?**Pb). 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 general, discordant zircon grains fall on the concave side of
concordia. Such discordant grains are called normally discordant zircons. Normally discordant
zircon grains have *7Pb/*Ph age > 2'Pb/ U age > **Pb/**U age. In some instances,
however, zircons fall 6n 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 **Pb/”*U age > *’Pb/>**U age > ¥’Pb/?*Pb age. ***Pb/
STh ages often are more affected by both Pb-loss and Th-loss than the U-Pb ages. However,
very often in young rocks **Pb/ #*Th 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 *’Pb/**Pb 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 Pb/**Pb age and “Pb/**U age expressed as percentage of the
27Pb/*®Pb age (cf. Davis et al. 1997). In mathematical term this can be expressed as:

(*PbA%Ph age) - (FCPHPPU age)

Discordancy(%) = 100 x
COPBAY"Ph age)

This definition of discordancy is good for analyses which plot near the upper end of the
concordta andyor 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
has 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, specially for analyses which plot far

away from the upper intercept of discordia, the above definition of discorcancy do not reflect
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It 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, 1987a, 1987b). The closure
temperature of zircon for U-Pb is around 800°C (Heaman and Parrish, 1991; Mezger et al,
1989). The response of U-Pb isotopes in zircon to CO, fluid-induced granulite-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
formed by CO, purging) within granitic gneiss in the famous Kabbal Durga quarry of the
Dharwar craton (Fig.1.11). They concluded that the zircon U-Pb isotopic systematics are not
disturbed by CO, 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 duning granulite metamorphism and
charnockitization. They concluded that the high temperature associated with CO,-nich fluids

during the granulitic facies event has possibly dissolved and recrystallized most pre-existing

Zlrcons.

In general, charnockitization invoives LREE depletion and HREE ennichrent (Touret, 1994).
Depletion of Zr accompanies depletions in elements such as U, Th and Pb, which are
particularly mobile. These chemical changes are principally related to the breakdown of biotite
and amphibole and the production of pyroxenes and feldspars (Janardhan et ai. 1982; Glassley

et al. 1989). Whether such changes in the trace element chemistry of major minerals are also
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accomparnied by U and Pb re-distribution in zircon is not known. Williams and Claesson
(1987) have suggested that zircons grown under upper amphibolite and granulite grade of

metamorphism generally have either very high or very low Th/U ratio.

SHRIMP 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 charnockitized areas should, therefore, be treated
with care. Recrystallization of zircon following Pb-loss often causes each analysed spot within
a prain 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
(Heaman and Parrish, 1991). Although mafic igneous rocks are penerally 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 lugh temperature geochronometry because of its high (700 - 725°C, Copeland et
al. 1988, Partish, 1990) blocking temperature. Like zircon, monazite incorporates a small
amount of initial 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 ®°Th, which is a intermediate daughter
product of the P*U decay chain and has a half life of 75,200 years. The excess ®°Th decays to
-2%°Pb that is unaccounted for by the amount of Z*U 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 of PITH,
monazite may contain very high **Pb. With a very high concentration of **Pb in the sample it
is often difficult to resolve the 2’Pb peak in the tail of the **Pb during mass-spectrometric
analyses. Normally, the concentration of Th is calculated from the **Pb present in the sample.
However, in the present analyses a mixed tracer containing Th was used. This allowed

measurement of Th contents and hence Z*Th-***Pb 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 Tonisation 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
techmque was employed in the analyses carried out at the Massachusetts Institute of
Technology and at the University of Cape Town. SHRIMP analyses were carried out at the
Western Australia SHRIMP Facility housed at Curtin Ungversity, Perth. In the following
section the methodology of these various techruques, their usefulness and limitations, and a

comparison of these techniques are discussed.

A.4.2.2. IDTIMS (Isotope Dilution Thermal lonisation Mass Spectrometry)

technique

A.4.2.2.1. Analytical Procedure

The analytical procedure adopted for zircon and monazite analyses using conventional

IDTIMS technique at the UCT laboratory includes the following steps.

(i) Separation of heavy minerals, (ii) abrasion of selected mineral fraction (for zircon only) (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.
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(i) Separation of heavy minerals:

Zircon, monazite, apatite and sphene were analysed in the present study. These accessory
minerals are hiberated from the rock samples by conventional crushing and mineral 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 -500u to +80u size range. The crushed sample
is then passed over a Wilfley™ table to obtain a heavy mineral concentrate. This concentrate is
dried using a heat lamp. A large hand magnet 1s passed over the thinly spread sample to
remove iron filings and strongly magnetic minerals (like magnetite, iimemte etc). The sample 15
then subjected to an initial magnetic separation in a Frantz™ isodynamic separator at ~0.35A
current and side-tilt of 20° This process removes magnetic minerals like amphiboele, 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 afier this stage
contains more than ~100 gram, the sample (s passed through a second heavy liquid, methylene
iodide {density, p~3.42), which removes most of the apatite. If the sample contains abundant
pyrite, this 1s removed by a dilute HNO, wash. The concentrate at this stage consists mainly of
zir¢on, monazte, some apatite, sphene, gamet and rutle. 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 minerals with
increasing current and decreasing tilt 1s; allanite, monazite, 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-magnetic,
inclusion-free, track-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 21° 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 witha ~1.5 A°
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,

(1) Abraston 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 crystallization/ 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 momtor abrasion

Each abraded grain is washed with dilute (~20%) HNO, 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 of U-Th-Pb from the dissolute: Dissolution of
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individual grains is carried out in 0.3 ml Savillex™ capsules after the addition of a mixed #°UJ-
BOTh-**Ph tracer. Zircons were dissolved in ~120p] of 70% HF, while monazites were
dissolved in 12N HCI. Apatites were dissolved in~7N HNOj; in 3ml Savillex™ beakeron a

hotplate

For zircon and monazite grains, individual capsules were placed in a Paar™ acid dissolution
bomb, in the presence of excess 50% HF in the reservoir of the bomb and heated at 210°C for
4% to 72 hours. The dissolute was then dried and an additional ~120ul of 6N 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 HCI (Catanzaro and Kulp, 1964) or with HBr (Chen and Wasserburg, 1981) on anion
exchange resins. Pb has a high distribution coefficient onto the anion exchange resin in either
2-3 M HCl 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 3M HCL
Except for Pb and U, all other elements (including Th) are eluted with 3M HCI which is
collected in beakers for extraction of Th at a later stage. After that, Pb is eluted with 6.2M
HCl and subsequently U is eluted with H,O. For extraction of Th, the initial elutes in 3M HCI
are converted into NO3 form. The sample is then load in 7M HNO3 on the resin column.
Except Th, all other elements are eluted with 7M HNQ3. Th is extracted with H20 or with
0.5M HCL

For samples with large quantities of Fe and Ti (for example whole rock samples, sphene,
apatite etc), HCI chermustry is not efficient to separate Pb from Fe and Ti. However, HCI
chemustry is more efficient in recovering Pb from samples with simpler chemistry (for example,

zircon and monazite)
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In the present work, both HBr chenustry and HCI chemustry were tried. HCI 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 1N HNO,. This elute was collected in separate beakers for extraction of Th in HNO,
medium at the end of elution of U. The total procedural steps are outlined in Table A, 4.11.1
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 4.11.1. Check-list for U-Pb column run using chloride chemustry.

JCT, Geolosieal Seienges Low-Pb isotope laboratory:

Name: Joy Gopal ghosh Checklist for zircon column run

Date: With Chioride Chemistry
Column Ne. 1 2 3 q
Sanwple oumber

Fill the resecvolr with 6N HCl

~200 p! MQH,0 ~§ drops

~200 pl 6N HCI ~6 drops

~200 pl 6N HCI ~4 drops

Precondition the Column:

~200 ] 3N HCl~6 drops T | | I

Load sample (dissolved in 2 drops of IN HCY)

WASH the column drop wise {collect elute for thorium extracton):

Beaker to collet WASH for Th edraction:

~35 pl of 3V HCl ~1 drop

~35 pl ol 3N HC1 -1 drop

~35 pt ol 3N HCl~1 drop

Dry WAS!H in 3 hot plate inside bench

Elute Pb:

Benker for colletmg Pb elute (with +~5md H,PO,)

~60 pl 6N HC1 ~2 drops

~40 pl 6N HC1 -1 drops

~60 pl 6N HCI ~2 drops

Flute U:

Beaker for collecting U elute (with +5ml H,PQ,)

~50 ui MQH,0 ~2 drops

~60 ! MQH,0 ~2 drops

~60 pl MQH,O ~2 drops

r Wash the column for Th extraction:

| ~200 4l MQH,0 ~6 arops | T T r

| Precondition the colwmn for Th extraction

~60 pl HNO,~2 drops

~60 ul HNQ,~2 drops

~50 pl HNO,~2 drops

Load sample: dricd WASH in ~2 drops of 7N HNO,

~35 pl 7H HNO,~1 drop

~35 pl 7N HNO, ~1 drop

-35 pl 7N HNO,~1 drop

Elate Th

Place U beakers under the columms

~50 pl MQH.O ~2 drops

~60 pl MQH,O ~2 drops

~50 pl MQH,O ~2 drops

Dry the sample with one small drop of H,PQ, on o hot plate {~150°C) inside bench

Fay Gopal Ghosk



(iv) Isotopic analyses of U 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 MIT) 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 **Pb was measured in Faraday cups. **Pb was measured
using a Daly detector and was calibrated using frequently ran calibration factor (i) 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:
(1) Spike

The MIT laboratory uses a mixed “**Pb-"*U-**U spike while the UCT laboratory uses mixed
05pp-BI-2Th spike. Use of double spike for U in the MIT laboratory helps in maintaining
good control over fractionation of U isotopes during mass spectrometnc run. This, 1n tur,

helps in getting high precision in U concentration values.
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In the UCT laboratory, use of spike mixed with ®*Th helps in getting precise ***Pb/**Th ages
for samples analysed in addition to U-Pb ages. This also enables precise determination of Th/UJ
_ratios of analysed samples, which often helps in identifying different population of
zircon/monazite within a rock and their varying chronologic information. Although Th/Pb
systematics in high-grade metamorphic environments is not we{ll-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 column
chemistry procedure to that adopted at the MIT laboratory was introduced (see Table

A41L1).
(1) Mass spectrometry;

The MIT 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 MIT laboratory is thus capable of getting higher mass resolution.
(i) Analytical blank:

Analytical Pb-blank during my analysis at the MIT 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 initial analyses at the UCT laboratory thus lack the high

precision generally obtainable in IDTIMS analyses.

A.4.2.4. A note on Pb/”*Th ages obtained at the UCT laboratory

Conventional IDTIMS analyses generally do not include **Pb/?*Th ages mainly because (1)
coupling between the *7Pb/?*U and the *Pb/**U ages gives precise age information of the
analysed material and generally no better age information can be obtained from the %Pb/”?Th
systematics (it) unlike U/Pb systematics there is no independent method for validation of

**Pb/**Th ages and (iii) behaviour of the Th/Pb systematics in various geological environment
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1s not well understood.

In the present investigation, because of the availability of a mixed spike with *Th at the UCT
laboratory, Th contents of zircon and monazite were also determined to obtain additional age
information using *Pb/*’Th systematics. To recover Th from the zircon and monazite
dissolutes, the standard chloride column chemistry (Krogh, 1973) was modified as outlined
above (Table A4 11 1) 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 within error imuts of U/Pb concordant ages (Fig. 4.2, 4.4,4.19, 420, 421 and
424y For discordant U/Pb analyses, the Th/Pb ages also decrease along with ***Pb/**U and
©Tph/AU 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-27A and S-236A there is no correspondence between the discordancy of
the analysed crystals 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 vanation during crystallization. Such variation may cause differential Pb-loss
pattern from the Th-nich sites and U-rich sites which in turn causes aberration in the Th/Pb

ages in companson to the U/Pb ages.



A.4.2.5, Detail instruction 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, 1-10ulL micro pipette with Teflon spaghetti, paper wipes, dispensing
bottles of "best" reagents (F,0, 70% HEF, 7N HNO,), **Pb-"*U-"Th spike, and petri dishes
contatning 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

},0, and replace caps. Repeat for other two pucks.

3. View petn dish containing zircon under binocular microscope, decide which
grain(s) is to constitute sample 1, and dispense a drop of H,O into dish. Remove cap from
first capsule, use mucro pipette to deposit a 1L droplet of H,O on inside of capsule. Pick up
grain(s) of zircon in a second 1uL 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. Washing 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 H,0. Dispense 1 drop

(~25uL) of HNQ, on H,0O droplet containing zircon; the acid should cause the entire drop to

252



slide down to bottom of the capsule. Then dispense 4 drops (~100uL) 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. Final_ly, remove caps sequentially
from each capsule, use micro pipette to deposit a measured amount (usually 2-5uL) of ***Pb-

B5U-2Th 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 1ml "secon best" 7N HNO; 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 ustng 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 H,O 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, if 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 respecltive watch glass, dispense 4

drops (~100uL) 6 2N HCJ 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" 6.2IN 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 H,O 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 (3.1N 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 tweezefs, 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



the capsules. Turn off hotplate, allow pucks to cool somewhat, return to their respective
watch glass, dispense 2 drops (~50uL) 3.1N HCl 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

i. Preparing the beakers

Construct a table in the notebook with headings: “sample number”; “column number’; “Th
g P ,

73, ek,
ks

beaker”, “Pb beaker”; “box position”; “turret position”; “U 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 of any other clean beaker for
Thand 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 (~ 7-8ul) of H,PO, from the 30mL bottle in the bench.

Keep the beakers closed until use.

it. Preparing the columns

The stands for the columns are found in cupboard {VA and the Teflon column holders
(wrapped in Parafilm) 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 50uL.
They are stored in dilute HCI, 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

cn 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 formed and before it runs out, turn the column upright halfway and quickly
squirt in water until the reservoir is about 1/3 full. (Ths 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. H'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 cleaming 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 not overfill the columns. If this happens, remove

excess resin with the resin pipette )

Keep the columns 1/3 full during resin settling, to prevent air bubbles from forming.

256



The checklist for the zircon column run is available in drawer 1. Follow the procedure listed in

the checklist.

Once the water has run through all columns'’, fill all reservoirs with 6.2N HCI , and aliow to

run through (about 45 minutes-1 hour).

Then add the following, allowing the liquid to run through completely after each addition.
-- 6 drops reagert MQH,O (cleanest water, from the 30ml. reagent bottle)
-- 6 drops 6.2N HCI

-- 6 drops 6.2N HCI

where 1 drop =25 -30_ul.

(NB. Remember to check off each addition on the checklist as you go along!!)

The 6. 2N HCI should flush out the lead contaminants, and the H,O the Th and U

contaminants, that may be in the resin.

Precondition the columns for lead separation by adding 6 drops of 3.1N HCIL. 3.1N HCI
holds Pb and U in the resin. Allow it to run through the column completely. The celumns are

now ready for loading the samples.

iti. Loading the sample

' if this takes loo long, use resin pipette to remove excess.



List the sample mumbers in your notebook as well as on the checklist. (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.

1. Clear a big enough area on the bench for your arm to rest on during loading

[1. 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.)

I Using the ultra clean tweezers, lift the first capsule from the puck. Ensure that it is

secure in the tweezers.

V. 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 bench for extra support

V. Once near the designated coluran, 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 firmly with the tweezers!

V1.  With your free hand, flick a finger against the tweezers The sudden joit should free
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 checklist each time.



wv. Thorium and zirconinm 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 3.1N HCI as on the checklist —- 1 drop of

3. 1IN HCI is added and allowed to run through. This is done 3 times. U and Pb are held by
the resin. Once all the HCI 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 uranium elution

In each of the clean beakers marked for U and Pb collection, add a ~10ul drop of 1N H,PQ,.

This will concentrate collected 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 HCl. (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 should be placed on a hotplate for acid evaporation at 100-
125°C. The U is eluted with 3 separate washes of 2 drops feagent MQ water. After the.U has
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 M(Q) water before the collection of the Th.

vi. Collecting the thorium

At this point, the Th beakers should be dried dowr, leaving a visible spot of residue in each
beaker. Add 2 drops TN HNOQ, to each beaker and allow the residue to dissolve. While this 1s
happening, precondition the column for Th extraction with 3 separate washes of 2 drops 7N
HNO; 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 HNO, (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 M(Q 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 Jon Microprobe) analyses

A.4.2.6.1. Methodology

Zircon and monazite from five rock samples were analysed in the present work using SHRIMP
II located in the Curtin University, Perth, Australia. The basic design of SHRIMP-II is
iustrated in Fig. A 4.2.
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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 SHRIMP allows
analyses of small domains of grains with variable textures etc., thus facilitating analysis of

complex zircons.

Mounting of grains

Double sided adhesive tape oi‘ 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 of Epicompound® 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 um and then 1 um 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 ea'ch grains. In general for high U grains and

contrasts in the distribution of U 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 of BSE 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 O 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 of 20-30 um 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 of ionisation. 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 pum, 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).

Ton counting:

Before starting actual ion counting of the secondary béam, 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 pm. 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 of interest: *°Zr'°0, **Pb, 2%Pb, 2"Pb, ***Pb, Z*U,
Z2TH'Q, #*U™0, and a background reading (0.04 A M.U heavier than **Pb). Seven scans
over these field positions are made and a best fit track for each mass is taken to calculate the
required isotopic ratios. 2’Pb/>*Pb ratios can be directly estimated from the ion counting
statistics obtained from SHRIMP with small correction for any common lead present. The
latter is mohitored through ***Pb ion counts in the case of zircon, and *’Pb count in the case of
monazite. The 2*Pb/?*U 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 2*Pb/?*U ratio observed by SHRIMP is much higher than the
true ratio of 2*Pb/?*U 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 **Pb*/~*U" and
BIUQ*/P*U (Compston and others, 1984). It has been found through comparison with the
TIMS analyses that the 2Pb*/#*U* of the sample is related to the measured UO*/U" by a simple

power law (Claoue-Long et al. 1996):
206Pb+/z38U+ — A(238U160+ /238U+ 2

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
205pb*/PEU" relative to the real *Pb/Z*U in the target is the same for the standard zircon as

for the unknowns:

(206Pb/23 8[])unknown / (206Pb+/23 8[]-'—)unknov\m = (206Pb/23 8[])stzxﬁd:ird/ (206Pb+/23 8[]-'—)st:md:i.‘\/l

The reference zircon used in Western Australia SHRIMP-II at Curtin University is CZ-3
whose 2**Pb/?*U ratio is precisely known to be 0.0914 through repeated TIMS analyses. The
reference monazite used is MAD whose *Pb/?*U ratio is 0.0830. The above equation then
allows the ***Pb/Z*U of an unknown zircon to be measured from the difference between its
observed 2°Pb*/2*U" and that measured for the standard at the same UQ"/U". The total
uncertainty in the ***Pb/”*U ratios is determined by combining counting statistics on the
various masses, uncei‘tainty introduced by correction for common Pb, and uncertainty in the
factor that describes the position of the calibration curve. As the **Pb/?*U 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. Kobar 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 2’Pb/**Pb model ages.

Information on discordancy of the mineral grains cannot, therefore, be obtained.

The *’Pb/**Pb model ages approximate the crystallization ages of the minerals only if,
(I) the grains are simple and concordant grains, or

(i1) 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, ’Pb/”*Pb 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 SHRIMP.

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. *’Pb/**Pb ages obtained at this stage may thus approximate the
thermal event causing Pb-loss. More strongly bound Pb within the ZrSiO, lattice is thermally
stable and is emitted at higher evaporation temperatures. On the basis of these assumptions,
different *’Pb/*Pb 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 known. 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 if the 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 expensive, 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.



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 PO,” and NO, but ionized as Pb" and U”, which are extracted from the
m\inerai 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 of U 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 evaporétion technique and the IDTIMS techniques typically uses single grains of
zircon which are normally between 50 and 200 um in dimensions, the diameter of the
sputtering area in the SHRIMP procedure is comparatively small (typically 25 pm to 30 um
diameter). The pit depth in each sputtering position is also very small (1-2 pm). 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 of U 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 analysé¢ 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 llaboratory blanks in IDTIMS analyses have
allowed many workers to analyse fractions of zircon and monazite crystals which are
potentially inhomogeneous (Hawkins and Bowring, 1997). Iﬁhomogenities 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 technigue

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 *’Pb/2*Pb 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 analysé sub-grain inhomogenities and in sifu analyses in thin sections. This ability can
extract a wealth of information on the chronology vis-a-vis paragenesis of minerals and
rhultiple 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 acceptal;le 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, if the 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 of U. Any Pb that is
incorporated from the surrounding host during crystallization of the rock is called “common
lead”. Accumulation of Pb increages with time. Thus, the amount of radiogenic Pb in
undisturbed zircon depends on theirﬁﬁal 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 of radiogenic Pb is fairly common. Given a prismatic zircon of 100
pumx100 pmx250 um dimension, weighing about 10 microgram, the amount of radiogenic Pb
would bg ~1 ng. If a tolerable limit of the ratio of radiogenic Pb versus Pb blank is taken as 50,

then for such 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 if the 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 exchénge resin columns, (iv) loading of U 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 of time. 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 (HNO,, HCI, and HF) for an extended
period of time (6-8 weeks). Various acids were alternated at 3-4 days intervals. 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 H,O,
HCI, HF, HNO,, HBr, H,PO, and anion exchange resin. Except for HBr, H,PO, 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 H,O to a
low level. HBr and H,PO, were cleaned by passing through an anion exchange resin in HBr
medium. The anion exchange resin is cleaned by 6N HCl. Newly acquired resin is washed by
clean H,0 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 H,O and 6N HCI over a 2

weeks period. Cleaned resin is then stored in H,O.

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%) HNO," 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 MQH2O.

12 Although Black (1987) states that this HNO, 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 pl of 70% 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 pl of HCI 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, Th 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.
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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 HCI prior to use--

making sure that the inside of the tubes are also filled with 6N HCI.

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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