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CHAPTER I
INTRODUCTION
Proiogué,

The western Dharwar Craton of south India is cha-
racteriéed by profuse development 6f greenstones which are
associated with a number of mafic-ultramafic complexes.
The latter have been variously interpreted as Alpine-type
intrusipns (Pichamuthu, 1956; Varadarajan, 1970; Karuna-
karan, 1970), submarine extrusives (Nagvi and Hussein,
1979), primordial rocks of komatiitic chemistry (Viéhwa—
néthan, 1974 ; Naqvi and Hussein, 1979; Sudhakar, 1980),
and as layered intrusives (Varadarajan , 1970 ; Nijagu-

nappa and Naganna, 1983; Srikantappa et al.,1980).

The coastal belt of Goa apd northern Karnataka
contaiﬁs a number of N-S trending mafic-ultramafic com-
plexes which are included under Goa-Shimoga schist belt.
The Bondla mafic-ultramafic complex is one such complex
located in central Goa about which little geological

information 'is available. The complex is emplaced into



supracrustal rocks which host some of the important iron
ore deposits of the country. The latter being economically
important have been subjected to detailed scrutiny.
Considerable information on the geology of these deposits

has accumulated particularly during the post - liberation
period. The associated mafic-ultramafic rocks on the
contrary have remained largely neglected. Consequently,
little information on the geological setting, structural
features, petrography, geochemistry and mineralisation
characteristics of these rocks is available, that could be
‘utilised in understanding the petrogenesis and ore poten-
tial of these rocks. 1In an attempt to rectify the dearth
of information, the author decided to study the geoiogy of
the mafic-ultramafic complex at Bondla in central Goa.

.,
3

Previous Work

The schistose rocks occprring in southern Mahratta
and Karnataka were designated as "Dharwars'" (Foote 1876).
Three such bands of schistose rocks were described by
Foote (1876) from this area. Maclarén (1904) gave the name
"Castle Rock Band'" to one of the bands described by Foote

(1876) . This band consists of dolomitic 1limestones and



quartzites which occasionally grade into quartz-schist.

In the classic work on manganese ore deposits of
India, Fermor (1909) has briefly describéd the manganese
ores of Goa. References to the manganese ores are also
listed in the memoirs on manganese ores of India (Dunn, -
1942). Most of the information available till 1950 has
beeﬁ summarised by Pascoe (1965). The Dharwars constitut—
ing the “Castle Rock Band' are represented by quartzites,

magnetite-quartzites, haematite-quartzites, 1limonite-

gquartzites, sericite- quartz-schists, fine grained
biotite-quartz—schists, phyllites, <fine grained grey
limestones and basic igneous rocks (Pascoe, 1965). Ac-

cording to Dhepe (1963) the “Castle Rock Band' begins’ in
North Canara (Karnataka), runs northwérds along the West-
ern Ghats through Goa until it disappears under the Deccan
Traps in Belgaum, while small portions extend in south

Ratnagiri district of Maharashtra.

Oertal (1958) made a brief mention of the occur-
rence of iron and manganese ore deposits and published the

first geological map of Goa. The iron ore deposits of Goa



have been studied by Gokulam (1972) and their mineralogy
has been investigated by Majumdar (1965); Sahu and Gurav
(1972) and Dessal (1980).
s -
A systematic study of manganese ores of south Goa
has been carried out by Dessai and Deshpande (1977a;
1977b; 1978; 1979a). A concise account of the geology of
the manganese ores of south Goa is available in (Dessai,
1985a). The mineralogy of clays from Sanvordem (Dessai,
1985b) and Colva (Dessai and Warrier, 1986) and of 1litho-
marges from parts of Goa has also been investigated
(Dessai, 1984). Rocks of komatiitic chemistry have been
reported from south Goa by Dessai and Deshpande (1979b;

1979c) .

A revised geological map of Goa is published by
Gokul et al., (1985). The rock formations from Goa have
been included under the Goa ;;oup (Gok;l et al., 1985),
which has been correlated with the Chitradurga Group of
the Dharwar Supergroup. Dhoundiyal et al., (1987) have

studied the geochronology and geochemistry of the granitic

rocks of Goa. Brief descriptions on petrography of the



~granitic rocks are also available in Gopalkrishna (1976)
t
and Gokul and Srinivasan (1976). Geology and structure of
central‘Goa have been described by Dessai and Peshwa
H .
(1982), Jena (1985) and Balakrishnan et al., (19¢%2).
Sulphide minerals in the greensfones from Tisk-Usgaon is

invesztigated by Vidyadharan and Abbas (1989), and Dessai

et al.,(1994).
The Area

- An area around Bondla extending frém Usgaon in the
north tb Durgini in the south, in central Goa (Fig.1.1)
where méfic—ultramafic rocks are best exposed, was select-
ed for study. It is included in Survey of India topo-
graphic'sheet.No.48 I/3 and is bounded byvlatitudes 150
22' 11" and 150 27'52" N and longitudes 740 04'20" and
740 10' OO"E. Towaras the east the area is bounded by the
foothilés of the Western Ghats,. towards the west and
south it is delimited by the northwesterly flowihé budhsa—
gar river. The northern boundary is marked by the Madai
river and its northwesterly flowing tributary - = the
Ragada.l The Ragadg and Dudhsagar are both tributaries of

t
the westerly flowing Mandovi.

i
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The nearest railway station is Sanvordem which is
located to the south of the area . It 1is connected to
Usgaon - the major township in the north by an all weath-
ef road. The Panaji-Belgaum national highway-NH4A passes
alonc¢ the southern and western parts of the area. Tisk
is an important market place in the southern part of the
area located on the national highway. anda is the near-
est major township which is about 10 km west of Tisk.
Ponda is connected tb other important townships such as
the capital Panaji to the northwest and Margao to the
southwest by all weather rocads. Panaji is situated about
40 km by road from Tisk and Margao about 28 km. Important
localities in the area are Bondla, Ganje, Nanus, Dhar-
bandora, Durgini and Poikul which are all interconnected

by metal roads.
Physiography

The area around Bondla is a hilly terrain. The
major portion of the area 1is occupied.by hill ranges
running NW-SE. The hills are densely Végetéted. The
maximum elevation in the central part of the area around

Dharbandora is 461 m above M.S.L. and in the southeastern



part at Durgini it is 396 m above M.S.L. Other peaks in
the northwestern part show elevations varying between 250

and 375 m.

The major water divide runs NW-SZ. The streams
originating from this divide flow either due NE or SW.
Those flowing due NE meet the Ragada which 1s a north
- westerly flowing tributary of the Madai. The Ragada
meets Madai at -Konkere. Further, the Madail follows a
westerly course for about 14 km upto Sonarwada. From
Sonarwada the river takes a sharp turn and flows north-
westerly. From here onwards it is known as the Mandovi.
The streams flowing due SW meet the Dudhsagar river. After
flowing over a distance of about -5-6 km, the Dudhsagar
follows a northwesterly course upto Sonarwada where it
meets the Mandovi. The Mandovli follows a northwesterly
course for a distance of about 40-45 km until it meets the
Arabian sea at Panaji - the capital of Goa. The river
Mandovi 1s navigable in the lower reaches and hence used
as a water-way to transport iron and manganese ores mined

in the hinterland.



Methodology

The study was undertaken to investigate the geolog-
ical setting, the structure, petrography, geochemistry,
the mineral chemistry and the petrogenesis of the nafic-

ultramafic rocks and associated chronite mineralisation.

The area was geologically mapped on 1:25,000 scale.
The structure of the area was studied with the help of
aerial photographs on 1:60,000 scale followed by field
checks. During the field work, the attitude of structur-
al elements such as foliations, lineations, joints,
faults, shear zones were studied and recorded. Similarly
the layering shown by the mafic-ultramafic rocks was also
studied and the attitude of layering was recorded. The
representative samples of all rock types and the associat-
ed chromite were collected. The.rock samples were sub-
jected to laboratory investigations. Microsections and
polished sections of rocks and ore minerals were studied
in transmitted and incident light. Modal analyses of all
rock types were carried out with James-Swift automatic
mechanical point counter. The optical properties of the

silicate minerals were determined with the 4-Axes Univer-



sal Stage. The anorthite content was determined with the
help of Universal Stage using Slemmons (1962) Curves. A
number of polished sections of chromite and sulphide
minerals were studied¢ in incident light under a Leitz ore
microscope. Representative rock samples were chemically
analysed for major, trace wnd rare earth elements. The
major elements were analysed by rapid analysis technique
of Shapiro and Brannock (1962) using USGS silicate rock
standards (Flanagan, 1967). Repeat analyses were carfied
by Atomic Absorption Spectro-photometer at Deccan College,
Pune. Some of the samples were énalysed by X-Ray Floures-
cence Spectroscopy (XRF) at the National Geophysical
Research Institute (NGRI), Hyderabad and the analytical
results were cross checked at the C.S.I.R.O. Australia.
Trace and rare earth element analyses were carried ouf at
N.G.R.I. by Inductively Coupled Plasma Spectroscopy (ICP-
MS). -Additional samples were analysed by INAA at

C.S.I.R.0., Australia.

Mineral analyses were carried by GEOL, Electron-
probe Analyset under standard conditions at CSIRO, Aus-
tralia, using synthetic and natural standards at acceler-

ating voltage of 15 kv and a specimen current of 3 mA.
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'CHAPTER I
GEOLOGICAL SETTING
The chapter deals with the geological setting of
the Bondla mafic-ultramafic complex. An outline of the
regional geological framework is followed by a concise
account of the geology of Goa. Lastly, the geology of
the area is described..

Regional Geological Framework

The area under‘study forms a part of the Karnataka

Craton of Peninsular India. The craton is predominantly
oqcupied by granitic gneisses, granites, and schistose

~supracrustal rocks. The former constitute the Peninsular
Gneissic Complex whereas, the schistose'rocks'haVe been
included by Foote (1876) under the Dharwar System. The
gneisses and the schists together cénstitute the Archaean

of Peninsular India.

10



Fermor (1936) was amongst the earlier workers who -
first divided the Archaean province of India into two
sub—divisioné. The charnockitic region to the south and
the non-charnockitic region td the north. This early idea -
| was later developed by Radhakrishna (1983) who recognised
two typés_of metamorphic terrains in south »India : (1)
the southern high-grade Granulite terrain and (ii) the
northern low-grade Granite-Greenstone terrain. Within the
latter two types of provinces are recognised - the western
and the eastern. These are separated by the N-S runniﬁg
Closepet Granite bathoiith. The western province is
referred to as the iron; manganese Shimoga province and
the eastern as the Kolar Gold Field province (Radhakrish-
na, 1983).Y'These two provinces are also referred to as
the weétern Dharwar Craton and the eastern Dharwér Craton
respectively (Naqyi and Rogers, 1987). The area under

study forms a part of the western Dharwar Craton.

The western Dharwar Craton is constituted of schis-
tose supracrustal rocks consisting of a volcano- sedimen—'
tary assemblagé.'_The rocks occur as bands of greenstone
which aré separated from one another'by'intefvening gneis;

sic and granitic rocks. Number of such bands have been

11



described from the craton. They are considerea to be the
remnants of the Dharwar metavolcanics énd metasediments
which formerly covered a large part of the craton and
which have escaped denudation.as they formed gynclinal

strips folded-in with the gneisses (Krishnan, 1968).

The schists and the gneisses exhibit a complicated
inﬁerrelation-with each other. In some areas, .the
schists appear to rest on the gneisseé whereas in others a
reverse relationship is observed. Opinions differ among
various workers as regards the basementvcover relationship
which has led to.a major debate on the Archaean rocké of
peninsular India. Hence, different workers have proposed
various schemes of classification for the Dharwars of
south India (Smeeth, 1916; Rama Rao, 1940; 1962; Nautiyal,
1967; Piéhamuthu, 1968; Radhakrishna, 1974 ; 1983 ; Swami

Nath et al., 1976).

Three views on the classification_ of Dharwars are‘
widely prevalent : (i) the Dharwar greenstone suite is
younger than the Peninsular Gneiss' (ii) the Dharwar schis-
tose rocks belong to one stratigraphic suite which is

older than the Peninsular Gneiss and (iii) the Dharwar

12



supracrustals belong to a number of different suites whose

ages overlap those of gneissic rocks.

Various attempts.have been made to resolve the
schist-gneiss controversy by radiometrically dating the
components’pf the Peninsular Gneiss.. The latter inclqdes
a complex suite of tonalite—trondhjeﬁite gneiss with a
wide variety of screens and inclusions of other rock
types. -Some,bf these enclaves are engulfed remnants of
oider schists, whereas, others may be metasedimentary
and/or metavolcanic rocké formed on the gneisses and not
connected to the schists. The gneiss suite includes
former sedimentary, volcanic and intrusive rocks, metamor-
phosed and emplaced granite. Thesé‘various components are
so closely and finely infermixed that'theif discrimina-

tion is not possible.

The radiometric ages of the Peninsular Gneiss suite
therefore, vary greatly between 3400 and 3000 Ma (Nagvi .
and Rogers, 1987). Some.of the oldest ages are provided
by the Gorur Gneiss - 3358 + 60 Ma (Beckinsale,.et
al.,1980) and Anmod Ghat Trondhiemitic Gneiss - 3400+ 140

Ma (Dhoundiyal, et al., 1987). By and large it is agreed

13



that the 3000 Ma period represents the time of emplace-
ment of trondhjemitic gneiss and corresponds to the cra-
tonisation of the western Dharwar Craton (Naqvi and Rog?
ers, 1987). Towards the éastern part of the craton a
suite of potassic granite known as the Closepet Granite
occurs whose ages Qary betwen 2500 and 2300 Ma. e.g.

Chitradurga Granite and Arsikeri Granite.

In recent years, Radhakrishna (1974) and Swami Nath
et al.,‘(1976) suggested that-the Peninsular Gneiss forma-
tion is an event separating two Archaean greenstone
sequénces. - The older segquence ié}included under the
Safgur Group (Swami Nath and Ramakrishnan, 1981) whereas,‘
the younger one constitutes the Dharwar Supergroup (Swémi

Nath. and Ramakrishnan, 1981). The general stratigraphic
scheme for‘the western Dharwar Craton is as follows (after

Swami Nath and Ramakrishnan, 1981):

14



Middle to Late Proterozoic Kaladgi, Badami

(Helikian & Hadrynian) - and Bhima Groups.

Late Archaean

(Kenoran)

to Early Proterozoic

(Aphebian)

(2400 - 2600 Ma)

Middle Archaean

(2900 - 3000 Ma)

Early to Middle

Archaean

(> 3000 Ma)

| Chitradurga
DHARWAR | Group
SUPERGROUP |---Unconformity---
| Bababudan

| _ Group

| Migmatites,r
PENINSULAR| gneisses,
GNEISS | _ granitoids

| Several

| unclassified.
SARGUR | associations
GROUP | of supra-

| crustal

| _rocks

Basement not seen

(3400 Ma gneisses)
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Geology of Goa

Major portion of Goa is occﬁpied by the rocks of
the Dharwar System  (Foote, 1876). Maclaren (1904) de-
scribed the rocks from Castle Rock along the eastérn
border of Goa and assigned them to "Castle Rock Band"
which occupies a major portion of. Goa and extends north-
wards into the Konkan region of Maharashtra. Towards the'
south it extends into North Canara district of Karnataka.
The "Castle Rock Band" comprises magnetite-, haematite-
guartzite, Dbiotite-quartz-schist, phyllites, grey’lime—
stones, basic igneous rocks and gfanitic gneisses. A
"summary of information available till 1950 is found in
Pascoe (1965). He has referred to the Goa rocks as north-
ward extensions of the Upper Chloritic Division of Dharwar
System (Smeeth, 1916). Oertal (1958) carried out systemat-
ic mapping of Goa and published the' first geological map
of the region. He divided the Dharwarian rocks into: (i)
Lower Intra- conglomerate group and (ii) ﬁpper Metallifer-
ous group of schistose rocks. The granitic rocks were

considered by him to be intrusive into the schist.

16



During the post -liberation period, the Geological
Survey of India carried out systematic géological mapping
and a revised geological map was published (Gokulam,
1972). Except for a small area in the northeast which is
covered by Deccan Traps (late Cretaceous to‘Eocene), the
rest of thé state is occupied by greenstones of Archaean to
Proterozoic age. The rocks in general trend NW-SE con-
forming to the regional Dharwarian trend in Peninsular
India.v Gokul et al., (1985) assigned these rocks to the
Goa Group which in their opinion, is broadly comparable
and correlatable to the Chitradurga Group of the Dharwar
Supergroup. The Goa Group consists of four formations.
The detailed stratigraphic sucéession is as follows

(after Gokuy@t al., 1985):

SUB-RECENT | Sea sand and
TO RECENT | Laterite
UPPER CRETACEOUS DECCAN TRAP | Basalt

TO LOWER EOCENE

PROTEROZOIC ? BASIC | Dolerite,

INTRUSIVES | _Gabbro

17



PROTEROZOIC

PROTEROZOIC

l
I
l
I

ACID

INTRUSIVES

Vagheri

Formation
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Pegmatite,
Vein quartz,
Porphyritié
granite,
Hornblende
granite,
Felspathic
gneiss,

_Granite gneiss

| Metabasalt

| Metagreywacke

Banded
ferruginous
quartzite
Manganiferous

chert breccia
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GOA

GROUP

| Bicholim

| Formation

B
| sanvordem

| Formation
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with pink
| p

| ferruginous

| phyllite

| Limestone

| Pink ferrugi-
| nous phyllite
| Quartz-

| chlorite-

| amphibole

| _ schist

| Argillite

| Quartzite
| Tilloia

| Metagreywacke

| Metagabbro

| Peridotite

| Talc-chlorite-
| schist
|>Variegated

| phyllite



U | Barcem | Quartz-

P | Formation | ¢chlorite~-
| | schist
| | | Quartz-
| | sericite-
| | schist
| | | Red phyllite
] , | Quartz
| | porphyry
| | Massive,
| | Schistose,
| | Vesicular

| | metabasalt

The Barcem Formation is predominantly constituted
of metabasalts whiéh are séhistose, vesicular and mas-
sive. These are intercalated with metasediments. Argil-
lites and metagreywackes dominate the Sanvordem Formation
whereas pink ferfuginous phyllites with banded-haematite-
quartzites predominate in the Bicholim Formation. The
youngest Vagheri Formation comprises metagreywacke and
metabasalt. This volcano- sedimentary sequence is intrud-

ed by granitic gneisses which are exposed in three differ-

20



ent areas of the state. Dhoundiyal et al., (1987) carried
out Rb—Sr-whole rock radiometric dating of the granitic
gneisses from Goa. .The Anmod Ghat Trondhjemitic Gneiss
which outcrops in the éastern part of the state has yield-
ed a Rb-Sr whole rock isochron age of 3400_+ 140 Ma
(Dhoundiyal et al.,1987). This gneiss is analogous to the
Gorur Gneiss of Karnataka which has also proVided some of
the oldest ages (3358_+ 67 Ma; Beckinsale et al., 1980) so
far recorded in south India. The Anmod Ghat Trondhjemitic
Gneiss therefore, could represent the basement for the Goa
Group of rocks (Dhoundiyal et al., 1987). The other gra-
nitic gnéisses from Goa such as the syntectonic Chadranath
Granite from central Goa has been dated to 2650 +100 Ma
and the post -tectonic Canacona Granite Porphyry from
south Goa has given Rb-Sr whole rock age of 2395 _+ 390 Ma

(Dhoundiyal et al., 1987).

A number of basic intrusives represented by gabbro-
ic plutons and dolerite dykes intrude the schistose rocks.
The mafic-ultramafic complex at Bondla near Usgaon is one
such intrusive complex in central Goa (Jena, 1985; Balakf1
ishnan et al., 1992). All rocks in general except the

granitic gneisses and the  intrusive mafic-ultramafic
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complexes exhibit a thick laterite cover which varies in

thickness from a couple of metres to over 25 metres.

Structurally, the area is complex and exhibits at
least three cycles of deformation during which the rocks
have been subjected to folding and faulting. During the
first phase of deformation the rocks were folded along an
E-W axis with folds plunging due west. Such folds are
seen in the southern part of Goa. The Chéndranath Granit-
ic Gneiss occupies the core of an antiformal structure

related to this fold movement (Gokul, 1985).

The above deformational episode was followed by
the second fold movement which was the strongest phase of
deformation along a NE-SW compression. The resulting
folds trend NW-SE and are best exposed in the central and
northern parts of Goa. The folds are tightly appressed,
isoclinal to overturned to the SW andldoubly plunging by
20 to 400 due NW and SE (Gokul, 1985). A number of NW-SE
and NE-SW trending faults and shear zones traverse the
rocks. One of the NW-SE trending shear 2zones traverses
the rocks of the western part of the area under investi-

gation.
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Geology of the Area

The area under study where the mafic-ultramafic
complex is exposed, exhibits a thick laterife and ‘soil
cover which supports dense vegetation (Plate I Photo 1).
This has hindered field observations to a considerable
extent. It was observed that the metasediments exhibit
the thickest laterite cover followed in decreasing order
by the peridotites. Thé gabbroic rocks in particular are
least lateritised.

e | | o

Mapping of lithological the units and delineatingv
their boundaries had to be done on the basis of the de-
tached remnant outcrops. Hence, the boundéries of the
different lithological units are inferred. Fresh outcrops
were available along road cuttihgs, stream cuttings,
quarry and mining pits and unlateritised reﬁnants. Help
was also taken of black and white aerial photographs on
1:60,000 scale to demarcate the boundaries of the litho-

logical units and to study the structure of the area.
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Aerialphoto interpretation followed by ground truth
collection showed that the metasediments are folded into a
NW-SE trending anticline. IIt is overturned towards SW and
is plunging due NW (Dessai and Peshwa, 1982). A prominent
shear zone traverses the western limb of the fold. The
shear zone ‘extends over a length of 15 km from Kusumwada
in NW to Gurkhem in SE. Its maximum width is about 2 km
(Balakrishnan'et al., 1992). The shear zone can be exam-
ined to the east of Usgaon-Tisk road (Plate I Photo 2)..
The rocks are crushed and mylonitised. This is related to
the second episode of folding (Gokul, 1985). Along the
shear zone, the rocks of‘the mafic-ultramafic complek
have been . fractured. Away from the shear zone, ‘the
effects of shearing are subdued. It appears therefore,
that the shearing may have been synchronous with the

emplacement of the complex.

The metasediments are foliated parallel to the
direction of sheariﬁgf The foliation trends N3050 and
dips 35—409éﬁe N450, The.shear zones are often conjugated
with dextral and sinistral displacement on sub-vertical

shear surfaces. The metasediments are traversed by four

sets of fractures. They trend {i) N3350 and dip 40-
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454£owards N2350 (ii) N2750 dip 40-420 towards NS5O (iii)
N2550 dip 70-800 towards N1650 and (iv) N2300 dip 700

towards N3200.

Thesé fractures are filled by quartz-calcite veins
which belong to three episodes. The quartz veins of the
first episode trend N3350 and N2750. They are cut by
veins trending N255 to 2650 which belong to the second
episode. The veins of both thesevepisodes are very thin
(5 mm - 1 cm in thickness). The veins of the second
episode are lenticular. The lenticles exhibit sinistral
en echelon pattern. At places, gash veins of quartz
trending N-S are seen. They vary between 2 and 10 cm in
length and less than 1 cm across and have tapering ends.
These veins are traversed'by a very prominent set of
quartz veins trending N2300. They vary in width from 5-
30 cm. The veins pinch and swell both along the strike
and dip (Plate II Photo 1). The intersections of these
veins with those of the second generation are invariably
occupied by sulphides. At places, along intersections of
veins crescent shaped, unsupported country rock fragments
are seen within milky quarfz. At places, augen shaped

fragments of country rock are found enclosed in loops of

25



vein quartz. Along the contacts of the veins the country
rocks are discoloured in comparison with the unaltered
rock which is dark grey to pale greyish in colour. The
width of discoloured zone varies depending upon the
thickness of the quartz vein. _In'general, vein with an
averagevwidth of about 2 cm shows a discolouration zone of
the same width. The veins also exhibit a thin zone of
sericite and propyllite along the contact. In the immedi-

ate vicinity of the veins the proportion of sericite

increases. rway from the vein contact the wall rock
alteration assemblage is represented by epidote, sphene
and calcite. The thicker veins of. quartz (4-6) cm show

banding and crustification which is marked by alternate
bands of calcite and quartz. The quartz-rich bands are
generally thicker than those bf calcite. At places, vugs
and cavities are lined by idiomorphic crystals of qﬁartz
and calcite. The veins also show well developed crystals

of quartz grown from opposite side of the vein wall.

The area is predominantly covered by metasediments
with interlayered metavolcanics which belong to the Barcem
Formation. The various-lithological units exposed in the

area are shown in the geological sketch map (Fig. 2.1)
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Fig. 2.1 Geological sketch map of the Bondla mafic-ultramafic
complex (modified after Gokul, et al., = 1985 and
Balakrishnan et al., 1992)



which is compiled based on field observations, study of
the aerial photographs and information from the litera-
ture. The metasediments consist of quartz - chlorite-
sericite-schists and phyllites with banded iron-formations
which outcrop mainly to the north of the area. The quartz-
chlorite-sericite-schists are exposed to the west of
Usgaon-Tisk (Mollem) road. They are extensively lateri-
tised. Isolated exposures are found along the road cut-
tings. The rocks are well foliated. The foliation is
marked by parallelvarrangement of flaky chlorite and
sericite. The foliation strikes N3050 and dips 35-
4Q?6ue N450., At places,vintercalations.of pink- ferrugi-
nous phyllite can be seen. The chlorite schists along the
strike are gradational into sericite schists. The
quartz-chlorite-sericite-schists are underlained by
phyllites. The latter constitute the most dominant hori-
zon in the stratigraphic sequence. Isolated exposures of
phyllite are found from Usgaon in. the north to Durgini in
the south, however, rarely they are fresh. The phyl-
lites are extensively and almost completely lateritised
except in places where they are more arenaceous. Along
theistrike, the phyllites which are normally pale grey in

colour, become ferruginous and grade into pink phyllites.
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They have intercalations of haematite-quartzite. The
phyllites strike N100 and dip 40-500 due N500. To the
north of Usgaon, they axes are intercalated with metaba-
salts which are exposed in the Madai river. The metaba-

salts are non-vesicular and exhibit weak schistosity.

The metasediments are intruded by an almost ellip-
tical N-S.trending mafic—uitramafic complex. A composite
schematic stratigraphic section (not to scale) is shown in
Fig.2.2. The complex occupies the core'of the NW-SE trend-
ing fold (Dessai, 1985a; Deséai and Peshwa, 1982) discern-
able on aerial photograph. The western contact of the
complex is sheared and mylonitised. The shear zone trends
NW-SE. The complex comprises mafic and ultramafic rocks.
The 1atter‘are represented by dunites and peridotites
which are exposed towards the northern and central part of
the area. Those towards the north are exposed at Ganje
about 2.5 km east of Usgaon. In the central part the
exposures are found about 2 km east of Tisk. Good expo-
sures of peridotites are also found to the east of the
Usgaon- Bondla road. The ultramafites are represented by
serpentinised and talcose peridotites and dunites. They

are pale greyish green in colour when fresh. Along the
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shear zone they exhibit a foliation parallel to that of
the enclosing metasediments. The ultramafites in general
extend over a length of 6 km. The width of the odtcrop is
more than 3 km. Along the shear zoné they exhibit frac-
turing, crushing and development of slickensided sur-
faces. The fractures trend N1000 and dip 250 towards
N3500, and N650 and dip 550 towards N3350. Along the
fractures, veins of amphibole asbestos and chlorite are
seén. The veins vary in width from 3 cm to over 40 cm and

they are mainly of cross - fibre type.

The peridotités are also exposed at Kusumwada. The
contact of the peridotites with metasediments is sheared.
Along the shear zone, the peridotites are rendered tal-
cose. They pinch out laterally. .The ultramafites at
lower levels are coarse grained. The grain{éiZe decreases
at higher elevation. This variation 1is best seen along
the road from Usgaon to Bondla. The peridotites in the
field show banded appearance due to alternating light and
dark coloured-layers. 'The dark bands are made up predomi-
nantly of coarse grained chromite. These layers stand out
(Plate II Photo 2) and altefnate with those of greyish

green coloured olivine. The latter vary in thickness.
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from 3 to 10 cm. This type of banding was originally
described as pseudo stratification (Hall, 1932 in Wager
and Brown, 1967). Such-sheet like structures were later
described as layering in the Bay of Island intrusion,
Newfoundland (Ingerson, 1935 in Wager and Brown, 1967).and
.fhe Stillwater Complex, Montanna (Peoples, 1936 in Wager
and Brown, 1§67). The term layering was also adopted by
Wager and Brown (1967) for similar features in Skaergaard
intrusion, East Greenland. Following Wager and Brown
(1967) the banding shown by the ultraméfic rocks of Bondla
has been referred to as ~“layering'. This type of layering
which is due to variation in proportion of chief minerals
was referred to as rhythmic layering (Wager and 'Deer,
1939). Buddington (1936) refers to this type of layering
as gravity stratification. For the thickness of layered
rocks developed while a specific cumulus mineral or aésem—
blage of cumulus minerals was forming , the term ~Zone' is
used (Wager and Brown, 1967). The same terminology is

followed in this work.

The chromite layers vary in thickness from 1 cm to
more than 10 cm. The layers thicken and thin and pinch

out laterally. The layers trend N500 and dip 30 to 350
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towards N1300. Along the shear fractures the chromites
are remobilised and they give an appearance of a thin
network of chromite veins-which occur at an angle to the
layering. Such veins vary in thickne;s from 1 to 3 cm.
The layering and the remobilised chromite veins thus give
an appearance of a network of chromite. Along the remobi-
lised chromite veins, fibrous green chlorite is invaria-

bly developed perpendicular to the vein wall.

A thick chromitite layer occurs at the top of the
ultramafic zone and is exposed to the west of Poikul. It
extends laterally over a distance of 1 to 1.5 km and has a
Width of outcrop of about 300 m. Thé rock is massive,

dark grey in colour and very fine grained.

The troctolites are exposed at the Bondla recrea-
tion park. These are underlained by a thin horizon of

pyroxenites.

Gabbroic rocks are exposed along the ‘Madai river 2
km NE of Ganje. The contacts of the gabbros with the
metasediments are fine grained due to shearing. Quartz

-veins are intruded along the shear zone. Veins of epidote
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have developed along the shear fractures. They can be
traced intermittently upto Bondla along the eastern slopes
of the Bondla ridge. Those in the Madai river are coarse
grained.and exhibit uniform layering (Wager, 1968). The
bottom of the layers is generally coarse grained than the
top which is gradational. The layers are generally dis-
tinguishable by virtue of their fexture and grain size.
The grain size at the bottom of the layer .varies between

1 and 2 cm and it decreases towards the top.

Excellent exposures of gabbro are found to the east
of Durgini along the Mollem—Panaji highway. The éabbro
rise to a height of 396 m above M.S.L. The western contact
is fine grained, sheared and fractured. The contact zone
is more melanocratic than the rest of the body. The
gabbros exhibit Qniform layering (Wager, 1968). The
bottom of the layer is coarser and more melanocratic than
the top. The top of the layerAis gradational due to

increasing proportion of plagioclase.

32



 CHAPTER III

PETROGRAPHY
AND '
GEOCHEMISTRY



CHAPTER III

PETROGRAPHY AND GEOCHEMISTRY

vIn this chapter, it is proposed to deal with the
petrography and geochemistry of the mafic and ultramafic
rocks and the associéted metasedimentary lithological
types occurring in the area. The chapter is divided into
two parts. In the first part the petrographical characters
of the various rocks are described. The second part deals
with the whole rock geochemistry and the mineral chemistry

of the mafic and ultramafic rocks.

PART I - PETROGRAPHY

This part describes the petrographic characters of

the different rocks from the Bondla area.
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Quartz-~chlorite~sericite-schist

Megascopic Characters: The rock is pale grey in colour,

fine grained, and schistose. At places it shows interca-
lations of quartzite and quartz-chlorite-schist. The
schistosity is defined by parallel arrangement of sericite

and chlorite. The schistosity also shows crenulations.

Microscopic Characters: The rock exhibits schistose

structure defined by sericite and chlorite. It is composed
of quartz, sericite, chldrite, biotite with small amounts
of epidote, zoisite and ilmenite. The predominant minerals
are Quartz and sericite. Sericite occurs as flakes of
varying sizes concentrated in bands which alternate with
quartz-rich bands. Sericte encircles quartz which shows
strain shadows. Little chlorite is also present alongwith
sericite. At places, biotite has developed at the expense
of chlorite. Epidote, zoisite and ilmenite make up the
accessories. The rocks along the shear zone are pulverised
to submicroscopic size ( Plate III Photo 1). The rock is

traversed by criss-cross veins of quartz.
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The quartzites and quartz—éhlorite—schist exhibit
quartz belonging to two generations. Quartz I occurs as
porphyroclasts which is lenticular and shows strain
shadows. Quartz II is undeformed and is recrystallized
along with sericite forming bands which swerve around
quartz porphyroclast. The rocks in the vicinity of the
shear zone are crushed and pulverized and show bandihg.
- The alternate bands are made up of quartz plus calcite and
quartz, calcite plus sericite (Plate III Photo 2). The

bands are formed due to crushing and crystallization.
Phyllite

Megascopic Characters: Phyllite is hard and compact,

fine grained and grey in colour when fresh. When altered,
iﬁ is usually soft and friable and shows variety of shades
of red depending on the degree of alteration. Phyllitic
structure is seen in fresh rock. It is predominantly made
up of sericite and quartz. Sericite - and quartz - rich

bands impart a crude foliation to the rock.

Microscopic Characters: The rock is mainly composed of

sericite, quartz, chlorite with some biotite, epidote and
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zoisite. Ilmenite; sphene and calcite occur as accesso-
ries. Sericite is the most abundant constitﬁent. It is
very fine grained. Quartz is next in the order of abun-
dance. It is fine grained, crushed and shows strain shad-
ows. At places, quartz-rich bands alternate with seri-
cite-rich bands. Chlorite is represented by penninite.
Biotite has developed at the expense of chlorite. Tiny
graihs of epidote and zoisite afé scattered in the matrix.
Ilmenite and. sphene occur as accesories. Sphene invaria-

bly forms rims around ilmenite.
The Mafic-Ultramafic Complex

The mafic-ultramafic_complex at Bondla extends in
general NNW-SSE direction. It was systematically sampled
from SE to NW along two pérallel traverses, one in the
north and the other in the south of the area to study the
textural, structural, minerological and 1ithological
variation within the complex. Wager and Brown (1967) in
their study of the Skaergaard intrusion of Greenland
defined a zone as a thickness of layered rocks formed
while a specific cumulus mineral was forming. Using the

same principle the Bondla complex is ‘divided into two
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zones - The Lower Zone and The Upper Zone with a thin
horizon of pyroxenite and trOctolite‘in between which also
serves as a marker to separate these two zones. Although
the complex is layered, it was not always possible to
correlate the sequence of layergd rocks with a regular
cryptic variarion in the cumulus mineral composition of
successive layers. Hence the textural.and minerological
characters have not been described from the base tb the
top of the intrusion but as per the rock type variation

(Wager and Brown/1967).

The Lower Zone

The Lower Zone of the intrusion is made up of
ultramafic.cumulates. The cumulates are made up of olivine
and chromite. The olivine-chromite cumulates are litholog-
ically represented by dunite, peridotite, chromitite and
pyroxenite as per the standard modal classification. The
pyroxenite marks the top of this zone and separates the
olivine-chromite cumulates below it from the plagioclase
cunulates above. The cumulates of this zone in general are

medium to coase grained and greyish to olive green in

colour. They are generally massive when fresh. However, at
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places where they are altered and deformed, show schistosé
structure and are represented by serpentine-talc-tremo-
lite-shist. All the cumulates of this zone are invariably
converted to serpentinites. However, here they will be
described as per their minerological composition before
alteration. This is possible as in majority of cases

relict minerals can be recognised in thin sections.

The Upper Zone

The pyroxenites of the Lower Zone are followed
stratigraphically higher up by troctolites wherein the
plagioclase feldspar makes its first appearance as a
cumulus phase. From troctolite upwards plagioclasé occurs
throughout as a cumulus phase alongwith pyroxene in the

gabbros, the gabbro-norites and the leucogabbros.

In the following paragraphs the mégascopic and
microscopic characters of the various lithological types
from the above two zones are described. For this purpose
the cumulate terminology developed by Wager et al., (1960)
and Wager and Brown (1967) for describing the rocks of the

Skaergaard intrusion has been followed. This nomenclature
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together with contributions by Jackson (1967) is well
established and is widely used. Irvine '(1982) has also
encouraged the continuation of cumulate nomenclature with
appropriate provisions. This nomenclature with various

provisions is followed in this work.

Dunite (olivine cumulate)

~

Megascopic Characters: It is greyish to greyish green in

colour, coarse to medium grained, hard and compact rock
with equigranular texture. At places,vspeqially in the
vicinity of the shear zone it has developed a foliation.
Thin layers of chromite are at places seen. Green chlorité
is invériably developed perpendicular to chromite layers.
Veins of asbestos have developed with fibres at right

angles to the walls of the fractures in sheared dunites.

Microscopic characters : The rock exhibits a cumulate

texture (Wager et al., 1960) made up of subhedrél crys-
tals of olivine which make up the framework of the rock.
The interstices between olivines are occupied by clinopy-
roxene which is intercumulus. The ﬁodal proportions of the

minerals are shown in Table No. 3.1. The rock is a mesocu-

39



Modal proportions of Maflic and Ultramafic rocks from Bondla

.1

Table No. 3
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mulate (Plate IV Photo 1). Olivine is completely replaced
by serpentine which forms pseudomorphs after it. The
former can however, be recognised by its relict form and
at places, by canal - like fractures characteristic of
olivine. No relict of olivine is preserved. Serpentine
shows low order dgrey interferencé colours. However, at
places, high order colours than those of serpentine can be
recognised in the fibrous aggregates. This could be due to

antigorite.

Orthopyroxene occurs as intercumulus mineral inter-
stitial to olivine and chromite.~It is pale brown, faintly
pleochroic and shows inclined eitinction. cC "~ 2 vafies
between 20 to 300. It has very large 2V and is biaxial
positive. It is represented by bronzite. It is rarely
fresh. Invariably, it is altered to turbid bastite. Pyrox-
ene is also replaced by chlorite which is penninite with
deep blué interference colours. Chlorite has developed
invariably around opaques. The latter is represented by
chromite. Chromite wherever pré&sent occurs either as
euhedral to subhedral skeletal crystals and rarely seen to

form chains.
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Peridotite (olivine-chromite cumulate)

Megascopic. Characters: The rock is greyish in colour,
medium to coarse grained, hard and compact with equigrénu-
lar texture. Thin layers of chromite varying between 0.5
to 2 cm alternate with olivine-rich layers (Plate IV Photo
2). Generally the olivine-rich iayers are two to three
times the thickness of chromite layers. The top contact éf
the chromite and olivine layer is generally gradational,

whereas the bottom contact is sharp.

Microscopic Charactérs : The rock consists of olivine
(pseudomorphed by serpentine), chromite and chlorite. It
exhibits cumulate texture. The cumulate minerals are
olivine and chromite. Olivine is éubhedral and is pseudd-
morphed by serpentine. However, the former can be made out

by its relict form. No fresh olivine is preserved.

Chromite occurs as euhedral to subhedral crystals
which form mosaic within which rounded olivines give the
appearance of ring texture. The modal proportions are
shown in Table No.3.1.vIt is seen from the table that the

cumulates form about 90% of the rock. The remainder being
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made up of intercumulus clinopyroxene which occurs inter-
granular to-olivine and ch;omite. Clinopyroxene is invar-
iably bastitised. The rock can therefore, be categorised
as a mesocumulate and has olivine layers alternating with
chromite layers. Oliyine shows preferred alignment of its
longer axis within thevplane of layering (Plate V Photo
1) giving fissility to the rock. This feature has been .

referred to as igneous lamination (Wager and Brown, 1967 ).

At places the rock exhibits heteradcumulate texure
- 1argé irregular amoeboid oikocrysts of orthopyroxene
poikilitically enclose a number of irregular to rounded
blivine and chromite crystals (Plate V Photo 2).
Chromite occurs as a cumﬁlus phase forming layers which
alternate with olivine layers. Chromite is subhedral and .

smaller in size as compared to olivine.
Chromitite (chromite-olivine cumulate)

Medascopic Characters : The rock is very fine grained,

dark grey in colour, hard and massive. Rarée altered sili-

cates can be seen at places.
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Microscopic Characters : The rock is constituted domi-

nantly of chromite which makes up about 75% of the rock.
The remainder being altered silicates. The proportion of
chromite to silicate vary considerably in different
samples of chromitites as seen in Table No. 3.1. It shows
a heteradcumulate texture made.up of large irregular
chromite crystals which appear to have grown by mutual
attraction between adjacent chromite crystals. Chromite
grains poikilitically enclose vermicular silicates repre-
sented by pseudomorphs of serpentine after olivine (Plate
VI Photo 1). Serpentine mineral is fibfous antigorite. At
places, anhedral to subhedral grains of chromite occur
forming a mosaic and at places, showing rounded silicates
in between, giving rise to ring textureA(Plate VI Photo
2) . The detailed textural and petrographical characters of

the chromitite are described in the next chapter.
Pyroxenite (clinopyroxene cumulate)

Megascopic Characters : The rock is melanocratic, coarse

grained, hard and compact. It shows equigranular texture
made up of well developed crystals of pyroxene which are

dark green in colour.
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Microscopic Characters : The rock is almost entirely
made up of clinopyroxené with a small proportion of
opaques and intercumulus plagiociase. The modal propor-
tions of the minerals are showh in Table No.3.1. Clinopy-
roxene makes up about 84% of the rock. The remainder being
made up of opaques and plagioclase. It exhibits an adcumu-
late texture. Clinopyroxene occurs as subhedral crystals.
It is non-pleochroic, pale green in colour,.shows inclined

-~

extinction. C ~ 2 varies between 30 and 400. It is biaxial
positive with 2V varying between 50 and 600. Clinopyroxene
is studded with minute exsolutions of rutile (Plate VII
Photo 1) which are either concentrated towards the center
of the crystal or form a zonal arrangement. The peripher-
ies of the crystal are invariably free from exsolutions.
Under high magnification the exsolutions are.brown in

colour and are aligned at an angle to the cleavage of the

clinopyroxene (Plate VII Photo 2).

Opaques occur as cumulus crystals alongwith clino-

pyroxenes. Plagloclase is intercumulus.
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Troctolite

Megascopic Characters: It is coarse grained, hard and

compact, melanocratic and equigranular rock. It is com-
posed of well developed crystals of plagioclase which vary
in size between 1 mm and 9 mm and olivine which measures

from 0.9 mm to 3 mm.

Microscopic Characters: The rock exhibits an orthocumu-
late texture made up of cumulus plagioclase, olivines and
opaques. The modal proportions of the minerals are shown
in Table No.3.1. The cumulus minerals vary in size from
0.9 to 2.3 mm. Whereas, the intercumulus plagioclase are
“much smaller. Thé cumulus plagioclase has irregular core
of uniform composition and normally zoned borders (Plate
VIII Photo 1) which have grown at the expense of the
intercumulus liquid. The An content of the core of the
 cumulus plagioclase varies between Ang7.5 - Ang7.9 and it
decreases towards the borders.

Olivines occur as well deQeloped crystals. It is
quite fresh and unaltered. The olivine has very restricted

range of composition which on an average varies between
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Fogs5 and Fo8e6. However, in some grains, it.may go upto.
Foggf-It is subhedral and traversed by canal-like frac-
tures typical of olivine. At places, along cracké, olivine
is altered to serpentine with release of iron-oxide which

forms vermicular intergrowth with antigorite.

Opaques bccur as skeletal crystals making up about
0.5% of the rock. They are represented.by chromite. The
Cr203 percentage varies between 38 and 41 wt.%. The chro-
mites are ferriferous and the percentage of total iron

varies between 33.00 to 37.50 wt.%.
Gabbro

The gabbroic rocks constitute the Upper Zone of the
complex. They vary between gabbros, olivine gabbros,
gabbronorites and leucogabbros. The petrographical char-
acteristics of all these lithological types are described.

together.

Megascopic Characters: The rock is coarse grained, hard

and compact, melanocratic with equigranular texture.

The gabbros in the vicinity of the contact zone are fine
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grained mainly because of crushing. They show uniform
layering which is discernible due to size and colour
variation of the constituent minerals. However, in some
specimens the layering-is marked by variations in propor-
tion of cumulus minerals. The constituent minerals are
represented by plagioclase and pyroxene. Plagioclase is
dirty greyish in colour and varies in size between 4 mm to
1 cm. The pyroxene is dark grey and randges in diameter

from 5 mm to over 1 cm.

Microscopic Characters: In micro-section the rock con-—

sists of plagioclase which makes up 40-58% of the rock.
It is followed in order of abundénce(betwéen 10- 30%) by
élinopyroxene and Ca-poor pyroxene (orthopyroxene) which
also varies from 10;30%. The modal proportions of the
minerals of the different rock types are presented in
Table No. 3.1. A triangular plot of plagioclase, pyroxene
and olivine (Streckeisen, 1974) is shown in Fig. 3.1a.
It is seen that the majority of the gabbroic rocks plot in
the gabbronorite field. However, some samples plot in the
field of olivine-gabbros, gabbronorites and luecogabbros.
The modal data have also been plotted in the plagioclase,

orthopyroxene and clinopyroxene triangular diagram
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Fig.3.1b (after Streckeisen, 1974). In this diagram,
majority of the gabbroic récks occupy the gabbronorite
field. The remaining samples plot in leucogabbro and
anorthosite fields. In general the samples from horizons
nearer the base of the zone plot in the gabbronorite field
whereas, the rocks ffom the top of the section occupy the
field of leucogabbros due to higher proportion of plagio-
clase in comparison with both the pyroxenes taken togeth-
er. Similarly, the troctolites also plot in the leuco-
gabbro field as olivine is not represented in this dia-

gram.

A typical gabbronorite exhibits‘a mesocumulate
texture. The cumulus plagioclase are léth shaped with
irregular and resorbéd core which show marginal zoning due
to post-cumulus growth (Plate VII; Photo 2). The cores
are uniform in composition as seen both from their extinc-
tion and microprobe chemical data. The marginal zones
vary in composition considerably. The An content of the
core of cumulus crystals varies between Ane3 and An7g.
The An content decrcases towards the margin. The intercu-
muius plagioclase occurs as smaller laths in between, with
An content varying between An25 and Ansg. Further details

are described under mineral chemistry.
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Cumulus pyroxene 1is represented by Ca-poor pyroxene
and ciinopyroxene . The former is inverted pigeonite
which occurs as subhedral crystals varying in size between
1.5 and 3.8 mm. It is faintly pleochroic in shades of
pink to pale brown. It shows exsolution blebs of clinopy-
rokene parallel to (001) and fine exsolutionAlamellae
parallel to (100) (Plate IX Photo 1). It varies 1in
composition from Ca3.8Mgg4.oFel12.1 to Ca3.3 Mgsg.3Fe3g.2.
‘The Mg # (Mg/Mg + Fet2) varies between 0.60 and 0.86.
The intercumulus Ca-poor pyroxene is represented by ferri-
an pigeonite varying in composition between
CalS.lMg15.4Fe69.§>and Cal4.4Mg1s5.3Fe70.2 with Mg #s

ranging from 0.17 to 0.18.

The cumulus clinopyroxene occurs as subhedral to
anhedral crystals which vary in size between 0.9 and 3.5
mm. It is pale brown in colour and non-pleochroic. It
contains exsolution blebs of pigeonite parallel to (001)
and fine}exsolution lamellae of orthopyrbxene (hyper-
sthene) parallel to (100) (Plate IX Photo 2). Composition-
aily, the pyroxene varies between Ca34.8Mg 51.5Fel13.6 and
Ca35.10Mg43.5Fe21.7. Therefore, mineralogically, the

pyroxene is between augite to sub- calcic augite and
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ferro-augite. The Mg # shows a variation between 0.66 and
0.79. The intercumulus clinopyroxene varies in composi-
tion between Ca33.3 Mg19.8Fe46.7 and Ca22.7Mg38.5Fe38.6.

The Mg #s for these vary between 0.29 and 0.49.

Olivine occurs as subhedral crystals with typical
canal-like fractures and varies in proportion from 2-5%.
It is biaxial positive with a large 2V. Biotite occurs as
intercumulus mineral, strongly pleochroic in shades of
brown, shows straight extinction, is biaxial negative
and occurs to the extent of less than 2% by volume.

Opaques are represented by Fe-Ti oxides..

A typical léucogabbro exhibits an orthocumulate
texture. It is dominated by plagioclase and clinoPYroxene
with Fe—Ti oxides and biotite forming the accessories.
The An content of cumulus plagiocalse varies between An22
and An42. Clinopyroxene varies in composition between

sub-calcic augite and ferroaugite.
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PART II - GEOCHEMISTRY

This section deals with geochemistry of the perido-
tites, the gabbroic rocks and the associated metabasalts.
Representative rocks have been chemically analysed for the

major, trace and rare earth element abundances.

The chemical data have been pldtted in variation
diagrams to determine the nature of the parent magma, the

magma type and the course of crystallization.

The petrochemistry is followed by mineral chemistry
of peridotiﬁes and gabbros. The different mineral phases
from selected rocks have been analysed by electronprobe
microanalyser for the major and some trace element compo-
sition. Various parameters have been computed&from these

data to bring out their characteristic features.
Whole~rock Chemistry

Representative rock samples of peridotites, gabbros

and metabasalts were chemically analysed to determine
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their major element content by the rapid analysis method
of Shapiro and Brannock (1962) using USGS silicate rock
standards (Flannagan, 1967). All major elements were
determined by Atomic Absorption Spectroscopy except Si,
Al and FeO. Si and Al were determined by colourimetry.
Total iron was analysed as FeO. The ferric iron was stan-
dardised following Le.Maitré (1976) . Repeat analyses of
sohe selected samples were carried out by X-Ray floures-
cence spectroscopy on fused glass discs at C.S.I.R.O.,
Australia and N.G.R.I., Hyderabad. Analytical precision
was controlled by standard natural samples and synthetic
standards. The trace and rare earth elements were analy-
sed by instrumental neutron activation analysis (INAA) ét
C.S.I.R.0., Australia. Additional samples were analysed
at N.G.R.I., Hyderabad by inductively coupled plasma

spectroscopy (ICP-MS).

Twenty four representative major oxide analyses of

the mafic and ultramafic rocks with mean and standard

deviation are presented in Table No. 3.2. Out of these,
three analyses are of peridotite (serpentinite), two of
troctolite and fourteen of gabbroic rocks. Five analyses -

of associated metabasalts (greenstones) are also present-
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ble No. 3.2 Chemical Analyses (oxide wt.%), CIPW norms (molecular wt.%) and trace clements (ppm) of ultramalic and maflic
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3.2 (continued)
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Table N0;3.2v(continuedx

and Rare Earth Elements (ppm):
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ed. Seven analyses of mafic and ultramafic rocks from the
same area (Balakrishnan et al.,1992 )'are taken for com-
parison. All analysis were processed on anhydrous basis.
It 1is seen from the table that the analyses of perido-
tites (serpentinites) show limited variation in major
oxides. The Si0O2 of the peridotites varies from 42.7 to
44.5 wt.%. Total iron (as FeO) varies from 11.6 to 17.0
wt.%. The alkalies arevvery low (less than 1 wt.%),
Al203 is low (less than 3.0 wt.%). The Si02 of the gab-
bros ranges from 47.5 to 52.9 wt.%: total iron (Fe®) is
between 3.5 and 22.0'wt.%, Al203 varies from 11.0 to 20.0
wt.% and MgO is between 5.7 and 12.5 wt.%. The TiO2 varies
between 0.3 and 1.6 wt.%. The iron enrichment is moder-
ate, with Mg # [Mg/(Mg + Fe +2)] decreasing from 0.68 to

0.39 except in two smples N44H and N44A where it is about

0.21 and 0.18.

The chemical data has been recast into CIPW norma-
tive minerals (Table No.3.2). It is seen from the table
that the majority of the gabbroic rocks are quartz-norma-
tiQe except N22, N44H, and N44G which are olivine-norma-
tive. Thus broadly the gabbroic rocks vary between oli-

vine - and quartz - tholeiitic in character.
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The major element oxide percentages are plotted
against Mg # to understand the evolutionary trend (Fig.
3.2) It is observed that MgO, Ca0O and Al203 decrease
with increasing differentiation. TiO2 however, behaves
differently. It shows an increasing trend in early dif-
ferentiateé (ultramafics) and shows a decregse in the
gabbros. The latter trend is typical of tholeiitic dif—.
ferentiation. 5i02 does not show a well defined trend.
This could be partly related to alteration. A crudé
negative correlation with Mg # is, however, consistent
with crystal fractionation of a gabbroic assemblage in-

volving pyroxene, plagioclase and olivine (Cox, 1980).

The trends shown by Na20, K20 and P205 are not very clear . .

cut and show a scatter of points with wt.$% values very low
as well as high but largely show an increasing trend.
These scatters are due to the compositional heterogeneity
which can be ascribed to the mobility of these elements

during regional alteration or metamorphism.

It is seen that though several elements show smooth
systematic trends in the various diagrams reflecting
primary magmatic history, these trends can be ascribed to

progressive differentiation by‘fractional crystallisation.
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Although a majority of the samples are cumulates, they
probably approach liquid compositions as discussed later.
Evidences in support are (i) non cumulate modal mineralogy
particularly in some of the gabbroic rocks (ii) whole-
rock major And trace element compositions that are similar
to MORB or arc - basalts (iii) mineral differentiation
trends (discussed later under mineral chemistry) are
comparable to whole rock diffgrentiation trends and (iv)
the presence of intercumulus minerals indicating consider-

able volume of trapped melt.

In an attempt to understand the magma type, its
nature and the differentiation trend the chemical data
have been plotted in various discrimination diagrams. 1In
the TAS (total alkalis versus Si0O2 ) diagram (Irvine and
Baragar, 1971), all analyses plot in the ‘'sub- alkaline
field (Fig.3.3a).>The sub-alkaline rocks can be.sub—
divided into calc-alkaline and low~-K tholeiitic series.
The data were therefore, plotted in Alkali Index versus
Al203 diagram (Middlemost, 1975). Majority of rocks plot
in.the low-K tholeiitic basalt field (Fig. 3.3b) with few
analyses occupying the calc-alkali basalt field obviously

due to higher proportion of calcic plagioclase. The rocks
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belonging to the subalkaline and low-K series can be
differentiated on the basis of their trend on the AFM
diagram (Irvine and Baragar, 1971). Majority of the sam-
ples plot in the field of tholeiitic basalts (Fig. 3.4a)
and show an iron enrichmemt trend. It has some points of
similarity with Karoo tholeiitic series but it strongly
resembles the trend of Vourinon, Greece (Brunn, 1956), the
Maryland—Pennsylvahia (Hopson, 1964), gabbroic rocks of
alpine mafic suite and the Precambrian Thessaloniki gab-

bros, Greece (Sapountzis, 1979).

Serri (1981) has identified different tectonic set~
tings for the origin bf gabbroic rocks on the basis of
major eiement chemistry. This approach was adopted by him
because the gabbroic rocks are generally less altered
during metamorphism with most elements except Na20, K20
and Ca0O well preserved (Serri, 1981). As the gabbros from
Bondla are least metamorphosed, the major element composi-
tions could be used to decipher the tectonic environments.
In the TiO2 versus Mafic Index [FeO/(FeO+MgO)], diagram
Serri, 1981), majority of the gabbros from Bondla plot in
fhe,field of low-Ti gabbros (Fig.3.4b). However, as point-

ed out by Serri (1981), rocks with Mafic Index less than
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0.35 show an overlapping trend because majority of high-Ti
cumulate rocks with TiO2 less than 0.15 wt.$% consist
largely of TiO2-free phases such as olivine and plagio-
clase. The decrease in TiO2 with differentiation can be
ascribed to the decrease of modal Fe-Ti oxide phases. In

the upper gabbros TiO2 concentration decreases.
Trace Elements

Trace element abundances of 15 samples are present-
ed in Table No. 3.2. It is seen from the table that the
compatible elements ég; Ni and Cr .show high abundances in
ultramafic rocks. Cr varies between 11426 -1227 ppm, Ni
is between 217 to 373. These high abundances could indi-
cate cumulate crystallization process. Both these ele-
ments show congruently decreasing trend through the roqk
series with increasing differentiation indicating olivine,
clinopyroxene and spinel dominated fractionation. This is

also corroborated by the modal compositions of the rocks.
The lafge—ion—lithophile (LIL) elements eg. Rb,

Ba, Th, Y, Nb, Ta, Hf, Zr and light rare earth elements

(La and Ce) of the gabbroic rocks are plotted against Mg #
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(Fig. 3.5). It is seen that all the elements show a
distinctive enrichment trend that parallels the variation
trend shown by major elements such as FeO and MnO. Sr
content shows a progressive increase in the melt during
the crystallisation of the Lower Zone and reaches maximum
value in the troctolites. With further differentiation
the Sr confent progressively decreases in the gabbroic
rocks of the Upper Zone. The increase ih Sr content in
the early stages can be attributed to crystalli?ation of
olivine, spinel and pyroxene in which Sr is incompatible.
The decrease in Sr content in gabbroic rocks may reflect
plagioclase crystallization during differentiation. The
Rb/Sr values also show a decrease, with selective parti-
tioning of Sr over Rb into plagioclase. To a first ap-
proximation the data are compatible with preferential
partioning of the elements into anorthitic plagioclase in
which Sr generally is more compatible than Rb. Enrichment
of other highly incompatible elements such as Nb, Ta, Th
"with differentiation also supports dominant role of

plagioclase in differentiation.

The plots of chondrite normalised trace element

abundance profiles (spidérgrams) (Thompson, 1982) for
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ultramafic rocks, gabbros and metabasalts are shown in
Fig.3.6, 3.7 and 3.8 respectively (Thompson, 1982). The
rocks of the Bondla complex show internally consistent
patterns that are characterised by a prominent trough
shown by Sr in ultramafic rocks and a peak in gabbroic
rocks. The trough'shows its incompatibility in the former
and the peak can be attributed to its concentration of aAn-
rich'plagioclase (eg. BT2 GB2, GD12). This is also seen
from Table No. 3.1 wherein most of the rocks contain more

- than 50% modal plagioclase.

The patterns also show strong trough at Ti which
can be attributed to the early fractionation of spinel
into which Ti has a higher distribution coefficient.
Strong trough at Nb and Zr indicates their incompatibili-
ty during differentiation. Correspondence of increaéing
Nb with Ti and Fe indicates that crystallization of Fe-Ti
oxides was not important during the differentiation of
most of the gabbroic rocks. Over all, low abundances of
Nb relative to other trace elements, however, may also
reflect unusually low concentrations in the initial magma

composition.
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The Zr/Nb ratio for ultramafic rocks varies between
4 and 7 and for the gabbroic rocks between 9 and 14. The
values are lower than those typical of MORB (i.e. 730).
The Zr/TioO2 ratios in general decrease with differentia-
tion whereas, Nb/Y shows a very restricted variation; in
most samples it is almost constant at 0.2. The values of
La/Nb ratio ranges between 0.8 to 9.0 which according to
Thompson et al., (1984) could indicate crustal contamina-

tion.

The Ti/V ratio of the gabbros is generally iow,
(less than 10) except in GB2, GD12, S35 and N22A where
they are between 10 and 20. Those of metabasalts are
higher i.e. between 16 and 50. Ti/V ratio of igneous rocks
reflect the oxygen fugacity of the magma (Shervais, 1982).
The Y/Zr ratio shows a very restricted variation and in
all the gabbros except N44H, it is almost constant at
around 0.4. This indicates that these elements are inher-

ited from the parent magma.

The spidergrams of the metabasalts (Fig. 3.8) are
by and large identical to those of gabbros indicating

that both are comagmatic.
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Rare Earth Elements (REE)

The rare earth elements ( REE ) are a group of 15
elements (étomic nunber 57 to 71) fourteen of which occur
naturally. They are particularly useful in petrogenetic
studies because all the REE are geochemically similar

(Wilson, 1989).

REE have received special atfention (Condie, 1976a;
Sun and Nesbitt, 1977) because their behaviour can be
interpreted in terms of partial melting and fractional
crystéllisation process. In particular, they can be used
to explore the REE abundance patterns of the source rocks,
the residual mineralogy after partial melting and the

effect of fractional crystallisation (Gast, 1968).

Chrondrite normalised REE patterns of the ultramaf-
ic rocks, the gabbroic rocks and the metabasalts are
presented in Figs.3.9a, 3.9b and 3.10 respectively. Visual
iﬁspection reveals that there are no major differences
amongst the patferns. Subtle differences could be due to
the variation in mineralogy accentuated by the coarse

grain size of the rocks. The patterns in general are flat
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Fig.3.9a Chondrite normalised REE patterns of ultramafic
100 ~ rocks from Bondla.
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Fig.3.9b Chondrite normalised REE patterns of gabbros
from Bondla.
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Fig.3.10 Chondrite normalised REE patterns of metabasalts

from Bondla.



with slight LREE enrichment as compared to the HREE. The
La/Yb ratio varies from 1-13. The general smooth change in
the shape of the patterns as total concentration increases
is consistent with these rocks being related to partial
melting of a common source or crystal fractionation. The
patterns are, however, more consistent with the effects of
crystal fractionation. The parallel patterns as well as
the range of compositions may have been produced by crys-
tallisation of a relatively constant mineral assemblage as
corroborated from Table No.3.l1l. The negative Ce anomaly
shown by peridotites could be ascribed to olivine and
pyroxene controlled differentiation. REE distribution
coefficients are higher for clinopyroxene than any other

phase (De Bari, 1994).

The gabbroic rocks (GB2, GD12) show a small posi-
tive Eu anomaly which can be attributed to fractionation
of Eut2 in plagioclase, but the amount must be small as
the MgO content is quite high. The Eu anomaly correlates
with a positive Sr peak which is supported by higher Al1203
and LILE concentration in general than the starting compo-
sition such as that shown by BT2. Similarly a negative Eu

anomaly (GS23, N44A) could be ascribed to differentiation
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involving An-rich plagioclase. Another factor responsible
for the change in the Eu anomaly could be the decrease in
plagioclase and consequent increase in clinopyroxene and
opagques which account for rising levels of trivalent REE

excepting Eu.

The LREE abundances of the gabbroic rocks in
general share a single trend which increases with increas-
ing differentiation as seen in Fig.3.5. The Ce/Yb ratio
ranges from 1.5 to 26.4 and increases with increasing
differentiation. The trend of increasing bulk REE abun-
dance and Ce/Yb ratio with increasing différentiation fits
favourably with the crystal fractionation process. Slight
departure of this increasing trend of Ce/Yb ratio in the
middle differentiates could be ascribedvtovthe depletion

0
of LREE as,result of apatite crystallisation.

The REE patterns of metabasalts mimic those of the

gabbros supporting the earlier contension that both are

comagmatic.
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Mineral Chemistry

The mineral phases from selected rocks such as
peridotites, pyroxenites, troctqlitesAand gabbros were
analysed with electronprobé microanalyser under standard
conditions at CSIRO, Australia. An accelerating voltége of
15kv and specimen current of 3mA on cobalt were used. A
range of natural and synthetic standards were used. At
least three spot analyses were carried out per grain to
know the intfagrainvcompositonal variation. Average compo-
sition of a phase was determined from at least three spot
analyses . At least four grains were ahalysed in each

sample to know the intergrain variation.

Olivine, Ca-poor pyroxene, Ca—rich pyroxene, plagi-
oclase, and chromé-spinels were analysed. In the present
work six analyses of olivine,'fourteen analyses of Ca-poor
pyroxene, thirty-six analyses of Ca-rich pyroxene, thirty-
one analyses of plagiocléSe and fourteen analyses of
chromite are included. The details of the analyses of

chromites are discussed in Chapter - IV.
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Oolivine

The olivine in dunites and peridotites from.the Lower
Zone.occur as euhedral to subhedral serpentine pseudo-
morphs and hence its composition could not be obtained by
electronprobe. It varies in size between 0.5 and 4 mn.

Average size is about 1.5 mm.

Fresh olivines were available for analysis from
troctolites and gabbroic rocks. The olivines from trocto-
lites (BT1l) are euhedral to subhedral and vary in size
between 0.9 to 3 mm. Chemical composition and atomic
proportions are presented in Table No.3.3. Ali analysed
grains contain about 40 wt.% SiO2, MgO content is almost
constant between 45 and 46 wt.%. The Fo conéent varies

between 85 and 86.

The olivines are zoned, the Fo content decreases
towards the rim, however, in some grains a reverse beha-
viour is observed. The latter could be due to alteration

of olivine.
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Electronprobe Microanalysis of Olivines

in Troctolite from Bondla

Table No. 3.3
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Ca~-poor Pyroxene

It is third in order of abundance in ultramafic
rocks and most abundant mafic phase in gabbros. In sonme
gabbros however, Ca-rich pyroxene is dominant over the
former.‘ The analyses of pyrbxenes and their structural
formulae are presented in Table No.3.4. The analyses are

not corrected for exsolutions.

Ca-poor pyroxeneg in dunite is very subordinate and
is intercumulus. It occurs as pseudomorphs af bastite.
Brown relicts of bronzite are seen at places. It is anhe-
dral and poikilitically encloses olivine forming heterad-
cumulates. Individual crystals reach upto 8 mm in size.
It contains exsolutions of clinopyroxene parallel to
(100). It is invariably altered to serpentine and its
presence could be made out from relicts in serpentine. It

has not been analysed by microprobe.

In the gabbroic rocks Ca-poor pyroxene occurs as
subhedral crystals 1.5 to 1.8 mm in size. It is faintly
pleochroic in shades of pale pink to pale brown. It is

represented by inverted pigeonite which shows blebs of
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Table No.3.4 Electronprobe Microanalysis of Ca-poor Pyroxenes in Mafic and Ultramafic Rocks from Bondla
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clinopyroxene parallel to (100) and fine exsolution lamel-

lae parallel to (100).

Fresh Ca-poor pyroxene was analysed from trocto-
lites. The silica percentage has a very narréw range
between 55.7 and 56.4 wt.%. Al203 varies from 0.79 to 1.4
wt.% and Cr203 between 0.19 and 0.45 wt.%. TiO2 is

present in small amounts (0.1-0.43 wt.%) as is common with

tholeiitic pyroxenes (Kushiro, 1960). MnO content is also
very low between 0.25 and 0.3 wt.%. The pyroxenes belong
to Quad (Ca-Mg-Fe) pyroxenes (IMA, 1988). Their composi-

tion may be expressed as Ca2-4.5 Mg82.5¥85.4 Fe12.5-13.1.
Chemical variation within the grain is insignificant..The
chemical data in the pyroxene quadrilateral (Fig. 3.11a)
plot in the enstatite field. The enstatites are rich in
Mg. Mg # varies between 0.86 and 0.87 and shows good
agreement with Mg #s reported for Ca-poor pyroxenes from

other layered intrusions.

The Ca-poor pyroxenes in the overlying gabbros (GB1
and GS23) has Si02 percentage varying between 46.8 and
53.6 wt.% which is less than those in troctolite (BT1).

They contain more Ti (between 0.11 and 0.47 wt.%) and Mn
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Fig. 3.11a Plots of compositions of pyroxenes from
Bondla rocks in the pyroxene

quadrilateral.
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Fig, 3.11b Plots of <compositions of plagioclase
from Baondla rocks in Rb-Rn-Or
traingular diagram.
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(between 0.25 and 0.84 wt.%) than those in troctolite.
_Alumina content, however, is more in troctolite pyroxene
(0.79-1.48 wt.%) than in pyroxenes from gabbros (0.70-1.38
wt.%) except in one analysis where it is 1.97 wt.%. They
range in composiﬁion from Ca3.g8Mgg84.0Fe12.1 to Ca4.1
Mgg2.7Fe13.0. In the pyroxene quadrilateral, the pyrox-
enes from (GB1l) plot in the pigeonite field with Mg #
about 0.86. They co- exisﬁ with more ferrian pigeonites
(Ca15.1Mg15.4Fe69.4 to Cal4.4 Mg15.3Fe70.2) with Mg#
varying between 0.17 and 0.18. These latter pyroxenes
represent intercumulus phases. In the more fractionated
gabbro (GS23) the cumuius pyroxene becomes progressively
richer in iron. The composition varies between
Cal.9Mg73.9 Fe24.1 to Ca3,3Mg58,3Fe38,2. The Mg # varies

between 0.60 and 0.61.
Ca-rich Pyroxene

It occurs as an intercumulus mineral in peridotites
pdikilitically enclosing cumulus olivine and occurs to the
extent of 20% by mode in the peridotites. It is the most
dominant mineral in pyroxenites contributing 84% by

volume of the rock.
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Ca-rich pyroxene is the most abundant mafic mineral
in the gabbroic rocks contributing about 10-30% by mode.
It is generally fresh. Cumulus phases vary between 0.9-
3.5 mm and are genérally anhedfal. It contains exsolution
blebs of pigeonite parallel to (001) and fine exsolution#
‘lamellae of orthopyroxene (hypersthene) parallel to (100).
It was not possible to resolve the closely spaced exsolu-
tion lamellae under the electron microprobe. Hence,
average bulk chemical analyses were obtained. The results
of chemical analyses and the atomic proportions are

presented in Table No.3.5.

It is seen from the table, that the clinopyroxenes

from peridotite, pyroxenite and troctolite in general
contain 53.2 to 55.2 wt.$ Sio2. Those in peridotite are
more aluminous and contain 2.18-2.2 wt.% Al203. Al203

decreases in clinopyroxenes from troctolite (1.6-2.1 wt.%)

and further decreases to (0.1-0.7 wt.%) in pyroxenite.

The Si0O2 percentage of the pyroxenes from gabbros
varies from 48.9 to 52.6 wt.%. The A1203 content ranges
from 1.39 to 3.13 wt%. They are richer in Ti02 (0.41-

0.87 wt.%) than those from ultramafic rocks wherein it is
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Table No. 3.5 Electronprobe Microanalysis Of Ca-rich Pyroxenes in Mafic and Ultramafic Rocks from Bondla

de ' BE9A U BIOA ! RIOA ! B19A ' BI19A ' BT! ! BT1 ! RT1 , BTL | B4 | B4 | B4 | B4 | ’GBI ' GBI | GBI ! G841 |
T R S S J AR S - S S N 7o 8 v 9 v 10 Ml A2 b U314 U5y 16 b aF
Oy | 53.871 53,52} 53.68} 53.27} 53.21! 53.67! 53.25! 54.411 55. 565 ss.osi " 54. 89i 53.941 53.49} 52.28} 49, O“i 18971 50,387
0, é 0.22 f 0.20 é 0.24 é o.zsvg 0.23 E 0.21 E 0.43 é 0.20 §.o,3o §.0.01 § 0.02 § 0.04 § 0.05 § 0.41 § 0.59 § 0.65 i 0.61 E
203§ 2.18 g 2.20 g 2.22 § 2.24 § 2.22 § 1.97'§ 2.10 § 1.60 E 1.67 § 0.16 § 0.18 g 0.74 § 0.63 E 2.37 E 1.22 E .39 é 2,29 E
20‘5 1.00 g 0.08 E 0.99 § 0.94 ?'0.97 g 0.74 ? 0.84 é 0.66 § 0.77 é 0.01 é 0.07 E 0.01 é 0.01 g 0.03 é 0.01 é 0.01 é 0.01 E
5635 — é“iJ:i é‘iiéf“E ——if‘é - §0.0526§O 1075 é - é ——m § - § ——- %o ooo3: 0.079§O.2263§O 024§§ — { - é
0 E 4.07,5 3.88 E 3.95 é 4.32 § 4.28 §3.96?654 1133§ 3.77 é 0.37 é 2.90 5’3.21 54‘339854.4668§15.386§ 27.66% 26‘49§_Y?[55§
0 E 16.83% 16.91§ 16.81§.17.25§ 17 12§ 18. 1o§ 17.78% 17.77§ 18.43§ 16.35§ 16.51§ 17.66§ 16.85§ 17 96? 7.53 é 8.07 é 13.Q1§
0 E 21.4]521.62 E 21j67€ 21.275 °1.61§ 21. 73§ 21. 64§ °1.91§ 22.45§ 25.o4§ 05.;5§ 32.37§ 24.04§ 10.76§ 13.7 % 13.53§ 15.7g§
3o’€ 0.23 g 0.25 g 0.26 E 0.26 é 0.24 E 0.19 é 0.22 E 0,21 E 0.22 é ———- E 0.01 é 0.21 E 0.01 E 0.14 E 0.16 g 0.01 é 675*’%
0 € — g — E 0.0l § — é — E — i 0.01 i 0.01 E 0.01 E — E — E — E-———— i — E 0.01 i — f — é
0 g 0.15 i 0.14 é 0.09 é 0.14 é 0.09 é 0.13 é 0.18 é 0.17 é 0.17 § — é 0.16 é 0.15 §-0.14 E 0.33 é 0.57 i 0.56 é 0.37 é

| Cations reéalculaéea on éhe basié of 6I0\ygené ' | ‘ ‘ ' ‘ l ' I l I

:1.953i'1.9517'1.9533&1.9419:1.934 51.9384:1.9139:1,9633E1.9793E2.0119E1.9974E1.976751.981351.890451 9592 51 4<3'1 9222

io oosolo 0052 .O 0063:0.0068:0.0061E0.00SGEO 0114:0 ooso:o 0079io.ooozio.ooo4€0.oooe§oéoo135010111Eo 017510.0194}0. 0174€

io 0933fo.094 éb oosc:o 0962 '0.0951:0.0838:0 038 go 068010.07 éo.ooes€0.0076§o.0318§o.0301go.1009§o 0571.0 0651 o JO?oé

fo 03875( stllo 02 s<:o.oz7 io 027610.0211!0. 0024:0.018710.021650.0003éO.OOlQi - i — io.oooeéo oooz:o ooozao oomﬂé
e*3“§ R é'il-— i"iiéi % — i S— 56‘001350 oozsi R E R ; N g - go oozggo.ooo2§o.0061fo.oooif’iiiﬁ'f“?ii— §
x*‘éB 124 'o 11)750 10450.1321%0.1304? 0.12 éo 13392011139§0.0219§o.0887€o.o978§o.1334%0.1387?0.4668?0.9047%0. 39'0 Suqué
f”'éo 9140:0 91'S§ 0147:0.940450.96‘ éo 9777 E1.001450.9584:0.9818:0.8931:O 8984:0.9676:0.933550.971220.44¢5§O.4793§O.78.)}
1 Eo b?GbIO 847 5§ TEI_6|0 837§'O 8232 go 343750 8362 go 849410.8598 go._sa go 9877!0.8812 O.957130.5818§O.5873§O.\914 0. @4535
T“’§6“6633:6”61;5§0 01 3?:0 018 Eo 0168}0.013 Eo 0151:0;0143:0.015 E ———- 20.0006:0.0148:0.000620;009850.0lg2§0.0007% 0.02 g

S 0000 [ §o.mo4§o.oom§o.oooa,§ 0.0004} - | o !
1 'éo 004@%0 00411070026! o L0041 6"6648'0 0036 0.005410.005 :6'60493 S Eo 0048:0 oo41§o.oo E 0.01 20.019256.018(30 011(3
,:0ss T bfésii.b §3! _6ﬁ§;b 0.850! 0.590! 0.889! 0. 893' 0.975! 0. 903: 0. 901. 0.878! 0.870! 0.675! 0. 331i 0. 3<1:‘F“u\ !

.' .' A - i ; i . | ; . | . B I

"B19A - Peridotite BTl - Troctolite B4 - Pyrdxenite GB1 - Gabbro




3.5 (continued)
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generally less than 0.2 wt.%. Cr203 is generally less than
0.2 wt.% and may rarely exceed this value. As against
these, the pyroxenes from peridotite and troctolite

(B19aA, BT1l) contain between 0.6 and 1.0 wt.% Cr203.

The pyroxenes from ultramafic rocks generally
contain less than 0.2 wt.$ MnO, whereas, those in gabbro-

ic rocks have slightly higher values.

Compositionally, the ultramafic rock pyroxenes
vary between Ca43,oMgso.1Fe6.7 to Cas50.0Mg45.4Fesq.5.
Their Mg # varies between 0.87 to 0.97. On an average the
Mg # is 0.88 which is shared by most grains of peridotite,
pyroxenite and troctolite. In comparison with these, the
pyroxenes from gabbroic rocks have composition varying
between Ca28,8Mg48.0 Fe23.1 and Ca43_8Mg44,1Fé11.9. The
Mg # shows a very wide range from 0.33 to 0.79. The
intercumulus pyroxene has low Mg #s (0.33) and the compo-

sition represented by Ca30.2Mg23.,1Fe46.6.

The pyroxenes from gabbros show strong composition-
al zoning. The cumulus pyroxene cores from lower gabbros

(GB2) have Mg # varying between 0.70 and 0.79 and it

70



decreases towards the rims to 0.40 to 0.46.

The intercumulus pyroxene has core Mg # 0.5 and rim
Mg # 0.4. In the overlying gabbros (GD12) the cumulus

pyroxene has core Mg # 0.55 and rim Mg # 0.41.

In the pyroxene quadrilateral majority of Ca-rich
pyroxenes can be classified as augites and few as sub-
calcic augites. The ones from peridotite (B19A) and troc-
tolite (BT1l) co-exist with enstatite as shown by tie-lines
(Fig.3.11a). The ones from gabbro (GSéB) occur alongside
inverted pigeonites and those from GB1 (ferro -augites)
are found to co-exist with ferrian pigeonite. The evolu-
tionary trend shown by the pyroxenes is depicted in

Fig.3.1l1la.
Plagioclase

Plagioclase is the most dominant constituent in the
gabbroic rocks making up between 41 and 66% of the modal
composition. It o¢curs both as cumulus and intercumulus

phases. The cumulus¥crystals are subhedral, lath shaped

and vary  in length between 0.19 and 4 mm and measure 0.6
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to 1.6 mm across. The intercumulus plagioclase is anhe-
dral and measure between 0.5 and 2 mm. along longer dimen-
sion and between 0.2 and 0.8 mm across. The ones from
troctolite are unzonéd and form adcumulaﬁes whereas,
those from the other gabbroic rocks show marginal zoning

forming ortho and meso cumulates.

Cumulus plagioclase makes its first appearance.in
the troctolite. The An content has a very restricted
range from Ang7.5-Ang7.9 (Table No.3.6). In the gabbros
which are stratigraphically higher eg. GB1 the cumulus
plagioclase varies in composition from Ang4.0 to Ane60.0.
The intercumulus plagioclasevshows a much wider variation
from An4e.0 to Anis5.0. Stiil higher in the section eg.
GS23 the An content of cumulus plagioclase is between
Ane0.0 and An78.o. The intercumulus plagioclase is more
sodic with An varying between An32.0 and Ans55,0. The
compositional variation shown by all feldspar analyses

from Bondla mafic rocks is depicted in Fig.3.11b.
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Table No. 3.6 (continued)
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Chapter IV

Chromite Mineralisation

The chapter deals with field charécters,’ struc-
tufes_and textures, ore petrography and mineral chemistry
of chromites associated with the mafic- ultramafic rocks.
On the basis of these characteristics, thg chromites have

been classified.

The chromite ores are confined to the Lower Zone
which consists of dunite-peridotite associatiion (61ivine—
chromite cumulate and olivine-pyroxene- chromite). Miner-
alisation is well exposed at two localities namely Nanué -
NW of Bondla and at Bondla, mainly between Bondla and
Poikul. Chromite at Nanus occurs as thin layers 1-3 cm
thick which alternate with layers of dunite. The latter
vary in thickness from 4-10 cm. The chromite layers strike
N400 and dip 300-350 towards N1300. The peridotites
are sheared and fractured. The fractures trend (i) N650
and dip 500 towards N33501and (ii) N1100 and'dip
250towards N3500. Along these fractures, the layered

chromites are remobilised and the layers appear to form a
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criss-cross pattern of veins. Thé original layering is
still discernible at places. Along the shear fractures
fibrous actinolite and chlorite have developed perpendicu-
lar to the layering. These veins vary in width from 2.0 cm

to 1.0 m.

The chrdmites.at Bondla can be traced intermit-
tently over a distance of about one kilometre. In the
lower part of the peridotites they.occur as thin layers 1
cm to.approximately 10 cm thick. Such layers alternate
with thicker layers of peridotite. The chromite layers
invariably exhibit a sharp lower conﬁact with a gradation-
al top. Individual layers at places pinch out along the
strike. At places, the layers bifurcate, giving the"
appearance of veins. Such a pattern of veins could be the
result of “unconformities' formed during deposition
(Wager, 1968). Stratigraphically higher in the section,
the chromite layers become thicker. In the vicinity of.
Poikul, a massive chromitite layer is exposed which
extends ‘over an outcrop width of more than 300 m. The
layer 1is of chromitite and consists of 75% fine grained
chromite with about 25% silicates. The chromitite grades

into a chromite-olivine cumulate with progressive increase
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of olivine. 1In some chromite-olivine layers the chromite
to silicate ratio is low, thus making the chromite appear

as dissemination in silicates.
Ore Petrography

The section on ore petrography describes the struc-
“tures and textures exhibited by chromites in hand specimen

and in thin - and polished - sections.
Structures of Ores

The term structure is here meant to include the
forms and shapes assumed by ore minerals and their aggre-

gates as seen by unaided eye in hand specimen.

Some of the important structures observed include
layered and disseminated structure, occluded-silicate
structure, chromite-net (reticulate) structure, compact

and massive ores and schlieren of chromite.
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Layered and Disseminated Structure

The term ~layer' is here used in preférence to
“band' because the former has a genetic connotation. The
layered structure is made up 6f alternating dérk and light
coloured layers. The dark layers consist of chromite.
These alternate with light coloured layers made up of
serpentinised olivine. The layers are repetitive in na-
ture. 1Individual chromite layers vary in thickness from 1
cm‘to as much as 3 cm. Invariablyc the olivine-rich
layers are many times thicker than the chromite layers.
At places, the chromite layers pinch out laterally.
Individual layers may be_composéd entirely of chromite
giving rise to massive chromite layers. In?ariably, howev-
er, little interstitial silicate is always present. The
chromite layers exhibit a sharp lower contact and a grada-
tional upper contact with the olivine-rich layers. At
places, chromite is interstitial in olivine-rich layers

giving rise to disseminated structure.
Occluded Silicate Structure

The structure is exhibited by massive ore layers
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which contain little silicates in them. It is observed
that olivine either singly or as an aggregate of crystals
is enclosed within chromite forming spherical, rounded or
elliptical islands of olivine in chromite. At places,
olivine is elongated forming lenticles and streaks within

chronite.
Chromite-Net (Reticulate) Structure

The structure is generally shown by chromite layers
which contain considerable propbrtion of interstitial
silicates. In this case subhedral grains or grain aggre-
gates of chfomite have interstitial olivine so that chro-
mite forms a network with olivine graiﬁs in between (Plate

X Photo 1).
Massive Structure

Massive structure is shown by thicker layers of
chromite. The layer in this case is made up of fine
grained chromite with very little interstitial silicates.
Majority of the chromite grains are subhedral and tightly

packed.
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S8chlieren of Chromite

The thin veinlets of chromite 1-2 cm thick are seen
at places at an angle to the general layering of the rock.
Some of them are a couple of cm long with tapering ends.
Such ore forms are included under streaks and are also

referred to as schlieren.
Chromite Petrography

Chromite has been studied both in transmitted light
and incident light. In microsections the chromite from
chromitite is typically dark brown in colour. Individual
grains are subhedfal to anhedral. The grains join each
other and form aggfegates with irregular, cuniform inter-
stices in between filled by serpentinised olivine (Plate X
Photo 2) forming myrmekitic intergrowth with gangue.
Chromites from peridotite are dark brown in colour,
typically subhedral and join each other forming chains of

chronite.

Under incident light, the chromite is greyish-

white in colour and has pitted surface (Plate XI Photo 1).

78



The reflectivity of a grain in general is moderate.
Between cross nicols it is faintly anisotropic. However,
careful examination shows that the borders of graips have
higher reflectivity than the central part. Such high
reflecting borders are made up of ferrit-chromit (Spangen-
berg, 1943). It is the result of alteration of chromite‘
during which magnetite replaces the former. Well developed
grains of chromite show exsolutions of ilmenite parallel
to (111) (Plate XI Photo 2). Similar exsolutions have
been described from certain.Fe—rich chromites from Bush-
veld. Exsolufion bodies of ilmenites in Fe-poor chro-
mites have also been described from the Bastetal and from
the Monche,Tundra, Cola (Ramdohr,_1980). In oil, the
chromite shows brown- internal reflection. At places,
especially along thin layers and veins, it 1is replaced by
fibrous chlorite which has developed perpéndicular to the

layer or vein 1in question (Plate XII Photo '1).

Textures of Chromites

Under textures, are described, the inter- relation-
ship between chromite and silicate minerals as seen under

the microscope. Some of the important textures - observed
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are layered texture, micro-reticulate texture, chain
texture, occluded silicate texture, disseminated texture

and myrmekitic texture.

Layered Texture

The most commonly observed textufe is layered tex
ture; It is made up of alternate layers of chromite and
serpentinised olivine. Thé chromites are subhedral and
are arranged into layers that alternate with olivine rich
layers. 1In chromite layers serpehtinised olivine occurs

interstitially.
Micro-reticulate Texture

The texture is'commohly exhibited by layered chro-
mites. 1In this case subhedral to rounded grains of chro-
mite form a framework. The interstices between chromites
are occupied by olivine giving the appearance of a chro-
mite network. At places, rounded, elliptical or irregu-
lar islands of serpentinised olivine are-found within a
ring of chromite grains (Plate XII Photo 2). Such a
texture is referred to as ring texture (Chang Chung,

1969) .
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Chain Texture

The texture is common in layered chromites and
chromite veins. Polygonal crystals of chromite join each

other to form continuous chains.
Occluded 8Silicate Texture

The texture is exhibited both by massive chromites
and layered chromites. It is made up of rounded, ellip-
tical or irregular grains of silicates that are poikiliti-

cally enclosed within chromite (Plate XITI Photo 2).
Disseminated Texture
The texture is exhibited by chromites from olivine-

rich layers. Euhedral to subhedral layers of chromite

occur in between olivine crystals.
Myrmekitic Texture

The texture is typically observed in massive chro-

mite ores. Elongated or cuniform silicates are surround-
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ed by anhedral aggregates of chromites. Such a texture is
described as myrmekitic texture by Ramdohr (1980). The
silicates are poikilitically enclosed in a cumulate of

chromite forming a heteradcumulate.
Mineral Chemistry

Mineral chemistry of chromite has been investigated
'with an electronprobe microanalyser. Representative
polished thin sections of chromite from chromitite,
peridotite and troctolite were analysed for major element
composition. Three samples of chromite bearing rocks were
selected for study. A minimum of three spot analyses
were carried out per grain and average composition was
determined. At least four grains were analysed in each
sample to know the variation ambngst the grains. The
chromites were analysed from core to rim to know the
variation in composition within a grain. In all fourteen
micro-chemical analyses are presented in Table No. 4.1.
Total iron was determined as FeO. Fe203 was calculated
from total FeO on the basis of spinel stoichiometry. The
major element oxide percentages weré recalculated to

cations per formula unit for 24 cations.

82



Ve

Table No.t}.l Electronprobe Microanalysis of Chromites from Bondla
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From the microprobe chemical data (Table No.4.1)
it is seen that majority of the grains show chemical
zoning. There is an increase in Cr203 from core to rim as
seen from analysis 5-10 (Table No. 4.1). The Cr #
(Cr/Cr+Al) .varies between 0.81 to 0.83 for the core and it
is between 0.95 and 0.96 for the rimé. Fe+3 #
[Fe+3/Cr+Al+Fe+3] also shows an increase from core to rim
whereas, Mg # [Mg/Mg+Fe+2] shows a progressive decrease
rimward. This compositional variation can be attributed to
secondary alteration and development of ferrit-chromit
(Spangenberg, 1943) along the borders of chromite crys-
-~ tals. The chromites from the chromitites in general
_(éhromite cumulate - B15) areivery rich in.Cr203 and have
high cCr # [Cr/(Cr+Al)]. Cr203 varies between 54-51 wt.$%
and Cr # between 0.81 and 0.96. Cr203 .content (45 wt.%)
and Cr # (0.63-0.64) decrease in peridotite chromite
(olivine-chromite cumulate - B19A). Cr203 decreases fur-
ther to about 39 wt.% with Cr # 0.66 in disseminated
chromite from troctolite (BT1). Thus overall there is a
progressive decrease in Cr203 from chromifite chromite
(B15) to peridotite chromite (B19A) to ‘troctolite chro-
mite (BT1). It may be noted though that the composition

of accessory chromites (from BTl) may show considerable
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variation due to sub-solidus re-equilibration with associ~-
ated phases (Irvine, 1967; Dickey and Yoder,:1972) and due
to alteration (Jan et al., 1984; 1985). The accessory
Achromites are impoverished in Mg # [Mg/(Mg+Fet2)] and Cr #
compared'to unaltered chromites, possibly due to substan-
tial Mg-Fe exchange with silicates-olivines and pyroxenes
during sub-solidus re-equilibratién.‘ The altered chro-
vmites generally show enrichment in Cr and Fet2 compared
to unaltered parts of the grain; Cr203 content varies with
modal mineralogy. Higher wt.% Cr203 is observed with
increasing modal percentage of chromite. Such an increase

is common (Cameron, 1975; Wilson, 1982).

Cr203 and Al203 show an inverse relationéhip.
Total Fe (as FeO) in chromites is very high varying be-
tween 24 and 40 wt.%. Cr203 exhibits a negative correla-
tion with FeO_(t) within samples specially of chromitites.
The latter is almost constant within a sample whereas,
amongst samples it shows considerable variation between 24
and 40 wt.%. A typical feature of chromites from chromi-
tite (B15) is their high Cr203 which is more than 51 wt.%
and more than 35 wt.% FeO__(t). Whereas, in peridotite

chromites (B19A) Cr203 decreases to about 45 wt.% and FeO
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to 25 wt.%. This behaviour of Cr203 and FeO is character-

istic of layered chromites.

In general TiO2 in all samples is moré than 0.5
wt.% - a feature typical of stratiform chromites. Dickey
(1975) suggests 0.3 wt.% TiO2 as the dividing line between
podiform and stratiform chromites. The TiO2 in accessory
chromites (BT1l) in particular is much higher, more than
3.0 wt.%. Herbert (1982) showed that in cumulate rocks,
TiOz varieé from 0.1 to 2.0 wt.%. This is so because of
geochemical behaviour of Ti:i which is enriched in the
melt relative to solid phases during~crystallization
(Burns, 1973). Cameron (1979) repqrtéd 0.3-2.5 wt.% TiO2
in chromites from Eastern Bushveld. :Wilson (1982) noted
0.23-2.24 wt.% TiO2 in the chromites from Great Dyke.
Chromites from other layered - and SE Alaskan-type com-
plexes generally contain more than 0.3 wt.% TiO2 (Dickey,
1975; Bird and Clark, 1976). Evans and Wright (1972) and
Hill and Roeder (1974) showed that in more fractionated
basalts the chrome—spinels‘are richer in TiO2. TiO2 from
Bondla chromites do not show any significant correlation
with any of the major elements (Thayer 1964; Dickey,1975;

Greenbaum; 1977).
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All chromite analyses contains very low wt.% MgO
unlike podiform chromites. Similarly they contain higher
wt.% Al1203 over MgO unlike the podiform chromites which
show a reverse relationship. The (Cr+Al) variation in
chromites is very small (11.5—14.5). The Cr/Al ratio
however, shows a wide variation from 1.5 to 25 which
according to Dickey (1975) is the result of either bulk
chemistry or temperat;re of crystallisation. A positive
correlation is observed between Cr/(Cr+ Al) and Fet+2/ (Mg
%Fe+2). The Mg # shows a much broader range. It varies
from 0.06 (in chromitite chromite -VBls) to 0.52 (in
peridotite chromite - B19A). The variation in the oxida-
tion ratio ([2Fe203/(2Fe203+Fe0)] is very small (0.39-
1.11). The Fet2/Mg ratios are higher and have a broad
range from 0.9 to 14 (in comparison wifh podiform chro-
mites) which according to Dickey (1975) is indicative of

fractional crystallization.

The MnO content of the chromites show a positive
correlation with FeO. It is lower in peridotite chromites
(abouﬁ 0.3 wt%) and it increases in chromitite chromites
(more than 1.7 wt %). The chromites from chromitite and

peridotite are more ferriferous and contain more than 16
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wt.% total iron (FeO) when Cr203 percentage is about 45
wt.% - a feature typically observed in some of the strati-
form chromites from Bushveld complex. Various mechanisms.
have been suggested for this variation: (i) reaction with
the magma~(Henderson, 1975), (ii) post cumulus changes
under variable oxygen fugacity (Cameron, 1975), (iii)
exchange of Mg-Fe with thé silicaﬁe minerals during sub-
solidus re-equilibration (Irvine, 1967),.(iv) alteration
attendant to changing fo2 and fH20 during chloritization
and serpentinization (Ahmed and Hall, 1981; Jan et al.,
1985) and (V) increase in Fé+2 during metamorphism (Evans
and Frost, 1974; Bliss and MacLean, 1975; Hoffman and

Walker, 1978).

Cr # exhibits a reciprocal behaviour with Al #
[Al/ (Al+Cr+Fe+3)] implying that Cr is preferentially
incorporated in Al-spinel lattice. A comparison of this
relationship witﬁ Fe+3 # [Fe+3/(Cr+Al+Fe+3)] indicates
that Al is incorporated preferentially into the chromite
lattice and that the gradual upward increase in the Fe+3
content (increasing Fe+3 from peridotite chromite upwards
in the section) seems to be at the expense of both Al and

Cr. The chromites from the chromitite (B15) and perido-
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tite (B19A) have Fet+3 # in the range of 0.10- 0.18.
‘'These values are higher than those observed in podiform
‘chromites (Jan and Windley, 1990). The accessory chro-
mites (BT1) show still higher values. Jan and Windley
(1990) suggest that ferric iron shows a considerable
increase in the altered and/orAeéuilibrated grains.
Several workers have also shown that compositiqn and
stability of chrome-spinels depend not only on tempera-
ture, pressure and bulk chemistry but also depends on
oxygen fugacity (fo2) (Rivalentilet al., 1981). With

increasing fo2 chrome-spinel becomes enriched in Fe+3 and

impoverished in Mg.

The Mg # of accessory chromites (BT1l) varies
sympathetically with Mg # of co—existing olivine and Ca
-poor pyroxenes. A slight decrease in Mg # (except for one
analysis) is shown by accessory chromites. The associated
Ca-poor pyroxenes also show a slight decrease whereas,
the olivines have almost constant composition. The fluc-
tuations in these ratios may be affected by sevéral fac-
tors including changing temperature and f02 conditions
with differentiation. Fisk and Bence (1980) ascribed the

decrease of Mg # in chromites to decreasing temperature.
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The decrease in Mg # observed in the present case may
probably reflect a decrease in Mg content in the melt due
to crystallization of Mg rich silicates, however, in this
case the decrease could be due to loss of Mg and enrich-
ment of Fe+3 during metamorphic alteration and serpentini-

sation (Stowe, 1994).

In order to bring out the characteristic features
~of the chromites, the chemical data have been plotted in
different variation diagrams. In the Cr-Al-F+3+2Ti

ternary diagram (Irvine, 1967; Dickey, 1975; Bird and
Clark, 1976; Eales and Marsh, 1983). The chromites from
peridotite (B19A) occupy the overlapping fields of residu-
al peridotites (ophiolite peridotites) and stratiform
chromites. The accessory chromites from troctolite (BT1)
occupy overlapping fields of stratiform -and SE Alaskan-
type complexes. The chromitite chromites (B15) however,
due to their high Cr and low Al conteﬁt plot far removed
from fields normally occupied by chromites from the three
main type of complexes -~ namely, podiform -, stratiform

~ and SE Alaskan-type (Fig. 4.1a).
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In the Mg # vs Cr # face of the spinel prism
(Irvine, 1967; Leblanc et al., 1980) the peridotite
chromites (B19A) and the accessory chromites (BT1) strad-
dle the fields of stratiform and SE Alaskan-type complex-
es, whereas, the chromitite chromites (B15) plot outside
these fields due to their high Cr # and low Mg # (Fig.
4.1b). Such chromites have been reported from Kenticha
Hill (Bonavia, et al., 1993) and from the ultramafic
rocks of the Jijal complex; NW Pakistan (Jan and Windley,
1990). However, the behaviour of Mg # is opposite to that
shown by Jijal chromites. The chromites from chromitite
(B15) have low Mg # than the chromites from peridotite

(B19A) and troctolite (BT1).

The variation in Cr # are similar to Cr/(Fe+2+Fe
+3) ratio which largely depends on the availability of
Cr+3 in the magma. Fisk and Bence (1980) demonstrated that
'Cr # of chromite co-precipitating with olivine decreases
with falling temperature and that this trend may be relat-
ed to a decrease in Cr+3 in the magma with continued .
spinel crystallisation. The Cr # of Bondla chromites
increases from peridotite chromites (B19A) to chromitite

chromites (B15) and then decreases further upwards. This
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could be related to enrichment of Cr+3 in the magma

brought about by reblenishment in the magma chamber.

In the Mg # vs Fet3 # face of the spinel prism,
the peridofite chromites (B19A) plot in the field of
stratiform chromites, the accessory chromites (BT1)
occupy the oVerlapping fields of stratiform - and SE
Alaskan-type complexes and chromitite chromites (315) due
to their low Mg # plot outside these fields. The perido-
tite chromites (B19A) have low Fet+3 # (about 0.10), the
accessbry chromites (le) have between 0.18- 0.22 where-
as, the chromitite chromites (B15) show Fe+3 # varying
between 0.12-0.21. Fet3 # of chromitites varies inversely
with Mg #. Such a relationship could be ascribed to a
drop in temperature at constant fdz. Overall increase in
Fet+3 content of the spinels from the chromitite layer
upwards could be caused by gradual depletion of chromium

in the crystallizing magma (Fig.4.2a).

A plot of Cr203 vs FeO + Fe203 is depicted in
Fig.4.2b. In this diagram the peridotite (B19A) and
accessory chromites (BT1) plot in the field of stratiform

chromites. The chromitite chromites (B15), however, plot
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outside the field of stratiform chromites due to their

higher Cr203 and Febyxt).

In the TiO2 vs Cr203 variation diagram (Fig.4.3a)
the peridotite chromites (B19A) occupy the field of ocean-
ic éumulates near the boundary of the field of SE'Aiaskan—
type complexes. The accessory chromites (BT1) and the
chromitite chromites (B15) lie outside these fields due to

their higher TiO2 and Cr203 respectively.

In the TiOz vs‘A1203 diagram (Fig.4.3b) the peri-
dotite (B19A) and accessory chromites (BT1) 1lie in the
field of stratiform chromites forming two separate clus-
ters due to their variation in TiO2 content. The chromi-
tite chromites (B15), however, fall far removed from any

of the fields due to their low content of A1203.

The TiO2 content of chromites can provide informa-
tion on the degree of differentiation. The TiO2 content
of the Bondla chromites in general increases from chromi-
tite chromites (B15) into troctolite chromites (BT1).
Evans and Wright (1972) and Hill and Roeder (1974) have

shown that TiO2 content of chrome spinels increases with
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'progressiVe fractionation of the basaitic magma. Ti by
virtue of its lower distribution cééfficient gets enriched
in the melt relative to solid phases during fractionation
(Eales and Reynolds, 1981). It is natural therefore, that
.stratigraphically higher chromites are derived from more

fractionated liquid.

A number of workers have shown that the stability
of chromerpinels depends not only on the bulk composi-~
tion, temperature and pressure but also on oxygen fugaci-
ty (Irvine, 1965; 1967; Ulmer 1969; Hill and Roeder,
197%; Fisk and Bence, 1980; Rivalenti et al., 1981). Hill
and Roedef (1974) and Fisk and Beﬁce.(1980) observed that
with.increasing fo2 the chrome- spinel is enriched 1in
Fe+3 and is impoverished in Mg. 1In order to evaluate the
effect of fo2 on the composition of chromites, the ana-
lytical data were plotted in the Cr - and Al - free face
of the spinel prism (Fig. 4.4) contoured with a set of
surfaces representing the possible compositions for
different fo2 at constant pressure and temperature (Ir-
vine, 1965). The intersection of three surfaces (fo2
isobars) with the Cr and Al free faces of the spinel

compositional prism are shown in (Fig.4.4) alongwith the
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plots of Bondla chromites. The chromitite éhromites (B15)
show low fo2 than those in peridotite (B19A) and trocto-
lite (BT1). The chromites from stratifprm4cOmp1exes are
normally formed under low fo2 (Jan and Windley, 1990). Cr
and Fet+3 contents are related to the percentage 6f cumulus
chromite to cumulus olivine. The.chromitite chromiteg is
bound to contain more Cr and less Fe+3 than peridotite
chromite# (Olivine~-chromite cumulate) (Jackson, 1969).
The trend of increasing Fe+t3 sho&n by chromitite chromites
is largely the result of an increase in fo2 due to crys-
tallization (Roeder and Reynolds, 1991) and replenishment,
however, in this case the increase could be related to
alteration. It is seen from the diagram that Fe+3 is
highest in the accessory chromites (BTl).and decreases in
peridotite chromites (B19A). Chromitite chromites (B15)
show a range of Fe+3 spanning from peridotite chromites
(B19A) to troctolite chromites (BT1l). An opposite beha-
viour is observed in chromites from Alpine-peridotites
wherein Fe+3 is higher in spinels from chromitites and
spinel-rich dunites than in accessory spinels (Dick,
1977). 1In the present case however, the increase in Fe+3
may be ascribed in part to secondary altgration, given

the valteréd nature of the rocks. This is also supported
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by the trend shown by the Mg # which is reverse to that

normally encountered.

Classification of Chromites

The continental geological setting of the Bondla
compléx, the repetitive nature and way up stratigraphy
of the chromite layers alternating with those of olivines,
the cumulate textures shown by chromites and assoéiated
silicates are all consistent with the stratiform hature of
chromites. Mineralogically, the chromites show features
which are typical of layered chromites. Mineral chemiqal
features such as high Cr203 (more than 45‘wt%), TiO2 more
than 0.51 wt.% and FeO more than 17 wt.% in chromites
containing over 45 wt.% Cr203, Al203 more than Mgo, Cr/Fe
ratio (between 1 and 2) which decreases upwards, are
features which are characterisﬁics of stratiform chro-
mites. However, in order to distinguish them from segre-
gated layered chromites in ophiolites, the Bondla chro-
mites could be classified as ~Bushveld type' following
Stowe (1994). The high Cr # ranging from 0.63 to 0.96 and
low Al203 content between 7.0 and 17.0 wt.% (excluding

altered rim compositions) permit them to be classified as
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S
Archaean greenstone-hosted chromites (LeBlanc, 1984;

Stowe, 1994).

As pointed out by Irvine (1967) spinels can be used
as petrogenetic indicators. Using épinel compositions,
Dick and Bullen (1984) divided the Alpine-type peridotites
into three éroups: Type-I peridotites and associated
volcanics having spinels with Cr #‘less than‘0.6, Type-III
peridotites and associated volcanics containing spinels
with Cr # more than 0.6 and Type-II peridotites and
volcanics, those spanning the range of spinels in Type-I
and Type-III peridotites. The chromites from Bondla show
Cr # more than 0.60 and therefore, they show similarities
to spinelsrin Type-III peridotites of Dick and Bullen
(1984). Such high chrome spinels analogous in Type-III
peridotites are reported from arc - related lavas from SE
Alaska and from continental layered intrusions (Dick and

Bullen 1984).

The rock association chromitite~dunite-peridotite
(Thayer, 1969) permits the Bondla chromites to be classi-
fied as early magmatic segregation deposits (Park and Mac

Diarmid, 1975; Jensen and Bateman, 1979). The chromites
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can also be categorised as high grade ores (more than 45
wt.% Cr203) suitable for the metallurgical industry howev-
‘er, their Cr:Fe(t) ratio is slightly lower than the

recommended value of 2.5.

The associated mafic-ultramafic complex can be
classified as a medium - and small - sized sheet-like or
funnel shaped intrusion emplaced in non-orogenic area
(Jensen and Bateman, 1979; Edwards and Atkin%?~1986)
similar in form to the Skaergaard and Rhum intrusions
(Wager and Brown, 196}). Considering the zonal ‘distribu-
tion of the rocks - ultramafics forming the Lower Zone and
the mafics forming the Upper Zone, the complex shows
similarities to the Great Dyké Complex, Zimbabwe where
chromites are confined to the lower ultramafic zone (Page,

1977; Wilson, 1982).
Sulphide Mineralisation

The sulphide mineralisation is confined to the NW-
SE trending zone of mylonite. Along this zone the rocks
are converted to quartz-sericite-schist. They are intrud-

ed by three sets of quartz-calcite veins which are de-

scribed earlier.
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The sulphides are confined to the quartz-calcite
veins.vThe-intersections of veins are the favourable
locales for the sulphides. The sulphides occur. as lenti-
cles, segregations, clots, stringers, disseminations and

also as thin veinlets.
Ore Petrography

The sulphide ore assemblage was studied under
incident light. The sulphides are made up of pyrite,
pentlandite, chalcopyrite, pyrrhotite with subordinate

galena, millerite and Ni- and Co-sulphoarsenides.

P&rite is the predominant phase in the mineral
assemblage. It belongs to two generations. Pyrite-I is
euhedral and occurs as megacrysts showing compositional
zoning (Plate XIII Photo 1). It is invariably fractured
and shows intergrowth with chalcopyrite. Pyrite-II is
fine grained, interstitial and sﬁongy in appearance. At
places, it replaces pyrite-I. Pyrite-II shows inter-
growth with pentlandite (Plate XIII Photo.2). Pentlandite
also occurs as discrete grainé and as exsolution lamellae

in pyrrhotite (Piate X1V Photo 1). The 'latter is replac-
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ing pyrite. The sulpﬁoarsenides.are represented by Ni-
and Co-gersdorffite. Ni-gersdorffite either occurs as
discrete grains or is seen to vein pyrite. Co-gersdorf-
fite often occurs as euhedral grains (Plate XIV Photo 2)
often zoned and is intergrown with pyrite. Galena and
millerite have restricted occurence and are denerally

associated with pentlandite.
Mineral Chemistry

The sulphide minerals were analysed by standard
electronprobe technique using an energy dispersive system
at C.S.I.R.O., Australia. Between 5 and 15 analyses were
performed on each mineral phase from each ore sample{
Fifteen reprensentative chemical analyses from about 50
analyses performed in totai, are presented in Table No
4.2. These are the first mineral analyses published on the
sulphides from Bondla (Dessai, et al., 1994). It is seen
from the table that intergrain compOsitional variation in
pyrite within a sample is not very significant. Considera-
ble variation in element concentrations is however ob-
served between pyrites of two generations. Pyrite-I con-

tains between 0.78 and 1.23 wt.% Co whereas, in pyrite-II
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Table No. 4.2 Elcctronprobe Microanalysis of Sulphides from Bondla
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Co percentage varies from 0.01 to -0.88 wt.%. Ni in
pyrite-I varies between 0.22 and 0.39 wt.%, whereas in
pyrite-II it is between 0.05 to 0.81 wt.%. The percentage
of Cu in both pyrites is insignificant. Pyrite-I shows
higher percentage of arsenic (0.41 to 0.75 wt.%) than
pyrite II (0.06 to 0.17 wt.%). Thus it is seen that pyrite
is significantly richer in Co and As and pooref in Ni
whereas, pyrite-II is richer ih'Ni and has insignificant

concentrations of Co and As.

Chalcopyrite contains 29 to 30 wt.% Fe and between
32 and 33 wt.% Cu. The concentrations of other elements

such as Ni, Co and As are insignificant.

Pyrrhotite containé about 57.74 wt.% Fe and 0.72
wt.% Ni. In Pentlandite, the Fe percentage varies from
24.8 to 32.8 wt.% and Ni from 31.7 to 39.6 wt.%. Some
samples contain significant amount of Co which may be upto
6 wt.%¥. The Ni percentage in Ni-gersdorffite varies from
21.2 to 24.8 wt.%. As is between 41.5 and 42 wt.% and Fe
is between 3.4 and 4.9 wt.%. Co-gersd@rffite contains

about 22 wt.% Co, 40 wt.% As and 8 wt.% Ni.
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Discussion

With the limited data available it is not intended
here to go into the details of the genesis of the sul-
phides. However, pending detailed work certain broad
deductions can be made within the realm of the available

information.

It is widely believed that base metal mineralisa-
tion in Archaean greenstones is the result of deposition
from hydrothermal solutions. However, there seems to be no
consensus éfropinion among differéﬁt workers on the nature
and origin éf ore fluids. Hutchison and Burlington (1984)
ahd Viljon (1984) considers sea-water derived exhalative
fluids as carriers of the base and precious metals.
Philips et al, (1984) Fyfe and Kerrisch (1984) advocate
metamorphically derived fluids as the transporter of

et aly Ve
metals whereas, Burrows, (1986) and Rock and Grqys (1988)

suggest magmatically derived fluids as the prime ore

carriers.

The sulphide mineralisation at Bondla is controlled

along the weak zone within a network of veins and veinlets
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of quartz-calcite and sulphides indicating that the miner-
alized area could represent a focus of hydrothermal solu-
tions which were guided towards the surface along the
fracture sfstem. The latter may have served as a feeder
system for the mineralizing solutions. The vein mineralo-
gy, the presence of significant amount éf calcite, the
abundance of Ni and Co in the ores are all consisteht with
Co2 rich hydrothermal fluids. The presence of hydrothermal
epidote in the alteration haloe may indicate as a first
approximation a temperature of about 250 - 2700 C
(Browne,1978). This temperature range is also corfoborated
by the experimental phase relations of the assemblage
. pyrrhotite - pentlandite which indicates temperature less
than 3100C. The low temperature of ore formation is also
supported by the presence of millerite in the ore assem-
blage. 1In most documented exhalative deposits, precipita-
tion temperatures are commonly below 3000C (Sato, 1972).
At temperatures of BOOOC and below there is considerable
uncertainity regarding phase relations in the Cu - Fe - S
system (Vaughan and Craig, 1978). Nevertheless a H2S
dominant ore fluid should successively precipitate pyrite
- pyrrhotite - pentlandite with decreasing Fe activity and

temperature. Absence of magnetite and haematite with
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guartz may indicate low oxygen fugacity conditions. High
Co/Ni ratios and high Co and Ni content of pyrite may
indicate volcanogenic derivation. The mineralisation bears
some similarities with the fracture controlled stringer
ores of Kuchiganehal of Ingaldhal sulphide 2zone from
Chitradufga schist belt. The latter mineralisation has
been suggested as of voléanogenic, hydrothermal derivation
(Anant:fyer and Vasudev, 1985). Héwever, further detailed
work on the sulphide minefalisation of Bondla is essential
before any definite conclusions on the nature of minerali-

sation could be drawn.
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CHAPTER V

'PETROGENESIS

Petrologists wofking on mafic-ultramafic layered

-~ complexes have been confronted with a number of problems.

Foremost -among these are the nature of parent magma, the
characteristics of source rocks, the factors responsible
for magma generation, the mode of emplacement, the condi-

tions of crystallization and the tectonic environments.

In this chapter an attempt 1is made to answer some
of these questions, in the light of the data presented in
the earlier chapters and on the basis of the information
available in the literature. It may be pointed out though,
that precise evaluation of some of these problems was not
possible due to the constraints of systematic chemical
data. In addition to the basic problems addressed above,

the genesis of chromite has been discussed.
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Parent Magma

The rocks of the Bondla mafic-ultramafic complex
~.are cumulates..Therefore, the chemical data, although can
. 'be used ‘to-decipher the magmatic process and to underline
fthe”COmpos;tional differences and the relationship of
rocks with each other, they will have to be utilised with
" caution to-determine the composition of the parent magma.
The difficulty is further aggravated by the absénce of
either a chilled margin or closely related mafic dykes.
Thus there is no direct evidence of the composition of the

parent magma.

In such cases the parent magma composition can be
estimated by application of mineral-melt partition coeffi-
- cient to the most primitive cumulates. Such an approach
was adopted By DeBéri (1994) in case of the Fiambala -
gabbroic¢ intrusion, northwest Argentina. She made use of
FeO/MgO olivine-liqguid partition coefficient
[Kd(0ol/1ig)=0.30] of Roeder and Emslie (1976) and conclud-
ed that'the most primitive olivine from the ultramafic
cumulates (Fo90-91.5 and 0.40 NiO) crystallised from a

liquid with Mg # between 0. 73 and 0.74. As the Fo con-
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tent of the olivines from the troctolites of the Lower
Zone at Bondla 1is very close to the olivines from the
Fiambala intrusion, by analogy it is inferred that the
" troctolite (BT2) Qith whole rock Mg # between 0. 73 and O.
74 (MgO 12.5 wt.%) may represent the most primitive parent
magma of the Béndla mafic- ultramafic complex. Moreover
primary magmas in equilibrium with typical mantle mineral-
ogies should have high Mg #, Cr and Ni values. The Bondla

rocks have Mg # between 0.72 to 0.74, Cr more than 400

o\

ppm. Ni about 370 ppm. and SiO2 between 50 and 51 wt
These values lie within the ranges generally accepted for
" primitive and even primary magmas (Rhodes,1981) except for

Ni values which are slightly lower.

Magma Type

= The sequence of crystallisation is olivine + spin-
el, pyroxene and plagiocase. Olivine and spinel (Cr- Al)
are cotectic phases as observed in Hawaiian tholeiitic ba-
salts. Pyroxenes from basaltic rocks have been studied in
an effort to relate compositiondl trends and the magma
type. The nature of pyroxene assemblage is considered to

be one of the criteria for the recognition of the parental
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affinity of basaltic rocks although this has been ques-

tioned by Barberi et al., (1971).

The tholeiitic magma type is mainly characterised
by “two pyroxene assemblages (one Ca-rich pyroxene and the
other ‘Ca-poor) both commonly show exsolution lamellae and
crystallise together in the early and middle stages of
differentiation of tholeiitic magma (Carmichael, 1960;

Brown and Vincent, 1963; Brown, 1967;

Atkins, 1969).

Pyroxenes from the Bondla gabbroic rocks are also
characterised by two phases Ca-rich pyroxene in the sub-
calcicaugite-augite range and Ca-poor pyroxene in the
bronzite-pigeonite range. Both these show wvariation in
iron content, and frequenﬁly contain exsolution lamellae
and-coexist with olivine suggesting a tholeiitic magma.
The crystallisation trend of.coexisting pyroxenes show a
trend of ifon enrichment, however, it is noteworthy that
these pyroxene pairs are somewhat different than those
from Skaergaard (Brown and Vincent, 1963) and Bushveld
(Atkins, 1969). The wollastonite content of Ca-rich pyrox-

ene is hicher than that of Skaergaard and Bushveld, and Fe
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and Ca content of the Ca-poor pyroxenes are lower than
those of the equivalent pyroxenes from the mentioned
intrusions. This may be due to the difference in crystal-
‘lisation conditions (eg. lower>equilibration‘temperature
and possibly a slower cooling rate). The Bondla pyroxenes
are poorer in alumina and titania and richer in . silica
than those from the above intrusions. The concentration of
Al in tetrahedral sites (Alz) is relatively low and typi-

cal of tholeiitic type pyroxenes.

Oon AFM‘plot an iron enrichmeht trend characteris-
tic of tholeiitic basalts is shared by the mafic-ultramaf-
ic rocks and the associated metabasalts. Enrichment of
ferrous iron during late to intermediate stages of magmat-
“ic differentiation is best exemplified by the mafic and
ultramafic rocks of the complex as there is a complete
spectrum of rocks from ultramafic to leucograbbroic which
evolved from a tholeiitic basalt magma with subalkaline
affinities (Irvine and Baragar, 1971). The iron enrichment
trend‘shown by the rocks is more iron-rich compared with
a typical tholeiite and slightly less iron-rich than the
liquid trends of Skaergaard layered intrusion (Wager and

Brown, 1967) which illustrates the extreme case of iron
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* enrichment. The iron-rich character of the mafic rocks is
" accompanied by slightly higher silica content. The silica
.saturated nature of the rocks is reflected in their
. quartz -normative compositions in early differentiates

.-+ indicating: that:the magma evolved from the tholeiitic side

‘“=of.the thérmdl barrier. Low silica and high iron are
-features typical of Fenner trend of crystailisation

(Fenner, 1929).

In addition to high iron, the mafic rocks also con
tain higher alumina concentrations. Some of the samples
are fairly high in Al203 ( 16.5 wt.%) to be classified as
high-alumina basalts. However, the enrichment in alumina
‘is due to plagioclase accumulation. The samples are

..compared with field defined for high-alumina and high-iron
basalts from the Archaean Blake River Group, Canada. The
" high=-iron rocks are mgre alumina-rich than are-typical Fe-
basalts (Pearce and Birkett, 1974) and Fe-Ti basalts
(Christie and Sinton, 1981) and the high-alumina rocks
have more iron than typical high-alumina basalts (Kuno,

1960) .

The crystallisation sequence olivine, pyroxene,
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plagioclase 'is characteristic of tholeiitic melt and

results in the formation of large amounts of pyroxene-

. rich ultramafic cumulates and gabbronorites very conspicu--

ously seen in the Bondla complex.

- 'The REE content of the Bondla rocks progressively

. 'increases from the Lower Zone ultramafics to the Upper

Zone ‘gabbros which is a consequence of olivine dominated
crystallisation which causes the REE and the La/Lu ratio
to incease with progressing fractionation. It is also
supported by absence of Eu anomaly in the Lower Zone rocks
whereas, the overlying gabbros exhibit a small positive Eu
anomal§ due to the accumulation of plagioclase. In the
case of large intrusivé complexes such as Skaergaard,
Bushveld, Stillwater etc. the early cumulates tend to have
a positive Eu anomaly and smaller La/Lu ratio than the
- presumed parent melts of the chill zone gabbro (Haskins and
Haskin, 1968). The REE increases progressively in the
stratigraphic sequence which could be ascribed to clinopy-
.roxene cfystallisation at low pressure (Cullers and Graf,

1984) .
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Nature of Source Rocks

The major and the trace element geochemistry indi-
cate that the Bondla magma was tholeiitic in character
and that it originated at mantle depths. It is generally
agreed that tholeiitic magmas originate at the upper
plagioclase stability limits. The Bondla magma can be
- modelled as a low-Ti, high-Mg basaltic magma. It is widely
accgpted that the generation of such a magma requires
melting of a severely depleted residual mantle 'source.
Experimental petrology arguments restrict the genesis of
low-Ti basalts and boninites to high degree (25-35%) of
~water saturated melting of peridotitic mantle (Serri,
1981; Sun and Nesbitf 1978) at low pressures of less than
10 kb. However, the MgO content of the Bondla magma is
rather low to be the product of partial melting of a

primitive undepleted mantle source.

Mysen and Kushiro (1977) showed that melts produced
by extensive partiai melting of lherzolite contain about
20% MgO. High pressure melting experiments on peridotitic
komatiite by Bickle and Ford (1977) also suggest that

ligquids in equilibrium with olivine and orthopyroxene
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(residue of extensive partial melting) at 10 kb contain
'18-19 % MgO. If the Bondla rocks had generated by exten-
sive partial melting their MgO should have been higher
which is not the case. Furthermore extensive partial
melting -should produce LREE-depleted melts unlike the
LREE-enriched melts found at Bondla. This is because LREE
decrease with increasing degree of partial melting while
the HREE remain constaﬁt (Nicholls and Harris, 1980). The
Bondla rocks also show low concentrations of High Field
Strength Elements (HFSE). Sun and Nesbitt (1978) suggested
that the low content of HSFE is due to remelting of a
mantle source already depleted in these elements. It is
suggested that the low-Ti magmas at Bondla involved the
remelting of a residual depleted mantle source with frac-
tional crystallisation of derivative melts prior to‘magma
emplacement. Such a model would ‘explain the relatively
high Cr, Ni and high Mg #s of olivine, Caépbor - and Ca-
rich - pyroxene in the Bondla rocks and also allows for
somewhat lower levels of these elements than would be

expected of partial melting of a primitive mantle source.

In order to know the nature and the type of source

rocks -the chemical data were plotted in Al203 /TiO2 vs.
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TiO2 (Fig.5.1a) and Ca0/TiO2 vs TiO2 (Fig.5.1b) binary
diagram. In the A1203 /TiO2 vs TiO2 diagram majority of
the rocks show affinities towards arc- and MORB- type of
source. In the Ca0/TiO2 vs TiO2 diagram majority of the
samplés plot in the depletad arc- type of source. A few
which have higher content of TiO2 as a result of magmatic
differentiation, plot in the undepleted - MORB field. Thus
it is clear that the chemical characteristics are more

consistent with a depleted arc- type source.

Tectonic Analogies

In the earlier sections the nature of the parent
magma and the source characteristics have been outlined.
In this section it is attempted to identify the tectonic
analogies of the Bondla magma with the help of High Field

~Strength Elements kHFSE). Discriminant diagrams based on
less mobile elements such as Ti, Z2r, Y, Hf, Nb, etc. are
currently being increasingly used for identifying the
tectonic environments of volcanic suites (Peafce and Cann,
1973; Floyd and Winchester, 1975). However, when thesé

diagrams are used to interpret the tectonic environments

of Precambrian rocks, it is necessary to take into account
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the changes in chemistry the rocks have undergone due to
secondary alteration and weathering. -In fact most of these
diagrams are based.on and adopted for the Phanerozoic
volcanic suites and their validity as discriminants par~
. ticularly for the Precambrian plutonic rocks could be a
matter of speculation and debate. Pharaoh and Pearce,
(1984) discuss the efficacy of HFSE in characterisation of
tectonic environments vis-a-vis mantle evolution and they
conlude that even though time related changes occur in
mantle evolution, they do not change the efficacy of the

discriminant itself (also Condie,1976Db).

In the Ti vs V plot, most of the samples plot in
the field of arc- tholeiites, and MORB and continental
tholeiites (Fig. 5.2a). The Ti/V ratio is less than 10
which is typical of arc-tholeiites (Shervais, 1982). The
V/Ti ratio of igneous rocks reflects the oxygen fugacity of
the magma (Shervais, 1982). In general the oxygen fugacity
of arc-tholeiites is higher than that of MORB and conti-
nental tholeiites. In the 2r vs TiO2 diagram (Fig. 5.2Db)
majority of the analyses occupy the field of arc-
tholeiites. Two samples plot in the overlappiﬁg field of

arc-tholeiites and MORB. In the Zr-(Ti/100)- (¥x3) tecton-
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ic discriminant diagram (Fig. 5.3a) (Pearce and Cann,
1973) majority of the Boncdla rocks plot in the ocean floor
basalt (OFB) and low-K tholeiiteAfields. Similarly in
Zr/4-2Nb-Y triangular plot (Fng 5.3b), the Bondla rocks
either plot in the N-type MORB field or lie in the vicin-
ity of it. From the various discriminant diagrams it is
apparant that the Bondla magma is identical to an arc-

.tholeiite having some similarities to MORB.

Chemical characteristics of the Bondla complex
provide further evidence for an island-arc type of magma.
The island-arc rocks are typically characterised by en-
richment of LILE over MORB. These enrichments are not
dependent on any prior fractionation of parent magma (De
Bari, 1994). In comparison with MORB the island-arc rocks
show depletion in HFSE. The trace element patterns of the
most primitive Bondla rock ( BT2) is depicted in a MORB
normalised pattern (Fig.5.4). The pattern of a typical
island-arc basalt from Talkeetna is also shown for com-
parison. The Bondla rock shows a characteristic arc-like
signature with enrichment in LILE and depletion in HFSE
relative to MORB. It is seen that the LILE concentrations

in the most primitive Bondla rock are higher than average
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MORB whereas the HFSE are typically lower. Basalts erupted
in continental margin arcs exhibit similar patterns as
their oceanic counterparts'but have higher absolute trace
element abundances. They are also richer in HFSE. These
features have been attributed to their derivation from
.
metasomatised subcontinental lithosphere (Pearce, 1983).
Although ‘this interpretation could be valid in case of
Bondla, it seems more likely that the higher concentra-
tions could have been developed by a combination of pro-
gressive crystal fractionation and replenishment during_in
situ crystallisation of magma. Thus it can be concluded
that the most primitive of the Bondla magma closely resem-
bles a typical primitive island arc-type tholeiitic magma.
The magma generated in continental énvironments, and
evolved‘ffom a primitive tholeiite with island-arc-type

trace element characteristics.
Mode of Emplacement

The Bondla mafic-ultramafic complex shows a close
“similarity to the Great Dyke complex of Zimbabwe as far as
the layefed sequence 1s concerned . At Bondla the Lower

Zone 1is made up of ultramafic rocks (olivine- chromite
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cumulates) and the Upper Zone of gabbros and norites
(plagioclase, clinopyroxene cumulates). The two zones are
distinctly separated by a horizon of pyroxenite and troc-
tolite although these are lateraliy not persistent in all
‘'sections: Texturally all rocks are cumulates and no
"chilled margin has been observed along the contacts of the
intFusion{ The ultramafic zone is best exposed in the NW
where the layering dips northeasterly by about 30 to 350.
The gabbronorites are exposed both in the north and south,
however, they are better exposed in the south where isomo-
dal layering is seen. This indicates that the complex is

made up of two subchambers which were interconnected.

The western contact of the complex with Precambrian
metasediments is marked by a fault zone (zone of mylonite)
whereas, the eastern margin is largely concealed under
laterite. Along the western contact small coarse grained
gabbro bodies are locally intruded along the fault zone.
This bears testimony to the layered rocks being uplifted
to their present position subsequent to consolidation.
Subsequent tilting towards southeast and erosion 2as

exposed the deeper ultramafic part of the layered series

in the northwest. The abéence of thermal metamorphic
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effects in the vicinity of the fault zone suggest that the
country rock metasediments must have been well above the
immediate roof of the intrusion. Hence the uplift of the

layered rocks must have been considerable.
Sequence of Crystallisation

The Bondla parent magma is a low-Ti, .high-Mg thole-
iitic in composition. Such a magma is capable of precipi-
tating olivine, chrome-spinel, pyroxene and plagioclase.
Olivine and chrome-spinel are likely to have crystallised
slightly earlier than pyroxene and plagioclase. Stratigra-
phy shows that the latter two minerals are absent from the
Lower Zone ultramafites. The layering could be explained
as due to mechanical sorting. However, the difficulty is
of the size of the chrome spinels relative to density due
to which *they woul& not be expected to sink faster than
pyroxene. Secondly the size and density of pyroxene is .
similar to that of olivine yet they do not occur as cumu-
late phases along with olivine. This suggests that the
order of crystallisation rather than mechanical sorting

was the prime factor responsible for the formation of
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macro- units. The distribution of minerals, repetition of

‘layers in relation to stratigraphy, presence of a thick
chromitite layer, reversal of cryptic variation in chro-
mites all point to there being an underlying set of causes
which were repeated many times during the process of
crystallisation. The conditions necessary for the develop-
ment of repeated units were initiated by periodic replen-
ishment of the magma chamber by a fresh pulse of geneti-
cally related basaltic magma from a deeper source (Irvine,
1977; von Gruenewaldt and Worst, 198;; Eales, 1987; Hatton

and von Gruenewaldt, 1987; Eales et al.,1990).

The Ni, and Cr vs Mg # correlation is consistent
with the early fractionaﬁion of olivine and chromite from
the magma (that resulted in low concentration of these
elements in later differentiates) in the initial magma
pulse at the same time driving the magma towards silica
saturation which led to the precipitation of Ca- poor
pyroxene in preference to Ca-rich pyroxene. Normally
mantle derived maémas should crystallize Ca- rich pyroxene
"before Ca-poor pyroxene at cfustal pressures (Campbell,
1985). The prevalence of Ca-poor pyroxene over Ca—%ich

pyroxene in the ultramafic part of the Bushveld has been
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ascribed to elevated SiO2 at the time of emplacement, as
a result of pre-emplacement crustal contamination (Camp-
‘bell 1985, Barnes, 1989) although continental boninite
- associations have been suggested. In the present case,
however, the increase in silica is ascribed to olivine
separation. The presence of Ca-poor pyroxene also indi-
- cates the anhydrous nature of the meit at this stage.
Subsequent to the crystallisation of pyroxenites
the water content in the magma increased due to which
olivine got stabilised relative to pyroxenes which led to
the formation of the troctolite layer. The anorthitic
nature of the troctolite plagioclase can also be attribut-
ed to the presence of water in the melt during crystalli-

zation (Helz, 1973).

The later more primitive pulse mixed with the
resident magma (from the previous unit) to give a homoge-
neous liquid. A part of the residual magma may have been
extruded from the chamber as lava at a surface volcano to
form the metabasalts associated with the mafic-ultramafic
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This situation was operatiohal in the deeper north-
western magma sub-chamber which gave rise to the olivine
chromite cumulates. This seems to be more likely because
in the early stages of magma chamber formation the tecton-
ic conditions may have been unstable and resulted in
periodic flooding of the chamber with fresh supplies of
more primitive magma. Such a process of magmatic integra-
tion has been suggested by Wager and Brown (1967) in case
of the Bushveld Complex of South Africa. Towards the close
of the integration stage a magma replenishment occurred
that gave rise to the main chromitite layer. Further
differentiation occurred by crystal fractionation and
gravity separation with the development of more regular
cryptic layering and subdued rhythmic layering. This is
observed in the southern magma sub-chamber where more
regular cryptic variation is seen in the gabbro, gabbron-

orite and leucogabbro (Fig.5.5).

The southern sub-chamber was relatively shallow as
deduced from the dominance of medium grained rocks. Lower
MgO content of the rocks and greatér degree of LREE en-
richment than the rocks of the northwestern sub-chamber

indicate more fractionated nature of the magma in the
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southern sub-chamber. In this zone the plagioclase and the
- pyroxenes show a trend of crystallisation towards low
temperature compositions. The magma became progressively
richer in iron probably accompanied by increase in oxida-
tion state. leading to the precipitation of titaniferous
magnetite. The melanocratic layers grade upwards into
felspar-rich layers indicating rhythmic layering. Frac-
- tionation led to precipitation of plagioclase of andesine
composition, Ca-rich pyroxene to ferroaugite composition
and Ca-poor pyroxene to ferropigeonite. Upwards the rocks

become leucogabbros with occasional granophyric textures.
Role of Water during Crystallisation

Several features of the Bondla intrusion indicate
that the parent magma was hydrous in nature but it was not
water saturated. This is supported by co-existance of
olivine which is stable under hydrous conditions and
orthopyroxene which is unstable under water -saturated
conditions. Continued crystallisation of anhydrous miner-
als may have led to water enrichﬁent in the magma which

stabilised anorthitic plagioclase. A minimum water content
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can be inferred from the work of Holloway and Burnham
(1972) who showed that amphibole will only crystallise
from a basaltic melt that contains more than 3 wt.% water
at the time of crystallisation . As amphibole is absent in
the Bondla rocks it may be inferred that water content was
much less than 3 wt.$% originally, but may have increased

at the time of plagioclase crystallisation .
Crystallisation Temperatures

The crucial factor in understanding the evolution
of the rock suite is the knowledge regarding the tempera-
ture conditions under which the rocks crystallised. The
only evidence of this is provided by the minerals con-
tained in the rocks. Here it is considered that coexisting
mineral phases are in the equilibrium, in the absence of
evidence to the contrary. Although the estimated tempera-
tures may not be exactly those at which the minerals
crystallised, it is not unreasonable to consider them at
least as lower limits at which the minerals crystalliséd

or re—equilibrated.

It has been attempted here to make qualitative
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assesment of the temperatures of crystallisation of the
gabbroic rocks from the Bondla complex from the chemistry
of pyroxenes. The efficacy of coexisting Ca- rich and Ca-=
poor pyroxenes to provide temperature information is well
recognised. However, the lack of directly measured Fe+2
‘and Fe+3. creates a problem while using these geothermome-
‘ters. The problems involved in applying experimental data
from simple synthetic systems to complex natural mineral

assemblages have been reviewed by Boyd (1973).

Temperature estimates were computed using the
empirical geothermometers on experimentally determined Ca-
Mg-Fe pyroxene phase relations following Lindsley (1983).
The clinopyroxene mole fractions have been plotted in the
experimentally contoured pyroxene quadrilateral (Lindsley,
1983) at 5 kb and 10 kb (Fig.5.6a and Fig.5.6b). The Ca-
rich pyroxehes from troctolites (BT1) indicate tempera-
tures between 1000 to 12000C whereas, Ca-poor pyroxenes
give temperatures between 1200 and 13000C. The Ca-rich
pyroxenes from gabbro (GS23) give temperatures of about
10000¢C.

i
i

Textural evidence indicates that the cumulates in
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gabbroic rocks (GS23) crystallised very close to the
inversion temperature of pigeonite. The orthopyroxene
formed by apparent inversion of pigeonite withg a Mg #
varying between 0.6 to 0.7. It has been shown by Barnes
ard Hoatson (1994) in case of the inverted pigeonites of
the Munni Munni complex, Western Australia that orthopy-
roxene with Mg # in the range of 0.60 to 0.63 correspond
to crystallisation temperature of 11000C (Lindsley, 1983).
B%@haus and Glikson (1989) in Wingellina Hills intrusion,
Central Australia suggest that olivines with Fog9 should
have a melt with Mg # 0.72 and estimate the liquidus
temperature of the parent melt at about 13500C. By similar
reasoning, it may be suggested, that the liQuidus tempera-
ture of the primitive melt (BT2) at Bondla may have been
approximately between 1200 and 13000C, at pressures aprox-
imately 6-10 kb. These values appear to be fairly in

- conformity with most basaltic compositions.
Depth of Crystallisation

Tholeiitic magmas in general originate at the upper

plagioclase stability limits which broadly cor}espond to a
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pressure of about 10 Kb. Low-Ti basalts and boninites
under water saturated melting conditions originate at low
pressures of less than 10 Kb (Serri, 1981;‘Sun and Nesbitf
1978). The crystallisation in the nothwestern sub-chamber
may have taken place approximately at 10 Kb. However, in
the. southern sub-chamber the crystallisation possibly
occurred at a pressure of less than 10 kb, as plagioclase
- the dominant phase of this zone, becomes unstable at 10
kb (Kushiro and Yoder, 1966; Green and Hibberson, 1970).
Experimental studies on the system anorthite-potassium
feldspar at 10 kb by Ai and Green (1989) showed that
maximum solubility of K-felspar in plagioclase 1is about
18% at 10 kb. As the plagioclase at Bondla contains about
0.2 mole % K-felspar, it is contented that they are of low

pressure origin.
Heat Source for Magma Generation

It has been shown that the Bondla magma was gener-
ated by partial melting of depleted mantle pyrolite

source, in the shallower part of the mantle where the

water content is sufficient to induce melting.
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For melting to occur at relatively low pressures it
is necessary that the geothermal gradient should be fairly
steep and temperatures of about 13000C be attained.
Hence, it is essential to define the source of heat. From
the currently available data on nheat flow measurements
from the Indian shield, it is possible to have a rough
estimate of the conditions prevailing during Archaean.
Heat flow in the Dharwar area is approximately 1x10-6
cal/cm2/sec and it increases in the northern part to 1.5

to 2x10-6 cal/cm2/sec (Nagvi and Rogers, 1987). Average

. heat flow from the Indian peninsula appears to be slightly

higher than other Archaean shields (Jessop and Lewis,
1978). If this difference is valid then it can be ex-
plained that the heat production in the crusﬁal rocks may
have been higher in the Archaean rocks in India than in
similar rocks elsewhere (Rao et al., 1976). If these
gradients have persisted for large part of geologic time
then it can be visualised that enhanced melting might have
taken place in the mantle (Nagvi and Rogers, 1987) during'
the Archaean. The close spatial association of rocks of
komatiitic chemistry also hints at the unusually high
geothermal gradient in the uper mantle before 2,500 Ma

(Srikantappa et al., 1984).
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A high geothermal gradient and a crustal thickness
of about 35-40 km in Peninsular India (Nagvi and Rogers,
1987) could have suplied the required heat to bring about

melting.

_In_sqmming up it is sugéested'that, the Bondla
v mafic—ultramafic complex represehts an open system magma
chamber which was periodically replenished by pulses of
fresh primitive melt from below with concurrent fractiona-
tion at a pressure of approximately 10 kb. The complex
comprises two subchambers, the northwestern and the south-
ern. The northwestern chamber is deeper, wider and repre-
sents the main chamber (conduit). The southern chamber is
shallower, narrower, and represents a higher level of the
magma chamber. The main chamber shows rhythmic layering
marked by olivine and chromite with a main chromitite
horizon at the top of the ultramafic pile.-In the southern
chamber a layered gabbro sequence developed by convection
and gravitational differentiation of a more evolved magma
at a more shallow level after the stabilisation of the
magma chamber.

The parent magma is a low-Ti, high-Mg tholeiitic

J
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magma that was generated from a slightly metasomatised
subcontinental lithosphere having trace element character-

istics similar to continental arc-type lavas.
Genesis of chromite

In discussing the genesis of chromites some of the
features appear to be significant. (i) The chromites
occur as layers 0.5 to 5 cm in thickness which alternate
with olivine-rich layers. (ii) Towards the top of the
ultramafic pile the chromite occurs forming a thick
chromitite layer 300 m wide (iii) Cr # of chromite in-
creases from peridotite chromite to chromitite chronmite
and an opposite behaviour is shown by Mg #. Cr # shows
inverse relationship with Al #. (iv) Fet3increase from -
peridotite chromite to chromitite chromite to troctolite

chromite.

The Cr/(Cr +Al+ Fet+3) ratio of Bondla chromites
increases from peridotite chromite to chromitite chromites
and then decreases further up in the troctolite chromite.
The upward increase in Cr # could be related to enrichment
of Cr+3 in the magma brought about by replenishment in ﬁhe

magma chamber. It could also be related to early clinopy-
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roxene crystallisation which decreases the Cr/(Cr+Al) of
the associated chromites as Cr/Al of clinopyroxene is
higher than that of the melt (Roeder and Reynolds, 1991).
This could also explain the absence of chromites in the
gabbro pile above the troctolites. The absence of chro-
mites in the gabbros in one sehse is comparable to the
stratigraphic gap observed in the Bushveld complex where

no chromites are recorded.

Further upward decrease in Cr # from the chromitite
chromite to troctolite chromite is largely dependent on
the available Cr+3 in the magma. Fisk and Bence (1980)
have shown that the Cr/(Cr+Al+Fet*3) ratio of chromite co-
precipitating with olivine decreases with decreasing
temperature and that this trend may be related to a gradu-
al decrease of Cr+3 in the magma with continued spinel

crystallisation. ' <

A different behaviour is however, shown by Fe+3#.
It increases progressively upwards from peridotite chro-
mite to chromitite chromite to froctolite chromite and
also shows an inverse relationship with Mg #. In general

chromites that crystallise early from basaltic magmas in

130



nature generally have Fet+3 # below 0.15 ( Roeder and
Reynolds, 1991) which is also the case with the Bondla
chromites. The upward increas#ﬁn Fe+3# need be explained.
Roeder and Reynolds (1991) have experimentally shown that
ferric content of chromites increases with increasing fo2.
. The upward increase in Fe+3# ' shown by Bondla chromites
could-be related to increase in fo2 brought about by the
fresh pulse of magma, however, such a conclusion has to be
taken with considerable reservations owing to the altered

nature of the chromites.

Increase in fo2 promotes crystallisation of spinel
at the expense of silicates (Yoder and Tilley ,1962). Hill
and Roeder (1974) have experimentally shown that increase
in fo2 promotes crystallisation of spinel however, Al203
content, Cr/Fe and Mg/R+2 ratio decreases at the same time
as also seen in case of Bondla chromites. The decrease of
Cr # of chromites is slightly affected by falling tempera-
ture because although total Cr content of basaltic melt is
very sensitive to fo the composition of coexisting
chromites is relatively insensitive to fo2 value near and
below that of FMQ buffer (Roeder énd Reynolds, 1991). The

reason being that Cr+3 content of the melt controls the
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chfomite composition and not the total Cr dissolved in the
melt. Experimental studies (Elthon et al.,1982) and petro-
logical investigations (Bodimier, et al.,1§87; Suen and
. Frey, 1987) suggest that under sufficiently high pressure,
pyroxene, olivine and spinel crystallise from basaltic
magma to thg exclusion of plagioclase. Thus Elthoq@t
_al.,(1982) concluded that ultramafic cumulates in the
No;th Arm Mountain massif of the Bay of Island ophiolite
crystallised at pressure of >10 kb. DeBari and Coleman
(1989) reported a thick sequence of ultramafic rocks
overlain by cumulate gabbros from Tonsina, Alaska. They
have a;so been interpreted as high pressure cumulates.
Some analogies with these rocks coﬁld be drawn in explain-
ing the crystallisation of the Bondla rocks. It is tempt-
ing to suggest that the Bondla ultramafic pile with the
chromite layers represent high pressure crystallisation (>
10 kb) of a basaitic'magma. This is supported by experi-
mental observations of Roeder and Reynolds (1991) wherein
they have shown that increasing pressure leads to decrease
in stability of.plagioclase with a consequent increase of
alumina both in the melt and coexisting chromites. Thus
the chemical variation shown by chromites is not due to

solubility of Cr in basaltic melts but it is the effect of
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Al1203 content of the melt and are not direct effects of
pressure on the chromite- melt equilibrium as also shown

by Fugi and Scarfe (1985) and Fallon and Green (1987).
Cyclicity of layering

Cyclicity of layering could be considerably modi-
fied and diversified simply through the blending of batch-
es of liquid of the same parentage at diferrent stages of
- differentiation . Such a process can readily be visualised
as occurring in subvolcanic intrusions and passageways
through eruptive processes whereby fresh magma is repeat-
edly added to residues of earlier liquids that have been

differentiated by partial crystallisation.

The dominant process of layer formation seems to
have been sudden repetitive’changesiin supply of crystal-
lisation products (settled crystals). It is essential,
however, to explain the deposition of a thick chromitite
layer. The petrogenesis of such a monomineralic layer of
chromite remains a debated issue. One explanation is that
the chromitite layer was formed by fractional crystalli-

sation . Irvine and Smith (1969) explain that fractional

133



crystallisation by itself cannot yield a concentrated
deposit of chromite once silicate minerals begin to form ,
but some additional process 1is required .Several hypothe-
sis have been put forth by different workers to explain
the mechanisi for the origin of chromite-rich layers in

stratiform intrusions.

On the basis of silicate inclusions in chromite
from the Bushveld chromites, McDonald (1965) suggested
the existance of a chrome-rich immiscible liquid. This
interpretation was however, criticised by Jackson (1966)
who argued that it 1is unlikely ﬁhat such a liquid would
form in a basic magma. Cameron and DesBorough (1969) and
Ulmer (1969) explaining the chromitites of Bushveld criti-
cal zone suggested that an increase in oxygen fugacity
brought about by the assimilation of wall rocks could be
the responsible factor. Whereas, according to Cameron,
(1977, 1978) tec:onically induced changes in total pres-
sure in the magma chamber could bring about deposition of

chromitite layers of great extent.

Contamination of the parental magma with granite

melt derived from salic roof rocks was proposed by Irvine
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(1975) as a possible mechanism by which chromitites formed
in the Muskox and other intrusions. In the case of Still-
water Complex, Campbell and Turner (1986) opined that
early emplacement of magma brought about extensive melting
of th . floor leading to contamination of the magma which
mixed with the following fresh input of a primitive magma
to form the chromitite layer. Mixing between a relatively
fractionated (evolved silicious) magma with a chromite -
saturated primitive liquid is also suggested by Irvine
(1977) . The variation in chemistry exhibited by the Bondla

chromites is consistent more with the latter possibilty.
Syntering of grains

One of the major problem concerning the origin of
chromitite layers is how chromite cumulate with a calcu-
lated and expertimentaily determined porosity of 30 to 45%
(Jackson, 1961; Cameron and DesBorough, 1969) became
densified to form a massive chromitite with less than
about 10% silicates . Various hypothesis have been pro-
posed to'explain this feature . Cameron and Emerson (1959)
suggested partial melting of cumulus chromite. McDonald

(1967) proposed the existence of chromite rich 1liquid.
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Both possibilities were rejected by Jackson because a
chromite-rich liquid would require a temperature of 1700

to 20000 C.

"Spry (1969) points out that simplest mechanism of
crystal enlargement is by-annealipg or syntering of fine
grained aggregates of strained grains to form a coarse
grained aggregate of unstrained grains. The driving force
for the growth being the lattice strain energy plus grain
boundary enerqgy. By this process polygonal texture can
develop. The syntering process is greatly enhanced by the
presence of a capillary fluid. The presence of a liquid
phase can enhance the rearrangement of the particles in
the aggregate to get the most effective packing and can
produce maximum number of grain boundary contacts. The
weight of the overlying crystal mush can provide the
desired pressure. Thé process in this case is referred to
as pressure syntering. Under thérmodynamic equilibrium
conditions the shape of the grains 1is polygonal with
straight to slightly curved grains boundaries.meeting in
1200 at triple junctions. The development of polygonal
grains with triple junctions in adcumulates such as chromi-

tites was condidered by Voll (1960) to be due to synter-

136



ing. Golding (1975) considers such a mechanism to explain
chromitites in pcdiform chromites from the Coolec ultra-
mafic belt in New South Wales. A similar process 1s con-
sidered by feynolds (1985) to have caused the densifica-
tion of the magnetite layers in the upper zone of . the

Bushveld complex.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

The thesis embodies the results of the field and
laboratory investigations carried out by the author to
study the geological setting, the structural features, the
petrography, the geochemistry, the mineral chemistry and
the petrogenesis of the Bondla mafic-ultramafic complex
from central Goa. The assoclated chromites have also been
investigated with regard to theilr textures and structures,
mineralogy and mineral chemistry. On the basis of these

studies the genesis of chromite has been discussed.

The Bondla mafic-ultramafic complex is exposed over
an area of 60 sg km. It was geologically mapped on 1:25000
scale. The boundaries of the lithological units .and the
major structural features such as the'folds, fracture
zones, shear zones were demcrcated on (1:60000) black and

white aerial photographs and were checked in the field.

The area forms a part of the western Dharwar Craton

- of peninsular India (Nagvi and Rogers, 1987). It is pre-

138



dominantly occupied by the Archaean greenstones which
constitute the Goa-Shimoga schist belt. The lithological
units exposed in the area include metasediments with
interlayered metavolcanics. The former are represented by
quartz-chlorite-sericite-schists with bands of quartzite
and phyllite. The lithounits belong to the Barcem Forma-
| tion of the Goa Group (Gokul et al., 1985) which has been
correlated with the Chitradurga Group of the Dharwar

Supergroup.

The rocks are folded into a NW-SE trending antiform
which is overturned towards SW and is plunging due NW. A
prominent shear zone 20 km long and about 2 km wide tra-
verses the western limb of the fold. Along this zone the

rocks are crushed and mylonitised.

Along the axis of the fold the mafic-ultramafic
complex is intruded. The complex 1is layered and éan be
subdivided into two zones. The Lower Zone consists of
ultramafic rocks represented by layeé? dunite and perido-
tite which alternate with chromite layers. A thick chromi-
tite layer occurs at the top of the Lower Zone. The Upper

Zone comprises gabbros and gabbronorites which grade
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upwards into leucogabbros. A layer of pyroxenite and
troctolite serves as a marker horizon to separate the
Lower Zone from the Upper Zone. The Lower Zone shows well
developed rhythmic layering marked by cumulus olivine and
chrcmite. The Upper Zone exhibits uniform layering. The
ultramafic rocks are best-exposed in the northwestern part
of the area between Nanus and Bondla whereas, the gabbros
are exposed at Bondla and to the southeast at Durgini.
The dunites, the peridotites and the chromitite are meso-
cumulates and heteradcumulates. The pyroxenites show
adcumulate texture. The troctolites and gabbroic rocks

dominantly show orthocumulate texture.

The major element compositions show a subalkaline,
low-Ti, high-Mg tholeiitic magma: type. The evolutionary
trends exhibilted by the different elements can be at-
tributed to progressive differentiation by fractional
crystallisation. The compatible elements show depletion
with differentiation indicating olivine, pyroxene and
spinel controlled fractionation. The LILE and LREE show
enrichment trends that parallel trends shown by FeO and
MnO. The general smooth change in the sﬂape of the pat-

terns 1s consistent with the magma being related to par-
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tial melting of a common source and/or crystal fractiona-
tion. The trend of increasing Ce/Yb ratio with differenti-
ation fits favourably with the crystal fractionation

process.

The chemistry of the silicate minerals also sup-
ports differentiation by fractional crystallisation. The
olivines from troctolites show compositional zoning. The
core Fo is 86.2 and it decreases slightly towards the
rims. The Ca-poor pyroxeneg from the troctolite has a
composition varying between Ca2-4.5Mgg2.5-85.4Fe12.5- 13.1
with Mg #s abouf 0.86 and 0.87. In the overlying gabbros
the Ca-poor pyroxene ranges in composition from
Ca3.gMgg4.0Fe12.1 to Cag.1Mgg2.7Fe13.0 with Mg# about
0.86. The pyroxene becomes iron-rich upsection. It co-
exists with ferrian-pigeonite (Cai15.01Mg15.4Fe69.4) with
Mg # 0.17. The‘latter.represents intercumulus phase. The
Ca-rich pyroxene from peridotite has a composition
Ca43.0Mg50.1Fe6.7 with Mg # ranging from 0.87 to 0.97. In
comparison with this, the Cafrich pyroxene from the
gabbroic rocks has a composition varying between Ca28.8-

i
43.8Mg48.0-44.1Fe23.1-11.9 with Mg #s ranging from 0.33 %o

0.79. Lower Mg #s are shown by intercumulus pyroxene. The
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- cumulus pyroxene is strong'.y zoned with core Mg # varying
from 0.70 to 0.79 and rim Mg # beﬁween 0.40 and 0.46. The
intercumulus pyroxene has core Mg # 0.50 and rim Mg #
0.40. The Mg # decreases upsection. The cumulus plagio-
clase makes its first appearance in the troctolite at the
" top of the ultramafic zone. Here its An content 1is between
Ang7 and Angg. It decreases in the overlying gabbros to
Ang4 and Aneo. The intercﬁmulus plagioclase shows a much

wider variation from An4e to Anis.

The chromite mineralisation is confined to the
Lower Zone ultramafites. It is well exposed at two locali-
tieé, namely Nanus and between Bondla and Poikul. At the
former locality it occurs as layers 1-3 cm thick. The
layers strike N400 and dip by 30-350 due N1300. Between
Bondla and Poikul the chromite occurs as a massive chromi-
tite layer which is more than 300 m wide. At places it can
be traced intermittently over a distance of more than 1

km.

The chromites exhibit a variety of textures such -as
layered, disseminated, massive, micro-reticulate, occluded

silicate, schlieren and myrmekitic. The chromites show
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alteration to ferrit-chromit alohg the borders.

The massive ores from chromitites show maximum
percentage of Cr203 which varies between 51 and 54 wt.%.
The total Fe (FeO) ranges from 30 to 45 wt.%. Cr203
decreases in layered ores in peridotite to about 40 to 45
wt.% with 24 to 25 wt.% total Fe (FeO). Such a behaviour
is characteristic of layered ores. The chromite shows
compositional zoning with Cr # and Fe+3# increasing from
core to rim whereas, Mg # decreases. This compositional
zoning can be attributed to secondary alteration and
development of “ferrit- chromit' (Spangenberg, 1943). All
chromites in general contain more than 0.5 wt.% TiO2 which
is a characteristic feature of stratiform chromites. The
chromites show higher Al203 over MgO which is again a
feature typical of layered chromites. The Cr # and Fe+3#
increase stratigraphically upwards. The increase of the
former is related to enrichment of Cr+3 in the magma
brought about by periodic replenishment. Fe+3 increase
could be either related to increase in fo2 brought about
by replenishment or more likely it is related to the
development of the ‘ﬁerrit-chromit} attendant with altera-

tion.
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In various discrimination diagrams, the Bondla
chromites either plot in the field.of stratiform chromites
or occupy the overlapping fields of stratiform and SE
Alaskan-type complexes. Chromites can be categorised as
early magmatic segregation deposits and belong to Type -

III peridotites of Dick and Bullen (1984).

In the light of field characters, minerology and
mineral chemistry and taking into account the various
theories put forth by earlier workers to explain the
genesis of chromites, a genetic model for the Bondla
chromites has been suggested. The model involves differ-
entiation by crystal fractionation and settling of crys-
tals under the action of gravity. This process was aided
by periodic replenishment and blending of batches of
magma of similar parentage. It has also been suggested
that the main-chromitite layer was formed as a result of
crystal enlargement by annealing and sintering of fine
grained chromites to form coarse grained aggregates. The
driving force for the growth being the lattice strain
ehergy plus the grain boundary energy (Spry, 1969). The
process being enhanced by the presence of capillary

fluids.
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In discussing the petrogenesis of the Bondla mafic-
ultramafic complex it is suggested that the troctolite
(BT2) with Mg # between. 0.73 and 0.74 (MgO - 12.5 wt.%) is
the most primitive parent magma. It has a high Mg # (more
than 0.73), more than 4007 ppm Cr and about 370 ppm Ni
with Si02 between 50 and 51 wt.%. These values lie within

.the range accepted for primitive magmas (Rhodes, 1981).

The sequence of crystallisation olivine, spinel,
Ca-poor pyroxene, Ca-rich pyroxene, plagioclase, and
coexistence of two pyroxenes, both showing exsolution
lamellae indicate that the magma was tholeiitic in compo-
sition. The pyroxenes also show a trend of iron enrichment
and are comparable in some respects with those of Skaerg-
aard (Brown and Vincent, 1963) and.Bushveld (Atkins, 1969)
although their wollastonite content is little higher.
This: could be related to equilibration temperature and

cooling rate.

The sub-alkaline tholeiitic nature of the magma 1is
also supported by an iron enrichment differentiation trend
shown by whole-rock compositions (Irvine and Barégar,

1971). The silica saturated nature of the magma 1is re-
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flected in the quarté normative composition of early
differentiates. The magma originated at mantle depths at
. .about the upper plagioclase stability limit. It can be
modelled as a low-Ti, high-Mg magma which was derived from
a depleted mantle source. This is supported by the lower
‘MgO content, slightly LREE enriched patterns and lower
concentrations éf incompatible elements. The melting may
have taken place under hydrous conditions (Serri, 1981;
Sun and Nesbitt, 1978) at low pressures of less than 10
kb. The heat required to bring about melting could have
been provided by the Archaean rocks of south India which
show higher heat flow values than other shield areas
(Jessop and Lewis, 1978). This is also supported by the
existence of rocks of komatitic chemistry in south Goa
- b, 14799
_ (Dessail and Deshpande, 1979) and in other parts of the
western Dharwér Craton. The geochemical data support a
depleted MORB-type source with érc—like trace element
characteristics. The discriminant diagrams based on HFS
elements are inconclusive. They indicate arc-tholeiite and
MORB and continental tholeiite type of tectonic environ-
ments. It can be surmised that the magma was identical to
a depleted MORB with arc—like trace element characteris-

tics and that it originated in continental environments.
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The stratigraphy and distribution of the layered
rocks - ultramafic rocks with some gabbros showing rhyth-
mic layering in the northwest and gabbroic rocks with a
- better developed cryptic layering in the south indicate
that the complex is made up of two sub-chambers which were
interconnected. The complex was uplifted to its present
position and was emplaced along alfault zone. Subsequent
tilting towards SE and erosion has exposed a deeper ultra-
mafic part in the northwest and a shallower gabbroic part
in the south. The rhythmic layering and reversals in the
cryptic variation shown particulariy by chromites of the
ultramafic zone can be explained as due to periodic re-
plenishment of the magma chamber by more primitive geneti-
cally related magma from a deeper source. The Bondla magma
was hydrous in nature due to which.olivine—rich rocks
formed during the early stages of crystalization driving
the- magma to silica'saturation which stabilized Ca-poor
pyroxene. The separation of anhydrous minerals led to
increase of water content in the ﬁelt stabilising anort-
hitic plagioclase which is the dominant constituent of the
Upper‘Zone. The water content may have been less than 3
wt.% as indicated by the absence of amphibole. The tecton-

ic conditions in the initial stages may have been unstable
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and resulted in periodic flooding of thea magmaichamber
with fresh supplies of more primitive magma. During this‘
stage of magmatic integration the ultramafic pile with
chromite layers was formed. Towards the close of the magma
integration. stage, magma replenishment occurred that gave

rise to the main chromitite layer.

Further differentiation occurred by crystal frac-
tionation and gravity settling with more regular cryptic
layering, by crystallisation of the more evolved resident
magma. This is better seen in the south sub~—chamber; The
lower MgO content and the greater concentration of LREE
in these rocks than those of the northwestern sub-chamber
indicate more evolved nature of the magma and its crystal-

‘lisation at lower temperatures, and at shallower depths.

The crystallisation in the northwestern sub-chamber
may have taken place at about 10 kb. In the south sub-
chamber the pressﬁre was still lower as indicated by the
presence of plagioclase (Kushiro and Yoeder, 1966; Green
and Hibberson, 1970). Lower pressﬁre is also supported by
the lower content of potash feldspar in plagioclase. The

Bondla magma may have been derived from a slightly metaso-
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matised sub-continental lithosphere. The magma evolved
from a primitive parental basalt with trace element char-
acteristics typical of continental arcs. The Bondla intru-
sion provides a good example of an advancing, periodically
replenished magma chamber (O'Hara, 1977) in the deep lower

crustal environments.
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PLATE I

Photo 1 : Bondla mafic-ultramafic complex seen from

Tisk-Usgaon Road, (looking east).

Photo 2 : Silicification and brecciation seen between

Tisk and Usgaon, to the east of the road.



PLATE 1




PLATE 11

Photo 1 : Pinching and swelling quartz veins in the
zone of mylonite seen between Tisk and
Usgaon, 0.5 km east of the road.

Photo 2 : Thin chromite layers alternating with thick
olivine-rich layers.
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PHOTO |
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PLATE 1III

Photo 1 : Pulverised rocks from the zone of mylonite.
(BN

Photo 2 : Sericite-and quartz-rich bands seen in
mylonite. (B%N)
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PHOTO 2
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Plate

Photo 2

1

PLATE 1V

Olivine (serpentinised) mesocumulate from
dunite. (BXN)

Alternating chromite and olivine-rich layers
in peridotite.



PLATE IV

PHOTO 2




PLATE V

Photo 1 : Preferred alignment of olivine (serpentinised)
within the plane of layering of peridotite.
(B%XN)

Photo 2 : Oikocrysts of Ca-poor pyroxene poikilitically
enclosing rounded olivine and chromite.

(Bxw)



PLATE V




PLATE VI

Photo 1 : Vermicular silicates (pseudomorphs of
serpentine after olivine) poikilitically
enclosed by chromite in chromitite.

(BxN)
Photo 2

Mosaic of subhedral chromite with rounded
silicates forming ring texture in chromitite.



PLATE VI
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PLATE VII

Photo 1 : Exsolutions of rutile in clinopyroxene from
pyroxenite.(BxN)

Photo 2 : Rutile exsolutions at an angle to the
clinopyroxene cleavage.



PLATE VI
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PHOTO 1
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PLATE VIII

Photo 1 : Orthocumulate texture of troctolite.
‘ Plagioclase exhibit wuniform core and
zoned borders.(BXN)

Photo 2 : Mesocumulate texture in gabbronorite.
Plagioclase show marginal zoning due
to post-cumulus growth. (BxXN)



PLATE VIl

150 M

PHOTO f{

150 M
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Photo 1

Photo 2

PLATE IX

Exsolutions of clinopyroxehe in Ca-poor
pyroxene. (BXN)

Exsolution belbs of pigeonite and fine
exsolution lamallae of hypersthene

clinopyroxene. (BXN)

in



- PLATE IX

PHOTO {

PHOTO 2 | !
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PLATE X

Photo 1 : Reticulate texture exhibited by layered
chromites.

Photo 2 : Aggregates of chromite with cuniform
interstices occupied by serpentinised
olivine.
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PHOTO{
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PLATE XI

Photo 1 : Pitted surface of chromite from chromitite.

Photo 2 : Exsolutions of ilmenite in chromite.



- A i i S e o .
..

—— . —

/ . Y f. N :;\-, ~ v
; N l‘ ! & 3 ‘ ' B
. ‘{‘ ”‘ . .\ " /I ) L TR * N | T oa
| ,'L i il Ll 8 y ‘t k ) )
¢ i .‘“"‘b IR ' ; A\
o \ i, . v % . { L
gf - [ K ~
;” o “ . i«‘ B e N N
sl R f -



PLATE XII

Photo 1 : Fibrous chlorite replacing chromite
perpendicular to the layer.(BxN)

Photo 2 : Rounded islands of serpentinised olivine in
a ring of chromite grains.
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Photo 1

Photo 2

PLATE XIII

N
Megacrysts of euhedral pyrite shwoing
compositional zoning. s

Intergrowth of pyrite-II1 and pentlandite
(pyrite-light grey, pentlandite darker
grey). ‘



PLATE XIli
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PLATE XIV

Photo 1 : Exsolutions of pentlandite (light grey) in
pyrrhotite (medium grey).

Photo 2 : Euhedral crystal of Co-gersdorjfffite (light
grey) intergrown with pyrite/(medium grey)



PLATE XIV
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