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DR.B.P. RADHAKRISHNA--AN APPRECIATION

Dr. Bangalore Puttaiya Radhakrishna 1is among the 1leading
contributors who have profoundly influenced the field of
Precambrian geology of India. In the more than five decades of his
career, one finds in him a rare and venerable blend of the
different and successive aspects of basic research and its
application to societal needs of teaching and of the guidance and
promotion of research and developmental activities. The
manifoldness of his contribution may be realised from the fact
that any one of these activities could occupy a full 1lifetime

work.

During his early career he worked actively with Sri B. Rama Rao
and Prof. C.8. Pichamuthu, two stalwarts of the Archaean geology
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of 1India; it was thus natural that he started with detailed field
mapping of the complex geology of the Dharwar region and made
significant contributions +to our knowledge and understanding of
the Archaean dgeology of South India. Among his pioneering works
are studies of the origin of Closepet Granite, a Late-Archaean
potassium-rich granite which he proved to «consist of multiple
intrusives of several varieties rather than a single body, and of
the Dharwar schistose rock formations. His other important
contributions are a revision of Dharwar stratigraphy, recognition
of older and younger greenstone belts in the Dharwar Craton,
revival of the concept of polyphase Peninsular gneisses being
basement for the younger Dharwar Schist belts and studies of the
crustal evolution and mineralization episodes in the Precambrian
of India. He has championed the concept of a Proterozoic mobile
belt around the stable cratonic nuclei of Dharwar, Bhandara and
Bundelkahnd. His keen interest in and fascination for the variety
and grandeur of the landforms of scenic Mysore led him to a
geo-tectonic study of the plateau, wherein he established
intermittent wuplift of the Peninsular region since the Jurassic.
From the drainage pattern on its eastern and western parts, he
showed clearly that vertical block movements have taken place
during Tertiary and Recent times. Dr.Radhakrishna was among the
first to have recognised the =significance of well-preserved
Archaean terrains, such as in the South Indian shield, and to
build up and test models of crust formation since the earliest
geological eras. It is largely owing to his relentless efforts and
encouragement that today the Peninsular shield of 1India is
considered as one of the best-studied Precambrian terrains of the
world. For his academic contributions, the Geological Society of

India awarded him The Mysore Geologists Association's Gold Medal.

Dr. Radhakrishna believes that among the main tasks of a
geologist 1is to find resources for the various needs of mankind
and hence, during the course of his professional career his major
interest was naturally directed towards the exploration and
exploitation of the mineral and groundwater resources of
Karnataka. Owing to his deep commitment to the nation's economic
growth, he was entrusted with the additional responsibility of
being Managing Director of the Board of Mineral Development of the
Karnataka and Chitradurga Copper Corporation. He was responsible

for starting several state mining ventures to exploit chromite,
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iron, manganese, copper, bauxite and clay deposits. It is a
measure o0f his contribution that today Dr.Radhakrishna's name |is
associated with almost every mineral industry in Karnataka. 1In
tune with the scales of the socio-economic structure of India and
his belief 1in the philosophy that °Small is Beautiful', he has
been able successfully to guide profitable exploitation by small-
scale mining. He explored and reopened base-metal deposits at
Chitradurga and within a year a plant with a capacity of 250

tonnes per day was commissioned.

Although making drinking water available to all its population
has been adopted as the major mission of technology in India since
1986, it was Dr. Radhakrishna's foresight that created a ground-
-water «cell 1in the Department of Mines and Geology of the
Karnataka state as early as 1964. This cell has been playing a key
role in harnessing the groundwater resources in this region. His
emphasis on investigations of deep fissures and fractures within
the «crystalline complexes as sources of groundwater paid rich
dividends and established this approach as a standard practice for
surveys in hard-rock terrains. 1If today drinking water is
available in most of the villages in Karnataka State, this is
thanks to the vision, commitment and pioneering lead given by Dr.
Radhakrishna. For his contributions to the mineral industry, he
was honoured with the National Mineral Award and also the state

award of Rajyothsava Prashasti.

He was among the first in the country to recognise the crucial
role which geophysics and geochemistry play 1in deepening our
understanding of the geological processes and manifestations. 1
had first-hand experience of how he actively supported geophysical
mapping when the National Geophysical Research Institute developed
the first 1indigenous capabilities for airborne magnetometer
investigations by his sponsoring of surveys over some of the
mineralized segments of the western Dharwar province in Karnataka.
The extensive geochemical and geochronological coverage of the
Dharwar Craton by the National Geophysical Research Institute and
scientists of other organizations 1in 1India has been always

encouraged and supported by him.

Dr. Radhakrishna has enthused, moulded and guided more than one
generation of Indian geologists in undertaking investigations

associated with the Dharwar terrane. Almost every Indian and
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foreign scientist who has taken interest 1in working on the
Precambrian rocks of 1India, especially those of the Dharwar
Craton, has had the benefit of his valuable insights and advice.
He has led a number of promising young workers to the frontiers of
Precambrian geology and provided them with all possible academic
help.

Dr. Radhakrishna has repeatedly focussed attention on the
outstanding problems of the Precambrian terranes of India and has
promoted international collaborative efforts to solve the funda-
mental problems connected with Archaean crustal evolution. Indeed
he may be considered as one of the leading earth-science promotors
in the world. This comes to him naturally because of his
conspicuously gquiet and selfless dedication to the cause of
geological study. As one of the founders of the Geological Society
of India, he first laid down a strong foundation as its Secretary
and later took over the editing of its Journal in the year 1968.
He has been carrying out this responsibility with meticulous care
and has sustained it over a remarkably long period. Soon, the
Journal, which was being published twice a year, became a quar-
terly and then a monthly. In fact, it is the only earth-science
journal from India to have found a place amongst the inter-
nationally recognized earth-science publications and the esteem
that it enjoys today in the earth-science community all over the
world 1is entirely due to his ceaseless efforts. He has been the
moving spirit behind and instrumental in bringing out twelve spe-
cial memoirs of the Geological Society of India, which focus on
studies of specific and main aspects of lndian geology. In this
series, some of the major geological and tectonic units, such as
the Deccan Traps, Aravalli, the Precambrian rocks of Eastern and
Southern 1India, etc., have been taken up as the theme, and these
volumes contain extremely valuable state-of-art reference material
for researchers all over the world. The new information and in-
sight contained therein about the various rock units of the Indian
continental 1lithosphere are indeed much needed in synthesizing
global views of the geological processes. The community of earth
scientists owes a 1lot to Dr. Radhakrishna for this valuable
service. It 1is measure of his selfless service to the cause of
geological studies and it finds expression in his own words:'No
other work has given me greater satisfaction and sense of fulfill-

ment than the work I have been able to do for the society'.



ix

Dr. Radhakrishna has over a hundred papers published in various
journals to his credit. 1In recognition of his scientific
contribution and the role he has played in the dissemination of
knowledge, the Geological Society of London has conferred upon him
an Honorary Fellowship. He has been elected Fellow of many other
learned societies, including the Indian Academy of Sciences and

the Indian National Science Academy.

Dr. Radhakrishna's interests go beyond geology, into the fields
of ancient metallurgy in India, philosophy, Karnatak music, etc. A
saintly person with a total Gandhian approach, he radiates an aura
of distinguished scholarship coupled with exceptional simplicity.
He is a true Karmayogi in the sense of Bhagwat Gita, indeed a

saintly intellectual among worldly people.

It has been a privilege to know Dr. Radhakrishna and a pleasure
to work with him on several projects of mutual interest. He has
been a guide, friend and philosopher to me during my efforts in
applying and refining wvarious geophysical and geochemical
techniques to delineate the structure and dynamics of the crust
and 1lithosphere below the Indian sub-continent, while orienting
the National Geophysical Research Institute for this purpose. It
is immensely gratifying to see that this volume is being brought
out by earth scientists from all over the world to commemorate the
70th birthday of one of the leading lights of our branch of
science and I join them in wishing him "jivem shradha satat"; many

more years of creative endeavour and satisfaction.

April, 1989 Hari Narain
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PREFACE

During the past two years, the compilation and preparation of
this volume to commemorate the seventieth birthday of Dr.B.P.
Radhakrishna, my mentor, has been the greatest pleasure and
satisfying work for me. Dr.Radhakrishna has contributed immensely
to the understanding of Precambrian rocks during the last forty
years. He has explored and mapped these rocks and provided a basic
framework of knowledge on which his students could work with more
sophisticated tools. It was the great desire of his students,
friends, co-workers and admirers that a volume in his honour
should be brought out to mark his selfless and dedicated service
to the field of the earth sciences. Through his work and efforts,
the Dharwar Craton of India 1is now as well known to earth
scientists as those of Swaziland or Pilbara. Dr.Radhakrishna has
devoted his entire 1life +to the study of Precambrian rocks;
therefore, it is befitting that the present volume is devoted to
studies related ¢to the Precambrian continental crust and 1its

economic resources.

Since 1964, the time when the Upper Mantle Project was started,
the Precambrian continental crust has been studied in considerable
detail in many areas. Multidisciplinary studies with modern tools
and technigues have been used at increasing levels of accuracy.
The Precambrian continental crust has been subjected to several
thermal events and multiple episodes of deformation. These events
have obliterated the scenario produced by early events and
present-day efforts are directed to evaluating the cause-effect
processes of each event. How far back the known geological
processes of the Phanerozoic can be extended into the Precambrian
is one of the main guestions before us. The present volume
provides some more data and interpretations towards finding the

answer to some of these guestions.

The book contains 30 contributions resulting from researches on
almost all the important Precambrian terranes. They are
distributed in five chapters, namely, (1)} Concepts and Models, (2}
Archaean Cratons and Shields, (3) Precambrian Mobile Belts, (4}
Proterozoic Basins, Rifts and the Himalaya, and (5) Economic
Resources. Our aim has been to present a high-gquality scientific

book befitting the occasion of the seventieth birthday of Dr.B.P.
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Radhakrishna. I am happy that most of papers included here provide
new data and information. Due to limitations on the size of the
book, some papers were drastically reduced in length and some

could not be included.

I am extremely grateful to the contributors from all over the
world for their spontaneous response and cooperation in bringing
out this volume in its present form. I am deeply indebted to Dr.
Hari Narain for his guidance and advice at each and every step
during the progress of the book. I wish to express my gratitude to
Prof. B. Chadwick, Prof. R.M, Shakelton, Prof. K.C. Condie, Prof.
K. Naha, Prof. R.K. Verma, Prof. A.B. Roy, Prof. R.S. Sharma,
Prof. Richard W. Ojakangas, Prof. J.A. Donaldson, Prof. A.K. Saha,
Prof. A.S. Janardhan, Prof. S.K. Sen, Dr. R. Srinivasan, Dr.U.
Raval, Dr.M. Ramakrishnan, Dr. K. Gopalan, Dr.A.G. Menon and other
friends for critically reviewing the manuscripts. 1 am thankful to
Prof. V.K. Gaur, Director, NGRI for providing facilities and
permitting me to bring out this volume. Camera-ready copy of the
manuscripts has been prepared by K.V. Anjaiah and Mrs. Nancy
Rajan. I am immensely indebted to Dr.R. Srinivasan and Dr.S.
Nirmal Charan, without whose help and persistent efforts it would
not have been possible to publish this velume in 1its present
form. Dr. S.M. Hussain, Dr. Y.J. Bhaskara Rao and Mr. B. Udai Raj
have assisted 1in wvarious ways 1in the preparation of the
manuscript. Students, co-workers and admirers of Dr. Radhakrishna
express their profound thanks to the editor-in-chief, Prof. Brian
F. Windley and the publishers of the Elsevier book series on
Developments in Precambrian Geology, for recommending and

publishing this volume.

S.M.Nagvi
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REFLECTIONS ON THE ARCHAEAN

W.S. FYFE

ABSTRACT

Understanding the history of Earth involves the understanding
of all energy sources and heat transport processes. The early hot
Earth models appear to be well established and geology appears to
support models of a high degree of early turbulence. It is clear
that the surface environment and atmospheric composition has been

moderated by life processes throughout all Earth history.
INTRODUCTION

As earth sclientists, we have several major roles to play in
human society. We must describe the materials which form the
accessible regions of the planet and provide those materials which
man heeds for his changing technologies. We must understand the
way the environment for life works, how it changes slowly or
catastrophically, 1its sensitivity. 8uch data and the records of
recent change, must provide the data needed for intelligent
management and sustainable development. But we also have the even
greater philosophical task of understanding how our planet has
evolved over its entire history and how this evolution has
influenced the development of life itself. It is this knowledge
that perhaps teaches us about the sensitivity and limits of our
planet and is needed to teach us how we must respect the system
which allowed our development. This realization is behind the
magnificent opening statement of the recent Bruntland report
(1987).

"In the middle of the 20th century, we saw our planet from
space for the first time. Historians may eventually £find that
this wvision had a greater impact on thought than did the
Copernican revolution of the 16th century, which upset the human
self-image by revealing that the Earth is not the centre of the
universe. From space, we see a small and fragile ball dominated
not by human activity and edifice but by a pattern of clouds,

oceans, greenery, and soils. Humanity's inability to fit its



dolngs into that pattern 1s changing planetary systems,
fundamentally. Many such changes are accompanied by
life-threatening hazards. This new reality, from which there is

no escape, must be recognized - and managed".

Today, we have truly amazing powers of observation. From
space, we can see our planet and observe processes as never
before. But we can also see other planets in our solar system. I
have no doubt that the results which will come from the soon to be
launched mission to Mars will be simply fantastic (McKenna-Lawlor,
1988). Observations from this greater sample of planets has

already had a vast impact on our models of Earth.

While we can observe on large scales, our powers of observation
on the microscale have also increased to the point that we can
study most earth processes at the atomic-molecular level. And
with the power of the modern computer, the new developments in
geophysics, seismic tomography (Dziewonski and Woodhouse, 1987),
deep electric sounding and the like, now allow us to study 'real

time" geology as never before.

In building models of evolution of our planet, we have much
higher constraints and we must never forget that the understanding
of the present processes must lead us to better wunderstand the
processes of the past, such a philosophy was beautifully stated by
Lyell in 1872.

"Geology 1is the science which investigates the successive
changes that have taken place in organic and inorganic kingdoms of
nature. By those researches into the state of the earth and its
inhabitants at former periods, we require a more perfect knowledge
of its present condition, and more comprehensive views concerning

the laws now governing its animate and inanimate productions."
FORCING

Perhaps all change in a system is related to changes in the
power supply of the system under study. Our colleagues in Physics

might tend to use the word forcing, the measurable and deter-

minable influences that lead to motions. For the Earth there are
two major forcing processes. We must understand the history of
the 8un and the 8un-Earth orbital history. We still know

remarkably 1little about this topic but as our Sun has evolved it

is certain that the fluxes of radiation and particles have not



remained constant. For example, it is possible that the early Sun
provided less radiation in the visible but much more radiation in

the ultraviolet region of the spectrum (see Holland, 1984).

The other great forcing process comes from the energy sources
of the interior of the Earth. Today we consider that most of this
energy comes from the decay of the radionuclides of U-Th-K. There
is also the potential source of energy from the latent heat of
crystallization of the 1liquid outer core which must tend to
thermostat the temperature of the core-mantle boundary (cf. an
ice-liquid water system at 0° C). And in the past a vast enerqgy
source came from the energy of gravitational accumulation of the
planet, separation of the core, and other highly variable energy
sources from more frequent meteorite, and comet, collisions.
Studies from other planets and particularly the Moon and Mars have
shown us that the outer layers of planets passed through a largely
molten state, confirming the ideas that Francis Birch of Harvard

proposed in his famous paper of 1965.

Ultimately, it 1is the understanding of change in the power
sources and the cooling mechanisms that are required to understand

the record in the ancient fragments we study in the Archaean.
THE COOLING PROCESS AT PRESENT

Any hot object cools by two dominant processes, heat conduction
through the material and convection inveolving coupled mass and
heat transport. From the study of convection, we know that
convective transport 1is related to two main parameters of a
system, the scale (mass-thickness, etc.}) and the temperature
gradient (see Turcotte and Schubert, 1982; Elder, 1968, 1987).
Convection can be described by two main parameters, the adiabatic
gradient and the Rayleigh number. The adiabatic gradient sets the
limit; if it 1is not exceeded, there will be no convection. If
exceeded, the Rayleigh number will tell us about the vigour of
convection. The parameters of the Rayleigh number tell wus that
size and grad T are of enormous importance. In fact, huge T
gradients are quite impossible in a system like Earth because
vigorous convection will simply sweep the energy to the surface
too rapidly. Convection depends on scale or thickness to a power
function in the range 3-5, depending on the distribution of heat

sources.



1f a body Is convecting, the surface temperature gradients will
indicate the vigour and patterns of convection. The near surface
gradients will be irregular. For the modern Earth, these patterns
are now clear. We have giant convection cells which sweep energy
into the ocean ridge systems where heat flow 1is high. The
descending cells are associated with the great trench systems and
low heat flow regions. Such patterns are reflected in the records

of volcanism and metamorphic patterns.

On the modern Earth we see other patterns of heat-mass
transport. We have the hot spot regions (e.g. the Hawaiian
Islands) which represent turbulence or noise superposed on the
overall large systems. These appear to have deep source regions
and some believe that processes near the core-mantle boundary are
of great significance (Courtillot and Besse, 1987). There is also
subduction related volcanism where the deep injection of HZO into
warm overlying mantle lowers the mantle viscosity (water-weakening
in rock volcanics) and leads to mantle convection. Hot spots and
the subduction related processes account for about 10% of the
overall convective transport of energy with about 90% being

focussed on the ridges.

For the present Earth, heat is removed almost equally by
conduction through the 1lithosphere and convection 1into highly
focussed volcanic belts. We know that as the Earth cools (cf.the
Moon or Mars) eventually conduction will dominate. For the early

more energetic Earth, convection must have dominated.

Over the past two decades we have discovered another nmost
important process involved in the coollng mechanisms of Earth.
The major convective processes move hot materials (plumes) to the
near surface. Pressure release on the viscous rising plumes can
lead to melting and rapid melt separation (Turcotte and Schubert,
1982). The typical surface product is basalt, the 1low melting
fraction of typical mantle. This material and 1its derivatives
form the new crust at a truly remarkable rate (100 Ma + to form
over 60% of the planet's surface). Most of the process occurs in
submarine environments and as cool basalt liquid (density 2.7)
crystallizes to solid (density 3.0) a porous cracked medium must
result and if water is present, fluid convection must occur and
carry away the heat. S8Straus and Schubert (1977) showed that the

adiabatic gradient for convection in porous medium is very low



(about IOC/km) and such convection can occur in almost all perme-
able crust. Thus a large part of the ridge cooling 1is water
cooling. At ridges this produces about 100 km3 of hot sea water
annually or it processes the entire ocean mass in a few million
years. It is a process of fundamental importance to heat
transport, ore genesis and even the nutrient supply to the oceanic
biosphere. 1In ridge environments almost half the heat introduced
is passed on to the hydrosphere. The same processes will cool any
high 1level volcanic rock (or intrusive) which invades the hydro-
sphere or deep groundwater systems. We now know that deep fluid
convection occurs in all ocean floor systems (even sub-sediment)
which have been studied. And now, the same deep cells are being
found on the continents and involve deep groundwater flow. We
live on a water cooled planet! Perhaps as much as half the

internal energy is carried to the surface by water circulation.
RECYCLING

There have been other fundamental observations very recently.
Gilluly (1971) suggested that sediments must be recycled into the
mantle. He was concerned with the lack of sediments in relation
to known erosion rates. There has been a 1long debate as to

whether or not sediments are subducted on a significant scale.

Molnar and Gray (1979) looked at the pure physics of convective
dragging and subduction of continental material. They concluded
that if thin continental crust was coupled to its mantle, physics
did not preclude subduction. Fyfe (1982) was impressed by the

lack of pelagic sediment equivalents in blue schist terraines.

But there 1is nothing like observation! First studies of the
lithosphere while it bends into trenches showed the formation of
massive horst and graben structures with sediments trapped in the
grabens. Such observations 1led to the Hilde-Uyeda (1983)
"buzz-saw" model of subduction. Such structures are common in all

trench environments as revealed by side-scan sonar techniques.

The very recent observations in the Japan trench, the Kaiko
project, have finally settled all arguments (Lallemont et al.,
1986). In this trench system almost all deep sea sediments are
carried back towards the mantle (how far we know not). Even Japan
is being tectonically eroded (Uyeda, 1983). And finally, studies

of the systematics of short lived 1OBe in andesites is revealing



that much of the marine surface must be recycled (Carnegie
Institution, 1986). Continents are not just created - they can be

destroyed as suggested long ago by Gilbert (1893).

Such modern observations must be built into our models of the
past. We must consider the types of cooling processes, the
possibilities of massive recycling. We also know that modern
plate tectonics is related to the formation of most of our

resources from metals to soils.

EARLY COOLING PROCESSES

Present models of rapid planetary accretion imply that at an
early stage in the history of our planet, the combined influences
of gravitational heating and the presence of a range of short
lived 1isotopes, must have liberated enough energy to cause a high
degree of melting. Magma oceans could have surrounded the early
Earth. Core formation would be fast. 1In such an Earth the
combined operation of the thickness and grad T terms of the
Rayleigh number would have led to very vigorous convection and
most of the early heat would have been dissipated by rapid

overturn of the surface.

For Earth, with a partially molten outer shell, atmospheric
gases and in particular H,0-C0, (with traces of HCl-HF, Ny, Ar)
would have been at much higher levels than today. The excess
energy from Earth sources would have been rapidly radiated into

space through a hot Venus-type atmosphere.

Why have we not continued in the Venus model? The problem |is
extremely complex and as yet not really understood (Kasting et
al., 1988; Broecker, 1985). It is even possible that much of our
volaliles were accumulated late by comet collisions. But it |is
certain that the carbon dioxide cycle which regulates our present
system (at least before man chose to burn fossil carbon) is a

complex interactive geosphere-biosphere system.
THE FIRST RAIN

Given a high water content in the early atmosphere, rain would
begin to fall well above 100°C. But with the beginning of
precipitation solid crust of multi-km thickness would form rapidly
over the entire globe. The first crust could well have had almost
mantle composition. The acid gases and CO, in the atmosphere

would be rapidly cleaned out by salt-carbonate equilibria but CO,



levels would have been much higher. The solid crust would form on

liquid upper mantle and be almost synchronously subducted.

As the instant liquid water cooling of the surface acts new
chemical separation processes would occur rapidly. Even with a
thin mafic crust, silica stripping would be rapid and cover the
protoplanet with chert. We know that at present the rate of 5102
transport associated with ridge cooling is massive (see Fyfe and
Lonsdale, 1981). Pre-4 billion, this rate would have been at
least an order of magnitude faster. At this stage a serpentine,
peridotite, chert crust would float; the chance of preservation of
light materials becomes possible. The salt solutions contained in
the proto oceans would also cause interesting new phases to form,
phases like hornblende and phlogopite. Mixing the silica and the
new array of minerals with volatiles into the still liquid upper
mantle would rapidly begin to produce new types of magmas, even
those like tonalite. Once a light siliceous, hydrated outer shell
formed dense mantle magmas would underplate such crust and float-
ing of plagioclase could produce a massive anorthositic underplate
as with the moon. What must be stressed is that water cooling
plus density selection of magmas would produce a complex crust and

lithosphere rapidly.

At a previous meeting on the formation of continental crust
(Fyfe, 1980) I raised the question as to how fast a magma ocean
covered with a 1light partly anorthositic crust would solidify
totally. I still think that this question is not well answered.
The eruption of komatiites throughout the entire Archaean period
indicates much higher temperatures in the mantle and more
turbulence than at present. Given such temperatures and higher
Rayleigh numbers, convection would be more chaotic or turbulent.
It is interesting to speculate that the Archaean-Proterozoic break
might well represent the time when the presence of mantle melts on
a large scale ceased. A small drop in the temperature gradient
and increase in lithospheric thickness and viscosity would have a
very large influence on convective style. Even more recently it
has been suggested (Hale, 1987) that the state of the core may
have had an influence on this situation with the initiation of

core crystallization adding a deep internal control on the system.
LIFE

It is now clear that evidence is present for the existence of



microorganisms to the limit of the geologlic record. 1It is also
clear that there was probably a complex array of microorganisms
(Walsh and Lowe 1985). The interactions of life and the environ-
ment has recently been reviewed by Veizer (1987) and Holland
(1984).

We know well, that for the present Earth the biomass has an
enormous influence on our atmosphere and agquatic environments. We
also know that sedimentary environments are highly variable on
many scales (e.g. the floor of the Black Sea or the Pacific Ocean,
oxygen rich and anoxic lakes, etc.). There are bacteria (Segerer,
et al., 1985) which can modify their biosynthetic pathways to cope

with drastic change in the local environment.

Given more volcanism on the early Earth, more black smokers,
etc., and more rapid fluctuations, and possibly dramatic
differences in atmospheric «circulation patterns (were there
features 1like the Himalayas?), one might expect great 1local
variability. The feature which impresses me, is that overall,
while there may be differences in scale, the array of early Earth
materials is not very different from that of the present
(Bridgwater and Fyfe, 1974). The high degree of instability in the
early Earth may easily account for the dominance of the most
robust simple systems of 1life, the microorganisms. As more
refined data and more extensive observations are produced the
evidence for similarity tends to increase and now it seems for
example, that the world's greatest iron formation (T. Krogh, N.
Muchado, D. Lindenmayer, pers. comm., 1988) of Carajas, Brazil,
may be Archaean and not Proterozoic and such deposits may be
biological (Holm, 1987).

THE ARCHAEAN AND ORE DEPOSITS

Those of us who work or live on continents tend to think of the
Archaean crust as being very rich in mineral deposits, But on
reflection it becomes clear that this is hardly true. By far the
bulk of materials needed by man are derived from much younger
rocks. In part this is simply a question of the available
preserved sample of rocks of different ages. But I think that
more fundamentally it reflects the change in the varieties of
environments which have led to a much greater degree of geochemi-

cal variation in the present.



If the early crust of the Earth was dominantly submarine,
sedimentary processes would be less important. If early volcanism
was dominantly mafic to ultramafic, and submarine, only a limited

array of processes and hydrothermal solutions were available.

The Archaean was a superb time for the formation of massive
sulphides (Cu, Zn) but while the frequency is high the scale |is
small compared to the modern plutonic-sedimentary environments
(cf. modern ocean ridges and the porphyry copper environment and
the dolomite-Pb-ZIn-Ag connection). Metamorphic gradients were
highly suitable for lode gold (Fyfe, 1986) but not for alluvial or
lateritic deposits. There were no great carbon deposits and
little tin or wuranium {(there was simply too much23%U to allow
concentration on some of the modern scales). On modern Earth
there tends to be a micro-environment capable of concentrating
almost any element. The Archaean was simply too turbulent and

fluids were dominated by seawater.
CONCLUSION

Some years ago Hargraves (1976) and Fyfe (1978) discussed the
possibility of an early globe covered with light hydrated and
siliceous materials. Given more chaotic convection patterns, a
necessity of the early energetics, a global hot spot model was
suggested to explain the structure of the preserved sample.
Perhaps it 1is still a model with some merit. There 1is 1little
doubt that the Earth was hotter and convection must have been more
turbulent. Hargraves' (1986) suggestion of a higher frequency of
eruptive sites with essentially a mini-plate model of the early

Earth perhaps summarizes much of the present thought.

It is great pleasure to contribute to this volume in honour of
the great Indian Earth Scientist, Dr.B.P.Radhakrishna who devoted
s0 much of his life to the study of the ancient rocks of India.
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THE NATURE OF THE ORTHOPYROXENE ISOGRAD IN PRECAMBRIAN HIGH-GRADE
TERRAINS

ROBERT C. NEWTON

ABSTRACT

The principal modes of generation of orthopyroxene in the
ancient granulite facies terrains correspond to the several ways

of large-scale crustal desiccation:

1. Pre-metamorphic drying. The heat of shallow rift-graben
plutons preconditioned the Adirondack terrain of New York to very
dry metamorphism during subsequent orogenesis. Much of the
orthopyroxene is of relict igneous origin. Metamorphic
orthopyroxene is sparse, the orthopyroxene isograd poorly defined,

and the terrain predominantly non-charnockitic.

2. High-pressure subsolidus dehydration. Reduction of H,0
activity by infiltration of Coz—rlch fluids during late Archaean

metamorphism of southern India generated a well-defined
orthopyroxene isograd by breakdown of hornblende in felsic
gneisses. 002 action was first concentrated in deformational

channelways, which later coalesced to produce massive charnockite
as a wave of fluids rose in the crust. Anatectic melting occurred
at high crustal levels of the amphibolite facies but was inhibited
by low H,0 pressures in the granulite zone. Large-scale fluid
transfer accomplished Rb depletion, K-metasomatism and high
oxidation states and left ubiquitous high-density COz—rich fluid

inclusions in granulites.

3. Anatectic desiccation. Absorption of H,0 into anatectic

melts caused biotite breakdown to orthopyroxene in the Namaqualand

terrain of South Africa. Orthopyroxene in acid gneiss is patchily
distributed; a discrete isograd has not been identified. Shear
localization of leucosomes suggests that low—P(HZO) fluids

initially triggered partial melting. The granitic liquid was not
extensive enough to segregate but eventually froze 1in place,
releasing the H,0. Rehydration of orthopyroxene was incomplete,

perhaps for kinetic reasons.
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Regional orthopyroxene isograd relations may also be those of
retrogression, as in the Limpopo Belt of southern Africa, where a
fossil horizon exists of rehydration to ferromagnesian amphibole.
The widespread presence of orthoamphibole in acid gneisses
probably records the former extent of orthopyroxene development

during the prograde cycle.

More than one of the above processes may have operated on a
given terrain to influence the resulting patterns of orthopyroxene

distribution, and their combined effects may be difficult to

decipher. In particular, siliceous melts and low- H,0 fluids may
have commonly cooperated 1in wvarious ways, as yet poorly
understood, in producing the Precambrian granulite facies
terrains.

INTRODUCTION

Importance of granulite facies terrains

Regionally distributed granulite facies rocks record processes
which operated on extensive areas of the deep continental crust.
It has been suggested that the typical lower crust is closely
similar to the large Precambrian granulite facies terrains, such
as the Adirondack Highlands (Sack,1980), Enderby Land, Antarctica
(Ellis, 1980), and the Pikwitonei Domain of the Superior Province
in Manitoba (Fountain and Salisbury, 1981). Orthopyroxene- and
garnet-bearing intermediate rocks have densities and seismic
velocities suitable for lower crustal rocks, and some rocks from
the highest-grade terrains have extremely low levels of large-ion
lithophile elements (LILE), including the radioactive heat
producers U,K and Th (Heier, 1973). Low heat production is an
essential feature of models of the deeper portions of the shield

areas, where heat flow is very low.

One of the outstanding results of field work is that rocks of
surficial origin, including sediments, volcanics and evaporites,
are present 1in all granulite facies areas. Therefore, at least
parts of all exposed high-grade terrains went through upper
crustal cycles before becoming parts of the deeper crust. This
fact implies that, if the high-grade terrains are indeed
representative of the deep continental crust, some processes of
deep burial and thermal processing of surficial materials have

been important in building the crust over geologic time.
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Orthopyroxene isograds

0f special interest in the study of ancient crustal processes
are the regional orthopyroxene isograds. The appearance of the
definitive granulite facies mineral orthopyroxene, especially in
felsic and intermediate quartzofeldspathic gneisses, may be
considered to mark a fossilized boundary between the upper crust
and lower crust. This «critical horizon is exposed in many
terrains, principally in the Precambrian Shield areas.
Amphibolite facies to granulite facies transitions have been
reported from the Kapuskasing (Percival, 1983) and Pikwitonei
(Hubreqtse, 1980) areas of the Superior Province of Canada, the
Western Grenville (Wynne-Edwards, 1972) and Adirondack (Wiener et
al., 1984) areas of southern Canada and northern New York, the
Rogaland (Kars et al., 1980) and Bamble (Touret, 1971) terrains of
Norway, the Inari (Hormann et al., 1980), and West Uusimaa
(Schreurs, 1984) areas of Finland, the Limpopo (Van Reenen et al.,
1988) and Namaqualand (Waters and Whales, 1984) areas of southern
Africa, the Broken Hill area of southern Australia (Phillips and
Wall, 1981), the Jimperding Belt of western Australia (Gee, 1979)
and the southern Karnataka and northern Tamil Nadu areas of India
(Subramaniam, 1967; Raith et al., 1982}.

Orthopyroxene appears in metabasic lithologies nearly at the
same place in prograde successions as in felsic gneisses, though
an orthopyroxene 1isograd 1in basic rocks may occur at slightly
lower grade, as 1in Adirondacks (Buddington, 1963) and Bamble
(Field et al., 1980). Other lithologies such as metapelites and
calc-silicates, do not produce orthopyroxene. While characteris-
tic and sometimes quantitatively important, these lithologies are
not diagnostic of the granulite facies in their assemblages and

will not be considered in detail here.

Origins of the isograds

It has been established by many calculations on model
orthopyroxene-producing reactions in rock systems, that attendant
H20 pressures must have been guite low, probably less than 0.4 of
the rock pressures (Phillips, 1980; Valley et al., 1983; Hansen et
al., 1984; Bhattacharya and Sen, 1986). Thus, the various ways in
which orthopyroxene could be produced in granulite facies metamor-
phism correspond largely to the possible mechanisms of large-scale

crustal desiccation. The major conceptual mechanisms are:
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1) Primary igneous processes. Voluminous mantle-derived
intermediate magmas could have precipitated orthopyroxene at deep
levels, thus freezing into the granulite facies, while rest magmas
progressively richer 1in H20 may have risen to higher levels,
eventually to freeze into the amphibolite facies (Drury, 1980).
In this hypothesis, granulite facies metamorphism 1is closely

related to crustal accretion.

2) Pre-metamorphic desiccation. This has been suggested
to have been of importance in the Adirondack terrain. Shallow
anorogenic anorthosite and related plutons baked out their
supracrustal cover rocks in a rift-graben, over a period of
150-300 million vyears prior to the CGrenville orogeny (McLelland
and Husain, 1986). Orthopyroxene in the Adirondacks might thus be
at least partly relictic from a pre-orogenic stage, either as

primary igneous pyroxene or in pyroxene hornfels aureoles.

3) Partial melting of quartzofeldspathic rocks, as by
vapor~absent biotite-guartz reactions, with absorption of H,0 into
acid melts, leaving an orthopyroxene-bearing restite assemblage.
This mechanism has been identified as the major process producing
orthopyroxene in the Namaqualand, South Africa, terrain (Waters
and Whales, 1984), in the Broken Hill terrain of southern
Australia (Philips, 1980) and as a general principle (Powell,
1983; Crawford and Hollister, 1986).

4) Streaming of 1ow—P(H20) volatiles, most plausibly COZ'
through the crust during metamorphism. Janardhan et al., (1979;
1982) postulated this on the basis of field evidence for
deformation-aided charnockitic alteration in acid gneisses at the
orthopyroxene isograd in southern 1India. The implied ortho-
pyroxene-producing reactions are thus subsolidus dehydration

reactions of biotite and amphibole at reduced H,0 pressures.

5) Escape of H,0 through fractures at decreased P(H,0) during

metamorphism. This mechanism was proposed to explain the
deformation-related patchy distribution of charnockite in
biotite-garnet paragneisses of southern Kerala, India by

Srikantappa et al., (1985).
Each of these suggested mechanisms would be expected to yield
different kinds of orthopyroxene isograds having features diagnos-

tic of their diverse origins.
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In addition to relictic and prograde orthopyroxene 1isograds,
relations of orthopyroxene-bearing terrains with surrounding
regions may be those of retrogression, as inferred by Van Reenen
(1986) for the Southern Marginal Zone of the Limpopo Belt. A
mappable isogradic boundary relates orthopyroxene to retrogressive
magnesian amphibole, anthophyllite or gedrite, in acid gneisses.
Apparently similar regional replacement of orthopyroxene by
orthoamphibole exists also 1in the early Archaean gneisses of

central Labrador (Collerson and Bridgwater, 1979).

The present paper discusses the phenomena of the reported
occurrences and inferences about isogradic reactions. All of the
conceived mechanisms are feasible in different high-grade
terrains, and orthopyroxene isograds of more than one type may
occur in a single terrain. This could confuse the interpretation
of the metamorphism, unless the different orthopyroxene-producing

or orthopyroxene-consuming events are carefully distinguished.
REACTION MECHANISMS

Pressure—temperature-ﬂzo activity model

Figure 1 is a temperature-pressure-H,0 activity model
illustrating the major reactions which form orthopyroxene "O".
Its hydrate precursor, "H", could be biotite or amphibole. The
subparallel lines of the diagram are univariant eguilibrium curves
in planes of constant HZO activity, varying from unit activity,
where a vapor phase is pure HZO' to very low activities, where a
vapor phase is dominantly anhydrous or may be lacking. Univariant
plane curves of the same type together form a surface, one of
which is a subsolidus dehydration surface, labelled (L) for liquid
absent, which corresponds to the generalized reaction H = 0 +
vapor. Others are a minimum melting surface at high H,0
activities, labelled (0) for orthopyroxene absent, and the surface
of a high-temperature melting reaction 1lacking the hydrate,
labelled (H). The top side of the model is a plane of constant
pressure containing traces of the divariant surfaces. The heavy
line formed by the intersection of the surfaces is the univariant
space curve of the Hzo—deficient melting reaction. It emanates

from a low-pressure invariant point, I at unit HZO activity, and

ol

is the locus of all isobaric invariant points I at reduced H20

pl
activity. In a system where H,0 is the only volatile component,

the reaction is vapor~absent. If H,0 activity is lowered by the
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presence of another volatile, such as C02, there may be a vapor
phase, but the univariant space curve may nearly coincide with
that of the vapor-absent curve in the pure H20 system because of
low solubility of the other volatile component in the silicate
melt. The general model of Figure 1 1is illustrated by the

experimentally determined examples which follow.

PRESSURE

TEMPERATURE
Figure 1. Temperature-pressure-Ho0 model of dehydration and
melting reactions in a generic system of a mafic hydrate

(amphibole or biotite), orthopyroxene, feldspar and quartz. The
three divariant surfaces are labelled as follows: (0) =
orthopyroxene-absent reaction: (L) =liquid-absent reaction, and

(H) = hydrate-absent reaction. The stippled area at low pressures
is the region where a H30-rich vapor «could coexist with
orthopyroxene.

Subsolidus dehydration reactions
Figure 2 shows experimental subsolidus dehydration and melting
curves for biotite and hornblende in reaction with quartz.
Biotite 1is represented by phlogopite, KAlMg3Si3010(OH)Z.Contours
of constant HZO activity are shown. It is seen that the proposed

orthopyroxene isograd reaction:

A) biotite + quartz = orthopyroxene + K-feldspar + H50
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must be attended by H,0 activities less than about 0.3 for
granulite facies metamorphism at typical conditions near 5 kbar
and 700°-800°C, as in southern Kerala, India (Ravindra Kumar et
al., 1985) and southern Finland (Schreurs, 1984). The vapor-
absent nelting curve puts an upper limit of about 830° for
subsolidus dehydration at 5 kbar in the model system. Similar

information is forthcoming from the hornblende-quartz reaction:

B) hornblende + quartz = orthopyroxene + Clinopyroxene +
plagioclase + H20

according to the calculations of Wells (1979) for the Buksefjorden
(SW Greenland) area. Wells' calculations were based on the
experimental diagram of Choudhuri and Winkler (1967), which
remains the only available work on hornblende close enough to
natural systems for interpretation of the granulite facies. If
regional anatectic melting was not the principal cause of reduced
H20 activity, the above reactions must have been driven either by
influx of anhydrous volatiles or by opening of brittle fractures
which would allow H,0 to escape at reduced pressure. The former
possibility 1is supported in the Buksefjorden, S. Finland and S.
India areas by the occurrence of ubiquitous dense Co, inclusions
in metamorphic minerals. The latter hypothesis was suggested by
Srikantappa et al., (1985) for the biotite to orthopyroxene
reaction in southern Kerala. This concept has been termed
"fissure equilibrium" when applied to some kinds of shallow
metamorphism (Thompson, 1955). It seems 1less 1likely to be
important in granulite facies metamorphism, in view of the high
ductility of rocks at elevated pressures and temperatures,

especially in the presence of a mineralizing fluid.

Dehydration-melting reactions

Absorption of HZO into anatectic melts with reduction of HZO
activity as melting proceeds is one of the most commonly-proposed
mechanisms for formation of orthopyroxene and the granulite facies
in general (Powell, 1983; Crawford and Hollister, 1986). Waters
(1988) put forth the reaction:

C) biotite + guartz(+plagioclase)=ligquid + orthopyroxene
(tK-feldspar)
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Figure 2. Experimental subsolidus dehydration and melting
equilibria for phlogopite (Peterson and Newton, 1987) and
hornblende in a mafic system (Wells, 1979). Dashed 1lines are
contours of constant H0 activity on the subsolidus reaction
surface, calculated by Hansen et al. (1984) for phlogopite and
Wells (1979) for hornblende, based on the experimental work of
Choudhuri and Winkler (1967). The vapor-saturated hornblende
solidus 1is modelled by the basalt-H,0 solidus of Lambert and
Wyllie (1972).

to explain the sporadic appearance of orthopyroxene in the
highest-grade portion of the Namagqualand, South Africa, terrain.
This reaction requires substantially reduced H,0 activity to
proceed. The reaction could be vapor-absent, as written, or there
may be small amounts of a pore fluid, dominated by a volatile such

as CO2 as melting proceeds.

Progressive decrease of H,0 activity with progressive anatexis
leading to the appearance of orthopyroxene can be modelled with
reference to Figure 1. Figure 3 shows an isobaric section from the
block model, after Waters (1988). It is supposed that there |is
initially a small amount of pore fluid. Increasing temperature
produces a small amount of partial melting at point "a". If the
amount of biotite is large compared to the amount of pore £fluid,
the further course of melting will be constrained to follow the

isobaric univariant solidus(0), along path A, and H,0 activity
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PRESSURE ~ 7KBAR

TEMPERATURE

0 H,0 ACTIVITY I

Figure 3. Isobaric section of Fig. 1, for biotite, illustrating
decrease of H,0 activity in partial melting. Possible paths of
temperature increase, (A, B and C) depend on the initial amounts
of pore fluid and biotite.

will steadily decrease until orthopyroxene appears at the isobaric

invariant point, I It could well happen that the system has

become vapor—absentp by this time: all of the small amount of
initial pore fluid may have been dissolved into the melt. If,
however, +the amount of biotite in the rocks is small, it could
become exhausted 1in reaction (0) at some point "b", before
orthopyroxene appears. The H,O0 activity-temperature function is

now divariant and departs from the solidus, as along path B.

The amount of anatectic melt generated is roughly the same as
the amount of biotite consumed, since biotite supplies the H,0
needed for melting. For biotite-rich rocks, the invariant point
acts somewhat as a thermal brake, in that large quantities of heat
must be supplied before further temperature increase is possible.
In many terrains partial melting leading to orthopyroxene forma-
tion did not exhaust all of the biotite, which can be stabilized
to somewhat higher temperature by increasing Ti02 content
(Schreurs, 1984). If all biotite is used up in melting, at Ip'
further temperature rise is possible and decrease of HZO pressure
will be buffered to the melting equilibrium (H), along path C.
Large degrees (probably >30% ) of melting would be needed for an

anatectic melt to segregate into small plutons and rise some
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distance in the crust (Wickham, 1987). Such charnockitic magmas
would probably lack biotite among their liguidus phases.
Possible examples of diapiric charnockite plutons occur in
southern Norway, where zoned granites and syenites show continuous
gradation from biotite-absent charnockite with C02~rich fluid
inclusions to biotite granite with Hzo—rich £luid inclusions
(Madsen, 1977); the localities of these plutons in the amphibolite
facies part of the Bamble terrain locally defy the regional

orthopyroxene isograd({Touret, 1971).

Premetamorphic desiccation

Another idea for regional distribution of orthopyroxene in
gneissic terrains is that the orthopyroxene gneisses are
cumulates precipitated directly in early crustal accretion. As
applied by Drury (1980) to the granulite facies-amphibolite facies
boundary in the Outer Hebrides, voluminous mantle-derived
tonalitic magmas differentiated into early pyroxene-plagioclase-
enriched cumulates with positive Eu anomalies, and Hzo-enriched
rest magmas eventually rose into the upper levels of the crust to
form amphibolite facies gpeisses with negative Eu anomalies. The
hypothesis o0f Jjuvenile crust-forming magmas "freezing into" the
granulite facies has been put forth also for the Scourie terrain
(Holland and Lambert, 1975} and the Bamble terrain (Field et al.,
1980). A variant of this idea, which assigns an important role to
streaming of CO, released from deep-crustal intermediate melts on
freezing, was put forth by Wells (1979) for the &W Greenland
terrain, Lamb et al. (1986) for the Bamble terrain, and Frost and

Frost (1987) for the Archaean Wind River terrain.

An unmodified theory of primary crustal accretion of gneiss
precursors freezing directly into the granulite facies at deep
crustal levels and differentiating to the amphibolite facies at
shallower depths is fraught with many problems. These include
ubiquitous involvement of supracrustal rocks, implying an
upper-crustal pre-granulite history, the inability of purely
igneous processes to fractionate Rb from K (Lamb et al., 1986},
and the fact that amphibole tonalite grading downward into
pyroxene tonalite has never been recorded in deeply dissected
Phanerozoic batholith suites. On the contrary, orthopyroxene-
bearing rocks are invariably the most shallow facies of granitic

intrusions, as in the Cloudy Pass Batholith of Washington State
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(Grant, 1969) and the Cheviot Granite of northern England (Haslam,
1986).

Premetamorphic regional desiccation of surficial sequences by
baking out around large mafic or anorthositic intrusions has been
suggested as the major reason for the dryness of the Adirondack
Mountains terrain (McLelland and Husain, 1986), by analogy with
the pyroxene-hornfels aureole of the Nain Complex, central
Labrador (Berg, 1977), where some of the dryest metamorphic rocks
known, including metasediments with osumilite, are found around
the margins of the anorthosite body. Regional geobarometry shows
that the anorthosite was emplaced in a rift graben at maximum
depths of 6-10 km and that the supracrustal country rocks were

Hy0-rich and in the 1low greenschist facies before contact

metamorphism.
The appearance of orthopyroxene resulting from plutonic
crystallization at very low pressures, or from regional

desiccation by shallow contact metamorphism around plutons prior
to regional metamorphism, corresponds to the stippled area in
Figure 1 1in the low pressure field of anhydrous mafic silicates
plus vapor. Subsequent regional metamorphism at high pressures of
a terrain thoroughly dried out by shallow plutonism would preserve

the igneous orthopyroxene and the pyroxene-hornfels aureoles.

Regional retrogressive relations

A regional boundary between granulite facies and amphibolite
facies may correspond to 1large-scale retrogression. This
relationship could result either from late metamorphic influx of
HZO or from a subsequent metamorphism, or simply from cooling at
nearly constant HZO activity. Refreezing of anatectic melts with
release of H,0 could produce retrogressive alteration of pyroxene
to hydrous minerals. Retrogressive biotite or amphibole can
sometimes be detected by replacement textures or by lower F and/or

Ti contents than the primary hydrates (Janardhan et al., 1982).

Ferromagnesian amphibole retrogressive after orthopyroxene in
acid gneisses has been reported many times (Austrheim and Robins,
1981; Collerson and Bridgwater, 1979; Srikantappa et al., 1986;
Janardhan et al., 1982; Van Reenen, 1986). To the author's
knowledge, ferromagnesian amphibole has never been reported as a
precursor to orthopyroxene in prograde metamorphism of acid

gneisses, and it may be suspected that this mineral is a nearly
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infallible indicator of retrogression from the granulite facles.

The simple reaction involved is:
D) orthopyroxene + quartz + vapor = ferromagnesian amphibole.

This reaction may be a kinetically-favored metastable reaction in
rocks of calc-alkaline chemistry, as 1indicated by secondary
hornblende development subsequent to orthoamphibole (Collerson and
Bridgwater, 1979).

Figure 4 shows a possible isobaric, subsolidus temperature-HZO
activity cycle, based on Fig. 1, which produces orthopyroxene from
calcic amphibole breakdown. Decrease of H,0 activity might be
caused by influx of C02 with increasing temperatures, as suggested
by the ascending portion of the heavy 1line. When amphibole
becomes unstable at point a, H,0 activity may temporarily increase
as H20 is delivered to the vapor. At point b, amphibole is
exhausted and H,0 activity begins to decrease again. Relaxation
from peak metamorphic conditions may begin when heating and CO2
inlux abate, at point c. Cooling without further change in the
ambient vapor phase may bring the rocks back into the stability
field of hornblende, but, if hornblende is suppressed, perhaps by

failure of the fluids to mobilize 1large rock volumes, local

wl
o
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[ —
0 H,0 ACTIVITY [
Figure 4. Possible isobaric subsolidus T-a(H0) paths for

prograde CO2 influx (ascending path) and retrograde cooling at
constant pore fluid composition with metastable inversion of
orthopyroxene to orthoamphibole (descending path).
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alteration of orthopyroxene may produce orthoamphibole by reaction
D) at point d. Further cooling then will cause further depletion
of H,0 in the vapor phase until the retrogressive reaction ends,
either because all orthopyroxene is converted or for kinetic
reasons. Late-metamorphic very COz—rich fluid inclusions could
have been produced by depletion of pore fluids in H,0 by orthoam-
phibole formation. In this scenario, rehydration may proceed at
even lower H,0 activity than earlier dehydration. Van Reenen
(1986) estimated that P(HZO) was only about 0.2 times
P(total)during the retrogressive formation of orthoamphibole after

orthopyroxene in the Limpopo Belt.
TERRAINS ILLUSTRATIVE OF THE PROPOSED PROCESSES

Southern India-Low—Hzo volatile streaming
Figure 5 shows the geology of the orthopyroxene isograd in the
vicinity of the southern Closepet Granite, southern Karnataka,
South India. The three principal rock types are dominant
tonalitic to granodioritic light-gray hornblende-biotite gneiss
("Peninsular Gneiss"), dark orthopyroxene-bearing charnockitic
gneiss, and pink leucogranite, of palingenetic and metasomatic

origin (Radhakrishna, 1956). Minor lithologies include metabasic
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Figure 5. Relations of amphibole-biotite gneiss ("Peninsular
Gneiss"), charnockite and Closepet Granite at the orthopyroxene
isograd in southern Karnataka, India. Geology compiled from
Suryanarayana (1960), Devaraju and Sadashivaiah (1969),
Mahabaleswar and Naganna (1981), Mahabaleswar et al., (1986).
Regional orthopyroxene isograd (inset) from Subramaniam (1967).
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and metasedimentary enclaves. The followlng general observatlons

are outstanding:

1) There is a narrow transitional interval between Peninsular
Gneiss in the north to massive charnockite in the south in which
both rock types coexist in close association. In especially good
exposures, like the rock quarry at Kabbal, Karnataka (Pichamuthu,
1960; Friend, 1981) charnockitic alteration of migmatitic gneiss
occupies shear veins, fold hinges and other deformation features,
suggestive of alteration by channelized fluids. Although the gray
gneiss 1is migmatitic, the diffuse and near-isochemical nature of
the charnockitic alteration makes it seem doubtful that melting
reactions are directly related to orthopyroxene production. A
further observation in favor of low—P(HZO) volatile streaming is
that charnockitic veins contain large quantities of high-density
COz—rich fluid inclusions in guartz and feldspar, whereas the
adjacent unaltered gray gneiss wall rock contains practically none
(Hansen et al., 1984).

2) The terrain immediately to the south of the transitional
zone of mixed facies rocks is a monotonously charnockitic massif,
the Biligirirangan (BR) Hills. Other similar massifs, the Nilgiri
Hills and Shevaroy Hills, lie to the south of a narrow mixed
facies terrain along the orthopyroxene isograd. The dominant
quartzofeldspathic gneisses in these massifs contain orthopyroxene
and lack hornblende. Biotite is generally stable throughout.
Metasedimentary units are present throughout the massif terrains.
Paleopressures increase from about 5 kbar at the northern edge of
the transition zone to 7.5 kbar at the southern edge (Hansen et
al., 1984). Paleotemperatures are about 750°C across this

interval.

3) The southward trending Closepet granite becomes segmented
and phases out almost exactly at the latitude where charnockite
appears. Linear trends in the Peninsular Gneiss, as observed on
the ground and in Landsat images, are continuous 1into the
charnockitic terrain. Therefore, charnockite can be considered
in some way a continuation of or counterpart of the Closepet
Granite in the deeper crust. Charnockite and granite formation
are very closely related in time of emplacement in their overlap

region (Friend, 1981).

The isograd relations in southern India are those of a progres-
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slve overprint of the granulite facies on the pre-existing
amphibolite facies gneisses. The main orthopyroxene-producing
reaction 1in gray gneiss involves disappearance of hornblende.
Almost simultaneously, metabasic enclaves develop orthopyroxene.
Hornblende remains a stable mineral in some mafic parageneses. A
decrease of H,0 pressure across the transition zone is indicated
as the decisive factor in the onset of granulite assemblages.
Large-scale granite formation took place mainly at metamorphic
conditions below orthopyroxene grade, perhaps because of influx of

H,0 and K,0 expelled from deeper levels of the crust.

Further south, deep within the granulite facies terrain,
another kind of partial charnockitic mottling of acid gneisses has
been reported from several widely-separated localities (Holt and
Wightman, 1983; Ravindra Kumar et al., 1985; Srikantappa et al.,
1985). These 1localities involve paragneisses, mostly graphite-
bearing, interlayered with garnet-sillimanite metapelites
(khondalites) and minor calc-silicates and marbles. Occasional
guartzofeldspathic rocks of calc-alkaline compositions are always
charnockitic: primary hornblende does not occur in acid gneisses.
The southern mixed facies gneisses give petrographic evidence of

the biotite breakdown reaction, with evidence for the participa-

tion also of garnet. This is a higher-grade reaction than that of
hornblende breakdown, indicating higher temperature, lower
pressure, or lower H20 pressure, than at the regional

orthopyroxene isograd, where biotite and quartz are still stable

together.

The sequence of prograde orthopyroxene-producing reactions was
diagrammed by Hansen et al., (1987) with the projection of Froese
(1978). The coordinates are A ( = A1203—Na20‘K20—CaO), F  (=FeO-
Fe203-T102) and M( =Mg0O}. The projection is thus from quartz,
K-feldspar, 1ilmenite, magnetite, and a plagioclase of fixed
composition. As shown in Figure 6, in the 1lowest grade, or
"Peninsular Gneiss" facies, orthopyroxene is not stable. Gray
gneiss, metabasite and metapelite assemblages are represented.
Hornblende and biotite react at the orthopyroxene Iisograd to
produce the lowest granulite facies, or "Kabbal Facies". At still
higher grade, within the charnockitic terrain, biotite and garnet
react to produce orthopyroxene in metasedimentary gneisses,

ushering in the "Ponmudi Facies", named for a mixed-facies quarry
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Peninsular Gneiss Facies Kabbal Facies Ponmudi Facies

Figure 6. Froese (1978) projection of quartzofeldspathic gneisses
in 8. India, after Hansen et al., (1987). The three facies types
are separated by two orthopyroxene-producing isograd reactions,
one involving the hornblende-biotite reaction, and the other the
biotite-garnet reaction (E and F of text).

north of Trivandrum (Fiq.5) showing incipient biotite-garnet-
quartz reaction in graphitic gneisses (Ravindra Kumar et al.,
1985).

Numerous chemical studies of gray gneisses and incipient

charnockitic alteration at the orthopyroxene isograd have
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Figure 7, Oxide wt. percentages in "close-pair" analyses of
charnockitic veins(CH) and host migmatitic gneiss (GN) at the
orthopyroxene isograd in southern Karnataka and in the northern
Central Highlands of Sri Lanka (D4). The analyses show a
consistent pattern of decrease of CaO, Mg0 and FeO and increase of
8i03, indicating that the orthopyroxene-forming reaction was an
open-system or metasomatic reaction. Data from Hansen et al.,
(1987).
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concluded that the charnockitic metamorphism is nearly isochemical
(Janardhan et al., 1982; Condie et al., 1982; Weaver and Tarney,
1983). However, detailed comparison of the Kabbal quarry
charnockitic veins and immediately-adjacent host gray gneiss
(Stahle et al., 1987; Hansen et al., 1987) have revealed subtle
chemical changes, including slight decrease of Ca0, FeO and MgO
and increase of 3102 of charnockite relative to protolith (Figqg.
7). It is not clear whether significant change 1in alkalis |is
involved in charnockitization. The former study reported a slight
increase in Rb, whereas the latter study reported a slight
decrease in Rb and a definite decrease of Y. Thus, the
orthopyroxene isograd in gray gneiss is an open system reaction in

southern India.

A logical framework for a metasomatic reaction is conservation
of an inert component, usually taken to be A1203 (Ferry, 1984).
The whole-rock analyses, mineral analyses and point-count data of
adjacent charnockite and gray gneiss samples of Hansen et al.,
(1987) on the Kabbal rocks leads to the following reaction among
hornblende, biotite, guartz, magnetite, plagioclase, K-feldspar,
orthopyroxene, ilmenite and vapor at fixed A1203. The hornblende

formula is based on 23 oxygens and that of biotite on 11 oxygens:

E) HBL+1.30 BIOT+1.24 QTZ+0.82 MT+(4.23 8i0,+0.38 Na,0)
(added from vapor) = 1.49 PLAG(ANZ21) + 1.43 KSP+3.67
OPX+0.57 ILM+2.30 (H,O0+F) + 0.41 0, + (1.44 Ca0 + 2.12
FeO + 0.58 MgO}) (removed in vapor)

The deduced reaction is predominantly that of hornblende
breakdown, with the participation of about half as much biotite by
mass as hornblende. Interestingly, the open system reaction

proceeded at nearly constant mass.

A similar analysis may be applied to the orthopyroxene-
producing reaction by biotite breakdown in the southern Kerala
paragneisses. The point-count and analytic data indicate that a

reaction closed to major element transport is feasible.

F) BIOT + 0.99 GAR + 2.37 QTZ = 0.21 ANOR + 0.89 KsSP + 2.53
OPX + 0.31 ILM + (H,0 + F}
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If a metasomatic reaction with fixed A1203 is considered, the
point count and analytic data are equally well satisfied, and the
coefficients of the orthopyroxene-producing reaction are not
materially different. Thus, an open-system reaction 1is not

demanded, but not excluded.

The deduction of an open-system reaction for the regional
orthopyroxene isograd in southern Karnataka is consistent with the
concept of CO2 streaming as a cause of granulite facies
metamorphism. The amount of CO, to cause subsolidus breakdown of
amphibole at P(HZO) £ 0.3P(rock) is at least three times the
amount of HZO in the rock in the form of amphibole. At the 1low
porosity conditions of the deep crust, no significant regional
dehydration could be accomplished without pervasive infiltration
of Co, from a 1large source. This source has not yet been
identified conclusively. Possible sources include a degassing
mantle below the site of metamorphism (Sheraton et al., 1973),
exsolution of co, from a basaltic crustal wunderplate (Touret,
1971), decarbonation of 1limestone deeply buried by thrusting
(Glassley, 1983), and deep-crustal co, inclusions in minerals,
purged in younger metamorphism (Stahle et al., 1987). The first
two mechanisms have the advantage of a built-in source of heat as
well as low~H20 volatiles. Harris et al., (1982) postulated that
heat transported into the South India crust by mantle-derived €O,
was an important heat factor in the high-grade metamorphism. It
is possible that CO2 from carbonates buried to mantle depths by
underthrusting could have been an important agency of heat
transfer. Deep crustal intrusions as a source of heat for
granulite facies metamorphism have been suggested often (cf.
Sandiford and Powell, 1986}.

Massive CO2 streaming has been suggested as a primary cause of
metamorphism in the Bamble, South Norway, terrain (Touret, 1971)
and the West Uusimaa, South Finland, area (Schreurs, 1984;
Schreurs and Westra, 1986). 1In the former area, a metamorphic
progression exists similar to that of southern India, with several
mappable prograde isograds, including the disappearance of
muscovite, the appearance of cordierite and the appearance of
orthopyroxene. The highest metamorphic grade occurs in the area
around Tromoy Island on the Skagerrak coast, where felsic and

intermediate rocks extremely depleted in LILE occur. According
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to the geothermometry and geobarometry of Lamb et al., (1986) P-T
conditions were essentially constant across the Bamble terrain:
the major metamorphic determinant was decrease of P(HZO)
southwards. Fluid inclusions in metamorphic minerals change from
dominantly aqueous in the amphibolite facies in the north to

dominantly carbonic in the granulite facies in the south.

The West Uusimaa area is a prograde terrain containing an
extremely discrete orthopyroxene isograd. Orthopyroxene appears
in quartzofeldspathic rocks over a narrow ground interval, less
than 5 km wide, independent of lithology and structure, in a
linear zone 120 km long. Paleotemperatures, as determined by
garnet-biotite thermometry, jump from 650°C to 750°C in this zone.
Paleopressures are constant at about 4 kbar over the zone, and
fluid inclusions generally change from aqueous to carbonic as
grade increases. Schreurs and Westra (1986) invoked a large
deep-crustal basic intrusion wunderneath the granulite-facies

portion of their terrain to provide heat and COz—rich fluids.

In summary, the streaming through the crust of copious C02-rich
vapors seems demonstrated as a primary cause of some granulite
facies metamorphic terrains. These are generally older
Precambrian, the youngest terrain so implicated being the Bamble
terrain (1550 Ma). Some of the phenomena of LILE depletion in
some granulite facies terrains may be dependent on volatile
streaming processes, since several groups have found that extreme
Rb depletion 1is not predictable by igneous fractionation or
partial melt extraction (Okeke et al., 1983; Smalley et al.,
1983).

The Namaqualand, South Africa terrain - Dehydration melting

Drying out of a granulite-facies terrain may result from
absorption of H,0 into anatectic melts. Granitic 1ligquids may
segregate and move upward, leaving desiccated and LILE-depleted
granulite residues (Fyfe, 1973; Nesbitt, 1980). CO,-rich fluid
inclusions in granulites have been explained as residual pore

fluids remaining after anatectic extraction of H,0 (Crawford and

Hollister, 1986). The most extensive analysis of this
granulite-forming mechanism 1is that of Waters and Whales (1984)
and Waters (1988) with reference to the Namaqualand granulite

facies terrain of South Africa. The granulite facies there is

heralded by the appearance of garnet and K-feldspar in leucosome
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gsegregations 1in pelitlc rocks, best interpreted as resulting from
a melting reaction of the type of C), with garnet instead of
orthopyroxene as the mafic restite mineral.

Several features of this progressive metamorphic terrain which

are quite remarkable may be listed:

1) The regional assemblage spinel-quartz is developed by decom
position of cordierite at the highest grades. This
assemblage is quite rare, having been reported previously
from SW Norway (Kars et al., 1980). The association
betokens high temperatures and relatively 1low pressures,
probably below 5 kbar (Seifert and Schumacher, 1986).

2) Amphibolite lenses have margins which have been converted to
two-pyroxene granulite (Waters, 1988). These occurrences
coincide with the development of garnet-bearing leucosomes
in the dominant guartzofeldspathic gneisses. Waters (1988)
suggested that absorption of H,0 into partial melts set wup
chemical potential gradients which caused H,0 to migrate
from the metabasites into the leucosomes. A problem exists
in that H,0 could not have been present at high activity in
a vapor phase. Perhaps a static CO,-rich pore fluid acted

as a bridge for H,0.

3) Orthopyroxene in acid gneisses never becomes pervasive, but
is distributed in discrete leucosomes, even at the highest
grades encountered, though its amount becomes progressively
greater. There 1is no marked orthopyroxene isograd for
gneisses and the metamorphism does not lead to a charnock-
itic massif terrain 1like those of southern 1India. The
orthopyroxene-bearing segregations often occur in thin
deformation zones, 1like shear bands, perhaps similar to

those at the orthopyroxene isograd in southern India.

A problem exists in the ultimate removal of H,0 from the
terrain. The classic desiccation concept 1is coalescence and
removal upward of the H,0-bearing granitic melts (Fyfe, 1973;
Lowman, 1984). However, modern analyses of melt segregation
(Wickham, 1987) indicate that granite bodies of sizes capable of
bouyant rise cannot accumulate until melting amounts to as much as
30-40% of the entire terrain. In addition, the Namagualand
orthopyroxene-bearing leucosomes are almost isochemical with their

host rocks, indicating retention of in situ partial melts.
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Back-reaction of garnet and orthopyroxene to biotite 1is very
limited in Namaqualand granulites, and does not account for more
than a small fraction of the H50 which must have been absorbed
into the melt segregations. Three methods of removal of the HZO
upon eventual freezing of the melts were suggested by Waters
(1988). These are: a) rapid removal of H,0 with failure to react
for kinetic reasons, b) armoring of the garnet and orthopyroxene
grains by quartz and feldspar, and c) effective channelization of
the HZO upon release from the melt pockets so that its subsequent

contact with orthopyroxene and garnet would have been minimal.

Partial melting dehydration is the preferred general mechanism
of Crawford and Hollister (1986) for producing granulite-facies
terrains, and has been suggested for numerous areas, including the
Adirondack Mountains (Stoddard, 1980), the Scourie (Scotland) area
(Lowman, 1984) and the Arunta Block granulites of central
Australia (Warren, 1983). Some authors envision a combined role of
acid melt formation and volatile action. Thus, Waters(1988)
suggested that volatiles with reduced H,0 activity migrating along
shear bands in Namaqualand may have triggered the first partial
melting. Frost and Frost (1987) described pyroxene granulite
selvedges on charnockitic dikes in amphibolite in the Wind River,
Wyoming, terrain, and suggested that acid melts could perform both
desiccation of host rocks by HZO absorption and extended dehydra-

tion by concomitant release of CO,.

The Adirondack Mountains Pre-metamorphic desiccation.

The Adirondacks Mountain area of New York state is a very dry
high-grade terrain of late Proterozoic(~ 1000 Ma) age (Fig.8).
Evidence against pervasive volatile streaming as an important
agency in this granulite facies metamorphism lies in the preserva-
tion of strong local gradients in oxygen isotopes in skarns around
plutonic bodies (Valley and O0'Neil, 1984), in small scale H,0 and
Co, fugacity contrasts apparently buffered by local assemblages
(valley et al., 1983), by reduced, Fe-rich pyroxenes and oxide
minerals, which militates against the influence of a voluminous
oxidizing CO, phase (Lamb and Valley, 1984), and by general 1lack

of pervasive metasomatism, with preservation of relict textures.

The dryness of the Adirondack Highlands assemblages was
ascribed by McLelland and Husain(1986) to baking out at shallow

depths of the metasediment-rich terrain by shallow plutons,
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including the Marcy anorthosite. If the pressures were only 2-3
kbar, dehydration reactions could have occurred in many
assemblages without widespread melting. These pressures are much
less than the peak pressures of 6-8 kbar yielded by geobarometry
(Bohlen et al., 1985). 1Initial dryness and peak metamorphic
temperatures (700°-800°C) below the dry anatectic range also
limited widespread development of pyroxene in regional gneisses by

dehydration melting.

Figure 8 shows the major lithologies of the Adirondack dome.
Paleotemperatures increase from about 650°C in the northwest
("Lowlands") to a maximum near 800° C centered on the anorthosite
massif in the eastern or '"Highlands" part of the area, and
paleopressures increase somewhat from 6 to 7.5 kbar over this
interval (Bohlen et al., 1985). The paleotemperature and paleo-

pressure distributions most likely result from post-metamorphic
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Anorthosite

Chornockite Plutons
Marble -rich Units
‘:]Hcrnblende,ﬂiorire Gneiss, Supracrustals

Figure 8. Lithology, 1isograds and paleo-isotherms in the
Adirondack Highlands of New York, from Bohlen and Essene (1977),
McLelland and Isachsen (1986), Bohlen et al. (1985), Buddington
(1963) and Stoddard (1980).
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rebound, since the anorthosite intrusion predates metamorphism by
about 300 Ma (Ashwal and Wooden, 1983), and therefore would not

have contributed directly to metamorphic heat.

A diffuse orthopyroxene isograd exists in the northwest sector,
as shown in Figure 8. Orthopyroxene in metabasic rocks may
appear at somewhat lower grade than in felsic rocks. The isograd
for felsic rocks encloses the outcrops of the large charnockitic
quartz syenite complexes, the Diana and the Stark, whose pyroxene
is probably of igneous, rather than metamorphic, origin. The
common interstitial textural association of orthopyroxene
containing coarse exsolution lamellae of augite on (00l) implies
inversion from igneous pigeonite (Bohlen and Essene, 1978). Some
pyroxene megacrysts from charnockites and anorthosites preserve
evidence o0f pyroxene immiscibility at igneous temperatures near
1100°C (Bohlen and Essene, 1978). It 1is not clear whether
orthopyroxene formed from pigeonite simply in premetamorphic
cooling from igneous temperatures or during the later metamorphic
event. Metamorphic pyroxene 1in felsic rocks 1is rare in the
Adirondack Highlands, as evidenced by the large proportion of

non-charnockitic hornblende granite.

McLelland et al., (1988) have demonstrated the existence of
metamorphic orthopyroxene replacing biotite in felsic rocks in
several widely-scattered 1localities in the central Adirondacks.
These localities show dark charnockitic gneiss, with orthopyroxene
grown across foliation, 1in zones within a meter or two o0f the
contacts of marble units. The darkened rocks contain high-
pressure CO2 inclusions in quartz (density ~ 1.02 gm/cm3); this
type of fluid inclusion is rare in Adirondack rocks. The very
local distribution of COZ—induced charnockite formation 1in the
Adirondacks, despite the large amount of marble in the supracrus-
tal assemblage, casts doubt on the hypothesis that crustal
stratigraphic limestone can be an important source of Co, for
high-grade regional metamorphism in the Adirondacks, as advocated
by Glassley (1983) for the Norder Stromfjord area of Greenland.

A very diffuse isograd for the appearance of garnet in felsic
rocks in the Adirondack Highlands has been presented by several
authors, including deWaard(1965) and Buddington (1963). The
latter version is shown in Figure 8. Much of the garnet occurs as

very fine granules at grain boundaries of pyroxene and plagioclase
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in quartz syenites and anorthosites. The incipient nature of the
garnet-forming reaction indicates very 1limited diffusion, in
general accord with the dryness of the terrain and 1lack of

evidence for pervasive volatile fluxes.

The Limpopo Belt - Retrogressive orthopyroxene isograd

The Limpopo Belt of southern Africa (Fig.9) furnishes one of
the most intriquing high-grade terrains. The region consists of
three provinces (Van Reenen et al,, 1988). The Southern Marginal
Zone comprises the northern edge of the Archaean Kaapvaal Craton.
In this zone, the cratonal granitoid-greenstone association
experiences a metamorphic gradient from greenschist facies in the
south to granulite facies, including orthopyroxene in basic and
acid rocks in the northernmost Kaapvaal Craton. Individual
volcanic-sedimentary basins ("greenstone belts") can be traced
into the granulite facies area, where they become greatly

segmented and attenuated. The northernmost edge of the Kaapvaal
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Fiqure 9. The Limpopo high-grade belt of southern Africa, from

vVan Reenen et al., 1988, 8Symbols:NMZ = Northern Marginal
Zone(Rhodesian Craton); 8MZ = Southern Marginal Z2Zone (Kaapvaal
Craton); CZ = Central Zone (dominantly granulite facies
supracrustals); TS8Z = Tuli S8abi Shear zone; PSZ = Palala Shear

Zone; OPX marks regional orthopyroxene amphibole isograd; OAM
marks regional orthoamphibole isograd. The former is interpreted
as a retrogressive isograd and the latter as a fossil prograde
orthopyroxene isograd.
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Craton 1is marked by the Palala Shear Zone, a profound linear
mylonitized =zone which records both left-lateral transcurrent and
sub-vertical movements of large magnitude during post-Archaean
times. The Central Zone of the Limpopo terrain features a
variegated metasedimentary sequence, mostly of granulite grade, of
the continental platform or shelf type, with abundant pelites,
carbonates, quartzites, and a large gabbroic anorthosite complex,
the Messina Suite. Quartzofeldspathic gneisses crop out among the
metasediments, and may be in part an older basement and in part
are intrusive. Still farther north across the Tuli Sabi Shear
Zone,the Rhodesian Craton emerges as the Northern Marginal Zone,
which has not been mapped in as great detail, but which Iis
probably nearly a mirror image of the Southern Marginal Zone.
Isograds of the appearance of orthopyroxene and ferromagnesian
amphibole in gray gneiss have been mapped in the Southern Marginal

Zone by Van Reenen et al., (1988). They interpreted the

orthopyroxene-orthoamphibole isograd as a retrogressive feature,
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Figure 10. P-T uplift paths from peak conditions 1in late Archaean
metamorphism of the Limpopo Belt, after Van Reenen et al. (1987).
Paths are constrained by geothermometry and geobarometry of

discrete metamorphic assemblages labelled "M". M3 denotes the
retrogressive orthopyroxene to orthoamphibole event in the
Southern Marginal Zone (SMZ). The P-T path of the Central Zone
(CZ) 1is more nearly isothermal, suggesting faster uplift. Age

relations of M;, M; and M3 given in millions of years (Ma}).
Abbreviations: Anth = anthophyllite; En = enstatite; Qtz = Quartz;
Ky = kyanite; Sill = sillimanite; And = andalusite.
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marking arrested replacement of orthopyroxene by magnesian
amphibole (anthophyllite and gedrite) based on textural evidence.
The retrogressive reaction 1is similar to D). An analogous
retrogressive reaction affects cordierite of metapelites of the

Southern Marginal Zone, in which the reaction:
G) cordierite + H20 = orthoamphibole + kyanite + quartz

is inferred from incipient alteration along cleavage cracks and

grain boundaries of cordierite.

Magnesian amphibole-orthopyroxene relations in P-T-H,0
activity space may be modeled from experimental work on anthophy-
llite, following Van Reenen (1986). Figure 10 shows a continous
P-T path of metamorphism in the Southern Marginal zone which could
have converted early-formed (Ml) orthopyroxene to magnesian
amphibole during the uplift cycle, starting in the field of
kyanite, and traversing the sillimanite field over a period of at
least 30 Ma. Cordierite-bearing coronas around garnet were formed
at reduced pressure during the nearly isothermal uplift (M2).
Secondary kyanite in the retrogressive assemblage after cordierite
constrains the P-T path in cooling from the granulite facies to a
relatively high pressure trend. If the process of reaction G) at
M3 is attributed to cooling from late Archaean granulite facies
metamorphism, the H20 activity (approximately the molar fraction
of H,0 in a fluid phase) must have been approximately 0.2, based

on calculations of anthophyllite stability.

An interpretation of the retrograde magnesian amphibole isograd
in gray gneisses in the Southern Marginal Zone was offered by Van
Reenen et al., (1988). The metamorphic gradient on the Southern
Marginal Zone cratonal border presumably represents, for the most
part, an arrested pattern of isothermal surfaces and H,0 activity
contours that were ascending in the crust during the prograde
cycle. The orthoamphibole isograd thus represents the farthest
penetration of the appearance of orthopyroxene upwards and into
the cratonal interior when metamorphism reached its greatest
extent. As the orthopyroxene isogradic surface retreated downward
in the crust during the cooling cycle, it left a wake of orthoam-
phibole, as diagrammed in Fiqure 4. The orthoamphibole may be to

some extent metastable, in that the fluid activity may have been
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very local, affecting isolated orthopyroxene crystals without

producing a general remobilization of the entire rock.

The retrogressive career of the Limpopo Central Zone is of
great interest. Geothermometry and geobarometry of cordierite,
orthopyroxene and plagioclase coronas around garnet (Harris and
Holland, 1984) and of sapphirine and kornerupine after gedrite
(Windley et al., 1984) indicate rapid ascent from deep-seated
conditions. The contrasting P-T trajectories of the Central Zone
and the Southern Marginal <Zone are explicable in terms of a
symmetrical compressional orogen, as a platform basin was caught
between massive cratonal blocks, with rapid bouyant uplift in the

center and slower, more oblique ascent on the margins.
SUMMARY

The common factor in the several modes of regional ortho-
pyroxene production which have been discussed here is dryness.
Reduced water activity could have been effected by initial
dryness, absorption of H20 into anatectic melts, and purging with
carbonic fluids. Reduced fluid pressure in open channels is a
less probable mechanism. There are likely to be characteristic
differences in the granulite facies terrains produced by each of
the desiccation mechanisms. Initial dryness may result 1in an
indefinite orthopyroxene isograd: the distribution of original
igneous pyroxene may survive through high-grade metamorphism, with
occurrences in characteristic sites such as plutonic aureoles.
The rarity of dense CO, inclusions, the preserved low oxidation
states and the lack of LILE depletion are also consonant with
vapor-deficient metamorphism in the Adirondacks. Absorption of
H,0 into partial melts leaving orthopyroxene restites might result
in sporadic occurrence of orthopyroxene in neosome patches, as in
Namaqualand, rather than monotonous pyroxene gneisses, unless
wholesale evacuation of large amounts of melted country rock was
achieved. It 1is not likely that most granulite terrains are the
basified residues of massive outmelting. Pervasive upwards
streaming of low—H20 volatiles seems to be the only mechanism
capable of producing the charnockitic massif terrains. An arre-
sted wave or front of such fluids would account for a discrete

regional orthopyroxene isograd in acid gneisses.
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Retrogressive alteration of orthopyroxene to ferromagnesian
amphibole can result 1in a fairly discrete isograd, as in the
Limpopo Belt. This could be accomplished in the waning stages of
metamorphism by a decrease of temperature and/or an increase of
H,0 activity. The 1latter circumstance could arise in several
ways, including simple cooling at constant pressure and pore-fluid
composition, late influx of H50 exsolved from freezing anatectic
melts, or secular change in the character of underthrusted

volatiles.

It 1is quite possible that more than one of the above drying
mechanisms could have operated jointly. Many interesting sugges-
tions have been presented whereby CO,-rich fluids could have
operated jointly with magmas with mutual enhancement of their
effects. CO,-rich fluids moving along deformation surfaces could
have triggered partial melting in the Namaqualand terrain, with
further decrease of H20 activity as the amount of melt increased
(Waters, 1988). A COZ—rich pore fluid would seem to have been
necessary in that region to produce a low-H,0 bridge between acid
melt patches and dehydrating amphibolites. Acid melts could have
served as vectors of CO2 transport through the crust, with absorp-
tion of H,0 and release of CO, as the melts depressurized (Frost
and Frost, 1987). Underplating of the crust by basic magmas
{Schreurs and Westra, 1986) could have been a source of heat and
C02—rich solutions, and mid-crustal injection of tonalitic magmas
could have performed the same functions (Wells, 1979). The
carbonic fluid itself could have been a potent mechanism of heat
transfer which «could have produced anatectic melting (Harris et
al., 1982). The exact ways in which fluids and melts could have
conspired to «create granulite facies terrains, including the
features of LILE depletion and metasomatic charnockite formation,

remain as major problems of granulite facies metamorphism.
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A THERMAL MODEL FOR THE EVOLUTION OF THE PRECAMBRIAN SINGHBHUM
IRON ORE BASIN OF THE INDIAN SHIELD

S .BHATTACHARJI AND A.K.SAHA

ABSTRACT

The Archaean iron ore basin of S8inghbhum-Keonjhar in eastern
India evolved between 3.8 and 2.9 Ga. The basin is characterized
by approximately 7.5 km of volcanogenic and meta-sedimentary
materials, mafic and felsic lavas, tuffs and mafic-ultramafic
intrusions. It also shows poly-phase deformation with superposed
folding and post depositional granite intrusions. The analysis of
a thermal model in basin subsidence which incorporates the effects
of 1increased crustal density by igneous intrusions and emplace-
ments and elastic flexuring during gravitational 1loading is
presented. Punctuated thermal pulses from the mantle or
crust-mantle boundary can account for the 5 to 7.8 km subsidence
of the Singhbhum Basin crust. An estimation of radial stress at
the base of the Singhbhum iron ore basin is presented to show its
signiticance in the development of fractures and fault or
lineament openings which can provide passages for the migration of
mafic and felsic lavas and tuffs inside the basin. The importance
of thermal events in the evolution of Archaean lron ore basins on

the eastern Indian shield is documented.
INTRODUCTION

The evolution of Archaean sedimentary basins is an unresolved
problem of geodynamics. Repeated thermal and tectonic events,
poly-phase deformation with intense flexuring and faulting, and
diagenesis of sediments and their metamorphism are common features
of many Archaean basins. These and post-~depositional deformation
and igenous activities often make it difficult to establish the
controlling factors in basin subsidence and its evolutionary

processes.
GEOLOGIC SETTING

The Archean iron ore basin of Western Singhbhum - Keonjhar in
eastern India, modelling of the evolution of which has been
attempted, forms a part of the 8inghbhum-Orissa iron ore

craton. The evolution of this craton started over 3.8 Ga ago, the
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Figure 1. Generalized geological map of a part of the
dinghbhum-Orissa iron ore craton showing the geological framework
of the Archaean iron ore basin.

major part of its evolution, however, was completed by 2.9 Ga
(Sarkar and Saha, 1977, 1983; Saha and Ray, 1984; Saha, et al.,
in press). This NNE-8SW iron ore basin is 140 km long and is 50
km wide at the widest part (Fig. 1). The basin is occupied by
the Iron Ore Group of rocks, overlaln in places by the younger
sub-horizontal Kolhan Group of sediments and a group of younger
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mafic lavas (Jagannathpur lavas). The generalized geological
succession of the Iron Ore Group (I0G) is as follows:
5. Matic-ultramafic intrusions
4. Tuffaceous shale, slate and phyllite with local mangani-
ferous shale, dolomite and mafic lava.
3. Banded haematite jasper (BHJ) with iron ore, chert and
quartzite.
2. Phyllitic shale with interbedded ferruginous chert,
acid intermediate tuffs.

1. Local mafic lavas.

The rocks of the basin are folded into a north-plunging
synclinorium with an overturned western limb, the plunge being of
the order of 5% - 10°. Superposed on these folds are a set of
east-west trending folds, open in the south and southerly
overturned in the north (8arkar and Saha, 1962). Although the
thicknesses of the individual members are highly variable, the
total stratigraphic thickness of the lron Ore Group in the basin

is estimated to be about 7.5 km.

The proportion of mafic lavas varies from 3 to 10 percent £from
the southern to the northern ends of the basin. Shales, slates,
phyllites and tuffs constitute 70 to 75 percent, while BHJ and
quartzites vary approximately between 5 and 20 percent from the
northern to southern ends of the basin. Alteration of the BHJ
close to the ground surface has given rise to iron-ore deposits

which do not generally extend over 50 m below the surface.

The basement of the basin is made up of the Older Metamorphic
Group (OMG): ortho- and para-amphibolites, metapelites and
quartzites, which are intruded by the OMG tonalite-gneiss (ca.3.8
Ga)and the Singhbhum Granite (SBG-A, ca.3.3Ga) (Saha et al., in
press). The eastern part of the basin is truncated in places by
a later phase of the Singhbhum Granite (Ca. 3.1Ga). Thus the IO0G
rocks of the basin were deposited and folded in between 3.3 and
3.1 Ga. Recent gravity studies (Verma, 1985 and Fig.2) show that
at present the basin is shallower at the southern end and has a

maximum depth of 7.60 km in the central part.

On unfolding the major folds in the basin and also considering
the subsequent erosion of the rocks of the basin and parts that

have been covered under the Copper Belt thrust zone in the north
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Figure 2. Geological structure of the Singhbhum Iron Ore Basin and
adjacent region, density, and the depth of the basin from gravity
studies. (modified after Verma, 1985).

(Sarkar and Saha, 1983), the original length of the basin is
estimated at 150-160 km and the original width at about 80 km.
The maximum depth of the basin may have been of the order of 10
km.

The above-mentioned characteristics of the 1lron Ore Basin
indicate that several factors, individually or collectively, may
have been important in basin subsidence. Among them, important
controlling factors may be: (1l)thermal heating and crustal sub-
sidence during cooling of thermal pulses (igneous intrusions); (2)
elastic flexuring during isostatic subsidence of the basin crust
by loading of sedimentary, metamorphic and igneous formatlions and
(3) crustal flexuring by tectonic deformation.

The geological evidence of the occurrence of acid and mafic
volcanics with sedimentary deposition (and ultramfic intrusions at
the northern part of the basin) signal the importance of thermal
pulses and crustal loading 1in basin development. Based on these
evidences, we examine a thermal model (Haxby et al. 1976) in basin

subsidence which incorporated the effects of increased density of
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the crust due to igneous intrusion(s) as well as metamorphism, and

elastic flexurlng during loading.
THERMAL MODEL OF BASIN EVOLUTION

The time/space evolution of a basin can be associated with the
thermal decay of a heat pulse originated at some depth in the
upper mantle. The basic assumption in the thermal model is that a
thermal pulse of suitable strength and dimension (i.e., partial
melt) intrudes 1into the crust from the wupper mantle and
transforms into denser mass during cooling. This produces an
axisymmetric load on the crust which, in turn, produces elastic

flexuring of the crust and initiates basin formation.

Theoretical background
The maximum displacement (W,) at the center of a disc-shaped

load on an elastic crust can be expressed by:

_ Po a a
Wo=  Tomos)g l:”akelz:] . e (1)

Here Po, g, a and « are the load, the density of the

ml 5’
mantle rocks, the density of sediments, acceleration due to
gravity, length (radius) of the disc load and a flexural parameter

(Brotchie and Silvester, 1969; Haxby et al., 1976).

The flexural parameter (a) is expressed by:

| D |1/ ceeea(2
o= [:kpm—ps)g :} . (2)

Here the flexural rlgidity (D) of the crust is given by:
3

p= — BT RN )
[12(1-\)2)]

where E, h and v are modulus of elasticity, the thickness of the
elastic zone of the lithosphere, and Poisson's ratio
respectively. The values for various constants appearing in (1),
(2) and (3) are given in Table 1. Using these constants, one can
determine the flexural rigidity (D) and the flexural parameter (a)

of the elastic zone of the Archaean lithosphere of the 1Indian

Shield under the Singhbhum iron ore basin.
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APPLICATION OF THE THERMAL MODEL TO THE SINGHBHUM IRON ORE BASIN

Based on the geological evidence cited earlier, we assume that
thermal (mantle) perturbation and thermal pulses in the Singhbhum
crust are primarily responsible for the initiation of the iron

ore basin,
Elastic thickness of the Singhbhum crust

For the estimation of the Singhbhum Basin's crustal
subsidence
TABLE 1.

Flexural parameters

Constants Values
E (dyne cm™?) 6.1011
0.28 or 0.25 (for brittle crust)
m (g em™3) 3.30
s (g em~3) 2.50 (sediments)
s (g em~3) 2.82 (lron Ore Group rocks)
2.98 (mafic lavas)
g (cm 872) 103

during thermal cooling and 1loading, we first estimate the
thickness (h) of the elastic zone of the Singhbhum crust by using
a non-linear law given by Kirby (1977) and discussed by
Singh (198l1) and Bhattacharji and Singh (1984). Using available
heat-flow data for the northern Indian Shield in the 8inghbhum
region (Rao et al, 1976) and, using shear-flow profiles from
olivine rheology (Singh, 1981; Bhattachar3ji and Singh, 1984), we
obtain the estimated thickness of Singhbhum basement crust to be
31 km. This estimated thickness is consistent with deep selsmic
sounding data available for the Indian Shield, and the estimation
of the thickness of the Archaean crust of Singhbhum, based on an

Archaean geothermal gradient by Saha et al., (1984).
Estimation of crustal subsidence

Using the estimated thickness of the Singhbhum basement crust
(h) and constants E and (Table 1), we obtain the flexural
rigidity (D) and flexural parameter (a) from equations (3) and

(2), respectively. We get:
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(=
n

1.6 X 10 dyne cm, and
3
)

R
]

75 km (for pg = 2.75 g cm~

However, when we take the average density of Iron Ore Group rocks

S = 2.90 g cm”3 and mafic lavas, S = 3.0qg cm~3, we get:
a = 80 km

Using various estimates of the length (radius) of the sedimentary
and 1igneous 1load (a) inferred from the geometry of the Iron Ore
Basin, we obtain wvalues of a/a. We have taken two estimates
(maximum and minimum) of the approximate length by unfolding the

major folds in the basin.

a = 150 km, and
a = 80 km.
0]
E;-
EB_
3 K
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Figure 3. Maximum subsidence (W) of an elastic crust

(lithosphere) vs. a/a for a disc load. (after Bhattacharji and
8ingh, 1984).
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Thus we obtain

a/a
a/a

2 (for a
1 (for a

75km), and
80km} .

These values of a/a , and Figure 3 would yield a relationship
between maximum displacement (subsidence, Wo) and the load (Po)

due to the Iron Ore Group of rocks in the basin.

Using Fiqgure 3 and for a/e = 2, and a/e = 1, we get the total
subsidence of the Singhbhum Basin due to the elastic flexuring of
the 8inghbhum crust,

Wo
Y

5.0 km and
7.8 km, respectively.

nou

These estimates of maximum subsidence are consistent with the
stratigraphical thickness of rocks and the maximum depth at the
central region along a NW-SE profile of the basin (Verma, 1985;
Fig.2).

ESTIMATION OF THE DEPTH (d) AND STRENGTH (T4, 9¢) OF THE HEAT
SOURCE CAUSING BASIN SUBSIDENCE

Case (1) For a/a = 2, we get:
Po = 6.37 X 103Wo.

Having obtained Po, we can proceed to relate it to the depth (4,
km) and the strength (T1°C) of the heat source which can produce
a basin subsidence of 5 - 7.5 km. The relation of Po and Tl and 4

is given by:
P, = pm BgdT,, veessa{4)

where om, B , g, 4 and T; are the average density of the upper
mantle rocks, coefficient of thermal expansion, depth of thermal
pulse (perturbation), and the temperature excess of the heat
source. Taking B = 4X10_5/°C, and using various constants (Table
1) and estimates of the parameters, we get:

- 3
axm, =4.77 x 103 w,.
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TABLE 2.

Required thermal strength (T;) and the vertical height (d) of a
thermal pulse for maximum basin subsidence (W,)=5-10km for the
Singhbhum Iron Ore Basin.

A.Iron Ore Group rocks including mafic lavas; basin dimension
(a)=150 km

d, km for T;°C Wo, km
3000 5000 800°
79 48 30 5.0
95 57 36 6.0
110 67 42 7.0
119 71 45 7.5
127 76 48 8.0
143 86 54 9.0
159 95 60 10.0
B Mafic lavas; basin dimensions (a)=150km
51 31 19 5.0
62 37 23 6.0
72 43 27 7.0
77 46 29 7.5
82 50 31 8.0
93 56 35 9.0
102 62 38 10.0
C. Iron Ore group rocks including mafic lavas; basin dimension
(a) = 80km
38 22 14 5.0
46 217 17 6.0
53 31 20 7.0
57 34 21 7.5
60 36 23 8.0
68 40 25 9.0
76 45 28 10.0
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For the Iron Ore Basin of depths Wo=5 km and 7.5 km and T1=8000C,

we get:
d = 30 km, and
d = 45 km, respectively.

For T, = 500°C, we get

48 km (reguired for 5 km subsidence), and
72 km ( for 7.5 km subsidence).

=
o

Table 2A shows estimates of 4, and T, for depth of subsidence of
5-10 km of the Singhbhum crust by elastic flexuring. A variety of
combinations of d and T, would yield maximum deflections of 5-7.5
km in the central region of the iron ore basin.

We now estimate the depth of the heat source for the mafic
lavas emplaced in the iron ore basin which are capable of
producing various crustal subsidence on thermal cooling. For an
average density of mafic lavas, ps = 3.0g cm—3 and D = 1.6x1030
dyne cm of the Singhbhum crust, we get: a =85 km

Thus, for Case (i) for a/a = 1.76, we get:

4.07 x 102 W, and
3.10 x 10° w

Po
de1

o'

Table 2B shows estimates of 4 and T for various basin depths
(Wg). These estimates indicate that in areas of emplacement of
higher density mafic 1lavas in the basin, maximum crustal
subsidence of the basin would result from a much reduced depth of
the heat source. The heat source causing such basin subsidence is

either in the crust or in the crust - mantle region.
Case (ii): for afe =1 (i.e, basin radius of 80km) we get:

Po = 3.0x102 w, and

= 3
del = 2,27x10 Wo.
Table 2C gives various estimates of 4 for Wo = 5 to 10km, and T, =
300°c, 500°C and 800°C, respectively.
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ESTIMATION OF RADIAL STRESS (or) AT THE BASE OF THE BASIN

In order to determine whether flexuring of the Singhbhum
basement crust during loading could produce fractures at the base
of the basin and give rise to the emplacement of magmas and
lava flows in the basin, we estimate the radial stress (or) below
the center of the disc load in the basin. Following Lambeck and

Nakiboglu (1980), the maximum radial stress

3D Po(l+v)

(or max) = . alo kel ala, seeses(B)

2
h™ (pm-ps) gor

This expression is plotted in Figqure 4. For the Singhbhum Iron
Ore Basin, for an average thickness of 5 km, and for a/a= 2(i.e,

150km length) and Poisson's ratioV= 0.25 (brittle crust), we get:
(or max) = 3.07kb.

This radial stress is sufficiently high to cause fracturing of the
Singhbhum basement crust of granites. During the 1loading and
flexuring of the basement crust, the radial stress (or) in areas
of maximum deflection at the base of the basin is tensile and
deviatoric. This deviatoric tensile stress can readily exceed the
tensile strength of the basement crust during flexuring and
produce extensional fractures. These fractures then provide
passages for the migration of mafic lavas and volcanics 1in the
basin. At this higher magnitude of tensile stress, lineaments and
deep fractures in the thermally weakened Singhbhum crust can also
open up and facilitate migration of mafic and ultramafic materials
inside the basin and adjacent areas thereof during its subsidence.
This can produce further loading, variable subsidence and tilting

of the basin floor.
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Figure 4. Maximum radial stress (or max) vs. a/a for disc load.

(after Bhattacharji and Singh, 1984).

CONCLUDING REMARKS

This analysis shows that thermal events may have been of
paramount importance in the development of the Precambrian
Singhbhum Iron Ore Basin. The thermal model used in the analysis
can adequately explain the 5.0 to 7.5 km depths of the basin
recorded in stratigraphical thickness, and in the thickness

estimated from the gravity studies.

The thermal (igneous) sources for basin subsidence appear to be
in the crust-mantle boundary or in the upper mantle. In areas of
thick mafic lavas, subsidence in the order of 5 km can also result

from a crustal heat (magma) source.

Estimated temperature excess(es) of the heat pulses in the
order of 300° - 800°C provide the requisite (thermal) subsidences
of the basin floor. Estimated radial stress of approximately 3.1
kb at the base of the 5 km thick iron ore basin is tensile and
deviatoric, especially in areas of maximum flexuring. This
magnitude of stress is considerably higher than the tensile
strengths of granites and gneisses of the Singhbhum basement

crust. Such a high radial stress during the iron ore basin's
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development can produce extensional fractures at its base. They
in turn, provide passages for the migration of the partial melts
inside the basin. This tensile radial stress can also open up
deep fractures and lineaments of the basement crust of the basin
at different stages of basin flexuring. This may produce magma
(or 1lava flows) in the basin, additional basin subsidence and
differential tilting of the basin floor. The variable thickness

of the Iron Ore Basin may result from them.
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A NEW LOOK AT THE ARCHAEAN-PROTEROZOIC BOUNDARY SEDIMENTS AND THE
TECTONIC SETTING CONSTRAINT

KENT C. CONDIE AND DAVID J. WRONKIEWICZ

ABSTRACT

To identify meaningful geochemical changes in sediments across
the Archaean-Proterozoic (A-P) boundary (at 2500 Ma), it is nece-
ssary to compare sediments from similar lithologic associa- tions
to minimize the effect of tectonic setting. This study evaluates
data for pelites from quartzite-pelite (QP) and greenstone (GR)
associations. Of the compositional differences believed to occur
in GR and QP pelites across the A-P boundary, decreases in Ni and
Cr are the only well-documented examples. Higher Cr and Ni in
Archaean pelites may be due to 1) intense chemical weathering of
komatiite in the sediment source or 2) scavenging of Ni-Cr by
clay-size particles from seawater that is enriched 1in these

elements by hydrothermal leaching of komatiite at ocean ridges.

Relatively small decreases in Eu/Eu* and increases in La/Sc and
Th/Sc in GR pelites occur across the A-P boundary and similar
changes are allowed but not demanded by results from QP pelites.
La/Y¥b ratios in QP pelites are relatively constant and Th/U ratios
are variable through time. Based on limited data, early Archaean
QP pelites are more like post-Archaean than late-Archaean QP
pelites. Changes in element ratios in GR pelites at the A-P
boundary probably reflect a greater proportion of granite in arc
systems after 2500 Ma, which in turn, may be caused by a greater
importance of fractional crystallization. Variable and high CIA
values of some Archaean QP pelites may reflect variable and
locally intense chemical weathering. Pelites from Precambrian
cratonic basins typically exhibit increases in light REE, HFSE,
Las/8c and Th/Sc and decreases in Eu/Eu* and Ti/Zr with increasng
stratigraphic 1level; these changes probably reflect progressive
erosion of deeper crustal levels containing greater proportions of

granite.

Compared to GR associations, QP associations may be

under-represented in the Archaean geologic record due to selective
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burial or erosion at collisional plate boundaries and selective
preservation of GR associations as a result of widespread
tonalitic wunderplating. Continental growth rates should not be

inferred from trace-element distributions in pelites.
INTRODUCTION

Numerous studies have proposed compositional changes in
sediments across the Archaean-Proterozoic (A-P) boundary (2500 Ma)
and have interpreted these changes in terms of changing patterns
in the evolution of the crust, atmosphere or oceans (Van Moort,
1973; Veizer, 1973; S8chwab, 1978; Taylor and McLennan, 198la;
McLennan, 1982). In most instances, sediment averages are

compared on both sides of the A-P boundary and no distinctions are

made between sediments from different tectonic settings. Ignoring
tectonic setting, however, may 1lead to ambiguous results
considering the differences in sediment compositions and

proportions in different tectonic settings (Ronov et al., 1965;
Dickinson,, 1971; Ronov et al., 1972; Condie, 1982; Bhatia and
Crook, 1986). Calculations of the average composition of
sediments of any age depends upon the relative proportions of
chemical analyses available of sediments from different tectonic
settings. To identify meaningful geochemical differences between
sediment averages of different ages necessitates accurately
weighting averages for each age according to the distribution of
tectonic settings of that age. The same problem exists if one
compares averages ot specific lithologies, such as average shales
from different tectonic settings. For instance, if an average
shale of one age, comprised chiefly of samples from volcanic arcs,
is compared to an average shale of another age that includes
samples chiefly from cratons, compositional differences between
the two averages may reflect differences in tectonic setting and
not secular changes 1in <crustal or atmospheric composition.
Because most published average sediment analyses ignore the effect
of tectonic setting (see for instance McLennan, 1982), the
significance of these analyses is uncertain, and the
interpretation of crustal or atmospheric evolution based on such

data may be completely misleading.

The accurate identification of ancient tectonic settings
(especially in the Archaean) is a subject of disagreement and

discussion among geologists. One possible approach that minimizes
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the effect of tectonic setting on ancient sediment compositions is
to compare sediments from similar 1lithologic associations.
Dickinson (1971) was the first to show formally that modern plate
settings are characterized by specific rock associations. These
associations can be recognized in the geologic record at least as
far back as the early Proterozoic (Condie, 1982) and probably into
the Archaean. For example, greenstone associations (characterized
by dominance of submarine volcanics and graywackes) and quartzite-
pelite associations (comprised chiefly of quartzites and shalest
carbonates) are recognized from the present back to about 3500 Ma
(Condie and Boryta, 1988). Although caution must be exercised in
assigning specific modern tectonic settings to these ancient
lithologic associations, provenance differences between tectonic
settings can be minimized by comparing sediments from similar

lithologic associations.

This study addresses only pelites from greenstone and
quartzite-pelite associations (GR and QP pelites, respectively)
and graywackes from greenstone associations. Because we do not
know the relative proportions of these 1lithologic associations
with geologic time, average sediment compositions are calculated
individually for each association and not for a mixture of
associations. Geochemical results are compiled from published
papers and from unpublished results of the authors and their
associates. At each geographic location, statistical parameters
are calculated and mean values plotted on Figures 1-6. Means and
standard deviations of selected element concentrations and ratios
are summarized as a function of age in Tables 1 and 2 and

references are given in Appendix I.
5102/A1203 AND K20/N320 RATIOS

Among the geochemical parameters for which secular changes have
been proposed in clastic terrigenous sediments are the 3102/A1203
and K,0/Na,0 ratios (Ronov and Migdisov, 1971; Veizer, 1973; Engel
et al. 1974; Schwab, 1978). An alleged increase in both of these
ratios across the A-P boundary has been interpreted in terms of
evolutionary changes in the composition of wupper continental
crust. However, when the distribution of data from pelites and
graywackes is consjidered separately, secular trends are not
apparent within either group except perhaps for KZO/NaZO ratios in



Table 1.
Geochemical Characteristics of Pelites of Various Ages

QP Associations GR Associations
2500- 1500- 2500~ 1500-
Age (Ma) >3500 3500 2500 <1500 >3500 3500 2500
5107/A1703  3.6+0.4 3.941.2 4.140.2 3.840.5 4.540.5 3.640.5 4.040.6
(3.5+0.3)1
K20/Na o0 3.0+1.0 9.4+2.0 4.6+3.0 4.5+1.0 5.441.5 2.4+1.0 2.2+41.1
(4.0+5.5)8 (2.4%1.2)
CIA 7345 7347 69+3 7245 72+3 7045 69+4
La/¥b 14+4 13+4 12+4 13+3 14+6 10+1 10+3
Eu/Eu® 0.69+40.05 0.70+0.07 0.65+0.12 0.63+0.07 0.88+0.04 0.94+0.11 0.75+0.06
La/Sc 2.240.4 1.740.4 2.4+41.0 2.440.4 1.540.5 1.0+0.5 1.740.3
(2.1+0.3)1 (0.75%0.41)°
Th/Sc 0.7740.22 0.45+0.25 0.96+0.41 0.90+40.10 0.53+0.14 0.28+0.05 0.48+0.12
(0.71+0.10)%  (0.22%0.02)°
Th/U 4.8+1.0 3.8+1.0 4.040.5 4.640.7 4.6+0.6 3.7+0.4 3.240.8
Cr (ppm) 325412 5784200 89+20 106425 526+35 554+73 129+17
(350+31)® (323+65)8
Ni (ppm) 148417 272+140 36+8 5348 223+44 285425 5547
(130%24)° (135%19)6
n 8 128 87-103 >207 23-31 12-17 11-27
N 1 4 7 >107 3 5 4

Given are_ mean values and one standard deviation of the mean; lexcluding Holenarsipur 2excluding
Pilbara; 3exc1uding Pongola and including only Booysens and KB shales from Witwatersrand; 4excluding
Isua; sexcluding Whim Creek; 6excluding southern Africa sites; Thased in part on composites (like
NASC) representing many sample sites. QP, gquartzite-pelite association; GR, greenstone association;
CIA = [A1203/Cao* + Na0 +K20]x100, using non-carbonate and non-phosphate Ca0 and oxides as molecular
values (Nesbitt and Young, 1982). Eu®, Eu value interpolated on chondrite-normalized plot; n, number
of samples; N, number of supracrustal segquences.

v9
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graywackes (Fig.l1; Table 1 and 2). Pelites (both GR and QP)
exhibit a slight inverse covariance between these ratios and have
high K20/Na20 ratios (>1) compared to graywackes. Unlike pelites,
graywackes show rather constant 8i0,/Al,04 ratios (0.45). The
inverse relationship of the pelite element ratios probably
reflects variations in the amount of K-bearing clay minerals in
the original sediments. Variable K20/Na20 ratios, yet
approximately constant 5102/A1203 ratios in graywackes may be due
to variations in feldspar content and feldspar composition. Mean
values of the KZO/NaZO ratio in graywackes decrease with age
(Table 2). Because of the large standard deviations in each age
category, however, it is not clear if this trend is real. 1If it
is, it may reflect a decreasing proportion of granite and rhyolite
in graywacke sources with time.

Secular changes in 8102/A1203 and KZO/NaZO ratios in average
fine-grained sediments proposed by earlier investigators appear to
result from a tectonic setting bias. Almost all of the analyses
of Archaean clastic sediments used by these investigators are
graywackes and pelites from GR associations, while the

post-Archaean clastic sediments are chiefly from QP associations.
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Figure 1. 8i02/A1203-K20/Naz0 diagram showing the distribution of
average compositions of graywackes and pelites from greenstone
(GR) and quartzite-pelte (dQP) associations of various ages. Each
point in this and subsequent figures represents a mean value of
two or more samples from a specific supracrustal sequence, group
or formation. For sequences that vary in composition with
stratigraphic level, more than one mean value may be plotted.

Hence, proposed differences in the average values of 35i0,/Al,0,
and KZO/NaZO ratios across the A-P boundary probably reflect
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provenance differences between the two lithologic associations and
not changes in continental evolution as advocated by some

investigators (Engel et al., 1974).
RARE EARTHS Th, U, Sc, AND Co

Taylor and MclLennan (1983,a,b; 1983; 1985) have proposed that
significant changes occur in the distribution of REE, Th and U in
fine-grained sediments across the A-P boundary. Among the
proposed changes are decreases in Eu/Eu* and increases in La/Yb,
Th/8c, La/Sc and Th/U ratios. These changes have been interpreted
to reflect changes in the compositions of the upper continental
crust and in the growth rate of continents. Archaean clastic
sediments, in particular, have been characterized by an absence of
chondrite-normalized negative Eu anomalies. Gibbs et al. (1986)
have gquestioned the interpretation of some of these geochemical
variations, suggesting that they reflect differences in tectonic
setting rather than crustal compositions.

In general, GR pelites have less pronounced Eu anomalies
(higher Eu/Eu* values) than QP pelites (Table 1; Fig. 2). Both
groups show a decrease in mean Eu/Eu* across the A-P boundary
although the standard deviations completely overlap in the QP
populations. The decrease in Eu/Eu* in both pelite groups is
considerably less than the decrease proposed by Taylor and
McLennan (1985, Table 5.2) between Archaean and post-Archaean
pelites (0.99 to 0.65) and statistically may not be real in the QP

Table 2.

Geochemical Characteristics of Greenstone Graywackes of Various
ages

2500-3500 Ma 1500-2500 Ma <1500 Ma
§102/A1,03 4.5+0.3 4.4+1.0 4.6+0.5
K,0/Nao0 0.68+0.31 0.55+0.23 0.40+0.50
cia 55+3 55+4 5315
La/¥b 1643 1515 14+4
Eu/Eu®* 0.97+0.05 0.95+0.04 1.0+0.03
La/Sc 1.840.2 1.9+0.3 1.9+0.4
Th/Sc 0.510.3 0.6+0.2 0.6+0.3
Th/U 3.740.2 3.4+0.4 3.5+0.3
Cr (ppm) 181+30 175+19 76410
Ni (ppm) 89+20 63+10 3249
n 15-79 5-25 10-83
N 5 2 8-15

See footnote of Table 1 for explanation.
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It is noteworthy in this respect that Eu
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anomalies 1in

early Archaean QP pelites from the Belt Bridge Complex are similar

to those in post-Archaean QP pelites.
La/8c
both pelite populations,

values of

boundary in

are statistically valid.

constant in QP pelites and may decrease in GR pelites across the
A-P boundary. As with Eu anomalies, early Archaean QP pelites are
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more like post-~Archaean than late Archaean QP pelites in terms of
La/S8c, Th/8c and Th/U ratios (Figs. 3-4; Table 1). No changes in
the La/Yb ratios (or LREE/HREE ratio) are apparent 1in either
pelite group across the A-P boundary or this ratio remains
relatively constant in the QP group through time. The La/¥b ratio
in GR pelites may decrease between the early and late
Archaean if pelites from the three early Archaean localities are
representative. Although fewer data are available for graywackes,
none of the element ratios appears to change significantly with
age (Table 2; Figs. 2-4).
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Figure 3. Distribution of La/Sc and Th/Sc ratios with age in
average dgreenstone graywackes and in pelites from greenstone (GR)
and guartzite-pelite (QP) associations. Other information as
given in Fig. 2.
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Differences between GR and QP pelites are particularly evident
in terms of La-Th-8c and Th-Hf-Co distributions (Fig.5). Protero-
zoic QP pelites are similar to Phanerozoic shales and support the
conclusions of Taylor and McLennan (1985) that the composition of
the average Proterozoic upper continental crust is similar to the
present upper crust. Archaean QP pelites are relatively enriched
in 8c and Co, a feature that may reflect a greater proportion of
mafic rocks exposed to erosion in Archaean continental crust. GR
pelites differ from most QP pelites by their relatively large
enrichments in 8c and Co, a feature that probably reflects

penecontemporaneous mafic volcanic sources.

Available geochemical data from QP pelites allow but do not
demand changes in Eu/Eu*, La/Sc and Th/S8c ratios across the A-P
boundary. Changes in these three ratios in GR peliets across the
A-P boundary, however, appear to be real. The large differences
in Eu/Eu*, La/¥Yb, Th/U, La/Sc and Th/S8c ratios in pelites proposed
to occur across the A-P bondary by Taylor and McLennan (1985)
probably relfect a tectonic setting bias. Their Archaean average
pelites are strongly weighted by GR pelites, whereas their
post-Archaean average pelites are almost exclusively QP pelites.
Perhaps the most intrigquing question to emerge from the data we
have compiled and evaluated is whether early Archaean QP pelites
(as represented by the Belt Bridge Complex) are more like
post-Archaean than 1late Archaean QP pelites. This question can
only be more fully evaluated if more early Archaean QP pelites are

found and analyzed.
NI AND CR

The high Ni and Cr contents of Archaean relative to
post-Archaean pelites has been recognized by many investigators
(Nagvi and Hussain, 1972; Naqvi, 1983; McLennan et al., 1983a,b;
Laskowski and Kroner, 1985; Taylor and McLennan, 1985; Wronkiewicz
and Condie, 1987; 1988) and is confirmed by the results of this
study. Ni and Cr contents of GR and QP pelites of the same age
are similar (Fig.6; Table 1). A dramatic decrease in both of these
elements occurs in pelites in crossing the A-P boundary. Ratios of
these elements to neighbouring compatible elements (such as Ni/Co
and Cr/V) also decrease, as pointed out by Taylor and McLennan
(1985). A small decrease in the concentration of Ni and Cr in

graywackes may also occur across the A-P boundary followed by a
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significant decrease in graywackes younger than 1500 Ma (Table 2).

Several explanations are possible for the relative enrichment
of Ni and Cr in Archaean pelites. Most investigators suggest that

the presence of komatiites in Archaean source areas accounts for
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Figure 5. La-Th-Sc and Th-Hf~Co diagrams showing distribution of
average pelite compositions from greenstone and quartzite-pelite
assoclations. UC, upper continental crust and field of Phanerozoic
shales from Taylor and McLennan (1985).
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higher Ni and Cr in derivative sediments (Laskowski and Kroner,
1985; Wronkiewicz and Condie, 1987). However, in some instances,
it is not possible to obtain a mass balance when Mg and various
compatible trace elements (Sc,V,Co,Ti) are considered (McLennan
et al., 1983a,b). It 1is difficult or impossible to obtain
approximate mass balances for such elements for many of the pelite
data points shown in Figure 6, even when unrealistically high
proportions (up to 50 percent) of komatiite are assumed in the
sources. One possible explanation of this problem is to invoke

Table 3.
Stratigraphic Geochemical Changes of QP Pelites 1in Cratonic
Basins.
Basin Pongola? Witwatersrandl Huronian? Pine Creek3 Belt®
Age (Ma) 3100 2800 2300 2000 1400

L U L M U L U L U L U
Zr (ppm) 185 240 94 120 201 169 284 95 166 85 134
La (ppm) 39 47 16 24 50 33 41 34 42 27 35
Ni (pgm) 135 158 300 627 523 78 14 52 12 36 30
Eu/Eu 0.69 0.68 0.79 0.81 0.67 0.83 0.68 0.84 0.56 0.55 0.52
La/¥Yb 12 14 11 10 14 13 15 20 18 15 15
La/Sc 2.1 2.4 1.2 0.94 2.1 1.7 4.4
Th/Sc 0.51 0.53 0.29 0.19 0.42 0.66 1.7
Ti/Zr 29 23 26 34 26 27 8 48 13 23 18
CIA 76 78 90 81 88 68 66 76 66

Values given are means; blanks reflect data not available. L,
lower; M, middle; U, upper, Refs. 1, Wronkiewicz and Condie
(1987); 2, Wronkiewicz and Condie (1988); 3, Taylor and McLennan
(1983); Ewers et al., (1985); 4, McLennan et al., (1979); 5,
Schieber (1986).

intense chemical weathering of komatiites in pelite source
regions. This weathering not only decouples such elements as Mg,
V and Ti from Cr-Ni, but also concentrates large amounts of Ni and
Cr in residual clays (Esson, 1983). Thus, a relatively small
proportion of highly weathered komatiite in sediment source areas
could supply significant quantities of Ni and Cr into a sedimen-
tary basin (Wronkiewicz and Condie, 1988). The fact that
Archaean Gr as well as QP pelites, exhibits significant Ni-Cr
enrichment, however, presents a problem for the weathering model.
This is because GR pelites are often integral members of graywacke
turbidite successions that are derived in large part from active
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volcaniec sources not subjected to intense weathering. The fact
that Archaean graywackes show only a small amount of Cr-Ni
enrichment, yet associated Gr pelites show significant enrichment
suggests the ultimate cause of Ni-Cr enrichment may involve a

grain-size effect.

Another possibility that could concentrate Ni-Cr preferentially
in fine-grained particles is the scavenging of these elements by
clay-sized particles from seawater. This would require a greater
concentration of these elements in the oceans than found today. A
possible source for increased input of Ni and Cr into the sea is
from hydrothermal leaching of oceanic crust in a manner similar to
that proposed to occur at modern ocean ridges (Thompson, 1983).
The probable importance of submarine volcanism and an oceanic
crust comprised largely of komatiite in the Archaean (Arndt, 1983)
are consistent with such a model. A komatiitic crust would
provide a 1large, continuously replenished source for Ni and Cr.
These elements could be leached from komatiites by hydrothermal
waters at ocean ridges and enter the Archaean oceans. If this
mechanism is to explain the high Cr and Ni contents in Archaean QP
pelites, it also necessitates a relatively short ocean mixing time
in the Archaean compared to the residence times of Cr and Ni in
sea water, in order for these elements to be transported into

shallow cratonic basins where QP associations are deposited.
WEATHERING INDICES

The Chemical Index of Alteration (CIA) has been proposed as a
measure of the intensity of chemical weathering in clastic
sediment source areas (Nesbitt and Young, 1982). As expected,
graywackes exhibit relatively low CIA values (755) indicating only
slight chemical weathering, and graywacke CIA values as a function
of time are rather constant (Fig. 4; Table 2). It is noteworthy
that both Gr and QP pelites have similar mean CIA values (770}
which are also rather constant with time (Table 1). However,
Archaean QP pelites exhibit a large range in CIA with values up to
90 in samples from the Witwatersrand Supergroup in South Africa
(Wronkiewicz and Condie, 1987) (Fig. 4) These rocks also have
low contents of Ca, Sr and Na. The variable, and occasionally
high CIA values and low Ca, Sr and Na in Archaean QP pelites may
reflect more variable and locally intense chemical weathering than

is characteristic of most post-Archaean QP sources. The higher
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CIA values in GR pelites than in associated graywackes (70 versus
55) are probably caused by mineral fractionation during sediment
transport. The finer sediments contain greater proportions of
clays and thus have higher A1203 contents (and CIA values) than

the coarser sediments.
CRATONIC BASIN EVOLUTION

Geochemical data are available from pelites at different
stratigraphic levels within several Precambrian cratonic basins.
Despite significant age differences 1in the basins, several
compositional trends are consistently observed between lower and
upper stratigraphic levels (Table 3). All show upward increases
in HFSE and 1light REE and decreases in the Ti/2Zr (except for
Witwatersrand) and Eu/Eu* ratios. La/Yb, La/Sc and Th/Sc ratios
generally increase or are approximately constant with
stratigraphic 1level. These changes probably reflect progressive
uplift and erosion of source areas exposing more granite with
time. The increases in Zr and other HFSE and the decrease in the
Ti/2r ratio may reflect increasing contributions of =zircon and
other minor resistate phases from the source granites. The fact
that the La/Yb ratio does not decrease with increasing zircon
content may indicate that REE are largely concentrated 1in clay
minerals (Wronkiewicz and Condie, 1988). The decreasing Eu/Eu#
values at higher stratigraphic levels probably reflect intracrus-
tal melting as a major source for the granites being unroofed, as

originally suggested by MclLennan et al., (1979).

Pelites from the three Proterozoic basins show decreasing Ni
(also Cr, Co) with increasing stratigraphic height, while pelites
from the two Archaean basins increase in Ni upwards (Table 3).
The trends in the Proterozoic basins are consistent with increa-
sing proportions of granite in the sources with time, while the
Archaean basins seem to suggest more komatiite-basalt input with
time. CIA values are relatively constant within the Pongola and
Huronian basins, suggesting that climatic conditions did not

significantly change with time.
DISCUSSION

It appears that some of the compositional changes proposed to
occur in clastic terrigenous sediments across the A-P Dboundary

result from the comparison of sediment averages that include, in
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the Archaean, chiefly Gr sediments and 4in the post-Archaean,
chiefly QP sediments. When only QP sediments are compared, the
differences between early and late Archaean pelites may be as
pronounced as those between 1late Archaean and post-Archaen
pelites. The only well-documented changes in clastic sediment
composition at the A-P boundary are decreases in Cr and Ni in
pelites. Average sediment compositions that are calculated without
a tectonic setting (lithologic associations) weighting factor must
be considered suspect and apparent differences between such
average sediments of different ages should not be interpreted in

terms of crustal or atmosphere-ocean evolution.

Data suggest that REE distributions and ratios such as La/Sc,
Th/8c, Th/U, Eu/Eu* and La/Yb in post-Archaean QP pelites can be
used to characterize the average composition of the upper
continental crust (Taylor and McLennan, 1981a,b;1985) (Figs.l1-4).
It is very doubtful, however, whether average Archaean sediments,
which include mainly graywackes and pelites from GR associations,
can be used in a similar way to estimate the composition of
Archaean upper continental crust. Most provenance studies of
clastic sediments from Archaean Gr successions indicate that
sediments are derived generally from 1local, volcanic-dominated
sources (Ayres; 1983; Ojakangas, 1985). Evidence is continuing to
accumulate to suggest that Proterozoic and most late Archaean GR
successions developed in arc-like volcanic belts and that
derivative sediments are largely reworked volcaniclastic debris
(Ayres et al,, 1985; Condie, 1982; 1986a). Furthermore, recent
geochemical studies of early Archaean GR sediments from Isua (3800
Ma) and southern India (>3400 Ma) indicate considerably more
diversity than has been found in late Archaean GR sediments (Nagvi
et al., 1983; McLennan et al., 1984; Boak and Dymek, 1987).

Geochemical data from Archaean QP pelites are on the whole
similar to those of post-Archaean QP pelites and suggest that
cratons were in existence by 3500 Ma (Gibbs et al., 1986; Condie
and Boryta, 1988). These early cratons may have differed from
post-Archaean cratons in containing small amounts of komatiite
that was exposed to weathering and erosion. The presence of a
larger proportion of crustal-derived granites in post-Archaean
cratons is perhaps allowed but not demanded by element ratios in

QP pelites. If greenstones form in arc systems, which seems
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likely (Condie, 1988), element ratios in GR pelites suggest an
increase in the amount of granite (relative to tonalite) in
post-Archaean relative to Archaean arc systems. Because arc
systems represent Jjuvenile additions to the continental crust
(even oceanic arcs eventually collide and accrete to continents },
it is unlikely that arc granites represent intracrustal melts of
older rocks. The negative Eu anomalies in these rocks may have
developed by fractional crystallization (Condie et al., 1985).
Why granites should be more important in post-Archaean than in
Archaean arcs is not entirely clear. REE distributions and
experimental data suggest that the source of tonalite and andesite
production in arcs shifted from the descending slab (batch melting
of hydrous mafic rock) to fractional crystallization of basaltic
magma after the end of the Archaean (Martin, 1986; Condie, 1988).
Perhaps the greater importance of fractional crystallization after
2500 Ma is also responsible for a greater proportion of granites
being produced in post-Archaean arcs. Since arc systems
eventually become part of continents, the less pronounced
geochemical changes in QP than in GR pelites across the A-P
boundary may reflect a relatively minor contribution from accreted
arcs to cratonic sediments. It is probably not possible to use
trace element distributions to support one model or another for
continental growth rate as proposed by Taylor and McLennan (198la;
1985).

Although a considerably greater number of chemical analyses are
available for GR than for QP Archaean pelites, this sample
distribution may not reflect the relative importances of the GR
and QP tectonic settings on the earth at that time. Taylor et
al., (1986) suggest that the proportion of Archaean arc-like
environment may have been underestimated relative to cratonic
environment. However, in terms of plate tectonics, Jjust the
opposite may be true. Archaean QP successions comprise a very
small proportion of known Archaean supracrustal rocks, and are
chiefly found in Archaean high-grade terranes (Condie, 1981).
Because such successions may have been deposited 1in small
cratonic basins on leading edges of colliding continental plates,
they may be underrepresented in the geologic record. Many of them
may have been buried at great depths during collision and have not
as yet been exposed by uplift and erosion, while others may have
been rapdily uplifted and destroyed by erosion. On the other
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hand, Archaean greenstone succcessions may be overrepresented in
the geologic record. Most of these successions owe their
preservation to extensive underplating with tonalite (and
granodiorite) (Condie, 1986b). Production of large volumes of
tonalite, especially in the late Archaean and probably along
convergent plate margins (Martin, 1986; Condie, 1988), may have

resulted in a preservational bias for GR successions.
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>3500 Ma

Belt Bridge Complex
South Africa (QP)
Condie and Boryta
(1988)

Pilbara,W.Australia(GR)
(Gorge Creek Group)
McLennan et al.(1983a)

Isua, W.Greenland (GR)
MclLennan et al. (1984)
Boak and Dymek (1987)

Holenarsipur, India (GR)
Nagvi et al. (1983)
Condie, (1987)

unpub. data
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APPENDIX 1
PELITE AND GRAYWACKE REFERENCES

PELITES

2500-3500 Ma

Moodies Group, South Africa (QP)
McLennan et al. (1983b)
Condie, (1987) unpub. data

Beartooth Mtns., Wyoming (QP)
Gibbs et al. (1986)

Witwatersrand Supergroup,South
Africa (QP)

Wronkiewicz and Condie (1987)
Pongola Supergroup, South Africa
(GR)

Wronkiewicz and Condie (1988)
Fig Tree Group, South Africa(GR)
Danchin (1967)

Condie et al. (1970)

Wildeman and Condie (1973)
McLennan et al. (1983b)

Kalgoorlie, W.Australia (GR)
Nance and Taylor (1977)

Pilbara, W.Australia (Whim Creek
Group) (GR)
McLennan et al. (1983a)
Bababudan Group,India (GR)
Condie, K.C. (1987), unpub.data

Malene supracrustals,W.Greenland
(GR)

McLennan et al. (1984)
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PELITES (CONTINUED)
1500-2500 Ma 21500 Ma
1. Roraima Group, Brazil(QP) 1. Slate Circle Shale (Silurian) (QP)
Gibbs et al. (1986) Nance and Taylor (1976)
2. San Andres Mtns. 2. Littleton Formation (QP)
New Mexico Shaw (1956)
Condie, K.C. and Alford,D.
(1987) unpub. data 3. Belt Supergroup, Montana (QP)
Schieber (1986)
3. Huronian Supergroup,
Canada (QP) 4. Nam Group, South Africa (QP)
McLennan et al. (1979) McLennan et al. (1983b)
Laskowski and Kroner (1985)
4. Mt. Isa Group, Australia
(QP) 5. Miscellaneous Phanerozoic (QP)
Nance and Taylor (1976} Ronov et al. (1965)
Ronov and Migdisov (1971)
5. Amadeus basin, Australia Ronov et al. (1972)
(QP) Cameron and Garrels (1980)
Nance and Taylor (1976) Gromet et al. (1984)
Taylor and McLennan (1985)
6. Pine Creek Geosyncline,
Australia (QP)
Taylor and McLennan (1983)
Ewers et al. (1985)
7. Manzano Mnts., New Mexico (QP)
Condie, and Budding (1979)
Condlie, K.C. (1987)
unpub. data
8. Ranibennur Group, India (GR)
Condie, K.C. (1987) unpub.
data
9. Barama-Mazaruni Supergroup

Guyana (GR)
Gibbs et al. (1986)
10.Birimian System,
(GR)
Jones (1985)

Ivory Coast

11.Mazatzal Mountains,
Condlie, K.C.,

Arizona (GR)
(1987) unpub. data



GRAYWACKES
2500-3500 Ma

Kambalda, W.Australia (GR)
Bavinton and Taylor (1980)

Yellowknife Supergroup, Canada (GR)
Jenner et al. (1981)

South Pass, Wyoming (GR)
Condie, (1967)

Rogers et al. (1970)
Wildeman and Condie, (1973)

Fig Tree Group (Sheba and Belview Road Fms.)
(GR)

Condie et al. (1970)

Wildeman and Condie (1973)

Chitradurga Group, India (GR)
Condie, (1987), unpub. data

1500-2500 Ma

Birimian System, Ivory Coast (GR)
Jones (1985)

Ranibennur Group, India (GR)
Condie, (1987), unpub. data

>1500 Ma

Baldwin Fm., Australia (GR)
Nance and Taylor (1977)

Gazelle Fm., California (GR)
Condie and Snansieng (1971)

Miscellaneous Phanerozoic (GR)
Weber (1960)

Weber and Middleton (1961)
Pettijohn (1963)

Haskin et al. (1966)

Whetten (1966)

ondrick and Griffiths (1969)
Taylor and McLennan (1985)
Condie, (1987), unpub. data
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PHY3ICO-CHEMICAL CONDITIONS OF METAMORPHISM OF THE ANCIENT
FOLD-BELT COMPLEXES

V.V.FED'KIN

ABSTRACT

Detailed studies on the compositions of coexisting minerals,
their zoning, composition of inclusions and mutual grain contacts
enable application of the chemical inhomogeneity of the
rock-forming minerals as an indicator of physico-chemical data on
mineral stability and permit of deducing the system of consistent
mineralogical geothermometers, geobarometers and geohydrometers.
Taking all these into account, one can follow the evolution of
physico~-chemical conditions of metamorphism (T.P, composition and
regime of volatile components during the crystal growth of rock-

forming minerals such as garnet, staurolite, cordierite, etc.

Based on these data, regularities regarding the evolution of
metamorphic processes in ancient shield complexes and fold belts
have been deduced. The ancient geothermal gradients are somewhat
inconsistent with one another at different stages of fold-belt
formation. In the younger fold systems, they correspond to higher
pressures during early stages of the geosynclinal regime and to
higher temperatures and relatively lower pressures at its final

stages.

Inversions of P-T conditions at different levels correspond to
different metamorphic stages. In the more ancient and rigid fold
belt bases, a discontinuous shift of the retrograde P-T path
towards lower pressures is observed. In the metapelite fold-belt
complex, ayoo decreases from 0.9 to 0.3 with increasing P and Tl,
whereas in the granulite complexes agao is constant and equals
0.2. Partial CO, pressure at the amphibolite to granulite facies

transition varies between 0.3 - 0.6 kbar.
INTRODUCTION

Advances in microprobe techniques have contributed greatly to
studies on the compositions of coexisting rock-forming minerals.
Detailed experimental and theoretical studies on mineral

equilibria help to deduce precise and consistent mineralogical
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geothermometers and geobarometers, as well as activity
coefficients of volatile components. Taking all these into
account, one can follow the evolution of physico-chemical

conditions of metamorphism during the formation of the ancient
complexes. This study aims to relate the major regularities of
metamorphic processes to geodynamic pecularities of the develop-
ment of certain reqions of the earth's crust. The author and
his coworkers have been engaged in research on this problem for
many years (Fed'kin, 1982a,b; 1986a,b; Fed'kin et al., 1983;
Perchuk et al., 1985; Perchuk, 1986; Perchuk and fFed'kin, 1986;
Pokrovskii et al., 1986). Studies on the metamorphic complexes of
the Precambrian and Phanerozoic fold regqions show that the
parameters of mineral formation (temperature, pressure, H,0 and
CO2 regimes) are closely interrelated to the ancient geothermal
gradient and geotectonic conditions of a region. The methods used
here for the petrological investigation make it possible to
reproduce the evolution of thermodynamic conditions of

metamorphism and help in solving some geodynamic problems.
METHODS OF STUDY

According to Korzhinskii's (1973) principle of 1local mosaic
equilibrium, our study was based on the assumption that at
different stages of geological events, as the large mineral grains
grow, either cores of the developing phases or their rims are in
equilibrium. The same applies +to mutual grain contacts and
inclusions in minerals. In this case, chemical inhomogeneity of
rock-forming silicates (garnet, biotite, staurolite, cordierite
etc.) is indicative of the physico-chemical conditions of
formation of certain zones and inclusions. Using the diffusion
and/or growth mineral zoning as an indicator, changes 1in the
thermodynamic parameters of metamorphism were first traced from
Turkestan complexes of South Tien-Shan. Similar views were put
forth by Perchuk (1983,1986), Perchuk et al., (1983,1984 and
1985); Lavrent'eva (1983); Fed'kin et al., (1983); Fed'kin and
Danilovich (1986) Fed'kin, (1986a,b); Perchuk and Fed'kin (1986).

To estimate the P-T equilibrium conditions for mineral
assemblages of metapelitic complexes, we have used the following

experimentally determined geothermometers and geobarometers.

1. The Bi-Gr-geothermometer studied experimentally by

Lavrent'eva and Perchuk (1981l) with Aranovich's correction for the
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Ca-content of Gr

RT'LanJ-("r + 5.9687T - 7391.64 - 0.07551P = 0. ceeea (1)

2. The Cor-Gr geothermometer

G -
RTInK™ COr | 2. 668T - 6134 - 0.03535P = 0 e (2)

and the Cor-Gr geobarometer for assemblages Q + Gr + Cor+A123105

RTan;;_C()r ~1201 - 3.62T + 0.45213P = 0 ()

3. The Sta-Gr geothermometer

RTanSta_Gr+7.7051T— 7041.1 = @ e (1)

and the Sta-Gr geobarometer (Fig.l) for Sta+Gr+Bi + Mu + A123105+Q
paragenesis (Fed'kin, 1975). The analogous expressions for Bi-cor
and Bi-Sta pairs may be inferred from combination of the eguations
(1), (2) and (1), (4) :

Bi-Cor

RtanD + 3.031T - 1252 - 0.04 P =0 v (5)
y Bi-Sta .
RlanD + 2.0064T - 350.54 - 0.0755P = Q. veeaal (8)

The entropy changes of the exchange eguilibria in these pairs are
very slight and the accuracy of the geothermometers (5) and (6)
permits one to use them as tentative ones. The minerals Bi, Cor,
and Sta have great ability to exchange their composition and the
Bi-Cor and Bi-Sta thermometers can function sensibly only in case
when the real mineral compositions are not far from the
egquilibrium ones. Nevertheless, they can provide us with further
information on equilibrium relations in the assemblages containing

these minerals.

*Symbols: And-andalusite, Bi-biotite, Ca-calcite, Chl-chlorite,
Cor-cordierite, Dol-dolomite, Fib-fibrolite, For-forsterite, Fsp-
feldspar, OGr-garnet, Ky-kyanite, Mu-muscovite, Pl-plagioclase,
Q-quartz, Sil-sillimanite, Sta-staurolite, Tur-tourmaline, Woll-

wollastonite, R-universal gas constant (1.987 cal.grad. mol) T-

temperature®, K, p-pressure, bar;Kg43= XMg/UﬁXMg)/ XMg/UTXMg)
distribution coefficient, K—A_B= XM:/Xig Partition coe-

fficient of Mg between phases A and B; XMq = Mg/(Mg+Fe+Mn),
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Figure 1. Staurolite~garnet geobarometer for Sta + Gr + Bi + Mu +

St G
Al,04 8i0, + Q parageneses; the figures are lnk =XMga/ XM;'

4. Three internally consistent geobarometers are as follows:
Q + Gr + Bi + Al,8i0g + P1l; Q + Gr + Bl + Mu t Al,8i04 ;
Q + Gr + Bi + Mu + Pl

(Aranovich, 1983). The activity composition relationships for

garnet and plagioclase are given according to Aranovich (1983).

In this paper, mineral equilibria in staurolite-garnet-biotite
schists from the Borsh series, North Pamirs (Sample 332a) are
considered. Besides Sta, Gr, Bi, Mu, Pl and Q, other minerals in
the rock are as follows: secondary Chl developed after Bi,
pseudomorphic andalusite after kyanite, as well as small amounts

of accessory apatite, magnetite, ilmenite, and zircon. There is no
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Figure 2. The mineral interrelations in the specimen No.332a (A),
and P-T conditions of their formations (B). The point numbers
correspond to the numbers of analyses (Table 1). 1-4 - geother-
mobarometers: Bi-Gr-P1-Al;8i0¢ (1), Bi-Gr-Mu-Pl1 (2), Bi-Gr-Mu-
Alp8i0g5 (3), 8Sta-Gr-Bi-Mu-AlS8iOs5 (4); 5 - P-T evolution trend.

Full symbols-core, open rim, striped symbols-rim-core combina-
tions.



Table 1.
Microprobe analyses of minerals from the specimen No 332a (North Pamirs)

Analyses

Nos. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Mineral P1; Gre Biy Grp Sta, Sta, Gry Bi, Gry Bi, Bic Pl Muc Mu, Plc
810, 65.41 37.31 33.62 36.90 27.81 26.98 37.468 34.95 37.67 135.46 36.62 63.63 47.20 46.25 61.38
T10, - - - 0.05 0.02 - 0.06 1.47 - - 1.69 0.16 0.41 0.74 0.03
Alp03  22.11 21.50 18.53 19.15 53.36 53.38 21.14 19.89 20.13 24.09 19.72 21.85 36.49 35.72 24.03
FeO 0.15 37.32 26.07 32.00 12.11 14.04 30.50 20.58 236.98 24.28 16.83 0.17 0.77 0.75 0.22
Mgo 0.01 2.55 8.85 1.83 1.65 1.05 3j.o1 11.21 1.69 8.61 11.48 - 0.42 0.67 0.09
Mno - 1.31 0.37 8.89 1.13 0.40 5.75 0.33 1.34 0.29 - - 0.01 - 0.09
Ca0 1.57 0.62 0.19 1.19 0.12 - 1.40 - 1.35 - - 4.47 - - 5.68
Naj0 10.42 - - 0.04 0.07 - 0.18 0.76 - - 0.72 9.65 1.39 1.34 8.26
K20 0.24 - 5.68 - 0.34 - 0.08 6.54 - 4.06 9.28 0.34 9.06 9.16 0.07

Total 99.91 100.61 93.31 100.05 96.61 95.85 99.60 95.73 99.16 96.79 96.34 100.27 95.75 94.63 99.85
Cations to 8(P1l), 11(Bi,Mu), 12(Gr), and 23,5(8ta) oxygen atoms without the hydrogen

81 2.875 2.996 2.658 3.032 3.966 3.914 3.018 2.626 3.076 2.609 2.714 2.818 3.092 3.073 2.731
Ti - - - 0.003 0.002 - 0.004 o0.083 - - 0.094 0.005 0.020 0.037 0.001
Al 1.146 2.035 1.727 1.854 9.015 9.128 2.006 1.762 1.937 2.089 1.722 1.140 2.817 2.798 6.260
Fe 0.006 2.506 1.724 2.198 1.452 1.703 2.054 1.293 2.525 1.494 1.043 0.006 0.042 0.042 0.008
Mg 0.001 0.305 1.043 0.224 0.352 0.227 0.361 1.255 0.206 0.944 1.268 - 0.041 0.066 0.006
Mn - 0.089 0.025 0.619 0.137 0.049 0.392 0.021 0.093 0.018 - - 0.001 - 0.003
Ca 0.074 0.053 0.016 0.105 0.018 - 0.121 - 0.118 - - 0.212 - - 0.271
Na 0.888 - - 0.006 0.019 - 0.028 0.111 - - 0.103 0.829 0.176 0.173 0.712
K 0.013 - 0.573 - 0.062 - 0.008 0.627 - 0.381 0.877 0.019 0.757 0.776 0.004

Total 5.003 7.986 17.765 8.041 15.043 15.02)1 7.993 17.779 17.955 17.536 7.821 5.030 6.946 6.965 4.996
The mineral composition parameters
- 0.103 0.327 0.071 0.180 0.115 0.123 0.413 0.070 0.295 0.446 - - - -

Xy

xpg - 0.848 0.540 0.699 - - 0.701 0.425 0.858 0.474 0.367 - - - -
Xca 0.076 0.018 - 0.033 - - 0.041 - 0.040 -~ - 0.200 - - 0.274
Xx VI - - - - - - ~ - - - - - 0.948 0.928 -

G 1
Abbreviations: c - core, £ - rim, 1 - inclusion, x:;‘- Mg/ (Mg+Pe), XH;/B(VIII), JLg-ng/n(VI),

G p Bi - - 3 M
Xéa=Ca/E(VIII), xCL-Ca/(Ca¢x+Na), Xpo=Fe/L(VI, i;;-pe/c(vxxx), XA:-AIVI/E(VI).

06
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Table 2.

P-T conditions of formation of some mineral associations in the
specimen No.332a (North Pamirs)

Geothermobarometers BGPA BGMA BGMP SGBM

Association TO°C P,kbar TOC P,kbar T9C P,kbar TOC P,kbar
GrzBi3P11Mul3Stas 627 7.30 620 6.40 626 7.14 610 7.2
GrgBiloPlleulqsta6 534 3.99 536 4.26 534 4.06 528 4.4
Gr7BillP115Mulqsta5 549 3.49 543 2.76 547 3.27 546 4.5
GrqBiBPllsMulqstas 474 0.71 464 0.55 471 0.34 445 1.5
Gr9Bi11P115Mu14St35 415 0.38 - - 418 0.74 443 1.55
G148111P112 441 0.48 - - - - - -
GrgBiapllsMul3 451 1.40 442 0.05 449 1.00 - -
Note: The mineral fiqures correspond to the numbers of analyses
(Table 1).

reaction between the major rock-forming minerals S8ta, Gr, Bi, Mu,
Pl within the rock. Hence, the changes 1in physico-chemical
conditions of their crystallization are retlected only by the

alteration of large-grain composition from core to rims.

The mineral interrelations in the thin section of 332a and the
points where the microprobe analyses (Table 1} have been obtained
for coexisting phases are shown in Fig. 2a. The thermodynamic
parameters (T and P) of the inner, intermediate, and outer =zones
of the equilibrium garnet staurolite-biotite were compared. These
data are summarized in Table 2 and shown in Fig. 2B together with

the proposed equilibrium conditions between the core of one

mineral and the rim of another. The geothermometers and geobaro-
meters we used were consistent within an accuracy of (120°C,1
0.7kbar) respectively. The highest parameters of mineral forma-

tion were obtained at the contacts between garnet central =zones
and Bi and Pl inclusions, whereas the lowest ones were at the
contacts between the grain borders. Sometimes, the Bi composition
along its cleavage has been changed more intensively then along
its cross-section. In such grains, reverse 2zoning has been
observed. In this case, P-T conditions of the eqguilibrium Gr-Bi
may differ by 100°9C and 3.5-4.0 kbar (Table 2, analyses 2,3), Gr

composition at the grain rim remaining almost unchanged (Table 1,
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analyses 4, 9). This is due to the fact that minerals show
different sensitivities to changes in chemical compositions under
variable thermodynamic conditions. Staurolite, garnet, and
feldspar are highly sensitive to any changes in external
parameters, although they are rather inert to the changes in their
compositions. The high capacity of Gr for recrystallization and
continuous growth of outer zones appears to protect inner zones
from the «chemical effects. Bi and Pl are the most sensitive to
any changes in T and P and their compositions are thus modified
with variation 1in these parameters. They commonly occur as new
generations of different composition in the groundmass and as a
rule are indicative of the latest, low-temperature rock
reconstructions. Thus, microprobe analysis recognized small
grains of a newly grown plagioclase containing 2-4 mole per cent
of anorthite (sample 332a). This Pl displays unrealistically high
P values (above 10-15kbar) irrespective of Gr composition, whereas
P120_27 grains in contact, together with either Bi-Gr or Sta-Gr

geothermometers, agree well in pressure estimations (Table 2).

In the light of the foregoing, microprobe analyses were carried
out on the minerals of metamorphic rocks of the ancient fold-belt
systems. Particular attention was paid to the study of
compositions of silicate minerals at mutual grain contacts and in
the inclusions. With this approach it may be assumed that the
composition of coexisting phases is indicative of the changes in
physico-chemical conditions of metamorphism at different stages of
the formation of a given complex. Therefore a point referring to
the different mineral zones may be grouped into an evolutionary

trend of P-T parameters on the P-T diagram.
RESULTS AND DISCUSSION

Thermobarometric calculations based on the microprobe
analytical data on coexisting minerals allow estimation of the
physico-chemical conditions of the formation of the ancient
metamorphic complexes which form a fold belt of the Phanerozoic
geostructures (Fig. 3). In many cases we succeeded in recognizing
the regularities of the evolution of P-T conditions at the
prograde and retrograde metamorphic stages and figured out
separate periods of metamorphism. The metamorphic P-T parameters
obtained for the core and rim mineral compositions are indicative

of certain periods in the geological history of the region. But
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Figure 3. P-T trends of metamorphism of the ancient fold-belt com-
plexes: A-the Belopotok suite, Ukrainian Carpathians; B-The
Karakchatau Mountain complex, Uzbekistan; C-The Kasan complex, the
Middle Tien-Shan; D-The Male Carpaty crystalline complex (CS8SR);
E-The Povazsky Inoves-crystalline complex (CSSR); F-The Borshit
series, North Pamirs; G - The Turkestan complex, Sokh river basin,
South Tien-Shan, and P-T conditions of formation Mu+Q+Fsp+Al;SiOg
paragenesis. Triple point of Al2S8i0Os polymorphs. The line of the Mu
+Q stability is calculated according to Robie et al. (1978), the
granite melt curve after Perchuk and Fed'kin (1976). Dotted lines
are these equilibria for different Pyyg(kbar). Dashed 1lines are
P-T trends after K-Korikovskii et al. (1985), Perchuk et al.
(1986), KP-Korikovskii and Putis (1986). Dotted-dashed lines are
the proposed trends based on our preliminary data.
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the relation between these periods, which consist of gradually
changing conditions of mineral formation (P-T trends), is often
difficult to determine. We aim at further P-T investigations,
but what we attempt at present is to group conventionally the
points obtained in the different parts of zoned «crystals,
inclusions, and at the phase contacts into a P-T trend. The
metamorphic complexes under investigation were the most ancient
ones, which were high grade metamorphosed. They form part of the
fold-belt system surrounding Precambrian median massifs or
constitute the basement for the fold-belt. Unlike the Precambrian
shield, these complexes display distinct traces of both prograde
and retrograde stages (Fig. 3A, B, D, E). In most cases, the
retrograde branch of the trend is characterised by higher
temperatures than the prograde one. However, some complexes, such
as Povazsky Inovec (Czechoslovakia) show the reverse relations.
The samples from the Borshit series (North Pamirs) have a complex
mineral zoning (Fed'kin, 1982b ; Fed'kin et al., 1983). This is
evidence for repeated variations in metamorphic parameters and the
metamorphic path. On the other hand, some samples from the
Borshit series show traces of uneven shift of geothermal gradient
during the course of development of the region and evolution of
metamorphic conditions. This phenomenon is typical of the bases of
ancient fold-block or ridges of an ancient foundatlion which under-
went tectonic crushing and differential ascent of some blocks.
The Turkestan complex of South Tien-Shan is a convincing example
of such a geological phenomenon. Based on the thermodynamic
parameters obtained for the complex central zone in the Sokh river
basin, the following two stages of deep-seated mineral formation
can be distinguished: (I)high-pressure stage at T = 540-700°C and
P =5.7 - 7.0 kbar. (II)low-pressure stage at T = 410-570°C and P
= 0.2-3.9 kbar (Fig.3-6). A sharp ascent of the Sokh river block
and the resulting decompression and degassing of the complex took
place between these two stages under nearly isothermal conditions
(Fed'kin, 1982a, 1986). What is noteworthy here is the
observation of the shift of geothermal gradient towards higher

temperatures (at Pconst.) or lower pressures (at T }) in the

const.
ancient fold bases. The same applies to the relatively foldead
surroundings of median massifs and shields. ln the latter, one or
several metamorphic cycles were recognized using the method of

physico-chemical petrology (Fig. 3A, 3B). Thus, in the ancient
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Belopotoc suite (Uzbekistan), the transition of P-T
mineral-formation conditions from prograde to retrograde occurs at
2 levels: at T = 700-730°C and P = 8.5 - 9.0 kbar, and at T =
580-610°C and P = 5.0-5.4 kbar. These levels correspond to the
different stages of metamorphism. It is also likely that there
were more stages,but their traces have dissappeared, due to later

more intensive metamorphic processes.
ESTIMATION OF FLUID REGIME

During metamorphism in most of the ancient fold-belt complexes,
the behaviour of H,0 and CO, regimes can be estimated by either
water and carbonate “mineral equilibria or the beginning of
granitic eutectic melting under conditions of variable water
activity. Q-Mu schists are widespread 1in the above-mentioned
Belopotoc suite, but they do not contain Fsp+Sill assemblage, nor
do they show traces of melting and migmatization. Comparing these
data with the P-T evolution trends of physico-chemical conditions
of the Belopotoc suite metamorphism (Fig. 3A), one can come to the
conclusion that 1in the rocks of the above-mentioned complex,
partial water pressure PH20 is 5-6 kbar at the maximum metamorphic
level (T=650-700°C, P=7.5-8.5 kbar). Lower H20 pressures would
cause Mu dehydration, whereas higher ones would give 1rise to
granitic eutectic melting at the same P-T parameters. Similar re-
lationships were observed in the metapelites of the Karakchatau
Mountain complex (Fig. 3B). At the peak of the first metamorphic
stage (700°C, 8.5 kbar), Pyop was determined to be 4.5-6 kbar,
whereas at the second stage P,,0 ) 2.0 kbar. The monovariant asse-
mblage Mu + Q + Fsp + Alzsios, was formed 1in the rocks of the
Turkestan complex within a narrow temperature range 530~570°C at
PH20=0.8—1.4 kbar (Fig. 3G). P-T conditions of these parageneses
were estimated by Bi-Gr and Cor—-Gr geothermometers. 1In this comp-
lex, partial CO2 pressure was calculated from the equilibria Cc +
Q=Wo1+CO2 (0.2-0.6 kbar) and Dol + Q = Cc + For + CO2 (0.5 kbar).

The analysis of metamorphic fluid regimes showed that H,0 and
CO2 behaviour in the Phanerozoic fold-belt regions differed
markedly from that in Precambrian shields (Aranovich etal., 1987).
In the zonal complexes of the ancient fold-belts, H,0 acti wvity
was seen to decrease from 0.9 to 0.3 with increasing pressure,
whereas in granulites, constant HZO of about 0.2 (Fig. 4)

attended a distinct P-T trend in the evolution of metamorphic



96
-HPa

o 6\&Fp ©
o) '3\ a ® \
o B
L LJ \%% \
\\ga \
N
Tc, . G

800°  600° 0 02 04 06 08 |

Figure 4. P-T (left) and P- Gyxyp (right) correlations for
granulites (circles) and for zonal metamorphic complexes
(squares).

conditions. Taking 1into account the effect of increasing rock
porosity at a high metamorphic level, as well as the salting-out
effect, one can interpret these peculiarities and construct a
model of essentially water composition of metamorphic fluid which
is close to the ratio of volatiles in the present-day lithosphere
(Aranovich et al., 1987). According to this model, the partial
CO2 pressures of metamorphism of fold-belt complexes did not
exceed 0.3-0.6 kbar.

Based on the microprobe data obtained and the interpretation in

terms of P-T conditions, the following inferences may be drawn:

1. The development of metamorphic processes in all the
fold-belt regions proceeds with an attendant time-shift of the
isothermal gradient towards 1lower pressures (or elevated
temperatures) and rarely in the reverse direction.

2. In relatively rigid geostructures exposed to tectonic
transformation or crushing, changes in geothermal environment
(shift of geotherms) are for the most part uneven and are specific
to the tectonic environment of a region. This is connected with
the interchange of relatively quiet periods and long-term
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geothermal endurance with periods of complex sharp ascent.

3. The methods of physico-chemical petrology enable us to
recognize the cyclicity of metamorphic processes and to follow
their evolution at the prograde and retrograde stages. These
features are best manifested both in the plastic fold systems
surrounding medial massifs and in the basement of fold structures
(belts) of Alpine type.

4. In the ancient fold-belt complexes, water activity during
the course of metamorphism decreases from 0.9 to 0.3 with
increasing pressure. Contrary to this, in the shields a constant
water activity H,0 = 0.2 has been estimated. Partial CO,
pressures of the metamorphic transition from amphibolitic to

granulitic facies vary within 0.3 and 0.6 kbar.
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ON THE ELECTRICAL STRUCTURE BENEATH THE SOUTH INDIAN SHIELD AND
ITS THERMOTECTONIC SIGNIFICANCE

U. RAVAL

ABSTRACT

The large-scale electrical texture of the greenstone-granite
and gneiss-granulite terranes in the peninsular Indian shield is
studied on the basis of existing magnetovariational and laboratory
measurements. The spatial changes of the wvariation field are
examined 1in terms of N-S8 and E-W orientations. The former are
broadly correlated with the shear zones and metamorphic transition
zones of the shield and the E-W disposition is indicative of an
eastward gradient. The sea-land interface and younger sedimentary
cover severely inhibit separation of possible intracontinental
sources near the eastern and southern margins. Some numerical
simulations are presented for a quantitative appreciation of the
gradual and/or abrupt metamorphic gradations, as well as
variations in the disposition of the mid-crustal conductive layer.
For the latter, the crustal sections inferred on the basis of DSS
(viz. Kavali-Udipi) 1imply the possibility of highly conducting
zones at mid (Lower) crustal and upper-mantle depths on the
eastern side of the Proterozoic Cuddapah Basin. Over the Eastern
Ghat Mobile Belt (EGMB), a remarkable superposition of wvarious
geophysical parameters seems to exist. 1In the absence of the MT
coverage, Adam's (1976) empirical relations have been utilized to
estimate from the available heat-flow measurements, the expected
depth ranges of the conducting zones at the intracrustal (ICL),
asthenospheric (HCL) and upper-mantle (UCL) 1levels. Supportive
evidence, viz., seismicity, gravity, magnetic and teleseismic
P-wave travel-time residuals are presented and discussed in
detail. The need for deep electrical probing experiments to
evaluate (i) geotectonic correlations of the anomalies on finer
scales and (ii) the possibility of a conductive feature parallel
to the Eastern Ghat as suggested here from this study is

emphasized.
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INTRODUCTION

The realization that the electrical conductivity distribution
provides an independent and complementary parameter (Schmucker,
1973; Tozer, 1981; Gough, 1986) to constrain crust and
upper-mantle structures has led to increased activity in the
electrical probing of the Precambrian shields (Jones 1981, 1987;
Hjelt, 1984 and references therein). The significance of the

electrical conductivity is attributable to (1) a 1large range of

Table 1.
A classification of Precambrian shields on the basis of inferred

upper and lower crustal parameters.

Cate- Region P Vp Vg Poisson's Type

gory (gm/cm3) (8/m) (Km/s) (Km/s) ratio

Normal (C,M,A)-C 1073-107% 6.6 3.18 0.25 I
u.u.

medi- (8,G,Ch)-C 3.11 100-300 6.8-7.3 4.1 0.25 II
ate N-8W;3-NO
Low SE-AF;SE-GC; 3.11 10-50 6.8 3.4-3.7 0.30 III

E-AF;SE-G C

South Ch(po) 2.90% 2.63x1078% 6.33%0
Indian 6.64
Shield §(8S) 2.72 4.57x1079  5.50 to
6.2
G(Hy) 2.66 5.89x10°%  5.83 to
6.5
G 2.66 1078 6.05 to
6.5

(C,M,A}-C: Central, Manitoba, Alberta in Canada; U.U: Ukraine in
USSR; N-8C: North Scotland; (S8,G, Ch) - Superior, Grenville,
Churchill Provinces 1in Canada; N-8W: North Sweden; S-NO: South
Norway; SE-AF: Southeast African 8hield; SE-GC: Southeast-
Grenville in Canada; C(Po): Charnockite (Porthimud)}; S(8): Syenite
(Sivamalai); G(Hy): Granite (Hyderabad); G: Granite. * surface
values; (+ at 300°C; @ range obtained) from laboratory studies.
(Lastavickova et al., 1988).



resistivity wvalues of 10+6 to 10 (ohm-m) found up to the
upper-mantle depths. Such high contrasts in some situations lead
to better lateral resolutions than those of offered even by the
seismic method and (2) its strong dependence on temperature
and fluid content (including porosity, salinity and interconnec-
tivity), which can play a crucial role in constraining the thermal

and rheological profiles.

Detection of possible highly conductive layers at the lower (or
mid} crustal levels in many parts of the world and the often found
correlation with strong seismic reflectors (Jones, 1987) provides
an impetus for coincident deep electrical and seismic probings and
to delineate the electrical structure, especially below, terrains
of variable metamorphic grades such as in the south Indian shield
(SI8). Using the results of deep electrical and seismic probings
from various shields, Jones (1981) has suggested some
rules-of-thumb and a classification (Table 1) on the basis of
inferred lower crustal (LC) structures in these areas. The primary
interest of such studies is thus to decipher the conducting zone
at the intracrustal 1level (ICL) and electrical asthenosphere
(HCL). The candidates for the former include highly porous,
interconnected layers with water contents of up to “2% qgraphite,
hydrated minerals, hydrous serpentinized rocks, deep faults, etc.
Shankland and Ander (1983) and Jones (1987) have discussed these
in detail and relate the electrical conductivity to grade of
metamorphism, fluid fluxes and tectonic deformations within the
0ld stable platform. The conductivity of the HCL, mostly due to
fractional melting, is regarded as thermally induced near the
litho-asthenospheric interface (Shankland and Waff, 1977; Jones,
1982; Tarits, 1986). The presence of carbon may also cause high
conductivity (Duba and Shankland, 1987). Generally, the
asthenosphere is deeper under continents than beneath oceans, but
near the continental margins (or transition) a complex overlapping
of the subterranean conductive zones may occur. The electrical
structure beneath the SIS hence becomes particularly interesting

owing to the following :-

* In the western and eastern parts of the Dharwar cratons (Fig.
la) of the northern block of the shield (Nagvi and Rogers,
1987), one may expect a mid (or lower) crustal (LC) conductor

as characterized by the 'normal' or Type I electrical structure
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in Table 1 above. The DSS study along the Kavali- Udipi profile
(Kaila etal., 1979) does reveal strongly reflecting horizons at
midcrustal depths and the heat flow (Gupta et al. 1987) and
teleseismic P-wave travel time residuals (SriNagesh et al.
1989) corroborate the normal nature of this part of the SIS.
It will be interesting to characterize the different blocks of
the SIS on the basis of electrical zoning of their lower crusts
as has been done for the Canadian and other shield regions
(Jones, 1981).

* Recently Burke (1983) has suggested that the Closepet granite
may be an old ‘Andean' type feature. This calls for a com
parison between the electrical signatures of this ‘plate
tectonic relic' with its present-day counterpart (Schmucker et

al., 1964; 8chwarz et al., 1984).

* The grade of metamorphism varies from greenstone through
amphibolite to granulite facies. This may give rise to
undulations/deformations of the intracrustal layers, depending
upon the intensity of the stress and P-T regimes. The
resulting shears between blocks of different rheology are a
consequence of the deeper thermomechanical process responsible
for the block uplift ( 20-25 km.) which appears to have caused
the exposures of deep crust in the SIS. It thus provides us
with an opportunity to analyse whether the high electrical
conductivity at lower crustal levels is due to composition or
caused by the intrinsic P-T regime at deeper 1levels. The
problem is similar to that across the Kapuskasing zone (KSZ) of
the central Canadian Shield (Woods and Allard, 1986; Kurtz et
al., 1986). The intermittent existence of stable supracrustals
within the southern granulite terrane (Drury et al., 1984)
makes the distribution of possible midcrustal conductors more

complicated although tectonically interesting.

* The disposition of the Proterozoic units, particularly the
Eastern Ghat Mobile Belt (EGMB), with reference to the Archaean
craton in the SIS seems anologous to the similar juxtaposition-
ing of the Limpopo mobile belt and the Kapvaal craton and that
on eastern side of the Canadian shield. 1In the South-African
shield a change from a high-resistivity upper crust ( 104ohm—m)
under the craton to moderate resistivity (7500 ohm) within the

mobile belts is reported (Vanzijl, 1977) and in the case of the
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Canadian region, Jones (198l1) has presented characteristic
transitions in the electrical conductivity from "normal'" to
"intermediate" to "low" types, as one moves from the central

part to the eastern mobile belts (Edwards et al., 1980).

¥ Activity <coeval with the Pan African and later events in the

SIS (Hansen et al., 1985; Nair and Vidyadharan, 1982) suggest

the possibility of a thin fold-belt similar to the one in
the southern cape mobile belt of Africa. Such linear belts
have revealed coincident electrical and static magnetic

anomalies most probably caused by hydrous serpentinized basalts
lying over a mobile belt due to past subductions of the oceanic

crust (De Beer and Gough, 1980).

¥ Deep-seated faults/fractures within the SIS (Grady, 1971;
Katz, 1978 Hari Narain and Subrahmanyam., 1986) may also
contribute to electrical conductivity due to fluid content and
heat flow. In addition there is also the possibility of
reactivation of the o0ld weak (rift)- zones (De Beer et al.,
1975).

* Development of a nascent subduction (Sykes, 1978) and/or
plausible transformation over the geological time-scale of the
passive ‘Indian margin' into an ‘active' one- as has been
conceived for the transition of the Atlantic to Andean type
margin (Dewey, 1969). These factors will significantly modify

the electrical structure near the margin.

¥ Recently Burke (1983} and Stein et al. (1987) have arqued
that the tractional forces due to the Himalayan-collision and
geometries of plate boundaries and plate-push from the south
appreciably affect the stress and thermal regimes of the Indian
Shield. In view ot this, the Proterozoic Mobile Belts (PMB)
may perhaps act as ‘rheological waveguides' constrained by
interspersed stable Archaean cratons. Alternatively, possible
interaction between the o0ld Precambrian platform with the

present-day tectonics becomes worth deciphering.

Towards an understanding of the above factors, knowledge of the
electrical conductivity distribution beneath the SIS could provide
an independent informational parameter to complement other geophy-
sical data sets. However, except for the Indo-Australian magneto-
metric array study (Srivastava and Habiba Abbas, 1980; Srivastava

et al., 1984) not many measurements are as yet available. The
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investigations following this geomagnetic depth sounding (GDS)
experiment, have been primarily concerned with the channelling of
currents (Thakur et al., 1986; Thakur, 1983; Ramaswamy et al.,
1985; Mareschel et al., 1987), except for those by Srivastava et
al., (1982) and Nityananda and Jayakumar (198l1). In this study an
attempt is made to reexamine the g.m. variation fields and search
for possible large-scale correlations, particularly in the 1light

of the points listed above.
ON ELECTRICAL SIGNATURES
G.M, Variation Field

The magnetometer array experiment (Thakur, 1983) provides the
database for the observations discussed here. Fig. 1lb shows
the 1location of array stations on the geological and tectonic map
of the area. The centrally situated and minimally disturbed
Hyderabad station, in the northern part of the 8IS, has been

assumed a normal station for the sake of comparison.

Figure 1. The South 1Indian Shield (SIS) and 1location of the
magnetometer array stations.
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Fig. 2a presents the spatial variations, in N-$S orientation of
the Fourier transform anomalies (FTA) and the variation field.
The FTA are given for different periods (T=37 to 108 minutes).
Near the Palghat-Tiruchi, line which is a major shear zone, a
positive maximum is seen on the eastern side, perhaps controlled
by the Annamalainagar station. The pattern of this eastern
profile 1is similar for all periods. The change from positive to
negative side takes place near the metamorphic transition
(“13-14°N). For the central and western profiles, the anomaly
points are few owing to sparsity of FTA in these regions. In
the case of the Sg.(H) variation also a southward increase |is
seen, with values along east (with respect to the SIS} remaining
consistently above those along the western side. The southward
increase and differences between the eastern, western and central

profiles for the Z-component are given in Fig. 2b. The figure also
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Figure 2a. The latitudinal (N-S) variation of (a) the relative
geomagnetic field variations along the east, west and central
profiles (on the left hand side) and (b) Fourier transform (F-T)

anomalies of the horizontal (H) component for different periods
(on the right). The abbreviations : P~T; CG; F; TZ respectively
denote the Palghat-Tiruchi line, Closepet Granite, major faults
and the transition (metamorphic) zone.

Figure 2b. Latitudinal (N-S) variation of the F-1T anomalies of
the vertical (Z) component for two periods along the east (E) west
(W) and central (C) profiles. The top figure represents the
magsat anomalies along the E & W margins.
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Figure 3. Longitudinal (E-W) variation of the (a) relative
variation field (left) and (b) F-T anomalies for different
periods.

gives 1long-wavelength changes in the static magnetic anomalies
(Mishra, 1986). The spatial changes of the relative variation
fields (Fig. 2a}) also show a southward increase. For the D-
component, the central profile is undulatory with gradient changes
near Salem, Bangalore and Hyderabad and the H-profile depicts a

steady negative increase with a perturbation near a major fault.

In Fig.3, which gives the E-W spatial changes, one notices that
the amplitude of the variation fields (VF) for both H and D
elements differs on either side of the Palghat-Tiruchi line and
shows a southward increase. At different latitudes, the VF on the
eastern side is greater. However, this difference between the E
& W decreases southward, as may be expected from the peninsular
geometry of the 8IS. Near some major geological tectonic features,
gradient changes could be seen. On the right-hand side of this
diagram (Fig. 3) anomalies are given for different periods. At
T=37 min, and 13°N, a significant signature near the Closepet
Cranite is seen. The low in Sq.(H) at ~10°N may be attributed to
a subsurface intrusion and/or a deeper Moho. At T=108 min a
relatively sharp change near the SE coastline (Palk-Strait effect)

could also be seen.
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Two points emerge: (a) there seems to be a significant
variation in electrical signature as one passes from W to E and it
will be valuable to decipher quantitatively how much of it could
be attributed to differences in the ocean-continent transitions on
either side and how much to the continental lithosphere; and (b)
the Dharwar Craton and its roots, particularly the western block,
has remained relatively undisturbed since its formation (73.3 Ga
ago); this is also supported by heat flow and a recent teleseismic
study (SriNagesh et al. 198%). This region may be taken to
represent the normal and stable platform and datasets over it may
be used to standardize the geophysical signatures in other shield

areas of the Indian subcontinent.

Induction Arrows
These also provide useful information regarding the subsurtace
conductivity distribution (Parkinson, 1959) and they are shown in
Fig. 4 along the E, C and W profiles. The diagram also gives the
changes caused in their azimuths and amplitudes due to variation
in the period. The latter are often correlated with different
source (or electric current) depths. Whereas the anisotropy or

the nonuniform part of the change might have been caused locally,
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Figure 4. Multiperiod induction vectors along the E, W and C
profiles.
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over a regional scale one finds that the induction arrows on the
W-side are transverse to the coast and those on the E-side are of
relatively higher magnitude and are oriented in a 8SE direction.
Near the southern tip of the SIS, both merge into a SSW-NNE orien-
tation which almost overlaps with the direction of motion of the
Indian plate. Most of the deep continental faults are oriented
NE-5W or transverse to these (Grady, 1971; Katz, 1978; Srinivasan
and Sreenivas, 1977) and the anomalous stations of the induction

field appear to lie over or in close proximity to these faults.

It appears to be of special interest to note that the orient-
ations of the induction vectors near the coast conform closely
with that of the first azimuth of the station anomalies over the
Indian continent (Dziewonski and Anderson, 1983) and seem to
correlate with the geometry and movement of the plate.
Alternatively, they might be linked with the anisotropies in the
thermal, rheological and electrical nature of the 1litho-astheno-

spheric system.

Numerical Models

Following Larsen (1975}, single-station, long period data have
been inverted (Sastry et al., 1990) to obtain a 1-D model up to
upper-mantle depths below a region close to Hyderabad. This study
has delineated conductors at lower-crustal, asthenosphere and
upper-mantle transition levels. Multi-period induction responses,
computed respectively for each conducting layer and for combined
sections, are given in Figs. 5d and 5a-2. Although, in principle,
the wvarious period ranges are sensitive to different conductive
depths, in practice it 1is difficult to achieve a spectral

resolution owing to poor S/N ratios and masking effects.

The Jjuxtapositioning of low-and high-grade terrains is marked
by shears, uplifts and/or oblique over-thrusting, apart from some
local exceptions, which distort the mega-layers in the crust. To
estimate how undulations of a mid-crustal conductive layer will
affect the induction response, some representative models of
the metamorphic transitions are numerically simulated (Fig. 5 a,b
& c). These 2-D models give the apparent resistivity variation
across a deep fault separating the two regions of a bimodal
metamorphic terrain. In one case, the conductivity is assumed to
depend on the composition and hence the exposed deep crustal

section is taken to be moderately conducting (Fig. 5a). 1In the



109

A
0= |0'; s/m [a] a4
0,= 1073 5/m o
3 2 -5 ay =107} s/m {b]
T [ |03 =107 sim T = 1Sec. a,- 1073 s/m
& 3t |05 =105 s/m
zal
3 E -Polarization &
2 2
1 T = 1008Sec. )
————e—t-eenied
1}
of | | . 1 1 J E-Polarization
axxxyrrep——— O
" o ] I I 1 L | 1 )
0, 20
———— 0
. 40 Km o " Ty ] 2
03 - o Ferrrdrzr 20
4 2
— ]} 40 Km
[ P ————
T3 T= 180 I 3 3 T 1Sec,
8 &
g2 T = 1008ec. 2 b T = 100Sec.
g S R
l N
H-Polarization H-Polarization
o 1 1 l 1 L | 1 J i 1 1 1 1 i 1 J
160 -80 0 80 100 -160 -80 0 80 160
Distance (Km) Distance {Km)
a4
"\\ el "
T 3
T = 18ec. Ta
© G
g T = 100Sec =
2
0 & 2
) -d
0y =107 s/m S
1 |og= 1073 s/m E-Polarization
03105 s/m !
R T A U R S SR B
P — y 0 J
92 o, jxrErrern 20
4~ ———$————— 40Km
e . a3 1
E
I T = tSec. [
a
Sab T = 100Sec g
-] o
- -
Ik
1 I\ 1 1 1 1 1 |

0
-160 80 0 80 160 105 103 10 103 108 109

Distance (Km) Distance (Sec}

Figqure 5. The apparent resistivity obtained numerically for
various possible transition models. (A) sudden (fault) (B)
gradual (Shear) and (C) partly present intracrustal layer (Dl):
1-D layered model inferred at Hyderabad, (D2): component system of
the 1-D model.

other case, the high electrical conductivity at the mid (or 1low)
crustal 1level is attributed to the P-T regime at LC depths and
thus the exposed section is assumed to be resistive (Fig. 5c}.
The third model represents the case where the transition (or
uplift) is characterised by a gently dipping shear rather than a
steep fault (Fig. 5b). These numerical results show the behaviour
of the apparent resistivity expected along profiles from the
Dharwar dgreenstone terrane to either the southern granulite zone
or the EGMB. However in reality, possible remobilization of the
EGMB and the intermittent presence of stable supracrustals in the

southern granulite part may complicate the problem.
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Laboratory Data

The dependence of electrical conductivity on temperature,
fluidity, porosity/interconnectivity and salinity has motivated
laboratory determinations thereof, under appropriate P-T
conditions, on some representative rock samples of the SIS
(Lastavickova et al., 1987). These data are, however, few and
need to be augmented to examine (i) conductivity variations across
metamorphic transitions and (ii) whether the conductivity is from
deep crustal exposures or due to the P-T regime or composition. A
wide spectrum of age groups available in the SIS allows study of
the relationship between the electrical conductivity and age for
the continental 1lithosphere. Table 2a gives conductivities of
some representative rocks of the SIS, at 0.5 Gpa and 300°C which
correspond to a depth of 20 km. The Indian basalts are found to
be more conductive than the average. Although SIS rocks, being
older, exhibit relatively low conductivities, at high temperatures
(between say 300 and 700°C) a steep rise in electrical
conductivity is measured for the Porthimund charnockites and
Sivamalai syenites. From measurements of compressional-wave
velocities (Vp) over some rock samples, the following relation is

obtained using a linear regression model
log P (Ohm-m) = A + B Vp (kms 1).

The influence of dehydration on the electrical conductivity-
temperature relationship has also been analysed employing a
temperature «cycle (Sharma et al.1986) and it is seen that between
715 and 8759 serpentine shows an anomalous behaviour wherein
its dehydration commences and is completed. Assuming anhydrous
conditions below 10 km, a crustal electrical-conductivity protile
was derived (see Table 2b) by Sharma et al. (1986) wunder the
granite (G) and Peninsular gneiss (P) rocks.

Lower-Crustal (LCL), Asthenospheric (HCL) and Upper-Mantle
conductors (UCL)

Adams (1976) has proposed empirical relations which connect the
depths of the three possible major electrical layers and heat
flow, and has discussed their significance (Adams, 1980). 1n Figqg.
(6) approximate estimates of these conductive layers under the SIS

are presented from the available heat-flow measurements.



Table 2A.
Variation of electrical conductivity of some representative rocks

of the SIS with P & T.

Rock type Density Vp(m/s) Conductivity (S/m) 0.5 Gpa
(Kg/m3) 300°C 500°C

Granite 2660 6400 5.8 x 1078 9,2 x 1077
(Hyderabad AP)

Granite 2660 6510 1.0 x 1078 2.5 x 1076
(Hyderabad AP)

Charnockite 2901 6640 2.6 x 1078 8.3 x 1076
(Porthimund TN} .
Syenite 2718 6204 4.6 x 1079 1.5 x 1076

(Sivamalai TN)

(Adopted from Lastavickova et al., Studia Geophysica et geodetica,

in press)

Table 2B.
Conductivity profile up to Moho

Depth Greenstone Peninsular Gneisses
Log (ohm~! cm™1) Log (ohm™1 cm™1)

5 - -

10 - -10.35

15 -10.5 -10.05

20 -10.3 - 9.1

25 - 7.1 - 6.6

35 - 6.55 - 5.65

38 - 6.3 - 5.4

(Adopted from S.R. Sharma et al., 1986)

Electrical signatures and other g.p. parameters

As mentioned earlier, the paucity of deep electrical soundings
in the SIS prevents, at present, a more quantitative and finer
resolution of the electrical structure. Constrained by this, we
have indicated above only some broad and large-scale trends. In
the following, we discuss other available information for further

elaboration,
HEAT FLOW

Owing to a close linkage between electrical and thermal states,
the suggestion that the crust-mantle interface below the Indian
Shield is hotter than its counterparts elsewhere (Rao and Jessop,

1974;8ingh and Negi,1982) assumes special significance. One of the
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reasons for this could be the relatively large shear heating due
to faster movement of the 1Indian Plate. A thermal anomaly
generated near the litho-asthenospheric boundary (at about 100 km.
depth) following Jjumps in the plate velocity (Froidevaux and
Souriau, 1978) may reach the base of the crust in ~30-40 Ma.
presuming only the heat conduction. Possible secondary convec-
tions and hydrothermal circulation may further enhance the rate of
heat transport, particularly in the mobile belts and associated
active =zones. Thus, along the NE-SW orientation the Indian Plate
might be relatively hotter, less viscous and electrically
conductive. This inference seems to be supported by the orienta-
tion of the induction vectors and first azimuth direction of
station anomalies near the coast (Dzeiwonski and Anderson, 1983),
a geoidal low and teleseismic P-wave travel time residual studies.
The collision in the north and plate push from the other sides

may also give rise +to stress-induced thermal regimes. While



discussing the relatively hotter Moho below the Indian Shield, it
may be pertinent to point out that the data considered in these
suggestions belong to a mobile belt environment and not strictly
to cold stable cratonic parts like western Dharwar,Bundelkhand and
the Bhandara nuclei.This mobile belt (Radhakrishna and Naqvi,
1986) appears to form an intercratonic rheological wave quide and
therefore within it a higher heat flow may result due to periodic

remobilizations, including those during the 1last 200 Ma.
MAGNETICS

This aspect is connected with the heat flow and thermal
gradient througqh depth of the curie-point isotherm. Table 3
gives the magnetic susceptibility of some representative rocks of
the SIS (Subramanyam and Verma, 1982). Negi et al. (1987) have
used heat-flow values to obtain expected depths of the magnetic
and thermal 1lithospheric boundaries on the basis of the curie
point of magnetite and the solidus of the upper-mantle rocks.
From this,also the difference in the variation of these parameters

on the eastern and western sides may be noted. A similar pattern

is obtained from the Magsat anomalies over the SIS and their
interpretation (Mishra, 1986), as seen above from the top diagram
of Fig. 2a. The E-W aeromagnetic profiles (Fig. 8) on the eastern
side of the Cuddapah Basin also exhibit a prominent magnetic
anomaly which appears to have a N-S linear orientation and to be

controlled by a regional high. Magnetic trends are also seen in

Table 3.
Magnetic susceptiblity of SIS rocks

Rock types Range (K x 10-6 31)
Granites 226- 38,956
Dolerites 892- 99,274
Granodiorites 226- 28,274
Archaean schists 226- 87,964
Amphibolites 666-103,672
Granulite facies

gneisses 440- 13,823
Biotite gneisses 138- 10,317
Charnockites

Acid 226- 53,407

Intermediate 226~ 85,451

Basic 226-113,097

Ultrabasic 452-157,079
Khondalites 226- 7,401

Adopted from C. Subrahmanyam and R.K. Verma (1981).
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the Tamil Nadu region and an intense NNW-directed feature along
the Kerala coast (Ramachandran et al., 1986 and Suryanarayana and
Bhan, 1985). From these magnetic features and recent reports
(Hansen et al., 1985; Nair and Vidhyadharan, 1982) of formations
coeval with the Pan-African thermal event, the possibility arises
of younger (<1000 Ma.) fold belts similar to that near the
southern cape of Africa. This may be of particular significance
in view of the superposition of Bettie magnetic and SCCB
conductive anomalies (De Beer et al., 1980) wherein it has been
suggested that alteration of the oceanic crust near the
continent-ocean transition or underneath the fold belts could give

rise to such an overlap of magnetic and conductive anomalies.
GRAVITY

There are three main gravity features in the S18. Their
tectonic significance and possible relation with electrical
signatures are examined. The first one 1is a long-wavelength
regional low (Verma, 1985) which appears to correlate with
suggestions of relatively high heat flow, uplift, low viscosity
and high conductivity. It may imply that the depth of the
asthenosphere, particularly in the EGMB and southern granulite
part, could be shallower. On a local scale, a second characteris-
tic anomaly 1is observed, across the transition from normal to
exposed deep crustal sections (Verma, 1985) similar to the one
reported over the Kapuskasing Structural Zone (KSZ)} in the
Canadian S8Shield (Fountain and Salisbury, 1981; Percival and Card,
1985). Mishra (in this volume), has quantitatively analysed this
feature across the Palghat-Tiruchi (P-T) line and attributes the
major gravity low south of the Palghat to thickening of the Moho.
It is interesting to note that this gravity low coincides with the
low in Sg. (H). The latter has been interpreted earlier in terms
of a subsurface intrusion (Srivastava et al., 1982). The degree
and gradient 1in g.m. variation tields and the low 8g.(H) may be
caused by either granitic batholiths or Moho undulation. However,
the 1long-period nature of the Sq. favours a deeper source. The
third and an important gravity high lies over the EGMB (Kaila
and Bhatia, 1981). It has been correlated with a linear
anorthositic emplacement all along the EGMB continuing south (Fiqg.
7a), 1implying mantle upwelling. Rejuvenation of this zone, may

be responsible for the observed heat flow and other attendant
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Figure 7. (a) The gravity field and anorthosite formation below
169 N (b) the seismicity zones and (C) values of P-wave travel
time residuals, over the SIS.

characteristics of the region. Alternatively, sensitivity of the
EGMB and southern granulite part to the Pan-African event (7580
Ma.); Gondwana activity (7225 Ma.) and updoming (Burke and Dewey,
1973), plate separations on the eastern and western sides of the
Indian plate and a flood-basaltic event (~65 Ma.) deserve closer
examination. Recently, dykes coeval with the Deccan Trap activity
have been confirmed (Anil Kumar et al., 1988) within this stable

Archaean-Proterozoic shield.
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SEISMICITY AND TELESEISMIC SIGNATURES

The first of these parameters, associated with the rheology of
the lithosphere, may be connected with the electrical conductivity
through the fluid-content, porosity, and P-T regime (Ranalli and
Murphy, 1987} and hence their correlation assumes significance in
the SIS. Grady (1971) has shown that most earthquake epicentres

lie close to NE-trending deep faults in the Peninsular shield and

Chandra (1977) has proposed a NNW-trending zone (Fig. 7 ) of
seismic activity containing these faults, the EGMB and its
southwest extension (See Fig.lb). The available focal depths in
this region are 12 km. (17.5%5°N, 73.7°E~Koyna) and 33 km. (17.9°N,
80.6°E ~ Godavari). The focal depth below the EGMB may be

indicative of the brittle-ductile transition within the crust and
hence it is interesting to note that these depths lie close to a
zone of reflectors (conductors?) as seen in the DSS section under

the region (Fig. 8). Recently, SriNagesh et al. (1989) have

analysed the teleseismic P-wave travel time residuals. The study
shows that beneath the EGMB and southern granulite part of the 8IS
anomalous positive residuals (low velocity) are estimated in

contrast to the western Dharwar region which is characterized by
negative wvalues (Fig. 7 ). This observation conforms with other

g.p. indications discussed above.
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Seismic Structure below the E and W coasts

The crustal sections inferred on the basis of the DSS studies
by Kaila et al. (1979) also clearly show the differences in the
structures below the E and W coasts, as seen in Fig.8 (gravity,
aeromagnetic and geomagnetic variations), which also gives a few
other geophysical magneto-variational profiles in the region but
not over same latitude on the western side; a feature revealed by
the DSS section under the EGMB is the juxtapositioning of a
midcrustal reflector and the indication of a mantle disturbance
(upwelling or thrusting). From studies made elsewhere, both these
factors could be linked with significant electrical signatures
which may partly be responsible for the observed g.m. variation
field and its gradient noted above. Separation of the
contributions to the induction field from the juxtaposed
midcrustal reflector and possibly a conductive asthenosphere is
indeed a formidable signal-extraction problem, owing to the
presence of younger sediments, deep faults and associated
hydrothermal circulations, and the proximity of the coastline. It
may thus be worthwhile to measure the g.m. variation field on the
seaward side (Filloux, 1980; Tarits, 1986) and in corresponding

regions of Antarctica (Crawford, 1974).
SUMMARY AND CONCLUSIONS

An attempt has been made to present a discussion of only the
broad and long-wavelength electrical signatures over the
peninsular part of the Indian Shield, constrained by the sparsity
of station-density and of laboratory measurements and the absence
of MTS, which severely inhibit finer resolutions at present. The
representative numerical models provide the wvariations of
resistivity expected on regional and local scales. A comparison
of different geophysical, geological and tectonic signatures
indicates that:

* The metamorphic transitions, shear zones, and deep faults (or

old sutures) seem to correlate with changes in the g.m.

variation fields. Electrical probing may help in tracing the

possible rejuvenation of old and hidden weak zones in the SIS,
during the Gondwanan and later activities (De Beer and Gough,

1980).

¥ Some of the anomalous stations lie close to deep seated

continental faults as seen on the Landsat imagery.
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* With respect to g.m. variation fields, the western Dharwar
craton appears to be relatively undisturbed, in conformity with
results of heat-flow and teleseismic studies.

* While the DSS is suggestive of a midcrustal layer and upper-
mantle upwell beneath the EGMB, the heat-flow values support
undulations of the mega-crustal layers.

* Dpifferent geophysical and tectonic signatures are seen to
overlap remarkably over the EGMB. It may be worthwhile to find
out if the same is true over various continuations of mobile
belts over the Indian Shield (Radhakrishna and Nagqvi, 1986).
The linear trend, along the eastern margin near 80°E and the
continent to ocean transifion are sub-parallel to the 85°E and
90°E ridges. The signatures ot activity along these might bear
some relation to possible secondary convection in this region
(Haxby and Weissel, 1986; Cazenave et al., 1987).

* A correspondence of particular significance is observed
between the induction vectors and the first azimuth of the
station anomalies near the margins, both seem related to

geodynamics of the Indian Plate.

In conclusions, the study has attempted to bring out the
significance of probing the electrical structures of this
important segment of the continental crust-mantle, particularly
with regard to the fact that within the 818, Archaean supracrus-
tals and Proterozoic mobile belts rest over one of the most active
litho-asthenospheric systems of the present Wilson cycle and from
this there clearly follows an urgent need for a focussed GDS and

MTS in the region.
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PRECAMBRIAN CRUSTAL EVOLUTION AND METALLOGENY OF SOUTHERN AFRICA

CARL R. ANHAEUSSER

ABSTRACT

Southern Africa offers a unique insight into many aspects ot
Precambrian geology, crustal evolution, and metallogeny. 'The
earliest recorded events date back to approximately 3800-3500 Ma
ago when vast areas of primordial crust developed following the
complex interaction of sial and sima. Episodic introduction of
granitic magmas assisted in the destruction of extensive volcanic
or greenstone terranes, and this process, involving cratonization,
led to the creation of microcontinental masses, 1including the
Rhodesian and Kaapvaal crustal fragments, and high metamorphic
grade structural provinces, as exemplified by the Limpopo Belt

straddling the Zimbabwe-South African border.

Intracratonic volcanism and sedimentation commenced during Late
Archaean times, leading to the sequential development of interior
basins which increased progressively in size from approximately
3000 Ma to 1800 Ma ago. During this time intracontinental
magmatism led to the emplacement of large mafic and ultramafic
layered bodies and smaller alkalic intrusions of carbonatite and
kimberlite. In addition, tectonic activity, probably 1linked to
the dynamo-thermal events occurring in the adjacent high-grade
metamorphic mobile belts, or to some Proterozoic plate motion,
produced structural features in the cratons on a hitherto underem-

phasized scale.

Whilst the eastern half of the subcontinent experienced
relative inactivity during the period 1800-300 Ma the emphasis of
continued continental growth switched to the western regions
where, from 2000 Ma to Late Proterozoic times, orogenic activity
led firstly, to the development of the Namagualand Metamorphic
Complex and, later, to the Damara orogenic belt of South West

Africa/Namibia.

The metallogeny of southern Africa is inextricably interwoven
with the stages of crustal evolution and continental development.

Mineralization 1is 1linked to metallogenic provinces and is also
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shown to be genetically related to host rock evolution and the
superimposed influence of igneous intrusion, metamorphism, and

structural disturbance.

Southern Africa 1is one of the world's great storehouses of
minerals and metals and the resources of the region are

highlighted with the aid of tabulated data on mineral reserves.
INTRODUCTION

Southern Africa, defined as that region of the African subcon-
tinent extending southwards from the Angolan border with South
West Africa/Namibia in the west, to the Zambezi River and Central
Mozambique 1in the east, contains some of the world's great
metallogenic provinces, and is the world's principal producer of
precious metals and minerals, including gold, platinum metals and
gem diamonds. The region 1is, furthermore, well endowed with
ferrous metals, base metals, and non-metallic mineral resources
important, not only to the overall economy of the southern African
countries concerned, but as strategic mineral resources to the

Western World (Van Rensburg and Pretorius, 1977).

Prior to the Mesozoic fragmentation of Gondwana, southern
Africa formed a part of a major 1landmass incorporating the
remainder of the African continent as well as India, Australia,
Antarctica and South America. Whilst it can be shown that the
various continental masses making up Gondwanaland evolved along
broadly similar geologic paths, the southern African region has
preserved a number of unique geological features, particularly in
the time span extending back in history from the Early Proterozoic
to the Early Archaean (1600-3800 Ma), that sets the region apart
as one of the great repositories of metals and minerals on the

surface of the earth.

Whilst much is now known of the geology of the African subcon-
tinent, including the economic mineral occurrences, there are
still many unanswered questions regarding the evolutionary aspects
of the crust and the intracratonic volcano-sedimentary cover
sequences developed throughout the region. 1In addition, genetic
aspects of the mineralized provinces are, in many instances, no
nearer a solution despite years of detailed study of surface and

underground mine exposures as well as drillcore.

Many attempts have also been made to synthesize the evolution
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of crustal domains or "provinces" throughout southern Africa and,
up until recently, this had to be approached without the aid of
sophisticated geophysical techniques such as gravity and
electrical resistivity soundings as well as seismic profiling
methods. Furthermore, the chronology of events in diverse and
complex geological terrains is often equivocal and constraints
imposed by isotopic and palaeomagnetic results have fostered
ongoing interpretative debates. However, with due allowance being
made for the above mentioned shortcomings, the broad framework of
crustal evolution in southern Africa appears to have been
reasonably well established (Tankard et al., 1982) and 1is only
likely to deviate where increased geophysical detail becomes

available.

Space 1limitations preclude a comprehensive review of current
thoughts on crustal development in southern Africa, but in this
contribution an attempt will be made to highlight some of the
major events that have influenced the geological development of
the subcontinent. As the metallogeny of the region has been
inextricably linked, both spatially and temporally, to the
geological evolution of southern Africa this aspect will be
briefly reviewed.

GEOLOGICAL OVERVIEW OF SOUTHERN AFRICA

Geologically, southern Africa is divisible into a variety of
tectono-stratigraphic domains, which include the Rhodesian and
Kaapvaal ‘"cratons" or "crustal blocks" of the southern African
shield, and the flanking, generally high-grade metamorphic
terranes, variously termed "mobile belts", or "structural
provinces" (Anhaeusser et al.,1969; Tankard et al., 1982). Whilst
definitions may vary, preference in this paper is afforded the
scheme adopted by Anhaeusser and Button (1976) and Pretorius and
Maske (1976), which depicts southern Africa as possessing two
older (>2500 Ma) cratonic domains on the eastern half of the
subcontinent and two younger (<2500 Ma) cratonic domains on the
western half (Fig. 1). These four crustal blocks, the presence of
which 1is supported by an analysis of the regional gravity field
over southern Africa (Hunter and Pretorius, 1981), represent
segments of the African subcontinent variously influenced by
crust-forming processes, but which stabilized relative to the
intervening orogenic tracts now occupied by complex tectono-
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Figure 1. Map showing the main crustal provinces and better
known geological features in southern Africa, including the
Archaean greenstone belts, the Great Dyke, the Bushveld Complex,
and the Witwatersrand Basin (After Anhaeusser and Button, 1976 and
Pretorius and Maske, 1976).

thermal mobile belt regimes. However, should any impression have
been created that the cratonic nuclei, coupled with their
intracratonic volcano-sedimentary cover sequences, endured only as
passive geological domains while the mobile belt regimes
experienced ongoing dynamo-thermal activity, then this notion can
be conclusively dispelled by an examination of the events that
affected the southern African region.

A sequence of chronologically well-defined evolutionary stages
of crustal development have been recognized for the Precambrian
rocks of southern Africa, the more significant of which are

summarized in the following sections.
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EARLY ARCHAEAN CRUSTAL DEVELOPMENT

The Kaapvaal and Rhodesian cratons, separated by the Limpopo
Belt, constitute Archaean crystalline basement areas that can be
traced back in time to approximately 3800 Ma (Barton et al.,
1983). The complex nature and protracted history of Archaean
geology in southern Africa, and elsewhere in the world, has led to
the formulation of numerous models which attempt to address the
multitude of issues relating to the growth and development of the
ancient crust. Comprehensive reviews have thus been provided
which attempt to examine aspects of granite-greenstone and
high-grade metamorphic mobile belt evolution (Goodwin, 1968;
Anhaeusser et al., 1969; Anhaeusser, 1973a; Windley, 1976, 1977;
McCall, 1977; Tarling, 1978; Glikson, 1979; Condie, 1981; Kroner,
1981, 1985; Kroner and Greiling, 1984; Nisbet, 1987; Cloud, 1988).
Views are divided as to whether Archaean granite-greenstone
terranes evolved in subduction-related magmatic arc or marginal
basin settings, or whether they formed in intracontinental rift
settings, the latter view implying the existence of primitive
pre-greenstone sialic crust. Because of the sound arqguments offe-
red by the two schools, and also bearing in mind the considerable
age variations reported from Archaean terranes, support for both

standpoints may have validity.

In southern Africa it has been proposed that the earliest
recognizable greenstone successions, made up essentially of
komatiites and basaltic komatiites, represent relics of a once
extensive primitive simatic crust (Anhaeusser, 1973a). In support
of this view it can be demonstrated that mafic and ultramfic
xenoliths occur prolifically in all the ancient granitic,

gneissic, and migmatitic terranes.

Furthermore, the generation of tonalite-trondhjemite gneisses
from mafic-ultramafic precursors has been demonstrated by Glikson
and Jahn (1985) who suggested the Archaean granite-greenstone
terranes were produced by a process of "sima-to-sial
transformation". However, a recently reported age of 3644 + 4 Ma
for gneisses in Swaziland exceeds current estimates for the age of
the nearby Barberton greenstone belt (Compston and Kroner, 1988)
thereby fostering the evolutionary debate with the suggestion
that at least some sialic crust existed in the area prior to the
greenstones. Such a relationship can best be demonstrated on the
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Figure 2. Schematic section through the Archaean granite-
greenstone crust in the Barberton Mountain Land region of the
eastern Kaapvaal Craton showing the threefold "magmatic cycle"
subdivision of the granitic rocks in the area (Adapted after
Anhaeusser and Robb, 1981 and Robb et al., 1983).

Rhodesian Craton where "younger" greenstones ( 3000-2700 Ma) rest
on "older" ( 3500 Ma) granite-greenstone basement (Wilson, 1979;
Foster and Wilson, 1984), thereby providing support for the view
that at least some greenstone belts may have formed in
intracratonic rift settings during the Late Archaean.

Much of the crystalline basement of southern Africa formed
prior to 3000 Ma ago and, once again, because of the nature and
complexity of this terrane there are widely divergent views on the
evolution of the granitic crust (Anhaeusser, 1973a, 1981; Hunter,
1974a; Condie and Hunter, 1976; Glikson, 1979; Anhaeusser and
Wilson, 1981; Tankard et al., 1982; Robb and Anhaeusser, 1983;
Robb et al., 1983; Wilson, 1979).

Based on studies of the well-exposed granitic terrane 1in the
eastern and central sectors of the Kaapvaal Craton (Anhaeusser,
1973b, 1983; Anhaeusser and Robb, 1980, 198l1) a three-fold
subdivision of the Archaean granites was proposed, each "magmatic
cycle" reflecting atages in the formation and genetic evolution of
the sialic crust of this region in particular, but also of areas
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further afield, including Zimbabwe (Fig. 2).

The early stages of Archaean proto-cratonization are thought to
have been accomplished by the generation of primitive tonalitic
and trondhjemitic magmas and complex migmatites following the
melting of an ensimatic source (Green and Ringwood, 1968; Lambert
and Wyllie, 1972; Arth and Hanson, 1975). The dominant processes
of cratonization developed during the second magmatic stage when
enormous volumes of K-rich magma were emplaced into the
earlier-formed greenstones and Na-rich gneisses, such that by 3000
Ma ago sheet-like batholithic massifs had developed on a crust

approaching 35 km in thickness (Robb et al., 1983).

The third magmatic stage coincided with the intrusion of
essentially post-tectonic plutons of divergent compositions
emplaced between 2800 and 2500 Ma ago and found in widely
dispersed regions on both the Kaapvaal and Rhodesian cratons
(Hunter, 1974b; Wilson, 1979; Barton, 1983a) as well as in the
southern and northern marginal zones of the Limpopo Belt (Barton

and Key, 1981).
THE ARCHAEAN-PROTEROZOIC LIMPOPO OROGEN

The Limpopo Belt situated between the Rhodesian and Kaapvaal
cratons (Fig. 1) remains an enigmatic problem in any synthesis of
the crustal evolution of southern Africa. Simply stated the
Limpopo structural province can be subdivided into three zones, a
Central =zone bordered more or less symmetrically by two marginal
zones. Both the Northern Marginal Zone, which abuts the southern
edge of the Rhodesian Craton, and the Southern Marginal =zone,
flanking the northern edge of the Kaapvaal Craton, appear to be
transitional with the adjacent cratons, their "boundaries" being
defined metamorphically by the recognition of orthopyroxene and
orthoamphibole isograds (Van Reenen and Du Toit, 1977; Robertson
et al., 198l1) and by gradational increases in the degree of
deformation (Coward et al., 1976; Du Toit and Van Reenen, 1977;
Barton and Key, 1981; Robertson et al., 1981; Tankard et al.,
1982).

The early suggestion that the Limpopo mobile belt represented
reworked cratonic material, with or without infolded supracrustal
rocks, and that the initiation of these belts was triggered by

huge transcurrent dislocation and a high heat flow related to
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Figure 3. Simplified map showing the seven tectono-strati-
graphic domains of the Limpopo Belt (After Watkeys, 1983).

mantle sources (Anhaeusser et al., 1969) was abandoned following
the discovery of the ~3800 Ma Sand River gneisses in the Central
zone by Barton et al. (1983) - rocks considerably older than any
yet found on the adjacent 1low metamorphic grade cratons. Ongoing
investigations have indicated further that, far £from being a
simple 1linear zone, the Limpopo Belt comprises seven tectono-
stratigraphic domains (Fig. 3) separated by contacts that include
wide ductile shear zones, wide dextral and sinistral shear and
stralghtening zones, thrusts, and ultramylonitized shear =zones.
Each domain possesses its own internal stratigraphic, structural,
and metamorphic history (Watkeys, 1983). Whilst there 1is some
degree of consensus that the marginal zones consist of significant
proportions of reworked continental crust related to the adjacent
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cratons, there 1s not the same unanimity concerning the origin and
nature of the pre-3000 Ma geological events recorded within the
Central Zone. This has led to widespread speculation involving
plate tectonic modelling, coupled with the suggestion that the
Central Zone may be a segment of allocthonous crust genetically
unrelated to those comprising the marginal zones (Barton and Key,
1981; Barton, 1983b). But for the older ages reported in the
Central Zone the need may not have arisen to go beyond the view
that the entire Limpopo structural province represents reworked
intracratonic crust, along the 1lines 1initially suggested by
Anhaeusser et al., (1969). Apart from the assumption that plate
tectonic processes operated in the Archaean there remains a press-
ing need, using other isotopic dating techniques, to verify the
~3790 Ma Rb-Sr whole rock ages reported by Barton et al., (1983).
Just how reliable the Rb-Sr method remains for dating gneisses
that were subjected to polyphase metamorphism, including granulite
facies conditions, is open to debate. Whatever the views may be
there 1is no doubt that the Limpopo Belt was involved in multiple
structural, metamorphic, and igneous intrusive events developed
episodically over a protracted period extending from Early
Archaean (73800 Ma) to Early Proterozoic (72000 Ma) tinmes.
Precisely what influence these events had on the neighbouring
cratons remains obscure, but if the Limpopo Belt was an orogenic
zone it must undoubtedly have contributed greatly as a source
terrane for Iintracratonic sedimentation initiated approximately
3000 Ma ago.

LATE ARCHAEAN - EARLY PROTEROZOIC SUPRACRUSTAL DEVELOPMENT

The ancient basement discussed previously, was buried beneath a
Late Archaean-Early Proterozoic succession of volcano-sedimen-
tary basins Fig. 4) represented by rocks of the Pongola, Dominion,
Witwatersrand, Ventersdorp, Transvaal-Griqualand West, and
Waterberg-Umkondo sequences (Button et al., 1981; Tankard et
al.,1982). The detritus contributing to the sequential evolution
of the volcano-sedimentary basins was derived from both intra-
cratonic as well as from external sources, such as the
neighbouring orogenic mobile belt terranes. Sediments may also
have been derived from sources further afield if a Gondwana-like
supercontinent existed during Late Archaean-Early Proterozoic

times.
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Figure 4 Schematic diagrams showing the distribution of
intracratonic volcano-sedimentary basins on the Kaapvaal and
Rhodesian cratons from Late Archaean to Early Proterozoic times
(Modified after Anhaeusser, 1973a).

The intracratonic volcano-sedimentary basins that developed on
the Kaapvaal Craton between 3000-1800 Ma show a progressive size
increase corresponding with a concomitant decrease in age of the
basins £from southeast to northwest. 1In addition there 1is a
consistent northeast orientation of the basin axes which migrated
to the northwest across the Kaapvaal Craton (Anhaeusser, 1973a).
The largest of these basins, which formed approximately 1800 Ma
ago, led to the accumulation of the extensive Matsap-Waterberg-
Soutpansberg-Umkondo sequences dominated by red bed sediments - an
event which coincided on a global scale with the advent of an
oxygenated atmosphere (Cloud, 1976).
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The development of each basin was accompanied by basic
volcanism, providing an almost continuous record of the nature of
the mantle beneath the Kaapvaal Craton tor over 1200 Ma. Myers et
al. (1987) demonstrated that these volcanic rocks show gquantita-
tively similar trace element patterns reflecting either some
fundamental process occurring with each volcanic event and/or a
single source region that supplied all of these melts. This
remarkable degree of mantle homogeneity beneath the crust of
southern Africa was also noted by Anhaeusser (1376a) who showed
that magmas containing anomalous quantities of chrome were

emplaced episodically into the region over a time span ot 1500 Ma.
PLUTONIC ACTIVITY ON THE KAAPVAAL AND RHODESIAN CRATONS

Granitic intrusions
Plutonic events 1in the cratonic areas, involving granitic
rocks, largely ceased after 2700 Ma with only minor intrusions
being emplaced 1in Swaziland, and some granitic activity being
associated with the Kanye Volcanic Group in Botswana (Gaberone
granite, 2590 Ma) and the Bushveld Complex (Bushveld granite
2010 Ma) (Button et al., 1981; Vermaak and Von Gruenewaldt, 1986).

Basic and ultrabasic intrusions

The Archaean crystalline basement and, in places, the Late
Archaean-Early Proterozoic volcano-sedimentary cover, was also
invaded sporadically by massive intrusions (Fig. 5) of basic and
ultrabasic magma (Anhaeusser, 1987), including {(a) the emplacement
of the Mashaba Ultramafic Suite (2800-3000 Ma) and the Great Dyke
(¥2500 Ma) in Zimbabwe (Wilson, 1979), (b) the 3150 Ma Messina
Layered Intrusion emplaced into the Central Zone of the Limpopo
Belt (Barton et al., 1979), (c) the Usushwana and Rooiwater
complexes (2780 Ma and >2650 Ma, respectively), emplaced into the
eastern sector of the Kaapvaal Craton (bavies et al., 1970;
Vearncombe et al., 1987), (d) the Bushveld Complex (2050 Ma)
emplaced in the central Kaapvaal C(Craton (Vermaak and Von
Gruenewaldt, 1986),and (e) the Molopo Farms Complex (2050 Ma),
straddling the border between eastern Botswana and South Atrica

(Gould and Rathbone, 1985).

Alkaline and alkaline/ultrabasic intrusions
Further major magmatic activity occurred on the eastern half
of the subcontinent also in the form of sporadic intrusions of a

remarkable spectrum of alkalic and alkaline/ultrabasic rocks
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ranging from lamprophyres through cartbonatite and alkaline
complexes to kimberlites and related rocks (Verwoerd, 1967;
Ferguson, 1973; Bristow, 1985). The ages of these intrusions vary
from 2600 Ma for lamprophyres intruded into the Limpopo Belt
(Watkeys and Armstrong, 1985); 2050 Ma for the Phalaborwa Complex
(Fig. 5) 1intruded into the eastern part of the Kaapvaal Craton
(Eriksson, 1984); kimberlites emplaced into the central and
western parts of the Kaapvaal Craton between 1400-1600 Ma
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Figure 5 Simplified map of the eastern half of the African sub-
continent showing the distribution of some of the more important
mafic, wultramafic, alkalic and kimberlitic complexes of Archaean
and Proterozoic age, as well as the location of the Vredefort
ring structure.
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(Kramers, 1979; Bristow et al., 1986); and additional carbonatite
and alkaline complexes, like Pilanesberqg (Fig.5), intruded into
the central Kaapvaal Craton at about 1200-1400 Ma (Ferguson, 1973;
Harmer, 1985; Lurie, 1986).

The extent of the alkalic magmatic activity on the Kaapvaal
Craton in the time-span 1200-1400 Ma has not been fully determined
because younger cover obscures numerous shield volcanoes formed by
multi-phase eruptions of magma possessing basalt-trachyte as well

as variolitic trachyte lineage (Frick and Walraven, 1985).
KAAPVAAL INTRACRATONIC TECTONISM

The cratons have generally been perceived as stable crustal
nuclei that, for prolonged periods following their formation, were
tectonically inactive parts of the earth's crust. Events
documented on the Kaapvaal Craton must, however, seriously
question the validity of this impression. Apart from the major
upheavals that must have accompanied the emplacement of the large
layered igneous intrusions, including the 500 km long Great Dyke
and the Bushveld Complex, which is 67000 km? in areal extent,
other significant intracratonic events include the domical
upwarping of numerous areas of granitic basement. On the Kaapvaal
Craton a "grid pattern" of domes and intervening basins was first
recognized by Brock and Pretorius (1964). One of these
structures, the Vredefort Dome, occupies a central position in the
craton (Fig. 5) and is distinguished by a 17 km-wide collar of
steeply dipping and overturned sedimentary and volcanic rocks of
the Witwatersrand, Ventersdorp, and Transvaal successions
surrounding a 36 km diameter core of Archaean granitic basement.
An outer rim synclinorium of upper Transvaal strata 20-30 km wide
completes the structure (Simpson, 1978). Data consistent with the
view that approximately 14 km of “3800-2800 Ma Archaean crust may
have been "turned up on edge" in the centre of this structure,
thereby revealing mafic and felsic granulites derived from
supracrustal rocks that had been profoundly reconstituted in the
middle crust, were reported by Hart et al., (198la,b). The scale
of the Vredefort structure, which was updomed ~2000 Ma ago,
defines an intracratonic event of immense magnitude, the likes of
which appear to be unequalled elsewhere on Earth. This uniqueness
has prompted much debate as to the origin of the Vredefort ring

structure with views being divided between supporters of its
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formation by endogenous processes as opposed to it representing an
astrobleme formed by the impact of a cosmic body, as suggested
initially by Dietz (1961).

Further evidence of intracratonic deformation on a scale
hitherto unsuspected is emerging from detailed structural and
seismic reflection investigations in the principal gold producing
areas of the Witwatersrand Basin. Much of this information
remains unpublished in view of the competitive nature of the gold
mining industry, but accounts by Roering (1984), McCarthy et al.,
(1986) and Tweedie (1986), among others, leave little doubt that
the Witwatersrand, Ventersdorp, and Transvaal successions in the
central Kaapvaal Craton have been subjected to deformation of a
magnitude previously not anticipated. This is manifest in entire
sequences being overfolded, duplicated by imbricate thrust
faulting, sheared and mylonitized, subjected to large-scale wrench
faulting, cleavage development, and £folding on a variety of
scales, as well as to faulting resulting in horst and graben
development.

THE GREAT 1800-300 Ma HIATUS

With the exception, in northwestern Zimbabwe, of the deposition
of the Piriwiri, Deweras, and Lomagundi groups of sediments,
believed to be of Middle Proterozoic age (71500 Ma), and discount-
ing the unknown extent of the alkali igneous and volcanic activity
on the Kaapvaal Craton referred to earlier, a major hiatus ensued
in the reglons wunderlain by Archaean and Early Proterozoic
basement and platformal sequences on the eastern half of the
African subcontinent. This hiatus, extending from approximately
1500-1800 Ma until Karoo times (Late Palaeozoic-Early Mesozoic),
influenced both the Kaapvaal and Rhodesian cratons suggesting that
these regions were essentially neutral geological terranes for
over 1500 Ma. Eroslon in this region appears to have been
minimal, thereby ensuring the preservation of one of the most
complete geologic records of Archaean and Early Proterozoic rocks

on earth.
PROTEROZOIC OROGENS AND CRATONIZATION

(a) The Namaqua—Natal structural provinces
In contrast to the "relative geological inertness" of the

Rhodesian and Kaapvaal cratons on the eastern half of southern
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Africa during the period 1800 to 300 Ma some of the flanking
mobile belts were exceptionally active regions. During the period
1200-900 Ma, for example, the eastern or Natal sector of the
Namagqua-Natal mobile belt (Fig. 1) underwent its main tectono-

thermal activity leading, ultimately, to the allochthonous Natal
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Kaapvaal Province

Figure 6. Tectonic subdivisions of the Namaqualand Metamorphic
complex (After Joubert, 1986b).
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structural province being thrust northwards onto a foreland
represented by the southeastern margin of the Kaapvaal Craton
(Matthews, 1972, 1981).

on the western half of southern Africa a microcontinent,
comprising the Richtersveld Subprovince which originated during a
major crust-producing event some 2000 to 1730 Ma ago (Reid, 1982),
together with the approximately 1600 Ma old Bushmanland
Subprovince, were accreted to the African subcontinent as a unit
approximately 1400 to 1200 Ma ago (Joubert, 1986a,b). The region,
comprising the Namagqualand Metamorphic Complex (Joubert, 1981,
1986a, b; Botha, 1983) (Fig. 6), consists of a polyphase deformed
and metamorphosed gneissic terrane formed from numerous sedimen-
tary and volcanic rocks, intruded by a variety of granitic as
well as mafic and ultramafic rock types. The collision zone, which
includes the Gordonia Subprovince, is marked by a major northwest-
trending strike-slip orogen segmented by shears and sutures, the
latter occupied by numerous bodies of mafic and ultramafic rock.
The Gordonia Subprovince, in turn, abuts against the Kheis Subpro-

vince which skirts the Kaapvaal Craton and represents a transi-
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Fiqure 7. Schematic map showing the extent of the Late
Proterozoic Congo and Kalahari cratons and (Pan-African orogenic
zones in southern Africa (Adapted from Cliffoxd, 1970; Kroner,
1977, and Martin and Porada, 1977).
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tional =zone between relatively undeformed Archaean and Early
Proterozoic rocks and intensely deformed and metamorphosed

assemblages of the Namagqualand Metamorphic Complex (Vajner, 1974).

Tectonism of the Namaqua structural province subsided between
1200-1000 Ma and the gneissic terrane acted as a basement to
volcano-sedimentary successions of the Karas and Sinclair groups
in eastern Namagualand and southern South West Africa/Namibia,
respectively. By this stage Late Proterozoic cratonization
processes had fused the Namaqua-Natal structural provinces to the
Kaapvaal-Rhodesian crustal segments, resulting in an aggregate
craton known as the Kalahari Craton or Kalahari Province
(Clifford, 1970; Tankard et al., 1982). This coincided with the
similar development of the aggregated Congo Craton in Central
Africa (Fig. 7) that followed the Kibaran orogeny approximately
1100 Ma ago, and which incorporated the Angolan Craton straddling
the border between Angola and South West Africas/Namibia (Fig. 1).

(b) Pan-African orogenesis

The Late Proterozoic cratonization episode was succeeded by the
onset of Pan-African geosynclinal development and subsequent
tectonism which affected widespread areas on the western half of
the African subcontinent (Fig. 7) and adjoining areas of South
America (Kroner, 1977; Martin and Porada, 1977a,b; Tankard et
al., 1982; Miller, 1983a,b). These include (a) the coastal and
intracratonic, northeast-trending branches of the Damara orogen in
South West Africa/Namibia, as well as the adjacent platformal
sequences developed on the Angolan and Maltahohe cratons (Fig. 1),
(b) the Gariep geosyncline along the west coast straddling the
South West Africa/Namibia -South Africa border, and (c) the
Malmesbury geosyncline sweeping around the southwestern and
southern coast of 8South Africa beneath the cover of Lower
Palaeozoic sediments that constitute the Cape Fold Belt (Tankard
et al., 1982).

The Damara episode was initiated 1000-900 Ma ago and followed a
protracted history of intracratonic rifting trending north-
northwest, northeast, and south away from a triple junction that
constituted part of the tectonic regime responsible for the
commencement of the opening up of the South Atlantic ocean
approximately 840 Ma ago. The Damara orogen underwent a
continuous evolution 1involving rifting, spreading, spreading
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reversal, subduction, continental convergence, doming, thrusting
and several stages of syn- and post-tectonic granite emplacement
and metamorphism - the tectono-thermal history of which, as
outlined by Miller (1983b), began to subside 500-450 Ma ago.

METALLOGENY

Having 1initially provided a geological overview of southern
Africa there remains the task of highlighting this region's vast
and diverse mineral occurrences. Because of the importance of
minerals and mining in the economy of southern Africa the mineral
provinces have been well documented and reviewed in the past by
numerous authors (Haughton, 1964; Anhaeusser, 1976a, b, c;
Anhaeusser and Button, 1976; Coetzee, 1976; Pretorius, 1976a, b).
A large amount of additional geological and related information
pertaining to many of the important ore deposits of the region is
also available in a recently published set of two volumes entitled

Mineral Deposits of Southern Africa (Anhaeusser and Maske, 1986).

The nature and distribution of mineral deposits in southern
Africa was examined by Sohnge (1986) in relation to the tectonic
and chronological framework broadly outlined earlier in this
paper. A number of mineral provinces and subprovinces were
defined that emphasized the link between the types of ore deposits
generated in different environments and the advance of crustal
evolution through successive geological eras. The concept of
mineral provinces provides explorationists with a framework within
which mineralization may be associated with specific 1lithologic
types or geologic events. These together are usually of a
regional nature and might also 1involve magmatism, structural
deformation, or metamorphism.

The most important mineral occurrences of southern Africa,
shown chronologically in Fig.8, can also be categorized
genetically (Anhaeusser, 1987b), again emphasizing the geological
environment, but placing importance on the link between
mineralization, host rock evolution and the influence of

super imposed ore forming processes.
Syngenetic, stratiform mineral deposits

Deposits of this type include the stratiform, stratabound, non-
magmatic deposits such as the important gold-uranium occurrences

associated with placer-type sedimentation in the intracratonic
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MINERAL DEPOSITS IN SOUTHERN AFRICA THROUGH TIME

Figure 8. Diagram illustrating the chrono-stratiqgraphic
distribution and nature of mineralization 1in southern Africa
(After Anhaeusser, 1987).

Pongola, Witwatersrand Triad (Dominion Reef, Witwatersrand,
Ventersdorp), and Transvaal basins. Also in this category are the
vast 1iron, manganese, and asbestos occurrences in the Transvaal
Sequence, the copper occurrences of the Lomagundi/Umkondo and
Klein Aub/Doornpoort formations of Zimbabwe and South West
Africa/Namibia, respectively, as well as the extensive lead, zinc,
copper, and silver deposits like those found in the Bushmanland
Sequence near Aggeneys and Gamsberg in Namaqualand (Anhaeusser
and Button, 1976; Pretorius, 1976a; Tankard et al., 1982; Beukes,
1986; Joubert, 1986b; Killick, 1986; Newham, 1986).

The second variety of stratiform deposits includes those having
a magmatic origin and being associated with major layered igneous
intrusions. These include the Mashaba Complex and Great Dyke in

Zimbabwe and the Bushveld, Rooiwater, and Usushwana complexes on
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the Kaapvaal Craton. These intrusions are major sources of
chromite, titaniferous - and vanadium-bearing magnetite, the
platinum-palladium group of metals, and important quantities of
copper, nickel, cobalt, and gold produced as by-products to the
platinum extraction (Anhaeusser, 1976a; Wilson, 1979; Vermaak and
Von Gruenewaldt, 1986; Vearncombe et al., 1987).

Epigenetic mineral deposits

Deposits 1in this category occur in a variety of geological
settings in southern Africa and are often produced as a result of
the concentration and redistribution of metals by magmatic hydro-
thermal or epithermal systems accompanying igneous intrusions.
Important in this group of deposits are the numerous gold
occurrences located in the Archaean greenstone belts of Zimbabwe
and the eastern Kaapvaal Craton (e.g. the Barberton area), and in
Early Proterozoic Transvaal sediments (e.g. the Pilgrim's
Rest-Sabie region). Major deposits of tin and fluorite associated
with the granitic rocks of the Bushveld Complex are also
epigenetic in character (Anhaeusser, 1976a,b; Anhaeusser and
Button, 1976; Foster and Wilson, 1984; Vermaak and von
Gruenewaldt, 1986).

Mineralization associated with volcanism

The southern African stratigraphic record displays numerous
episodes of volcanism, the nature of which varies significantly
from the Early Archaean greenstone terranes where komatiites and
basaltic komatiites predominate to the Proterozoic where flood
basalts are extensively developed in the intracratonic basins and
calc-alkaline volcanic suites occur in the orogenic belts.
Basalts akin to ocean-ridge tholeiites occur 1in the Late

Proterozoic Damara orogen.

On the Rhodesia Craton numerous Archaean nickel-copper deposits
are found associated with wultramafic to mafic volcanic and
plutonic rocks and important antimony-gold occurrences, also
associated with altered (sheared and carbonated) komatiites, are
mined in the Murchison greenstone belt located on the eastern side
of the Kaapvaal Craton. Mineral occurrences associated with
Archaean intermediate to felsic volcanic rocks 1include small
deposits of antimony, gold, mercury, copper-zinc-lead, tungsten,
barite, and massive pyrite-pyrrhotite (Anhaeusser and Viljoen,
1986).
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No significant mineralization has yet been ascribed to the
intracratonic flood basalts although minor showings of copper have
been linked to the mafic lavas in the Waterberg Sequence. 1t has
also been speculated that auriferous exhalites accompanied, or
were closely followed by, the andesitic-basaltic volcanism of the
Dominion Group and may have contributed to an endogenous origin
for some of the gold in the Witwatersrand Basin (Hutchinson and
Viljoen, 1988).

Important deposits of copper-zinc, with minor lead, are found
in the Early to Late Proterozoic volcanic sequences developed on
the western half of the African subcontinent in the Namaqualand
Metamorphic Complex and 1in the Damara orogen in South West
Africa/Namibia (Joubert, 1981, 1986b; Miller, 1983b; Killick,
1986} .

Mineralization associated with granitic intrusions and meta-

morphosed terranes

Deposits that may be categorized under this heading occur
scattered throughout southern Africa, but are best represented by
the pegmatite belts developed in sectors of the Archaean granitic
terrane of the Rhodesian and Kaapvaal cratons, and in the orogenic
zones of Namagualand and in the central parts of the Damara
orogen. Important deposits of tin, tungsten, tantalum, niobium,
lithium, mica, bismuth, beryllium, emeralds, corundum as well as
uranium are found in these rocks (Anhaeusser, 1976a; Anhaeusser
and Viljoen, 1986; Joubert, 1986b; Killick, 1986; Richards, 1986;
Sohnge, 1986).

Some Archaean gold, tungsten, and tin deposits have been linked
with intrusive granitic stocks and small plutons and, in southern
South West Africa/Namibia, porphyry copper-molybdenum mineraliza-
tion associated with calc-alkaline volcanic and plutonic rocks of
Early Proterozoic age were described by Minnitt (1986) and Viljoen
et al. (1986).

Metamorphism has been responsible for the development of
important refractory mineral deposits, such as the extensive
andalusite occurrences found 1in the aureole surrounding the
Bushveld Complex, and the sillimanite, kyanite, and graphite
deposits found in the high-grade metamorphic mobile belts
(Anhaeusser, 1976a; Hammerbeck, 1986). An unusual and rare, but

extremely important gold deposit, producing 1.5t of gold per annum
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and representing 10 per cent of Zimbabwe's gold output, is also
located in high-grade metamorphic rocks situated in the North
Marginal Zone of the Limpopo Belt (Bohmke and Varndell, 1986).

Mineralization associated with carbonatites and alkaline
rocks (including kimberlites)

A number of important intrusive carbonatite and alkaline
complexes occur throughout southern Africa (Verwoerd, 1967). Two
of these occurrences to have received notoriety include the 2050
Ma Phalaborwa Complex situated near the eastern margin of the
Kaapvaal Craton and the 71200 Ma Premier kimberlite pipe, located
towards the centre of the craton. Few mines, if any, elsewhere in
southern Africa and perhaps in the world, can match Phalaborwa for
the variety of its products and potentially extractable metals.
The principal commodity produced at the mine 1is copper, with
apatite, vermiculite, magnetite, sulphuric aciaqd, zirconia,
uranium, nickel, silver, gold, and platinum group elements either
mined separately (as with the apatite and vermiculite) or as
by-products. Potentially extractable metals 1include thorium,
aluminium, potassium, and rare earth elements. Numerous other
phosphate deposits in the form of apatite-rich carbonatites occur
throughout southern Africa, with some carbonatites also showing
economically potential deposits of niobium, titanium, strontium,
hafnium, fluorite, barite, soda, limestone, and the semiprecious
stone, sodalite (Verwoerd, 1986).

Although most of southern Africa's kimberlitic diamond deposits
are of Late Cretaceous age, a few occurrences of Middle Protero-
zoic age are known, including the Premier diamond mine which still
has the distinction of having produced the largest diamond ever
found on earth (the 3025 carat Cullinan diamond). Green diamonds,
the colour apparently produced by radiation damage to the diamond
structure, have been found in 2700 Ma Witwatersrand conglomerates
(Young, 1917), suggesting that some kimberlitic intrusions may
have been emplaced into the Kaapvaal Craton during Late Archaean

times.
MINERAL RESOURCES

No single mineral resource inventory exists for the entire
southern African region, but several attempts at compiling
information pertinent to the mineral reserves of the Republic of
South Africa have been produced (Coetzee, 1976; Pretorius, 1976b;
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Van Rensburg and Pretorius, 1977; Von Gruenewaldt, 1976; Vermaak,
1979; Minerals Bureau of South Africa, 1986). Recent articles
reviewing the precious, base, and ferrous metal resources, as well
as the non-metallic mineral resources of the subcontinent include
those of De Villiers et al. (1987), Forsyth (1987), Hammerbeck
(1987), and Malan (1987).

Tables I-IV provide some indication of the reserves of selected
metals and minerals available in southern Africa and a guide to
the world ranking occupied by the various commodities. Although
the mineral deposits are regionally well dispersed throughout the
subcontinent there are concentrations of metals and minerals in

clearly defined mineral provinces (as indicated by Sohnge, 1986).

TABLE I.

Southern African reserves of precious metals

Commodity Reserves Worlad
(%) Rank
Diamonds* 594 Mcar. 39.0 1
Gold 20467 t 50.8 1
Platinum Group Metals 31250 ¢t 81.4 1
Silver# 9500 t 2.5 7

*Diamonds of gem and industrial quality mostly derived from pipes
and alluvial sources younger than Precambrian,

Mcar = millions of carats; t = metric ton.
# Silver recovered as a by-product of gold and lead mining
(after Minerals Bureau of South Africa, 1986)

The impact of this concentration was high-lighted by Pretorius
(1976b) who provided tabulated data showing the distribution,
guantity, and value of mineral commodities in the different
geologic environments and as a function of their chrono-
stratigraphic position. Despite being seemingly outdated the data
nevertheless still reflect the main features pertaining to mineral
availability and production in southern Africa. 1In South Africa
alone, over 173% of the value of minerals ever produced has been
derived from the Late Archaean-Early Proterozoic volcano-
sedimentary basins with approximately 68% of the value stemming
from the gold-silver-uranium production in the Witwatersrand

Basin. The Bushveld Complex with its platinum group metals,
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nickel, chrome, vanadium, and tin, contributed 6% of the total
value- a figqure that now probably exceeds 10% following the
expansion of mining (particularly platinum mining) over the past

decade. The sedimentary successions of the Transvaal-Griqualand

TABLE II.

World production of ferromanganese and ferrochrome alloys in 1984.

Country (kt) Country (t)
Japan 718 RSA 889 881
Norway 480 Japan 324 000
RSA 381 Zimbabwe 220 300
France 359 Sweden 145 000
FRG 309 Brazil 132 300
Brazil 285 FRG 70 000
Mexico 203 USA 59 200
India 168 Turkey 59 200
Spain 155 Finland 58 644
Italy 124 Italy 49 942
Canada 116 India 31 504
Australia 106 France 20 000
Belgium 95 Greece 20 000
UK 75 Spain 14 000
Yugoslavia 67 Norway 11 ©¢oo0
Portugal 65 Mexico 7 000
USA 60

Korea 59

Other ME* 39

Total ME 3 864 Total ME 2 771 171
USSR 1 832 USSR 432 000
China 490 China 120 000
Poland 135 Poland 47 000
Romania 128 Czechoslovakia 29 000
Czechoslovakia 100 GDR 21 000
other cpe? 100

Total World 6649 Total World 2771 171
* ME : Market economies Kt = Kiloton (t x 103)
*+ CPE : Centrally planned economies t = metric ton

RSA : Republic of South Africa

(after Minerals Bureau of South Africa, 1986 and Hammerbeck, 1987)

West sequences accounted for 5.5% of the value, with manganese,
iron, asbestos, gold, 1limestone, and fluorite being the main
commodities exploited. As an indication of the significance of

the Phalaborwa Complex as a supplier of minerals almost 2% by
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value of South Africa's mineral production stems from this source
alone, with copper, phosphates, and vermiculite being the

principal money earners.

Ferrous metals have become increasingly important in southern
Africa (Hammerbeck, 1987), the region being the dominant world
supplier of chromium from Archaean greenstone belt sources and
layered ultramafic complexes in Zimbabwe (Mashaba, Great Dyke) and
the Bushveld Complex in South Africa (Vermaak, 1979). Manganese,
from extensive deposits in the Transvaal-Grigqualand West
succession, and vanadium from the Bushveld Complex, by far eclipse
anything else known in the world. Southern Africa's resources of
high-grade iron ores, although not large by world standards, are
nevertheless substantial, and other commodities necessary to
sustain a high-technology ferrous alloy, super alloy, and special
steels industry, including nickel, cobalt, tungsten, silicon
molybdenum, niobium-tantalum, titanium, 2zirconium, and rare
earths, are in favourable supply. Table II shows the position of
South Africa and Zimbabwe relative to the rest of the world in the

production of ferrous metals.

The value of non-metallic minerals, while being relatively
modest compared to that derived from the precious and ferrous
metals, is nevertheless considerable. Resources of some selected
non-metallic commodities are substantial, ranking highly by
comparison with the rest of the world (Table III).

TABLE III.

South African reserves of selected non-metallic minerals

Reserves World

Commodity (Mt) (%) Rank
Alumino - silicates 51.6 37.7 1
Asbestos (crocidolite,amosite,
chrysotile) 7.8 5.8 4
Fluorspar 31.0 3.5 4
Phosphate (rock) 2310.0 6.9 3
Vermiculite 73.0 40.1 2

Mt = megaton (t x 103)
(after Minerals Bureau of South Africa, 1986)
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As outlined by Forsyth (1987), the golden era of base metal
exploration dawned in the early 1960's. Up until this time copper
was the dominant commodity in this cateqgory, being mined f£from
Early Proterozoic Lomagundi-Umkondo sediments in 2Zimbabwe, and
from Middle Proterozoic basic bodies intruded into the Okiep
copper district of the Namagualand Metamorphic Complex (Joubert,
1986b). In addition, 1important copper-lead-zinc production
stemmed from the remarkable Tsumeb ore pipe found in dolomites
on the northern shelf of the Damara orogen in South West
Africa/Namibia (Killick, 1986). Also, some tin production was
derived from pegmatites occurring in the Archaean, Namaqualand,
and Damaran granitoids, as well as in the Bushveld granites and
assocliated sediments, and copper-nickel was obtained as a
by-product of platinum mining in the Bushveld Complex.

Subsequently, numerous base metal discoveries ensued in a
variety of settings, but principally in the high-grade metamorphic
terranes such as the Limpopo Belt (Selebi-Phikwe, copper-nickel},
the Namaqualand Metamorphic Complex (Prieska, copper-zinc;
Aggeneys, lead-zinc-silver-copper; Gamsberg, zinc; Rosh Pilnah,
zinc) and the Damara orogen (Matchless, Otjihase, Oamites; copper-

Zinc-silver-lead).

TABLE 1IV.
Southern African reserves of metallic minerals

Reserves World
Commodity (%) Rank
Antimony * 254 kt 5.5 4
Beryllium * 24 kt 3.3 7
Chromium (ore) 3953 Mt 91.3 1
Cobalt * 32 kt 0.5 10
Copper * 6 mt 1.2 11
Iront 5987 Mt 6.7 5
Lead # 5 Mt 3.9 5
Manganese (ore) 12700 Mt 78.5 1
Nickel © 6649 kt 7.7 6
Titanium & 31 Mt 12.8 3
Uranium © n/a 15.0 2
Vanadium * 7800 kt 47.1 1
Zinc * 15 Mt 5.4 4
Zirconium ¥ 6.9 Mt 17.7 3

* contained metal ; + estimated iron content ; o sulphide ore;
6 U30g;n/a not available for disclosure;

Mt = megaton (6 x 105); kt= kiloton (t x 103)

(after Minerals Bureau of South Africa, 1986)
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on the cratons the Archaean greenstone belts yielded
significant deposits of nickel-copper (e.g. 8hangani, Trojan,
Empress) and antimony-gold (Murchison), and Phalaborwa began
copper and phosphate production in 1966. In recent years
interesting lead-zinc deposits have been £found in Early
Proterozoic dolomites of the Transvaal-Griqualand West sequence
(Pering, Bushy Park, Leeubosch) (Beukes, 1986). Table IV provides

some indication of the metallic mineral reserves of South Africa.

Overall, southern Africa is lacking in few metals and minerals,
has substantial reserves to sustain a mining industry well into
the 21st century, and should remain a dominant supplier of a wide
range of mineral commodities and specialized mineral products for

a long time into the future.
CONCLUDING REMARKS

The African subcontinent must remain one of the most singularly
unique geological regions on earth. Despite its relatively small
areal extent of approximately 3,447,000 km? it can boast a wide
range of tectono-stratigraphic domains ranging in age from
Archaean to Late Proterozoic, as well as still younger
Phanerozoic environments not discussed in this contribution. The
region has contributed substantially to a general understanding of
geological processes and responses (be they igneous, sedimentary,
volcanic, or metamorphic) because a number of exceptional
geological features were able to withstand the ravages of time.
Included among these outstanding geological terranes are: (a) the
classically symmetrical Limpopo Belt wedged between the Kaapvaal
and Rhodesian cratons, (b) numerous granite-greenstone tracts, but
specifically the Barberton Mountain Land and the Belingwe region
of southern Zimbabwe, (c) the series of intracratonic volcano-
sedimentary basins developed on the Kaapvaal Craton, in particular
the units making up the Witwatersrand Triad, (d) the Great Dyke of
Zimbabwe, (e) the Bushveld Complex on the Kaapvaal Craton, (f£) the
Vredefort ring structure, (g) the Phalaborwa carbonatite complex,
(h) the Early to Middle Proterozoic Namagualand-Natal tectono-
metamorphic domain accreted onto the earlier formed Kaapvaal
Craton, and (i) the Late Proterozoic Damara orogen flanked by

platformal sequences deposited on younger cratonic basement.

Southern Africa can also boast a number of unique mineral
provinces and deposits, most of which have no counterparts
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elsewhere in the world. Such a list would include (a) the
Witwaterstrand gold (silver)-uranium province, (b) the Bushveld
Complex with its platinum-chrome-vanadium occurrences, (c) the
Kalahari manganese field 1in the Early Proterozoic Transvaal-
Griqualand West sequence, (d) the unique copper-phosphate-
vermiculite deposits associated with the Phalaborwa Complex, (e)
the Shurugwi/Great Dyke/Mashaba high-grade chrome occurrences in
south-central Zimbabwe, (£) the Late Proterozoic Tsumeb lead-
copper-zinc-silver deposit in South West Africa/Namibia, and (gq)
the Rossing uranium deposit developed in pegmatitic alaskites
intruded during the waning stages of evolution of the central

Damara orogen.
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STRUCTURAL STYLES IN THE PEECAMBRIAN METAMORPHIC TERRANES OF
PENINSULAR INDIA: A SYNTHESIS

K. NAHA AND D. MUKHOPADHYAY

ABSTRACT

Structural features are known in reasonable detail for three
Precambrian metamorphic terranes of Peninsular [ndia, namely,
Karnataka in South 1India, KRajasthan in Western 1India, and
Bihar-Orissa in Eastern India. All the rock groups of the Early
Precambrian Dharwar tectonic province of Karnataka -- the supposed
Sargur and Dharwar supracrustal belts, the Peninsular Gneiss and
the granulite--have been involved in the same style and sequence
of superposed deformations. The folds of the first set are
isoclinal with attenuated 1limbs and thickened hinges. These,
together with their axial planar cleavage, have been affected 1in
selected sectors by near-coaxial upright folds of varying
tightness. On these structures a set of open folds has been
overprinted. Superposition of folds of three sets has resulted in
interference patterns of different types from the scale of hand
specimen to map. This structural unity runs counter to any
suggestion of two groups of supracrustal rocks now separated by an
angular unconformity. Migmatization synkinematic with the first
folding in a large part of the Peninsular Gneiss also argues
against the gneiss, as we see it now, being the basement for the
supracrustal rocks. Evidence has been adduced from relict
structures 1in enclaves in the Peninsuar Gneiss for one episode of
deformation prior to the first decipherable folding in the
supracrustal rocks. The NNW extension of the supracrustal belts
is due to the north-northwesterly strike of axial planes of folds

of two systems.

The NNE to NE extension of the supracrustal Aravalli and Delhi
belts of Rajasthan in Western India is also a reflection of the
strikes of axial planes of folds of two generations, whose axes

have a nearly orthogonal relation. W- to WNW-trending reclined

*Presented at the IASPEl regional assembly in Hyderabad, India, in
1984
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isoclinal folds of the first generation, which are ubigquitous in
the Aravalli Group, are absent in the rocks of the Delhi Group.
Structures of the three later generations are, however, common to
both the groups. These are the upright folds on N- to NNE-trending
axes, overprinted by gravity-induced conjugate folds, which are in
turn followed by upright conjugate folds indicating 1longitudinal
shortening. The Banded Gneissic Complex, considered by Heron to be
the basement, comprises granites and gneisses of different ages --
some older 1lying below +the Aravalli Group, and some others
representing the migmatized Aravalli rocks. Similarity in
structural style and sequence of even the undoubtedly older
gneisses with those in the Aravalli rocks suggests remobilization
of the basement during the first deformation in the Aravalli

Group.

In the eastern part of the Indian shield, several distinct
tectonic provinces can be recognized, but their interrelation
remains obscure. The 0Older Metamorphic Group of supracrustal rocks
and the intrusive tonalitic gneisses show the same seqguence of
superposed folding, with NE-plunging early folds overprinted by
folds plunging BSE. The Singhbhum Granite body is a composite
batholith with several independent plutons showing swirling
patterns of primary foliation. The dominantly chemogenic and
volcaniclastic sedimentary rocks of the Iron Ore province are
folded into an overturned synclinorium with NNE-plunging axis.
Coaxial refolding followed by EW warping are the manifestations of
later deformational phases. The North and East Singhbhum province
comprises the metaflysch sequence of the Chakradharpur-Tatanagar-
Ghatsila belt, the long linear zone of Dalma metavolcanics, and
the northern belt of metasediments. The most pervasive planar
structure here 1is an EW-striking schistosity axial planar to
large-scale folds of nearly EW axial trend, with northerly axial
trend in some sectors. These structures apparently continue
northward to the Chhotanagpur Gneiss terrane, where the structural
details are imperfectly known. The southern boundary of the
Northern and Eastern Singhbhum province is marked by a belt of
cataclasis and mylonitization -- the Singhbhum shear zone -- whose

tectonic significance is a matter of debate.
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INTRODUCTION

The structural synthesis on a regional scale of the Precambrian
metamorphic terranes of Peninsular India started with Holmes'
famous paper of 1949, where he used orogenic trends and their
intersections to divide the structural provinces of the peninsular
Precambrian tract (Fig. 1). But as pointed out by Naha (1964),
uncritical acceptance of "orogenic trends" for correlating
Precambrian tectonic provinces 1led to a number of erroneous
inferences. The "orogenic trends", which have been used in India
following the suggestion of Holmes (1949) and Krishnan (1960), are
either orographic features or strikes of secondary foliation in
the metamorphic rocks. Barring special orientations of folds,
neither the orographic trends (which are usually parallel to the
formational boundaries) nor the strikes of foliation (which are

generally parallel to the axial planes of the dominant set of
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Figure 1. "Trend lines" in the Precambrian metamorphic terranes of
India (after Krishnan, 1960); locations of the three terranes
discussed are shown.
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folds) represent the trends of reginal fold axes. Furthermore, it
has become increasingly apparent that superposed deformations are
the rule rather than the exception in the Precambrian metamorphic
terranes of Peninsular India; and the application of orogenic
trends with their intersecting relations 1is fraught with

difficulties in these terranes.

Structural features are known in reasonable detail for three
Precambrian metamorphic terranes of Peninsular India, viz,
Karnataka in South India, Rajasthan in Western India, and
Bihar-Orissa in Eastern India (Fig. 1). All these three tectonic
provinces show certain common features. (1) They provide evidence
of structural overprinting in either some parts or the whole of
the terrane. (2) They have basement gneisses overlain at places by
conglomerates, which in turn are followed by metasedimentary and
meta-igneous rocks. (3) In Karnataka and Rajasthan, in particular,
the following features are seen: (a) The basement gneisses show
structures indentical 1in style and sequence with those in the
metamorphic rocks. (b} Small to large enclaves of metasedimentary
and meta-igneous rocks, which may or may not belong to the rock
groups framing the gneisses, are present (c) Demonstrable evidence
of supposedly younger metamorphic rocks having been migmatized by
some components of the "basement" gneisses indicates that the
latter contain rocks of more than one generation. (d) Folds in the
gneisses, accordant with the earliest decipherable isoclinal folds
in the metasediments, point to ductile deformation in the basement
gneisses during the earlier stage of folding. (e) Rare structures
of pre-F; phase occurring as relicts, either in the small enclaves
within the gneisses or 1in the gquartzo-feldspathic layers
themselves, provide the only clue, in addition to the basal

conglomerates, regarding the basement nature of the gneisses.

In the third tectonic province of Bihar-Orissa in Eastern
India, the structural relations between the 0Older Metamorphic
Group and the Singhbhum Granite are not so clear . A synopsis of
the major structural characteristics of the three tectonic

provinces follows.
KARNATAKA

Five 1linear belts of metasedimentary and meta-igneous rocks
occurring in gneissic country were termed " the Dharwar System" in
1886 by Foote (Rama Rao, 1940; Pichamuthu, 1967). The gneissic
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complex with a host of small enclaves was termed ‘the Fundamental
Gneiss' in the belief that this group forms the basement on which
the rocks of the Dharwar Group occur unconformably (Fig. 2). The
five belts of Dharwar schists were supposed to occur in synclinal
cores, the anticlinal portions having been occupied by the
basement gneiss. These gneisses were subsequently named ‘the
Peninsular Gneiss' and were considered by Smeeth in 1916 (See
Pichamuthu, 1967) to be younger than the rocks of the Dharwar
Group, intruding them at a number of places. The dominant NNW
trend of the five Dharwar schist belts was thought to represent
the ‘“Dharwar orogenic tend'. A general increase in metamorphic
grade as one moves southward also led to the inference by
Pichamuthu that the overall structure of the rocks of the Dharwar

Group is an anticlinorium plunging toward NNW.
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Figure 2. Geological map of Karnataka showing the distribution of
different tectono-metamorphic units.
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This simple structure suggested for the supracrustal rocks of
Karnataka has, however, been belied by studies during the last
decade (Naqvi, 1973; cChadwick et al., 1978; Janardhan et al.,
1979; Mukhopadhyay and Ghosh, 1981; Naha and Chatterjee, 1982;
Ghosh and Sengupta, 1985; Naha et al., 1986; see Mukhopadhyay,
1986 for an exhaustive review and references). Structures of
three generations in hand specimen and outcrop are common in all
the supracrustal rocks -- banded ferruginous quartzite, quartzite,
mica schist and chlorite schist, marble and calc-silicate rocks.
Structures of the first generation comprise isoclinal folds on
stratification (DhF,) having 1long limbs and thickened hinges,
with an axial planar cleavage. At a number of places these folds
are recumbent to reclined, with fold axes plunging gently
westward. The DhF1 folds have been affected locally by
near-coaxial upright folding (DhF,_, ) during the second phase;
these two sets of folds may represent structures formed at
different stages of progressive deformation. Structures of the
third generation (DhF,)} consist of upright folds with varying
tightness, with the axial planes striking between NNW and NNE. The
DhF,, folds have affected the axial planes of the DhF, folds with
the fold axes remaining nearly constant. As a result, the DhF,

folds change from recumbent/reclined through inclined, to upright
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Figure 3. Map of a part of the Shimoga schist belt showing the
pattern of refolding; DhF; axial traces shown (after Mukhopadhyay,
1986, Fig. 5).
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attitude, even within a few metres at some places. By contrast,
DhF, folding has caused a reorientation of both axes and axial
planes of the folds of the first two phases. Superposition of
folds of three generations has resulted in fold interference of

all the three types of Ramsay (1967) in different scales.

This sequence of superposed deformations lends a new meaning
to the map pattern of the supracrustal rocks in different parts ot
Karnataka. In a number of instances, it can be demonstrated that
the terminations of the metasedimentary bands northward or south-
ward represent the hinges of isoclinal DhF,4 folds of large scale
(e.g. Bababudan; Gadag and Dodguni in the Chitradurga belt;
Shikaripur in the Shimoga belt - Fig. 3; Kolar - Fig. 4A). 1In
some other instances these terminations represent hinges of folds
of a later generation, as proved by the reorientation of the axial
planes of the DhF, folds of smaller scale around the terminations

(e.g., Chitradurga arc; Shikaripur -Fig. 3 ; Kudremukh - Fig. 4B).

o] 2 4 Km
S S
Figure 4. Map patterns showing refolding around (A) Kolar (after

Viswanatha in Swami Nath and Ramakrishnan, 1981) and (B) Kudremukh
(after Iyengar, 1912}).
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The variation in the map pattern of the supracrustal belts in
different parts 1is primarily due to the interlimb angle of the
later folds. Where the later folds are open, the map patterns
seen near Bababudan and Shikaripur result. By contrast, the
pattern seen around Kolar in the east and Kudremukh in the west
(Fig. 4) 1is a consequence of later folds bccoming very tight to
isoclinal. Therefore, the NNW~trending formational boundaries 1in
a number of instances conceal folds of different generations and
divergent axes, and do not represent a unique ‘Dharwar orogenic

trend'.

The sequence of superposed folding seen in small to large
scales can be demonstrated 1in all the supracrustal rocks of
different metamorphic grades, whether occurring as small enclaves
within Peninsular Gneiss or as large, linear belts (Naha et al.,
1986). Thus, the same sequence is seen in the Chitradurga, the
Shimoga, the Bababudan and the Kudremukh schist belts among the
lower grade supracrustal rocks. In the higher metamorphic grades
also the same sequence of multiple deformations in seen in the
Holenarsipur schist belt, the Kunigal schist belt and the Sargur
schist belt. The same sequence is duplicated even 1in the
granulite terrane. The Manjarabad charnockite band west of
Holenarsipur shows a southerly termination of a fold of later-
generation, the axial planes of isoclinal first folds having a
nearly EW strike in that sector (Naha et al., 1986).

The same style and sequence of multiple deformations are
demonstrable in the Peninsular Gneiss also. The isoclinal folds
(DhFl), the near-coaxial open folds (DhFla) and the upright DhF2
folds with axial planes striking nearly N8 are observed in the
Peinsular OGneiss also. Over a large tract, these composite
gneisses have been formed by migmatization of meta-igneous and
metasedimentary rocks. Quartzofeldspathic veins transforming the
amphibolites (and possibly pyroxene granulites), hornblende-
blotite gneiss and biotite gneiss are \isoclinally folded or
boudinaged, depending on whether they are at a high or low angle
to the foliation of the palaeosomes. Boudinage structures and
buckle folds 1in the basic enclaves and the invading veins
indicate that migmatization and DhFl folding were broadly coeval
(Naha et al., 1986). Some granitic gneisses of supposedly
pre-Dharwar age (e.qg., Sirankatte Gneiss) have evolved
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synkinematically with the DhF, deformation and have been affected

by subsequent movements.

However, in a large number of outcrops of Peninsular Gneiss,
small enclaves of amphibolite, and granodioritic to dioritic
gneiss in some instances, show a folding, a secondary S-plane and
migmatitic layering athwart the banding in the gneissic host,
towards which they are drawn into parallelism (Naha et al., 1986).
These provide tangible evidence of a pre—DhF‘1 deformation,
metamorphism and migmatization in the Peninsular Gneiss. Pebbles
of gneisses and hornblende schists in conglomerates at different
levels of the Dharwar sequence also furnish indirect evidence of a
pre-Dharwar deformation, metamorphism and migmatization. But the
presence of these features only in small scale, and the main
migmatization synkinematic with the isoclinal DhFl folding in the
Peninsular gneiss, suggest that the gneissic complex, as we see it
now, represenls an extensively remobilized basement. Indirect
support for this conclusion comes from Rb-Sr dates of Peninsular
gneisses, showing ages around 3300 Ma., 3000 Ma. and 2600 Ma.
(Radhakrishna, 1983). This suggests that the Peninsular Gneiss
represents an omnibus group comprising gneisses evolved at

different times.
RAJASTHAN

To a large extent, the relation between the supracrustal rocks
of the Aravalli Group (with which the overlying Raialo Formation
is now lumped) and the Banded Gneissic Complex (BGC) is comparable
to that obtained between the Peninsular Gneiss and the Dharwar
Group in Karnataka. The rocks of the Aravalli Group throughout
central and southern Rajasthan (Fig. 5) show evidence of
superposed deformations from the scales of map to microsections
(Naha et al., 1966; Roy et al., 1971; see Naha and Halyburton,
1974, 1977, Roy et al., 1984, and Sharma and Roy, 1986, for
references). The first deformation is marked by isoclinal folds on
bedding with attenuated limbs and thickened hinges, and an axial
planar cleavage. These AF, folds are reclined over a large area,
plunging toward W and WNW in the Nathdwara-Udaipur region (Fig.
6). But the axial trends turn gradually through WSW-SW-SSW to S
southeast of Udaipur toward Salumbar (Fig. 5), along the border
of the BGC, possibly due to the shape of the sedimentational

trough. The AF; isoclinal folds are involved 1in near-coaxial
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Figure 5. Simplified geological map of south-central and southern
Rajasthan (modified after the Geological and Mineral Map of
Rajasthan, 1lst ed., 1969, Geological Survey of India).

upright folding (AF;,), because of which the AF, folds change from
reclined through inclined to upright attitudes. The early folds
have been affected extensively by very open to isoclinal AF,
folds with axial planes striking N to NNE. Depending on the
angular relation betwen the strikes of axial planes of the AF;

and AF, folds, different patterns of fold interference have
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Figure 6. Geological map of the ‘hammer-head syncline' and ‘hook
syncline' region between Ajmer and Udaipur in central Rajasthan
(after Heron, 1953). 1= Pre-Aravalli gneisses and schists; 2= Pre-
Aravalli granite; 3= Aravalli phyllite and biotite schist ; 4=
Aravalli quartzite; 5= Aravalli limestone;6 = Raialo marble; 7=
Raialo garnet-biotite schist; 8= Delhi metasedimentary rocks; 9=
Post-Delhi granite.

resulted. From the distribution of AFl lineations involved in AFZ
folds caused by flexural-slip, it has been demonstrated that the
AFl folds had initially a gentle plunge towards W, between
Nathdwara and Udaipur (Naha and Halyburton, 1977). The apparently
simple map pattern of the supracrustal rocks with northward and
southward closing folds, therefore, conceals folds of two
generations. As already mentioned, the reclined AF; folds have
their axial planes striking between NNW and EW in the Salumbar
area southeast of Udaipur. This variation is considered to be the

effect of the resistant basement represented by BGC.
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Structures of two later generations (AF3 and AF,) have been
noted in mesoscopic scale. The AF3 structures are either recumbent
folds with NE-3W trend, or a set of conjugate reclined folds with
axial planes dipping gently NE and SW. The structures of AF,
generation are upright conjugate folds and kink bands with axial
planes striking NNE-SSW and EW.

The Banded Gneissic Complex was considered by Heron (1953) to
be the basement on which the rocks of the Aravalli Group were
deposited with an erosional wunconformity, represented by
conglomerate horizons. However, in a major part of central and
southern Rajasthan, the BGC 1is a migmatitic gneiss with
metamorphic palaeosomes in various stages of transformation. The
enclaves are in many instances similar in mineral composition,
texture and structure to the rocks of the Aravalli Group bordering
the gneissic complex. All the structures present in the rocks of
the Aravalli Group match in their entirety with those in the BGC
in style, orientation and sequence (Fig. 7). This similarity in
structures is noticed in the high-grade enclaves within the BGC
also. Structural and textural features indicate that the
migmatization in the BGC was broadly synkinematic with the AF,)
folding in the rocks of the Aravalli Group. These features,
coupled with the fact that a number of conglomerate horizons have
a tectonic rather than stratigrphic significance, indicate that
the BGC over a sizeable tract represents migmatized portions of

12

Figure 7. Refolded fold traced by a quartzite band within the
Banded Gneissic Complex in the ‘hook syncline', in the west
central part of Fig. 6.
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the Aravalli Group. However, undoubted conglomerate with pebbles,
cobbles and boulders of granite gneiss, amphibolite and other
components of the BGC at the base of the Aravalli Group near
Salumbar indicates that the BGC does represent the Precambrian
basement at some places. A rare pre-AFl fabric overprinted by AFl
structures in BGC near 8Salumbar (Mohanty and Naha, 1986)
strengthens the case for a basement gneiss. We are, therefore,
justified 1in concluding that the BGC represents a basement which
has been remobilized extensively, so that the BGC-Aravalli contact
in 1its present state 1is a migmatite front and/or a tectonic
contact in certain sectors. Wide variation in radiometric dates
(Rb-8r) from 3000 Ma. to 2000 Ma. in the BGC of Heron (Choudhary
et al., 1984) f£finds a rational explantion in this scheme of a

remobilized basement.

The rocks of the Delhi Group form the core of the Aravalli
Mountain Chain (Fig. 5), extending from Delhi to north Gujarat.
Heron considered the Delhi-Aravalli contact to be an angular
unconformity, but as pointed out by 8en (1970}, there is hardly
any area where an angular unconformity is demonstrable. However,
the special geometry of superposed folding in the Aravalli and
the Delhi groups has helped in establishing the presence of an
angular unconformity between the two (Naha et al., 1984). The
rocks of the Delhi Group from widely separated areas such as
Khetri in northwestern Rajasthan and Todgarh in central Rajasthan
(as well as other areas - see Gangopadhyay, 1972, and Sharma and
Roy, 1986 for references) show the same style and sequence of
superposed deformations, although the orientations are slightly
different. The DFl folds are isoclinal, recumbent or gently
plunging reclined folds with a NW or SE trend in central
Rajasthan, and a NS trend in the Khetri belt. They have been
affected by upright, coaxial DF2 folds which range from open to
isoclinal style. 8tructures of the DF3 and DF4 generations,
identical with the AF3 and AF4 structures, respectively, are seen
in mesoscopic scale only. The absence of the westerly trending
AFl structures in the rocks of the Delhi Group (Naha et al., 1966;
Mukhopadhyay and Dasgupta, 1978), the increase in the intensity of
the AF, deformation in the Aravalli rocks near the contact with
the rocks of the Delhi Group, and the fairly constant orientation
of the axes of the upright DF2 folds in contrast with those of the
upright AF2 folds, suggest that there is an angular unconformity
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between the rocks of the Delhi and the Aravalli Groups.
BIHAR - ORISSA

The Precambrian terrane of Bihar-Orissa comprises four distinct
geological provinces-the Archaean nucleus made up of the Singhbhum
Granite and the O0Older Metamorphic Group (OMG), the Iron Ore
provinces, the Proterozoic mobile belt of northern and eastern
Singhbhum, and the Chhotanagpur Gneiss tract (Fig. 8). The inter-

relation of these provinces is, however, far from clear.

| . N N 3 |\° 8'7°
840 2\ O g5° ® O\ 86 £
\\\ “ .—'.? .-\M'—% o B oo
OO N [y,
\\ \ SRS\
N SN N
\CHHOTANAGPUR GNEISS\\\\\ \
\\ g ‘ \\ \\}\ ;\\\ -
N \\\ N \\\ R I
b-23°N N\ ! = i
: > SNORTHERN S
\\ \ ——BELTM
\ Z2 CHAKRADHARPUR §
N7
N 25 e
o o
oo o
[+] o
220 g O [+] )
— o o O
AN
e ° 0
o N3
-21°
/ GRANULITE BELT
VAV AV AV AV AV YAV N, o
1 2 3 I NDE X 0 50 km.
I SINGHBHUM / BONAI / NILGIRI d [S%] 1RON ORE PROVINCES
MAYURBHANJ / CHAKRADHARPUR GRANITE
% NORTHERN MOBILE BELT
b 77 uNcLASSIFIED GRANITE/GRANULITE BELT e [2 | Lonrnery o poeks
¢ XN CcHHOTANAGPUR GNEISS f GONDWANA AND YOUNGER

Figure 8. Generalized geological map of the eastern Indian shield
in Bihar-Orissa.



Archaean nucleus

In its general aspect, the Singhbhum Granite resembles the
Peninsular Gneiss of Karnataka and the Banded Gneissic Complex of
Rajasthan. Here also, the higher grade supracrustal rocks
forming the Older Metamorphic Group occur within the Singhbhum
Granite as enclaves varying in size from a few square metres to
hundreds of square kilometres. Within the granite occur the
oldest gneisses, the O0Older Metamorphic Tonalite Gneiss. The
structural elements in the OMG are, however, oriented oblique to
those within the adjacent supracrustal envelope forming the Iron
Ore province. The Older Metamorphic Group in the type area has
the axial planes of the folds of the first generation striking NW
and axes plunging NE. These have been affected by folds plunging
toward 8SE (Sarkar and Saha, 1983).

The supposedly primary foliation within the granitic rocks
shows swirling patterns, which led Saha (1972) to identify at
least twelve different intrusive bodies, domical or sheet-like in
shape. But it may be mentioned that doubt has been cast on the
primary origin of such foliation, from studies in other parts of
the world (Berger and Pitcher, 1970). Granitic rocks of proven
diverse ages within the Singhbhum Granite massif (e.g., Mayurbhanj
Granite, which may be as late as Middle Proterozoic - Saha et al.,
1977), however, suggest remobilization of the basement during

later orogenesis.

Iron Ore provinces

Banded Iron Formation (BII'), along with other metasedimentary
and metavolcanic rocks, occurs in the western, eastern and
southern flanks of the Singhbhum Granite massif. The most spec-
tacular development of BIF is in the Jamda-Koira valley to the
west, where its outcrop defines a major horseshoe-shaped syncline.
Plunge variation of the main syncline and transverse folding are
regarded by Sarkar and Saha (1983) to be synchronous with the main
folding. However, within BIF near Malangtoli south of Jamda,
Chatterjee and Mukherji (1981) have described three sets of folds
whose interference has resulted in type 1 and type 2 patterns of
Ramsay. In the eastern BIF basin of Gorumahishani, the strikes of
the axial planes of the dominant folds are nearly NS, almost
parallel to the elongation of the belt. The Gorumahishani belt

represents either a pinched-in synclinal cusp within the basement
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(cf, 1967)
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metaflysch-metavolcanic sequence trends broadly EW. 1In the east-
ern part of the belt around Galudih-Ghatsila (Figs. 8,9), a series
of upright and rarely reclined folds plunge gently toward E to
ESE, ending 1in an axial depression near Ghatsila (Naha, 1965).
Upright and 1locally reclined folds with NE plunge northeast of
Ghatsila (Fig. 10; Mukhopadhyay and Sengupta, 1971) may represent
the folds of the Galudih-Ghatsila sector reoriented by structural
overprinting. In western S8inghbhum, a series of large-scale
folds with axial planes striking EW was regarded by Bhattacharyya
(1983) as structures of second generation; the folds of the first
phase with their axial planes striking EW have NS trending axes.
Mappable folds with axial planes striking EW and axes plunging
northward are present west and south of Chakradharpur
(Mukhopadhyay, 1984). They have an axial planar schistosity
identical in orientation with that in the Galudih-Ghatsila sector,
but the relationship betwen the major folds in eastern and western

Singhbhum is obscure.
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Figure 10. Quartzite bands showing refolded reclined f£folds
plunging NE near Simulpal, northeast of Ghatsila (modified after
Mukhopadhyay and Sengqupta, 1971, Fig. 5).
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Near the southern boundary of the mobile belt close to the
8inghbhum Granite craton, a narrow zone of mylonitic rocks with
down-dip-stretching 1lineation defines a ductile shear zone- the
singhbhum shear zone. The reclined attitude of the early folds
within the shear zone is probably due to rotation of the fold
axes toward the direction of stretching attendant to the simple
shear movement. The shear zone perhaps came into existence early
in the deformational history, but movement continued up to the

late stages of orogenesis.

The structural relation between the northern mobile belt and
the Iron Ore provinces is uncertain because of scanty information
about the structure of the transition zone. Sarkar and Saha (1977,
1983) consider the northern mobile belt to be younger, cutting
across the structural grain of the older Archaean nucleus and the
Iron Ore provinces. However, neither structural nor radiometric
data provide wunequivocal evidence of superposition, and the
possibility of the two provinces representing contemporaneous but
different tectonic settings cannot be ruled out (Sarkar and
Chakraborti, 1982).

In westerly continuation of the north Singhbhum mobile belt,
there occurs the Gangpur Group, where folds of three generations
have been reported by Chaudhuri and his co-workers (Chaudhuri and
Pal, 1983). 1Isoclinal reclined folds with easterly plunge have
been involved 1in coaxial upright folding, followed by upright
folds with axial planes striking NS.

CHOTANAGPUR GNEISS TERRANE

This region is composed of granitic gneisses, intrusive rocks
of different ages, and both high-and low-grade supracrustal belts.
Our knowledge about this terrane is too fragmentary to arrive at a
regional synthesis. However, it seems reasonable to consider this
zone to be a medley of remobilized Archaean basement, Proterozoic
granite plutons, and supracrustal belts of diverse ages and varied

tectono-metamorphic settings.
DISCUSSION

A comparison of the structural history of the Precambrian
metamorphic terranes of Karnataka and Rajasthan in particular
shows some striking similarities. (1) The supposed basement in

these two regions is made up of composite gneisses formed by



migmatization of pre-existing rocks. (2) Rare relict fabric in the
gneissic complex, overprinted by structures of the first
generation in the supracrustal rocks, provides incontrovertible
evidence of a basement antedating the first deformation in the
schistose rocks. The presence of conglomerate of wundoubted
sedimentary origin in some places at the gneiss-schist contact
strengthens this inference (3) The palaeosomes of different
dimensions within the migmatites are similar in mineral

composition, texture and structure to those in the supracrustal

rocks bordering the migmatites. Even where the supracrustal
enclaves are of higher metamorphic grade ("Sargur Group" in
Karnataka and "Bhilwara Group" in Rajasthan), the structural

similarity with the gneissic host and supracrustal belts bordering
the migmatites is retained. (4) The migmatitic gneisses have been
involved in the same style and sequence of superposed deformations
affecting the supracrustal rocks. (5) The interface between the
gneisses and the supracrustal rocks is a migmatitic and/or
tectonic contact over a large area. (6) Wide variations in Rb-Sr
dates in different parts of the Banded Gneissic Complex and the
Peninsular Gneiss also reinforce the case for the gneissic complex

in its present state being a reactivated basement.

There 1is considerable uncertainty regarding the interrelation
among the four tectonic units in the Bihar-Orissa Precambrian belt
in eastern India. The Singhbhum Granite massif is an undoubted
basement block within which occur some metamorphic enclaves in
various stages of transformation. Evidence of remobilisation is
discernible 1in parts of this basement also. It 1is flanked in the
south, west and north by banded iron formations which show
evidence of superposed folding. North of the basement in eastern
and northern Singhbhum there occurs a metaflysch-metavolcanic
sequence forming the Proterozoic mobile belt. This belt, which is
bounded to the south by a ductile shear zone, also shows
structural overprinting; but the relationship between this belt
and the Iron Ore Provinces is not clear. Finally, north of this
mobile belt there occurs the Chhotanagpur Gneiss, information
about which is meagre. This gneissic terrane comprises granites
and gneisses, as well as metasedimentary and meta-igneous rocks of

varied ages and different tectonic settings.
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ARCHAEAN SEDIMENTATION, CANADIAN SHIELD
RICHARD W. OJAKANGAS

ABSTRACT

The resedimented (turbidite) facies association dominates the
Archaean rock assemblages of the volcanic-sedimentary (greenstone}
belts of the Canadian Shield. The alluvial-fan braided-fluvial
facies association 1is widespread but of secondary importance.
Both facies associations contain an abundance of felsic volcanic
detritus, and in many greenstone belts, it is the dominant
material. Rapid resedimentation of pyroclastic sediment from
felsic centers seems to have been common. Plutonic detritus may

have had either a synvolcanic or a granitic cratonic provenance.

Major gneissic subprovinces consist largely of paragneisses
whose protoliths may have had a volcanic parentage similar to the

sediments of the greenstone belts.

The original total volume of erupted felsic volcanic material,
if the 1large amounts in the metasedimentary rocks of the
greenstone belts and in the paragneisses of the gneiss
subprovinces are included, may have been an order of magnitude
greater than the volume of felsic volcanic rocks exposed today.
The total volume of felsic volcanic material may have been greater

than the total volume of intermediate-mafic volcanic material.

Numerous guartzarenite and carbonate occurrences have been
described, indicating that at 1least several portions of the

Canadian Shield were tectonically stable as early as 2980 Ma.
INTRODUCTION

The Canadian Shield includes two major Archaean provinces, the
large Superior Province and the much smaller Slave Province
(Fig.1). Volcanic-sedimentary (greenstone) belts are abundant,
with more than 30 delineated in the Superior Province. In the
superior province the greenstone belts and associated granitic
plutons have been grouped into broad volcanic granite subprovinces
(e.g. Goodwin,1968) which alternate with broad gneiss-granite
subprovinces (Fig. 2). An excellent recent overview of the geology

of the Canadian Shield is one by Ayres and Thurston (1985).
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SUPERIOR
PROVINCE

Figure 1. Map of Canadian Shield showing Superior and Slave
Provinces. Archean volcanic-sedimentary belts are black. After
Baragar and McGlynn (1976). From Ojakangas (1985), by permission
of the Geological Association of Canada.

Most of the volcanic-sedimentary sequences are about 2700 to
2750 Ma old. The oldest published date on volcanic rocks is 3013
Ma from the North Spirit Lake area (Nunes and Wood, 1980).
Gneissic rocks have been dated at about 3000 Ma in the English
River Subprovince (Krogh et al., 1976) and elsewhere as well.
Four areas of older gneisses, most of which are older than 3500
Ma, occur near the edges of the Canadian Shield in the Minnesota
River Valley of Minnesota, in northern Michigan in Montana, and in
Labrador; none of these terranes have been suggested as source
areas for sediment of the greenstone belts.

The individual greenstone belts include thick mafic to felsic
volcanic accumulations, with associated sedimentary rock seguences
which generally occur near the tops of volcanic cycles. Estimates
of the total thicknesses of the volcanic and sedimentary rocks are
on the order of tens of thousands of metres. They have generally
been subjected to only greenschist grade metamorphism, and their
sedimentary structures, primary textures and mineralogies are

commonly well-preserved (Figs. 3 and 4).

The gneiss—granite subprovinces, such as the Quetico and
English River Subprovinces of Figure 2, which consist of para-
gneisses and minor orthogneisses, have been termed metasedimentary
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Figqure 2. Map of Superior Province showing volcanic-sedimentary
subprovinces of volcanic~sedimentary rocks (greenstone belts) and
granitic rocks, and gneiss subprovinces of metasedimentary rocks
(stippled). Some of the greenstone belts mentioned in the text are
marked by numbers, as follows: 1= Vermilion district, northeastern
Minnesota; 2= Michipicoten (Wawa); 3= Gamitagama (Lake Superior
Park); 4= Kirkland Lake; 5= Rouyn-Noranda; 6= Chibougamau; 7=
Rainy Lake; 8= Sioux Lookout; 9= Rice Lake - Gem Lake - Bee Lake;
10= North Spirit Lake. Map after Ayres and Cerny (1982). From
Ojakangas (1985), by permission of the Geological Association of
Canada.

belts (e.g., Pettijohn., 1972; Goodwin, 1968). In contrast to the

regional low metamorphic grade of the dgreenstone belts, the rocks

of the gneiss belts have commonly been metamorphosed to
amphibolite facies. Primary bedding may be preserved, but
original textures and mineralogy have been obscured by

recrystallization (Fig. 5}.
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Figure 3. Alternating graywacke beds (weathered white) and
mudstone beds (black), Vermilion District, Minnesota. Tops to
left. Hammer at centre indicates scale.

Figure 4. Cross-bedded sandstone near Wawa, Ontario.
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Figure 5. Paragneiss of probable graywacke-mudstone parentage at
Ear Falls in the northern supracrustal domain of the English River
Subprovince, Ontario.

Most of the shield rocks have been affected by at 1least two
folding events. Faults, both dip-slip and strike-slip, commonly
are parallel to the trends of rock units, thereby complicating

correlations between fault blocks.

In this review, emphasis will be on the sedimentary rocks
within the greenstone belts. Original sedimentary rock names will
be wused, even though all the rocks have been metamorphosed.
Pyroclastic rocks, although commonly associated with the sedimen-
tary units, will not be discussed here. The metasedimentary
rocks of the gneiss-granite subprovinces, which are now gneisses,

will be referred to only briefly.

Most thorough studies of clastic sedimentary rock units have
two major objectives: interpretation of the environments of
deposition, and determination of the provenance of the sediments.
Both rely heavily upon paleogeographic data, including paleocu-
rrent analyses, and conversely, provide valuable information for

paleogeographic reconstructions.

Recent reviews of Archaean sedimentation include those by
Pettijohn (1970, 1972}, Lowe (1980,1982), Condie (1981, p.131-170)
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and Ojakangas (1985). More than 200 references are cited in the

latter review.
SEDIMENTATION

In general, two major sedimentary facies associations
characterize Archaean sedimentary rocks of the Canadian Shield
(0jakangas, 1985). The resedimented (turbidite) facies associa-
tion is dominant, whereas the alluvial fan-fluvial facies associa-
tion, although widespread, is volumetrically much less important.
oOther facies, including pelagic and shelf, constitute a minor part

of the sedimentary rock column.

The Resedimented (Turbidite) Facies Association

This facies consists mainly of graywacke beds (commonly graded)
intercalated with mudstones and siltstones (Fig. 3). These
graywacke-mudstone sequences commonly contain some conglomerates
that are either graded or massive and lack cross-bedding; they are
generally matrix-supported with a sand-silt-clay matrix and range
from unsorted to inversely-normally graded to normally-graded to
graded-laminated types. The conglomerates fit Walker's (1975)
model of deposition in channels on proximal portions of submarine
fans, whereas the graywacke sequences may have been deposited on
suprafan 1lobes and in midfan to distal fan areas. Most workers
have related the resedimented facies association to deposition on
submarine fans, but resedimentation by turbidity currents should
also have been possible along the ramps or slopes of explosive
felsic volcanic centres, many of which may have been \islands.
Final deposition would have been either at the base of the slope
or farther basinward on basin plains. The siltstones may
constitute distal or 1lateral edges of individual turbidite
deposits, or may be products of normal bottom currents. The
intercalated mudstones (now slates) are the result of hemipelagic

or pelagic sedimentation.

The Alluvial Fan - Fluvial Facles Association
This facies includes conglomerates (generally clast-suppo-
rted), sandstones with medium- to large-scale cross-bedding
(Fig.4), and minor siltstone and mudstone. Sedimentary structures
include dewatering features, mudcracks, and ripple marks. The
deposits fit models for alluvial fans and braided streams. Minor

associated lake and aeolian sediments have also been reported.



185

Pelagic Facies Association

This facies association (Dimroth et al., 1982a) is difficult to
map separately except where it comprises discrete units of black
graphitic shale, iron-formation, and chert in the
volcanic-sedimentary sequences. The distal parts of the resedi-
mented (turbidite) facies association commonly grade outward into
this facies which was presumably deposited in relatively deep
water on fans or basin plains where only fine clastic deposition
and chemical precipitation occurred. The greatest volume of
pelagic sediment probably occurs in the resedimented facies
association as mud interbeds between graywacke turbidite beds, but
this component is not commonly defined as part of the pelagic

association.

Banded iron-formation (BIF), here including ferruginous and
non-ferruginous chert, has long been recognized as a minor but
important rock type in Archaean volcanic-sedimentary belts, and
has been called Algoma-type iron-formation (Gross, 1965). A
volcanogenic exhalative origin is generally assumed for this rock
type because of its close association with volcanic rocks. Some
iron-formations are gquite large; one in the Vermilion District of
Minnesota 1is more than 40 km long and is about 100 m thick. 1In
most greenstone belts, some thin beds of iron oxide-chert
iron-formation occur between turbidite beds or in the Bouma E
interval, indicating that this type is akin to pelagic muds,
raining down into deeper water environments from the top of the
water column where it formed. Whereas all of the iron formations
probably accumulated below wave base in deep water, not all did; a
close association with stromatolites at Atikokan (Steeprock) in

northwestern Ontario suggests deposition there in shallow water.

Shelf Facies

This facies consists mainly of quartz arenites and carbo-
nates, four of them stromatolite-bearing. Several minor
occurrences and one large occurrence were known by the early
1980's, as summarized by Ojakangas (1985). Since that review was
completed, there have been several exciting new discoveries of
quartz arenite units, including supermature quartz arenites,
within the greenstone belts. 1In the Sachigo Subprovince (Figure
2), within an area of 500 km by 300 km, each of the eight

greenstone belts contains quartzite units (e.g., Donaldson and
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DeKemp, 1987; personal communication, P.C. Thurston, 1987). New
occurrences have also been described from the Slave Province
(Covello et al., 1987) and from an area east of the southern part

of Hudson Bay (Roscoe and Donaldson, in press).

The new quartz arenite occurrences range from single beds to
units as thick as 1500 m, and are associated with iron-formation,
argillaceous rocks, and shallow to subaerial felsic volcanic
sequences (personal communication, P.C. Thurston, 1987). Several
are intercalated with mafic to ultramafic flows, implying a
tensional regime and deep fracturing of a stable crustal area upon
which quartz arenite was produced by a combination of weathering,
aeolian processes on the vegetationless surface, and reworking in
shallow water. This tectonic setting is not wuncommon in the
Proterozoic and Archaean, and is remarkably similar to that of the
Bababudan Group quartzites of the Dharwar Craton in southern

India, as described by Srinivasan and Ojakangas (1986).

Sedimentary structures include probable planar cross-bed sets
as thick as 2 m (comparable in scale to that described by Schau
and Henderson in 1983 in the northwestern Churchill Province near
the Slave Province), planar lamination, and hummocky cross-
stratification which 1is indicative of storm activity in shallow

water.

Slightly rounded zircons from a quartzite that unconformably
overlies a volcanic sequence dated at 2980 Ma also date at 2980
Ma; other zircons from other quartzite units date at 3023 Ma
(personal communication, P.C. Thurston, 1987). Therefore, at
least parts of the Canadian Shield experienced stability by 2980
Ma.

PALEOCURRENTS AND PALEOGEOGRAPHY

Paleogeographic reconstructions are objectives of most sedimen-
tological studies, but paleocurrent studies are commonly difficult
in Archaean rocks because of metamorphism and deformation. Sole
marks in Archaean turbidite sequences are rarely observed because
mudstones are welded to the soles of the graywacke turbidite beds.
The small-scale cross-bedding of the Bouma C intervals of graded
turbidite beds may be obscured by cleavage, recrystallization, and
shearing. Even where paleocurrent indicators are measureable,

deformation (and especially multiple deformation) may make



relationships between outcrops problematic. Nevertheless,
paleocurrent studies have been accomplished in both the
resedimented (turbidite) facies association and in the alluvial

fan-fluvial facies association at several localities of Archaean
rocks. Changes in pebble size, facies changes, and lithology have

also been used with some success in paleogeographic studies.
COMPOSITIONS OF SEDIMENTARY ROCKS
Mineralogical Composition

The original mineralogical composition of Archaean clay-, silt-
and sand-sized grains may be obscured by recrystallization during
metamorphism, by cataclasis during deformation, and by diagenesis
during burial in thick piles of sediment. Except for the
volumetrically minor quartz arenites, Archaean clastic sedimentary
rocks are immature, both mineralogically and texturally. The
graywackes of the resedimented facies association and the
sandstones of the alluvial fan - fluvial facies association
contain an abundance of felsic volcanic detritus, and can be

termed volcanogenic graywackes and sandstones.

Major components are: (1) rock fragments of fine-grained,
felsic volcanic material, some porphyritic, (2) unit sodic
plagioclase grains, and (3) unit quartz grains, a few of which
contain embayments of felsic volcanic groundmass, all clearly
indicating a volcanic origin. Also present at some localities are
intermediate-mafic volcanic fragments, gquartz-plagioclase plutonic
rock fragments, composite quartz grains of several quartz crystals
(of plutonic origin?), and minor chert and slaty fragments. What
was probably original clayey matrix has been transformed into
micaceous matrix, and original fine-grained to glassy volcanic
grains have been recrystallized to a fine-grained matrix of quartz

and feldspar. K-feldspar is generally lacking.

Several petrographic problems are encountered by workers in
Archaean sedimentary rocks, including: (1) distinguishing felsic
volcanic rock fragments from matrix, especially in recrystallized
or cataclasized rocks; (2) distinguishing epiclastic volcanic rock
fragments derived from the erosion of crystallized volcanic rocks
or lithified volcaniclastic rocks from volcaniclastic detritus
derived from unconsolidated pyroclastic accumulations; (3)

distinguishing unit quartz grains and unit plagioclase grains of
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volcanic origin from such grains of plutonic origin; (4)
distinguishing the commonly untwinned or poorly twinned
plaglioclase from orthoclase, and (5) distinguishing felsic
volcanic rock fragments from chert. The latter two problems can
be handled by staining thin-sections or thin-section peels for
feldspars. The first 1listed problem is of greatest concern,
because the inability to recognize felsic volecanic rock
fragments, classifying them instead as fine-grained matrix, may
totally obscure a dominant felsic volcanic origin. 1In addition,
rock fragments commonly are flattened and squeezed and become part
of the matrix during diagenesis (i.e., deep burial) and thereby
the apparent relative abundance of quartz in the framework grains
increases (McLennan, 1984). The second listed problem is of
importance in the interpretation of the environmental and tectonic

setting of the greenstone belts, as discussed later.

Compositions of graywackes from five different greenstone belts
are listed in Table I, although petrographic data from the

literature are difficult to compare because of differences in

Table 1.
Petrography of Graywackes

Vermilion Lake Minnitaki VYellowknife North
District Superior Lake Supergroup Spirit
Minnesota Park Ontario Dist. of Ontario
(0jakangas Ontario (Walker & MacKenzie (Donaldson &
1972b) (Ayres, Pettijohn, (Henderson, Jackson,
1983) 1971) 1975a) 1965)
(N = 13) (N =7) (N = 4) (N = 9) (N = 86)
Quartz 5 20 21 25 64
Plagioclase 25 26 15 13 4
K-feldspar tr tr - --
Rock Fragments
Felsic 26 11 19 8 -
volcanic
Intermediate 6 tr tr 3 -
mafic volca-
nic
Sedimentary -- tr -= 6 -
Plutonic, 1 tr tr 1
felsic

Matrix 25 43 43 37 30
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operational definitions of different workers and because of
varying amounts of deformation and metamorphism. The greywackes
of Vermilion District and Lake Superior Park are interpreted as
being dominantly volcanic in origin, the Minnitaki Lake and
Yellowknife graywackes are inferred to have both volcanic and
plutonic sources, and the North 8pirit Lake graywackes are
interpreted as having largely plutonic, and perhaps recycled
sedimentary sources. Volcanogenic graywackes have been reported

in many greenstone belts.

Similarly, the sandstones of the alluvial fan - fluvial facies
association commonly contain an abundance of felsic volcanic

detritus.

The lack of K-feldspar and the abundance of Na-rich plagioclase
may be a reflection of the predominance of tonalites and
trondhjemites and the lack of K-feldspar-bearing granites which
were not common until late in the history of greenstone belts
(e.g., Taylor and McLennan, 1985,p. 135 and 215), and which
intruded the sedimentary-volcanic sequences rather than providing

sediment to them.
CHEMICAL COMPOSITION

Granodiorite and tonalite have long been suggested as 1likely
source rocks of graywackes, irrespective of age (e.g., Condie,
1967; Pettijohn, 1972). However, chemical techniques cannot
distinquish a plutonic provenance from a volcanic provenance
(e.g., Taylor and MclLennan, 1985,p. 139). A detailed geochemical
appraisal of Archaean sedimentary rocks is given by Taylor and
McLennan (1985), and only a few aspects will be elaborated upon

here.

Plots of KZO/NaZO(e.g., Condie, 1981, p. 147; McLennan, 1984;
Ojakangas, 1985) may help to clarify the weathering-sedimentary
differentiation histories of the sedimentary rocks, as well as
providing clues to the nature of the source rocks. On such plots,
the average granodiorite and the average Precambrian crust are
guite similar, but the average rhyodacite, dacite, tonalite,
diorite, and andesite are closer to the average Archaean graywacke
than 1is granodiorite. Coupled with the abundance of felsic
volcanic detritus noted in petrographic studies, it is reasonable

to propose that the chemistry of the Archaean graywackes strongly
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reflects that parentage. The same type of plots for Archaean
argillites and slates (originally mudstones) show an enrichment in
potassium relative to the graywackes (e.g., Ojakangas, 1985); this
has traditionally been explained as the result of the albitization
of the qgraywackes during diagenesis (e.g., Pettijohn, 1972). It
may also be possible that the relatively higher Na contents of the
graywackes are the direct result of plagioclase-bearing source
rocks, with the higher K-contents of the finer-grained rocks due
to K-metasomatism during the recrystallization of the original
clay minerals to micas.

Plots of K20/Na20 for schists and paragneisses of the gnei-
ssic subprovinces, which resemble the plots for the graywackes and

slates, are suggestive of graywacke-slate protoliths.

The argillites and slates also have more iron and magnesium
than do associated graywackes; this may represent the weathering
of mafic rocks in the source areas (Condie, 1981, p. 140;
McLennan, 1984; S8awyer, 1986). Although locally important in
graywackes, mafic sand-sized and coarser grains are generally

minor or absent, probably due to weathering in the source areas.

The CIA (chemical index of alteration) proposed by Nesbitt and
Young (1982) as a guide to weathering is useful in the study of
graywackes and associated mudstones. The index is as follows:
CIA=( A1203/(A1203 + Ca0 + Naj,0 + K5,0)] X 100, using molar propor-
tions, with corrections made for Ca not bound in silicates. If
CIA values are low (less than about 55), this indicates 1little
weathering of the material; higher values indicate some weathe-
ring; and very high values of about 78 - 87 have been observed in
the highly weathered Amazon River and Amazon Fan muds (Kronberg et
al., 1986). Bailes (1982) and Ojakangas (1986) used the CIA to
ascertain whether volcanogenic detritus of Lower Proterozoic
graywacke-mudstones was epiclastic or more directly derived £from
volcanic centres. Sawyer (1986) utilized CIA values in a study of
metasediments of the Quetico belt; he calculated values of less
than 58, and interpreted this to mean a general lack of chemical
weathering. CIA calculations from his data, yield indices of 54
for the average acid volcanics of the proposed source areas and 50

for the average of acid plutons.

CIA values calculated for rocks of the Vermilion District of

Minnesota are as follows: for 4 dacite porphyries, about 48; for



3 dacitic pyroclastic units, 48; for 18 graywackes, about 50; for
11 slates, about 51; and for one biotite schist, about 51. No
corrections were made for Ca because carbonate modes and co,
percentages were not available and because the Ca that may have
come from the weathering of the more easily weathered matic
volcanics may have been absorbed onto original clay minerals which
are now recrystallized matrix, thereby making such corrections
inaccurate. However, samples with high Ca contents relative to
the other comparable rock types were omitted from these calcula-
tions on the assumption that carbonate minerals were present.
Obviously, a more rigorous study of CIA values is desirable.
However, the CIA values do suggest minimal weathering of the

dominant felsic volcanic source rocks of the Vermilion District.
SOURCE ROCKS

The abundance of felsic volcanic rock fragments in the Archaean
sediments, plus the presence of some intermediate-mafic volcanic
fragments, 1indicates an important volcanic contribution to the
majority of the graywacke sequences. There is also abundant
evidence to indicate the contemporaneity of sedimentation and
volcanism, including interbedded tuffs in graywacke sequences and
the lateral gradation of pyroclastic or volcaniclastic units into
graywacke units (e.g., Ojakangas, 1972a, 1972b; Ayres, 1977}. It
seems likely that the rapid erosion of pyroclastic volcanic
detritus was the origin of much of the felsic volcanic material in
the sediments. Ayres (1983) and Thurston et al., (1985) suggested
that wvarious sorting mechanisms, including eruption, weathering,
and hydraulic factors during transportation may have concentrated
volcanic quartz, thereby resulting in quartz-rich sands. This
could be a partial explanation for the quartz budget problem which
has been discussed by several workers including Pettijohn (1970,
1972), who emphasized the necessity of a plutonic or cratonic
source because of the difficulty of deriving much quartz from the

weathering of porphyritic flows.

Certainly cratonic basement rocks could have been local sources
of sediment as well, based on the ages of the granitic and
gneissic rocks cited in the introduction. Perhaps the best
documented cratonic source for graywackes is in the Slave Province
where the graywacke sequence rests on granitic basement

(Henderson, 1981). However, unconformable relationships of
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sediments on basement rocks are uncommon; Baragar and McGlynn
(1976) documented only six such occurrences on the shield,
including the one Jjust cited in the Slave Province. Many past
workers have cited the presence of granitic clasts in
conglomerates as evidence for derivation from granitic basement.
However, synvolcanic plutons have been shown to be the sources of
the clasts in several localities, including the Vermilion District
of Minnesota where an unconformity with conglomerate resting upon
tonalite 1is shown to be within the greenstone belt rather than
beneath it (ojakangas, 1972a, 1972b, 1985). That tonalite
batholith intruded the older part of the volcanic sediment succes-
sion and shed sediment into the younger part while volcanism was
apparently continuing nearby. In other greenstone belts, the
contemporaneity of plutons and volcanic rocks has been verified by

radiometric evidence (e.g., Blackburn et al., 1985).

Determination of the protoliths of the quartzofeldspathic
gneisses of the gneissic subprovinces is difficult (0Ojakangas,
1985). Chemical rather than mineralogical data must be wutilized,
and sedimentary, volcanic, or plutonic sources could all have been
protoliths based wupon the chemistry. Yet, most workers have
preferred sedimentary protoliths. For example, a sedimentary
protolith for some Minnesota gneisses in the Quetico Subprovince
(Pig. 2} 1is suqgested by the gradation between graywacke-slate
units and biotite gneisses. It has also been suggested that the
Vermilion granitic complex of the Quetico Subprovince may have
been produced by melting, under upper amphibolite to granulite
facies conditions, of older, short-lived volcanogenic (dacitic and
basaltic) gqraywacke (Arth and Hanson, 1975).

SUMMARY AND DISCUSSION

The two common environments of deposition are shown in Figure
6. The dominant resedimented (turbidite) facies 1is interpreted
to be marine, deposited below wave base, because of both the great
thicknesses (thousands of metres) and the lengths (ie., lateral
extent) of the belts. Deposition on submarine fans is generally
indicated, with conglomerates 1localized in channels, but
deposition on the flanks or ramps of volcanic edifices 1is also
deemed important. Less common are the sandstones and
conglomerates of the alluvial fan - braided fluvial facies, with

attributes of deposition in those settings.
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Figure 6. Summary model showing the environments of deposition of
Archaean sediments. Most Archaean sediments were moved from land
or near shore and resedimented by turbidity currents and
associated mechanisms in relatively deep water on or near
subaqueous fans; these are the graywackes and associated poorly
sorted conglomerates. A less important environment of deposition
was on land, usually on volcanic land masses, as alluvial fan and
braided stream deposits. The question mark and arrow refer to the
marked lack of known intervening shelf deposits.

Although these two environments are diagrammatically shown
adjacent to each other, their lateral relationships are generally
obscure because of faulting and folding and the two-dimensional
nature of the outcrop belts. Shelf deposits between the subaerial
and submarine facies are uncommon, but have been identified
locally, as in the Chibougamau area of Quebec (Dimroth et al.,
1982b}. (The quartz arenites and carbonates, while shelf
deposits, are not 1located at such Jjunctures, and probably
generally represent an unrelated facies). Nevertheless, the
lateral equivalency of these two main facies has been proposed in
several areas, as for example, in the Abitibi belt, of Figure 2
(Dimroth and Rocheleau, 1979). The application of Walther's Law
indicates the lateral equivalency of these two main facies. The
thick resedimented facies, the result of major subsidence, is the
most likely facies to be preserved. The subaerial alluvial fan
braided fluvial facies was more 1likely to be eroded than
preserved. In a few places, turbidite seguences overlie fluvial
sequences, suggesting rapid subsidence and hence rapid burial and

preservation (e.g., Turner and Walker, 1973; Hyde, 1980).

The provenance question can be simply stated: cratonic or

volcanic? Generally, both types of terranes provided sediment, so
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Figure 7. Summary model showing the sources of Archaean sediment.
Most came from felsic volcanic centres while some from asso-
ciated high-level coeval felsic plutons. A smaller volume of
sediment was eroded from cratonic sources. The model also shows
the relative importance of the fluvial and subaqueous fan
environments depicted in Figure 6. Little is known about the
basement upon which the resedimented association was deposited.

the question becomes one of their relative importance. It is not
simply a matter of the recognition of fine-grained volcanic
detritus versus coarser-grained plutonic detritus, for both
synvolcanic (coeval) plutons and granitic cratons provided
plutonic detritus. The interpretation is made here, as in an
earlier review (Ojakangas, 1985) that volcanic and coeval plutonic
sources commonly dominated over cratonic sources, as 1illustrated

diagrammatically in Figure 7.

The quartzose North Spirit Lake graywackes (Table 1I), while
probably largely derived from plutonics (cratonic?) have at least
a partial source from pre-existing quartz arenites (Donaldson and

Jackson, 1965; Donaldson and Ojakangas, 1977).

The presence of cratonic detritus in graywackes of some belts,
such as in the Yellowknife Supergroup of the Slave Province, may
mean the 1locus of deposition was near the edge of the basin. In
contrast, felsic volcanogenic detritus, including detritus from
rapidly unroofed synvolcanic plutons as in the Vermilion District
of Minnesota (Ojakangas, 1972a; 1972b), may indicate that the
locus of deposition was in a more central location within the
basin. However, dimensions of the individual depositional basins
and their original boundaries are 1largely wunknown, as the
greenstone belt rocks are erosional remnants with adjacent younger

granitic complexes in intrusive and fault contact.
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The ratio of mafic to felsic volcanic rocks in greenstone belts
of the Canadian Shield has generally been estimated at a low 10 to
15 percent (e.g., Pettijohn, 1972; Goodwin, 1977a, 1977b).
(Andesites are apparently low in volume; several older reports may
have overestimated andesite by not taking into account silicifica-
tion of basalts). A bimodal igneous suite is well-established
with calc-alkaline felsics and basalts and tholeiitic basalts
represented in different sequences (Thurston et al., 1985). While
the present volume of felsic volcanics (largely dacites) within
greenstone belts is indeed low, the original volume was probably
much larger. The volume of felsic detritus now residing 1in the
sedimentary rocks of the greenstone belts is very large (e.qg.,
Ayres, 1983). If the volume now in the gneissic belts as schist
and paragneiss is added, and if it 1is considered that some
granitic batholiths may be the products of the melting of
volcanogenic graywackes at crustal depths (e.g., Arth and Hanson,
1975; Southwick, 1979}, the volume becomes equal to or greater

than that of mafic-intermediate volcanic rocks (Ojakangas, 1985).

The tectonic settings of the greenstone belts are somewhat
difficult to assess. Although there are similarities with modern
and Phanerozoic volcanic arcs (e.g., Condie, 1981), some major
differences such as the greater abundance of andesites in the
younger arcs (McLennan, 1984) also exist, and make tectonic
comparisons tenuous. McLennan (1984) has shown that petrography
cannot simply be used to determine an Archaean tectonic setting as
has been done with Phanerozoic rocks by Crook (1974), Maynard et
al., (1982), and Dickinson et al., (1983). Similarly, tectonic
settings based on chemical data, as done by Bhatia (1983) ftor the
Phanerozoic, may not be comparable. Nevertheless, a tectonic
setting 1involving volcanic arcs of some sort is clearly indicated
for all of the greenstone belts, and the sandstones generally plot
in the magmatic arc portion of the Dickinson et al., (1983)

triangle.

The overall tectonic framework of the greenstone belts has been
the subject of much discussion (eg., Windley, 1984, p.59-65;
Young, 1978; Ayres and Thurston, 1985; Blackburn et al., 1985).
The major question is the role of plate tectonics. Because the
Archaean crust was thinner and hotter than younger crust, plate

tectonics of Archaean time may have involved smaller, thinner
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plates moving shorter distances (Windley, 1981, 1984). A plate
tectonic model then requires that the depositional basins be

designated as magmatic arc, fore-arc, or continental margin.

Extension (rifting) has been proposed by Windley (1981)
Henderson (1981) and Ayers and Thurston (1985). Rifting, sagging,
and sagduction has been proposed (Goodwin and Smith, 1980;
Goodwin,1981), with the sagging at least partly due to the weight
of the volcanoes and the uplifting of volcanic chains along growth
faults (Dimroth et al., 1982a). A more conventional downwarping
model was proposed by Baragar and McGlynn (1976).

Goodwin and West (1974) proposed that the gneiss belts were
foreland basins in which graywacke sedimentation occurred.
Goodwin (1981) further stated that many of the paragneisses
represent tubidite facies deposited in medial portions of troughs,
and that large volumes of epiclastic detritus demand major sialic
plutonic crustal sources. The northern portion of the English
River Subprovince may have been a 1long trough between two
quasi-contemporaneous, island-arc volcanic complexes (Breaks et
al., 1978). Blackburn (1982) suggested that epiclastic sediment
was shed northward and southward from the Wabigoon Subprovince
(Fig. 2}, perhaps across growth faults, into the adjacent gnei-

ssic subprovinces.

The overall setting has been favourably compared to a back-arc
marginal basin for the greenstone belts, with the main arc of
plutonic batholiths representing the high-grade gneissic complexes
(Windley,1984, p.63)

With plate tectonics becoming accepted for the Archaean, more
detailed mineralogical and chemical comparisons should be made.
The differences between the Recent-Phanerozoic rock record and
that of the Archaean, such as differences in the volumes of
andesites and K-rich granites, must be taken into account. The
recent advances in U-Pb radiometric dating of zircons, with dates
obtainable on single crystals, make a more detailed approach
possible. For example, more dating of zircons from graywackes,
cross-bedded sandstones, and clasts of conglomerates would
pinpoint source rocks. Dating of zircons from tuffs interbedded
with sediments would determine the ages of continuing
contemporaneous volcanism and sedimentation. Zircons from coeval

pluto