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Preface

Why another book about Ore Deposits? There are a number of factors which
motivated us to write this text and which may provide an answer to this question.
Firstly our colleagues are predominantly mining engineers and minerals processing
technologists, which provides us with a different perspective of ore deposits from
many academic geologists. Secondly we have found that most existing texts are either
highly theoretical or merely descriptive: we have attempted to examine the practical
implications of the geological setting and genetic models of particular ore deposit
types. We have written the text primarily for undergraduates who are taking options in
Economic Geology towards the end of a Degree Course in Geology. However, we
hope that the text will also prove valuable to geologists working in the mining
industry.

The textis to a large extent based on a review of the existing literature up to the end of
1984. However, we have visited most of the mining districts cited in the text and have
also corresponded extensively with geologists to extend our knowledge beyond the
published literature. Nonetheless writing a text-book on Ore Deposits is a demanding
task and it is inevitable that sins of both omission and commission have been
committed. We would therefore welcome comments from readers which can be
incorporated in future editions.

RICHARD EDWARDS
KEITH ATKINSON

Camborne School of Mines
April 1985



Glossary

Adit
Area of influence

Astrobleme
Autolith

Bayer process

Blasthole
(sampling)

Block caving

Boxwork
(structure)

A horizontal, or near horizontal, passage from the surfaceintoa
mine.

The zone around a borehole to which values of grade,
thickness, etc., recorded for that borehole, may be applied.

An eroded remnant of a meteoritic or cometary impact crater.

An inclusion in an igneous rock to which it is genetically
related.

Chemical conversion process involving the digestion of
bauxite for the production of purified anhydrous alumina en
route to aluminium.

Holes drilled during mining for blasting. Holes are usually
shallow, closely spaced and uncased. Samples of the dust from
these holes may be taken for evaluation and comparison with
diamond drill hole exploration samples.

Large sections (blocks) of the orebody are successively
undercut and allowed to cave above the undercut portion.
Drawing off the caved ore causes further caving, the ore caves
and crushes by its own weight, and weight of overburden, into
pieces of suitable size for handling. Drawing continues until
hanging wall material appears in the drawpoints.

A network of intersecting blades or plates of limonite or other
iron oxides, deposited in cavities and along fracture planes
from which sulphides have been dissolved by processes
associated with the oxidation and leaching of sulphide ores such
as in porphyry copper deposits.



By-product metal

Caliche

Carbonatization

Chalcophile

China clay

Colloform
(banding)

Decline
Doline

Duplex structure

Environmental
Impact Statement
(EIS)

Epeiric sea

Flotation
(froth flotation)

Footwall

Framboidal

Glossary

A subsidiary metal worked from ore deposits that are
dominantly characterized by other metals. In some cases, such
as porphyry copper deposits, the income from by-products
(for example, gold) can equal or exceed that from the major
metal type (copper).

Strongly indurated crust of soluble calcium salts plus gravels
etc. commonly found in layers on or near the surface of stony
soils of arid and semiarid regions. Term broadly applied in the
SW USA and South America.

A type of hydrothermal alteration which results in the
formation of secondary carbonates in the host rock, commonly

developed in intermediate to basic rocks. The main process is
the addition of CO-.

Elements having a strong affinity for sulphur, characterized by
the sulohide ore minerals.

A commercial product predominantly sold to the paper
industry. China clay is a mixture of minerals dominated by
kaolinite with minor quantities of mica and feldspar. The
particle size is mainly less than 10 microns.

Rounded, finely banded kidney-like mineral texture formed by
ultra-fine-grained rhythmic precipitation.

A downward inclined tunnel into a mine or potential ore body.

A funnel-shaped depression found in association with karst
surfaces in limestone terrain.

A structural complex consisting of a roof thrust at the top and a
floor thrust at the base, within which a suite of more steeply
dipping imbricate thrust faults thicken and shorten the
intervening panel of rock.

Statement prepared by mining companies which assesses the
likely effects on the environment of a proposed mining
venture. Such statements are legal requirements in certain
countries such as the USA.

A shallow sea located within a continental landmass.

A selective process used to separate minerals from complex
ores. It uses the differences in physico-chemical surface
properties of minerals. After treatment with reagents fine
particles of the desired mineral species attach to air bubbles and
are separated as the froth, or float, fraction. (Froth flotation.)

The surface of rock beneath an orebody (compare hanging
wall).

A textural term applied to sub-rounded pyrite, literally
raspberry shaped. The texture is normally developed in
carbonaceous pelitic sediments.

X111



Fugacity

Garnetite

Gondite
Gossan
Green strength

Greisen

Hanging wall
Hydrofracturing

Iapetus
Inductive-coupling
effect

Klippen

Kniest facies

Labile

Ligand

Glossary

A thermodynamic function used when dealing with gas
pressure and defined by the equation

F,—F; = RTInf/f,

where F; and F| are partial molar energies and f; and f{ are the
fugacities of the one substance at two different concentrations.
Fugacity may be considered in qualitative terms as an idealized
vapour pressure and is equal to the vapour pressure when the
vapour behaves as a perfect gas.

A metamorphic rock consisting chiefly of an aggregate of
interlocking garnet grains.

A metamorphic rock consisting of spessartine and quartz,
probably derived from manganese-bearing sediment.

A Cornish term which describes the iron-oxide-rich zone
which lies above a sulphide-bearing ore deposit.

The mechanical strength of ceramic ware after it has been

shaped but before it has been dried and fired.

A light-coloured, coarse-grained rock dominated by quartz
and white mica with accessory fluorite and topaz. It is normally
formed by the hydrothermal alteration of granite but pelitic
sediments may also be altered to greisen.

The surface of rock above an ore body (compare footwall).

Fracturing of rock by water or other fluid under pressure. The
effect is to increase permeability. Although this occurs
naturally, as in the genesis of porphyry deposits, it is also
undertaken artificially to increase permeability in oil, gas and
geothermal reservoirs.

An ocean which occupied the site of the present North Atlantic
and which was at its widest extent in Lower Cambrian times.

The coupling of two bodies by a common magnetic field.

A nappe or pile of nappes detached by erosion or gravity
gliding from the parental mass.

A facies developed in the footwall of the Rammelsberg ore
deposit, FDR. The facies results from the localized silicification
of shale horizons and 1s believed to be late syngenetic or early
diagenetic in age.

A term applied to minerals (such as feldspars) that are easily
decomposed.

Anions or molecules which contain atleast one unshared pair of
electrons. Ligands may combine with a transition metal to
form a complex.
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Lithophile

Photosynthesis

Polygons method

Proppants

Protolith

Pseudosection

Pyritization
Raise
Ripping

(rippability)

Saprolite

Sericitization

SIROTEM

Stockwork

Glossary

Elements having a strong affinity for oxygen, concentrated in
the silicate minerals.

A process in which the energy of sunlight 1s used by green
plants to build up complex substances from carbon dioxide and
water.

A method used in reserve estimation where the area of influence
around a borehole extends halfway to the next borehole. The
value for the borehole is applied to the resulting polygon.

Materials used in hydraulic fracturing of deep rocks to increase
porosity and therefore improve recovery of petroleum and gas.
Proppants made of fused abrasive-grade bauxite have been
found to be more effective in this use than such materials as
quartz sand, plastic balls, steel shot or ground walnut shells.

The unmetamorphosed, or parent, rock from which a given
metamorphic rock was formed.

A display of resistivity or induced polarization data where the
values are assigned to the intersection points of 45° lines drawn
from the mid-points of the current and potential electrode
pairs. The result is a vertical geophysical ‘section’ below a
traverse. Depths in this section bear no simple relationship to
the true geological section.

A process of hydrothermal alteration, normally developed in
iron-rich host rocks such as basalts, which involves the
crystallization of pyrite.

A shaft excavated upwards for connecting levels in a mine or
ore body.

The removal of overburden, soft or fractured rock, using
mechanical excavators without recourse to drilling and
blasting. Rippability is an index which measures if this is
possible.

That part of the weathering profile which remains in sitit and
retains original structures of the parent rock such as jointing.

A hydrothermal alteration process which results in the
development of potash mica, generally sericite, as a result of the
hydrolysis of feldspar. Chemically it involves the addition of
K>O and H-O and usually some removal of SiO,, FeO and
CaO.

A large loop, time-domain, fixed-transmitter, electromagnetic
(EM) geophysical system. Designed in Australia by CSIRO
(hence name).

Mineral deposit composed of a three-dimensional network of
veinlets usually of large enough scale, and so closely spaced, so
that the whole mass can be mined.
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Strategic mineral

Stylolite

Talus

UTEM

Wehrlite

Wire-line
(drilling)

Glossary

A mineral considered essential to the military and industrial
strength of a nation but which is of limited availability.

An irregular suture-like boundary developed in some
limestones which is generally independent of the bedding
planes. Stylolites are considered to be the result of pressure
solution followed by immediate local deposition.

An accumulation of rock fragments, usually coarse and
angular, derived from the mechanical weathering of rocks and
lying at the base of a cliff or steep rocky slope. (Synonym of
‘scree’.)

A large loop, time-domain, fixed-transmitter electromagnetic
(EM) geophysical system. The name UTEM is the registered
trademark of Lamontagne Geophysics Ltd.

An ultramafic and ultrabasic igneous rock containing essential
augite and olivine with accessory plagioclase and ortho-
pyroxene.

A diamond drilling technique in which the inner tube of the
core barrel is attached to a wire rope which passes within the
drill rods. This enables the sections of core to be retrieved
without withdrawing the entire string of drill rods each time.

xvi



1

Introduction

1.1 OBJECTIVES AND REASONS FOR THE
APPROACH TAKEN

In their introduction to the 75th Anniversary
Volume of Economic Geology, Skinner and Simms
(1981) recalled the philosophy of the founders of
that prestigious journal. From the outset the
objectives were defined as the scientific study of
ore deposits, with particular emphasis on ‘the
chemical, physical and structural problems
bearing on their genesis.” At the same time a
deliberate decision was made to avoid the
‘engineering and commercial aspects of mining.’
The emphasis on the genesis of ore deposits and
the avoidance of the practical aspects of mining
geology have characterized not only the premier
Western publication concerned with ore deposits,
but also a tradition of teaching in the Western
World. As a result newly graduating students who
have taken courses in economic geology may be
forgiven for believing that the study of ore genesis
1s the principal task of the industrial geologist.
This attitude is very evident to us because we
interview a large number of students who are on
the point of graduating in geology. We continue to
be surprised by the wide variations in the amount
of time a new graduate may have devoted to the

study of ore deposits during his or her university
or college career.

Even students who have attended courses
on ore deposit geology appear to have had
their attention focused mainly on the genetic
aspects of ore deposits with little concept of how
this theoretical knowledge might be applied.
Often there is a complete lack of awareness of the
economic and technical factors which determine
whether a concentration of minerals will remain an
object of scientific curiosity or be developed as a
mine.

One of the objectives of this textbook is to
redress the balance between theory and practice.
We do not wish to denigrate theoretical studies of
ore deposits but rather to increase the emphasis on
the practical implications which arise from
changes in genetic theory. In particular we seek to
examine the importance of models in determining
the strategy for mineral exploration.

A subsidiary aim is to introduce the reader to
some of the problems which face the mine
geologist. The function of the mine geologist
varies considerably with the style and complexity
of an ore deposit. Most commonly the mine
geologist is concerned with grade control, mine
exploration and the calculation of ore reserves.



Ore deposit geology and its influence on mineral exploration

Table 1.1  Moditied Lindgren classification of ore deposits (from Ridge, 1968)
Conditions of formation
Type Temperature Pressure Depth
°C) (atm) (ft)
I. Deposits mechanically concentrated Surface conditions
II. Deposits chemically concentrated
A Inquierwaters
1. By interaction of solutions (sedimentation)
a. Inorganicreactions (=70 Low 0600
b. Organic reactions
2. By cvaporation of solvents (¢vaporation) (=70 Low 0600
3. By introduction of gascous igneous cmanations 0-80) Low 0600
and water-rich fluids
B. Inrocks
1. Byrock decay and weathering (residual deposits) 0100 Low Shallow
with or
2. By ground water circulation without
(supergene processes) introduction O-100 Low-modecrate Shallow
C. Inrocks by dynamic & regional of material Medium
metamorphisin forcign
to rock up to 500 High—very high Great
aftected
D. i rocks by hiydrothermal solutions
1. With slow decrease in heat and pressure
a. Telethermal S0-150 Low—-modcrate Shallow
(40-240) (500-3000)
b. Leptothermal 125-250 Modecrate Medium
(240-800) (3000~10 000)
¢. Mesothermal 200-350 Moderate-high Medium
(H00-1600) (3000-20 000)
d. Hypothermal
(a) Innon-calcarcous rocks (Lindgren’s 300-600 High—very high Great
hypothermal) (800—H000) (10 000=-50 000)
(2) In calcarcous rocks 300-600 High—very high Great
(S00—000) (10 00050 000)
2. With rapid loss of heat and pressure
a. Epithermal 50200 Low-modecrate  Shallow-medium

(40-240)

(500-3000)

Howcver he may also be concerned with the
geotechnical or hydrological aspects of a mine. In
some cascs, for example at Mount Isa mine in
Quecensland, Australia, the geologist 1s moved
between different roles, from working in one of
the underground sections of the mine to surtace
exploration. We attempt to provide the reader

with some feel for the nature of the work mvolved
and the type of problem that the geologist may be
asked to solve.

Whilst our objectives have been clear from the
outsct we have found that the approach to be
adopted was less evident. The format of a
textbook concerned with ore deposits may be
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Table 1.1 contined

Conditions of formation

Type Temperature Pressure Depth
°C) (atm) (ft)
b. Kryptothermal 150350 Low—moderate  Shallow—medium
(40-280) (500-3300)
¢. Xenothermal 300-500 Low-modcrate  Shallow—medium
(80-700) (1000—H000)
E. Invrocks by gaseous igneous emanations 100-600 Low Shallow
E. Inmagmas by differentiation or in adjacent country
rocks by injection
1. Early scparation—carly solidification 500-1500 Very high Great
(1200+) (15 000+)
a. Disseminations
b. Crystal segregations
c. Crystal scgregations, plus injection as
crystal mush
2. Early scparation-late solidification 500-1500 Very high Great
(1200+) (15 000+)
a. Early immiscible sulphide melt accumulation
b. Early immiscible sulphide melt accumulation,
plus later fluid injection
3. Late separation—late solidification, with or
without fluid injection
a. Silicate pegmatites
1. Simple 575+ High-very high Great
(BO0=4000+) (10 00050 000+)
Usually 2. Complex 200--550) High~very high Great
gradational (800—4000-+) (10 000-50 000+)
3. Barren Quartz 100=300 High-very high Great
(800-4000+) (10 000=50 O00+)
b. Immiscible (metal-oxygen-rich) melts 500-1500 Very high Great
(1200+) (13 000+)
c. Immiscible (carbonate-rich) 500-1500 Low-very high  Shallow—great
(0—4000+) (0-30 000+)
4. Late formation—deuteric alteration Lessthan  Moderate-very high Medium—great
575 (400-4000+) (300050 000+)

designed in a number of ways: genetically based,
commodity based or related to the tectonic
environment in which the ore deposit has formed.

A textbook planned on a genetic basis requires
morc confidence in the shifting sands of genetic
theory than we possess. In addition it requires an
acceptable classification of mineral deposits which

1s sufficiently flexible to allow for changing ideas
and the recognition of new styles of deposit. One
of the most useful systems has been Ridge’s (1968)
modified version of the Lindgren classification of
ore deposits (Table 1.1). Mechanical and chemical
concentration and magmatic differentiation are
still accepted as important ore-forming processes.
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However, whilst hydrothermal solutions are scen
increasingly to be of importance in the formation
of ore deposits, few geologists would wish to use
the subdivisions which are retained from a time
when veins were of much more economic signific-
ance. In Chapter 4 we explain the reasons why few
commoditics are mined from veins at the present
time.

The design of a textbook with an emphasis on
commoditics has some attractions. For example,
most mining companies arc orientated towards
particular metals or minerals and as this textbook
has an emphasis on mineral exploration there are
good reasons for considering this approach.
However, commodities such as copper may be
concentrated in a wide range of geological
environments and the description of all of these
would have entailed considerable repetitiveness.

An approach based upon plate tectonics has the
advantage of using fundamental divisions of the
carth’s lithosphere as a context in which to discuss
mineral deposits. Table 1.2 shows an carly attempt
to classify ore deposits on the basis of plate
tectonics. However it 1s evident that some oré¢
deposits, such as podiform chromite, may be
found in more than one plate environment. A
further criticism 1s that many dissimilar styles of
deposit such as cvaporites, kimberlites and the
Witwatersrand  auriferous
grouped together.

It therefore seems that no single grouping is
wholly satistactory. In the event we have selected a
format which has a typological approach. Dixon
(1979) suggested that a ‘type’ of mineral deposit
may be taken as cither a group of known deposits
with significant numbers of common features or a
group with sufficient features in common with a
famous or well-understood ‘type example’. We
have utilized the former alternative and whilst it
may inclegant it cnables us to link
exploration for a metal or group of metals to their
geological setting and to genetic models. Table 1.3
tabulates the ore types described in cach chapter
and shows their principal commodities, main
processes of formation and dominant tectonic
settings.

conglomerates  are

SCeImn

1.2 MINERAL DEPOSIT OR MINE?

A mincral deposit is an abnormal concentration of
minerals within the carth’s crust. The geological
processes which control the enrichment of metals
arc a2 main theme of this textbook. However, 1t is
important that the geologist appreciates that the
factors which determine whether a mineral deposit
will be mined are mainly political and economic.

1.2.1 Political factors

One of the major changes which has shaped the
present-day mining industry is the increasingly
important part governments play in determining
the direction of mining. For cxample, mn 1983
about 51% of the Western World’s copper
production and 33% of the Western World’s tin-
mining production were government owned
(Hargreaves and Williamson, 1984). In part this
reflects 2 wish by developing countries to gain
control over their mineral deposits, from what are
sometimes seen as the symbols of an exploiting
colonial regime. However, governmental control
of mining is not confined to developing countries.
For example, the entire mining industry in France
has been nationalized.

There are a number of reasons why ore bodies
are mined for political rather than cconomic gains.
Firstly, many developing countries depend upon
the export of mineral commodities as one of their
principal sources of foreign cxchange, and this
aspect may take precedence over profitability.
Sccondly, some governments are prepared to
subsidize unprofitable mining operations in order
to alleviate the problems of unemployment. For
example some underground coal mines in the UK
and France continue to operate due to a substantial
government subsidy. Similarly the Avoca copper
mine was sustained for some years by the Irish
government, although as a predominantly under-
ground operation, with an average grade of 0.4%
Cu, it was not cconomically viable.

Whilst the general trend has been  for
governments to press for increased mining they
may also play an inhibiting role. For example,



Table 1.2 Proposcd relationship of some ore-deposit types to lithospheric plates (from Guild, 1974)

Deposits formed Types, possible examples
L. At ornear plate margins  Orientation of deposits, districts and provinces tends to parallel margin
(a) Accreting Red Sea muds. Ancient analogues?
(diverging) Certain cupriferous-pyrite (massive sulphide) ores, Cyprus? Newfoundland?
Podiform Cr (may be carried across ocean and incorporated in island arc or continental
margin)
(b) Transform Podiform Cr, Guatemala?
Cu and Mn, Bolco, Baja California
(c) Consuming Chicfly of continent/ocean or island arc/occan type; deposits formed at varying distances
(converging) on side opposite occanic, descending plate

Podiform Cr, Alaska

FeS>-Cu-Zn—Pb stratabound massive sulphide, New Brunswick, japan (Kuroko ores),
Calitfornia, British Columbia

Mn of volcanogenic type associated with marine sediments, Cuba, California, Japan

Magnetite-chalcopyrite skarn ores, Pucrto Rico, Hispaniola, Cuba, Mexico, California,
British Columbia, Alaska

Cu(Mo) porphyrices, Pucrto Rico, Panama, SW USA, British Columbia, Philippinc Is,
Bougainville

Ag-Pb~Zn, Mcxico, western USA, Canada

Au, Mother Lode, California; Juncau Belt, Alaska

Bonanza Au-Ag, W USA, W, Sn, Hg, Sb western and S America

2. Within plates Deposits tend to be equidimensional, distribution of districts and provinces less oriented
(may be along transverse lincaments)
(a) In occanic parts Mn—Fe (Cu, Ni, Co) nodules

Mn~Fe sediments in small ocean basins with abundant volcanic contributions?
Evaporites in newly opened or small ocean basins
(b) At continental Black sands, Ti, Zr, magnetite, ctc.
margins ot Atlantic  Phosphorite on shelf
(trailing) type
() In continental Au (U) conglomerates, Witwatersrand
parts Moesabi and Clinton types of iron formation
Evaporites, Michigan Basin, Permian Basing salt, potash, gypsum, sulphur
Red-bed Cu; Kupterschiefer and Katangan Cu-Co
U, U=V deposits, Colorado Plateau
Fe-Ti-(V) in massif anorthosite, Canada, USA
Stratiform Cr, Fe-Ti-V, Cu-Ni-Pt, Bushveld Complex
Carbonatite-associated deposits of Nb, V, P, RE, Cu, F
Kimberlite, diamonds
Kiruna-type Fe(P), SE Missourt
Mississippi Valley type deposits, Pb-Zn—Ba—F-(Cu, Ni, Co)




Table 1.3 Relationship between ore type, commuodity, genetic process and tectonic setting

Main process of

Principal tectonic

Chapter Ore type Comtodity _formation settings
2 Magmatic Cr-Pt Magmatic segregation Constructive margin
transform fault,
destructive margin,
Intracratonic
Ni—Cu (Au, Pr) Mainly intracratonic
Diamonds
3 Porphyry copper Cu, Mo, Au, Ag  High-level calc-alkaline magmatic  Destructive plate
intrusion with subsequent alteration  margin
due to meteoric fluids
Volcanogenic Cu, Pb, Zn Submarine volcanic activity Spreading centre,
(dominantly mafic) back-arc basin
+ Hydrothermal vein  Au Deposition from hot (>200°C) Destructive plate margin,
circulating hydrothermal fluids Intracratonic
(cpigenetic)
5 Alluvial/cluvial Sn, Au, diamond Back-arc basin
Beach sand Diamonds, Ti, Zr Mecchanical concentration Passive continental
margin
Palaco-placer Au, U Intracontinental
6 Sediment-hosted Cu Deposition from hydrothermal Intracontinental rift
base metal Pb, Zn, Ag fluids of highly variable
temperature (50-260°C)
Pb, Zn Passive continental margin
7 Ores formed by Al (Co, N1) Intense chemical weathering
weathering under tropical/subtropical Continental
Kaolinite climate
3 Banded iron- Fe Protore formed as a chemical Passive continental
formation sediment. Supergenc ore formed margin
by prolonged leaching
9 Uncontormity-
type U U Intracontinental
Sandstone-hosted U U, V Post-collision

Ores formed by
metamorphism

W, Cu, Zn-Pb,
Mo, Sn

Cu
Sn

Deposition trom circulating
hydrothermal fluid of

variable temperature

Mctamorphic recrystallization
or metasomatic reaction between
dissimilar lithologies

or
infiltration mctasomatism by
hydrothermal fluids

Intramontanc
trough
Back-arc basin

Continental
margin, orogenic
belts

[sland arc
Incipient rifted
cratons
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mining 1s normally prohibited in National Parks
or Wilderness areas, and for this reason Riofinex
were obliged to terminate their investigation of the
Coed-y-Brenin copper deposit in North Wales,
UK. The mining of uranium is a sensitive political
issue and some governments and states have
passed legislation which either prohibits or
controls uranium production. For example the
present (1984) policy of the Australian govern-
ment is to allow the development of new uranium
mines only when the uranium is a by-product
metal. For this reason the Olympic Dam Cu-U
deposit has been given permission to proceed.
Existing uranium mines in the Northern Territory
will be allowed to continue but no new projects
will be allowed (Chapter 9.3).

Taxation 1s a further example of government
control on mining which influences the style of
deposit which may be mined. In Western Australia
gold mining is exempt from taxation which
explains the current frenzy of exploration in that
state. More commonly taxation has a discouraging
effect on exploration and mine development.
Mackenzie (1984) has estimated the cffect of
taxation on 276 base metal deposits discovered 1n
Canada betore 1977, the majority of which were
ultimately developed. He analysed the economic

607
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viability of each deposit under present-day con-
ditions using an 8% return on capital cost (Fig.
1.1). Mackenzie concluded that 124 would be
economic at the present time before taxation but
only 98 would be viable under the existing rates of
taxation (Fig. 1.1). In effect taxation can influence
the type of deposit which may be exploited.

1.2.2 Economic factors

The first stage of a mining project s to define the
size and grade of the deposit. This work is nor-
mally carried out by a mine geologist and differing
approaches to evaluation are described in Chapters
5,7 and 8. It is normal practice to quote reserves as
cither proved, probable and possible or alter-
natively as measured, indicated and inferred.
Figure 1.2 shows how these terms are defined. If
the measured reserves are sufficient to sustain a
mining operation over a reasonable period of time
(normally about 20 years), the next stage is to carry
out a feasibility study to determine the economic
viability of the deposit. Table 1.4 shows the main
components of a feasibility study and indicates
those areas where a geologist might contribute
information. There is insufficient space to discuss
all the factors which are considered during a

Cost of capifal — — — al

|

1

Number of .
economic deposits

Before tax

Rate of return

Fig. 1.1 Relationship of rate of return

-10

to cumulative number of discoverices 0

(from Mackenzie 1984).
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MEASURED
(ore blocked out
and rhoroughly
sampled) -

INDICATED
(drill hole information)

4

|
INFERRED

(widely spaced drill holes bul good
geological evidence for existence)

Fig.1.2. Categories of ore reserves. Arrows indicate the
upgrading of reserves with continued exploration.

feasibility study but some of the factors of
particular interest to the geologist are now
considered.

(a) Metal price
Commodity prices are one of the key factors in
determining the viability of a mineral deposit. The
main problem is that the lead time between the
teasibility study on an ore deposit and initial
production is normally 4-7 years, and can be much
longer. It is extremely difficult to predict how
metal prices will vary during this time. In some
cases the decision to develop a mine 1s based on a
prediction of future metal prices which are not
borne out in the ensuing years. The Beisa uranium
mine in South Africa provides a good example to
illustrate this point. The lead time between the
teasibility study and full production at Beisa was
about 6 years and the cost of bringing the mine into
production was about £170 million. However, by
the time the mine came into production in 1982 the
uranium price had declined very dramatically and
the mine was closed in 1984. In some cases
companies who are bringing a new uranium mine
into production may attempt to avoid this type of
problem by negotiating long-term fixed-price
contracts with particular consuming countries.
There are a number of approaches which mining
analysts can take to forecast metal prices. A simple

Table 1.4 The main components of a mining feasibility study

Level of

Component geological input Comments

Geology High Geophysical, geochemical,
geological, geotechnical data

Ore reserves High Drilling and sampling data

Mining Moderate Orebody characteristics and
structure

Production schedule Low

Mineral processing Moderate Mineralogical characteristics of
ore

Metal extraction Low

Labour Nil

Infrastructurce Low Geological advice on siting

Environmental considerations Moderate Pollution, dust, geological
hazards

Marketing Low

Capital costs Nil

Operating costs Low Mine-based exploration

Fiscal factors Nil

Financial cvaluation

Low
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method is to extrapolate historical data. However
Fig. 1.3 shows that, if this technique had been
applied to lead in the mid-1970s, the forecast
would have been wildly inaccurate. It is more
common for analysts to use computer-based long-
term economic models which include such factors
as future trends of economic growth and the
development of new mine capacity.

(b) Cut-off grade

Cut-oft grade is the minimum metal content
necessary to maintain production costs and sales
income in balance and it therefore represents the
break-even point for a mine. Once the cut-off
grade has been determined the size and average
grade of the ore deposit can be calculated. Changes
in the cut-off grade can have a dramatic effect on
the size of the ore reserve. For example Gaspe
Copper Mines Ltd, a skarn porphyry copper
deposit in eastern Canada, were reported to have a
reserve of 51.7 X 10° tonnes at 1.08% Cu in 1970.
The following year the cut-off grade was reduced

1 1 1 1
75 76 77 78 79 80 8 82UFMAMJIJASOND

and published reserves increased to 263 x 10°
tonnes at 0.59% Cu (McAllister, 1976).

The determination of cut-off grade is a complex
subject and only two of the factors involved will be
mentioned here.

2.00 T T T T
—— Cut-off underground mines
+=+++++ Cut-off open pit mines <10 mil. tons
;\j 1.50 «=+=- Cut-off open pit mines >10 mil. fons
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Fig. 1.4. Trend of cut-off grade in underground and

open-pit nickel sulphide mines 1955-1975 {from Prokop
1975).
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Table 1.5 Average grade of selected open pit copper deposits

Deposit Average grade (%) By-products

(1) Palabora, S. Africa 0.5 (0.2% cut-off) U, ZrO, Fe, Au, Pt, Pd, P
(2) Panguna, Papua New Guinea 0.47 Mo, Au, Ag

(3) Bingham, USA 0.71 Mo

(4) El Abra, Chile 0.7 —_

(i) Open pit or underground methods of extraction

In the first instance the selection of open pit or
underground methods will determine the cut-off
grade because open pit mining has lower pro-
duction costs. Figure 1.4 shows the contrast in
grades between open pit and underground nickel
sulphide mines. If the decision is taken to mine
underground the cut-off will often determine the
size and geometry of the ore body.

(ii) By-product metals

The presence of by-product metals plays an
important role in the economics of mining and
may determine the cut-off grade. This point is
demonstrated by Table 1.5 which shows the
average grade of a number of open pit copper
operations. It is evident that those operations
without significant by-products must have a
higher grade of copper in order to be economically
viable.

(¢) Mining method
During the feasibility study a decision must be
made about the mining method. Whilst this stage

lies mainly within the realm of the mining
engineer, much of the information is provided by
the geologist. It is therefore important that during
the initial drilling programme thought is given to
the geotechnical properties of the rock in addition
to considerations of size and grade.

The following are the key factors which
influence the choice of mining method:

(1) size and shape of orebody; (2) type and
thickness of overburden or rock cover;
(3) presence of aquifers overlying the ore body
(see Chapter 6); (4) strength of the ore body
and surrounding rocks; (5) tendency of the
mineral to oxidize immediately after mining;
(6) temperature gradient and the resulting
demand on ventilation.

These aspects can normally be investigated within
a period of about one year. The factors which may
prolong the development period of a mine include
delays for planning permission, the construction
stages and unforeseen geological problems. In the
case of Ok Tedi porphyry copper deposit, Papua
New Guinea, production did not commence until
15 years after the discovery. This long lead time
resulted from aborted negotiations, newly estab-

Table 1.6 Typical recoveries of some common minerals (source B. Wills personal communication)

Mineral Ore type Recovery (%)
Native gold Quartz—pebble conglomerate 99
Chalcopyrite Porphyry copper 90
Cassiterite Quartz vein 50-80
Galena Volcanogenic 50-60
Sphalerite Volcanogenic 70-80

10
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lished political independence, domestic political
struggles and, finally, difficulties of planning
restrictions for tailings disposal (Pintz, 1984).

The preferred method of mining is normally by
open pit because the development of large-scale
equipment, such as 200-tonne trucks, has drama-
tically decreased mining costs during the 1970s.
Gentry (1976) estimated that 70% of World
production of metallic and non-metallic ores and
coal are mined by surface techniques. However, the
economics of large open pit mines is very
vulnerable to fluctuations in demand, because they
require a constant high tonnage of production. For
this reason many porphyry copper deposits in the
USA were placed on a care-and-maintenance basis
during the early 1980s. Open pit mines also have
the disadvantage of being more conspicuous than
underground operations so in countries with
strong environmentalist pressure groups the
choice of mining technique may be influenced by
factors other than cost.

(d) Metallurgical factors
During the feasibility study it is necessary to
investigate the proportion of valuable minerals
which can be obtained from the ore. Initial studies
are concerned with ore mineralogy which includes
an assessment of the ore minerals which are
present and how they are related to one another.
Up to this point most of the information obtained
from boreholes and trenches will be in the form of
a chemical analysis. A chemical analysis indicates
whether an ore is potentially valuable, but now it
becomes necessary to determine how much of the
mineral can be recovered before a decision can be
made about economic viability. It 1s also
important to identify any elements which may
incur penalties from the smelter (see Section 8.8).
The processing of an ore involves two main
stages: comminution and separation. Comminu-
tion involves breaking the ore down to a
sufficiently small grain size for the ore minerals to
be liberated. The problem is to define the
optimum point when the maximum amount of
ore minerals has been released with minimal

11
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(+) Crushers

—tf—— Screens

(=)
(+) Grinding
\——¢—— Classificafion
(=)
Separation
Concentrate Tailing
Fig. 1.5. Line flow sheet. (+) indicates oversized

material returned for further treatment and (—)
undersized material which is allowed to proceed to the
next stage (from Wills 1981).

energy. Separation involves utilizing a physical
property, such as density, or a chemical property,
such as solubility, to divide the ore minerals from
their associated gangue. The sequence of opera-
tions is illustrated in Fig. 1.5, which shows a
simple line flow sheet. It is evident that two
products result from the processing operation:
concentrate and tailings. Ideally all the valuable
material is contained within the concentrate.
However in practice this is rarely achieved and the
term ‘recovery’ is used to describe the efficiency of
the process. The recovery is the percentage of the
total metal contained in the ore that is recovered in
the concentrate; a recovery of 90% means that
90% of the metal in the ore is recovered in the
concentrate and 10% is lost in the tailings (Wills,
1981). Table 1.6 shows some typical recoveries for
some common ore minerals.

A preliminary assessment of recovery can
normally be obtained prior to processing from ore
microscopy, combined with laboratory bench-
scale tests. However it is common practice to mine
a small portion of the ore body and feed it through
a pilot plant. This permits a realistic estimate of
recovery to be made and enables the mineral pro-
cessing engineer to modify the original flow sheet.
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1.3 A GENETIC MODEL AS THE BASIS FOR
EXPLORATION

It is possible to recognize three main stages of
mineral exploration which have evolved during
this century. Each period has been characterized
by a particular approach to exploration, which
mitially has been successful, but has gradually
decreased in effectiveness. The dates which we
have selected are not intended to serve as precise
milestones, but as a general guide to changing
attitudes and techniques.

1900-1946

During this period, exploration was based mainly
on direct observation and prospectors played a
dominant role in ore discovery. Examples of
major discoveries include Mount Isa in
Quecensland  (1933), Roan Antelope, Zambia
(1925) and the Merensky Reef, S. Africa (1924).
Most deposits discovered during this era either
cropped out at surface or had a clear surface
expression and for this reason geological theory
did not play an important part in ore discovery.
Commonly the role of the geologist during this
period was to carry out the more detailed stages of
evaluation after the initial discovery and then to
search for extensions of the deposit. Geophysical
methods of exploration were introduced in the
later part of this period. For example gravity
surveys were utilized to define extensions of the
Witwatersrand Basin in the late 1930s (Weiss,
1983).

1940-1965
This period was characterized by regional surveys
using indirect methods with the main emphasis

on geophysics. This was partly as a result of the '

development of geophysical techniques for
military purposes during World War II. The
approach proved to be of particular success in
glaciated terrain, such as the Canadian Shield. It
involved the sclection of an area of general
favourability for base metals, such as a greenstone
belt, which was then investigated using airborne

and ground-based geophysics. Magnetic and

electromagnetic methods - were normally the
preferred techniques. This approach is sometimes
disparagingly referred to as ‘anomaly hunting’,
partly because there was often only a minimal
geological input into some  exploration
programmes, and partly because the airborne
survey produced many spurious anomalies which
had to be laboriously checked out by ground
geophysics and drilling. During the 1950s and
1960s regional geophysical surveys of this type
were responsible for the discovery of many new
deposits in Canada. Examples include the
Highland Valley area, Valley-Copper, and
Lornex. A similar approach was adopted in Africa
and Australia but without the same degree of
success (see Section 2.4).

During the 1950s a number of American-based
companies pioneered a approach to
exploration which foreshadowed the concept of
the genetic model. This involved the detailed
study of many examples of a particular style of
ore deposit, in order to determine a set of
characteristics which could be used to focus
attention on a limited number of target areas. The
new approach led to the discovery of the
spectacular Henderson and Kidd Creek deposits
(Mannard, 1983), and prepared the path for the use

of genetic models in the ensuing decades.

new

1965 to the present day

During this period new ore discoveries have
continued to be made by prospectors (Kambalda,
1966), and indirect methods of exploration have
remained an important part of the geologist’s
armoury. Developments of particular significance
include the application of geochemical techniques
to semi-arid and glaciated terrain, and the
increased sophistication in geophysical equip-
ment. However, there has been a growing
awareness of the need to apply geological
principles to the problems of exploration. In part
this has reflected the increasing difficulty of
discovery for the prospector and partly arises from
the increasing cost of the regional geophysical
approach. Therefore, during this period, the
exploration geologist has attempted to restrict the
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At

Distance travelled by ore-forming constituents

Time interval between deposition of support-rock and deposition of ore minerals

Fig. 1.6. Four fundamental genetic models (from Routhier 1967).

area for geophysical and geochemical work by
highlighting areas with good ore potential. The
main theoretical basis for this approach has been
the genetic model. As we have seen the strategy
was first developed by a number of American
companies. However, to our knowledge Routhier
(1967) was amongst the first geologists to express
1deas of ore formation in terms of genetic models
in the sense that they are understood at the present
time.

For Routhier the genesis of an ore deposit is best
analysed in terms of source, transport and
environment of deposition. Single or multiple
sources may provide the valuable components.
Transport may involve the mechanical movement
of fragments, or migration of elements in solution.
In either case ‘filters’ may cause a scparation of
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elements. For example in the formation of a
lateritic nickel deposit the diftering solubilities of
iron, magnesium and nickel determine that iron
will be enriched as a residual material whilst nickel
and magnesium will migrate. Routhier distin-
guished the general environment of ore deposition
(milieu de dépét) from the more restricted trap
(piege) within which the mineral is concentrated.
For example lead and zinc deposits of Mississippi
Valley type occupy restricted depositional sites
within a relatively large expanse of carbonate
(Section 6.4).

Routhier (1967) recognized four main genetic
models (Fig. 1.6). These are based in part on the
concepts of syngenesis and epigenesis which will
be familiar to the reader. However he also utilized
the concept of ‘familier-etranger’ which is little
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used in the English-speaking world. The term
‘familier’ may be translated as indigenous but the
sense of ‘belonging to the family’ is better
expressed in the original French term. Etranger
may be translated as foreign or exogenous.

Routhier concluded the discussion of his four
genetic models as follows: ‘the adoption of a
particular genetic model, or combination of
models, has a great influence on the strategy and
tactics of mineral exploration. This is why it is
very important from a practical viewpoint not to
adopt a rigid attitude.’

How are genetic models applied in practice?
One of the aims of this book is to provide an
answer to this question. We approached the
problem with an open mind expecting that the
development of a genetic model would be crucial
in some cases and less important in others. We will
develop this argument in later chapters but at this
stage we propose to describe the differing
strategies of exploration teams exploring for base
metals in Ireland, using differing genetic models.
Much of the information is based on a personal
communication from C. Bowler.

Favourable taxation legislation contained in the
Finance Act of 1956 led to an exploration boom in
Ireland during the 1960s. In the first, instance
exploration was confined to areas with a previous
history of mining, or where there was a record of a
mineral occurrence. These investigations led to the
discovery of the Tynagh deposit in 1961. Tynagh
marked an important landmark because it
indicated that Ireland had not only favourable
taxation, but also contained worthwhile explor-
ation targets. However, the paucity of outcrops
and scarcity of information about Tynagh meant
that in order to take out prospecting licences in an
appropriate area a genetic model was required —
the alternative would have been the awesome task
of investigating the entire Central Plain of Treland.

In the event four differing approaches were
adopted:

(1) Company A utilized ‘exogenous-
epigenetic’ model. That is they identified the fault
structure at Tynagh as the principal control of

an
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deposition for an ascending ore fluid. Exploration
was therefore concentrated along the strike of the
Tynagh fault.

(2) Company B utilized the ‘indigenous-
syngenetic’ model. Palacoenvironment was con-
sidered to be the critical factor controlling the
concentration of ore at Tynagh and therefore
prospecting was concentrated around the inliers of
Lower Palacozoic within the Irish Plain (Fig.
6.14).

(3) Company C also utilized a variation of the
‘indigenous-syngenetic’ model but considered
that the presence of tuffaceous material within the
Carboniferous sequence indicated a possible
volcanogenic source for the metal.

(4) Company D wused an ‘indigenous-syn-
genetic’ model integrated with geophysical and
geochemical surveys in areas where there had been
some indications of previous mining activity.

In the event Company D discovered the Mogul
deposit at Silvermines and Company B discovered
subeconomic mineralization at Keel. A fuller
discussion of genetic models in Irish exploration is
contained in Chapter 6.

Genetic models of the type defined by Routhier
have two important parameters — the timing of
mineralization relative to the enclosing rock,
and the relative distance of transport of the
valuable constituents. Whilst the syngenetic or
epigenetic characteristics of an ore body can
usually be determined from field relationships
and studies of mineral paragenesis the distance of
migration is normally a matter for speculation.
For this reason the model is partly theoretical,
and in part based on observations of geological
characteristics. Ridge (1983), in a highly chal-
lenging paper,- has questioned the value of the
theoretical component in a genetic model. He
argues that in all styles of mineralization it is the
geological  setting, 1i.e. stratigraphy and
structure of the ore deposit, which provides
most information of value for the geologist.
This provides a different type of framework for
exploration, and we propose to use the term
‘empirical model’ to describe this approach.
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Ultimately, the genetic or empirical model must
be integrated with the physiographic and
climatic factors of the specific search area to
produce an exploration model.

The distinction between genetic models and
empirical models is important and we will return
to this subject in ensuing chapters. Each style of
deposit is discussed in terms of geological setting
and the recent ideas concerning ore genesis. The
relevance of this information for the exploration
geologistis then debated at the end of each chapter.
The implications of our conclusion are important
for both the mining industry and for universities.
Is the current bias towards an understanding of
genetic theory within many university depart-
ments justified? Will genetic models provide an
adequate basis for mineral discovery during the
closing years of this century? We hope the answers
to these questions are contained within this
textbook.

1.4 THE SCIENTIFIC STUDY OF MINERAL
DEPOSITS

Mineral deposits, like all other geological
phenomena, are best studied by careful
observations made in the field. In some cases
observations will be restricted to surface mapping,
and in other cases this information will be supple-
mented by the results of drilling. If the deposit

becomes exploited, a three-dimensional model can
be constructed from underground geological
mapping.

In many cases the geologist’s perception of the
ore deposit changes during exploitation. For
example, the initial description of the Wheal Jane
mine in Cornwall was based mainly on drilling
and a limited amount of underground develop-
ment (Rayment et al., 1971). At this early stage
geologists observed that the stanniferous ore
bodies were restricted to the footwall of gently
dipping feldspar porphyry dykes and the dykes
were therefore regarded as having an important
structural control on the deposition of cassiterite
and associated sulphides. The mine has been in
intermittent production for 13 years (1984) and
development has been extended to a depth of
400 m. It is now apparent that the ore bodies and
dykes have a more casual relationship and were
probably emplaced along planes of weakness of
similar orientation.

Information about the geological history of a
mineral deposit may also be obtained from
petrographical and analytical studies utilizing
standard techniques. In addition, a range of
laboratory techniques has become available in
recent years which may be less familiar to some
readers. The type of information provided by
these techniques is summarized in Table 1.7 which
also cites key references explaining the general
principles on which the method is based.

Table 1.7 Some experimental techniques applicable to ore deposits

Techniquie Type of information provided

References on
general
principles

Application
(examples cited in text)

(I) Stable isotopes
(1) Sulphur
sulphur

b) Wide range of S values and
( g

. . D . .
enrichment in §%S indicates a

biogenic source of sulphur

(¢) The pattern of variation in §**$
may indicate localized migration

of sulphur

(a) Limited range of 5'S about 0'y
indicates a magmatic source of

(a) Dominantly magmatic source for
the Dianne and O.K. ore bodies.
Northern Queensland, Australia
(3.8.4)

(b) Pyrite in Mount Isa lead/zinc ore
body, Queensland, Australia
(6.3.3)

(¢) Derivation of sulphur from fault
at Tynagh mine, Ireland (6.3.6)

Hoefs (1980)



Table 1.7

continued

References on

general Application
Technique Type of information provided principles (examples cited in text)
(d) Enrichment in 87*S indicates that (d) Source of sulphur at Pine Point,
sulphur was derived from sea- Canada (6.4.3)
water/evaporites
(¢) Differing 8*S"%u values in (e) Genesis of Pb—Zn and Cu ore
adjacent ore bodies suggests bodies at Mount [sa, Queensland,
differing modes of formation Australia (6.3.3)
(f) Isotopic fractionation between ~ Ohmoto and (f) Temperature of ore fluid at
sphalerite and galena provides ~ Rye (1979) McArthur River, Northern
information about the temper- Territory, Australia (6.3.3)
ature of deposition of ore
minerals
(g) Isotope systematics provide Docand Zartman (g) Source of metals in the Central
data on the possible sources of  (1979) Plain of Ireland (6.3.6)
metals
(2) D/Hand  (a) Relative proportion of 8D % Sheppard (1977) Use of oxygen isotopes in mine-
BO/10O and 80 %y in inclusion-fluids ~ Taylor (1979) based exploration at the Amulet ‘A’
ratios or minerals may identify the orebody, Amulet Mine, Noranda,

(II) Investigations
of fluid

inclusions

(IIl) pH/Eh

diagrams

(IV) fO»/pH
diagrams

principal source of water in

hydrothermal fluids

Differing 8D 'Yy values obtained Taylor (1974)
on water removed from minerals

may suggest that adjacent

minerals have disparate ages

(¢) Partitioning of "*O-""0"yand  Taylor (1979)
D-H"%y between minerals

deposited in equilibrium with

each other provides unambiguous

temperature of deposition (i.e. no

pressure corrections)

(a) Composition of ore fluid Roedder (1979)
(b) Temperature and pressure

conditions of ore deposition
Stability of mineral and ionic Krauskopf
species under differing acidity (1979)

and oxidation potential conditions
in the surface or near-surface
environments

Characterization of ore-forming Barnes (1979)
cnvironments and of metal-transport

mechanisms

Canada (3.9)

Characterization of ore fluid which
has deposited quartz in auriferous
deposits (4.4.3)

Evidence concerning the position of
chlorite in the mineral paragenesis of
the Saskatchewan unconformity-type
deposits (9.3.3)

Temperature of formation of
auriferous quartz veins in Canada

(4.4.3)

(a) Composition of the fluid from
which ore minerals deposited in
Irish Pb—Zn deposits (6.3.6)
Temperature of deposition of
gold in hydrothermal vein
deposits (4.4.3)

Temperature of fluids in kaolin-
ization in south west England

(7.4.6)

(b)

Studies of the mobility of uranium
in the secondary environment (9.2)

Controls in weathering of sulphides
and supergene enrichment (7.6)
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2.1 INTRODUCTION

Some ore deposits have such an intimate
association with igneous rocks that a common
heritage can be inferred. In many cases it can be
confirmed by a study of field relationships, from
ore textures and from the results of experimental
petrology that the ores have segregated during the
crystallization of a magma.

The principal styles of mineral deposit which
have formed by magmatic segregation are listed in
Table 2.1. It is evident that nickel, copper,
chromium, vanadium, titanium and the platinum
group elements (PGEs) are the major elements
produced from this class of deposit. In addition
cobalt and gold may be significant by-product
elements.

Cu-, Ni-, PGE-, Cr- and V-rich ores are as-
sociated with mafic and ultramafic lithologies.
The principal ore minerals in this association are
pentlandite, pyrrhotite, pyrite, chalcopyrite,
chromite and vanadiferous magnetite. The gangue
minerals are those which constitute the enclosing
host rock and include olivine, serpentine, plagio-
clase, ortho- and clino-pyroxenes.

The bulk of World ilmenite production is from
beach sand deposits (Chapter 5). However, in
North America more than half the ilmenite is

mined from anorthosites and gabbros (Lynd and
Lefond, 1975). The mineral assemblages are of
three types: ilmenite-magnetite, ilmenite—
hematite and ilmenite-rutile. The gangue minerals
are predominantly plagioclase and pyroxenes.

In this chapter we have selected nickel sulphides,
chromite and diamondiferous kimberlites for par-
ticular consideration. These deposits are of
importance on a world-wide scale, and they serve
to illustrate contrasting approaches to mineral
exploration.

2.2 CHROMITE DEPOSITS
2.2.1 Introduction

Chromite is the only ore mineral of chromium.
The bulk of chromite is converted to ferrochrome,
of which about 70% is used in the manufacture of
stainless steel. Other uses of chromite include
refractories and chemicals. There is no substitute
for chromite in ferrochrome manufacture and this
factor, combined with the very limited geo-
graphical distribution of chromite resources,
makes it an important strategic mineral.

In 1982 World production of chromite was
7.6 x 10° tonnes (Mining Annual Review, 1983). In
that year South Africa was pre-eminent with about
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31% of production with the USSR, Albania,
Turkey and the Philippines also having a sub-
stantial production (Mining Annual Review, 1983).
According to von Gruenewaldt (1980) 97% of the
World’s chromite reserves are present within the
stratiform  deposits of South Africa and
Zimbabwe. Whilst the discovery of new reserves
in other producing countries will almost certainly
modify von Gruenewaldt’s estimate, it is probable
that an increasing proportion of chromite will be
mined from stratiform deposits.

Until the 1970s a high chromium content (Cr/Fe
2.8:1) was essential in chromite designated for
conversion to ferrochrome. This precluded the use
of South African ore for metallurgical purposes.
However, changes in smelting technology have
resulted in this ratio becoming less critical

(Streicher, 1980).

2.2.2 Classification of deposits

The bulk of the World’s chromite 1s mined from
rocks of mafic and ultramafic composition.
Traditionally the ores are subdivided mnto two
types. Stratiform ores are associated with mafic/
ultramafic layered intrusions, are Precambrian in
age and have an intracratonic setting. Podiform
ores are mainly Phanerozoic in age, have a highly
irregular geometry and are associated with
ophiolites.

Most of the chromite associated with layered
intrusions is mined from the Bushveld Complex in
South Africa and the Great ‘Dyke’ in Zimbabwe
(Fig. 2.1). Chromite from podiform deposits
accounted for about 55% of World production in
1982 but this proportion is likely to decline during
the next decade (Duke, 1983). The reasons for this
are partly the greater technical problems of
evaluating and mining podiform chromite
compared with stratiform deposits. In addition the
high Cr/Fe ratio of podiform chromite is
becoming less critical in the manufacture of
ferrochrome. The principal countries producing
chromite from this style of deposit are the USSR,
Albania, Philippines, Turkey and India.
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2.2.3 General characteristics of stratiform
chromite deposits

(a) Distribution in space and time

Stratiform chromite deposits are known in the
Americas, Europe, India and southern Africa.
They are associated with ultramafic/mafic
intrusions which are characteristically emplaced
into stable cratonic environments. In many cases
the intrusives are emplaced into gneissic basement
rocks but the Stillwater Complex and Bushveld
Complex intrude supracrustal rocks. The evidence
of the tectonic setting of the layered intrusions 1s
not always clear. However, the Bushveld
Complex and Great ‘Dyke’ are believed to occur
within the Proterozoic Megafracture system of
southern Africa which is possibly the root zone of
an aborted intracontinental rift (Mitchell and
Garson, 1981).

Layered intrusions which host economic con-
centrations of chromite are of Archaecan and
Proterozoic age, but the main inrusives of
economic significance range from about 2000 to
2700 million years. Significantly the Muskox
intrusion (North West Territory, Canada) has an
age of 1150-1250 mullion years but contains no
chromite of economic significance (Irvine and
Smith, 1969). The reasons for this are not clear but
are likely to be changing tectonic processes and/or
changing chemistry within the mantle during the
evolution of the earth.

(b) Form and petrology of intrusions
The igneous intrusions which host stratiform
chromite deposits may be divided mto two
morphological types. The Bushveld Complex
(South Africa) and Great ‘Dyke’ (Zimbabwe)
which are of principal economic importance
consist of adjacent funnel-shaped intrusions.
However, in most other cases the intrusive is a sill,
which may have retained its original attitude, or
have been tilted or deformed by subsequent
tectonism.

Most of the layered intrusives relevant to this
discussion can be subdivided into lower ultramafic
and upper mafic zones. Chromite normally occurs
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Fig. 2.1. Location of magmatic ore deposits.

in chromitite layers of variable thickness within
the lower ultramafic zone. However, in the case of
the Bushveld Complex the chromuitite layers are
largely confined to the Critical Zone of the
ultramafic component. Further details of the
petrology of the Bushveld Complex are provided
in Section 2.2.4. The ultramafic zones of the Great
‘Dyke’ and Stillwater Complex (Montana, USA)
comprise a series of cyclic units (Wilson, 1982;
Page, 1977). For example, the ultramafic
component of the Hartley Complex in the Great
‘Dyke’ is divisible into fourteen units most of
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which contain chromitite layers in association
with dunite or harzburgite (Wilson, 1982).
However, cyclic units are not evident in the
Campo Formoso (Brazil) and Kemi (Finland)
intrusives where the chromitite layers
associated with peridotites (Duke, 1983).

are

(c) Mineralogy

Within layered igneous complexes chromite
occurs mainly as layers of chromitite which range
from 1 cm to more than 1 m in thickness. Typically
chromitite is composed of 50-90% fine-grained
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(0.2 mm) cumulus chromite with interstitial
olivine, orthopyroxene, plagioclase and clino-
pyroxene (Duke, 1983). The average grade of ore
mined from layered intrusions is summarized in
Table2.2.

Chromite belongs to the spinel group of
minerals and has the general formula (MgFe®")
(CrAlFe’),0O,. There is considerable com-
positional variation both between deposits and
within particular intrusions. Figure 2.2 shows the
compositional variation in chromite from a
number of layered intrusions. It is evident that

23

chromite from the Great ‘Dyke’ has a consistently
high chromium content whilst chromite from the
Stillwater Complex and the Bushveld Complex
has more variable compositions. Wilson (1982)
reports that chemical variation in the Great ‘Dyke’
is related to textural and mineralogical environ-
ments. In the Bushveld Complex there is a cryptic
variation of chromite composition, with Cr/Fe
ratios decreasing upwards through the Critical
Zone (Cameron, 1977).

The Bushveld Complex and the Stllwater
Complex are also important sources of the
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Table 2.2 Some characteristics of stratiform chromite deposits

Location Size of intrusive Grade Reserves (tonnes X 10°)
Bushveld Complex Area 480 X 380 km* 46-47.6% Cr-O* 7260 tof depth of 1200 m
S. Africa Thickness 9000 m Cr/Fe 1.6:1
Great ‘Dyke’ Length 480 km+ 43.4-51.4% Cr:05 1l 560 to¥ inclined depth of 200 m
Zimbabwe Width 8 km Seams 4-11
Cr/Fe 2.8:1
Stillwater Complex Strike length 48 km* Mouat Mine* Mouat Mine*
Montana, USA Width up to 5.5km 22.5% Cr-0O3 4
Cr/Fe 1.6:1
Kemi Length 15 km* 26% Cr>O5; 50%
Finland Width up to 2km Cr/Fe 1.55:1
Campo Formoso Length 40 km 33-42% CrrO+* 3%
Brazil Width 1.1km Cr/Fe1.3:1
to 2.4
*Duke (1983).
von Gruenewaldt (1980).
$Wilson (1982).
SHopkins (1980).
¥ Ndetal Bulletin Monthly (May 1981).
platinum group elements. Platinum in the 2.2.4 The Bushveld Complex

Bushveld Complex is mainly exploited from the
Merensky Reef pyroxenite but the Platreef and
UG2 chromitite also contain large reserves
(Section 2.2.4). Within the Stillwater Complex
economic concentrations of platinum are confined
to the J-M reef (Todd et al., 1982). The J-M reef
varies from 1 to 3 m in thickness and contains
minor concentrations of chalcopyrite, pyrrhotite
and pentlandite which enclose small grains of the
platinum group minerals.

Fig. 2.2. Proportions of trivalent cations in
chromite from certain stratiform (left) and
podiform deposits. (From Duke 1983, who
quotes the data sources).
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(a) Geological setting

The Bushveld Complex extends over some
182 000 sq.km. within the Kapvaal craton, S.
Africa. The mafic rocks which host chromite and
platinum occur as four arcuate zones, the most
southerly of which is obscured by younger rocks
(Fig. 2.3). The mafic rocks have been dated at 2095
+24 million vyears using the Rb/Sr method
(Hamilton, 1977).
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The original suggestion that the mafic rocks
formed part of a single lopolith was subsequently
modified by mapping, combined with gravity and
airborne magnetic surveys. The initial inter-
pretation of these data indicated that the mafic
rocks formed a series of overlapping funnel-
shaped intrusions. More recent gravity surveys
show that the mafic rocks do not extend beneath
the centre of the Complex but form separate and
only partly overlapping
Gruenewaldt, 1979).

The evolution of the Kapvaal craton has been
characterized by the persistence of NNE, ENE
and NNW structural trends. These trends also

structures  (von

appear to have played a role in the emplacement of
the mafic rocks and have influenced the
configuration of the Bushveld Corplex (von
Gruenewaldt, 1979). The structural controls are
evident in the ENE and WNW trending axes of the
Complex, in the alignment of gravity highs which
probably reflect feeder zones for the mafic rocks
and in the orientation of a basement high which
controls the western boundary of the eastern
Bushveld (Fig. 2.4).

The Bushveld Complex is the product of a
prolonged sequence of magmatic events. Igneous
activity was heralded by sills of amphibolitic
composition (Sharpe, 1981). The first stage of

Fig. 2.3. Geological map of the Bushveld Complex, (from Campbell et al. 1983, after Willemise 1969).

25
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Major structural trend

:’"’! Basement dome
Axis of Bushveld Complex e

Grear Dyke trend ® Gravity high

Preforia - Zebediela anticline

Murchison trend Layered
mafic rocks

Amsterdam lineament
Axis of gravity highs
Kraaipan trend

NOOhs W =

Fig. 2.4. Structural setting of the Bushveld Complex
(modified from von Gruenwaldt 1979).

Bushveld activity was marked by the emplace-
ment of the Laminated Marginal Zone, which
comprises mainly alternating sheets of norite and
pyroxenite (Sharpe, 1981). The second, and
major, stage of magmatism resulted in the
intrusion of a series of mafic and ultramafic
lithologies which are referred to as the Layered
Series. The final episode of magmatism is
represented by the Bushveld Granite. The Layered
Series locally exceeds 9000 metres in thickness and
is divisible into five zones (Fig. 2.5). The Lower and
lower Critical Zones are characterized by ultramafic
to mafic lithologies which are commonly mono-
mineralic. Anorthosites, norites and gabbros are the
dominant rock types within the upper Critical, Main
and Upper Zones. The Critical Zone 1s of major
economic importance and hosts both the chromite
and platinum group elements.
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Geophysical studies and detailed mapping have
revealed that the five zones of the Layered Series
are not uniformly represented throughout the
Bushveld Complex. It is evident that the ultra-
mafic rocks commonly have a more restricted
distribution than the mafic lithologies of the Main
and Upper Zones (von Gruenewaldt, 1979). For
example, the full stratigraphic succession in the
northern lobe is restricted to an area near
Potgietersrus, and the gabbros and norites of the
Upper and Main Zones transgress the Lower
zones and occupy a larger area (von Gruenewaldt,
1979).

The parent magma of the Layered Series has
been the subject of much speculation. Many
workers (Willemse, 1969; Gibjels et al., 1974;
Hamilton, 1977) have supported the two-magma
theory: one magma is considered to have been
responsible for the rocks of the Lower and Critical
Zones and the second magma was the parent of
rocks in the Main and Upper Zones. Sharpe (1981)
cites evidence from field work and geochemistry
to support the concept of multiple pulses of
magma of contrasting chernical composition.

(b) Chromium
All the chromite layers and the principal platini~
ferous layers are confined to the Critical Zone,
which is therefore the unit of overwhelming
economic importance in the Bushveld Complex.
The Critical Zone is distinguished by a prominent
regular layering and may be divided into lower
pyroxenitic and upper anorthositic subzones
(Cousins and Feringa, 1964; Cameron and
Desborough, 1969). Chromite is disseminated
within silicates throughout most of the Critical
Zone but is only of commercial value when con-
centrated into layers of chromitite (Fig. 2.6).
Within the chromitite layers chromite is the
cumulus phase with bronzite and plagioclase being
the main interstitial silicates. Chromitite layers are
distributed in both subzones of the Critical Zone,
but are mainly exploited from the pyroxenite
subzone because of their higher Cr/Fe ratios.

In the western sector of the Bushveld Complex
the Critical Zone ranges from about 915 to 1750 m
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Fig. 2.5. Subdivision of the Layered
Series of the Bushveld Complex. MR,
Merensky Reef; SC, Steelpoort chromite
(from Duke 1983, after Vermaak, C. F. and
von Gruenewaldt, G. (1981) The Bushveld ok

Complex Excursion Guide, Geocongress
1981, 3rd International Platinum
Symposium, 62 pp.

in thickness and contains 13 chromitite layers of
potential economic value (Cousins and Feringa,
1964). The layers have a remarkable lateral con-
tinuity, for example the LG3 and LG4 layers can be
traced along strike for 63 km (von Gruenewaldt,
1977). The layer of prime importance in the
Western Bushveld is the LG6 which is associated
with pyroxenites (Table 2.3).

In the Eastern Bushveld, the Critical Zone
ranges from about 1220 to 1370 m in thickness.
The number of chromitite layers ranges from five to
28. Cameron and Desborough (1969) stated that

Subzone C Olivine diorite, diori.re,
anorthosite, magnetite layers
Upper
Zone Subzone B Magnetite gabbro, froctolite,
olivine gabbro, magnetite layers
Subzone A Magnehr_e gabbro, fgldsparhlc
pyroxenite, magnetite layers
Subzone C Gabbronorite, norite, gabbro
Main Subzone B Gabbronorite, norite
Zone
Subzone A Norite, anorthosite, pyroxenite
_____ MR- -~
. Norite, anorthosite, chromitite,
Critical Upper subzone | aransky Reef
Zone
.-.S5C._...._] Pyroxenite, harzburgite,
Lower subzone chromitite, Steelpoort seam
Up.bronzitite sz.| Bronzirite
Harzburgite Harzburgite, dunite
Lower subzone
Zone Lower bronzitite | gronzirite
subzone
Basal subzone | Feldspathic bronzitite,
harzburgite
Marginal Zone Norire
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chromitite layers in the pyroxenite subzone are
regular and persistent, but this is not the case in the
anorthosite subzone. In the Eastern Bushveld, the
layers which are currently exploited are the
Steelpoort and F layers, and their characteristics are
summarized in Table 2.3.

The genesis of chromite in the Layered Series of
the Bushveld Complex is a controversial subject.
Genetic models must explain the virtually mono-
mineralic nature of the chromitite layers, their
repetition throughout the Critical Zone, and
virtual absence from the Lower and Main Zones.
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Fig. 2.6. Chromitite seams within anorthosite, Bushveld Complex, South Africa.

Table 2.3 Chemical characteristics of pure chromite from Bushveld chromitite layers associated with mining
activity (from Buchanan, 1979)

Cr:0O3  FeO content Layer
content as total Cr/Fe  thickness
Avrea and chrome mine Layer (%) iron (%) ratio (m)
North of Pilansberg LG6 46.36 26.23 1.56 0.86
Zwartkop (magazine)
West of Pilansberg LG6 47.50 26.00 1.65 0.76
Ruighoek (main)
Rustenburg-Brits LG6 46.00 26.00 1.58  0.94-1.27
Kroondal (main)
Eastern Belt (north of Steelpoort)
UCAR Steelpoort 47.12 25.15 1.66 0.60
Winterveld Steelpoort 47.65 25.12 1.67  0.90-1.20
Eastern Belt (south of Steelpoort) F Bed 46.98 26.12 1.58 1.30
Grootboom

28
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The cvolution of ideas on these problems has
drawn both from detailed petrographical and
geochemical studies of the Critical Zone
(Cameron and Desborough, 1969; Cameron,
1980) and from comparisons with other layered
intrusions (Jackson, 1961; Irvine and Smith, 1969).

The genesis of the chromitite layers has been
debated in the context of two scparate processes:
fractional crystallization from one or two parent
magmas, and the repeated introduction of suc-
cessive heaves of magmas. Until recently most
writers considered that gravitational settling of
chromite, to form cumulus layers, was an essential
part of the ore-forming process (Cameron and
Emerson, 1959). However, a simple gravitational
maodel 1s inconsistent with the distribution of
chromitite layers within the Critical Zone. It also
conflicts with the result of experimental petrology
(Duke, 1983) and the reinterpretation (Campbell,
1978) of cumulus textures.

A number of alternative mechanisms have been
proposed. Cameron and Desborough (1969)
suggested that chromitite seams might be
precipitated by changes in oxygen fugacity. This
mechanism has been investigated by Snethlage and
von Gruenewaldt (1977), who measured pO> in
natural chromitites from the western part of the
Bushveld Complex, and compared their results
with those obtained from synthetic systems.
Snethlage and von Gruenewaldt (1977) concluded
that there 1s a strong case for oxygen fugacity as a
major factor for chromitite layer formation. They
reviewed the mechanisms which might be res-
ponsible for changes in oxygen fugacity, but did
not support a particular model.

Cameron (1980) has carried out extremely
detailed petrographic and geochemical studies of
the Critical Zone. In discussing the genesis of the
chromitite bands, he rejects the role of changing
oxygen fugacity, on the grounds that it is unlikely
to have produced the uniformity of composition
which is such a characteristic feature of the Critical
Zone. Cameron (1980) favoured variation in pres-
sure as the main control on the formation of
chromitite layers. He suggested that pressure
changes could result either from tectonic activity
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or by the addition or removal of batches of magma
from the magma chamber. However, Lee
(personal communication) considers that the range
of pressure change required exceeds the total
pressure at the base of the magma chamber (¥6.5
kbars).

(c) Platinum group elements (PGE)

Platinum group elements in the Bushveld
Complex are contained within three layers, the
Platreet, Merensky Reef and UG2 chromitite.
Table 2.4 summarizes the main characteristics of
the three layers. It is evident that the UG2
chromitite has the highest grade and largest
reserves, but production has only recently
commenced due to a combination of metallurgical
and mining problems. There is no production at
the present time from the Platreef, although this
may be developed in the future under favourable
economic circumstances.

In this section the main emphasis is placed on the
Merensky Reef, which is the main producing
horizon for the PGEs, and the subject of most
published data on platinum in the Bushveld
Complex (Fig. 2.7).

The Merensky Reef occurs in both western and
eastern sectors of the Bushveld Complex. Strati-
graphically it is located near the top of the Critical
Zone. The Merensky Reef, together with over-
lying spotted and mottled anorthosites, con-
stitutes the Merensky Unit which is overlain by a
petrographically similar sequence called the
Bastard Unit (Cousins, 1969). Von Gruenewaldt
(1979) defined the Merensky Reef as the basal
pyroxenitic portion of the Merensky cyclic unit
which includes porphyritic pyroxenite, pegmatitic
pyroxenite and chromitite stringers. The
dominant PGEs in both the Merensky Reefand the
other platiniferous horizons are platinum and pal-
ladium (von Gruenewaldt, 1977).

In general the Merensky Reef dips at a shallow
angle. However, locally it is disturbed by depres-
sions called ‘potholes’. Potholes are irregular in
shape, have diameters estimated to range from 1 to
300 m and vary in depth up to 60 m (Cousins,
1969). The mechanisms responsible for the
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Table 2.4 Summary of characteristics of Pt-bearing layers in the Bushveld Complex

Thickness and Recovery
Layer and location strike length grade Reserves Mineralogy Lithology
Platreef Estimated payable 3.0 g/t3* 12.2x Cooperite and Pyroxenite’
Potgietersrus area over 30 km Grades are 10°kg * sperrylite
Thickness 25 m*  higherin A reef
UG2 chromitite Total strike* 6.0 g/t? 32.5% Laurite,* Chromitite*
length 250 m Considerable 10°kg * cooperite,
Thickness 0.9 m  lateral variation braggite.
In part of E.
Bushveld Complex
alloys formed with
arange of metals
Merensky Reef Total strike* 5.5g/tt 18.1 Mineral species Pyroxenite*
length 230 km Highest 10° kg;t vary with locality.

Thickness 0.8 m
stringers

values with Cr

Pt sulphides
dominant at
Rustenburg.
Arsenides and
tellurides at
Western Platinum
Mine

*von Gruenewaldt (1979).
"Buchanan and Rouse (1984).
*von Gruenewaldt (1977).

potholes are not fully understood but have been
attributed to rotating eddies in the magma
(Ferguson and Botha, 1963), slump structures
(Cousins, 1964) and resorption of cumulate layers
by an unsaturated hybrid magma (Irvine et al.,
1983). The implications of potholing in the mining
of the Merensky Reef will be discussed in a later
section.

Two hypotheses have been proposed for the
genesis of the Merensky Reef: differentiation by
gravity settling in the mafic portion of the
Bushveld Complex and the introduction of a re-
stricted pulse of magma.

Cousins (1969) drew attention to the petro-
logical discontinuity above and below the
Merensky Unit and noted the mineralogical
evidence for gravitational segregation within the
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Merensky Reef. He concluded that the Merensky
represented a separate pulse of magma.

Campbell et al. (1983) consider that both the
high PGE content and petrological characteristics
of the Merensky Reef can be explained by the
dynamic behaviour of the new magma pulse.
They estimate that the temperature difference
between the new pulse of magma and the
fractionated magma in the chamber was about
100 = 50°C. Under these conditions the new
magma would have risen as a turbulent plume for a
short distance above the floor of the magma
chamber. It would then have spread out at its own
density level to form a hybrid layer. Cooling of the
hybrid layer would have resulted in liquation of a
sulphide liquid, nucleation of silicates and,
eventually, convective overturn which would
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Fig. 2.7. Merensky Reef with
anorthositic footwall rocks,
Rustenburg, South Africa. The scale
and blackboard indicating date and
location are used routinely on this
mine. The geologist can assess the
nature of each stope and decide which
parts of the mine require his immediate
attention.

have brought the hybrid melt to the floor of the
magma chamber.

How does this help to explain the high PGE
content and pegmatitic texture which are
important characteristics of the Merensky Reef?
Campbell et al. (1983) state that if sulphides have a
high PGE content they must have achieved
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equilibrium with a large column of silicate melt.
They suggest that this is achieved during the
turbulent entry of the plume into the magma
chamber. Campbell et al. (1983) explain the
pegmatitic texture of the Merensky Reef'in terms
of gravitational settling. They consider that the
pyroxenes in the Merensky Reef are true
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cumulates and would therefore have had a high
initial porosity. As a consequence the cumulate
layers would have acted as traps for volatiles
expelled during the solidification of cumulates
with lower initial porosities.

(d) Mining geology

The chromitite layers within the Critical Zone
have a gentle dip, are normally persistent along
strike for tens of kilometres, and are relatively
undisturbed. As a result there are few problems of
exploration or mine development. In evaluation,
drilling is normally carried out at 0.5 to 1.0 km
intervals with one to three deflections per inter-
section (C. A. Lee, personal communication).

The Merensky Reef normally has a gentle,
uniform dip. Persistent marker horizons in both
the hangingwall and footwall zones are extremely
valuable in mine development because they
indicate very accurately the position of the ore
body (Fig. 2.8). The marker horizons are parti-
cularly valuable when the Merensky Reef is dis-
placed by faulting or disturbed by potholes.

The main geological problems associated with
the Merensky Reef are caused by localized
structural disturbances, called potholes, which are
described 1n an earlier section. In the western
sector of the Bushveld Complex the potholes are

classified as shallow and Brakspruit types. In the
shallow potholes the reef is rarely displaced by
more than 2 m and stoping may be cither main-
tained at the same elevation with some loss of reef
or modified slightly to include Merensky Reef.
The Brakspruit-type potholes pose a more serious
mining problem and in some districts up to 50% of
the ground may be unmineable (Fig. 2.9). In the
Brakspruit-type potholes, the Merensky Reef may
be displaced as much as 30 m and is commonly
associated with bad hangingwall conditions. It 1s
therefore important for the mine geologist to be
able to assess the potential loss of ground due to
potholes before mine development.

2.2.5 General characteristics of podiform
chromite deposits

(a) Distribution in space and time

Podiform chromite deposits have a consistent
association with ophiolites. However, the dis-
tribution of economic concentrations of chromite
within ophiolite complexes is highly variable. For
example, the Alpine belt which extends in an arc
through Yugoslavia and Albania to Greece is
notably rich in chromite, whereas the New
Zealand ophiolites have no important concen-
trations of chromite.

Fig. 2.8. Section showing the relationship of mine development to geology at Rustenburg platinum mine (from

Wetherelt 1982).
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Fig. 2.9. Cross-section through a
Brakspruit-type pothole
Rustenburg, S. Africa (modified
from Cousins 1964).

The USSR is the major producer of chromite
from this style of deposit. The bulk of production
is concentrated in the Perm and Kempirsai mining
districts in the Urals (De Young er al., 1984).
Other countries with a substantial production
from podiform chromite deposits include Albania,
Turkey, the Philippines, New Caledonia and India
(Thomson, 1983). Less important deposits of
podiform chromite occur in Cuba, Yugoslavia,
Iran, Greece, Pakistan and Brazil. Hodge and
Oldham (1983) report that the Ramu River deposit
in Papua New Guinea has recently been evaluated
and contains a significant proportion of the
World’s chromite resources.

Podiform chromite deposits are formed initially
within the oceanic lithosphere, and are sometimes
transported tectonically to shallower structural
levels during orogenesis. The age of the chromite
deposits is usually assigned to the period of
deformation when the ophiolite was emplaced
into its present tectonic setting.. Apart from the
Indian deposits - most podiform chromite is
Phanerozoic in age. Deposits are associated with
Caledonian (Urals), Hercynian (Iran, Turkey) and
Alpine (Yugoslavia, Albania) earth movements
(Pavlov and Grigor’eva, 1977).
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(b) Size and grade

The size of podiform chromite deposits is variable”
but most production comes from bodies con-
taining =100 000 tonnes of ore (Evans, 1980),The

chromite may occur as either high-grade massive

or low-grade disseminated ore, but the proportion

of massive ore which is mined has tended to

decrease during this century. At the present time

published grades vary from 28-30% Cr.O; in

Turkey (Erganulp, 1980) to 43% Cr>O;in Albania

(Thomson, 1983). The Cr/Fe ratio is higher in

chromite from podiform deposits compared with

most layered intrusions (Fig. 2.2). For example

Albanian ore has a Cr/Fe ratio of 3:1 (Thomson,

1983) compared with 1.6:1 for South African ore.

As a consequence chromite from podiform
deposits has been traditionally preferred for

metallurgical uses and remains the sole ore type for

refractories.

“The geometry of podiform chromite deposits
can most commonly be described as tabular lenses
or irregular ‘pencils™ (Thayer, 1969). In Turkey
many of the smaller ore bodies are lenticular but in
the Kavak mine the larger ore bodies are pipe
shaped (Erganulp, 1980) (Fig. 2.10).
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Fig. 2.10. Isometric diagram of main ore
body at Kavak chrome mine (from Erganulp
1980).

(c) Mineralogy
Chromite is the only chromium-bearing ore
mineral, and in podiform deposits is normally
associated with olivine./By-product minerals are
not characteristic of this style of mineralization.
Platinum group clements are detectable in
podiform chromite but not in sufficient con-
centration to merit their extraction (Page et al.,
1984). The ophiolite complexes which host
podiform chromite may, however, also be a
source of copper (Section 3.8.3) and are sometimes
mined for magnesite, chrysotile asbestos and talch
The textures and structures of podiform
chromite are varied. - According to Thayer (1969)
nodular textures are particularly characteristic of
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podiform ores, a point which must be borne in
mind in discussing genetic models. Greenbaum
(1977) and Dickey (1975) considered that some of
the textures described from podiform chromite are
of cumulate origin. However, in many cases the
original textures are destroyed during tectonism.

(d) Host lithology and tectonic setting

Ophiolites are considered to be portions of oceanic
lithosphere which have been emplaced into a con-
tinental setting during orogenesis. The zoning of
oceanic lithosphere is well established from the
study of mid-ocean ridges, and an identical strati-
graphy can be recognized in some ophiolite com-
plexes. In essence oceanic crust comprises a veneer
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of sediments, underlain by distinctive layers which
are dominated successively by pillow lavas,
sheeted dykes and gabbros. The base of the oceanic
crust is defined by the Mioho —a distinctive seismic
discontinuity. Below the Moho occurs a zone of
ultramafic cumulates underlain by tectonized
mantle material. The ultramafic cumulates consist
of dunites, wehrlites and clinopyroxenites that
accumulated on the floor of a shallow magma

chamber. The Ilithology of the tectonites
comprises variably serpentinized harzburgite
(essentially  olivine + orthopyroxene + chrome

spinel) which shows considerable flow folding.
The harzburgites are considered to represent
mantle material depleted by partial melting
processes (Hughes, 1982).

~ Chromite deposits occur mainly within the
tectonized harzburgite but may also occur in the
lower part of the ultramafic cumulates (Duke,
1983). According to Dickey (1975) the podiform
chromite tends to be most abundant near the top of
the harzburgite zone. There is always an
association between chromite and olivine which
may be reflected in the dunitic composition of the
host rock or in an envelope of olivine surrounding
the chromite ore within harzburgite. The ophio-
lites which host podiform chromite deposits com-
monly form discontinuous curvilinear features
which commonly extend for hundreds of kilo-
metres. Most ophiolites are considered to be
allochthonous and occur in klippen with low-
angle thrust contacts at their base (Hughes, 1982).

2.2.6 Genesis of podiform chromite
deposits

Prior to the development of plate tectonic theory,
Alpine-type peridotites were interpreted as
intrusions of either liquid or crystalline ultrabasic
magma into the continental crust. Both the ultra-
basic composition of the magma and the
occasional presence of podiform chromite, were
interpreted as resulting from the gravitational
settling of crystals, which produced relatively
homogeneous layers within the mantle. For

example, Guild (1947) described the chromite
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deposits from the Moa district in Cuba, and sug-
gested that the podiform nature of the ore could be
attributed to the fracturing of originally homo-
geneous chromite masses during the emplacement
of partly crystalline ultrabasic magma into the
continental crust.

The development of plate tectonic theory has
changed both the interpretation of Alpine-type
intrusions and our understanding of podiform
chromite deposits. Most geologists who have
discussed the origin of podiform chromite within
the last decade accept that the chromite was
originally concentrated within the oceanic litho-
sphere at constructive plate margins, and sub-
sequently emplaced on to or within continental
crust during orogenesis. The main divergence of
opinion lies in whether the chromite originated
within the tectonized peridotite or was introduced
by gravitational settling from an overlying magma
chamber.

Dickey (1975) considered that podiform
chromite originated within the magma chamber,
at the base of the oceanic crust below mid-ocean
ridges. The main basis of Dickey’s hypothesis is
the distinctive chemistry of podiform chromite
and the results of experimental petrology. He con-
sidered that the chromite forms by incongruent
melting and early precipitation from silicate
liquids, and suggested that rapid changes of
temperature and pressure may have been
important controls. Dickey (1975) suggested that
the nodular texture of the ore may be attributed to
the snowballing of chromite crystals within zones
of turbulence in the magma chamber. He
explained the concentration of chromite within the
tectonized harzburgite as being due to the sinking
of chromite autoliths through the enclosing
olivine crystals. Panayiotou (1978) considered that
this mechanism explained the distribution of
chromite ore within tectonized harzburgite from
the Limassol Forest Complex in Cyprus.

On the other hand Lago and co-workers (1982)
have proposed another hypothesis for chromite
formation within the zone of tectonized
harzburgite. Lago’s genetic model is based on the
field relationships of podiform chromite with the
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Fig. 2.11. Sketch of genesis and
evolution of the chromite pods in
uppermost oceanic mantle beneath an
active spreading ridge (from Lago et al.
1982).

enclosing harzburgites and dunites in southern
New Caledonia. Detailed structural mapping, by
Cassard and his colleagues (1981), has demon-
strated that there are three structural styles of
podiform chromite in New Caledonia, which are
defined by the relationship of the chromite with
the penetrative fabric of the enclosing peridotite.
Lago and his colleagues (1982) consider that those
chromite-rich zones which have a discordant
relationship with the foliation of the harzburgite
represent the sites of dykes which have acted as
channelways to the overlying magma chamber.
Two mechanisms are important: the upward pres-
sure of magma within the dyke, and convective
circulation within bulges in the dykes which
encourage the mixing of chromite grains and the
growth of nodules. Eventually the chromite-
enriched dykes are caught up by plastic
deformation, and become orientated parallel to the
metamorphic fabric of the enclosing harzburgite

(Fig. 2.11).
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2.2.7 Exploration for podiform chromite
deposits

Chromium plays a significant role in modern
industrial society, with both civilian and military
applications. However, the main reserves of
chromite are confined to Zimbabwe and South
Africa. As a consequence of its industrial
importance and limited geographical distribution
chromite is classed as a strategic mineral. It is
therefore necessary to improve the geological
concepts and exploration techniques which will
lead to the discovery of future reserves.

The most favourable environment for new
chromite reserves outside southern Africa is
within ophiolite complexes. These are widely
distributed and many are known to be repositories
of chromite. However, the search for new
podiform chromite deposits in this environment is
hindered by a paucity of consistent exploration
guides, and alack of appropriate indirect methods.
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The most valuable guide to exploration, which
seems to have global applicability, is the
association of podiform chromite with the
ultramafic zone of ophiolite complexes. In
particular, dunite zones underlying gabbros are
recognized as favourable lithologies for chromite
(Cassard et al., 1981; Flint et al., 1948; Peters and
Kramers, 1974; Greenbaum, 1977). Other field
guides have been described from New Caledonia
(Cassard et al., 1981) which may have wider
relevance. These include the restriction of some
chromite deposits to particular stratigraphic
levels, and the frequent alignment of chromite
with the lineation of the enclosing
peridotite. Cassard and his colleagues (1981) also
describe field guides which are applicable to mine
exploration. For example, in New Caledonia
sharp changes in the dip and strike of foliation are
observed in host rocks near to chromite ore
bodies. There is a great need for similar des-
criptions of field associations and structural
characteristics from other districts where chromite
1s mined.

If favourable lithologies are located during field
mapping it is necessary to ascertain whether blind
deposits of chromite occur. Are there any appro-
priate indirect methods of exploration? Wynn

zones

(1983) reports the results of geophysical
orientation studies over known chromite ore
bodies in California, USA. The techniques used
include magnetics, VLF-EM, complex resistivity
and seismic refraction. The most promising
approach indicated by this study is a combination
of complex resistivity and seismic refraction,
although neither technique produced anomalies of
dramatic dimensions.

At the present time it appears that there is little
alternative to detailed geological mapping within
ophiolite complexes, with closely spaced per-
cussive drilling in areas with favourable geological
characteristics.

2.3 NICKEL SULPHIDE DEPOSITS
2.3.1 Introduction

Nickel is mined from two fundamentally different
ore types: nickel sulphides and nickel silicates or
lateritic nickel. Lateritic nickel is formed by
weathering processes, and therefore this ore type is
discussed in Chapter 7. Figure 2.12 shows the
growth of World nickel production from 1900 to
1980. It is evident that sulphide ores have been

dominant throughout this period, although

Fig. 2.12. World mine production of sulphide and latcrite nickel 19001980 (simplificd from Ross and Travis 1981).
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lateritic ores have grown increasingly important
since the late 1950s.

In 1980 the total non-Communist production of
nickel was 516 000 tonnes. The mining of nickel is
also important in some Communist countries,
particularly in the USSR where annual production
is in the order of 160000 tonnes of nickel
(Buchanan, 1982). Sulphide ores accounted for
58.7% of non-Communist production in 1980
(Buchanan, 1982). Canada is the dominant nickel
producer with about 37% of Western World
production in 1980. Other countries with a
significant production from sulphide ores include
Australia, South Africa, Botswana, Zimbabwe
and Finland.

The bulk of nickel is used in stainless-steel
production, due to the increased strength and
resistance to corrosion imparted by the nickel.
Other include batteries, dyes,
pigments, catalysts and insecticides.

minor uses

2.3.2 Classification of nickel sulphide ores

A comprehensive classification of mafic and
ultramafic bodies, with examples of their
associated ores, is presented in Table 2.5, and
shows that nickel sulphides are associated with a
range of mafic and ultramafic lithologies in a
diversity of tectonic settings. The relative
economic importance of nickel sulphides within
mafic/ultramafic complexes is documented by
Ross and Travis (1981) who present the following
classification of nickel sulphide ores:

(1) The dunite—peridotite class
(2) Intrusive dunite association
(b) Volcanic—peridotite association
(2) The gabbroid class
(a) Intrusive mafic/ultramafic complexes
(b) Large layered intrusions
(¢) Sudbury
(d) Other categories

Table 2.5 Classification of mafic and ultramafic bodies (modified from Naldrett, 1981)

Class of body

Examples of associated ore deposits

A. Synvolcanic bodies
1. Komatiitic suites
(a) Lavaflows
(b) Layered sills
(c) Dunite-peridotite lenses
(d) Uncertain types
2. Tholeiitic suites
(a) Synvolcanic layered intrusions
(b) Anorthositic bodies
3. Undocumented parentage
(a) Stratiform intrusions
(b) Tectonically reworked terrain
B. Intrusions in cratonic areas
1. Intrusions related to flood basalts

Kambalda, W. Australia
Madziwa, Zimbabwe
Agnew, W. Australia
Thompson belt, Manitoba

Pechenga, USSR
No known deposits

Montcalm, Ontario
Selebi-Phikwe, Botswana

Duluth Complex, Canada
Noril’sk, USSR

2. Large layered complexes with no documented relation to flood basalts

(a) Sheet-like
(1) With repetitive layering
(i) Without repetitive layering
(b) Dyke-like
3. Alkalic ultramafic intrusions

Bushveld Complex, S. Africa
Sudbury, Ontario

Great ‘Dyke’, Zimbabwe
Rina, Norway
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20:8 % Ni

Identified resources (1980) : 21 253 000 fonnes Ni

Dunite -peridotire ciass

HIHD Intrusive dunite association (IDA)

P77 volcanic peridotite association (VPA)

(from Ross and Travis 1981).

Figure 2.13 shows the distribution of nickel
sulphide resources within these classes. It is clear
that in the case of resources with > 0.8% Ni, the
mafic and ultramafic intrusive complexes are of
dominant importance. This category includes 54
deposits in Archaean greenstone belts in Western
Australia, Canada and Zimbabwe, post-Archaean
mobile belts in Scandinavia, the USSR, Botswana
and Canada and Phanerozoic fold belts in the
USSR and North America (Ross and Travis,
1981). The second most important deposit type in
this resource category is the Sudbury Complex in
Ontario, Canada. The Sudbury deposits formed
nearly 40% of the original resource of nickel, and
have dominated Western nickel sulphide
production for most of this century. However,
during the early 1980s the recession in the
industrialized World has resulted in a much
sharper decline in production from Sudbury
compared with other nickel-mining districts
(Mining Annual Review, 1983). We have omitted

< 0:8 % Ni

Identified resources (1980) : 51 895 000 fonnes Ni

Gabbroid class

Mafic/ultramatic intrusive complexes (G1)

I..arge layered intrusions (G2) ESUUDUW (G3)
- Other closses

Fig. 2.13. World total of identified resources of sulphide Ni by deposit type in ores with =0.8% Niand <0.8% Ni
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further discussion of Sudbury — partly because its
uniqueness as an astrobleme (Peredery and
Morrison, 1984) precludes the search for similar
styles of deposit.

The dunite-peridotite class comprises about
one-quarter of nickel resources in both the grade
categories selected for illustration. This is
particularly interesting when one considers that
the full economic potential of this style of
mineralization was not appreciated until the
discovery of the Kambalda deposit in Western
Australia in 1966.

Figure 2.13 shows that if nickel recources
containing <0.8% Ni are expressed in terms of
deposit type, the large layered intrusions, such as
the Bushveld Complex, become highly signifi-
cant. However, nickel and copper are produced
only as by-products of platinum production from
the Merensky Reef (Section 2.2.4) and it is unlikely
that they would be viable as base metal deposits
under foreseeable economic conditions.



Ore deposit geology and its influence on mineral exploration

It is clear that nickel sulphide deposits have a
wide range of geological settings and there is
insufficient space in this chapter adequately to
describe each class of ore. We have therefore
selected the dunite-peridotite class for particular
consideration. The main reasons are that it is well
documented and has been the object of consider-
able exploration in recent years.

2.3.3 General characteristics of nickel
sulphides of the dunite-peridotite
association

(a) Distribution in space and time

Nickel sulphide deposits which are grouped
within the dunite—peridotite class are irregularly
distributed in Archaean greenstone belts. They are
best developed in the eastern sector of the Yilgarn
block, Western Australia. They have a more
limited distribution in the Superior and Churchill
provinces of the Canadian Shield and in
Zimbabwe. Their virtual absence from Archaean
greenstone belts in India, South America, South
Africa and the Pilbara block of Western Australia
suggests that particular conditions are required for
the concentration of nickel sulphide ores (see also

Section 2.3.5).

(b) Size and grade of deposits

Ore deposits of the dunite-peridotite class are
subdivided into volcanic—peridotite and intrusive
dunite associations. Deposits belonging to the
volcanic—peridotite association are usually small
(1 x 10°~5 x 10° tonnes) and high grade (1.5-3.5%
Ni). The sulphides normally contain 10-15% Ni
and 0.5-1.5% Cu (Naldrett, 1981). In Western
Australia the sulphide ores contain significant con-
centrations of gold and platinoids (Groves and
Hudson, 1981).

Mineral deposits belonging to the intrusive
dunite association are subdivided into those of
medium size, which contain both high- and low-
grade ores, and those of very large size which
contain only low-grade disseminated ores. An
example of the former type is the Agnew
(formerly Perseverance) deposit in Western
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Australia. This ore body had an in situ reserve of
45 % 10° tonnes at 2.05% Ni and 0.10% Cu
(Billington, 1984). The Mount Keith deposit in
Western Australia is an example of a very large,
low-grade type. Published reserves are 290 x 10°
tonnes at a grade of 0.60% Ni (Butt and Nickel,
1981).

(c) Form and petrology of host rocks

Nickel sulphide deposits of the dunite-peridotite
class occur within Archaean greenstone belts.
Greenstone belts are linear, irregularly shaped
synformal supracrustal successions, which range
in width from 5 to 250 km and are normally several
hundred kilometres in length. Greenstone belt
lithologies are dominated by pillowed mafic
volcanics, and in some cases they contain abundant
ultramafic (komatiitic) lavas in the lower part of
their stratigraphy. Greenstone belts always occur
as enclaves within a wider expanse of granitic
terrain.

(1) The volcanic—peridotite association

Ores which belong to the volcanic—peridotite
association normally occur within flows, which
may range up to 100 m in thickness. The
ultramafic lavas are classified as komatiites. The
term komatiite was originally defined by Viljoen
and Viljoen (1969) to describe a suite of Mg-rich
lavas from the vicinity of the Komati River in the
Barberton district of South Africa. However,
petrologists have had difficulty in applying the
original definition to similar rocks within other
greenstone belts. The criteria which have been
suggested by different petrologists are sum-
marized by Condie (1981). It is sufficient for our
purposes to consider komatiites as a distinctive
series of volcanic rocks which range in com-
position from dunite through peridotite and
pyroxenite to basalt. They usually contain a high
MgO content and may have a characteristic
quench texture called a spinifex texture in the
upper part of the flow (Fig. 2.14).

The nickel sulphide ores tends to be con-
centrated near to the basal part of the first flow
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Fig. 2.14. Spinifex texture in komatiite, Kalgoorlie, Western Australia.

within an ultramafic sequence, although the
second and third ultramafic units may also be
(Groves and Hudson, 1981).
addition to occurring within flows, ores belonging
to this class of deposit may also be associated with
intrusives. For example, the Shangani deposit, in
Zimbabwe, is associated with a mushroom-
shaped peridotite which is intrusive into felsic
lavas (Viljoen et al., 1976). Williams (1979) has
suggested that the ore-bearing body may be a
fissure-like extrusive centre.

mineralized In

(ii) The intrusive dunite association

Sulphide ore bodies which are grouped within the
intrusive dunite association occur within lens-
shaped bodies of variable size. In both the
Manitoba nickel belt in Canada and in the
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Norseman-Wiluna belt in Western Australia the
dunite lenses are confined to a linear tectonic zone
(Naldrett, 1981; Marston et al., 1981). The
composition of the lenses 1s dominated by olivine
or its alteration products. The dunite lenses are
commonly intrusive into felsic volcanics or
metasediments, and are thought to have acted as
feeder zones for overlying komatiitic volcanism

(Naldrett, 1981).
(d) Mineralogy

(i) The volcanic—peridotite association

Nickel sulphide ores associated with volcanic—
peridotites are characterized by a limited number
of common opaque minerals, and in some cases by
a larger suite of minerals which are normally rare
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but may become locally abundant. Pentlandite 1s

always the most significant economic ore mineral.

In Western Australia the most common opaque
minerals include pyrrhotite, pentlandite, pyrite,
chalcopyrite, and ferrochromite.
Pentlandite is subordinate in quantity to pyrrhotite
and may contain up to 0.8% Co. The more
obscure ore minerals are large in number and are
documented by Groves and Hudson (1981). In
Canada the nickel sulphide ore associated with this
style of deposit exhibits some regional variation.
For example, whilst pentlandite and pyrrhotite are
normally major sulphides, pyrrhotite may be
absent, and at several mines millerite occurs as a
major ore mineral. Chalcopyrite is a minor but
consistent ore mineral (Naldrett and Gasparini,
1971). In Zimbabwe, the Damba nickel deposit is
characterized by pentlandite, millerite and pyrite
(Williams, 1979).

In Western Australia and Canada, the nickel
sulphide ores are subdivided using the relative
proportion of sulphide and silicate minerals.
Normally the lowermost part of an ore lens
comprises >90% sulphides and is designated as
massive ore (see Fig. 2.16). The massive ore is
overlain by a zone in which sulphide is interstitial
to silicates and this 1s termed either matrix or net-
textured ore. The uppermost zone consists of
weakly disseminated sulphides in an ultramafic
host.

magnetite

(it) The intrusive dunite association

The intrusive dunite association is characterized by
disseminated sulphide mineralization. According
to Marston et al. (1981), the higher grade sulphide
ores in Australia are dominated by pyrrhotite and
pentlandite with subsidiary magnetite, chromite,
pyrite and chalcopyrite. Pyrite and pyrrhotite also
characterize the low-grade disseminated ores, but
a wide range of nickel and cobalt sulphides may
also be present (Marston et al., 1981).

The gangue minerals in both associations are
dominated by olivine and its alteration products.
These minerals often contain up to 0.3% Ni. The
nickel content is reflected in the assay of ore
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samples, but nickel contained in silicates is not
recovered in the treatment of sulphide ores.

(e) Tectonic setting

The restriction of nickel sulphide ores of the
dunite—peridotite class to Archaean greenstone
belts has already been mentioned. The factors
which controlled tectonism in Archaean times are
uncertain, and geologists disagree about the role
which plate tectonics might have played at this
early stage in earth history. Some of the arguments
which have been presented are summarized by
Condie (1981).

The tectonic setting of the Western Australian
nickel sulphides within the Yilgarn block 1is
described by Groves et al. (1984). These authors
draw attention to the fact that the nickel sulphide
ores are concentrated in the Norseman—-Wiluna
belt, which is younger than the other greenstone
belts in the Yilgarn block. Groves et al. (1984) also
state that ores belonging to the volcanic—peridotite
and intrusive dunite associations are spatially
separated and occupy distinctive structural
settings. They conclude that ores of both
associations occupy different sites within a major
fault-controlled rift system.

2.3.4 The Kambalda mining district —
an example of the volcanic-peridotite
association

The intersection of nickel mineralization at
Kambalda 1966 marked the first major
discovery of nickel sulphides in Archaean
greenstones in Australia, and triggered an
important exploration boom. The Kambalda field
represents the largest concentration of nickel
within the volcanic—peridotite association in
Western Australia. Current annual production
varies from 1.3 to 1.4 million tonnes of ore with an
average grade of 3.15% Ni. The Kambalda district
has been the subject of numerous reports and
publications, but this summary is mainly drawn
from Gresham and Loftus-Hills (1981).

The Kambalda mining district occurs within the
southern part of the Eastern Goldfields province of

in
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Fig.2.15. Geological map of'the
Kambalda dome showing the
nickel shoots in plan projection
(modified from Gresham and
Loftus-Hills 1981).

the Yilgarn block, Western Australia. The strati-
graphy comprises two separate sequences (the
Kambalda and Bluebush sequences) both of which
are dominated by ultramafic and mafic volcanics
with minor sediments. Four phases of folding are
recognized, and interference folding is responsible
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tor the domed structure at Kambalda (Fig. 2.15).
NNW trending faults have been active throughout
the Archaean; they control basin margins and lines
of vulcanicity and sometimes define the limits of
sulphide mineralization.

Virtually all the Kambalda nickel ores are



Fig. 2.16. Massive ore with minor component of matrix ore, Hunt Mine, Kambalda, Western Australia.

Fig. 2.17. Veinlets of sulphide ore penetrating footwall basalt, Hunt Mine, Kambalda, Western Australia.
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Fig. 2.18. Section through the Lunnon and
neighbouring ore shoots, Kambalda, Western Australia
(from Evans 1980, after Ross and Hopkins 1975).

associated with the Kambalda sequence which
comprises footwall basalts, ultramafic rocks,
hangingwall basalts and associated sedimentary
and intrusive rocks. The ultramafic rocks are the
principal hosts for nickel sulphide mineralization
(Figs 2.16 and 2.17). They include picrites (15~
28% MgO), peridotites (28-36% MgO) and
olivine peridotites (>36% MgO) and range in
thickness from 0 to 1000 m. Individual units may
exceed 100 m and have thin but well-developed
spinifex textured tops.

Most of the sulphide ore occupies depressions or
trough structures in the top of the footwall basalt.
Major troughs vary from 1000 to 2300 m in length
and 150 to 250 m in width and control the size and
geometry of the ore shoots. The contacts of the
troughs are commonly defined by either normal or
reverse faults (Fig. 2.18).
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2.3.5 Agnew deposit — an example of the
intrusive dunite association

The Agnew nickel deposit is located 330 km north
of Kalgoorlie in Western Australia. The in situ ore
reserve is 45 X 10° tonnes with a grade of2.05% Ni
and 0.10% Cu. This summary of the geology of
the Agnew deposit is from Billington (1984).

The Agnew mine is situated within the
Norseman—Wiluna greenstone belt in the Eastern
Goldfields province of the Yilgarn block (Fig.
2.19). In the vicinity of Agnew the greenstones are
dominated by mafic igneous rocks, and deformed
by large-scale NNW trending faults and folds.
Regional metamorphism is believed to have
attained mid-amphibolite facies. The Perseverance
ultramafic intrusion, which is the main host for
nickel mineralization, occurs near the base of the
greenstone sequence and is overlain by felsic
volcanics, psammitic and pelitic metasediments
and metagabbros and metabasalts. The ultramafic
unit varles from a few metres to 800 m in width
and extends for 10 km in length. Figure 2.20 shows
that the Perseverance ultramafic intrusion consists
in plan of a dunite core, surrounded by a series of
concentric zones in which the mineralogy 1is
dominated by the alteration products of olivine.
The nickel sulphide ore is interpreted as occurring
with the footwall of the ultramafic unit. Three
types of mineralization are recognized:

(a) Massive sulphides with >4% Ni (Fig. 2.22);
(b) Strongly disseminated sulphides 1-3% Ni;
(c) Weakly disseminated sulphides <1% Ni;

Contacts between the deposit types are normally
distinct. Strongly disseminated sulphide 1s the
main ore type which is located within three large
elliptical zones (Fig. 2.21).

2.3.6 Genesis of nickel sulphides of the
dunite-peridotite class

(a) The volcanic—peridotite association

Most geologists who have studied this class of ore
deposit accept that the nickel sulphide ores have
formed by the segregation of an immiscible



Fig. 2.19. Solid geology of eastern part of Yilgarn Block illustrating setting of major nickel deposits in terms of
lithofacies, structure and major tectonic subdivisions of granitoid—greenstone terrains (from Groves et al. 1984).
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Fig. 2.20. Geological map of Agnew embayment area
(from Billington 1984).
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sulphide liquid from an ultrabasic magma.
However, although there is agreement about the
general nature of the ore-forming process, there
remains some controversy about the precise nature
of the mechanisms involved. The main thrust of
the debate has centred on whether a liquid massive
sulphide layer can exist beneath a thick ultramafic
flow.

Naldrett (1973) sought to explain the close
spatial association of massive, net-textured and
disseminated ores within ultramafic flows using a
‘billiard-ball’ model. In essence this is a static
model, involving the gravitational settling of
sulphides within a cooling ultramafic flow.
Critics of this model argue, from theoretical con-
siderations, that under these circumstances the
sulphides would be displaced upwards into the
overlying cumulate zone by the weight of the
overlying column of olivine crystals (Barrett et al.,
1977). The assumptions on which these criticisms
are based have in turn been challenged by Naldrett
(1981).

Australian geologists have preferred to invoke a
dynamic model of sulphide separation. Ross and
Hopkins (1975) have suggested a model involving
the segregation of sulphide and silicate com-
ponents during vertical flow due to viscosity
contrasts. Later modifications of this model have
emphasized the separation of sulphide liquid,
silicate  liquid and olivine crystals during
horizontal flow. The lower-viscosity sulphide
phase would tend to precede the silicate magma,
with  partial crystallization having  already
occurred before being overwhelmed by the
slower, more viscous silicate magma. Whilst these
models avoid Barrett’s criticism of the ‘billiard-
ball’ model, they imply the presence of separate
lava flows for the massive and net-textured ores.

The source of sulphur for the sulphide ores is
uncertain. Both mantle-derived sulphur and
sulphur enrichment from the assimilation of
sediments have arguments in their favour, and it is
probable that both have contributed to the
sulphide component of the magma.

Not all geologists have interpreted nickel
sulphide associated with volcanic—peridotites as
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Fig. 2.21. Cross-section
through Agnew mine
(simplified from
Billington 1984).

resulting from magmatic segregation. A volcanic-
exhalative model has been proposed by Lusk
(1976), but there are many arguments against this
proposal which are summarized by Groves and
Hudson (1981). Barrett et al. (1977) have proposed
that the massive nickel sulphide ores can be formed
by the upgrading of net-textured ore during
regional metamorphism. All geologists who have
studied the Western Australian ores accept that
their textures and mineralogy have been moditied
by metamorphism. However, Groves and
Hudson (1981) consider that the transformation of
matrix to massive ores occurs on only a small
scale. In Zimbabwe low-grade ores may be
enriched as a result of serpentinization due to
metamorphism. At the Epoch and Damba
deposits nickel released during serpentinization
can change pyrrhotite to millerite, thus making a
high-grade concentrate from disseminated ore (A.
M. Killick, personal communication).
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(b) The intrusive dunite association

The consensus amongst geologists who have
discussed the genesis of the intrusive dunite
association is that the sulphides have segregated
from an ultrabasic magma. The main evidence
comes from the intimate association of sulphides
with the enclosing dunite and serpentinite. In
addition the close spatial and compositional
relationship between intrusive dunite and
overlying komatiites in the Forrestania district
(Porter and McKay, 1981) suggests that both are
part of the same magmatic system. Therefore
acceptance of magmatic segregation for ores of the
volcanic—peridotite association implies a similar
mode of origin for the ores of the intrusive dunite
association.

The contrast in ore types and grades within the
intrusive dunite class reflects a difference in timing
i the segregation of the sulphide ores. The
dominance of disseminated sulphides indicates
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Fig.2.22. Massive nickel ore (1A ore body) remobilized into country rock. Agnew mine, Western Australia.

that they have segregated at a relatively late stage,
to be trapped within an olivine framework. How-
ever the occurrence of massive ore near the
footwall contact of some dunites indicates that
gravitational settling has played some part in the
ore-forming process. The remobilization of some
ores into the adjacent country rock (Agnew), com-
bined with textural evidence, suggests that in
many cases regional metamorphism has modified
the original magmatic features of many deposits
(Fig. 2.22).

Why are some Archaecan greenstone belts
devoid of nickel sulphide mineralization? This
question is of crucial importance for exploration as
well as being highly relevant to ore genesis. The
subject has been discussed by Groves and Hudson
(1981) and Groves et al. (1984). They consider that
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the tectonic setting of the greenstone belt is of
fundamental importance. From a study of the
greenstone belts within the Yilgarn block,
Western Australia, they conclude that nickel
sulphide ores are concentrated within younger
greenstone belts, in more active fracture-con-
trolled basins, in which interflow sulphidic
sediments formed an integral part of volcanic
activity.

2.3.7 Exploration for nickel sulphide
deposits

The first task of the geologist is the selection of
terrain which is underlain by rock types known to
be potential hosts for mineralization. The develop-
ment of soundly based classifications of mafic/
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ultramafic bodies and of nickel sulphide deposits
(Naldrett, 1981; Ross and Travis, 1981) has aided
the identification of tectonic environments and
host rocks which have good potential for
economic nickel deposits. For example, Archaean
greenstone belts are recognized as the geological
environment in which ores of the dunite-
peridotite class are found. In contrast ophiolite
complexes are usually devoid of nickel sulphide
mineralization.

The extent to which direct geological tech-
niques can be used in exploration for nickel
sulphides varies with the class of deposit and the
amount of outcrop. Ores of the dunite—peridotite
class are always associated with a komatiitic
sequence in the lower part of a greenstone belt
succession. Potter (1984) has carried out an
analysis of success rates of nickel exploration in
Zimbabwe. One hundred and fifty three
exploration projects led eventually to the
discovery of six new mines. This represents a
success rate of 4% which is significantly higher
than average in other countries. The success
probably stems in part from the ability to con-
centrate the exploration effort within particular
sectors of the Archaean greenstone belts and in
part stems from the success of exploration
geochemistry in this environment.

Intrusive mafic/ultramafic complexes are
known to be favourable repositories for nickel
sulphides, but their geological setting and age are
quite variable, and their potential for economic
nickel deposits is more difficult to assess.
Normally gravitational processes have played an
important role during the segregation of nickel
sulphide ores which therefore tend to be con-
centrated near the base of intrusions.

(a) Remote sensing

Mafic and ultramafic rocks are known to be the
most appropriate lithology for nickel sulphide
mineralization. In areas where remoteness, dense
vegetation or poor outcrop reduce the effective-
ness of conventional geological mapping remote
sensing may be valuable at the reconnaissance
stage of mineral exploration. Normally rocks
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which contain abnormally high contents of copper
and nickel have a distinctive flora or exhibit
particular geobotanical characteristics such as
dwarfism. Where this is the case Landsat data may
be used as a mapping tool. Raines and Wynn
(1982) investigated the value of Landsat data for
constructing a geological map in heavily forested
terrain, underlain by an ultrabasic complex in
northern California, USA. Ground checking of
the geological map constructed from Landsat data
showed few major discrepancies.

In Western Australia the interpretation of aerial
photographs plays an important role at the recon-
naissance stage of exploration. Normally the first
stage of photointerpretation is carried out at a scale
of 1:25 000 using true colour photography and this
information is combined with the results of
airborne magnetometry to produce a preliminary
geological map. A second stage of photointer-
pretation then focuses on areas of particular
interest. The second stage utilizes both false colour
and true colour photography. The advantage of
false colour photography is that it helps the
geologist to identify areas which are underlain by
ultrabasic rocks. Areas of lateritic cover and felsic
lithologies can also be distinguished (D. Harley,
personal communication). In Zimbabwe black-
and-white photography is found to be satisfactory
for detecting changes in vegetation (A. M. Killick,
personal communication).

(b) Geochemistry
Geochemistry has been particularly valuable in the
search for nickel sulphide ores both in helping to
identify the host rocks with good potential for
mineralization and in the definition of secondary
dispersion patterns.

Nickel sulphides of the dunite—peridotite class
are associated with komatiites. However, both
komatiitic and tholeittic rocks may be represented
within a greenstone sequence and if the char-
acteristic spinifex texture of komatiites is not
evident it may be difficult to distinguish the
appropriate lithology. Naldrett and Arndt (1976)
pointed out that the two series may be readily
identified from their major element chemistry.
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Fig. 2.23. Jensen Cation Plot comparing the patterns of
variation of komatiitic, tholeiitic and calc-alkalic rock
suites. Arrowed lines serve to indicate recognized
patterns; solid lines serve to separate komatiitic, tholeiitic
and calc-alkalic rock suites. Oxides are calculated in
cation percent. (Modified from Jensen 1976).

However the most effective discriminator
between komatiitic, tholeiitic and calc-alkaline
volcanics is the Jensen cation plot (Fig. 2.23).

The concentration of TiO- is also a good
discriminator: komatiites contain less than 1%
TiO> whereas tholeiites contain more than 1%
TiO, (Naldrett and Arndt, 1976). When a
komatiite sequence has been recognized within a
greenstone belt the task remains of selecting areas
for more detailed investigation. Studies of the
geochemistry of komatiites which host nickel
sulphide deposits indicate that rocks with >40%
MgO have the highest probability of containing

nickel sulphides (Naldrett and Arndt, 1976).
Nickel sulphide deposits form as the result of a

sequence of events which includes the formation
of an immiscible sulphide liquid. A number of
geologists have attempted to characterize those
ultramafic and mafic bodies from which an
immiscible sulphide phase has separated.
Cameron et al. (1971) analysed 1079 samples of
ultramafic rock from mineralized and barren
intrusives in the Canadian Shield for Cu, Ni, Co
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and S. Whilst some distinction could be drawn
between barren and mineralized rocks using dis-
criminant analysis the contrast was insufficient for
the technique to be used in routine exploration.

Naldrett et al. (1984) have attempted to
characterize ore-bearing mafic and ultramafic
rocks by their depletion in nickel. Their approach
is plainly stated, ‘because chalcophile elements
partition strongly into sulphides in preference to
silicate melts and minerals, magmas from which
sulphides have segregated will be depleted in these
elements.” The approach adopted by Naldrett et al.
(1984) has been to model the compositional trend
of silicate magmas derived from the fractionation
of a komatiitic liquid. Both sulphide-unsaturated
and a series of sulphide-saturated conditions were
selected. Comparisons of the results of theoretical
modelling, with analyses from mineralized and
barren ultramafics, suggest that the depletion of
nickel in the silicates of mineralized ultramafics
may be a valuable exploration guide (Fig. 2.24).

Additional studies by Naldrett et al. (1984) on
mineralized gabbroic intrusions in the USA and
Southern Africa suggest that the Ni/forsterite ratio
of olivine can indicate the potential of a mafic or
ultramafic intrusion for nickel sulphides.

Geochemical exploration for nickel sulphides
using secondary dispersion patterns in soils, and to
a lesser extent in stream sediments, has been highly
successful in a wide range of climatic regimes.
Instructive case histories are described by
Thomson (ref. in Bradshaw and Thomson, 1979),
Shilts (ref. in Bolviken and Gleeson, 1979),
Rugman (1982) and Leggo and McKay (1980).

In most of the surveys described copper and
nickel have been the elements of principal
importance in defining areas for detailed
exploration. Thomson (ref. in Bradshaw and
Thomson, 1979) described the results of explor-
ation for nickel sulphides in gabbroic rocks in
Brazil. The main problem was distinguishing base
metals derived from sulphides in gabbroic rocks,
from nickel and copper associated with silicates in
the associated barren ultrabasics. Thomson found
that the use of copper/nickel ratios acted as a
valuable discriminator of sulphide mineralization.
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Fig. 2.24. Comparison of the results of computer modelling of the composition of komatiitic magmas compared
with analyses from barren and mineralized ultramafics. (From Naldrett ef al. 1984, who quote data sources).

(a) Fractional crystallization of olivine and fractional segregation of sulphide from a cooling komatiitic magma. (i)
Sulphide-unsaturated case; (ii) sulphide-saturated case. Note that the magma is assumed to erupt periodically to give
rise to a series of komatiitic flows of successively lower MgO content.

(b) Computer simulation of the fractionation of a komatiitic magma containing 32% by wt MgO as a consequence of
the separation of olivine (unsaturated) or a mixture of different proportions of olivine plus sulphide. The numbers
indicate the weight ratio of olivine/sulphide.

(¢) Composition of ‘barren’ spinifex-textured peridotites (STP) and komatiitic basalts (B) from Yakabindie, Western
Australia, Belingwe, Zimbabwe, the Abitibi belt, Canada and Barberton, S. Africa. The data are in reasonable
agreement with the sulphide-unsaturated trend from (b).

(d) Compositions of spinifex-textured peridotites (STP) from Kambalda, Western Australia are plotted together with
the model trends from (b). The rocks are significantly depleted in Niin comparison with the sulphide-unsaturated
trend, and fractionation under sulphide-saturated conditions with an average olivine/sulphide ratio of 200: 1 is
suggested.
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In Western Australia soil geochemistry has been
successfully used in the discovery of nickel
sulphide deposits. Initial geochemical soil surveys
entailed the analysis of samples for Ni, Cu, Co, Cr
and Zn. However, high Zn contents usually
indicate a metasedimentary influence, high Co can
reflect Mn scavenging, and high Ni and Cr can be
secondarily enriched by lateritization of barren
ultramafics. As a consequence copper is the key
element used in the search for nickel sulphides in
soll surveys in Western Australia (Leggo and
McKay, 1980).

The discovery of many of the nickel sulphide
deposits in Western Australia can be attributed to
the investigation of gossans. Initially many of the
gossans could be interpreted as being of economic
significance from their high nickel content. For
example, the gossan overlying the Kambalda
deposit contained up to 1% Ni. However, in many
cases extensive weathering has depleted the base

confused with gossans developed on barren
sulphides, or even the ferruginous products of
weathering. Travis et al. (1976) have demonstrated
that in Western Australia the palladium and
iridium content of gossans is an excellent guide to
their ore-bearing potential. Figure 2.25 shows that
the palladium and iridium contents can even
provide a semiquantitative guide to the original
nickel sulphide content of the weathered rock
material.  An additional approach to the
identification of gossans developed above nickel
sulphides 1s the use of multi-element geo-
chemistry. Moeskops (1977) reported that Cu, Ni,
Cr, Mn, Zn, Pb, Pt, Pd and Se are useful elements
in the characterization of gossans developed on
nickel sulphide ores.

(c) Geophysics
Nickel sulphide ores are dense, conductive and
commonly magnetic and therefore in principle a
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appropriate for their exploration. However, in
practice, there is considerable regional variation in
the techniques which are preferred.

In Canada the extensive cover of glacial drift
precludes direct geological observation, and geo-
physical techniques have served as the main
approach to reconnaissance exploration. Canadian
geophysicists prefer magnetic and electromagnetic
methods because they are cheap, provide good
physical contrast and satisfactory depth pene-
tration and may be used in both airborne and rapid
ground-based surveys (Dowsett, 1967). Becker
(1979) has reviewed developments in the use of
airborne electromagnetic methods in Canada,
whilst ground-based electromagnetic methods are
described by Ward (1979).

In Western Australia, geophysics is used both as
an aid in reconnaissance mapping and, to a lesser
extent, in the evaluation of gossan zones and geo-
chemical anomalies. Detailed airborne magnetic
surveys are used for reconnaissance mapping and
may be used in conjunction with aerial photo-
graphy to define the ultramafic zones which may
host nickel sulphide deposits. The effectiveness of
electromagnetic methods is severely limited by the
deep zone of oxidation, the presence of a con-
ductive overburden and the association of sulphide
ores with graphitic metasediments. However, the
use of a single-loop transient electromagnetic
system has reduced the problem posed by con-
ductive overburden (Pridmore et al., 1984).

2.4 KIMBERLITES

2.4.1 Introduction

Kimberlites are the ultimate source of natural
diamonds, although not all kimberlites are
diamondiferous. About 50% of the World’s
natural diamonds are mined from kimberlites
(Garlick, 1982). The remainder are obtained from
placer deposits which have been derived from the
erosion of kimberlites and these are described in
Chapter 5.

The principal countries from which diamonds
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are produced from kimberlite are the USSR,
South Africa, Botswana and Tanzania. The
exciting discovery of the AK 1 kimberlite in the
northern part of Western Australia has increased
the World’s reserves of natural diamonds by 40%
and it is anticipated that production will
commence in 1985 from this deposit (Garlick,
1982). :

Natural diamonds are classified as being of
gemstone quality, near-gem, industrial and boart.
The classification is based upon the assessment of
an expert but includes such factors as crystal
perfection, colour, size and shape. Both the value
and production of diamonds are reported in carats
(5 carats = 1 g). The value varies dramatically
from $US2 — 3 per carat for boart to $UUS65 000
per carat for a high-quality gemstone (Jones,
1983). The average value of diamonds as mined
varies from about $US6.50 per carat for the Argyle
AK 1 stones to $US150 per carat for South African
alluvial diamonds (Jones, 1983).

Normally placer deposits contain a high pro-
portion of gemstone-quality diamonds because
the imperfect crystals are destroyed during
transport. In contrast kimberlite, which normally
occurs as pipe-shaped intrusions, contains a high
proportion of boart and industrial stones.

Some 10-15% of the diamonds obtained from
the Orapa pipe, Botswana, are of gemstone
quality which is a favourably high proportion
(Allen, 1982b), whereas the current assessment of
the AK 1 pipe in Australia indicates that only 5%
of the diamonds are of gemstone quality (Garlick,
1982).

2.4.2 General characteristics

(a) Distribution in space and time

Kimberlites have a very specific regional dis-
tribution and are confined to highly stable
Precambrian cratons which are older than 2000
million years. The association between
kimberlites and ancient cratons is an important
guide to area selection in the early stages of
exploration planning (Section 2.4.4). At the
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present time diamondiferous kimberlites are
recognized in Africa (S. Africa, Botswana,
Angola, Lesotho, Zaire, Swaziland, Tanzania,
Sierra Leone), the USSR (Yakutia) and Australia
(Western Australia). Kimberlite i1s also recorded
from the USA and Canada, and the presence of
alluvial diamonds in Guiana and Venezuela
indicates kimberlitic sources in South America.

The age of kimberlites varies from Proterozoic
to Tertiary. In southern Africa the most prolific
period of kimberlite activity was during the
Cretaceous period. The kimberlites are believed to
have been intruded during a period of strong uplift
of the continent, with attendant downwarping
around the periphery (Dawson, 1970).

(b) Geological setting

The restriction of kimberlites to Precambrian
Shield areas has already been noted. More
specifically they are located on the margins of
cratons or on the transition zone between large
tectonic domes and basins within a large craton.
Commonly the kimberlites occur in linear zones
and may be associated with a dyke swarm of
similar trend.

In this section we restrict our attention to the
distribution of kimberlites within the African
continent. Fig. 2.26 shows the distribution of
major occurrences of kimberlite in Africa; they are
confined to cratons which are older than 2500
million years. Figure 2.27 shows the distribution
of diamondiferous and barren kimberlites in
southern Africa. It can be seen that the diamond-
iferous kimberlites are clustered in the Kimberley
district, and that this is the centre of three fund-
amental fracture trends: NW-SE; NE-SW and
E-W (Dawson, 1970). Some of the pipes have
been excavated sufficiently to show that they
contract downwards into dykes or groups of
dykes, the intersection of which is the cause of the
location of the pipe (Hawthorne, 1975).

In Lesotho and adjoining districts of South
Africa the kimberlites strike WNW and are parallel
to the dominant direction of dolerites of Karoo
(Mesozoic) age.

In Tanzania there is no alignment of kimberlites,
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Fig. 2.26. Map of Africa showing the major cratons and
distribution of kimberlites within the cratons (from
Dawson 1980). 1, Liberia; 2, Sierra Leone; 3, Ivory Coast;
4, Mali; 5, Gabon; 6, Namibia; 7, South Africa; 8,
Swaziland; 9, Botswana; 10, Zambia; 11, Angola; 12,
Bakwanga area, Zaire; 13, Kundelungu Plateau, Zaire;
14, Southern Tanzania; 15, Tanzania Main Province.
Abbreviations: AKC, Angola-Kasai Craton; KB, Kibaride
Belt; TC, Tanzania Craton; IB, Irumide Belt; RTC,
Rhodesia-Transvaal Craton; ORB, Orange River Belt.

but the kimberlite intrusions lie within a broad
NNW-SSE trending zone which may reflect a
fundamental fracture at depth. Individual
kimberlites are related to lines of weakness, such as
the contact between granite and roof pendants of
metasediment (Dawson, 1970).

In the eastern part of Sierra Leone three
kimbetlite pipes are known, which are situated on
and post-date dyke swarms which trend ENE
(Dunbar, 1975).

(c) Petrography of kimberlite
Kimberlite is a complex and variable rock and
there are at least five published definitions which
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Fig. 2.27. Distribution of kimberlites and associated alkalic rocks in Namibia, South Africa and Lesotho (from

Dawson 1970 and 1980).

attempt to describe its variable mineralogy.
Dawson (1967) defined kimberlite as ‘a ser-
pentinised and carbonated mica peridotite of
porphyritic texture, containing nodules of
ultrabasic rock types characterised by such high
pressure minerals as pyrope and jadeitic diopside;
it may or may not contain diamond.” The
mineralogy of kimberlite is explained more fully
in Mitchell’s (1970) definition: a porphy/ritic,
alkalic  peridotite  containing rounded and
corroded phenocrysts of olivine, phlogopite,
magnesian ilmenite, pyrope and Cr-rich pyrope
set in a fine-grained groundmass composed of
second-generation  olivine and  phlogopite
together with calcite, serpentine, magnetite,
perovskite and apatite. Diamond and garnet-
peridotite xenoliths may or may not occur.
Kimberlites may be classified on the basis of
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texture which in turn reflects the conditions of
intrusion (Rathkin et al., 1962).

(i) Massive kimberlite

A massive porphyritic rock containing few
inclusions of country rock - the result of
comparatively gentle intrusion of kimberlite
magma into dykes or cavities previously cleared of
country rock by explosive surges of earlier
magma. The kimberlite being exploited at present
from the Kimberley district, South Africa, is
dominantly of this type.

(ii) Intrusive kimberlite breccia.

This type consists of 20-60% fragments of various
rock types set in a kimberlite matrix. The
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kimberlite exposed in the upper part of the Koidu
pipe, Sierra Leone, 1s of this type.

(iii) Kimberlitic tuff

This type consists of 60-90% fragments of
kimberlite and country rock cemented by hydro-
thermal minerals. Many of the pipes in the
Daldyn-Alakit district of Yakutia are of this type
(Davidson, 1967).

(d) Form, size and grade

Kimberlites occur as volcanic pipes, dykes, sills
and ‘blows’’ or enlargements along dykes.
Kimberlite pipes are of prime economic
importance although dyke-like bodies may be
mined in the vicinity of pipes.

Hawthorne (1975) has described the anatomy of
a kimberlite pipe based on detailed observations in
the Kimberley area and other parts of Africa (Fig.
2.28). At the surface a kimberlite pipe which has
been little eroded is often expressed as a large
volcanic crater or mar. In some cases the crater is
filled with lacustrine sediment which attains a
thickness of 300 m at Mwadui, Tanzania (Nixon,
1980). Immediately below the crater the walls of
the kimberlite pipe are flared outwards, but they
quickly steepen to an angle of about 80°. In depth
the pipe often divides into separate ‘root-like’
forms. The surface expression of kimberlites is
therefore variable and is partly dependent upon
erosional level. Figure 2.29 shows the variable size
and shape of kimberlite pipes in plan. Pipes vary in
their surface area from 0.4 hectare (Roberts Victor,
S. Africa) to 146 hectares (Mwadui, Tanzania)
(Bruton, 1978).

The grade of kimberlites is highly variable, and
on a world~wide basis only about one in 100 pipes
1s economic. It is important to appreciate that a
kimberlite is evaluated on the basis of both grade
and the quality of'its diamonds, and it is therefore
possible for a low-grade kimberlite to be more
valuable than a high-grade one. For example the
Koidu pipe in Sierra Leone has a relatively low
grade of 0.6 carat/tonne but has a high proportion
of gemstone-quality diamonds (R. Jones, personal
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Fig. 2.28. Generalized model of a kimberlite diatreme
and its subdiatreme dykes. (From Dawson 1980, based
mainly on Hawthorne, 1975).

communication), whereas the AK 1 pipe in
Western Australia has a high grade of 5 carats/
tonne but a low proportion of gemstones (Garlick,
1982). The grade and quality of diamonds may
also vary in depth within a kimberlite pipe, and
both improvement (Koidu) and deterioration
(Jagersfontein) with depth are recorded.

2.4.3 Genesis of kimberlites

An understanding of kimberlite genesis is
important for geologists because it is the host
rock for diamonds and also because it contains
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Fig. 2.29. Size and shape of some
kimberlitic pipes (from Bruton 1978).

ultra-basic xenoliths, which provide valuable
evidence about the nature of the upper mantle. As
a result there is a voluminous literature on
kimberlite petrogenesis but most of the key
problems, including that of diamond distribution,
remain unresolved.

Kimberlites combine an ultrabasic mineralogy,
similar in many respects to that of peridotite, with
a high concentration of incompatible elements
which are usually found in association with highly
differentiated magmas. Harris (1957) has proposed
that the geochemical characteristics of kimberlite
can be explained by a process of zone refining, in
which a liquid generated at a depth of 600 km
within the mantle moves upwards by a process of
solution stoping. During ascent the major
components remain in equilibrium but the incom-
patible elements undergo continuous enrichment
in the liquid phase. The process is analogous to
that used in metallurgical refining. Dawson (1980)

Catoca
Angola

66-2 ha

Mwadui
Tanzania
146 ha
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argues that the kimberlite mineralogy and geo-
chemistry can be better explained by the partial
melting of a phlogopite-bearing garnet lherzolite
magma, with primary titaniferous phlogopite
providing the source for many of the incompatible
elements.

What is the source of diamonds within
kimberlite? Opinion is divided between those who
consider that the diamond is derived by the
fragmentation of diamondiferous ecologite and
peridotite (xenocrystal) and those who think that it
has precipitated from a kimberlite magma (pheno-
crystal). There are good arguments for both
alternatives. Evidence in support of a xenocrystal
theory is provided by Cretaceous kimberlites
which contain diamonds of Precambrian age
(Kramers, 1979). A phenocrystal origin is
suggested by delicate growth structures in
diamond and the presence of liquid inclusions of
carbonated picritic composition (Dawson, 1980).
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Temperature (°C)

Fig. 2.30. Estimates of the
temperatures and depths of origin of
peridotite nodules included in
kimberlites from four areas. Each point
represents one nodule. (a) Northern
Lesotho (diamondiferous); (b) East
Griqualand, S. Africa (barren); (c)
Udachnaya, Yakutia, USSR
(diamondiferous); (d) Gibeon, S.W.
Africa (barren). (From Boyd 1982).

The obvious conclusion to be drawn from this
evidence is that diamonds may be of more than one
origin.

The confinement of kimberlites to cratons is an
aspect of both genetic and exploration signific-
ance. The key factor here is the low geothermal
gradient which is associated with cratons. The
result is that melting takes place at depth in these
areas.

The factors which determine whether kimber-
lite is barren or diamondiferous are of genetic
interest and are also very important in the
evaluation of kimberlites. Kimberlites may
originate at differing depths, and the distinction
between diamond-bearing and barren kimberlite
depends upon whether kimberlite has originated
within the stability field of diamond (>150 km).
Research by Boyd (1982) has shown that the

degree of solution between particular silicates in

59

Deprh (km)

ultrabasic nodules can provide valuable evidence
about the depth of origin of kimberlites. The
degree of solution between enstatite and diopside
is temperature-dependent whereas the extent of
solution of garnet in pyroxene depends upon pres-
sure. Microprobe studies on the degree of mutual
solution between these mineral pairs in ultrabasic
nodules can provide pressure/temperature con-
straints within which the nodule (and by impli-
cation, the kimberlite magma) has originated.
Figure 2.30 shows that kimberlites from diamond-
producing areas contain nodules which have
originated within the diamond-stability field. In
contrast barren kimberlites have originated at a
shallower depth, outside the diamond-stability
field. This research has considerable potential in
the evaluation of kimberlite pipes as the nodules
can be obtained at surface or from shallow
trenches.
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Fig. 2.31. Vertical magnetic field over Kolo kimberlite
pipe intruded into sandstone using a Jalander fluxgate
magnetometer (values in gammas). Stippled areas within
the pipe are resistant hardebank kimberlite. (From Nixon
1980, after Burley and Greenwood 1972).

2.4.4 Exploration for diamondiferous
kimberlites

The search for diamondiferous kimberlites
involves the initial selection of areas appropriate
for exploration (area selection) in which the main
emphasis is placed on the appropriate geological
setting for kimberlite intrusion. This is then fol-
lowed by a programme of detailed exploration
based upon the characteristics of the kimberlite
itself.

(a) Area selection

Most mining companies utilize a combination of
the following criteria in their choice of suitable
areas for exploration.

(i) Age of craton

Cratons (in which the basement rocks exceed 1500
million years or preferably 2000 million years) are
considered to be the most suitable areas for
exploration.
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(ii) Regional structure

The most favourable are  the
intersections of large regional faults or lineaments;
interruptions in the regularity of the regional

structures

structure or evidence of vertical tectonism are also
important.

(iii) Local structure

Kimberlite intrusions often occur the
downwarped crests of pitching anticlines, along
large strike-slip faults, and on the intersections of
fault zones.

on

(iv) Favourable petrological indications

The known occurrence of kimberlitic rocks is an
obvious key to target selection, and was the basis
of a United Nations Development Programme
exploration programme in Lesotho in the early
1970s (Nixon, 1980). Other favourable petro-
logical considerations include the presence of
numerous dykes and sills of dolerite which
provide evidence of tensional stress in the carth’s
crust. The occurrence of plateau/flood basalt with
the later development of alkali-rich undersaturated
extrusives and intrusives may also prove a uscful

guide (Garlick, 1982).

(b) Detailed exploration

Kimberlites are relatively small exploration
targets, and their lack of strike continuity requires
that exploration should be carried out on a more
detailed scale than would be required for many
types of base metal deposit. Most of the
exploration techniques for kimberlites were
pioneered in southern Africa and applied with
spectacular success to the Yakutia district of
Siberia and the Kimberley district of Western
Australia. Table 2.6 lists the principal exploration
techniques and summarizes their importance in the
discovery of kimberlites.



Table 2.6 Summary of comments on methods used in kimberlite exploration (from Nixon, 1980)

General applicability
(xxxx, indispensable
Method x, of limited use) Remarks

Heavy mineral XXXX Wide variety of ‘indicator’ minerals, some of which are found in
other rocks. Both stream sediment and interfluvial soils applic-
able. Wide dispersion by water and wind. Low values near some
in-filled craters. Fairly labour-intensive method.

Geochemistry X Samples easily collected during heavy mineral survey. Nb
characterizes kimberlite and a few other alkaline volcanics. Other
elements, e.g. Cr, Ni, Sr, Ba, may be used if background is
appropriate. Occasional observed change in proportion of some
plant species on pipes may reflect the rock composition,
e.g. highP.

Scintillometer X Some kimberlites slightly radioactive, some dykes especially rich
in phlogopite (K). Overburden masks radiation.

Satellite imagery XXX Good for structural analysis; many kimberlites too small to be
observed directly. Easy and cheap to obtain but sophisticated
electronic processing can increase costs. Spectral bands unlikely
to be precisely diagnostic but one particular climatic condition
may ‘fit’ better than others.

Air photography, etc. XXXX Scale of 1:30 000 recommended. Basic tool for studying structural
environment of kimberlite and identification of intrusions,
particularly dykes. Fracture analysis may aid location of kimber-
lites. Colour photography may be of little additional assistance in
poorly exposed areas.

Airborne multispectral XXX? Requires rigorous preliminary field reflectance studies over known
scanning intrusions under specified climatic conditions to obtain a significant
spectral signature.

Magnetic, ground and XXXX Applicable in areas of low ‘magnetic’ background, e.g. limestones

airborne methods and other sedimentary rocks, granites, etc., preferably in areas
with uniform overburden. Reduced anomalies over sediment-
infilled kimberlite craters and weathered kimberlites. Useful for
both dykes and pipes on the ground. Used successfully in the air,
but topographic irregularities may give false anomalies.

Resistivity XX Kimberlites generally conductive compared with host country
rocks and large bodies can be delimited on the ground. Airborne
radiophase methods will theoretically detect such bodies.

Electromagnetic XX Ground measurements useful in defining extent of kimberlite and
shape of dykes. Airborne input EM feasible.

Seismic X Of little use except in oceanographic surveys where reflection
studies are capable of locating pipes.

Gravit XX Bouguer profile may be a characteristic negative superimposed on
y guer pro Y g p p
a large positive anomaly over weathered kimberlite pipes. Useful
tor detecting ‘blind’ kimberlites or extensions to existing pipes.
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(¢) Mineralogical exploration

Kimberlites are characterized by a distinctive suite
of minerals of which the most significant are
magnesian ilmenite (geikielite) and chrome
diopside. Chromite, enstatite, olivine, Cr spinel
and zircon may also be significant. During the
weathering of kimberlite these minerals become
concentrated in residual soil and may become
dispersed in the drainage system. The identifica-
tion of kimberlite indicator minerals was utilized
by prospectors in the early development of the
Kimberley district and has been successfully
applied to many other areas.

The size of the dispersion pattern formed by
kimberlite indicator minerals depends mainly
upon climate and relief. According to Mannard
(1968) in areas with a tropical or semi-arid climate
the less-resistant minerals such as diopside are
rarely found more than 1 mile (>>1.6 km) from
source. However, garnet and ilmenite may persist
for a few miles. In those climatic regions where
mechanical weathering is dominant the diopside
may travel 30 miles (48 km), garnet 95125 miles
(144-200 km) and ilmenite much further.

In much of southern Africa exploration is based
on systematic soil sampling on a grid system. In
more mountainous terrain stream sediment
sampling may be preferred. Nixon (1980)
described a programme of stream sediment
sampling in Lesotho which was based on a sample
density of 1.1 km . According to Jones (1983),
exploration in the Kimberley district of Western
Australia in the late 1970s involved collecting
30 kg samples every 40-50 km?. Later follow-up
work involved sample collection at a density of
1-5 samples km . The discovery of the AK 1 pipe
in the Kimberley district was based upon the
identification of diamonds in the sediment rather
than the conventional kimberlite indicator
minerals.

(d) Geophysical exploration

Geophysics is commonly used as a follow-up
technique where favourable mineralogical sites
have been identified. Australia  airborne
geophysics is used as the main reconnaissance

In
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method where the drainage network is inadequate
for stream sediment sampling.

Airborne and ground magnetics are the
principal methods used. Normally kimberlite
contains from 5 to 10% iron oxides which are
present as ilmenite and lesser concentrations of
magnetite. Where the kimberlite is emplaced into
rocks such as limestones or granites with a low
magnetite content a distinctive magnetic anomaly
may be detected (Fig. 2.31). Patterson and
MacFayden (1977) found magnetic anomalies over
all known kimberlites in Lesotho. They attributed
the large variation in magnetic response to
variations in host rock magnetization, depth of
weathering and kimberlite mineralogy. In other
parts of Africa there are kimberlites which have no
magnetic response.

Kimberlites characteristically weather to a
yellow montmorillonitic clay near the surface.
This zone may be highly conductive in which case
electromagnetic or resistivity surveys may be
appropriate. Macnae (1979) described the results
of an airborne electromagnetic (EM) survey in
southern Africa in which all of the eight kimberlite
pipes discovered had distinctive EM signatures.

The application of other geophysical techniques
to kimberlite exploration is described by Macnae
(1979) and Nixon (1980).

(e) Aerial photography
The size and surface expression of kimberlite pipes
are partly related to erosional level. In most cases
kimberlites are characterized by a shallow depres-
sion, although sometimes they may form a low
mound. In either situation the drainage system is
likely to have a curvilinear form compared with
the rectilinear drainage pattern that is commonly
associated with Precambrian basement terrain.
The yellow ground, which results from the
chemical weathering of kimberlite, consists
mainly of a montmorillonitic clay which will tend
to support a poorly drained soil with a distinctive
trace element content. A characteristic vegetation
1s sometimes developed on kimberlite due to these
specific soil conditions.

Contrasts in drainage pattern and vegetation are
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commonly utilized by geologists as the basis for
photointerpretation, and photogeology often
plays a significant role the search for
kimberlites. According to Barygin (1961) the most
effective approach is to use black-and-white
photography at scales of 1:10 000 to 1:50 000
supplemented by colour photography at a larger
scale. Nixon (1980) utilized photointerpretation in
the search for kimberlites in Lesotho where both
black-and-white (scale 1:40 000) and colour
(1:30 000) photography was used. Nixon reported

that the larger scale was more useful than colour.

in

2.5 CONCLUDING STATEMENT

There are few other classes of ore deposit which
manifest such a wide range of form and grade as
those of magmatic affiliation. In many cases the
only common factor is their intimate association
with mafic and ultramafic lithologies. For
example, the massive habit, high tenor of metal
and lateral continuity of stratiform chromite
deposits contrast very markedly with the irregular
distribution and very low concentration of
diamonds which are dispersed in kimberlites.
However, both were originally derived by the
partial melting of mantle material and both share a
similar tectonic setting.

Now we come to the key issue. How does our
understanding of ores formed by magmatic
processes aid in the search for new deposits? In
particular, we wish to review the relative
importance of geological setting, genetic models
and indirect techniques, such as geophysics, in the
exploration for this class of deposit. Our dis-
cussions will focus on podiform chromite, nickel
sulphide deposits of the dunite—peridotite type and
kimberlites.

2.5.1 Podiform chromite

Chromite was originally mined from high-grade
podiform deposits in Norway in the early part of
the 19th century and there is therefore a long
tradition of mining and prospecting for this style
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of deposit in Europe. However, our under-
standing of the ultrabasic lithologies which host
podiform chromite deposits has undergone
fundamental changes in recent years with the
recognition of oceanic crust as the environment in
which podiform chromite has originally concen-
trated. We therefore have an excellent opportunity
to assess the impact of new geological ideas on ore
discovery.

Let us briefly recall the mostimportant advances
in our understanding of Alpine-type peridotites.
The most significant step forward has stemmed
from the realization that the ultrabasic sequence
with which podiform chromite is associated is
comparable with present-day oceanic crust. The
recognition of ophiolites as preserved fragments of
oceanic crust has resulted in a greatly increased
intensity of field work and petrological study,
which has aided our understanding of those
ultramafics which contain concentrations of
chromite. Of particular importance is the recog-
nition that most of the chromite is contained
within harzburgites (Jackson and Thayer, 1972).
This has allowed exploration geologists to focus
their attention on particular parts of an ophiolite
complex. Further important guides to exploration
have stemmed from detailed structural mapping
programmes such as those reported by Cassard
etal. (1981).

Modern genetic models of podiform chromite
must be closely related to our knowledge of
processes which take place at constructive plate
margins. The mafic dykes and pillow lavas which
characterize layer 2 of the oceanic crust are con-
sidered to be derived from a magma chamber at
the base of layer 3. Two main genetic models have
been proposed. One envisages the chromite
forming as a cumulate phase from the magma
chamber which continues to sink down into the
harzburgite unit (Dickey, 1975). The alternative
model identifies dykes which transgress the
harzburgite, and within which magma movement
i1s dominantly upwards, as the environment in
which chromite is concentrated by elutriation
(Lago et al., 1982). It appears that neither genetic
model fundamentally affects the approach a
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geologist would make in selecting areas for future
exploration.

There is little published information on the use
of indirect geophysical and geochemical methods
in the search for podiform chromite. This is an area
where more research and the publication of case
histories would be of benefit.

2.5.2 Nickel sulphide ores of the dunite—
peridotite class

The economic potential of this class of deposit was
not fully appreciated until the discovery of the
Kambalda deposit in Western Australia in 1966.
Both Kambalda and several subsequent dis-
coveries were found by prospectors who utilized
nickel-bearing gossan as their guide to ore.
Detailed drilling followed by careful geological
studies have permitted geologists to characterize
the geological setting of the deposits and several
genetic models have been proposed.

Nickel sulphide deposits of the dunite-
peridotite class occur in Archaean greenstone belts
associated with ultramafic volcanics of komatiitic
type and intrusive dunites which are probably
their intrusive equivalents. Ores belonging to the
volcanic—peridotite class tend to be concentrated
near to the base of the ultramafic sequence.
Exploration for this class of nickel sulphide is
concerned in the first instance with obtaining a
geological base map within which the ultramafic
lithologies are well defined. The geological
mapping may be aided by photogeology, airborne
magnetics and geochemistry and so here we see
conventional geology closely related to indirect
methods of exploration. The knowledge that the
massive sulphide zones occur near to the base of
ultramafic units enables geologists to concentrate
the more detailed aspects of follow-up work, such
as soll sampling, in more restricted parts of the
greenstone sequence.

Most genetic models for ores of this class
mnvolve the segregation of an immiscible sulphide
phase from the crystallizing silicate magma.
Dissension has mainly centred on the timing and
mechanism of the separation of the sulphides. This

aspect of genetic modelling has played little part in
the choice of new exploration targets. However,
the ability to characterize a mafic or ultramafic
rock which has crystallized from a sulphur-
saturated magma 1s an important exploration tool
because nickel may have partitioned into the
sulphide phase. Naldrett et al. (1984) have
modelled the partitioning of nickel between
silicate and sulphide phases and comparison of
their results with the composition of barren and

mineralized ultramafics confirms that this
approach can be used in a predictive sense.

2.5.3 Kimberlites

The association between kimberlites and

diamonds was first established by prospectors in
South Africa. By examining the panned concen-
trate from stream sediments they were able to trace
alluvial diamonds to their source. Surprisingly
little has changed. In southern Africa the emphasis
1s now placed on the search for an assemblage of
indicator minerals and the success of this technique
has been repeated in other African countries and in
the USSR. Ironically the discovery of the AK 1
pipe in Australia came from the discovery of small
alluvial diamonds rather than from the more usual
indicator minerals. The point which we wish to
emphasize 1s that the mineralogical expression of
kimberlites has always been the most effective
exploration technique. Additional indirect
exploration techniques have been successfully
developed for kimberlites and are described in
Section 2.4.4.

Ultrabasic and basic xenoliths in kimberlites
provide a unique source of information about the
composition of the mantle and lower crust, and
scientific interest in this subject has resulted in a
massive bibliography. As a result genetic models
for kimberlites are based on a very considerable
accumulation of geochemical and petrological
data. Until recently this research appeared to be of
only academic interest. However, it is now
becoming evident that genetic models based upon
detailed studies of kimberlite petrology are able to

. assist the geologist in his evaluation of kimberlite
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pipes (Boyd, 1982).
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Magmatic hydrothermal deposits

3.1 INTRODUCTION

In the previous chapter we have described some of
the mineral deposits that have formed by
magmatic activity, often by segregation within the
magma chamber itself. In this chapter we turn our
attention to other magmatic activity which results
in important mineral deposits. These are not ores
that have segregated during crystallization of the
magma but are those that arise by hydrothermal
activity associated with igneous bodies emplaced
at high levels in the earth’s crust. Fluid inclusion
and isotope studies indicate that magmatically
derived fluids and circulating meteoric water have
played varying roles in the genesis of these hydro-
thermal ore bodies. The tectonic setting, primary
mineralogy and alteration characteristics are very
important in guiding exploration for these
deposits.

The principal types of deposit that are formed
by magmatic hydrothermal processes
porphyry  deposits and  volcanic-associated
sulphide deposits. These are the major suppliers of
the World’s copper and molybdenum. Porphyry
copper deposits are becoming increasingly
important sources of gold. The volcanic-
associated ore bodies supply large quantities of
zinc and lead.

are

Because of their enormous economic sig-
nificance these deposits have received considerable
geological attention both experimentally and in
the field. The wealth of geological literature is such
that we have had to restrict our attention to those
features which we consider important
characterizing these deposits and useful
constructing models to assist in exploration for
them.

n
n

3.2 PORPHYRY COPPER DEPOSITS
3.2.1 Introduction

It is estimated that up to 2000 BC the grade of
copper ore being worked was as high as 15% but
by 1500 AD this grade had reduced to 9%. The
grade by 1800 was about 6 or 7% and this was
maintained until the beginning of the current
century. There was a marked decrease in the
average grade mined from about 1904 onwards
(Fig. 3.1). This very sudden change coincided with
the development of Bingham Mine, Utah, from a
small mine producing vein copper, with a grade
around 6%, to a large-scale operation with
reserves in excess of 290 million tonnes with
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grades from 0.75 to 2.5% Cu. This large-tonnage,
low-grade operation was the first of the many
deposits subsequently known as the ‘porphyry
coppers’. Bingham Canyon is still a very large
productive mine (Fig. 3.2) and has reserves quoted
around 1700 million tonnes at 0.71% copper.

The success of Bingham was quickly followed
by the development of other similar deposits at
Globe-Miami, Arizona, Eli, Nevada, Santa Rita,
New Mexico and Chuquicamata in Chile. The
success of these operations was made possible by
the almost contemporaneous development of
froth flotation in mineral processing for the
selective separation of copper sulphides. Porphyry
copper deposits currently supply over half the
World’s copper.

70

3.2.2 General characteristics of porphyry
copper deposits

(a) Distribution of deposits in timme and space
The ages of formation of porphyry copper
deposits have been considered by Meyer (1972),
Hunt (1977) and Gustafson (1979). The majority
of porphyry copper deposits were emplaced in the
last 75 million years (Fig. 3.3). Figure 3.3 may be
incomplete as some deposits lack absolute dating,
others must have disappeared through erosion and
the figure will also be biased by exploration
philosophy. However, we believe the overall
trend is reliable. Very few porphyry copper type
occurrences have been identified older than 450
million years.



Fig. 3.2 Bingham Minc, Utah
was the first porphyry copper
minc to be developed. With
reserves quoted at 1700 million
tonnes, this open pit removes
about 400 000 tonnes of ore and
waste per day. The trains on the
lower benches provide a scale for
this massive operation.

Cu (tonnes x 10°)

Fig. 3.3 Age distribution
of porphyry copper
deposits (after Hunt 1977,

quoted in Gustafson 1979). Millions of years before present
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Fig. 3.4 World map of porphyry deposits
(Cu and Mo) referred to in text.

Probably the copper—molybdenum porphyry at
Haib, Namibia, is the best known Proterozoic
example. Deposits with porphyry copper affinities
have been described from the Archaean of Canada
and Western Australia (Gustafson, 1979) but are of
very low copper grade even by porphyry stan-
dards. We are unable to cite any deposit older than
Devonian being mined, although some of the
Chinese deposits may be Proterozoic. In
Queensland, Australia, more than 40 porphyry
copper prospects have been found associated with
intrusives of Palaeozoic and Mesozoic age but
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none of commercial grade and tonnage (Horton,
1978). Also from Australia, Ambler and Facer
(1975) reported a Silurian porphyry copper
prospect in New South Wales. Porphyry deposits
are fairly numerous in late Palaeozoic mountain
belts, such as in the northern Appalachians from
Maine to Quebec (Kirkham and Soregaroli, 1975).
Large deposits of Palaeozoic age are known from
the USSR, from the Kazakhstan and the Uzbek
region.

The circum-Pacific belt is the predominant site

of porphyry copper deposits (Fig. 3.4). A few of
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these deposits are Triassic; Yerington in western
Nevada is Jurassic in age. There are other Jurassic
and Cretaceous porphyries in Canada and a few in
the United States and northern Argentina (Sillitoe,
1977). The vast majority of the deposits on the rim
of the Pacific Basin are Tertiary in age. Those of
the south west USA are mostly Palacocene with
some from the late Eocene. Some of the deposits in
South America, mainly Chile,Peru and Ecuador,
are also Paleocene but many are later with a large
number being late Miocene and Pliocene. The
deposits of the Cascades, western Canada and
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Alaska span a similar period of time to those in
South America. The Philippines and the south-
western Pacific Islands have deposits that are
generally Miocene and Pliocene. Among the
youngest of porphyry copper deposits are those in
Papua New Guinea where, for example, Ok Tedi
1s some 1.2 million years old. It is possible that
porphyry copper deposits are forming today
beneath active volcanic areas.
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(b) Size and grade of deposits

Porphyry copper deposits are often defined as
very large-tonnage, low-grade copper deposits
amenable to bulk mining methods. This
description ignores the geological connotations of
the word ‘porphyry’ but draws attention to the
characteristic tonnages, measured in hundreds of
millions of tonnes, and grades of often less than
1% Cu. Data from 103 deposits worldwide give
the arithmetic average as about 550 million tonnes
of ore grading 0.6% copper (Singer et al., 1975).

Table 3.1 lists some of the largest porphyry
copper deposits in the World. We have only
included those with quoted reserves in excess of
500 million tonnes. Some of the largest deposits lie
in southwest USA and South America with the
largest of all, Chuquicamata, in Chile, containing
in excess of 10000 million tonnes at 0.56%
copper. The largest group of ‘giant’ porphyry
copper deposits lies in the southwestern USA
which contains six in addition to Bingham.
Because of their enormous size and very low grade
most of the porphyry copper deposits of the World
are worked by open pit methods (Fig. 3.2). In the
Bingham open pit more than 400 000 tonnes of
material (ore plus overburden) are removed daily;
furthermore approximately 10% of that mine’s
copper production is produced by leaching the
overburden dumps. San Manuel, Arizona, is one
of a small number of porphyry copper deposits
worked by underground mining, block caving
techniques (Fig. 3.5). In this the porphyry copper
deposits differ from the porphyry molybdenum
deposits where the major producers — Climax and
Henderson in Colorado —~ are both underground
mines and the most recent major prospect, Mt
Emmons, will also be worked underground.

The average Canadian porphyry copper deposit
carries about 150 million tonnes of ore grading
about 0.45% copper. Here the calc-alkaline-
associated deposits have higher tonnages
(arithmetic mean of twenty deposits = 206
million tonnes) and lower grades (arithmetic
mean = 0.39% Cu) than the alkaline-associated
ones (49 million tonnes at 0.76%) (Drummond
and Godwin, 1976).
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Table 3.1 provides information of the grades of
other metals present in deposits. The more
common by-products are molybdenum, gold and
silver although rhenium, tin and tungsten may be
present in workable quantities. These by-product
metals are very important to the commercial
exploitation of porphyry copper deposits. Ok
Tedi, Papua New Guinea, which commenced
production early in 1984 (reserves about 350
million tonnes at 0.7% copper and 0.59% g/t gold)
has a leached capping ore of around 34 million
tonnes grading 2.86 g/t gold. This leached ore is to
provide the sole production for the first 2 years of
operation, amounting to 12 000 tonnes per day
gold ore at 4.21 g/t with an anticipated recovery of
92% (Pintz, 1984). Without this ‘front end
capitalization’ from gold, Ok Tedi would not have
come into production as a porphyry copper
deposit because of the prevailing financial climate.
Similarly Panguna, Bougainville Copper Ltd,
Papua New Guinea, treats about 130 000 tonnes
per day and yielded 170 004 tonnes of copper,
17 528 kg of gold and 43 153 kg of silver in 1982.
This produced a sales value for the year of US$276
million of which gold contributed 47% (Sassos,
1983).

(c) Mineralization and zoning

Hypogene mineralization consists of dis-
seminations, fracture fillings and quartz veinlets
carrying varying amounts of pyrite, chalcopyrite,
bornite and molybdenite (Figs 3.6 and 3.7).
Porphyry copper mineralization is often referred
to as ‘disseminated’ and we have maintained this
usage in Fig. 3.6. Although on a large scale,
immense volumes of ore may contain dis-
seminated values, on a small scale the occurrence
of ore and gangue sulphides is controlled by
fractures. Beane and Titley (1981) estimate that in
excess of 90% of the sulphides are in, or adjacent
to, fractures. Even apparently disseminated sul-
phide minerals are often aligned with micro-
veinlets or lie in a chain-like fashion. The chains
mark early fractures which have been sealed, or
annealed, and camouflaged by quartz and potas-
sium feldspar (Fig. 3.8). Such tiny fractures



Table 3.1. Reserves of porphyry copper deposits with tonnages greater than 500 million tonnes (source of data
Gilmour, 1982).

Grade
Tonnage Cu Mo Au Ag
Country Deposit (million tonnes) (%) (%) (g/t) (¢g/t)
USA Bagdad 800 0.50 0.03 — 0.6
(Arizona)
Morenci 500 0.9 0.007 — —
(Arizona)
Safford-Kennecott 2000 0.5 — — —
(Arizona)
San Manuel- 1000 0.74 0.015 — —
Kalamazoo
(Arizona)
Butte 500 0.8 — Yes Yes
(Montana)
Santa Rita 500 0.95 — — —
(New Mexico)
Bingham 1700 0.71 0.053 — —
(Utah)
Mexico El Arco 600 0.6 — — —
(Baja California)
La Caridad 750 0.67 0.02 —_ —
(Sonora)
Canada Lornex 500 0.41 0.015 — —
Valley Copper 900 0.48 — — —
Papua
New Guinea Frieda River 800 0.46 0.005 0.2 —
Panguna 1000 0.47 0.005 0.48 1.6
Cebu Island Atlas 1100 0.55 — Yes Yes
Panama Cerro Colorado 2000 0.6 0.015 0.06 4.6
Chile Chuquicamata 10000 0.56 0.06 — Yes
El Abra 1200 0.7 — — —
El Teniente 8000 0.68 0.04 — —
Peru Santa Rosa 1000 0.55 — — —
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Fig.3.5 San Manuel Mine, Arizona, is onc of the few underground mines producing from porphyry copper deposits.
The surface subsidence in the foreground results from the caving method used to mine the San Manuel ore body.
Beyond the headframes lies the Kalamazoo ore body.

probably occurred in immense numbers and were

very important in increasing the permeability of

the host rocks during mineralization. A typical

pattern of the zonal arrangement of sulphide ore

minerals and gangue is shown in Fig. 3.7. Centred

on the intrusion is a barren or weakly mineralized

zone with minor chalcopyrite, molybdenite and

rare bornite; pyrite is generally less than 2%.

Outwards there is firstly an enrichment in mo-

lybdenite and then chalcopyrite. Pyrite also

increases outwards in the ore shells. The ore shells

are enclosed by a pyrite-rich halo with 10-15%

pyrite with only minor amounts of chalcopyrite

and molybdenite. Surrounding this halo is a

peripheral zone of lower pyrite content which may

contain radial fractures with base metal

mineralization and gold and silver in the veins Fig. 3.6 Schematic drawing of sulphide occurrence
(McMillan and Panteleyev, 1980). Generally zoning in a typical porphyry ore deposit (after Guilbert
pyrite is the most abundant and widespread  and Lowell 1974).
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Fig. 3.7 Schematic drawing of mineralization zoning in
atypical porphyry ore deposit (after Guilbert and Lowell
1974). Ag, silver; Au, gold; cpy, chalcopyrite; mo,
molybdenite; mt, magnetite; py, pyrite; tr, trace.

Fig. 3.8 Sketchof veinsinasample of quartz monzonite
from the Sierrita deposit in southern Arizona. Note the
cross-cutting relations which imply a number of
generations of fracturing and fluid flow. Ksp, potassium
feldspar; q, quartz; py, pyrite; bi, biotite; mt, magnetite;
cpy, chalcopyrite. (Modified from Titley 1982, and
Anthony 1983.)
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sulphide mineral in porphyry copper deposits.
Magnetite is a minor constituent of the deep and
low-grade core zone but is abundant in, and
diagnostic of, the deeper parts of the deposit
surrounding the orc shells (Fig. 3.7). Chalcocite
can occur from the ore shell to the outer peripheral
zones in the higher levels of the deposit. Pyrrhotite
and native copper are sometimes present in the
peripheral shell and the immediate vicinity but
only in minor or trace amounts.

Secondary or supergene
important in most porphyry copper deposits. The
supergene blanket contains minerals such as
chalcocite, djurleite and digenite. Covellite,
cuprite and native copper may be present in small
amounts. The development of an extensive super-
gene blanket is favoured by a hot arid climate,
copious pyrite and a relatively inert host rock. The
shape of the supergene zone depends on surface
topography, intrusion geometry and structure and
hydrology. The zone 1s usually quite variable in
thickness (Fig. 3.9). The supergene zone is over-
lain by a limonite, jarosite or haematite capping,
the characteristics of which may be utilized in
exploration (Anderson, 1982).

enrichment  is

(d) Host lithology
The intrusion upon which mineralization is
centred is usually quite small, 1 or 2 km in
diameter, and is porphyritic in texture. Because of
the extent of the alteration phenomena it may be
difficult to determine the primary rock
compositions of the intrusives associated with
porphyry mineralization. Generally they are of a
calc-alkaline trend. The most common hosts are
acid intrusives of the granite suite and these range
from adamellite through granodiorite to tonalite.
Diorites, quartz monzonites, syenites may also be
important host rock types. The compositions of
the intrusives are a function of the environment in
which the deposit formed, granodiorite to quartz
diorite in an island arc environment and quartz
monozite through granodiorite in a continental
arc.

In all porphyry copper
intrusions occur which are barren but are of

provinces some
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Fig. 3.9 Isometric diagram of El
Salvador ore body showing
mineral zones chalcocite blanket

and gossan (after Gustafson and
Hunt 1975).

apparently the same age as, and comparatively
similar composition to, others which have
associated  economic  mineralization.  Dis-
crimination of those which will host economic
concentrations of minerals from those which are
likely to be barren is of primary importance in
exploration geology. Unfortunately, most
attempts to separate the plutons into productive
and barren ones have been unsuccessful but certain
characteristics have been recognized which may be
useful in this matter (Baldwin and Pearce, 1982).
Firstly, pyroxene is rare or virtually absent from
copper-related porphyries; hormblende and biotite
are abundant. Secondly, the degree of fracturing
may be important since mineralized intrusives are
always extensively fractured.

Brecciated zones are common and may occur
within the intrusion or in the wall rocks. Breccias
which appear to have resulted from hydrothermal
activity are frequently referred to as pebble dykes.
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These have rounded clasts but others associated
with porphyry deposits are angular collapse
breccias.

(e) Alteration

Although the porphyry copper deposits are
genetically related to epizonal intrusions the
hydrothermal effects usually extend far beyond
the ore zone itself. The alteration effects are seen
in the country rocks of all types and in early
differentiates from the magma which sub-
sequently gave rise to the porphyry-related
intrusive. The alteration phenomena are selective,
pervasive and vein—veinlet in occurrence. The
extent of this alteration suggests that the porphyry
copper mineralizing environment is one that
involves considerable permeability in the host
rocks. Facilitated by the high permeability, both
selective and pervasive alteration begin at various
times and places within the deposits, presumably
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guided by, and progressing from, fractures.
Selective alteration 1s the conversion of one or two
mineral species to other mineral species. The most
common example of this in the porphyry systems
is the selective conversion of amphibole or horn-
blende into secondary biotite in large volumes of
rock. This biotite may, in turn, be converted to
chlorite. Pervasive alteration on the other hand 1s
the widespread and wholesale conversion of one
rock type to another.

Lowell and Guilbert (1970) developed the
concept of a ‘typical’ porphyry deposit as a result
of studying 27 of the best-known deposits in
Canada, South America and the southwest USA
and comparing them to the model they had erected
for the San Manuel-Kalamazoo deposit in
Arizona. This model is referred to as the ‘Lowell-
Guilbert model’ for porphyry coppers and shows
that porphyry coppers have clearly recognizable
lateral and vertical zoning. In 1974 the same
workers published details of the variations in the
zoning pattern which mayarise from the size of the
deposit, the composition of the pre-ore wall rock
and pre-ore structures as well as those variations
due to the chemistry of the igneous host rock
(Guilbert and Lowell, 1974). The zoned
arrangement of the Lowell and Guilbert model,
suitably modified in the light of these other
factors, is widely used by geologists to interpret
geochemical anomalies and to guide drilling for
porphyry copper deposits. The model typically
recognizes four zones of hydrothermal wall rock
alteration centred on the core of the causative
intrusive (Fig. 3.10). These are as follows:

(i) The potassic zone

The potassic alteration results from potassium
metasomatism which may be accompanied by
leaching of calcium and sodium from rocks
containing original aluminosilicate minerals.
When this zone is present the characteristic
minerals are biotite, orthoclase and quartz. These
may have been introduced or are the stable
remnants of original rock-forming phases.
Accompanying these may be accessory albite,
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Fig. 3.10 Schematic drawing of alteration zoning in a
typical porphyry ore deposit (after Guilbert and Lowell
1974). Adul, adularia; Alb, albite; Anh, anhydrite; bi,
biotite; Chl, chlorite; Epi, epidote; Kaol, kaolinite; Ksp,
potassium feldspar; Mo, molybdenite; py, pyrite; q,
quartz; ser, sericite.

sericite, anhydrite and apatite. Magnetite,
chalcopyrite, bornite and pyrite are commonly
present. The pyrite is always minor and is
antithetic to bornite and magnetite (Titley and
Beane, 1981). Although the potassic alteration
commonly occurs in or near the intrusive centre a
broad zone of biotization may pervade igneous
wall rocks.

(it) The phyllic zone

This is sometimes referred to as the zone of
sericitic alteration and results from the leaching of
magnesium, sodium and calcium from alumino-
silicate rocks. Potassium may be introduced or
derived from original rock-forming feldspar. The
phyllic assemblage is characterized by quartz,
sericite and pyrite, the first two often totally
replacing the original rock-forming silicates and
resulting in the complete destruction of the
original rock structure.

Pyrite may grow from the iron of pre-existing
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mafic minerals and introduced iron and sulphur.
The pyrite content may rise as high as 10% by
volume. Chalcopyrite is generally present but
rarely exceeds 0.5 vol. percent.

(1ii) The argillic zone

Argillic alteration 1is characterized by the
formation of new clay minerals. Intermediate
argillic alteration is evidenced by montmoril-
lonite, illite, chlorite and perhaps kaolinite.
Advanced argillic alteration is marked by kaolinite
with diaspore, quartz or amorphous silica, anda-
lusite and, occasionally, corundum. Pyrite is the
main sulphide present although chalcopyrite and
bornite may occur. Pyrite is less abundant than in
the phyllic zone and tends to occur in veinlets.

(iv) The propylitic zone

This, often quite extensive, zone is always present
and is characterized by chlorite, epidote and
calcite. Potassium released by the chloritization of
biotite occurs as accessory sericite. Other
accessory minerals include apatite, haematite,
anhydrite and ankerite. Plagioclase may be
unaltered.  Sulphide within  the

propylitic zone varies from nil to minor amounts

occurrence

of pyrite and occasional economic concentrations
of chalcopyrite.

(v) Vertical extent of alteration

In their original model Lowell and Guilbert
tentatively close the alteration zones over the top
of the causative intrusion suggesting a vertical
zoning of the silicate minerals comparable to that
demonstrated laterally (Fig. 3.10). The spatial
distribution of these alteration zones is much used
by exploration geologists. If buried porphyry
systems are sought the vertical variation must also
be investigated.

Firstly the overlying, pre-ore, rocks may be as
varied in lithology as the surrounding wall rocks
into which the intrusion has been emplaced. There
may be an argument that in some cases these so-
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called ‘lithocap’ rocks will be dominated by
comagmatic, but pre-ore, intrusives. This is
certainly the case in some of the major porphyry
molybdenum systems such as Henderson,
Colorado. It also seems probable that the pre-ore
lithocap will have experienced hypogene
mineralization. There is some evidence for this in
that the tonnages due to supergene enrichment in
some deposits cannot be accounted for by the
leaching of reasonable thicknesses of cap rocks
having the same low grade of mineralization as the
underlying intrusion.

Because of the present state of exploration and
development of porphyry copper deposits most of
the data available apply to the upper parts of the
porphyry intrusion rather than the lithocap. We
feel current economics dictate that porphyry
systems buried beneath a reasonable covering of
lithocap will not be exploited in the foreseeable
future and therefore details of vertical variations
from a range of deposits will be lacking for some
time yet.

Beane and Titley (1981) quote the Red
Mountain prospect in Arizona as one of the better
documented cases of the alteration in the lithocap,
although the causative intrusive was not revealed
by the extent of drilling undertaken. At Red
Mountain increasing depth indicates intermediate
argillic alteration (kaolinite, montmorillonite,
alunite, amorphous silica, tennantite, enargite and
pyrite) underlain by phyllic and potassic
alteration. As the intrusive porphyry body, which
is assumed to lie at depth, is not intersected in the
drillholes it is clear that the potassic alteration
extends beyond it into pre-ore volcanic rocks. The
downward succession in alteration zones is
accompanied by decreasing sulphide contents and
pyrite/chalcopyrite ratios. This evidence from
Red Mountain would appear to justify the closure
of the Lowell and Guilbert zones above the core-
intrusive porphyry body.

(vi) Variations from the Lowell and Guilbert model

(a) Due to different intrusion types
Extensive studies of the alteration of porphyry
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copper deposits worldwide at various levels
within the deposits have led to descriptions which
do not fit exactly the alteration zone model
outlined above. A major departure occurs when
the causative bodies are quartz dioritic rather than
quartz monzonitic. Atypical alteration assem-
blages and zoning also appear in porphyries that
are quartz-deficient,
ranging to syenite.

In quartz diorite intrusions the phyllic alteration
may be absent or is later than the potassic and
propylitic alteration and sometimes only poorly
developed. The more mafic character of the rock
type is reflected by the dominance of biotite rather
than orthoclase in the potassic zone. This zone also
contains chlorite rather than sericite as an
accessory mineral. The absence of the phyllic zone
means that the propylitic zone lies peripheral to the
potassic zone. Propylitization occurs principally
by the alteration of biotite to chlorite = epidote.
Sulphide mineralization may occur in both the
potassic and the propylitic zones and hypogene
copper values may be sufficiently high (>0.4%) to
grade supergene
enrichment. Pyrrhotite may accompany weak
development of the phyllic zone as in some of the
intrusions in the Cascade district of Washington
(Patton et al., 1973).

Hollister (1978) developed a dioritic model for
alteration in porphyry copper environments
related to low Si1O: intrusions, this model having
been developed primarily from observations in the
Canadian Cordillera. One of the main reasons for
the difference between the dioritic model and the
Lowell and Guilbert model appears to be the
relatively low sulphur concentrations in the
mineralizing fluids. As a result much iron remains
in the chlorites and biotites, not all the iron oxides
in the host rocks being altered to pyrite. The
alteration zones in the dioritic model appear
restricted to the potassic and propylitic varieties.
In the potassic zone biotite may be the most
common potassium mineral and when orthoclase
1s not well developed, plagioclase may be the
principal feldspar.

commonly dioritic but

constitute  ore without
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(b) Due to different wall-rock characteristics

The alteration zones are not restricted to the
intrusions associated with the mineralization but
extend into the surrounding wall rocks. In the
‘type’ example, at San Manuel-Kalamazoo,
Arizona, where the wall rocks and the intrusion
have similar compositions, alteration assemblages
develop response solely to changes In
temperature and fluid chemistry. In this case the
alteration will be uncomplicated by differences in
rock compositions. Alteration minerals in silicate
wall rocks may closely resemble those in the
intrusions. Arkosic sediments undergo potassic,
phyllic and propylitic alteration similar to granite
wall rocks, as at Morenci, Arizona. Dioritic
Intrusions cross-cutting andesites or basalts
develop high Ca—Mg alteration assemblages as at
Panguna, Papua New Guinea.

The most marked difference between the
alteration assemblages in the intrusion and the wall
rocks occurs where the wall rocks are carbonates
—limestones or dolomites. In this case the typical
potassic or phyllic alteration of the intrusion abuts
against skarn. We discuss the development of
skarns in this and other environments in Chapter

10.

in

(c) Due to the location of the sulphide mineralization
The Lowell and Guilbert model showing
alteration and mineralization (Figs 3.6, 3.7 and
3.10) sites the hypogene copper mineralization in
the outer parts of the potassic zone. Outwards
from this, sulphides become more abundant but
are represented almost exclusively by pyrite.
Detailed studies worldwide have shown that
copper mineralization may be associated with any
of the alteration zones. Care must be exercised to
ensure that hypogene mineralization is recognized
and distinguished f{rom secondary supergene
enrichment.

In most porphyry copper deposits the core is
barren or very low grade but some, such as
Bingham, contain bornite-molybdenum miner-
alization (Beane and Titley, 1981). Others have
high-grade sulphides in quartz pods and veins, as
at Yandera, Papua New Guinea. Where the phyllic
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alteration is missing, as is the case with dioritic
intrusions, significant mineralization may occur
associated with the propylitic alteration, for
example at Sierrita-Esperanza, Arizona.

(f) Tectonic setting

Figure 3.4 shows that most porphyry copper
deposits are associated with convergent plate
boundaries and areas of andesitic volcanism. Most
formed along destructive plate margins above sub-
duction zones of oceanic crust. Some arose from
those of the
western Pacific formed in island-arc regimes.

To explain the occurrence of the largest con-
centration of porphyry copper deposits so far dis-
covered, those in the southwestern states of the
USA, we shall consider the processes of sub-
duction in that region in more detail. These
deposits are dominantly Laramide in age. This was
the time when the oblique convergence of the
continental and Farallon plates changed to near-
normal convergence. The net convergence rate
increased dramatically accompanied by a flat-
tening of the subduction zone. Heidrick and Titley
(1976) suggested that this convergent style
caused epicrustal extension which in tum
facilitated access for the porphyry magmas into the
upper crust.

Nearly all the porphyry copper deposits of the
American southwest had formed by 50 million
years ago. The slow convergence rate of the Pacific
and North American plates since that time cor-
responds to a period of reduced igneous activity in
the area. The deposits of the Canadian Cordillera,
the Philippines and many of the Andean deposits
had also formed by this time. The porphyry
copper deposit at Bingham Canyon, Utah, is
younger and related to a pulse of igneous activity
between 37 and 41 million years which is about the
age of the El Salvador deposit in Chile (Fig. 3.9).
The Andean province, mainly Chile and Peru,
contains deposits with an age range from 59 to
4.3 million years. The deposits tend to occur in a
linear belt approximately 100 km from the
present-day coast and parallel to the plate
boundary.

continent-to-continent collision,
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3.2.3 Genesis of porphyry copper
deposits

It 1s generally accepted that these deposits are the
result of the emplacement of hydrous magmas into
highly permeable cover rocks at relatively shallow
depths in the crust. These intrusions and their fluid
phases produce the heat and energy necessary to
create the fractures and convective fluid flow for
the ground preparation for ore deposition. There
1s less certainty whether magmatic fluid provides
the chemical components for alteration and miner-
alization (Anthony, 1983). There is much evidence
showing that the fluids in these porphyry copper
systems are derived from two different sources.
Initially there is outward flow of exsolved
solutions from the crystallizing magma and sub-
sequently meteoric and connate waters are
mvolved in the system. McMillan and Panteleyev
(1980) describe the two ends of such a hydro-
thermal system — one dominated by fluids of
magmatic origin and the other dominated by fluids
of meteoric origin (Fig. 3.11).

Although the actual source of the magma has yet
to be decided (Anthony, 1983), at a convergent
margin a magmatic plume would rise from the
more ductile lower crust to the more brittle higher
levels in the crust (0.5 to 2 km from the con-
temporary surface). Conductive heat flow
through the cover rocks would result in thermal
metamorphism centred on the intrusion. These
early metamorphic effects may be difficult to
recognize if the country rocks were granitic,
otherwise biotite hornfelses would be formed.
The brittle nature of these hornfelses would
facilitate the development of the fracturing which
1s very important in the formation of productive
intrusions.

Early crystallization gave rise to an equigranular
carapace to the intrusion. Continued crystal-
lization would lead to increasing quantities of
exsolved fluids and possibly scavenged elements
being concentrated in the apical region of the
intrusion (Burnham, 1979). The internal vapour
pressure would increase until it exceeded the
confining pressure and the tensile stress of the
carapace. Retrograde boiling occurred (Phillips,
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Fig. 3.11 Models of hydrothermal systems for porphyry copper deposit genesis (after McMillan and Panteleyev
1980). Two end members shown: (a) orthomagmatic; (b) convective.

Fig. 3.12 Development of crackle brecciation. (a) Vapour pressure build-up; (b) retrograde boiling; (c) brecciation.

(After Phillips 1973.)

1973). Hydrofracturing of the intrusion and host
rocks followed as the hydrothermal fluids broke
through the crystalline carapace. Probably these
early formed fractures were sealed by mineral
precipitation from the fluids and this ‘throttling’
allowed the internal fluid pressures of the intrusion
to increase again until the retrograde boiling phase
repeated. This may have repeated many times, the
small chain-like occurrences of sulphides, to
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which we have referred already, possibly
indicate the positions of these earlier fractures.
When the fracture system coupled to the surface
the internal pressure was suddenly decreased
from lithostatic to hydrostatic and massive boiling
took place. This event was accompanied by the
generation of the breccias and pebble dykes (Fig.
3.12).

Fluid inclusion studies provide evidence that
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boiling highly fluid
inclusions, with co-existing gas and fluid-rich
inclusions, are preserved. Release of the hydro-
thermal fluids caused an increase in the rate of
cooling which would result in more rapid crystal-
lization, creating the fine-grained groundmass and
therefore the porphyritic texture of the intrusive.

The upward and outward flow of hydrothermal
fluids led to the initial mineralization and caused
the potassic core and the surrounding propylitic
alteration. The upward moving, magmatically
derived, hydrothermal fluids entrained some
meteoric water which would also be involved in
the alteration. The presence of the pluton would
have created thermal convection currents in
meteoric  fluids the neighbourhood of
the intrusive (Fig. 3.11). As the cooling period
of the the role of the
convecting groundwater became more important.
The groundwater flowed towards and through
the crackled zones resulting in  widespread
phyllic overprinting of the previous alteration
zones. Often cextensive remobilization and
enrichment of early formed copper sulphides by
hypogene leaching took place at this stage
(Gustafson and Hunt, 1975).

Further cooling of the intrusion led to
the collapse of the thermally driven convection cell
(Fig. 3.11). This resulted in a dilute acid hot-spring
environment with accompanying argillic over-
printing. At this stage any further, post-ore,
intrusives would react with the cooler ground-
water and give rise to explosive activity such as
pebble breccia pipes and diatremes. Subsequently
porphyry copper deposits would be subjected to
weathering and the downward percolation of
meteoric water. The high pyrite content of the
alteration zones resulted in an efficient leaching
agent, and secondary or supergence enrichment of
the ores took place. The enrichment is caused by
leaching of the copper at high levels, in an
oxidizing environment above the water table, and
the redeposition of this copper at lower levels
principally as chalcocite or djurleite. This zone of
secondary enrichment is sometimes referred to as

the ‘chalcocite blanket’ (Fig. 3.13).

occurred  since saline

in

intrusive extended,
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3.2.4 Panguna porphyry copper deposit,
Bougainville, Papua New Guinea

(a) Geology

Panguna, on the island of Bougainville at the
western end of the Solomon Islands, is the largest
producing porphyry copper deposit in the western
Pacific island arc setting. The geology has been
described by Baumer and Fraser (1975) and
Baldwin et al. (1978). The genesis of the ore body
has been discussed by Eastoe (1982). The oldest
rocks in the region of the deposit are basaltic and
andesitic lavas and pyroclastics of Lower
Oligocene or Upper Miocene age. The copper
deposit was formed 5 to 3.4 million years ago
during, or following, the emplacement of quartz
diorite to granodiorite intrusives. The deposit is
located at the southern margin of the Kaverong
Quartz Diorite stock (Fig. 3.14). The ore body
consists of veins and disseminations in this rock
and in the Panguna Andesite. Marginal intrusive
phases of the Kaverong stock, the biotite
granodiorite, the Biuro granodiorite, and the
leucocratic quartz diorite, are all to some extent
mineralized.

(b) Mineralization

The Panguna deposit is similar to other western
Pacific island arc deposits, such as Ok Tedi, in
having relatively low molybdenum (average 33
ppm) and high gold (average 0.55 g/t). The
dominant copper sulphide is chalcopyrite with
bornite relatively significant in a few places. Minor
free gold is found associated with bornite. Gold is
sporadically developed in the chalcopyrite, it 1s
anomalously high in the bornite and negligible in
the pyrite. The average magnetite content of the
ore body i1s 2.7 wt% but rises to 10% in some
high-grade areas close to the leucocratic quartz
diorite and biotite granodiorite. Rare sphalerite
and galena associated with late stage faults occur in
all rock types over most of the area cutting carlier
copper mineralization. The copper sulphides are
mainly located on fractures, irrespective of
lithology, and only 5% occurs as diseminations in
the intrusives. Quartz veining and sulphide veins
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Fig.3.13 Morenci Mine, Arizona. At the end of the 19th century a small underground operation here was producing
copper at grades approaching 20%. Part of the supergene-enriched blanket s still visible overlain by the extensive

gossan.

are necessary for high-grade ore, except in some
breccias which have massive sulphides in the
matrix.

(c¢) Genesis of the deposit

The country rocks of the Panguna Andesite
formed part of a stratovolcano. Into these was
intruded the Kaverong Quartz Diorite. Three
mineralizing events account for the sulphide

mineralization:

(1) the Kaverong Quartz Diorite/biotite diorite
intruded into the Panguna Andesite. Assimilation
and remobilization of existing copper miner-
alization may have resulted from the intrusion of
the biotite granodiorite along the biotite diorite~
Panguna Andesite contact then the dumping of
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this copper into the surrounding breccias and
biotite diorite remnants.
) (2) a mineralization phase associated with the
emplacement of the leucocratic quartz diorite.

(3) a phase centred on an area close to the
western margin of the biotite granodiorite and
postdating the intrusion of the Biuro granodiorite.

Pebble dyke formation 1s post mineral and these
are structurally controlled. According to Eastoc
(1982) the copper was deposited mainly by salt-
rich liquid expelled directly from the magma.

(d) Exploration, evaluation and mining
The Panguna open pit began stripping overburden
in 1970 and came into production in 1972. This



Fig. 3.14 (a) Geological map, Panguna Mine, Bougainville, Papua New Guinea, showing copper-grade evaluation.
(b) Geological section along line A~-B-C in (a). (After Baldwin er al. 1978.)
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was the culmination of an extremely successful
exploration programme; the discovery of the
extensive mineralization followed a recon-
naissance stream sediment survey (MacNamara,
1968). A soil geochemistry follow-up was
combined with detailed geological mapping. A
distinctive vegetation assemblage occurred over
the copper deposit here (Cole, 1971).

The deposit was evaluated on a 122 m grid and
the evaluation programme involved 238 vertical
diamond drill holes. Diamond drill hole material
was assayed and this was used for the ore-zoning
programme (Baldwin et al., 1978). The grades
were calculated at node points on a regular three-
dimensional grid. There was 50% overlap on all
axes of the grid and this eventually produced a
75X 75x15 m matrix for open pit bench
planning. Baldwin et al. state that this was a
computer-generated study without the input of
geological constraints. The node values were con-
toured, irrespective of geological boundaries, to
delineate ore-grade zones. Each node assay value
was assigned to its area of influence (75 X 75 X 15
m), and the grade and tonnage within viable pit
limits was calculated. Reserve estimates were also
calculated by the polygons method using the
evaluation diamond drill holes as the centres of
polygons.

Once mining commenced these reserve cal-
culations needed modification. Firstly the lack of
consideration of geological controls on the miner-
alization became evident within the biotite grano-
diorite. Here the higher-grade copper values
outside the intrusion had been averaged with the
lower-grade values within the intrusive. This
resulted in more ore being indicated than was
actually present. Consequently the contact of the
intrusion was inserted upon the bench plans to
outline an area of waste. Secondly it was shown
that the diamond drill holes had undervalued the
deposit. This was first shown by bulk samples
from the preproduction adit and raise exploration.
Some of these were taken in adits and raises which
followed the line of evaluation diamond drill
holes. The samples assayed up to 29% higher than
the diamond drill holes. This was explained by
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washing out of friable chalcopyrite from veins and
fractures during diamond drilling. The overall
core recovery was 93.4% in primary ore.

Subsequent sampling of blast holes has con-
sistently shown a difference from the diamond
drill hole data for the lower-grade mineralization
(0.2 t0 0.3% Cu for diamond drill hole as against
0.31-0.35% Cu for blasthole sampling). There 1s
no significant change for the higher grade (>1%
Cu) mineralization. Since the commencement of
blasthole sampling this is used for pit planning, but
only for two bench heights at a time. A drainage
tunnel driven below the planned pit bottom also
supplied bulk samples to indicate the continuity of
the deposit in depth.

Reserves at Panguna are estimated at 1000
million tonnes (Table 3.1). This is over twice the
estimated reserves when Conzinc Riotinto
negotiated the concession with the Australian
administration in Papua New Guinea in 1967
(Davies, 1978). The operation produces a copper—
gold-silver concentrate with a mine output of
about 130 000 tonnes per day. In 1982 the yield
was 598 634 tonnes of 28.4% copper concentrate
containing 170 004 tonnes of copper, 17 528 kg of
gold and 43 153 kg of silver (Sassos, 1983). The
income from this porphyry copper mine in 1982
came almost equally from its copper and gold
sales. Gross sales value for the year was about US$
276 million with 51% from copper and 47% from
gold. This emphasizes the value of by-products to
the commercial viability of porphyry copper
deposits during the late 1970s and early 1980s.

3.3 EXPLORATION FOR PORPHYRY
COPPER DEPOSITS

Today exploration for porphyry copper deposits is
guided by the knowledge of the geotectonic
setting in which they occur and the detailed know-
ledge of their structure and alteration zones.
However, it is worth noting that many of the
major porphyry copper deposits were discovered
before the theory of plate tectonics had received
universal acclaim and before the Lowell and
Guilbert model was expounded in 1970. Therefore
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Fig. 3.15 Fracture analysis is
important in porphyry deposits, not
only during exploration but also in
stability analysis of operating open pits
such as here at Morenci Mine,

Arizona.
major deposits were discovered by careful
interpretation of detailed geological map-

ping and sampling. Geochemistry and geo-
physics have been widely used and of course no
economic deposits have been outlined without
extensive drilling programmes.
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The present understanding of porphyry copper
deposits means that although broad regions may
be identified as favourable prospective areas it is
not possible to predict exactly where within the
region productive intrusions will lie uniess there is
some surface showing.
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(a) Remote sensing

With the advent of satellite imagery the detection
of suitable areas for porphyry copper deposits
should be easier. Features which may be visible on
such 1mages and aerial photographs include
gossans, vegetation changes and fracture intensity
or density. We have already described the
extensive fracturing that is common in these
deposits (Fig. 3.15), and Haynes and Titley (1980)
describe the change in fracture density with
distance from the progenitor intrusion for the
Sterrita deposit in Arizona. Careful structural
interpretation of aerial photographs should reduce
considerably the area of subsequent ground
search. O’Driscoll (1981) has described the
recognition of structural corridors in Landsat
lineament interpretation and shown their relation-
ship to mineral deposits such as Bingham Canyon,
Utah.

Experimental work by Abrams et al. (1983)
using the deposits of the southwest USA has
shown how remote sensing may be used for that
area. With advances such as thematic mappers
(TM) the recognition of the extensive alteration
phenomena associated with porphyry copper
deposits may be possible during a desk study.

(b) Geophysics

As part of reconnaissance, an aero-magnetic
survey should be undertaken. Gravity surveys
may be used to locate the most likely site of the
progenitor intrusion and accurate modelling may
indicate depth. During detailed ground recon-
naissance, induced polarization (IP) is the most
applicable method because of the disseminated
nature of these deposits. Pseudosections con-
structed from IP surveys over chosen target areas
may be used to guide subsequent drilling.

(c) Geochemistry

Undoubtedly geochemistry has been one of the
more successful prospecting techniques in the
search for, and extension of, porphyry copper
deposits. The reasons for this may be summarized
(Coope, 1973):
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(1) The target is large, the alteration zone
extending well beyond the ore shells.

(2) The host rocks are fractured and therefore
there is easy access for water and oxygen. There
is relatively easy exit for weathered products.

(3) The abundance of pyrite in the deposits gives
rise to acid weathering canditions favouring the
mobilization of copper and other metals in
solution.

A geochemical exploration programme would
follow traditional lines — a stream sediment or
water survey followed by soil geochemistry.
Additionally rock sampling, vegetation sampling
or soil gas analysis may be applied.

(i) Stream sediments

Geochemical surveys using stream sediments have
proved most useful in detecting copper miner-
alization, and dispersion trains up to 20 km have
been recorded downstream from a porphyry
copper showing. This is true in areas of humid
climate and particularly in areas of high relief.
Coope (1973) and other authors have warned
about the use of cold-extractable copper (cxCu).
The pyrite content in the alteration halo of large
deposits results in acid ground- and stream-water
which in turn can give misleading cxCu data
without significantly affecting patterns in the total
metal data.

In the exploration for the Yandera deposit in
Papua New Guinea one sample of stream sediment
per 1-2 km”’ effectively delimited the porphyry
system. Samples from the —185um were
analysed for copper, molybdenum and gold but
the molybdenum was not so effective in this case.

Stream-sediment surveys are not as widely
used, or applicable, in arid areas. Possible causes of
contamination during the dry period in these areas
are windblown dust and material from bank col-
lapse. However, the La Caridad deposit, in
northern Mexico, was located by a stream-
sediment survey, probably because the deposit
was high grade and there was a good drainage
system. At La Caridad the molybdenum anomaly
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extended more than 32 km downstream from the
deposit (Chaffee, 1982). In panned concentrates
tungsten was detectable 11 km downstream from
the La Caridad deposit. Copper, while obviously
anomalous, may not be sufficiently diagnostic and
should be correlated with anomalous values of
other elements such as molybdenum, tungsten,
gold, or even tellurium, selenium or rubidium.

(ii) Soil sampling

Once the area for more intensive exploration has
been delineated then soil sampling is very
important in the search for porphyry systems.
Here copper may be less useful as a geochemical
guide than either gold or molybdenum. There
may be a zoned appearance to the anomaly with
copper and molybdenum in the centre and
anomalous zinc, manganese, silver, lead,
cadmium and bismuth in the surrounding
alteration aureole (Chaftee, 1982). Molybdenum
does not appear to be such a useful tool in areas of
deeper weathering and oxidation.

Gold has been shown to be a very good path-
finder element for porphyry systems, for example
in Puerto Rico (Learned and Boissen, 1973). Gold
was also useful in Papua New Guinea and seems
most effective in areas of steep mountainous
terrain. Here it may be the most definitive guide
low

despite concentrations 1n the primary
mineralization (average 0.1 g/t in Yandera
deposit).

Soil sampling may be undertaken on a regular
grid system or, if the terrain is mountainous and
thickly forested, ridge and spur sampling can be
undertaken and combined with contour ‘trail’
sampling. At the Yandera deposit, Fleming and
Neale (1979) recommended a trail spacing of 60 m
vertically with channel samples cut across the trail
at 10 to 15 m intervals.

In semi-arid areas the caliche layer may be
sampled but since this may not be sufficiently
widespread for an even distribution of samples it
can result in sampling bias. Similarly the sampling
of the desert varnish on pebbles may be useful in
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semi-arid areas (Chaffee, 1982) but this also suffers
tfrom the limited distribution of potential sampling
sites within the chosen area.

(iii) Rock sampling

Where possible, rock sampling is particularly
beneficial and may permit the recognition of
element zoning around a system. This zoning will
not be coincident with the alteration zones (Fig.
3.16). Detailed examination of the physical
characteristics and trace element content of
accessory minerals such as apatite and rutile can
help in target identification.

(iv) Vegetation sampling

This can be divided into geobotanical sampling,
by which we mean the recognition of the dis-
tribution of distinct plant species, and bio-
geochemical sampling where the trace element
content of plants is analysed. Geobotanical
sampling is very effective if diagnostic, or
indicator, species can be recognized. It may be
expensive if specialized botanical assistance is
required but it can be very rapid. In arid areas it
may have limited application since there may be no
germination, flowering, or a stunting of growth.

Biogeochemical sampling may be useful
because of the depth sampled by plant roots. At
Mineral Butte the copper content in selected plants
(mesquite and acacia) gave anomalous values 2 km
from the nearest mineralized outcrop (Chattee,
1982). Biogeochemical sampling suffers from the
drawback we mentioned above when discussing
caliche and desert varnish sampling, namely the
problem of uniformity in sample density. Since
there is unlikely to be equal plant distribution,
some plants having very limited distribution, at
least two species must be sampled. Other
problems with sampling plants are the variation in
element content of the ashed material with the
time of sampling and the effects of minor climatic
variations upon the uptake of elements by the
plants.



Fig. 3.16 Geochemical model of the
Kalamazoo—San Manuel porphyry copper
deposits (after Chaffee 1982).

Fig. 3.17 Schematic diagram of porphyry copper system, showing hypothetical levels of erosion (after Lowell and
Guilbert 1970, and Chaffee 1982).
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(v) Groundwater and soil gas sampling

Both these techniques are more useful in arid areas
than in humid areas. In arid areas wells may be
sampled and the pumping effect of the well may
mean that the groundwater is representative of
wide areas. Soil gas sampling is probably to
become very important in the search for ‘blind’
porphyry systems, that is those with no surface
expressions. SO,, H»S and Hg emanations can all
be sought because of the size of oxidizing sulphide
bodies.

(d) Detailed geological mapping

Although the indirect methods, geochemistry and
geophysics, provide many data to indicate suitable
targets for further investigation, the role of careful
geological mapping must not be underestimated.
Detailed geological, structural and alteration
mapping has to be undertaken at all available
outcrops. The exploration geologist must con-
sider the various features of the porphyry
system which may be exposed by erosion (Fig.
3.17). The structural and alteration characteristics
of porphyry copper systems are such that this
geological approach is amongst the most sig-
nificant ones adopted. All float material must be
examined for alteration characteristics. Detailed
laboratory petrological and mineralogical trace
element studies on collected specimens will be
undertaken to identify the mineralized zone. As
we have seen, this mineralized area may be
overlain by a leached capping. Certain elements
may be enriched in these leached cappings. In a
highly leached deposit, the Berg porphyry copper
in British Columbia, Heberlein et al. (1983)
showed a surface enrichment of Mo-Pb-Ag-F
over the mineralized zone.

(e) Characteristics of the leached capping or
gossan

Lithogeochemistry is used during the detailed
reconnaissance stage to delimit the alteration zones
as we have outlined above. It is also used in more
detail, once the target has been selected, to
characterize the leached capping (Anderson,
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1982). Field estimates are made of the limonite and
copper mineralogy of the capping. From these,
estimates are made of the maximum and
minimum copper grades of the former sulphide
zone. Detailed mapping of the limonite and copper
mineralogy and geochemical analyses for copper
in the rock lead to semi-quantitative predictions of
the primary grade and grade of the chalcocite
enrichment zone. These predictions can be proven
only by extensive diamond drilling. Anderson
(1982) quotes figures for comparisons at 18
porphyry copper properties in southwestern
USA. Here drilling results showed that over 75%
of the primary-grade predictions agreed within
30% of the actual (drilling-determined) values and
over 80% of the chalcocite-enrichment predictions
agreed within 20% of the values obtained by
drilling.

Although capping interpretation is very useful it
is not a universally applicable definitive method of
porphyry copper evaluation. The petrology of the
cap may be affected by carbonate host rocks below
the surface which inhibit copper migration or
faults may be present which offset the sulphide
mineralization. Consequently the cap evaluation
must form only part of an integrated survey
involving geology, geophysics, geochemistry
and, subsequently, drilling.

3.4 PORPHYRY MOLYBDENUM DEPOSITS

3.4.1 Introduction

Although commercial quantities of molybdenum
occur as by-products or co-products in porphyry
copper deposits this is not the major source of
molybdenum. A variety of other deposits contain
economic  concentrations of  molybdenite
including skarns, quartz veins and greisens. The
most important source of molybdenum is the
porphyry molybdenum deposits. White et al.
(1981) provide an outline of molybdenum deposits
and divide the porphyry molybdenum deposits
into the Climax type and the quartz monzonite
type based upon the petrology of the causative
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Table 3.2 Comparison of types of porphyry molybdenum deposits (from White et al., 1981).

Characteristics

Climax type

Quartz monzonite type

Co-genetic rock type

Intrusive phases

Intrusive type Stock
Ore body type Stockwork
Ore body shape Inverted cup

Ore grade, average % MoS» 0.30 to 0.45
Ore body tonnage
Disseminated MoS» Rare
Age

Fluorine minerals
Bismuth minerals Sulphosalts
Tungsten minerals
Tin minerals
Copper minerals
Silicification
Greisenization

Ore zone Cu: Mo ratio 1:100 to 1:50

Granite porphyry

Multiple intrusions of granite

50 to 1000 million tonnes

Middle to late Tertiary

Fluorite, topaz

Wolframite (huebnerite)
Cassiterite, stannite
Rare chalcopyrite
High silica core

Greisen common

Quartz monzonite porphyry

Composite intrusions of diorite
to quartz monzonite

Stock or batholith
Stockwork

[nverted cup, tabular
0.10 t0 0.20

50 to 1000 million tonnes
Rare

Mesozoic and Tertiary
Fluorite

Sulphosalts

Scheelite

Rare

Minor chalcopyrite
No high‘silica

No greisen

1:30to 1:1

igneous body. Table 3.2 shows some of the dif-
ferences between the two types as recognized by
White and co-authors. Sillitoe (1980) dis-
tinguished two broad categories of porphyry mol-
ybdenum deposits based on their tectonic setting.
These were subduction related and rift related, a
distinction which he stated accounted for some of
the geological differences in known porphyry
molybdenum deposits. Westra and Keith (1981)
proposed a broad twofold division into (a) calc-
alkaline stockworks related to granodioritic to
granitic differentiates of calc-alkalic to high-
potassium calc-alkalic magma series and (b) alkali-
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calcic and alkalic stockworks related to granitic
differentiates of alkali-calcic and alkalic series.

3.4.2 General characteristics of porphyry
molybdenum deposits

(a) Distribution of deposits in time and space
Porphyry molybdenum deposits have been
recognized in western Canada, western USA,
Mexico, Peru, Greenland, Yugoslavia, China and
the USSR. Comparison with the global dis-
tribution of porphyry copper deposits (Fig. 3.4)
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shows a marked similarity but not exact
coincidence. Far fewer deposits of porphyry
molybdenum have been worked commercially
than porphyry coppers. Their more limited
occurrence  suggests  somewhat  narrower
geological constraints on their formation than
those applicable to porphyry copper. To illustrate
the difference in localized geographical
distribution we may quote examples from two
states in the USA. Arizona, where so far no
economic porphyry molybdenum deposits have
been developed, contains in excess of 30 porphyry
copper deposits; Colorado, on the other hand,
which has a paucity of porphyry copper deposits,
contains three of the largest porphyry mol-
ybdenum deposits in the World — Climax,
Henderson and Mt Emmons (Fig. 3.18).

Most porphyry molybdenum occurrences are
Mesozoic and Tertiary in age. Ages of the deposits
in the western USA, the Colorado-New Mexico
molybdenum province, range from about 17 to
140 million years. The oldest in British Columbia
1s the Endako deposit, dated at about 140 million
years. The Malmbjerg deposit in Greenland is
Middle Oligocene, and Jurassic porphyry
molybdenum deposits have been recorded from
the USSR.

(b) Size and grade of deposits

The molybdenite content of the Climax type of
porphyry molybdenum deposits ranges from less
than 0.1% to more than 1%, the average grade
being between 0.3 and 0.45% MoS,. The quartz—
monzonite type has average grades nearer 0.15%
MoS,. The ore body tonnages for both types are
similar, ranging from approximately 50 million
tonnes to over 1000 million tonnes (Fig. 3.19). The
largest concentration of Climax-type deposits,
and of porphyry molybdenum deposits
worldwide, occurs in Colorado; the sizes of these
deposits are given in Table 3.3. Two of the largest
quartz monzonite-type deposits are Mt Tolman,
Washington, and Quartz Hill in Alaska.

(c) Mineralogy
In Climax-type deposits most, perhaps 90%, of
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Fig. 3.18 Arecas of known molybdenum occurrences
(stippled) and selected major molybdenum ore deposits
in Colorado and Northern New Mexico. Bouger gravity
contours in milligals. (After White et al. 1981.)

the molybdenum is in quartz—molybdenite
veinlets forming a stockwork. The molybdenite
commonly occurs along the veinlet walls but may
appear as discontinuous layers and disseminations
within the quartz veins. Minor molybdenite may
form coatings on fractures and can occur as dis-
seminated crystals in porphyries, breccias and
other associated igneous rocks.

In the majority of these systems the molyb-
denite is associated with pyrite and with fluorine-
and tungsten-bearing species. Scheelite is a
common accessory mineral in the quartz mon-
zonite type and may be a by-product.
These quartz monzonite systems may contain
copper but chalcopyrite is rare in the Climax type.
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Size of deposit (million fonnes)

Table 3.3. Climax-type molybdenum deposits of Colorado. (Sources: White et al. 1981; Thomas and Galey 1982.)
Size Grade
(0.2% MoS> Thickness Reserves (%)
Deposit cut off) (m) (million tonnes) MoS> Status
Climax 1300 X 900 m 250 400 0.45 Underground mine
Henderson 1000 x 750 m <300 300 0.49 Underground mine
Mt Emmons 700 m diam. 100 150 0.44 Mine design

It appears that some of the quartz monzonite
systems are intermediate between porphyry
molybdenum deposits and porphyry copper
deposits. In such deposits the copper-to-molyb-
denum ratio ranges from 1:1 to 1:10.
An example of such an intermediate deposit type is
Nevada Molybdenum, USA. Tin may occur as
cassiterite or stannite in Climax-type deposits but
is rare in the quartz monzonite type.

(d) Host lithology
Porphyry molybdenum deposits are associated
with porphyritic intrusions ranging from quartz
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monzonite to high-silica alkali-rich granites. It is
on the basis of the composition of the co-genetic
intrusion that White et al. (1981) have subdivided
porphyry molybdenum deposits into a quartz
monzonite subclass and a Climax- (granite-) type
subclass. The latter subclass is named after the
Climax mine, Colorado, which has been the
World’s largest single producer of molybdenum
for many years.

In Climax-type deposits the dominant
intrusives are granite porphyries with rhyolite
porphyry caps if the system vented. The
intrusives are highly differentiated. Ore deposits
belonging to the quartz monzonite type are
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associated with small, usually composite, stocks
and late stages of batholiths. Differentiation trends
are frequently observed in the systems, beginning
with diorite or quartz diorite and passing through
granodiorite to quartz monzonites. The quartz
monzonites are often well differentiated and in
places approach granite in composition (White et
al., 1981). The geological characteristics of some
of the more important quartz monzonite types,
those occurring in British Columbia, are described
by Soregaroli and Sutherland Brown (1976).
Important in the genesis of Climax-type ore
bodies is the cyclical nature of the intrusion of the
host plutons and the associated mineralization.
The recognition of this cyclicity and the possibility
of the occurrence of multiple phases of miner-
alization within a relatively short span of
geological time led to the discovery of the
Henderson ore body and may be crucial to the
discovery of further Climax-type bodies. Where

multiple intrusion and mineralization have

occurred the later intrusions do not rise as high in
the vertical sequence as the earlier intrusions and
their associated ore bodies. This may be seen at
Red Mountain, where the early Urad ore body
occurs some 800 m higher than the later
Henderson ore body (Fig. 3.20), and is also shown
at Climax and Mt Emmons (Figs 3.21 and 3.23).

(e) Alteration

As with porphyry copper deposits the hydro-
thermal alteration of the rocks surrounding the ore
bodies is characteristic of porphyry molybdenum
deposits. The alteration halos greatly enlarge the
target for exploration and may be the only surface
expression of underlying molybdenum miner-
alization (Fig. 3.23). The major zones are
comparable to those of the porphyry coppers —
potassic zone, phyllic zone, an argillic zone which
may be divisible into upper and lower zones, and
the prophylitic zone. In addition to these there are
minor zones defined by specific alteration mineral

Fig.3.20 (a) Diagrammatic section showing intrusion of Primos porphyry and formation of upper lobe of Henderson
ore body. (b) Diagrammatic section showing intrusion of Henderson granite and renewed molybdenite
mineralization. Stippled areas, >0.2% MoS». (After Wallace et al. 1978.)
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Fig. 3.21 Climax ore
bodies, Colorado
(from White et al.
1981).

species, which are distinct from the major
alteration assemblages in which they occur. These
minor zones are a vein silica zone, pervasive silica
zone, magnetite and topaz zones, a greisen zone
and a garnet zone.

(i) Potassic zone

Here the diagnostic feature is the total replacement
of plagioclase by potassium feldspar and the zone
is often bordered by a rock which shows pink
potassium feldspar, relatively fresh primary
biotite and plagioclase feldspars only partially
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replaced by potassium feldspars. The potassic zone
almost exactly coincides with the ore body in the
Henderson deposit (Fig. 3.20). Potassic alteration
takes place before, during and after molybdenite
mineralization in most deposits and the close
spatial relationship noted for Henderson occurs in
many other deposits (for example, Climax).

At Mt Emmons the potassium feldspar zone is
veined, and pervasively flooded, by quartz,
magnetite and biotite; the grade of molybdenite
averages less than 0.1% MoS; and this represents a
low-grade footwall zone to the molybdenite ore
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body. Potassic alteration is prominent in all
deposits in the Canadian Cordillera and most
deposits show a close spatial relationship between
this alteration and molybdenum mineralization.

Field evidence supports experimental data in the
hypothesis that late magmatic hydrous potassium-
rich silicate melts play a significant role in
concentrating molybdenum (Westra and Keith,
1981).

(ii) Phyllic zone

This alteration zone is characterized by the
sericitization of potassium feldspar and plagio-
clase, and by abundant pyrite. It may show a
change in dominant mineral component and per-
alteration downwards, towards the
intrusion, from sericite to pyrite to quartz. In the
Henderson deposit this zone partially overlaps the
ore body and extends almost 450 m upwards from
it. At Mt Emmons it extends about 400 m above
the upper limit of potassic alteration. The pyrite
content of the phyllic zone at Mt Emmons
averages 6%. At Climax the pyrite content of the
pyritic zones averages between 3 and 6% whereas
the pyrite zone at Henderson contains between
6 and 10% pyrite generally carrying little
or no molybdenite. A phyllic zone occurs in most
porphyry molybdenum deposits in the Canadian
Cordillera, and at Endako and Boss Mountain
sericite 1s directly related in variable degrees to
molybdenum mineralization.

vasive

(iii) Argillic zones

The upper portion of the argillic zone is marked by
the argillization of plagioclase feldspar, the
feldspar being replaced by montmorillonite,
kaolinite and sericite. According to White et al.
(1981) montmorillonite is more common on the
margins and kaolinite is more abundant in the
interior. Potassium feldspar is relatively unaltered
and quartz remains fresh. Biotite is altered, being
replaced by muscovite, sericite, small quantities of
rutile, leucoxene, pyrite, carbonate and fluorite.
With depth the lower argillic zone is reached
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which is characterized by argillization of primary
and secondary feldspars. Kaolinite is the most
common clay mineral. In porphyry molybdenum
deposits of the Canadian Cordillera argillic
alteration is reported from only three deposits and
is genetically important at one, Endako, where it
accompanies molybdenite introduction
(Soregaroli and Sutherland Brown, 1976).

(iv) Propylitic zone

The typical propylitic assemblage is chlorite-
epidote—pyrite but will also contain calcite, clay
and sericite which probably derive from the
plagioclase. The chlorite of this zone is an
alteration product of biotite and the appearance of
unaltered biotite may mark the outward boundary
of this zone. Propylitic alteration is common in the
outer portions of many deposits in the Canadian
Cordillera, for example Boss Mountain where
early propylitized fragments are found in breccias
which have subsequently been biotitized.

(v) Vein silica zone

This occurs in the potassium-feldspathized rock
and is marked by much quartz veining. The
average quartz content may be increased from 40

to 70%.

(vi) Pervasive silica zone

In the hydrothermally altered rocks, areas may
occur which contain more than 90% quartz. These
are within the K~feldspathized zone and may have
destroyed most of the characteristic features of that
zone. The borders of this zone may contain
concentrations of green biotite, topaz and chlorite
which White ef al. (1981) suggest may have been
purged from the areas of intense silicification.

(vii) Magnetite and topaz zones

Although these tvyo minerals occur together they
do not appear to be genetically related. The
magnetite content cf the potassic alteration zone
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may reach 30% (Thomas and Galey, 1982), the
magnetite occurring in discontinuous mono-
mineralic veinlets less than 6 mm wide. The topaz
occurs in veins up to this width, or adjacent to such
veins which also carry quartz and pyrite. Where
the topaz-bearing wveinlets cut quartz-sericite—
pyrite rock or feldspar rock the topaz replaces
feldspar or its pscudomorphs.

(viii) Greisen zone

A typical greisen vein is largely quartz and
molybdenite with some topaz, pyrite, magnetite
and muscovite. Greisen veins may cut through the
ore body as at Henderson and they cut the K-
feldspathized rock.

(ix) Garnet zone

The garnet zone is typified by the occurrence of
spessartine garnet and at Henderson the zone over-
laps the argillic and phyllic zones. The garnet here
is intimately associated with a suite of galena—
sphalerite-rhodochrosite and is part of a late-stage
hydrothermal event.

(f) Tectonic setting

Sillitoe (1980) proposed the division of porphyry
molybdenum deposits into two main types, sub-
duction related and rift related. He assigns Climax,
Henderson, Mt Emmons and Questa to a sub-
division of the rift-related class, characterized by
back-arc rifting induced by slowing, steepening
and eventual cessation of subduction. He noted
that during rifting, the back-arc region of the
western USA  changed from calc-alkaline to
basalt-rhyolite magmatism and the metallogeny of
the back-arc region changed from chalcophile,
dominantly  copper, to lithophile.  The
Climax-type magmas and ore bodies apparently
formed during a relatively quiescent, atectonic
interval that followed subduction-related com-
pressional tectonism and calc-alkaline magmatism
but preceded rift-related extensional
faulting and occurred without, or before, known
local  rift-related  basaltic An

strong

volcanism.
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illustration of the relationship between the
stockwork molybdenum deposits, the porphyry
copper deposits and a convergent plate margin is
shown in Fig. 3.22.

The porphyry molybdenum deposits of the
Canadian Cordillera also contain examples of ore
bodies formed after a major phase of com-
pressional stress had waned. This may be
illustrated by the Endako deposit, at 140 million
years the oldest economic porphyry molybdenum
occurrence in the Cordillera. Here internal graben
and antithetic vein structures within the deposit
suggest distension but the age dating places this
deposit within the Columbian compressional
event. This suggests that the deposit formed late in
the event when the compressional stresses had
waned.

3.4.3 Genesis of porphyry molybdenum
deposits

(a) Genesis of Climax type
The lower crustal partial melting which formed
the calc-alkaline batholiths of the Colorado
mineral belt was followed by the Climax-related
episode of partial melting. This latter event
probably occurred in the preheated upper portion
of the lower crust; however, Westra and Keith
(1981) propose that the enrichment process started
in the mantle. They then invoke deep crustal
material to result in the formation of a fluorine-
rich, high silica and K-rich granitic melt. This part
of the crust had not been depleted in granitic
constituents and incompatible trace elements.
The molybdenum present is likely to be con-
centrated in the K-rich residual melt. As the final
fluid crystallizes to quartz and K-feldspar, excess
potassium is introduced into the wall rock. A
reduction of confining pressure allows the release
of a large volume of less saline magmatic hydro-
thermal fluid which is responsible for the main
mineralization. Westra and Keith suggest magma
convection as the most likely process to supply the
volume of hydrothermal fluids, the molybdenum
and the thermal energy.

Extensive mixing of magmatic and meteoric
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hydrothermal fluids occurred in the quartz—
sericite—pyrite and argillic zones but within the ore
zone magmatic fluid pressures prevented the influx
of meteoric fluids beyond the edge of the zone of
stockwork fracturing. The importance of
meteoric waters for the formation of the molyb-
denite ore shell appears minor (Westra and Keith,
1981).

The intrusions associated with Climax-type ore
bodies may have risen diapirically and the multiple
intrusions typical of these deposits suggests
repeated activity, possibly with successive
intrusions rising along zones of weakness created
by previous diapirs. The successive intrusions
indicate increasing differentiation of a parent
magma. As the diapirs rose higher they encoun-
tered zones of stronger thermal gradients and
changes in stress patterns. The end result was the
extreme upward concentration of volatiles and
molybdenum. At Climax the intrusive cycle
repeated at least four times, at Mt Emmons-
Redwell at least three times and at Henderson at

200
Distance (km)

least five times.

The depth of formation for the Urad ore body
was about 600 to 800 m below surface; for the
Henderson ore body it was about 1600 to 2000 m
below surface. The Ceresco ore body at Climax
appears to have formed between 3300 and 4000 m
below surface. Therefore in the Urad ore body the
pressure was almost entirely hydrostatic and the
flow of heat and volatiles would have been
primarily upward from the magma through
fractured permeable rocks, towards the surface.
Such a stress regime would result in an almost
cylindrical deposit with the Urad ore body little
more than an aberrant bulge on the cylinder.
Climax and Henderson, on the other hand, were
well insulated and the hydrothermal solutions
moved outwards as well as upwards because of the
more homogeneous conditions. The more general
‘umbrella’-shaped deposits were formed here. The
greater depth of formation of the Climax ore
bodies and the more gradual thermal gradient may
be one of the reasons that the ore bodies formed
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further from the causative plutons than either
those at Urad or Henderson. Another reflection of
the more gradual thermal gradient may be the
extent of low-grade molybdenite mineralization
on the hangingwalls of the deposits. At Climax the
0.1% MoS; zones may be up to 170 m thick
whereas at Henderson the equivalent zone is only
65 m thick.

At Climax and Red Mountain it is possible to
correlate a specific ore body with a discrete
intrusive phase of a composite intrusion. At Mt
Emmons only one episode of economic molyb-
denum mineralization has been recognized to
date, that associated with the Red Lady stock. At
Climax, following the intrusion of the first phase
of the Climax stock, all subsequent phases
produced ore and were emplaced close to, but
generally below, their predecessors, and each ore
body partially overlaps the next older. At Red
Mountain the cycle of intrusion-productive
mineralization was interrupted by the intrusion of
the Red Mountain porphyry with which there is
no associated economic mineralization. This
porphyry separates the Urad and Henderson ore
bodies in time; these ore bodies are also separate in
space by about 800 m (Fig. 3.20). Wallace et al.
(1978) proposed that the Red Mountain porphyry
vented and the accompanying mineralizing fluids
were dissipated at surface.

The genesis of the Henderson ore body is
viewed by White et al. (1981) as related to the
intrusive suite of the Primos intrusive. This
intrusive injected and fractured the host Urad
porphyry stock. Inward cooling and fractional
crystallization of the Primos magma produced an
aqueous phase which collected in areas now
marked by micrographic textures and pegmatites.
Continued accumulation of fluids and build-up of
hydraulic overpressures caused hydrofracturing of
the chilled margin of the intrusive and its
surrounding host. The ore fluids were released to
form part of the Henderson ore body. Quenching,
along with the self-sealing nature of the quartz-
molybdenite mineralization, formed a new
relatively impermeable carapace that allowed the
process to repeat again and again until exhausted.

(b) Genesis of calc-alkaline molybdenum
deposits

These are associated with calc-alkaline and high-K
calc-alkalic arc magmas. The parent magmas are
low in fluorine and molybdenum. They may occur
as stock-type or as plutonic-type stockworks. The
lack of co-magmatic extrusive rocks suggests the
magma had a low water content or was emplaced
at rather deep levels in the crust. Formation of the
zone of stockwork fracturing started a complex
magmatic hydrothermal convective system. A
central zone dominated by magmatic hydro-
thermal fluids at lithostatic pressure was
surrounded by a large meteoric convection system
under hydrostatic pressure (Westra and Keith,
1981). In the plutonic stockworks high confining
pressures prevent boiling of the magmatic hydro-
thermal fluid. Lack of boiling stops effective H,S
fractionation into the vapour phase and the pyrite
halo is weakly developed or lacking in these
plutonic stockworks.

Owing to the low initial molybdenum content
of the parent magma and the relatively inefficient
concentration mechanisms in the magma, the final
grade in the hydrothermal system will rarely
exceed 0.25% MoS..

3.4.4 The Mount Emmons porphyry
molybdenum deposit

The Mt Emmons deposit is one of three molyb-
denite deposits which underlie this mountain, 30
km north of Gunnison in west central Colorado.
The other two are the Upper and Lower Redwell
deposits which are smaller and leaner than the Mt
Emmons deposit (Fig. 3.23). The detailed
structural control for the occurrence of these
deposits is unknown but they do not appear related
to the same structural lineaments as the Climax
and Henderson deposits which lie over 80 km to
the north east (Fig. 3.18).

(a) Geology
The rocks of Mt Emmons are Cretaceous, dark
carbonaceous shales and sandstones, overlain by
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Tertiary sandstones. The stocks which intrude
these sediments are fine grained to coarsely
porphyritic granites dated as Miocene—Pliocene. A
rhyolite pipe and intrusive breccia followed the
emplacement of the stocks. This breccia contains
rounded fragments of rhyolite, shale, hornfels and
less commonly rhyolite porphyry fragments.

Upper and lower molybdenum deposits occur
in the Redwell Basin area, northwest of the
summit of Mt Emmons. The upper molybdenum
deposit is a stockwork of veinlets in brown
hornfels and rhyolite porphyry. Using a 0.1%
MoS; assay cut-off this upper deposit contains
about 20 million tonnes averaging 0.18% MoS,.
Neither the upper nor the lower deposit appears to
have an inverted cup shape which is so charac-
teristic of the other Climax-type porphyry molyb-
denum ore bodies (Thomas and Galey, 1982).

The molybdenite is fine grained and occurs
chiefly on the borders of the fine-grained light-
grey quartz veinlets. The lower deposit lies
entirely within the Redwell stock and is a widely
spaced network of sharp-walled quartz veinlets.
These are relatively rich in molybdenite and
contain trace amounts of K-feldspar, fluorite and
pyrite.

The phase of the stock which contains the lower
deposit, unlike the porphyry that hosts part of the
upper deposit, is depleted in fluorine, weakly
enriched in KO and strongly enriched in Na,O.

(b) Mt Emmons molybdenite deposit

The following description is based on Thomas and
Galey (1982). This deposit lies south-east of the
Redwell Basin deposits and is related to the upper
contact of the Red Lady stock. This is a hydro-
thermally altered cylindrical-shaped composite
intrusion. The crest of the stock is potassically
altered but contains relict phenocrysts such as
those in the porphyritic core of the intrusion. The
potassic alteration zone overlaps the top of the
stock and adjacent hornfels, shaped like a shallow
inverted bowl. Little of this K~feldspathized zone
remains as it has been extensively veined, flooded,
and largely replaced by fine-grained magnetite,
quartz, minor biotite and trace molybdenite. The
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magnetite content varies from 10 to 30%. The
grade of molybdenite in the intense potassic zone
averages less than 0.10% MoS,, representing a
low-grade footwall fringe to the molybdenum ore
body.

In the Red Lady Basin the phyllic zone extends
about 400 m above the upper limit of potassic
alteration and at the surface lies somewhat east of
the projection of the stock. From the surface
downward the dominant mineral component of
veinlets and pervasive alteration changes from
sericite to pyrite and quartz. The pyrite content of
the propylitic zone averages about 1% and locally
reaches 6-8%.

Pyrrhotite occurs in a 500-m-thick zone which
thins as it nears the zone of phyllically altered rocks
above the stock (Fig. 3.23). The pyrrhotite content
varies from about 3% in unaltered hormnfels to less
than 1% near the phyllic zone.

The Mt Emmons deposit is a contact-related
stockwork of quartz veinlets containing molyb-
denite and variable amounts of fluorite, pyrite and
very minor huebnerite. The thickest part of the ore
shell and best grades of molybdenum are found on
the steepest flanks of the stock. Estimates made by
Amax indicate reserves of about 150 million
tonnes of mineralized porphyry and hornfels with
average grades of 0.44% MoS,.

Molybdenite in the ore zone is generally fine
grained and is concentrated principally in thin
discontinuous ribbons in quartz veins containing
variable but minor amounts of fluorite, pyrite,
biotite and K-feldspar. Where the host rock is
porphyritic, molybdenite also occurs as fine grains
coating phenocrysts, as fine disseminations in the
matrix and in short discontinuous gashes lacking
quartz.

(c) Emplacement of the intrusions and genesis
of the ore bodies

Although the structural controls which localized
the stocks in the vicinity of Mt Emmons are un-
known, the effects of the stocks themselves are
well documented (Thomas and Galey, 1982).
Contact metamorphism physically changed the
rocks overlying the stocks and resulted in
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Fig. 3.23 Diagrammatic section showing the three molybdenite deposits at Mt Emmons, Colorado. Extent of
propylitic alteration, quartz vein intensity >1 per 0.3 m, ground magnetics and fluorine anomalies also shown (after

Thomas and Galey 1982).

increased brittleness and the ability to sustain
fractures. The rhyolite of the pipe crystallized
from a fluid enriched in tungsten, fluorine,
rubidium and niobium that was ‘partioned’ from
the underlying stock. The fluid moved into the
crackled hornfels overlying the rhyolite porphyry
cupola and exploded upward from a point where
impervious shales blocked further upward
migration. Intrusive breccias in the Redwell and
Red Lady Basins carried fragments of porphyry
containing molybdenite at least 300 m upward
from underlying deposits.

In comparing the geology of the Redwell and
Red Lady Basins the upper Redwell deposit is over
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a small rhyolite porphyry cupola which apparently
vented as a moderate-sized breccia pipe. On the
other hand the Mt Emmons ore body is associated
with a much larger stock which rose to a higher
level and does not appear to have vented as a pipe.
If a pipe formed well above the Red Lady stock as
one formed above the Redwell Basin cupola all
traces have been removed by erosion. Pervasive
silicification, hydrothermal magnetite, and potassic
alteration were significant features of the
hydrothermal system associated with the Red
Lady stock but were not major in the Redwell
system.

The presence of orthoclase in quartz—molyb-
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denite veins of the deposit and the fact that
molybdenite-bearing veins cut the pervasively
K-feldspathized zone suggests that the period of
molybdenum mineralization was essentially con-
temporaneous with, or slightly later than, the
period of K-feldspathization. Weak to moderate
localized sericitic alteration of K-feldspar in the
veins suggests that a period of weak phyllic
alteration followed molybdenite mineralization.

(d) Exploration at Mt Emmons

Intrusive breccias, with fragments of porphyry
containing molybdenite derived from the under-
lying deposits, are the only direct evidence at the
surface of underlying porphyry molybdenum
systems. The surface expression of the Mt
Emmons deposit is a broad zone of phyllically
altered rocks cut by a stockwork of quartz veins
and veinlets. The area had been worked for base-
metal vein mineralization. Extensive drilling in the
Redwell Basin revealed extensions of this shallow
base-metal mineralization and identified the two
deep, low-grade molybdenum deposits.

The geochemical expression of the Mt Emmons
molybdenum deposit is very subtle at the surface.
Molybdenum is not anomalous in either stream
sediments or waters; it is above background in
only a few special samples of vein material and in
the intrusive breccias referred to above. Lead, zinc,
copper, tungsten and fluorine were anomalous in
stream  sediments. The last two elements
generally corresponded to the zone of phyllically
altered rocks when rock chip samples, collected on
a 125 m grid, were examined.

Exploration for the Mt Emmons deposit
mvolved surface drilling and reinvestigation of the
Keystone Mine drift (Fig. 3.23). A regional acro-
magnetic survey and a study of the down-the-hole
physical properties were the only geophysical
work carried out prior to the discovery. A hole
was drilled north-east from underground in the
Keystone Mine. This hole discovered a high-grade
porphyry molybdenum system. After the dis-
covery of magnetite in the footwall the regional
acromagnetic data were reinterpreted to show a
small amplitude, closed magnetic high south of the
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surface projection of the Red Lady stock. A series
of ground magnetic traverses confirmed the
presence of this anomaly and sharpened the detail.
Gravity surveys were also run but these proved
inconclusive whereas complex resistivity res-
ponded well to the Keystone vein system and the
high pyrite concentration in the phyllically altered
rocks.

After the initial discovery the exploration
programme involved about 15 000 m of drilling in
a total of 20 holes to define the ore body. The
drilling was guided, in part, by the magnetic
surveys, rock chip sampling and additional
detailed mapping. Figure 3.24 shows the
definition of the target zone based upon these
available data and the relationship of the ore body
as outlined by drilling to these surface expressions.
Although a full feasibility study and Environ-
mental Impact Statement have been submitted for
this project, the depressed World metal market has
prevented the exploitation of this deposit at the
time of writing.

3.5 EXPLORATION FOR PORPHYRY
MOLYBDENUM DEPOSITS

The exploration philosophy for porphyry copper
deposits, outlined earlier in this chapter, may be
regarded as generally applicable to the search for
porphyry molybdenum with some modifications.
The first difterence will be in the regional selection
based upon the geotectonic setting of porphyry
molybdenum compared to porphyry copper
deposits.

The of porphyry molybdenum
deposits into back-arc rift-related and subduction-
related deposits as described by Sillitoe (1980) may
be used as the starting point for any exploration
programme. Examples of suitable locations may
be chosen from plate tectonic considerations. At
present the highest grade and largest tonnage
deposits are those belonging to the rift-related
category of Sillitoe and further described as the
Climax type (Fig. 3.19). Appreciable tonnage is
available, albeit at a lower grade, in the sub-
duction related category.

division
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Fig. 3.24 (a) Results of ground magnetic survey over Red Lady Stock, Mt Emmons, Colorado, Contour values above

55 000y (total field measurements). Distribution of (b) fluorine and (c) tungsten in surface rock chip samples (values in
ppm). Stars denote centre of molybdenite deposits projected to surface. Stippled areas in (b) and (c) show phyllically
altered rocks at surface. (From Thomas and Galey 1982.)

Another method of defining areas with a high
exploration potential, specifically for granite
molybdenite systems, is by major element
chemical ‘fingerprints’ (Mutschler et al., 1981).
The following ‘fingerprints’ were defined: (a) SiO,
>74.0 wt%: Na,O <3.6 wt%; K,0O >4.5 wt% for
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fresh source rocks and altered rocks of potassic and
quartz sericite assemblages. (b) Si02>74.0 wt%;
Na,O <2.5wt%; K,O > 4.5wt% which will
reject fresh source rocks but will accept potassic
and quartz—sericite assemblage rocks as well as
some argillic altered samples. Having identified
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prospective areas it is still necessary to define the
target more closely and sample and map it on the
ground.

Within a chosen tectonic area remote sensing
may be applied to define the target area more
closely, and structural synthesis should be used.
Despite the structural control evident in many
deposits this control is not always evident, as in the
case of Mt Emmons, and other methods of target
definition are required. The percentages of
magnetite within the deposits, as in the case of
Henderson and Mt Emmons, means that regional
aeromagnetic surveys are particularly relevant,
The wide alteration halo surrounding the deposits
enlarges the target considerably and the
association of high fluorine and occasionally
tungsten make soil geochemistry particularly
attractive. The occurrence of high-level breccia
pipes, often containing ore-bearing fragments
from much deeper in the deposit, stresses the
importance of careful geological mapping and
lithogeochemistry. Ground magnetic surveys
may be used to define more accurately the deposit
and to guide drilling, as in the case of Mt Emmons.

3.6 PORPHYRY GOLD DEPOSITS

In describing porphyry deposits in this Chapter we
have made a major subdivision into those
producing  copper and those producing
molybdenum. But as we have seen, porphyry
copper deposits can be made economically viable
by their gold production. Others have appreciable
by-product molybdenum, and Kesler (1973)
divided porphyry copper deposits into molyb-
denum-rich and gold-rich categories. Since
porphyry molybdenum deposits occur that carry
minor copper the question arises do porphyry gold
deposits occur that carry minor copper? We are not
the first to ask this question. Sillitoe (1979)
reviewed the evidence available from porphyry
copper deposits with more than 0.4 g/t gold in an
attempt to establish criteria for the occurrence of
high gold content in porphyry deposits. He con-
cluded that high gold content is not directly related
to geotectonic setting, composition of the host
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intrusion, nature of the wall rocks, age of the
mineralization, erosion level, size of the ore body
or sericitic alteration.

Gold is closely associated with chalcopyrite (+
bornite) mineralization. In the deposits studied
by Sillitoe there was an abundance of magnetite,
often accompanied by replacement quartz, in the
gold-bearing feldspar-stable assemblage. Con-
ditions conducive to this association would
include abnormally high {O,/fS,; ratio in the
magmatic environment the causes of which are
unknown. The geochemical conditions for gold
transport and deposition are the major factors for
gold concentration and only porphyry systems
which evolve these conditions will be gold-
enriched. Why these conditions appear to be
satisfied more commonly in island arc environ-
ments rather than in margins
is, as yet, unknown.

Whatever the reason for the occurrence of gold-
rich deposits the presence of a high magnetite con-
tent in many of them is of significance in
exploration. When discussing exploration for
porphyry copper deposits we suggested the use of
airborne magnetic surveys as an integral part of the
reconnaissance survey. If gold-rich porphyries are
sought then the emphasis on magnetic surveys is
even stronger, both airborne and as ground
follow-up surveys. Drilling can be directed to the
areas with the highest magnetic response if the
gold-rich character of the deposit has been
established. Sillitoe (1979) suggests that if leached
capping appraisals (Section 3.3.e) indicate low-
grade copper mineralization but a higher than
normal magnetite content is shown in the feldspar-
stable alteration zone more exploration may be
warranted. If such high-gold low-copper deposits
are discovered they may well be distinguished as
porphyry gold deposits and these may become
very important targets for exploration towards the
end of this century.

continental

3.7 PORPHYRY TIN DEPOSITS

Tin has been worked from stockworks in
Germany, Cornwall, England and Australia.
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Those in Cornwall, which occur as sheeted vein
structures, have many characteristics in common
with porphyry deposits. They appear to have been
formed at a high level in the crust, and fluid
inclusion studies show evidence of boiling.
Hydrofracturing has been a major process in
ground preparation for mineralization, and
explosive  brecciation has occurred. The
mineralogy of these deposits is relatively simple
with very few sulphides present. Perhaps the
thermal system was insufficiently long-lived to
allow meteoric waters to play a dominant role in
the mineralization. Within the same metallogenic
province there are greisen-bordered veins which
have suffered argillic alteration and which have a
more complex mineralogy including sulphides;
here the hydrothermal system was longer-lasting
with meteoric water becoming important; perhaps
in these brecciation did not occur. (Thorne and
Edwards, 1985.)

The tin in Cornwall belongs to a plutonic
environment but Sillitoe et al. (1975) described
porphyry tin associated with stocks in the sub-
volcanic portion of the Bolivian tin province south
of Oruro. The stocks are considered to have been
emplaced beneath stratovolcanoes and although
these deposits have some fundamental differences
from porphyry coppers, such as the lack of a
potassic alteration zone, they have many features
in common with them. There is pervasive sericitic
alteration and propylitic alteration; also pyritic
haloes are present. The grade of these deposits is
between 0.2 and 0.3% Sn, which is higher than the
majority of tin stockworks in the World but
at present porphyry tin deposits are not
economically viable.

3.8 VOLCANIC-ASSOCIATED MASSIVE
SULPHIDE DEPOSITS

3.8.1 Introduction

Massive sulphide deposits were recognized as a
genetically distinct group during the 1950s
(Franklin et al., 1981) and they occur associated
with most upper crustal rock types. The most
important massive sulphides are found with either
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pelites to semipelites (the ‘shale-hosted” deposits
described in Chapter 6) or associated with
volcanic-dominated marine successions. The
latter, often called volcanogenic or exhalative
volcanogenic deposits, are major suppliers of
copper, lead and zinc. They also have important
by-product gold and silver.

3.8.2 Classification of volcanogenic
sulphides

Attempts have been made to classify these deposits
on various bases (Table 3.4). Solomon (1976)
described a copper group, a zinc—copper group
and a zinc-lead—copper group without any
environmental criteria. A similar division is
recognized by Franklin et al. (1981) who state that
the subdivision into copper and copper—zinc may
be artificial due to copper-producing deposits
having zinc below cut-off value which is not
reported (Fig. 3.25). Sawkins (1976) proposed a
classification based upon the tectonic setting and
associated volcanics:

(a) Cyprus type — associated with spreading
ocean or back-arc spreading ridges and with basic
volcanics usually ophiolites,

(b) Besshi type —associated with the early part of
the main calc-alkaline stage of island arc for-
mation, and

(c) Kuroko type —associated with the later stages
of island arc formation and more felsic volcanics.

Stanton (1978) disagreed with these divisions,
considering the volcanic ores to belong to one
continuous spectrum showing geochemical
evolution reflecting the evolution of the
calc-alkaline rocks inisland arcs. He suggested that
the mainly pyritic copper deposits are spatially and
temporally associated with tholeiitic and ultrabasic
rocks. With the change to calc-alkaline volcanism
the larger, zinc-rich deposits occur while the
further development of the calc-alkaline trend to
dacite and rhyolite is accompanied by the occur-
rence of lead-bearing deposits.

Hutchinson (1980) drew together the ore
composition, the tectonic setting and the host



‘I'able 3.4. Recent attempts to classity massive sulphide deposits

Hutchinson (1973)

Sangster and Scott (1976)

Sawkins (1976)

Solomon (1976)

Klau and Large (1980)

Hutchinson (1980)

Franklin et al. (1981)

Zn—Cu (principally Archacan)
Pb—Zn-Cu—Ag (predominantly Proterozoic and Phancrozoic)
Cupreous pyrite (principally Phanerozoic)

Predominantly volcanic-associated
Predominantly sedimentary-associated
Mixed association of above

Kuroko type
Cyprus type
Besshi type

Sullivan type

Volcanic-hosted divided into:
Zn-Pb-Cu

Zn—Cu

Cu

Mafic volcanic-associated
Felsic volcanic-associated
Sedimentary types

Primitive Zn-Cu
Polymetallic Zn-Pb—Cu
Kieslager Cu-Zn
Cupreous Pyrite Cu

Cu
Cu-Zn*
Zn—-Pb-Cu
Pb—Zn

*Division into Cu and Zn may be artificial (sce the text).

Fig. 3.25 Subdivision of volcanogenic sulphides

(after Franklin ef al. 1981).
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Table 3.5. Summary of volcanic-associated sulphide deposits {(after Hutchinson, 1980).

Tectonic environment

Clastic
‘olcanic sedimentary Depositional General Plate tectonic Approximate
Type rocks rocks environent conditions setting age range
Primitive Fully Volcanoclastics  Shallow to deep Major Subductionat  Archacan—Early
Zn—Cu:Ag-Au differentiated Greywackes water subsidence consuming Phancrozoic
suites Tholeiitic to compression margin,
Basaltic to calc-alkaline island arc
rhyodacitic marine
volcanism
Polymetallic Tholeiitic basalts Volcanoclastics  Explosive Subsidence Back-arc or Early Proterozoic—
Pb-Zn—Cu:Ag—Au calc-alkaline increasing shallow calc- Regional post-arc Phancrozoic
lavas clastics alkaline- compression spreading;
Pyroclastics minimum alkaline but local crustal rifting
carbonates marine tension at consuming
continental margin
volcanism
Cupreous pyrite  Ophiolitic suites Minor to lacking Deep tholeiitic  Minor Oceanic rifting  Phanerozoic
Cu:Au Tholeiitic basalts marine subsidence at accreting
volcanism tension margin
Kieslager Mafic: Greywacke, Deep marine Major Fore-arc Late Proterozoic
Cu—Zn:Au tholeiitic (?) shale (?) sedimentation  subsidence trough or Palacozoic
and tholeiitic (?) Compression  trench

volcanism

rocks aspects and erected a fourfold division of the
volcanogenic group (Table 3.5). Compared to the
Sawkins  classification  mentioned  above,
Hutchinson has introduced an additional type —the
Primitive (zinc-copper) type. This was mainly
erected because of the size, frequency and
significance of the deposits in the Canadian
Archaean, deposits which have many differences
from the lead-bearing, later, Kuroko type.

The Hutchinson classification has considerable
advantages for the exploration geologist since it
combines the plate tectonic setting, which will
assist in selecting areas on a global scale, the
localized tectonic and depositional environment,
which will help on a regional scale, and the host
rocks which will facilitate target selection.
Although there is little doubt that this classifi-
cation will be modified as more detailed evidence
on the genesis of these deposits is forthcoming it is
the most useful currently available and 1s the one
we shall use.

3.8.3 General characteristics of volcano-
genic sulphide deposits

(a) Distribution in time and space

Major economic deposits of volcanogenic
sulphide types occur in Canada, Japan, USA,
Australia and Europe (Fig. 3.26). They range in
age from Archaean to Tertiary.

(i) Archaean

The volcanic rocks of the Canadian Shield have a
great abundance of massive sulphide deposits;
well-documented examples are those at Noranda
and Kidd Creek. On the other hand Archaean
rocks of generally similar age in the Yilgarn block
of Australia, which are compositionally very
similar although with somewhat different
abundances of felsics, contain only two deposits of
economic significance recognized to date.
Similarly the large shield areas of South Africa and
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Fig. 3.26 Global distribution of volcanogenic sulphides
referred to in text.

Zimbabwe have very few massive sulphide
deposits. The same is true of the Brazilian Shield
although this may be a reflection of the level of
current exploration.

(ii) Proterozoic

Early Proterozoic deposits occur in the Sudbury
Basin and at Flin Flon, Canada. There are no
examples of volcanogenic deposits reported from

the Middle Proterozoic (1200 million years to 1800
million years) but examples of Late Proterozoic
deposits occur at Ducktown, Tennessee and at
Matchless-Otjihase, Namibia.

(iii) Phanerozoic

Volcanogenic deposits occur at a number of
stratigraphic levels in the Cambro-Ordovician
succession of the Norwegian Caledonian Belt, one

110



Magmatic hydrothermal deposits

example being the Killingdal Mine (Fox, 1984).
Cambro-Ordovician volcanogenic deposits are
also found in Newfoundland and New
Brunswick. Other early Phanerozoic ore bodies
occur at West Shasta.

The volcanogenic deposits of the Pyrite Belt of
Spain and Portugal are predominantly Lower
Carboniferous although the first acid volcanic
activity began in the Upper Devonian (Strauss et
al., 1977). Mesozoic deposits are recorded from
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Cyprus, Oman, Turkey and East Shasta. The
Kuroko deposits of Japan are Tertiary with over
50% of the Kuroko ore in the Middle Miocene of
the Hokuroko district.

(b) Size and grade of the deposits

Because of the postformation structural and
metamorphic events which may affect deposits, it
is difficult to assign accurate average dimensions to
volcanogenic  sulphide deposits. However,
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Sangster (1980), in a study of seven volcanic
districts in Canada and one in Japan, showed that
certain semi-quantitative features were recog-
nizable. Firstly within the districts concerned,
clusters of volcanogenic massive sulphide deposits
occurred with an ‘average’ cluster of about twelve
per district. Each deposit cluster, and its associated
ore rhyolite, had an average circle-equivalent
radius of 16 km. Sangster also showed that in these
eight districts the largest deposit of each district
contained on average 67% of the total metal for the
district. That this figure may be reasonable is
supported by the sulphide occurrence in the
Mount Lyell district of Australia where the largest
of fifteen deposits in the field is the Prince Lyell
which has 78% of the known reserves (Reid and
Rowe, 1979).

Approximately 80% of all known volcanogenic
deposits fall in the size range of 0.1 to 10 million
tonnes (Fig. 3.27). About half of these contain less
than 1 million tonnes (Sangster, 1977). Further-
more, Sangster states that 88% of Canadian
deposits contain combined Cu+ Pb +Zn grades
of less than 10% irrespective of age. In these the
most likely combined grade is about 6% as 4:1:1
for Zn:Cu:Pb. For example, the Noranda district
has ore reserves of approximately 204 million
tonnes (combined grade 2.4%) and the Bathurst
district contains reserves around 278 million
tonnes (combined grade 7%).

Larger deposits tend to be zinc-rich relative to
copper; the lead grade varies inversely as copper
and directly as zinc. Table 3.6 lists the reserve
tonnages and grades for some volcanogenic
deposits.

(c) Mineralogy
The mineralogy of these deposits is fairly straight-
forward: the main minerals are pyrite, pyrrhotite,
sphalerite, galena and chalcopyrite. Occasionally
chalcocite and bornite are important. Minor
arsenopyrite, tetrahedrite and tennantite may be
present. Traditionally it is stated that magnetite
may occur as a minor component (Evans, 1980),
but it can be significant in the stringer zones
associated with these deposits, and in the Golden
Grove Prospect in Western Australia abundant
magnetite 1s present (Frater, 1983). The principal
gangue mineral in base-metal sulphide deposits is
quartz; carbonates may be developed although
chlorite and sericite are more important.
By-products of importance are gold and silver
(Table 3.6). Cobalt reaches 0.35% in some of the
Cyprus deposits (Constantinou, 1980), and nickel
up to 220 ppm is recorded. In view of the crustal
abundance of nickel and the geological setting of
these Cupreous-Pyrite-type deposits it is
surprising that they are not more enriched in
nickel.

Most of these sulphide deposits are zoned, the

Fig. 3.27 Size range of volcanogenic sulphide deposits (data from Sangster, 1977).
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Fig. 3.28 Metal zoning of the
Sturgeon Lake massive sulphide
deposit, north-west Ontario
(after Severin 1982).

zoning being best developed in the Polymetallic-
type deposits. Lead and zinc (with possibly silver)
occur principally in the upper zones, copper (and
gold where present) increasing towards the foot-
wall (Fig. 3.28). Stockworks of chalcopyrite are
common below the footwall. A lateral zoning may
also be recognized, with copper (plus gold) being
developed in the proximal deposits and zinc, lead
and silver in the distal deposits.

(d) Alteration

The alteration zones associated with these deposits
are often much larger than the deposits themselves
and if they can be correctly identified in the field
they are very important in exploration. Four
forms of alteration occur, a footwall pipe, a large
semi-conformable alteration zone below the ore
horizon, alteration associated with the ore
horizon, and hangingwall alteration.

The footwall shows most evidence of alteration;
chloritization and sericitization are the two most
common forms. The alteration tends to be pipe-
shaped and under Primitive-type deposits, such as
Noranda, it may be well defined and may extend
vertically to over 100 m. These pipes tend to have
Mg-rich chlorite (or talc)-rich cores surrounded
by a sericite halo with or without quartz. Further-
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more there is pervasive Na,O and CaO depletion
with some K,O addition. There is usually minor
addition or redistribution of SiO,. The alteration
pipes associated with the Polymetallic types, such
as Kuroko, are not as vertically extensive and
show a zonation with a sericite—quartz core sur-
rounded by an Mg-enriched chlorite halo. An
idealized cross-section of the four principal
alteration zones around the Kuroko deposits 1s
shown in Fig. 3.29.

The alteration zones immediately below the
Cupreous-Pyrite-type deposits show pervasive
feldspar destruction and some introduction and
redistribution of MgO and FeO to form chlorite.
In these, sericite is a common accessory. Hydro-
thermal alteration including Ca depletion and Na,
Mg and Fe enrichment in the footwall has been
recognized in deposits of the Kieslager type. Large
semi-conformable regional scale alteration zones
underlie many deposits in the Precambrian Shield
of Canada and in ophiolite terrains. These may
enclose or lie below the alteration pipes beneath
the individual deposits.

Hangingwall alteration zones are evident only in
the least metamorphosed deposits. This hanging-
wall alteration may result from persistent
reactivation of hydrothermal discharge activity or



Table 3.6. Reserve tonnages and grades for some volcanogenic deposits. Sources: Fox (1984), Franklin and Thorpe
(1982), Frater (1983), Malone et al. (1981), Severin (1982), Schermerhorn (1980), Strauss et al. (1977).

Reserves
Deposit (million tonnes) Cu% Zn% Pb% Aglalt) Auf(glt)
Canada
Fox Lake 14.5 1.81 1.63
Ruttan Lake 44 8 1.46 1.36 6.1 0.31
Osborne Lake 33 3.69 1.53
Anderson Lake 3.1 3.79 6.4 0.4
Stall Lake 5.6 4.76 0.65 9.5 1.2
Chisel Lake 5.8 0.56 11.61 0.82 38.6 1.5
Flin Flon 63.4 2.31 4.25 38.6 2.5(7)
Centennial 1.4 2.06 2.60 21.5 1.23
South Bay 1.7 1.6 11.00 67
Mattabi 11.5 0.83 7.98 0.76 97 0.031
Sturgeon Lake
(Boundary) 2.2 2.74 10.01 1.41 175 0.61
Lyon Lake
(Mattagami) 3.9 1.24 6.53 0.63 96 0.03
Geco 54.6 1.86 3.45 40.8
Kidd Creek 155.4 2.46 6.00 0.2 63
Corbet 3.1 2.99 2.13 19 0.75
Millenbach 3.5 3.43 423 425 0.7
Horne 61.3 2.18 4.6
Orchan 5.1 1.05 9.93 18 0.19
Mattagami Lake 21.2 0.65 8.40 29 0.48
Norita 4.5 2.16 3.57 22.3 0.56
Japan
Mavovouni 15 4 0.5
Skouriotissa 6
Matsumine 60
Europe
Tharsis 110
La Zarza 100
Aznalcollar 45 0.44 3.33 1.77 67 1
Killingdale Mine
Main Zone 2.2 1.7 3.5
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