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PREFACE TO THE SECOND EDITION

The overall objectives of this text remain unchanged, namely, to represent an
up-to-date introduction to ore microscopy for the student or professional
scientist.
This second edition retains the overall structure of the first edition. Chapters 1and 2, dealing with the ore microscope and with the preparation of samples for ore microscopy, have been updated and revised to take account of
technical developments. Chapters 3 and 4 deal with qualitative methods of
mineral identification and with reflected light optics , and remain largely
unchanged. Chapters 5 and 6 deal with quantitative methods in reflected-light
microscopy and have been revised to include new technical developments
and advances in theory. Chapters 7 and 8, dealing with ore mineral texture s,
paragenesis, formation conditions, and fluid inclusions, incorporate new data
and examples. Chapters 9 and 10,which cover the most important examples of
ore mineral assemblages, have been rewritten so as to incorporate many new
references to original studies that have been performed in the years since the
publication of the first edition. Developments have also taken place in the
applications of ore microscopy in mineral technology and in the study of both
the products of milling and concentration of ores, and the synthetic analogs of
minerals that occur in metallurgical, corrosion, and waste products.
As in the first edition, an important feature of this text is the incorporation
of appendices detailing and tabulating the diagnostic properties of about 100
ofthe most common ore minerals. These data tabulations have been updated
using the most recently available quantitative data. Another appendix, which
briefly describes ancillary techniques for the study of ore minerals, has been
extended to include the most recent innovations.
xl
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PREFACE TO THE SECOND EDITION

Forthe preparation of the typescript ofthis second edition. wewish to thank
Mary McMurray and Catherine Hardy. Thanks are also due to Sharon
Chiang for drafting some illustrations and to Ron Wirgart for help with the
photomicrographs. We are much indebted to our families and loved ones for
their support and encouragement; JRC to his wife Lois and to his children
Nancie Eva and James Matthew; DN to Emlyn James Vaughan and Nicci
Crowther. It is to them that Ore Microscopy and Ore Petrography is dedicated .
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PREFACE TO THE FIRST EDITION

The study ofopaque minerals or synthetic solids in polished section using the
polarizing reflected-light microscope is the most important technique for the
identification and characterization of the opaque phases in a sample and the
textural relationships between them. Since most metalliferous ores are comprised ofopaque minerals, this study has been traditionally known as oremicroscopy and has found its greatest applications in the study of mineral
deposits. It may be applied, however, as a general technique in the study of
igneous, sedimentary, or metamorphic rocks containing opaque minerals and
even in the study of metallurgical products or other synthetic materials.
The objective of this text is to present an up-to-date introduction to ore microscopy for the student or professional scientist who is unfamiliar with the
technique-an introduction that would accompany a course at the senior
undergraduate or graduate level or that would provide the professional with a
first step in familiarization. No attempt has been made at a comprehensive
treatment of the subject; for this the reader is referred to the excellent works of
such authors as Rarndohr, Uytenbogaart and Burke, Galopin and Henry cited
in relevant sections of this text. Emphasis is placed on the basic skills required
for the study of opaque minerals in polished section, and information in the
text and appendices on the more common ore minerals and assemblages provides examples.
The first two chapters cover the design and operation of the ore microscope
and the preparation of polished (and polished thin) sections. A chapter dealing with qualitative mineral properties used in identification is followed by a
discussion of reflected-light optics. The quantitative measurement of reflectance, color, and microhardness are treated in Chapters 5 and 6 along with
overall schemes for employing these measurements in identification. ChapxIII

xlv

PREFACE TO THE FIRST EDITION

ters 7 and 8 deal with ore mineral textures and paragenesis, and include a brief
dis cussion of the study offluid inclusions. Chapters 9 and 10 are concise discussions of many of the major ore mineral associations observed under the
microscope. These discussions are not intended to be exhaustive, especially
with regard to comments made on the genesis of the ores, but are designed to
aid understanding by placing the ore mineral textures and associations in a
broader geological context. Chapter II deals with the applications ofore microscopy in mineral technology. The appendices contain the data necessary to
identify approximately 100of the more common ore minerals-those likely to
be encountered by the student in an introductory course andthose frequently
encountered by the professional scientist. Key references to more detailed
accounts are provided throughout the text. The dependence of the properties,
textures, and associations of the minerals on their crystal chemistry, thermochemistry, and phase relations is an aspect of modern studies of ore
minerals that is particularly emphasized.
A science such as ore microscopy relies heavily on the experience and
knowledge of the teacher. We have learned much from our teachers and particularly wish to acknowledge our indebtedness to Dr. S. H . U. Bowie, Dr.
N . F. M. Henry, Professor G . Kullerud, Professor A. P . Millman, Dr. E. H.
Nickel, Mr. R. Phillips, Professor E. F. Stumpfl, and Professor E. A. Vincent.
Completion of this text would not have been possible without the help and
encouragement of our departments and many friends and colleagues, not all
of whom can be mentioned here. Dr. P. B. Barton, Jr., Dr. L. J. Cabri, Dr. R. A.
Ixer, Professor S. D. Scott, and Professor F. M. Vokes critically reviewed the
complete text and provided numerous suggestions for improvement. Dr.
N. F. M. Henry read Chapters 4-6 and made many valuable comments. Dr. E.
Roedder's criticisms of portions of Chapter 8 were most beneficial. However,
any errors and imperfections that remain in the text are entirely our responsibility.
In the preparation of the typescript, we wish to thank Donna Williams and
Cathy Kennedy. Thanks are also due to Sharon Chiang and Martin Eiss for
drafting the illustrations and to Gordon Love for help with the photomicrographs. We are much indebted to our wives, Lois and Heather, for their support and encouragement throughout the work.
OreMicroscopy and OrePetrography is dedicated to our children, Nancie Eva
and James Matthew Craig and Emlyn James Vaughan.

Blacksburg. Virginia
Birm ingham. England
February 1981
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CHAPTER 1

THE ORE MICROSCOPE

1.1

INTRODUCTION

The ore microscope is the basic instrument for the petrographic examination
of the large and economically important group of minerals referred to collectively as "ore" or "opaque" minerals. Although neither term is strictly correct
(inasmuch as pyrite is opaque but rarely, if ever, constitutes an economically
viable ore and sphalerite and cassiterite are important ore minerals but are not
opaque), both terms are frequently used synonymously. The ore microscope is
similar to conventional petrographic microscopes in the system s of lense s,
polarizer, analyzer, and various diaphragms employed, but differs in that its
primary method of illumination is a light source above the sample to allow
examination by light reflected from polished surfaces. The increasing interest
in ore-gangue relationships and the recognition that much textural information can be derived from the examination of translucent ore min erals in
polished thin sections now commonly leads to the use of microscop es
equipped for both reflected- and transmitted-light study. The discu ssion
below is concerned specifically with the design and use of the standard components of the reflected-light microscope; further details of the transmittedlight and reflected-light microscopes are described by Cameron (1961), Bloss
(1961), Galopin and Henry (1972), Piller (1977), Bowie and Simpson (1977),
and Criddle (1990).
The variety of commercially available reflected -light microscopes tends to
mask the basic similarities between them in terms of the arrangement oflight
source, lenses, diaphragms, reflector, objectives, and oculars. Some of this
variety is evident in Figure 1.1, which shows research and student model microscopes . Modern microscopes are deliberately designed to be "modular,"
1
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and commonly both reflected-light and transmitted-light components can be
combined in one instrument. Each manufacturer incorporates unique design
features into the ore microscopes they produce, and it is necessary for the
reader to refer to the instruction manual accompanying a particular microscope for the exact placement and employment of the components described
below and for information regarding other accessories.
1.2

COMPONENTS OF THE ORE MICROSCOPE

The components of the ore microscope and the light path from the illuminator to the observer's eye are summarized in Figures 1.2a-1.2c. Conventional
orthoscopic examination may be conducted by using various types of reflec-

(a)

FIGURE 1.1 Representative instruments used in ore microscopy (all photographs
courtesy of manufacturers): (a) Zeiss Axioplan universal research microscope; (b) .
Leitz Orthopian-Pol microscope; (c) Nikon Optiphot-Pol microscope; (d) Leco M-400H I Automatic microhardness tester.
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(d)

FIGURE 1.1 (Continued )

tors as shown in Figures 1.2a and 1.2b and furth er discussed in Section 1.2.5.
Initial observations are made in plane-polarized light (better describ ed in this
work as linearly polarized; see Section 4.1), with only the pol ari zer inserted,
and then under crossed polars when the analyzer is also inserted into the ligh t
path at right angles to the polarizer. Conoscopic observation may also be
undertaken, by inserting the analyzer and the Bertrand len s (Figure 1.2c). If
the microscope is not equipped with a Bertrand lens , the sa me effects may be
observed by substituting a pinhole eyepiece for the ocular.
1.2.1

Rotatable Stage

The microscope stage, on which the poli shed sections are placed, should
rotate freely, be perpendicular to the axis of light tran smi ssion through the
microscope, and be centered relative to the objectives. Angular measurements
can be made by means of the degree markings at the edge of the stage and the
verniers pro vided . Most microscopes accept a mech ani cal stage equipped
with X and Y movement for system atic exa mina tion or point counting of
grains in specimens.
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(a)

FIGURE 1.2 Schematic cross sections of microscopes illustrating essent ial components and the path oflight through the systems involving (0) whole-field glass plate
reflector: (b) half-field prism: (c) whole-field glass plate reflector for conoscopic viewing.

1.2.2 Objective Lenses

Microscope objectives may be classified in terms of lens type (achromat,
apochromat, or fluorite), their magnification and numerical aperture, and
whether they are for oil immersion or air usage . Occasionally, the focal length
or working distance is also considered.
The achromat is the most commo n and least expensive lens found on most
microscopes. It is corrected for spherical aberration for only one color, usually
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FIGURE 1.2 (Continued)

yellow-green, and for chromatic aberration for two colors . Thus, when used
with white light, color fringes may appear at the outer margins of the image;
when black-and-white film is used in photomicroscopy, the fringes may contribute to some fuzziness. However, if monochromatic light (especially green
light) is used, the image, either to the eye or on a black-and-white film, is
sharper.
The apochromat is a better and more expensive microscope objective. It is
corrected for spherical aberration for two colors (blue and green) and for
chromatic aberration for the primary spectral colors of red, green, and blue.
Thus, the apochromat presents a sharper image and is better for color photo-
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FIGURE 1.2 (Continued)

microscopy than any other lens. It can also be used for microscope pho tometry (see Chapter 5).To achieve the finest performance from apochromats,
it is necessary to use them in conjunction with "compensating" eyepieces.
Fluorite lenses (also known as "serniapochromats") are a compromise in
terms of price and quality between the other two types oflenses. Fluorite objectives must be used with compensating eyepieces for best performance.
Most objectives give a primary image in a curved plane; however, with
additional corrections, these may be made to give a flat primary image . Such
lenses are indic ated by the prefix "flat-field" or "plan" and are especially useful for large fields of view and for photomicroscopy. In reflected-light micro-
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scopy, it is also important to use objectives that are free from strain, as this can
cause depolarization (or rotation: see Chapter4) of the incident and reflected
beam of polarized light. These objectives (designated "Pol " or by some other
appropriate abbreviation) are necessarily expensive.
The magnification of an object is the degree by which the image is enlarged
as light passes through the objective. The magnification is classified as 5X,
lOX 20X . . . up to about 125X. The projection of the primary image takes
place within the body tube of the microscope, and the distance from the back
focal plane of the objective to the primary image is the "optical tube length ."
The numericalaperture (NA) is a measure ofability to distinguish fine structural detailsin a specimen and determines the depth of focus and the useful
range of magnification. Mathematically this lies in the range 0.04-1.3 and is
equivalent to the product of the refractive index (11) for the medium in which
the lens operates and the sine of the angle (11) equal to one-halfof the angular
aperture of the lens:
NA

=

n sin 11

The value of the NA is imprinted on the side of each objective, along with
information on the magnifying power, type ofcorrection applied, and whether
it is an oil immersion lens. A lOX achromatic objective usually has an NA of
0.20 and a 20X objective of 0.40. Apochromatic objectives have higher NA
values than achromats. The upper limit of the NA of a dry objective is 0.95,
which corresponds to an angle of70° as the maximum angle of incidence on
the stage object (= 1400 angular aperture). The maximum NA of immersion
objectives that use an oil with a refractive index of 1.5 is about 1.4. Examples of
the relationship between the angular aperture, initial magnification, and free
working distance (FWD) of objectives are shown in Figure 1.3 and are summarized in Table 1.1.
The most commonly used low- and medium-magnification objectives for ore
microscopic work are "dry" or air lenses, which are designed to have only air
between the objective and the sample. It should be noted that objectives intended for transmitted light observation are corrected for use with specimens
covered by a 0.17orO.18 mm "cover glass." These lenses may yield poorordistorted images if they are used for reflected-light microscopy.
Immersion objectives are commonly used for rellected-light microscopy,
especially when high magnification and high resolution are required. Such
lenses require a drop ofimmersion oil (usually with a refractive index of 1.515)
between the sample and the objective; some objectives are designed for use
with water instead of oil. The presence of the immersion medium (oil orwater)
reduces the reflectance of the minerals (see Section 4.1.2) but enhances color
differences, reduces diffuse light scattering, and generally permits the observation of weak anisotropism and bireflectance (see Sections 3.2.3 and 3.2.4),
which are not visible with dry objectives.The slight incon venienc e ofcleaning
objectives and samples when using immersion objectives is generall y more

8
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LOW- POWER
OBJECTIVE

HIGH - POWER
OBJECTIVE

A

MEDIUM - POWER
OBJECTIVE

B

A.A. : 116°

SPECIMEN

FIGURE 1.3 Comparison of the free working distances (FWD), angular apertures
(AA), and one-half angular aperture (u) for typical objectives used in ore microscopy.
(Reproduced from An Introduction to the Methods of Optical Crystallography by F. D.
Bloss, Copyright © 1961, Holt, Rinehart and Winston, Inc., with the publisher's permission.)

than compensated by the increased information derived. Ramdohr (1969, p.
297) has summed up the value ofimmersion lenses in this statement: "It has to
be emphasized over and over again that whoever shuns the use of oil immersion misses an important diagnostic tool and will never see hundreds of
details described in this book." All immersion objectives have very short working distances; hence, great care must be taken in focusing so as not to damage
the objective through collision with the sample. The immersion oils should be
removed from lenses with solvents to prevent their gathering dust, and particular care should be taken to avoid unsuitable solvents that might damage
the lenses. Water immersion objectives, which are so labeled, are especially
convenient because of their ease in cleaning.
1.2.3 Ocular Lenses

The ocular or eyepiece system of the microscope serves to enlarge the primary
image formed by the objective and to render it visible to the eye. Most micro-
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TABLE 1.1

Properties of Five Objectives" Commonly Used in Ore Microscopy

Initial
Magnification
5 X (oil)
5 X (air)
10 X (oil)
20 X (oil)
50 X (oil)

8

Angular
Aperture
(M)

Numerical
Aperture
(NA)

Free Working
Distance (FWD)
in mm

7°
10°
23°
31°
69°

0.09
0.09
0.20
0.40
0.85

0.35
12
14
0.23
0

Focal Length
inmm
50
50
25
12.5
2.0

·Ordinary objectives. separated by an air space from the object being viewed. are called "d ry"
objectives. This is in contrast to the more powerfully magnifying oil immersion objectives in
which an immersion oil fills the gap between objective and ohject being viewed.

scopes are equipped with "Huygenian" oculars, of between 5X and 12X magnification, that consist of two lenses and an intermediate fixed diaphragm.
The diaphragm commonly contains perpendicular crosshairs but may instead be equipped with a micrometer disk or a grid with a fixed rectangular
pattern that is useful for particle size measurement or estimation. Oculars
designed for photography do not contain crosshairs and are often designed to
be of the "compensating" type to correct for chromatic aberration. Large
research microscopes may have "wide-field" oculars, which are designed to
give a larger, clear field of view.
1.2.4

Illuminating Systems

Two main types oflamp are commonly used in ore microscopes: the incandescent filament lamp and the gas discharge lamp. For most routine work,
especially on student microscopes, the incandescent tungsten filament lamp
is adequate. These lamps range from 6-12 V and 15-100 W, with minimum
bulb lifetimes of 100-300 hours, and are generally operated by a variable
rheostat. If the lamp is operated at too Iowa wattage , if the bulb is old , or if the
microscope is misaligned, filament images and variably colored filamentshaped zones may be visible. Insertion of a frosted glass screen helps to
eliminate the image, but microscope adjustment or even servicing may be
required. The lamp should provide adequate light, evenly distributed throughout the field of view, without being uncomfortable to the eyes. The color temperature of tungsten filament lamps varies from about 2850 0 K for 6 V, 15 W
bulbs to about 3300 0 K for halogen gas-filled 12 V, 100 W bulbs. These temperatures are far below the approximately 6100 K color temperature of xenon
discharge lamps and, if used without filters, tend to bias the colors observed
under the microscope toward the yellows and reds. Accordingly, most workers
insert a pale blue filter between the lamp and the remainder of the illuminating system to provide a more daylight-like color temperature. The minor
variations in the colors of the same minerals when viewed through different
microscopes is due in large part to small differences in the effective color tern0
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perature of the light source. Knowledge of the actual color temperature of the
lamp is not important in routine polished-section examination, but it is
important in photomicroscopy because of the specific requirements of different types of film. It is also important when measuring the color of minerals
quantitatively, since the color observed is partly a function of the light source
(see Chapter 5).
The standard illuminating system (Figures 1.2a-1.2c) contains two lenses ,
two or three diaphragms, and a polarizer, in addition to the light source. The
illuminator aperture diaphragm is used to reduce stray scattered light. The
illuminator field diaphragm controls the angle of the cone oflight incident on
the specimen and should be set to just enclose the field of view; this restricts the
light to the most parallel rays, minimizes elliptical polarization (see Chapter
4), and maximizes the contrast. In many microscopes, a third diaphragm
helps sharpen the image .
Reflectance measurement, although sometimes carried out using standard
low-wattage incandescent filament lamps, usually requires either high-intensity halogen filament incandescent lamps or xenon discharge lamps to
provide sufficient light intensity through monochromators in the range 400700 nm (see Chapter 5).
1.2.5 The Reflector

The reflector is a critical component ofthe ore microscope, being the means by
which light is brought vertically onto the polished specimen surface. Reflectors are of three types: the coated 45° plane-glass reflector (Figure 1.2a; Figure
1.4a),the Smith reflector (Figure lAb) , and the totally reflecting prism (Figure
1.2b; Figure lAc).
When the coated 45° plane-glass reflector is employed (Figure 1.4a), part of
the light from the illuminator is reflected downward through the objective
onto the sample and part of the light passes through the reflector and is lost.
The light that passes downward is then reflected back up through the objective
until it reaches the reflector again. At this point, some of the light passes
through the reflector up the microscope tube to the ocular and some is reflected back toward the illuminator and is lost. Ideally, the glass plate, coated with
a semireflecting material ofhigh refractive index, should reflect all ofthe light
from the illuminator down onto the specimen but then should let all of the
light reflected from the specimen pass through on its way up to the ocular. In
fact, coated 45° plane-glass reflectors of maximum efficiency result in only
about 19% of the illuminator light that first reached the reflector ultimately
reaching the ocular. This efficiency is sufficient for most light sources; more over, only with this type of reflector is there truly vertically incident light and
illumination over the full aperture of the objective. However, reflectors of this

Image
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film
Semi-reflecting
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OBJECT
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2

FlGURE 1.4 Schematic illustration of the three reflector units : 45° plane-glass (1); Smith
(2); totally reflecting prism (3).

....
....
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kind do not produce a perfectly dark field when the polars are crossed on isotropic specimens due to some rotation ofthe incoming beam ofpolarized light
(see Chapter 4).
The Smith reflector (Figure lAb) involves light entering so as to fall on a
mirror at an angle of22.5°, from which it is reflected at the same angle onto a
glass plate. This plate functions in the same way as the coated 45° plane-glass
reflector, although its efficiency as a reflector is slightly less. However, the incident beam of polarized light is subject to less rotation (see Chapter 4), and an
isotropic sample between crossed polars appears uniformly dark.
The totally reflecting prism system is one in which light is reflected downward through one-halfof the aperture of the objective, strikes the specimen, is
reflected back upward through the other half of the objective, and passes
behind the prism on its path to the ocular (Figure lAc). In this situation, light is
obliquely incident on the specimen. In conoscopic observation, only half of
the polarization figure is visible, because halfofthe optical path is occupied by
the prism. The advantage of the prism is that it permits a greater proportion of
light (up to ~ 50%) to reach the ocular. Modern intense light sources now make
the use of the prism less important. In addition, the early models of totally
reflecting prisms and mirrors introduced some elliptical polarization, but
these problems have been overcome by the development of multiple reflecting
prisms and the introduction of polaroid plates on the lower face of the prism.
Most workers find the plane-glass reflector adequate or superior for routine
studies.
1.2.6 Polarizer and Analyzer

The polarizer in a standard ore microscope is usually positioned within the
illuminating system between the lamp and the collector lens but may be
located between the diaphragms. It is either a calcite prism or, more commonly, a polaroid plate that permits only the passage oflight that is plane (or
"linearly," see Chapter 4) polarized, usually in a North-South orientation. In
standard transmitted-light thin-section or grain mount petrography, the
polarizer and analyzer are perpendicular to one another. However, many ore
microscopists find that polarization effects are more readily observed if the
polars are a few degrees from the true 90° position. This is especially true of
very weakly anisotropic minerals and even some moderately anisotropic
grains if they occur in a matrix of more strongly anisotropic minerals. The
slight uncrossing may be accomplished either by having a rotatable analyzer
or by slightly adjusting (by 3-5°) the polarizer from the crossed position. Rotation of the microscope stage to observe anisotropism and extinction is not
always unambiguous, because of the combination of movement and the variable anisotropism of adjacent grains. Alternatively, the stage may be left
stationary and the analyzer rotated back and forth through the extinction
position. This eliminates the distraction of movement of the specimen and
may allow an unequivocal determination of the presence or absence of anisotropism (see Chapter 3).

ACCESSORIES
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1.3 ACCESSORIES
1.3.1 Monochromators
Because the optical properties of minerals vary as a function of wavelength. it
is frequently necessary to provide incident light of specified wavelength. The
operable range of most microscopes extends several hundred nanometers
above and below the visible light range of approximately 400-700 nm wavelength. The two most commonly employed means of providing light of specified wavelength through this region are fixed monochromatic interference
filters and continuous-spectrum monochromators (see Figure 1.5). Fixed
interference filters consist of a glass substrate on which alternating layers of
low-reflecting transparent dielectric substances and higher-reflecting semitransparent metal films or dielectrics of high refractive index have been
deposited. The light that passes through such filters is not truly monochromatic but lies within a specified bandwidth. usually < IS nm if "narrow"
band type and IS-50 nm if"broad" band type. The difficulty with such interference filters is that a separate filter is needed for each wavelength to be
investigated.
The continuous-spectrum monochromator is an interference filter for
which the wavelength oflight transmitted varies continuously along the filter.
A window. the width of which may be varied to control the passband width. is
employed so that the monochromator may be slid along to whatever wavelength is desired. In this way. a single device may be used to provide monochromatic light over the entire visible range and even beyond. Some commercially available units for reflectance measurement are designed to fit
directly onto the microscope and have built-in adjustable monochromators.
Otherwise. the monochromator must be installed in the light path. usually
immediately after the illumination source or immediately before a photometer that attaches to. or replaces. the ocular (see Chapter 5).

1.3.2

Photometers

Photometers. either built into large research microscopes or available as
attachments to standard microscopes (Figure 1.5). are used to measure the
reflectance of mineral grains. Most photometers consist of a photomultiplier
tube that has high sensitivity throughout the visible spectrum. To achieve
meaningful results. photometers must be used in conjunction with stabilized
light sources. high-quality monochrornators, and reflectance standards. The
use of photometers in quantitative reflectance measurement is treated in
detail in Chapter 5.

1.3.3 Stage Micrometers
All textural studies of ore minerals, mill products, and industrial materials
require the accurate measurement of grain sizes. The stage micrometer. usu-
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ally a I mm scale subdivided into hundredths, is invaluable in estimating
grain sizes and in the calibration of a scale or grid set within an ocular. Stage
micrometers are commercially available as small mounted metal disks on
which the scale has been inscribed; they are positioned and observed in the
same way as the polished section.
1.3.4

Sample Holders

Observation under the ore microscope requires that the sample surface be perpendicular to the incident light beam. This can be accomplished by carefully
machining samples so that the top and bottom surfaces are flat and parallel or
by using simple mechanical leveling devices (Figure 1.6a) that press the sample down on a lump of molding clay on which it then is held level (Figure 1.6b).
More sophisticated devices include spring-loaded cylinders (Figure 1.6c), in
which the specimen is held against a lip that is machined parallel to the microscope stage, and more elaborate rapid specimen changers, in which specimens are spring-loaded into holders that are held by leveling screws. The
means of securely holding a specimen with its polished surface normal to the
incident light beam is a matter of personal convenience and equipment
availability.

FIGURE I.S (0) Microphotometer system mounted on Vickers M74c microscope;
also shown is continuous-spectrum monochromator mounted in front of the light
source. (b) Zeiss microscope photometer system MPM mounted on the universal
research microscope. (Photographs courtesy of manufacturers.)

(b)

FIGURE 1.5 (Continu ed)

( b)

(e)

FIGURE 1.6 Specimen-mounting systems: (0) hand press for specimen mounting:
(b) clay on glass plate system; (c) spring-loaded hold er.
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CHAPTER 2

THE PREPARATION OF SAMPLES
FOR ORE MICROSCOPY

2.1

INTRODUCTION

Th e preparation of poli shed surfaces free from scratches, from thermal and
mechanical modification of the sample surface, and from relief is essential
forthe examination, identification, and textural interpretation of ore minerals
using the reflected-light microscope. Adequate polished surfaces can be prepared on many types of materials with relatively little effort using a wide
variety of mechanical and manual procedures. However, ore samples often
present problems because they may consist of soft, malleable sulfides or even
nati ve metal s intimately intergrown with hard, and som etime s brittle, silicates, carbonates, oxides, or other sulfides. Weathering may co mplicate the
problem by removing cements and interstitial minerals and by leaving samples that are friable or porous. Delicate vug fillings also cau se problems with
their open void spaces and poorly supported crystals.Alloys and ben eficiation
products present their own difficulties because of the pre sence of admixed
ph ases of variable properties and fine grain size s. In this chapter, the general
procedures of sample selection and trimming, casting, grinding, and polishing (and, in special cases, etching) required to prepare solid or particulate
samples for examination with the ore microscope are discussed. The preparation of the se polishedsections, and also polished and doubly polished thin sections, which are useful in the study of translucent or coexisting opaque a nd
translucent specimens, is described. These are matters about which all students of reflected-light microscopy should be aware, ideally through personal experience.
lReliej is the un even surface of a section resulting from so ft ph ase s being worn away mor e than
hard ph ases during polish ing.
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2.2

THE PREPARATION OF SAMPLES FOR ORE MICROSCOPY

PREPARATION OF POLISHED SECTIONS

The procedures involved in the preparation of polished sections vary in detail
from one laboratory to another, depending on both the type of material to be
studied and the actual objectives of the study. A typical sequence of steps is
outlined in Figure 2.1 and is described in greater detail below.
2.2.1

Initial Preparation and Casting of Samples

Coherent materials are easily cut to size with a diamond saw. Lubrication of
the saw blade by water, kerosene, or a cutting oil to prevent heating of the
specimen during cutting is important. If the sample is suspected ofcontaining
phases that are either soluble (e.g.,metal sulfates or chlorides) or reactive with
water (e.g.,some rare sulfides in meteorites), it will be necessary to conduct all
cutting and subsequent operations using appropriate nonreactive fluids (oils,

ORE SAMPLE

MILL PRODUCT/CONCENTRATE

CUTTING, TRIMMING
& GRINDING ON 30 11m

MATERIAL DISPERSED
ON BASE-PLATE

MOUNTING & EMBEDDING

GRINDING AND IMPREGNATION

REGRIND ON 15 11m LAP

POLISHING ON DURENER
OR AUTOMATIC POLISHERS

FINAL POLISHING WITH
0.05 11m y-ALUMINA BY HAND
OR VIBRATORY POLISHER

FIGURE 2.1

Flowsheet outlining the steps in the preparation of polished sections.
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alcohols, kerosene, etc.). In all cases, it is necessary to remove cutting oils and
water and to dry samples thoroughly before casting. because such fluids may
react with the epoxy and reduce its bonding strength. Furthermore. an y
trapped fluids can, in time, bleed out onto the surface and create serious problems in conducting analysis where high vacuum is needed.
The size and shape of the sample to be mounted is so mewha t arbitrary and
must be dictated by the nature of the material and the intended study: mo st
workers find that circular polished sections from 2.5 to 5 em in diameter are
adequate. The casting ofsamples may be in one- or two-piece cylindrical plastic, polyethylene, or metal molds (Figure 2.2)or in cylindrical plastic rings that
remain a permanent part of the sample. When molds are used. a thin coating
of wax or other nonreactive lubricating agent (e.g.. silicon stopcock grease. or
vaseline) is extremely helpful in the removal of specimens once the casting
resin has hardened. Sample thickness is also arbitrary. but the total thickness
of the polished section generally need not exceed 1-2 em . The maximum
thickness is often governed by the work ing height between the microscope
stage a nd the lens .
If the speci men is coherent and has a low porosity, it may be cut to the
desired size and polished directly. Commonly, however. specimens are cast in
a mounting resin to facilit ate handling and to minimize the problems of'crurnbling and plucking. The preparation of a flat surface on the specimen by cutting and grinding prior to ca sting is a very useful step. because it allows the
sample to lie flat on the bottom of the mold; irregular specimens ma y trap air
bubbles and require extensive grinding of the polished section to expose sufficient surface area. It is useful to bevel the edges of the su rface to be polished:
this helps to prevent material being disl odged from . or trapped between, the
sample and mounting med ium. Also. it ma y be desirable to cut and mount a
sa mple in specific orientations, because plucking (the tearing of material from
the surface during poli shing) ma y occur when cleavage or fracture directions
are appropriately oriented. Ifthe specimen is friable, fractured, porous, or consists ofloose grains or powders, impregnation is a useful procedure to prevent
grain plucking and trapping of abrasive during grinding and polishing. Impregnation is readil y accomplished by placing the mold containing the speci-
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FIGURE 2.2 Sample cups used for the casting of cylindrical polished sections . (A)
Two-piece cup . (B) Plastic ring that becomes a portion of the polished section after
empl acement of the sample and the mounting resin.
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men and mounting resin under vacuum for several minutes; this draws air
from the voids, and the subsequent release of the vacuum tends to drive the
mounting resin into the voids. Sometimes repeated brief vacuum treatments
are needed to drive the resin into deep cracks and voids.
It is important that the procedures involved in specimen preparation preserve the precise mineralogical and textural character of the samples. The
recognition in recent years that certain common sulfide minerals (e.g.,anilite,
CU7S4, and djurleite, CUI.96S) break down below 100°C and that many other
ore minerals have unknown thermal stabilities points to the necessity ofusing
cold-setting mounting media, requiring neither heat nor pressure forpreparation . Older procedures that require elevated temperatures and high pressure
(e.g., the use of bakelite as a mounting medium) and that are still commonly
used in metallurgical laboratories should be avoided. Such procedures may
not alter refractory ore mineral assemblages (e.g.,chromite, magnetite, pyrite)
but may profoundly modify low temperature or hydrous mineral assemblages. Even heating for brief periods at temperatures as low as 100°C will
cause decomposition of some phases and induce twinning or exsolution in
others. Accordingly, virtually all mineralogical laboratories now use coldsetting epoxy resins or plastics; these are readily available and easily handled.
Most ofthe epoxy resins are translucent and nearly colorless, which facilitates
labeling, because paper labels can be set in the resin with the specimen.
Lower-viscosity mou nting media generally penetrate cracks and voids in samples better than higher-viscosity ones-an important point when one is dealing with friable or porous samples. If samples are also to be used for electron
microprobe analysis (see Appendix 3) or some other high-vacuum instrument, one must be careful to choose a resin that does not create problems in
the instrument sample chamber by degassing or volatilizing.
2.2.2

Grinding and Polishing of Specimens

Once a sample has been cut to an appropriate size and cast in a mounting
medium, it is ready for grinding and polishing. Large research or industrial
laboratories commonly employ automated grinding and polishing machines
capable of handling large numbers of specimens. Smaller laboratories are
usually equipped with either fixed- or variable-speed rotary lap equipment
designed to prepare one sample at a time. The procedures described below are
general and apply to any laboratory; experienced workers invariably develop
favorite "tricks" and minor modifications but follow the same basic steps
outlined.
The purpose of grinding is to remove surface irregularities, to remove casting resin that covers the sample, to reduce thickness, to prepare a smooth surface for further work, and to remove any zone of major deformation resulting
from initial sample cutting (Figure 2.3). Many workers have found that fixed
abrasives (such as adhesive-backed emery paper or diamond embedded in
metal or epoxy) are superior to loose abrasives, because the latter tend toroll
and leave irregular depth scratches rather than planing off a uniform surface.
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Zone of intense
deformation
-Zone of moderate
deformation
-Un deformed sample

FIGURE 2.3 Schematic cross sectio n of a pol ycrystalline sample illustrating the
nature of deformation from th e cut or coarsely ground surface down to the undeforrncd
sa mple. The nature a nd depth of deformation varies with the nature of the sa mple.

Grinding and polishing compounds may be des ignated in term s of grit. mesh .
or micron grain sizes : the equivalence of terms is shown in Figure 2.4 and in
Table 2.1 Successive grinding steps using 400- a nd 6OO-mesh silico n carbide
have proven adequate in preparing most surfaces, although the 400-mesh
abrasive is really needed only for harder materials and many sections made
up ofsoft sulfides can be started on a 600-mesh abrasive. It is important at each
step to prevent any heating of th e specime n or to avoid contamination by the
carry-over ofab rasive from one step to the next. Samples sho uld be thoroughly
washed and cleaned (with an ultrasonic cleaner. if available) betwe en step s,
and it is convenient to process samples in batches. This requirement for
cleanliness also applies to an operator's hand s. because abrasives and poli sh ing compounds are readily embedded in the ridge s of one's fingertips. Grinding and poli shing laps should be covered when not in use to prevent contamination by stray particles and airborn e du st.lfsamplcs bcgin to pluck, one
is well advi sed to stop the polishing and coat or impregnate with a mounting
medium and then begin aga in; otherwise, the plucked grains prohahly will
contaminate all grinding a nd polishing laps a nd leave the plucked sa mple
surface and all subsequent sampl es highly scratched. Careful attention to the
grinding steps is important in the preparation of good poli shed s urfaces,
because these steps should provide a completely flat surface and progressively
remove surface layers deformed in previous steps. Even in compact specimens, the fracturing from a high-speed diamond saw ma y extend I mm o r
more from the cut surface.
Grinding may be completed with a 600-me sh abrasive compound or with
1,200-mesh abrasive used manually on a glass plate; the matte-like surface ofa
typical sample at this stage is shown in Figure 2.5a. It should be noted that
some features. such as grain size and shape in spha lerite. are actuall y more
easily seen megascopically when a sample has a good 600- or 1.200-mesh
matte-like surface. The ground sur face readily reveals the di fferent grains.
because orientation-controlled cleavages or plucking reflect light differently.
Final polishing removes the surface imperfections a nd the features they
reveal. Rough polishing. involving the use of a fabric loaded with IS a nd 6IJm
abrasives, removes most or all of the remaini ng zone of surface deformation
and the deeper scratches. and prepares the sample for fin al poli shing: the
appearance of the sa m ple a fter th e IS and 6IJm steps is shown in Figu res 2.5h
and 2.5c. The first polishing is best acc omplished using diamond a b rasives
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FIGURE 2.4 Relationship between grit, mesh , and micron size. Silicon carbide
abrasive powders are generally classified in mesh or grit size. These are plotted on the
left of the graph. The right-hand ordinate is scaled for emery grit designation. For conversion to micron size, locate the size range on the proper ordinate and transpose this
point to the correct graph line while locating this point on the abscissa. Reverse this
procedure to transpose micron to grit size. (Diagram courtesy of Buehler Ltd.)
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23

Dimensions of Mesh or Grit Size

Abraslves

Mesh or Grit Size

100
200
260
325
400
600

1,200
1,800
3,000
8.000
14,000
60,000
120.000

Microns

Inches

150
75

0.0059
0.0030
0.0024
0.0018
0.0015
0.0012
0.00059
0.00035
0.00024
0.00012
0.00004
0.00002
0.00001

60

45
38
30
15
9
6
3
1
1/2
1/4

embedded in a napless cloth. The embedding permits the diamond grains to
plane the surface without rolling and causing irregular scratching or gouging.
Use of a hard napless fabric without excessive weight pressing down on the
sample minimizes the development of surface relief. The distributors of diamond abrasives recommend that a 1-2 cm strip of diamond paste be placed on
the polishing lap at right angles to the direction of movement and that sub sequent dispersal on the surface of the lap be done by dabbing the diamond
about with a clean fingertip. Polishing with 611m abrasives is the most important stage and should be carried out fairly slowly with the surface just sufficiently lubricated fur a smooth action a nd without too much weight applied
to the section. Poli shing is continued until no deep scratches are seen in even
the hardest phases. It may be useful to study the section at this stage, since
information lost later in polishing (e.g.• grain boundaries of isotropic minerals) may be obtained. Again, care must be taken in this and subsequent steps
to avoid excessive heating of the sample surface during the polishing.
Final polishing, using abrasives ofless than 611m, removes only a very sm all
amount of the specimen surface and should produce a relatively scratch-free
surface (Figures 2.5d-2.5t). This step may be accomplished using I urn diamond embedded in a napless cloth. perhaps followed by 0.25 urn diamond
cloth, or by using a-A1203 (1-0.3 urn) or y-A1203 (0.05 urn) suspended in water
on a napped cloth. Some laboratories have also found that chromic oxide,
magnesia, and cerium oxide can be useful in final polishing, especially of
metallurgical samples. Napped cloths are very useful in the final polishing
and when a quick buffing of a slightly oxidized surface is required, but such
cloths very rapidly produce relief on samples containing several minerals of
differing hardness.

FIGURE 2.5 Polished surfaces of coexisting chalcopyrite (light) and sphalerite
(dark) after abrasion by (a) 600-mesh silicon carbide; (b) 15 II diamond; (c) 6 II dia mond; (d) III diamond; (e) 0.05 lly-A1 20 3 on microcloth: if) y-Al20 3 on silk in a vibropolisher but without the intermediate steps of IS. 6, and III diamond (width offield =
520 urn).
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FIGURE 2.5 (Continued)
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FIGURE 2.5 (Continued)
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Som e laboratories prepare sections usin g machines capa ble of poli hing
six or more specime ns simultaneously on grooved cas t-iro n, copper, or lead
lap s (see the followin g section). Grooved lap s requ ire co nstant resu rfacing
but , if properly maintain ed, allow preparation ofexcellent relief-free sections.
Specific instructions accompany each type of mach ine, but the polishing steps
broadly parallel those outlined above.
Vibropolishing equipment (see the followin g section) is efficient a nd effective in the final polishing of many types of spec imens. The qua lity of the surface and the time necessary to achieve a satisfactory poli sh depends on the
prior grinding steps, the hardness, and the homogen eity of the specimen. Th e
lap ofthe vibropolisheris usually covered with a taut piece of finelywoven silk,
nylon , or other hard fabric; the unit is filled with wate r to a de pth of2-3 ern and
a small amount of0.3 urn a-alumina orO.OS urn y-alumina. Because these very
fine grained compounds remove surface layers onl y slowly, ca reful prior
grinding down to the 600-mesh abrasi ve size, or finer, is necessary to ensure
flatnes s and uniformity of sample surface; oth erwise, poli shing, whic h for the
common sulfides and oxides takes onl y a few hours, will require several days
and even then produces only a mediocre poli sh.? A drawback of vibropolishing units is the tendency for polished surfaces to develop conside rable relief
(Figure 2.6), especially when soft and hard min erals are intergrown. Such
relief may obscure contact relationships between min erals, may make the
identification ofsoft rimming phases and inclusion s difficult, and ma y handicap attempts at photomicroscopy and electron microprobe ana lysis. Nevertheless, the simplicity of op er ation, easy mainten an ce, and capa bility of
handling many samples simultaneou sly make vibropolishe rs useful.

2.3

GRINDING AND POLISHING EQUIPMENT

Several types of equipment are commonly used in th e grinding and poli shing
of specimens for ore microscopy. Most, if properly op erat ed, are ca pa ble of
preparing adequate surfaces, free from scratches and with a minimum of
relief. A few of the more popular varieties of equipment (as show n in Figure
2.7) include the following.
1. Multiple-specimen automated grinding-polishing ma chines (F igure 2.7a).

These units hold six or more samples, which are mounted on spindles
that rotate clockwise as they move on a lap that rotates counterclockwise.
Polishing is accomplished on grooved metal (usually lead) lap s coated
with a thin layer of abrasive mixed with oil.
2. Variable-speed manual grinding and polishing ma chines (F igure 2.7b).
These are popular units because of their rugged design and easy adaptability to perform a wide variety of tasks. Samples are manually (or
2Samples are generally held in stainless steel or brass weights in order to increase the polishing
speed and to insure that samples do not merely slide about without receiving any polish.

FIGURE 2.6 Comparison of the relief developed in the same sample, which contains
a hard mineral (pyrite as cubes) and a soft mineral (pyrrhotite) when polished: (a) by
polishing with 15,6 ,111 diamond followed byO.05I1y-Al20 3on microcloth (briefly) and
(b) by using a vibropolishing machine charged with 0.05y-AlP3.The relief is evident
in the photomicrograph as the dark shadow around the edges of the pyrite (width of
field = 10011m).
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FIGURE 2.7 Exa mples of the types ofequipment th at are com mercia lly available for
the preparation ofpoli shed sections: (a) large automated Du ren er grinding and polis hing machine capable of prep aring several sa mples simultaneo usly; (b) varia ble-speed
manual grinding and polishing machine, Buehl er Ecomet 3; (c) automated grinding
and polishing machine cap abl e of handling six to eight samples, Buehler Eco met 4
with Universal Sample holder; (d) Syntron electro-magnetic vibrating polis hing machi ne, FMC Corporation. (All photographs courtesy of the manufacturers.)
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FIGURE 2.7 (Continued)

sometimes mechanically) held as they are ground and polished on
interchangeable fixed abrasive paper- or fabric-covered laps. Most units
have variable-speed motors, although less expensive models may possess only one or two fixed speeds . Most polishing is done on napless
cloths in which the polishing compounds become embedded. Final
polishing or buffing of surfaces commonly employs a napped cloth .
3. Small automated polishing machines (Figure 2.7c). These units have
become very popular because of their low price, compact size, and ease
of operation. Samples are held on an arm that moves them in an eccentric motion on paper or fabric lap surfaces that adhere to glass plates.
The glass plates are contained in individual bowls that are conveniently
interchanged between steps. .
4. Vibropolishing equipment (Figure 2.7d). Vibropolishing equipment is
convenient in the preparation oflarge numbers ofsections with a minimum of operator attention. Polished sections are held in cylindrical
brass or stainless steel weights and ride about the circular lap as a result
of the vibratory motion. The lap surface is covered with a silk, nylon, or
other hard cloth that is stretched taut and covered with an abrasive
slurry or water; a small amountof Mgt) or Al203 is dispersed on the lap.
Samples polish slowly but effectively and require virtually no attention
except watching the water level and the wear of the polishing cloth.
2.4 PREPARATION OF GRAIN MOUNTS AND MOUNTS FOR
SPECIALIST ANALYTICAL METHODS

Loose mineral grains from placer deposits or extracted from larger specimens
by crushing may be cast into polished sections in several ways.The most direct
technique is that of pouring embedding resin into the mold and then dispers-
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ing the mi ne ral gra ins over th e surface a nd allowi ng them to sin k to the bottom. Three potential problem s of thi s techniqu e are (I) the trapping of air
bubbles (2) the stratifica tion of min eral gra ins due to differe ntia l rate s of settling through th e resin , and (3) differential exposure ofgrai ns ofdiffering sizes.
Air bubbles can usu ally be removed by usin g the vacuum impregnation
techniques described in Section 2.3. Strat ifica tion ca n sometimes be avoided
by merely disp ersin g grains such th at all , or at least rep resen tatives ofall, types
ofgrains rest on th e bottom of th e mold. Alternatively, one can cast th e grai ns
and th en section th e grain mount vertica lly to expose any layering prese nt.
This vertical section through the grain mount may be po lished directly or
recast in anothe r section such th at th e layering of grai ns is visible.
If one is dealing with only on e or a few selected grai ns (e.g., in placer gold
samples) or of grains of differing sizes , th e most efficient tech nique is often to
place the grains either on a glass slid e or on a poli sh ed section "bla nk" and to
cover them carefully with a few drops of resin . In th is ma nn er, th e grai ns may
be placed in a pattern for easy recognition and th eir relative height s contro lled
so that all are exposed simulta neously during poli shing. G ra ins may eve n be
specifically oriented, if desir ed, by th e use of sma ll supporting devices or by
carving or drilling approp riately sh aped hol es into the underlyin g poli sh ed
section blank.
The mounting of specimens for such specialist techniques as image a na lysis, micro-PIXE analysis, or secondary ion mass spec trometry (SIMS) may
require some special methods, as noted by Laflamme (1990). For image a na lysis, it is very important that the section be trul y represen ta tive of th e sa mple
and that contamination through trapping of poli shing compounds (p a rticularly lead) in holes (such as may be left by air bubbles in epoxy) at the
polished surface be avoided . In micro-PIXE a na lysis, th e standard techniques
may be used , but, in order to maximize th e efficien cy of th e a na lysis, selected
monomineralic are as may be cut (as 2- 4 mm cubes a nd usin g a low-sp eed saw)
from a suite ofsamples already studied in polish ed section.T hese sam ples ca n
be remounted as arrays with as many as 40 such cubes and including analytical standards. In thi s way, costly instrument time is more efficie ntly used. Both
in micro-PIXE and SIMS analysis, problems of th e conducting away of heat
and electrical charge can be overcome by using graphite (20- 25 wt %) mixed
with the mo unting medium (araldite or equivalen t). In all such specia list
techniques, as further discussed in Appendix 3, sample mount sha pe, diameter, and thickness will be dictated by th e sample holder and sa mple cha mber of the instrument being used.

2.5 PREPARATION OF POLISHED (AND DOUBLY POLISHED)
THIN SECTIONS

The thin section, a ~0.03 mm thick slice of rock, ha s for many yea rs been th e
standard type of sample employed in petrological microscopy. The need to
examine the opaque minerals in rocks and to be abl e to a na lyze all of the
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minerals in thin sections using the electron microprobe has led to the prep aration ofpoli sh ed thin sections by simply polishing the upp er uncovered sur face
of a thicker-th an-normal thin rock slice (Figure 2.8).
Although the study of most ore samples still involves conventional 'polished sectio ns, there has been an increased awareness that important textural
inform ation in some ore min erals is not readily visibl e in conventional polish ed sections, thin sections, or even polish ed thin sections. In poli sh ed sections or polish ed thin sections, it is evide nt th at most spha lerite, cass iterite,
cin nabar, tetrah edrite, tennan tite, rub y silvers, rutile, and copper oxides tran smit ligh t, but the diffu se light sca ttering from the rough underside of the thin
section ma kes recognition of some int ern al features difficult. The difficul ty is
readil y overcom e if doubly polished thin sections are employed. Th ese are
prepared either by cutting standard thin-section blanks, which are polished
and then glued to a glass slide, or by gluing conventional polished sections to a
glass slide. Th e excess blank or the polished section is then cut away from the
slide by a wafering saw (a slow-speed saw is especially useful, because it
minimizes the amount of fracturing and distortion within the sample). The
thin slice on the glass slide is then gently ground until it tran smits sufficient
light to suit the worker's needs, and it is given a final poli sh in the no rmal manner. Th e result is a section that combines certain advantages of both the
polished section and the th in section by allowing simulta neous study of ore
and ga ngue min erals, and a section that may reveal internal structure oth erwise missed (see Figure 2.9 and Chapter 7). Excellent examples are given by
Barton (1978) and by Eld ridge, Barton, and Ohmoto (1983).
Th e prepa ration ofsamples for fluid inclusion studies is very similar and is
describ ed in detail in Chapter 8.
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FIGURE 2.9 Comparison of the structure visible in the sa me sam ple of spha lerite
when viewed: (a) in normal reflected light and (b) in tran sm itted light in a do ub ly
polished thin section. (Figures courtesy of P. B. Barton, reproduced from Min. Geo. 28,
296, 1978, with the publisher's permission.)
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2.6

ELECTROLYTE POLISHING AND ETCHING TECHNIQUES

Meta llurgists, and to a lesser extent min eralogists, have supplemented conven tiona l polishing methods with electrolytic and chemica l-mecha nica l techniq ues. In the former, electrica lly cond uctive sa mples, ground only as far as
6OO-mesh abrasive, are polished with 0.05 urn Al203 suspended in an electrolyte fluid .The sa mple is attac hed as anode and the polishing lap as ca thode
in a 25V DC circ uit. Polishing occurs by the removal of mat erial from the sa mple by bo th mech anical and electrical stripping. Che mical-mechanical polishing employs a fine polishing compound in a chemically reacti ve fluid
(commonly an etcha nt).Th e surface is prepared by th e combined mech anical
polishing and the chemical etching. Care must be taken when using chemical
polishing techniques, becau se they may selectively remove som e ph ases (e.g.,
chromic acid/ rouge may result in the loss of native silver or bismuth).
Che mical etchants were widely used in min era l identification prior to the
development of the electron microprobe (see App endix 3). Although now less
widely used for identification, etchants are still useful to enhance min eral textures. Reaction ofthe specim en with various chemicals in liquid or vapor form
will often reveal min eral zoning, twinning, and grain boundaries in appa rently homogen eous material and will accentuate differenc es in phases th at are
nearly identical in optical properties. A typical exa mple ofetching to enha nce
growth zoning is illustrated in Figure 2.1Oa and 2.lOb, in which pyrit e is shown
before a nd a fter etching with concentrated HN0 3 . In Figure 2.10c, the distin ction between monoclinic and hexagon al pyrrhotite is made by etching with
ammoni um dich romate -HCl solution. Monoclinic pyrrhotite is also distinguished by use of a magnetic colloid, which will coat grains of thi s min eral
while leaving grains of hexagonal pyrrhotite un coated . Met allurgicall abo ratories have found for many yea rs that a wide variety of etchan ts bri ng out alloy
microstru ctures tha t are oth erwise invisible. It is not possible to record all of
the numerou s etch reagents described in the literature , but Table 2.2 includes
many of the most useful etch ants used in min eralogical and metallurgical
studies. (Note: Several ofthese etch ants contain strong acids or oxidants; their
preparation should be done in a chemical fume hood while wearing sa fety
glasses and ob serving standard chemical laboratory safety procedures. Care
must be tak en during use so as to avoid chemical burns to the hands, clothing,
,
or laboratory equipment.)

2.7

HOW TO ACHIEVE HIGH-QUALITY POLISHED SURFACES

A number of key points essential to the preparation of high -quality poli shed
surfaces are worth emph asizing, as pointed out by Laflamme (1990):
l. Ens ure that the specimen for preparing the polished surface is representative of the sample as a whole.
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(b )

FIGURE 2.10 Etchants may be used to enhance structures within grains, as shown in
(a) a freshly polished pyrite grain, and (b) the same grain after etching with concentrated HN0 3 , Mineral District, Virginia (width of field = 1.2 mm). (c) Etchants may

also enhance the difference between hexagonal pyrrhotite (dark) and monoclinic
pyrrhotite (light), Sudbury, Ontario (width of field = 1,300 11m). (Reproduced from
Econ. Geol. 66, 1136, 1971, with the publisher's permission).

2. Use a cold-setting mounting medium; epoxy is ideal because of its low
shrinkage and high adhesive strength.
3. Ensure cleanliness throughout the entire polishing procedure.
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(c)

FIGURE 2.10 (Continued)

4. Fixed abrasives are generally superior to loose abrasives for use during
the grinding operation, which is by far the most important stage in
preparation.
5. Impregnation followed by careful grinding will prevent contamination
problems and will produce a higher-quality polish; coarse grinding
(with > 30 urn abrasive particles) is best avoided to minimize damage to
the specimen.
6. An oil-based lubricant is needed if the specimen is suspected of containing water-sensitive minerals, and washing should then be done using
ethyl alcohol.
7. Lead contamination can be a serious problem if metal laps are used ;
when techniques such as imaging (and image analysis; see Chapter 11)
using back-scattered electrons are einployed, then cloth or paper laps
should be used with diamond abrasives.
8. Vibropolishing is recommended only as a final polishing step, particularly for soft minerals and metals .
9. The quality of the final polished surface depends directly on the amount
of care and attention devoted to details at each stage of preparation.
To conclude then, high-quality polishes can be obtained on most materials,
provided that care, constant attention, and especially cleanliness are employed during all stages of the polishing process. Without good-quality polished surfaces, any attempts to apply the qualitative and quantitative methods
of ore microscopy and ore petrography that are described in this book will be
of little, or limited, value.

REFERENCES

TABLE 2.2
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Etchants Useful in the Enchantment of Mineral Textures"

Some General Etchants
HN0 3- con cen trated; I part HN0 3 to I part H20 ; I part HN0 3 to 7 parts H20
HCI-co ncentrated; I part HcI to I part H20 ; I part HCI to 5 parts Hp
H 2S04-concentrated; I part H 2S0 4 to I part H 20 ; I part H 2S0 4 to 4 part s H 20
HI-con centrated; I part HI to I pa rt H 20
HB r-concentrated
Aqua Regia- I part concentrated HN0 3 to 3 parts concentrated HCI
HCI- I part concentrated HCI to 3 parts dilute (100 gil) thiourea solution
Picric acid -4 g in 100 em? ethyl alco hol
KMn04-2.5 g in 100 ern! H 20; I part to I part concentrated HN0 3 ; I part to I part
concentrated H 2S04; I pa rt to I part KO H
(N H4hCr20 r400 mg in 25 em! of 15% HC I
KCN-20 g in 100 ern! H20
FeC1 3 - 20 g in 100 ern! H20 ; 50 g in 100 em ! H 20
SnC 12- 1 part sat urated solution to I pa rt concentrated HCI
KOH-satu rated solut ion
H20 2-1 6%
NH 40H-I part concentrated NH 40H to I part 16% H20 2; 5 parts con centrated
N H 40 H to I part 3% H20 2
For pyrrhotites and iron- rich spha lerite :
1. 400 mg (N H4hCr20 7 dissolved in 25 em! of 15% HC I solution"
2. 50% HI
For pyri te:
Co ncen trated HN0 3 followed by br ief concentrated HCI
For mon oclinic pyrrh otite: Magnetic collo id
1. Dissolve 2 g FeCI2"4 H20 and 5Ag FeCI)'6 H 20 in 300 ern! of distilled water
at 70°C.
2. Dissol ve 5g N aOH in 50 ern' of distilled H 20 .
3. Mix the two liquids: filter black precipitate a nd rin se with distilled water and
O.O IN HCI. Place black preci pitate in 500 em! 0.5% sodium olea te solution a nd
boi l for a few minutes; the resulting colloid should be stable for several month s.
a

Use these che mica ls with extreme ca ution. See note in text.

II Altho ugh

this etc hant has co mmonly been used to distinguish between hexagon al
and monoclinic pyrrhotite. which mineral has rece ived the darker stain varies from
one autho r to a no ther.
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CHAPTER 3

MINERAL IDENTIFICATIONQUALITATIVE METHODS

3.1

INTRODUCTION

When a polished section or a polished thin section is placed on the stage of a
standard reflected-light microscope, the first objective of any examination of
the section is usually the identification of the minerals present. A variety of
properties exhibited by each phase can be studied using the microscope
without any modification of the instrument or ancillary apparatus. However,
in contrast with the study of thin sections in transmitted light, these properties
are qualitative' and may not be sufficient for unequivocal identification. The
extent to which individual phases can be identified using these qualitative
methods depends considerably on the knowledge and experience of the microscopist. To the beginner, very few minerals are immediately identifiable,
and, although the experienced microscopist can identify many more minerals, there will still be certain phases (or groups of phases) that cause confusion . The tendency to rely on experience has led to the view (an unfortunate
misconception, in the opinion of the present authors) that ore microscopy is a
"difficult art." The developments in quantitative methods of reflectance and
microhardness measurement discussed in Chapters 5 and 6 and the more
widespread availability of such ancillary methods as electron microprobe
analysis and X-ray diffraction have done much to dispel this view. There is
still much to be gained by a careful qualitative examination of minerals in
polished section; however, given a moderate amount of experience, an appreciable number of phases can be identified routinely without the use of
elaborate ancillary equipment.
IThe study of rotation properties further discussed in Chapter 4 are an exception. but the techniques have not been proved satisfactory for routine work in most laboratories.
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In this chapter, the qualitative properties of value in mineral identification
are discussed.There are four major categories: (I) optical properties; (2) properties dependent on hardness; (3) properties dependent on the structure and
morphology of phases; and (4) textures that are characteristic of some phases
when they occur in association with certain other phases. As noted at the end
of this chapter, information can also be derived from the associated minerals.
The importance of spending as much time as possible looking at different
minerals in various associations cannot be overemphasized for the beginning
student. Appendix I incorporates data on qualitative properties for the more
common minerals; additional detail or information on uncommon minerals
may be found in such reference texts as Rarndohr's The OreMinerals and Their
Intergrowths (1980) and Uytenbogaardt and Burke's Tables for the Microscopic
Identification of OreMinerals (1971).
3.2

QUALITATIVE OPTICAL PROPERTIES

Observations with the ore microscope are usually made either with (l) only the
polarizer inserted (i.e., using linearly or "plane" polarized light) or with (2)
both polarizer and analyzer inserted (i.e.,under "crossed polars," the analyzer
being at 90° to the polarizer). Observations are also made using air and oil
immersion objectives. Color, reflectance, bireflectance, and reflection pleochroism are observed using linearly ("plane") polarized light; anisotropism
and internal reflections are observed under crossed polars.
3.2.1

Color

A very small number of ore minerals are strongly and distinctively colored
(e.g., covellite, bornite, gold; see Table 3.1),but most are only weakly colored
and may appear to the beginner as white through various shades of gray.

TABLE 3.1

Minerals Distinctly Colored in Reflected Light

Color

Mineral Phases

Blue

Covellite
Chalcocite, Digenite
Gold
Chalcopyrite
Millerite, Cubanite
Mackinawite, Valleriite
Bornite
Copper
Nickeloan Pyrite, Violarite
Breith auptite

Yellow

Red-brown to brown

Other Observations
Intense pleochroism
Weakley anisotropic
Very high reflectance
Very weak anisotropy
Strong anisotropy
Strong pleochroism
Weak anisotropy
Very soft, high reflectance
Isotropic
An isotropic
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However, with some practice, many of the subtle color differences become
apparent. Although the eye isgenerally good at distinguishing minorcolordifferences between associated phases, it has a poor "memory" for colors. A
further problem is that the apparent color of a mineral depends on its surroundings (e.g.. the mineral chalcopyrite appears distinctly yellow against a
white or gray phase but a greenish-yellow when seen next to native gold). This
phenomenon of "mutual color interference" means that it is important to see a
mineral in a range of associations. Accordingly, the colors of minerals are best
described in comparison with other common minerals with which they are
often associated.
It is important for observers to make their own descriptions of colors.
because of differences in the perception of color by different microscopists. It
is also difficult to rely only on other observers' descriptions of colors; th us. the
information given in Appendix I should be regarded as only a rough guide.
Another reason for caution in using qualitative color descriptions is that
colors are also dependent on the illumination employed (see Section 1.2.4)
and will show subtle differences when different microscopes are used . When
you begin work with a new instrument. it is necessary to "get your eye in" by
examining a fewcommon and easily identifiable minerals, some ofwh ich you
may even recognize before you place the section under the microscope.
Two other cautionary notes regarding color concern the effect of tarnishing
on color(e.g.•bornite may appear purple rather than brown after a section has
been left exposed to air) and of incorrect polishing procedures. particularly
"overpolishing" (e.g.• chalcopyrite. if overpolished, may appear white. although it will still exhibit its characteristic yellow color at grain margins and
along fractures). Both these types of error are best eliminated by repetition of
the final stages of polishing.
In Section 5.5. the problem of quantitatively representing color differences
is discussed. and this both highlights the limitations of the qualitative approach and shows a direction in which future discussions of colors of minerals
in polished section will probably progress. Reference to the chromaticity
diagram shown as Figure 5.18.on which are plotted all ofthe common opaque
minerals. again emphasizes the very limited range ofcolor variation exhibited
by them. However. as also further discussed in Chapter 5,the level at which the
eye of the "average observer" can discriminate between such color differences
is such that a separation can be achieved under ideal conditions.
3.2.2

Reflectance

The amount ofincident light on a polished surface ofa particular mineral that
is reflected back to the observer depends on an important property of that
mineral. its reflectance.The reflectance of a phase (what could colloquially be
termed its "brightness") is a fundamental property that will be discussed in
much greater detail in Chapters 4 and 5; it is a property that can be accurately
measured using equipment added to the standard reflecting microscope and
is defined on a percentage scale as

- -
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Reflectance (R%)

Intensity of reflected light (X 100)
=

Intensity of incident light

The reflectance of a phase may vary with its orientation (see the following),
with the wavelength of light being reflected (i.e., the mineral may preferentially reflect certain wavelengths and hence be colored) and with the angle of
incidence of the light (although in ore microscopy, illumination is always at
effectively normal incidence).
Although the eye cannot "measure" reflectance, it is easy to arrange the
minerals in a section in order of increasing reflectance by visual inspection.
Given one or two readily identifiable phases, the reflectances ofwhich can be
easily checked (e.g., magnetite R% ~20; galena R% ~43; pyrite R% ~55), it is
possible with a little experience to estimate the reflectances of "unknown"
phases by comparison with these visual "standards." It is useful also to note
that quartz gangue and many mounting plastics have reflectance values of
~ 5%. The reflectance values of the common ore minerals are given in Appendix 1.
A number of factors can cause confusion in the estimating of reflectance.
Minerals that take a poor polish will appear oflower reflectance than those
that polish well, even though reflectance values may be similar. Color, not surprisingly, may cause difficulties, since it arises as a result of the sampling by
the eye ofa range oflight wavelengths ofdiffering reflectances (see Chapter 4).
One solution to this problem is to insert a filter to limit the light illuminating
the section to a narrow range ofwavelengths (say of"green" or "yellow" light).
However, provided these problems are kept in mind, reflectance can be estimated by eye with sufficient accuracy to aid identification considerably.
3.2.3

Blreflectance and Reflection Pleochroism

Cubic minerals remain unchanged in reflectance and color on rotation of the
stage, whatever the orientation of the grains. Most minerals of other crystal
symmetries show changes in reflectance or color (or both) when sections of
certain orientations are rotated.The change ofreflectance is a property termed
bireflectance, and the change of color (or tint) is a property called reflection
pleochroism. However, the isometric (basal) sections of hexagonal and tetragonal crystals do not exhibit either of these properties and appear the same as
cubic minerals. In addition to noting that either of these (or both) properties
are shown by a mineral, it is usual to note the intensity with which the property
is exhibited (very weak, weak, moderate, strong, very strong) and, in the case of
reflection pleochroism, to note the colors observed in different orientations.
Examples of minerals that show reflection pleochroism are listed in Table 3 ~2
and are illustrated in Figure 3.1.
The difference in maximum and minimum values of the percent reflectance is, of course, a measure of the bireflectance. Examples of minerals
pvhibiting strong bireflectance are graphite, molybdenite, covellite, stibnite,
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valleriite : mod erate bireflectance is exhibited by marc asite, hem atite. niccolite, cubanite, pyrrhotite; weak bire flectance is exhibited by ilmenit e, ena rgite, arsenopyrite (see Appe nd ix I and Table 3.2).
It is important to remember that both properties are a function of the orientation of the crysta l relative to the polarized light beam. with various orientations showing anything from the maximu m to no effect. When you are
sea rching for weak to mode rate bireflectance or pleochroism, it is useful to
examine close ly adjacent grains (e.g., along a twin plane) where the eye ca n
distinguish small differences, less than 2% in reflectance under ideal circumsta nces.
TABLE 3.2 Examples of Min eral s That Exhibit Reflection P leoc hroism (in Air) and
Bireflectance

Miner al
Covellite
Molybdenite
Bismu thinite
P yrrhot ite
N icco lite
Cubanite
Valleriite
Mill erit e
Gra p hi te

Co lor Ran ge (Darke r-Lighter)

Bircflcctancc Range
(Approx imate R%
at 546 nm )

. 6-24
19-39
37-49

Deep blue to bluish whit e
Whi tish grey to white
Whitish grey to yellowish white
P in kish brown to brownish yellow
Pinkish brown to bluish whit e
Pinkish brown to clear yellow
Brownish grey to cream yellow
Yellow to ligh t yellow
Bro wnis h grey to greyish black

34-40

46- 52
35- 40
10-21
50-5 7

6-27

E&in••••_
FIGUR E 3.1 The p rop erti es of bireflectance and reflec tion pleochroism illu strated
by the mineral covellite photogra ph ed in two o rientations at 90 to on e another in
plane (linearl y) pol arized ligh t. The darker gray blades in the b lack-and-whi te p hotographs are actually deep b lu e; th e light bl ad es a re p al e blu ish whi te (wid th of field =
0

400 11m) .
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3.2.4 Anlsotroplsm

When a polished surface ofa cubic mineral is examined under crossed polars,
it is found to remain dark (in extinction) in all positions of the stage, whatever
the crystallographic orientation ofthe polished surface (in some cases, the section may not be completely dark but will nevertheless remain unchanged on
rotationj.? Such minerals are termed isotropic. Minerals that form crystals of
lower-than-cubic symmetry will not remain unchanged as the stage is rotated
for polished surfaces of most orientations ; that is, they are anisotropic. Sections
ofcertain special orientations ofanisotropic phases may be isotropic (e.g.,the
basal sections of hexagonal and tetragonal crystals) , but most will show
variations in brightness or color, or in both, as the stage is rotated through
360°. As with bireflectance and pleochroism, the anisotropy can range from a
maximum to zero (i.e., isotropic), depending on which section through the
crystal has been polished. In a section showing anisotropy, there will be four
positions, 90° ap art, in one 360° rotation where the section is dark (in extinction) or at least shows minimum brightness. Between these (at ~45 ° to extinction positions) lie the positions of maximum brightness. Ha ving noted that a
mineral exhibits anisotropism, the first observation of the microscopist is of its
intensity; again, the terms "very weak," "weak," "moderate," "strong," "very
strong" are commonly used.
The colors exhibited by an anisotropic mineral on rotating the stage (anisotropic colors) may be of value in identification when used with caution, and
some are quite distinctive (e.g., the deep green colors of marcasite). However,
the colors are constant only if the polars are exactly crossed and change in a
characteristic manner on uncrossing the polars for a particular mineral. Aside
from the problems of qualitative color description discussed in Section 3.2.1 ,
anisotropic colors may be sensitive to differences between microscopes and
illumination systems. However, used carefully and with the microscopist
maintaining consistent viewing conditions and compiling a set of personal
observations, they are of value in identification.
As with bireflectance and pleochroism, it is important to examine a number
ofgrains in a polished section to obtain orientations of maximum anisotropy;
when the rock itself has an oriented fabric , it may be necessary to cut and
polish further sections. Sometimes the combined effects ofstage rotation and
the anisotropism of adjacent grains make it difficult to determine whether a
given grain is isotropic or weakly anisotropic. Such a determination may be
more easily accomplished if the specimen is left stationary and the analyzer is
slowly rotated 5-10 ° back and forth through its crossed position at 90° from
the polarizer; this eliminates the distraction of movements while the microscopist is trying to observe minor variations in color or reflectance. A wellcentered objective and the use of the field diaphragm to eliminate extraneous
grains from the field of view also help .
2Unfo rtuna tdy the re arc occasional exceptions to this rule for reasons th at rem ain obscu re. A
weak "anomalous ani stropism" is som etimes shown by cubic minerals suc h as pyrite.
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Note also that fine, parallel scratches left from incomplete polishing or
careless buffing can produce effects that are similar to anisotropism and
bireflectance. Such scratches are especially common in grains of soft minerals, such as gold and silver.
3.2.5 Internal Reflections

Some minerals examined in polished section are transparent, and others are
completely opaque, with some being intermediate in their "opacity." Transparent phases are , ofcourse, best studied in transmitted light. In polished sections, such phases may allow light to penetrate deep below the surface and to
be reflected back to the observer from cracks or flaws within the crystal. Such
light will appear as diffuse areas or patches, known as internalreflections. Both
the occurrence of internal reflections and their colors may be of diagnostic
value, the latter because certain wavelengths of the incident white light (see
Section 4.1.1)are preferentially absorbed by the crystal that exhibits a characteristic "body color." For example, cassiterite shows yellow or yellow-brown
internal reflections, and proustite shows ruby-red internal reflections. The
nonopaque phases in a polished section may , under certain illum ination conditions, be a mass of internal reflections.
Internal reflections are best seen under crossed polars with intense illumination; they may also be visible in linearly ("plane") polarized light. It is
important to realize that many grains of a phase that could show internal
reflections may not exhibit them and that a careful search must be made over
the entire section. Isolated grains of magnetite and sphalerite have very similar optical properties and are often mistaken by students. The common pre sence of internal reflections in sphalerite and their absence in magnetite is a
very useful aid in distinguishing between them. The visibility of internal
reflections is also enhanced by using oil immersion obje ctives and by using
high-power magnification; they are often best seen at the edges of grains or in
small grains. Some examples of common ore minerals exhibiting internal
reflections are given in Table 3.3, and the internal reflections exhibited by
sphalerite are shown in Figure 3.2.
3.3 QUALITATIVE EXAMINATION OF HARDNESS

A detailed discussion of hardness and its quantitative determination is the
subject ofChapter 6. As will be explained further, hardness is a complex property ofa mineral, and the term "hardness" as used in ore mineralogy may refer
to a number of phenomena. Three types of hardness are particularly important:

l. Polishing hardness
2. Scratch hardness
3. Microindentation hardness
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TABLE 3.3

Examples of Minerals That Exhibit Internal Reflections
Color of Internal Reflection

Mineral

Often Seen in Air, Strong in Oil

Yellow to brown (more rarely to green to red)
Blood red
Ruby red
Clear yellow to deep red-brown
White to blue
Blue
Green
Yellow brown to yellow

Sphalerite
Cinnabar
Proustite-pyrargyrite
Rutile
Anatase
Azurite
Malachite
Cassiterite

Sometimes Seen in Air, Often in Oil

Hematite
Wolframite
Chromite

Blood red
Deep brown
Very deep brown

The third of these will be dealt with in Chapter 6 and forms the basis of quantitative hardness determination; the first two can be examined with the standard ore microscope by comparing the relative hardness of adjacent phases
and can be very helpful in mineral identification. It is important to realize that
these three forms ofhardness are not entirely equivalent, being the response of
the material to different kinds of deformation or abrasion.
3.3.1

Polishing Hardness

Polishing hardness is the resistance ofa particular mineral to abrasion during
the polishing process. The fact that hard minerals are worn away more slowly
than soft minerals means that they may stand slightly above the surfaces of
softer grains in the section-an effect known as polishingrelief Although in the
preparation of a polished section (see Section 2.2) every attempt is made to
minimize the amount of relief, the presence of some relief enables relative
hardness to be estimated rapidly. This determination involves a simple test
using the Kalb light line, which is a phenomenon analogous to the Becke line
used in transmitted light work, although it is of wholly differentorigin. The procedure is as follows:

1. Focus on a clear boundary line between two mineral grains.
2. Lower the stage (or raise the microscope tube) so that the sample begins
to go out of focus as the distance between the specimen and the objective increases.
3. Observe a "line" of light (cf. the Becke line) that will move toward the
softer mineral, provided there is significant relief.
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(a)

(b )

FIGURE 3.2

Internal reflections in sphalerite. (a) View in plane polari zed light
reveals a uniformly hom ogen eou s spha lerite (light gray). (b) T he sa me view under
cross ed pol ars reveals man y int ernal reflection s of variab le in ten sity. (Madan Distric t.
Bulgari a (width of field = 1.200 11m).

The origin of the Kalb light line can be con sid ered usin g Figure 3.3. At th e
junction between th e soft and hard minerals, light ca n be reflected at no nnormal incidence. This light is not apparent whe n th e boundary area is in
focus (focal plane F 1) but during defocusing to F2 is seen as a lin e ofl ight moving toward the softer min eral. It is important to reali ze tha t th is effect will only
be seen when there is significant relief and tha t this depends on the relative
hardness of the adjacent grains and the method of polishing. Indeed, significant relief is onl y likely to be develop ed at bo unda ries between pha ses that
show appreciable differences in hardness, (perha ps 50% or more). The ore
minerals can be arran ged in a sequence of inc reasing polish ing hardness,
although factor s such as poli shing method and state of aggregation of the
mineral may slightly influ ence its position in such a tab le. Commonly, the
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FIGU RE 3.3 Cros s section (schematic) of polished sectio n surface showi ng origin of
Kalb line at the bo undary of two minerals of differen t ha rdness.

polishi ng hardn ess of a min eral is co mpa red to on e or several relatively abu ndant minerals (e.g.,a sequence in which min erals are described as "less hard,"
"as hard," or "ha rde r th an " ga lena, cha lcopy rite, or pyrite is sometimes
used).
In favorabl e circumstan ces, poli shing hardness can ena ble a fairly accurate estima te of the hardness of an unknown ph ase to be mad e.
3.3.2

Scratch Hardness

Although the perfect polish ed section is completely scratch-free, in pr actice
the surface ofa section always ha s som e scratches. Th e relative amount ofsurface scratching and the depth of scratches that cro ss grain boundaries may,
however, be used in favorabl e circumstances to estimate relative hardness.
Altho ugh some soft min erals ca n acquire a smooth, brilliant poli sh (covellite,
bismuthinite), oth ers nearly always retain a scratched appearance (graphite,
molybdenite, gold , silver). Some hard min eral s readily acquire a smooth
polish (a rsenopyrite, ilmenit e, niccolit e), while oth ers require much lon ger
polishing (mag netite, wolframite, pyrite), although th is also depends on the
crystallogra phic orient ation of the surface being polished. A scratch extending ac ross the boundary between two min eral s may indicate relative hardn ess
by being more deeply incised in the softer mineral (Figure 3.4a). However, this
test must be applied with ca ution, becau se deep scratches from an ea rly stage
of polishing may remain in a hard ph ase (pyrit e, marca site; see Figure 3.4b),
even after they have been removed in an adjacent soft phase by later stages.

3.4

STRUCTURAL AND MORPHOLOGICAL PROPERTIES

Struc tural and morphological properties depend chiefly upon the crysta l
struct ure of the min erals a nd comp rise (1) crystal form and h ab it, (2) cleavage
and pa rting, and (3) twinning. They are, of course, an essential aspect of the
textures of ore min erals and min eral assemblages, and are furth er discussed in
C ha pter 7. Th eir importance in min eral identification will be bri efly considered here.

• 'l

FIGURE 3.4 (0) Example of scratch hardness as a scratch extends from a softer
mineral (galena) across a harder one (tetrahedite) and back to the so fter on e (width of
field = 1,000 urn). (b) Residu al scratches in pyrite (whi te) rem ai ning after the scratches
in the adj acent sphalerite ha ve been removed in the last polish ing steps (width offield
= 2,000 urn).
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3.4.1 Crystal Form and Habit

The full range ofcrystal forms and habits encountered in the study of minerals
in hand specimen and thin section can also be seen in polished section, and
the same terminology can be applied.Some minerals commonly develop wellformed crystals or euhedra (e.g., pyrite, arsenopyrite, magnetite, hematite,
wolframite), whereas others are characteristically anhedral (e.g., chalcopyrite,
bornite, tetrahedrite). In the average ore, the majority of minerals are not
bounded by crystal outlines. It is important to remember that a polished surface only gives a two-dimensional viewofa three-dimensional object; thus, for
example, a cube may appear on a polished surface as a square, a rectangle, a
triangle, or even an irregular pentagon.
All of the standard mineralogical terms used to describe crystal habit can
be employed in ore microscopy (e.g., cubic, octahedral, tabular, acicular,
columnar, bladed, fibrous, colloform, micaceous, prismatic; see Figures 3.1,
7.5,7.9,etc.), and the observation ofcharacteristic habit is a considerable aid in
identification . Some common examples are
Acicular
Lath-shaped
Tabular
Rhombic
Skeletal
Isometric forms

Hematite, stibnite, jamesonite, rutile
Ilmenite, hematite
Covellite, molybdenite, graphite, hematite
Arsenopyrite, marcasite
Magnetite (due to fast crystallization), galena
Cube-galena, pyrite
Octahedron-chromite, spinel , pyrite, magnetite ,
galena
Pentagonal dodecahedron-pyrite, bravoite

Crystal habit can also be used to advantage in the identification ofcommonly
associated gangue minerals (e.g., octahedra or cubes of fluorite , rhombs of
dolomite and siderite, quartz euhedra of characteristic trigonal morphology).
3.4.2

Cleavage and Parting

Although cleavage or parting is a mineral property that is often readily seen in
hand specimen or in a thin section of a translucent mineral, it is not as commonly observed in a polished section. It may often be more readily seen at an
early stage of section preparation (say, after polishing with 6 urn diamond
paste) than in the final specimen. Cleavage or parting is seen in polished section as one or more sets of parallel cracks, and, if three or more cleavage directions are present, parallel rows of triangular pits maybe observed. Such pits
are particularly characteristic of galena (see Figures 3.5a and 7.22) but may
also be observed in magnetite, pentlandite, gersdorffite, and other minerals.
The development ofsuch pits depends not only on the method ofpoli shing but
also on the orientation ofthe sectio n surface relati ve to the cleavage directions.
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FIGURE 3.5 (0) Cleavage in galena sho wn by rows of trian gul a r pits (width of'field
2.000 urn), (b) Cleavage in stib nite (width of field = 2.000 urn).

=

A prismatic clea vage gives diamond-shaped, trian gular, or rectan gular patterns ; a pinacoidal clea vage gives a set of parallel crac ks (see Figure 3.5b).
The cleavage of a mineral may not be evide nt at all in a ca refully po lished
grain ,and, if the mat erial is fine-grain ed, it is unlikely to be evident at any stage
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of polishing. Cleavage is often more evident at the margins of grains and in
certain cases may be beautifully brought out by weathering, some other form
of alteration, or by etching. Fine examples of this include the alteration along
cleavages ofgalena to cerussite, sphalerite to smithsonite, and chalcopyrite to
covellite (see Figure 7.10b).
3.4.3 Twinning

As further discussed in Section 7.6, three major types of twinning-growth,
inversion, and deformation-can be observed in opaque minerals. Generally,
they cannot be seen in isotropic minerals unless the surface is etched (although they may often be evident in early stages of polishing) and are best
observed in anisotropic minerals under crossed polars. Sometimes twinning
may be evident from abrupt changes in the orientation ofcleavages or lines of
inclusions, or in cubic phases that show internal reflections under crossed
polars.The crystallographic planes involved in twinning are usually not determinable in polished section; nevertheless, the twin patterns in some minerals
are characteristic and of considerable value in identification. Examples include the "arrowhead" twins (growth twins) seen in marcasite, the lamellar
twins (deformation twins) seen in hematite and chalcopyrite, and the inversion twins seen in stannite and acanthite (see Figure 7.19).

3.5 OTHER AIDS TO IDENTIFICATION (PHASE EQUILIBRIA,
MINERAL ASSEMBLAGES, CHARACTERISTIC TEXTURES, AND
ANCILLARY TECHNIQUES)

The properties discussed in this chapter as the basis for identification by
visual inspection under the ore microscope are all essentially the properties of
individual grains. However, the samples normally studied in polished section
are made up of assemblages of minerals, and identification is greatly helped
by considering the minerals as an assemblage rather than as isolated individual phases. Ore mineral assemblages can be profitably considered in
terms of( I) known phase equilibria and (2) characteristic ore types. For example, numerous studies ofsulfide phase equilibria have demonstrated that most
sulfide ores have re-equilibrated on cooling and now represent assemblages
that are stable at less than lOO-200°C. The refractory sulfides-pyrite, sphalerite, arsenopyrite-are notable exceptions and often retain compositional and
textural features from higher formational temperatures. For most copper,
lead, silver, and nickel ores, however, the low-temperature phase diagrams
provide a hint as to likely mineral associations. Thus, using the copper-ironsulfur system (Figure 8.14)as an example, if pyrite and chalcopyrite are identified in a polymineralic mass, one might expect also to find one of the
adjacent phases-either pyrrhotite or bornite-but not both (as this would
violate the phase rule; see Vaughan and Craig, 1978). Oxide minerals, although more refractory than sulfides, also generally occur in assemblages
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similar to those shown in phase diagrams. Thus. one can reasonably expect to
find hematite with magnetite or ilmenite. or both. but not with ulvospinel (see
Figure 9.12).The phase diagrams. therefore. provide a guide as to possible. but
not necessary. mineral assemblages. They also provide an understanding of
some textures (e.g., pentlandite exsolved from pyrrhotite. bornite exsolved
from chalcopyrite, the growth of pyrite crystals in pyrrhotite) by revealing the
extent and temperature dependence of mineral solid solutions.
The characteristic ore mineral associations and textural relationships discussed in Chapters 7-10 also provide valuable guides to mineral assemblages.
For example, galena, sphalerite, and pyrite constitute a common assemblage
in carbonate-hosted deposits, but tin minerals are virtually unknown in such
ores. Pentlandite and chalcopyrite commonly occur with pyrrhotite. magnetite, and pyrite, but sphalerite and galena are rarely present. The recognition of
one unusual mineral (e.g., a telluride or selenide) should prompt the observer
to be on the lookout for others.
The weathering of ores may result in equilibrium assemblages (e.g., hexagonal pyrrhotite altering to monoclinic pyrrhotite or bornite altering to
covellite) or disequilibrium ores (e.g., pentlandite altering to violarite or chalcopyrite altering to covellite). In the former case, phase diagrams and characteristic assemblages are useful guides; in the latter case, equilibrium phase
diagrams are less useful but the characteristic assemblages are still useful.

3.6

CONCLUDING STATEMENT

The qualitative methods of identification discussed in this chapter enable
many minerals to be recognized without recourse to other methods, given a little experience on the part ofthe microscopist. It is important to emphasize that
undue reliance should not be placed on any single property, or any single
grain, but that all of the information should be considered in attempting to
reach a decision. To confirm an identification or to choose between a numher
of remaining alternatives, the quantitative methods discussed in Chapters 4
and 5 may be used. Before we tum to these methods, we will consider the origin
of the optical effects seen using the reflected-light microscope.

REFERENCES
Ramdohr, P . (1980). Th e Ore Min erals and Their Int ergrowths. 2nd ed . Pergamon
Press, Oxford.
Uytenbogaardt, W.. and Burke. E. A. 1. (1971). Tablesfor the Microscopic Identification of
Ore Minerals. Elsevier, Am sterdam. (Reprinted 1985 by Dover Publications. New
York).
Vau gh an. D. J.. and C raig. 1. R. (1978). Min eral Chem istry ofMetal Sulfides. Cambridge
Un iversity Press. Ca mb ridge. Engl and .

54

MINERAL IDENTIFICATION-QUALITATIVE METHODS

BIBLIOGRAPHY
Cameron, E. N. (1961). Ore Microscopy. John Wiley & Sons, New York.
Criddle, A 1., and Stanley, C. 1.(eds.) (1986). The Quantitative Data FileforOre Minerals of
the Commission on Ore Microscopy of the International Mineralogical Association.

British Museum (Nat. Hist.), London.
Galopin, R., and Henry, N. F. M. (1972). Microscopic Study of Opaque Minerals.
McCrone Research Association, London.
Ixer, R. A (1990). Atlas ofOpaque and Ore Minerals in Their Associations. Van Nostrand
Reinhold, New York.
Picot, P., and Johan, Z. (1982).Atlas ofOreMinerals. BRGM, Orleans. (English translation by 1. Guilloux and D. H. Watkinson.)

(

'J

l

CHAPTER 4

REFLECTED LIGHT OPTICS

4.1

INTRODUCTION

Light is a form of electromagnetic radiation. which may be emitted by matter
that is in a suitably "energized" (excited) state (e.g., the tungsten filament of a
microscope lamp emits light when "energized" by the passage of an electric
current). One of the interesting consequences of the developments in physics
in the early part of the twentieth century was the realization that light and
other forms of electromagnetic radiation can be described both as waves and
as a stream of particles (photons). These are not conflicting theories but rather
complementary ways of describing light; in different circumstances. either
one may be the more appropriate. For most aspects of microscope optics. the
"classical" approach ofdescribing light as waves is more applicable. However,
particularly (as outlined in Chapter 5) when the relationship between the
reflecting process and the structure and composition ofa solid is considered. it
is useful to regard light as photons.
The electromagnetic radiation detected by the human eye is actually only a
very small part of the complete electromagnetic spectrum, which can be regarded as a continuum from the very low energies and long wavelengths
characteristic of radio waves to the very high energies (and short wavelengths)
of gamma rays and cosmic rays. As shown in Figure 4.1, the more familiar
regions of the infrared, visible light, ultraviolet. and X-rays fall between these
extremes of energy and wavelength. Points in the electromagnetic spectrum
can be specified using a variety of energy or wavelength units. The most common energy unit employed by physicists is the electron volt' (eV). whereas
'One electron volt is the energy acquired by an electron accelerated through a potential difference
of one volt.
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FIGURE 4.1 The electromagnetic spectrum between 10- 5and 1015 A. Energies within
this range are also shown as wave numbers (cm ") and electron volts (eV). Energies of
the visible light range are shown on an expanded scale. (Reproduced from Mineral
Chemistry of Metal Sulfides by D. 1. Vaughan and J. R. Craig, copyright e 1978, Cambridge University Press, with the publisher's permission).

wavelengths maybe expressed in terms ofAngstrom units (A.. where 1 A= 10- 8
em) or nanometers (nm, where 1nm = 10- 7 cm = lOA). Another unit employed
in the literature of physics and chemistry is the wavenumber, or reciprocal
centimeter (ern -I), which, unlike the wavelength units, varies linearly with
energy. The nanometer is most commonly used in mineralogical literature
and will be used in this book. In Figure 4.1, the relationships between these
units are indicated for different regions of the spectrum. Shown in detail is the
visible light region, which extends between approximately 390 and 770 nrn;
particular wavelength regions within this range are characterized by the eye as
different colors. Seven primary colors were recognized by Sir Isaac Newton
(the "colors of the rainbow"), and their wavelength limits are shown in Figure
4.1. White light from the sun or an artificial light source is comprised of contributions from all of these wavelengths. Light of a very limited range of
wavelengths, such as the characteristic yellow light from a sodium vapor lamp
that consists chiefly ofwavelengths 589.0and 589.6nm, is described as monochromatic.
In further developing the wave description of light, transmission can be
considered to occur by a transverse wave motion in which the vibrations are
perpendicular to the direction of travel of the energy. A wave resulting from
this type of (simple harmonic) motion is shown in Figure 4.2a and has the
shape of a sine curve. For such a wave,
c

= VA

(4.1)
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FIGURE 4.2 The wave motion of light showing (a) unpolarized light with the wave
motion represented along the propagation direction and normal to it (on the left); (b)
unpolarized light in contrast to light that is linearly polarized.

where c = velocity of the wave, v = frequency of the wave, A. = wavelength. As
Figure 4.2a shows, the ray's vibration directions within any plane perpendicular to its path may be represented by a semicircle of radius equal to the vibration of the wave within that plane, except at points a, b , or c, where the
vib ra tio n is nil. In add ition to th is, a single wave of this type has a kind of
spiraling motion th at ca n best be explained by de scribing the behavior of a
single point on the wave that on progressing from a - b cha nges its direction
of vib ration with reference to the circular section normal to the line ahc. At
point a , it can be considered as being at point I on the circul ar sectio n in
Figure 4.2; by pointX, it will be at 2, point Yat4,and soon. Th e position o f thi s
single point on the wave is termed its phase. Finally, the amplitude ofthe wave is
the maximum vibrational displacement (i.e.. the radius of the semicircular
section at point y in Figure 4.2).
It is possible to restrict the vibration of the light wave illu strated in Figure
4.2a to a single plane, in which case the light is said to be plane polarized,
although the more correct term linearly polarized is less confusing in a discussion of reflected-light optics and will be used in this text. The plane of vibration of this polarized light is that plane parallel to both the path of the ray and
the vibration direction.
4.1.1

Interaction of Light with Transparent Media

The velocity of a light wave (c) or other electromagnetic wave is constant in a
vacuum (299,793 km/sec) but changes if the wave passes into another transmitting medium, a change expressed by the concept of the refractive index of
that medium:
c
(4.2)
n=-
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where n is the refractive index of the medium and c and Cm represent the
velocity of light in a vacuum and in the medium, respectively. Since Cm is
always less thanc ,n is always greater than 1.0,although for airn = 1.0003 (~I) .
Since the refractive index is a ratio of two velocities, it is a dimensionless
number.
Those materials through which monochromatic light travels at the same
speed, regardless of the direction oflight vibration relative to the medium, are
optically isotropic. A vacuum, all gases , most liquids, glasses, and cubic (isometric) crystalline substances are isotropic; other materials (chiefly nonisometric crystals) are optically anisotropic, and light rays may travel through
them at different speeds, depending on the direction oflight vibration within
them. The optical indicatrix shows how the refractive index of a transparent
material varies with the vibration direction ofthe (monochromatic) light wave
in the material. If an infinite number of vectors are imagined radiating in all
directions from one point within the substance and if each vector has a length
that is proportional to the refractive index for light vibrating parallel to that
vector direction, then the indicatrix is the surface connecting the tips of these
vectors. For an isotropic substance, therefore, the indicatrix is a sphere of
radius n (Figure 4.3a). However, it should be noted that the value of n does still
vary as a function ofwavelength oflight. For anisotropic crystals, the refractive
index varies with vibration direction in the crystal, even for monochromatic
light, so that the indicatrix is not a sphere but an ellipsoid.
The optical indicatrix for crystalline substances with hexagonal (used here
as including the trigonal system) or tetragonal crystal symmetry is such that
one cross section through the ellipsoid is circular and all other sections are
elliptical. The indicatrix is termed uniaxial, and the direction normal to this
unique circular section is the optic axis and is parallel to the c axis ofthe crystal.
The value of the refractive index in this circular section through the ellipsoid
(termed the ordinary vibration direction and often symbolized as co or 0) may
be either the maximum or the minimum value of the refractive index, so that
the indicatrix may be either prolate or oblate, as shown in Figures 4.3b and
4.3c. Conversely, the value of the refractive index of the crystal for the vibration along the direction of the optic axis (crystal C axis) and termed the
extraordinary vibration direction (often symbolized c or e) must also be either a
maximum or a minimum value. Materials in which the value (e-o) is positive
(a prolate indicatrix) are termed uniaxialpositive; those with (e-o) negative (an
oblate indicatrix) are termed uniaxial negative in their optic signs.
The optical indicatrix for crystalline substances with orthorhombic, monoclinic, or triclinic crystal symmetry, although ellipsoidal (being geometrically
termed the "general ellipsoid"), is such that there are two cro ss sections that are
circular, all others being ellipsoidal. Again, the two directions normal to these
sections are optic axes, so that the indicatrix is termed biaxial (Figure4.3e). The
biaxial crystal has three principal refractive indices that are commonly symholized a , ~ , y, with a and y being the smallest and largest, respectively. The
vector directions corresponding to the a and y refractive indices are unique
dire ctions termed principal vibration axes and are symbolized X and Z, re-
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FIGURE 4.3 The optical indicatrix for (a) an isotropic substance, (b. c) a uniaxial
positive and negative crystal , (d, e) a biaxial crystal showing principal vibration axes
and optic axes, (f. g) crystallographic orientation of the biaxial indicatrix in orthorhombic and monoclinic crystals.

spectively, as shown in Figure 4.3d. These are always orthogonal axes of maximum and minimum length. respectively. and the principal vibration axis (Y),
corresponding to the vector direction of the ~ refractive index. is also always
normal to theX and Z axes. However, since the value of~ is intermediate between a and y, there must be an equivalent vector in the arc between the Z and
X vibration axes, as shown in Figure 4.3d . There must, in fact, be a complete
series of vectors of length ~ between these two that give a circular section
through the indicatrix. Examination of the figure will show that two such circular sections must exist intersecting along the Yaxis, as shown in Figure 4.3e;
as in the uniaxial indicatrix, the normals to these circular sections define the
optic axes (hence biaxial), which must always lie in the plane XZ (optic axial
plane). The angle between these planes ofcircular section, and hence between
the optic axes, varies depending on the relative values of a, ~ , and y, and by
convention the acute angle between the optic axes is the optic axial angle (or
2V). When Z (y) is the acute bisectrix, the crystal is biaxialpositive in optic sign,
and whenX(a) is the acute bisectrix, it is biaxial negative. The special case when
2V = 90° is optically signless.'
2Some problems arising with regard to the determination of optic sign have been discussed by
Galopin and Henry (1972. p. 277).
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Although in uniaxial crystals the optic axis always coincides with the crystallographic c-axis direction, in biaxial crystals the relationship between the
orientation ofthe indicatrix and the crystallographic axes is not so straightforward. For orthorhombic crystals, the X, Y, and Z (principal vibration) axes of
the indicatrix all coincide with the a, b, and c crystallographic axes , but,
although the relationship a = X, b = Y, c = Z is possible (see Figure 4.3f), any
one ofthe five other combinations (a = Y,a = Z, etc.) is also possible. In monoclinic crystals, a principal axisX, Y, or Z coincides with the single twofold axis
normally selected as the b axis. The two other principal axes then lie in the
plane perpendicular to this twofold axis (see Figure 4.3g). Finally, in the
triclinic crystal, none of the X, Y, or Z axes coincides with a crystallographic
axis unless by chance.
It is important to note that, as the value of2Vapproaches zero in a biaxial
negative crystal, it approaches a uniaxial negative indicatrix; in a similar way,
a biaxial positive crystal approaches a uniaxial positive when 2 V approaches
zero.Also, as e and 0 approach the same value, the uniaxial anisotropic crystal
approaches the isotropic. For anisotropic materials, the difference between
their two most divergent refractive indices (e- 0 for uniaxial, y - a for biaxial)
at a particular wavelength is known as birefringence.
4.1.2

Interaction of Light with Opaque Media

The refractive index of an opaque substance is a complex number defined
as follows:
N

=

n

+ ik

(4.3)

where N is th e complex refractive index, n is the refractive index (or ratio of the
velocities oflight in the two adjoining media),k is the absorption coefficient , and
i is the complex conjugate (Jenkins and White, 1976).
As with transparent crystalline solids, the interaction of light with opaque
crystalline materials depends on the physical state of the material. Under the
reflected-light microscope, a flat polished surface is subjected to light at normal incidence, a certain percentage of which is reflected directly back as the
specular component. Such specular reflectance is normally expressed as a percentage of the incident light and relates 'to the optical constants, nand k; at
normal incidence through the Fresnel equation:

R =

+ k2
(n + N)2 + k 2
(n - N)2

(4.4)

where

n

=

refra ctive index of the substance

N

=

refractive index of the medium (commonly, air or immersion oil)
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k

=

absorption coefficient of the substance

R = reflectance (when R = I corresponds to 100% reflectance)
When the medium is air, for which N

R =

~

I, the Fresnel equation becomes

+ k2
+ 1)2 + k 2

(n - 1)2
(n

(4.5)

Equation 4.5 makes it clear that, when the medium has a refractive index
above I (e.g., water,N = 1.33; index oil,N = 1.515), the reflectance is reduced
from the value in air.
If an opaque material is crushed to a fine powder, the nature of its optical
properties changes, because some light can now pass through particles before
being reflected back. Such diffuse reflectance is analogous to the streak of a
mineral and is the color exhibited by the mineral when light is transmitted
through it (e.g., in thin or polished thin sections of certain minerals).
The physical nature of the reflecting process and the significance of variations in nand k in substances of different composition will be discussed
further in Chapter 5. In the remainder of this chapter, the classical treatment
of optics is applied to understanding the behavior of flat polished surfaces of
opaque materials when examined under the ore microscope.

4.2

REFLECTION OF LINEARLY (OR "PLANE") POLARIZED LIGHT

4.2.1 Monochromatic Linearly Polarized Light Reflected from an
Isotropic Surface

An incident beam of linearly polarized light is unchanged in its polarization
when it is reflected from a perfectly flat isotopic surface (whether of a transparent or an opaque mineral). The value of the percentage reflectance (R%) is
given in terms of the optical constants by the Fresnel equation (see Equation
4.4). It has been shown for isotropic transparent crystals that the uni form value
of refractive index (n) for any orientation ofthe vibration direction in the crystal is represented by the spherical optical indicatrix (Figure 4.3a). However,
the refractive index of an absorbing substance (N) contains a number couple
(Equation 4.3) so that this "complex indicatrix" cannot be represented by a
three-dimensional surface. It is possible to represent the variation of the component refractive index (n) and absorption coefficient (k) terms as a function
of vibration direction in the crystal, and each of these indicatingsurfaces' is a
sphere, as shown in Figure 4.4a. The reflectance is also a real number and can
be represented by a single surface that for isotropic materials will, ofcourse, be
a sphere (Figure 4.4a). Consequently, isotropic opaque minerals have only
3The term "indicatrix" should be restricted to the application explained in Section 4.1.1.
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one reflectance value (R), whatever the orientation. As in transparent materials, all cubic (isometric) crystals, as well as basal sections of hexagonal
(including trigon al) and tetragonal crystals, are isotropic. Another useful way
of expressing these relationships is in terms ofoptical symmetry planes. Every
plane through an isometric crystal (or straight line on a polished flat surface of
that crystal) is a plane (or line) of optical symmetry. The same is true ofbasal
sections of hexagonal and tetragonal crystals, so that linearly polarized light
incident on such surfaces is still linearly polarized on reflection.
4.2.2 Monochromatic Linearly Polarized Light Renected from an
Anisotropic Surface

As has been discussed forthe simpler case oftransparent materials,crystalline
opaque substances with hexagonal or tetragonal symmetry are optically uniaxial. However, for absorbing uniaxial crystals, the indicating surfaces for n,k,
and R depart in shape from the regular ellipsoid that is familiar in transparent
materials and are mathematically more complex. This is illustrated in Figures
4.4b and 4.4c and is discussed further in the following section.Nevertheless, as
the indicating surfaces for R illustrated in Figures 4.4b and 4.4c show, the
figure outlined has a single circular section with a unique direction normal to
it (i.e., the optic axis). As in transparent materials, the vibration direction
parallel to this axis is th e (principal) extraordinary vibration direction,whereas
that in the circular section is the ordinary vibration direction. Reflectance
values measured for light that is vibrating parallel to these directions are consequently labeled R, and Ro , and each one is generally either the maximum or
the minimum valu e. However, as in transparent crystals, either R, > Ro ' resulting in the prolate figure of uniaxialpositive crystals, or R; > Re, resulting in the
oblate figure characteristic of uniaxialnegative crystalsf{Figurcs 4.4b and 4.4c).

(a)

(I»

(e)

FIGURE 4.4 Indicating surfaces for opaque substances: (a) R. n, and k for an isometric substance; (b) the R surface only for a uniaxial positive crystal; (c) the R surface only
for a uniaxial negative crystal. Note that the dashed line in (b)and (c) shows the outline
of a regular ellipsoid drawn on the same axis and that these figures represent sections
through three-dimensional spheres or ellipsoids.
4Th esc arc the bireflectance signs of the crystals.
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As in the true uniaxial indicatrix, the optic axis is parallel to the crys-

tallographicc-axis.so the ordinary vibration and the circulartvisotropic") section lies in the basal plane. The values of both R; and R, can only be obtained
from a prismatic section (parallel to c), and the difference between these
values (R" - R o ) is a measure of the bireflectance of the mineral. As noted in
Chapter 3, bireflectance is a clearly observable qualitative property of many
opaque minerals and one that can be quantified (see Chapter 5).
When a beam of linearly polarized light is reflected at normal incidence
from a flat polished surface of an opaque uniaxial mineral (but not the basal
section), the light beam can be considered as split up into two mutually perpendicular linearly polarized beams. These correspond to the two lines of
optical symmetry present in any section ofa uniaxial crystal (and analogous to
the extinction directions observed in a transparent mineral in thin section).
For the two positions of the polished surface corresponding to alignment of
the polarization direction of the incident beam with these vibration directions, the light is reflected with its polarization state unchanged. How ever, for
orientations intermediate between these (i.e., when the microscope stage is
rotated away from either of these unique directions), components of the two
vibrations will combine, and, where there is a phase difference between them,
the resulting beam will be elliptically polarized.
Further discussion of reflected light optics requires development of the
ideas of elliptical polarization. In fact, there are three principal types of
polarized light: (I) familiar linearly (or plane) polarized, (2) elliptically polarized , and (3) circularly polarized. Linearly polarized light has already been
described (Section 4.1 and Figure 4.2). In order to understand the other two
types of polarization, it is necessary to consider two linearly polarized waves
with vibration planes at right angles to one another traveling along the same
ray path. The wave motion that results will be a single wave produced by combination of the two waves, but the nature of this resultant wave will depend on
the relative phase and amplitude of the two original waves. The simplest case
is illustrated in Figure 4.5a, where the waves are ofthe same amplitude and are
"in phase" (i.e., the nodes of zero vibrational amplitude, like a, b, c of Figure
4.2, perfectly coincide). Here, the resultant wave produced by interference between the two waves is still linearly polarized, and its direction of polarization
is at 45° to the two "parent" waves. The relationship between parent waves and
the resultant wave can also be illustrated by the cross-sectional view normal to
the direction of wave propagation, as shown in Figure 4.5d. If the two parent
waves differ only in amplitude, the resultant wave is still linearly polarized but
is not at 45° to the parent waves . Resolution of the component vectors shows
that it will be closer to the vibration direction of greater amplitude (Figure
4.5e).
Complications can occur when the two linearly polarized waves differ in
phase. Ifthis is a phase difference of90° or, to put it another way, if the nodes of
zero vibration are displaced by 1/4 A lor 3/4 A, 5/4 A ... (2n + I)/41..) so that
th e pointofzero vibration ofone parent wave coincides with the point of max-

- RESULTA NT WAVE

\
\
\

,
\

. . t."

,:

... ... - ....~I._ ... ~ '

(a)

A
(b)

A
8
(e)

64

riP

/

2

2

/---1-'' 'o\----1
' - - -,7i:

/
I

y

\

\

,

"

I~I

1
1

I

/
",

II

I
-::::::..- - I I
I
---..J
I -:
,I
45°

1/
I

\..

\

,

x

,. 1."-;1/
----2

I
(

.Y

1\1
I \2
IJ

,.....

...

\\

I"

' , __ ......~1

/

"
I
\

,

-1-

'

,

'.....

I ,,'
I ",

_----,......

.....

2

30"'"~o, ,

-'oL
\

1
\

t

Y

.Y

\

/

/./

~

1

"/'
.... - ..... - - . . ,

I

....

I/'

\\
\

,

I
I

,

1;t;1

1//1 1
1 I
I
I I
--0-,
I
,.
3
..... I

V
I..

(f )

\1
\

... 2

I
:
I

2

/

I

\ I

I

\

I

I

\

(e)

I

I
I

x

I

1'0(

3".....

I

I

1

I

I

I,'

-

:

1

.... ,._~
I
1
......... -----.J,
I /'
I "

I

(d)

1

1

"",I
' .... _

2

-,/1
o,-------j

I

20 ,

\1

... ~,

x

' ...

",

/

'

I

.../

(g)

FIGURE 4.5 (a) Interference between two linearly polarized waves that are "in
phase" and oriented at right angles to each other. The resultant wave motion is still
linearly polarized and produced by adding the vibration vectors of the two parent
waves, as illustrated in the sectional view. (Reproduced with permission from All
Introduction to the Methods of Optical Crystallography by F. D. Bloss, copyright e 1961.
Holt, Rinehart and Winston, Inc.) (b) Interference between two mutualIy perpendicular linearly polarized waves that are out of phase by 1/4"- The resultant wave
motion is the spiraling vibration shown in (A). which actualIy has a circular cross section (B), so that the wave is circularly polarized. (Reproduced, as above. from Bloss.
with permission ofthe publisher). (c) Interference between two mutualI y perp end icular
linearly polarized waves that are out of phase (by XA.) . The resultant wave motion is
again a spiraling vibration shown in (A), but this has an elIiptical cross section (B), so
the wave is elIipricalIy polarized. (d) Interference of two linear vibrations (x,y) normal
to each other, equal in phase and amplitude. Resultant is the line ar ("plane polarized")
vibration z. (e) Interference of two linear vibrations (x .y) norm al to each other. equal in
phase but not in amplitude. Resultant is line ar (plane polariz ed) vibration z. (f) Interference of two linear vibrations (x,y) normal to each other, equal in amplitude, but differing in phase by 90°. Resultant is a circular vibration. (g) Interference of two linear
vibrations (x.y) normal to each other, differing in amplitude. and in phase by 45°,
Resultant is an elIiptical vibration.
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imum vibration (amplitude) of the other parent wave, the resultant wave will
be circularly polarized. This is illustrated in Figure 4.5b, from which it can be
seen that the resultant vibration vectors are of constant length but variable
azimuth so that they progress in a helix, like the thread of a screw. Viewed as
the cross section normal to the direction of propagation, the vectors outline a
circle (Figure 4.5f); hence, circular polarization.Clearly, like the combination
of two linearly polarized waves that are "in phase," a phase difference of 90°
resulting in circular polarization is a special case. When the phase difference
is not 90° [i.e., when the nodal points of the two waves are displaced by differences other than (n + 1)/4A], the vibration vectors progress in a spiral but
are not ofconstant length (Figure4.5c).Consequently, the cross section shown in
Figure 4.5g is an ellipse rather than a circle; hence, elliptical polarization.
The kind of phase difference noted in the preceding discussion can result
from the interaction oflinearly polarized light with a material such as a uniaxial crystal, the optical constants (n, k, and hence N) of which vary with direction . Hence, elliptical polarization results for orientations other than those
corresponding to vibration along directions of optical (as well as crystallographic) symmetry. In the isotropic crystal , of course, every direction is a
direction of optical symmetry and there is no variation in the values of the
optical constants with orientation. Consequently, the incident linearly polarized light beam is unchanged in its polarization after reflection.
Opaque crystalline materials with orthorhombic, monoclinic, or triclinic
symmetry can also, like the transparent substances, be termed biaxial. However, the differences between the indicatrix of transparent materials and the
indicating surfaces of the opaques is much greater than between uniaxial
transparent and opaque crystals . The biaxial indicatrix derives its name from
the fact for the two optic axis directions which are normal to circular sections
ofthe indicatrix, linearly polarized light is transmitted without any change in
polarization. The same is not true of biaxial opaque crystals , because here the
"axes" for the indicating surface for n do not coincide with the surface for k.
There are singular directions, but they do not coincide for the three surfaces
involved (n, k, R); hence, there is no section analogous to the circular section in
transparent biaxial minerals. Furthermore, in the opaque crystals , only certain planar sections are geometrically representable as indicating surfaces. In
the orthorhombic system, it is the sections in thexy,yz andxz crystallographic
planes, as shown in Figure4.6a. The surfaces all have the symmetry ofthe crystallographic point group mmm, as illustrated in Figure 4.6b, and they are the
optical symmetry planes. In the monoclinic system, only the section perpendicular to the diad axis is representable (Figure 4.6c) and the surface, which is
a crystallographic and optical symmetry plane, has the symmetry of the point
group 21m (Figure 4.6d). In the triclinic system, no surface is geometrically
representable as the indicating surface forn,k, andR (and there are no optical
symmetry planes).
For the absorbing biax ial crystals , light normally rema ins linearly polarized only for vibration directions parallel to a plane of optical symmetry (or
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FIGURE 4.6 Geometrically representable sections ofindicatingsurfaces in the biaxial systems: (a. b) orthorhombic. in which the three pinacoidal sections are representable; (c. d) monoclinic. in which only the section perpendicular to the diad axis is
representable.

cut normal to an optic axis). For an orthorhombic crystal, there are three
values ofthe optical constants (nu ' np,n y, k u , k p, k y) and of the reflectance (R u ,
Rp,R y) corresponding to light vibrating along theX,Y, andZ directions of opt ical symmetry, which coincide with one or the other of the G, b, c crystallographic axes. As in the biaxial indicatrix, the R p value that corresponds to
the Yaxis is the intermediate value, so that the bireflectance is given by the difference between R u and R y • In practice, however, since specially oriented sections are required to make such measurements on orthorhombic crystals
(when values may be reported as R a , R h , R; corresponding to a, b , c crystal
axes), reflectance values ar e normally reported as minimum and maximum
values and are symbolized R 1 and R 2 • since. although one may start with R2 >
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R I, this relationship may change with the wavelength of the light. In this case,
of course, the bireflectance is the difference between R. and R 2 • In the monoclinic system, as shown in Figures 4.6c and 4.6d, although two of the values R a ,
Rf3, and Ry are contained in the symmetry plane normal to the diad (b crystallographic) axis, the only practical measurements are again of maximum
and minimum values (R2 and R I), and the same is true oftriclinic crystals that
show no relationship between crystal axes and directions of optic axes.
4.2.3 "White" Linearly Polarized Light Reflected from an
Isotropic Surface

As already outlined, "white" light consists of contributions from light of

wavelengths (or energies) throughout the whole of the visible region of the
electromagnetic spectrum. The fact that many opaque materials do not uniformly reflect back all of the component wavelengths of incident "white" ligh t
is what produces the phenomenon of color as detected by the human eye or
some other system capable of recording reflected intensities throughout the
visible region. Such measuring systems will be discussed much more fully in
Chapter 5; it is sufficient for the present to note that the measurement of the
reflectance of a variety of isotropic homogeneous crystalline materials generally yields curves such as those illustrated in Figure 4.7. The reflectance of a
perfectly white material will be independent of the wavelength of the incident
light; blue material will show greater values of R% toward the 400 nm (or blue)
region of the spectrum; and red material will show greater R% values toward
the 700 nm (or red) region. The curves shown in Figure 4.7 are termed spectral
dispersion curves and are both a quantitative representation of the color of the
opaque material and an aid to identification (see Chapter 5).Many such curves
have been measured and show that, for most materials, the optical constants
(n and k) vary as a function of the wavelength of light.
4.2.4 "White" Linearly Polarized Light Reflected from an
Anisotropic Surface

As already discussed, in anisotropic substances, n, k, and R vary as a function
oforientation; thus, for such materials in "white" light, the combined effects of
orientation and wavelength must be considered. For uniaxial opaque minerals, spectral dispersion curves can be plotted for R; and Re , as illustrated in
Figure 5.6 for the mineral covellite (curves for other orientations commonly,
but not always, lie between these). These curves, in which Ro and R, are plotted
against wavelength, show the bireflectance ofthe mineral, which is the separation between R; and R, at a particular wavelength; the differing shapes of the
curves as a function ofwavelength (dispersion) illustrate the property of reflectionpleochroism. For biaxial minerals, the same data can be presented through
plots of R. and R 2 •
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FIGURE 4.7 Spectral dispersion curves for opaque substances of different color.

The variation ofn,k, and R as a function ofwavelength will naturally result
in changes in their indicating surfaces as a function of wavelength. For isotropic materials, this only means a variation in the sizes of the spheres (Figure
4.4a), but, for anisotropic crystals, the changes will be much more complex.
This can be illustrated by considering the changes in the reflectance (R) surface for covellite (Cu S) for a series of wavelengths. The data in Figure 4.8 show
that, from 656 to 678 nm, R; grows relative to R, and, at 700 nrn, R; = R" (von
Gehlen and Piller, 1964; Galopin and Henry, 1972).
4.3
4.3.1

REFLECTION BETWEEN CROSSED POLARS
Monochromatic Linearly Polarized Light

All sections of isotropic substances, as well as basal sections of uniaxial crystals, are such that every vibration direction of a beam of linearly polarized
light at normal incidence coincides with a plane ofoptical symmetry.The light
is therefore reflected as linearly polarized light, with the direction of polarization unchanged. If the analyzer is inserted in the cross position (90°) relative to
the polarizer, reflected light is completely blocked, whatever the position of
the section on the stage (i.e., the section will be optically isotropic). Light may
still reach the observer from internal reflections, surface scratches, or imperfections, but none is reflected by the flat polished surface. Also, faint illumination (particularly at high magnification) may be observed from slight ellipticity,
produced when the incident beam is not perfectly normal to the surface; this
does not alter in intensity when the microscope stage is rotated.
Apart from the basal section discussed previously, all other sections of
uniaxial crystals are perpendicular to two optical symmetry planes. This is
also true of sections of the type (Okl),(h 01) and hk 0) in the orthorhombic system, and the (h 0/) sections of the monoclinic system . In such symmetric sec-
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546

656

678

700

FIGURE 4.8 Sections through the reflectivity surface for coveIlite (CirS) showing its
variation as a function ofwavelength (in nm) from 546to 700 nm . Note that the shape of
the surface shows that R; or R, is not always a maximum or a minimum value at a particular wavelength. The optic axis is vertical.

tions, the two vibrations along these directions are linearly polarized. When
the crossed polars are aligned with these directions, which will occur every 90°
of rotation of the stage, the section will extinguish/ In other positions, the
resultant wave of these two vibrations (which may differ in amplitude, in
phase, or both) is not parallel to the vibration direction ofthe analyzer and the
section will not be completely dark (i.e., it will exhibit opticalanisotropy). The
case in which the two vibrations differ only in amplitude (Figure 4.5e) produces a resultant that is still linearly polarized but not at 45° to the parent
waves. In Figure 4.9, the type of anisotropy that results from observing this
effect under crossed polars is illustrated. When the stage is moved from the
extinction position (e.g., when the section is in the 45° position halfway between two extinction positions), the resultant vibration is rotated and the
reflected beam is rotated through the angle co, so that a component (shown by
OT in the figure) can be transmitted by the analyzer to the observer. This rotation angle can be measured by rotating the analyzer (OP - OR) to restore
extinction and by recording the angle," Clearly, the larger this rotation is, the
greater is the component oflight transmitted by the analyzer and the greater is
the anisotropy observed under the microscope. This is the case when the two
vibrations differ only in amplitude; if they differ only in phase (Figure 4.5g),
the resultant light wave is elliptically polarized, although it is not rotated
(Figure 4.9b). Although the section will again extinguish every 90° of rotation
ofthe stage under crossed polars (because the light is still linearly polarized in
these orientations parallel to optical symmetry planes), some light is transmitted in the intermediate positions where the light is elliptically polarized
and this will be a maximum in a certain position (although not necessarily the
45° position; see Galopin and Henry, 1972,p. 282). Furthermore, in this pos i5This is analogou s to th e "st raight extincti on" obs erved in cert ain min erals in tran smitted
ligh t.
6T his is the a nisotropic rotation (symb olized by ro or sometimes by Ar ).
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A

FIGURE 4.9 The origins of anisotropy when a linearly polarized beam parallel to
polarizer (P) is reflected with the analyzer (A) inserted. (a) When the two component
vibrations (R I .R 2) differ only in amplitude. the resultant (R) linearly polarized beam is
rotated through the angle w when the section is, as here, in the 45° position. The
amplitude transmitted by the analyzer (A) is given by the length OT. (b) When the two
component vibrations (R 1, R 2 ) differ only in ph ase, the resultant wave is elliptically
polarized, although with the major axis of the ellip se along the vibration direction of
the incident beam (i.e., the polarizer, P) . (c) When the two component vibration s (R I ,
R2 ) differ in both ph ase a nd amplitude, the reflected beam is ellipticall y polarized and
the major axis of the ellipse is rotated (DE = incident vibration direction ; OEI,OE2 =
component incident vibration directions).

tion, the section ca n not be extinguished by rot ation of the analyzer, since the
elliptically polarized light will still have a component that can be transmitted
by the analyzer. When the two vibrations reflected from a symmetric section
differ in both amplitude and phase, then the reflected beam is elliptically
polarized and the major axis of the ellipse is rotated (towards the vibration of
greater amplitude). This combination of the first two phenomena described is
illustrated in Figure 4.9c.Again, ofcourse, the section will extinguish every 90 0
of rotation of the state under exactly crossed polars. However, in the 45° position, although the analyzer can be rotated to coincide with the major axis of
the ellipse; since the light is still elliptically polarized. the section cannot be
extinguished It is important to remember here that we have been discussing
how anisotropy is produced when the stage is rotated to the 45° position and
that the same phenomena occur between the 45° positions and the extinction
(90°) positions. Since the rotation angle or ellipticity of the vibration is gradually decreasing as the section is rotated toward extinc tion, th e intensity of th e
anisotropy also decreases gradually.
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Sections of orthorhombic and monoclinic crystals, other than those discussed already, and all sections oftriclinic crystals (which have no planes of
optical symmetry) are termed asymmetricsections. Here , both vibrations that
result from reflection of a beam of plane-polarized light are elliptically polarized, with the major axes of the ellipses normal to each other. Rotation of the
microscope stage under crossed polars does not produce complete extinction
at any position, but there are four minima of illumination at 90° intervals.
These correspond to light being dominantly contributed by only one of the
two elliptical vibrations. In the 45° positions (which approximately correspond to illumination maxima), the resultant vibration is also elliptically
polarized and extinction cannot be achieved by rotation of the analyzer.

4.3.2

"White" Linearly Polarized Light

It has been explained already that, for many opaque minerals, the optical constants (n, k) and hence reflectance (R) vary as a function of wavelength
throughout the visible region (i.e., they exhibit spectral dispersion and are
therefore colored when observed in "white" light). Under crossed polars with
white linearly polarized light illumination, isotropic minerals or sections
remain in extinction, but other sections do not, and the light transmitted
through the analyzer may show color as well as intensity variations. These
"anisotropic-rotation colors" can be ofdiagnostic use in certain minerals, so it
is useful to examine their origin.
In the case of symmetric sections discussed in Section 4.3.1 and illustrated
in Figure 4.9a, we saw that, if the two vibrations produced on reflecting a wave
oflinearly polarized light differ in amplitude, the resultant wave is rotated and
the extent of this rotation is a function of the difference in amplitudes (and, in
turn, in the difference in reflectances). Because the reflectances in such sections can vary as a function of both orientation and wavelength, the angle of
rotation can vary as a function of wavelength resulting in "dispersion of the
rotation" (and hence of the anisotropy). This is illustrated in Figure 4.10a, in
which the R2 reflectance value for both blue and red light is the same (nondispersed), whereas the R] reflectance value is very much greater for red light
(strong dispersion). This results in greater rotation of the resultant reflected
vibration for blue than red light so that more blue light is transmitted through
the analyzer (so a blue anisotropic tin t would be observed under the microscope). If the analyzer in this case is rotated anticlockwise, so as to partially
uncross it, more red light is transmitted relative to blue light so that the anisotropic tint systematically changes (Figure 4.9b). In symmetric sections, it is
also true that the tint observed for a given angle ofclockwise turn ofthe stage is
the same as that observed for the same angle of turn anticlockwise. In asymmetric sections, all vibrations are elliptically polarized (see Section 4.3.1), but
vari ation in reflectance and hence amplitude with orientation of the section
and with wavelength means that the rotation of the major axis of the ellip se
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FIGURE 4.10 Dispersion of the rotation in symmetric sections. (a) In the position
with the section rotated U O from extinction, the blue light (b) is more rotated than the
red (r) light so that the amplitude transmitted (OT) through the analyzer (A) is greater
for blue light in this section . (b) On uncrossing the analyzer. the amount of red light
transmitted by the analyzer increases relative to the amount of blue light (A =
an alyzer ; P = polarizer; DE = incident vibration direction ; OEt.DEl = component
incident vibration directions; R 1.R 2 = reflectances in these directions).

can be wavelength dependent. The intensity of light transm itted by the analyzer is again different for different wavelengths. producing the anisotropic
tints that again will show variation as the stage is rotated or as the polars are
uncrossed. However. for the asymmetric section. the tint observed for a given
angle of clockwise turn of the stage is not the same as that observed for the
same angle of turn anticlockwise.

4.3.3

Convergent Light

If we employ the usual viewing conditions under the reflected-light microscope, the light is reflected back from the surface of the section at normal (or
near normal) incidence. However, if an objective oflarge numerical aperture
is employed (see Section 1.2), convergent light enters the microscope system. as
shown in Figure 4.11a. Through insertion of the Bertrand lens (or removal of
the objective if no Bertrand lens is fitted on the microscope), the image in the
back focal plane of the objective can be brought into focus for the observer. In
this mode of observation, the light seen in the field of view is not reflected at
normal incidence except near the center of the field. Iflinearly polarized light
is reflected in this way from an isotropic surface (i.e., an isometric crystal or
basal section of a uniaxial crystal), then, apart from the center of the field and
the N-S, E-W cross wire directions, the oblique angle ofincidence itselfcauses
the linearly polarized beam to be rotated. This reflection rotation increases
away from the N-S, E-W cross hairs (see Figure 4.11b). If the polars are then
crossed, a black cross [see Figure 4.1Ic(I)] is observed along the cross hairs
where the reflected light is extinguished by the analyzer, but elsewhere the
field is illuminated. The black cross, the arms of which are correctly termed
isogyres, remains stationary when the stage is rotated (cf. the uniaxial inter-
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FIGURE 4.11 (a) Formation of a convergent-light figure. (b) Convergent-light figure
for an isotropic surface showing vibration directions for points on the figure and
(around the figure) the rotation of the resultant (R of "p" and "s") relative to the
polarizer (P) (A = analyzer). (c) Convergent-light figures: (I) isogyres seen at all stage
positions for isotropic sections and at extinction for anisotropic sections; (2) effect of
uncrossing analyzer by 45° (section still in 90° position) in isotropic sections; (3) effect
of rotating stage to 45° position for anisotropic section under crossed polars. (d) One
quadrant of an isotropic section in convergent "white" light showing the effect of
uncrossing the analyzer (A to position A I). forming two isogyres with colored fringes.
Lines labeled rand b show rotation of the red and blue light (P = polarizer
direction).

ference figure in transmitted light microscopy. although the figure here is
observed on reflection from an isotropic material).
Reflection of linearly polarized light even at normal incidence from an
anisotropic surface results in effects of rotation of the incident vibration direction (anisotropic rotation) and in elliptical polarization when the section is
not in the extinction position. When we examine anisotropic sectio ns in convergent light, the reflection rotation described above is superimposed on these
effects. Thus, when the anisotropic section is examined under crossed polars
in the extinction position, a black cross is observed as for the isotropic sections
(see Figure4.llc(I)], but, on rotating the stage, the isogyres break up and move
outward to form a pair ofisogyres in opposite quadrants (cf. the acute bisectrix
figure in transmitted light) (see Figure4.l1c(3)]. The separation of the isogyres
with the stage at the 45° position is a general indication of the amount of
anisotropy ofthe section. This can be explained if we consider the 45° position
illustrated in Figure 4.1Ic(3). If the vibration direction of the larger reflectance
value (R 2 ) is in the northeast quadrant as shown, then the anisotropic rotation
will be toward R 2 (anticlockwise), whereas the reflectance rotation (Figure
4.11b) will be clockwise. At a certain point, these two effects will cancel each
other, and this is the position of the isogyre. Similarly, in the southwest quadrant, anticlockwise anisotropic rotation and clockwise reflection rotation will
cancel, producing the isogyre. However, in the two remaining quadrants, both
rotation effects are anticlockwise: thu s, no cancell ation (a nd no isogyre)
occurs.
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Although the observations described resemble the study of interference
figures in transmitted-light microscopy, with these surface effects there is no
path difference in the substance and, therefore, no interference effects. They
are correctly termed con vergent-lightfigu res. The amount of information that is
obtainable from these figures is also rather limited. It is not possible to distinguish between an anisometric crystal or a basal section ofa uniaxial crystal ,
or between a nonbasal uniaxial section and the general section of a uniaxial
crystal , or between a nonbasal uniaxial section and the general section of a
biaxial crystal. Convergent-light figures can be used for setting a section to
extinction or for determining the vibration direction ofgreater reflectance [R 2
in Figure 4.llc(3») in an anisotropic section, although both can be obtained
without resorting to such techniques.
Convergent-light figures are also useful in the study of dispersion effects.
Isotropic sections in convergent "white" light can show dispersion of the
reflection rotation (i.e., the degree of rotation can vary with the wavelength).
The result will be color in the quadrants near the edge of the field; red patches
indicate that rotation is greater for red than for blue light, and vice versa for
blue patches. This is only observed for strong dispersion, but weaker dispersion can be studied by partly uncrossing the analyzer, in which case the
isogyres will part and colored fringes will be observed on either side of the
isogyres [Figures 4.llc(2) and 4.II(d»). For the case shown in Figure 4.lld, the
isogyres are colored red on the convex side and blue on the concave side and
the reflection rotation is dispersed, with rotation greater for blue light. This
means that a spectral dispersion profile of this phase would show R% greater
at the red end. A phase with a spectral dispersion curve showing R% greater at
the blue end would have red fringes on the concave side of the isogyre.
Dispersion of the reflection rotation in anisotropic sections can be studied
in exactly the same way when the section is in the extinction position (isogyres
crossed) and the analyzer is uncrossed. When the anisotropic section is examined in the 45° position (two isogyres under crossed polars), the effects
observed are due to a combination of dispersion of reflection rotation and of
anisotropic rotation. In certain cases, it is possible to make some deductions
about the contribution of anisotropic rotation, as well as some general observations about the overall dispersion (i.e., whether it is weak or strong).

4.4

CONCLUDING REMARKS

In this chapter, the nature oflight and its reflection from a flat polished surface
of an opaque substance have been considered. In particular, the reflection of
linearly polarized light , its direct examination, and its examination under
crossed polars have been discussed, as have the effects associated with convergent light. In this discussion, "classical" optical theory has been used to
cxplai n the phenomen a qualitatively observed under the ore microscope and
employed in identification. It will be appreciated from this discussion th at,
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whereas for microscopic observations in transmitted light an entire range of
diagnostic optical properties are readily determined (relative value of n,
nature of indicatrix, optic sign. 2V. birefringence. etc.), such data cannot be
readily (if at all) determined for opaque phases. Attempts have been made to
use measurements ofanisotropic rotation properties as diagnostic parameters
(see Cameron, 1961 . for further discussion), but these methods have proven to
be of limited usefulness and have not been widely used. The two properties
that have been adopted as quantitative parameters for identification are
reflectance and hardness. The next two chapters are devoted to discussing
these methods.
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CHAPTER 5

QUANTITATIVE METHODSREFLECTANCE MEASUREMENT

5.1

INTRODUCTION

Th e percentage oflight at normal incidence reflected back to an observer (or to
an instrumental observation system) from a flat polished surface of a particular ore mineral is the reflectance! (R or R%) of that mineral. It has already
been explained that this parameteris directly related to the optical constants,n
and k, through the Fresnel equation (see Section 4.1.2), which is restated here
because of its importance:

R

+ k2
(n + N)2 + k2
(n - N)2

(5.1)

where
n

=

refractive index of the mineral

N = refractive index of the medium into which reflection takes place
(when this is air, N = 1)

k

=

R

= reflectance (when R = 1 when R% = 100%)

absorption coefficient of the mineral

From the discussion in Chapter 4, it is clear that, for many minerals or other
solid materials, reflectance varies as a function of the wavelength of the incident light. Hence, although reflectances ha ve been determined in white light
IThc term reflectivity is used in some articles.
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in the past (before the development of more sensitive photosensors), a reflectance value for a substance should be given at a specified wavelength to be
meaningful. Furthermore, for all crystalline substances that are not isotropic
(i.e., all noncubic minerals), reflectance will commonly vary as a function of
crystallographic orientation of the polished surface relative to the vibration
direction of the linearly polarized incident light. Thus, although cubic minerals have a single value of reflectance (R%) at a specified wavelength oflight,
Section 4.2.2shows that other minerals show maximum and minimum values
of reflectance with all possible intermediate values. The origin and significance ofthe terminology have already been explained, but it is worth recalling.
Uniaxial (he xagonal and tetragonal) minerals have two reflectances : Ro • and
Re . Biaxial (orthorhombic, monoclinic, and triclinic) minerals have, in theory ,
three reflectances, sometimes symbolized Rp• s.; e, (where e, < e; < Rg ) ,
but, since only two reflectances are readily measured and one or the other need
not be a maximum throughout the visible region, the symbols R 1 and R 2 are
preferred. Th is chapter is concerned with the quantitative measurement of
these reflectance values , their physical significance. and their applications in
mineral identification.
The "direct" mea surement of reflectance requires relatively large specimens and is the kind of method employed in the calibration ofstandards used
in other methods.The intensity ofthe stabilized light source beam is measured
by photometer; then the intensity of this beam is measured when reflected
from a relatively large polished surface of the material at angles close to 90°.
The plot of R against angle permits such measurements to be extrapolated to
obtain the value at 90°. It is not a technique readily modified for use with the
microscope, so that reflectance measurements in ore micro scopy have centered on comparison with a standard of known reflectance (known from
measurement by the direct method).
The methods first developed and marketed by microscope manufacturers
for quantitative reflectance measurement under the ore microscope relied on
visual comparison of unknown and standard samples. In 1937, Max Berek
developed a slit microphotometer that employed a field of view divided in two,
with the mineral grain on oneside and the capability ofvarying the intensity of
illumination on the other. The variable illumination was achieved by an
analyzer; that could be rotated to progressively cross or uncross polarizer and
analyzer: the angle of rotation ofthe analyzerwas then read when the observer
had matched intensity with the sample. Settings were calibrated against standards of known reflectance. The microphotometerdeveloped in 1953 by A. F.
Hallimond also relied on visual matching by the observer-this time matching light intensity reflected from a small mirrored surface located in the center
of the field of view. The intensity of illumination of this area could be varied
until it matched the unknown phase surrounding it in the field of view. Again ,
the instrument was calibrated using standards of known reflectance. However, as earl y as 1927,1. Orcel was experimenting with the use ofa photoelectric
device to measure light reflected from a polished surfa ce under the micro-
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scope. This method, in which a photometer reading for a beam of light reflected by the unknown sample is compared with a reading made under the
same conditions for a standard sample has proved to be the most suitable for
use with the ore microscope. The early measurements were unreliable, however, due to the primitive electronic systems and problems ofspecimen preparation and standardization. Subsequent developments, particularly the use of
the selenium barrier-layer photoelectric cell by Bowie and Taylor (1958) in a
series of systematic measurements in "white" light, established that reliable
reflectance measurements can be made in this way. Most modern microphotometers are a development of this work started by Orcel but employ
photomultipliers for light measurement-devices that are a million times
more sensitive than the selenium cell. The discussion of reflectance measurement in the rest of this chapter will, therefore, center on these modern instruments.
The selenium photocell is still used in certain routine work and operates
using a photovoltaic effect in which the current generated is directly proportional to the light intensity. The cell is simply arranged in circuit with a
galvanometer.The photomultiplier operates from a photoemissive effect such
that, when incident photons fall on a cathode, electrons are ejected from it and
are attracted to the first ofa series ofdynodes, positively charged relative to the
cathode, at which many more electrons are ejected. This process continues at
the other dynodes in the series. The resulting current amplification is aga in
recorded by the deflection of a galvanometer; both analogue and digital
readout systems are available. The size of specimen area illuminated and the
size of the field sampled by the photomultiplier are limited by a series ofstops
or diaphragms.
Before we consider the techniques of modern microscope photometry, a
number of other general ohservations should be made, particularly concerning the relationship between the illumination system , the photometer, and the
human eye. The phenomenon of spectral dispersion has already been explained (Section 4.2.3) and illustrated in Figure 4.7. Such spectral dispersion
curves assume that the intensity ofillumination is uniform throughout the visible region and that the response of the eye or artificial monitoring system is
independent of the wavelength. Neither of these assumptions is actually true .
The intensity of a microscope lamp, or even of light from the sky, is not
uniform across the visible region , as illustrated in Figure 5.1. Light from the
sky is appreciably more intense toward the blue end of the spectrum. Microscope lamps differ, of course, depending on their construction and operating
conditions (factors normally defined by specifying their colortemperature, see
Section 1.2.4). Two examples are given in Figure 5.1 , from which it can be seen
that microscope lamps show a greater intensity toward the red-yellow end of
the visible spectrum. In practice, this means that, to a single observer, ore
mineral colors will appear slightly different when observed using different
microscopes with different illumination systems . The human eye is also far
from bcing uniformly sen sitive as a detector throughout the visible region. It is
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FIGURE 5.1 Spectral curves of the relative intensity (normalized for 560 nm) of the
clear sky and for microscope lamps with color temperatures of 2,800 and 3,400°K.
(After Galopin and Henry, 1972.)

extremely insensitive at the blue and red ends of the spectrum, with a sen sitivity maximum near the center of the visible (- 550 nm) portion, as shown in
Figure 5.2. When the eye is replaced by a photoelectric device , this'too varies in
the sensitivity of its response, commonly with a curve simi lar to that of the eye
(Figure 5.2). However, this device in turn is coupled to a galvanometer, which
can introduce a further displacement in the zone of maximum sensitivity. In
Figure 5.2 are shown the relationships between the absolute intensity of light
from a microscope lamp (color temperature 3,400°) reflected from a perfectly
"white" surface and the sensitivity of the eye and photometer. Fortunately, of
course, in measuring reflectances against standards for which absolute values
are known by direct measurement, nonlinearity in source and sensor equally
affect sample and standard and therefore cancel. They do , however, affect the
sensitivity and accuracy of measurements, which are most reliable in the central region of the visible spectrum.
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FIGURE 5.2 Sensitivity of the human eye, a typical photometer and a typical photometer measuring system as a function of wavelength. (Modified after Galopin and
Hen ry, 1972.)
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5.2 MEASUREMENT TECHNIQUES
As already outlined, reflectance measurements are now performed using

photoelectric devices that, for research work, consist chiefly of a photomultiplier tube mounted on the ore microscope. For teaching and certain
routine work, the selenium photocell is still employed in simple systems,
although robust and inexpensive photomultipliers are now available and give
much better results. Whatever photoelectric device is employed, the principal
components and their arrangement will be those illustrated in Figure 5.3.
The lamp, which is built into most modem microscope systems, must be
run at a high filament temperature (-3,500 K) and should be stabilized for
accurate work. In some systems, the monochromator is inserted between the
light source and the specimen, but in others itis placed immediately in front of
the photocell or the photomultiplier. The most convenient and commonly
employed monochromator is the interference filter, of which there are two
kinds : the band type and the line type. The band type allows a range of wavelengths with half-height bandwidth of -20 nm to pass through, whereas, for
the line type, the bandwidth is only -10 nm. Both types are available as single
"plate filters" for specified wavelengths or as "running filters" that cover the
whole of the visible spectrum. The latter (already calibrated by the manufacturer) is most commonly used on commercial instruments. Even for research
work, no greater accuracy is achieved by using a monochromator with a halfheight bandwidth less than -10 nm.
The microscope used in the reflectance-measuring system, commonly a
modified modem teaching or research ore microscope, must be fitted with
stops or diaphragms to limit the beam (which must be at normal incidence)
and the size of area illuminated on the polished section. Most systems'are also
arranged so that the light from the specimen can pass into the photoelectric
device or can be deflected by operating a simple lever and allowing the light to
pass through an ocular, enabling the operator to view the specimen.
0

1M icroscope

I
Photometer

Stage

FIGURE 5.3 Block diagram show ing the general arrangement for micros cope photometry. (After G alopin and Henry, 1972.)
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Measurement Procedure

Obviously, precise measurement procedures will vary among different systems, but a typical routine measurement on a simple instrument might involve
the following sequence for a reflectance measurement at a specific wavelength
In au:
1. Standard and specimen are both carefully cleaned and leveled.

2. An objective is selected (for coarse-grained material a magnification of8
X to 16 X is most suitable), and the specimen is placed on the stage and
sharply focused.
3. A wavelength for measurement is selected (commonly 546or 589nrn;see
Section 5.2.2), and the monochromator is adjusted accordingly.
4. The photometer field stop and the illuminator field stop are adjusted so
that the former is about half the diameter of the latter. which in tum
covers a homogeneous area of the specimen.
5. The photometer is adjusted so that readings for specimen and standard
are both on scale by inserting each in tum and passing the beam through
to the photomultiplier photocell.
6. The reading is taken for the specimen by placing it on the stage and passing light to the photomultiplier and taking the galvanometer reading
(G'sp)'
7. The reading is taken for the standard, which is also carefully focused ,
with conditions being maintained exactly the same as for the specimen (G 'st).
8. If necessary, again with the same conditions maintained, a reading is
taken with a black box held over the front of the objective. This is a reading ofprimaryglare, which is light reflected from the back surface of the
objective before reaching the specimen (C) (see Figure 5.7). Although
this correction is recommended in many standard texts,such as Galopin
and Henry (1972), in modem instruments such precautions are generally not required (Criddle, 1990).
9. The reflectance is calculated again, if necessary, after the value for the
glare measurement has been subtracted:
Gsp

= (G 'sp - C) and Gst = (G 'st - C)
G
R%specimen ---!!!.-X R%standard

c;

The above procedure produces one reflectance value for a specified wavelength, which is all that is required for a cubic (or isotropic noncrystalline)
material. Ifa material is known to be uniaxial, it is possible to prepare oriented
polished sections ofsingle crystals cut perpendicular and parallel to thee crystallographic axis so as to measure R; and R, and determine the bireflectance
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and reflectance sign. Much more commonly, however, the measurements are
being made on a randomly oriented aggregate, in which case it is necessary to
search for suitable basal and prismatic sections for measurement. Examination under crossed polars to look for a section as near isotropic as possible, and
another showing maximum anisotropy, aids the selection. In the latter case,
the two extinction positions indicate the two vibration directions; the reflectance is measured for both, one being R o and the other R 'e (not R, since we do
not know if it is the extreme value). If it is uncertain whether the material is
uniaxial, one constant reflectance value in all reliable measurements (i.e., the
Ro value present in all general sections) will confirm a uniaxial phase. For a
biaxial material of relatively high symmetry (orthorhombic and possibly
monoclinic), it is possible to prepare oriented polished sections of coarse
single-crystal material. In this way, it is possible to determine Rp , Rm, and Rg
(or R a , Ri; R, for an orthorhombic crystal). This is specialized work, and more
commonly the problem is one ofdetermining reflectances of random grains in
a polished section. Any such grain of a material that is at least moderately
bireflecting will show two reflectance values that will lie between certain
extremes. Unlike the uniaxial material, neither value will be constant from
one grain to the next, and it is necessary to search the polished section in order
to find values for both R p and Rg (or R J and Rj). In any ofthese determinations,
it is important to make an appreciable number of repeat measurements to
ensure consistency of results.
Since most ore minerals exhibit at least some spectral dispersion (Section
4.2.3 and Figure 4.7),reflectance measurement is much more valuable in identification and characterization if readings are taken at several wavelengths
through the visible region or if a whole series of measurements are made at
regular (say, 20 nm) intervals between 400 and 700 nm so that a spectral reflectance curve can be constructed. In Figure 5.4, stylized spectral reflectance
curves are shown to emphasize both the different possible types of curves and
the distinction between bireflectance and pleochroism, uniaxial (positive and
negative), biaxial, and the use of the symbols Ro,Re,R 'e, R ], and R2 . In Figure
5.5,the spectral reflectance curve for pyrite is shown.This is an isotropic phase
with a much greater reflectance at the yellow-red end of the visible region , as
would be expected from its yellow color. For a uniaxial mineral, it is possible to
plot a whole family of curves between the extreme values of R; and R e , but in
practice only R; and R, values are records The example ofcoveIlite is shown in
Figure 5.6,where spectral curves measured both in air and using an oil immer
sion objective are shown. In air, the color of the e vibration is a pale bluish
white-pale because the rise at the end occurs where the sensitivity ofthe eye is
faIling rapidly (see Figure 5.2). The 0 vibration is a deep blue, because the proportion ofblue light reflected is large compared with yellow light and the steep
rise at the end comes where the sensitivity ofthe eye is declining rapidly.When
the coveIlite specimen is immersed in oil, the shift in R; to shorter wavelengths
is sufficient to introduce an observable red component a nd the mineral

ISOTROPIC

ANISOTROPIC
BIREFLECTANT

ANISOTROPIC
BIREFLECTANT

AND
PLEOCHROIC
400nm

700nm

R

UNIAXIAL POSITIVE

UNIAXIAL NEGATIVE

UNIAXIAL POSITIVE

....................... .

R1
UNIAXIAL NEGATIVE

BIAXIAL
BIREFLECTANT

BIAXIAL PLEOCHROIC
AND BIREFLECTANT

FIGURE 5.4 Stylized reflectance spectra curves illustrating the types of curves and
the distinction between bireflectance and reflection pleochroism, uniaxial (positive
and negative signs), biaxial, and the use of the terms Re.Ro.R'e.R 1.R2• In all figures, the
vertical axis is R and the horizontal axis is wavelength from 400 nm (left) to 700 nm
(right). (After Criddle, 1990.)
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FIGURE 5.5 Spectral reflectance curve for pyrite (FeS2)'
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FIGURE 5.6 Spectral reflectance curves for covellite in air and oil immersion
(im).

appears a bluish purple.l Covellite provides'an excellent example of the value
of spectral reflectance measurements in understanding the colors of ore
minerals in air and in oil immersion. The third example of a spectral reflectance curve shown is that of arsenopyrite, one of the few biaxial minerals for
which single crystal-oriented data are available (Figure 5.7). The three vibra-

2T his phenomenon does not occur in mod ifications of CuS that differ in details of their crysta l
structures. Th ese ph ases were lirst ob served becau se of their distin ctive beh avior un der oil imm ersion and initially were called "blue remaining" (or bleibl aub end er) covellite . Two mine rals have
now been cha racterized by careful work and a re named spionkopite (CUI.4S) a nd y arrowite
(C U I.l 2S),
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tion directions are specified by crystallographic axes, since inspection of the
curves will show that assignments of Rg , Rm , and Rp over the entire visible
range would be meaningless.
The procedure for making a single measurement that was outlined at the
start of this section applies also to the measurement of spectral curves . The
modern photomultiplier system is well suited to making measurements
throughout the visible spectrum, even on very small grains. In making such
measurements, it is possible to measure the standard at all wavelengths initially and then to measure the specimen or to measure each consecutively at
each wavelength. The first procedure makes considerable demands on the
stability of the apparatus and requires a carefully matched setting of the monochromator at each wavelength. The second procedure is potentially subject
to focusing and leveling errors, in addition to problems of returning to the
same areas on specimen and standard. However, it is possible to use a specially designed mechanical specimen changer stage, which can be mounted
on the microscope. An example of such a device is the Lanham Specimenchanger Stage on which specimen and standard can be mounted, leveled, and
focused , after which switching between the two is a trivial mechanical operation and both always return to the same area at the same focusing position.
5.2.2

Semiautomated Reflectance Measurement

The measurement procedure just described is such as would be employed on a
simple manual instrument However, with the widespread availability of relatively inexpensive, programmable desktop computers, several manufacturers
now produce semiautomated instruments. In such systems, after the grain for
measurement has been selected and appropriate steps have been taken to
ensure adjustment ofthe microscope itself, measurements can be taken under
computer control with a motor-driven monochromator advancing automatically through the selected wavelength range. Multiple scans can be recorded for the sample (and then the standard), stored in the computer, and
manipulated to produce reflectance values and spectral dispersion curves (see
Criddle, 1990, for further discussion).
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FIGURE 5.7 Spectral reflectance curves of arsenopyrite for vibrations parallel to the
main crystallographic directions. (Data from Criddle and Stanley, 1993.)
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5.2.3 Standards

Since the widely used methods of reflectance measurement depend on direct
comparison of the unknown with a standard of known reflectance, accurate
and reliable standards are ofthe utmost importance. Such matters are the concern of the Commission on Ore Mineralogy (hereafter abbreviated COM) of
the International Mineralogical Association, which selected the following
materials as standards for reflectance measurement:
Black glass
Silicon carbide (SiC)
Tungsten titanium carbide (WTiC)

R% (air) ~4.5% at 546 nm
R% (air) ~ 20% at 546 nm
R% (air) ~ 50% at 546 nm

These standards, which have been chosen because they can take and maintain
a good polish and because they exhibit little spectral dispersion, are obtainable from manufacturers ofequipment for microscope photometry,each standard being individually calibrated in air and immersion oil (Cargille DjA oil
has been accepted by the COM for measurements made in oil). It is also desirable to employ a standard close in reflectance to the unknown being measured. The standards are relatively expensive, and for routine work it is quite
adequate to use a secondary standard, itself calibrated against one of these.
The COM has also considered the question of a small number of standard
wavelengths for reporting of discrete reflectance values. Such measurements
must be made at 470, 546, 589, and 650 nm. If only a single measurement is
made. this should be at 546 nm. (This wavelength has been chosen because
reflectance values at 546nm are remarkably close to the lum inance value, Y %,
for most are minerals; see Section 5.5).
5.2.4

Errors In Measurement and Their Correction

When you are making a reflectance measurement, it is important to be aware
of the errors that can arise and how they can be avoided. These aspects are discussed in much greater detail by Galopin and Henry (1972). Clearly, the light
source and photometer must be stable and the photometer reading must be
linear before any measurements can be attempted.The specimen should be as
well polished as possible, and both specimen and standard must be clean.The
reliable calibration of the reflectance standards and of the monochromator
are beyond the control of the operator, but the following errors are the responsibility of the user of the instrument.

I. Levelingerrors. It is very important that both specimen and standard be
normal to the axis ofthe microscope and, for detailed work , that a special
specimen stage with leveling screws (e.g., the Lanham stage) be employed. It is possible to check whether the specimen is level by using the
conoscopiclevelingtest. in which conoscopic (or convergent) illumination
(preferabl y using the Bertrand len s; see Section 4.3.3.) is employed.
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When the illuminator aperture diaphragm is closed down. an image ofa
spot oflight will form in the back focal plane of the objective. The objective used should be oflow magnification « 5 X) to obtain a low numerical aperture. When the stage is turned. this image will remain stationary
only when the specimen surface is perfectly level.
2. Focusing errors. Accurate focusing is also extremely important for good
results. and the position of focus must be the same for specimen and
standard. The change of height of the reflecting surface over which no
loss of image sharpness occurs is called the depth offocus. and. within
this range. photometer readings do not change. Outside this . a small
change in the specimen position produces a large change in the reading.
The problem is greatest. therefore. with an objective of large numerical
aperture that will have a small depth of focus.
3. Errors due to setting ofthe microscope. The various settings of stops and
diaphragms with different objectives can be critical, particularly regarding the problems ofglare (see Figure 5.8). In the measurement procedure
(Section 5.2.1), it was shown how a black box measurement could be
used to correct for the effect of primary glare . Secondary glare arises from
light on its way from the specimen being reflected partly back down by
the objective. This light forms a secondary component but one that
varies according to the reflectance of the specimen and hence can differ
between specimen and standard. This effect can be reduced by using
good-quality objectives. by keeping the illuminator field stop fairly
small and the photometer field stop only about half this size. and by
using objectives of low numerical aperture wherever possible.
5.2.5 Reflectance Measurements In 011 Immersion and the
Determination of the Optical Constants nand k

As already indicated in Section 5.2.1, reflectance measurements can be made
in oil. This gives another series ofvalues that may be an aid to identification,
but commonly such measurements are undertaken to enable the optical constants, nand k, to be derived by simultaneous substitution in the Fresnel equation (Equation 5.1). Detailed procedures for reflectance measurement in oil

C E R' R"

Obj .

jJJJ

Slage~
E' R E"R"

FIGURE 5.8 Primary and secondary glare. Primary glare (C) causes loss of intensity
of the incident beam (E). becomingE', which is reflected as R. Secondary glare (E") pro-

duces additional reflection (R"). (After Galopin and Henry. 1972.)
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and for solution of the equations to derive optical constants are given in
Galopin and Henry (1972), although this method for the determination of n
and k suffers from serious error problems (Embrey and Criddle, 1978).
5.3

APPLICATIONS TO MINERAL IDENTIFICATION

The first objective of reflectance measurement is the identification of an
opaque mineral. In this regard , a reflectance measurement is the single most
useful quantitative optical parameter and is rapidly obtainable using equipment that is easily operated and can be relatively inexpensive to set up. Standards for reflectance determinations are now readily available, so the only
other requirements are comprehensive data for ore mineral reflectances and
search procedures for utilizing these data. Compilations of reflectance data,
often combined with data on Vickers hardness numbers (see Chapter 6), have
been published by Bowie and Taylor (1958), Gray and Millman (1962),
McLeod and Chamberlain (1968), Galopin and Henry (1972), and Uytenbogaart and Burke (1971). However, as compilations of reflectance data, all of
these sources have now been superseded by the data file published by the
COM (Criddle and Stanley, 1993). An example of the data presented in this
compilation is reproduced in Figure 5.9,from which it can be seen that, as well
as the basic information on mineral name, formula, and crystal symmetry , the
reflectance ranges in air and oil are given at the four standard wavelengths and
detailed spectral curve readings are given at 20 nm intervals from 400 to 700
nm. When available, data are also given on Vickers hardness number and
quantitative color measurements (see Section 5.5). Ancillary information on
the standard used, the polishing method employed, and the chemical composition of the material may be provided, as well as a reference to the available
X-ray data. The data for any single mineral are presented on the top halfof the
page in the data file; the bottom half has the spectral reflectance curves presented as a plot (see Figure 5.6). Reflectance data at 546and 589nm (air) taken
from the COM file are provided in Appendix I for all of the common ore
minerals.A list of these minerals arranged in orderofincreasing reflectance is
also provided in Appendix 2.
The first systems designed to utilize reflectance data in a scheme for ore
mineral identification were plots of reflectance against Vickers hardness
number. Bowie and Taylor (1958) plotted average reflectance in white light
against average microindentation hardness so that each mineral was represented by a point on the chart. Gray and Millman (1962)plotted reflectance
in white light against hardness, representing reflectance variations due to
bireflectance or compositional variation, so that each mineral appeared as a
line on the chart. McLeod and Chamberlain (1968)produced a chart with all
available published data, showing both reflectance and hardness variations
by intersecting horizontal and vertical lines . However, the original literature
has to be consulted if you want to determine whether the data are for white or
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and for solution of the equations to derive optical constants are given in
Galopin and Henry (1972), although this method for the determination of n
and k suffers from serious error problems (Embrey and Criddle, 1978).

5.3

APPLICATIONS TO MINERAL IDENTIFICATION

The first objective of reflectance measurement is the identification of an
opaque mineral. In this regard , a reflectance measurement is the single most
useful quantitative optical parameter and is rapidly obtainable using equipment that is easily operated and can be relatively inexpensive to set up. Standards for reflectance determinations are now readily available, so the only
oth er requirements are comprehensive data for ore mineral reflectances and
search procedures for utilizing these data. Compilations of reflectance data,
often combined with data on Vickers hardness numbers (see Chapter 6), have
been published by Bowie and Taylor (1958), Gray and Millman (1962),
McLeod and Chamberlain (1968), Galopin and Henry (1972), and Uyten bogaart and Burke (1971). However, as compilations of reflectance data, all of
these sources have now been superseded by the data file published by the
COM (Criddle and Stanley, 1993). An example of the data presented in this
compilation is reproduced in Figure 5.9,from which it can be seen that, as well
as the basic information on mineral name, formula, and crystal symmetry, the
reflectance ranges in air and oil are given at the four standard wavelengths and
detailed spectral curve readings are given at 20 nm intervals from 400 to 700
nm. When available, data are also given on Vickers hardness number and
quantitative color measurements (see Section 5.5). Ancillary information on
the standard used, the polishing method employed, and the chemical composition ofthe material may be provided, as well as a reference to the available
X-ray data. The data for any single mineral are presented on the top halfofthe
page in the data file; the bottom half has the spectral reflectance curves presented as a plot (see Figure 5.6). Reflectance data at 546and 589nm (air) taken
from the COM file are provided in Appendix 1 for all of the common ore
minerals. A list of these minerals arranged in orderofincreasing reflectance is
also provid ed in Appendix 2.
The first systems designed to utilize reflectance data in a scheme for ore
mineral identification were plots of reflectance against Vickers hardness
number. Bowie and Taylor (1958) plotted average reflectance in white light
against average microindentation hardness so that each mineral was represented by a point on the chart. Gray and Millman (1962)plotted reflectance
in white light against hardness, representing reflectance variations due to
bireflectance or compositional variation, so that each mineral appeared as a
line on the chart. McLeod and Chamberlain (1968) produced a chart with all
available published data, showing both reflectance and hardness variations
by inters ecting horizontal and vertical lines. However, the original literature
has to be consulted if you want to determine whether the data are for white or
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monochromatic light reflectances. In the book by Galopin and Henry (1972),
a series ofcharts for different major ore mineral groups show hardness plotted
against reflectance, but again in white light. The most recent determinative
chart ofthis type is that ofTarkian (1974)in which reflectance values at 589nm
(air) are plotted against Vickers hardness number, with ranges of both valves
incorporated so that the minerals occupy a "box" on the chart. A chart ofthis
type is provided in Appendix 4 but is based on the COM data file.
A number ofother determinative schemes have been introduced, including
various semiautomated and computerized search procedures. By far the most
significant advance for the student, however, has been the introduction of the
Bowie-Simpson system, which is available as a student's issue (Bowie and
Simpson, 1978) containing 33 common ore minerals. Four charts that show
the minerals ordered as to increasing reflectance at 546 nm, and then in the
same order for the other standard COM wavelengths of470,589,and 650 nm,
form the nucleus ofthe system. The style ofpresentation is illustrated in Figure
5.10, which shows that the reflectance range for each mineral is represented by
a horizontal line. Ticks and markings on this line distinguish isotropic, uniaxial, and biaxial species and whether the range shown is due to bireflectance or
compositional variation between individual measured grains (see Figure
5.10). Accompanying tables contain data on Vickers hardness and qualitative
properties observable under the microscope. Unless the mineral has very distinctive qualitative properties enabling immediate identification, the procedure involves taking a reflectance measurement at 546 nm that may (in
combination with the qualitative properties) conclude the identification or
reduce the possibilities to a few minerals. In the latter case, measurements at
one or more of the other standard wavelengths should permit identification.
Only in some cases is it necessary to use the second quantitative technique of
Vickers hardness measurement.
Two other determinative schemes that should be mentioned are the Delft
scheme, which utilizes punched "property cards" to systematically limit the
possible mineral species (Kuhnel, Prins, and Roorda, 1976), and the Nottingham interactive system for opaque mineral identification (NISOMI),

R O/ o 4

6

,!

470nm

1

589nm{

~

8

10

12

I!

o e
L....J

o e
L..J

14

16

I

!

18 20
!

I

22 24
!

!

26

28

I

I

Graphite
Covellite
Cassiterite
Chromite
Graphite
Covellite
Cussrterite
Chromite

FIGURE 5.10 The Bowie-Simpson system. The reflectance range is represented by a
horizontal line, unmarked for an isotropic phase, with ticks (0 and e) for a uniaxial
phase and ticks (no letters) for a biaxial phase. (After Bowie and Simpson, 1978.)
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which is a series ofcomputer programs that undertake search routines based
on input of reflectance and microhardness data (Atkin and Harvey, 1979a).
The most recent identification systems, as might be expected, are all built
around computerized data bases, and search procedures, and include those
described by Gerlitz, Leonard, and Criddle (1989); Hagni and Hagni (1986);
and Bernhardt (1987). The subject of identification schemes is critically reviewed by Bernhardt (1990).

5.4 APPLICATIONS TO THE COMPOSITIONAL
CHARACTERIZATION OF MINERALS
Reflectance variations and variations in color (which may be treated quantitatively as described in Section 5.5) may be sensitive to variations in mineral
composition as wen as structural differences. An important and not yet fully
explored field is the correlation of reflectance variations with compositional
variations in minerals. A number of contrasting examples of this application
of reflectance measurements will be considered. The first is the use of a reflectometric method for determining the silver content of natural gold-silver
alloys described by Squair(1965) and by Eales (1967). As can be seen from the
spectral curves in Figure 5.11, reflectances for pure gold and pure silver show a
good separation throughout the visible range with an alloy containing 50%
silver having an intermediate reflectance and spectral curve. On the basis of
the separation in reflectances ofthe end members and the range of maximum
sensitivity of the microphotometer used, Squair (1965) chose a wavelength of
550 nm at which to measure a series ofsynthetic alloys and to produce a deter-
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minative curve such as that shown in Figure 5.12. Here, the synthetic alloys
have been used to plot a curve for the mineralogically important range from
0% to 40% Ag. The retlectances of natural alloys ofknown chemical composition are also plotted on the figure and give an indication ofthe accuracy ofthis
method. An important factor in the application of this technique, however, is
that the gold should contain no other metal than silver in significant quantities. In particular, copper is known to occur in fairly large amounts in some
natural samples and would invalidate the determinative curve. Eales (1967)
has also pointed out that gold retlectances are very sensitive to polishing
technique.
A number ofopaque oxide mineral systems exhibit solid solution behavior,
which causes systematic variations in retlectance. An important example is
the substitution of magnesium in ilmenite (FeTi0 3 ) , which forms a complete
solid solution to geikielite (MgTi03 ) . Cervelle, Levy, and Caye (1971) have
studied the effect of magnesium substitution on retlectance and have developed a rapid method for determination of magnesium content ofilmenite.
A series ofspectral curves for ilmenites with increasing MgO content are illustrated in Figure 5.13, which shows not only the pronounced effect ofthis substitution on the retlectances but also that these materials exhibit very little dispersion. This means that a rapid method for magnesium determination can
function with a simple white light source. The determinative curve that relates
ilmenite retlectance (actually the Ro value present in all sections) to MgO content is shown in Figure 5.14. This rapid method for the determination
of magnesium in ilmenites has practical applications in diamond prospecting, since ilmenites from kimberlites characteristically carry ~ 10% MgO .
In the group ofiron sulfide minerals generally termed the "pyrrhotites" and
including the stoichiometric end member troilite (FeS) and the metal-defi-
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cient "h exagonal" (-Fe9SIO) and monoclinic (-Fe7SS) pyrrhotites, systematic
reflectance variations have been observed as a function of composition.
Vaughan (1973) observed a general increase in average reflectance with increasing metal deficiency in a series of synthetic samples. Carpenter and
Bailey (1973) demonstrated that measurements of R, (at 546nm) could be used
to distinguish troilite from "hexagonal" or intermediate pyrrhotite and either
of these from monoclinic pyrrhotite.
In the mineralogically very complex series of compositions related to the
tennantite-tetrahedrite group, Charlat and Levy (1976) have examined the
reflectivities as a function ofcomplex chemical substitutions in compositions
of the type (Cu,Ag)IO(Cu,Fe,Zn ,HgMAs ,Sb)4S\3. Although optical properties
alone are insufficient to determine chemical composition, they can be used to
predict possibilities (e.g., whether the material contains any silver). Typical
reflectance curves for the tetrahedrite-tennantite series (after Charlat and
Levy, 1976; Hall, Cervelle, and Levy, 1974) are shown in Figure 5.15.
Other examples of this systematic approach to the relationship between
reflectance and composition include studies of the sulfides and sulfosalts of
copper (Levy, 1967), of the platinum minerals (Stumpfl and Tarkian, 1973), of
the silver sulfosalts (Pinet, Cervelle, and Desnoyers, 1978), and of the influence of the Sb content on the reflectance of galena (see Figure 5.16, after
Moelo, 1983).
5.5

QUANTITATIVE COLOR

The colors of ore minerals or other opaque materials observed in reflected
linearly polarized light are clearly amongst their major diagnostic features
(see Chapter 3).Qualitative descriptions ofcolor are inevitably imprecise and
somewhat subjective, so that a system for quantitatively specifying color has
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Reflectance curves for galena with varying concentrations ofSb (after

obvious advantages. The first publication to deal with color measurements
specifically in ore microscopy was that of Piller (1966), although it is only
much more recently that the potential ofsuch measurements has been widely
appreciated by ore microscopists. In an introductory text, it is not appropriate
to go into the details ofquantitative color determinations, except to say that the
parameters can be easily derived from spectral reflectance data by straightforward calculations. In this section, the theory of quantitative color specifica-
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tion is outlined to give a clearer impression ofthis property and to explain the
terminology. Quantitative color data are given, when available, in the COM
data file (Criddle and Stanley, 1993) and in Appendix 1 of this book.
The sensation of color, in terms of its subjective perception by the eye, can
be described by three attributes-hue, saturation, and brightness. The spectral
colors of the visible region (see Figure 4.1) are given names associated with
particular wavelength ranges (630-780 nm, red; 450-490 nm, blue, etc.). Each
member of this continuous series of colors is a hue; the pure color has maximum (100%) saturation for that hue, whereas white light is regarded in this
system of color quantification as having zero saturation. Mixing increasing
proportions ofwhite light with a particular hue results in colors of decreasing
saturation. The brightness, or light intensity of the color, also affects color
perception.
It is possible to match any color, as perceived by the eye, by mixing only
three spectral colors (e.g., red, green, and blue) in appropriate proportions.
The amount ofeach needed to match a particular color is called the tristimulus
value for that color. If these values are expressed as fractions summing to
unity, they are called chromaticity coordinates. The science of color measurement is, ofcourse, well established in other fields, and in 1931the Commission
Intemationale de l'Eclairage developed the CIE system based on hypothetical primary colors (X Y, Z) obtained mathematically from experimental
data. The chromaticity coordinates (x,y,z) for any color are positive fractions
that sum to unity, so only two need be specified. Commonly, x andy are plotted
on orthogonal axes (see Figure 5.17) when the pure spectrum colors fall
on an inverted Ll-shaped curve (the spectrum locus), the ends of which are
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joined by a straight line (the purple line). This line is a locus of colors not found
in the spectrum, but the area enclosed by the purple line and spectrum locus
encloses chromaticity coordinates for all possible colors. The boundary ofthis
area represents the pure colors (100% saturation), whereas a central point
within the area represents white (0% saturation). The color sensation produced by an object depends, ofcourse, on the light source used to illuminate it,
so the point representing 0% saturation varies with the light source. "Ideal"
white light would show the same energy at every wavelength and would plot at
coordinates x = 0.3, y = 0.3 on the chromaticity diagram (Figure 5.17). However, real light sources differ appreciably from this ideal, so the eIE system
specifies several standard white light sources. Source A (coordinates x =
0.4476,y = 0.4075)corresponds to a tungsten filament microscope lamp, and
source C corresponds to average daylight (x = 0.310l ,y = 0.3163)or the microscope lamp, modified by a conversion filter. The color temperatures of these
sources are 2,854° K and 6,770° K. respectively, and both are plotted in
Figure 5.17.
In determining the chromaticity coordinates for an opaque mineral, it is
only necessary to measure the reflectance at a series ofwavelengths in the visible range and subject these values to certain mathematical manipulations.
However, the chromaticity coordinates are calculated relative to one of the
standard illuminants (A.C) as a reference achromatic point, and spectral
energy distribution values for this source (available from the literature) are
needed for the calculation. Although chromaticity coordinates can be calculated for a standard illuminant even when measurements are not made
using one of the standard illuminants, conversion of data from one reference
illuminant to another requires complete recalculation.
The chromaticity coordinates are a precise means of specifying a color but
do not immediately convey any visual impression of the color concerned.
From this point of view, two parameters that can be used to specify exactly a
point on the chromaticity diagram are more useful. The parameters-dominant wavelength ('Aa) and excitation purity (P, )-comprise part of the monochrom atic or Helmholtz system of color specification. These can be illustrated
with reference to two examples, Rand S, plotted in terms oftheir chromaticity
coordinates in Figure 5.17. Using the standard C illuminant, a line drawn from
the point C representing this illuminant and passing through the sample
point, will intersect the spectrum locus at the dominant wavelength (I"d = 540
nm for sample R) . This is the spectrum color that will match the specimen
color when mixed with the "white" of the standard C illuminant and therefore
conveys an immediate impression ofthe color concerned. For an example like
sa mple S, the corresponding parameter is the complementary wavelength (\.)
and is given by extending the line from S to C to intersect the spectrum locus
(i.e., Ac = 500 nm). In this system, the excitation purity is a measure of saturation . It is the distance ofthe sample point from the achromatic (in this case, C
illuminant) point expressed as a percentage of the distance to the point on the
spectrum locus representing the dominant wavelength (or distance from the
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achromatic point to the purple line )'Pe %values for samples RandS are shown
as contours on Figure 5.17 and are 40% and 20%, respectively. The one attribute
of color not specified by giving chromaticity coordinates or the dominant
wavelength and excitation purity is the brightness. A parameter to define this
can be incorporated by considering the chromaticity diagram ofFigure 5.17as
the base ofa three-dimensional figure in which the height above the base (i.e.,
normal to thex-y plane) represents increasing brightness on an arbitrary percentage scale. An equivalent parameter is termed the luminance (Y %) in the
Helmholtz system, where Y = 100% corresponds to a white light reflectance
measurement made with a standard C illuminant.
Twoother questions that are of particular interest in ore microscopy are: (1)
What range of values do the common ore minerals show on a chromaticity
diagram? (2)What is the minimum difference in color coordinates that can be
detected by the average observer? Both questions can be answered by referring
to Figure 5.18,which shows that nearly all of the ore minerals plot in the central portion of the chromaticity diagram. This is a vivid illustration of why
many beginning students of ore microscopy see most minerals as gray or
white. However, under ideal conditions, the experienced observer can dis-
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criminate down to the level shown by the discrimination ellipse, an example of
which is also plotted in Figure 5.18(b).Points plotted inside such an ellipse are
indistinguishable from the central color and from each other even under ideal
viewing conditions. The discriminatory power of the eye is not, in fact, uniform across the chromaticity diagram, as seen in Figure 5.18(c).
This discussion of quantitative color has necessarily been brief but is
enough to illustrate the importance of the topic in ore microscopy. Further
information is available in articles by Piller (1966) and Atkin and Harvey
(1979a,b), and a book by Peckett (1992). Clearly, the description of the mineral
pyrite as Aa = 573, P, = 13%, Y %52.9rather than as the color light yellow is an
important quantitative advance that will be further stimulated by the availability of reliable quantitative color data in the COM data file.
5.6 THE CORRELATION OF ELECTRONIC STRUCTURE WITH
REFLECTANCE VARIATION

Discussions ofthe theory oflight reflection from polished surfaces generally
utilize a classical approach based on the Maxwell equations for electromagnetic waves. This approach, essential to the understanding of the refractive index and polarization phenomena, is outlined by Galopin and
Henry (1972). However, the classical approach could not explain why, for
example, there is a systematic decrease in reflectance (at 496 nm) in the pyrite
structure series FeS2 - CoS 2 - NiS 2 - CUS2. Variations of this type are a
result of changes in the electronic structures .of minerals and materials, and
require an explanation related to the description of light as photons rather
than as waves (Section 4.1). A simplified approach ofthis type, based on work
by Bums and Vaughan (1970) and Vaughan (1978), can provide a physical picture ofthe reflecting process, as well as make predictions of reflectance variation with composition possible.
The values ofn,k, and henceR (see Equation 5.1)for a solid depend on the
interaction of light photons with electrons of the atoms in the solid and
therefore on the distribution of electrons in the solid (or its electronic structure). Electrons surrounding an atomic nucleus occur in orbitals that are sometimes represented visually as spheres, dumbbell-shaped regions, and so on,
centered on the nucleus and within which the probability of the electron
occurring is much greater. In simple terms, an electron in an orbital also has a
clearly defined energy, and successive electrons added to the system will be at
higher energies occupying higher energy orbi tals. It is also possible for an electron to be promoted from its normal (ground state) orbital energy level to a
higher energy empty orbital in a process of excitation. This excitation requires
energy, which may be a beam of light. When atoms come together to form
compounds or minerals, the inner orbitals remain essentially unchanged, but
the outermost orbitals overlap to form more complex molecularorbitals. Also,
the extensive overlap between orbitals in solids causes a broadening of the for-
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merly discrete , clearly defined, energy levels into bands of closely spaced
energy levels. The optical and other electronic properties of materials depend
on the nature of the highest energy orbitals or energy bands that contain electrons and the lowest energy empty orbitals. Three important cases can be
recognized and are illustrated in the energy level diagrams of Figure 5.19insulators, semiconductors, and metals.
In an insulator such as pure quartz, the highest orbitals containing electrons (or valence band of Figure 5.16)are completely filled with electrons and
the only empty orbitals (conduction band) into which these electrons could be
excited are at much higher energy. It requires a lot more energy than that provided by a beam of visible light to cause such an excitation, and light passes
through without being absorbed. In this case, k = zero but n > 1 because the
light frequency is affected by interaction with the bound (core) electrons. In a
metal, the valence band and the conduction band can be envisaged as overlapping (Figure 5.19). Electrons in the highest energy-filled orbitals can readily
move to and from the unfilled orbitals, given a small amount of energy (such
as visible light energy). A light wave incident on a metal surface may therefore
be appreciably absorbed (k > 0) as well as slowed down (n > 1). In this case, the
reflectance is high because light is re-emitted when the excited electrons
return to the ground state .This is the case for many metals throughout the visible light range and for many opaque minerals. The semiconductor (Figure
5.19)in its simplest form can be considered an intermediate case between the
metal and the insulator. The energy required to excite electrons into the conduction band is greater than in a metal band but much less than in an
insulator. Frequently, metal sulfides and oxides are semiconductors that
require energies of the order of visible light to produce such excitation.
Electrons excited into the conduction band in a metal or a semiconductor
are delocalized and not located on a single atom; that is, they are effectively
free and are responsible for the conduction ofelectricity. The effective number
of free electrons (neff) can be determined; Burns and Vaughan (1970) plotted
values of neff for the pyrite-type FeS2, CoS 2, NiS 2 and CUS2 against R% at 496
nm and found a linear relationship. Data available for CuSe2, CuTe2,and Ag
also conform with this correlation, which shows that reflectance increases
with the effective number of free electrons. In the pyrite-type compounds (see
Figure 5.20),the highest energy levels that contain electrons (the 3d orbitals of
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the metals) are split into a group of'lower-energy and a group ofhigher-energy
orbitals, which are labeled t2g and eg orbitals, respectively. In FeS2' the t2g
orbitals are filled with electrons but the eg orbitals are empty. The successive
addition of electrons across the transition series to CUS2 results in increased
occupancy ofthe eg orbitals (see Figure 5.20). These eg orbitals form a band by
overlapping through the crystal (not shown in Figure 5.20), so that electrons
excited into the eg band are delocalized (i.e.,become effectivelyfree). As Figure
5.20 shows, both values of neffand R% systematically decrease in the series
FeS2 > CoS 2 > NiS2CuS2, and the values ofneffare roughly proportional to the
number of empty eg levels into which t2g electrons may be excited. The reduction in reflectance in the series FeS2 > CoS 2 > NiS 2 > CUS2 is due to filling of
the eg orbital levels, making fewer of them available for excited electrons that
re-emit light energy on returning to the ground state.
The reflectances of these ore minerals are therefore interpreted in terms of
their electronic structures and the transition ofelectrons , which can occur between ground and excited states, resulting in the absorption and re-emission
ofenergy.Certain transitions of this type mayor may not occur, depending on
the relative orientation of a beam oflinearly polarized light and the reflecting
crystal. In this way, an interpretation can be offered for the property of bireflectance in substances like graphite and molybdenite. The interpretation of
reflectance data for isotropic and anisotropic phases is further discussed by
Vaughan (1978, 1990).
5.7 CONCLUDING REMARKS

Reflectance is the single most important quantitative parameter that can be
used to identify or characterize an opaque mineral. The availability of efficient and relatively inexpensive instrumentation, good standards, and reliable data for most ore minerals makes reflectance measurement a powerful
technique for the ore microscopist. Further development of correlations between compositional variation and reflectance variation should increase the
value of the technique, as should the more widespread use of quantitative
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color determinations. Interpretation of ore mineral reflectances also offers a
challenge to those concerned with understanding the fundamental structures
of minerals and a source of further data.
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CHAPTER 6

QUANTITATIVE METHODSMICROINDENTATION HARDNESS

6.1

INTRODUCTION

The hardness of an ore mineral has been estimated or measured by mineralogists in one ofthree ways: through examination of(1) polishing hardness, (2)
scratch hardness, or (3) microindentation hardness. Polishing hardness, discussed in detail in Chapter 3, only enables the hardness of a phase to be
estimated relative to other phases in a polished section. Scratch hardness may
also be qualitatively estimated by visual examination of the relative intensity
of surface scratches on a polished section (see Chapter 3). The Mohs scale of
scratch hardness, universally employed in the study of minerals in hand
specimen, is a simple quantification of this property. Early attempts at measuring mineral hardness under the microscope involved drawing a scribe
across the surface while applying a known load, as in the work of Talmage
(1925). Such methods have been superseded by the more accurate techniques
of microindentation hardness measurement, in which a static indenter is
lowered onto the mineral surface under a known load and the size of the
resulting impression is determined.
The measurement of hardness on the microscopic scale has involved a
variety of instruments and types of indenter, the most common indenters
being the Vickers (a square-based pyramid) and the Knoop (an elongated
pyramid). Most systematic studies of ore minerals (Bowie and Taylor, 1958;
Young and Millman, 1964) have employed Vickers microhardness determination, and this technique has been widely adopted in ore microscopy. It is
important to note that, although the various types of hardness (polishing,
scratch, microindentation) will produce very similar results for a series of
minerals, differences in relative hardness may be observed on detailed ex106
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amination, since the methods (and nature of "deformation" involved) are
not equivalent.
6.2 VICKERS HARDNESS MEASUREMENT
6.2.1 Theory

The measurement of Vickers hardness provides a Vickers hardness number
(VHN) for a material. The hardness number is defined as the ratio ofthe load
applied to the indenter (gram or kilogram force) divided by the contact area of
the impression (square millimeters). The Vickers indenter is a square-based
diamond pyramid with a 130° included angle between opposite faces,so that a
perfect indentation is seen as a square with equal diagonals (although it is
actually a pyramidal hole of maximum depth one-seventh the diagonal
length).
The area of the Vickers indentation can be expressed in terms of the length
of the diagonal d (in urn) as:

.2.2 d

2

cos ec 68°

(6.1)

The VHN, being the ratio ofloadL (in gram force, gf) to area ofindentation, is
given by

2 sin 68° XL

VHN

d2

1.8544 xL
d2

or

1854.4 X L
d2

g/
2 (the normal units employed)
/mm

(6.2)

Microindentation hardness testers normally employ loads of 100-200 gf,
which result in indentations of diagonal lengths approximately 5-100 11m,
commonly a few tens of microns in diameter. The load employed in a VHN
determination must be stated, since, as we will discuss later, values obtained
are not independent of load.
A number ofworkers have compared the scale ofVHN values with the more
familiar Mohs scale. As shown in Figure 6.1, Young and Millman (1964) suggest that an approximately linear relationship is found when log Mohs is plotted against log VHN, a relationship expressed by the equation
log VHN = 2.5 log Mohs + 1.00

(6.3)
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FIGURE 6.1 Correlation of Vickers microhardness with Mohs scale of hardness
showing the virtually linear relationship between log Mohs and log VHN. (AfterYoung
and Millman, 1964.)

A log/linear relationship was determined by Bowie and Simpson (1977):
log VHN = Mohs log 1.2 + C

6.2.2

(6.4)

Instrumental Techniques

A variety of instruments for measuring Vickers hardness are commercially
available; some are marketed as complete instru ments, and others are designed as attachments to a standard ore microscope. In all instances, a reflected-light microscope forms the basis of the instrument; with a permanent
or a detachable indenter head that can be rotated into position in place of a
normal objective; the second major addition is a micrometer eyepiece that
enables the indentation diagonals to be accurately measured. The load may be
applied directly when a plunger is depressed to allow the indenter to descend
onto the sample surface, or it may be applied pneumatically via an air line by
depressing a lever on an impeller drum.
An example of the typical sequence of operations in a single hardness
determination with the Leitz instrument would be as follows:
1. Selection of a suitable grain or area for measurement (of sufficient size
and free of cracks or flaws), using a low-power objective (on the surface
of a leveled polished section)
2. Selection of a high-power (X 40) objective, focusing, and checking that
the area is free from flaws
3. Rotation of indenter nosepiece into position
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4. Selection of a suitable load (commonly 100g, although a range ofloads
from 10 to 200 g is available for softer or harder materials)
5. Pressing of cable release (or equivalent) to initiate indenting process,
after a set time (say, 15 sec) pressing again to withdraw the indenter
6. Examination of indentation under high-power objective
7. Measurement of the length of each diagonal using the micrometer
eyepiece, when the indentation has been suitably positioned
The data on diagonal lengths (averaged for each indentation) can be used in
Equation 6.2 to calculate the VHN, although tables are normally provided by
manufacturers for direct conversion of diagonal measurements to VHN
values. An experienced operator can obtain satisfactory results from a couple
of indentations on each of three or four grains, except when a wide range of
hardness is exhibited by the material.
VHN values have been obtained for most ore minerals, and the accepted
standard values have been published by the Commission on Ore Mineralogy
(COM) in the IMNCOM Data File (see Section 5.3, Figure 5.9, and Criddle
and Stanley, 1993). In Appendix 1 of this book, VHN values are provided for
the more common ore minerals, and in Appendix 2 these minerals are listed in
order of increasing VHN.
6.2.3

Sources of Error and Accuracy, and Precision of Measurement

Assuming that the instrument is working correctly and has been properly
calibrated (a standard block of known VHN is normally provided to check
this), errors may still arise from a number of sources , including vibration
effects, inconsistent indentation times, and misuse of the micrometer eyepiece. Vibration may be a serious source of error, and the system is best
mounted on a bench designed to minimize this effect. Indentation time is
important, because a certain amount of creep occurs during indentation and
there may be some recovery after indentation. A loading time of 15 sec has
been approved by the COM . Errors arising in the actual measurement of the
indentation depend partly on factors outside the control ofthe operator, such
as the resolving power of the objective and the quality of the indentation
(which may always be poor in certain materials). However, accurate focusing
and careful location of the ends of the diagonals are important for acceptable
results. Precise measurement can also be improved by using monochromatic
illumination (Bowie and Simpson, 1977, suggest using light of A. = 500nm and
a dry objective ofNA = 0.85 for relatively rapid and precise results).
Producing an average hardness number for a particular mineral is easier
than establishing a true range of hardness, and reproducing the same average
values (to within 5%) on the same instrument is fairly simple. Bowie and
Simpson (1977)have noted that, if HI, H 2 , H 3 , • . . H; are the values obtained
in n tests on the same specimen and the respective differences from the mean
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(H) are (HI - (H), (H2

H) . . . (H; - H), then the standard error of any

-

individual observation is
(6.5)

n

and the standard error of the mean is:
(6.6)

Relatively large variations may result by using different types of indenter and
as a result of applying different loads, as discussed in the next section.
Generally, a load of 100gf should be employed unless the specimen is too soft,
too brittle, or too small for this to be acceptable.
6.3

SHAPES OF HARDNESS MICROINDENTATIONS

A perfectly square, clear indentation very rarely results from hardness testing
of minerals; the shape of the impression and any fracturing characteristics
that may result from indentation can provide useful additional information
regarding the identity (and sometimes orientation) of minerals. Young and
Millman (1964) have examined the shape and fracture characteristics of
indentations in a large number of ore minerals. These authors have noted that
the shape characteristics consist of combinations of four distinct indentation
types: (I) straight edge, (2) concave edge, (3) convex edge, and (4) sigmoidal
edge (see Figure 6.2). The extent to which curvature is developed in these
indentations without straight edges can also be classified as weak or strong.
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FIGURE 6.2 (a) Indention shape characteristics: (1) straight, (2) concave, (3) convex,
(4) sigmoidal. (b) Indentation fracture characteristics: (I) star radial, (2) side radial, (3)
cleavage , (4) parting, (5) simple shell , (6) cleavage shell, (7) concentric shell . (Based on
Young and Millman, 1964.)

TABLE 6.1

Categories of Indentation Shape, Fracture Characteristics, and Anisotropy Associated with Mineral Structural Groups"

Mineral Structural
Group
Metals and semimetals
Simpl e sulfides
Co-Ni-Fe sulfid es
Pyrite-type
Spinel-type
Marcasite-type
Complex sulfides
. Sph alerite-type
Wurtzite-type
Niccolite-type
Sulfosalts
Chain-type
Sph alerite-type
Spinels, isometric oxides,
rutile-type oxides,
metamict oxides
Hydrated oxides, hex.
hematite an d
zincite-type oxides
Silicates, sulfates,
phosphates, carbona tes

Indent ation
Anisotropy

.........

Straight

Convex

Conc ave

Sigmoid al

Ch aracteristics
of Fractur es

Mod. to st.
Wk. to st.

-

-

Wk. to st.
Wk. to st.

Wk. to st.
Wk. to st.

Wk. to st.
Wk. to st.

Wk.GPT
Wk. rad . and GPT

Iso.
Iso.
Mod. to st.

Com .
Com.
Com .

Wk.
Wk.
Wk.

-

-

Wk.

-

St. rad . shells
St. rad. shells
St. rad . shells

Wk. or iso.
Mod . to st.
Mod . to st.

Com .
-

Wk. to st.
St.
St.

Wk.
Wk.

Wk.

Com . rad . and shells
St. rad. shells
Com . rad . and GPT

Mod . to st.
Iso.

Com.
Com.

Wk. to st.
Wk. to st.

Wk. to st.
Wk. to st.

-

Com. rad . and shells
Com . rad . and shells

Wk.oriso.

Com .

Wk. to st.

-

-

Wk. rad .

Wk. to st.

-

Wk. to st.

-

-

Occ. rad . shells

Wk.oriso.

-

Wk.

-

-

St. rad . shells

a Abbreviations: wk., wea k; rnod ., moderate; st., strong;

pla ne traces .

Ch aracteristics of Indentation

-

-

iso., isot rop ic; com.,common; rad., rad ial frac tures; sh ells, shell fractures; occ., occasion al ; GPT, glid e
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Fracturing or deformation may also occur during indentation, particularly if
the mineral has a distinct cleavage or fracture. Again, Young and Millman
(1964) have classified the types observed: (1) star radial fractures, (2) side
radial fractures , (3) cleavage fractures , (4) parting fractures, (5) simple shell
fractures , (6) cleavage shell fractures , and (7) concentric shell fractures. The
various shape, deformation, and fracture characteristics of indentations are
illustrated in Figure 6.2, and their development in the major ore mineral
groups is shown in Table 6.1 . Some data on fracture characteristics are also
provided in the tables in Appendix 1.
The shapes and fracture characteristics of minerals may vary with orientation of the grain, particularly in such materials as covellite or molybdenite,
which have highly anisotropic structures.
6.4 FACTORS AFFECTING MICROINDENTATION HARDNESS
VALUES OF MINERALS
6.4.1

Variation with Load

The actual VHN value determined for a mineral is not independent ofthe load
used in measurement; generally, an increase in hardness is shown with a decrease in the applied load. For this reason, measurements are often made at a
standard load of 100 gf, although Young and Millman (1964) have pointed out
the advantages of using a series of standard loads (15, 25, 50, and 100 gf),
depending on the hardness of the mineral under examination. These authors
undertook a systematic study of hardness variation with load in a variety of
minerals and found , for example, that a mean percentage increase in VHN in
going from 100 gfload to 15 gfis ~24% for a mineral in the 600-1,200 kg/mmhardness range and ~ 12% fora mineral in the 60-120 kg/rnm-hardness range.
They also examined the effects of both load and orientation on the VHN
values of galena, as shown in Figure 6.3 and discussed in the following
paragraph.
One source of this load dependence of hardness is the deformation of the
surface layer of a mineral during polishing.The hard layer (~10-20 urn thick)
produced by some polishing methods may become important when small
loads are used but should have less influence at loads of 100 gf, as shown by
tests using different polishing techniques (Bowie and Taylor, 1958). The load
dependence may also be related to the actual mechanism of deformation during indentation or may even originate from instrumental effects (Bowie and
Simpson, 1977).
6.4.2

Variation with Mineral Texture

Ideally, relatively large and well-crystallized grains are required for hardness
determination. When masses of microcrystalline or cryptocrystalline material
are measured, the hardness may be markedly lower (e.g., microcrystalline
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FIGURE 6.3 (a) Variation of Vickers microhardness with load and orientation in a
crystal of galena. (b) Attitudes of (001) cleavage glide planes in galena in sections
parallel to cube. dodecahedral. and octahedral planes. (From Mineral Chemistry of
Metal Sulfides by D. 1. Vaughan and 1. R. Craig, 1978, Cambridge University Press. after
Young and Millman, 1964;used with permission.)

hematite and goethite give VHN values ~ 70%ofvalues for coarse crystals). On
single grains, excessive fracturing normally occurs and values are unreliable if
the indentation diagonal exceeds one-third the grain size. In practice, the
minimum grain size is ~ 100 urn, although use of smaller loads may make it
possible to obtain results on smaller grains.
6.4.3

Variation with Minerai Orientation

Most minerals show some degree of hardness anisotropy, and this effect may
be considerable in fibrous, layered, or prismatic phases [e.g., molybdenite
VHN (0001) 33-74, VHN (1010) 4-10 at 100 gf load]. The measurements of
Young and Millman (1964) involved determinations on oriented sections of50
minerals and demonstrated that most minerals give different hardness values
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on different crystal faces and different indenter orientations on the same face.
Indentation shape and fracture characteristics often also exhibit variations
with crystal orientation.
An interesting aspect of hardness anisotropy is that it is not limited to nonisometric minerals; cubic minerals, such as galena, sphalerite, and native copper, show considerable hardness anisotropy. In the case of galena, a detailed
interpretation of the variation of hardness with orientation (illustrated in
Figure 6.3)has been presented based on the attitudes ofvarious glide planes in
the structure. The relationship between hardness values for various faces was
determined to be VHN (001) » VHN (110) > VHN (111)(see Figure 6.3),and
plastic deformation in galena is known to take place by gliding along (1(0) and
(111) planes, the (100) planes being dominant. Hence, on indenting the cube
face (001, 100,010), there is little tendency for movement along (100) planes
that are perpendicular or parallel to the surface. On indenting the (110) face,
deformation occurs readily by movement along two sets of(100) glide planes
oriented at 45 0 to the indentation direction. On the (111) face, three (100)
planes make angles of35° with the indentation direction and are all capable of
easy glide translation, resulting in the lowest hardness ofall.The relationships
of glide planes to crystal faces are also shown in Figure 6.3.
6.4.4

Variation with Mineral Composition

The variation of hardness with mineral composition has been examined in a
number of mineral series and solid solutions. In some cases , hardness variation can be directly linked to variations in structure and bonding in the series.
For example, in the series galena (PbS)-clausthalite (PbSe)-altaite (PbTe),
which all have the halite-type structure, decreasing VHN (at 100 gf) follows
roughly the increasing unit cell parameters (PbS , VHN 57-86, a, = 5.94A;
PbSe VHN 46-72, a, = 6.45A; PbTe VHN 34-38, a, = 6.45A). In the series of
isostructural disulfides, hauerite (MnS2) -pyrite (FeS2)-cattierite (CoS 2)vaesite (NiS 2) hardness variations can be correlated not only with unit cell
parameter but also with the electron occupancy ofcertain orbitals associated
with the metals (see Table 6.2 and Vaughan and Craig, 1978). These variations
in the electronic structures of the disulfides also explain differences in metalsulfur bond strengths, which, like the hardness values, decrease in the sequence FeS2 > CoS 2 > NiS 2. An intimate relationship clearly exists between
hardness, bond strength, and the nature ofbonding in minerals, but its precise
formulation is complex.
Detailed studies ofhardness variation have been undertaken on a number
ofsolid-solution series. As summarized by Vaughan and Craig (1978),several
authors have studied the variation ofthe hardness of sphalerite (Zn,Fe)S with
iron content. As illustrated in Figure 6.4a, all of these studies show a sharp
increase in hardness on substitution of small amounts of iron ( < 2 wt %), and
most studies show a subsequent decrease with further iron substitution. The
cell parameters of sphalerites show a linear increase with iron substitution
(Figure 6.4a), and possibly the initial hardness increase is due to some iron
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TABLE 6.2 Vickers Hardness Values for Pyrite-Structure Disulfides and the
Correlations Between High VHN, Smaller Unit-Cell Panmeter, Metal-Sulfur Distance
and Number of Electrons in Antibonding Orbitals, and Higher Cohesive Energies"

Vickers hardness
(kg mm-)
Cell size
Metal-sulfur distance
(A)

Cohesive energy from
thermodynamic data
at 25°C, Kcal mol:"
Number of electrons in
eg (antibonding)
orbitals
a After

MnS2

FeS2

CoS2

NiS 2

485623
6.1014

16042759
5.4175

7661380
5.5345

5941028
5.6873

2.59

2.262

2.315

2.396

246

243

242

2

o

2

Vaughan & Craig (1978).

atoms filling defect sites before the expansion in the unit cell becomes dominant and hardness decreases. Young and Millman (1964) also report the complex hardness variations observed with compositional variation in the hubnerite-wolframite-ferberite (Fe,Mn)W04 series. Their measurements, illustrated in Figure 6.4b, were performed on oriented crystals.
Clearly, the variation in hardness with composition in solid-solution series
is complex and could never be used to give more than a very crude estimate of
composition. What may be of greater value is the information on crystal
chemical variations implied by such studies .
6.4.5 Variation with Mechanical and Thermal History

The presence of structural imperfections in crystalline materials has a very
marked influence on hardness properties. Defects, particularly the linear
regions of mismatching of the crystal lattice known as dislocations are introduced by mechanical deformation (a process known as work hardening).
This means that the cutting, grinding, and polishing ofspecimen preparation
can increase hardness values by 5-30%, compared to the values for untreated
crystal or cleavage faces of some materials. Since most laboratories use both
comparable and consistent methods of specimen preparation, the consequences generally do not seriously impair the use of the technique in
mineral identification.
The formation of dislocations, the processes of work hardening, and the
effects ofboth the conditions ofinitial crystallization and any subsequent heat
treatment on defect formation have been extensively studied by metallurgists.
In studying natural materials that have undergone mechanical deformation
(and sometimes heat treatment) during tectonism and metamorphism,
Stanton and Willey (1970, 1971) have demonstrated another important field of
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(From Min eral Chemistry ofMetal Sulfides by D. J. Vaughan and J. R. Craig, copyright <S>
1978, Cambridge University Press, after B. B. Young and A P. Millman, 1964; used
with permission.)

application of hardness determination of ore minerals. For example, galena
deformed by tectonic movement has commonly undergone a process of natural work hardening. This hardening may be eliminated by heat treatment
and the softening results from two separate processes-recovery and recrystallization. Although recrystallization initially results in softening, complete
recrystallization may ultimately lead to substantial hardening, as Stanton and
Willey (1971) have shown in their studies of the recrystallization of naturally
deformed sphalerite and galena. In Figure 6.5, the softening-hardening be-
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havior that accompanies the recovery-recrystallization of naturally deformed
galena from Broken Hill (New South Wales, Australia) is illustrated. The
curves show the distinct separation in hardness between naturally unrecrystallized and recrystallized material once experimental recrystallization has
commenced, and the greater hardness testing of sulfides that have undergone
natural deformation or annealing may give valuable information on their
postdepositional histories. Information such as the upper temperature limits
reached since deformation, whether recovery has occurred, whether a polycrystalline aggregate is a result of primary deposition or recrystallization, and
to what extent this recrystallization has proceeded is obtainable from such
studies .
In related studies, Kelly and Clark (l975) and Roscoe (l975) have examined
the nature of deformation in chalcopyrite; Kelly and Clark (1975) have also
summarized data for pyrrhotite, galena, and sphalerite. These workers, although not actually measuring hardness, have carefully examined the strengths
of minerals as functions of temperature and confining pressure (see Figure
10.29).
6.5

CONCLUDING REMARKS

The measurement of Vickers hardness provides an established and tested
method for quantitative determination of the hardness of minerals in polished section . This has been widely used as an aid to mineral identification
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(see Section 5.3), although in many laboratories hardness determination is
now used only when optical methods fail to provide conclusive identification.
The applications ofmicro hardness measurement, however, are much more
wide-ranging than simply as an identification tool. Hardness exhibits interesting variations when considered in relation to the crystal chemistry of
minerals, and the possibilities for further investigations of microhardness in
relation to deformation processes and the deformational (and thermal) history of minerals are even more interesting. Studies of ore minerals from
deformed rocks have been mentioned already. Another field that has been
explored recently by workers in rock and mineral deformation is the use of
Vickers micro hardness measurement to study deformation mechanisms, particularly in the study of fracture mechanics in rock-forming minerals (Swain
and Lawn, 1976; Atkinson and Avdis, 1980; Ferguson, Lloyd, and Knipe, 1987).
In such studies, indentation is used to produce deformation in an individual
mineral grain under controlled conditions (which have included elevated
temperatures). Not only are indentation dimensions and gross characteristics
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FIGURE 6.6 Schematic illustration of the microstructures evolved in quartz during
Vickers indentation. Zone A is characterized by very high fracture density, with some
fractures showing evidence of partial melting (microfracturing on a very fine scale
apparently is the main mechanism for the plastic deformation associated with indentation). Zone B is characterized by a much lower fracture density; concentric and radial
cracks may be, in part, due to unloading and elastic recoil. Zone C has no deformation
effects other than large to medium radial fractures that may have nucleated at the
specimen surface. (After Ferguson, Lloyd, and Knipe, 1987.)
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studied, but also the areas around the indentation are subjected to detailed
study using techniques such as scanning and transmission electron microscopy. For example, the studies of quartz by Ferguson, Lloyd, and Knipe
(1987) using such techniques has led to an understanding of the microstructure evolved during indentation, as shown schematically in Figure 6.6.
The hardness of a mineral is a complex property of both theoretical and
practical interest. Detailed studies of hardness variation with orientation,
compositional variation, and thermal and mechanical history of minerals
should be a valuable field of future study with wider geological applications
than have been exploited so far.
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CHAPTER 7

ORE MINERAL TEXTURES

7.1

INTRODUCTION

Ore microscopy involves not only the identification of individual mineral
grains but also the interpretation of ore mineral textures , that is, the spatial
relationships between grains. Barton (1991)has astutely noted that "the interpretation oftextures is simultaneously one ofthe most difficult and important
aspects of the study of rocks and ores." Textures may provide evidence of the
nature of such processes as initial ore deposition, postdepositional reequilibration or metamorphism, deformation, annealing, and meteoric
weathering. The recognition and interpretation of textures is often the most
important step in understanding the origin and postdepositional history of an
ore. However,the extent to which the ore minerals retain the compositions and
textures formed during initial crystallization varie s widely. Figure 7.1 illustrates this variability in terms of equilibration rates and shows that oxides, disulfides, arsenides, and sphalerite are the most refractory of ore minerals.
These minerals are more likely to preserve evidence of their original conditions of formation than are minerals such as the pyrrhotites or Cu-Fe sulfides. Argentite, sulfosalts, and native metals are among the most readily
re-equilibrated ore minerals and thus are the least likely to reflect init ial formation conditions. The textures observed in many polymetallic ores reflect
the stages, sometimes numerous, in their development and postdepositional
history. Consequently, the textures and compositions observed in close proximity in complex polymetallic ores may actually reflect several different stages
in the development and postdepositional history of an ore deposit. Hence, the
morphologies and inclusion patterns within refractory minerals such as pyrite
may represent initial high-temperature conditions, whereas coexisting pyr120
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rhotites may have equilibrated-to-intermediate-temperature conditions during cooling, and minor sulfosalts or native metals may have equilibrated
down to the very lowest ambient temperatures. Furthermore, there are often
weathering effects that have been superimposed much later and that may be
totally unrelated to the original processes offormation. Hence, complete textural interpretation involves not only recognition and interpretation of the
individual textures but also their placement in the time framework of the
evolution of the deposit from its formation until the present day.
Textural recognition and interpretation, in addition to providing insight
into the history of a deposit, may also aid in mineral identification (see Section
3.5) and may supply information valuable to ore milling and beneficiation.
Furthermore, the same textures observed in ore mineral assemblages are
found in a large variety of synthetic-made materials (e.g., slags, metals, dental
amalgams, corrosion products), and proper interpretation can help in the
solution of many practical problems. Several of these aspects are discussed in
Chapter 11.
It is not possible, in this text, to discuss the complete variety of textures
observed in ores, but a number of common examples will be described and
used to illustrate the principles involved in textural interpretation. Many
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additional textures found in specific ore associations are illustrated in Chapters 9 and 10. It is worth noting that many textures are still inadequately
understood and that experienced ore microscopists still disagree as to their
precise origin. Clearly, there remains much to be learned in the realm oftextural interpretation.

FIGURE 7.2 (a) Skeletal crystals of ilme nite in basalt from Hawa ii (width of field =
150 11m). (b) Sulfide d ro plet in Mid-Atl antic Ridge b as alt , composed of (Fe,Ni )l_xSmonosulfide solid solution (me diu m gray) and (Cu , Fe)S2_x intermediate solid solutio n
(ligh t gray) . with rim s a nd flames of penti andite (bright) (width of field = 250 11m).
(Re prod uced fro m G . K. Cz a mans kie an d J. G . Moore, Geol. Soc. Amer. Bull. 88,591,
1977. with permissio n.)
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7.2 PRIMARY TEXTURES OF ORE MINERALS FORMED
FROM MELTS

The growth of ore minerals in silicate melts generally results in the development ofeuhedral to subhedral crystals,because there is little obstruction to the
growth of faces. Thus, primary chromite, magnetite , ilmenite, and platinum
minerals, phases that are refractory enough to retain original textures, often
occur as well-developed equant euhedra interspersed in the plagioclase, olivine, and pyroxene of the host rock (Figure 9.1). Unobstructed growth, especially in rapidly cooled basalts, sometimes results in the formation of
skeletal crystals (Figure 7.2a)that may be wholly or partially contained within
subsequently solidified glasses or crystallizing silicates. Poikilitic development of silicates in oxides or oxides in silicates is not uncommon. In oxiderich layers, the simultaneous crystallization of mutually interfering grains
results in subhedral crystals with widely variable interfacial angles. In contrast, the interfacial angles at triple-grain junctions of monomineralic masses
that have been annealed during slow cooling or during metamorphism generallyapproach 120° (see Section 7.7 for further discussion).
Iron (plus nickel, copper)-sulfur (-oxygen) melts, from which iron-nickelcopper ores form (see Section 9.3), generally crystallize later than the enclosing silicates.The magnetite often present in these ores crystallizes, whereas the
iron sulfides are wholly or partially molten, and thus tends to be euhedral or
skeletal, whereas the much less refractory sulfides (mostly pyrrhotite) exhibit
textures of cooling and annealing. Primary iron-sulfur (-oxygen) melts can
also result in the formation of small « 100 urn) round droplets trapped in
rapidly cooled basalts and basaltic glasses (see Figure 7.2b).

7.3

PRIMARY TEXTURES OF OPEN-SPACE DEPOSITION

The initial deposition and growth of the ore and gangue minerals in many
deposits occurs in open spaces in vugs or fractures developed by dissolution or
during faulting .Although the open space may no longer be evident because of
subsequent infilling or deformation, the initial formation of the crystals in
open space is often still evidenced by the presence of well-developed crystal
faces (especially in such minerals as sphalerite-see Figures 7.3a and 7.3b-or
chalcopyrite that rarely exhibit euhedral forms) , by crystals that exhibit
growth-zoning (Figure 7.4), by colloform or zoned monomineralic bands
(Figures 7.5a-7.5c). All of these features result from unobstructed growth of
minerals into fluid-filled voids, the banding being the result ofa change in the
ore-forming fluids and the physico-chemical environment of mineralization
with time. Deposition from hydrothermal solutions in open fissures can result
in comb structures and in symmetrically and rhythmically crustified veins, as
shown in Figures 7.6a and 7.6b. Movement along such a vein during or after
ore formation may cause brecciation resulting in breccia ore (Figure 7.7). All of
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FIGURE 7.3 (a) Well-developed freestanding crystals such as these 1-2 em diameter
spha lerites are generally good evidence of growth in open spaces, Elmwood,Tenn essee
(centimeter scale). (b) The face of the first generation of sphalerite (containing numerou s dark fluid inclusions) cuts across from the upper left to the lower right portion
of the photograph. The second gene ration of sph alerite,which fills the upper portion of
the photograph, contains few inclusions and a much lower level of trace constituents.
Doubly polished thin section; Elmwood, Tennessee (width of field = 1,400 urn),

these textures may be developed on a scale ranging from macroscopic to
micro scopic, and their recognition is important if one is trying to reconstruct
the entire paragenetic history ofa deposit. Open-space filling is exemplified by
the Cu-Pb-Zru -Ag) vein deposits (discussed in Section 9.6) composed of
pyrite, sph alerite, galena, chalcopyrite, and silver-bearing sulfosalts, and by
some Pb-Zn ores in carbonates (discussed in Section 10.7).Pyrite in these ores
generally forms as isolated cubes, more rarely as octahedra or pyritohedra, or
as aggregates of interfering crystal s along the walls of fractures. Sph alerite
may occur as honey-yellow to black crystals or radiating colloform aggregates,

FIGURE 7.4 Growth zoning in a single crystal of sphalerite (from Creede, Colorado)
viewed in transmitted light through a doubly polished thin section. Trails of fluid
inclusions are visible cutting across the growth zones (width of field = 1,200 urn),

FIGURE 7.5 (a) Concentric growth b anding in sphalerite (from Austinville, Virginia)
viewed in transmitted light through a doubly polished thin section. Black areas are
pyrite; white areas are dolomite (width of field = 4 em) . (b) Colloform growth banding
in sphalerite (from Pine Point, North West Territories, Canada) seen in reflected light
(width of field = 2 ern). (c) Growth zoning in pyrite showing radial and concentric
development (fro m Ainai Mine, Japan) seen in reflected light (width of field =
2,000 11m).
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FIGURE 7.5 (Continued)

which often cont ain a well-developed growth banding or zoning (Figure 7.4);
this structure is clearly visible in doubly polished thin sections but is difficult
to see in polished sections (see Section 2.5 and Figure 2.9). Darker sphalerite
colors generally indicate higher iron content, but this correlation is by no
mean s consistent and is especially unreliable if iron content is below 5%.
Gal ena, commonly observed as anhedral intergranular aggregates in many
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FIGURE 7.6 (a) Comb structure showing growth of crystals outward from fracture
walls. (b) Symmetrically crustified vein showing successive deposition of minerals
inward from open fracture walls. Th is vein is also rhythmically crustified in showing
the depositional sequences a-b-a-c (w = wall rock). Scale variable from millimeter to
several meters across vein.

types of ores, often occurs as well-formed cubes and less commonly as octahedra or skeletal crystals in open voids. Episodic precipitation, sometimes
with intervening periods of leaching, often leaves hopper-like crystals of
galena. Chalcopyrite, tetrahedrite, and the "ruby-silvers" (polybasite-pearcite), which almost never exhibit any crystal form in massive ores, commonly
appear as euhedral crystals when unimpeded growth in open cavities occurs.

U'

FIGURE 7.7 Breccia ore showing successive deposition of minerals on breccia fragments and other wall rocks. Scale variable from wall rock fragments of millimeter to
several meters across breccia fragments.

FIGURE 7.8 Compositionally zoned crystals of bravoite (Fe.Ni.Cojfs, from M aubach , Ge rm any (width of field = 60 11m).

FIGURE 7.9 (a) Radi ating fibro us crys ta ls of th e mangan ese oxide mineral ch alcophanite infilling a n ope n frac ture, Red Bru sh M in e, Virginia (widt h offield = 2,000
11m). (b) Radiating clu sters of fibro us goe th ite crystals forming a botryoidal aggregate
in a weathering zone, Gi les Co ., Virgi nia (width of field = 2,000 11m).
128
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FIGURE 7.9 (Continued)

Sequential deposition from cobalt- and nickel-bearing solutions may result in the development of concentrically growth-zoned pyrite-bravoite crystals (Figure 7.8), which often reveal changing crystal morphology. (cube,
octahedron, pyritohedron) during growth. A similar process of sequential
deposition from metal- and sulfur-bearing fluids circulating through the
intergranular pore spaces in sediments may leave concentric sulfide coatings
on the sediment grains.
Iron and manganese oxides and hydroxides often form botryoidal or even
stalactitic structures in open fractures as a result of meteoric water circulation.
These minerals (e.g., goethite, lepidocrocite, pyrolusite, cryptomelane) may
form concentric overgrowths inward from vein walls or complex masses offibrous (brush-like) crystals (Figures 7.9a and 7.9b) radiating from multiple
growth sites along an open fracture.
"Colloform" textures (see Figure 7.5b) have often been cited as evidence for
initial formation by colloidal deposition; however, Roedder (1968)has shown
that many colloform sphalerites in Pb-Zn ores (see Section 8.2.3) grew as tiny
fibrous crystals projecting into a supersaturated ore fluid.

7.4 SECONDARY TEXTURES RESULTING FROM REPLACEMENT
(INCLUDING WEATHERING)

Replacement of one ore mineral by another or by a mineral formed during
weathering is common in many types of ores. However, a major problem in
textural interpretation is the recognition of replacement when no vestige of the
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replaced phase remains. Probably the most easily recognized replacement
textures are those in which organic materials, such as wood fragments
(Figures 7.l0a and 10.7) or fossil shells have been pseudomorphed by metal
sulfides (commonly pyrite, marcasite,chalcocite) or oxides (commonly hematite, goethite, "limonite," uranium minerals) (Figure 7.l0b). Pyrite cubes and
marcasite laths that have been replaced by iron oxides during weathering
(Figure 7.l0c) are also readily identified.
Replacement may result from one or more of the following processes : (I)
dissolution and subsequent reprecipitation, (2) oxidation, and (3) solid stat e
diffusion. The resulting boundary between the replaced and the replacing
mineral is commonly either sharp and irregular (a careous, or corroded texture) or diffuse.
Edwards (1947), Bastin (1950), and Ramdohr(1969) have described a wide
variety of replacement geometries-rim, zonal, frontal , and so on -but they
all appear to represent variations of the same process. Replacement textures
depend chiefly for their development on three features of the phase being
replaced: (I ) the surfaces available for reaction, (2) the crystal structures ofth e

FIGURE 7.10 (a) Cellular structure in coal material rep laced by pyrite, Minnehaha
Mine, Illin ois (wid th offie ld = 270 11m). (Reproduced from F. T. Price and Y. N. Shieh ,
Econ. Geol. 74, 1448, 1979, with permission of the authors and the publisher.) (b)
Pseudomorphous repl acement ofeuhedral marc asite (white) crystals by goethite (light
gray), Northern Pennine Orefield, England (width of field = 500 11m). (c) Pyrit e cubes
have bee n conve rted into goeth ite during weathering with the formation of a relatively
solid outer rim and a porous interior, Mo rn ing Star Min e, Ca liforn ia (width offield =
1,200 11m). (Pho togra ph by R. W. She ets.)
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(e)

FIGURE 7.10 (Continued)

original and secondary minerals, and (3) the chemical compositions of the
original mineral and the reactive fluid.
7.4.1

Crystal Surfaces

Replacement is the result of a surface chemical reaction; hence, any channel
between grains or through grains is a prime site for initiation of the replacement process. Replacement along grain boundaries or internal channel ways
very often appears in the form ofthin laths or equant crystals of the replacing
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FIGURE 7.11 (a) Cove llite repl acin g chalcopyrite (white) along grai n boundaries,
Great Gossan Lead. Virginia (width of field = 520 urn), (b) Cha lcocite (med ium gray)
replacing galena (light gray) along gra in boundaries and cleavages, Alderley Edge,
Cheshire. England (width of field = 500 urn). (c) G alen a (white) repl aced by cerussite
(PbCO), light gray) from the marg ins ofthe origina l gra in, Northe rn Pennine Orefield,
Engl and (width of field = 500 urn), (d) Fine-grai ned pyri te and marcasite (white)
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pseud omorph ou sly repl acing elonga ted crystals of pyrr ho tite. Som e remnants of pyr rh otite (po) rem ai n in the cores of th ese pseud om orph s. Sph alerite (sl) and side rite (sd)
co mp rise the matri x (width of field = 3.000 11m ). (Reproduced from W. C. Kelly and F. S.
Turnea ure, Econ. Geol. 65. 620. 1970. with perm ission of the autho rs and the pub lish er.)
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phase projecting into the host. It may also appear as thin concentric coatings
developed roughly parallel to the advancing front of replacement. In the early
stages of the process, replacement may be readily identified, because much of
the original phase remains and the original grain boundaries, fractures, or
cleavages are still visible (Figures 7.11 a and 7.11 b). In more advanced stages,
the original phase may be reduced to "islands" now left in a matrix of the
secondary minerals (Figure 7.1lc). If the original material was coarsely crystalline and optically anisotropic, the residual island grains may well show
optical continuity (i.e.,extinguish simultaneously when viewed under crossed
polars). Complete replacement of one mineral by another is often difficult to
establish unless vestigial structures, such as the typical morphology of the
replaced phase (pyrite cubes now seen as goethite, Figure 7.lOc; pyrrhotite
laths now seen as pyrite and marcasite, Figure 7.lld), are left behind.
With careful observation, one can usually distinguish between replacement along fractures and mere fracture infilling resulting from precipitation
of a later phase or its injection during metamorphism. Replacement consumes some of the original phase and tends to produce a rounding off of
irregular surfaces , whereas infilling leaves the original fractured surfaces
intact. After replacement, the surfaces on either side of a fracture do not
"match" (Figure 7.12a), whereas, after infilling, the surfaces should still
"match" (Figure 7.12b). It is important to note that textures such as that shown
in Figure 7.12b have been erroneously interpreted and used as evidence that
pyrite is breaking down to form pyrrhotite in these ores.
Replacement along fractures may also resemble some ofthe exsolution textures discussed later. However, replacement commonly results in an increase
in the volume of the secondary replacing phase at the intersections of fractures, whereas this is not common in exsolution. In fact, exsolution often produces the opposite effect in which intersecting exsolution lamellae show
depletion of the exsolved phase in the zone of intersection. For the same
reasons , exsolution often leaves depleted zones in the host phase (Figure
7.17d) adjacent to major concentrations of the exsolved phase. Replacement,
however, may result in greater concentration of the secondary phase adjacent
to, and extending out from, major replacement areas .
7.4.2

Crystal Structures

The crystal structure of the phase being replaced may control replacement,
either because this determines cleavage directions or because diffusion can
take place more readily along certain crystallographic directions. For example, the oxidation of magnetite commonly results in replacement by hematite
along (111) planes (Figure 7.34).
7.4.3 Chemical Composition

The chemical composition of the primary phase may control the composition
of the phase that replaces it. During weathering, and often during hydrother-

FIGURE7.12 (a) Subhedral pyrite crystal (white) replaced along fractures by chalcopyrite (light gray) in a matrix of bornite. The chalcopyrite has formed as a reaction
product of the pyrite with the bornite depositing fluid, Magma Mine Superior, Arizona
(width offield = 2,000 urn). (b) Fractures in pyrite infilled by injected pyrrhotite with little or no replacement, Great Gossan Lead, Virginia (width of field = 520 urn).
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mal replacement, the secondary phase retains the same cation composition as
the primary phase, with merely a change in oxidation state (e.g., hematite
forming during oxidation of magnetite or violarite forming on pentlandite,
Figures 7.34 and 9.8) or a change in anion (e.g., hematite replacing pyrite or
anglesite replacing galena). Replacement may also selectively remove one
cation while leaving another; this is frequently seen in the replacement of
chalcopyrite or bornite by covellite (Figure 7.11 a).The effects ofthe removal of
cations during weathering are shown schematically for some common sulfides by the arrows in Figures 7.13 and 7.14. The removal of iron from hex
agonal pyrrhotite results in an increase in the sulfur-to-metal ratio and the formation of monoclinic pyrrhotite (which often looks like "flames" along the
margins of fractures) and ultimately in pyrite and marcasite (as grains, colloform masses, or "birds eyes"-see Figure 7.35). The iron removed from the
pyrrhotite may leave the area in solution or may be precipitated as goethite
along the fractures. The weathering of chalcopyrite or bornite usually results
in the removal of iron before copper (i.e., so that the composition of the
remaining sulfides moves in the direction ofthe arrow in Figure 7.14). Consequently, the outer margin of the chalcopyrite or bornite is converted to chalcocite, digenite, orcovellite. The iron, as in the case ofpyrrhotite weathering, is
either removed or reprecipitated as goethite.
Selective removal of iron in preference to titanium is exhibited in the
weathering of the iron-titanium oxides in placer ores. As shown in Figure
10.12, the selective removal of hematite laths from grains that contain intergrowths ofhematite and ilmenite results in an increase in the titanium content
of the remaining grain. This natural upgrading of the grains can significantly
improve the quality and profitability of a placer ore deposit (see discussion in
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FIGURE 7.13 Weathering or oxidation ofiron sulfides is shown schematically by the
arrow on the Fe-S-O diagram. The addition of oxygen results in extraction of iron from
the phases and the conversion ofhexagonal pyrrhotite into monoclinic pyrrhotite and,
ultimately, into pyrite or marcasite. The extracted iron may form an oxide or an hydroxide phase or may be removed from the system by fluids.
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FIGURE 7.14 Weathering of the copper-iron sulfides is shown schematically by the
arrow on the Cu-Fe-S system. During weathering, iron is preferentially removed from
chalcopyrite (cp), forming bornite (bn) and, ultimately, digenite (di) and/or covellite
(cv). Pyrite may form but is commonly absent because of the difficulty of nucleating
pyrite at low temperatures.

Section 10.5).Chemical control ofreplacement is also demonstrated in Figure
7.12a,in which a copper-rich fluid has deposited bornite around earlier pyrite.
Where the copper-bearing fluid encountered the pyrite and the chemical
potential of FeS2 was highest (e.g., within the centers of the fractured pyrite
crystals), the replacement reaction resulted in the formation of chalcopyrite.
Replacement may occur selectively, affecting only One phase in an intergrowth or particular ZOnes in a compositionally zoned crystal (producing an
atollstructure, see Figure 7.15). The reasons for such selective replacement may
be extremely subtle and are, in most instances, poorly understood.
A final example of replacement is the open void "boxwork" texture composed of cellular crisscross laths of goethite, hematite, and sometimes pyrite,
as are found in gossans (Figure 7.16).

FIGURE 7.15 Differing stages in the development of atoll structure resulting from
the selective replacement of intergrown or compositionally zone crystals.
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FIGURE 7.16 Boxwork texture oflaths of hematite and goethite with residual pyrite
in a gossan, Elba. Italy (width of field = 500 urn).

7.5

SECONDARY TEXTURES RESULTING FROM COOLING

Many ores form at elevated temperatures and have undergone cooling over
temperature ranges that may be, for example, less than 100°C for many Pb-Zn
ores in carbonates but as much as lOOO°C for Fe-Ni-Cu ores in ultramafic
rocks. As suggested by Figure 7.1, refractory minerals such as magnetite,
chrornite, pyrite, sphalerite, and some arsenides often retain their original
composition and texture through the cooling episode, whereas many sulfides,
sulfosalts, and native metals re-equilibrate compositionally and texturally
during cooling. The textural effects resulting from cooling include those discussed below.

7.5.1

Recrystallization

Re-equilibration of ores on cooling is usually accompanied, to some degree,
by recrystallization of the primary minerals, an effect that mayor may not
leave any vestige of the original texture. Thus, many massive chromite seams,
which no doubt accumulated as well-formed octahedra settling from an
igneous melt, have been modified by prolonged annealing, as discussed in
Section 7.7.

FIGURE 7. 17 (a) Exso lution of cha lco pyrite lamell ae (light gray) withi n bornite
(da rk gray). La ter alte ra tio n has resulted in the development of chalcocite (medium
gra y) along the edges of th e fractures a nd as rim s on th e chalcopyrite lam ellae, Grayson
County. Virginia (wid th of field = 520 11m). (b) Fi ne lam ellae of matildi te (wh ite a nd
black) within a matrix of galena.T his textu re h as resulted fro m the decomposition (on
cooling) of an initially hom ogen eou s phase; crossed po la rs, oil immersion ; Lea dville,
Co lorado (width of field = 265 11m). (c) "Allernontite," a myr mekitic texture of na tive
140

arsenic (black due to oxidation) and stiba rson (white ), which has result ed from the
deco mpos itio n of an initi ally homogene ou s ph ase (width of field = 520 J.Im). (d)
Exso lution in coex isting FeTi ox ides . Flan king gra ins of hem atite-ilmenite solid solution have separated int o hematite (white) and ilme nite (medi um gray), and a central
grain of Ti-mag netite has exso lved lam ellae of ulvospinel (wid th of field = 2,000
J.Im).
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tion). For example, pentlandite exsolves such that the (Ill), (110), and (112)
crystallographic planes are parallel to the (001), (110), and (100) planes, respectively, of the host pyrrhotite (Figure 8.8b), ulvospinel exsolves parallel to
the (Ill) planes of host magnetite (Figure 7.17d).
If parent and exsolved phases have completely different structures or if
there is no crystallographic continuity across the interface between phases,
noncoherent exsolution occurs. For example, it is apparent from phase equilibrium studies (Figure 8.18), that if pyrite and pyrrhotite equilibrate at elevated
temperatures ( ~400°C or above), pyrite will exsolve on cooling. (See also Section 10.10 regarding the changes in pyrite and pyrrhotite during metamorphism.) However, the pyrite exhibits a considerable force of crystallization
(i.e., a tendency to grow as euhedra at the expense of surrounding phases),
which , when combined with the dissimilarity of the pyrite and pyrrhotite
structures, results in the pyrite occurring as individual grains (commonly
euhedral cubes) rather than as recognizable exsolution lamellae. The kinetics
of the exsolution depend on temperature, degree of supersaturation, and the
concentrations of impurities; in nature, virtually all pyrrhotites have compositions that have readjusted at low temperatures. A rigorous treatment of the
kinetics and mechanisms of exsolution is beyond the scope of this text; for
such detail, the reader is referred to the works ofYund and McCallister (1970),
Putnis and McConnell (1980), or Kelly and Vaughan (1983). Decrease in the
interfacial energy during exsolution is frequently accomplished by the exsolved phase taking on more equant forms . Hence, early formed flames of
pentlandite in pyrrhotite coalesce into irregular veinlets , and well-defined
thin lamellae of chalcopyrite in bornite (or vice versa) retain a basket weave
texture but swell into bulbous lenses . A study of the exsolution textures observed in copper-iron sulfides (Brett, 1964) demonstrated that they are not particularly indicative of the rate of cooling or the temperature of initial formation
of the ores.
The large variety of exsolution textures observed are difficult to classify
using a simple terminology. However, certain terms are widely employed to
describe the textures , notably marginal, lamellar, emulsoid, and myrmekitic
exsolution textures (see Figure 7.17). The distinction between crystallographically controlled exsolution and similar replacement textures often
can be made because intersecting lamellae show depletion at the junction in
the former case and greater concentration in the latter case. Also, the depletion
of exsolved material around a large bleb , known as seriate distribution, is a distinctive feature that is well illustrated in Figure 7.17d,which shows the exsolution intergrowths in FeTi oxides, among the most important and widely
observed of such textures.
The exsolution of hematite and ilmenite (in widely varying proportions)
results from cooling and is very commonly found in many types of high-grade
metamorphic and igneous rocks. "Black sands," accumulated in many sedimentary environments (see Section 10.5),usually contain a large proportion of
grains exhibiting hematite-ilmenite intergrowths.
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An example of the confusion that can arise in the interpretation of ore textures is provided by sphalerite-chalcopyrite intergrowths. In many types of
ores, sphalerite contains chalcopyrite in the form of randomly dispersed or
crystallographically oriented rows of blebs and rods, each of which may be 120 urn across (Figure 7.18). This form of chalcopyrite, appropriately termed
"chalcopyrite disease " by Barton and Bethke (1987), has commonly been
ascribed to exsolution on the cooling of the ores after emplacement. The
detailed work of these authors and the supporting evidence of experimental
studies (Wiggins and Craig, 1980; Hutchison and Scott, 1981) have demonstrated, however, that chalcopyrite will not dissolve in sphalerite in significant
amounts unless temperatures are above 500°C. These data, and the observation of chalcopyrite-bearing sphalerites in Zn -Pb ores in carbonates (which
form at lOO-150 °C) and in un metamorphosed volcanogenic ores (which form
at 200-300 °C) suggest that temperature-dependent exsolution is not the
means by which these intergrowths form. Furthermore, detailed studies of
doubly polished thin sections of these ores (Barton , 1978; Barton and Bethke,
1987; and Figure 3.2) reveal that some of the chalcopyrite is actually present at
myrmekitic worm- or rod-like bodies that may extend up to several hundred
microns. The most detailed study of these features, by Barton and Bethke

FIGURE 7.18 Grains and rods of chalcopyrite oriented within sph alerite . This assemblage often has been interpreted as the result of exsolution, but experiment al
studies reveal that sphalerite could not dissolve sufficient copper to form this texture by
exsolution. See text for additional discus sion. Great Gossan Lead , Virginia (width of
field = 520 11m).
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(1987), has concluded that the chalcopyrite results either by epitaxial growth
during sphalerite formation or by replacement as copper-rich fluids react with
the sphalerite after formation. During metamorphism, finely dispersed chalcopyrite may be redistributed when the sphalerite recrystallizes, so that it
remains concentrated along the sphalerite grain boundaries.
Exsolution itself is a form of decomposition, because the original hightemperature composition no longer exists as a single homogeneous phase.
However, the term "decomposition" is more commonly applied when a phase
undergoes an abrupt change into two phases of distinctly different compositions, as in eutectoidal breakdown. The term "decomposition" is also applied to the breakdown of the central portion of a complete solid solution
series, with the resulting development of an intimate intergrowth of compositionally distinct phases. Eutectoidal breakdown on cooling is well known
in metallurgical studies, but relatively few mineral examples have been verified. Digenite, CU9SS, is not stable below 70°C unless it contains ~ 1% iron and
decomposes on cooling below this temperature to form a complex mixture of
anilite and djurleite (see the Cu-S phase diagram in Figure 10.8). Ifthe original
composition before cooling is more Cu-rich, the decomposition may result in
the formation ofa mixture ofchalcocite and djurleite. In a detailed study of the
Cobalt-Gowganda, Ontario ores, Petruk (1971) has reported a complex intergrowth of galena and chalcocite that apparently has formed as a result of the
decomposition of a Cu-Pb sulfide that is only stable at high temperature
.
(Craig and Kullerud, 1968).
Two examples of textures resulting from the decomposition of the central
portion of a solid solution series are lath-like matildite-galena intergrowths
(Figure 7.17b) and the myrmekitic arsenic- (or antimony-) stibarsen intergrowths referred to as "allemontite" (Figure 7.17c). The fineness of the intergrowth (sometimes on a scale of a few microns) and the similarity in appearance ofconstituent phases can easily result in their misidentification as a
single phase.
7.5.3 Inversion

Inversion of a mineral from one structural form to another of the same composition is not often easily discernible texturally but may produce characteristic twinning. Sometimes, even though inversion has occurred, the crystal
morphology of the high-temperature phase is retained as a paramorph. Some
high-temperature phases always invert so rapidly on cooling that only the lowtemperature forms are observed (e.g., troilite, chalcocite, acanthite). Unfortun ately, the twinning in acanthite, once thought to be diagnostic ofinversion,
can form below the inversion temperature of 176°C (Taylor, 1969). Certain
other phases that are observed as both high- and low-temperature forms (e.g.,
cinnabar-metacinnabar; famatinite-luzonite) may not be diagnostic of formation conditions, because one of the forms is metastable.
Marcasite, although apparently never thermodynamically stable, commonl y forms in low-temperature environments, including coals, black shales,

SECONDARY TEXTURES RESULTING FROM DEFORMATION

145

and carbonate- and sediment-hosted zinc-lead deposits . It is also frequently
observed in supergene assemblages, especially forming along fractures in
pyrrhotite. However, examination of the iron sulfides in these occurrences
often reveals pyrite grains that exhibit the lath-like and radiating patterns typical of marcasite. Murowchick (1992) has pointed out that inversion of marcasite to pyrite results in a 2.6% volume reduction that leaves characteristic
small pores . In contrast, the formation of marcasite or pyrite at the expense of
pyrrhotite during weathering results in about a 30% volume reduction.
7.5.4

Oxidation-Exsolution and Reduction-Exsolution

Exsolution lamellae of ilmenite in magnetite (and less commonly of magnetite in ilmenite) are often present in a relative volume that exceeds the
known solubility limits for these minerals. Lindsley (1976) has explained the
mechanism by which these lamellae form with reference to the fOz- T plot for
the Fe-Ti oxides given in Figure 9.13. On this plot, the curves for magnetiteulvospinel solid solution (Mt-Usp) dip more steeply and those for hematiteilmenite solid solution (Hem-Ilm) dip less steeply than the curves for buffers
such as Ni-NiO, fayalite-magnetite-quartz or most fluids. Consequently, on
cooling along a buffer curve or in the presence of a fluid of constant composition, a given Mt-Usp will undergo oxidation and lamellae ofilmenite will form
on the (111) planes. Conversely, a Fe20rrich ilmenite, cooled under similar
conditions, will be reduced, yielding lamellae of Ti-magnetite parallel to the
(0001) planes.
7.5.5

Thermal Stress

Most ore minerals have approximately the same coefficients of thermal expansion, and thus most mono or polymineralic masses suffer little induced
strain on cooling. One significant exception is pentlandite, (Fe,Ni)9Sg, which
has a coefficient of thermal expansion that is 2-10 times larger than such sulfides as pyrrhotite and pyrite with which it is generally associated (Rajamani
and Prewitt, 1975). AB a result, the chain-like veinlets ofpentlandite (Figure
9.5) that form at elevated temperatures (300-600°C) by coalescence of early
exsolved lamellae, are typically fractured, because they have undergone much
greater shrinkage than the host pyrrhotite.
7.6

SECONDARY TEXTURES RESULTING FROM DEFORMATION

Many ores contain textural evidence of deformation. The evidence ranges
from minor pressure-induced twinning to complete cataclasis. The degree to
which individual mineral grains both respond to and preserve deformational
effects ranges widely,depending on the mineral, the rate ofstrain,the nature of
the deformation, the associated minerals, the temperature at the time ofdeformation, and the postdeformational history. The response threshold of min-
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erals appears to be primarily a function ofhardness. Hence, minerals such as
many native metals, sulfosalts, and copper and silver sulfides deform most
readily; copper-iron sulfides and monosulfides, less readily; and disulfides,
oxides, and arsenides, least readily. Accordingly, in polymineralic ores, deformation textures are often evident in only some minerals. The softer minerals
deform most readily, but they also recrystallize most readily, so that the deformational effects are obliterated before those in more refractory minerals.
Specific deformation features commonly observed include those discussed in
the following subsection.
7.6.1

Twinning, Klnkbanding, Pressure Lamellae

Twinning, kinkbanding, and pressure lamellae occur in ores subjected to any
degree ofdeformation and can even be artificially introduced into some ofthe
softer minerals by rough treatment of specimens. Twinning may occur in
minerals during initial growth, during structural inversion on cooling (Section 7.5), or as a result ofdeformation. Although little or no quantitative study
has ever been undertaken, Ramdohr (1969)suggests that the three major types
of twinning (illustrated in Figures 7.19 and 7.20) can be distinguished as
follows:
Growth

Inversion
Deformation

Occurs as lamellar twins of irregular width that are
unevenly distributed, present in only some grains,
and may be strongly interwoven
Commonly occurs as spindle-shaped and intergrown networks not parallel throughout grains
Occurs as uniformly thick lamellae, commonly associated with bending, cataclasis, and incipient
recrystallization (regions of very small equant .
grains), with lamellae often passing through adjacent grains

These criteria are useful but not infallible guides to the identification ofmajor
types. Clark and Kelly (1973), in investigating the strength of some common
sulfide minerals as a function of temperature, show that deformation in
pyrrhotite may be as kinkbanding (Figure 7.20c),kinked, or bent subparallel
lamellae, each ofwhich show undulose extinction, or twinning. At less than 2
Kbar, kinkband deformation predominates below -300°C, whereas above
this temperature both kinking and twinning are common. Pyrrhotite and
many other sulfides that are only moderately hard (e.g.,stibnite, bismuthinite)
also commonly contain "pressure lamellae" (Figure 7.21), slightly offset portion s of grains that exhibit either undulatory extinction or slightly different
extinction positions. Pressure-induced twins and pressure lamellae (Figure
7.20a and Figure 7.20d) often terminate in regions of brittle fracture and
crumpling, or very fine-grained regions in which crushed grains have recrystallized.
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FIGURE 7.19 (a) Growth twin ofwolframite. (b) Polysynthetictwinningdeveloped in
synthetic acanthite that has inverted from argentite on cooling from initial formation
at 400°C; crossed polars, oil immersion (width of field = 190/lm).

Breaking of specimens by hammering or damage caused during grinding
or even in careless polishing can induce local pressure twinning in some very
soft phases, such as native bismuth (Figure 7.20b), argentite, and molybdenite.
The cause of such twinning is usually recognizable because of its local dis-

FIGURE 7.20 (a) Deformation twins in pyrrhotite, Great Gossan Lead, Virginia;
crossed polars (width offield = 52011m). (b) Polysynthetic twinning developed in native
bismuth as a result ofdeformation, Nipissing Mine, Cobalt, Ontario;cro ssed polars,oil
imme rsio n (width of field = 21011m). (c) Kinkbanding in pyrrhotite accentuated by thin
layers of micas, C he rokee Min e, Ducktown, Tennessee (partially crossed nicols; width
of field = 0.24 mm) . (d) Deformation twinning induced in specul ar hematite, Rana
Gruber, Norway (width of field = 1,200 11m).
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(e)

(d)

FIGURE 7.20 (Continued)

tribution or association with scratches; it can often be induced in native bismuth by merely drawing a needle point across a polished surface.
7.6.2

Curvature or Offset of Linear Features

Deformation of ores is often evidenced by the curvature or offset of normally
linear or planar features , such as crystal faces, cleavages, fractures, twins,
exsolution lamellae, and primary mineral layering or veining. The triangular
cleavage pits in galena, so diagnostic in identification, commonly serve as a
measure of deformation. Although the boundary of a single pit may exhibit
curvature, the effects are most often seen in the curvature of a row of such
cleavage pits (Figure 7.22). Deformation-induced twin lamellae in pyrrhotite,
ilmenite, chalcopyrite, and many other minerals frequently exhibit significant
curvature and commonly extend across several grains, whereas growth or
inversion twins are usually confined within individual grains.

FIGURE 7.21 Complex pressure lamellae developed in stibnite as a result of deformation; the wide varietyof colors results from different crystallographic orientation s of
the lamellae; crossed pol ars (width of field = 520 11 m ).

..
.

.'
..

-

,. . ....

••
~

~ -~ .

:4....., - --.

~

'

--_.

- ......

-

~ -

"

•

....
~'

.. ......'"

.
--.. , -~

FIGURE 7.22 Curved cleavage pits that have developed in galena as a result of
postdeposition al deformation. Austinville, Virginia (width of field = 520 11 m ).
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Exsolution intergrowths of cubanite in chalcopyrite, ilmenite in hematite
(or vice versa), chalcopyrite in sphalerite, pentlandite in pyrrhotite, and bornite in chalcopyrite (or vice versa) are often linear (or planar) features that are
crystallographically controlled. Curvature of the laths, rows of blebs, flames ,
or rods is indicative ofdeformation; however, it is not always clear whether the
exsolution or the deformation occurred first.
Folding or offseting of primary mineral banding is a common feature in
many deformed ores on both micro- and macroscales. Folding often results in
a relatively ductile flow of such softer sulfides as chalcopyrite, galena, and
pyrrhotite but brittle fracture of such harder minerals as pyrite, arsenopyrite,
and magnetite.Thus, the softer sulfides infill fractures between discontinuous
broken portions of harder mineral zones (Figure 10.27). Microscale offsetting
of mineral bands or mineralized veins (Figure 8.4a), commonly with infilling
by later generations of ore or gangue minerals, is frequently seen in ores.
7.6.3

Schlieren

Deformed ores often contain zones along which shearing has occurred. In
such zones, known as schlieren, the ore minerals may be pulverized and
smeared out parallel to the direction of movement The schlieren are usually
planar features in which the ore minerals are very fine grained (sometimes recrystallized) relative to the surrounding rock; typically, equant minerals such
as galena are frequently present as elongate (often strained and fractured)
grains.
7.6.4

Brecciation, Cataclasis, and Durchbewegung

Deformation in ores is often evidenced by fracturing or brecciation of ore and
gangue minerals, especially (but not exclusively) of those that are harder and
more brittle, such as pyrite, chromite, and magnetite. The amount ofbrecciation depends on both the degree ofdeformation and the mineralogy of the ore.
Thus, moderate deformation will result in considerable brecciation of massive pyrite, magnetite, or chromite ore where all strain is relieved by brittle
fracture of these minerals. In contrast, pyrite admixed with pyrrhotite or
chalcopyrite usually suffers little, even under extreme deformation, because
the strain is taken up in the softer sulfides . A notable exception to this is the
"rolled" pyrite from Sulitjelma, Norway. In this ore, the pyrite cubes have been
markedly rounded by being "rolled" in the matrix pyrrhotite and chalcopyrite
during severe deformation. Local brecciation of pyrite also occurs where
pyrite grains, otherwise protected by the host pyrrhotite, impinge upon one
another (Figure 7.23). Minor brecciation grades into complex cataclasis with
an increasing degree offragmentation and disorientation, eventually involving both ore and gangue minerals (Figure 7.24); this penetrative deformation
has been termed durchbewegung (literally "move through") by Vokes (1969). In
fault zones and in ores that have suffered penetrative high-grade meta-
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FIGURE 7.23 Despite intense deformation, much of the pyrite in the pyrite-p yrthotite ores of Ducktown, Tenn essee, show no fracturing, becau se the softer interstitial
pyrrhotite has deformed. Here, however, pyrite grains show localized fracturing, because they have impinged upon on e anothe r (width of field = 1,200 urn).

morphism, there may be pulverization of ore and gangue minerals, com plete
randomness of fragment orientation, the development of "ba ll textures," in
which fragments of foliated gangue are rounded into "balls," and extensive
development of the deform ational features previously described . Injection of

FIGURE 7.24 Durchbewegung texture developed in inten sely defor med pyrr hoti te.
Th e black silica te inclu sions were stretched and rotated as the pyrrh otite mat rix flowed
under pressure, Great Gossan Lead, Virginia. Th e scales are in centimeters a nd
inch es.
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softer ore minerals into fractures and cleavages in more brittle ore minerals
and gangue minerals is common (Figure 10.27).
7.7 SECONDARY TEXTURES RESULTING FROM ANNEALING AND
METAMORPHIC CRYSTAL GROWTH

After initial formation, many ores have been subjected to slow cooling or have
passed one or more times through metamorphic cycles in which they were
subjected to prolonged periods of slow heating and slow cooling. The textural
effects of this treatment may be indiscernible, or may lead to distinctive
annealed grain boundaries or even to the growth of porphyroblastic crystals.
7.7.1

Annealing

The annealing effects of the slow cooling of ores after deposition or slow heating during metamorphism can significantly alter the original textures. Since
both cooling and metamorphism are prolonged annealing processes, the
effects discussed here may produce similar textures to those discussed in Section 7.2. The most characteristic feature of anneallng is recrystallization to
minimize the areas of grain surfaces and interfacial tension through the
development of roughly equant grains with 120° interfacial (or dihedral)
angles (Figure 7.25). The interfacial angles observed at triple junctions of
annealed monomineralic aggregates tend toward 120°, whereas those of polymineralic aggregates vary as a function of the mineralogy. The interfacial
angles of some equilibrated pairs of common sulfide minerals include galenasphalerite (103° and 134°), chalcopyrite-sphalerite (106-108 °), and pyrrhotite-

FIGURE 7.25 Annealed texture of recrystallized monomineralic pyrite sample.
Note the common development of near 120° triple junctions. Mineral District, Virgin ia
(width of field = 520 urn),
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sphalerite (l 07-108 °) (Stanton, 1972). Since the surface ofthe polished section,
cut at random through the polycrystalline mineral aggregat e, yields only
appa rent angles that can range from 0° to 180°, it is necess ary to measure
many interfacial angle s in a given section in order to determine statistically
the true angle. If a large number of angles are measured, the one most frequently observed will represent the true angle. During the annealing process,
small grains are resorbed at the expense oflarger one s; however, small grains
ofminor phases ma y remain trapped as lens-like bodies along the grain boundaries of larger grains (Figure 1O.27d).
The re-equilibration that results from annealing can produce either zon ed
overgrowths on grains or the homogenization of grains containing primary
growth zoning. For example, pyrite overgrowths on primary pyrite or th e
remai ns of primary growth zoning may be visible in normal poli shed sections
but often require etching to become evident (Figure 2.10). Residu al primary
growth zoning in sphalerite or tetrahedrite is rarely evident in poli shed sections but can be observed in transmitted light using doubly polished thin section s (Figur e 2.9).
7.7.2

Metamorphic Crystal Growth

Recrystallization during annealing, especi ally during metam orphism, usually results in an increase in grain size and may also result in the growth of

FIG URE 7.26 An nealed texture of recrystalli zed pyrite euhe d ra (light gra y) with in a
matrix of sph alerite (dark gray) , a n d min or chalco py rite (m edium gray). Miner al Di strict. Virgin ia (width of field = 520 urn).

SECONDARY TEXTURES RESULTING FROM CRYSTAL GROWTH

155

euhedral, sometimes porphyroblastic crystals, of such phases as pyrite (Figure
7.26), arsenopyrite, magnetite, and hematite. The growth of these minerals,
like the well-known examples among metamorphic gangue minerals (e.g.,garnet and staurolite), depends on the conditions of annealing and the bulk composition of the mineralized zone .Though commonly only a fewmillimeters in
diameter, porphyroblasts may exceed 25 em across, as observed in the pyritepyrrhotite ores of Ducktown,Tennessee (Figure 7.27). Porphyroblastic growth
or overgrowth complicates paragenetic interpretation, because there may be
no unequivocal means of distinguishing porphyroblasts from early formed
euhedral crystals. Frequently, however, porphyroblasts contain different
amounts and types of inclusions compared to the corresponding primary
minerals in the ore. Furthermore, the types of inclusions may be indicative of
the timing ofcrystal growth. Hence, the inclusion ofhigh-grade metamorphic
min erals (e.g., amphiboles, garnets, etc.) indicates that overgrowth occurred
after metamorphism had reached a grade sufficient to form those metamorphic minerals.
Detailed studies ofthe large, generally euhedral pyrite crystals ofthe Ducktown, Tenn essee, ores (Brooker, Craig, and Rimstidt, 1987; Craig, Vokes, and
Simp son , 1991 ; Craig and Vokes, 1993) have revealed two principal types of
inclusion patterns. The most common type is that of concentrically arranged
inclu sions of silicate s (usually quartz, amphiboles, and carbonates) and sulfides (usually sphalerite, pyrrhotite, and chalcopyrite; see Figure 7.28). Such a
pattern may indicate concentric growth outward in all directions from a central point, or it may indicate "snowball-type" growth that has been cut parallel
to the axis of rotation. The other type of growth pattern is that of a spiral
(Figure 7.29), much like that observed in rotated garnets. Both types ofinclusion patterns may repres ent "snowball" growth, in which the difference in
appearance results from the orientation ofthe cut. Hence, cutting a snowball-

FIGURE 7.,27 Ten-em pyrite cube in the amphiholite grad e region ally metamorpho sed ores of the Ducktown, Tennessee, depo sits.

FIGURE 7.28 Five-mrn pyrite crystal display ing a concentric pattern of amphibole
inclusions incorporated during growth; gray phase is pyrrhotite. This is a composite
image made up of 16 photomicrographs, Cherokee Mine , Ducktown, Tenn essee.

FIGURE 7.29 Ten-em , equant, pyrite crystal, which exhibits a double-spiral inclu sion pattern indi cative of pyrite rotation of 360° relative to the enclo sing pyrrhotite
during growth. Cherokee Mine , Du cktown, Tennessee. (Reproduced from Cr aig et al,
1991 . E COfl. Geol. 86, 1743; with permi ssion.)
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type grain perpendicular to its axis of rotation presents a spiral pattern instead
of a concentric pattern. This relationship is illustrated in Figure 7.30.
The absolute amounts of the ore minerals probably change very little during most metamorphic episodes, despite significant changes in grain sizes and
shapes. Exceptions to this would occur if there were significant oxidation or
reduction reactions or if there were significant solubility of One phase in
another as a function of temperature or pressure. Hence, the proportions of
pyrite to pyrrhotite may change during a metamorphic cycle, and the proportions of pyrrhotite to sphalerite (and the sphalerite composition in terms of
FeS content) may change as a function of pressure. (See Section 10.10 for an
additional discussion of these points.)

7.8

TEXTURES OF PLACER GRAINS

Placer deposits are composed of the grains of ore minerals that have been
weathered out of pre-existing rocks. Consequently, the mineral grains generally contain internal textures that reflect their initial origins but marginal
and external textures that reflect the abrasion and weathering to which they
have been subjected. Although nearly any ore mineral could, under some circumstances, be liberated from its host rock or ore and thus appear in a placer
deposit, only a few actually occur with any frequency (see Section 10.5). Few
sulfide minerals survive weathering without being completely oxidized. One
notable exception appears to be the rounded pyrite grains in Precambrian
conglomeratic deposits (see Section 10.6), which escaped oxidation apparently because of the lack of oxygen in the early atmosphere. In contrast, the
oxide minerals cassiterite (SnOz), ilmenite (FeTi0 3) , rutile (TiO z), and mag-
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FIGURE 7.30 Schematic representation of how the inclusion patterns would appear in sections cut across (A) and parallel to (B), the rotation axis in a crystal that
rotated as it grew.
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netit e (Fe30 4), and native gold (Au to AuAg) generally survive weathering
quite well. Despite the varied original sources ofthese minerals, there are onl y
a relativel y few textures that are commonly encountered.
The weathering and erosional processes rapidly round and smooth the
exterior surfaces ofmost placer grains, as is apparent in Figure 7.31. Other frequ ently ob served marginal effects include the conversion of rutil e grain s into
leucoxene around their margins, the oxidation ofmagnetite grains to hematite
or goethite, especially along clea vage planes (Figure 7.34). This lead s to the
forma tion of "martite."
Ilmenite is particularly resistant to weathering and is the most abunda nt
hea vy mineral in many are as. It may display a wide variety oftextures in plac er
grains, ranging from single crystals to polycrystalline aggregates. Commonly,
ilmeni te grains contain variable quantities of hematite as oriented lamellae,
as shown in Figure 10.12. During weathe ring and erosion, selective dissolution of the more soluble hematite proceeds from the margins of the grains
inward. Th e result, as shown in Figure 7.32, is that man y ilmenite gra ins are
left with hemat ite dissolved from around th e edges or with onl y orien ted holes
whe re the hematite lens es used to be.
Pl acer gold grains (many are actually electrum in which the silver content
exceeds 20 wt %) may possess a wide varie ty of initial shapes as the gra ins are
liberated during weat hering. Becau se of the softness and malle abili ty of th e
gold, the grain s readil y undergo mechanical deformation th at results in round ed
to flattened nuggets. Although they have been long considered as relatively
homogeneou s materi als th at might include some fragm ent s oforiginal host or
inhe rited det rital material, it is now widely recogn ized tha t many, if no t most,
placer gold grains develop rim s of very high puri ty gold (Figur e 7.33). Th e
mechanisms by which the se rims form are not completely understood, but
they may occur as sma ll localized patche s or as complete surroundi ng layers.

FIG URE 7.31 Placer ilmen ite and rutil e gra ins in a heavy min eral co ncentrate from
Green Cove Springs, Florida, display a typical rounded to elo nga ted shape (widt h of
field = 1,200 urn).
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FIGURE 7.32 Placer ilmenite grains .Th e grains on the lower left and on the right are
entirely ilmenite. The round central grain, originally an ilmenite with hematite lamellae (see Figures 7.l7d and 9.11), has had all of the hematite dissolved out during
weat hering, Lilesville, North Carolina (width of field = 600 urn). Compare also with
Figure 10.1 2.

The thicknesses range from less than 1 urn to more than 100 urn, but their
boundaries with the underlying core gold or electrum are always very sharp.
Becau se the rims are usually of very high fineness (usually more than 95%
gold) , they are a more deep yellow color than the lower fineness interiors; this
is easily seen especially by use of oil immersion. Gentle etching with dilute
cyanide solutions can enhance the appearance of these rims .

FIGURE 7.33 Placer electrum grain with a well-developed and sha rply bounded rim
(darker) of high -purity gold . Such rims, which ma y be very delicate or more solid (see
Figure 10.14), are common on placer gold grai ns; Lilesville. North Carolina (width of
field = 600 urn).
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FIGURE 7.34 "Martite" in which hematite (white) has developed along crystallographicallypreferred planes in magnetite as a result of oxidation (width offield = 240
11m).

7.9

SPECIAL TEXTURES

A number of the textures ob served in ore mine rals are sufficie ntly distinctive
or widely observed to have been given special names. Amongst primary
depositional textures areframboids (Figure 1O.5b), the aggregates of spherical

FIGU RE 7.35 Well-d eveloped "bird's-eye" texture composed of pyrite and marc asite,
formed along a fracture during weathering of pyrrhotite, Great Gossan Lead, Virginia
(width of field = 1,200 11m).
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FIGURE 7.36 Sphalerite "star" in chalcopyrite, Mineral District, Virginia (width of
field = 330 urn),

particles often seen in pyrite and in uraninite. Similar to these primary textures are the oolitic textures familiar from carbonate rocks but also found in
iron and manganese ores (see Section 10.2).Among replacement textures, the
replacement of magnetite by hematite along cleavage (111) directions is
termed martitization (Figure 7.34), and the characteristic alteration of pyrrhotite to a fine mixture of pyrite and marcasite results in birds eye texture
(Figure 7.35). Some exsolution textures are particularly characteristic, such as
the flam es of pentlandite in pyrrhotite (Figure 8.8b) and the stars of exsolved
sphalerite found in some chalcopyrite (Figure 7.36).

7.10

CONCLUDING STATEMENT

Rarely does a single texture provide unequivocal evidence regarding the
origin or history of an ore deposit. Commonly, a variety of textures representing different episodes in the development and subsequent history of a deposit
are observed. This chapter has not provided an exhaustive discussion of the
great variety of textures seen in ores, but it has introduced some of the most
commonly encountered types. With careful observation, common sense, and
a little imaginative interpretation that incorporates whatever is known of the
geologica l setting of a deposit, much can be learned about the origin and
postdepositional history of an ore from the study of ore textures.
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CHAPTER 8

PARAGENESIS, FORMATION
CONDITIONS, AND FLUID INCLUSION
GEOTHERMOMETRY OF ORES

8.1

INTROOUCTION

Following mineral identi fication and textural ch aracterization, two major
objectives in ore microscopy are the de termi nation ofthe orderofformation of
associa ted minerals in time succession. or paragenesis, and the est imation o f
the conditions under which the minerals have formed or have re-equilibrated.' Such dete rmi nations. although not vital to the extrac tio n or exploi tation of the o re, are important in deciphering the geological history o f the ore
and ma y be of value in explor a tion, in correla ting various pa rts of OTe bodies,
an d in the correlation of sp ecific trace meta ls (e.g., gold) with certain epis odes
or types of minera lization. Pa ragenetic determination requi res the deta iled
exa mi nation of poli shed sectio ns to identify pha ses, recognize d iagnostic textures (as described in Ch apte r 7). a nd decipher "ti me di ag no stic" features.
Doubly pol ished th in sectio ns can be invalu ab le in the investigation and
int erpreta tion of transparen t phases suc h as sphaleri te. a nd fluid inclusions
ca n yield c ritica l data relating to different stages o rchangingcondit ions ofore
formati on. Th e application o f fluid incl usions is d iscussed in th e latter pa rt of
th is ch ap ter. Pa ragen etic inte rpretation requires well-pr epared. representative
o re sa mples. th e a ppli cation of releva nt phase equ ilibria data, and the integration of all geologica l a nd mine ra logical data ava ilable for the de posit.
T he sa mpling a nd sa mp le exa mina tion procedures usefu l in dec iph ering
paragen esis a re a lso discussed. altho ugh not a ll of the points co nsidered a re
"Paragenesis" has also been used, part icularly in the Europea n literature, to refer tocha ractcrisric ore mineral assemblages but is used in th is text only in reference to the sequential formelion of minerals.
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equally applicable to all ores; indeed. some ores, especially those that have
been intensely metamorph osed. are not so a menable to paragenetic studies.
either because the o riginal record is insufficiently distinctive or beca use it has
been subsequently altered beyond recognition.
8.2

PARAGENETIC STUDIES

The re is no "standa rd method" for carrying out paragenetic stud ies, because
each a re deposit is u nique. However. as the goal of all such studies is to
deci phe r the sequence o f min eral form ation , certain general principles ou tlined in the following subsec tions ca n be app lied to most examples.
8.2.1

Sample Selection and Preparation

The samples available for study rarel yco mprise more th an an infinitesim ally
small fraction of the total of the deposit; hence, sam ples must be representative of the whole deposi t if they are to be useful in paragenetic studies. Of
cou rse. the larger an d more complex an ore body is, the greater is the num ber
of samples needed to study it adequately. However. more important th an the
num ber of sa mples is thei r quality an d, in man y cases, their orientation-a
factor that is especially critical in o res that possess planar or linear featu res
(graded bedding, min eral ba nds pa rallel to vein walls, crosscutting min eralized veins. etc.). (See also C hapter 3.) It sho uld be noted that samples of the
unmineralized or only slightly mineralized host rocksofa deposit are often as
useful as samples ofmassive ore in deciphering the pa ragenesis.Such samples
ca n reveal the opaque minerals present before mineralization or those introduced ea rly in the paragenesis. Conventiona l polished sections may be too
sma ll to d isplay textural and paragenetic relationships in very coarse-grai ned
o res. complex veins. o r bedded ores; this prob lem ca n be overcome by com bini ng hand samples o r oriented slabs of ore with polished and thin sections.
and by the use ofboth high- and low-power objec tives in microscopy. In some
ores, th e doubly polished thin section provides information superior to th at
provided by the conve ntional polished section for paragenetic stud ies. It
allows observation of gangue and ore minerals in the same sample and o f
intern al structure in some ore minerals (e.g.•spha lerite, tetrahedrit e, pyrargyrite). which is visible neither in the stand ard thin section nor the polished
section.
It is also necessary to re-emp hasize the import an ce of using wen-polished
sections. Many subtle features are missed if sections th at are poorly polished
or th at show too much relief are used.

8.2.2

Crystal Morphology and Mutual Grain Boundary Relationships

The shapes of indi vidu al crystals and the nature ofthe contacts between adjacent grai ns have often been used as criteria for determining paragenesis. In
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FIGURE 8.1 Euhed ral crystals ofcovellite formed through unobstructed growth into
op en space. T hese crystals are embedded in clear epoxy, with the edge s of some
exposed at the surface of the polished section, Creede, Colorado (width of field = I
ern).

general, euhedral crystals have been interpreted as forming early and growing
unobstructed; grains with convex faces have been interpreted as forming
earlier than those with concave faces. Such simplistic interpretations are often
correct but must be used with caution. Indeed, for many minerals, euhedral
crystal morphology is an indication of growth into open space, especially in
vein deposits. For example, calcite, quartz, fluorite, sphalerite, cassiterite,
galena, covellite, and sulfosalts usually form well-developed euhedral crystals
only in directions in which growth is unobstructed (Figure 8.1). The existence
of such crystals, mixed with , or overgrown by, other minerals, indicates that
the euhedra were the first formed; furthermore, it usually indicates the direction of general growth (i.e., in the direction of the euhedral crystal faces).
However, certain minerals (e.g., pyrite , arsenopyrite) tend, through their force
of crystallization, to form well-developed crystals regardless of their position
in the paragenetic sequence. For example, early pyrite in Cu-Pb-Zn veins
occurs as isolated euhedra or intergrown subhedra with many well-developed
faces; secondary pyrite formed as a result of exsolution from primary pyrrhotite in Fe-Cu-Ni ores often occurs as well-formed cubes; pyrite that forms
as a result of metamorphic recrystallization commonly occurs as perfectly
developed cubic or pyritohedral porphyroblasts up to several centimeters in
diameter (Figure 8.2). Furthermore, as discussed in Section 7.7, retrograde
metamorphic re-equilibration can result in the release of sulfur by pyrrhotite
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FIGURE 8.2 Porphyroblasts of pyrite grown in a matrix ofpyrrhotite during regional
metamorphism, Cherokee Mine, Ducktown, Tennessee (centimeter scale).

to form euhedral pyrite crystals. In such a case, the most euhedral crystals were
the last, not the first, to form.
Sometimes the evidence ofcrystal morphology rather than the crystal itself
aids in paragenetic interpretation. Thus, in some Pb-Zn ores of the Mississippi Valley, dissolution has removed euhedral I em galena crystals that
had grown on the surfaces ofopen fractures. The evidence ofthe galena is preserved because, prior to its dissolution, fine-grained pyrite and marcasite were
precipitated on top ofit in a 2-3 mm thick band. Now the ore specimens reveal
the following sequence of events: (I) fracturing of wall rock , (2) formation of
sphalerite and euhedral galena, (3) formation of colloform overgrowths of
pyrite and marcasite that faithfully record the galena morphology on their
undersurface, and (4) leaching, leaving euhedral voids once occupied by
the galena.
Mutual grain boundaries (equal degrees of penetration) (Figure 8.3) must
be interpreted with care and with the recognition that the ore microscopist has
only a two-dimensional viewofa three-dimensional material. The equal interpenetration of minerals, the absence of characteristic first-formed crystals,
and the absence of replacement features usually prevent determination of any
paragenetic sequence and may indicate simultaneous crystallization of the
minerals.

8.2.3

Colloform Banding and Growth Zon ing

Colloform banding, a concentric botryoidal overgrowth offine radiating crys tal (F igure 8.4a), is a texture that is commonly encountered in open-space fill-

168

FLUID INC LUSI ON GEOTHERMOM ETRY OF ORES

FIGURE 8.3 Mutu ally in terp ene trating grains of spha lerite (medium gray) and
galena (white), Montezuma, Colorado (width of field = 520 urn),

ing ores. It is especi ally common in iron a nd manganese oxide s (Figure 8Ab).
incl udi ng manganese nodu les, uranium minerals, a rsenides, a nd in pyrit e
and sphalerit e. Although co lloform bandi ng ha s often been attributed to forma tion from a gel, Ro edder (1968) ha s sho wn that typica l colloform sphalerites owe their ori gin to direct crystallization of fine fibrou s crystal s from a
fluid. Th e co llo fo rm bands a re ac tua lly composed of radiating masses ofcrystals growing from ma ny adjacent sites along a vein wa ll. th e surface ofa wallrock fragm ent. or previou sly form ed or e minerals. Althou gh gene rally form ing a
smoot h or und ula ting su rface. colloform growth ma y occ ur locall y as sta lactites. Sever al Mi ssissippi Valle y a nd ve in-type Zn-Pb deposits h ave al so
yielde d well-deve loped spha lerite stalactites. co mplete with the ho llow cen tral
tube . Th e co llo fo rm struc tu res grow fro m so me substra te o utward, with sequ enti al growth periods evidence d by overlyin g bands. Individua l bands are
ofte n distingui sh ed by interl ayeri ng with oth er minerals (o r even organic
inclusio ns). by cha nge in th e size. sha pe. o r orientation of crysta ls. o r by colo r
zo ning, eac h of wh ich represents so me change in the o re fluid or the conditio ns of pr ecipi tation. Mi no r che m ica l cha nges. as evide nced by micro nscale co lor band ing in collofo rm spha lerites (o nly see n in doub ly po lish ed
th in sectio ns in tra ns mitted light). do not disturb crystal growth. since individual crystals exh ibit co ntinui ty for 1- 2 cm a nd ma y co nta in hu nd reds o f
ba nd s growing across th em.
Growt h zo ning in ind ivid ua l crys ta ls is a co mmo n featu re in man y types of
ore minerals a nd in a wide va riety of deposit s. Magmat ic precipit a tes, suc h as

FIGURE 8.4 (0) Colloform banding illustrati ng sequential growth of sphalerite
inward from the walls of a fracture ; transmitted light photomicrograph of doubly
poli shed thin section. Early pyrite (black) has been successively overgrown by banded
sp halerite and dolomite (white). Austinville. Virgin ia (width of field = 2.000 urn), (b)
Concentric growth band ing. showing sequential development of hematite and goethite
in pisolitic iron ore. Schefferville. Quebec (width of field = 2.000 urn).
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chromites and magnetites, may display zonal compositional and color variations, reflecting changes in the magma from which they precipitated. Several
hydrothermally deposited vein minerals may contain distinct color bands
(Figure 7.4), which also record a changing environment of formation. Such
bands often contain fluid or solid inclusions trapped at the time of precipitation and thus can yield considerable paragenetic information.
The existence of the same, or at least portions of the same, color or compositional zonal sequence in adjacent sphalerite crysta ls or in crystals growing simultaneously along a fracture provides the basis for sphalerite stratigraphy
(a term coined by Barton et al., 1977). McLimans, Barnes, and Ohmoto (1980),
have applied sphalerite stratigraphy in the Upper Mississippi Valley District
by correlating individual color bands in colloform sphalerite over a few hundred meters and certain bands over several kilometers (Figure 8.5). Sphalerite
stratigraphy is a powerful technique in paragenetic studies but requires carefully collected, preferably oriented specimens, and their examination in
doubly polished thin sections.

A MELIA

HENDRICKSON

km
FIGURE 8.5 Polished thin sections of sphalerite showing stratigra phic zon es A
(early), B (middle). and C (late) . and correlation of stra tigra phy over 23 km northeast
from the Amelia orebody, Illinois (left). to the Hendrickson orebody,Wiscon sin (right).
(Reproduced from R. K. McLimans et al., Econ. Geol. 75.354, 1980, with permi ssion of
the authors a nd the publisher.)
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Cathodoluminescence and Fluorescence

In recent years, cathod oluminescence microscopy ha s become a useful anciliary tech nique in paragenetic studies of certain minerals. In th is tech nique.
a 1em di am eter beam ofelectrons accelerated at a potential of 10-15 kv strikes
a sa mple (thin section o r polished section}contained in an evacua ted viewing
ch amber on a mic roscope stage. The sample may be viewed in tran smitted o r
reflected light , or only by the lum inescence excited by the electron beam .
Although most ore minera ls exhibit no visible response to the electron beam,
some o re minerals such as cassiterite. spha lerite, scheelite, powellite, and
willem ite, and some common gangue minerals such as fluorite, calcite, dolomite, feldspar, and qu artz (Marshall, 1988; Barker and Kopp, 1991)}, emit visible light lum inescence. The luminescence of th ese mine rals dep end s on the
pre senc e o f trace to minor amo unts of an activato r element (e.g., Mn, Dy. Cr)
incorporated at the time of initial crystalli zation.
Because the fluid s depo siting both ore and gangue minera ls common ly
cha nge as a function oftim e. sequentially deposited ore and gangue minerals
so me times possess luminescent growth zones that ar e not visible eith er using
trans mitted- or reflected-light microscop y (Figure 8.6). These growth zones
ma y be useful in sa mple-to-sample correlation and in the interpreta tion of
pa rage nesi s. Th e technique h as been extensively used in th e study ofs edi mentary cem ents (Me yers, 1978; Nick el, 1978) and has proved to be effective in th e
correlation of ca rbo na te gangue associa ted with spha lerite ores in th e East
Tennessee zi nc dis trict (Ebers and Kopp, 1979).
Flu orescen ce, th e emissio n of visible ligh t in respon se to expos ure to
ult raviolet (UV) light, is very similar to cathodoluminesce nce and thus provides ano ther me an s by wh ich paragenetic informa tion may be de rived from
polished or thin sections. UV light sources, usually mercury arc lamps ("bl ack
lamps"), are generally divided into lon g-wave (300-400 nm) and short-wave
« 300 nm ) varieti es and are available as inexpensive handheld and mor e
ela bora te microscop e-mounted models. Mo st com mon o re and gangue minerals exh ibit no visib le respon se to UV ligh t, but man y of th e same minerals
noted a bove as being cathodo lumi nesce nt also fluoresce visibly, especiall y
under short-wave UVlight. The name. in fact. is derived from th e fluorescence
of fluorite. As with catho dolu minesce nce, fluore scence depends upon th e
presen ce of certain activator elem ent s and varies widely in intensity a nd
colo r.
Routine examination of sa mples with a UV lamp is very simple and often
lead s to th e im mediate recognition o f some minerals (e.g., powellite. cassiterite, scheelite) that do not have oth er uniqu e d istinguishing cha rac teristics.
Furt hermore, cha racte ristic b road growth or alte ration zones {e.g., fluorescen l
bands in ca lcite, fluorite, do lomite) and so metimes delicate growth zoning.
invisible under normal lighting co nd itions, ma y beco me visible. Such zo ning
ma y, o f course, be very usefu l in th e co rrelatio n of one sample with ano ther.
The si mplicity of use and th e wides prea d availa bility of UV lamps. combined

FIG URE 8.6 The use ofcathodoluminescence in defining growth bandi ng in ca lcite:
(0) a thin section with a calcite-filled vugas viewed in transmitted plan e pol ari zed light ;
(b) the sa me area un der ca thodo lumi nescence reveals the delicate growth zo ni ng as

de fined by d iffering brightness of the bands (width of field
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with the ease o f obt aining valu ab le information, has mad e th is technique a
routine too l in ma ny laboratories.
8.2.5

Crosscutting Relationships

In min eralo gical exa mi natio n. j ust as in geologica l field stud ies, crossc utti ng
relationsh ips a re a key to paragenetic inte rp retati on.The veinlet orotherf eature
that crosscuts another is younger than that which it cuts across, except whe n the
older phase has been replaced, or whe n both features result from metamorph ic rem obil ization .Th erefo re, the veinlet th at cuts ac ross an otherveinlet
(F igure 8.7), or crystal, is la ter in the paragen etic seque nce, whet her it rep resents simple ope n-space fillin g or replacem ent. Deformation al episodes a re
ofte n indica ted by the p resence of microfaults (Figu re 8.4a), whic h offset
bands or veins of ea rlier-formed min erals, or by the crus hing o f ea rlier grai ns
tha t may have been subse que ntly infi lled by later min erals. Detailed studies of
some syngenetic o res (i.e., those in wh ich ore a nd ho st rock min erals a re
believed to have formed at the sa me time) have revealed crossc utting relatio nsh ips in the form o f scour ma rks, channels, soft sed iment slu mping, and
cro ssbedding. some o f which ma y be obs erved on the mic roscale.

FIGURE 8.7 Crosscu tting rela tion ships sho wn in a mangan ese oxid e o re in wh ich
ea rly cha lco p ha nite is cut by a later veinlet of the sa me mineral. Red Bru sh Mine.
Virgi nia (width of field = 2.000 1-1111).
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8.2.6

Replacement

Replacement features are very useful in the determination of paragenesis:
clearly. the mineral being replaced predat es the o ne replacing it. Since replacement is generally a surface chemical reaction. it usually proceeds inward
from crystal boundari es or along fractures. In general. durin g adva nced replacement, the replacing phase possesses convex boundaries. whereas the
replaced ph ase possesses concave boundaries and may remain as residual
"islands" within a matri x of the later ph ase (Figure 7.1 Ie). Replacement and
weathering processes often lead to one mineral occupying the site originally
occupi ed by a nother in the paragenesis; the difficulty often lies in the "identification" of the now absent mineral. Sometimes. replacement has been
incomplete and a few fragments of the original ph ase remain.A good examp le
is illustrated in Figure 9.8. in which some original pentlandite remains within
the replacing violarite; most of the pentla ndite grains in this ore are completely replaced. but the grain shown reveals the true paragenesis. The cubic
morph ology of pyrite is proba bly the most readily recognized of replaced
minerals; thus. cubes of cha lcopyrite. covellite. or goethite are usually regarded as pseudomo rph s after pyrite. Similarly. in Figure 7.lOb.cha racteristic
bladed crystals of marcasite have been partly replaced by goethite.
8.2.7 Twinning

Twinning ca n be useful in the interpretation of both the paragenesis and the
deformational history of an o re. Twinning may form during initial growth.
through inversion. or as a result of deformation (Figures 7.1 9. 7.20. and 7.21).
Since growth twinni ng is a function of temperatu re and degree of ore fluid
supe rsatu ratio n and since kinetics are also influenced by the crystallization.
the presence of twinning in only some grains of a specific mineral maybe useful in distinguishingdifferent generation softhat mineral. Inversion twinn ing.
if un equi vocally identifi ed. is indicative of the initial formation of a higher
temperature phase and of at least partial re-equilibration on cooling. Deformational twinning ca n serve as an indicator of deformation during the oreforming episode (if present only in ea rly form ed min erals) or after ore
deposition (if present in the ore min erals of all stages).
8.2.8

Exsolution

Exsolutio n iscommon in some o re types and mayb e useful in deciphering certain stages of the paragenesis. In the Fe-Cu-Ni (-Pt) ores associated with
ultramafic rocks (Section 9.3). virtually all of the nickel remains incorporated
within the (Fe. Ni) l_xS mon osulfide solid solution from the time of initi al formation at 900-1100°C unti l the ores cool below 400°C (Figures 9.6 and 9.7).
Laboratory phase equilibria studies demonstrate th at much of the nickel then
exsolves as o riented lamellae of pentlandite.The o rigin of the ea rliest exsolved
pentlandite is not imm ediately obvious. because it coa lesces to form cha in-
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likevein lets (Figures 8.8a and 9.5) at the margin s ofthe host pyrrhotite grains;
however, the later (an d lower temperature) exsolved pen tlandite is retained
within the pyrrh otite as crystallographically oriented lamellae and "flames"
(Figure 8.8b). Th ese cha racteristic exsolution lamellae indicate that the pentland ite is a secondary ph ase formed later than the pyrrhotite; although the
phase equ ilibria indicate that this is also true of the gran ula r vein pen tlandite,
it is not obvious from the texture.
8.3 EXAMPLES OF PARAGENETIC STUDIES

Altho ugh it is difficult to generalize, the opaque minerals in manyores can be
associated with one of four major division s:
1. Th e host rock (or wallrock) materi als, which, if igneous, may co ntain
primary oxides or which, if sedimentary, may contain detrital or authigenic opaques (e.g., framboid al pyrite, titan ium oxides).
2. The main mineralization episode, which, although often multiphase, is
usually one major introduc tion of fluids, volatiles, or magma that then
undergo cooling.
3. A ph ase of secondary enrich ment (in the zone of supergene alteration)
resulting in overgrowth s and replacement textu res.
4. A phase of oxida tion and weathering, again resulting in replacement
textures and the formation of oxides, hydroxides, sulfates. ca rbonates.
and so on.

Normally the sequence of mineral form ation (paragenesis) would follow
divisions (I) through (4). although many deposits contain evidence of only
division s (1)and (2). It is also impo rtant to note that many minerals may have
more than oneparagenetic position , although different generations may have
different habits (e.g., very early pyrite framboids -s-pyrite cubes -s late colloform pyrite) or chemical compositions.
Th e min eralogical literatu re co ntains man y paragenetic studies undertaken in varying amounts of detail. Here, four different types of ores are used
as examples of what ca n be achieved th rough ca reful observations and application of available data.
8.3.1

The Nickel-Copper Ores 01 the Sudbury District. Ontario

Th e paragenetic sequence of the minerals in the massive nicke1-eoppero res o f
the Sudbury ba sin has become apparent through the com bination of field,
microscopi c, and ph ase equ ilib riu m studies. The setting of these ores. at th e
base of a ma fic int rusive bod y, led to the view that they are a product o f the
intru sive episode. The common trend o f massive ore grading upwa rd into disseminat ed ore, in which isolated "d roplets" o f sulfide are suspended in a sili-
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cate matrix, suggests that the sulfides-e-pyrrhotite with lesser amou nts of
pentlandite, ch alcopyri te. pyrite, and magnetite-had their origin as immi scible sulfide melts, which, after separation from the parent silicate magma ,
coalesced at the base o f the intrusion through gravitational setting. Subsequ ent discovery of similar sulfide d roplets (Figure 7.2b) in crusts on basaltic
lava lakes in Hawaii and in pillow lavas o n midocean ridges, and laboratory
studies on the solubilityofsulfur in ultramafic melts,co nfirm the possibili tyof
this general mode of origin. Although direct separation and segregation of a
sulfide melt is no doubt the means by which many Sudbury-like ores have
formed,current theories forthe origin ofthe Sudbury ores involvea more complex history with several phases o f inj ection of sulfide- and silicate-rich
magmas that ha d already un dergone some differentiation (Naldrett. 1989).
The first mineral to crystallize from the Sudbu ry sulfide-oxide melts was
magnetite. which formed as isolated skeletal to euhedral o r subhed ral grains
(Figure 8.8a).Subse quent to the onset of magnetite crystallization. all or most
of the sulfide mass crystallized as a nickel- and copper-bea ring, high-temperature. "pyrrhotite-like" ph ase (the mss. monosulfide solid solution. as
shown in Figures 9.6 and 9.7). Th e phase equilibrium studies of Yund and
Kullerud (1966) and Naldrett, Craig. a nd Kullerud (1967) have demo nstrated
that. during subsequent cooling. the mss could not have continued to accommodate the copper and nickel in solid solutio n. Expulsion of the copper as a
higb-temperarure cha lcopyrite-like pha se (the iss, intermedia te solid solution)
probably would have begun when temperatures cooled to 400-500 cC : most of
the copper would have been expelled before cooling reached 300°C. bu t small
amounts would have contin ued forming from the mss as cooling reached
100°C o r less. Exsolution of nickel. in the fo rm of pentl andite. would have
begun as soon as the sulfur-poor boundary of the shrinking ross (Figure 9.7)
reached the bulk compos itio n of the ore in a ny local region. Pentlandite is not
stab le above abo ut 610c C (pentlandite decomposes to ross + heazlewoodite.
Ni IS2 • above this temperatu re), but a plot of the bul k co mpositions of most
nickel-copper ores. including those at Sudbury. ind icates that pentl andite formation would not have occurred abo ve about 400°C. In laboratory studies
(Francis et al.. 1976: Kelly an d Vaughan. 1983). the expulsion o f nickel as pentlandite occurs as crysta llograp hically oriented lam ellae in the mss. However.
during the slow cooling from 400° down to _ 100°C, the previously expe lled
chalcopyri te-like phase would have tended to coalesce into an hed ral masses
(Figure 8.8a) and the pentla nd ite would have tended to di ffuse and recrystallize into chain -like veinlets interstitial to mss grai ns. During continued coo ling at temperatures below IOO-200°C. the diffusion rates of nickel would be
much reduced and the last pentlan dite exsolved would be trappe d as fineoriented " names " (Figu re 8.8b). Locally. the cooling iss ph ase would exsolve
cuban ite (Figure 8.8c) and would recrystalli ze as chalcopyrite.
Th e pa ragenetic position of pyrite. which is irregularly distribu ted in the
Sudbury orcs. would have de pended on the local bu lk sulfurco ntent ofthe suifide mass (see Figures 9.6 a nd 9.7): however. its tendency to form euhed ral
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crystals now masks its position in the sequence. If the local sulfur content were
less than about 38 wt %. pyrite would not have formed from the ross until the
ores cooled below 215°C and much pentlandite had been exsolved. However.
if the local sulfur cont ent were more than about 39 wt %. pyrite would have
begun forming when the sulfu r-rich boundary ofthe mss retreated to the local
bulk composition. In either situation. the pyrite and pentl andite would not
have coexisted until the temperature had cooled below about 215°C (Craig.
1973).
Th e pyrrhotite of the Sudbury ores consists o f a mixture of hexagona l and
monoc linic forms and represents the low-temperature remnant of the ross
after the copper and nickel have been exsolved as iss (or chalcopyrite) and
pentlandite. As is evident in Figure 8.9. these two forms o f pyrrhotite formed
only after cooling of the ores was nearly complete.
The last stage in the paragenesis of the Sudbury nicke1-copper ores was the
local development o f viola rite as an alteration product o f pentlandite (and
sometimes pyrrho tite)(Figure 8. 8d). The formation ofviola rite from pentlandite probably does not reflect an equilibrium state but a situation in which the
pen tla ndite structu re is converted to the violarite structure as iron and nickel
are removed during weathering.
The paragenesis o f the Sudbury ores is su mma rized in Figu re 8.9; the mss
and iss are noted in parentheses. because their role is recon stru cted from
studi es of phase equilibria.
8.3.2

Tin-Tungsten Ores in Bolivia

In a detailed study of the mineralogy. paragenesis. and geothermometry of
Bolivian tin-tungsten vein ores. Kelly and Turneaure (1970) have unraveled a
complex history of o re formation . The se ores are interpreted as subvolca nic
vein deposits formed at depth s o f 350-2.000 m and in a temperature rang e o f
530-70°C. The ore solutions. as evidenced by fluid inclusion s, were NaCI-rich
brin es of low CO 2 content that were boiling during at least part of the oreforming period . Th e paragenetic sequence is su mma rized in Figure 8.10.
In the earliest vein stage. quartz with apatite intergrown as a coarse band
along the vein walls is observed. quartz being overgrown by cassiterite. which
make s up the central part of the vein and which lines cavities with welldeveloped crystals (Figu re 8.1 1a). Local bismuthinite is interpreted as having
crystallized before cassiterite because it is both su rrou nded and replaced by
the cassiterite. In the bas e metal sulfide stage, pyrrhotite stan nite and sphalerite fill space between and partl y replace quart z and cassiterite (Figure 8.11b).
The sphalerite contains exsolved stan nite as well as "chalcopyrite disease: '
indicating modification by later copper- and iron-bearin g solutions. Early
fluorite is mutually intergrown with sp ha lerite and pyrrhotite (Figu re 8.1 1c).
The pyrite-marcasite-siderite stage is evid enced by pyrrh otite alterati on
(Figure 8.l ld ); the hypogene natu re of the alteration is demonstrat ed by highfilling temperatures of fluid inclu sions in siderite. Pyrrhotit e alteration begins

48
MESH
AT50X

FIG URE 8.8
ickel-co pper ore fro m Su dbu ry. Ontari o. Ca na da. illustratin g the
pa rage nes is of the ore. (a ) Ea rly-fo rmed sub hed ra l gra ins o f magn etit e (da rk gray)
with in coa rse gra nula r py rrhotite (med iu m gray). rimmed by gra nula r pentl andite that
has coalesced after exsol ution . Also present are two a nhed ral grai ns of cha lcopy rite
(widt h of field = 1.700 urn). (b) Exsol utlon " fla mes" of pe ntla ndi te (light gray) in a
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pyrrho tite ma trix (wid th of field = 330 11m). (c) Irregular a reas a nd la me llae o f cuba nite
(da rk gray) within chalcopyrite produced by exso lutio n o n b reak down of iss (crossed
po lars) (wid th o ffie ld = 330 um). (d) A veinlet of viola rite retai ni ng the blocky frac tu re
patte rn of the pe ntla ndite that it has repl aced . It is su rro u nded by altered pyrrhotite th at
ex hi bits a sing le cleavage d irect io n. (wid th of field = 520 11m).
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FIGURE 8.9 Paragenetic diagram of the Sudbury. Ontario, Ni-Cu ores.The medium
or heavy weight black line indicates the period offormation; the light weight black line
indicates persistence; the stippled lines indicate phases that exist only at elevated
temperatures.

along veins and fractures but may proceed to perfect pseudomorphs of pyritemarcasite after pyrrhotite crystals. The final stages evident in the paragenesis
are veinlets and crustifications of(1) siderite, sphalerite. and late fluorite; and
(2) hydrous phosphates. In Figure 8.10, Kelly and Turneaure (1970) trace the
general paragenesis and the thermal history of the ores.
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FIGURE 8.10 Summarizes the stages offormation and temperature variation during
deposition of the tin-tungsten ores of Bolivia. (After Kelly and Turneaure, Econ. Geol.
65.673, 1970; used with permission.)
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8.3.3 The Lead-Zinc Ores of the North Pennines, England
Th e North Pennine Orefield contains lead-zinc-barite-fluorite mineralization, chiefly as fissure-infillin g veins in mainly lower carboniferous strata.
Fluid incl usion studies suggest that the solutions responsible for the precipitation of these mine rals were bri nes and that deposition occu rred at temperatures below 2SO"C.
The sulfide mineral asse mblages o f the North Penni nes were studied by
Vaugha n and Ixer (1980), who noted distinct differences in the assemblages to
the north in the Alston Block area and to the south of the orefield in the
Askrigg Block. In the latter area, a consistent generalized paragenesis is observed, as shown in Figure 8.12. An earlydiagenetic phase offramboidal pyrite
is found in the host rock limestone and is intimately associated with small ca rbonaceous lath s.These pyrite framboid s may aetas nuclei to later pyrite cub es
or radi ating marcasite crystals (Figu re 8.13a). Bravoite, the earliest epigenetic
sulfide, may show mult iple zoning and occurs as inclu sions in fluorite. ca lcite.
or barite (Figure 8.B b). Bravoite is commonly succeeded by nickeliferou s
pryite and the first of several generations of normal pyrite that is intergrown
with marcasite and nickeliferou s ma rcasite(Figure 8.13c). Mino r chalcopyrite
(showing later supergene alteration to covellite an d limonite) is followed by
galena, which can enclose all of the earlier sulfides (Figure 8.13d) and commonly alters in weathering to cerussite or anglesite. Sphalerite is the last
prima ry sulfide to form.
Thi s overall paragenesis is very similar to that observed in the South Pennine O refield, whe reas. in the nort hernmost Alston Block area, much greater
diversity was found . The authors discuss the observed paragenesis in terms of
the cond itions ofore formation. which suggest higher tempe ratures and mor e
diverse fluid compositions in this northern most area.
8.3.4

Gold and Base-Metal Ores of the Mashan District, China

The Tongling District of Anh ui 'Province in southeast central China hosts
stratiform massive to disseminated base-metal a nd gold-bea ring sulfide deposits that have been min ed intermittently since the Min g Dynasty(1348- 1644
A D.). Th e ores occur as disseminat ed to massive replacements o f limestones.
especially at flexure zones. where the dip of the beds changes markedly.
Detailed studies of the ore min eralogy have revealed a complex multistage
paragenesis involving iron and ba se-metal sulfides. tellurides. and gold; this is
su mma rized in Figure 8.14. There are seven distinguishable mineralization
stages and a clea r phase of britt le deformation ; several ofthe se are illustrated
in Figures 8.15and 8.16. Lim ited fluid inclusion data indicate tha t ore formation occurred at about 300"C.
Th e massive sulfide ores co nsist of do minant pyrite. arsenopyrite. and
pyrrhotite. with significant amounts of chalcopyrite, sphalerite. and galena .
Late-stage gold-bearing fluids have altered earlier iron and zinc sulfides and
have precipi tated gold in ca rbona te-quartz veins. Th e earliest stage is rep-
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FIG RE 8.11 Tin-tungsten ores from Bolivia illustrating paragenesis of the ore. (a)
Early cass iterite (CSt) overgrown by needle-like cassi terite crystals (csj). Both generations of cassiterite are enclosed in. and veined by quartz (qz). which also surrounds
euhedral pyrite crystals (white); Milluni Mine (width of field = 2.260 urn). (b) Early
stannite concentrated along contacts of pyrrhotite (white) with older cassiterite (black).
The distribution of stannite (gray) is controlled by the ba sal parting in pyrrhotite;
Huanuni Mine (oil immersion. width of field = 1.600 urn), (e) Later sulfides (py =
pyrite. po = pyrrhotite. sl = sphalerite. cp = chalcopyrite) occurring between grains of
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cassiterite (dark gray) , Araca Mine (oil immersion, width of field = 960 urn). (d)
Pyrrhotite (po) containing lamellar intergrowths of pyrite, marcasite, and siderite
developed along the contact with early sphalerite (sl) to the right, which contains
pyrrhotite and chalcopyrite blebs. Sphalerite to the left contains exsolved stannite (st);
Colquiri Mine (width offield = 1,450 urn). (Reproduced from W. C. Kelly and F. S.
Turneaure, Econ . Geol. 65, 616, 620, 1970, with permission of the authors and the
publisher.)
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FIGURE 8.12 Diagram illustrating the generalized paragenesis of the ore minerals in
the Askrigg Block Area of the North Pennine Orefield, England. (After Vaughan and
Ixer, !980.)

FIGURE 8.13 Sulfide mineral assemblages in the lead-zinc ores of the North Pennines, England, illustrating the paragenesis of the ores. (a) Framboidal pyrite overgrown by later euhedral pyrite (oil immersion, width of field = 500 urn). (b) Bravoite
with overgrowths of later pyrite in a veinlet surrounded by carbonates (oil immersion,
width offield = 500 urn). (c) Pyrite with associated marcasite (oil immersion and partly
crossed polars, width of field = 500 urn). (d) Subhedral pyrite grains associated with
carbonates and bladed crystals of barite enclosed in later galena (width of field =
500 urn),
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FIGURE 8.14 Figur e summarizing the par agene sis of or e min eralization stages of
the Mash an deposits of Anhui Province. China. In the diagram. h an d m indicate hexagona l and mon oclinic pyrrh otite. The brac kets in the last stage indicate that the
ph ases already presen t were modifi ed by the fluids.

resented by local occurrences of magnetite. The coarse pyrite stage is cha racterized by the presence of pyrite crystals ranging from Ito 10em in diameter:
these may contain rare, isolated inclusions of gold . The pyrite-arsenopyrite
stage consists ofcoarsely intergrown pyrite and arsenopyrite, and subhedral to
euhedral pyrite that exhibits concentric growth zones defined by different
abundances of inclusions. This stage was followed by a period of brittle deformation that locally produced cataclastic textures, as shown in Figure 8.15a.
The "gel pyrite" stage, which is volumetrically the most important stage, is
represented by concentrically banded colloform masses of intimately intergrown pyrite and quartz (Figure 8.1 5b). The gel pyrite occurs in several form s,
ranging from a matrix for coarse pyrite crystal s to thin veinlets interstitial to
crushed pyrite and arsenopyrite. The base metal sulfide and telluride stage is
present as masses and grains of chalcopyrite, sphalerite, and galena, interstitial to crystals and fragments of earlier stages. The sphalerite commonly displays "chalcopyrite disease," and the galena locally contains inclusions of
silver, lead , and bismuth tellurides (Figure 8.15c). The final stage ofore formation , the quartz-carbonate-gold stage , is evidenced by thin quartz and siderite
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FIGURE 8. 15 Gold-bearing ba sc-metul sulfide o rcs of th e Mash an D istrict of An h ui P ro vin ce. h ina:

= 1.200 urn): (b ) co llo form banding of
the gel pyri te co ns ists of layers o f pyrite. ma rcasite. a nd qu a rtz (wid th of field = 1.200 urn); (c ) sc a tte red
gra ins of a lta ite (Pb 'l e. whi te) a nd hessite (Ag2Te. gray ) occ u r with in ga lena (wid th o f field = 600 urn ): (d)
cro ssc utting veinlets where la te fl uids ha ve recrystalli zed gel pyrit e into pyrit e a nd ma rcasit e a nd ha ve
deposited s ma ll grai ns of go ld (le ft ce nter) width of field = 1.200 urn).
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FIG RE 8.16 Late hydrothermal fluids have altered sphalerite in a narrow zone between unaltered iron-rich (7 wt % Fe) sp halerite on the left a nd pyrite on the right. The
oxidizing lluids resulted in raising the activity of sulfur such that iron was removed
from the sphalerite. leaving it iro n-poor (0.5 wt % Fe) and precipitating the iron as thin
veinlets of pyrite and marcasite. Mashan, China (width of field = \.200 urn).

veinlets that crosscut the earlier stages of mine ral ization. The mineralizing
fluids precipitated small grains of gold (Figure 8.15d) in. and adjacent to. the
vein lets and caused recry tall ization of the gel pyrite and pyrrhotite to form
pyrite and marcasite. The fluids also locally altered the phalerite by raising
the su lfur activity. thus forcing the iron out of the tructure a delicate veinlet
of pyrite and marcasite (Figure 8.16).
8.4 ORE FORMATION COND ITIONS AND THE APPLICATION OF
PHASE EQUILIBRIA DATA

Referen ce to releva nt phase diagrams can help in (I) anticipation and recogni tion ofph ases; (2) recognition of trends in o re chemistry (i.e.. the cha racter of
the ore fluid and its va ria tio n in time or space); (3) understandi ng of reactions
and so me textural featu res (e.g.• exso lution); (4) understanding of the co rrelation or a ntipathe tic relation shi ps between phases: (5) recognition of equ ilibrium o r disequilibri um min eral asse mb lages: (6) interpretatio n of the na ture
of the o re-formi ng fluid an d th e mec ha nisms that were opera ble duri ng
mi neralization; and (6) estimation of the tempe rature and pressu re duri ng ore
formation or subsequent meta mo rp his m.
It is impossible to prese nt mo re tha n a few of the many releva nt phase
diagrams. bu t the followi ng systems are disc ussed. at least in part. in this
book:
Fe-S
Cu -S
Cu-Fe-S

Figure 8.18
Figu re 10.8
Figu re 7.14 and 8.17

ORE FORMATIO N CONDITIONS AND THE APP LICATIO N OF PHASE EQUILIBRIA DATA

Fe-Ni-$
Fe-Zn -$
Fe-As-$
FeO-Fe20 rTi02
C r,O,-IMg,Fc)O-SiO,
Au-Ag-Te
Ca- Fe·Si·C-O
Cu-O-H-S-C!
U-Or CO r H 20
NaCI-KCI-H,O
H,OiP -T)
Iron Minerals IEh-p l-l l

189

Figu res 9.6 a nd 9.7
Figu re 10.28
Figure 8.1 9
Figu res 9.12 a nd 9.13
Figure 9.4
Figu re 9.25
Figu re 10.31
Figure 10.11
Figu re 10.9
Figure 8.24
Figu re 8.25
Figu re 10.3

For ad d itiona l informatio n on these and ot her systems. the reader is referred
to Mineral Chemistry of Metal Sulfides (Vaugha n and Craig. 1978). "Sulfide
Phase Equilibria" (Barton and Skinner) in Geochemistry of Hydrothermal Ore
Deposits ( 1979). SulphideMinerals:Crystal ChemistryParagenesisand Systematics
(Kostov a nd Min ch eeva-Stefan ova. 1981). Sulfide Minerals (Ri bbe. 1974). and
OxideMinerals (Rumble. 1976: Lindsley. 1991). Most diagram s in the literature
arc "equilibriu m diagra ms and may be ca utiously app lied to the natu ral o res.
which also represent. at least locally. condi tions of equ ilibri um. Fo r exa mple.
in Cu-Fe-sulfide ores. asse mblages such as pyrite-pyrrhotite-cha lco pyrite.
pyrite-cha lcopyri te-bo rnite. or even pyri tc-dige ni te-bo rni te are com mon. because they arc stable (see Figu re 8.17). wherea s pyrrhotit e-covelli te or cuba nitc-ch alcocite assem blages a rc unkno wn and are not expected. beca use th ey
ar c not stable. It is importa nt to note that. allhou gh most ore mineral asse mblages do represen t equ ilib rium. di sequi lib rium asse mblages ar e not un com mo n.T his is especially true in weathering zones in whic h reaction kinetics a re
slow becau se of the low tempe ratures involved.
Phase d iagram s arc important in p roviding geothe rmometric an d geobarometric dat a. Th e gcothe rmo mete rs a re ofrwo types- sliding scale andfir:ed
point. Th e sliding-scale rype is ba sed o n the tempe ratu re de pendence of the
compositio n o f a minera l o r a pa ir of min erals when it is part of a specified
assemblage (c.g .. the co mposition of pyrrh otite in equilib rium with pyrite in
Figure KI8a). Ideally. determ ination of the composition of pyrrho tite coex isting with pyrite would uniquely define the tempera ture of equilibration: in
practice. however. it has been fou nd that nearl y all pyrr hotites have reequilibrated during cooling. some to nea r roo m tempe ratu re co nditions (sec
Figure 8.lgb). Unfortu na tely. the rapi d rates of sulfide re-equilibration procccsscs ha ve limited the usefulness of man y sliding-sca le geothe rmometers.
Two notable exceptions invol ve refracto ry min era ls that retain their hightem perature compositions du ring coo ling a nd thu s a rc a pplica ble as slidingscale geothermo meters. namely.
I. Arsenopyrite when equ ilib rated with pyrite and pyrrhotite (a nd so me
other less co mmon assemblages). as shown in Figure 8.19.
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2. Coexisting magn etite-u lvospin el and ilm enite-hematite. The co mpo sitions o f the se mineral s. if eq uilib ra ted togeth er. uniqu ely de fine
both th e temperature a nd th e oxygen activity o f equilib ra tio n. as sho wn
in F igu re 9.13.
F ixed -po int geo the rmo rneters a re min erals o r min er al asse mblages that
under go a reaction (e.g.. melting. inve rsio n. reaction to form a di fferen t asse mbl age) at a de fined tem per ature. For exa mple. crys tals of stib n ite m ust have
formed below its melting po int (556°C). a nd th e miner al pa ir pyrite plus
a rse no py rite mu st have fo rmed below 49 1°C. Th e fixed po ints thu s do no t
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FIG URE 8. 17 Ph ase rel ati ons in the ce nt ral po rtion of the C u-Fe-S sys te m : (a)
sc he ma tic rel at ions a t 300 °C; (b) possi ble p hase re lations a t 25°C. Abb rev ia tio ns are as
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FIGURE 8.19 Pseudobinary temperature-composition plot showing arsenopyri te
composition as a function of temperature and equilibrium mineral assemblage. The
assemblages numbered 1-8 in the Fe-As-Sphase diagrams on the right correspond to
the labeled curves in the diagram on the left Abbreviations are as follows: asp,
arsenopyrite; py, pyrite; po, pyrrhotite; 10, lollingite; L, liquid . (After U. Kretschmar
and S. D. Scott, Can. Mineral. 14,366-372, 1976; used with pennission.)

sharply define the temperature ofequilibration but rather set upper and lower
limits . Barton and Skinner (1979) and Vaughan and Craig (1978) have prepared extensive lists of reaction points that serve as potentially useful fixedpoint geothermometers. Most fixed points are known only for very low
pressures; those whose pressure dependence has been determ ined generally
rise at a rate of about IODC kbar.
Phase equilibria studies have revealed that the iron content of sphalerite
equilibrated with pyrite and pyrrhotite, although temperature independent
between about 300 Dand 550D, is pressure dependent. Thi s relationship ha s
been defined (Scott and Barnes, 1971 ; Scott, 1973; Lusk and Ford, 1978) and
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thus allows the spha lerite composition in this assemblage to serve as a geobarom eter (Figure 10.28). The following equation relates iron content (as FeS)
to the pressure of equilibration (Hutchison and Scott, 1981 ):
P bar = 42.30- 32.10 log mole % FeS
Although sphalerite is among the most refractory of ore minerals and thu s
may preserve a composition indicative of the original pressure of equilibration with pyrite and pyrrhotite, sphalerite often und ergoes at least partial reequilibration (Barton and Skinner, 1979). Such re-equilibration, which is
most evident where the sphalerite is in contact with pyrrhotite or chalcopyrite,
results in a decrease in the FeS content of the sphalerite. Co nsequently,
Hutchison and Scott (1979) and Brooker, Craig, a nd Rimstidt ( 1987) found
that sphalerite inclusions that equilibrated with pyrite and pyrrh otite in
metam orph osed o res and th at were trapped within recrystallizing pyrite
seemed to preserve compositions that best reflected the metamorphic pressures. When partial re-equilibratic n of sphalerite has occurred, those with
highest FeS contents a re probably most indicative of the pressures of original
equilibration, because lower-temp erature re-equilibraticn reduces the FeS
content.

8.5 FLUID INCLUSION STUDIES

The study of fluid inclusions. altho ugh commonly carried out on nonopaque
minerals using a transmitted-light microscope. has become a major and
important field of investigation that is commonly carried out simultaneously
with conventional ore microscopy to provide vital information about the
fluids associated with a re formation. In particular, it provides valuable data
on the temperatures a nd pressures of o re form ation or subsequent metamorph ism and on the chemistry of the a re fluids. Fluid inclusions are abundant in many common a re and gangue minerals and can be observed with a
standard petrographic microscop e. Accordingly, a brief discussion of the
nature and significance of fluid inclusions and the means of preparing samples for their study is presented in the following subsections for more detailed
descriptions, the reader is referred to Cunningha m '(1976), Roedd er (1 979.
1984), and Shepherd, Rankin and Alderton (1985) and the other references
presented at the end of this cha pter.
8.5.1

The Nature and Location of Fluid Inclusions

Fluid inclusions are small amounts of fluid that are trapped within crystals
during initial growth from solution or during total recrystallization (primary
inclusions) or during localized recrystallization along fractures at some later
timc(:.. econdaryinclusions). Fluid inclusions are veryabundant in common ore
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a nd ga ngue m inera ls. so me times occu rring in q ua ntities o f a billi on o r mo re
per cu bic ccmirnetc r. T heir vo lu mes a rc ofte n less tha n 10 I-l m J b ut ma y reach
as m uch a s a cubic r nil liructc r or mo re. Ho wever. d espi te the ir wid esp read
occ u rrence a nd abu nd a nce. fl uid incl usions a rc seld o m recognized in co nvcn tio na l po lished sec tio ns. because so little ligh t actua lly en te rs most Oft'
m iner a ls: even a mong the most tran spa ren t o f o r" mineral s. inclu sio ns arc
rarely recogni zed a s a nyt hing except int ernal refl ect io ns. However. wh en
trans pa re nt o n: a nd gangue minerals are properly p repa red and observed in
tra ns mi tted light . as d escribed later. they a re o ften fou nd to co n tai n abu ndant
tiny inclus io ns . co m mo nly orie nted a lo ng well- d efin ed c rysta llo grap h ic
pla nes (Figu re 8.20) a nd havin g a wide variety o f shapes. So me incl usio ns
(Figu re 8.21) may co nta in visible bubble s or mine ral gra ins tha t p reci pi tated
at th e time o f tra pping o r that p recipi ta ted from the fl uid alter trap ping
(daugh te r m ine ral s).
Primary inclu sions. those trapped Juri ng growt h o f the ho st mi ner al . may
be sa m ples o f th e ore-fo rming flui d a nd may revea l impo rtan t info rma tio n
regarding the co nd itio ns o f o re tra ns po rt and depo sition . Bod na r a nd Stern er
( 1987). as well as seve ral su bse q ue nt stu di es. haw de mo ns trated th rough the
de velo p me n t o f synt hetic Iluid incl usio ns that the fluid s do. in fact. reveal
acc u ra te in fo rm a tion o n ent rapme nt co nd itions. Roedder (pers. com mun ..
1980). ho wever . has poi n ted ou t th at the re ha s bee n alte rna tio n of o re and
ga ngue m in era l deposition in ma n y o res witho u t simu lta neous d epositio n. If
this has occu rred. fluid incl usio ns in gangue minerals may not rep rese nt the
fluids fro m whi ch th e a re m ine ral s formed.
Second a ry inc lus io ns mu st be used with ca re. bec ause they rep resen t fluids
passing throu gh the roc ks after the crysta lliz at io n o f the min era ls in wh ich
these inclusio ns a re foun d. Accordingly. (hey may con ta in fluids from a later
stage o f o re fo rm at ion . a posto re fl uid re lated to the ore -for ming episode. a
meta mo rphic t1 uid. o r eve n a la te de uteri c a lte ra tion o r weat he rin g fl uid . If
the ir pos itio n in the pa rage nesis ca n be establishe d. they may still p rovide
valuable info rma tio n or. the ore-form ing p rocess. Unfort una tely, the distinction between p rim ary a nd secon d a ry incl usions is often not un equi vocal.
Roedd er ( 1984 ) ha s offered the e mpirica l c riteria listed in Tab le K I lo help in
in terp re ta tio n: clea rly. u nd erstand in g th e paragenesis o f a n a rc. as d iscu ssed
in th e begi n ning of this chap ter. helps in the in te rp retation o f lluid inclu sion s.
a nd vice versa . T he read er is d irected to Roedd er 's book for additi ona l d iscuss io n.
C o mmonly. the Iluids tra p ped a lo ng growi ng crystal faces a re hom ogen eou s: however. so me times rwo o r mo re im miscible liq uid s (i.c.• water a nd
o il o r wa ter a nd C O:d . liq uids a nd gas es (i.e.. boiling water a nd stea m ). o r
liq uid s plus solids (i.e.. wa ter pl us sa lts o r othe r m inera ls) may be trap ped
together. Suc h inclusions(te rmed multi ph a se incl usion s}a re diffi cul t to in ter pret geot he rmo metrical ly b ut may provide co ns iderable d a ta o n the na ture o f
the o re-fo rm ing fluid . Typ ica l host m in er als in whic h fluid incl usion s a re
obse rved in clud e sp ha lerite. cass iterite. q uartz. calcite. d o lo mite. t1 uori tc. a nd
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FIGURE 8.20 Fluid inclus ions in cassi terite. Oru ro District. Bol ivia. (a) Inclu sions
lying along a healed cleavage pla ne. Th e gas phase fills the inclusions at424-434"C. (b)
Need le-like incl usions. so me with do ub le bu bb les du e to co nstric tion of the cha mber.
(Repro duc ed fro m W. C. Kelly a nd F. S. Turn eau re. £COl1. Geol. 65. 649.1970. with permission of the autho rs a nd the pu blisher.)
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FIG RE 8.21 Fluid inclusions that con tain daughter inclu sions. (a) Inclusion in
quartz. with a la rge halite cube and unidentified daughter salts at a and b. The total
salinity is approximately47%.and the fluid fills the inclu sion at 430°C : Gigante Chica.
Laramcota Mine. Bolivia. (b) Inclusio n in apatite ha ving an irregular form suggestive
of necking down. Agrain of an opaque inclusion at s lies in front of a mall halite cube.
The inclu sion fills with liquid at 350°C : Lallaqua Mine. Bolivia. (Reproduced from W.
C. Kelly and F. C. Turneaure. Econ. Geol. 65. 651. 1970.with permi ssion of the authors
and the publisher.)
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TABLE 8.1 Criteria for Recognition of the Origin of Fluid Inclusions
(revised from Roedder 1976, 1979)

Criteria for Primary Origin
Single crystals with or without evidence of direction of growth or growth zonation.
Occu rrence as a single inclusion (or isolated group) in an othe rwise inclusionfree crystal
Large size of inc1usion(s) relative to enclosing crystal (e.g.• 1/10 of crystal) and of
equant sha pe
Isolated occurrence of inclusion away from other inclusio ns (e.g.. :> inclusion
diameters)
Rand om three-dimensional occurrence of inclusions in crystal
Occurrence of da ughter minerals of the same type as occur as solid inclusions in the
host crystal or contemporaneous phases

Single Crystals Showing Evidence of Directional Growth
Occurrence of inclusion along bound ary between two different stages of growth (e.g.
co ntac t between zo ne of inimpeded growth a nd zo ne containing extraneous
solid inclusions)
Occurrence of inclusion in a growth zone beyond a visibly healed crack in ea rlier
growth stages
Occurrence of inclusion at boundary between sub parallel growth zones
Occu rrence of inclusion at intersection of growth spirals
Occurrence of relatively large flat inclusions in the core or parallel to externa l
crystal faces
Occurrence of inclusion(s) at the intersection of two crystal faces

Single Crystals Showing Evidence of Growth Zonation
(on the Basis ofColor. Solid Inclusions. Clarity. etc.)
Occu rrence of different frequencies or morp hologies of fluid inclusions in adjacent
growth zo nes
Occurrence of plana r arrays outlining gro....t h zones (unless pa rallel to cleavage
d irectio ns)

Crystals Evidencing Growthfrom Heterogeneous (i.e.. Two-Phase) or Changing Fluid
Occurrence of inclusions with differing contents in adjacent growth layers (e.g.• gas
inclusions in one layer. liquid in another layer. or oil and water in another layer.
etc.)

Occurrence ofinclusions con taining some growth medium at poi nts where host crystal
has overgrown and surrou nded adhering globules of an immiscible phase (e.g.,
oil droplets)
Occurrence of primary-appeari ng inclusions with "u nlikely" growth medium (e.g.•
mercury in calcite. oil in fluorite or calcite. etc.)

Hosts Other Than Single Crystals
Occurrence of inclusions at gro wt h surfaces of no npa rallel crystals (these have often
leaked and could be seconda ry)
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TABLE 8.1 (Continued)

Occurrence of inclusions in pcl ycrystalline hosts (e.g.•vesicles in basalt. fine-grained
dolomite. vugs in pegmat ites-these ha ve usually leaked )
Occurren ce in noncrystallin e hosts (e.g.. bub bles in amber. vesicles in pumi ce)
Criteria fo r Secondary Origin

Occurrence of inclu sions in plan ar group s alon g plane s that crosscut crystals or that
parallel cleavages
Occurrence of very thin. flat or ob viously "necking-down" inclu sion s
Occurrence of primary inclusions with lilting representative of secondary conditions
Occurrence of inclusions along a healed fracture
Occurren ce of empty inclusions in portions of crystals where all other inclusions
are filled
Occurrence of inclu sions that exhibit much lower (or. more rarely. higher) fillingtemperatures tha n adjacent inclusions
Criteria f or Pseudosecondary Origin

Occurrence of secondary-like inclu sions with a fracture visibly term inating within
a crystal
Occurrence of equa nt and negative crystal-shaped inclu sion s
Occurrence of inclusions in etch pits crosscutting growth zones

barite. but nearl y any transparent mineral may contain visible inclusions.
Roedder( 1979)even notes th at some gra nite feldspars contain so man y fluid
inclusion s with dau ghte r NeCl crystals that NaCl diffraction lines appea r in
single-crystal X-ray photographs of the feldspars. The opaque ore minerals
such as galena and pyrite contai n inclusions, the forms of which may be seen
on some fractured o r cleaved surfaces, but present techniques do not perm it
their undisturbed in situ observation. There has been some successful application oflight sources employing light of wavelengths outside the visible
spectrum to examine inclu sions in opaque materials, and such techniques
will prob ably prove to be useful in the future.
8.5.2

Changes in Fluid Inclusions Since Trapping

Most Iluid inclusions were trapped as a homogeneous fluid at elevated ternperatures and pressures. Duri ng the subsequent cooling. the fluid may have
separated into liquid and vapor. becau se the fluid cont racts much more tha n
the solid host mineral. Immiscible Fl uids may sepa rate o n cooling, and
daughter crystals. usually halite o r sylvite, may precipita te as saturation ofthe
fluid occurs. Many inclusions do not now have the shape they originally
possessed because of solution and deposition in different part s of the inclusion cavity. In general, inclusion s will tend. by solution and redeposition. to
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reduce surface area and to become more equant. Through this process, elongate inclusions may separate into several more equant inclusions as a result of
"necking down," as shown in Figure 8.22. If the necking down occurs after
phase separation, the process may isolate the vapor bubble in one of the new
inclusions while leaving another new inclusion completely fluid filled. As a
result, neither inclusion would be representative of the originally trapped
fluid, and the information that could be derived would be limited. Larger flat
primary inclusions or secondary cracks may also undergo considerable recrystallization (Figure 8.23), in which one large inclusion is reduced to many
small ones occupying the same region within the crystal. Roedder (1977) has
cautioned the student offluid inclusions as follows: "It is important to remember always that the fluid inclusions in a mineral provide information only on
the fluids present at the time a/sealing of the inclusion, whether that be during
the growth of the host crystal or during rehealing of a later fracture."
Leakage, the movement ofmaterial into or out ofthe original inclusion,can
occur but is not common; one exception may be high-grade metamorphism in
which re-equilibration can markedly alter inclusions. It is evident, however,
when one observes planes containing large numbers of inclusions, all of
which are empty. In general, quartz, fluorite, calcite, and sphalerite are free
from leakage problems; barite and gypsum are more prone to such problems.

T i me ~

Temp erat ure decreasing

~

FIGURE 8.22 Necking down of a long tubular inclusion. The original inclusion,
trapped at temperature Ts , breaks up during slow cooling to form three separate
inclusions, a. b, and c. Upon reheating in the laboratory, inclusion a would homogenize above the true trapping temperature Ts, inclusion b would homogenize above Ts,
and inclusion c would homogenize between T3 and T3 • (Reproduced from E. Roedder,
in Geochemistry of HydrothermalOreDeposits. 2nd ed.• copyright C) 1979. Wiley Interscience. New York p. 903. with permission of the publisher.)
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FIGURE 8.23 Healing of a crack in a quartz crystal. resulting in secondary inclusions. Solution of some of the curved surfaces having nonrational indices and
redeposition as dendrite crystal growth on others eventually result in the formation of
sharpy faceted negative crystal inclusions. If this process occurs with falling temperature, the individual inclusions will have a variety of gas-liquid ratios. (Reproduced
from E. Roedder in Ceochemistry of Hydrothermal Ore Deposits. 2nd ed., copyright e
1979, Wiley Interscience, New York p, 702. with permission of the publisher.)

8.5.3 The Preparation of Samples and the Observation of
Fluid Inclusions

Fluid inclusions commonly go unnoticed, both because the observer is not
looking forthem and beca use conventional polished sections and thin sections are poorly suited for their observation. Fluid inclusions are best seen and
studied in small single crystals , cleavage fragments, or cut mineral plates that
are thick enough to contain the undamaged inclusion but thin enough to
readily transmit light, and that are doubly polished to minimize the interferences of surface imperfections and excessive diffuse light scattering; details
are described in Brumby and Shepherd (1978)and Roedder (1984) and a flow
chart of preparation steps is given in Figure 2.8.The ideal sample thickness
varies from one specimen to another, depending on the transparency, the
grain size, and the size of the inclusions; for most samples, 0.5-1,0 mm is quite
satisfactory. Some crystals or granula r aggregates can be cut directly, but
many need support and are best cut after having been cast in a polyester resin.
The polyester is readily dissolved in chloroform; thus, the sample plate ca n be
removed after cutting and polishing have been completed. The polyester
block with enclosed sample is cut into one or more 1.0- 1.5 mm thick plates.
High-speed diamond saws may induce considerable fracturing in specimens
and should not be used to cut samples for fluid inclusion studies; slow-speed ,
thi n-blade diamond saws give clean cuts with minimal sample damage.
Polish ing of the plates is often facilitated by bonding them to a supporting

FLUID INCLUSION STUDIES

201

aluminum, brass. or glass disk with a low melting-point resin (such as Lakeside
Type 3OC). or a solub le glue (such as super glue. soluble in acetone) . Arter one
side is polished. the plate is released from the suppo rting metal disk. turned
over, and readh ered so that the other side may be similarly polish ed, When
polishing is co mpleted. the plate is released from the suppo rt disk. the polyestcr is removed. and the plate is read y for examina tion. It is importa nt to
remember that these adh esives and their solvents mayco ntain chemicals that
arc flamm abl e a nd that are harmful if inhaled. Hence. they should be used
with care and in a fume hood.
Fluid inclusions range in size from rare megascopically visible examples
that are greater th an I cm in length to sub microscopic examples; most work
has, however. been carried out on those that range upward from to urn.
Inclusion s of to urn or larger are read ily obse rved within small crystals.
cleavage fragments. o r polished plates by examination using a sta nda rd microscope. Such specimens may be placed on a glass microscope slide and
viewed with transmitted light. Ca re must be taken. however. not to allow highmagnification lenses, which have sho rt free-workin g distances, to strike the
specimen. Since the depth offield is very limited on such lenses. it is easy for
the observer to strike the lens on the sample when adjusting focus to follow a
plane of inclusions into the sa mple. Lenses with long free-working distances.
such as those designed for use with the universal stage. are very useful an d are
necessary when using heating and cooling stages. Because bubbles freq uentl y
seem to be located in the least visible corner of an inclusio n, au xiliary ob lique
lighting systems are useful. In additio n, a colored filter or a monochro matic
light source may prove to be useful in seeing the inclusions and daughter
phases.
It is obv iously impo rtant to srudy inclusions in samples that have been well
documen ted in term s o f their mineralogy, location. and paragenesis; measurements o f freezing point depression and inclusio n homogenization on
heatin g should be made on the same inclusions.

8.5.4 The Compositions of Fluid Inclusions
Fluid inclusions are extremely important in the study ofore deposits, beca use
they often represent unaltered. or at least minimally altered. samples of the
ore-fanning fluid (see Roedder,l990 for a reviewof techniques for fluid inclusion analysis). Most workers do not have facilities to determine the actual
chemical composition o f the inclusion s that they observe. but they can determine the salinity of the tra pped solution by measuring the freezing temperature. as described in Section 8.5.5.
The most comprehensive listing ofco mpositiona l dat a for fluid inclusions
is that by Roedder (1972), but there nowexist tho usands of papers that contai n
useful co mparative dat a. By far the most abundant type of inclusion is that
which contains a low-viscosity liquid and a smaller-volume gas or vapor bubble. The liquid is generally aqueous. has a pH within one un it o f neutral. and
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contains a total salt concentration between 0 and 40 wt %. The salts consist of
major amounts ofNa " , K+, Ca 2+,MgH,Cl - , and S042- , with minor amounts
of'Li", Al3+, B033- , H 4Si0 4 , HC0 3- , and COl - . Na" and Cl - are usually
dominant; carbon dioxide, in both liquid and gas form , and liquid hydrocarbons, are fairly common. Liquid hydrogen sulfide has also been observed. but
it is rare. Fluid carbon dioxide will never be observed above 31°C, its critical
point; hence, the fluid inclusion observer must be careful ofsample heating by
the light source and even ofworking in a hot room. Daughter minerals. usually
cubes ofhalite (NaCI) or sylvite (KCI). form when nearly saturated fluids cool
from the initial temperature of entrapment. The presence of such crystals
obviously indicates that the fluid is salt saturated. Other crystals that are
observed in fluid inclusions but that are not simple precipitates of a supersaturated solution include sulfides, quartz. anhydrite. calcite, hematite, and
gypsum. Such crystals probably either formed before the inclusion was finally
sealed, as a result of secondarily introduced fluids , or even through oxidation
resulting from hydrogen diffusion. For example, 2Fe2+ (soln.) 3H 20 = Fe20 3
(hematite) + 4H + + H 2 (lost through diffusion).
The total NaCl-equivalent salinity offluid inclusions can be determined by
the freezing-point depression method. In practice, this is achieved by freezing

",0

Sylvite

TERNARY

.

-2 2 .9' EUTEC TIC

:--

06

0.4

0 .2

NoCI I( NoCI + KCI)

FIGURE 8.24 Isotherms along the vapor-saturated solubilitysurface within the icestable region of the NaCl-KCl-H20 system. The larger diagram. expressed in weight
percent NaCl and KCt. is an enlargement of the shaded portion of the smaller diagram. Salinities measured by observation of ice melting are expressed as NaCIequivalent, and it is apparent that the presence of small amounts ofKCl do not have
much effecton the NaCl-H20 relationships. (Reproduced from Hall et al., 1988.
Econ. Geol. 83, 197 with permission.)
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the sample. then obse rving it th rough the microscope as it is warm ed and
measu ring the temperature at which the last ice melts. This temperature is
then used to read o ffthe solution composition from a curve on a dia gram. suc h
as Figure 8.24. or calcu lated from equations such as those prepared by Potter.
Clyn ne. and Brown (1978).Th e cu rves represent the freezing-point depression
o f water as a function of salt content.
Fluid inclusions are cooled o r heated by means of stages that mount on a
conventional microscope . Commercial designs such as the U.S.O.S. gas flow
stage, the Leitz 350, the R Chaix M.E.C.Ao r the Linkham are in common use,
as are a wide varietyof"homemade" models. In all such fluid inclusion stages,
the samples are held and heated or cooled with in a chamber that is equipped
with a viewing window. Roedder(1 976) has pointed out that "the opera tion of
any heating stage must be done with ca re and consta nt considera tion of the
possib le sources ofer ror. as it is surprisingly easy to get beautifully co nsistent,
reproducible. bu t incorrect numbers." Accordingly. prior to use, the stage
should be carefully tested for thermal gradients and calibrated with standards.
Th e problems are especially acute in freezing-point determinations, because
an error of 1°C is equivalent to an error of about I WI % NaCI equi valent.
8.5.5

Fluid Inclusion Geothermometry

Fluid inclu sion geothermometry, now recognized as one ofth e most accu rat e
and widely applicab le techniques for determining the temperatures at which a
crystal formed o r recrysta llized. cons ists of determining the temperature at
which a heterogeneou s fluid inclu sion homogenizes. In practice, a sample is
heated while being viewed on a microscop e stage u ntil the liquid and a coexisting bubble that occupy the inclusi on at room temperature homogenize and fill
the inclusion as a single fluid. Fillin g is usually accomplished by d isappea ran ce ofthe bubbl e. but it may also occur by con version ofthe liquid phase
to vapor. The actual filling tempe rature is, in practice. often reproducible to
.... 1°C. but it repre sents a minimum value for the temp erature of formation .
because. in general. an ap propriate pressure co rrection is necessary. In lowtemperatur e deposits formed from d ense. high-sa lin ity fluid s at shallow
depth s (e.g.. many Pb -Zn ores in carbonate rocks). corrections are usually
< 25°C , but. in h igh-temperature ores formed from low-salin ity fluids at
depth s > 10 km, correction s may exceed 300°C. The correction procedure is
illustrated in the tempe ratu re density diagram for H20 shown in Figure 8.25.
The heavy curve extending from G (gas) to L(liquid) represents the boundary
of the two-pha se field for pure H20 a nd thus defines the filling temp eratu res
for H20 inclusions of various densities. Thus. an inclusion with a 700,.6 fluidfilling (density = 0.7 if pure H 20 ) would homogenize at 300°C (T H • PH)' If.
however, ind ependent geologic information indic ated that the actual pressure
at the time oftrapping(PT) was 1,600bars. then the true trapping temper atu re
(TT) was actually 470°C (i.e.. the temperature at which the 0.7 density coerdi na tc cuts the 1.600isoha r). l f thc inclusion were found toconta in a 20%NaC I
solution (density + 1. 15 at 20°C) by a freezing-poin t determination. the pres-
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FIGURE 8.25 Temperature-density diagram for the system H 20. illustrating the
method of applying pressure corrections in fluid inclusion studies.The heavy solid line
is the boundary of the two-phase field for pure H20 and represents the homogenization temperature for inclu sions filled with water. The light solid lines are isobars for
pure H 20 . The heavy dashed line L illustrates the position of the two-phase field for
H20 with 20 wt % NaC!. and the dashed line labeled 1600' represents the 1.600 atm
isob ar for a 20 wt % NaCI solution. The pressure correction procedure is described in
the text.

sure correction would ha ve to be made from another family ofcurves (examples of which are shown in the heavy dashed curves in Figure 8.25) representing the two-phase boundary and isobars for a 20% NaCI solution. The
two-phase boundary for this liquid is shown by the heavy dashed curve (L').
The isobars for salt solutions are not well known, but the 1,600isobar for a 20%
NaCl solution is shown schematically as the heavy dashed 1,600' curve .
Accordingly, the corrected trapping temperature (T'T, P'T) ofan inclusion that
homogenized at 300°C (T' H. P' H) and that contains a 20% NaCl solution is
450°C.

The data em ployed in making pressure corrections were originally derived
by Lemmlein and Klevstov (1961) and later summarized by Potter (1977).
Since halite solubility in water is temperature dependent, determination ofthe
tem perature at which any daughter ha lite crystals dissolve establishes a minimum for the initial temperature of trapping.

8.5.8

Applications of Fluid Inclusion Studies

Fluid inclusion geothennometry has been extensively employed in detennining the temperatures ofore mineral formation, However, Roedder (1977. 1979.
1984) has pointed out that there are several other uses for fluid inclusion
stud ies, including min eral exploration and even the determ inati on ofgeologic
age relation s. For addition al information on the examples noted in the follow-
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ing disc ussion, th e rea de r is d irected to Roedder's papers a nd the refere nces at
th e end of th is cha pte r.
The two most obvious a pplica tions of fluid incl usion studies a re th e determin ation of th e temperatu re of ore formation or recrystall izat ion a nd th e
de term ination of the sa linity of the fluid entra pped. T he study of fluid incl usions in ep igene tic ores often has revealed that the temperatures at which
th e ores were emplaced were diffe rent fro m th e temperatures recorded in flu id
inclusions in th e enclosi ng host rocks. Furtherm ore, tempe ratu re variat ions
both temporal and spatial in o rigin have been observed withi n si ngle ore
deposits (e.g.,C reede, Colo rado; Panasqueira. Portugal; Casapalca, Peru) a nd
even within different gro wth zo nes of single crysta ls. In such cases, th e ternper ature diffe rences observed may be employed eithe r to locate "blind" ore
bodies or to extend known ones. Vari a tio ns within a min erali zed zo ne may
also serve to defi ne directions of a re fluid movemen t, to aid in th e interpretation of paragenesis, a nd as record s of th e cha nging nature of th e are fluid as a
function of tim e. Since ore-fo rming brines are oft en mo re co nce ntrated th an
fluids not associated with ores, trends in salinity obtai ned from freezing-point
measurements may supple men t tempe rature da ta in th e explora tion or extensio n of ore deposits.
In some districts, veins formed only during one episode, or of o nly one
affinity, ca rry mi neralization, whereas othe r veins of identica l gangue mi neralogy a re ba rren. In some in stan ces (e.g., Sado ns k, Sovie t Union; Cobalt.
O nta rio), the fluid inclu sion data are sign ificantly different for the two types o f
veins and th us ca n be used to aid in exploration. In structu rally co mp lex a reas
cut by several gene ra tions of vei ns of similar mineralogy, fluid inclu sion da ta
may hel p identify segments of indi vidual veins and may aid in cla rifying the
ch rono logica l rela tionsh ips between veins. Similarly. the ch ronology ofc rosscutting veins of simila r mineralogy may be cla rified. because natura l de crepitation (i.e.. bursting d ue to hea ting) orhalo effects may be observed in the
fluid inclusions ofthe olde r vein. In structura lly co mplex a reas, de tailed sa mpli ng may yield inform ation tha t places co nst ra ints on the met amorphism
a nd even the history o f uplift (H all . Bodnar, a nd C raig ( 1991).
During weat he ring a nd erosio n of ore deposits, resistant ga ngue mine rals
suc h as qu art z are preserved with fluid inclusions intact in the gossan, th e
residua l so ils, in placer gold grai ns, a nd in other strea m sed ime nts derived
during erosion. Th e fluid inclusions in such qu art z may be used as an aid in
deciphering th e nature of the original de pos it and even its location.
C lea rly. the ma ny potential uses offluid inclu sion studies will result in thei r
increasing a pplica tion to the study of ore de posi ts.
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CHAPTER 9

ORE MINERAL ASSEMBLAGES
OCCURRING IN IGNEOUS ROCKS
AND VE·IN DEPOSITS

9.1

INTRODUCTION

Ore minerals are not uniformly distributed in the earth's crust but generally
occur in associations that are characteristic in their mineralogy, textures, and
relationships to specific rock types. The existence of these characteristic
associations, each containing its own typical suite of ore minerals, considerably simplifies the task of the ore microscopist, because it permits him or
her to anticipate the minerals that are likely to be encountered once the
general association has been recognized. The grouping of ores into characteristic associations is, of course , a useful empirical rule of thumb but is not
intended as a rigid scientific classification. Such an empirical division also
has the advantage that no genetic models are implied, even though a similar
mode of origin is likely. Indeed, these associations largely result from the formation of the ores under characteristically limited physico-chemical conditions, the nature of which may often be inferred from detailed study of the
ores. Chapters 9 and 10 present brief discussions of the most commonly
encountered ore mineral assemblages and their textures, with the ores categorized according to their most widely recognized types. These types represent
rather broad generalizations, and there is no attempt to make the finer subdivisions presented by Cox and Singer (1986). The various sections are not
intended as exhaustive discussions of ore petrology, but they do include the
currently accepted theories on ore genesis, because the authors believe that an
understanding of ore mineralogy and textures is enhanced by some knowledge ofthe ore-forming process .The sections included should prepare the student for most of the ore mineral assemblages encountered in an introductory
course and in most ore sampl es that he or she might examine: however. it is
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importantto be ever watchful forthe unexpected and unusual minerals. In the
identification of minerals other than those included in Appendix I, we recommend that students refer to encyclopedic works such as Rarndohr's The Ore
Min erals and Their Intergrowths, Uytenbogaardt and Burke's Tables for the
Microscopic Identification ofOre Min erals, Picot and Johan's Atlas des Mineraux
Metalliqu es, and Ixer's Atlas of Opaqu e and Ore Min erals in Their Associations.

9.2 CHROMIUM ORES ASSOCIATED WITH MAFIC AND
ULTRAMAFIC IGNEOUS ROCKS
Mineralogy

Major

Chromite (ideally FeCr204, although always containing significant MgO, Al 20 3, Fe203)
Sulfides of nickel, copper, and iron (pentlandite, pyrrhotite,
chalcopyrite, gersdorffite, bornite, valleriite)
Platinum group minerals (ferroplatinum, cooperite, laurite. stibiopalladinite, sperrylite, nickeliferous braggite), and rutile

Minor
Trace

Mode of Occurrence

There are two distinct modes of occurrence:

1. In layered basic intrusions as magmatic sediment layers
2. In peridotite or serpentinized peridotite masses associated with orogenic belts (sometimes termed "podiform" or "Alpine-type" chromites)
A classic example ofa chromite deposit associated with a layered
basic intrusion is the Bushveld Complex, South Africa; other examples include the Stillwater Complex, Montana (U nited States), and the Great
Dyke (Rhodesia).
"Pe difo rm" chromites occur in many orogenic belt s and are generall y
much smaller deposits; important examples include deposits in Turkey, the
Ural Mountains (Russia), the Philippines, and Cuba.

Examples

9.2.1

Mineral Associations and Textures

The few, isolated (although economically important) layered intrusions that
can be regarded as chromium deposits occur in tectonically stable en vironments. The layers of the intrusive complexes ca n be regarded as magmatic
"strata," which may be of considerable lateral extent. Within these, the chromite bands may range from a few millimeters to over 20 m in thickness and
may show many features analogous to those shown in sedimentary rocks
(lensing or wedging out, intraformational contortion, scour and fill structures). Pure chromite rocks (chromitites) may grade through various amounts
of chromite + silicate (olivine, pyroxene) to normal dunites, peridotites, and
so on. While commonly occurring in the olivine-rich layers, the chromite may
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occur in significant amounts in any association that is basic in term s ofoverall
composition. Although ch romite itself is virtua lly the only ore mineral , it may
show conside ra ble differences in composition within deposits and between
depo sits of the "layered" and "podiform" types :
1. MgO/FeO ratio s tend to be greater in podiform chromites (1-2 .3) th an in
layered chromites (0.6- 1).
2. Fe203contents tend to be lower ( <8 wt %) and Cr/Fe ratios higher(-1.54.5) in podiform chromites than in layered chromites (-10-24 wt %
Fe203 and 0.75-1.75 Cr/Fe ratios, respectively).
3. Al 20 3 a nd Cr20 3 have reciprocal relations (Cr20 3 being -6.5-16 wt %,
Al 20 3 -6-52 wt %) in podiform chromites and vary widely in layered
ch romites. Th e overall Al203/Cr20 3 ratio tends to be higher in podiform ch romites.
In the layered intrusives, chromite commonly occurs as well-developed
octah edral crystals (F igure 9.1), particularly when associated with larger
amounts of int erstitial material. In cases in which there is less interstitial
ma terial, the cryst als develop polygonal interference boundaries (see Section 7.2).
The "podiform" or "Alpine-type" chromite ores occur in highly unstable
tectonic environ ments, so that, in addition to the compositional differences

FIGURE 9.1 Euhedral grains of chromite (light gray) in a matrix of mafic silica te,
Bush veld Complex, South Africa (width of field = 2,000 urn).
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noted previously, there are marked textural differences. Although polygonal
interference boundaries develop when there is very little interstitial materi al,
the chromite grains are nearly always rounded when they are surrounded by
silicate (Figure 9.2). These chromite grains can range from fine disseminations « 1.0 mm diameter) to the coarse textures (~1.5 em diameter) of
"leopard" or "grape" ore. Sometimes concentric shells of chromite and serpentine produce orbicular ores, and, in the chromites of both layered and
podiform types, concentric compositional zoning may be developed , with
outer zones exhibiting relative enrichment in iron (often observable under the
microscope as a lighter peripheral zone). Such textures are often the result of
hydrothermal alteration during serpentinization. Textures caused by deformation are also characteristic. Furthermore, the chromite grains and masses
in podiform ores typically exhibit much fracturing in contrast to the undeformed grains of the layered chromites.
Both of the chromite associations just described may contain nickel concentrations of minor importance and concentrations of the platinum group
metals that may be of considerable economic significance. Nickel in the
layered intrusions occurs as sulfides and arsenides (assemblages of pyrrhotite-pentlandite-chalcopyrite with very minor gersdorffite, bornite, valleriite)
in mafic horizons. These sulfide assemblages are similar to those discussed in
Section 9.3 and are the result of a complex series of exsolution and inversion
reactions. In the podiform chromites, most of the nickel occurs in solid solu-

FIGURE 9.2 Rounded chromite aggregates in mafic silicate matrix , Greece. Note
that, in the megascopic view, the chromite appears black, whereas , in the microscopic
view in Figure 9.1, the chromite appears white (width of field = 3.5 ern).
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tion in olivine and may be concentrated during weathering processes, although small amounts may occur as disseminated sulfides (pentlandite,
heazl ewoodite). The cla ssic example of th e concentration of platinum group
metals in layered intrusives is the Merensky "Reej." which is a persistent (~300
km) but thin « I m) layer ofthe Bushveld Complex. Between the top and bottom bounding chromite-rich bands of the so-called reef, the precious metal
concentrations (as ferroplatinum, cooperite, laurite, stibiopalladinite, sperrylite, nickeliferous braggite, and native gold , Figure 9.3) reach a maximum
and a re associated with base metal sulfides of iron, nickel, and copper (pyrrhotite, pentl andite, chalcopyrite, valleriite).
9.2.2

Origin of the Ores

It is uni versally accepted that the chromite ores of layered intrusives are
magmatic in origin and are related to processes of fractional crystallization
and gravitati ve settling oflayers ofcrystal s on the floor of the intrusive sheets.
The texture s of th e ores are wholly in accordance with such an origin. The
major problems in the origin of these ore bodies are concerned with the
mechanisms for producing essentially monomineralic chromite layers. Suggestions have included concentration by current sorting or preferential precipitation in response to changes in pressure,water content, oxygen fugacity or
through multiple injections of magma. A mechanism proposed by Irvine
(1974, 1977) is that of precipitation result ing from sudden extensi ve contamination of the parental basic magma with more acid liquid that has differentiated to a relativel y siliceous composition. One mechanism, widely

FIGURE 9.3 Fractured grain of sperrylite in a matrix of altered mafic silicates,
Potgieteru st, South Africa (width of field = 2,000 urn).
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accepted as potential for platinum and chromite deposition, is that ofa plume
structure that rises into a magma chamber until it reaches a point ofbuoyancy,
at which point it rapidly spreads laterally (Campbell, Naldrett, and Barnes,
1983). This would result in mixing and hence contamination over a wide area
in a very short period of time. The addition of the silica-rich material in the
contamination process forces the composition of the crystallizing melt
(Figure 9.4) from the olivine + chromite cotectic curve (along which disseminated chromite admixed with olivine is forming) into the field ofprimary
chromite crystallization (in which only chromite forms).
The origin of the podiform chromites is clearly very different, and it is
closely related to the problem of the origin of the ultramafic rocks of Alpine
type, which form part ofso-called ophiolite complexes. Current theories relate
the creation of ophiolites to processes along spreading boundaries between
lithospheric plates. It has been suggested (see, e.g., Dickey, 1975; Lago,
Rabinowicz, and Nicholas, 1982;Paktunc, 1990)that the podiform chromites
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FIGURE 9.4 Projection of a portion of the SiOz-CrzOr(Mg,Fe)O system illustrating a
possible mode of origin of chromite layers in stratiform intrusions. Coprecipitation of
chromite and olivine from a magma beginning at point a would normally occur as the
melt cooled along the cotectic a-b-d to e and would result in the formation ofsmall and
decreasing amounts ofchromite. In contrast, if, after the melt had progressed from a to
b,the melt were blended with another more silica-rich melt, the bulk composition of the
liquid would shift into the primary crystallization field of chromite (point c). This
would cause precipitation of only chromite, which would settle as a monomineralic
layer, until the crystallizing liquid composirion returned to the chromite-olivine or
chromite-orthopyroxene cotectic. (After Irvine. 1977; used with permission.)
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form first as magmatic cumulates (much like the chromites of layered intrusives) in magma pockets or inclined cavities along these plate boundaries.
Subsequent segregation with episodic mechanical disruption both during
crystallization and in lateral transport away from the spreading zone results in
"snowball" aggregation, rounding, and deformation of individual chromite
blebs.
9.3 IRON-NICKEL-COPPER SULFIDE ORES ASSOCIATED WITH
MAFIC AND ULTRAMAFIC IGNEOUS ROCKS
Mineralogy

Major
Minor
Secondary

Pyrrhotite (both monoclinic and hexagonal varieties),
pentlandite, pyrite, magnetite, chalcopyrite
Cubanite, mackinawite, platinum-group metal minerals,
argentian pentlandite
Millerite, viola rite

Mode of Occurrence

Massive to disseminated in, or immediately associated with, mafic to ultramafic intrusive or extrusive rocks (gabbro, basalt,
peridotite, norite) or metamorphosed mafic to ultramafic rocks.

Sudbury, Ontario; Thompson and Lynn Lake, Manitoba; Pechenga, Monchegorsk, and Noril 'sk, Russia; Kambalda, W. Australia.

Examples

9.3.1

Mineral Associations and Textures

The iron-nickel-copper ores of this association occur as massive to disseminated sulfides (or sulfides plus oxides) in close association with mafic or
ultramafic igneous rocks, notably norites and basalts. In most deposits ofthis
type, pyrrhotite (commonly, in large part, the magnetic monoclinic variety)
constitutes the principal ore mineral making up 80% or more of the ore.
Chalcopyrite, the primary source of copper in these ores, is present as irregularly dispersed anhedral polycrystalline aggregates and veinlets. Pentlandite, the primary nickel- (and sometimes cobalt-) bearing phase, is usually not
visible in rough hand specimens. It is, however, readily observed megascopically and microscopically in polished surfaces by its lighter color and higher
reflectance relative to pyrrhotite. Under the microscope, Pentlandite is commonly observed in two distinct textures : (I) as granular polycrystalline veinlets (see Figures 9.5and 8.8a);(2) as oriented lamellae and "flames" (see Figure
8.8b).The granular veinlets occur as irregular chain-like structures interstitial
to pyrrhotite, chalcopyrite, and magnetite. The pentlandite, in addition to
being slightly lighter in color than the pyrrhotite, is usually intensely fractured, a feature attributed to its having undergone a much greater volume
reduction on cooling than the host pyrrhotite. The "flame" structure of pentland ite is one of the most diagnostic texture s among ore minerals and results
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FIG URE 9.5 Fr actured cha in of pentl andite with pyrrhotite (lower side) and chalcopyrite (upper side) Clarabelle Mine, Sudbury, Ontario (width of field = L200 11m).

from crystallographically oriented exsolution of pentlandite from an originally formed nickel-bearing pyrrhotite.
Magnetite is present in these ores in rather variable quantities as euh edr al,
rounded, or even skeletal crystals dispersed within pyrrhotite (see Figure 9.5).
The magnetite may be titaniferous and may contain oriented exsolution
lamellae of ilmenite or ulvospinel. Pyrite, although nearl y always present,
ranges from rare in the ores of the Sudbury District to a major constitu ent at
Kambalda. Cubanite is generally present only in very minor proportions and
nearly always as sharply defined laths within the chalcopyrite. The cub an ite
may be overlooked in a cursory examination because of its similarity to
chalcopyrite, but it is readil y noted under crossed polars due to its strong
anisotropism. Mackinawite is common in small amounts as irregular grains
and "worm-like" features within the chalcopyrite and is recogniz ed by its
strong anisotropism and bireflectance.
In addition to copper and nickel , these ores constitute major source s of the
world's platinum group metals in the form ofarsenides (sperrylite , PtAs 2), sulfarsenides (hollingworthite, RhAsS), bismuth- and antimony-bearing phases
(froodite, PdBi 2), insizwaite, PtBi 2; sudburyite, PdSb), and tellurides (moncheite , PtTe2 ; michenerite, PdBiTe), which may be present in trace quantities.
These minerals are all characterized by high reflectances and occur as small
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grains, which are rarely encountered in polished sections. Silver also occurs in
some ores as solid solution in the pentlandite structure mineral argentian
pentlandite [(Fe,Ni)gAgSgl, and significant cobalt and gold are recovered
from the ores.
9.3.2

Origin of the Ores

These iron-nickel-copper sulfide ores are generally considered to have formed
as a result ofthe separation ofan immiscible sulfide-oxide melt from a sulfursaturated silicate melt shortly before , during, or after emplacement at temperatures of900°C or above. The sulfide-oxide melt may have settled through
the partly crystalline silicate magma or, if segregated early, may have been
intruded separately; the resulting ores range from massive to disseminated, or
even brecciated. When emplacement involves subaerial or submarine basaltic extrusions, the separated sulfides are commonly present as millimeter or
smaller-sized rounded droplets dispersed within, or interstitial to, the silicates.
Studies of phase equilibria in the Cu-Fe-Ni-S and Fe-O-S systems reveal
that the earliest formed sulfide phase, which may be accompanied by the formation of magnetite, is a nickeliferous and cupriferous pyrrhotite phase commonly referred to as the monosulfide solid solution (mss). The compositional
limits of this phase at 600°C and above (Figure 9.6a) include the bulk compositions of many of the ores ; hence, it appears that all or much of the entire
sulfide mass formed initially as mss. During the subsequent cooling, as the
compositional limits of the phase were considerably reduced (Figures 9.6b
and 9.7), exsolution ofchalcopyrite and then pentlandite or pyrite (depending
on the bulk composition) occurred. The mss does not decompose entirely until
temperatures of about 200°C are reached, and even then pentlandite exsolution from the remaining nickeliferous pyrrhotite apparently continues to temper atures as low as 100°C. The mineral paragenesis is summarized in Figure
8.9.
The early formed magnetite crystallized either as euhedral to subhedral or
skeletal grains that appear to have changed very little except for internal
exsolution oftitanium as oriented blades ofilmenite or ulvospinel, The major
primary phase, the mss, has undergone considerable recrystallization and
compositional change as copper and nickel have exsolved to form chalcopyrite and pentlandite, respectively. On cooling, the capability of the mss to
retain copper is reduced to below 1%by 500°C; hence, most chalcopyrite (or its
high-temperature analogue) formation occurs above this temperature. It remains as anhedral polycrystalline aggregates interstitial to the mss. Nickel, in
contrast, may remain dissolved within the mss in very large amounts to temperatures below 200°C. The exsolution ofthe nickel in the form ofpentlandite
(which has a maximum thermal stability of 610°C) is controlled by the bulk
composition of the mss (the compositions of most ores are such that pentlandite exsolves before pyrite). When temperature has decreased such that the
composition of the ore no longer lies within the limits of the mss, pentlandite

s

(Fe,Ni)S2 + L

(Fe ,Ni)S2
mss + (Fe,Ni)S2 rf.:..
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FIGURE 9.6 Phase relations in the condensed Fe-Ni-S system (a) at650 °C and (b) at
400°C. (From Vaughan and Craig, 1978; used with permi ssion .)
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FIGURE 9.7 A portion of the Fe-Ni-S system showing the compositional limits of the
monosulfide solid solution (mss) at 600°C, 500°C, 400°C, and 300°C. Pentlandite
exsolves along the sulfur-poor boundary and pyrite along the sulfur-rich boundary.

begins to exsolve. If this occurs at a high enough temperature, diffusion rates
are sufficiently rapid to permit segregation of the pentlandite into polycrystalline veinlets situated between the grains ofmss (now becoming pyrrhotite).
Diffusion of nickel from the mss to form crystallographically oriented exsolved pentlandite lamellae continues as the temperature decreases , but at
ever-decreasing rates. Below lOO-200°C, the diffusion rates are apparently
insufficient for the exsolving pentlandite to migrate to grain boundaries of the
mss, and the oriented lamellae known as "flames" are held within the mss as it
finally expels most of the remaining nickel (natural pyrrhotites in these ores
usually contain less than 0.5 wt % Ni). Whereas the early formed pentlandite
probably grew at many points within the crystals, the last formed lamellae
seem commonly to have formed along small fractures or other imperfections
that provided the most favorable sites for nucleation.
9.3.3

Alteration Effects and Secondary Minerals

Surficial weathering of iron-nickel-copper ores characteristically leads to the
formation of iron oxides and hydroxides along grain boundaries and fractures, the development of monoclinic pyrrh otite or even fine-grained porous
pyrite along the boundaries of hexagonal pyrrhotite, and the replacement of
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FIGURE 9.8 Violante (viol) replacing pentlandite (pn) within unaltered monoclinic
pyrrhotite (mpo), Lick Fork, Virginia (width of field = 40 11m). (Reproduced from 1. R.
Craig and 1. B. Higgins, Am. Mineral. 60,36,1975; used with permission.)

pentlandite by violarite, millerite, or both (see Figure 9.8). Secondary viola rite
is commonly porous and has a slight violet tint relative to the pyrrhotite; the
millerite is distinctly yellow, accepts a fine polish, and is strongly anisotropic.
9.4

IRON-TITANIUM OXIDES ASSOCIATED WITH IGNEOUS ROCKS

Mineralogy

Major
Minor
Secondary

Magnetite, ulvospinel, ilmenite, rutile , hematite, apatite
Pyrite, chalcopyrite, maghemite, pyrrhotite
Hematite, rutile , maghemite
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Ores as thin layers to thick ma ssive sheets or lenses in
anorthositic, gabbroic, or noritic sequences in layered complexes and plutonic inrusives. Also common as accessory minerals in acid to basic igneous rocks.

Mode of Occurrence

Allard Lake, Quebec; Tahawus, New York; Duluth Gabbro, Minnesota; Bushveld Complex, S. Africa ; Egersund, Norway.

Examples

9.4.1

Mineral Associations and Textures

Iron-titanium oxide ores are almost invariably composed of coarse (0.5-1.0
em) equant grains of titaniferous-magnetite with or without ferrian ilmenite.
Grains may be monomineralic, but exsolution lamellae ofulvospinel oriented
along the (100) or of ilmenite along the (Ill) (Figure 9.9) planes of the host
magnetite are common. Such lamellae range from 0.1 mm across to submicroscopic in a "cloth-like" fabric. Hematite may be present as discrete grains
but is most common as rims around, or lamellae within, magnetite or ilmenite.
Magnetite and ilmenite, although similar at first glance, are readily distinguished by the faint pinkish to violet tint and anisotropism of the latter
mineral. Ilmenite typically contains well-developed lamellar twinning (Figure

FIGURE 9.9 Exsolution lamellae of ilmenite along (III) planes of host magnetite,
Baugste, Norway (partly crossed polars, width of field = 520 urn),
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FIGURE 9.10 Lamellar twinning in ilmenite that contains lensoid exsolution bodi es
of hematite. The twin lamellae extend through both phases. Egersund, Norway (pa rtly
crossed polars, width of field = 520 urn).

9.10),a feature that is absent in the associated minerals. Ulvospinel is slightly
darker gray-brown than magnetite and is difficult to distinguish from it unless
the two,minerals are in contact. Hematite, on the other hand, appears nearly
white in comparison with magnetite, ilmenite, or ulvospinel. It is strongly
anisotropic and, if in large enough grains, will display reddish internal reflections. Ilmenite lamellae in magnetite are usually sharp and equal in width
throughout their length, but ilmenite lamellae in hematite and hematite
lamellae in ilmenite tend to be much more lens-like or pod-like (Figure 9.11).
These intergrowths ofilmenite and hematite are extremely striking because of
the marked color difference of the phases, and, probably will not be misidentified after they have once been observed.
Phase equilibria among the iron-titanium oxides (Figure 9.12)were determined by Buddington and Lindsley (1964), who found that the solubility of
ilmenite in magnetite is much too small, even up to magmatic temperatures, to
account for most ilmenite-magnetite inte rgrowths by simple exsolution. They
concluded that sub solidus oxidation of magnetite-ulvospinel with subsequent formation ofthe ilmenite-hematite lamellae takes place during cooling
of many igneous and metamorphic rocks. They further found that coexisting

FIGURE 9.11 Len s-like exsolution bod ies of ilmenite in hem atite at the int ersection
of three grai ns, Wilson Lak e, Labrador (width of field = 520/lm ).

Ti02
(rut i le. anatase. bro ok ite)

FeO

Fe , _xO
(wlist itel

Fe 304

Fe 203
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(hema t ite )
(maghem ite)

FIGURE 9.12 Phases in the system FeO-FezO-TiO z showing the major solid solution
series magnetite-ulvospinel, hematite-ilmenite, and pseudobrookite-Fe'Ti-Oj, Compositions are in mole percent. (From A. F. Buddington and D. Lindsley.Z Petrol. 5,311,
1964; used with permission.)
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equilibrated pairs of titaniferous magnetite and ilmenite may permit simultaneous determination of the temperature and oxygen fugacity at the time of
formation. The compositions of coexisting magnetite-ulvospinel (solid lines)
and ilmenite-hematite (dashed lines) as functions of temperature and oxygen
fugacity are shown in Figure 9.13.
Titaniferous magnetites occur in a wide variety of rocks (Figure 9.14) and
should always be carefully examined for the presence of exsolution lamellae.
Application of the relationships illustrated in Figure 9.13 to determine temperature requires that the grains be of primary origin and that their compositions not be altered by secondary exsolution. Occasionally, small amounts
of magnetite occur as exsolution-like lamellae within ilmenite-hematite; thi s
apparently results from late-stage small-scale reduction.

T.mperat ure •• C

FIGURE 9.13 Projection onto thefOz-Tplaneof conjugate surfaces inf0 2-T-X space .
The projection is parallel to two composition axes, magnetite-ulvospinelss s and the
coexisting hematite-ilmenite.., so that intersecting contours are the projection of tie
lines connecting conjugate pairs. The temperature-composition relations of the magnetite-ulvospinel solvus are shown in the heavy dashed line. The hematite-ilmenite
solvus (not shown) lies between the curves Hem lOOand Hem l5Ilms5' Compositions are
in mole percent. (From A F. Buddington and D. Lindsley.Z Petrol. 5, 316, 1964; used
with permission.)
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FIGURE 9.14 Range ofTi0 2 and equi valent Fe2Ti04 contents in magnetites of some
plutonic and hypabyssal rocks. (From A F. Buddington and D. Lindsley,.!. Petrol. 5,
342, 1964;used with permission.)

Titaniferous magnetites commonly contain up to several percent vanadium , chromium, and aluminum substituting for Fe3+, and manganese and
magnesium substituting for Fe2+. Where magnetite and ilmenite have developed as a coexisting pair, the magnetite contains more V,Cr, and AIbut less
Mn and Mg than the ilmenite .
The oxidation of ilmenite and titaniferous magnetite leads to the develop ment of rims and a complex variety of lamellar intergrowths of these phases
with rutile, pseudobrookite, and titanohematite. The stages of development
have been exhaustively described and illustrated by Haggerty [in Rumble
(1976) and Lindsley (1991)].
9.4.2

Origin of the Ores

The dispersed grains oftitaniferous magnetite and ilmenite in igneous rocks
appear to be normal accessories that have crystallized along with the host

226

ORE MINERAL ASSEMBLAGES OCCURRING IN IGNEOUS ROCKS AND VEIN DEPOSITS

silicates. However, the origin ofthe massive magnetite-ilmenite ores is not well
understood but appears to be the result of fractionation from mafic complexes. The suggested modes of origin include the following.
This mechanism, which accounts for the formation of many early formed silicates in differentiating intrusions and for many chromite ores (see Section 9.2), appears
to explain satisfactorily many aspects ofthe iron-titanium oxide layers in such
complexes as the Duluth gabbro.

Fractional Crystallization and Gravitative Differentiation

The process of residual liquid segregation
has been summarized by Bateman (1951, p. 406) as follows:

Residual Liquid Segregation

With progressive crystallization and enrichment of the residual liquid, its density would come to exceed that of the silicate crystals and its composition might
reach the point of being chiefl y oxides of iron and titanium.. . . At this stage
three possibilities may occur: final freezing may occur to yield a basic igneous
rock with interstitial oxides . . . [and] the residual liquid may he filter pressed
out ofthe crystal mush and be injected elsewhere: or the enriched residual liquid
may drain downward through the crystal interstices and collect below to form a
gravitate liquid accumulation .

The relationships of many large accumulations of Fe-Ti oxide layers, as in the
Bushveld Complex, and of discordant bodies, as in the Adirondacks, are consistent with this mechanism. Limited experimental investigations in the system magnetite-apatite-diorite (Philpotts, 1967) suggest that there is an eutectic
at two-thirds oxide to one-third fluorapatite-a composition that is very
similar to that found in some anorthositic oxide concentrations. These findings lend some support to a possible residual liquid segregation mechanism
for the formation of iron-titanium oxide ores. A third mechanism that has
been suggested is that of metamorphic migration. Liberation of iron and titanium from sphene, biotite, hornblende, and titanaugite, and subsequent
migration and concentration during granulite facies metamorphism have
also been suggested as a possible mechanism to form iron-titanium oxide
masses. Considerable granulation of iron-titanium oxide grains is common,
but there is little evidence of massive replacement.
9.5 COPPER/MOLYBDENUM SULFIDES ASSOCIATED WITH
PORPHYRITIC INTRUSIVE IGNEOUS ROCKS ("PORPHYRY COPPERI
MOLYBDENUM" DEPOSITS)
Mineralogy

Major
Minor
Secondary

Pyrite, chalcopyrite, molybdenite, bornite
Magnetite, hematite, ilmenite, rutile , enargite, cubanite,
cassiterite, huebnerite, gold
Hematite, covellite, chalcocite, digenite, nati ve copper
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Sulfides are present in veinlets and as disseminated
gra ins in, or adjacent to, porphyritic intrusions ranging in composition from
quartz diorite to quartz monzonite.The host porphyry and adjacent rocks are
commonly altered in concentric siliceous, potassic, phyllic, argillic, and propylitic zones.

Mode of Occurrence

Examples
Copper

Molybdenum

9.5.1

Bisbee, Ray, Ajo, Arizona; Butte, Montana; Bingham
Canyon, Utah; EI Salvador, EI Teniente,
Chuquicamata, Braden, Chile; Bethlehem, Endako,
British Columbia; Ok Tedi, Papua-New Guinea;
Cananea, Mexico
Climax, Urad, Henderson, Colorado; Questa, New
Mexico; Quartz Hill , Alaska

Mineral Zoning in Porphyry Copper Deposits

Porphyry deposits of this type now constitute the world's primary sources of
copper and molybdenum and also serve as significant producers of several
other base metals, gold, and silver. These deposits are concisely summarized
in the definition given by Lowell and Guilbert (1970, p. 374) as follows:
A copper and/or molybdenum sulfide deposit consisting of disseminated and
stockwork veinlet sulfide mineralization emplaced in various host rocks that
have been altered by hydrothermal solutions into roughly concentric zonal patterns [Figure 9.15a]. The deposit is generally large, on the scale of thousands of
feet . . . and .. . is associated with a complex. passively emplaced, stock of
intermediate composition including porphyry units .

The low grades of these deposits-0.5-0.8% Cu and 0.02% Mo for a typical
porphyry copper, and 0.3% Mo and 0.05% Cu for a typical porphyry molybdenum-evidence the dispersed nature of the sulfides. Pyrite is generally the
most abundant sulfide and may occur in association with the other sulfides or
alone in barren quartz veinlets. In copper-dominant porphyry deposits, the
total sulfide distribution and relative amounts of the economic minerals
follow a concentric pattern coaxial with the alteration zones, as shown in
Figure 9.l5b and discussed below.
Potassic Zone The inner zone of potassic alteration commonly coincides
with two zones of mineralization:

1. An inner low-grade ( < 0.3% Cu) core characterized by pyrite and chalcopyrite in a ratio of roughly 1:2, minor magnetite and minor molybdenite.
2. An are shell (> 0.5% Cu) , in which the pyrite to chalcopyrite ratio is
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FIGURE 9.15 Idealized diagram showing concentric alteration-mineralization
zones occurring in porphyry copper deposits: (0) alteration zones; (b) mineralization
zones. (After J. D. Lowell andJ. M. Guilbert, Econ. Geol. 65,379,1970; with permission
of the publisher.)
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roughly I: I and each mineral constitutes about I% of the rock. Small
amounts of molybdenite are present in veinlets and as dispersed grains.
Bornite, as discrete grains and intimately intergrown with the chalcopyrite, is common in small amounts.
Phylllc and ArgIllic Zones The phyllic zone coincides with the outer por-

tion of the "ore shell " and the surrounding low-grade portion of the "pyrite
shell"in which copper grade decreases to 0.1-0.5%. The pyrite-to-chalcopyrite
ratio is roughly 10:I, and pyrite may constitute as much as 10% of the rock
volume as coarse (0.5 mm) subhedral vein fillings and disseminated grains.
The outer part of the "pyrite shell" contains up to 25% pyrite in the form of
coarse anhedral pyritic-quartz veins up to 2 em thick.
In the propylitic zone, the outer zone of the ore body,
mineralization consists of pervasive pyrite in veinlets (2-6% of the rock) and
local small veins containing typical hydrothermal base-metal assemblages,
such as the pyrite-chalcopyrite-galena-sphalerite-tetrahedrite associations
discussed in Section 9.6.The zonal structure of these deposits means that the
level of erosion can 'have an important influence on the geology and mineralogy of the exposed portion of deposits, as noted by Sillitoe (1973).
Molybdenum-rich deposits such as Climax and Henderson, Colorado,
exhibit an umbrella-like shape emplaced in or about the intrusion core
(Figure 9.16). In the Climax deposit, the mineralization occurs in two crudely
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FIGURE 9.16 Generalized cross section ofthe Upper Ore Body at Climax, Colorado.
This illustrates the concentric nature of the mineralized zones about the intrusion.
(Reproduced with permission from OreDeposits ofthe UnitedStates 1933/1967.Am. Inst.
Min. Metall. Petrol. Eng.. p. 628.)
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concentric zones- an outer tungsten zone and an inner molybdenum zone.
The hydrothermal alteration in and near the ore bodies consists of potassium
feldspar. sericite. fluorite. and topa z. with minor amounts of biotite. chlorite.
and epidot e.
9.5.2 Ore Mineral Textures

The ore minerals of the porphyry copper deposits occur in veinlets or as disseminated grains. as shown in Figures 9.17 and 9.18. Pyrite is the dominant
sulfide and is present as anhedral to euhedral grains in both types of occurrences. Chalcopyrite is the dominant copper mineral. occurring as anhedral
interstitial grains and as fracture fillings in pyrite.Bornite is present as discrete
anhedral grains with the pyrite and chalcopyrite and as both exsolution and
oxidation lamellae within chalcopyrite. In near-surface ores, covellite, chalcocite, and digenite are commonly observed forming secondary alteration
rims on chalcopyrite and bornite; native copper is sometimes present. Molybdenite is present in significant amounts in the molybdenum-rich porphyry
deposits but is minor in many copper-rich examples. The molybdenite is
generall y observed as subparallel to crumpled blades disseminated in veinlets.
In molybdenum-rich ores such as those at Climax, Colorado, the molybdenite is present as random to subparallel tiny « 0.1 mm) hexagonal plates
embedded in the vein-filling quartz. Tungsten in these ores is present as small

FIGURE 9.17 Molybdenite lath with associated anhedral grain of chalcopyrite,
Bingham Canyon, Utah (width of field = 520/lm).
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FIGURE 9.18 Central grain of ruti le surrounded by bornite that shows marginal
laths and rim of chalcopyrite. A polycrystalline mass of enargite is seen to the left of the
field of view, Bingham Canyon, Utah (width of field = 520 11m).

irregularly distributed euhedral huebnerite grains in pyrite-quartz-sericite
veinlets.
Enargite is occasionally present in porphyry ores as anhedral grains
(Figure 9.18) or as rims on the copper-iron sulfides. Cubanite is rare but has
been observed as exsolution lamellae within chalcopyrite.
9.5.3

Origin of the Ores

The genesis of porphyry-type deposits has been the subject of considerable
study and remains, in part, conjectural. All of these deposits occur within, or
very close to, orogenic zones ; however, it ap pears that there is a distinction between the two major types,with Cu-bearingporphyries lying along consuming
plate margins and Mo-bearing porphyries being typical of tensional (rifting)
environments. Sillitoe (1972)has suggested that the porphyry bodies represent
partially melted oceanic rocks that have transported metals originally emplaced at midoceanic ridges, subducted, an d then emp laced along con tinental
margins. Mitchell and Garson (1972) have described the mechanism:
Porphyry copper deposits are emplaced in igneous belts located either on continental margins or in island arcs.These belts are related to partial melting of wet
oceanic crust descending along Benioffzones at dept hs of 150-250 km. Deposition of the copper occurs where metal-carrying solutions rising from the descending crust meet meteoric brines.
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Although this general model fits the South American and the Pacific Island
arc deposits, it is difficult to reconcile with settings of many southwestern
United States and Rocky Mountain occurrences (Lowell , 1974). Nevertheless,
there is general agreement on the mode of emplacement once a magma has
been generated. The emplacement ofa porphyritic magma to within 0.5-2 km
ofsurface establishes convective motions in the adjacent ground water system
if the surrounding rocks have reasonable permeability. Hot, chemically potent solutions rise above the stock as new, initially cool, solutions circulate in
toward the stock. As a result ofthe cooling, the outer shell crystallizes; the shell
is subsequently highly fractured by pressure building up from H 20 released
from the crystallizing magma. The central core is quenched to a porphyry, cut
by a stockwork of quartz and quartz-feldspar veinlets as heat is rapidly lost to
the ground water system. Precipitation ofthe sulfides and quartz in these veins
occurs at temperatures as high as 725°C in the potassic zone and around 300390°C in the argillized zone.
Fluid inclusion studies by several workers (e. g., Roedder, 1971;Moore and
Nash, 1974;Hall, Friedman, and Nash, 1979)have shown that the fluids that
deposited ores in the cores of copper-molybdenum deposits were highly saline
(often containing more than 60% salts), underwent extensive boiling, and were
trapped at temperatures up to 725°C. In some deposits, distinct zones of the
hypersaline inclusions correlate not only with the ore zones but also specifically with the fracture systems believed responsible for the introduction of
the metals.

9.6 COPPER-LEAD-ZINC-SILVER ASSEMBLAGES IN
VEIN DEPOSITS

Mineralogy
Major

Minor

Secondary

Associated Gangue Minerals

Pyrite, sphalerite, galena,
chalcopyrite, tetrahedrite
Bornite, chalcocite, enargite, argentite,
gold, hematite, pyrrhotite,
proustite-pyrargyrite,
Pb-Bi-Sb-sulfosalts
Cerussite, anglesite, goethite,
smithsonite, azurite
[CU3(C03h(OHh), malachite
[CU2(C03)(OHh), argentite,
covellite, chalcocite, silver, and
many other phases
Quartz, calcite, dolomite, barite, fluorite,
rhodochrosite, siderite, chlorite,
sericite
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Copper-lead-zinc-silver sulfide ores occur as hydrothermal vein fillings and replacement (usually of limestone) bodies often
associated with intermediate to acid intrusions.

Mode of Occurrence

Especially prominent in the North American CordilleraCreede, Gilman, Leadville, Colorado; Tintic, Park City, Utah; Eureka , Nevada;
Bluebell, British Columbia; Zacatecas, Mexico; Eastern Transbaikalia, Russia ;
Casapalca, Peru.

Examples

9.6.1

Mineral Associations and Textures

Copper-lead-zinc-silver vein deposits are characterized by coarse-grained (l
mm-2 em), banded to massive aggregates of pyrite, galena, sphalerite, and
chalcopyrite (Figure 9.19). The bulk mineralogy is thus similar to that of
massive stratabound sulfide deposits except that galena tends to be much
more abundant in the vein deposits. Pyrite, sphalerite, and gangue minerals
such as quartz, calcite, and fluorite often tend to be euhedral with the development of well-formed faces. Galena is coarse-grained and may be present as
anhedral polycrystalline aggregates interstitial to pyrite and sphalerite or as
well-formed crystals . Tetrahedrite is common in small amounts and is very
important as a major carrier ofsilver, the COntent ofwhich varies directly with
the Sb/As ratio. The tetrahedrite is usually present as small rounded blebs
within or along the margins ofgalena grains (Figure 9.19b). Many ores of this
type exhibit complex paragenesis in which multiple episodes of deposition,
deformation, leaching, and replacement are evident. Incipient oxidation is
evidenced by the formation of covellite or chalcocite along fractures in chalcopyrite.
The deposition ofthese ores in open fractures has often led to the formation
of distinct bands, commonly monomineralic, parallel to walls of the fracture.
Mineral growth in these bands can be seen either as colloform ribbons or as
well-faceted subhedral crystals. Changes in the nature of the ore fluid during
deposition are reflected not only in the changing mineralogy of subsequent
bands and in mineralogic variations along a vein system but also in the presence of growth zoning in individual crystals. This zoning is evident in many
sulfides as rows of small inclusions or differences in polishing hardness and
color, but is especially evident in coarse-grained sphalerites as distinct color
bands (see Figure 7.4),which are visible if doubly polished thin sections are
examined. In general, though not in every case, darker sphalerite bands are
richer in iron than are lighter bands; the FeS content varies widely (0.5-20 mol
%) even in individual crystals . Sphalerites in these deposits frequently contain
crystallographically oriented rows ofchalcopyrite blebs (-20-100 urn), which
have been appropriately referred to as "chalcopyrite disease" (see Section 7.5).
Some of these small blebs (as they appear in polished surfaces) are
actually worm-like rods that may extend for several millimeters within a crys-
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FIGURE 9.19 (0) Typical base-metal vein ore with sequential zones (from left to
right) of sphalerite, galena, pyrrhotite, galena, and pyrrhotite, Naica Mine, Mexico
(width of field = 1,200 urn). (b) Veinlet of native silver (white), which cuts across, and
thus postdates, chalcopyrite (light gray) and bornite (dark gray), San Martin Mine,
Mexico (width of field = 1,200 urn),

tal. The chalcopyrite apparently forms by epitaxial growth, replacement, or by
reaction of copper-bearing fluids with iron -bearing sphalerite.
Fluid inclusion studies ofhydrothermal vein deposits (Roedder, 1979) have
revealed homogenization temperatures from 100-500°C and salinities that
are generally less than 10wt % NaCl equivalent. Detailed work on the Creede,
Colorado, ores (Roedder 1977) yields homogenization temperatures of 200270°C in 20 recognizable stratigraphic growth zones of sphalerite. The color
zonation in these sphalerites (Figure 7.4) apparently corresponds to abrupt
changes in the nature of the ore fluids as indicated by the fluid inclusions.
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Supergene Alteration

Near- surface portions of th ese ores often reveal moderate to extensive alteration by meteoric waters. The oxidation of pyrite causes the formation of sulfuric acid and ferrous sulfate, which results in the breakdown ofother sulfides.
The end result is that the uppermost parts of the veins consist of a boxwork
gossa n of iron oxides and hydroxides. At lower levels, secondary covellite,
cha lcocite, galena, and sometimes silver have been reprecipitated. Also much
in evidence are seconda ry carbonates, sulfates, and silicates of copper, lead,
and zinc .
9.6.3

Origin of the Ores

Copper-lead-zinc-silver vein deposits apparently form as a result of circulating hydrothermal fluids that extract, transport, and then precipitate sulfide
minerals as op en- space fillings a nd replacements. Studies of fluid inclusions,
wall-rock alteration, and the sulfide ore minerals indicate that the ore -forming
fluids were chloride-rich brines (see Chapter 8), often containing a large and
some times episodically introduced component of recirculated meteoric
wate r, whic h precipitated th e sulfides in response to a decrease in temperature,
a decrease in pres sure (which may sometimes allow boiling), reaction with
wall rock s, or mixing with other fluids . Metals originally derived from magmati c sources or from country rocks were probably transported as chloride or
possibly sulfide complexes. The manner in which the sulfur of the ore minera ls was transported is not known with certainty, but most workers believe
tha t sulfate was the dominant form. Barnes (1979), howe ver, has made out a
strong case for transport ofconsiderable metal as sulfide complexes. The flow
of hot (150- 300°C) reacti ve fluid s commonly results in alteration ha loes rich
in qua rtz, feld spar, a nd sericite, as described by Meyer and Hemley (1967) and
Rose and Burt (1979).

9.7 THE SILVER-BISMUTH-COBALT-NICKEL-ARSENIC (-URANIUM)
VEIN ORES
Mineralogy Very complex mineral assemblages, often with 30 or40 different
op aque minerals reported from a single deposit.

M ajor Phases

Ma y include native silver, native bismuth, niccolite,
skutterudite, rammelsbergite, safflorite, lollingite,
cobaltite, gersdorffite, and arsenopyrite, along with
such common sulfides as pyrite, marcasite,
chalcopyrite, and galena. Certain deposits contain
substantial uranium' as uraninite often associated
with hematite

FIGURE 9.20 Vein ores from Cobalt, Ontario, Canada. (a) Dendritic silver surrounded by breithauptite (medium gray) and cobaltite (width of field = 2,000 urn). (b)
Cobaltite showing colloform textures (width of field = 2,000 urn).
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(Which may locally achieve economic importance)
include a large number of other Fe, Co , Ni in
combination with S, As, Sb minerals, sulfides, and
sulfosalts, particularly of silver (some of which are
listed in Figures 9.21 and 9.22)
Carbonates and quartz

Mode of Occurrence The ores occur in veins that are mostly fissure fillings
offault and joint planes. Commonly, the veins range from a few centimeters to
several meters in thickness and occur in a considerable variety of host rocks
(quartzites, greywackes, conglomerates, slates, schists, diabases, and granites,
for example) ranging in age through most of the geological time scale.

The most famous examples occur in the Cobalt-Gowganda area,
Ontario, Canada. Others include Great Bear Lake, N.W.T., Canada; the
Erzgebirge, Germany; Kongsberg, Norway; Jachymov, Czechoslovakia.

Examples

9.7.1

Mineral Assemblages, Textures, and Paragenesis

The ores of this type are characterized by both very complex mineral assemhlages and the presence ofdelicate zonal and dendritic textures. For example,
native silver commonly occurs in dendritic patterns that are surrounded by
arsenides (Figure 9.20a) in rounded patterns termed " rosettes." Colloform textures are also commonly developed (Figure 9.20b) involving the native metals
and arsenides. Frequently, these accretionary structures are slightly disrupted
with introduction of later veining materials, and periods of direct deposition
are interspersed with phases of replacement. The combination of these processes with the complex assemblages has enabled ore microscopists to unravel
long, complex paragenetic sequences for these ores. The study of the Cobalt,
Ontario, ores (Figure 9.21) by Petruk (1971a) and of the Great Bear Lake
deposits (Figure 9.22) by Badharn, Robinson, and Morton (1972) are good
examples.
At Cobalt, Petruk (1971a) has subdivided the arsenide assemblages into NiAs, Ni-Co-As, Co-As, Co-Fe-As, and Fe-As types, with Co-As being most
abundant. Native silver is the main native metal and occurs as cores to
arsenide rosettes, as veinlets in arsenides and carbonates, and in association
with sulfides. Silver at the cores of rosettes has been interpreted by Petruk
(1971a) as being the earliest mineral in the ore, with the arsenides being '
deposited around it later. In contrast, Scott (1972) interprets much ofthe silver
in the cores of the rosettes as being a later replacement of the arsenides. The
veinlet silver in arsenides and carbonates is interpreted as being alate variety
and that associated with sulfides, as being even later. The high-grade silver ore
is associated with parts of the veins containing Ni-Co-As and Co-As assemblages. The sulfides occur as disseminated grains, veinlets, and colloform
masses in the veins and the wall rocks. On the basis of their textural rela-
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FIGURE 9.21 Mineral assemblage and approximate paragenetic sequence in the Silverfields Deposit. Cobalt. Ontario . (After Petruk, 1968.)
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tionships, it is suggested that most ofthe sulfides were in the rocks prior to ore
deposition and were remobilized and redeposited in and around the veins
during mineralization. Some sulfides may also represent a late stage of the
main mineralization process. The paragenetic sequence determined by Petruk
(1968) for ore formation at the Silverfields Mine, Cobalt, is illustrated in
Figure 9.21.
The mineral assemblages at Great Bear Lake differ from those at Cobalt by
the presence of significant uranium mineralization in the form of uraninite.
Again, a complex assemblage and sequence of deposition and replacement
episodes have been elucidated by ore microscopy. A general paragenetic
sequence (after Badham, Robinson, and Morton, 1972) is shown in Figure
9.22. This illustrates that an early phase ofsulfide mineralization was followed
by uraninite-hematite-quartz mineralization, by nickel and cobalt arsenides,
then by silver, by sulfides associated with dolomite, by Ag, Sb, Bi sulfosalts,
and by carbonates, quartz, and fluorite. Particular mines may show only a part
of this complete mineralization sequence, as indicated in Figure 9.22. Studies
of fluid inclusions and sulfur isotopes have made it possible to estimate temperatures of deposition, as noted in that figure.
9.7.2 Mineral Formation

All of the geological, mineralogical, and textural evidence suggests that these
ores have been deposited from complex hydrothermal solutions. The sites of
deposition were commonly controlled by pre-existing faults and fissures. For
the ores ofthe Cobalt area, Petruk (1971b)has suggested a sequence ofdepo sitional temperatures, with early quartz and chlorite deposited at -2OO-360°C,
arsenide deposition at temperatures around 500-590°C (above the temperature ofthe rammelsbergite-pararammelsbergite inversion), sulfides deposited
at 400-200°C, and later gangue phases and sulfides below 200°C. Scott and
O'Connor (1971) have examined two populations of fluid inclusions in ore
vein quartz in the Cobalt Camp and have determined depositional temperatures of 195-260°C and 285-360°C. Scott (1972) has calculated the temperature gradients adjacent to the diabase sheet at Cobalt and has concluded
that the maximum temperature ofore deposition would have been 535°C. The
depositional temperatures forthe Great Bear Lake deposits have already been
indicated in Figure 9.22. For the Echo Bay Mines, the main mineralization
temperatures range between 230°C and 100°C(Badharn, Robinson, and Morton,
1972). Information on the chemical nature of the ore fluids has also been
obtained from fluid inclusion and stable isotope studies.
The origin ofthe solutions producing deposits ofthis type is still very much
a matter of debate. Origin of the Cobalt area ores is commonly linked with a
diabase intrusion (Jambor, 1971), although, for ores of this general type, four
possible sources have been invoked (Halls and Stumpfl , 1972).
I. Direct hydrothermal evolution from granitic intru sion s
2. Direct hydrothermal evolution from ba sic intru sion s
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3. Hydrothermal processes causing selective concentration from associated black shales or pre-existing sulfide deposits
4. are solutions from a deep source near the crust-mantle boundary

9.8 TIN-TUNGSTEN-BISMUTH ASSEMBLAGES IN
VEIN DEPOSITS
Mineralogy

Major
Minor
Gangue

Cassiterite, arsenopyrite, wolframite, bismuthinite, pyrite, marcasite, pyrrhotite
Stannite, chalcopyrite, sphalerite, tetrahedrite, pyrargyrite, bismuth, galena, rutile, gold, franckeite, molybdenite
Quartz, tourmaline, apatite, fluorite.

Tin-tungsten-bismuth ores occur as open-space hydrothermal vein fillings that show several stages of vein growth. The hydrothermal veins are usually associated with granitic stocks or batholiths.

Mode ot Occurrence

Panasqueira, Portugal; Llallagua, Tasna, Colcha, Huanuni, Sayaquira, Oruro, and Potosi Districts, Bolivia; Cornwall tin district, S.W.
England.

Examples

9.8.1

Mineral Associations and Textures

Tin-tungsten-bismuth ores occur as open-space hydrothermal vein fillings ,
commonly formed from several stages of mineralization. The earliest stage is
dominated by quartz and cassiterite but ma y also contain considerable tourmaline, bismuthinite, arsenopyrite, apatite, and wolframite. The following
stage typically contains pyrrhotite, sphalerite, chalcopyrite, and stannite, and
may also contain franckeite, cassiterite, arsenopyrite, and silver-bearing minerals such as tetrahedrite, matildite, and proustite-pyrargyrite, Later stages of
vein development involve the alteration of pyrrhotite to pyrite, marcasite, and
siderite, minor deposition of sphalerite, and the formation of hydrous phosphates.
Early vein minerals such as quartz, cassiterite, and bismuthinite typically
occur as prismatic crystals and blades that may line the vein walls or may
occur as radiating bundles (see Figure 8.11 a). Quartz usually forms a course
band on the vein walls, with cassiterite and bismuthinite making up the central portion of the veins. Wolframite may be present as euhedral to subhedral
granular masses that overgrow quartz and cassiterite. Native bismuth may
occur as alteration blebs in bismuthinite and as small patches with arsenopyrite , which occurs as veinlets and scattered euhedra (Figure 9.23a).
Pyrrhotite and sphalerite may infill space between quartz and cassiterite
cryst als (see Figure 8. l lc) a nd often exhibit mutual grain boundaries. Sphalerit e commonly contains crystallographically ori ented blebs and rod s of

,
I

..
Bi
bm

FIGURE 9.23 Ore mineral assemblages in the tin-tungsten ores of Bolivia. (a ) Veinlets and interstitial areas ofbismuthinite (bm ) and nati ve bismuth (Bi) in arsenopyrite
(asp ), Chacaltaya Mine (oil immersion, width offield = 900 urn). (b) Crystallographic
intergrowth of sphalerite (sl), stannite (st), and chalcop yrite (cp) probably resulting
from exsolution. Chalcopyrite, the latest phase to exsolve, has collected along sphalerite-stannite contacts; corroded quartz (qz) crystals also present. Sayaquira District (oil
immersion, width of field = 850 urn). (Reproduced from W. C. Kelly and F. S. Turneaure, Econ . Geol. 65, 1970, with permission of the authors and the publisher.)
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chalcopyrite, pyrrhotite, and stannite (Figure 9.23b).Chalcopyrite is also present as anhedral polycrystalline masses with pyrrhotite. Franckeite, if present,
occurs as plates and blades. The pyrrhotite is often altered along fractures and
grain boundaries to pyrite and marcasite (Figure 8.11 d). These minerals may
also be present as concentric "birds-eye" textures (see Figure 7.35) and boxwork structures. Pyrite may also be present as isolated euhedral or subhedral
polycrystalline aggregates. Stannite may be present as anhedral grains (see
Figure 8.11 b) but most commonly shows an affinity for sphalerite in which it
frequently occurs as crystallographically oriented intergrowths (see Figure
8.11d).
9.8.2

Origin of the Ores

Tin-tungsten-bismuth ores have generally been considered to be ofmagmatichydrothermal origin and related to intermediate to acid batholiths and stocks .
The veins have formed by sequential open-space deposition of sulfides,
oxides , and gangue minerals from brines that were initially NaCI-rich (up to
46 wt %) but that were more dilute in later stages. In the Bolivian tin province,
the depositional temperatures in the early stages were -300°C and rose to
530°C; in the base-metal stage, temperatures ranged from 400-260°C; during
pyrrhotite alteration, the temperature dropped to 260-200 °C. Late veinlets
and crustifications formed at temperatures from 200-70°C (Kelly and Turneaure, 1970;Turneaure, 1971). Deposition took place at depths between 350m
and 4,000 m at pressures between 30 and 1,000 bars. Fluid inclusion studies
indicate that active boiling occurred during early stages ofore deposition and
that the vapor transported some mineral matter. The Sn-rich fluids are probably generated during the late stages offractional crystallization ofa granitoid
magma (see Groves and McCarthy, 1978).
Sillitoe, Halls, and Grant (1975) have suggested that several of the wellknown Bolivian tin deposits should be designated as porphyry tin deposits.
These authors note that such deposits are similar to porphyry copper deposits
(see Section 9.5)in being associated with passively emplaced and pervasively
sericite-altered stocks, in having crudely concentric zoning, in containing
mineralized breccias, and in containing large volumes of rock with low-grade
ores (0.2-0.3% sin). They propose that porphyry tin deposits represent the
.
lower portions of stratovolcanoes.

9.9

GOLD VEIN AND RELATED MINERALIZATION

Economically important ore minerals may include native gold
(commonly called "electrum" if it contains 20% or more silver) and precious
metal tellurides (e.g., sylvanite, petzite AuAg3Te2 , hessite Ag2Te , calaverite
AuTe2' krennerite AuTe2); associated uneconomic ore minerals may include
pyrite, marcasite, arsenopyrite, pyrrhotite in major amounts, and minor
Mineralogy
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amounts of galena, sphalerite, chalcopyrite, stibnite, tetrahedrite-tennantite,
realgar; gangue minerals are dominated by quartz with minor local carbonates (calcite, siderite, ankerite, dolomite), feldspars , tourmaline, fluorite,
barite, epidote, and graphite, amorphous carbon, or carbonaceous matter.
Gold occurs in a wide variety of settings, ranging from
volcanic sinters and breccias to porphyrys, skarns, and hydrothermal veins
that mayor may not be directly associated with intrusions and from dissemination in massive sulfides to placer and palaeoplacer deposits. Veins
dominated by nati ve gold and quartz occur in ancient highly deformed and
metamorphosed volcanic rocks (notably Precambrian greenstone belts).
Veins dominated by gold and silver tellurides with quartz occur in this setting
and in young (Tertiary) volcanic rocks of the circum-Pacific belt. In the brief
account given here , it is not the intention to discuss the form, setting, and
origin of the many diverse types of gold occurrence, but rather, to outline
briefly the (generally rather similar) ore mineralogy. General accounts of the
geochemistry of gold have been presented by Boyle (1979) and Romberger
(1989), and the nature of gold occurrences worldwide has been summarized by
Boyle (1979).

Mode of Occurrence

Gold-quartz vein mineralization includes deposits at Yellowknife (N.W.T., Canada), the Mother Lode (California, United States), and the
Homestake Mine (S. Dakota, United States);gold and silver tellurides occur in
Precambrian rocks at Kalgoorlie (W. Australia), Kirkland Lake and Porcupine (Canada); gold and silver tellurides occur in Tertiary volcanics in Fiji,
the Phillipines, Japan, and California-Colorado-Nevada-New Mexico (United
States). Placer gold deposits include examples in California, Alaska, Un ited
States; the Urals , Russia ; Otago area , New Zealand.

Examples

9.9.1

Mineral Associations and Textures

As is typical offissure-fillingveins, many showcrustification and the develop-

ment of well-formed quartz and carbonate crystals, although movement along
the fractures can destroy many of these textures, leaving a granular ore. The
gold in the gold-quartz veins occurs within quartz or within , or marginal to,
pyrite or arsenopyrite and is generally very fine-grained (Figure 9.24). In the
veins that contain gold-silver tellurides, these occur as small irregular masses
within quartz and are often a complex intergrowth of many minerals, including, in addition to those listed already, a variety of other telluride minerals,
native tellurium, and various sulfides and sulfosalts, all in very minor
amounts. The mineral assemblages and the paragenetic sequences are complex, but generalizations can sometimes be made. For example , the ores of
Boulder County, Colorado, studied in detail by Kelly and Goddard (1969),
show a generalized paragenesis in which early quartz and fluorite are sueeeded by sulfides, tellurides , native gold and then by carbonates and quartz.

I'

FIGURE 9.24 Typical occurrences of gold in vein and related ores. (0) Gold bordering arsenopyrite, Homestake Mine, South Dakota (width of field = 2,000 11m). (b)
Angular gold grains with galena (darker gray) and tetradymite (light gray adjacent to
gold) in a quartz vein deposit, Mineral Ridge, Fairfax Co ., Virginia, (width of field =
2,000 11m).
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Fluid inclusion studies indicate that hydrothermal solutions with salinites of
20-30% precipitated the early quartz and fluorite between 250°C and 375°C.
Gold deposition occurred from solutions with only about 4%salinity at 205270°C (Nash and Cunningham, 1973).
Boyle (1979) has summarized the geothermometric studies that have been
carried out on epigenetic gold deposits and has concluded that the bulk of
quartz and sulfide mineralization took place between 500°C and 150°C, with
much gold having been redistributed at lower temperatures. He has given a
further detailed discussion of the paragenesis and zoning of epigenetic
gold deposits.
The interpretation of assemblages and textures of the gold-silver tellurides
has been clarified by studies of the phase relations in the Au-Ag-Te system.
Markham (1960) and Cabri (1965) ha ve presented the phase relations at 300°C
and 290°C, respectively, as shown in Figure 9.25; the differences between these
diagrams probably reflect the rapid quench techniques ofCabri,whose results
may be closer to the true relations at 290°C. The results of Markham may
reflect some readjustment of compositions to lower temperatures and may
more closely approximate final products of cooling in the natural ores. Comparison of synthetic and natural assemblages indicates that melting phe-
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FIGURE 9.25 Phase relations in the central portion of the Au-Ag-Te system: (a) at
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nomena or telluride melts (which can occur at temperatures as low as 304"C)
have played no significant role in producing the observed assemblages, most
of which have resulted from subsolidus processes and equilibrated at relatively low temperatures (below ~250 °C).
9.9.2

Origin of the Ores

There is little doubt that these ores have formed by deposition from hydrothermal solutions into open fissure and fracture systems. The absence of parent
intrusions and extensive hydrothermal alteration has led Worthington and
Kiff(l970) to suggest that many gold deposits formed during the waning stagesof volcanism. In the case of the gold-quartz veins in highly deformed and
metamorphosed volcanics and sediments, it is widely thought that the gold
may have been derived from the enclosing rocks and may have been concentrated by circulating fluids during metamorphism. The feasibility of such
mechanisms has been discussed by Fyfe and Henley (I973). The Tertiary
deposits clearly indicate a volcanic source for the ore-bearing hydrothermal
solutions, although, in the case of those telluride gold deposits in older rocks,
the role ofvolcanic or intrusive igneous rocks as sources for the hydrothermal
fluids is much less certain. The compositions ofthese hydrothermal fluids and
whether the gold is transported as gold-sulfur or gold-chloride complexes are
also matters of debate (Fyfe and Henley, 1973).
9.10 ARSENIC-, ANTIMONY-, OR MERCURY-BEARING BASE-METAL
VEIN DEPOSITS

Thi s broad category includes ores rich in copper-zinc but having significant
amounts of arsenic (Butte, Montana), lead-zinc-silver ores rich in antimony
and arsenic (Coeur d'Alene, Idaho), arsenic-antimony ores (Getchell, Nevada),
and mercury sulfide ores (Almaden, Spain). The diversity of these ores requires individual mineral summaries.
Mode of Occurrence The ores included in this section occur as massive to

disseminated infillings in faults and fractures and as replacement bodies
often in close proximity to acid or intermediate intrusions. Zoning of copper,
zinc, arsenic , and sulfur is common both laterally and vertically in the vein
systems. Wall rock alteration in the form of feldspathization, sericitization,
argillization, and bleaching is frequently developed adjacent to the sulfide
ores.
9.10.1

Copper-Zinc-Arsenic

Mineralogy

Major

Pyrite, chalcopyrite, bcrnite, tennantite,
sphalerite, enargite
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Minor
Gangue Minerals

Covellite, hematite, magnetite, chalcocite,
digenite, galena, molybdenite
Quartz, siderite, calcite, barite, rhodochrosite.

Examples Butte, Montana; Magma Mine, Arizona; Tsumeb, South Africa;
Bor, Yugoslavia.
9.10.2

Mineral Associations and Textures

On the macroscopic scale, these ores, as do other vein ores, often display a dis tinct zoning parallel to the axis of the vein; more or less well-defined bands
rich in pyrite, chalcocite, covellite, bornite, enargite, and so on, occur discontinuously with widths varying from millimeters to meters. Grain size is highly
variable but is frequently 0.5 mm to 1 em or more; hence, individual minerals
are readily recognized with the naked eye. Microscopically, it is apparent that
many of the large grains lie in a matrix of, or are themselves composed of,
intimate irregular fine -grained intergrowths of bornite, chalcocite, chalcopyrite, bornite, enargite, and copper sulfides (covellite, digenite, djurleite).
Common lath-like and "basket weave" textures in the copper sulfides and between chalcopyrite and bornite reflect exsolution from solid solutions at the
higher temperatures o f ore formation. As is evident from Figure 10.8, a singlephase chalcocite-digenite solid solution that forms at an elevated temperature
can decompose to form a mixture oflow-temperature copper sulfides on cooling. The resulting texture is commonly one of intersecting laths. Spectacular
covellite-rich portions of these ores consist of coarse but highly fractured
aggregates that are crisscrossed with fine veinlets oflatercovellite orothercopper sulfides (Figure 9.26a). Pyrite is abundant in these ores, often occurring
repeatedly in the paragenesis; early-formed pyrite is commonly deeply corroded and replaced by chalcopyrite, bornite, enargite, and other phases
(Figure 9.26b).
High-temperature relationships between the copper-iron sulfides are well
characterized, but this is not true of the stable low-temperature associations
(Figure 8.17b). The frequent ass ociation o f pyrite and bornite as seen in these
ores was long th ought to be indicative of formation above 228°C (yund and
Kullerud, 1966), but it now appears that this association reflects stable lowertemperature relationships.
Sphalerite is a major but erratically distributed mineral occurring as disseminated grains, veinlets, and coarsely crystalline masses. Oriented rows of
chalcopyrite blebs (so-called chalcopyrite disease) are common in the sphalerite. Tennantite series minerals are also irregular in distribution and are pre sent as scattered irregular blebs and patches, as veinlets, and as pods up to
meters across. Except in the pods where large (> 1 em) grains occur, the ten nantite is intimately intergrown with bornite, chalcocite, and enargite. Hematite is locally abundant as randomly oriented clusters of radiating laths
interspersed with pyrite, bornite, chalcopyrite, and enargite.

FIGURE 9.26 Typical ores of copper-zinc-arsenic affiliation. (a) Coarse aggregate of
covellite (gray) veined by later chalcocite, Butte, Montana (width of field = 2,000 urn).
(b) Islands of bornite in chalcocite flanked by enargite (on right) and pyrite (white),
Butte, Montana (width of field = 2,000 urn),
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Lead-Zinc-Sllver Ores with Antimony and Arsenic

Mineralogy

Major
Minor
Gangue Minerals

Galena, sphalerite, tetrahedrite, chalcopyrite
Pyrite , pyrrhotite, arsenopyrite, magnetite
Quartz, siderite, dolomite, barite

Coeur d'Alene District, Idaho; Kapnik, Czechoslovakia; Andreasberg, Germany; Freiberg, Saxony.

Examples

9.10.4

Mineral Associations and Textures

These ores occur as compact, generally fine-grained vein fillings with major
mineral dominance varying from one part of a district or vein to another. All
ore minerals, with the exception of locally disseminated and often corroded
pyrite cubes, are anhedral, with grain sizes usually less than 0.5 mm (Figure
9.27a). Galena may contain small amounts ofaccessory metals, but the bulk of
the silver is present in tetrahedrite, which is abundant as small rounded
islands dispersed throughout (Figure 9.27b). In tetrahedrite-rich portions of
the ore, the galena occurs as small cusp-like grains. Chalcopyrite is present as
small anhedral grains and irregular veinlets. Sphalerite, dispersed as grains
and veinlets, is generally light in color and contains relatively little (usually
less than 5%) iron and small amounts ofmanganese and cadmium. Occasionally, the sphalerite contains oriented rows of chalcopyrite inclusions.
The well-known Coeur d'Alene ores have been metamorphosed such that
shearing, brecciation, and curved cleavages in galena are abundant.
9.10.5

Arsenic-Antimony Sulfide Ores

Mineralogy

Major
Minor
Gangue Minerals
Examples
9.10.6

Realgar, orpiment, pyrite , stibnite
Chalcopyrite, arsenopyrite, gold, marcasite
Quartz, calcite, carbon, sericite, chlorite

Getchell, Nevada; Elbrus, Caucasus; Uj-Moldava, Romania.

Mineral Associations and Textures

These unique and colorful ores consist of intergrown coarse-grained (>0.1
mm) aggregates varying from realgar-rich to orpiment-rich. Overgrowth, interpenetration, and replacement ofone As-sulfide by another is common and
leaves an overall chaotic texture. Pyrite, when present, occurs as subhedral to
euhedral grains that are either isolated or in irregular thin veinlets. Stibnite
occurs locally as fine, commonly radiating laths dispersed within the Assulfides.

ARSENIC -, ANTIMONY-, OR MERCURY -BEARING BASE-METAL VEIN DEPOSITS
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FIGURE 9.27 Lead-zinc-silver ores with antimony and arsenic from the Coeur
d'Ale ne District, Idaho. (a) Tetrahedrite with traces of cha lcopyrite; the characteri stic
rhom bs of siderite (FeCO)) are clearly visible. (b) Intergrown tetrah edrite (da rker gray)
and galena (note cleavages in the galena onl y), Bunker Crescent Mine (width offield =
1,200 urn),

9.10.7

Mercury Sulfide Vein Deposits

Mineralogy

Major
Minor
Gangue Minerals

Cinnabar, metacinnabar, pyrite, marcasite
Native mercury, stibnite, sphalerite, pyrrhotite
Quartz, chalcedony, barite, dolomite, clay minerals

Almaden, Spain; Idria, Trsce, Yugoslavia; Sulphur Bank. Amedee
Hot Springs, New Idria, New Almaden, California; Steamboat Springs, Cordero , Nevada; Amiata, Italy; Huancavalica, Peru.

Examples
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FIGURE 9.28 Mercury sulfide ores. (a) Veinlet of cinnabar in qu artzite, Almaden,
Spain (width offield = 2,00011m). (b) Subhedral crystals of pyrite and marcasite within
a matrix of cinnabar, New Idria, California (width of field = 2,000 11m).

9.10.8

Mineral Associations and Textures

Cinnabar and, locally, metacinnabar occur in these ores as fine-grained (0.1-1
mm) euhedral single crystals , small polycrystalline aggregates (up to 5 mm),
and as stringers, veinlets, and intergranular cements (Figure 9.28a). In some
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areas , cinnabar occurs in alternating veinlets with dolomite and quartz. Pyrite
and marcasite occur with the mercury sulfides as isolated subhedral to euhedral crystals and polycrystalline veinlets (Figure 9.28b).Stibnite occurs locally
as very fine « 0.1 mm) acicular crystals . Native mercury also appears locally.
It may appear from within samples when they are broken, cut, or even cast.
Mercury vapors should be avoided , and it is, of course, impossible to polish
liquid mercury containing samples.
Cinnabar, frequently possessing minor amounts of metacinnabar and stibnite, is well known as grain coatings and vug fillings in tufa and sinter deposits
associated with hot-spring activity (Dickson and Tunell , 1968; Weissberg,
Browne, and Seward, 1979). The mercury sulfides form wispy polycrystalline
layers of crystals (usually less than 100 mm across) within, or on which , stibnite grows as individual acicular crystals and rosette-like clusters.
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CHAPTER 10

ORE MINERAL ASSEMBLAGES
OCCURRING IN SEDIMENTARY,
VOLCANIC, METAMORPHIC, AND
EXTRATERRESTRIAL ENVIRONMENTS

10.1

INTRODUCTION

In this chapter, the discussion of characteristic associations is continued and
extended to ores occupying a variety of sedimentary, volcanic, and metamorphic environments. It concludes with a brief account of the occurrence of
ore minerals in meteorites and lunar rocks. As in Chapter 9, the common
associations are described, and their modes of origin are briefly discussed.
Again , no attempt is made to give a comprehensive account of their geology
and petrology.
The first associations described represent part of the continuum of sedimentary processes and include placer-type titanium, tin, and gold deposits,
chemical precipitates, coal, and base-metal accumulations that are spatially
related to submarine hydrothermal vents and volcanism. Lead-zinc deposits
in carbonates (and arenites), although normally regarded as epigenetic, are
included here because of their stratabound nature and the increasingly prevalent belief that they are related to diagenetic processes and to the migration
of connate brines. The effects of regional metamorphism on ores, especially
massive sulfides of sedimentary-volcanic affiliation, are treated in Section
10.10, and the contact metamorphic skarn deposits are discussed in Section
10.11. The unique mineralogical characteristics of extraterrestrial materials,
which are becoming increasingly available for study, are described in Section
10.12. References are given to the relevant literature at the end ofeach section;
many additional articles appear regularly in such major periodicals as Economic Geology. Mineralium Deposita, Transactions ofthe In stitution ofMining and
Metallurgy. The Canadian Mineralogist. and Ore Deposit Reviews.
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10.2 IRON AND MANGANESE ORES IN SEDIMENTARY
ENVIRONMENTS
10.2.1 Iron

Most sedimentary rocks contain significant quantities of iron, and there is a
complete range up to those ofore grade. Sedimentary iron ores can broadly be
considered as occurring in three major classes : bog iron ores, ironstones, and
(banded) iron formations. This also is the increasing order of their economic importance.
Bog Iron Ores

Goethite, limonite, siderite; minor carbonates, vivianite
[Fe3(P04h·8H 20).

Mineralogy

As lake or swamp sediments, often in temperate or
recently glaciated areas or in volcanic streams and lakes; also in association
with coal measures in older sedimentary sequences ("blackband ironstones ").

Mode of Occurrence

In tundra areas of Canada and Scandinavia; temperate coastal
areas of the eastern United States and Canada; in volcanic provinces such as
Japan and the Kurile Islands; in carboniferous and Permian sedimentary
sequences in the eastern United States and Northern England.
Examples

Mineral Associations and Textures

Goethite, the major phase ofmany bog
iron deposits, occurs as oolitic or pisolitic grains (1-10 mm) cemented to form
disks (- 3- 30 ern diameter), which , in tum, form bands or lenses of ore. The
ores also commonly occur as colloform bands and irregular module-like
masses that are composed of mrn-to-cm-length radiating fibrous crystals of
goethite. Other examples are comprised of more earthy limonite material with
substantial carbonate and phosphate. The blackband ironstones are largely
siderite.
Ironstones

Chamosite (Fe,AlMSi,Al)40lO(OH)s, hematite, limonite or
goethite, siderite; minor magnetite, pyrite, collophane Ca5(P04h , greenalite
[Fe2+,FeH )6 S40 1O(OH)s).

Mineralogy

As the "minette-type" (or Clinton-type) ores deposited
in shallow-water marine sequences that are associated with a variety of sedimentary rocks, induding limestones, siltstones, shales , and sandstones . Also,
to a minor extent , they occur in volcanic sediments.

Mode of Occurrence
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Minette- or Clinton-type ores occur in Phanerozoic sediments of
the Jurassic Age in Alsace-Lorraine and other areas of France, Germany,
Belgium , and Luxembourg; in the Jurassic of England and in the Silurian
(Clinton Beds) of the United States; in volcanic sediments, Lahn-Dill ,
Germany.

Examples

Minerai Associations and Textures Megascopically, ironstones appear as
dull, reddish earthy sandstones or as oolitic or pelletal accumulations that
may be distinctly green or red-brown in color. Microscopically, they appear as
oolitic, pisol itic, or pelletal grains that may ha ve been entirely or partially
replaced by interlayered limonite and hematite (Figure 10.1). As in modern
sediments, most ooids and pellets have formed around sand grains or fragmental fossil or mineral material. Micro- and macrofossils are commonly
present and may also be replaced by iron minerals. Siderite may occur, chiefly
as cementing material, and the silicate, oxide, and carbonate may occur in a
wide range ofratios and detailed textural relationships. In sand facies, the iron
minerals occur dominantly as concentric quartz grain coatings and interstitial filling.
Banded Iron Formations

Major hematite and magnetite, and in some cases iron carbonates and silicates may be important; pyrite usually minor. Major gangue
mineral is chert.

Mineralogy

As well-bedded, elongate bodies, often with alternating chert-iron mineral stratification. The ores occur as laterally and vertically
extensive sequences in Precambrian strata throughout the world. In some
cases, the sedimentary setting appears to have been marine; in others, estuarine or fresh water; and sometimes an association with volcanic rocks is
evident.

Mode of Occurrence

Widespread in Precambrian sequences, but major examples include the Lake Superior district ofMinnesota-Wisconsin-Michigan-OntarioQuebec and the Labrador-Quebec belts of North America, the Hamersley
Basin of Western Australia, and deposits in Brazil. India, and South Africa.

Examples

Minerai Associations and Textures

Characterized by banding resulting
from the interlayering of oxides and silica, both on a coarse and a fine scale
(see Figure 10.2); the units may be lenses rather than layers, giving a "wavy"
appearance to the stratification. Hematite and magnetite constitute the major
ore minerals,but iron in carbonate, silicates (greenalite, minnesotaite, stilpnomelane), and sulfides (pyrite and very minor pyrrhotite) is also found . In the
classic work of James (1954, 1966), the occurrence of the ores dominantly as
oxide, carbonate, silicate, or sulfide has been related to a chemical "facies" of

FIGURE 10.1 Textures observed in typical ironstones. (a) Distorted ooliths comprised of fine-grained chamosite. hematite. and goeth ite. Red Mountain Formation.
Alabama (width of field = 2.000 urn). (b) Ooliths of chamosite and goethite . Rosedale,
Northern England (width of field = 2.000 mm) .
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FIGURE 10.2 Typical banded iron formation assemblages and textures. (a) Layered
subhedral magnetite. Eastern Gogebic Range. Michigan (width offield = 300 urn), (b)
Bladed specular hematite with blocky magnetite. Rana Gruber Mines, Norway (width
of field = 2,000 um).

263

pH~

7.0

+0.1

8.0

Hematite
Limon ites
Mn oxides

Calcite

Silica

Mn oxides
Chamosite
Phosphorite
Silica

~

Limonite

Chamos ite'
Calcite
Pho<phorite

Iin(ty >

200%J

Gypsum
Anhydrite
Halite

Hemat ite

Dolom ite
Etc.

00
~

"

: I:

E:

0.01-

t

- Organic maner l'l ~f;:e=n:::ce::--;'i='L:-::-n-.-------(Eh = 0)

-,

----

o~
"

:I:

Peat

Eh

------.-....::-..- ---- -..............

E:

.,
c
'"
a.

cr--'--'-=--;:o-;~-------

Calcite

~

Organic

Umon ite

Glauconite
Mn oxides
O1amosite
Phosphorite
Silica

Chamosite
Sider ite
Glauconite
Rhodochrosite

Organ ic
matter
Silica
Phosphorite
CalCIte
Primary uranium
concentrations

Siderite
Rhodochrosite
Phosphorite
Glaucon ite

-0.3

Dolom ite

Organic matter
Etc.

Salinity> 200%

Gypsum
Anhydrite
Halite
Organic matter
Dolomite

C

Peat

200]

Calcite
Organic
matter

.,u
Pyrite

~

Iinity >

Gypsum
Anhydrite
Halite

matter
Hematite

~

.,
c

g
E

::::i

Calcite
Organic
matter
Pyrite
Pnosphorite

Alaband ite

~

Iinity

Gypsum > 200%J
Anhydr ite
Halite

Organic matter

Pyrote

'Chamosite as used here is representa t ive of
the sedimentary iron silicates.

FIGURE 10.3 Fence diagram showing Eh-pH fields in which end member minerals
important in sedimentary iron ores and other chemical sediments are formed under
normal seawater conditions. Associations in brackets are for hypersaline cond itions
(salinity >200%). (Reprinted from W. C. Krumbein and R. M. Garrels, "Origin and
Classification of Chemical Sediments in Terms of pH and Oxidation-Reduction
Potential," Jour. Geol. 60, 26, 1952, by permission of the University of Chicago
Pre ss.)

264

IRON AND MANGANESE ORES IN SEDIMENTARY ENVIRONMENTS

265

precipitation dependent on Eh and pH conditions, as indicated in Figure
10.3.
In the oxide facies, two major variants occur-a banded hematite/chert ore
and a banded magnetite/chert ore. In the former category, the hematite may
occur in the form of ooliths or pisoliths, as finely crystalline laminae, or as
laths oriented subparallel to the bedding (Figure 10.2b).The latter subdivision
shows more variation, with carbonate and silicate phases often present. Magnetite occurs as disseminated to massive bands of subhedral to euhedral
grains (Figure 10.2a). The carbonate facies has interlayered chert and carbonate that may grade into interlayered silicate/magnetite/chert or carbonate/
pyrite. The sulfide facies is characteristically associated not with chert, but
with black carbonaceous shales in which the sulfide is normally very fine
pyrite having clear crystal outlines. Any pyrrhotite is normally found as fine
plates, with the long axis parallel to bedding. The silicate facies can occur in
association with any of the other facies type.
10.2.2

Origins of Iron-Rich Sediments

The bog iron ores can be observed in the process of formation, so their origin is
clearly understood. In the closed drainage systems in tundra areas, these ores
are derived by subsurface weathering and leaching, with transport of the iron
as bicarbonates and humates in ground water oflow pH and Eh, and subsequent concentration and deposition in lakes and marshes by loss ofCO 2 and,
commonly, oxidation. The origin of blackband ores is less certain; some may
be primary, and others may be of diagenetic origin.
The origins of ironstone deposits pose major problems regarding both the
source ofthe iron and the methods by which it is concentrated (see Young and
Taylor, 1989, for further discussion). In particular cases, the ultimate source of
iron may have been continental erosion, submarine volcanic springs, or
upwelling ocean currents. The site of final deposition was commonly a shallow water marine environment, but, since this was a relatively high-energy,
oxygenated environment, formation ofchamosite is unlikely to have occurred
here. Possibly the initial formation of chamosite occurred in a reducing
environment beneath the sediment surface, with subsequent transport to the
site of accumulation. Ooid formation may have occurred diagenetically during initial formation or during the processes oftransport and final deposition.
Any understanding ofthe origin ofthese ores is further hindered by their complex diagenetic history, which often involves total or partial replacement of
ooliths and fossil fragments. These replacement features have led to suggestions that the ores result from wholesale replacement of oolitic limestones by
iron minerals, but detailed study of the textures and geological settings shows
many flaws in this model.
The banded iron formations are very different from the ironstones, in that
the former have very low contents of Al20 3 and P 20 S and a high silica (chert)
content. Their restriction to the Precambrian (and Cambrian) is also con-

266

ORE MINERAL ASSEMBLAGES

sidered significant in some theories and requires explanation, as does the
regular interbedding of iron ore and chert. Various theories have proposed
cyclical continental erosion, seaboard and submarine volcanism, or seafloor
leaching as the origin of the iron, with deposition in either a marine or a lacustrine environment. Many workers believe that the absence of free oxygen in
the early to mid-Precambrian atmosphere was an important factor in the
transport and precipitation of the iron. There is, however, no consensus of
opinion regarding the mechanisms of formation. For the arguments in favor
and against various conflicting theories, the reader is referred to the standard
texts on ore geology and to Economic Geology, Vol. 68, No.7 (1973), "Precambrian Iron Formations of the World" or the other original papers.
10.2.3

Manganese

Most sedimentary rocks also contain detectable concentrations of manganese, although, generally, this is an order of magnitude lower in concentration
than iron; as with iron-rich sediments, there is a complete range from minor
amounts to ore grades. The major classes of sedimentary manganese ores are
marsh and lake deposits, deposits of the orthoquartzite-glauconite-clay association, deposits of volcanic affiliation, and modern marine deposits (including manganese nodules). The marsh and lake deposits are commercially
insignificant and are undoubtedly the analogues of bog iron ores, being
derived by the same processes. The manganese occurs as poorly crystalline
hydrous oxides. The other classes of sedimentary manganese deposits will be
briefly discussed in turn.
10.2.4 Manganese Deposits of Orthoquartzite-Glauconite-Clay
Association

Mineralogy Pyrolusite, psilomelane, manganite, manganocalcite, and rhodochrosite (MnC03 ) .
Mode of Occurrence Thin lens-shaped beds conformable with enclosing
sedimentary strata, the sediments having generally been deposited on a stable
platform area and being estuarine through to shallow marine deposits (sandstones, silts, clays, glauconitic beds, limestones, and even coaly beds).

Southern Soviet Union (Nikopol, Chiatura, etc.); Timna region
of Southern Israel; Turkey and Bulgaria and other localities of the Northern
Mediterranean (all in Tertiary strata); Northern Australia (L. Cretaceous beds
of Groote Eylandt).

Examples

Minerai Associations and Textures The mineral associations and their
spatial relationships appear to reflect different facies of chemical sedimentation, as suggested for certain iron deposits; in this case, a sequence of oxide,
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oxide-carbonate, carbonate ore appears to represent successively greater distance from a palaeo-shoreline. The ores generally consist of irregular concretions and nodules and earthy masses of the oxides or carbonates in a silt or
clay matrix (see Figure IO.4a).
10.2.5

Manganese Deposits of the Limestone-Dolomite Association

Dominantly either oxides (pyrolusite, hausmannite, bixbyite,
psilomelane, etc.) in type 1 or carbonate (rhodochrosite, etc.) in type 2 (see
below).

Mineralogy

Mode of Occurrence

Subdivided by Varentsov (1964) into:

1. Manganiferous limestone-dolomite formations developed on stable
platforms ("Moroccan type")
2. Manganiferous limestone-dolomite formations of geosynclinal zones
("Appalachian-type" and "Usinsk type")
Type 1 consists of a sequence of manganese oxide ores interlayered with
dolomites, limestones, and sometimes gypsum, with both underlying and
overlying red terrigenous sediments, all deposited on the eroded surface of a
stable platform. Type 2 consists either merely of manganiferous limestone or
more complex manganese carbonate ores in limestone-dolomite sequences
associated with volcanic deposit.
North Africa (Morocco), Appalachian area (United States),
Usinsk deposit (S.W. Siberia, Russia).

Examples

Minerai Associations and Textures In both types of deposits, the ore zones
vary from small lenses to continuous beds of Mn-rich sediment. The associations of type 1are composed almost entirely of oxides and are low in iron,
aluminum, and phosphorus, although heavy metal impurities are characteristic (BaO < 7%, PbO < 6.5%). The ores of type 2 are dominated by calcian and
ferroan rhodocrosites and also make up >8% of the rock. The carbonates
occur as ooliths and very fine laminae intercalated with manganoan stilpnomelane. Algal and sponge remains commonly occur, and may be replaced by
Mn carbonate. The type 2 ores, although lowin Ba and Pb, may contain> 15%
iron oxide and minor phosphorus.

10.2.6

Manganese Deposits of Volcanic Affiliation

Dominantly, the manganese oxides (hausmannite, jacobsite,
etc.). Also braunite and associated iron oxides (hematite, magnetite) and
minor sulfides (pyrite. arsenopyrite. chalcopyrite, galena, sphalerite. tetrahedrite): also quartz and chalcedony.

Mineralogy

FIGURE 10.4 Manganese ores. (a) Psilomelane showing characteristic growth texture (width of field = 2,000 urn), (b) Textures of a characteristic manganese nodule,
Blake Plateau, Atlantic Ocean (width of field = 520 urn),
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Very widespread in volcanic-sedimentary sequences
as concordant lenses of ore (generally rather small).

Mode of Occurrence

In Palaeozoic pyroclastic sequ ence s in Western North America,
the Urals (Russia), East Australia; in Tertiary volcanic sequences in Japan,
Indonesia, and the West Indies.

Exa mples

The manganese occurs as layered and
colloform to botryoidal masses ofintermixed pyrolusite, psilomelane, todorokite, and jacobsite. Grain size varies from the micron scal e to radiating fibrous
masses in which the fibers exceed 1 em in length .

Min era i Associations and Textures

10.2.7

Modern Marine Deposits ("Manganese Nodules")

In manganese nodules and marine ferromanganese crusts , the
dominant minerals are Mn 4+ oxides related to the terrestrial minerals todorokite, 8-Mn02 (sometimes termed vernadite), or, more rarely , birnessite. Although most nodules contain significant concentrations of iron , the iron bearing phases in most nodules are poorly crystalline; recentl y, the mineral
feroxyhyte (8'-FeOOH) has been claimed to occur as a precursor to goethite (aFeOOH). Common minor phases are goethite, quartz, feldspar, clays, and
zeolites. Manganese-rich sediments and oozes have been less well studied but
are also dominated by fine-grained oxide and hydroxide phases.

Min eralogy

Manganese nodules are widely distributed on the
floors ofthe major oceans and are generall y spherical and 1-30 em in diameter
(Cronan, 1992). Their importance as a resource is related not only to the
manganese and iron they contain, but also to the presence of significant
cobalt, nickel , and copper taken up within the structures of the manganese
minerals (see Section 11.4.5). Manganese-rich sediments and oozes also occur
in ocean regions with a clear link to submarine volcanism in some cases ; they
also occur in confined seas as those of the arct ic regions.
Mode of Occurrence

The inte rnal structure of manganese
nodules is of porous concentric, often colloform, zoning, with layering of different widths clearly visible under the microscope (see Figure WAb) . The
zones have been classified as laminated, mass ive, columnar, compact, and
mottled , and contain simple, arcuate, or chaotic layering (Sorem and Foster,
1972). The zones of high reflectance are those rich in Mn and containing Ni
and Co; the darker bands are Fe-rich . The porosity, fractures , irregular layering, and included organic matter require impregnation of materials prior to
preparation of polished sections.

Minerai Associations and Textures
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Origins of Manganese-Rich Sediments

The manganese deposits of volcanic affiliation almost certainly owe their
origin to direct discharge of manganese from submarine volcanoes or hot
springs and subsequent accumulation as chemical sediments, along with
other sedimentary and volcanic detritus. A similar origin can be invoked for
certain manganese concentrations in modern marine environments.
In contrast, the manganese ores oflimestone-dolomite and of ortho-quartzite-glauconite-clay association show no clear indication of a volcanic origin
for the manganese, although this has been invoked by some authors. Both the
source of manganese and the mechanism of its precipitation are more
problematic.
The origin ofthe manganese and other metals concentrated in nodules and
oozes may derive from volcanic and partly from terrigenous sources. The
growth ofnodules apparently takes place by the release of ions in the reducing
environment beneath the sediment surface, their upward migration when
thus mobilized, and their subsequent fixation following oxidation at the sediment surface and attachment as layers on a detrital particle (Glasby, 1977;
Burns, 1979).
10.2.9

Gossans

General Gossans, or "iron caps," develop on many types of iron-sulfide-

bearing deposits as a result of surface or near-surface weathering and
oxidation.
Goethite, limonite, lepidocrocite, hematite in varying proportions, sometimes with minor amounts ofmanganese oxides and residual basemetal sulfides and, locally, trace quantities of gold.

Mineralogy

Examples

Developed worldwide at surficial exposures of sulfide-contain-

ing deposits.
Gossans generally consist of porous
irregular laminae and colloform bands of mixed iron oxides with minor, but
variable, amounts of residual sulfide minerals. Remnant textures or primary
grain shapes, cleavages, and fractures are commonly preserved in the iron
oxides. The grain size is usually very fine (< 10 urn), but radiating bundles of
fibrous crystals (like those in Figure 7.13)up to I millimeter or more in length
may be locally developed. In recent years, several gossans have been mined for
gold that was dissolved from the primary ores and reprecipitated during the
gossan-forming process.
Minerai Associations and Textures

OPAQUE MINERALS IN COAL

271

OrIgIn of Gossans

Gossans develop as iron sulfides decompose during surface and near-surface oxidation to yield sulfuric acid and soluble ferrous sulfate in reactions such as

The acid dissolves base-metal sulfides, and the ferrous sulfate oxidizes to
leave mixed iron oxides . The end result is a porous network of filimentous,
layered to concentrically developed iron oxides. A detailed discussion of the
interpretation ofgossans was prepared by Blanchard (1968), and a discussion
of the nature and origin of gossans has been presented by Blain and
Andrew (1977).

10.3

OPAQUE MINERALS IN COAL

MIneralogy

Major
Rare

Associated Minerals

Pyrite, marcasite
Arsenopyrite, chalcopyrite, bornite, sphalerite,
galena, millerite, linnaeite, rutile , pyrrhotite,
native sulfur
Quartz, calcite , dolomite, siderite, kaolinite, illite,
gypsum, and a variety ofsecondary iron sulfates
and iron oxides

The sulfides are generally present in coal as (1) veins
that are thin or film-like on the vertical joints (cleats), (2) lenses that range
from millimeters to tens of centimeters across , (3) nodules or balls in which
sulfides are intergrown with variable amounts ofcarbonates and clays, and (4)
disseminated crystals and globules replacing organic matter.

Mode of Occurrence

Virtually all known coal deposits contain sulfides, although the
amount present is highly variable. Work in several coalfields has demonstrated a correlation of sulfide occurrence with the proximity of overlying
marine strata, suggesting that sulfur may have been derived by bacterial
reduction of seawater sulfate.

Examples

10.3.1

Minerai Associations and Textures

Sulfide minerals are the most well-known contaminants in coals ,because they
are major contributors to the total sulfur content of the coal and because they
are often macroscopically visible. There is a strong tendency in the coal industry to refer to all sulfides generally as pyrite, and, although it is the dominant
sulfide mineral, it is often not the only one present. Marcasite, the dimorph of
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pyrite, is often present and intergrown with pyrite; minor amounts ofsphalerite, galena, arsenopyrite, chalcopyrite, bornite, millerite, and linnaeite have
been reported locally. Pyrite in the typical veins, lenses, and nodules is generally fine-grained and anhedral, as shown in Figure 1O.5a. Individual layers
within the lenses and nodules are usually composed of roughly equant, generally fine, anhedral grains. In some occurrences on cleats, especially where
the sulfide is thin and disseminated, pyrite is intergrown with marcasite and
exhibits a poorly developed radial growth structure. Marcasite appears to
have been the primary phase in many occurrences and to have been subsequently converted in part to pyrite. Disseminated pyrite may be present either
along cleats or within the residual structure of the organic matter. In the latter
case, the pyrite frequently occurs as framboids, tiny spherical aggregates of
pyrite euhedra, as shown in Figure 1O.5b. Sphalerite has been extensivel y
studied in the coals of Illinois (United States), where it occurs as cleat fillings
(Hatch, Gluskoter, and Lindahl, 1976). The sphalerite contains up to 2.5 wt %
Fe and as much as 1.3 wt % Cd. Its color is anomalous and includes gray-white
and purple varieties; the cause of the coloration is not known.
10.3.2

Origin of the Opaque Minerals in Coals

The sulfides in coal constitute approximately one-half of the total sulfur content ofthe coal and are believed to have formed , for the most part, through the
activity of sulfate-reducing bacteria during diagenesis. Studies of sulfur isotopes support this mode of origin of sulfur (Price and Shieh, 1979). The
original sulfur content ofthe plant matter remains trapped in the organic substances now constituting the coal and was clearly insufficient to account for
the bulk of the sulfide present in many coals. Although some disseminated
pyrite, especially that occurring as frambroids, may have formed at the time of
burial, most of the sulfide apparently formed during later diagenesis or metamorphism.
10.3.3

Coal Petrography

Coal is an organic rock composed of the organic equivalents of minerals
called macerals. Macerals, the basic units ofthe Stopes-Heerlen system ofcoal
petrographic nomenclature, are microscopically recognizable and distinctive
organic constituents ofcoal. Instead ofbeing defined by exact chemistries and
relatively consistent crystallographic and reflectance properties as are minerals , the macerals are defined on the basis of the original plant components
from which they were derived. Since deposition, the constituents have undergone gelification, carbonization (fusinization), and/or compaction, and/or
fragmentation in the coalification process.
The macerals are not crystalline and vary widely in chemical composition
and physical properties in response to variable degrees of compaction and
heating. As used today, the term "maceral" describes both the shape and the
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FIGURE 10.5 Opaque minerals in coal. (a) Anhedral grains of pyrite and pyriteinfilling cleats, Minnehaha Mine, Illinois. (Reproduced from F. T. Price and Y. N.
Shieh, Econ. Geol. 74, 1448, 1979, with permission of the authors and the publisher). (b)
Typical framboidal pyrite in an Appalachian coal (width of field = 25 urn), (Photograph courtesy of Dr. F. Caruccio.)

nature of the microscopically recognizable constituents. The macerals are
most easily distinguished in low-ranking coal ; with increase in rank, the differences in reflectance diminish, because there is a general conveyance in
chemistry and in physical properties (Figure 10.6).
Several types ofmacerals fluoresce green, yellow, or brown when irradiated
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FIGURE 10.6 Coal macerals in Elkhorn No .3 seam, high- volatile bituminous coal in
Eastern Kentucky. (a) Vitrinite showing well-developed cell structure. (b) Vitrinite
(gray) earring dark sporinite bodies and minor inertinite (white). (c) Fusinite particle
showing typical xylem (wood) cell structure. (d) The reflectance of vitrinite, although a
complex function as explained in the text, varies as a function of coal rank (each field of
. view is 200 urn oil immersion). (Photos courtesy of John Crelling. )

by blue or ultraviolet light. The color and intensityofthe fluorescence depends
on both the type ofmaceral and the rank ofthe coal. Fluorescence is greatest in
the low-ranking lignites and sub-bituminous coals but is absent in highranking bituminous and anthracite coals. Detailed discussions of coal fluorescence are presented in Bustin et al. (1983)(where color plates also illustrate
the fluorescence) and in the International Handbook of Coal Petrography
(1975).
It has now been well established that the reflectance of vitrinite measured
using oil immersion is a very reliable indicator ofthe rank ofbituminous coals
that have less than 30% volatile matter and of anthracites (Figure 1O.6d).
Hence, vitrinite reflectance measurement has become a standard analytical
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technique in the examination of coals . Because the reflectance values are so
low (less than 2% for most bituminous coals) relative to most ore minerals, it is
necessary to have special low-reflectance glass standards. The actual relationships of reflectance, moisture content, hydrogen content, and carbon content
are quite complex, and the reader is referred to Bustin et al. (1983) for
greater detail.
All macerals may be classified in one ofthree major groups: (I) vitrinite, (2)
exinite or liptinite, (3) inertinite. Unfortunately, the terminology in coal petrography is complex and sometimes confusing. For more detailed discussions, the reader is directed to the references given below.
Vitrinite-The most abundant macerals in bituminous coals, derived from
woody tissue and bark; generally of moderate reflectance. The term
huminite applies when used in describing lignite and sub-bituminous
coal.
Telinite-cell walls
Collinite-structureless constituent of vitrinite
Vitrodetrinite-fragmental or detrital vitrinite
Exinite or (liptinite)- Dark gray with low reflectance
Sporinite-skins of spores and pollens (106/gm)
Cutinite-outer layers of leaves or needles
Resinite-natural resins usually occurring as round to elliptical droplets
Alginite-algal remains, relatively dark
Liptodetrinite-detrital fragments, similar to clays
Inertinite-Light gray to white, high reflectance
Fusinite-cellular to "bogen" structure, with highest reflectance in bituminous coal; white to yellowish light in reflected light; high-polishing hardness
Macrinite-amorphous nongranular ground mass of high R%
Sclerotinite-fungal remains

10.4 URANIUM-VANADIUM-COPPER ORES ASSOCIATED WITH
SANDSTONES AND UNCONFORMITY-TYPE URANIUM DEPOSITS

Different deposits show varying relative concentrations of
minerals of the three metals, often with only one or two of the metals being
present or greatly dominant. Major minerals from each metal are

Mineralogy

Uranium

Vanadium

Uraninite (or its cryptocrystalline equivalent, pitchblende),
coffinite [U(Si0 4kiOH)4x], various types of asphaltic
organic-matter-bearing uranium
Roscoelite (vanadium mica), montroseite [VO(OH)], and
vanadium-bearing mixed-layer clay minerals
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Chalcocite (ore related minerals of ~CU2S composition),
bornite, chalcopyrite, covellite, native copper

Copper

Other (usually minor) minerals include a very large number of sulfides,
notably pyrite, galena, sphalerite, gersdorffite, molybdenite, native gold and
silver; silver sulfides. Secondary minerals include a very wide range ofoxides ,
hydrated oxides, sulfates, and carbonates produced from the primary assemblages.
Within conglomerates, sandstones and siltstones
(particularly the reduced zones within red beds) as irregular masses of ore
occurring as fillings of pore spaces, veinlets, and replacing organic materials,
particularly fossil plants. Also as veins and veinlets closely associated with a
major unconformity recording a period ofcontinental weathering.

Mode of Occurrence

The Colorado Plateau area ofColorado, Arizona,Utah, and New
Mexico; Wyoming; Texas; the Athabasca Sandstone, Northern Saskatchewan; Darwin Area, Australia (the most important uranium-bearing
examples). Copper-rich examples are very widespread-Corocoro, Bolivia;
Udokan, Siberia. Many examples oflimited or no economic importance are
also known (e.g., Pennsylvania, United States; Alderley Edge , Cheshire,
England).

Examples

10.4.1

Mineral Associations and Textures

The deposits of this group commonly occur in continental and marginalmarine clastic sediments that are considered as having been deposited under
fluviatile-deltaic conditions. The bulk of these sediments have the distinctive
red color due to fine-grained hematite and ferric oxyhydroxides, which lead to
the term red beds. However, in contrast to the surrounding red sediments, the
mineralized zones are often gray-greenish, containing a predominance of
ferrous iron with relatively high sulfur and carbon concentrations. The mineralization occurs as lenses, pods, layers, or concave "rolls" that are grossly
conformable with enclosing sediments, although cross cutting in detail. Most
concentrations of mineralization are associated with organic debris, and
some significant uranium deposits have resulted from the replacement of
fossil logs.
The amounts ofuranium, vanadium, and copper mineralization vary enormously both within and between deposits. The copper ores may also contain
significant concentrations of silver. The ore minerals occur as veinlets and
pore -space fillings in the sediments and as replacements offossil plant matter.
Often the cell structure ofwood may be preserved, although totally replaced by
uranium minerals and copper and iron sulfides (Figure 10.7). Although the
major copper sulfide described from these deposits is "chalcocite:' more
recent descriptions ofthe complex phase relations in the Cu-S system (and the
system Cu-Fe-S) suggest that much may remain to be learned regarding the
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FIGURE 10.7 Pyrite replacing cellular structure in wood with associated chalcocite,
Marysvale, Utah (width of field = 520 11m).

•

detailed mineralogy of these ores and the roles played by such phases as
digenite, djurleite, and anilite (see Figure 10.8). A sulfur-rich bornite is common in many red bed deposits, where it may occur interstitially between sand
grains or where it may selectively replace organic structures. The stability and
mode of formation of this type of bornite remains an unresolved problem in
phase relations of the Cu-Fe-S system. Pyrite is common in the reduced portions of the ores but is largely replaced by secondary hematite and hydrated
iron-oxides in more oxidized areas.
At the Rabbit Lake, Cigar Lake, and Similas deposits, Northern Saskatchewan, mineralization is spatially related to the unconformity that underlies the Athabasca Formation, a fluviatile sedimentary sequence that includes
red sediments with reduced zones and also carbonaceous materials. The
mineralization has been studied in detail (Hoeve and Sibbald in Kimberley,
1978), and several stages, associated with oscillating episodes ofoxidation and
reduction, have been recognized. The earliest mineralization occurs as fracture or breccia infillings, with pitchblende as colloform encrustations and
later massive mineralization associated with coffinite and sulfides. A second
stage consists of veins ofcomplex paragenesis, including euhedral quartz, carbonates, pitchblende, coffinite, sulfides, arsenides, and native copper. The
final stage involves impregnation by sooty pitchblende and coffinite along
fractures and joints and appears to be a reworking of pre-existing mineralization . Marmont (1987) presents a model of the origin of these deposits.
10.4.2

Origin of the Ores and Textures

It is widely accepted from overwhelming evidence that the ore minerals ofthis

group were introduced later than the deposition of the host sediments. These
ores are the result of precipitation from solutions passing through the sediments. The problems oforigin concern the nature and source ofthe solutions,
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and their mode oftransport and ofprecipitation. Three main suggestions have
been made for the origin of the solutions.
It is widely accepted that the solutions were groundwater that leached metal
ions and S042- ions from associated strata at low temperature and that the ore
minerals were precipitated on encountering local reducing environments.
The field relations of the major uranium-bearing deposits allow for largescale leaching ofunderlying granites and other arkosic rocks and interspersed
volcanic ash, which could supply the necessary metals. In oxidizing solutions,
uranium can be transported as the relatively soluble uranyl (U6+0 2)2+ ion or
as a carbonate complex such as U0 2(C03 h4- or U0 2(C0 3 ) 3-2. The relatively
insoluble uranous (U4+) ion is stabilized under reducing conditions, where it
may precipitate out to form uraninite (U02), as shown in Figure 10.9. Since the
mineralized zones are commonly gray-greenish (Fe2+-rich) reduced areas, the
concept of precipitation on encountering such areas appears sound. The formation ofsuch localized reducing areas is commonly linked with the presence
oforganic matter. Bacterial activity in these areas could cause reduction ofsulfate in the pore waters, which could react with introduced copper in solution to
precipitate the highly insoluble copper sulfides. Vanadium could be transported as the V4+ ion and precipitated by reduction in the mineralized zone.
The theory that organic reduction is important in the 'formation of the sulfide
ores ofthis association is supported by data from sulfur isotopes. Fluid movement through porous sandstones often results in development ofa "roll-type"
deposit in which solution ofU-V minerals occurs along an oxidizing surface
that follows behind a reducing front where precipitation is occurring (Figure
10.10).
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An alternative suggestion for the origin ofthe mineralizing solutions is that
they were derived directly from igneous rocks at depth (Le., of igneous/
hydrothermal origin). Such solutions would have to pass up through fractures
into the sedimentary hosts in which precipitation could occur through the
same processes already outlined. The general absence oflarge feeder veins, the
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vast lateral extent of such examples as the great Colorado Plateau deposits,
and the absence of a universal association with igneous sources are major
arguments against this theory. A third view combines the first two theories by
deriving the solutions from mixing of hydrothermal and meteoric solutions.
Work by Rose (1976) on the copper deposits of this association has drawn
attention to their geological association with evaporites, which could have furnished chloride-rich groundwaters. In most normal oxidizing groundwaters,
the solubility of copper is less than 1ppm at reasonable pH values. However,
in chloride-containing solutions, the cuprous ion forms the complexes CuCli
and CuCI~-, which allow solubilities of -100 ppm copper in 0.5 m Cl - at pH
7.0and intermediate Eh. As illustrated in Figure 10.10, the CuClj- complex is
stable underl pH/Eh conditions compatible with the presence of hematite.
The solutions transporting copper are believed to be in equilibrium with
hematite, quartz, feldspar, and mica, and at temperatures below -75°C. The
general relationships illustrated in Figure 10.11 (at 25°C) therefore apply, so
that reduction will bring about precipitation of copper as copper sulfides.

10.5 MODERN PLACER DEPOSITS

Mineralogy Placer mineral deposits, having been formed as the result of the

mechanical accumulation ofgrains from pre-existing deposits, can contain a
wide range of minerals. The discussion below treats the most common and
important types of placer deposits.
Major minerals
Minor minerals

Ilmenite, rutile, magnetite, cassiterite, gold (commonly
called electrum if silver content exceeds 20 wt %)
Platinum group minerals, hematite

Mode of Occurrence

Modem placer deposits typically occur as sandbars or
bottom sands in rivers and streams or in the bank materials that are deposited
during episodes of high water flow.They also occurin modem coastal beaches
as thin , irregular, and discontinuous layers and lenses of dark minerals.
Unconsolidated paleoplacers at least as old as Tertiary in age are found on
river terraces and as blankets of sands and gravels adjacent to rivers and
streams that have become more deeply incised or thathave migrated laterally.
Paleo-beach placers occur in continental shelf sediments where sea level has
risen relative to the land surface or in beach terrace deposits where sea level
has fallen relative to the land surface. Examples are Eneabba, Yoganup,
Western Australia; North Stradbroke Island, Queensland, Australia; Trail
Ridge and Green Cove Springs, Florida.
10.5.1 Mineral Associations and Textures

Placer deposits generally consist of accumulations of individual grains that
have survived weathering and that have been fortuitously brought together
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because of size (usually 1 mm and smaller) and specific gravity. Accordingly,
original mineral associations are generally not preserved. In contrast, many
grains preserve at least some of their original internal textures . The i1menites,
which constitute the most abundant ore mineral in most placer occurrences,
and the "black sands" in most streams,vary from homogeneous single crystals
to complex lamellar intergrowths with hematite (Figure 10.12). Exposure of
the grains to marine, fluvial , or interstitial ground water causes leaching ofthe
ilmenites, resulting in slow removal of the iron with a consequent increase in
the titanium content ofthe remaining, somewhat porous material. The leaching dissolves hematite more rapidly than ilmenite; hence, it is common to find
grains in which either the outer lamellae ofhematite or all ofthe hematite ha ve
been dissolved away, leaving onl y oriented lamellae-like holes (Fig. 7.32).
Magnetite may be locally abundant in placer deposits, but it tends to
oxidize rapidly. Hence, magnetite grains are frequently oxidized to hematite
or goethite around margins and along cleavage planes (see Fig. 7.34). Rutile is
less abundant than ilmenite but is more resistant to oxidation and solution.
Hence, it usually occurs as reddish equant grains, occasionally with inclusions of ilmenite.
Cassiterite is also very resistant to oxidation and solution effects, and thus
shows little change in the placer environment other than surficial abrasion,
which reduces grain size and makes grains more spherical. Reflected-light
examination ofcassiterite generally reveals only an apparently homogeneous
phase, with occasional inclusions ofsilicates or other oxides . Breccia-like textures in the grains suggest periods ofdeformation during formation, probably
long before liberation as a placer grain. Examination ofdoubly polished thi n
sections of placer cassiterite may, however, reveal well-developed growth zoning.and have oriented lamellar to needle-like inclusions of ilmenites (Figure

FIGURE 10.12 Placer ilmenite with lense s of hem atite (white) that ha ve been dissolved out, especially around the edges. The removal of the hematite increases the
titanium content of the grain. Lilesville, North Carolina (width of field = 600 l-Im).
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FIGURE 10.13 Oriented lamellae of ilmenite with in a placer grain of cassiterite,
Shelb y, North Carolina (width of field = 600 urn),

10.13), and zones or clouds of fluid inclusions. Cassiterites may also contain
inclusions of tantalum and niobium phases like tapiolite and columbite.
Placer gold grains were long considered chemically inert and hence only
modified by physical abrasion during transport in the placer environment.
Although many gold grains are homogeneous when examined in reflected
light, many others display inclusions ofminerals that coexisted in the original
lode occurrence (e.g., tellurides) or that were incorporated mechanically during transport (e.g., iron hydroxides, quartz). Several recent studies have also
demonstrated that placer gold grains commonly display the presence of
sharply bounded, irregular to continuous rims ofhigh-purity gold (> 950 fineness or 95 wt % Au) around their margins. These high-purity zones (Figures
10.14 and 7.33) may also appear internally, where they are developed along
fractures or within cavities in the gold grains. These gold-rich zones are clearly
visible because of the color difference in reasonably polished grains, but they
may be enhanced by etching using 2% NaCN or KCN (use with great caution
and NEVER allow the solution to become acidic) and the use of oil immersion.
10.5.2 Origin of the Ores

Placer ores form when resistant original (primary) mineral grains are weathered out, transported (usually by rivers), and mechanically concentrated.
Ilmenite and rutile occur as accessory phases in a wide variety ofigneous and
metamorphic rocks from which they are liberated during decomposition.
Accumulations of these minerals are very common in rivers and streams and,
locally, in beaches, where they constitute the "black sands"; such accumulations are nearly always too small in volume to be of economic value. Large
mineable deposits, such as Eneabba and Green Cove Springs, are believed to
have formed through the winnowing out ofthe lighter quartz grains by intense
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FIGURE 10.14 Placer electrum grain (approximately 80 wt % gold) on the'lower sid e
ofwhich a high-purity (greater than 95 wt % gold) rim has developed.The boundary between the core of the grain and the rim is very sharp, Lilesville, North Carolina (width
of field = 600 11m).

storm-driven wave action and the accumulation of the heavier ilmenite and
rutile (and associated heavy minerals such as gamet, zircon, etc.) along beach
ridges or headlands.
Placer gold and cassiterite may occur in beach-type deposits similar to
those that contain major titanium sand deposits . More commonly, however,
placer gold and cassiterite occur in river beds and adjacent sediments where
these minerals have settled after periods of episodic movement. Most transport occurs during flood periods when the higher velocities can scour and dislodge grains from their previous sites. Obstructions, changes in channel
shapes, or decrease in water flow results in the selective sorting of minerals
according to size, shape, and specific gravity. This may allow sufficient concentration of gold or cassiterite to form economically significant deposits.

10.6

GOLD-URANIUM ORES IN ANCIENT CONGLOMERATES

Major pyrite; gold (as native metal with some silver) may be a
major ore mineral; uranium in uraninite, "thucholite" (a uraniferous hydrocarbon), or brannerite (a complex uranium-bearing silicate) may also be of
major importance. Osmiridium (OsIr) may be of minor economic importance.
Associated sulfides of no economic significance may include marcasite,
pyrrhotite, sphalerite, galena, molybdenite; also arsenides and sulfarsenides
containing Co and Ni may occur.
Detrital heavy minerals may include chromite and zircon, ilmenite, magnetite, rutile, and various mafic silicates. The remainder of the ore material is
Mineralogy
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largely made up of quartz, with significant feldspar, sericite, chlorite, and
chloritoid.
Mode of Occurrence The gold and uranium ores occur disseminated in
beds and lenses of coarse conglomerate which are parts of arenacecus sequences. Generally, the conglomerates are ofquartz pebbles and appear to be
of fluviatile or shallow-water deltaic origin. The major examples are Precambrian in age.

Two very important examples are the Witwatersrand, South
Africa (major gold and uranium deposit) and Elliot Lake (Blind River),
Ontario, Canada (major uranium deposit); Jacobina, Brazil, is a less important gold deposit.

Examples

10.6.1

Mineral Associations and Textures

The ore minerals of gold and uranium are generally very fine-grained (commonly not visible except under the microscope). They commonly occur interstitially to the conglomeratic fragments, with gold as grains and pore space
fillings, although they occur occasionally as fine veinlets. Uraninite, thucholite, and brannerite occur as detrital grains and in some cases as colloform
sheets or as veinlets , and gold and uranium show a strong tendency to occur
together. Osmiridium in the Witwatersrand ores is partly intergrown with
gold. Pyrite , found in concentrations of2-12% by volume in the conglomerate s has been described by Ramdohr (1958) as being of three textural types:
1. Allogenic. Having rounded outlines and a smooth homogeneous interior.
2. Concretionary authigenic. Having a structure composed of loosely aggregated fragments.
3. Reconstituted auth igenic. Loosely aggregated fragments that ha ve been
partially recrystallized.

A detailed account of the mineralogy of Witwatersrand ores is given by
Feather and Koen (1975). Examples ofboth the textural varieties of pyrite and
the occurrence ofgold in the Witwatersrand ores are shown in Figures IO.l5a,
and 10.1 5b. A typical colloform texture of the uraninite is shown in Figure
1O.l5c. Ore concentrations are usually greatest where the conglomerates are
thickest, and, in the Witwatersrand ores, the silver content of the gold (which
ranges from ~5 to 16 wt %)shows systematic variation, decreasing with depth
in any single ore lens ("reef"). High gold concentrations also occur in very thin
carbonaceous seams, and much of the gold in the conglomerates may represent the reworking of such material.
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FIGURE 10.15 (0) Native gold (light gray) occurring around the margins of quartz
grains and pyrite aggregates , Witwatersrand, South Africa (width offield = 2,00011m).
(b) Pyrite of allogenic and concretionary authigenic textural types, Witwatersrand,
South Africa (width offield = 2,000 11m). (c) Colloform uraninite with associated fine
pyrite (width of field = 2,000 11m).
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FIGURE 10.15 (Continued)

10.6.2

Origin of the Ores

Historically, three main theories have developed regarding the origin of
these ores.
1. Placertheory. The are minerals have been derived by erosion ofadjacent
areas , have been transported, and have been deposited by streams along
with the comglomerates. Even among the proponents of the placer
theory, there are significant differences regarding the location of the
original sources of the gold-bearing rocks and the distances oftransport
(Minter, 1978, 1990, 1991 ; Minter et ai, 1993; Hutchinson and Viljoen ,
1986).
2. Hydroth ermal theory. The gold, uranium, and some of the other metals
have been introduced in hot aqueous solutions derived from an external
source,such as an igneous intrusion. Phillips (1989)has argued that gold
is primarily epigenetic , having been introduced by hydrothermal fluids
that entered the sediments during metamorphism.The close connection
between the gold and the sedimentary facies is explained as resulting
from the ore fluids reacting with pyrite and organic matter in selected
environments.
3. Modified placer theory. The are minerals, having been deposited as
placers, have been locally redistributed within a particular orebody.
There is ample evidence that gold-bearing beds have been subjected to
greenschist facies metamorphism and that there have been aqueous
fluids circulating through the rocks (Frimmel et aI., 1993).
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The occurrence of gold and of uranium mineral veinlets suggest at least
some textural modification, so the major disagreement on origin has been between a modified placer theory and a hydrothermal theory. Most workers
favor a modified placer origin for these deposits .
Specific arguments concerning the origin of the Elliot Lake and the Witwatersrand deposits are outlined by Derry (1960) and by Pretorious (1975,
1976).

10.7 LEAD-ZINC DEPOSITS IN CARBONATE ROCKS AND
OTHER SEDIMENTS
Mineralogy

Major

Minor

Gangue Minerals

Galena and sphalerite are the metalliferous ore min erals. Barite and fluorite are locally economically
important. Pyrite and marcasite are widespread,
and so is chalcopyrite, although it is rarely significant as a source of copper.
Sulfides that may occur in minor amounts include
wurtzite, greenockite , millerite, bravoite, siegenite.bornite, covellite, enargite, luzonite. A variety
of oxides (hematite, cuprite, limonite), carbonates (e.g., smithsonite, cerussite, malachite),
and sulfates-for example anglesite, jarosite
[KFe3(S04h(OH)6]-result largely from the alteration of the major sulfides.
Dominantly calcite, dolomite, aragonite, fluorite,
and quartz. Siderite, ankerite, gypsum, and colloform silica may also occur.

The ores nearly always occur in sedimentary carbonate host rocks, particularly dolomites, but also in limestones and magnesian limestones. They may also be found in associated sandstones, shales, or
conglomerates. Many of the larger orebodies occur as stratiform masses (i.e.,
parallel, or nearly so, with the bedding), but others occur as vein infillings (or
sometimes replacements) along fissures (commonly faults or joints) that may
cross the bedding. Often the carbonate host rock constitutes part of a reef (i.e.,
is biohermal), and the ores are localized relative to a particular reef facies. In
other cases, the ores may occur in association with a solution collapse breccia
related to karst and paleoaquifer development.
Mode of Occurrence

The most important examples occur in Paleozoic and Mesozoic
carbonate sediments, particularly in North America , Europe, Russia, and
North Africa. Principal areas of early exploitation were in the Triassic sediments of the Eastern Alps (hence the label "alpine type") and in the upper and

Examples

LEAD-ZINC DEPOSITS IN CARBONATE ROCKS AND OTHER SEDIMENTS

289

middle regions of the Mississippi Valley of the United States (hence "Mississippi Valley type") within Paleozoic sediments. Within the latter area, the
"Tri-State" field (around the Missouri-Kansas-Oklahoma border), an important early mining district, has been superseded by the Old and New( = Virburnum Trend) Lead belts of southeast Missouri. Other major North American
occurrences are in the southern Appalachians, especially Tennessee, and the
Pine Point area, Northwest Territories, Canada. The deposits of the English
Pennines, although now little exploited, have been the subject of much scientific study. Other notable European examples occur in Central Ireland and in
Silesia. Similar lead-zinc ores (e.g., Laisvall) occur in the Lower Cambrian
and uppermost Precambrian sandstones along the western border of the
Baltic Shield in Norway and Sweden.
10.7.1

Mineral Compositions, Textures, and Paragenesis

The simple mineral assemblages that are characteristic of these deposits are
made up ofa fewwell-crystallized phases ofsimple composition. The galena is
characteristically lower in silver content than is the galena of many vein-type
ores (see Section 9.6),and the sphalerite is commonly pale in color, with highly
variable but generally small amounts of iron and manganese substituting for
zinc. The sphalerite does commonly carry a relatively high cadmium content
(in some cases, greenockite, CdS, being an accessory mineral) and may contain economically recoverable germanium (e.g., in Central Tennessee).
The textures exhibited by the ores in polished section and on a larger scale,
although varying with the particular occurrence, are also relatively simple. In
the larger orebodies, the phases occur as large, irregular polycrystalline aggregates within the host rock. When the sulfides occur in veins or as breccia
fillings, they may be massive or may provide beautiful examples ofcrustification, with delicately developed symmetric or asymmetric bands occurring
parallel to the margins ofthe veins (see Figure 8.4a).Alternating bands ofvery
fine-grained sphalerite and wurtzite found in these ores are termed schalenbiende. Colloform textures are also common in both vein ores and the breccia
ores associated with solution collapse brecciation. These textures may involve
the layered intergrowth of sphalerite and wurtzite, galena, pyrite, and marcasite, or other sulfides and nonsulfides. The free growth of crystals on the
walls of solution cavities can also produce large, well-formed crystals (e.g.the
Elmwood Mine in Central Tennessee frequently yields 20 em fluorite cubes
and 40 em or larger calcite crystals). Much ofthe ore in these deposits consists,
therefore, of crystals deposited one upon another in open space. Examples of
characteristic textures are shown in Figures 10.16, 7.3a, and 7.3b.
The paragenetic sequences reported for these deposits can be illustrated
through a number of examples. In Figure 10.17, a paragenetic diagram for the
Tri-State deposits based on the work of Hagni and Grawe (in Hagni, 1976)is
shown. Although the sequence is generalized and a number ofaspects are controversial, it illustrates the characteristically repetitive nature of this style of
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FIGURE 10.16 Characteristic textures oflead-zinc ores in carbonate rocks. (a) Concentric growth of sphalerite on dolomite fragments. The sphalerite contains a central
core and a thin band made black by the presence of hydrocarbons; these zones are also
abnormally enriched in cadmium and contain traces of lead and copper, Idol Mine,
Tennessee (width offield = 1,200 um), (b) Skeletal galena crystal (white) overgrown by
concentric bands of sphalerite, Pine Point, Northwest Territories (width offield = 2,000
urn). (c) Early pyrite subhedra associated with a later veinlet of galena in a dolomite
host, Austinville, Virginia (width of field = 2,000 urn).

mineralization (several periods ofsphalerite deposition in this case). Another
example is the Magmont Mine (southeast Missouri), where Hagni and Trancynger (1977) recognized three phases ofmineralization-early disseminated
mineralization, followed by colloform sulfides, followed by crystalline sulfides, quartz, and calcite in fractures and vugs. Overlap and repeated deposi-
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FIGURE 10.16 (Continued)

tion of sulfides occurred throughout the episodes of mineralization, with
galena and chalcopyrite deposited during six intervals ; deposition of sphalerite, marcasite, and pyrite occurred during four intervals ; deposition of
dolomite and quartz occurred during three intervals. In the South Pennine
Orefield (England), the primary sulfide mineralogy is remarkably uniform
and displays a consistent paragenetic sequence of bravoite, pickel-rich and
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FIGURE 10.17 Paragenetic diagram for the Tri-St ate ore deposi ts (After R. D. Hagni
and O. R. Grawe, Econ. Geol. 59,455, 1964; with the publisher's permission.)
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nickel -poor pyrite and marcasite, chalcopyrite, galena, and sphalerite (lxer
and Townley, 1979) similar to that discussed and illustrated in detail in Section
8.3.3, whereas greater diversity is exhibited in the Northern Pennine Orefield
(Vaughan and lxer, 1980). The importance of nickel as a minor element in
"Mississippi Valley-type" mineralization is also highlighted by these authors.
Although the major mineral assemblages ofthese ore deposits are both simple
and uniform, commonly there is evidence for a zonal distribution in terms of
min or elements. The lead-zinc ores of several districts contain hydrocarbons
in fluid inclusions, as bands in sphalerites, and even as droplets that occur on
or between crystals. Consequently, hydrocarbons may playa part in the
deposition of the ores (Anderson, 1991).
Along the western border ofthe Baltic Shield in Norway and Sweden , most
notably at Laisvall in Sweden, lead-zinc mineralization is confined to sandstones. The assemblage includes pyrite, calcite, barite, flluorite , galena, and
sphalerite filling the interstices of the sand grains (Figure 10.18).Although the
host rock is different, these ores appear to be closely related to the lead-zinc
ores of carbonate rocks (Bjerlykke and Sangster, 1981).
10.7.2

Ore Formation

The literature describing lead -zinc ore dep osits in carb onate rocks and discussing their genesis is very considerable. Important literature descriptions

FIGURE 10.18 Galena (light gray) and sphalerite (medium gray) infilling around
quartz grains, Laisvall , Sweden (width of field = 2,000 urn),
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include the monograph edited by Brown (1967) and studies by Beales and
Jackson (1966), Heyl (1969), Brown (1970), Anderson (1975, 1991), Sangster
(1976), Anderson and MacQueen (1982), Sverjensky (1986), and Ixer and
Vaughan (1993). Despite the con siderable amount of work undertaken on
these ores, their origin remains controversial.
The characteristically simple mineralogy and the localization ofore in carbonate host rocks (sometimes in particular facies, sometimes in specific tectonic or karstic structures) have already been emphasized. The vein-type ores
clearly have resulted, in many cases, from successive deposition from introduc ed (predominantly aqueous) solutions. Fluid inclusion studies have indicated that these were saline solutions that deposited the minerals at
temperatures below ~200 °C , frequently below ~ 100°C, but the origin ofthese
fluids remains controversial. As to the origin of the "stratiform" orebodies,
theories ranging from syngenetic to wholly epigenetic have been propounded.
In 1970, Brown stated that North American opinion favored a "dominantly
connate marine but epigenetic are fluid with probably minor additions from
deeper sources" and that European opinion was "divided almost equally between proponents of syngenesis-diagenesis and of magmatic epigenetic
origin. "
Since 1970, particular emphasis has been placed on the problems of transport and deposition of the metal sulfides. Many ha ve supported the view that
connate brines have acted as a means oftransporting metals (as chloride complexes) and that mixing with a separate H 2S-rich fluid in the limestone environment has caused sulfide precipitation (e.g., Beales and Jackson, 1966;
And erson, 1975). Hydrocarbons in the limestones and sulfate-reducing bacteria have been cited as important in the conversion ofdissolved sulfate to sulfide and the spacial link of Mississippi Valley deposits to oilfield-like brine
sources emphasized. The conflict between the European proponents of a
syngenetic-diagenetic origin (largely those workers studying the Eastern Alps )
and the proponents of an epigenetic origin has been somewhat clarified by
Sangster(1976). He has proposed a division into two major classes oflead-zinc
deposits in carbonates.

I. Mississippi Valley type, which are "stratabound" and were emplaced
after lithification ofthe host rocks (i.e., epigenetically) into "open space"
provided by a variety of structures (e.g., Mississippi Valley, Pine Point,
English Pennines).
2. Alpine type, which are "stratiform" and also synsedimentary in large
part. Here the original source of the ores is regarded as contemporaneous with the host rocks and is linked to submarine volcanism.
Remobilization may have resulted in concentration of these ores and
the formation of epigen etic feature s (e.g., the Eastern Alps, Central
Ireland).
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10.8 STRATIFORM BASE-METAL SULFIDE ORES IN
SEDIMENTARY ROCKS
Mineralogy

Major

Minor

Gangue Minerals

Pyrite; chalcopyrite or galena and sphalerite; in
some ores , pyrrhotite, bornite, chalcocite (also
digenite, djurleite), or even nati ve copper may be
major and cob alt sulfide s (carrollite), or sul farsenides may be economically important. Cob alt
also substitutes in pyrite.
Arsenopyrite, tetrahedrite, nati ve bismuth, bismuthinite, argentite, niccolite; molybd enit e, covellite, an d other sulfides may occur.
Carbonates, barite, fluorite .

These are dissem inated to massive stratiform sulfide
ores that are generall y conformable within sedimentary sequences in which
they occur and grade into the ores discussed in Section 10.9.The host rock may
be a black shale, dolomite or, more rarely, an arenaceous unit (e.g., quartzite)
and may be of considerable lateral extent. The host sediments may be undisturbed or may ha ve undergone mild folding and metamorphism.

Mode ot Occurrence

Kupferschiefer-Marl Slate of Northern Europe; Copperbelt of
Zambia and Zaire; Whi te Pine, Michigan , United States; Selwyn Basin,
Yukon, Canada; Mt. Isa, Broken Hill , Australia.
Examples

10.8.1

Mineral Associations and Textures

The ore minerals of this association are characteristically fine-gra ined and
disseminated in the host rock often as lenses com formable with the bedding
(Figure 10.19). A characteristic texture found in the sulfides, particularly
pyrite, is the framboid (Figure 10.20). Also common are colloform textures in
pyrite ,galena, and sphalerite. Most ofthe sulfide s occur as anhedral grains but
pyrite is one of the few sulfides that may be euhedral. The ore minerals
generally occur as random aggregates, although intimate intergrowth textures
involving laths, intersecting spindles, or myrmekitic fabrics occur between the
copper and copper-iron sulfides. The intergrowths ofbornite and chalcopyrite
are clearly a result of exsolution and other intergrowths invo lve bornite with
chalcocite or other copper sulfides (Figure 10.21) (the precise identity of many
ofthe copper sulfides in these ores ha s never been checked). Some ofthe more
deformed ores of this type contain very minor development of mineralized
veins.
An important characteristic ofthese ores is the presence ofa zonal distribution ofore metals on a regional or a more local scale. In the White Pine deposit,
for example, in passing stratigraphically upward through the host shales, a

FIGURE 10.19 Fine-grained lens of pyrite with minor chalcopyrite; the lighter gray
subhedra are of quartz, Marl Slate, Northern England (width of field = 300 um),

Finely dispersed pyrite framboids in dolomite, Marl Slate, Northern
England (width of field = 300 um),

FIGURE 10.20
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FIGURE 10.21 Int ergrowth o f bornite (da rk gray) a nd cha lcoc ite (light gray), which
has formed as a resul t of exso lutio n o f an originally homogen eou s soli d so lu tio n,
Kol wezi. Kat an ga, Zair e (width of field = 300 urn).

seq ue nce o f cop per, cha lcoci te, bornite, chalcopyrite, pyrite is ob served
(Brown, 1971 ). In certain Zambian deposits, a sequence bornite _ chalcopyrite _ pyrite has been relat ed to syngenetic sulfide concentrations in shales
deposited in progressively deeper water (Fleischer, Garlick, and Haldane,
1976).
Metam orphism of stratified synsedime nta ry ore s often results in their recrysta lliza tion wh ile pr eserving their intimate stra tified nature. This is evidenced by the de velopment of coa rser equigranular an nealed textures in the
sulfides a nd th e growth of mica s (Figure 10.22). Intense metamorphism results
in di sruption of th e finely laminated structure and the development of the textur es des cribed in Section 10.10.
10.8.2

Origin of the Ores

O re depo sits of thi s type a re still a mong the mo st co ntrove rsia l with regard to
th eir origin. Th e pron ounced bedded ch ar acter of the ore s ha s led authors to
propose th at they ar e directly deposited sulfide-rich sediments (i.e., are syn gen etic) and that euxinic conditions in the depositiona l basin were combined
with a n influx o f met als from a n erosional so urce to produce the ore s and their
zona l dist ribu tion. Problem s o f introducing su fficient metals have commonly
led to suggestions o f sub ma rine volcanic springs as a sourc e.
Th e opposin g view regarding origins is that th e ore s were introduced by
min eralizing so lutions after form ation of the sed iments (i.e., th e ores are
epigenetic) and were selectively precipitated to replace and pseudomorph
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FIGURE 10.22 P rima ry de positional bandi ng retained through metamorp hism.
Recrystall izati on o f the ores, primarily gale na, bu t with min or pyrrhotite and spha lerite in the band sho wn, has been acco mpa nied by the growt h of micas (da rk lath s). Sullivan Mine. Briti sh Co lu mbia (wid th of field = 2.000 urn),

cha rac te ristica lly sed ime nta ry st ruc tu res . Co mmon ly, th e me ta ls in thi s case
h ave been rega rded as deri ved thro ugh leac hing of associated rocks by sa line
so lutio ns de rived fro m associated eva po rite seque nces. Th us, Brown (197 1)
h as sugges ted that th e copper mi nera lization in the N o nesuch Shale of the
Whi te Pine deposit resu lts fro m repl aceme nt of p re-existing iro n sulfides by
co pper-rich so lu tio ns that mi grat ed upward fro m the un derl yin g Co pper H arbor Co nglo me ra te. D etailed argu me nts for a nd aga ins t th e va rio us theories,
which in corporat e almos t every possibility between th e two ext remes, ca n be
obta ine d from th e relevant liter ature (e.g., Fleisch er, G arl ick, a nd H al d an e,
1976; Bartholorn e, 1974; lung a nd Knitzschke, 1976; Brown, 1971; Sween ey,
Binda, a nd Vau gh an , 1991). Th er e is little reason to sus pect that all de posits o f
th is grou p h ave th e sa me o rigi n, alt ho ugh it is worth noting th a t, in even the
most appa re ntly undisturbed o res of th is type, a n app reciation of the ro le of
che mical transforma tion a nd repl acem ent during diagenesis is growi ng (e.g.,
Tu rn er, Vaugh an, a nd Whiteh ou se, 1978; Vaughan et al., 1989).

10.9 COPPER-I RON-ZINC ASSEMBLAGES IN
VOLCANIC ENVIRONMENTS
Mineralogy

M ajor

Pyri te, sp ha le rite, chalcopyrite; in some exa mples, pyrrhotite
or ga lena
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Mi no r

Bornite, tetrah ed rite, electru rn, arsenopyrite, ma rcasite, cubanit e, bismuth, co pper-Iead-bismuth-s ilver-sulfosa lts, cassiterit e, plus many ot he rs in trace amounts

Mode of Occurrence

Massive to disse mina ted stratiform sulfide o res in
volca nic-sedi mentary seq ue nces rangi ng from ophio lite complexes (Cyp rus type de posits), felsic tu ffs, lavas a nd subseafloor intrusion s (Kuro ko-type
dep osits), to mud stones a nd sha les with little immediate ly associa ted, recognizab le volca nic material (Besshi-type de pos its).
Ku roko- a nd Besshi-type de pos its o f Jap an ; T immins, Ontari o;
Bathu rst, New Brunswick; Sulli van , British Co lu mb ia; Flin-F lon, Manitoba Sas katc hewa n; Noranda, Qu ebec; Mt. Lyell, Austra lia; Rio Tinto, Sp ain;
Sca ndi navia n Ca lido nides; Avoca, Irel an d; Parys Mou ntain, Wales; Troodos
Co mplex deposits, Cyp rus; Bett's Cove, Newfoundland; Mod ern Red Sea a nd
East Pacific Rise deposits.

Examples

10.9.1

Mineral Associations and Textures

Th e deposits ran ge fro m ores in thi ck volca nic seque nces, suc h as th e Kuroko
ores of Jap an a nd ores directly associated with a volca nic vent (Vanna Levu,
Fiji) , to ores associated with oph iolite sequences (Cyp rus; Bett's Cove, Newfou ndla nd) to distal ores th at a re emplace d in dominantly sedimentary seque nces (Bessh i depo sits o fJa pa n) and seque nces containi ng no recogni zabl e
volca nics (Sulliva n, British Colu mb ia). Th ey thus gra de into ores of the type
described in Section 10.8. In spite of th e different settings in whic h th ese ores
are found, there are simila rities a mong th e ore type s obs erved . Zoning within
ma ny of these deposits is recogni zabl e, and th ree major ore types occur; the
distribution o f the prima ry minerals in the Kuroko ores is shown in Figures
10.23 a nd 10.24. Altho ugh th e major ore types describ ed in the following are
those com mo nly obse rved in th e Kuroko deposits, the y appear in mostor all of
the ores of thi s class, with only minor variatio ns. T hese ores, whi ch appea r to
gra de into th e ores described in Section 10.8, h ave frequently been considered
in term s of C u-Pb-Z n rat ios, as shown in Figu re 10.25. Plimer (1978) has suggested th at a trend in o re type from Cu-dorninant to Zn-dominant to Zn-Pbdo min ant co rresponds to a progression in time a nd distan ce from th e volca nic
sou rce (i.e., proxim al to di stal in nature). Jambor (1979) ha s enlarged on thi s
the me a nd has proposed a classification o f th e Bathurst-area (Ca nada) deposits based on th eir establish ed or assu med displ acement fro m feeder cond uits (prox ima l versus di stal ) a nd the pos ition o f sulfide crys ta lliza tion
(a utoc htho no us versus alloc hthonous).
Altho ugh th e ores of th e volca n ic depos its a re members of a co ntinuum,
several spec ific ore types a re observed most co mmonly; th e following is a brief
discu ssion of th ese ore types .

.L
.L

.L

.L

.L

......

.L

Bartte ore

}

Galena-sphaleri te-barl te-Ichal copyr' te -pyrt te) ore
(black ore)

:s t rat H o", ore

Pyrite-chalcopyrite ore
(yellow ore)
Pyrite·chalcopyrUe-quartz ore :s t ockwork ore

(slltceous ore)

GypSLIn

ore

Pyrlte-chal copyrt t e- quartz . el nle ts

Clay

Ferruginous chert zone

Actd tUff

Explosion breech

m;;;m

"Wh i t e rhyoltte" dome

t.:.iliili.J

Acid tuff bre cch

FIGURE 10.23 Sche ma tic cross sectio n ofa typica l Kuroko dep osit. (Fro m T. Sa to, in
Geology of Kuroko Deposits. Soc. Min in g G eol. Jap an . 1974. p. 2: used with permission. )
Siliceou s a re

Yel low a re

- -- --
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Pyr ite
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Tet rahedr ite
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FIGURE 10.24 D istributi on of majo r ore and ga ngue minerals
deposits.
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Cu
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Zn

FIGU RE 10.25 Plot of co pper .lead.zinc rat ios observed in stra tiform sul fide ore
deposits. A tren d has been obse rved fro m co pper to zi nc to lead-zin c dominated ores
with di stance from the vo lcan ic so urce.

Th ese types ofores. associa ted with o p hio lite co mplexes. a re co m posed of massive ban d ed to frag me nta l pyr ite with s ma ll
a mo u n ts o f interstitial cha lco py rite and othe r base-m etal sulfides. Th e pyrit e
is prese nt as fria h le masses ofsu b he d ra l to eu hed ra l, commonl y zo ne d grai ns .
as coll o form ba nde d masses. and as framboids. M arcasit e is admi xed with th e
pyrite a nd ofte n a p pears to have replaced the pyrite. C ha lco pyrite occu rs as
a n hed ra l inte rstitia l gra ins a nd as incl usions in the pyrit e: sp ha lerite occ urs
simila rly but is less a b u nda n t. Seco nda ry covellite, di genite, ch alc ocite. a nd
bo rn ite occ ur as rims on. a nd alo ng fractures. in py rite a nd cha lcopyrite.
Pyritic (or C yprus Type)

Th ese types o f o res
a p pa rent ly rep rese nt feeder veins a nd stoc kwo rks, a nd co ns ist primarily of
pyrit e. ch alcop yrit e. a nd q uartz. with o n ly min or amounts o f sp h ale rite.
ga lena . a nd tetrah edri te. T he pyrit e occ u rs as eu hedra l grai ns. subhe d ra l
gra n ula r stringe rs. a nd co llo form masses. Th e ot he r miner al s a re minor a nd
occ ur as a n he d ra l interstiti al gra ins in pyriti c masses a nd ga ng ue . Scott (pe rso na l co m rnununica tion, 1980) has noted th at a blac k siliceo us o re co m posed
of sp ha lerite and ga lena is not un common in Kurok o dep osit s.
Siliceous Ore (or Keiko Type of Kuroko Deposits)

This o re type is cha rac terized in both hand sa mp le a nd po lish ed sectio n by th e co nsp icuo us yellow
co lo r resulting from th e pr esen ce of cha lco pyrite int erstit ial to the domin ant
euh edra l to a n he d ra l pyr ite (Figure 10.26). Minor a mo u n ts o f sp ha le rite.
ga le na. tct rah edrite, a nd lead sulfosa lts a nd trace a mo u n ts o f electru m are di spersed a mo ng th e maj or sulfides. In unm etam orph osed bodies. th e pyrit e is
Yello w Ore (or Oko Type of Kuroko Deposits)
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FIGURE 10.26 Typic al Kuro ko- type o res. (0 ) Yellow o re composed of euhedral pyrite
crystals within a matrix o fcha lco pyrite. Ain ai Mine.Japa n (wid th o f field = 2.000 urn ].
(h) Black o re composed o fa matrix o f irregul arl y intergrown spha lerite a nd galena co ntaining euhedral a nd a nhe d ra l grains o f pyrite. Furutob e Mine. Jap an (width o f field =
2.000 um) . (c) Mid ocean rid ge "bl ack s mo ker" dep osit composed o f wurt zite -sph al eritc
(med ium gra y: note characteri stic hexagonal wu rtzite crysta l sha pes in so me grain s)
and pyrite -marcasite (white laths. filaments. and grains) (width o f field = 600 urn).
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often quite fine-grained «0.1 mm) , but in metamorphosed ores, pyrite commonly recrystallizes to form euhedral grains that are several millimeters
across . These ores, and the black ores described later, commonly exhibit
extensively developed clastic textures that apparently formed at the time ofore
deposition or immediately thereafter as a result of slumping.
Black are (Kuroko Type)

The black ores (Figures 10.26and 7.4c),the most
complex ofthe common volcanogenic ore types, were so named because of the
abundant dark sphalerite within them. Galena, barite, chalcopyrite, pyrite,
and tetrahedrite are common but subsidiary to the sphalerite. Bornite, electrum, lead sulfosalts, argentite, and a variety ofsilver sulfosalts are customary
accessory minerals. The black ores are usually compact and massive, but
primary sedimentary banding is often visible and brecciated and colloform
textures are not uncommon. In ores unmodified by metamorphism, pyrite
occurs as framboids, rosettes, colloform bands, and dispersed euhedral to subhedral grains. Pyrite grain size increases during metamorphism, but growth
zoning is often visible either after conventional polishing or after etching. In
polished sections, sphalerite appears as anhedral grains that frequently contain dispersed micron-sized inclusions of chalcopyrite. Barton (1978) has
shown, by using doubly polished thin sections in transmitted light (see Figure
2.9 and Figure 7.18), that this "chalcopyrite disease" consists of rods and thin
vermicular, myrmekitic-like growths, probably formed through epitaxial
growth or replacement. He has also shown the presence of growth-banding
and overgrowth textures in sphalerite and tetrahedrite. During metamorphism, the sphaleriteis commonly recrystallized and homogenized, and the
dispersed chalcopyrite is concentrated as grains or rims along sphalerite
grain-boundaries.
Barite are, Gypsum are (Sekkoko), and Ferruginous Chert (Tetsuseklel) These three zones are often present in the Japanese volcanogenic

ores but are difficult to recognize in many older volcanogenic ores; frequently,
they contain few ore minerals. The barite zone usually overlies the black ore
and consists of stratified barite. The gypsum zone consists of gypsum and
anhydrite, with minor amounts of pyrite, chalcopyrite, sphalerite, and galena.
The uppermost part of many volcanogenic deposits is a complex mixture of
tuff and cryptocrystalline quartz, containing chlorite, sericite, and pyrite and
colored red by small amounts of flaky hematite.
The terminology used here (siliceous ore, black ore, etc.) was developed to
describe the little altered Japanese Kuroko-type ores and thus does not apply
without some modification to their metamorphosed equivalents ofother parts
of the world . Probably, the principal changes during metamorphism are the
development ofsignificant amounts by pyrrhotite and the modification oftextures (see Section 10.10). Nevertheless, the same general ore types (e.g., pyrite
with chalcopyrite; sphalerite, pyrite, galena, chalcopyrite) are encountered in
many deposits.
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Fluid inclusion studies (Roedder 1976) indicate that the ore-forming fluids
were generally oflow salinity (less than 5 wt %NaCl equivalent) and ranged in
temperatures up to about 300°C.
10.9.2 Origin of the Ores

The ores considered in this section have been variously described as massive
pyrite deposits related to volcanism, stratabound massive pyritic sulfide deposits, and stratiform sulfides of marine and marine-volcanic association
(Stanton, 1972).Although the degree ofvolcanogenic affinity varies from ores
within a volcanic vent (Vanua Levu, Fiji) to intercalation ofores with volcanic
clastics and flows (Kuroko ores, Japan) to the occurrence of ores within
dominantly terrigenous sediments (Besshi-type deposits, Japan; Sullivan,
British Columbia), the origin of the ores appears to be related to submarine
exhalative or hydrothermal activity associated with volcanism or seafloor
fracture zones. Early views held that all or most of the ores accumulated as a
result ofa "snowfall" ofvery fine-grained sulfides that formed as hot solutions
issued onto the seafloor, as observed in modern sulfide formation at the island
of Volcano and along the crest of the East Pacific Rise (Francheteau et al.,
1979). Ore breccia textures have been interpreted as resulting from steam
explosions and soft sediment slumping. Barton (I 978} has pointed out that it is
difficult to envisage the maintenance of seafloor temperatures of 200-300°C
(as indicated by fluid inclusion studies) over wide areas for periods oftime that
are long enough to allow the growth of coarse-grained, zoned sphalerites. He
has suggested that at least some sulfide formation must have occurred beneath
a crust, either by recrystallization of earlier primary syngenetic sulfide or by
introduction of a hot, saline, hydrothermal fluid into a mass of fine-grained
sulfide. Fracturing, healing ofcracks, overgrowth, and breccia textures suggest
that crystal growth continued episodically and was interspersed with periods
of slumping, boiling, or explosive activity. The deeper-seated fracture-filling
siliceous pyrite-chalcopyrite ores appear to have formed by precipitation from
hydrothermal solutions in feeder zones.

10.10 OPAQUE MINERALS IN METAMORPHOSED MASSIVE
SULFIDES
Mineralogy

Major
Minor

Pyrite, pyrrhotite (hexagonal and monoclinic forms), sphalerite, chalcopyrite, galena, tetrahedrite
Cubanite, marcasite, arsenopyrite, magnetite, ilmenite, mackinawite

Mode of Occurrence

In regionally metamorphosed rocks, especially volcanic sequences, at moderate to high metamorphic grades.
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Du ck town ,Tennessee; Ore Kn ob , North C arolin a; G reat G ossan
Lead, Virgini a: Flin Flon, Manitoba; Sullivan, Brit ish Columbia; Mt. Isa,
Broken Hil l, Australia; Skellefte Distri ct, Swed en; Sulitjelma and Rer os,
N orway.

Examples

10.10.1

Minera l Associations and Textures

Few metalliferou s o res owe th eir existence to regional metamorphi sm, but
co untless ma ssive sulfide or es ha ve been significantly altered by metamorphic effects. The miner al associ ations in th ese ore s are la rgely dep endent on
th e o rigina l (p reme ta mo rphic) mineralogy, and the textures a re dependent on
th e ori gin al structure a nd th e extent of thermal and dyn amic met amorphism.
The ma cro scopic effects of regional metamorphism include a general coa rsening of gra in size, development o f schistosity, drag fold s, isoclinal foldin g
with atte n ua tio n of fold lim bs and thi ckening in hinges, rupturing o f fold s,
brecci ati on, and boudinage. Th e sa me deformation features are seen on a
s ma lle r sca le under th e o re microscope (Figure 1O.27a), but add itio na l structural detail s and ce rta in miner alogic cha nges may also be evide nt. Frequentl y
during dynamic metam orphism , lath-lik e silicates, pyrit e, and magnetite a re
locally fractured a nd ducti le sulfides , especially galena, ch alcopyrite , pyrrh otite, and spha le rite, a re for ced int o th e resulting relati vely low-p ressure
a reas (Figure I0.27b). In micaceous o res, th e sulfides may be forc ed a lo ng th e
basa l clea vage planes of mica crystals (F igure I0.27c). In contrast to the ducti le
sulfides , th e more brittle sulfides, such as pyrit e a nd a rsenopy rite, deform by
fracturing a nd thu s may be obse rved as sha ttered c rystals, infilled by mor e
ductil e suifides, o r even as drawn out, len s-like po lycrystalline aggregates.The
effects of stress may be evide nt in th e dev elopment of twinning (especiall y if
twin s a re deformed ), curve d-cleavage traces (especially visible in ga lena),
kinkbanding, undulose extinc tio n (see Figures 7.20a, 7.20c, 7.22), a nd th e pre sence o f cu rved rows of crystallographically oriented inclusions (e.g., ch a lcopyrit e in sp ha lerite). In pyrit e, mild stra in effects, suc h as the development of
micromosaic struc tu res, in visibl e a fter normal poli shing, m ay be b rou ght out
by etch ing (conc. HN0 3 followed by bri ef exposure to 6M HCI).
Thermal metamorphism, even of ores th at ha ve previou sly o r synchro no us ly und ergone int en se deformation, co m mon ly results in an increa se
in grain size a nd th e development of 120° triple junctions in monomineralic
masses. If sma ll a mo unts of other phases are present, recrystallization ma y
result in th e entrapment o f s ma ll len s-lik e gra ins th at outline o rigina l gra in
boundari es (F igure 1O.27d). In heterogeneou s iro n-sulfide -bea ring or es, pyrit e
tends to recrysta llize as euhed ral cubic porphyrob la sts, whereas ch alcopyrit e,
pyrrh otite, and spha lerite tend to de velop eq ua nt anh edral forms. Carefu l
a na lysis o f pyrite crys ta ls often reveal s th at th ey po ssess growth zoning defined by inclusions of silica tes, oxides, or other sulfides, as shown in Figures
7.28,7 .29, a nd 7.30. In dominantly iron sulfide ores, pyrite porp hyrob lasts ar e
co m mo nly I ern across but may, in extre me cases, reach 10-20 em ac ross (e.g.,
Du ckt own , Tennessee; Grosli, Norway) (see Figure 7.27).

FIGURE 10.27 Textures o bse rved in metamorphosed m assi ve sulfides. (a) Seve re
di storti on and di saggregati on of prima ry ban din g in int erl a yered sph a le rite (me d iu m
gray) a nd ga le na (white). Mt. Isa , Au strali a (width o f field = 8 e m ). (h) cha lco py rite
(white) and sp ha lerite (light gray ) inj ected int o fractu red a m ph ibo les. Grea t Gossa n
Lead . Virgini a (wid th of field = 700 urn ), (From He nry et a l., Eco n. Geol. 74. 65 I. 1979:
used with permission ). (c) P yr rh o tite injected a lo ng clea vages in a defo rm ed b io tite.
Great G ossan Lead. Virgini a (width of field = 400 urn ). (eI) Len s-like inclusion s of
gal en a defining the grai n bound ari es o f recr ystallized pyrit e. Mineral Di stri ct. Virgini a
(wid th o f field = 520 urn ),
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FIGURE 10.27 (Continued )

Mine ral ogic cha nges in sulfide o res dep end on the grade o f metamorphism . At lower grades. th e mo re refractory sulfides (pyri te. spha lerite. a rse nopyrite) tend to retain th eir o rigina l co mpositio ns a nd struc tu res. while
softe r su lfides (c ha lco py rite. pyrrh otite. and gal en a ) readily recrystallize.
However. at mod er ate to high grades . pyrit e oft en begin s to lose sulfu r a nd be
co nve rted to pyrrhotite (see Section 7.7). a nd both pyrit e a nd pyrrhotite may
unde rgo ox ida tio n to magn etit e. Ch alc opyrite co m mo nly exhib its. the develop me nt o fla ths of cuba nite a nd very fin e (- 1 11m) wormlike inclusions of
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mackinawite. Sphal erit e and tetrahed rite, whic h retai n original zoni ng at low
grades o f metam o rphism, are hom ogeni zed at higher grades and tend to be
bro ugh t int o equilib rium with adjacent iron sulfides. Th e FeS co ntent of
sp ha lerite coexisting with py rite and pyrrhotite, which varies as a fu nction of
press ure, has been ca librated as a geobaro me ter(Figure 10.28). To employ thi s
geoba ro rneter, th e tem perature of meta morphism mu st be deter mined by
some indep endent mean s (e.g., fluid inclusions, trace eleme nt, or isotop e pa rtition ing). Sphalerit es in metam orph osed ores co mmo nly co ntai n rows of
sma ll « 5 urn) inclusions of cha lco pyrite th at appea r to be the remnan ts of
"cha lcopyrite disease," primary deposition al int ergrowth s. Du rin g recrystalli zati on, th e sma ll cha lcopyrite inclusions tend to co nce ntra te a nd coa lesce
alo ng grain bounda ries. Experi me ntal studies (H utch iso n a nd Scott , 1981)
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FIGURE 10.28 Pl ot of th e FeS co nten t of sp haler ite coexi sting with pyri te a nd hexago na l pyrrhotite a t 0, 2.5, 5, 7.5, a nd 10 kb a rs a t tem per a tures from 300-700°C. (After S.
D . Scott A mer. Min., 61, 662.1 976; used with permissio n.)
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have shown that the solubility ofCuS in sphalerite is very small below 500°C;
hence. chalcopyrite should have little effect on the application of the sphalerite geobarometer. Nevertheless, chalcopyrite-bearing sphalerites often yield
anomalous pressure estimates. possibly because the presence of the copper
promotes low-temperature re-equilibration, and should be avoided in geobarometric studies . Furthermore. Barton and Skinner (1979) have suggested
that sphalerite re-equilibrates by outward diffusion ofFeS more readily when
in contact with pyrrhotite than with the more refractory pyrite during postmetamorphic cooling. As a result. sphalerites coexisting with pyrrhotite commonly have lost some FeS after the peak of metamorphism and also indicate
higher than actual metamorphic pressures. Accordingly. in applying the
sphalerite geobarometer, it is important that you
I. Use only sphalerite that would have coexisted with pyrite and pyrrhotite
during metamorphism but that is now encapsulated in pyrite
2. Avoid grains that contain, or coexist with, chalcopyrite or pyrrhotite
3. Choose the most FeS-rich sphalerites as indicative of the pressure during metamorphism
Arsenopyrite. although not abundant in these ores, may be a useful indicator of temperature if it is equilibrated with pyrite and pyrrhotite or other
aSTbuffering assemblages (Kretschmar and Scott. 1976) (Figure 8.19). As with
all geothermorneters, it must be applied with caution. and other independent
checks on temperature should be employed if possible.

10.10.2 Origin of the Textures

The textures of metamorphosed ores result mainly from the dynamic deformation and heating accompanying regional metamorphism (see Sections 7.6
and 7.7). In some localities, deformation is minimal and recrystallization is
the dominant change. In zones of intense deformation. the mineralogical
character of the ore may be a factor that contributes to the obliteration of premetamorphic features and to the development of chaotic textures. This is
especially true of ores rich in pyrrhotite. chalcopyrite. and galena. all of which
suffer dramatic loss of shearing strength as temperature rises (Figure 10.29).
The extreme flowofsuch ores often results in disaggregation of primary banding. the tectonic incorporation of wall rock fragments in "ball textures" (Vokes,
1973). and total reorientation-durchbewegung-of any surviving original
features. thus rendering paragenetic interpretation difficult or impossible.
Prograde metamorphism results in corrosion of pyrite as sulfur is removed
to form pyrrhotite, but retrograde re-equilibration often reverses the process.
with pyrites regrowing as euhedral crystals, as described in Section 7.7.
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FIGURE 10.29 Shearing strength ofsome common sulfides as a function oftemperature. (After W. C. Kelly and B. R. Clark, Econ. Geol. 70,431. 1975; reproduced with permission of the publisher.)

10.11 SKARN DEPOSITS
Mineralogy The mineralogy of skarn deposits varies widely; hence, generalizations should be regarded with caution. This discussion is confined to
skarns that are important as sources of iron, molybdenum, tungsten, copper,
lead, zinc, and tin and makes no attempt to treat the more unusual occurrences. Skarns have been classified in several ways, but Einaudi, Meinert, and
Newberry(1981) in a comprehensive treatment note that the best basis is to use
the dominant economic metal; they propose Fe, W, Cu, Zn-Pb, Mo, and Sn
skarns. The economic viability of many skarns is based as much upon the gold
content as on other metals; hence, many deposits originally classed as one of
the types previously listed are now called goldskarns if they contain more than
1 g/ton Au (Meinert, 1989; Theodore, et al., 1991).

Major

Minor
Associated Minerals

(But highly variable from one deposit to another)magnetite, molybdenite, sphalerite, galena,
chalcopyrite, pyrrhotite, pyrite , aresenopyrite,
wolframite,scheelite-powellite(fluorescent under
UV light)
Pyrrhotite, cassiterite, hematite, gold, bismuth ,
silver-bismuth (-selenium) sulfosalts
Quartz, various garnets, amphiboles, pyroxenes,
calc-silicates, olivines, talc, anhydrite (some
phases fluorescent under UV light)

Skarns (tactites) are composed dominantly ofcoarsegrained, commonly zoned calc-silicates, silicates and aluminosilicates, and
associated sulfides and iron oxides . They form in high-temperature contact

Mode ot Occurrence
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metamorp hic h alos at the j unctio n of intrusio ns a nd carbo na te-ric h rocks o r,
mo re rar ely, Al- and Si-rich rocks. Th e occ urrence of ore minerals in ska rns
ra nges fro m massive iro n ox ides o r sul fides in so me deposi ts to disseminated
grains a nd vein lets of sulfides, molybdates, a nd tu ngstates in ot hers. Reaction
ska rns a re narrow rims, often rich in M n-silicates a nd ca rbo na tes, forme d be tween a n intrusion a nd ca rbo na te-rich host roc ks. Repl acem ent ska rns (o re
ska rns) are la rge a reas o f silica te repl acem ent of ca rbo na te roc ks resulting
from th e passage of mineral izin g solutio ns. Th ese often co nta in appreciab le
a mo unts o f Fe, C u. Zn, W, a nd Mo.
Battle Mounta in (Au) , Lower Fortitude (Au ), Copper Can on
(Cu), Nevad a: Eagle Mountain (Fe), D arwin (Pb + Zn + Ag), Bish op (W + Mo
+ C u), California;Twin Butt es (C u), C h ristmas (Cu), Arizo na: H an over (P b +
Z n), Magdal en a (Pb + Zn), New Mexico: Co to pa xi (C u + Pb + Zn ), Co lo rado: Co rnwa ll a nd Morgantown (Fe), Pennsylvan ia: Iron Springs (Fe), Ca rr
For k(C u), Uta h: Lost Creek (W), Mon tan a: G asp e Co pper rC u), Mu rd ock ville
(C u), Qu ebec: Kamiok a (Z n), N ak at atsa (Z n), Kam aishi (Fe + Cu ), C hich ibu
(Fe + C u + Zn ), M ita te (Snj.Ja pa n: Reni son Bell (Sn), Tasm ani a: Kin g Island,
Aus tra lia.

Examples

10.11.1

Mineral Associations and Textures

Skarn deposits are typi fied by co mpositiona l ba ndi ng, an abu nda nce of ga rnets a nd calc-sil icate mi nerals, a nd a wide va riation in gra in size. Th e garnets
an d calc-si lica tes a re ofte n poi kilob las tic, with enclosed pyroxenes and ore
minera ls. T he thi ckness of co m pos itional ba nds a nd the size of mi ne ra lized
areas vary fro m a few millimeters to hun dreds of meters, dep ending o n th e
nature o f the int rusio n and its fluid co nte nt a nd the type of host roc k. In
tu ngsten-bea rin g ska rns, suc h as th at in Bish op, Cali forn ia, th e o re minerals
occ ur as tin y inclusions, grain coatings, narrow veinlets, and occas io na lly as
irr egul ar polyc rystallin e agg rega tes up to 10 em ac ross . Sulfides occurring as
disseminat ed gra ins (Fi gure IOJOa) a nd vein fillin gs a re appa rently late in th e
paragen etic seq ue nce a nd frequently displ ay repl acem ent textu res.
In massive magn etit e repl acement bodi es (Figure IOJOb), such as those at
Co rn wa ll a nd Morgantown, Pennsylvani a, a nd Iron Springs, Ut ah , the ores
co m mo nly displ ay a lamin ated texture o f alte rna ting fin e- to coarse-gra in ed
an hed ra l magn etit e, with gree nish chlorite- a nd carbo na te-ric h bands see n
even at th e microsco pic sca le. Pyrite, co m mo nly nickel- a nd coba lt-beari ng, is
prese nt as irr egul ar len ses a nd euhe d ral crystals. Irregul ar polycrystalline
agg regates of cha lco pyrite freq ue n tly d isp lay ri ms of seco ndary phases, such
as bo rn ite, digenite, and cove llite.
Replacem ent zinc-lead ores such as th ose at H a nover, N ew Mexico, and
Darwin , California, co ns ist of fine- to coarse-gra ined a nhed ral sp ha lerite,
gale na, pyrite, a nd lesser a mo unts of ot her sulfides interspersed with calcsilicates, garnets, and feldspa rs. Rose a nd Burt (1979) have not ed th at ores
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(0 )

rbl

FIGURE 10.30 Typ ica l skarn o res. (0) Grai ns of ga lena (wh ite) a nd sp ha leri te (light
gray) wit h sp rays of hem at ite needl es (no te also th e euhe d ra l q ua rtz c rysta ls). M ad an.
Bulga ria (wid th of field = \.200 11m). (b) Granul a r a n d co nce ntr ica lly growth-zo ne d
ma gn etit e a nd a portion o f a pyrit e crys ta l p art iall y repl aced by m agn etit e. Co nce pc io n
de l Oro. Me xico (wid th o f field = \.200 11m).

o ften tend to be restricted to parti cular zones within th e ska rn. apparently as a
result of (I ) ground pr ep ar ati on. (2) ska rn - a nd o re-fo rming solut io ns usin g
th e sa me "plumbing" systems . or (3) co precip ita tio n o f so me ska rn a nd arc
mineral s.
10.11.2

Formation

Skarns form as zo ned seq ue nces alo ng th e co ntact of acid ign eou s intru sives
with carbo na tes or mo re rar ely Al + Si rich roc ks (sha les.gneisses) th rough th e
diffusion of hot reacti ve fluids. Burt (1974) has po inted out that the min er al
zo ning in many ska rns ca n be exp la ined by si mp le diffusio n mod els that
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assume simultaneous development of all major zones as a result of chemical
potential gradients set up between dissimilar host rocks. Several types of
diagrams, such as that presented in Figure 10.31, have been used to define the
physico-chemical conditions under which the various zones have developed.
Fluid inclusion and isotope studies, including those of skarn ores closely
associated with porphyry-type deposits, indicate temperatures of formation
from 225°C to more than 600°C and a considerable degree of interaction of
hypersaline magmatic fluids with convecting ground water. Rose and Burt
(1979) have summarized the genesis of a typical skarn deposit as occurring in
the manner outlined as follows:
1. Shallow intrusion occurs of granitic (more rarely mafic) magma at 900700°C into carbonate sediments.
2. Contact metamorphism at 700-500°C takes place with some reaction
with, and recrystallization of, carbonates to form calc-silicates.
3. Metasomatism and iron-rich skarn formation at 600-400°C occur as a
result ofintroduced magmatic and meteoric waters. The fluid properties
change with time ,becoming progressively enriched in sulfur and metals.
The formation of skarn proceeds outward into the carbonate wall rocks

OIl
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6

Cal

Mag

T

FIGURE 10.31 Schematic, low-pressure, isobaric Iogj'Oj-T diagram for phases in
equilibrium with vapor in the system Ca-Fe-Si-C-O. Abbreviations: cal, calcite; qtz,
quartz, hem, hematite; sid, siderite; wol, wollastonite; and, andradite; hed, hedenbergite: fay, fayalite: mag, nagnetite. (Some phase equilibria in the system Ca-Fe-Si-C0 , Ann. Rept. Geophysical Lab.; after D. Burt, CarnegieInstitute Washington Yearbook,
Vol. 70, 1971 , p. 181, reproduced with permission.)
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(exoskarn) and, from the calcium acquired by the fluid, into the solidifying intrusion (endoskarn). Diffusion gradients result in the formation of
a series of skarn alteration zones, but, as temperatures drop , skarn destruction may begin and the formation of replacement bodies of magnetite, siderite, silica, or sulfides occurs.
4. Superposition of oxides and sulfides at 5OO-3OO°C occurs, with the formation of scheelite and magnetite commonly preceding sulfides.
5. Late hydrothermal alteration at 400-2oo°C causes skarn destruction
and the breakdown ofgarnet (to calcite, quartz, hematite, pyrite, epidote,
chlorite),clinopyroxene (to calcite, fluorite, quartz, oxides,sulfides, etc.),
and wollastonite (to calcite, quartz, fluorite).
Skarn deposits are commonly related to porphyry-type deposits (Section
9.5) and occur in carbonate beds adjacent to the intrusions. Skarns are also
sometimes spatially and genetically related to the greisen (tin-tungstenmolybdenum-beryllium-bismuth-lithium-fluorine) type of mineralization
that occurs locally adjacent to acid intrusives.

10.12 EXTRATERRESTRIAL MATERIALS: METEORITES AND
LUNAR ROCKS
Mineralogy

Major
Minor
Secondary

Troilite, kamacite, taenite, copper, schreibersite, ilmenite,
chromite, cubanite
Graphite, cohenite, mackinawite, pentlandite, magnetite ,
daubreelite, alabandite, sphalerite, rutile, armalcolite
[Fe,Mg)Ti20 s1 (lunar only)
Goethite, lepidocrocite, maghemite, magnetite, pentlandite, pyrite

Mode of Occurrence Opaque minerals are present in nearly all meteorites,
but the proportion is variable, ranging from 100% in some irons to only a few
percent in some chondrites and achondrites where the opaque minerals are
interstitial between olivine, orthopyroxene, and minor plagioclase. The lunar
rocks and the soils contain many of the same opaque minerals, although as
much as 75% of the opaques in the soils are considered to be of meteoritic
origin.

Meteorites are subdivided into four major groups , which in decreasing order of abundance are as follows: (1)chondrites (primarily silicates
with visible chondrules), (2) irons (nearly all opaques), (3) achondrites (primarily silicates without chondrules), and (4) stony irons (roughly equal
amounts of silicates and opaques).The many specimens studied appear to be
fairly representative of the meteorite material in the solar system. The degree

Examples
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to which our lu na r sa mp les reflect the com pos ition of the moon 's sur face is
un certain ; the simila rity of spec ime ns from distant localit ies is enco uragi ng,
but the num ber of sa mples is very limited.
10.12.1

Opaque Minerals in Meteorites

Although the relative amou nts of opaq ue min erals in meteori tes ran ge from
nea rly 100% in iro ns to o nly a few percent in some cho nd rites a nd acho nd rites,
the ore minerals th at occ ur most abu nda ntly in virtua lly all meteorites are
karnacite, taenite, "p lessi te" (a fine intergrowth of kam acite a nd taenite), a nd
tro ilite. Kam acite is a -iro n, which co ntains a maximum of about 6% nickel.
Th e iron meteorites with less th an about 6% Ni, th e hexahedrites, normally
co ns ist of la rge cubic (cube = hexah ed ron ) crysta ls of kam acite. Cleavages
and twin ni ng are b roug ht out as fine lin es (Ne uma nn lin es o r ban ds) by etch ing polish ed surfaces . Accessory minerals incl ude grains of schreibe rsite,
troili te, daubreelite, a nd graphite. With in creasin g nickel co ntent (6- 14%), the
hexah edri tes gra de into octahe drites, the most com mo n of iron meteo rites.
The octahed rites a re so na med because they show b road bands of kam acitc
bo rde red by taenite lam ellae par allel to octahed ral pla nes - the Widman statten st ructu re (F igu re 10.32). The iro n-nickel ph ases a re recognizab le by thei r
high reflectan ce. ha rd ness, fine poli sh , a nd isotrop ism ; kam acite is gene rally

FIGURE 10.32 Widrn an statten struc ture in on e of the Henbury, Australia. meteorites
sho wn a fter etchi ng. (Pho togra ph co urtesy of American Meteorite Lab o ratory. Denver. Co lorado.)
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light bluish gra y, whereas taenite is wh ite with a sligh t yellowish tint. Pl essit e is
present in th e a ng u la r in terstices between bands, a nd accesso ry min e ral s prese n t in minor a mou n ts include sch rcibe rs ite, troi lite, copper , coh enite, mackin awite. grp a h ite, c h rornite, daubreelite, sp hale rite, a nd al ab andite.
In th e sto ny meteorites, troilite, recogni zed by its p in kis h brown co lo r, moderate anisotropism, a nd lower ref1ect ance a n d h ardness th an th e alloys, is frequ ently as abundant as the iron phases (Figure 10.33a) . It usuall y occu rs as
sing le ph ase a nd oc casio na lly occu rs as twinn ed a n he d ra l gra ins. but int ergrowt hs with pentl andite, d aubreelite, a nd mackinawite are common .
C h ro mite is relati vely co m mo n in s mall a mou nts a nd va ries from euhe dra l
crystals to myrmekitic intergrowths with silica tes: ilmenite is oc cas io n ally
present as exso lu tio n la mellae. Other minor ph ases commonl y assoc ia te d
with iron ph ases incl ude co p pe r, sc h reibe rs ite, old ha m ite (Ca.M njfi .cohe ni te,
and grap h ite (as a breakdown product o f co he n ite). Mino r ph ases co m mo n ly
ass oc ia ted with th e troi lite incl ude d aubreelite (a s la mellae in troi litc), pentlandite, mackinawite, niningerite (M g,Fe,Mn)S, spha lerite, a nd cha lco pyrite.

. 10.12.2

Secondary Minerals Resulting from Weathering of Meteorites

M eteorites, wh en exposed to th e ea rth's a tmosp he re, under go fairl y rapid
wea the ring, with th e formati on of seco ndary ph ases sim ila r to those see n in
terrestrial gossa ns . Karn acite, taenite, tr oilite, a n d sc h re ibe rs ite wea the r
rapidly: chrorni te, ilmenite, a n d m agnetite weather more slowly: and daubreelite weath ers very slowly. Th e iron-b earing miner al s a re co nve rted int o a
"limo n ite" (ac tu ally goe thi te a nd lepidocrocit e) sh el l. with inter sp er sed th in
len ses of magn etit e a nd magh emite (Figu re I0.33b) .Troilite is co nv erted eithe r
to magnetite or locall y to marcasite a nd pyrite. Second ary pentl andite form s
wh en ni ck el released from the weathering o f taenite a nd kam acite react s
with tro ilit e.

10.12.3

Opaque Minerals in Lunar Rocks

Th e intense in vesti gati on o f th e retri eved lun ar specimens h as reveal ed a su ite
of op aqu e minerals th at is very sim ilar to th at observed in met eorites. In fact ,
as much as 75% of th e lun ar opaques (and perh ap s nearl y 100% o f th ose larger
th an 125 11m ) a restimated to be of a n initi al meteo riti c o rigin fro m th e impact
of meteorites o n th e lunar su rface. H oweve r, th e di sti ncti o n betwee n origina l
lunar and origi na l mete oritic ph ases is not always clear. Th e four most a b u n d ant ore miner als in presumed primary lu nar rocks a re ilmen ite. karnacitc,
ta enite, a n d troi lite (Figure 10.34). Th e best but ca u tio us ly used , c rite rio n for
di stingu ishing lunar kam acit e a nd tae n ite fro m th at of meteoritic o rig in is th e
presence of mu ch hi gh er (0.8-3.0+ %) co ba lt contents a n d co m mo n ly lower
nic kel « 4%) co nten ts of the former. Th e meteoritic kamaci te a nd taenite arc
sim ila r to th ose d irec tly ob served in met eorites, except th at mu ch o f it h as lost
its o rigi nal Widrn an statten struc ture as a result of shock or the rma l me ta -

FIGURE 10.33 (0) Tro ilite (light gray) with native iron (white). As hmo re Meteo rite.
Texas (wid th of field = 520 urn). (b) G oeth ite (medi u m gray) p roduced by altera tio n of
troilite (light gray) . Ashmore Meteo rite . Texa s (wid th o f field = 520 urn),
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FIG U RE 10.34 Opaque miner al s in lun a r roc ks. (a) N at ive iron (whi te) in troil ite su rro u nded by ilme ni te (wid th offie ld = 520 11m). (b) Ilmen ite ri m med by ulvos pine l wi th
assoc ia ted c h ro m ite a nd na tive iron (wid th o f fie ld = 520 11m). (NAS A sa m p les 7001 7.
224: 12002. 396. resp ect ive ly.)
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morphism. Presumed primary lunar iron occurs as dendrites, thin veinlets,
needles, and tiny( < 5 urn) globules on silicates oron troilite. Much of this iron
is interpreted as having formed as a reduction breakdown product of fayaliterich olivines or primary iron-containing oxides.
Troilite is disseminated throughout the crystalline lunar rocks as subrounded interstitial grains, generally less than 50 urn across. It also occurs as
thin veinlets in ilmenite and as spherules on the walls of small cavities. Its
common association with iron suggests that it may have formed through the
crystallization of an Fe-FeS melt that was imm iscible in the silicate liquid.
Optically, the lunar troilite is identical to the meteoritic material, but the former commonly contains less nickel and phosphorous than the latter.
Certain lunar rocks are relatively rich in titanium, which is present in a
variety of oxide spinels but largely occurs as ilmenite, the most abundant
lunar opaque mineral constituting as much as 20% by volume of some rocks.
The ilmenite is present in various forms:
1. Blocky euhedral to subhedral crystals « 100 urn) (Figure 10.34).
2. Thin, rhombohedral platelets parallel to (0001).
3. Coarse skeletal crystals « 0.5 mm) intergrown with pyroxene, troilite,
and iron. The blocky grains sometimes have cores or rims of armalcolite
or chromian ulvospinel (Figure 10.34). Lunar ilmenite, like terrestrial
ilmenite, is tan colored, distinctly anisotropic, occasionally twinned,
and may be translucent. Rutile is occasionally present as inclusions and
lamellae within the ilmenite.

The oxide spinels are represented in the lunar rocks. They are rather variable in composition but can be described as members of two groups: (1)
aluminous members of the chromite-ulvospinel series or (2) chromian members ofthe hercynite-spinel series. The former are more numerous than the latter and occur in all lunar rock types as euhedral to subhedral grains in troilite,
olivine, and pyroxene. Commonly, chromite cores have ulvospinel rims.
Reduction has frequently resulted in the formation of oriented laths of ilmenite and iron or a rim of ilmenite in which they are needles of iron. The
hercynite-spinel minerals are rarer but are present as small euhedral to subhedral crystals « 200 urn) in lunar basalts and peridotites. These minerals are
reddish to pale brown in reflected light but red to orange in thin section.
Armalcolite, (Fe,Mg)Ti20 s, a lunar mineral related to terrestrial pseudobrookite and named for the three astronauts who first brought back lunar
samples, occurs as small subhedral to euhedral grains coexisting with iron in
fine-grained basalts. Frequently, it is rimmed or partly replaced by ilmenite.
Other opaque mineral phases that occur only rarely in lunar samples and
that are commonly associated with the troilite as rims, along fractures, and as
exsolution lamellae include copper, mackinawite, pentlandite, bornite, chalcopyrite, cubanite, sphalerite (15-25% Fe), and niningerite. Schreibersite and
cohenite have been identified but are probably of meteoritic origin .
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CHAPTER 11

APPLICATIONS OF
ORE MICROSCOPY IN
MINERAL TECHNOLOGY

11.1

INTRODUCTION

The extraction of specific valuable minerals from their naturally occurring
ores is variously termed "ore dressing," "mineral dressing," and "mineral
beneficiation." For most metalliferous ores produced by mining operations,
this extraction process is an important intermediate step in the transformation
of natural ore to pure metal. Although a few mined ores contain sufficient
metal concentrations to require no beneficiation (e.g., some iron ores), most
contain relatively small amounts of the valuable metal, from perhaps a few
percent in the case of base metals to a few parts per million in the case of precious metals. As Chapters 7, 9, and 10 of this book have amply illustrated, the
minerals containing valuable metals are commonly intergrown with economically unimportant (gangue) minerals on a microscopic scale.
It is important to note that the grain size of the ore and associated gangue
mi nerals can also have a dramatic, and sometimes even limiting, effect on ore
beneficiation. Figure 11.1 illustrates two rich base-metal ores, only one of
which (11.1b) has been profitably extracted and processed. The McArthur
River Deposit (Figure I 1.1 a) is large (>200 million tons) and rich (>9% Zn),
but it contains much ore that is so fine grained that conventional processing
cannot effectively separate the ore and gangue minerals. Consequently, the
deposit remains unmined until some other technology is available that would
make processing profitable. In contrast, the Ruttan Mine sample (Fig. 11.1 b),
which has undergone metamorphism, is relatively coarse grained and is easily
and economically separated into high-quality concentrates.
Most mineral beneficiation operations involve two principal stages. The
first of these is reduction in size of the particles of mined ore (which may
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FIGURE 11.1 Differen ces in gra in size reflect the origin a nd history of a deposit an d
may affect the comminution and recovery of an ore. (a) Very fine-grained spha leri te
and pyrite th at are difficult to separate and recover pr event ed efficient processing ofth e
rich (9%Zn) and large (> 220 milli on ton s) but unmetam orphosed McArthur River Deposit, Australia. (b) Metam orph ism recrystalli zed a nd coa rsened the pyrite, spha lerite,
and galena in the ores of the Rutt an Min e, Ca nada, and permitted easy sepa ra tion a nd
recovery (width of field = 1,200 11m, the sa me in bo th pho togra phs).

initia lly be bloc ks up to several me ters in dia mete r) to a size th at is as close as
possible to th at ofth e indi vidu al metal-bearing min er al particles .This process
of commin ution ac h ieves th e liberation o f valuable miner al s from th e ga ngue
a nd, in the case ofcomplex o res, libe rat io n o fdifferent va luab le mineral s from
o ne a not her. Sin ce the size redu ction req ui red to ac hie ve liberation is co mmo nly down to a few hun dreds of micron s or less in diamete r, exte nsive crush ing followe d by grindi ng (o r m illing ) ofthe o res is req ui red .Th e second stage in
beneficiation is th at o f m ineral separation, in whic h the valuable min eral s are
rem oved as a concentrate tc t concentratesi a nd th e remaini ng.cornmon ly va lue-
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less materials (the tailings) are discarded. This separation is usually achieved
by exploiting differences in the physical, chemical, or surface properties ofore
and gangue minerals. For example, the fact that many metalliferous ores are
more dense than associated gangue minerals can be exploited by using heavy
media for separation or other methods of gravity concentration, such as
mineral jigs or shaking tables. The fact that certain ore minerals are strongly
attracted by magnetic fields (e.g.,magnetite, monoclinic pyrrhotite) or exhibit
metallic or semiconducting electrical properties can be exploited in certain
magnetic and electrical methods of separation. However, the most widely
employed method ofseparation isfrothflotation, in which the surface chemistry offine ore particles suspended in an aqueous solution is modified by addition of conditioning and activating reagents to be selectively attracted to fine
air bubbles that are passed through this suspension or pulp. These air bubbles,
with the associated mineral particles, are trapped in a froth that forms on the
surface of the pulp and can be skimmed off to effect the separation.
The technical details ofthe various comminution and separation methods
are beyond the scope of this book and can be obtained from works by Pryor
(1965), Gaudin (1957), and Willis (1992). However, in the study of the mined
ores and the products of various stages of the comminution and separation
processes, ore microscopy has a very important industrial application. It
facilitates the identification ofthe valuable minerals and of minerals that may
prove troublesome during beneficiation or during later stages ofextraction. It
also provides information on the sizes of particles, the nature of their intergrowth, and the nature of the boundaries (Tocking") between them. The
efficiency of comminution and separation techniques can be monitored at
any stage by the examination of mounted and polished products under the ore
microscope. Thus, from the initial assessment of the commercial exploitability of a prospective ore through the planning of a processing plant, the setting up of a pilot plant, and the first efficient operation of the full-scale
beneficiation scheme, a vital role is played by the ore microscopist.
Certain ores, rather than undergo the complete processes of comminution
and physical particle separation described previously/may have the valuable
metals removed from them by chemical dissolution. For example, gold maybe
dissolved by cyanide solutions, orcopper in the form ofcopper sulfides may be
dissolved (leached) by acid solutions. When crushing and grinding ofthe ores
is required to expose the minerals to the action of the solutions, ore microscopy is again important in planning and monitoring efficient cyanidation or
acid leaching. The technologies of such processes lie more in the general field
of metallurgy than that of mineral beneficiation, although the term mineral
technology can be taken to embrace all of them. In this chapter, the applications ofore microscopy in mineral technology will be considered.Although
the products ofthe roasting and smelting of ores that follow beneficiation are
sometimes substances with no natural (mineral) equivalents, the techniques
of ore microscopy remain applicable.
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Further information on the subject discussed in this chapter may be found
in works by Schwartz (1938), Edwards (1954), Gaudin (1957), Amstutz (1961),
Rehwald (1966), Ramdohr (1969), and Hagni (1978) . The range of textural
information that is required in mineral beneficiation and obtainable primarily from ore microscopy is summarized in Table 11.1.
11.2

MINERAL IDENTIFICATION IN MINERAL BENEFICIATION

The techniques described in earlier chapters ofthis book (Chapters 3,5,and 6)
can all, of course, be applied in the identification of opaque minerals in both
untreated ores and products of various stages of comminution or separation.
The first concern in the untreated ore is identification ofphase(s) that carry the
valuable metal(s), since the initial information available is commonly only a
bulk chemical analysis of the ore. This analysis provides no information on
the mineral phases present nor on their sizes and textural relations; it is possible for different mineral associations to yield very similar bulk analyses. For
example, nearly all zinc ores contain sphalerite as the only or principal zincbearing phase. In rare, but sometimes important deposits (e.g., Sterling Hill,
New Jersey), the zinc is held as zincite (ZnO) or willemite (Zn2Si04), or both.
Another possible significant zinc phase is gahnite (ZnAl 204). Each of these
zinc minerals has the potential to form ores, but their different physical properties make their processing and the extraction of zinc very different. Hence,
the determination of the type of metal-bearing phase(s) is critical.
As outlined by Schwartz (1938) and by Ramdohr (1969), the precise identification and characterization of the ore minerals can save a great deal of
work in the establishment of an efficient beneficiation system. Examination
of the untreated ore will enable the assessment of the feasibility of using density, magnetic, or electrical methods of separation, since such properties are
well characterized for most minerals. However, fine intergrowths of dense ore
minerals with gangue phases can result in ranges in specific gravity and loss of
valuable metals or dilution of concentrate.' Similar problems can arise from
fine intergrowths of "magnetic" and "nonmagnetic" phases (e.g., removal of
ferrimagnetic magnetite and pyrrhotite from the nickel-bearing pentlandite
in the Sudbury ores may result in nickel losses due to fine pentlandite flames
in the pyrrhotite). The flotation properties of most ore minerals have also been
extensively studied, so identification is an important first step in the application of this separation method. However, flotation behavior can be very adversely affected by oxide coatings or by tarnishing of ore mineral grains; such
coatings may be detected under the microscope and either removed by acids
prior to flotation or subjected to flotation using different reagents. Inefficient
1When certain methods of separation are used. such material may appear in a third. intermediate
fraction that is between concentrate and tailings in composition and is termed the "middlings."

TABLE 11.1 Information Available from Mineralogic Studies

Compositional or Mineralogic Data
Subdivided into
Metalli c ore minerals (a nd/o r)
Nonmetallic ore min erals
Non ore metalli c (pyri te. etc.)
Gangue min erals
With special referen ce to (selection of exa mples)
Specific gravity
Solubility
Rad ioactivity
Magnetic properties
C leavab ility (slimi ng prop erti es. shee ting and coa ting prop erties. suc h as sericite.
clays. talc. covellite, etc.)
New ph ases in a rtificial products (slags. matt es. speisses, sinters, etc.)
State o f oxida tio n
Obj ectionable mi ne rals (m ine rals with P. S. As in certain iron ores or Bi in lead
ores. etc.)
C he mica l composition of min erals (othe r eleme nts contained in solid solution. like
Fe in sphalerite. Ag in tetrah edrite, etc.)
On the basis of the aforementioned inform ation . the best meth od of con cent rat ing
ca n be chosen.
Co mpos itio na l changes to be expec ted in the wall rock. in adjacent zones
(oxidation. enr ich ment. leaching.etc.), or at depth. which will bear on the mill ing
ope rations. as mining pro ceed s

Geometric Data (Textures and Structures)
Of

Metalli c ore minerals (a nd /o r)
Nonmetallic ore min erals
Non ore metallic minerals
G an gue mi ne rals
With special infor mation on
Locking types (includ ing such data as ta rn ish. coa ting, veining. etc.), poro sity.
pitt ing, etc.
Qu antitati ve data
Amo unts of metallic ore min erals (a nd/o r)
Amo unts of nonmetallic ore min erals (an d/or)
Amo u nts of non ore metalli c min erals (a nd/o r)
Amo u nts of ga ngue minerals
With quantitati ve in formation on the qualit ati ve and geo metric properties listed
ab ove. for exa mple.
Relati ve gra in size or particl e size
Relat ive size of locking
Relative a mou nts of lockin g (as a whol e)
Relati ve prop ort ion s of indi vidu al minerals in the locked parti cles
(middlings)
Che mica l a na lyses of sa mples (tailings. ores. co nce ntra tes. etc.), estima ted or
co mputed o n the bas is of the particl e cou nting dat a
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separa tio n by flot ati on also occ urs wh en th e particl es co nsist ofgra ins o f more
th an o ne miner al phase th at a re "loc ked" (bo und in so me manner) togeth er:
the result is either loss ofo re min eral o r co nta m inatio n by th e a ttac he d grains
(F igu re 11.2). Sp ecial problem s may also a rise with o res th at co nta in co mplex
min eral s (e.g.. min eral s o f th e tetrah edrite gro u p. a ltho ug h dominantl y co ppe r
sulfosalts, may co nta in high contents of zin c. mercury. or silver th at will
ap pea r in th e co nce ntra te). As well as assess me nt o f th e p robl em s of min er al
sepa ra tio n follow ing m in er al identificati on. th e efficiency of sepa ra tion ca n
be monitored by examin ation of products at th e va rious stages o f beneficiation. In th is regard. it is impo rta nt tha t ta ilings as well as co nce ntra tes be
th o roughl y stud ied . Id en tificat ion a nd ch aracteri zat ion of th e o re minerals is
also important for su bs eq uen t m etallurgic al proc essing; for exa m p le. titanium is mor e difficult to ext rac t fro m ilmenite th an fro m rut ile.
Th e id enti ficati on a nd cha rac terizatio n o f th e ga ng ue mi ner al s, whi ch may
include worthless opa q ue phases. is also very impo rta nt. Th ese materi al s may
have econom ic po ten tia l, a nd th ei r be havio r during o re p rocessin g mu st be
ass essed. Particul arl y important is th e identificati on (a nd su bseq uent removal, in so me cases) o f impurities th at may adversely a ffect th e efficiency of
later co nce nt ra tio n o r refining processes o r m ay lower th e q ua lity of th e fin al
product. An exa mple o f th e former is th e presence o f iron sulfides. stib n ite. o r
co ppe r sulfides in go ld o res th at are to be treat ed by di ssolution in cya nide
so lutio n: suc h materi als a lso react with th e cya n ide so lutio n. resulting in both
its co nsu mptio n a nd contamination. An exa mple of th e latt er is th e presen ce
of ph osph orus-b earing miner als in iron o res th at reduce o re qu ali ty below
tha t required for steel making. P robl em s ca n a lso a rise fro m th e presen ce of
fine-l ayer silica tes such as kaolin. talc . o r sericite wh en flotati on is used for o re
co nce ntra tio n. Th ese min er als also tend to float a nd thu s reduce th e gra de o f
th e co nce ntra te. Eve n th e presen ce of in ert ga ng ue phases suc h as qu artz may
be important in assess ing efficient co m m in utio n. Wh en such hard m at eri al s

FIG URE 11.2 Locked a nd unl ocked num er al grai ns . A locked grain ofsp h a lerite a nd
pyrr hotite coexis ting in a mill product with un locked grains of pyrit e a nd py rr hotite.
Du ckt own. Tennessee (width o f field = 600 urn).
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The question of the sizes and size distributions of ore (and gangue) particles
is closely linked to the important role of studies of ore textures in relation to
beneficiation problems, which will now be discussed.

11.3

ORE TEXTURES IN MINERAL BENEFICIATION

Since the first stage in the beneficiation of ores in order to liberate the particles
of valuable minerals from each other and from the gangue is comminution,
knowledge of the sizes and intergrowth relationships of ore mineral grains is
of great importance. Only through careful examination ofthe ores in polished
section can the optimum grain size for effective liberation be determined.
Insufficient grinding may result in loss of valuable minerals in the tailings;
overgrinding wastes energy and may produce slimes that are difficult to treat
later in the processing stage. The efficiency ofthe grinding methods employed
at the pilot stage must also be monitored by the examination ofpolished grain
mounts of their products.
The great variety of intergrowths that may occur between ore and gangue
minerals and between different ore minerals that may eventually require
separation has been well illustrated already (see Chapters 7, 9, and 10). As we
consider the problems ofliberation of the ore minerals, it is useful to outline a
fairly simple classification based on the geometry of the intergrowths and
locking textures ,without an y genetic implications. Such a classification oftextures has been suggested by Amstutz (1961).This classification forms the basis
of Figure 11.3, which also incorporates some information on the liberation
characteristics of the ore types illustrated.
As well as the type and scale of the intergrowths, the nature of the boundaries between intergrown particles is important. This will show whether or
not the rupturing oflarger particles during grinding is likely to occur at grain
boundaries. For similar reasons, information regarding fractures and fissures
in the ore minerals, as well as the porosity of the material, is important data
that is derived from examination under the microscope. In addition to the
influence that such textural features have on the comminution process, they
have importance in the flotation and leaching methods of ore treatment.
The extent to which liberation has been achieved at each stage in grinding
can , of course, be assessed by quantitative determination under the ore microscope . This may be seen in the photomicrographs of ground ores in Figure
11.4. Even if the desired ore minerals are more or less randomly distributed in
an ore, their distribution into different size fractions during comminution
may be controlled by their textures . Table 11.2 present s quantitative microscopic data showing the distribution of ore and gangue minerals as functions
of size fractions during grinding of the massive pyrite and pyrrhotite ores of
the Ducktown, Tennessee, deposits. The data demonstrate that the valued ore
minerals-chalcopyrite and sphalerite-are strongly concentrated in the finest
fractions, whereas the pyrite is dominant in the coarse fraction. The cause lies
in the initial ore texture, where chalcopyrite and sphalerite occur as small
grains and film along the margins of the coarse pyrite crystals in a pyrrhotite

Texture and
Nature of
Interlocking

Diagram

Liberation Properties in
Relatively Large Particles,
Examples of Ores

Equigranular.
Straight, rectilinear, cuspate margins. Simple
locking.

Fairly easy liberation . Common occurrence especially in
orthomagmatic and highly
metamorphosed and recrystallized ores. Also in ores showing successive depositional
sequence.

Mutually curving
boundaries with
negligible interpenetration. Simple locking.

Fairly easy liberation. Common occurrence in simulta neously crystallized ores where
interfacial free energies are
similar.

Mottled, spotty,
careous, with partial penetration.
Relatively simple
locking.

Fairly easy liberation. Common occurrence in ores where
interreplacement processes
have been active.

Graphic, myrmekitic, visceral
locking. Deep micropenetration.

Complete liberation difficult or
impossible. Not common as a
major texture in ores. Produced by exsolution and replacement . Examples:
galena/sphalerite and chalcocite/bomite.

FIGURE 11.3 Geometric classification of ore mineral textures and their liberation
characteristics.
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Texture and
Nature of
Interlocking

Liberation Properties in
Relatively Large Particles,
Examples of Ores

Diagram

Disseminated,
droplike, emulsion, eutectoidal
locking. Finely
dispersed phases.

Complete liberation difficult or
impossible; chemical treatment
often required. Common occurrence by exsolution (left)
Au/arsenopyrite chalcopyrite/
sphalerite; by replacement
(right) pyrite/sphalerite.

Intergranular rim;
coating mantled ,
enveloped, atolllike locking.

Liberation may be difficult if
free grain is continously enveloped by layer. Not uncommon ;
often formed by replacement
reaction. Examples: hematite
film on gold; chalcocite or covellite on pyrite, galena, or
sphalerite.
Liberation fairly difficult or
difficult; common occurrence
in Fe, Mn, and Al ores. Also
U (pitchblende) intergrained
with sulfide. Usually associated
with colloidal precipitation.

Concentric, spherulitic, scalloped,
colloform-Iayered
locking.

Planar, lamellar,
sandwich-type
locking. Lamellae
may vary in size.

Liberation fairly easy to variable. Produced by exsolution
(examples: cubanite/chalcopyrite, ilmenite/magnetite). Also
by replacement. Examples:
magnetite and hematite.

Reticulate (netlike) boxwork.
Finely interpenetrating locking.

Liberation variable to difficult.
Common occurrence by replacement. Examples: bornite/
chalcopyrite, anglesite/covellite/galena. Also by exsolution.
Examples: hematite/ilmenite/
magnetite.

FIGURE 11.3 (Continued)
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Photomicrographs of grain mounts of ground ores. (a) Ground ore
prior to concentration (width offield = 520 11m). (b) Lead concentrate from Viburnum
Trend. southeast Missouri; dominantly galena fragments with minor sphalerite
(darker gray) (width of field = 520 11m).
FIGU RE 11.4
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TABLE 11.2 Microscopic Determination of Ore and Gangue Minerals from
Mas sive Metal-bearing Sulfide Ore at Ducktown, Tenne sse e, as Functions of
Size Fraction During Grinding
Mesh
Size

+ 35
35-48
48-65
65- 100
100-150
150-200
200-250

Min er al s" (in %)

Mi cron s
(Approx.)

Po

> 420
420-290
290-200
200- 130
130-95
95- 75
75-55

32
47
49
50
50
49
56

Py

C py

Mt

Sp h

Ga ngue

61

0.9
1.6
2.6
3.3
5.9
5.0
4.6

1.0
0.9
1.0
2.1
2.9
3.9
4.8

0.0
0.2
0.2
0.5
0.7
1.0
1.0

4.4
6.0
10.0
16.0
16.6
18.4
12.8

44

36
28
24
23
21

Source: C ra ig.J. R.. Yoon. R. H.. Haral ick. R. M.. C ho i. W. Z.. and Pon g. T. C. ( 1984).Mineralogical
Variations During Com m inution ofComplex Sulfide Ores in Process Mineralogy III. W. Petr u k. ed ..Soc.
of Mining Engineers. New York . pp . 5 1-63.
a

po

= pyrrh ot ite: py = pyrite: cp y = ch alc op yrite: mt = magnetite: sph = sphalerite.

matri x. During grinding, the ores fracture along th e weak est zo nes, th at is,
through th e cha lcopyrite a nd spha lerite, yielding num erous sma ll frag me nts
of th ese minerals a nd leavin g th e harder pyrite crysta ls in large gra ins o r
fragm ent s. Detailed examin ation of each size fraction of a n ore during co mmunicati on can reveal information on the co nce ntration of ph ases during
grinding as well as determine th e degree to which the grains a re lib erated from
othe r minerals.

11.4 EXAMPLES OF APPLICATIONS OF ORE MICROSCOPY IN
MINERAL BENEFICIATION

A number o fcontras ting exa mples can be used to illu strate thi s applica tion of
ore micro scopy.
11.4.1

Gold Ores

Economi c occ ur rences of gold gene ra lly co ns ist of very sma ll a mo unts o f di spersed native gold or gold-silver alloys. Even in th e well-kn own ores o f th e
Witwat ersrand in South Africa, th e ave rage conce ntration of go ld is only
about 16 ppm (0.5 troy oz/ton). The o res co n taining native gold may contai n
large a mo u nts o f qu art z and minor (u necono mic) sulfides; littl e qu art z but
large a mounts of valuel ess sulfides (pyrite , pyrrh otit e, a rse no pyrite); or valuable ba se-metal sulfides of antimon y, a rsen ic, co ppe r, lead . o r zinc. Although
so me coa rse r gold particl es may be sepa rated from gangue by utili zin g th e
high den sity o f gold (cf. the "pa n ning" of ea rly prosp ector s), mu ch gold is
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removed from o re by dissolution in a cyanide so lut ion (cyanidation) or in mercu ry amalgam (now rarel y used and illegal in many places). For density
sepa ra tio n. th e gold particles mu st be liberated from gangue; for cyanidation
o r a ma lga ma tion. the gold mu st be sufficiently exposed to pe rmit attack by the
cya nide solution (o r mercury). Th is is shown by two of th e examples of gold
ores illustrated in Figures I L5a and I L5b. In the first case, gold occu rs along
grain boundaries and fractures. and. in the second. as minute particles withi n
the sulfide. An eq uiva lent amount of gri ndi ng will produce a mu ch greater
"effective liberation " of go ld in the first ore beca use of the ten den cy to break
alo ng fractures a nd bounda ries. This ore ca n be subjected to cya nida tio n a fter
(or during) grind ing. wh er eas th e seco nd o re may need roasting to release th e
gold before it can be success fully cya n ide d. M an y ores will. of cour se, contain
a ce rta in a mo u nt of both types of intergrowth: th e relative a mo unts and size
ran ges ca n then be determ in ed by microscopic exa mina tio n. If gold particl es
occ ur lar gely as inclusion s in a particul arph ase (e.g.. pyrit e), it may be po ssibl e
to co nce ntra te thi s ph ase by flot ati on and subject o nly thi s to fin e grinding o r
roas ting in o rde r to lib er at e th e gold .
When the cyanidation process is to be emp loye d in gold extraction. it is particul a rly importa nt that microscopic studies be made to dete rmi ne the p resence ofde lete riou s mi neral s. Th e dissolutio n process depends on an adeq uate
supply of oxygen; pyrrhoti te, marcasite, and some pyrites consume oxyge n.
thu s inhib iting the process. O ther minera ls. notab ly stib nite, copper sulfides.
a nd so me a rsenopyrites a nd pyrite s may dis solve in the cyanide solution.
resulting in exce ssive consumption ofcya nide and even reprecipita tio n of the
gold in extreme cas es. In cases in which the conce ntration of deleterious
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FIGURE 11.5 Examples ofgold o res. (a) G old occurring along grain boundaries and
fractures in pyrite. Witwatersr and. South Africa (widt h of field = 2.000 urn). (b) Gold
occurring within chalcopyrite. Witwatersran d. South Africa (width of field = 210 urn).
(c) Gold gra in coated with magnetite and goethite . Alaska (width of field = 2.000
urn).
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minerals is such that it seriously affects the efficiency of the process, it may be
necessary to remove the minerals by flotation prior to cyanidation. As with
cyanidation, certain minerals can adversely affect amalgamation (e.g., stibnite, enargite, realgar, tetrahedrite, pyrrhotite, arsenopyrite, and pyrite react
with amalgam) and may have to be removed.
Other problems in the processing ofgold ores may result from the presence
of a coating on the surface of the gold particles (commonly of iron oxide, as
shown in Figure 11.5c). This can result in losses of gold during separation
(especially if a magnetic process is employed to remove oxide impurities that
may then carry gold with them) and can prevent dissolution of the gold unless
it is removed by grinding. Other coatings that inhibit dissolution may form
during processing. With an ore as valuable as gold, an important aspect of
microscopic studies for efficient extraction is the examination of tailings. If
losses are occurring in the tailings, the reasons for such losses can then be
determined.
11.4.2 Copper Ores

Copper is obtained largely from sulfide ores, and chalcopyrite is the single
most important copper ore.mineral. The chemistry and metallurgy ofchalcopyrite have been reviewed by Habashi (1978). Other copper-iron (bornite,
cubanite, talnakhite, mooihoekite) and copper (covellite, chalcocite, digenite,
djurleite) sulfides are often associated with chalcopyrite and may be locally
important. The copper content ofeach of these phases is different, and a careful quantitative determination of the mineralogy is an important step in the
assessment of are grade. Many of these phases (particularly bornite, chalcocite, and covellite) may result from the alteration of chalcopyrite in processes
ofsecondary enrichment (see Figure 7.11). Examples of major copper deposits
are the porphyrycoppers (see Section 9.5),large deposits that are often mined at
average copper concentrations ofless than 0.5%. Such deposits contain large
amounts of pyrite as well as chalcopyrite; some copper may occur as sulfosalts
(tetrahedrite, enargite), and silver and gold may also occur in small but
economically important quantities. Quartz, feldspars, biotite, chlorite, sericite, anhydrite, clay minerals, and other layer silicates are the dominant
'
gangue minerals.
As Gaudin (1957) has pointed out, the sulfide copper ores are particularly
well suited to flotation recovery methods. When the are is largely chalcopyrite
and pyrite, liberation of chalcopyrite can usually be achieved by normal
grinding methods. Flotation can then be carried out to selectivelyconcentrate
the chalcopyrite. The preparation of a copper concentrate may be more difficult if chalcopyrite, pyrite, and other copper sulfides are intimately intergrown. Another problem may arise in recovering the gold or silver, which may
well follow pyrite into a "tailings fraction." Solutions to all of these problems
require careful study of mined ores and mill products by are microscopy.
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When the ores have been partly oxidized, some of the copper may be present as easily soluble oxides , basic sulfates, or carbonates from which copper
can be easily extracted by acid leaching. Such methods are being more widely
employed also as a method of extraction of copper from sulfides in dump
leaching ofvery low-grade ores (Fletcher, 1970). Here again, microscopic study
of textures to estimate the efficiency of the leaching process is important.
Another major source ofcopper is the volcanogenic massive sulfide deposit
(Section 10.9). The chalcopyrite in these ores occurs as anhedral interstitial
grains and to a variable but significant extent as very small « 5 11m) blebs and
veinlets within sphalerite ("chalcopyrite disease," Figure 7.18).This finely dispersed chalcopyrite can create separation problems and may result in appreciable copper reporting in the zinc concentrate. It may also be desirable to
remove, during beneficiation, certain phases that cause problems during
smelting (e.g., arsenopyrite in order to reduce arsenic emissions). Such problems are readily anticipated if detailed ore microscopic work has first been
undertaken.
11.4.3 Chromium Ores

The only significant ore mineral ofchromium is chromite (ideal composition,
FeCr204), which occurs in ultramafic and mafic igneous rocks (see Section
9.2).Although chromite often occurs in a silicate matrix (see Figures 9.1 and
9.2) as single-phase euhedral-subhedral grains that can be readily separated
by grinding and gravity concentration, deficiencies in the grade of a concentrate may result from intimate intergrowths with gangue minerals or variation
in chromite composition.The former is often a result ofsevere fracturing ofthe
chromite and infilling of the fractures with serpentine; the latter results from
the substitution of Fe!" and Al3+ for Cr3+ in the chromite, the composition of
which may even vary within a single grain, producing a zonal distribution of
chromium concentration. Variations in magnetic properties ofchromites as a
function of iron content may permit selective magnetic concentration of
chromium-rich fractions in some cases. The efficient gravity concentration of
low-grade chromite ore from Cyprus described by Mousoulos and Papadopoulos (1976) involved a combination of heavy media, jigs, and shaking
tables.

11.4.4

Iron-Titanium Oxide Ores

Some iron-titanium oxide ores present particular milling problems because of
the intimate association of the mineral phases. Figure 11.6 illustrates two
extreme examples of ores : in Figure 11.6a, the separation is readily achieved;
in Figure 11.6b, the separation is difficult to achieve. In the former case,
ilmenite and magnetite coexist in a coarse equigranular aggregate and can

FIGURE 11.6 Exa mp les of iron-titanium oxide o res. (a) Co arse magnetite grain
(d ark gra y. pitted) flanked by coa rse ilm enite grains. Storgangen , Norway (width of
field = 2.000 11m). (b) Fine lam ell ae of hematite with in ilmenite. Blasfjell, Norway
(width o f field = 520 11m).
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readily be separated magnetically after grinding. In the latter case , however,
the intimate intergrowth of ilmenite with hematite, down to a submicroscopic
scale, makes a clean mechanical separation of the phases impossible.
11.4.5 Manganese Nodules

The manganese nodules of the deep ocean floors are an important potential
source of not only manganese but also of other base metals; nodule deposits
being considered for mining assay as high as 2.3% Cu, 1.9% Ni, 0.2% Co , and
36% Mn (dry weight) (Fuerstenau and Han, 1977). Study of the nature and distribution of the phases containing these valuable metals in the nodules is an
important step toward their economic exploitation. Although their detailed
mineralogy is complex, the predominant minerals in the nodules are manganese (IV) oxides related to the terrestrial minerals todorokite, birnessite, and cSMn02; also present is crystallographically poorly ordered goethite ("incipient
goethite") (Burns and Burns, 1977; 1979). The nickel, copper, and cobalt are
taken up by todorokite in postdepositional processes. The textural relationships between mineral phases in a nodule are shown in Figures ll.7a and
ll.7b.
Brooke and Prosser (1969) examined the mineralogy and porosity of several such nodules and investigated the problem of selective extraction ofcopper and nickel. Tests showed that selective leaching ofcopper and nickel using
dilute sulfuric acid is a possible method of extraction. A whole range of possible extraction methods (acid leaching, ammonia leaching, smelting, chlorination, and segregation roasting) have also been reviewed by Fuerstenau and
Han (1977).

11.5 THE STUDY OF MATTES, SLAGS, ASHES, SINTER, AND
OTHER SMELTER AND INCINERATOR PRODUCTS

The compositions and textural relationships of the products ofsintering and
smelting (mattes, slags, etc.) can be studied by using the techniques outlined in
Chapters 1-6. Although these are not minerals, many do closely resemble ore
minerals in composition and optical properties and sometimes in texture.
Their history of crystallization may also be followed using textural interpretations similar to those outlined for ores .
Slags (Figure 11.8),the waste products of smelting, are intended to remove
impurities from the desired metals. Ideally, all of the metal remains in a melt,
whereas all impurities segregate into the slag. In reality, the sepa ration is never
perfect, and studies ofthe slags and matter are used to reveal the quantities and
nature of phases eitherlost or serving as contaminants. The loss of some iron
during smelting (Figure 11.8b) is generallyoflittle economic consequence, but
the loss of copper (Figure 11.8d) is of concern, and the loss ofelectrum (Figure
11.8a) in the smelting of gold and silver ores can be very serious.

FIGURE 11.7 Textural relationships between mineral phases in manganese nodules
sectio ned in different orientations. (a) Blake Plateau. Atlantic Ocean (width offield =
2.000 11m). (b) Pacific Ocea n (width of field = 520 11m).
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Th e mining a nd sme lting ofiron is mu ch larger a nd wid espread th an th at of
any other metal. The study by Bast a, EI Sh arkowi, a nd Salem ( 1969) pro vides
an exa mp le of iron slags.They studied the mineralo gyoff1u xed sinters of fines
from the Aswan iron are. Th ese oolitic or es a re mainly hem at ite, with so me
goeth ite, qu artz, carbo na te, and chlorite; so me mino r sulfu r, ph osph orus, a nd
manganese a re also present. Sintering was at ~ I,200°C , with lim estone, pyrit e
cinde rs, a nd coke as a fuel. Studies o f suc h sinters show iron, iron oxid es

FIGURE 11.8 (a) Sph eres of electrum occurring in slag from the smelting of goldsilver ores. Such entrapment requires remelting of the slag to recover all of the preciou s
metals, Morning Star Mine, California (width offield = 1,200 11m). (b) Dendritic crystals of magn etite in a matrix of glass; sinter from Aswa n iron ore (width of field = 200
11m). (Reproduced from E. Z. Basta et al., Trans. I.M.M. 78, C3, 1969;used with permi ssion.) (c) Copper-nickel matt e with sm all euhedral crystals of Fe, Ni disulfide in a matrix of'Cu jS (dark gray) and NiS (light gray). A large subhedral grain of metallic nickel
is visible in the upp er-left-h and corner (width of field = 2,000 11m). (d ) Dendritic crystals of magnetite with interstitial pyrrhotite a nd chalcopyrite in ancient slags produced
by the Rom an s as they worked the copper ores on Cypru s (width of field = 1,200
11m) .
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FIGURE 11.8 (Continued)

(magne tite, hem atit e, wu stite), and calcium ferrites as sp he rules, dendrites,
a nd crystals in a matrix of silica tes- bo th c rysta lline (gehlenite, olivine, wollastonite) a nd glassy (Figure 11.8b). Min or sulfides may also be present (pyrrh otit e, c ha lco pyrite). The effect o f va rying th e a mounts o fl imes to ne ad de d is
relat ed to min eralogical vari ations that are , in turn , related to suc h properties
as streng th a nd red uc ibility o f th e sinters.
The reduction o f ilm enite h as been studied by Jones (1974). At temperatures
less th an LOOO°C, natu ral ilme nites a re reduced by carbon mon oxid e to
met allic iron a nd redu ced rutiles (Til/0 2l/- I ,!1 ;;;. 4), but minor magne sium or
man gan ese prevent th e reaction fro m going to completion. Th ese problems
a re lessen ed a t higher temperatures, a nd at 1,200°C the products of reduction
a re metalli c iron and anosovite (Fe3- xTixOs) so lid solution. These reaction
p rodu cts were ch a rac terized at va rio us stages of reduction by ore mic roscop y
(a nd electro n probe micro an alysis).
Th e matt es p roduced in co ppe r sme lte rs vary cons ide ra bly in co mpos ition
but include many of th e ph ases familiar from mineralogical studies in the CuFe-S a nd C u-N i-S systems . Figure 11.8c illu str ate s th e nature of a copper-
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nickel matt e containing 40% Cu a nd 40% Ni. Th e matt e co ntains a n ea rly
crystallized iron- nickel a lloy ph ase, disp ersed sma ll gra ins of a n Fe-Ni disulfide and a matrix ofNiS (mille rite), a nd a cop per sulfide so lid so lutio n.This
last phase has exsolved on cooling to give a basket weave texture of two co pper
sulfide ph ases. F igure l 1.8d is a Rom an-period co ppe r min ing slag from Cypru s; it reveal s the loss of copper a nd ch alcopyrit e associated with magn etite
a nd pyrrhotite in th e slag.
The combustion of coal , oil, and even municip al solid waste conce ntrates
metals a nd gene rates as hes a nd slags th at conta in min eral-l ike p hases. Coals
gene rally contain significa nt qu antities ofclays a nd qu artz in addition to tra ce
to minor a mounts of metals and metal-bearing ph ases (espec ia lly pyrit e).
Duri ng combus tion, the metal s a nd other nonfl amm abl e materials becom e
concentrated by factors of about 10 tim es, with th e resultant formati on of
spine l-type oxid es, seve ral silica te ph ases, a nd occasiona l iron sulfides in a
glassy silica te matrix.
Th e distill ati on of petroleum to leave a solid co ke-like ph ase, a nd th e subsequent combustio n o f that mat eri al, result s in a mu ch grea ter degree o fco nce ntration (approxima tely 1,000 times) of met als a nd sulfu r, but with mu ch less
silica. The resulting slag ma y conta in a complex va riety o f iron, n ickel, and
vana diu m sulfides and oxid es, as well as mu ch free metal (usually as ironnickel alloys), as shown in Figure 11.9. Microscopic a na lysis has revea led
much abo ut the ph ases pre sent a nd their potential for reuse o r di sposal (C ra ig,
Najjar, a nd Robin, 1990; Groen, 1992).

(a )

FIGURE 11.9 Scanning electron microscope images of petroleum coke slags. (a )
Atoll-like structure of nati ve iron and some cruciform spinel crystal s in a fine matrix of
inte rgrown FeS and FeO in slag produced during production of synthesis gas from
petroleum coke (width offield = 100urn). (b) Equ ant and skeletal crystals of iron- a nd
nicke l-rich aluminate spinels in a matrix of glass from a petroleum coke gasifier. The
coarser crystal s were probably stable at the temperature ofthe gasifier, wherea s the very
fine crystals formed during rapid cooling of the glass (width of field = 360 urn).
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(a )

FIG URE 11.9

(Continued's

T he inci ne rati o n of municipal solid was te is bei ng underta ken mo re wide ly
to generate heat and to effect volume redu ction . As o ne migh t expect. the ashes
a nd slags produced a re rich in silica tes a nd glasses bu t co nta in a wide va riety
of metall ic min er al-like ox ide ph ases (Bro ck, 1993; Ki rby a nd Rim stidt, 1993).
Mu ch mor e study is need ed to characterize all of th e phase s pr esent a nd to
identify potentia l uses or prob lem s rela ted to th eir ultim a te d ispo sa l.
11.6

CONCLUDING REMARKS

T his very b rief outline o f th e applica tio ns of o re microscop y in min er al
tech nology serves only to illu st rate the great importance of this a rea of ap plicatio n. Th e inc reasi ng world de ma nd for metals necessit ates th e econo mic
extractio n of me ta ls fro m o res o f lower a nd lower grades, whic h requires efficie nt. skilled ben eficiati on . Thus, careful study under the reflected-light microscope of th e o re and o f th e p rodu cts of va rious co m minutio n a nd se pa ra tio n
processes is necessa ry. If, follow ing initial disco very; exp lo ratory d rilling to
determi ne ove ra ll size, grade, a nd geo logical sett ing ; min eralogical a nalysis to
esta blish feasibili ty of metal extractio n; a nd pil ot testin g of th e extrac tio n
processes, it is decided to proceed with a mining ope ra tio n, the o re mi crosco p ist is st ill need ed to mo nitor va ria tions in th e mine ralogy o f the o re a nd
the effects ofsuc h va riatio ns o n processing. Variatio ns laterall y or ver tica lly in
the orebody ma y ca ll for cha nges in beneficia tio n proced u res o r mixing of
o res mined from differe nt a reas; th e microscopi c study o f th e o res may a lso be
of grea t value as a guide to mine explo ra tio n a nd development. In a ll of th ese
applica tions, th e o re mineralo gy h as to be related to th e geo logica l and engineeri ng p roblems of mining, o n th e o ne hand, a nd to th e problem s of
beneficiat io n a nd meta llurg ica l treatm ent, o n th e o the r.
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APPENDIX 1

TABLE OF DIAGNOSTIC
PROPERTIES OF THE
COMMON ORE MINERALS

This Appendix contains data that will help you in your microscopic iden tification of the most commonly encountered opaque minerals (approximately 100 minerals are included). The data presented are as follows:
1. The mineral name.
2. The chemical formula . This is generally given in its simplest form (e.g.,
the end member of a solid solution series), although major substitutions are shown.
3. The crystal system.
4. A description of the colorofthe mineral (the symbol "_ galena, bluish"
indicates that the mineral described appears bluish against galena).
5. A description of any observable bireflectance and reflection pleochroism.
6. A description of the presence, intensity, and character of any anisotropism.
7. A description of the character of any observable internal reflections .
8. The quantitative reflectance values (R %) in air at 546 and 589 nm
wavelength . These data are consistent with the Quantitative data file
(Criddle and Stanley, 1993); however, those data are for a single sample
and do not necessarily reflect the ranges of values that have been reported for many minerals.
9. Quantitative color values (in air) quoted using the CIE system and giving chromaticity coordinates (x and y ) and the luminance (Y%) following the conventions in Criddle and Stanley (1993). A single value is
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given for a n isotropic mineral [corresponding to R or two values correspo nd ing to Ro • R,,(R,,') or R1.R2 1. In a few cases. quantitative color data
are given for ori ented single crystals (corresponding to R{1' Rh • Rc ) ' For
isotropic minerals. this is the value of R: for "u n iaxial" minerals. Ro is
followed by R,. (or R,,'); and for "b iaxia l" minerals. R is followed b y

R,.
10. Quantitative indentation microhardness (Vickers hardness number) at
a load of 100 g (VHN 100) unless another load is specified. For some
minerals. information is given on indentation characteristics as follows : p. perfect: f. fractured: sf. slightly fractured: cc. concave: cv, convex: sg, sigmoidal.
II. Polishing hardness (PH) given as less than. equal to. or greater th an
other common ore minerals.
12. Mode of occurrence and other characteristic properties; this is general
information on cry stal morphology. cleavage. twinning. characteristic
alteration effects. and commonly associated minerals.
The data presented in the tables have mainly been derived from the following
sou rces. which should be consulted for further details and information on
other minerals:
Uytenbogaart. W.. and Burke. E. A J. (1971). TablesjorMicroscopic Identificat ion
oj Ore Minerals. Elsevier. Amsterdam.
Rarndohr, P . (1969). The Ore Min erals and Their Int ergrowths. Pergamon. Oxford .
Schouten. C. (1962). Determinative Tables jor Ore Microscopy. Elsevier. Amsterdam.
Criddle. A 1. and Stanley. C. J. (1993). Quantitative Data Filejor Ore Min erals.
3rd ed. Chapman and Hall. London.
Following is an "Identification Scheme." which can be used as an aid to determining any unknown minerals. This simplistic scheme should be used as only
a preliminary guide to the possible identity of a phase.

TABLE A1.1 Identification Scheme"
Distinctly Colored

Blue

Yellow

Isotropic (or weakl y
anisotropic)
Ani sotropic
Isotropic (or weakl y
ani sotropic)
Ani sotropic

Chalcocite. digenite
Covellite
Gold. chalcopyrite
Chalcopyrite. millerite.
delafossite, cubanite,
mackinawite. valleriite

TABLE AU

(Continued)

Red -brown to b row n

Pink, purple. violet

Isotropic (or weakl y
anisotropic)
Anisotropic
Isotropic (or weakl y
a nis oropic)
Anis otropic

Bornite, copper. b ravoi te
Id a ite, va lleriite, delafo ssite,
mawsonite
Bornite. coppe r. br avoite,
viola rite
Breith auptite

Distin ctly Colored Internal Reflections (in Min erals Not Distin ctly Colored)

Blu e
Yellow

An atase, azurite
Sph alerite, orpiment, rutile,
cassiteri te
Cinnab ar, proustite,
pyr argyrite, tennantite.
sp ha lerite. cuprite.
ch ro rnite. o rp ime nt,
wolfr amite

Red to brown

Weakly Colored (If at All) Q

Blue

Isot ro pic
Anisotropic with internal
reflections

Green

Yellow
Red -brown to brown
Pink, purple, violet

An isotropic witho ut
int ernal reflect ions
Isotropic (or weakl y
a nis otropi c)
Ani sotropic
Isotropic
An isotropic
Isotropic
Ani sotropic
Isotropic
Anisotropic

Tetrahedrite
Hematite. cuprite, ci nnabar,
ha usman nite, proustite,
pyra rgyrite
Psilo mel ane
Tetr ah edrite, aca nth ite
Stannite. pol ybasite
P yrite, pentland ite
Mar casite. niccol ite
Magn etite , ulvospinel
Pyrrhotite, ilmenite, ena rgite
Cobalt ite.Iinnaeite
Niccolite, famatinite

Not Colored to Any Degree "
R % :>51.7 (pyrite)

Isotropic

H ardness

An isotropic

Hard ness medi um -low
H ar dn ess high

H ardness medium-low

(Pyri te) gersdorffite.
skutteru dite
Silver, platinu m. alla rgentum
(Ma rcas ite) ram rnelsbergite.
pa rar ammelsbergite,
safflo rite.Ioellingite ,
a rse nopy rite
Bismuth , a ntimo ny, arse nic,
dyscr asite , tet rad ymite,
sylvanite
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(Continued)

R% 51.7 (pyrite)

to 42.9 (galena)
Isotropic

Anisotropic

Hardness high
Hardness medium-low
Internal reflections
No internal reflections

Siegenite, ullmannite
Galena. freibergite,
alabandite
Pyrargyrite
Bismuthinite, stibnite.
cosalite, kobellite

R% 42.9 (galena)

to 19.9 (magnetite)
Isotropic

Anisotropic

No internal reflections

Internal reflections
Internal reflections

No internal reflections

Carrollite, tetrahedrite,
maghernite, bixbyite
(magnetite)
Realgar, tennantite, pearcite
Hematite. enargite,
miargyrite, pyrargyrite,
boulangerite, chalcostibite.
orpiment, realgar.
chalcophanite
Molybdenite. pyrolusite.
berthierite, boulangerite.
chalcostibite, jarnesonite.

tenorite, stephanite,
stromeyerite, mawsonite,
pyrolusite
R% ;;. 19.9 (magnetite)

Isotropic
Anisotropic

No internal reflections
Internal reflections
Internal reflections

No internal reflections

Chromite, coffinite
Brannerite, sphalerite
Colurnbite-tantalite.
manganite, chalcophanite,
scheelite, cassiterite.
lepidocrocite, zincite,
uraninite, manganite,
wolframite. goethite. rutile
Graphite. braunite

Categories defined are intended only as a rough guide to identification. The following tables
should be used to confirm any possible identification.

U
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TABLE Al.2

Alphabetical Listing of Ore Minerals with Diagnostic Properties

Note: Information is reported as follows:
C-Color
B/P-Bireflectance/
Name
pleochroism
A-Anisotropy
Formula
IR-Internal Reflections
Crystal System

Acanthite
AgzS
Monoclinic
(Pseudocubic)

Co)

en
en

C-Gray, with a
greenish tint
- Galena, darker,
greenish gray
_ Silver. dark greenish
gray
B/P-Very weak
A-Distinct if well
polished
IR-Not present

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates
R-31.0-29.5

VHN-Vickers Microhardness at IOOg Load
PH - Polishing
Hardness
VHN-23-26 (p)
PH-Less than most
minerals

Mode of Occurrence;
Other Characteristic
Properties
Occurs as euhedral cubic
crystals
Pseudomorphous after
argentite (stable > 176°C)
and as anhedral polycrystalline aggregates. Difficult
to polish without scratches
because of softness, but
twinning often visible when
well polished. Occurs as
irregular inclusions in
galena; often associated
with pyrite, galena.
sphalerite. tetrahedrite,
covellite, proustite,
pyrargyrite, polybasite. The
high-temperature
polymorph. argentite.
always inverts to acanthite
on cooling. but its former
existence may be evidenced
by cubic morphology.
(Continued)
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(Continued )

Note: Informat ion is rep ort ed as follows:
C-Colo r
B/ P- Bireflectan cel
N am e
pleoc hro ism
For mu la
A-Anisotropy
Crys ta l System
IR-I ntern al Reflection s
Alaba ndi te
MnS
Cub ic

C-G ray
Spha lerite, d istinc tly
light er
B/P-N ot present
A- Isotropic:
so meti mes with
wea k ano ma lous A
IR- Common , d ark
gree n to b row n

-+-

R-Reflectan ce at
546 a nd 589 nm in Air
QC -Q ua nti ta tive
Co lor Coord ina tes
R- 22.8
22.3

YHN-Yickers M icrohardn ess at 100g Load
PH-Poli shing
Ha rdn ess
YHN-240-25 l (p)
PH

~

sp ha leri te

QC-0.30 1, 0.305, 22.8

70

Alla rgentum
Ag1_,Sb,
Hexagon al

C-White. slightly
grayish
-+- Silver. grayis h
B/P-N ot present
A-Wea k
IR-N ot prese n t

R- ~

Allem ontite
A mixtu re of As or
Sb with AsSb

C- White
B/P-Weak
A-D istinc t
IR-Not prese nt

R-50- 70

YHNPH > silver

YHN-85- 100
PH

~

a ntimo ny

Mode of Occ urren ce:
Ot her C haracteristic
P roperties
Occu rs as euhed ra l crysta ls
a nd as a nhedra l agg rega tes:
rese mbles spha lerite.
Cleavage. lam ellar twinning. a nd zo na l textu res
may be visible. Occ urs with
pyrite. cha lcopy rite,
pyrrhotit e, pyro lusite. Mnsp ha lerite. M n-carbona te.
Occu rs as lam ella r
intergro wths in silver,
especially th at from Cobalt.
O ntari o. O rigina lly identified as dysc ras ite. whic h is
very simila r b ut is Ag.Sb ,
Occ urs as a rnyrm ekitic intergrowt h. whi ch may be o n
suc h a fine sca le th at it is
o nly di scernibl e as two
ph ases un der high- power
magn ification. Two ph ases

Antimony
Sb
Trigon al

C-White
Arsenic, slightly
more white
-+ G alen a, brighter
white
-+ Silver, less bright
-+ Dyscr asite, similar
B/P-Weak
A-Distinct; yellowish
gra y, brownish, blui sh
gray
IR-Not present
-+

R-74.4-77.9
72.9-7 6.8
QC-0.308.0.318
73.6
0.310, 0.319
77.3

VHN-50-69 (f-cc)
PH
PH

> stibnite
< a rsen ic

a re often more visible after
slight oxida tio n or etch ing.
Occurs with stibnite in CoNi-A g-Bi-As or es and
pegm atite s.
Occurs as fine- to coa rsegra ined agg rega tes, rarely
euhedral. Cleavage a nd
twinning (often polysynthetic) commonly visible. Occurs with stib nite,
pyrite , arse nopyrite, Co-Ni
a rsenides. a nd with stiba rsen as fine gra phic to myrmekitic int ergrowth s known
as "allerno ntite."

Argentite-See Acanthite
Arsenic
As
Trigonal

w

Ul

.....

C-White; tarnishes
rap idl y
-+ Antimony, slightly
darker gray
-+ Skutterudite and
safflorite, slightly
darker gray
-+ Galena, white with a
cre amy tint
BP-Weak in air;
distinct in oil; gra yish
white to yellow or
bluish gray

R-51.7-55.7
51.2-55.3

VH N- 72-1 73(p-cc )
PH

QC-0.306.0.312
51.6
0.309,0.315
55.5

> Bismuth, silver

Occurs as fine - to coarsegrai ned a nhed ra l agg rega tes
and commonly as colloform
bands.Twinning and a ba sal
cleavage often visible.
Occurs with rammelsbergite. skutterudite,
proustite. a rse nopyrite,
pyrite . and stibarsen as fine
graphic to myrmekitic
intergrowth s of "a llerno ntite." Th e very rapid (a few
hours) tarnish is diagno stic.

(Continued)
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Note: Information is reported as follows:

Nam e
Formula
Crystal System

Arsenopyrite
FeAsS
Monocl inic

Berthierite
FeSb2S4
Orthorhombic

C-Color
B/P-B ireflectancel
pleochroism
A-Anisotropy
IR- Intern al Reflections
A- Distin ct; gray to
yellowish gray
IR-Not present
C-White
_ Pyrite. white
- Loellingite, safflorite.
crea my white
- Anti mon y. grayish
white
- Galena. sph alerite.
white with pale
yellow tint
B/P-Weak
A- Strong: blue. green
IR-Not present

C- White-gray with a
pink or brown tin t
B/P-Strong and
characteristic
Via) brownish pink

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coo rdin ates

VHN-Vickers Microhardn ess at 100g Load
PH- Polishin g
Hard ness

R-51.85- 52.2
51.7-5 3.2

VHN-715-1 354
1081 on (001 )(sf)

QC-(a) OJ I5. OJ21
52.5

PH > skutterudi te,
magnetite
PH < pyrite. cobaltite

(b) 0.318. 0.325
51.8
(c) 0.310. 0.317
51.8

R-30.3-42J
30.9-4 1.1
QC-OJIO . OJI 2
30.6

VHN-1 68- 228(f )
PH
PH

~

stibnite

< spha lerite

Mode of Occurrence:
Other Cha racteristic
Properties

Co mmonly observed as
euhedral to subhedr al crystals with characteristic
rhomb shape when a minor
phase; also as an hedra l
granular masses when
abunda nt. Lam ellar twinning common. Occurs with
pyrite.loell ingite, glaucodot.
pyrrhotite . chalcopyrite.
spha lerite. galen a. cobaltite,
gold. molybdenite. Goo d
polish. white color. anisotropism. and crystal form
are characteristic.
Occurs as euhed ra l needleli ke
crystals and as subhed ral
aggregates. with stibnite,
cha lcopyrite. pyrite.
arsenopyrite. pyrrhotit e.

(lib ) grayish white
(llc) white
A-Very stro ng; blue,
gray, white; brown,
pink
IR-Not pre sent
Bismuth
Bi
Trigo na l

Bismuthinite
Bi2S3
Orthorho mbic

C-White to cream y
wh ite; pinkish crea m
.... Silver, crea my
.... Arse nic, pinki sh
crea my
.... Sulfosalts, pinkish
crea my
B/P-Weak but distinct.
crea my to pinki sh
A- Distinct to stro ng
IR-Not pre sent
C-White; in oil with
blu ish gra y tint
.... Bismuth, da rker,
bluis h gray
.... C halcopyri te, bluish
gray
.... G alena, lighter,
crea my white
B/P-Weak to distinct
(lla) Blui sh gray-white
(l Ib) Gray-white
(llc) Cream y white

gudrn und ite, sphalerite,
gale na .

0.301. 0.309
42.1

R-59.8- 67.2
61.9-69.5
QC- 0.325, 0.332
59.9

VHN- 16-1 8(p )
PH < all ass oc iate d
mineral s

0.323, 0.328
67.4

R-37.1-49.0
36.7-48 .0
QC-(a) 0.308, 0.315
43.7
(b) 0.308, 0.316
37.0
(c) 0.308. 0.319
48.6

VHN-IIO-136(sf)
PH > bismuth
PH < chalc opyri te

Occurs as irregul a r masses or
incl usio ns of anhedral crysta ls. Twinni ng is common
and may be induced by
grindi ng or scratch ing.
Occurs with sulfosa lts,
pyrite, pyrrhotite. spha lerite,
cha lcopy rite. bismuthi nite,
cassi terite, mol ybdeni te,
wolfra mite, arsenopyrite,
Co-Ni arsen ides, silver,
galena.
Occurs as subhed ra l lath-like
crystal s; less commonly as
granula r masses. Cleavage
II (010) com mo n. Stress indu ced twinn ing and
un d ulose extinction often
seen. Occurs with bismuth,
pyrite, pyrrhotite, a rsenopyrit e. cha lcopyrite,
spha lerite. sta nnite,
cass iterite, wolfra mite,
molybdenite .

w
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TABLE AU

(Continued)

Note: Inform ation is repo rted as follows:
C-Color
B/P-Biref1ectancel
pleochroism
Nam e
A-Ani sotropy
Formul a
IR-Intern al Ref1ections
Crystal System

Bixbyite
(M n.FehO,
Cub ic

A- Very stro ng.
especia lly in oil; gray.
yellow. violet. straight
extinction; la rge crystals ofte n u nd u lose
IR-Not present
C- G ray with crea m to
yellow tint
-- Braunite. jacob site,
h au sm an n ite, light er.
yellowis h
-- Hem atit e. brow nish
B/P- Usu ally absen t;
sometimes very weak
in oil
A- Isotrop ic; sometim es weakly
ano ma lous
IR-Not present

R-Ref1ecta nce a t
546 a nd 589 nm in Air
QC-Qu anti tati ve
Color Coordi na tes

R-22.2
22.0
QC-OJ 08. 0JI 6
22.1

VHN-Vickers Microhar dn ess at lOOg Load
PH-Polish ing
Hardness

VHN-946-l402 (p)
PH > hau sm annite
PH - braunite

Mode of Occu rrence:
Oth er Cha racteristic
Prop erties

Occurs as euhcdra l crystals
a nd as gra nula r aggrega tes.
Cleavage ( I I I). la mellar
twinn ing. a nd zo na l growth
may be visible. Occurs with
hematite. bra uni te. pyro lusite. hausm a nnitc.

Co)
G)

....

Bornite
CuSFeS4
Orthorhombic
Pseudo-Tetragonal

C- Pinkish brown to
orange; tarnishes
purplish, violet, or
iridescent
B/P-Slight biretlectance may be visible
on grai n boundaries
A-Very weak
IR-Not prese nt

Boulangerite
Pb sSb4S l i
Monoclinic

C-White with bluish
gray
_ Galena, darker
gree nish gray
_ Stibnite, slightly
lighter
_ Jarnesonite, darker
B/P-Distinct, graywhite to green -gray
A-Distinct. tan. brown.
bluis h gray
IR-Rare, red

R-21.7
25.2
QC-OJ48. 00338
22.8

R- 37.4- 4 1.8
36.5-40.7

VHN-87-IOO(p-sf)
PH
PH

< chalcopyrite

VHN-92-125(sf)
PH

QC- OJ 03. 003 11
37.2

> galena, chalcocite

< galena

Occurs as irregular po lycrystalline aggregates and as
coatings on, or lamellae
intergrown with. cha lcopyrite. Cleavage may be
visible; twinning may be
infrequent and difficu lt to
see. Lamellar exsolution
and replacement textures
with chalcopyrite. enargite,
digenite are common; alters
on grain boundaries and
fractures to covellite. Occurs
with pyrite. chalcopyrite.
enargite, digenite, covellite,
linnaeite, sphalerite, galena,
magnetite. tetrahedrite,
hematite.
Usua lly occurs as granular or
fibrous aggregates with
galena. sphalerite, chalcopyrite, tetrahedrite, or other
Pb-Sb sulfosa lts.

00303. 00312
41.4

(Continued)
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Note: Inform atio n is repo rted as foll ows:

N am e
Formula
Crysta l System

C-Colo r
B/P-B iref1ecta ncel
pleoc hrois m
A-Anisotro py
IR-Intern al Reflection s

R-Ref1ectan ce at
546 and 589 nm in Air
QC-Q ua n tita tive
Co lor Coord inates

VH N- Vickers Microha rd ness at 100g Load
PH-Pol ish ing
H ar dness

Brannerite
(U,Ca,Ce)(Ti, Feh0 6
Mon oclinic
(me ta mict)

C-G ray
B/P-Not present
A-Not p resen t
IR-C oar se crys ta ls:
b rownish gray: fin egra ined materi al :
blu e-gray to b luish
wh ite, dark br own to
yellow ish

R-15.0-1 5.1
14.7-1 4.8

VH N-690(p)

Braunite
(M n,Fe,SihOJ
Tetr agon al

C - Gray with
brownis h tin t
- Magn etit e, less
br own
- P yrolu site,
psilorn elan e, da rke r
- M an ganite,
hau srnan ite, simila r

R-1 8.9-1 9.5
18.4-1 9.3

VH N-920- 1196(p-sf)

QC-0.300, 0.306
18.8
0.300. 0.306
19.8

PH > magn etite
PH < bi xbyite

Mod e of O ccurren ce;
O the r C haracteri stic
P rop er ties
O ccu rs as euhe dral pri smatic
to needl el ike crys ta ls a nd as
sub he dra l aggregates. O ften
for ms as replacem ent
(so me times as a pseu domorph) after ur an in ite a nd
ru tile. Usu all y co n tains
included lath s o f pyrrh otite
a nd an atase a nd may have a
"dusting" of sma ll rad iogene tic ga lena crys tals.
Occurs with ur an in ite,
ru tile. pitchblen de, pyrite.
coffi nite, ga lena, sp ha leri te.
tet rahed rite, pyrrhot ite,
a na tase. magn etite.
O ccur s as a nhe d ra l gra nula r
masses a nd as sub hedral to
eu hed ra l crys ta ls. Zon al textu res rep orted. Associa ted
with jacob site, bixbyite,
hem atit e. pyrolu site.
magn etit e.

Bravoite
(Fe.Ni.Co)S2
Cubic

Breith auptite
NiSb
Hexagonal

but weaker
bireflectance
- Bixbyite, jacobsite,
more gray
B/P-Weak but distinct,
gray
A-Weak but distinct.
gray to blue ; often
undulose
IR-Rare. dark brown
to deep red
C-Composition dependent; Fe-rich:
creamy to pinkish;
Co- and Ni-rich:
pinkish to brownish
to violet
B/P-Not present
A-Not present
R-Not present

C-Pink with violet tint
_ Niccolite, darker.
violet tint
B/P-Strong. pinkish to
pinkish violet
A-Very strong. blui sh
green, bluish gray.
violet red
IR-Not present

R-31.0-53.9 (lowest
for Co and Ni-ri ch)

VHN-668-l535

PH < pyrite
PH > sphalerite

R-48.0-37.8
52.3-43.0
QC-00326. 0.320
49.6
00325. 0.310
4003

VHN-4l2-584

PH < niccolite,
ramrnelsbergite,
safflorite

Zonal texture very characteristic. the darker zones being
richer in Ni and Co. Commonly occurs as isolated
cube or octahedral crystals
but may be associated with
chalcopyrite. sphalerite.
galena. linnaeite, siegenite,
tetrahedrite, maucherite,
safflorite, bismuth.
niccolite.
Occurs as subhedral to euhedral grains . often with zonal
structure. Occurs with niccolite, silver. safflorite,
galena. chromite, pentlandite. pyrrhotite. Ag-sulfosalts. Color and very strong
anisotropism are diagnostic; onl y similar mineral is
(Continued)
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TABLE Al.2 (Continued)

Note: Information is reported as follows:
C-Color
B/P-Bireflectancel
Name
pleochroism
Formula
A-Anisotropy
Crystal System
IR-Internal Reflections

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

VHN-Vickers Microhardness at lOOg Load
PH-Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties
niccolite. Violarite appears
similar but does not show
the zonal texture .

Carrollite
CUC0 2S4

Cubic

Cassiteri te
Sn02
Tetragon al

C-Creamy white,
sometimes with a
slight pinkish tint
B/P-Not present
A-Not present
IR-Not present

C-Brownish gray
_ Stannite, wolframite,
ilmenite, rutile ,
magnetite, brownish
gray
B/P-Distinct, gray to
brownish gray
A- Distinct, gray; in oil,
masked by internal
reflections
IR-Abundant, yellow
to yellow-brown

R-42.95
43.4

PH > chalcopyrite
PH < pyrite

Occurs as anhedral granular
masses to subhedral and
euhedral octahedra.Usually
associated with copper
minerals, chalcopyrite, bornite, ch alcocite, digenite,
cobalt-pyrite, pyrrhotite,
siegenite.

VHN-1168-1332(p)

Occurs as compact anhedral
masses and as subhedral to
euhedral crystal s that are
often well zon ed. Commonly twinned; cleavage
may be visible . Occurs with
pyrite, arsenopyrite, stannite, wolframite, sphalerite,
galena, rutile, hematite,
magn etite, bismuth, bismuthinite, pyrrhotite.
Resembles sphalerite but is

QC-OJI4,OJ20
43.1

R-1O.7-1 2.l5
10.6-12.0
QC-OJ05, 00311
10.7
00306,00312
12.1

PH very high
PH < pyrite

Chalcocite
CU2S
Orthorhombic

C halcopha nite
(Zn.Fe. Mn)
Mn20 S' nH 20
Trigo na l

C-Blu ish white
_ Galen a. pyrite . bo rnite. copper. bluish
gray to blu ish white
- Co vellite. white
B/P- Very wea k
A-Weak to distinct
eme rald green to
light pinkish
IR-Not present

C. B/P- Verystrong and
characteristic bireflectance especially in oil.
wh ite to gray
A-Very stro ng. white
to gray
IR-Absent except
when Zn -rich which
have deep red internal
reflections

R- 33.2- 33.45
31.5- 32.2

VHN-84- 87(p )
on (001)

QC-(a ) 0.296. 0.304
33.2
(b) 0.295. 0.304
33.1
(c) 0.295. 0.303
32.9

PH > aca nthite
PH - digenite
PH < bornite

R- 9.1 - 27.0
8.8- 25.2

QC-OJOI. OJ06
9.0
0.286. 0.291
26.8

VHN -1 88- 253(f )

II cleavage

ani sotropic and usually
exhibits lighter internal
reflection s.
Occurs as a nhed ral polycrystalline aggrega tes a nd vein
fillin gs with iron a nd
copper-iron sulfides such as
pyrite. cha lcopyrite. bornite.
digen ite. Also associa ted
with ena rgite. tetrah edritetenna ntite, sp ha lerite.
galen a. sta nnite. Often in
exsolution intergrowth with
bornite or low-temperature
copper sulfides. Often
appears isotropic. especially
in supergene fine-grained
aggrega tes.
Occu rs as aggrega tes of
tabu lar and radiati ng crystals and as colloform ba nds
in seco ndary Mn-ores, Perfect bas al clea vage usually
visible in crystals. Common
as vein fillin g in other Mnoxides such as psilomelane.
pyrolu site. hau sm annite.
tContinu eds
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Note: Inform ation is repor ted as follows:
C- Color
B/P- Bireflectanc el
Nam e
pleochrois m
Formula
A-Anisotropy
Crystal System
IR-Internal Reflections
Chalcopyrite
CuFeS2
Tetrago na l

Chalcostibite
CuSb S2
Or thorh ombic

C- Yellow to b rassy
yellow
-+ Pyrite. more yellow
-+ Gold. distinct
greenis h tint
B/P-Weak
A- Weak. but distinct
gray-b lue to yellowgreen
IR-Not presen t

Cs--White. with pinkish
gray tint
-+ Silver. gale na.
grayish

R-Reflectan ce at
546 and 589 nm in Air
QC-Qu an titative
Color Coordina tes
R- 44.6- 45.0
46.5-47.2
QC-0.349. 0.369
44.1
0.348.0.366
45.1

R-37.8-43.7
35.7-40.2
QC- (a) 0.299. 0.312

VHN- Vickers Microhardness at 100g Load
PH-Polishing
Hard ness
VHN- 187- 203
(basa l section)
181-192
(vertical section)
PH - galena
PH < spha lerite

VHN-283-309(s f)
PH > silver
PH < chalcopy rite.

Mode of Occur rence:
Oth er Characteristic
P roperties
Occurs as medium- to coarsegrai ned anhedral aggregates: rarely as welldeveloped tetrah edra. Common ly twinned; often contains laths of cubanite,
"stars" of sphalerite. or
"wor ms" of pyrrhotite or
mackin awite. Basket weave
exsolution with bo rnite
common. Associa ted with
pyrite. pyrrhotite. bornite.
digenite. cubanite,
sphalerite. galena.
magnetite. pe ntla ndite,
tetrah edrite, and many
other min erals. Often alters
along crac ks and grain
bou ndari es to covellite.
Occur s as anhed ral grai ns:
rarely as euhedra l prismatic
crysta ls. Cleavage (001) and
tria ngular pits may be vis-

\'

-. Sphalerite. pinkish
B/P-Distinct in oil.
creamy to brown
A-Distinct; pinkish to
greenish or bluish
gray
IR-Rare. pale red
Chromite
(Fe.Mg)(CrAlh 0 4
Cubic

Cinnabar
HgS
Trigonal

C-Dark gray to
brownish gray
-. Magnetite. sphalerite.
darker
-. Ilmenite. less
brown-red
B/P-Not present
A-Usually absent but
many show weak
anisotropism
IR-Common. red
brown; absent in
Fe-rich samples
C-White with bluish
gray tint
-. Galena. darker.
bluish
B/P-Distinct in oil
A-Distinct; in oil often
masked by internal
reflections
IR-Intense and
abundant. red

37.2
(b) 0.298. 0.313

sphalerite

40.3
(c) 0.294. 0.309

42.8

R-13.5
13.3
QC-OJ05. 00311

VHN-1278-1456(p-sf)

PH > magnetite
PH < hematite

13.5

R-24.7-29 .7
23.9-2803
QC-0.298.0J03
24.6
0.296. 0.305
29.4

VHN-82-156 (at 109)

PH > antimony
PH < galena. pyrite

ible. May be intergrown with
enargite: occurs with pyrite.
sphalerite. chalcopyrite.
silver. galena. chalcocite.
covellite, jamesonite,
arsenopyrite. tetrahedrite,
cinnabar.
Usually occurs as subhedral
(rounded) to euhedral crystals or coarsely crystalline
aggregates; cataclastic
effects common. Zon al
textures with lighter
(Fe-enriched) rims very
common. "Exso lution" of
hematite. ilmenite.
magnetite. rutile . ulvospinel
uncommon but observed.
Associated with magnetite.
ilmenite. platinum. pentlandite, pyrrhotite. millerite.
Occurs as subhedral to
euhedral crystals and as
polycrystalline aggregates of
euhedral grains. Associated
with metacinnabar (an isotropic polymorph). pyrite.
marcasite. stibnite, chalcopyrite. tetrahedrite, bornite.
gold. realgar. orpirnent,
galena. enargite, cassiterite.
(Continu ed';
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Note: Information is reported as follows:

Name
Formula
Crystal System

C-Color
B/P-Birellectancel
pleochroism
A-Anisotropy
IR-Intemal Reflections

Cobaltite
(Co.Fe)AsS
Orthorhombic
(Pseudocubic)

C-White with pink or
violet tint
_ Arsenopyrite. pinkish
_ Pyrite. whiter
B/P-Weak. white to
pinkish
A-Weak to distinct in
oil, blue-gray to
brown
IR-Not present

Coffinite
U(Si0 4),.x OH )4x
Tetragonal

C-Gray
B/P- Very weak
A-Very weak to absent
IR-Air: rare and weak;
oil: pronounced.
brownish

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

R-50.6
52.3
QC-0.319.0.323
51.0

R-7 .9-8.0
7.8-7.9

VHN-Vickers Microhardness at lOOg Load
PH-Polishing
Hardness

VHN-935-I.l3l
PH > skutterudite,
arsenopyrite
PH < pyrite

VHN- 230-302(p)
PH - pitchblende

Mode of Occurrence:
Other Characteristic
Properties
Resembles proustite and
pyrargyrite in polished
section.
Commonly occurs as euhedral
crystals and as polycrystalline aggregates. Twinning. zoning. and cleavage
may be visible. Occurs with
niccolite, silver, gold
chalcopyrite. arsenopyrite.
bismuth, uraninite, Ni-Co
arsenides. The weak anisotropism will distinguish this
from niccolite or
breithauptite.
Occurs as euhedral tetragonal
crystals. as fine aggregates
and as colloform bands.
Botryoidal encrustations
and intergranular films.
especially near organic
matter. are common.

Associated with pyri te.
sp ha lerite. uraninite, pitchblende. bismuth. loellingite,
rammelsbergite.

Co)

en

CD

Cohenite
Fe3C
Orthorhombic

C-Creamy white
- Pyrrhotite. lighter
cream y
_ Iron. simila r
B/P-Weak but di stinct
A-Weak but distinct
IR-Not present

PH > iron

Co lu mbite-Tanta lite
(Fe.M n}(Ta.Nbh0 6
Orthorhombic

Cs--Gray-white with
brown tint
_ Magnetite. slightly
less brown
B/P-Weak
A-Distinct. stra ight
extinc tio n
IR-Fe-rich. de ep red

R-1 5.3-l 7.4

VHN-240-1.02l

Copper
Cu
C ubic

C-Pink. but tarnish es
brownish
- Silver. pink
B/P-Weak
A-Isotroic but fin e

R-64.6
92.2

VHN-79-99(p}

QC-0.366. 0.344
74.4

PH > chalcocite
PH < cup rite

A meteoritic mineral.
extrem ely rare on ea rth.
Occurs as irregul ar grai ns
with kam acite, sch reibersite,
graphite. and troilit e. Fou nd
in meteorites with 6-8 wt %.
Ni where it is a residual
met astable ph ase. Twinning
co mmo n in larg er gra ins.
Occurs as eu he dra l crys ta ls
and a n hedral aggregates.
May be zo ne d a nd cleavage
11( 100} may be visible. M ay
co ntain inclusions o f
cassiterite. galena. hematite.
ilm en ite. rutil e. ur aninite,
wolfra mi te. a nd be co ntained within ca ssi terite.
Occurs as orien ted int ergrowt hs with u raninite.
Occurs as coa rse- to finegrained aggregate s;
occasion al1y as dendritic or
spear-like crys tals. Lam el1 ar
twinn ing visib le if etche d.

(Continued)
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CI

Note: Information is reported as follows:

Name
Formul a
Cry stal System

C-Color
B/P- Bireflectancel
pleochroism
A-Anisotropy
IR-Internal Reflections

R-Reflectance at
546 a nd 589 nrn in Air
QC-Qu antitati ve
Color Coordinates

VHN-Vickers Microhardness at 100g Load
PH-Polishing
Hardness

Zoning du e to Ag o r As not
un common . Occurs with
cup rite. cha lcoci te. ena rgite,
bornite. pyrrhotite. iron .
magnetite.

scratches will appear
a n isotro ic
IR-Not present

Co salite
Pb 2Bi2S s
Orthorhombic

Covellit e
CuS
Hex agon al

C-White with pink or
gray tint
-. Galen a. yellowi sh to
green tint
B/P-Weak to di stinct
A-Weak to mod erate:
pinkish yellow.
blui sh. violet gra y
IR-Not pre sent
C-Indigo blu e with
violet tint to bluish
white in air
B/P-Purple to violetred . to blu e-gray in
o il
A- Extreme. red-orange
to brownish
IR-Not pr esent

Mod e o f Occurren ce:
Other Charact eri stic
Properti es

R-41.4-45.7
40.65-45.3

VHN-74-16l
PH > galena

QC-0.301.0.305
41.4
0.304. 0.308
• 45.9

R-6.6-23.7
4.0- 21.0

VHN-128-13 8(sf)
PH

QC-0.222. 0.221

6.5
0.280. 0.283
23.6

< chalcopyrite

Occurs as granul ar ma sses.
bundles of sub hed ra l,
elongated lath s. and fibrou s
cr ystal s. Twinning ab sent.
Oc curs with other Bi a nd Sb
sulfosalts, pyrite. pyrrhotite.
cha lcopyrite. gold. bismuth.
sp ha lerite. a rse nopy rite.
tetrah edrite, wolframite.
glaucodo t.
Occurs as sub he d ra l to
anhedral masses. as laths.
and as platelike crystals.
Th e brilli ant blue co lo r. a nd
stro ng pleochroism and
anisotropism are unmistakable. even when pr esent as
the tin y alt eration lath s
co mmo n ly seen o n copper

Cubanite
CuFe2S)
Orthorhombic

Cuprite
CU20
Cubic

C-Creamy gray to
yellowish brown
_ Pyrrhotite. more
yellow. less pink
_ Chalcopyrite, more
gray-brown
B/P-Distinct. grayish
to brownish
A-Strong brownish to
blue
IR-Not present
C-Air: light bluish
gray ; oil: darker.
mor e blue
- Ch alcopyrite.
hematite. darker and
greenish
B/P- Very weak
A-Strong a nomalous

R-35.4-39.4
37.65-40.7
QC-0.341-0.349
35.5

VHN-247- 287(sf)

PH > chalcopyri te
PH < pyrrhotite

0.331, 0.341
39.4

R-26.6
24.6

VHN-193-207(sf)

PH > cha lcopyrite.
QC-0.287.0.3oo
26.3

coppe r. tenorite

and iron sulfides . suc h as
pyrite. cha lcopyrite. bornite;
a lso with ena rgite, digenite,
tennantite, sp ha lerite.
Blaubleib ender (blu eremaining) covellite is
sim ila r. exce pt tha t it
rem ains blue in oil: occ urs
in freq uently with cove llite.
Occurs most co mmo nly as
sh arply bound ed laths
with in coa rse-gra ine d
ch alcopyrite: also as
irregular granular
aggregates. Recognized by
its distin ct birellectance and
anisotropism. Also occurs
with pyrrhotite, sphalerite,
galena. mackinawite,
pentlandite, magnetite,
a rsenopyrite.
Occurs as euhed ral octahedra
and in a fine- grained
"earthy" form . Repl aces
copper sulfides a nd coppe r.
Also occurs with goethite,
tenorite, delafossite, pyrite,
marc asite.

(Continued's
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TABLE Al.2

(Continued)

Note: Information is reported as follows:
C-Color
B/P-Bireflectancel
Name
pleochroism
Formula
A-Anisotropy
Crystal System
IR-Internal Reflections

Delafossite
CuFe02
Trigonal

Digenite
CU9SS

Cubic

anisotropism grayblue to olive-green
IR-Deep red.
characteristic
C. B/P-Distinct
bireflectance; air:
yellow-rose-brown to
rose-brown; oil:
pinkish gray to
brown-gray
- Enargite, tenorite,
more yellow
A-Distinct to strong.
bluish gray. straight
extinction
IR-Not present
C-Grayish blue
_ Galena. bornite.
blue
- Chalcocite. darker
blue
B/P-Not present
A-Isotropic; sometimes with weak

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

R-22.1-18.4
22.0-18.5
QC-0.312.0.319
22.0

VHN-Vickers Microhardness at 100gLoad
PH-Polishing
Hardness

VHN-412-488

PH < cuprite.
goethite

0.311 .0.316
18.5

R-21.9
19.3
QC-0.277, 0.288

VHN-86-106

PH - chalcocite.
galena

Mode of Occurrence;
Other Characteristic
Properties

Occurs as masses of subparallel crystals and sheaflike bundles or as fine
inclusions in goethite .
Concentric and botryoidal
textures common. Occurs
with goethite, limonite,
cuprite. tenorite, copper,
pyrite, bornite, chalcocite.
covellite, galena, tennantite.

Occurs as irregular aggregates
of anhedral grains that contain lamellar intergrowths
with other copper sulfides or
bornite. Also with
chalcopyrite. pyrite,
tetrahedrite, enargite: alters
to covellite.

Dyscrasite
AgJSb
Or thorhom bic

Ena rgite
Cu JAsS4
Orthorhombic

anoma lous
anisotropism
IR-Not present
C-White
- G alen a. cream y
white
- Silver. slightly
grayer
- Antimony. slightly
crea my
B/P-Weak. white to
crea my white
A- Wea k to distinct
IR-Not present
C- Pinkish gra y to
pink ish brown in air:
da rker in oil
_ Bornite. pinkish
white
- Ch alcocite. galena.
pinkish to grayis h
brown
B/P-Distinct in oil:
(lla ) grayish pink
(lI b ) pinkish gray
(lIe) grayish violet
A- Strong. blu e. green.
red. ora nge
IR-Deep red may
occur

R-60.1-62.8
59.7-63.0
QC-OJII, 0.319
59.9

VHN-153-179(p)
PH > galena . silver
PH < chalcopyrite

003 13. 0032 1
62.7

R-24.2- 25.2
23.8-25.7
QC-OJ03. 00307
24.4
003 12.003 14
25.5

VHN - 285- 327
PH > galena .
chalc ocite.
bornite
PH - tennan tite
PH < sp ha leri te

Occurs as euhedral platelike to
squa re crystals and as
aggregates of an hedra l crystals with a rsenic. ga lena .
cob altit e, pyrite. (Th e "dyscras ite" of Cobalt Ont ario .
is actua lly allargentum .)

Occurs as a nhedral to
subhed ral grai ns. Cleavage
(110)often seen a nd usu ally
unt winned. Occur s with
pyrite. cha lcopyrite. bornite.
spha lerite. tenn antite,
galena. chalcoci te. covellite,
arse nopy rite.

(CO lli ill li ed )

w
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TABLE Al.2 (Continued)

Note: Inform ation is reported as follows:
C-Color
B/P- Bireflectancel
Name
pleochroism
Formula
A-Anisotropy
Crystal System
IR-Internal Reflections

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

Famatinite
CU3SbS4
Tetragonal

C-Pale pinkish orange
..... Enargite, lighter
BIP-Distinct to strong
in oil. orange-brown
to grayish violet
A- Very strong. brown
to gray-green
IR-Not present

R-24-27.4

Freibergite
Ag-tetrahedrite
Cubic

C-Gray, faint yellowbrown tint in oil
..... Proustite, brownish
..... Galena, grayish
brown
..... Sphalerite. lighter
B/P-Not present
A-Isotropic
IR-Brownish red when
visible
C-White, sometimes
with pink tint
..... Sphalerite, white

R-33 .0
31.9

Galena
PbS
Cubic

VHN- Vickers Microhardness at 100gLoad
PH -Polishing
Hardness
VHN-205-397
PH > bornite,
chalcopyrite
PH - enargite
PH < sphalerite

QC-OJ03. OJ1 3
32.5

R-42.9
42.1

VHN-263-340
PH > Ag-sulfosalts
PH < galena.
sphalerite

VHN-59-65(p)
PH > proustite

Mode of Occurrence;
Other Characteristic
Properties
Occurs as anhedral to
euhedral grains. Polysynthetic twinning nearly
always visible. and starshaped patterns may occur.
Occurs with enargite,
chalcopyrite. tetrahedrite,
bornite. sphalerite.
chalcocite, pyrite. galena.
proustite, pyrargyrite .
Occurs as irregular masses
and inclusions of anhedral
crystals with, and in•
chalcopyrite. bornite.
argentite. proustite, galen a.
silver. Co-Fe-Ni arsenides,
enargite.

Occurs as anhed ral masses to
euhedral cubes . The perfect
(100) cleavage usually vis-

,

G ersdorffite (II )
NiA sS
C ub ic

G la uco dc ot
(Co .Fe)AsS
Orth orh ombic

Co)

.....

en

_ Tenna ntite, pinki sh
SIP-Not pr esent
A- Iso troic but weak
ano ma lous anisotropism may be
visible
IR-Not present

QC-OJOJ. OJ04
43.0

PH - chalcopyrite
PH < tetrah edrite

C- White with yellow
o r pink tint
- Skutterud ite, more
yello w
- Linn aeite, less pink
- Ni ccolite, bluish
SIP-Not pr esent
A-I sot ropic: so me
ano ma lous
a niso tro pism
IR-Not pr esent

R-54.7
54.9

VHN-844-935(p-sf)

C- White to light
crea m
- Arse no pyri te. more
bluish white
SIP-Weak. weake r
th an a rseno pyrite
A- Dis tinct. less th an
fo r arse no py rite
IR-Not pr esent

QC-OJ I2. 0J I8
54.7

R- 50.0-50.6
50.4-50.7

PH > linnaeite
PH - loell ingite
PH < pyrite

VHN-J.097-LJ l5(sf)
PH < arse no pyrite.
coba ltite

ible an d see n as tri an gul ar
pits. Very co m mo n a nd
occ urs with wide variety of
co m mo n minerals. Often
conta ins inclusions o f
tetr ah edrite, Pb-Bi or Pb-S b
sulfos alts, silver. chalcopyrite. sp ha lerite. May occ u r
as in clu sion s in chalco pyrit e. sp ha lerite.
Occurs as eu he d ra l cry stal s
tha t may sho w zo na l growth .
Cl eavage (100) co m mo n.
Occurs with pyrite. ch alcopyrit e. silver. nic colite,
skutterudite, bismuth.
coba ltite, bornite. u raninite.
Sometimes as pseudoeu tectic intergrowth s with
niccolit e. mau ch erite,
pyrrh otite. cha lcopyrite.
Usu all y occ urs as sub he d ra l to
euhed ra l crysta ls. often with
incl us ions . Associated with
coba ltite, pyrit e. arseno py rite. sa fflorite,
sku ttcrud ite, niccolite,
ga le na . rammelsbergite.
Poli shes very well.

(Continu eds
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Q)

Note: In form ation is reported as follows:
C-Color
B/P-Bireflectancel
Nam e
pleochroism
Formul a
A-Anisotropy
C rystal System
IR-Intemal Reflections
Goethite
FeO 'OH
Orthorhombic

Gold
Au
Cubic

C-Gray. with a bluish
tint
- Sph alerite. more
blui sh
- Hem atite. darke r
- Lepidocrocite,
darker
B/P-Weak in air;
distinct in oil but
often masked by
intern al reflection s
A-Distinct. gray-blue.
gray-yellow. browni sh
IR-Brownish yellow
to reddi sh brown
C-Bright golden yellow
- Ch alcopyrite. no
greeni sh tint
B/P-Not pre sent
A-Isotropic but
incomplete extinction
IR-Not present

R-Reflectan ce at
546 a nd 589 nm in Air
QC-Quantitat ive
Color Coordin ates
R-1 5.5-17.5
15.0-1 6.6
QC-0.295. 0.299
15.5

VHN-Vickers Microhardness at 100g Load
PH-Pol ishing
Hardness
VHN -667
PH - lepidocrocite
PH < magnetite.
hem atite

0.291. 0.296
17.5

R-77.0
88.2
QC-0,386. 0,388
76.1

VHN-53-58(p)
PH > galena
PH < tetr ahedrite.
cha lcopyrite

Mod e of Occu rren ce;
Oth er Ch aracteristic
Properties
Common in porous collofo rm
bands with radi ating fibrou s
texture. or as porous
pseudomorphs after pyrite.
Nearl y always seconda ry. as
veins. fracture fillin gs. or
botryoidal co atings. Occurs
with hem atite . pyrite .
lepidocrocite, pyrite .
pyrrhotite. manganeseoxide s. sphalerite. galena.
cha lcopyrite. Browni sh to
yellowish internal
reflections hel p to distinguish from lepidocrocite.
Occurs as isolated grains a nd
veinlets in many sulfides.
especially pyrite . arsenopyrite. ch alcopyrite.
Recognized by its "golde n"
color a nd very high reflectan ce: addition of silver to

Graphite
C
Hex agonal

Hausmannite
Mn J04
Tetragonal

Co)

......

......

Hema tite
a- Fe20 J
Hexagona l

C,B/P- Very stro ng.
bireflectance from
brownish gray to
grayish black
-. Molybdeni te. darker
A- Very strong. straw
yellow to brown or
violet gray
IR- Not present

C-Blu ish to brownish
gray
-. Jacobsite. grayer
-. Bixbyite, da rker
-. Braun ite. less brown
B/P-Very distinct in
oil. bluish gray to
brownish gray
A-Strong. yellow
brown to bluish gray
IR- Blood red.
especially in oi l
C-Gray-white with
bl uish tint
-. Ilmen ite. magnetite.

R-26.4-6.2
27.3-6.3

VHN-12-16(f) (at 50g)

< almost all
minerals

PH
QC-0.320. 0.324
26.6
0.312.0.316
6.2

R- 20.2-16.3
20.0-15 .8

VHN-437-572(cc-f)

PH > manganite,
QC -0.307.0.313
20.2
0.300. 0.306
16.2

R-29.95-26.4
28.9-2 5.1

pyrolu site

PH < jacobsite
PH < bixbyite.
braunite

VHN- 1.000- 1.100

PH > magnetite

form electrum changes
color to whitish and
increases R%.
Occurs as sm all plates. laths.
and bundles of blades. Basal
cleavage visible and
undulose extinctio n commono Present as isol ated
laths in man y igneo us a nd
metamorphic rock s: also as
incl usions in spha lerite.
pyrite . magnetite. pyrrhotite.
Much more common than
molybdenite.
Occurs as coarse-grained
equigranular anhedral
crystals. often in veinlets.
Irregular twinn ing commono Occurs with other
Mn-oxides a nd alters to
pyrolu site and psilomelane.

Usually occurs as bladed or
needlelike subpa rallel or
rad iating aggregates.

(Continued' s
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(Continued)

(II

Note: Information is reported as follows:
C-Color
B/P- Bireflectancel
Name
pleochroism
Formula
A-Anisotropy
Crystal System
IR-Internal Reflections
white
Pyrite. bluish gray
-+ Goethite.
lepidocrocite, white
B/P-Weak
A-Distinct. gray-blue.
gray-yellow
IR-Deep red common

QC-0.299.0.309
29.7

C.B/P-Strong
bireflectance from
reddish orange or redbrown to yellowish
gray
A-Extreme. green or
gray-green
IR-Not present

R-27-33 .6

-+

Idaite
CusFeS6
-+ CU3FeS4
Tetragon al

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

YHN-Yickers Microhardness at 100g Load
PH-Polishing
Hardness

PH

< pyrite

0.297.0.308
26.1

YHN-176-260

PH

> covellite

Mode of Occurrence;
Other Characteristic
Properties
Lamellar twinning common . Also common as
exsolution lenses or
lamellae in ilmenite or
magnetite. or as a host to
lamellae of the same. Occurs
with magnetite. ilmenite.
pyrite. chalcopyrite. bornite,
rutile, cassiterite, sphalerite.
Occurs as hypogene tabular
crystals that occur with
covellite, pyrite. or bornite,
and as supergene alterations
of bornite where it occurs as
lamellae and veinlets.
Recognized by the orangish
color and the strong
greenish anisotropism. (A
new mineral of composition
close to idaite has been
named "nukundarnite.")

Ilm enite
FeTi0 3
Trigona l

Iro n
Fe
Cub ic
u- Fe = Ka macite
y-Fe = Taenite

C- Srownish with a
pink o r violet tint
_ Magnetite. darke r.
bro wnis h
SIP-D istinct. pin kish
brown. dark brown
A-Strong. greenish
gray to brow nish gray
IR-Rar e. da rk brown

C-White. slight bluis h
o r yellowish
-s-Pentl andite. much
whiter
- Co he nite. slightly
blui sh
SIP-Not present
A-Iso tropic
IR-Not present

R- 19.2-1 6.4
19.6-17.0
QC-OJI O. OJI I
19.5

VHN- 566-698( cc-sf')
PH
PH

> magnetite
< hematite

OJ I2. OJ09
16.9

R-58.1
58.1
QC-0.311. 0.317
58.1

VHN- l 10- 1l7(p-sg)
PH < troi lite.
mag netite.
cohe ni te

Occurs as sub hedra l to
a nhed ral grai ns a nd as "exso lution " lamellae or lenses
in hem at ite or magnetite.
Lam ellar twinning co mmon . Common accessory in
igneous a nd metam orph ic
roc ks. Occu rs with
magnetite. hem atite. rutile.
pyrite. pyrrhotite. chromite.
pe ntla ndite. ta nta lite.
Com mon as irregular patches
and drop-like grains in
stony meteorites a nd as a
major ph ase in iro n
meteorites; ext reme ly rar e
on ea rth. u-Fe co nta ins
< -6% Ni a nd is slightly
blui sh : y-Fe co nta ins
-27-60% Ni a nd is slightly
yellowish. ( I I I) intergrowt hs ofy-Fe and n-Fe
form Wid rnan statten structures. which are bro ught
out by etching. Fine
exso lution of co he nite
occ urs in n- Fe.
Other associated minerals
include troi lite. copper.
schreibe rsite. ilm enit e.

(Continued s
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(Continued)

Note: Inform ation is reported as follows:
C-Color
B/P-Bireflectancel
Name
pleochroism
Formul a
A-Anisotropy
Crystal System
IR-Intemal Reflections

Jacob site
(Mn.Fe.Mg)
(Fe.M nh 0 4
Cubic

Jam eson ite
Pb 4FeSb 6S 14
Monoclinic

C- Rose brown to
b rownish gray
-+ Magnetite. br aunite.
oli ve-green
-+ Hau sm annite, less
gra y
-+ Bixbyite, olive-gray
B/P-Not pre sent
A-Isotrop ic. sometimes
slight a no ma lous
anisotrop ism
IR-Deep red.
especially when Mnrich
C-White
-+ G alena. simila r or
slightly greenish
-+ Stibnite, lighter
B/P-Strong. white to
yellow green

R-Reflectan ce at
546 a nd 589 nm in Air
QC-Qu antitati ve
Color Coo rd inates

R-21.1
21.2
QC-0.314.0J 23
21.0

R-36.4-44.2
35.6- 43.0

VHN-Vickers Microhardness at 100g Load
PH-Polishing
Hardness

VHN-720-813(p-sf)
PH - magnetite
PH < br aunite

VHN-66-86(p-sf)
PH

QC-OJ04.0JI 3
36.2

< galena

Mod e of Occurrence;
Oth er Ch ar acteristic
Properties
ch romite. Oxidi zes to
hem atit e. goethite.
lepidocro cite.
Occurs as a nhedral gra ins a nd
rounded subhedral crystals.
Occurs with. an d alters to.
oth er Fe-Mn minerals suc h
as goeth ite. pyrolu site.
hem atit e. a nd psilom elan e.

Occurs as needl e- or lath -like
crystals or bundles.
C leava ge Illong dimen sion
co mmon; often twinn ed.
Occurs with galen a. pyrite.
pyrargyrite. boul an gerite.

A-St rong. gray . tan .
brown . blu e
IR-Reddish in Bija rneso ni te

OJ04.0.3 14
43.7

cha lco py rite. sp ha le rite.
tetrah edrite. a rse no py rite .

Kam acit e-See Iron
Ko b elli te
Pb~(Bi.Sb )~S 5

Orthorh ombi c

Lepidocroci te
y-FeO ' OH
Orth orh omhi c

Linn aeit e
Co JS 4
Cubic

C - W h ite
..... G al e n a. sligh tly
d arker
B/P-D ist in ct. green is h
white to vio let-g ray
A- Disti nc t. gray to
gray-b rown
IR- N o t presen t
C - G ray is h white
..... Goe th ite. ligh ter
a nd whiter
..... H em atite. gree n is h
tint
B/P-Weak to d ist in ct
A-Stro ng. gray
IR -Red d ish. common
C -C rea my wh ite
..... S ku tte rud ite. gray ish
white
..... U ll ma n n ite.
gc rsdo rffite, crea my
o r ye llow is h
B/P -N ot p rese n t
A- Iso tro p ic

R-44.8-47.2
44.0-46.2
Q C - OJ 03. OJ 10
44.7

VHN - IOO-1 17(sf)
PH
PH

> b ism uth
< gale na

0.303 . 0.309
47.1
R- 11.6- 18.4
11.1-1 7.4

VHN-402
PH

< goe th ite

Q C-0.292. 0.297
11.5

O ccurs as gra n u la r to tabu la r
agg regates with wel ldevelo ped (010) cle avage .
Common ly twi n ned. Occurs
with a rse no p yri te. py rite.
p yrrhoti te. cha lcopyri te.
bism u th . h ismuthini te. a nd
as in ter growth s wit h
tetrahedrite,
O ccu rs as wea the ring p ro du ct
o f iron o xides a n d sulfi des
with (h u t less co m mo n ly
tha n) goet hi te. P rese n t as
c rusts. vei n lets. a n d eve n a s
po rou s pseu d omorph s.

0.29 1. 0.277
18.3

R-49.5
49.6

VH N - 450-6 13
PH > c ha lco py rite.
sp ha le rite
PH < pyri te

O ccurs as eu hedra l cry stals
a nd sub hed ra l aggrega tes.
M ay h e in te rgrown in
lame llar p att ern with
mill er ite. c ha lco py rite.
born ite. p yrrh ot ite. pyrit e.
h ismuth. cove llite, sufflo rite.
ni ccolite.
(COlli inued s
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Note: In form ation is rep orted as follow s:
C-Color
B/P-Biref1ectancel
Nam e
pleochroism
Formula
A- An isotro py
Cry sta l System
IR-Internal Reflection s

R-Ref1ectan ce at
546 a nd 589 nm in Air
QC-Qu a ntitat ive
Co lor Coord ina tes

VHN-Vickers Microhardness at 100g Load
PH-Polishing
Hardness

Mod e of Occurren ce:
Other Cha racte ristic
Propert ies

IR-N ot pre sent
Loelli ngite
FeAs 2
Orthor ho mbic

Mackinawite
Fel +xS
Tetragonal

C- White. with
yellowish tint
..... Arsen op yrite. less
yellow
..... Rarnmelsbergite.
sa fflorite, simila r
B/P-Weak but distinct.
bluish white to
yellowish white
A-Very stro ng. ora ngeyellow. red-brown.
blu e. green
IR-Not present
C-Pinkish to reddish
gray
..... Pyrrhotite. similar
B/P-Moderate to
stro ng, pinkish tray
to gray
A-Very strong. grayish
white, bluish,

R-53.4- 55.5
51.5-56.3
QC-0.298. 0.304
53.1

VHN-859-920(p-sf)
PH > cha lcopyrite.
spha lerite
PH < arse no pyrite

0.315. 0.322
55.5

R-40.4-16.2
43.0-16.7

VHN-74-181
PH - pyrrhotite

Co mmonly occ urs as interlocking to radi atin g aggre ga tes of euhed ra l crys tals:
so meti mes as skeleta l
cr ystals. Co mmonly
twinned. Usually associate d
with oth er a rsenides.
dyscra site, a rsenic. arse nopyrit e. uraninite, a ntimo ny.
cha lcopyrite. galena .

Occurs as small wormlike
grains and lamellae (more
rarely as small plates) in
pyrrhotite, chalcopyrite,
cubanite, pentiandite.
Probably much confused
with valleriite, which tends
to ha ve a more pronounced

brownish
IR-Not present

Maghemite
y- Fe20 3

Cubic

Magnetite
Fe304
Cubi c

w
w

CD

Man gan ite
MnO(OH )

C- Bluish gray
- Goethite, gray,
lighter
- Hematite, blu ish
gray
- Magnetite, blui sh
B/P-Not present
A- Isotropic
IR-Rare, brownish
red
C- Gray, with brownish
tint
- Hem atite, darker
brown
_ Ilmeni te. less pink
_ Sph alerite, lighter
B/P-Not present
A-Isotrop ic, slight
anoma lous
anisotrop ism
IR-Not present

C-G ray to browni sh
gray

R-24.4
22.8
QC-0.293. 0.304
24.1

R-1 9.9
20.0
QC-003lO, 0031 5
19.9

R-14.1-20.5
13.6-19.7

VHN-41 2(at 50g)

PH > magnetite
PH < hem atite

VH N-68 1-792(p-sf)

PH > pyrrhotite
PH < ilmenite,
hematite. pyrite

VHN- 630- 743(cc-f)

oran ge tint to its anisotropi sm. Most easily found
as "bright" grains und er
nearly crossed nicols.
Forms as a rare oxidation
produ ct of magnetite.
Irregul arly present in
oxidizing magnetite as
lam ellae and porous
patches.

Occurs as euhedral,
subhedral, and even skeletal
crystals and as anhedral
polycrystalli ne aggregates.
Often contains exsolution or
oxida tion lamellae of
hem atite; lam ellae of
ilmen ite and ulvospinel also
common. Associated with
pyrrhotite, pyrite,
pentlandite . chalcopyrite.
bornite, spha lerite, galena .
Alters to hematite and
goethite.
Occur s as prismatic to
lam ellar crystal aggregates
tContin ued s
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Note: Information is reported as follows:
Name
Formula
Crystal System
Monoclinic

Marc asite
FeSz
Orthorhombic

C-Color
B/P-Bireflectancel
pleochroism
A-Anisotropy
IR-Intemal Reflections
- Pyrolusite. darker
gray
B/P-Weak. brownish
gray
A-Strong. yellow.
bluish gray. violetgray
IR-Blood red.
common
C-Yellowish white
with slight pinkish or
greenish tint
- Pyrite. whiter
- Arsenopyrite.
greenish yellow
B/P-Strong. brownish.
yellowish green
A-Strong. blue , greenyellow. purple-gray
IR-Not pre sent

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates
QC-OJ03.0JI3
14.0

VHN-Vickers Microhardness at lOOg Load
PH-Polishing
Hardness
PH < hausmannite,
jacobsite

often intergrown with
pyrolusite and psilomelane.
Cleavage on (010) and (110)
may be visible . Commonly
twinned. Occurs also with
hausmannite, braunite.
goethite.

VHN-l,288-1.681(f)

Occurs as subhedral to
lamellar intergrowths with
pyrite as euhedral crystal s.
Also occurs as radi ating
colloform bands. Commonl y twinned. Form s as
hypogene crystals and as
supergene veinlets in
pyrrhotite and iron oxides .
Often with pyrite but also
occurs with most other
common sulfid es. Blue to
yellowish ani sotropism is
diagnostic.

0030 I. 00311
2003

R-49.1-56.2
49.5-55.0

PH - pyrite
QC-OJI9. 00329
48.6
00317. 0.333
5503

Mode of Occurrence:
Other Characteristic
Properties

Mau ch erite
Ni llAsg
Tetragon al

Mawsonite
C U7Fe2SnSIO
Tetragon al

Miargyrit e
AgSbS 2
Monoclin ic

w

CD

CIl

C-Wh ite
Coba ltite, simila r
-+- Loellingite, browni sh
gray
-+- Breith auptite, bluish
gray
B/P-Not ob served
A-Weak to distinct in
oil, gray
IR- Not present
C-Brownish or ange
B/P-Strong. or ange to
brown
A-Very strong. strawyellow to royal blue
IR- Not present
-+-

C-White in air : blui sh
tint in oil
-+- G alen a. dark er with
green-gray tin t
-+- Freibergite. blui sh
-+- Pyrargyrite. whiter
B/P-Moderate. white.
bluish gray
A-Strong. blue -gray to
brownish but masked
by intern al reflection s
IR-Deep red

R-48.4-49.6
50.9-52.0

VHN- 623- 724(p)
PH > chalcopyrite.
sph alerite
PH < safflorite,
loellingite

R-26.9-29.7
29.1-35. 1

VHN - 166-210
PH > bornite

QC-OJ 39. 0J40
27.3
00373.00365
30.4
R-31 .6- 34.5
30.05-32.8
QC-0.293, OJ 02
31.4
0.294. 00303
34.2

VHN - 88-130
PH > pyrargy rite
PH < stepha nite.
ga lena

Commonl y occ urs as euhedra l
crystals and a nhedra l
aggregates: may be twinn ed.
May be intergrown with
niccolite or gersdo rffite.
Also occ urs with cha lcopyrite. cuba nite, siege nite.

Occurs as irregular inclu sion s
in. or assoc iated with.
bornite. Also associated
with chalcopyrite.
cha lcocite. tetrah edrite,
pyrite. galena. ena rgite.
sta nnite.
Occurs as gra nula r anhedral
aggregates (sometimes
·twinned) with sp ha lerite.
galena. tetra hed rite.
pyrargyrite, silver.
polybasite. stepha nite.

~

TABLE Al.2 (Continued)

G)

Note: Information is reported as follows:
C-Color
B/P- Birellectancel
Name
pleochroism
Formula
A-Anisotropy
Crystal System
IR-Intemal Rellections
Millerite
NiS
Trigonal

Molybdenite
MoS 2
Trigonal

C-Yellow
- Chalcopyrite. lighter.
not greenish
- Linnaeite,
pentlandite, yellower
B/P-Distinct in oil.
yellow to blue or
violet
A-Strong. lemonyellow to blue or
violet
IR-Not present
C.B/P- Extreme
bireflectance, white
to gray with bluish
tint
_ Graphite. lighter
A-Very strong, white
with pinkish tint:
dark blue if polars
not completely
crossed
IR-Not present

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates
R-50.2-56.6
51.9-59.05
QC-0.328. 0.339
50.4

VHN-Vickers Microhardness at 100g Load
PH-Polishing
Hardness
VHN-192-376
PH > chalcopyrite
PH < pentlandite

0.340. 0.354
56.2

R-38.5-19.5
38.8-19.0
QC-0.298. 0.299
39.3

VHN-8-100
32-33(f)
II cleavage
PH < almost all
minerals

Mode of Occurrence:
Other Characteristic
Properties
Occurs as radiating aggregates
and as anhedral granular
masses . Also common as
oriented intergrowths with
linnaeite. violarite,
pyrrhotite. Twinning and
cleavage (10II) often visible.
Usually associated with Nibearing sulfides. often as a
replacement or alteration
phase.
Usually occurs as small. often
deformed plates and
irregular inclusions: more
rarely as rosettes or colloform bands. Cleavage
(000I): twinning and
undulatory extinction very
common. Often in veins
with pyrite. chalcopyrite.
bornite. cassiterite.
wolframite. bismuth, bis-

muthin ite, but may occ ur
in many su lfides . Softn ess.
bireflectance, and anisotropism a llo w co n fus io n
only with gra phite.
N iccolite (ni ckeline)
NiAs
H exagon al

Orpimen t
As 2S3
Mon ocl in ic

C.B/P- Strong birefl ectance, yellowish pink
to browni sh pink
_ Mau ch e rite,
skutterudite, bismuth.
a rse nic. more pink
- Breith auptite,
p ink ish yellow
A-Very stro ng. yellow.
gree nish violet-blue.
blue-gr ay
IR-Not prese nt
C-G ra y
- Realgar . sligh tly
lig hter
- Sph al erit e. lighter
B/P-strong
Air: (lla) whi te: (lib)
dull gray. reddish :
(ll c) dull gr ay-white:
oil: (lla ) gra y-white:
(lI b) d ark gr ay:
(llc) gra y-wh ite

R-51.4-46. I
55.7- 52.3
Q C-0.335. 0.334
52.4

VHN-363-3 72
PH > ch alc opyrite
PH - breith aupti te
PH < skutterud ite,
pyrite

0.346. 0.34 1
47.7

R- 23.0- 27.5
22.1- 26.7

VHN-22- 58
PH > realgar

QC-0.294. 0.296
27.6
0.290. 0.292
23.1

Oc cur s as iso la ted sub hed ra l
a nd eu hed ra l crystals. as
anhedral aggrega tes. as co nce ntric bands. and as co mplex intergro wth s (with
pyrrhotite. cha lcopy rite.
mau ch erite). Commonly
inter gro wn with arsenides.
Oft en twinned a nd in
radial agg rega tes .

Oc cu rs as tabul ar interlocking
a n hedral masses a nd as
needl e- o r lath-like cry sta ls.
Oft en form ed o n realgar :
also with stib n ite, a rse no pyrite. a rse nic. py rite.
ena rgite, sph a lerite.
loellingite.

w
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TABLE A1.2 (Continued)

Note: Information is reported as follows :

Name
Formula
Crystal System

Pararamrnelsbergite
NiAs z
Orthorhombic

Pearcite
Ag l6As zS II
Monoclinic

C-Color
B/P-Bireflectancel
pleochroism
A-Anisotropy
IR-Internal Reflections
A-Strong; in oil
masked by internal
reflections
IR-Abundant and
intense; white to
yellow
C-Whiter than
associated Co-Ni-Fe
arsenides
B/P-Very weak to
distinct; yellowish
to bluish white
A-Strong. but less than
rammelsbergite and
without blue
IR-Not present
C-Gray
_ Pyrargyrite, darker
brownish
_ Tetrahedrite, similar
B/P-Air: weak; oil:
distinct. green to gray

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

R-58.9-59.7
58.6-60.5
QC-0.310.0.318
58.8

VHN-Vickers Microhardness at 100g Load
PH-Polishing
Hardness

VHN-681-830(p-sf)
PH
PH

> niccolite
< skutterudite

0.314.0.319
59.9

R-29.1-32.2
29.0-3 \.4
QC-0.30 I. 0.303
29.4

VHN-180-192(sf)
PH > argentite
PH - pyrargyrite
PH < stephanite

Mode of Occurrence;
Other Characteristic
Properties

Occurs as tabular crystals with
rectangular outlines and as
mosaics of intergrown crystals . May be zoned but
rarely twinned. Occurs with
ramrnelsbergite, niccolite,
skutterudite, gersdorffite,
cobaltite, silver. pyrite.
proustite.
Forms complete solid solution
with polybasite. Occurs as
platelike to equant grains
with (or in) galena. tetra"
hedrite, sphalerite. pyrite .
Untwinned. Other '

Pentl an dite
(Fe,N i~S8

Cubic

Platinum
Pt
Cubic

Polybasite
Ag l6Sb 2S 11

with violet tint
A-Air: moderate; oil :
strong, blue , gray,
yellow-green , brown
IR-Deep red,
abunda nt
C-Light crea my to
yellowish
_ Pyrrhotite, lighter
- Lin naeite, darker,
not pinki sh
HIP-Not visib le
A-Isotropic
IR-Not present

00303, 00310
32.0

R-46.5
49.0
QC-OJ 32,OJ 39
46.9

C-White
HIP-Not observed
A-Isotropic but
incomplete extinction
IR-Not present

R-69.7
71.0
QC-OJ I8,OJ 26
69.8

C-Gray
- Galena, darker

R-30.7-32.5
30.0-31.4

associa tes include
stepha nite, pyrargyrite,
stromeyerite, arge ntite,
ch alcopyrite. May be light
etched.
VHN-268- 285(sf)

PH
PH

> ch alcopyrite
< pyrrhotite

VHN-297-339(cc-sf )

PH
PH

> spha lerite
< pyrrhotite

VHN-I08-l4l

Generally occu rs as gra nula r
veinlets or as "fla mes" or
lam ellae in pyrrhotite; less
commonly in cha lcopyrite.
Oth er associated min erals
incl ude magnetite, pyrite,
cuba nite, mackina wite.
Alters to violarit e a nd
millerite along crac ks a nd
grain bou nd aries.
Occurs as isolated euhed ral to
subhedral crystals; sometimes zones or with exsolution lat hs of iridium
an d osmium. Sma ll gra ins
of oth er platinu m min erals
may be present. C hr ornite,
pyrrhotite, magnetite,
pentl andite, chalcopyrite
may be associated.
Forms complete solid solution
with pearcite . (See remarks

Co)

CD
CD
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TABLE AI.2

(Continued)

C)

Note: Information is reported as follows:
C-Color
B/P- Bireflectancel
Name
pleochroism
Formula
A-Anisotropy
Crystal System
IR-Internal Reflections
Monoclinic

Proustite
Ag3AsS3
Trigonal

Psilomelane
General name for

Pyrargyrite, darker
brownish
-+ Tetrahedrite, similar
B/P -Air: weak; oil:
distinct, greey to gray
with violet tint
A-Air: mode rate; oil:
strong, blue gray,
yellow-green, brown
IR-Deep red,
abundant
C-Bluish gray
-+ Pyrargyrite, darker
B/ P- Distinct,
yellowish, bluish gray
A-Strong, masked by
internal reflection
IR- Always, scar let red

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Co lor Coordinates

-+

C-Bluish gray to
grayish white

QC-0.300,0.308
30.6

VHN-Vickers Microhardness at lOOg Load
PH-Polishing
Hardness

PH > argentite
PH - pyrargyrite
PH < stephanite

Mode of Occurrence;
Other Characteristic
Properties
for pearcite : polybasite
occurrences are similar but
are more likely in Sb-rich
environments.)

0.302,0.314
32.2

R-24.2-27.7
23.1-26.3

VHN-70-105(p-sf)
(at 25g)

QC-0.287,0.288
24.2

PH - pyrargyrite

0.289, 0.292
27.7
R-15-30

VHN-203-813

Forms complete solid
solutions with pyrargyrite.
Same characteristics as
pyrargyrite except found in
more As-rich environments.

Commonly occurs as
botryoidal masses of very

massi ve, hard
mangane se oxides

Pyrargyrite
Ag3SbS3
Trigonal

Pyrite
FeS2
Cubic

Pyrolu site, darker
Braunite, manganite,
jacobsite,
hausmannite,
bixbyite, lighter
B/P-Strong, white to
bluish gray
A-Strong, white to
gray
IR-Occasional, brown
C-Bluish gray
-+ Proustite, slightly
lighter
-+ Galena, grayish blue
B/P-Distinct to strong
A-Strong, gray to dark
gray; in oil, masked
by internal reflections
IR-Intense red
C-Yellowish white
-+ Marcasite, yellower
-+ Arsenopyrite,
creamy yellow
-+ Chalcopyrite, lighter
B/P-Not present
A-Often weakly
anisotropic, bluegreen to orange-red
IR-Not present

fine acicular crystals in
concentric layers; often
intergrown with pyrolusite
and cryptomelane.
Associated with other Mnoxides.

-+

-+

R-30.3-28.5
28.4-26.5
QC-0.287,0.295
30.2
0.289,0.289
27.7
R-51.7
53.5
QC-0.327,0.335
51.7

VHN-107-144
(at 50g)
66-87
(II cleavage)

PH > polybasite
PH < galena

VHN- 1,505-1,620(f)

PH > arsenopyrite,
marcasite
PH < cassiterite

Forms complete solution with
proustite. Occurs as
irregular grains and
aggregates. May be twinned
and zoned. Often with
galena , Sb-sulfosalts, pyrite,
sphalerite, chalcopyrite,
tetrahedrite, arsenopyrite,
Ni-Co -Fe arsenides.
The most abundant sulfide ;
occurs as euhedral cubes
and pyritohedra, anhedral
crystalline masse s, and
colloform bands of very fine
grains. Growth zoning,
twinning, and anisotropy of
hardness may be visible.
Occurs in nearly all ore
types and with most common minerals. Hardness,
(Continued )
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TABLE Al.2 (Continued)

1'1)

Note: In formati on is rep orted as follows:

N ame
Formula
Crysta l System

C- Colo r
B/P- Birefl ectancel
pleochroism
A- An isotro py
IR-Intern al Reflection s

R-Reflectan ce at
546 a nd 589 nm in Air
QC-Qua nti tat ive
Co lo r Coordi nates

VHN-Vickers Microhardness at 100g Load
PH-Polishing
Har dness

Mod e of Occurren ce;
Other C haracteris tic
P roperties
yellow ish whi te co lo r a nd
abu nda nce usu all y
diagnos tic.

Pyrolusit e
Mn02
Tetragona l

C-Creamy white
-. Magnetite. hem atite.
yellowish
-. M anganite, white
B/P-Distinct in oil.
yellowish white to
gray-white
A- Very strong.
yellowish. brownish.
blue
IR-Not present

R- 29.0-40 .0
28.1-39.3

Pyrrh otite
Fel.xS
Hexagon al
(- Fe9SIO)
Monocl ini c
(- Fe7Sg)
FeS is troilite

C-Creamy pinkish
brown
-. Pentlandite,
d arker
-. Cu ba n ite, more
pinkish
B/P-Very di stinct.
crea my brown to
redd ish b rown

R-36.3-40 .1

VHN-146- 243(f )
PH-Very variable
depending on grain
size a nd o rientation

Hex
38.6- 42.0
36.3- 4 1.4
Mon o
38.6- 43.4

VHN-Hex:
230-259(p )
(anisotropic
sec tio ns)
280-3 18(p)
(iso tropic
sec tio ns)
Mono:
373- 409(p)

Oc curs as coa rse-gra ined
tabul ar crys tals or as
banded aggrega tes.
Cl eavage (1 10)and twinning
may occur. Very finegra ined materi al may be
intergrown with psilo melan e, hem atite. Fehydroxides. Also ass ocia ted
with rnan ganite. braunite.
magn etit e. bi xb yite.
Usu all y occurs as an he d ra l
gra nula r masses. Not infrequ ently twinned. especially
where stresse d. Lamellar
exso lu tio n int ergrowths of
hexagon al a nd mon oclinic
form s are co m mo n;
weatheri ng of hexagon al
pyrrh oti te yield s a rim of

A-Very strong, yellowgray, gray ish blue
IR-Not pr esent

Ra mm elsbergite
N iAs 2
O rthorhombic

Realgar
AsS
Mo noclin ic

C- Wh ite, more so th an
othe r N i-Co-Fe
arse nides
B/P-Very wea k in air:
di stinct in oil ,
yellowish to bluish
A- Stro ng, pinkish,
bro wnish , greenish,
bluish
IR-Not prese n t

C- Dull gray
- Orpirnent, slig h tly
da rker
_ Sp ha leri te. sim ila r
_ C in nabar. darker
B/P-Weak but distinct:
gray with reddis h to
bluish tint

PH > chalcopyrit e
PH - pe n tla ndi te
PH < pyrite

R-56.8-60 .9
56.9-60.7
QC-OJII . OJI7
56.8

VHN-630-758(p)
PH - skutte rud ite.
PH < sa fflorite.
loellingite

00309.00316
60.7

R-22.1
20.9

VHN-47- 60
PH

QC-0.288. 0.294
22.1

< orpime nt

monoclin ic pyrrhotite
(usua lly slightly ligh ter in
color). In N i-ores, exso lved
lam ell ae and " flames" of
pentl an d ite a re co m mo n.
Also ofte n contai ns
mackin awite lam ell ae.
Occu rs with most other
common sulfides. Troili te
occurs in meteorites usually
as an hed ral, eq uigra nula r
masses with iron.
Occu rs as fine -gra ined
aggregates of interloc king
crys ta ls: o ften in zonal,
sphe ru litic, radi atin g, and
fibrou s textures. Co mmonly
with simple or co mplex
twin ni ng. May be int ergrown with niccolite a nd
Co-N i-Fe a rsenides: so me times overgrowths on dend rites of silve r or bismuth.
Very similar to safflo rite.
Occu rs as irregul ar platelike
masses with orpime nt. Also
associated with stib ni te.
arse nopyrite. pyrite. arsenic.
As-sulfosa lts. te nn a ntite.
ena rgite. proustit e.

tCominued s
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Note: Information is reported as follows:
C-Color
B/P-Birellectancel
Name
pleochroism
Formula
A-Anisotropy
Crystal System
IR-Internal Reflections

Rutile
Ti0 2
Tetragonal

Safllorite
(Co.Fe.Ni) As2
Orthorhombic

A-Strong; in oil
masked by internal
reflections
IR-Abundant and
intense; yellowish red
C-Gray. faint bluish
tint
- Magnetite. chrornite,
similar
- Ilmenite. no
brownish tint
- Cassiterite. lighter
B/P -Distinct
A-Strong but masked
by internal reflections
IR-Strong. abundant.
white, yellowish.
reddish brown
C-White with a bluish
tint
- Bismuth. bluish
- Silver. grayish white

R-Rellectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

R-19.7-23.1
19,2-22,6
QC-0.298. 0.303
19.7

VHN-Vickers Microhardness at lOOg Load
PH-Polishing
Hardness

VHN -894-974(p-sf)

PH
PH

> ilmenite
< hematite

0,30I. 0.306
23.0

R-54,1-54,6
53.8-53,5
QC-0.310. 0.317

VHN-792-882(p-sf)

PH
PH

> skutterudite
< loellingite

Mode of Occurrence;
Other Characteri stic
Properties

Occurs as euhedral to subhedral needlelike to col urn nar crystals; frequently with
hematite, Associated with
Ti-hernatite, Ti-magnetite,
ilmenite. tantalite. Common
in hydrothermally altered
rocks.

Occurs as radiating masses of
anhedra l to subhedral crystals in concentric layers
with other arsenide

Scheelite
CaWOs 4

Schreibersite
(Fe,Ni))P
Tetragonal

Siegenite
(Co.NihS4
Cubi c
Co)

co

UI

B/P-Very weak. bluish
to gray
A-Strong
IR-Not present
C-Gray-white; darker
in oil
-+ Gangue. similar in
air; lighter in oil
B/P-Not observed
A-Distinct but masked
by internal reflections
IR-Common. white
C-White in air; with
brownish pint tint in
oil
-+ Cohenite, lighter
-+ Iron. similar
B/P-In oil distinct.
pinkish brown to
yellowish
A-Weak but distinct
in oil
IR-Not present
C-Creamy white with
slight pink tinge
-+ Cattierite, less
pinkish
B/P-Not present
A-Isotroic
IR-Not present

53.9
0.304. 0.311
54.3
R-9.8-1O.1
9.7-10.0

VHN-383-464(f)

PH < wolframite
QC-0.305. 0.309
9.8
0.305, 0.310
10.2
VHN-- 125

PH > cohenite
PH - iron

R-46.7
48.5

YHN-459-548(p-sf)

PH - linnaeite
QC-0.320, 0.324
47.3

minerals. Also present as
euhedral crystals and as
starlike triplets. Commonly
twinned.
Occurs as equant to lath-like
polycrystalline aggregates.
often as a partial replacement of wolframite. Also
intergrown with Fe-oxides,
huebnerite, ferberite,
cassiterite. Fluoresces pale
blue to yellow under
ultraviolet light.
Occurs as oriented needle- and
tablet-like inclusions in iron in
meteorites.

Occurs as euhedral and
subhedral crystals and
anhedral polycrystalline
aggregates. Associated with
Cu- and Cu-Fe sulfides.
pyrite, vaesite, cattierite,
uraninite.
(Continu ed)
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Note: Information is reported as follows :

Name
Formula
Crystal System
Silver
Ag
Cubic

Skutterudite
(Co.Ni)As 2•3
Cubic

Sphalerite
(Zn.Fe)S
Cubic

C-Color
B/P-Bireflectancel
pleochroism
A-Anisotropy
IR-Intemal Reflections
C-Bright white with
creamy tint; tarnishes
rapidly
- Antimony. arsenic.
brighter and creamy
B/P-Not present
A-Isotropic; fine
scratches often look
anisotropic
IR- Not present
C-Cream-white to
grayish white. often
in zones
- Cobaltite, white
- Safflorite, yellowish
B/P-Not present
A-Isotropic; sometimes anomalous
weak anisotropism
IR-Not present
CsGray, sometimes with
brown tint
- Magnetite. darker

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates
R-93.3
93.9
QC-0.3l6.0.324
92.9

R-55.2
54.6
QC-0.307.0.314
55.1

R-16.6
16.3

VHN-Vickers Microhardness at lOOg Load
PH-Polishing
Hardness
VHN-60-65
PH > proustite.
galena
PH < tetrahedrite

VHN-606-824(f)
PH - safflorite
PH > linnaeite
PH < arsenopyrite.
pyrite

VHN-138-160(cc-sf)
PH

> chalcopyrite.

Mode of Occurrence;
Other Characteristic
Properties
Occurs as irregu lar masses.
veinlets. and inclusions.
and as dendrites within
ar senides. Incomplete
extinction. tarnishes rapidly.
Lamellar intergrowths with
allargentum. Also with Agsu lfosalts. Bi, argentite.
galena. Cu-sulfides, Co-FeNi arsenides.
Commonly and characteristicallyoccurs as radi al
blade-like crystals with welldeveloped growth zoning.
Also as euhedral sing le
crystals. May be intergrown
with niccolite, bismuth.
other Co -Fe-Ni arsenides;
often present in Ag-Bi-U
mineralization.
Very common in many ore
types. Occurs as irregular
anhedral masses with pyrite.

Stannite
CU2FeSnS4
Tetragonal

Co)

....CD

B/P-Not present
A-Isotropic; sometimes weak
anomalous
anisotropism
IR-Common. yellowbrown to reddish
brown

QC-OJOI, 00306
16.6

C-Brownish olivegreen
- Tetrahedrite, darker
brownish gray
- Sphalerite. lighter.
yellow-brown to
olive-green
B/P-Distinct. light
brown to brownolive-gray
A-Moderate. yellowbrown. olive-green.
violet-gray
IR-Not present

R-27J-26.0
27.3-26.1
QC-OJI6.0.326
27.1
00321. 00333
25.8

tetrahedrite
< pyrrhotite.
magnetite

PH

VHN-140-326
PH > chalcopyrite
PH - tetrahedrite
PH < sphalerite

galena. chalcopyrite.
pyrrhotite. Polishes well
and is often featureless
except for internal reflections . Also commonly contains rows of (or randomly
dispersed) inclusions of
chalcopyrite. pyrrhotite.
galena. and less commonly.
stannite. Common growth
zoning of light and dark
bands only visible in
polished thin sections.
Closely resembles
magnetite except for
internal reflections and
absence of cleavage.
Occurs as anhedral grains.
granular aggregates. and as
oriented intergrowths with
sphalerite. chalcopyrite. and
tetrahedrite. Cleavage may
be visible ; compound twinning. sometimes in microline pattern. common. In
many ore types. as a minor
phase. but common with
bismuth and tungsten
minerals.

(Continued)
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Note: Inform ation is reported as folIows:
C-Color
B/P- Bireflectancel
Name
pleochroism
Formula
A-Anisotropy
Cryst al System
IR-Intemal Reflections

Stephanite
AgsSbS4
Orthorhombic

Stibnite
Sb 2S 3
Orthorhombic

Stromeyerite
AgCuS

C-Gray with pinkish
violet tint
- Galena, darker,
pinkish
- Polybasite,
pyrargyrite, lighter
BIP-Weak but distinct,
gray to pinkish gray
A-Strong in oil, violet
to green
IR-Not present
C-White to grayish
white
- Bismuthinite, darker
- Antimony, grayish
B/P-Strong, grayish
white to white
A-Very stro ng, often
undu lose, blue, gray,
brown , pinkish brown
IR- Not present
C-Gray with violet
pinkish tint

R-Reflectanc e at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates
R-28.1-30.4
27.5-29.7
QC-0.299, 0.303
28.3

VHN -Vickers Microhardness at lOOg Load
PH-Polishing
Hard ness
VHN -26-124
PH < tetrahedrite
PH > polybasite,
pyrargyrite

0.301,0 .307
30.5

R-31.1-48.1
30.1-45.2
QC-(a) 0.301, 0.309
41.8
(b) 0.306, 0.317
30.6
(c) 0.294, 0.305
47.3
R-26.6- 30.9
26.3-29.5

VHN -42- 153
71-86 on (010)
section (sf)
PH > orpiment
PH < chalcopyrite

VHN -30-32(sf)

Mode of Occurrence;
Ot her Characteristic
Properti es
Occurs as anhedral aggregates
and euhedral columnar
crystals. Compound twinning is common. Occurs
with silver sulfosalts,
Ni-Co-Fe arsenides. and
common Cu-Fe sulfides.

Occurs as granular aggregates
and lath -like crystals that
often exhibit deformation
textures , pressure twinning,
and undulatory extinction.
Associated with pyrite,
pyrrhotite, spha lerite,
ch alcopyrite, and Sn, As.
and Hg min eral s.
Occurs as a hypogene phase
in granula r aggregates and

Orthorhombic

Sylvanite
(AuAg)Te2
Monoclinic

Tennantite
Cu12As4S 13
Cubic
(May contain Fe, Zn,
Sb, etc.)

Co)
U)
U)

- Chalcocite, lavendergray
HIP-Weak but distinct
in oil, gray-brown to
light gray with blue
or pink tint
A- Strong, light violet,
purple, brown,
orange-yellow
IR-Not present
C-Creamy white
- Galena, lighter
HIP-Distinct, creamy
white to brownish
A-Strong, light bluish
gray to dark brown
IR-Not present

C-Gray; sometimes
with greenish or
bluish tint
- Galena, chalcocite
greenish
- Pearcite. similar
HIP-Not present
A-Isotropic
IR-Common, reddish

< galena,
chalcocite

PH

QC-0.302,OJ05
26.7
0.286, 0.286
31.0

R-52.5-63.0
52.5-62.9
QC-OJI6,OJ26
52.4

VHN-154-172(f)
PH
PH

> argentite

< pyrargyrite

OJI5, OJ25
62.7

R-30.l
28.6
QC-OJOO,OJI2
29.6

VHN-294-380
PH> galena
PH - chalcopyrite
PH < sphalerite

as a supergene phase in
small veinlets. Often intergrown with other silver
minerals, the common CuFe and Fe sulfides, and
sphalerite.

Occurs as skeletal blades.
Well-developed cleavage
and characteristic polysynthetic twins. Often intergrown with other goldtellurides and associated
with gold, galena, argentite,
sphalerite, bornite,
chalcopyrite, pyrite, Sb-,
As- and Hi-sulfides.
Forms complete solid solution
with tetrahedrite. Occurrences the same as for
tetrahedrite except in more
As-rich environments.

(Continuedy

A
CI
CI

TABLEAl.2 (Continued)
Note: Information is reported as follows:

Name
Formula
Crystal System
Tenorite
CuO
Monoclinic

Tetradymite
Bi2Te2S
Trigonal

Tetrahedrite
CU l2SbS 13

C-Color
B/P-Bireflectancel
pleochroism
A-Anisotropy
IR-Internal Reflections
C-Air: gray to graywhite
B/P-Oil: strongly
pleochroic
-+ Cuprite. brownish
bluish
-+ Chalcocite. brownish
-+ Goethite, lighter.
yellowish
A-Strong, blue to gray
IR-Not present
C-White with creamy
tint
-+ Chalcopyrite. lighter
-+ Galena. yellowish
B/P-Weak
A-Distinct. bluish gray
to yellow gray
IR-Not present
C-Gray with olive or
brownish tint

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

VHN-Vickers Microhardness at lOOg Load
PH-Polishing
Hardness

R-20.4-27.5
20.2-27.0

VHN-190-300(cc-f)

QC-OJ05. OJ 10
20.4

PH > chalcocite
PH < goethite. cuprite

OJ09.0J19
27.3

R-60.5-54.8
60.4-55.3
QC-OJ14.0.323
60.1

VHN-25-76
PH > bismuth
PH < galena

OJ15.0.322
54.6
R-32.5
32.1

VHN-312-35l

Mode of Occurrence;
Other Characteristic
Properties
Occurs as aggregates of
acicular crystals and as
concentrically grown
aggregates. May be twinned
in lamellar fashion.
Usually occurs with other
oxides of Cu and Fe in
weathering zone .

Occurs as tabular plates and
granular aggregates. Basal
cleavage common; twinning
rare. Intergrowths with
tellurobismuthinite.
bismuth. Also occurs with
common Cu-Fe and Fe sulfides. galena. gold, and PbBi sulfosalts.
Forms complete solid solution
with tennantite. Irregular

Cubic
(May contain Fe,
Zn , Ag, As, Hg,
etc.)

Troilite-See Pyrrhotite
Ullmannite
NiSbS
Cubic

Ulvospinel
Fe2Ti04
Cubic

~

_ Galena, brownish or
greenish
_ Chalcocite, blue-gray
_ Sphalerite, lighter
B/P-Not present
A-Isotropic
IR-Uncommon,
increasingly common
as As-content
increases, reddish

C-White with bluish
tint
- Gersdorffite, less
yellow
_ Skutterudite, more
yellow
_ Linnaeite, white
B/P-Not present
A-Isotropic
IR-Not present
C-Brown to reddish
brown
_ Magnetite, darker
brown
_ lie of ilmenite,
similar

QC-OJIO, 0.319
32.2
(Note R% and color
varies with
composition)

R-47J
47.0
QC-OJ08,OJI4
4703

R-15J
16.1

PH > galena
PH ~ chalcopyrite
PH < sphalerite
(Note hardness varies
with composition)

V11N-592-627(p)
PH > linnaiete
PH ~ gersdorffite
PH < pyrite

VHN-~

650

PH > magnetite
QC-OJI5. 00311
15.7

masses of anhedral grains
interstitial to common CuFe-, Fe-sulfides, sphalerite,
galena, arsenopyrite, and
sulfosalts. Cleavages, twinning usually absent. but
growth zoning may be
visible in thin section,
especially in more As-rich
members. Also occurs as
rounded inclusions in
galena and sphalerite.
Occurs as dispersed subhedral
to euhedral crystals.
Cleavage (100) may be
visible, and triangular
cleavage pits occasionally
seen . A minor phase in a
variety of ores but usually
associated with Cu-Fe
sulfides and other Co-Fe-Ni
antimonides and arsenides.
Usually observed as very fine,
dark isotropic exsolution
lamellae in Ti-magnetite,
giving a "cloth weave"
texture. More rarely as
octahedral crystals and as a

Cl

~

(Continued)
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TABLE A1.2

(Continued)
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Note: Inform ation is reported as follows:

Name
Formul a
Crystal System

C-Color
B/P-Bireflectancel
pleochroism
A-Anisotropy
IR-Intemal Reflections

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coordinates

VHN-Vickers Microhardness at loog Load
PH-Polishing
Hardness

B/P-Not present
A-Isotropic
IR-Not present
Uraninite
U0 2, usually partly
oxidized
Cubic

C-Brownish gray
Magnetite , less pink
-+ Sphalerite, brownish
B/P-Not present
A-Isotropic
IR-Dark brown to
reddish brown

Valleriite
(Fe,Cu)S2
(Mg,Al)(OHh
Hexagonal

C,B/P-Very strong
bireflectance and
pleochroism, bronze
to gray
A-Extreme, white to
gray-bronze with
satin-like texture
IR-Not present

-+

R-13.6
13.6

VHN-499-548(sf)
(at 50g)

QC-OJ05, 00309
13.7

PH > magnetite
PH < pyrite

R-20.5-IOJ
22.9-1003

VHN-30

QC-0.357,0.361
20.9
0.307,0.312
1003

PH > chalcopyrite
PH - cubanite
PH < pyrrhotite

Mode of Occurrence;
Other Characteristic
Properties
matrix containing oriented
cubes of magnetite.
Associated with ilmenite
and magnetite .
Occurs as growth-zoned
crystals and as colloforrn,
oolitic, and dendritic
masses. (III) twinning
common and (100) and
(III) cleavage may occur.
Often with pyrite, Cu-Fe
sulfides, and other uranium
minerals; may contain
inclusions of gold.
Occurs as veinlets, interstitial
fillings, and tiny inclusions
in and around chalcopyrite,
pyrrhotite, pentlandite,
magnet ite. Polishes poorly;
has a characteristic bireflectance and pleochroism. The bronze

Violarit e
FeNi 2S 4
Cubic

Wolframit e
(Fe.Mn)W0 4
Monoclinic

C-Brownish gra y with
violet tint
-+ Pentl andite, darker.
violet tint
-+ Pyrrhotite. lighter
-+ Millerite. brownish
violet
B/P-Not present
A-Isotropic
IR-Not present

C-Air: gray to white :
oil: gray with brown
or yellow tint
-+ Sphalerite. similar
-+ Magnetite. darker
-+ Ca ssiterite. lighter
B/P-Weak
A-Weak to distinct.
yellow to gray
IR-Deep red.

R-45J
46.9
QC-0.320. OJ 22
46.0

R-1 5.2-16 J
15.1-16.2
QC-OJ03. 0.307
15J
OJ03. 0.306
16.4

VHN-241-373
PH > ch alcop yrite.
sphalerite
PH - pentl andite
PH < pyrrhotite

VHN-319-390(cc)
PH > magnetit e.
scheelite
PH < pyrite.
arsenopyrite

anisotropy appea rs in a
satin-like wavy pattern .
Much con fused with
mackinawite. which tends
to have a sharper extinction
a nd less of a n or ang e color
or satin-like textur e under
crossed nicols.
Most commo nly occu rs as a
porous alteration product
along grain boundaries and
fractu res of pentlandite.
pyrrh otite. a nd millerite.
Hypogen e violarite occurs
as equa nt anhedral grains
with pyrite. millerite.
pyrrhotite. Sometimes as
fine lam ellar intergrowth s
with millerit e a nd
ch alcopyrite.
Occurs as euhedral platelets
a nd as masses of interpenetratin g lath s. Cleavage distinct: twinning common.
Often associated with
scheelite. arsenopyrite.
cha lcopyrite. molybdenite.
bismuth. bismuth inite. gold.
a nd cassi terite.
tContinuedv

TABLE A 1.2 (Continued)
Note: Information is reported as foIlows:

Name
Formula
Crystal System
Zincite
ZnO
Hexagon al

C-Color
B/P- Bireflectance/
pleochroi sm
A-Anisotropy
IR-Internal Refl ections
especially in oil
C-Pinkish brown
B/P.A-M asked by
internal reflections
IR-Abundant, red to
yeIlowish

R-Reflectance at
546 and 589 nm in Air
QC-Quantitative
Color Coo rdinates
R-I1.l-1 1.3
1O.8-11.l

QC-0.299. 0.304
II.l

0.299,0.303
11.3

VHN-Vickers Microhardness at 100g Load
PH-Polishin g
Hardn ess
VHN-205-22I(cc-sg)
PH < franklinite,
hau smannite

Mode of Occu rrence;
Oth er Ch aracteristic
Properties
Occurs as rounded grains;
cleavage (0001) may be visible. Forms oriented intergrowths with hau smannite.
Associated with frankl inite.

APPENDIX 2

CHARACTERISTICS OF
COMMON ORE MINERALS

TABLE A2.! The Common Ore Minerals in Order oflncreasing Mininum Reflectance
(in Air) at 546 nm

Mineral

R%

Mineral

R%

Reflectance Between 1 and 10%
Graphite
Covellite
Coffinite

6.2-26.4
6.6-23 .7
7.9- 8.0

Chalcophanite
Scheelite

9.1-27 .0
9.8-10.2

Reflectance Between 10 and 20%
G raphite
Co vellite
Chalcophanite
Scheelite
Valleriite
Cassiterite
Zincite
Lepidocrocite
Chromite
Uraninite
Manganite
Brannerite

6.2- 26.4
6.6-23 .7
9.1-27 .0
9.8-10.1
10.3-20.5
10.7-1 2.2
11.1-11.3
11.6-18.4
13.5
13.6
14.1-20.5
15.0-15.1

Psilomelane
Wolframite group
Columbite-tantalite
Ulvospinel
Goethite
Hausmannite
Ilmenite
Sphalerite
Braunite
Molybdenite
Magnetite

-1 5-30
15.2-16.3
15.3-17.4
15.5
15.5-17.5
16.3-20.2
16.4-19.2
16.6
18.9-19.9
19.5-38.5
19.9

Reflectance Between 20 and 30%
G raphite
Co vellite

6.2-26.4
6.6-23.7

Alabandite
Orpiment

22.8
23.0- 27.5
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TABLE A2.1 (Continued)
Mineral

R%

Mineral

R%

Reflectance Between 20 and 30%(Continued)
Chalcophanite
Valleriite
Manganite
Psilomelane
Mackinawite
Hausmannite
Delafossite
Molybdenite
Rutile
Tenorite
Jacobsite
Bornite
Digenite
Realgar
Bixbyite

9.1-27.0
10.3-20.5
14.1-20.5
-15-30
16.2-40.4
16.3-20.2
18.4-22.1
19.5-3 8.5
19.7-23.1
20.4-27.5
21.1
21.7
21.9
22. 1

22.2

Famatinite
Enargite
Proustite
Maghemite
Cinnabar
Stannite
Hematite
C -prite
~ ,tromeyerite

Mawsonite
Idaite
Stephanite
Pyrargyrite
Pyrolusite
Freibergite

24 -27.4
24.2-25.2
24.2-27.7
24.4
24.7-29.7
26.0-27.3
26.4-29.9
26.6
26.6-30.9
26.9-29.7
27 -33 .6
28.1-30.4
28.5-30.3
29.0-40.0
33.0

Reflectance Between 30 and 40%
Mackinawite
Molybdenite
Stephanite
Pyrargyrite
Pyrolusite
Pearcite
Tennantite
Berthierite
Polybasite
Nickeloan pyrite
"bravoite'
Acanth ite

16.2-40.4
19.5-38.5
28.1-30.4
28.5-30.3
29.0-40.0
29.1-32.2
30.1
30.3-42.3
30.7-32.5
-31-54

Stibnite
Miargyrite
Tetrahedrite
Ch alcocite
Cubanite
Pyrrhotite
Jamesonite
Bismuthinite
Boulangerite
Chalcostibite
Breithauptite

31.1-48.1
31.6-34.5
32.5
33.2-33.4
35.4-39.4
36.3-43.4
36.4-44.2
37.1-49.0
37.4-41.8
37.8-43.7
37.8-48.0

31.0

Reflectance Between 40 and 50%
Mackinawite
Pyrolusite
Berthierite
Bravoite
Stibnite
Pyrrhotite
Jamesonite
Bismuthinite
Boulangerite
Chalcostibite
Breithauptite
Cosalite
406

16.2-40.4
29.0-40.0
30.3-42.3
-31-54
31.1-48.1
36.3-43.4
36.4-44.2
37.1-49.0
37.4-41.8
37.8-43.7
37.8-48.0
41.4-45.7

Carrollite
Galena
Chalcopyrite
Kobellite
Violarite
Nickeline
Pentlandite
Siegenite
Ullmannite
Maucherite
Marcasite
Linnaeite

42.9
42.9
44.6-45.0
44.8-47.2
45.3
46.1-51.4
46.5
46.7
47.3
48.4-49.6
49.1-56.2
49.5

TABLE A2.!

(Continued)

Mineral

R%

Mineral

R%

Reflectance Between 50 and 60%
Nickeloan pyrit e
"b ravoite"
N ickeline
Marcasite
Glaucodot
Millerite
Cobaltite
Arsenic
Pyrite
Arsenopyrite

~31-54

46.1-5 \.4
49.1-56.2
50.0-50.6
50.2-56.6
50.6
51.7-55 .7
51.7
51.8-52.2

Sylvanite
Lo llingite
Safllorite
G er sdorffite
Tetradymite
Skutterudite
Rammelsbergite
Iron
Pararammelsbergite
Bismuth

52.5-63 .0
53.4- 55.5
54.1-54.6
54.7
54.8-60.5
55.2
56.8-60.9
58.1
58.9-59.7
59.8-67 .2

Reflectance Over 60%
Sylvanite
Tetr adymite
Rammel sbergite
Bismuth
Dyscrasite
C opper

52.5-63.0
54.8- 60.5
56.8-60.0
59.8-67. 2
60.1-62.8

Pl atinum
Allargentum
Antimony
Gold
Silver

69.7
~70

74.4-77.9
77.0
93.3

64.6

TABLE A2.2 Examples of Co mmon Ore Mi nerals Arranged in O rder of Increas ing
Mi nimum Vickers Mi cro hard ness (at IOOg Load)
Mineral

VHN

Mineral

VHN

VHN from I to 100
Mol ybdenite
Graphite
Bismuth
Orpiment
Acanthite
Tetradymite
Stphanite
Stromeyerite
Stibnite
Re alg ar
Antimony
Gold
G alena
Silver

8-100
12-16
16-18
22-58
23-26
25-76
26-124
30-32
42-153
47-60
50-69
53-58
59-65
60-65

lamesonite
Proustite
Arsenic
Cosalite
Mackinawite
Copper
Cinnabar
Ch alcocite
Digenite
Bornite
Miargyrite
Boul angerite

66- 86
70-105
72-1 73
74-161
~74-181

79-99
82- 156
84-87
86-106
(00 1 section)
87- 100
88- 130
92-1 25
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TA BLE A2.2 (Continued)
Mineral

VHN

Mineral

VHN

VHN from 101 to 200

Stephanite
Stibnite
Proustite
Arse nic
Cosalite
Mackinawite
C innabar
D igenite
Miargyrite
Bou langerite
Kobellite
Pyrargyrite
Iron
Bismuthinite
Covellite

26-124
42-153
70-105
72-173
74-161
-74-181
82-156
86-106
88- 130
92- 125

ioo-u:

107-144
110-117
llO-I36
128-138

Sp halerite
Stannite
Pyrolusite
Dyscrasite
Sylvanite
Mawsonite
Berthierite
Idaite
Pea rcite
Chalcopyrite
Chalcophanite
Tenorite
Millerite
Cuprite

138-160
140-326
146-243
153-179
154-172
166-210
168- 228
176-260
180-192
181-203
188-253
190-300
192-376
193-207

VHN from 201 to 300

Stannite
Pyrolusite
Mawsonite
Berthierite
Idaite
Chalcopyrite
Chalcophanite
Tenorite
Mi llerite
Cuprite
Psilomelane
Zi ncite
Famatinite

140-326
146-243
166-210
168-228
176-260
181-203
188-253
190-300
192-376
193-207
203-813
205-221
205-397

Coffinite
Pyrrhotite
Alabandite
Columbite-tanta lite
Violarite
Cubanite
Freibergite
Pentlandite
Chalcostibite
Enargite
Ten nantite
Platinu m

230-302
230-409
240-251
240-1.021
241-373
247-287
263-340
268-285
283-309
285-327
294-380
297-339

VHN from 301 to 400

Stannite
Millerite
Psilomelane
Famatinite
Coffinite
Pyrrhotite
Columb ite-tantalite
Violarite
Freibergite

408

140- 326
192-376
203-813
205-397
230-302
230-409
240-1.021
241-373
263-340

C halcostibite
Enargite
Tennantite
Platin u m
Tetrahedrite
Wolframite group
Niccolite
Scheelite

283-309
285-327
294-380
297-339
312-351
319-390
363-372
383-464

TABLE A2.2 (Continued)
Mineral

VHN

Mineral

VHN

VHN from 401 to 500
Psilomelane
Pyrrhotite
Columbite-tantalite
Scheelite
Lepidocrocite
Maghemite

203-813
230-409
240-1,021
383-464
402 (av.)
412 (av .)

Delafossite
Breithauptite
Hausmannite
Linnaeite
Uraninite

412-488
412-584
437-572
450-613
499-548

VHN from 501 to 600
Psilomelane
Columbite-tantalite
Breithauptite
Hausmannite
Linnaeite
Uraninite

203-813
240-1 ,021
412-584
437-572
450-613
499-548

Siegenite
Carrollite
Ilmenite
Ullmannite
Rammelsbergite

503-525
507-586
566-698
592-627
630-758

VHN from 601 to 700
Psilomelane
Columbite-tantalite
Linnaeite
Ilmenite
Ullmanite
Skutterudite
Maucherite

203-8 13
240-1 .021
450-613
566-698
592-627
606-824
623-724

Manganite
Rammelsbergite
Goethite
Nickeloan pyrite
("bravoite")
Pa raram melsbergite
Brannerite

630-743
630-758
667 (av.)
668-1,535
681-830
690 (av .)

VHNfrom 701 to 800
Psilomelane
Co lumbite-tantalite
Skutterudite
Maucherite
Manganite
Rammelsbergite

203-813
240-1.021
606-824
623-724
630-743
630-758

Nickeloan pyrite
("bravoite")
Pararammelsbergite
Arsenopyrite
lacobsite
Safflorite

668-1,535
681-830
715-1,354
720-813
792-882

VHN from 801 to 900
Psilomelane
Columbite-tantalite
Skutterudite
Rammelsbergite
Nickeloan pyrite
("bravoite")

203-813
240-1,021
606-824
630-758
668- 1.535

Parara mmelsbergi te
Arsenopyrite
Safflorite
Gersdorffite
Lollingite
Rutile

681-830
715-1,354
792-882
844-935
859-920
894-974
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TABLE A2.2 (Continued)
M in er al

VH N

Miner al

VHN

VHN fro m 90/ to / .000
Co lu mbite-tantal ite
N ickel oan pyrit e
C b ravoi te")
Arse no pyr ite
G ersdorffite
Rutile
Brau nit e
Co ba lti te

410

240- 1.02 1
668- 1.535
7 15- 1.534
844-935
894-974
920- I.I96
935- I.I31

Bixby ite
He ma tite
Gl au codot
Cassite rite
Chromite
Marcasite
Pyri te

946- 1.402
1.000-1.100
1.0 97- I.I 15
I.I 68-1,3 32
1.278-1.456
1.288-1.68 1
1.505-1.620

APPENDIX 3

ANCILLARY TECHNIQUES

A number of ancillary techniques are very commonly employed in conjunction with reflected-light microscopy in order to obtain more detailed information on the identities and compositions of phases. Two that are particularly
important are X-ray powder diffraction and electron probe microanalysis, but
other techniques are growing in importance. A detailed discussion of these
methods is inappropriate here, but the techniques are sufficiently important
that this appendix is included to suggest suitable references dealing with these
topics in detail and to draw attention to some practical problems in applying
the methods to material in polished sections.

A3.1

X-RAY POWDER DIFFRACTION

The theory and applications of X-ray powder diffraction are described in
numerous texts and papers (e.g., Zussrnan, 1977; Azaroff and Buerger, 1958;
Nuffield, 1966). All X-ray diffraction methods result from the diffraction of a
beam of X-rays by a crystalline material. The precise method most often used
in conjunction with reflected-light studies is X-ray powder photography using
the Debye-Scherer camera Here the powdered sample can be a small "bead"
only a fraction of a millimeter in diameter mounted on the tip of a fine glass
fiber. When the sample is mounted in the camera, it is aligned so that a pencil
beam of X-rays entering through a collimator strikes the sample and is diffracted to produce a pattern of lines on a strip of photographic film. The
positions of these lines can then be measured and the information converted
to the separation between layers of atoms in the crystal structure. The X-ray
powder pattern provides, in many cases, a "fingerprint" identification of the
411

412

ANCILLARY TECHNI QUES

material. In certain cases , precise measurement of the pattern may also furnish compositional information [e.g., the iron content ofa (Zn,Fe)S sphalerite
or the Fe:S ratio of a pyrrhotite] .
X-ra y powder camera methods are particularly useful in ore microscopy
becau se of the very small amount of material required. Small grains can be
dug directly out of a polished section using a needle or special diamond pin
"objective" and rolled up into a ball of collodion, which is then picked up on
the end of a glass fiber and mounted in the camera.

A3.2 ELECTRON PROBE MICROANALYSIS

The second technique, electron probe microanalysis , also has been describ ed
in numerous texts and papers, of which Reed (1975), Heinrich (1981), Harris
(1990), and Goldstein et al. (1992) serve as good examples for the mineralogist.
A beam of electrons, generated in a potential field of 10-40 kV, strikes th e
specimen as a spot that may be as small as I urn in diameter; the spot ca n be
maintained stationary or can be made to sca n rapidly over an a rea up to
several thousand square microns. The electron beam excites the emi ssion of
X-rays characteristic of the elements present from the sample, thus enabling
the composition ofthe sample to be determined by analysis ofthe energies and
intensities of the emitted X-rays. A quantitative analysis ofa mineral for a particular element is obtained by comparing the inte nsity (i.e., count rate) of the
characteristic X-rays from the sample with the intensity of radiation of the
same energy generated by a sta ndard of known composition. Consequently, a
co mplete chemical analysis can be obtained for a spot that may be as little as a
few microns in diameter. Concentrations from major elements down to 0.1
wt % can"be determined with an accuracy of a fraction of I %. Most electron
probes can rapidly scan areas of several thousand squ are microns, and the
back-scattered electrons can be monitored and used to produce a magnified
image (up to 100,000 X) of the surface of the specimen. The characteristic Xrays emitted from this area of the surface can also be mo nitored and used to
map out the distribution of elements within and between phases (see Figures
AJ .I and AJ .2).
A great advantage of the electron probe technique for the ore microscopist
is that most instruments dire ctly accept a standard size polished section or
poli shed thin section. The onl y other preparation usually needed is to apply
(by sputtering under vacuum) a thin (~200 A) coat of carbon to the specimen
surface in order to conduct away the charge. Therefore, samples can be studied
under the ore microscope, and drawings or photographs can be taken of
interesting areas that can then be sub jected to complete chemical analysis in
the electron probe. T he electron probe has revolutionized ore minera logy by
enabling the complete chemical analysis ofvery small grains, including many
new minerals (e.g., platinum group meta l minerals), the products oflaboratory
synthesis experiments aimed at establishing phase relations in ore mineral
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FIGURE A3.1 Confirmation of the identity of altaite (PbTe ) a nd hessite (Ag2Te) in
galena by use of the electron microprobe. Back -scattered electron im age in which th e
heaviest average atomic number phase (PbTe) shows up white . the intermediate average atomic number phase (PbS) shows up gra y, a nd the light est average atomic number
ph ase (Ag2Te ) shows up black.

FIGURE A3.2 Four select eleme nt sca ns sho wing the d ist ributi on o f silver (Ag). lea d
(Pb), sulfu r (S). and tellurium (Te) by th e int en sity of th e image (highe r co nce n tra tions
are bri ght er) in th e sa mple show n in Figure A3.1(width of field = 170 microns).(We a re
ind ebt ed to Todd Solb erg for helping us obtain the microp robe im ages.)
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systems, and optically identifiable minerals that may contain economically
important elements in solid solution (e.g., silver within the lattice of tetrahedrite).
A comprehensive treatment of the integration of the ore microscope with
the electron microprobe has recently been prepared by Gasparrini (1980).
A3.2.1

Scanning Electron Microscope (SEM)

The SEM has become a powerful ancillary technique for the study of ore
specimens, and its general applications are discussed in Lloyd (1985) and
White (1985). It operates much like an electron microprobe, using a highenergy (usually 10-30 kV) electron beam that is rapidly scanned across the
sample. An image is generated by electrons scattered from the surface of the
sample; the number of electrons scattered is a function of the average atomic
number of each phase. The resulting images closely resemble optical images
(Figure 11.9), except that the brightness ofthe phases varies with atomic number instead of the electronic bonding structure, as does the reflectance of visible light in optical images. SEMs offer a very wide range of magnification but
are commonly used to generate images that show intergrowths and structures
on the submicron scale that are below these achievable by conventional optical
methods. In addition, SEMs are capable of producing excellent images of
three-dimensional objects, such as crystals.
Sample preparation is identical to that used for reflected-light microscopy,
and , indeed, the same samples must be electrically conducting; hence , most
samples require a 50-250 A thick coating of evaporated carbon (gold, silver,
aluminum, or other metals are sometimes used in special applications). This
coating does not distort any of the image but can dramatically alter the colors
of minerals to the naked eye and under the reflecting microscope (i.e.,gold and
chalcopyrite become blue, whereas pyrite becomes gray).
A3.2.2 Scanning Tunneline Microscopy (STM) and Atomic Force
Microscopy (AFM)

STM and AFM are new types of microscopy developed since 1980 that permit
examination ofsurfaces on the atomic scale, hence revealing features that are
several orders of magnitude smaller than can be seen by optical or scanning
electron microscopy. STM works by moving a sharp metal tip over the surface
of a sample that can conduct electricity. When the tip is brought within about
10 A of the surface, the application of a low voltage allows electrons to be
exchanged or "tunneled" across the gap between the tip and the sample. The
tunneling electrons are generally exchanged only between the lowest atom of
the tip and the closest atom on the surface ofthe sample. As the tip scans across
the surface, the variation in the electric current resulting from tunneling is
measured, mapping out the position of each atom as shown in Figure A3.3.
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FIGURE A3.3 Scanning tun neling microscop e (ST M) im age ofa (100) cleavage su rface of ga lena . Th e hi gher pea ks show the locati on s of sulfur ato ms. a nd the lower
peaks are lead ato ms. Th e dark er areas represe n t eithe r defects in the latt ice or sites
where oxidation has beg un to attac k the ga lena .Th e units o n th e sca les are in nan om eters (I nm = 10 A). (Im age co ur tesy o f M. F. Hoch ella . tak en by C. M. Egglesto n.)

AFM instrumentation is simila r to th at of STM instrument ation, but it
employs a very sha rp tip th at actua lly touch es the sa mple su rface. In stead of
relying up on a n electrica l current. AFM uses a n optica l laser beam that
mea sures the ato mic sca le topography as th e sha rp tipped stylus sca ns ac ross
the sample. It do es not reveal actua l atoms but clearly shows atomic sca le
growth steps and other growth or dissolution features . Furthermore, because it
does not rely upon electron movem ent, AFM work s as well on in sul ators as it
does on conduc tors.
STM a nd AFM a re rapidl y developing as new techniques th at extend th e
stud ies initi ated by optical micro scop y a nd sca nni ng electro n micro scop y.
Informative discussions on their ope ration a nd applications a re given in
Hansma et al. (1988) and Hochella (1990).
A3.3 MICROBEAM METHODS OF TRACE ELEMENT
(AND ISOTOPIC) ANALYSIS

In recent yea rs, new techniques have been developed that en abl e in situ microanalysis of minerals in polished sections aimed at quantitative trace element analysis and the determination of isotope ratios (Cabri and Chryssoulis,
1990). Of these new techniques, two have been sufficiently developed and
applied to ore minerals to justify mentioning here. The proton microprobe
(also known as proton-induced X-ray emission, or PIXE) in volves directing a
(micro) beam ofprotons (from a sma ll particle acce lerator) at th e poli sh ed surface of th e sa mple, thereby causing the emission ofX-rays cha racteristic of the
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elements present in the same way as in the electron probe. The advantage of
the proton probe is in the much higher peak-to-background ratio obtained in
X-ra y emission, enabling measurement of trace elements (at concentrations
down to a few parts per million) in individual mineral grains. The ion probe
(also known as the technique of secondary ion mass spectrometry, or SIMS)
involves bombarding the surface of the sample with a beam of energetic ions
that actually sputter material from the surface. This material, in the form of
various atoms, ions, and molecules, is directed into a mass spectrometer and
analyzed so that relative (or absolute) amounts ofspecies present can be determined. The great sensitivity of this technique enables analysis of trace elements in individual mineral grains. It also enables determination of isotope
ratios-data that can help in understanding the processes of formation of the
minerals. Both the proton (micro) probe and the ion (micro) probe and their
applications in ore mineralogy are discussed in an excellent review by Cabri
and Chryssoulis (1990).
A3.3.1

Image Analysis

Image analysis is a generic term for procedures that generally make use of
computer processing of photographic or electronic images to quantitatively
analyze ores or beneficiated products. The processing relies upon differences
in reflectance at specific wavelengths or upon overall gra y levels (composite
brightness in black-and-white images) to identify grain boundaries and to dis tinguish between different types of mineral grains. The specimens must be
well polished, scratch-free, Oat, and uniformly illuminated for good results .
Under ideal conditions, image analysis system s can rapidly determine ab solute areas of different phases, grain sizes, grain shapes, nearest neighbor
relationships, degree of"locking" of phases, and so forth . Poor polish, rounding of grains, va riations in composition, or bireflectance can give grains of a
single phase a significant range of reflectances (or gray levels). If range of different minera ls approach or overlap, image analysis systems will not be able to
make accurate de terminations. Another problem common in many ores is
fracturing of grains as a result of natural or induced stresses. The human eye
readi ly recognizes that a fracture through a grain is secondary, but many
image analysis systems will see the fracture as a boundary sepa rating two
separate grains. In similar fashion , the characteristic triangu lar pits in galena
may be computed as something other than galena by many systems.
Despite inherent limitations in computer-based image analysis systems,
these are finding increasing utility in providing information on ores and mil1
products. The ability to store large numbers ofimages and data permits one to
examine la rge numbers of specimens without becoming fatigued. Although
the data are gathered from two-dimensional images, they can commonly be
converted to give volumetric information. Some image analysis systems also
compare or compile chemical compositional data from election microprobes
or SEMs; such an analysis mayor may not include optical images. There is no
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doubt that image analysis will become more common in the years ahead.
Some useful references that describe image analysis techniques are works by
Petruk (1989, 1990).
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Absorption coefficie nt (k), 60
Aca nthite. diagnostic properties of. 355
reflectan ce of. 355. 406
twinni ng in and inve rsion. 144
Vickers micro ha rdness of. 355.407
Ajo, Arizo na. ore de posit. 227
Alaba ndite . diag nostic properties of. 356
in meteo rites. 313-318
reflectance of. 356. 405
Vickers micro hardness of. 356. 408
Alderly Edge. England . 276
Al1ard Lake. Quebec . ores of. 221
Allargentum, d iagnostic properties of:
reflectan ce of. 356
Allernon tite, 14 1. 144.356
diagnostic properties of. 356
Alma den. Spai n. o res of. 247. 251. 252
Alpine-type chromite ores. 210-215
Alpi ne-type lead-zinc depos its. 288
Alta ite. 413
Ama lgamatio n. in processi ng of gold orcs. 340
Amedee Hot Springs. Cali fornia. o res of. 251
Amia ta, Italy. orcs of. 251
Amplitu de. of ligh t wave. 57
Ana lyzer. 12
Andreasberg. Germany. orcs of. 250
Aniso tropic rotatio n. 72- 73
Aniso tropi sm.44-45
An neal ing textu res. 153-154
Ano rthos ites. iron-t itan ium oxide ores in.
220-226
Antimony. diagnostic prope rties of. 357. Se e
also Arsenic-anti mon y su lfide vein ores
reflectan ce of. 357. 407
Vicke rs microh a rdn ess of, 357, 407
Apat ite. in iro n-titan ium oxide o rcs. 226
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Argentite. see Acan thite
Arma lcolite, in lun ar rocks. 318
Arsenic. d iagnost ic propert ies o f. 357
reflectance of. 357. 407
Vickers microh ar dness of. 357. 407. 408
Arsen ic-antimony sulfide vein orcs. 250
mineral assoc iation and textures. 250
mine ralogy of. 250
mode of occu rrence. 247
Arseno pyrite. diag nostic properties of. 358
reflectance of. 87. 358, 407
in vein o res. 235-245
Vickers microh ar dn ess o f. 358. 409. 410
Arseno pyrite geothermometer , 190. 192
Assemblages of ore minerals. in igneous
rocks and vein deposits. 209-258
Asymmetr ic sectio ns. 72
Athabasca Sandstone. Saska tchewan . ores of. 276
Atoll structure. 137
Atom ic force microscope. 414- 415
Au-Ag-Te system. ph ase relation s in. 246
Avoca. Irelan d. orcs of. 298
Bal1 textures. 152, 308
Ban ded iron formation s. 261-266
Bathurst. New Brunswick. Canada. ores of. 298
Battle Mountain. Nevada o res, 310
Berek microph otom eter, 79
Berth ierite, diagnos tic properties of. 358
reflectance of. 358. 406
Vickers microh ardness of, 358. 408
Bertrand lens, 3
Bessh i-type deposits, Japan , 298
Bethl ehem, British Co lumbia. o re deposit. 227
Bert's Cove, Newfoundland, ores of, 298
Bingham Ca nyo n. Utah ore deposit. 227, 230, 231

SUBJECT INDEX

Birds eye texture. 160. 161
in pyrrhotite/pyrite from tin-tungsten vein ores.
243
Bireflectance, 42. 43. 63
Birefringence. 60

Birnessite. in sedimentary manganese deposits.
269

Bisbee. Arizona ore deposit. 227
Bishop. California. ores of. 310
Bismuth. diagnostic properties of. 358
reflectance of. 358. 407
twinning in. 147-148
in vein ores. 235-243
Vickers microhardness of. 359. 407
Bismuth ores. see Silver-bismuth-cobalt-nickelarsenic (-uranium) vein ores; Tin-tungstenbismuth vein ores
Bismuthinite, diagnostic properties of. 359
reflectance of. 359. 406
in vein ores. 241-243
Vickers microhardness of. 359. 408
Bixbyite, diagnostic properties of. 360
reflectance of. 360. 406
in sedimentary manganese deposits . 267
Vickers microhardness of. 360. 410
Blackband ironstones. see Iron ores
Black sands. 142.283
Black smokers . 301-303
Blind River. Ontario. 285
Bluebell. British Columbia. ore deposit. 233
Blue-remaining covellite, 86. 270. 371
Bolivian tin-tungsten ores. paragenesis of. 177.
180. 182-183

Bor, Yugoslavia . ores of. 248
Bornite. in chromite ores. 210-212
diagnostic properties of. 361
exsolution lamellae in chalcopyrite. 139. 140
reflectance of. 361. 406 .
in uranium-vanadium-copper ores. 275-281
Vickers microhardness of. 361. 407
Boulangerite, diagnostic properties of. 361
reflectance of. 361. 406
Vickers microhardness of. 361. 407. 408
Boulder Co.. Colorado. ores of. 244
Bowie-Simpson System. for ore mineral
identification. 92
Boxwork texture. 137. 138
Braden. Chile ore deposit. 227
Brannerite, diagnostic properties of. 362
in gold-uranium ores in conglomerates.
284--288

reflectance of. 362. 405
Braunite. diagnostic properties of. 362
reflectance of. 362. 405
in sedimentary manganese deposits . 267
Vickers microhardness of. 362. 410
Bravoite, diagnostic properties of. 363
reflectance of. 363. 406. 407
Vickers microhardness of. 363. 409. 410
zonal textures in. 129
Breccia ores. 123. 128
Brecciation. 151. 153
Breithauptite, diagnostic properties of:
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reflectance of. 363
Vickers microhardness of. 363. 409
Brightness . in color specification. 41. 97
Broken Hill. Australia. ores of. 294. 304
Bushveld Complex. South Africa. 210. 211-213.
221

iron-titanium ores of. 221
Butte. Montana ore deposit. 227. 247. 248. 249
C.LE. system of quantitative color specification.
97

Calaverite, in gold vein ores. 243-247
Cananea, Mexico ore deposit . 227
Careous boundary. 130
Carr Fork. Utah . 310
Carrollite, diagnostic properties of. 364
reflectance of. 364. 406
Vickers microhardness of. 364. 409
Casapalca, Peru ore deposit . 233
Cassiterite. diagnostic properties of. 364
in placer ores. 282
reflectance of. 364. 405
in vein ores. 241-243
Vickers microhardness of. 364. 410
Cataclasis. 151
Cathodoluminescence. in paragenetic studies.
171-173

principles of. 171-173
Chalcocite. diagnostic properties of. 365
reflectance of. 365. 406
in uranium-vanadium-eopper ores.
276-281

Vickers microhardness of. 365. 407
Chalcophanite, diagnostic properties of. 365
reflectance of. 365. 405. 406
Vickers microhardness of. 365. 408
Chalcopyrite. in chromite ores. 210-212
in copper-iron-zinc assemblages in volcanic
environments. 297-303
in copper-lead-zinc-silver vein deposits.
232-235

deformation in. 117
diagnostic properties of. 366
"disease" of. 143. 144.307.341
exsolution lamellae in bornite. 142
intergrowths with sphalerite. 143-144
in metamorphosed massive sulfides . 303-309
in nickel-eopper (-iron) sulfide ores. 215-217
in porphyry copper deposits. 226-232
reflectance of. 366. 406
in skarn deposits . 309-310
in stratiform sulfide ores in sedimentary rocks.
294-297

in uranium-vanadium-eopper ores. 275-281
in vein depo sits. 232-235
Vickers microh ardness of. 366. 408
Chalcostibite, diagnostic properties of. 366
reflectance of. 366. 406
Vickers microhardness of. 366. 408
Chiatura. USSR, manganese ores of. 266
Chichibu, Japan. ores of. 310
Christmas. Arizona. ores of. 311
Chromaticity coordinates. 97
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C hromite, 210-2 15. See a/so C h romium ores
di agno stic propert ies of. 367
in meteorites and lun ar rocks. 3\3-318
prim ary textur es of. 123.211
reflectan ce of. 367. 405
Vickers microh ar dn ess o f. 367. 4 10
Chro mium ores. Alpine-type. 210- 2 15
bene ficiation of. 341
in mafic and ultr am afic rocks. 210-2 15
mineralogy of. 210
origin of. 2 13-2 15
podiform type. 2 10-2 15
texture s in. 123.210-212
Chuquicamata, Chil e ore deposit. 227
Cigar Lake. Sask atchew an ores . 277
Cinnabar. di agno stic propert ies of. 367
reflectance of. 367. 406
in vein depos its. 251-2 53
Vickers rnicroh ardness, 367. 407. 408
Circul arly polarized light. 63
Cleavage. in ore microscop y. 50-52
Clima x. Co lor ado o re deposit. 227. 229. 230
Clinton-type ores. 260- 26 1
Coal. opaque min erals in. 271. 273
macerals. 272-275
min eral associations a nd textur es of. 271
min eralogy of. 27 1
mode of occurre nce of. 271
o rigin of. 272
petrograph y of. 272-273
Co ba ltite, diagnos tic prop erties of. 368
reflectanc e of. 368. 407
in vein ores. 235-24 1
Vickers microh ardness of. 368. 410
Coba lt-Go wganda area. Ontario. ores of.
236-2 40. See a/so Silver-b ismuth-cob altnickel-ar sen ic (-ura ni um) vein ores
Coe ur d'Alene District. Idah o. ores of. 247. 250
Co ffin ite. di agnostic prop erties of. 368
reflectance of. 368. 405
in uranium-van adium -eopper ores. 275-28 1
Vickers microhardness of. 368. 408
Co henite, diagnostic prop erties of. 369
in meteorites. 313-31 8
Co lch a District. Bolivia ore deposits. 241
Colloform banding. in par ageneti c studies.

Con oscop ic light . 3
Con oscop ic test. for levelin g polish ed sections. 88
Con vergent-l ight figur es. 74-7 5
Co pper. nat ive. d iagnostic properties of. 369.
See a/so Ura niu m-vana di um-copper ores
in meteorites and lun ar rocks. 315
reflectan ce of. 369. 407
in uranium-van adium-copper ores. 275-28 1
Vickers rnicroh ardness of. 369. 407
Copperb elt. of Zambi a and Zaire. o res o f. 294
Copper-iron- sulfur system-oxidation effects. \3 6.

137
Copper-i ron -zin c ores in volca n ic environme nts.
297-303

miner al assoc iations and texture s of. 297- 303
mineralogy o f. 297-2 98
mode of occu rrence of. 298
origin of. 303
Copper (-Iead- zin c-silver) vein dep osits. 232- 235
mineral associ atio ns and textures in. 124.
233- 234

min eralogy of. 232
mode of occurrence of. 233
orig in o f. 235
Copper porph yry ore deposits. 226-232
min eral textures in. 230-23 1
mineral zoning in. 227-23 0
mineralogy of. 226
mode of occurrence of. 227
o rigin of. 23 1-232
Copper-sulfur-system. 278
Co pper-zinc-arsenic vein ores. 247-2 49
min eral assoc iations and textures. 248
min eralogy of. 247
mode of occurrence of. 247
Corder o. Nevad a. ores of. 251
Cornwall. England ore depo sits. 241
Cornwall and Morgant own. Penn sylvani a. o res
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Coroc oro, Boli via. ores of. 276
Cos alite, diagnostic properties of. 370
reflectance of. 370. 406
Vickers microh ardness of. 370. 407. 408
Cotopaxi. Colorado. ores o f. 310
Covellite, di agno stic properties of. 370
reflectance of. 84. 86. 370. 405
167-16 8
in uranium-van adium copper ores. 276-2 81
Co lloform textures. o rigin o f. 129
Vickers microhardness of. 370. 408
Color. qu alitative obse rvation in ore micro scopy . C reed. Colo rado or e dep osit. 233
40.41
Crypt om elane . textures in open-space deposition .
qu antit ative speci fication. 95- 101
129
Color temperature. of microscop e lamp s. 9. 80- 81 C rysta l form. in ore micr oscopy . 50
Color ado Plateau Area. USA, ores of. 276
Crys tal morphology. in esta blishi ng parag en esis.
Co lumbite (-tantalite). d iagn ostic properties of.
165-1 67
369
Cub an ite, diag nostic properties of. 371
reflectan ce of. 369. 405
in meteorit es and lun ar rocks. 313-318
Vickers microh ardn ess o f. 369. 408-410
in nickel-eopper (-iron) sulfide ores. 2 16
Co mb structu res. 123. 127
reflectan ce o f. 37 1. 406
Co mminution. of ores. 327-328
Vickers microh ar dn ess of. 371. 408
Co mmission on Ore Microscop y (CO M):
Cuprite. diagnostic prop ert ies of. 371
a nd reflectan ce sta ndards. 88
reflectan ce of. 371. 406
and Vickers hardness valu es. 109
Vickers microh ardness o f. 371. 408
Compl ementary wavelength (\0). 98
Cu-S system. 278
Co nce ntrate. of ore minerals. 327. 336
Cyan idation. in processin g of gold ores. 328. 338

SUBJECT INDEX
Cyprus-type deposits. 298. 300
Darwin. California. ores of. 310
Darwin Area. Australia. ores of. 276
Daubreelite, in meteorites. 313-318
Debye-Scherer camera. 411
Deformation textures. 145-153
Delafossite, diagnostic properties of. 372
reflectance of. 372. 406
Vickers microhardness of. 372. 409
Delft system. for ore mineral identification. 84
Digenite, breakdown below 70·C. 144.278
diagnostic properties of. 372
reflectance of. 372.406
Vickers microhardness of. 372. 407. 408
Dihedral angles. 153
Discrimination ellipse. 101
Dislocations. 117
Dominant wavelength (Au). 98
Doubly-polished thin sections. and sphalerite
zoning. 31-33.125-126
Ducktown . Tennessee. ores of. 155-157.304
Duluth gabbro. Minnesota. USA, ores of. 221
Durchbewegung. 151-152.308
Dyscrasite. diagnostic properties of. 373
reflectance of. 373. 407
Vickers microhardness of. 373.408
Eagle Mountain. California. ores of. 310
East Pacific Rise. deposits. 298. 303
Eastern Transbaikalia, USSR ore deposits. 233
Egersund, Norway. ores of. 221. 222
Elbrus Caucuses. ores of. 250
Electrolyte polishing. 34
Electromagnetic spectrum. 55-56
Electron probe microanalysis techniques. 412
Electrum, 243. 281. 343. 345
Elliot Lake Ontario. Canada. ores of. 288
Elliptically polarized light. 63
EI Salvador. Chile ore deposit. 227
EI Teniente, Chile ore deposit. 227
Emulsoid exsolution, 142
Enargite, diagnostic properties of. 373
reflectance of. 373.406
in vein deposits. 247-249
Vickers microhardness of. 373.408
Endako, British Columbia ore deposit. 227
Equilibration rates for sulfides. 52. 53. 120-122
Erzgebirge , Germany ore deposits. 237
Etching. applied to polished sections. 34. 35. 37
reagents for use in. 37
Eureka. Nevada ore deposit. 233
Eutectoidal breakdown. 144
Excitation purity (Pe)' 98
Exinite, 275
Exsolution, coherent. 139
definition of. 139
kinetics of. 142
list of commonly observed examples. 139
mechanisms of. 139
non coherent. 140
Extraterrestrial materials. 313-318
Farnatinite, diagnostic properties of. 374
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reflectance of. 374. 406
Vickers microhardness of. 374. 408
Fe-S system. 191
Fe-Ti oxides. aOrT plot. discussion of plot. 145
Feroxyhyte, in sedimentary manganese deposits.
269
Flame structure. see PentIandite
Flin-Flon, Manitoba. Canada. ores of. 298. 304
Flotation. in mineral technology, 328
and copper ore processing. 340-341
Fluid inclusions. applications of, 193-205
changes in since trapping. 198-199
compositions of. 201-203
daughter minerals in, 194-198
definition. nature and location. 193-198
equipment for study of. 203
geothermometry using. 203-204
primary inclusions. 193-194
salinity determinations using. 201-203
sample preparation for study of. 200-201
secondary inclusions. 193-194
synthetic inclusions. 194
Fluorescence. of coal macerals. 273. 274
of ore minerals. 171-173
Frarnboids, 160.273
Freiberg . Saxony. ores of. 250
Freibergite. diagnostic properties of. 374
reflectance of. 374. 406
Vickers microhardness of. 374. 408
Fresnel equation. 60
Froodite, in nickel-eopper (-iron) sulfide ores. 216
Galena. in copper-lead-zinc silver vein
deposits. 232-235
deformation in. 117. 149. 150.309
diagnostic properties of. 375
in lead-zinc ores in carbonate rocks.
288-293
in metamorphosed massive sulfides. 303-309
in open-space deposition. 124. 127
reflectance of. 375. 406
in skarn deposit. 309-313
in stratiform sulfide ores in sedimentary rocks.
294-297
Vickers hardness number variation with
orientation. 114-115
Vickers microhardness of. 375. 407
Gaspe Copper. Quebec. Canada. ores of. 310
Geobarometers. examples in ore mineral studies.
192-193.307
Geothermometers. examples in ore mineral
studies. 188-192
fluid inclusions as. 203-204
sliding scale and fixed point types. 188-192
Gersdorffite, in chromite ores. 210. 212
diagnostic properties of. 375
reflectance of. 375. 407
in vein ores. 235-241
Vickers microhardness of. 375. 409. 410
Getchell. Nevada. ores of. 247. 250
Gilman. Colorado ore deposit. 233
Glare:
primary. 83
secondary. 89

428

SUBJECT INDEX

Gl aucodot, diagnostic p roperties of. 375
reflectance o f. 375. 407
Vicke rs microh ardn ess of. 375. 410
Goethite . dia gnostic propert ies of. 376
in gossa ns, 270
reflectance o f. 376. 405
in sedime ntary iron o res. 260
in sed imen tary man gan ese de po sits. 269
textur es in open-space dep osition . 129
Vickers microh ardn ess of. 376. 409
Gol d. diagnostic propertie s of. 376

in gold-ura nium ores in conglomerate s.
284-288

in placer or es. 281-284
refle ctance o f. 376. 407
in vein ores. 243-247
Vickers microh ardn ess of. 376. 40 7
G old ores. benefici ation of. 337- 340
Go ld p lacer dep osits. 28 1-284
Go ld rim form ation . 158-159. 283
Gold-silver a lloys reflectanc e va ria tion with
co mpos ition. 93-94
Gold-silver tellurium system. 246
Go ld-uraniu m ores in con glom erat es. 284-288
min eral assoc iations and textures of. 285-287
min eralogy o f. 284-285
mode of occurrence o f. 285
origin o f. 287-288
Gold vein deposits. 243-247
mineral ass oc iations and textures. 244- 247
min eralogy. 243-244
mode of occ urrence o f. 244
o rigin of. 247
Go ssans, 138.270-272
mineral asso ciatio ns and texture s of. 138. 270
min eralogy of. 138. 270
or igin of. 27 1
Gowganda-cob alt area. Ontario. 237-240
Grain boundari es. in p ar agen etic studies. 165-167
Grain mounts. preparation of. 30-31
Graphite. diagn ostic properties of. 377
in meteorites. 313-3 15
reflectan ce of. 377. 405
Vickers microha rdness of. 377. 407
Great Bea r Lake. North West Territorie s. C an ad a.
ores of. 237- 240
Great Dyke. Rh od esia. 210
Great Go ssan Lead . Virgini a. o res of. 304
Groote Eylandt, Australi a. mang anese ores of. 266
Gra sl i, Norw ay. ores of. 304
Han over. New Mexico. ore s of. 3 J0
Hardness. of ore min eral s. rnicroindentation. 45.
106-119

poli sh ing. 46-48
scratch. 48
H ausrnann ite, diag nos tic properties of. 377
reflectance of. 377.405.406
in sed imen tary mang an ese deposits. 267
Vickers microh ardness of. 377. 409
Heavy min eral dep osits (placer deposits). 281-284
Helmholtz system of qu antitati ve color
specification . 98
Hem atit e. d iagnostic prop erties of. 377
in gos sans, 136. 138. 270. 271

in iron -titanium oxide ores. 220-226
reflectance of. 377. 406
as repl acement of magnetite. 160-1 61
in sedimentary iron ores. 260-265
Vickers microhardness of. 377. 410
Henderson. Colorado or e depo sit. 227. 229
He ssite, in gold vein ores. 243-248
identification. 413
Hollingworth ite, in nickel-copper (iron)
sulfide ores. 216
Homestak e Mine. South Dakota. o res of. 244-245
Hu anc aval ica, Peru . ores o f. 251
Hu anuni D istrict. Boliv ia ore deposits. 241
Hu e. in color specification. 97
Idaite, diagn ostic properties of. 378
reflectance of. 78. 406
Vicker s microhardness of. 378. 40 8
Identification systems for ore minerals. 90-93
Idria, Yugosla via. ores of. 251
I1luminating systems for ore micros cope . 9-10
Ilmenite. diagnostic properties of. 379
exsolution lamellae in magnetite. 145
in iron-t itanium oxide ores. 220- 226
metallurgical reduction of. 346
in meteorites and luna r rocks. 313 - 318
in placer o res. 157-159. 282
primary textures in. 123- 129
reflectanc e of. 379. 405
reflectance vari ation with MgO content. 94-95
Vicker s microh ardness o f. 379. 409
Image analysis. 332. 416
Indicating su rfaces. 62
Indi catri x (optical ). bia xial. 59
concept of. 58
uniaxial. 59
Inertinite. 275
Ins izwa ite. in nickel- copper (-iron ) sulfide o res.
216

Intern al reflection s, 45.47
In version of structure . 144- 145
Ireland. lead -zinc ores of. 289
Iron. native. diagnostic properties of. 379
reflectan ce of. 407
Vickers micro hardness of. 379. 408
Iro n o res. banded iron form ations. 26 1- 266
blackband ores. 260
bog iron o res. 260-266
ironstones. 260-266
minette-type o res. 260-266
origins of. 265-266
in sedime nts. 260-266
Iron Springs. Utah . ores of. 310
Iro n-sulfu r systems. 191
Iron-t ita nium oxides. ph ase equilib ria in. 223. 224
Iron-titanium oxide ores. 220-226
beneficiation o f. 341-343
mineral assoc iatio ns and textu res. 221-223. 342
mineralogy . 220
mode of occurrence. 22 1
origin of. 225 - 226
Iron-zinc-su lfur system. 307-308
Isogyres, 73
Jac hyrnov, C zechoslovak ia ore dep osits. 237
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Jacobina, Brazil. ores of, 285
Jacobsite, diagnos tic properties of. 380
reflecta nce of, 380. 400
in sedimentary manganese deposits, 269
Vickers microhar d ness of, 380, 409
Jarn eson ite, diagnostic p roperties of, 380
reflecta nce of, 380. 406
Vickers microh ar dn ess of. 380. 407
Kal b ligh t line, 46-48
Kalgoorlie, West Australia. ores of. 244
Ka mac ite, in meteorites a nd lun a r rocks.
313-318. See also Iron
Ka rnaishi, Jap a n. ores of. 310
Kam bal d a, West Australia. o res of. 2 15
Ka miok a, Jap an . ores of. 310
Ka pn ik, C zechoslova kia. o res of. 250
King Isla nd. Australia. o res of. 310
Kin kb anding, 146- 149. 304
Kirk la nd Lak e. Ca nada. o res of. 244
Knoop ha rdn ess indenter. 106
Kobe llite, diagnostic p ro perties of. 381
reflectance of, 381. 406
Vickers m icroh ar d ness of. 381.408
Ko ngsberg, Norway ore deposits. 237
Krennerite, in gold vein ores. 243-247
Kupfersch iefer-Ma rl Slate. Nort h Europe. o res
of. 294
Kuroko-type deposits. Ja pan . 297-303
La isvall, Sweden. o res of, 292
Lam ellar exsolutio n, 142
La nham Specimen-changer st age. 87.
88
Leaching. in mineral tech nol ogy, 328
of copper ores . 341
Lea d. see Copper-lead-zi nc -silver vein deposits
Leadville. Co lo rado ore deposit. 233
Lead -zi nc ores in ca rbo nate ro cks. a nd ot he r
sed iments, 288-293
min eral com posi tio ns . textures. paragen eses of.
289
min eral ogy of. 288
mode of occ u rre nce of. 288
o re formation in. 292-293
pa ragenesis of N orth Penn ines, Eng land. 181.
184.1 85
textu res in. 124- 128, 289-292
Lead-zi nc-si lver vein o res. with a rsenic and
a ntimony, 250
mineral associations and textures, 250
mi neralogy of. 250
mode of occ urrence of, 247
Lepidocrocite, diagnostic properties of. 381
in gossa ns, 270-272
reflectance of, 381. 405
textu res in open-space deposition. 129
Vickers microhardness of. 381.409
Liberation, of ore minerals. 327
and textures. 333-337
Light. monoch ro matic, 56
nature o f. 55-5 7
reflected. 61-77
wave model of. 55-57
white, 56
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Limonite. in gossans, 270
in sedimentary iron o res. 260
Linearly polarized light, nature of. 63
Linnaeite. di agnostic properties of. 381
reflecta nce of. 38 1, 406
Vicke rs microhardness. 381, 409
Lipti nite.275
L1a llag ua D istrict. Bolivi a o re deposits. 241
Locki ng of pa rticles. 331
Loel lingite , diagnostic p roperties o f. 382
reflectan ce of. 382, 407
in vei n o res. 235-24 1
Vicker s m icroh a rd ness of. 382. 409
Lost Creek. Montan a. ores o f. 310
Lowe r Fortitude. Nevada. 310
Lu na r rocks. opaque m ine rals in. 313-3 18
Lyn n Lake. M an ito ba ores of. 215
Maceral s in co a l, 272-2 75
M ackin awite, diagnos tic properties o f. 382
in meteo rites a nd lun ar rocks. 313
in nickel-copper (-iron) sulfide o res. 215. 216
reflecta nce of, 382. 406
Vicke rs microhardness of. 382. 407, 408
Magda len a. New Mexico. ore s of. 310
Maghern ite, diagnostic properties of. 383
in iron-titanium oxide ores, 220-226
reflectance of. 383. 406
Vickers microhardness of. 383. 409
Magma Mi ne, Arizona, 248
Mag ne tite. d iagnostic properties of. 383
exsolu tion la mellae in ilmenite, 145
in iron-titanium ox ide o res. 220-226
in nickel-copper (-iron) sulfide o res. 215-217
primary textures in. 123
reflecta nce of. 383, 405
repl ace men t by hem atite. 160-16 1
in sedi mentary iro n ores. 261. 263
in ska rn deposits. 309-313
Vicke rs microhardness of. 383
Man gan ese nodul es. 269-2 70. 343-3 44
be ne ficiatio n of. 343, 344
metal co nten ts of. 343
min eral associat io ns a nd textur es. 267
m in eral ogy. 267
mod e of occurrence. 267
o rigi n o f, 270
Mangan ese ore s in sedi me nts. 266-270
of limestone-dolom ite associatio n. 267
in mod em ma rine envi ro nments. 269-270
of o rthoquartzite, gla uco nite . clay associatio n.
266-267
origins of. 270
of volcanic affiliation. 267-269
Ma nga nit e, diagnostic properties of. 384
in sedimentary manga nese deposits, 266
reflectance of. 384. 405, 406
Vickers microh a rdness, 384. 409
Marcasite, in coals, 271-273
diagnostic properties of. 384
inversion to pyri te. 145
in lead-zinc ores in carbonate rocks. 288-293
reflec tance of. 384. 406, 407
Vickers microhardness of. 383, 410
Margi na l exso lution, 142
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Martiti zation, 160. 161
Monch egorsk, USSR ore s of. 215
Matildite, intergrowth with ga lena . 139. 140
Moncheite, in nickel-copper (-iron) sulfid e ore s.
Matts (copper-nic kel). study by ore microscopy.
216
343- 346
Monochromator. 13
. ' band type. 82
Maucherite, diagnostic properties of. 385
line type. 82
reflect ance o f. 385. 406
Monosulfide solid solution (mss). 217-2 19
Vickers microhardness o f. 385. 409
Mawsonite, d iagnost ic properties of. 385
in the Sudbury ore s. O ntario. 175-177 . 215- 219
reflectance of. 385. 406
Mother Lode . Ca lifornia. ores of. 244
Vickers microhardness of. 385. 408
Mt. Isa, Australia. or es of. 294. 304.305
Mer cury sulfid e vein deposits. 251- 253
Mt. Lyell. Australia. ore s of. 298
min eral associations and textures. 252-25 3
Municipal solid waste ash. 348
mineralogy of. 251
Murdockville, Quebec. ores of. 310
mode of occurrence of. 247
Myrmekitic texture. 142
Merensky reef. 213
Metacinnabar, in vein depo sits. 251. 252
Nakatatsa, Jap an . o res of. 310
Met amorphic rocks. ores in . 303-309
New Almaden. Californ ia. ores of. 251
Metamorphosed massive sulfides. op aque
New Idri a, California. ores of. 251. 252
Niccolite, diagnost ic properties of. 387
minerals in. 303-309
min eral ass ociations and textur es of. 304-308
reflectance of. 387. 406. 407
mineralogy of. 303
in vein ore s. 235-241
mode of occurrence of. 303-304
Vickers microhardness of. 387-408
origin of textures of. 308-309
Nickel -copper (-iron) sulfide ores associa ted with
Met eorites. op aque minerals in. 313-3 18
mafic and ultramafic rocks. alteratio n of.
Miargyrite, diagno stic properties of. 385
215-220
reflectance of. 385. 406
exa mples. 215
mineral associations and textures. 2 15- 217
Vickers microhardness of. 385. 407. 408
mineralogy . 215
Michenerite, in n ickel-copper (iron) sulfide o res.
2 16
origin of. 217-219
paragenesis of. 175-180
Micro indentat ion hardne ss. sha pes of indentations
Nickel ore s. see Silver-bismuth-cobalt-nickel and fracture characterist ics. 110-112
arsen ic (-uraniu m) vein ores
vari ation with load. 113
Nickeline, see Niccolite
variation with mechanical and therm al history
Nikopol, USSR mangane se ores of. 266
of minerals. 115-117
Niningerite, in meteorites and lun ar rocks. 318
varia tion with mineral co mposition. 114-115
Noranda, Quebec. Canad a ores o f. 298
variati on with min eral ori entation . 114- 115
Noril 'sk, USSR ores of. 215
variation with min eral textur e. 112-11 3
North Penn ines. Eng land. paragenes is of ore s of.
Micrometer. stage. 13-14
181. 184- 185
Micro scope. see Ore micro scope
Millerite. di agno stic properties o f. 386
No ttingham Interactive System for Op aque
reflectance o f. 386. 407
Mineral Identification (NISOMI). 92
Vicke rs microhardness of. 386. 408
Milling. of ores. 327
Objective lenses . ach ro rnat, 4-5
Mineral technology. applicatio ns of ore
apoch romat, 5
micro scop y in. 327-350
fluorite.fi
a nd ch romium ore processing. 341
magnification of. 7
and copper ore pro cessin g. 340-3 4 1
numerical apertu re of. 7
and gold ore proc essin g. 337- 340
oil imme rsion. 8
and iron titanium oxide ore s. 341-343
water immersion. 8
and mangan ese nodules. 343-344
Ocean Ridge deposits. 298. 301
Minette-type iron ore s. 260. 266
Ocular lenses. 9
Mississippi-Valle y type ore deposits. 288-293. See
Ok Tedi , Papua-New Guinea ore deposit. 227
also Lead Zin cores in carbon ates
Oldhamite, in meteorites. 315
Mitate, Japan. ores of. 310
Oolitic textures . 161. 261-262
Mohs h ardness scale. relationship to Vickers
Optical constants. determination from reflectance
H ardness Number. 106
measurements. 89-90
Mol ecular orbita l/b and th eory and reflectance
Optical symmetry plane. 62
va ria tion in ore minerals. 101-103
O ptic ax ial angle . 59
Mol ybdenit e. di agn ostic properties of. 386
Optic axial plane. 59
in porphyry mol ybdenum deposits. 226-2 32
Optic ax is. 58
reflectance of. 386.405. 406
Optic sign. 58
in skarn deposits. 309-313
O re micro scope. components of. 2-12
Vickers microh ardness of. 386. 407
stage of. 3
Molybd enum porphyry ore deposits. see Copper
Ore min eral. definition of. I
porphyry ore deposits
Ore Knob. North Carol ina . ores of. 304
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Platinum group met al mineral s. primary
textures. 210-213
Pl atinum g ro up mineral s. in chromite o res .
210-2 13
in nickel-c opper (-iro n) su lfide o res. 215. 2 16
Pedi form ch ro m ite o res. 210-2 15
Pol ari zer . 12
Pol ish ed sec tio n. eq u ipme nt for pr ep ar ati on.
27-30
sa m p le casti ng. 18-20
sa m ple grind ing a nd poli shing. 20-27
Poli sh ed th in sectio n. pr epa rati on. 3 1-3 4
Panasqu eira , Portugal o re deposit . 241
Panning. 337
Poli shing h ardn ess. 46-48
Pol yb asitc , diagn ostic p rop erties o r. 389
Paragenesis. criteria for use in esta blis h ing.
164- 175
reflect an ce o r. 389. 406
defin ition o r. 164
Vick er s m icroh ardness or. 389
Porcupin e. Ca na da. o rcs o r. 244
lead-zinc o res or North Pennines. 181. 184-1 85
n ickel co p pe r o res o r Sudbu ry Di strict. Ontari o. Porph yrobl astic gro wth. 154-157. 304
175-1 80
Porph yry co p per dep osits. see Cop pe r porph yry
o re dep osit s
sa m p le selec tio n a nd preparation in study or.
165
Potosi Di strict. Bol ivia . o re dep osit s. 24 1
Pr essure lamellae . 146-148
tin tu ngsten o res or Bolivia. 177. 180. 182-1 83
Paramorph. 144
Proton-induced x-ray em ission. 415
Pararammelsbcrgitc, d iagn ost ic properties or. 388 Pr ou stite, diagn osti c p roperti es o r. 390
reflect an ce o r. 388. 407
refle ct ance o r. 390. 406
Vick er s mic roh ardn ess o r. 390. 407. 408
Vickers microh ardness o r. 388. 409
Park C ity. Utah ore d ep osit . 233
Psil om ela ne. di agn ostic pr operti es o r. 390
Pary s Mounta in . Wal es. o res or. 298
reflect an ce o r. 390. 405. 406
Pearcite, diagnost ic properties o r. 388
in sed im en ta ry m an ganese dep osit s. 266
reflect ance o r. 388. 406
Vick er s microh a rdn ess or. 390. 408. 409
Purple lin e. 98. 99
Vickers micr ohardn ess o r. 388. 408
Pechenga. USSR o res o r. 215
P yrargyrite. d iagn ostic p rop erties o r. 39 1
reflect an ce o r. 391. 406
Penn ine s. En gla nd. ores or. 181. 184-1 85. 289
Pentl andite, a rgentia n, 216
Vickers microh ardness or. 39 1. 408
Pyrite . in co a ls. 27 1-273
a lte rat io n to vio la rite, 220
in ch ro m ite o res . 210-213
in copper-i ron -zin c a ssembl ages in volca nic
environmen ts. 297-303
d iagn ost ic properties o r. 389
exso lutio n from pyrrhot ite. 139-142. 217-219
in co p pe r-lea d-z inc -s ilve r vein deposit s.
232-235
in m eteorites a nd lun ar rocks. 313-315
in n ick el-c opper (-iro n ) su lfide ores. 215-220
d iagnostic properties o r. 391
refle ct ance or. 389. 406
etch in g to sho w textures. 34-37
exs o lution from pyrrhotite. 142
in Sudbury Ores. Ontari o. 2 15- 220
th erm al ex pa ns io n o r. 145
in go ld -u ra n iu m o res. 284-288
in lead-zinc o res in carbon at e rock s. 288-293
Vick er s rnicr oh ardness or. 389. 408
Petroleum co ke slag . 347. 348
in m etamorph osed m assi ve su lfides . 303-309
Pet zite . in go ld vein o res. 243-248
in ni ck el-c opper (-iro n) su lfide o res. 215-220
Ph ase. o r light wave . 57
in porph yry co p pe r dep osits. 226-232
in stra tifo rm su lfide o res. in sedi mentary rock s.
Ph ase eq ui lib ria. appl icat ion o r dat a. in estim ating
294-297
ore formation co nd itio ns. 188-193
inclusions in . 154-1 57. 304
list or ph a se d iagra m s in thi s text. 188-1 89
in ore mineral identification. 52-53
in versio n from m ar ca site. 145
Ph otometer. 13-14
porphyrobl a st gro wth. 154-1 57. 304
Ph ot omultiplier . in reflect an ce m ea surement. 80
refle ct an ce or. 39 I. 407
P ine Point Ar ea. North West Territori es. Can ad a.
te xtures in lead-zin c ores. in carbon at e roc ks.
o res or. 293
124. 129
PlXE.415
Vickers mi croh ardness o r. 391. 410
Pl ac er o res. 244. 281- 284
Pyr ite-type di sulfides. Vick er s H ardn ess Number
mineral ogy. 281-283
va ria tio n with compo siti on. 114-115
mineral associa tio ns a nd tex tures. 281-283
Pyrolusit e. di agn ost ic p ropert ies or. 392
origin o r. 283-284
refle ct an ce o r. 392. 406
textures or. 157-15 9.281-283
in sed im entary m an gan ese dep osit s.
Pl an e pol ari zed light. see Lin early polarized light
266-269
Platinum. diagnostic properties or. 389
textures in o pe n-space depo sit ion . 129
reflect an ce o r. 389. 407
Vickers mi croh ardn ess o r. 392. 408
Vick er s mic roh ardness o r. 389.408
Pyrrh otite. in ch ro rnite o rcs. 210-213
O rpirn ent, di agn osti c properties o r. 387
reflectance or. 387. 405
in vein d ep osit s. 250
Vickers mi croh ardn ess o r. 387- 407
Oru ro D istrict. Bolivia ore deposit s. 24 1
Osmiridium. in go ld -u ra n iu m o res in
co nglo me ra tes. 284
Oxida tion-exsolution , 145
Oxide minerals. as pseudomorph s a fter o rga nic
m aterial . 130
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Pyrrhotite. in chromite ores (Continued)
deformation in. 146-152.309
diagnostic properties of. 392
in metamorphosed massive su lfides. 303-309
in nickel-copper (-iron) sulfides ores. 215-220
oxidation . 136. 161
reflectance of. 392. 406
reflectance variation with compos ition. 93-96
Vickers microhardness of. 392. 408
Qu art z Hill. Ala ska ore deposit. 227
Questa. New Mexico ore deposit . 227

R (%). 61.78
~ .~ .62 .68.69.

79. 84
Rg • Rm'~ ' 79. 84. 87
R I • R2 • 67. 84
1\,. Rp• R,. 67
Rabbit Lake. Sa skatchewan ore s. 277
Rarnmel sbergite, d iagnostic properties of. 393
reflectance o f. 393. 407
in vein or es. 235-240
Vickers microhardn ess o f. 393. 409
Ra y. Arizon a or e deposit. 227
Re alg ar. diagnostic properties o f. 393
reflectance o r. 393. 406
in vein deposits. 250
Vickers microhardness of. 393. 407
Recry stalli zation of ore s. \3 8. 153-154
Red Sea deposits. 298
Reduction-exsolution, 145
Reflectance. definition of. 41-42
diffuse. 61
qu alit ati ve exam in ati on o r. 41-42
specular. 60
Reflectance mea surement. erro rs in a nd correction
of. 88- 89
in o il immersion . 89-90
procedures for. 83- 87
techn iques o r. 82- 87
Reflectance vari ation. correlation with electronic
structure. 101-103
Reflectance vari ation and mineral composition.
in copper sulfides and sulfosalts, 96
in gal ena with Sb content. 96
in gold-silv er alloys. 93-94
in ilm enite-geikielite series. 95
in platinum minerals. 95
in pyrrhotites. 95
in silve r sulfos a lts, 95
in tetrahedrite-tennantite minerals. 96
Refle ction pleochroism . 42.68
Refle ction rotation . 73
Refl ector. gla ss plate. 10-11
mirror system. 10-11
pri sm . 10-12
smith-type. 11-12
Refractive index. of opaque medium. 60-61
of transmitting medium. 57-58. 61
Relief on polished section surfaces. 17.28
Renison Bell . Tasmania. ores of. 310
Replacement. in paragenetic studies. 129-13 8.
277. See also Textures
Rhythmically crustified vein . 123
Rio Tinto. Spain. ores of. 298

Roros. Norway. ores of. 304
Rosette textures. 237
Rutile. diagnostic properties of. 394
in iron-titanium oxide ores. 220- 226
reflectance of. 394-406
Vickers microhardness of. 394. 409. 410
Safflorite, diagnostic properties of. 394
reflectance of. 394. 407
in vein ores. 235-240
Vickers microhardness of. 394. 409
Sample holder for polished sectio ns. 15
Sample preparation. 17-38
Saturation. in color specification. 97
Sayaquira District. Bolivia ore deposits. 241
Scanning electron microscope (SEM). 414
Scanning tunneling microscope (STM). 414
Schalenblende, in lead-zinc ores in carbonate
rocks. 289
Scheelite. d iagnostic properties of. 395
reflectance of. 395. 405
in skarn deposits. 309-313
Vickers microhardness of. 395. 408. 409
Schlieren. 151
Schreibersite, diagnostic properties of. 395
in meteorites and lunar rock s. 313. 315
Secondary ion mas s spectrometry (SIMS). 416
Sedimentary rocks. ores in . 259-297
Selenium cell. in reflectance measurement. 80
Selwyn Basin Yukon. Canada. ores of. 294
Seriate distribution. 142
Siegenite. diagnostic properties of. 395
reflectance of. 395. 406
Vickers microhardness of. 395. 409
Silver. native. diagnostic properties o f. 396. See
also Copper (-Iead-zinc-silver) vein deposits ;
Lead-zinc-silver vein ores
reflectance or. 396. 407
in vein ores. 234--241
Vickers microhardness of. 396. 407
Silver-bismuth-cobalt-n ickel-arsenic (-ur a n ium)
vein ores. 235-241
mineral assemblages. textures. parageneses.
237-240
mineral formation of. 240-241
mineralogy of. 235
mode of occurrence or. 237
Silverfields deposit. Cobalt. Ontario. 238
Sinter products. study of by ore microscopy.
343-348
Skarn deposits. 309-313
formation of. 311-313
mineral associations and textures of. 310-311
mineralogy of. 309
mode of occurrence or. 309-310
Skeletal crystals. 122-123
Skellefte District. Sweden. ores of. 304
Skutterudite, diagnostic properties of. 396
reflectance of. 396. 407
in vein ore s. 235- 240
Vickers microhardness of. 396. 409
Slags. 343-348
Slimes. in mineral technology. 332
Smelter products. study of by ore microscopy.
343-348
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Spectr al dispersion, concept of, 72
cu rves, 81-87
measurement of curves, 81-87
Spectrum locus, 'J7
Sperrylite, in nickel-eopper (iron) sulfide ores, 213
Sphalerite, in coals of Illinois, 271-272
colloform textures in, 126,129
compositions in different ores , 332
in copper-iron-zinc assemblages, in volcanic
environments, 297-303
in copper-Iead-zinc-silver vein deposits,
232-235
deformation in, 114-116, 309
diagnostic properties of, 396
geobarorneter, 193,307
intergrowths with chalcopyrite, 143-144
in lead-zinc ores, in carbonate rocks, 123-126,
288-293
in metamorphosed mass ive sulfides, 307-308
in meteorites, 313
reflectance of, 396, 405
in skarn deposits, 309-313
in stratiform sulfide ores, in sedimentary
rocks, 294- 297
textures in lead-zinc ores, in carbonates,
123-126
in vein depos its, 247-253
Vickers microhardness of, 114-1 16, 396,408
zoning in, 124-127
Sphalerite geobarorneter, 192-193,307-308
Sphalerite stratigraphy, 167- I70
Spinel oxides , in lunar rocks, 318
Spionkopite, 86
Standards, for reflectance measurement, 88
Stannite, diagnostic properties of, 397
reflectance of, 397, 406
Vickers microhardness of, 397, 407, 408
Steamboat Springs, Nevada, ores of, 251
Stephanite, diagnostic properties of, 398
reflectance of, 398, 406
Vickers microhardness of, 308, 407, 408
Sterling Hill , New Jers ey, 329
Stibnite, diagnostic properties of, 398
reflectance of, 398, 406
in vein deposits, 250, 251, 253
Vickers microhardness of, 398, 407, 408
Stillwater Complex. Montana, 210
Stratiform sulfide ores in sedimentary rocks,
294-297
mineral associ ations and textures of, 294-296
mineralogy of, 294
mode of occurrence of, 294
origin of, 296-297
Stromeyerite, diagnostic properties of, 398
reflectance of, 399, 406
Vickers microhardness of, 399, 407
Sudbury Ontario, ores of, 215
paragenesis of the ores of, 175- I80
Sudburyite, in nickel-copper (iron) sulfide ores,
216
Sulfide coatings on sediment grains , 129
Sulfide minerals, as pseudomorphs after organic
materials, 130,276, 277
Sulfur Bank, California, ores of, 25I
Sulitjelma, Norwa y, ores of, 304
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Sullivan, British Columbia, Canada, ores of, 298,
304
Sylvanite , diagnostic properties of, 399
in gold vein ores, 243-248
reflectance of, 399, 407
Vickers microhardness of, 399, 408
Symmetric sections, 69-70
Symmetrically crustified vein, 123, 127
Taen ite, in meteorite s and lunar rocks, 313-318
Tahawus, New York, ores of, 221
Tailings in mineral technology, 328
losses in copper ore processing, 340
losses in gold process ing, 340
Talmage hardness scale, 106
Tasna District, Bolivia ore deposits, 241
Tellurides:
of gold, 243, 246
oflead,413
of silver, 413
Tennantite, diagnostic properties of, 399
reflectance of, 399, 406
in vein deposits, 247
Vickers microhardness of, 399, 408
Tennantite-tetrahedrite minerals, reflectance
variation with composition, 95
Tenorite, diagnostic properties of, 400
reflectance of, 400, 406
Vickers microhardness of, 400, 408
Tetradymite, diagnostic properties of, 400
reflectance of, 400, 407
Vickers microhardness of, 400, 407
Tetrahedrite, in copper-lead-zinc-silver vein
deposits, 232-235
diagnostic properties of, 400
in metamorphosed massive sulfides, 303
reflectance of, 400, 406
in vein deposits, 247-250
Vickers microhardness of, 400, 408
Textures , of ore minerals, in mineral
beneficiation, 329-337
primary, 123-129
secondary due to cooling, 138-145
secondary due to deformation, 145-153
secondary due to replacement, 129-138
Therm al stress, 145
Thin sections, doubly polished, 31-33 ,
125-126
Thompson, Manitoba ores of, 215
Thucholite, in gold-uranium ores, in
conglomerates, 284-285
Timm ins, Ontario, ores of, 298
Timna Region, Israel, manganese ores of, 266
Tintic, Utah, ore deposit, 233
Tin-tungsten-bismuth vein ores, 241-243
mineral associations and textures , 241- 242
mineralogy of, 241
mode of occurrence of, 241
origin of, 243
Tin-tungsten ores, Bolivia, paragenesis of,
177-180
Titanium, see Iron-titanium oxide ores
Todorokite, in sedimentary manganese deposits,
269
Tristimulus values, 97

434

SUBJECT INDEX
(

Troilite, in meteorites and lunar rocks , 313-318.
See also Pyrrhotite
Troo do s Complex, Cyprus, ore s of, 298
Trsce, Yugosl avia, or es of, 251
Tsumeb, South Africa , ores of, 248
Tungsten, see Tin-tungsten-bismuth vein ores
Twin Buttes, Arizon a, ores of, 310
Twinning, 53, 146-149
deformation, 146
growth,l46
inversion , 146
in paragenetic studies, 174
Udokan, Siberia, USSR , ores of, 276
Uj-Moldava, Romania, ores of, 250
Ullmannite, diagnostic properties of, 401
. reflectance of, 401, 406
Vickers microhardness of, 401, 409
Ulvospinel, diagnostic properties of, 401
exsolution from magnetite, 141, 142
in iro n-titan ium oxide ores , 142,220-225
reflectance of, 401, 405
Urad, Colorado ore deposit, 227
Uraninite, diagnostic properties of, 402
in gold-uranium ores , in conglomerates,
284-288
reflectance of, 402, 405
in uranium-vanadium-copper orcs, 275- 281
'in vein ores, 235-241
Vickers microhardness of, 402, 409
Uranium ores, see Gold uranium ores in
conglomerates; Silver-bismuth-cobalt-nickelarsenic (-uranium) vein ores
Uranium solubility diagram, 279
Uranium-vanadium-copper ores , associated with
sandstones, 275-281
mineral associations and textures of, 276-277
mineralogy of, 275-276
mode of occurrence of, 276
origin of, 277-281
Usinsk, USSR., manganese ores of, 267
Valleriite , in chro mite ores, 210
diagnostic properties of, 402
reflectance of, 402, 406
Vickers microhardness, 402
Vanadium minerals with uranium ore s, 275- 281
Vanua Levu, Fiji , 298
Vibration direction, extraordinary, 58
ord inary, 58

Viburnum Trend, ores of, 289
Vickers hardness number, definition of, 107. See
also Microindentation hardness
instru menta l techniques for measurement,
108-109
precision of measurement, 109-110
sources of error in measurement, 109-110
theory of, 107-108
Vickers microhardness, see Vickers hardness
number
Viola rite, diagnostic properties of, 403
reflectance of, 403, 406
in nickel-copper (-iron) sulfide ores , 215,
219- 220
Vickers microhardness of, 403, 408
Vitrinite, definition of, 275
reflectance of, 274
Volcanic rocks, ores, in , 297-303
Widmanstatten structure, 314
Witwatersrand, South Africa , ores of, 285-288
beneficiation of ores from , 337-340
White Pine, M ich igan , ores of, 294
Wolframite, diagnostic properties of, 403
reflectance of, 403, 405
in skarn deposits, 309-313
in vein ores, 241-243
Vickers microhardness of, 403, 408
Wolframite series, Vickers hardness number
variation with composition, 115
Wood , replacement by sulfides, 130, 277
Work hardening, 115-117
X-ray powder diffraction techniques, 411
Yarrowite, 86
Yellowkn ife, North West Territories, Canada, ores
of, 244
Zacatecas, Mexico ore deposit, 233
Zinc, see Copper-iron-zinc ores in volcan ic
environments; Copper (-lead-zinc-silver) vein
deposits; Copper-zinc-arsenic vein ores ;
Lead-zinc ores in carbonate rocks ; Leadzinc-silver vein ores
Zincite, diagnostic properties of, 404
reflectance'of, 404, 405
Vicke rs microhardness of, 404, 408
Zon ing, in paragenetic studies, 167-170

