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Preface

Despite the major advances in the use of sophisti-
cated analytical equipment that have taken place in
mineralogy and petrology over the past several
decades, the petrographic microscope still retains its
essential role in rapid identification of minerals and
interpretation of rock textures. The purpose of this
book is to sérve the needs of students in learning the
procedures and theory required to use the petro-
graphic microscope.

In the second edition, the text has been updated
and a number of changes that have been suggested
by students, colleagues, and reviewers have been
incorporated. The net result of these changes should

be to make the book more useful to students in
learning how to identify minerals using the petro-
graphic microscope. A number of additional photo-
micrographs of minerals are included as is a new
determinative diagram that plots minerals as a
function of index of refraction and birefringence.

As always, I will be delighted to hear from students,
faculty, and other users of the book should errors
or areas for improvement be identified.

Greeley, Colorado W.D.N.

April 1990



Preface to the First Edition

This book is intended for use in an introductory
optical mineralogy course. The objective in preparing
the book was to present in a single volume of
reasonable size both a thorough treatment of optical
theory as it pertains to mineral identification with
the petrographic microscope, and detailed mineral
descriptions of the common rock-forming minerals.

The first seven chapters deal with optical theory
and provide an introduction to the properties of light,
a description of the petrographic microscope, and a
discussion of the optical properties of isotropic
and anisotropic materials. Detailed step-by-step
procedures have been included to guide students
through the measurement of optical properties in
both thin section and grain mount. Selected spindle
stage techniques also are included. -

Chapter 8 provides an outline to guide students
through the sometimes daunting process of identi-
fying an unknown mineral with the microscope. A
tabulation of the minerals likely to be found in
common rocks has been included at the request of
numerous students. There are obvious shortcomings
to any such tabulation, which intructors will need
to emphasize.

Chapters 9 through 15 contain detailed descriptions
of the common rock-forming minerals. The minerals
are grouped into oxides, sulfates, carbonates, ortho-
silicates, tectosilicates, and so forth, in the conventional
manner. The optical data has been made as up-to-
date as possible, but it may not reflect the tremendous
advances made in other areas of mineralogy in recent
years. Diagrams showing how optical properties vary
as a function of composition are presented for many
minerals. Since often the published data show a
substantial amount of scatter, many of the diagrams
were constructed with bands to show the common
range of indices of refraction and so forth. The intent

was to avoid the unwarranted impression of precision
that single lines on the diagrams might give.

It is assumed that the reader of this book has the
background normally acquired in a conventional
introductory mineralogy course. Of particular
importance is an understanding of the basics of
crystallography including symmetry, crystal systems,
crystal axes, and Miller indices. Students without this
background, or whose grasp of crystallography is
old and shaky, are encouraged to peruse a mineralogy
textbook (e.g. Klein and Hurlbut’s Manual of
Mineralogy, 20th ed., John Wiley & Sons, New York)
to acquire the needed background.

I would like to gratefully acknowledge Sturges W.
Bailey, Stephen E. DeLong, Fugene E. Foord,
Jeffrey B. Noblett, Howard W. Jaffe, Paul H. Ribbe,
and John A. Speer for reviewing various portions of
the manuscript. Their suggestions and criticisms are
very much appreciated and materially improved the
book. Numerous students suffered through the
evolution of the manuscript. By their comments and
reactions to it, they helped shape the end product
probably more than they realized. Above all I owe
a tremendous debt of gratitude to my wife, Marianne
Workman-Nesse, who typed, edited, proofread, and
generally helped and supported throughout. If,
despite the aid and guidance of these people, errors,
omissions, and inconsistencies still persist, they are
solely my own responsibility, and I would appreciate
being informed of them. I would also appreciate
receiving any thoughts that readers might have
concerning how the book might be made more usable
in teaching optical mineralogy.

Greeley, Colorado W.D.N.

January 1986
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Light

The Nature of Light

In some ways light is an enigma. We know that it is
a form of energy that is transmitted from one place
to another at finite velocity and that it can be
detected with the eye. In many ways it behaves as
though it were composed of numerous tiny parti-
cles that travel bulletlike from one point to
another. But it also behaves as though it were a
wave phenomena in which the energy moves some-
what like the waves started by dropping a pebble in
a pond. Because light behaves in these two seem-
ingly contradictory ways, two different theories,
the particle theory and the wave theory, have been
developed to explain it.

In the particle theory, light is considered to be
composed of subatomic particles called photons.
When atoms are sufficiently heated, or otherwise
excited, the outer electrons are forced into a
higher-than-normal energy level. When the elec-
trons revert to their normal energy level, a small
amount of energy is released in the form of a
photon, which is a small particle with essentially
ZEero mass.

The wave theory considers light to be a form of
radiant energy that travels wavelike from one point
to another. These waves have both electrical and
magnetic properties and are therefore called electro-
magnetic radiatipn. Light is just a small portion of a
continuous specﬁ:lm of radiation ranging from cos-
mic rays at one end to radio waves and long electri-
cal waves at the other (Figure 1.1).

Modern theories of matter and energy involving
quantum mechanics have reconciled the seemingly
contradictory particle and wave theories of light.
Unfortunately, much of quantum mechanics does
not lend itself to interpretation by simple analogs
such as bullets or waves but can be understood only
in abstract mathematical form. Both the particle and

wave theories have been shown to be correct, it’s

“just that in their simple forms, neither completely

describes light. They are complementary theories
and both can be used effectively in appropriate con-
texts. Because wave theory very effectively des-
cribes the phenomena of polarization, reflection,
refraction, and interference—the meat of an optical
mineralogy course—this book treats light as electro-
magnetic radiation.

Electromaénetic Radiation

All electromagnetic radiation, light included, is con-
sidered to consist of electric and magnetic vectors
that vibrate at right angles to the direction in which
the radiation is moving (Figure 1.2). For purposes of
mineral optics it is necessary to consider only the
vibration of the electric vector. It is the interaction
of the electric vector with the electrical character of
the atoms and chemical bonds in minerals that affects
the behavior of light. Forces arising from the
magnetic vector of light are generally very small and
can be ignored for our purposes. It is important to
note that the vibration direction of the electric vector
is transverse; it vibrates perpendicular to the direction
in which the light wave is propagating. The vibration
direction of the electric vector is, in some ways,
analogous to the movement of water in a water wave
or the movement of the solid earth with the passage
of an earthquake S wave. In both cases, the energy
is propagated through the material, but the particles
of water or earth are caused to move from side to
side as the wave passes. The analogy is not complete,
however, because with light it is not matter that
vibrates from side to side but rather is an electric
field that oscillates from side to side. Hereafter, when
light’s vibration direction is being discussed, it is the
electric vector vibration that is being referred to.
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Figure 1.2 Electromagnetic radiation consists of electric
and magnetic components that vibrate at right angles to
each other and at right angles to the direction that the light
is propagating.

A light wave can be described using the same
nomenclature applied to any wave phenomenon. It
has velocity, frequency, and wavelength (Figure
1.3), which are related by the equation

A 1.1

where V is the velocity, A is the wavelength or dis-
tance from one wave crest to another, and f is the
frequency or number of wave crests per second that
pass a particular point. Frequency is usually
expressed as cycles per second or hertz (Hz). With
some exceptions involving fluorescence that do not
affect us here, the frequency of light remains con-
stant regardless of the material that the light travels
through. Hence, if the velocity changes, the wave-
length also must change. Consider a wave train that
is slowed when it passes through a piece of glass



T
A
1

Figure 1.3 'Wave nomenclature. The wave is traveling to
the right with velocity V. The wavelength (1) is the dis-
tance between successive wave crests. The frequency (f) is
the number of wave crests that pass some point per second
and is expressed as cycles per second or hertz (Hz). The
amplitude (A) is the height of the wave. The intensity or
brightness of the light is proportional to the square of the
amplitude (A).

(Figure 1.4). The number of wave crests that enter
the glass per second is the same as the number that
exit the glass. Hence, the number of crests that pass
a point inside the glass per second is the same as out-
side the glass, so the frequency remains constant.
However, because the velocity in the glass is
substantially slower than in the air, the waves bunch
up and the wavelength decreases.

Figure 1.4, Passage of a light wave through a piece of glass
(stippled). Pn entering the glass, the light is slowed down.
Because the frequency remains the same, the wavelength in
the glass (4,) must be shorter than the wavelength in the
air surrounding the glass (4,).

The light passing through a mineral or through
space does not consist of a single wave but rather can
be considered to be composed of innumerable waves
traveling together. It is, therefore, convenient to
consider the waves en masse and introduce a few
more terms. A wave front is a surface that connects
similar points on adjacent waves. For example, wave
fronts one wavelength apart can be drawn through
each wave crest in Figure 1.5a. A line constructed at
right angles to the wave front is called the wave nor-
mal and represents the direction that the wave is
moving. A light ray is the direction of propagation

LIGHT 5

of light energy. In isotropic materials (light velocity
the same in all directions), the light ray and wave
normal coincide (Figure 1.56). As we will see in
Chapters 6 and 7, in anisotropic materials (light
velocity different in different directions) the wave
normal and light ray directions are usually not
parallel (Figure 1.5¢).

Phase

If two waves vibrate in the same plane and travel
along the same path, they interfere with each other
(Figure 1.6a). The distance that one wave lags
behind the other is called the retardation (A). It can
be described either in terms of the distance in nan-
ometers that one wave lags the other, or in terms of
the number of wavelengths that one wave lags the
other. When the retardation equals an integral
number of wavelengths (Figure'1.6b),

A =ik
where i is an integer, the two waves are in phase and
they constructively interfere with each other. The

resultant wave is the sum of the two. When the
retardation equals 4, 14, 24, etc., wavelengths,

A= i+

the two waves are out of phase so they destructively
interfere and cancel each other (Figure 1.6¢). When
the retardation is some intermediate value, the light
is partially in phase (or partially out of phase, if you
prefer) and the interference is partially constructive
(or partially destructive) (Figure 1.6a).

If the two waves vibrate at an angle to each other,
they can be resolved into a resultant vibration
direction by means of vector addition. The resultant
vibration direction R in Figure 1.74 is obtained by
constructing a parallelogram whose sides are parallel
to the vibration directions of waves 4 and B.
Similarly, a component of a single wave may be
resolved into any aribtrary vibration direction, as
shown in Figure 1.7b. The component of wave X,
which can be resolved into a new vibration direction
V, is obtained by constructing a right triangle with
X as the hypotenuse. The amplitude of V is given by
the equation

V=Xcos0

where X is the amplitude of wave X and 0 is the
angle between the vibration direction of X and the
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Figure 1.5 Wave fronts. (a) Wave fronts are surfaces connecting equivalent points on adjacent waves. Successive wave
fronts are one wavelength apart. (b) In isotropic materials, the wave normal and light rays are both perpendicular to the
wave front. (c) In anisotropic materials, light rays are typically not parallel to the wave normal.

(@)

Figure 1.6 Phase and interference in a single plane.

N A (a) Wave A lags wave B by retardation A. The height of
Al D the resultant wave R at any point is equal to the sum of the
heights of waves A and B at that point. (b) Waves A and

N B are in phase (A = iA), so they constructively interfere

and produce resultant wave (R). (c) Waves A and B are

out of phase [A = (i + {)A]."Because the amplitudes of A

and B are equal, they cancel and the result has zero ampli-
tude. An observer would see no light.




Figure 1.7 Vector resolution of light waves. (a) Waves
A and B form aresultant R.  (b) A component V of wave
X can be resolved in a new direction at angle 0 from X.

new vibration direction V. Note that if V is 90° to the
original vibration direction, the resolved component
must be zero. This is an important observation and
accounts for a number of optical properties des-
cribed in the following chapters.

The Perception of Color

The human eye is constructed so that it is able to dis-
criminate the different wavelengths of light. Light
whose wavelength in a vacuum is about 660 nm is
perceived as red, light whose vacuum wavelength is
about 600 nm is perceived as orange, and so forths It
would perhaps be better to talk about the different
frequencies of light rather than wavelengths because
frequency does not change on passing through dif-
ferent materials. However, the convention is to
identify the different colors with their wavelengths

LIGHT 7

in a vacuum and that convention will be followed
here. , .

If the light reaching the eye is essentially all one
wavelength, it is monochromatic light and it is per-
ceived as whatever wavelength is present. However,
if polychromatic light, which consists of more than
one wavelength, strikes the color receptors of the
eye, the combination of wavelengths is still perceived
as a single color, even though the wavelength
associated with that color may not actually be
present in the light. In fact, the sensation of all colors
except those corresponding to wavelengths of about
420, 500, and 660 nm (violet, green, and red) can be
produced by suitable combinations of two or more
different wavelengths.

When all of the visible spectrum is present, the
eye perceives it as white. The eye also will perceive
as white various combinations of two colors called
complementary light colors. There are an infinite
number of complementary light color sets but none
that include wavelengths in the green field. Other
color sensations such as purple and brown have no
counterpart in the visible spectrum and are formed
by combining various wavelengths. The sensation of
purple is produced by mixtures, of red and violet
light, while brown is formed by mixtures of red,
blue, and yellow light.

About 4 percent of the population (mostly male)
have forms of color blindness that affect their per-
ception of color. For most day-to-day activities,
these individuals have learned to adapt and the color
blindness poses no significant difficulty. Unfortuna-
tely, the perception of color is important to certain
areas of optical mineralogy and the inability to cor-
rectly perceive color may pose a hardship. The prob-
lems are not insurmountable. The individual can
adapt by paying greater attention to the properties
of minerals that do not require the accurate percep-
tion of color. The first step in dealing with the prob-
lem is recognizing that it exists. Not all people that
have color blindness are aware of it because some
forms are quite subtle. If there is any indication that
an individual has color blindness, a vision specialist
should be consulted.

Interaction of Light and Matter
Velocity

The velocity of light depends on the nature of the
material that it travels through and the wavelength
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of the light. The maximum possible velocity is 3.0 X
10 cm/sec (3 % 107 nm/sec) in a vacuum. When
light enters any other medium, it is slowed down.
The detailed explanation of why the light is slowed is
beyond the scope of this book, but it involves the
interaction between the electric vector of the light
and the electronic environment around each atom.
Each atom consists of a positively charged nucleus
surrounded by a number of negatively charged elec-
trons. The nucleus is generally too heavy to respond
to the forces imposed by the electric vector of light,
but the electrons have low mass and can respond.
When the light strikes an atom, the electron cloud
around the atom is excited and is forced to vibrate or
oscillate at the same frequency as the light. The
excited electron cloud then re-emits the light.
Because of the nature of the interaction between the
electrons and the light, the re-emitted light is out of
phase with the incident light. The re-emitted light
then strikes the next atom along the path followed
by the light, and the process is repeated. It can be
shown through a series of derivations that the
interference between the re-emitted light and the
original light cancels the original light and produces
a series of new light waves with the same frequency,
but shorter wavelength and lower velocity (Eq. 1.1).

Reflection

When light reaches a boundary between two
materials, some of it may enter the new material and
the remainder is reflected at the boundary. The
angle of incidence and the angle of reflection are
identical (Figure 1.8).

Figure 1.8 Reflection of light rays from a smooth surface.
The angle of incidence (i) is equal to the angle of reflection

™.

Index of Refraction

It is well known that light is bent when passing from
one transparent material to another at any angle
other than perpendicular to the boundary (Figure
1.9). A measure of how effective a material is in
bending light coming from a vacuum is called the
index of refraction (or simply index) n:

Vv 1.2

where V, is the velocity of light in a vacuum and V is
the velocity of light in the material. The index of
refraction of a vacuum is, therefore, 1.0 and for all
other materials » is greater than 1.0. Most minerals
have indices that fall in the range 1.4 to about 2.0.

Figure 1.9 Refraction. (a) Light passing from material 1
(low index) to material 2 (high index) is bent as shown.
The amount of refraction is given by Snell’s law.- (b) The
wave fronts and wave normals must be bent at the interface
because 4, is shorter than 4,.



The velocity of light in air is almost the same as the
velocity in a vacuum so n,;, can be considered 1.0 for
our purposes. Note that a high index indicates low
velocity and vice versa.

The equation that allows the calculation of how
much the light will be bent on traveling from one
material to another is called Snell’s law,

sin 0; _n,
sin 6, n 1.3

where n, and n, are the indices of materials 1 and 2,
and 0, and 6, are the angles shown in Figure 1.9a.
This equation holds whether the light passes from 1
to 2 or from 2 to 1. In general, light is refracted
towards the normal to the boundary on entering a
material with higher refractive index and is refracted
away from the normal on entering a material with
lower refractive index. '

That the light must be bent on entering a material
with a different index can be shown by referring to
Figure 1.9b. Light in material 1 with wavelength X,
strikes the boundary at angle 6,. On entering
material 2, the light is slowed down. Because the
frequency does not change, Equation 1.1 tells us that
the wavelength A, must be shorter than A; because
the velocity in 2 is lower than in 1. The only way for
the wave fronts to be closer together in material 2 is
to bend them at the boundary as shown. The wave
normals, which are perpendicular to the wave fronts
and indicate the direction the waves are moving,
must also be bent, hence the light is bent on entering
material 2.

Snell’s law can be derived from Figure 1.95. From
Equation 1.1 we see that

4
=%
and
¥
f T
or
M_V,
N Vs 1.4

where V| and V, are the velocities in materials 1 and
2 respectively. But

A =absin 0,
h> = ab sin 0,

and, from Equation 1.2,
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n
_v

where n; and n, are the indices of refraction of
materials 1 and 2 respectively. With substitution in
Equation 1.4 we get

ab sin 6, ny

ab sin 0, V.,
or

sin 6, _n,
sin 92 ny

which is Snell’s law.

Snell’s law applies for both isotropic and anisotro-
pic materials. However, in anisotropic materials, the
angles 6, and '8, must be measured from the wave
normals, not the rays. As we will see, rays and wave
normals may not be coincident in anisotropic
minerals.

Critical Angle and Total Internal Reflection

When light travels from a low-index material to a
high-index material, at least some light can enter the
higher-index material regardless of the angle of inci-
dence. However, this is not true for light going from
a high-index material to a low-index material where
the angle of refraction is larger than the angle of
incidence. Light with an angle of incidence greater
than the critical angle (CA) cannot be refracted into
the low-index material. The critical angle is the angle
of incidence that yields an angle of refraction of 90°.
Consider Figure 1.10. Rays a and b are refracted
into the low-index material with angles of refraction
that are larger than the angles of incidence according
to Equation 1.3. For ray b, the angle of incidence is
slightly less than the critical angle and the angle of
refraction is almost 90°. For any angle of incidence
larger than CA, the angle of refraction would have
to be larger than 90°. This is not possible, however,
because an angle greater than 90° would prevent the
light from entering the low-index material. Instead
of being refracted, light rays like ¢, reaching the
boundary at angles of incidence greater than CA,
exhibit total internal reflection because all of the
light is reflected at the boundary. If ny and n, are
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known, the critical angle (CA) in material 1 can be
calculated from Equation 1.3 as follows:

ny (low) _sin CA
ny (high)  sin 90°

which gives

ny (low) _
_”1 (high) sin CA 1.5

If the low-index material (2) is air or vacuum (#n, =
1), this becomes

1 = sin CA
n

A\ "; nq = high

ny= low

Figure 1.10 Critical angle and total internal reflection.
Light such as rays a and b can only pass from a high-index
to a low-index material if the angle of incidence is less than
the critical angle (CA). Rays such as ¢, that have an angle
of incidence greater than the critical angle, are entirely
reflected.

Isotropic and Anisotropic Media

An optically isotropic material is one that shows the
same velocity of light in all directions. The rock-
forming materials that are isotropic include glasses
and minerals belonging to the isometric system. In
these materials, the chemical bonds are the same in
all directions, at least on the average, so the electron
clouds can oscillate the same in every direction. The
electronic environment that the light ‘“‘sees’’ is there-
fore independent of direction in the material.

An optically anisotropic material is one in which
the velocity of light is different in different directions.
The rock-forming materials that are anisotropic

include minerals in the tetragonal, hexagonal, ortho-
rhombic, monoclinic, and triclinic systems. Minerals
in these crystal systems have lower symmetry than
those in the isometric system and show different
strengths of chemical bonding in different direc-
tions. The electron clouds of the atoms or ions are
not able to vibrate the same in all directions so the
velocity of light is different for different directions.
If normally isotropic materials are unevenly
strained, they also may be anisotropic.

Dispersion

The index of refraction of a material is not the same
for all wavelengths of light. This is easily demon-
strated by passing white light through a prism
(Figure 1.11). The light at the violet end of the
spectrum is more strongly refracted than the light at
the red end of the spectrum. This relationship, in
which indices of refraction decrease for increasing
wavelengths of light, is called normal dispersion of the
refractive indices. Certain wavelength bands may
have abnormal dispersion of the refractive indices
and indices of refraction increase for increasing
wavelengths. These terms are somewhat misleading -
because all materials show abnormal dispersion at
certain wavelengths, but these wavelengths may be
outside of the visible spectrum.

Dispersion is a consequence of the interaction of
light with the natural resonant frequencies of the
electron clouds around each atom. As was described
earlier, the electric vector of the light causes the
electron cloud around an atom to resonate at the fre-
quency of the light. The atom then re-emits the light
but it is not in phase with the incident light. The
degree to which the re-emitted light is out of phase
with the incident light depends on the degree to
which the frequency of the incident light differs from
the natural resonant frequency of the electron
clouds. Through a complex set of equations, it can
be shown that the index increases with increasing
frequency (decreasing wavelength), producing nor-
mal dispersion if the frequency of the light is signifi-
cantly different from a resonant frequency of the
electron clouds (Figure 1.11b). If the frequency of
the light is nearly the same as one of the natural
resonant frequencies of the electron clouds, the light
is strongly absorbed and the index of refraction
sharply decreases with increasing frequency
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Figure 1.11 Dispersion of the refractive indices. (a) White

light passed through a prism is split into its constituent:

wavelengths because the index of refraction increases from
red to violet. (b) Normal dispersion of the refractive indices.
Short wavelengths have higher indices of refraction. The
index n;, for 589-nm light is the value usually reported as
the index of refraction of a material. (¢) Abnormal
dispersion of the refractive indices. The mineral shows an
increase in index for higher wavelengths In a wavelength
band that is absorbed by the mineral. Minerals with
abnormal dispersion are always colored.

(decreasing wavelength), producing abnormal dis-
persion (Figure 1.11¢).

To describe the dispersion of the material, it is
necessary to report the index of refraction at several
wavelengths. By convention, indices usually are
reported for light of 486 (nf), 589 (np), and 656 nm
(n¢). These wavelengths are used because they cor-
respond to certain wavelengths called Fraunhofer
lines, which are absorption lines in the sun’s spec-
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trum. It also happens that 589 nm is the wavelength
produced by a sodium vapor lamp and.is near the
middle of the visible spectrum. In this book and in
most other sources, it is np, the index for light of
589-nm wavelength, that is meant when the index of
refraction of a material is reported. It may be
described either as ny, or just n.

The coefficient of dispersion is defined as the
value

Rp— R

where ny and ne are the indices for the F and C
Fraunhofer lines at 486 and 656 nm, respectively. A
large coefficient of dispersion means that the
material shows a large change of index as a function
of wavelength.

A related term, called the dispersive power, is
defined as the value

Rp — A¢
nD—l

A large value for dispersive power means that the
material shows a large change of index as a function
of wavelength.

Light Absorption and Color

The color of a mineral or any other object is the color
of light that is not absorbed on transmission or reflec-
tion. Usually the color of an object is the same in ref-
lected and transmitted light, although there are
exceptions. A white object looks white because it
reflects essentially all of the visible spectrum. A
clear mineral similarly transmits essentially all of the
visible spectrum. A black object absorbs all wave-
lengths of light. If a mineral is colored, it is because
it selectively absorbs certain wavelengths of light
and transmits or reflects the remaining light to our
eye. The color that is perceived depends on which
wavelengths are transmitted to the eye and on how
the eye interprets these wavelengths, as was des-
cribed earlier. A number of different objects may
appear to be the same color even though they each
reflect a different complement of wavelengths to the
observer.

Note that the perceived color of an object is not
an inherent property but depends on the color of the
incident light. An object that is white in sunlight is
blue in blue light, yellow in yellow light, and so on,
because these are the only wavelengths of light



12 INTRODUCTION TO OPTICAL MINERALOGY

available to be transmitted to the observer. Colored
objects may appear black in monochromatic light
unless they are capable of reflecting or transmitting
the wavelength of the monochromatic light.

On the atomic scale, the colors of light that a
mineral absorbs depends on the interaction between
the electric vector of the light and the natural reso-
nances of the electron clouds around each atom. If
the frequency of the light is significantly different
from the natural resonance, then the light is trans-

mitted as previously described. However, if the fre-
quency of the light is nearly the same as the natural
frequency of the electron clouds, then the matter
absorbs the light. The frequencies that show strong
absorption also show abnormal dispersion. The
absorbed light energy usually is converted to heat
energy. Because dark-colored materials absorb
more of the light than pale-colored materials, they
heat up much faster when exposed to sunlight or
other sources of light.

Figure 1.12 Polarization of light. (a) Unpolarized light. The light vibrates in all directions at right angles to the direction
of propagation. (b) Plane or linear polarized light. The electric vector vibrates in a single plane. (c) Circular polariza-
tion. Two waves with equal amplitude vibrate at right angles to each other with one wave retarded } wavelength relative to
the other. The vector sum of these two waves is a helix whose cross section is circular. (d) Elliptical polarization. Two
waves vibrate at right angles to each other with one wave retarded relative to the other by other than 0, 4, or { wavelength.

The resultant is a helix whose cross section is an ellipse.

i



Polarized Light

Ordinary light, like that coming directly from the
sun or an incandescent light bulb, vibrates in all
directions at right angles to the direction of propaga-
tion (Figure 1.124) and is unpolarized. The vibration
direction of polarized light is constrained so that it is
not uniformly distributed around the direction of
propagation. There are three different but related
types of polarization: plane polarization, circular
polarization, and elliptical polarization.

In plane polarization (also called linear polariza-
tion), the electric vector vibrates in a single plane
(Figure 1.12b). The light wave is a simple sine wave
with the vibration direction lying in the plane of
polarization. Plane polarized light, or simply plane
light, is of primary interest in this book.

Circular polarized light is produced by two waves
of plane polarized light with the same amplitude and
whose vibration directions lie at right angles to each
other (Figure 1.12c). One wave is retarded A rela-
tive to the other. The two electric vectors can be
added vectorially so that at any point along the wave
path the two vectors produce a resultant vector. The
resultant vectors sweep out a helical surface that
resembles the threads on a screw. When viewed
along the direction of propagation, the outline of the
helix is a circle.

Elliptical polarized light is produced in the same
manner as circular polarized light except the two
waves that produce it are retarded relative to each
other by a value different than i\ (Figure 1.12d).
The result is still a helix, but instead of being circular
in cross section, the helix is elliptical.

Because circular and elliptical polarized light can
be considered to be composed of two waves of plane
polarized light that vibrate at right angles to each
other. it is convenient in this book to treat circular
and elliptical polarization in terms of the two com-
ponent waves.

Methods of Polarization

Light may be polarized by selective absorption,
double refraction, reflection, and scattering.
Selective absorption provides the basis for polar-
ization with polarizing films. A variety of anisotropic
materials, among them tourmaline, have the property
of strongly absorbing light vibrating in one direction
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and transmitting light vibrating at right angles ~
more easily (Figure 1.13). This propetty is called
pleochroism. When unpolarized light enters one of
these anisotropic materials in the proper direction,
it is split into two plane polarized rays that vibrate
perpendicular to each other. About half the light
energy goes into each of the two rays. If the material
is thick enough and is strongly pleochroic, like
tourmaline, one of the rays is absorbed and the other
passes through. The ray that passes through retains
its polarization on leaving the material.

The original polarizing film developed in 1928 by
Edwin Land took advantage of the strong pleo-
chroism of a material called herapathite, which
forms long slender crystals. Millions of tiny grains of
herapathite were embedded in plastic and aligned by
extrusion of the plastic through a narrow slit. The
resulting plastic sheets behaved as though they were
large flat sheets of herapathite and did a credible job
of polarizing the light that passed through them.
More recent developments have dispensed with the
herapathite crystals and have relied on long hydro-
carbon molecules in the plastic. The result is a sheet
of polarizing film with substantially better optical
properties. Almost all modern petrographic micro-
scopes use sheets of polarizing film to provide polar-
ized light.

A second means of producing polarized light
depends on the double refraction of anisotropic
materials. The most commonly known device using
this principle is the Nicol prism, which is constructed

Absorbed

Passes

Figure 1.13 Polarization by selective absorption. Unpolar-
ized light is split into two rays when entering tourmaline.
One ray is strongly absorbed and does not pass through.
The other ray is not absorbed and retains its polarization
after exiting the mineral.
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Figure 1.14 Polarization by double refraction, the Nicol
prism. The prism is constructed of calcite, which has been
cut on the diagonal and glued back together with balsam
(n = 1.537). Light entering the bottom of the calcite prism
is split into two rays (w and €) that have different indices
of refraction (n, <1.537 <n,). The w ray encounters total
internal reflection when it reaches the balsam, because the
angle of incidence is greater than the critical angle (CA).
The € ray passes through the balsam, since its index is less
than 1.537, and it retains its polarization after exiting the
top of the prism. The dots on the w ray indicate that it
vibrates in and out of the page. The c crystallographic axis
is indicated by the dashed line.

of clear calcite (Figure 1.14). A crystal of calcite is
cut on the diagonal, as shown, and glued back
together with balsam, which has an index of refrac-
tion of 1.537. As is discussed in detail in Chapters 5
and 6, when light enters the calcite, it is split into
two plane polarized rays (w and €) with different
velocities and that vibrate at right angles to each other.
Because the two rays have different velocities, each
can be assigned an index of refraction. It turns out
that n. < 1.537 < n,,. The cut through the crystal is
oriented so that the w ray strikes the boundary
between the balsam cement and the calcite at
greater than the critical angle, hence it is internally
reflected and absorbed by black paint on the side of
the prism. The € ray, with its lower index of refrac-
tion, is able to enter the balsam, so it is transmitted
through the prism to emerge at the top as plane
polarized light. Nicol prisms, or other more optically
efficient variants, were the preferred means of polar-

izing light in petrographic microscopes until
replaced by polarizing film.

When unpolarized light strikes a smooth surface,
such as a piece of glass, a smooth table top, or the
surface of a lake, the reflected light is polarized so
that its vibration direction is parallel to the refiecting
surface (Figure 1.15a). The reflected light is not
completely plane polarized unless the angle between
the reflected and refracted rays is 90° (Figure 1.15b).
The angle of incidence needed to produce the 90°
angle between the reflected and refracted rays is
called Brewster’s angle. If the indices of refraction
are known, Brewster’s angle (6g) can be derived
from Snell’s law (Equation 1.3), which with substitu-
tion of trigonometric identities, gives

ny _
no tan Oy 16
The refracted light is polarized so that it vibrates at
right angles to the reflected light, as shown in Figure
1.15b, but it is not completely plane polarized
because it includes a substantial component of light
that vibrates parallel to the surface.
The polarization direction of polarizing film can
easily be identified by looking through the film

(b)

Figure 1.15 Polarization by reflection. (a) The reflected ™
light is polarized parallel to the reflecting surface.
(b) Complete polarization-of the reflected light is achieved
if the angle of incidence is Brewster’s angle (6p), which
places the reflected and refracted rays at 90° to each other
(Equation 1.6).



at the glare reflected from a smooth horizontal
surface such as a table top. Because the polarization
of the reflected glare is horizontal, the polarizing film
will transmit a maximum amount of glare when its
polarization direction also is horizontal. If the
polarizing film is rotated so that its polarization
direction is vertical, it will absorb the glare. Sunglasses
that use polarizing film have it oriented with the
polarization direction vertical, so that it absorbs the
reflected glare coming from lakes, automobile hoods,
and other horizontal surfaces.

While polarization by scattering is of no particular
interest to optical mineralogy, it is responsible for
the blue color of the sky and the brilliant colors of
sunsets. When light passes through the air, a certain
amount of the light is scattered by the dust particles
in the air and by the air molecules themselves. The
scattered light is polarized so that it vibrates in a
plane at right angles to the original path of the light
before scattering. This can be demonstrated by look-
ing at the bluest part of the sky with a piece of polar-
izing film whose vibration direction is known. The
wavelengths that are most strongly scattered depend
on the size of the scattering particles. For the atmos-
phere, it turns out that blue light is most strongly
scattered, hence the sky looks blue from the blue
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light that is scattered down to us from light passing
through the upper reaches of the atmosphere. Sun-
rises and sunsets take on colors in the red, orange,
and yellow end of the spectrum because the light
reaching us directly from the sun has had much of
the blue end of the spectrum scattered away as it
passes at a low angle through the atmosphere. Vol-
canic dust blown into the upper parts of the-atmos-
phere is very effective in scattering light and may
produce vivid sunrises and sunsets.
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The Petrographic Microscope

There are numerous petrographic microscope
designs available. While each is different in detail,
all have fundamentally. the same design and con-
struction .(Figure 2.1). From the bottom up, they
consist of an illuminator, substage assembly, stage,
objective lenses, upper polar, Bertrand lens, and
ocular lens. Most modern microscopes are equipped
with a prism between the upper polar and ocular
that allows the microscope tube to be tilted from the
vertical, and all have a focusing mechanism.

Ocular

Bertrand lens

Rotating nosepiece ="
Objective centering screw
Objective lens s, 3
Stage i

" Goniometer
Mechanical stage

Iris diaphragm
Lower polar

Substage centering screw

Illuminator in base

16

INluminator

Most modern microscopes are equipped with an
incandescent light mounted in the base. The light
from the bulb is directed upward with a combination
of lenses and mirrors. The light is usually diffused
somewhat by passing through a piece of ground glass
and filtered with a piece of blue glass so that the
color balance of the light more closely approximates
natural sunlight. Light intensity is adjusted with a

Upper polar

Accessory plate

e ATTTY

Vernier

Auxiliary condensor

Focusing knobs

Condensor lens

Figure 2.1 The petrographic
microscope. Photo courtesy of
Nikon Inc., Instrument Division,
Garden City, New York.



rheostat control or with filters. Some microscopes
are equipped with an iris diaphragm called a field
diaphragm mounted in the base. The field dia-
phragm controls the size of the aréa on the sample
that is illuminated.

In some microscopes, the illuminator may be
replaced with a mirror. An external source of light is
directed at the mirror, which is adjusted to direct the
light beam upward. The mirror is used when an
external source of monochromatic light, such as a
sodium vapor lamp, is needed or when a built-in illu-
minator is not provided.

Substage Assembly

The principal parts of the substage assembly are the
lower polar, aperture diaphragm, condensing lens,
auxiliary condensing lens, and one or more filter
holders. The assembly is commonly mounted in a
mechanism which allows it to be raised or lowered.

The lower polar on most modern microscopes
consists of a piece of optical-quality polarizing film
mounted in a ring that can be rotated at least 90° and
usually 180° or 360°. This allows the vibration direc-
tion of the polarized light passing through the mic-
roscope to be set in any desired orientation. The
polars are sometimes referred to as Nicols, because
Nicol prisms were used to provide polarized light on
many early petrographic microscopes. In some
cases, the lower polar is mounted on a pivot so that
it can be swung out of the optical path.

The aperture diaphragm is an iris diaphragm
mounted either above or below the fixed condensing
lens. Its function is to adjust the size of the cone of
light that passes up through the microscope. Closing
the aperture diaphragm decreases the size of the
cone of light and increases the contrast in the image
seen through the microscope. The aperture dia-
phragm is not intended to be used to adjust the
intensity of the illumination. The rheostat control or
neutral gray filters should be used for this purpose.

The condensor lenses serve to concentrate the
light onto the area of the sample immediately
beneath the objective lens. The fixed condensor lens
usually has a numerical aperture (discussed shortly)
about the same as the numerical aperture of the
medium-power objective lens. Because the light reach-
ing the sample from the fixed condensor is only
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moderately converging, the illumination provided is
called orthoscopic illumination. i

The auxiliary condensing lens is mounted on a
pivot so that it can swing in or out of the optical
path. Its function is to provide conoscopic illumina-
tion, which consists of strongly converging light.
This lens is swung into the optical path to allow pro-
duction of optical phenomena called interference
figures, which are examined with the high-power
objective. Not all microscopes are equipped with
auxiliary condensors. If an auxiliary condensor is not
present, the fixed condensor is usually designed to
provide somewhat more strongly convergent light
and provides a compromise between the needs of
orthoscopic and conoscopic illumination. Some vari-
ation in the degree of convergence can be accom-
plished by adjusting the aperture diaphragm or by
raising or lowering the condensor, but this arrange-
ment generally is not very successful.

Colored or gray filters can be placed in slots or
swing-out holders at the bottom of most substage
assemblies. Gray filters are used to adjust the inten-
sity of the illumination, and colored filters can be
used to adjust the color balance of the light or to
produce roughly monochromatic light.

Microscope Stage

The circular stage of the petrographic microscope is
mounted on bearings so that it can be rotated
smoothly. The stage goniometer on the outside edge
of the stage is marked in degrees so that angles of
rotation can be measured accurately. Sometimes a
vernier is provided by the index mark, although ver-
nier accuracy is rarely needed. On some micro-
scopes, a thumb screw or lever can be engaged to

. lock the stage and prevent it from rotating.

Objective Lenses

The objective lenses provide the primary magnifica-
tion of the optical system and are, in effect, the heart
of the microscope. Most student-model microscopes
are equipped with three objectives with magnifica-
tions of around 2.5, 10, and 40X. They are either
mounted on a rotating nosepiece, or may be
detached and interchanged by releasing a small
catch. )



18 INTRODUCTION TO OPTICAL MINERALOGY

The numerical aperture (NA) of a lens is a
measure of the size of the cone of light that it can
accommodate. It is given by the equation

. AA
NA = nsin - 21
where n is the index of refraction of the medium
between the objective lens and the item being exam-
ined, and A A is the angular aperture (Figure 2.2).

Figure 2.2 Obijective lens construction. The free working
distance (FWD) is the distance between the end of the lens
and the top of the sample. The angular aperture (AA) is
the size of the cone of light that the lens can accept.

The resolution of a lens is a measure of the ability
to reveal fine detail. The limit of resolution (d) is the
smallest distance between two points that can still be
distinguished. A small limit of resolution means the
lens has a high resolving power. The theoretical limit
of resolution is given by the equation

A

4=NA 2.2
where A is the wavelength of the light. We can see
that as the numerical aperture increases, the limit of
resolution does go down and the resolving power of
the lens goes up. High numerical apertures are
practical only with high-magnification lenses. If the
material between the lens and the object being
examined is air, n = 1, and the numerical aperture
can, in principle, be no more than 1. In practice, the
NA will not exceed 0.95, because the angular aperture

- must be somewhat less than 180°. It should be

apparent that the numerical aperture and, therefore,

the resolving power, could be increased substantially
by placing something with a higher index of refraction
between the lens and the object being examined. Oil
immersion lenses are designed so that a drop of
mineral oil can be placed between them and the
microscope slide to increase the numerical aperture.
The oil usually used has an index of 1.515, so the
maximum numerical aperture usually obtainable is
about 1.4. From Equation 2.2, we can see that the
limit of resolution with an oil immersion lens using
light from the middle of the visible spectrum is about
200 nm. The high-power lens on most student-model
microscopes has a numerical aperture around 0.7
and is used without oil, so the theoretical limit of
resolution is about 400 nm. In practice, the limit of
resolution will be substantially worse than the
theoretical limit. :

The free working distance is the distance between
the top of the slide and the bottom of the objective
lens. High-power objectives have a free working dis-
tance of less than a millimeter, while low-power
objectives have a free working distance of several
centimeters. When using the high-power objective it
is necessary to exercise caution, because it is quite
easy to damage either the lens or the microscope
slide by forcing the slide against the lens while focus-
ing. Most high-power objectives are constructed so
that the lower part of the lens can be pushed up into
the body of the lens against spring tension to reduce
the hazard.

An objective lens can be focused precisely at only
one point. However, objects above and below the
point of precise focus also are in reasonably sharp
focus. The distance between the lower and upper
limits of reasonably sharp focus is called the depth of
field. Lenses with low magnification and low numeri-
cal aperture have a relatively large depth of field,
and those with high magnification and high numeri-
cal aperture have a small depth of field.

Most objective lenses (Figure 2.3) are marked
with the magnification, numerical aperture, length
of the microscope tube it is designed for (usually 160
or 170 mm), and the thickness of cover slip that pro-
vides the greatest optical efficiency (usually 0.17
mm). Cover glass thickness is not very important
with lower-power objectives but may be quite
important with high-power objectives. If the objec-
tive is designed as an oil immersion lens it will be
marked “oil” or “oel.” Oil should never be used with
lenses that are not designed for it.



—— Magnification
40P ——Lens type
0.85 —— Numerical aperture
160/0.177 ———— Cover slip thickness
N} Tube length

Figure 2.3 Typical objective lens markings. The P indi-
cates that the lens is constructed of strain-free lens
elements and is intended for use with polarized light.

Upper Polar

The upper polar or analyzer is located above the
objective lens and is mounted on a slide or pivot so
that it can be easily inserted or removed from the
optical path. It usually is constructed of a piece of
optical quality polarizing film, although Nicol prisms
or equivalent are used on many older microscopes.
The vibration direction of the upper polar may be
adjusted on some microscopes, but on others there
is no provision for adjustment. The vibration direction
of the lower and upper polars are conventionally set
so that they are at right angles to each other. When
the upper polar is inserted, the polars are said to be
crossed; with nothing on the microscope stage the
field of view is dark because the plane polarized light
that passes the lower polar is absorbed by the upper
polar. If the upper polar is removed, the polars are
said to be uncrossed or, alternately, the view
through the microscope is with plane light because
the light from the lower polar is plane polarized.

Bertrand Lens

The Bertrand lens (also called the Amici-Bertrand
lens) is a small lens just below the ocular. It is
mounted on a pivot or slide, so that it can be easily
introduced or removed from the optical path. Its
function is to allow the observer to view optical phe-
nomena called interference figures that are seen
near the top surface of the objective lens. Interfer-
ence figures are described in detail later. In some
cases, the Bertrand lens is equipped with an iris
diaphragm or a pinhole to restrict the field of view.
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Ocular

Oculars (eyepieces) are lenses that slide into the
upper end of the microscope tube. They magnify the
image provided from the objective lens and focus
the light so that it can be accepted by the human eye.
The usual magnification of oculars is between 5 and
12X, and many microscopes come equipped with
both lower- and higher-power oculars. The total
magnification of a microscope is the magnification of
the objective lens times the magnification of the ocu-
lar. While a high-power ocular increases the magni-
fication, it does not increase the resolution which is
controlled by the numerical aperture of the objec-
tive. The image coming from the objective can be
magnified as much as desired, but the amount of
detail in the image does not change. The fuzziness
gets magnified along with the image. For praectical
purposes, the maximum useful magnification is
about 1000 times the numerical aperture of the
objective.

Crosshairs or other markings are mounted in the
ocular. The upper part of the ocular lens is mounted
so that it can be screwed in or out to bring the cross-
hair into crisp focus. Detents are provided in the top
of the microscope tube that match a small peg on the
side of the ocular. They allow the crosshairs to be
accurately oriented N-S and E-W or in the 45° pos-
itions. For routine work, oculars usually are
oriented N-S and E-W. On binocular microscopes,
only the right ocular is equipped with the crosshair
or other marking. ’

Some oculars are equipped with a micrometer
scale to allow measurement of the size of grains on
the microscope slide (Figure 2.4). The scale must be
calibrated for each different objective lens by com-
parison with a stage micrometer, which is a micro-
scope slide on which a millimeter scale has been
etched. The calibration is done by focusing on the
stage micrometer and determining how many milli-
meters is represented by each unit on the ocular
micrometer.

Conventional oculars are designed for use without
eyeglasses. If eyeglasses are worn, the field of view
through the microscope will be restricted, because
the eyes are kept too far from the ocular(s). If the
eyeglasses correct just for near- or farsightedness,
the microscope may be used without the eyeglasses
and the focus is adjusted to compensate. If the eye-
glasses correct for significant amounts of astigma-
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tism, they should be used to prevent eyestrain.
Many newer microscopes are equipped with high
eye-point oculars. They are intended for use with
eyeglasses and usually have rubber eye cups that can
be flipped up for use without eyeglasses.

. 0.2 .
menl L o]

Figure 2.4 Calibration of an ocular micrometer scale. The
50 divisions of the ocular micrometer scale (bottom scale)
subtend 0.31 mm. Each ocular micrometer division there-
fore equals 0.0062 mm. A different calibration must be
made for each objective lens.

Focusing Mechanism

Focusing is accomplished by raising or lowering the
stage, or by raising or lowering the microscope tube,
by means of a screw or gear mechanism. Both coarse
and fine focusing usually are provided for. The
coarse focusing allows for rapid changes in the dis-
tance between objective lens and stage, and the fine
focus allows for very precise adjustment. The mech-
anism may use two knobs, one for coarse and one
for fine focus, or may use a single knob that incor-
porates both functions.

Accessories

A slot is provided immediately above the objective
lenses for insertion of accessory or compensator
plates. The usual accessory plates are the gypsum
plate, mica plate, and quartz wedge. Each consists of
a metal or plastic frame with the optical element
mounted in a hole or slot in the center. Their functlon
is described in later sections.

The gypsum plate also is known as a one-wave-
length or first-order red plate. The optical element is

usually a piece of quartz or gypsum, ground to a pre-
cise thickness and mounted between two pieces of
glass. Depending on the manufacturer, it may be
marked Gips, Gyps, rot I, Quartz sensitive tint, 1A,
A =550 nm, or A = 537 nm.

The mica plate (quarter-wavelength plate) con-
sists of a piece of muscovite or quartz that is
mounted between two pieces of glass, just like the
gypsum plate. Depending on the manufacturer, it
may be marked Mica, Glimmer, A, or A = 147 nm.

The quartz wedge in its simplest form is a piece of
quartz ground into a wedge shape and cemented
between two pieces of glass. It is mounted in a frame
so that the thick end of the wedge is located nearest
the handle.

Additional Equipment

A mechanical stage (Figure 2.5) is mounted on the
stage of the microscope and grasps a slide so that
the slide can be moved in a systematic way. It is
most commonly employed when it is desired to
determine the abundance of the different minerals in
a rock thin section.

A spindle stage (Figure 2.6) consists of a fine wire
spindle on which a single mineral gain is cemented
(Appendix A). The spindle is mounted on a base
plate so that it privots around a horizontal axis while
holding a grain immersed in oil between a glass
window and a cover slip. Selected procedures for
using the spindle stage are described in the following
chapters. For more information on the spindle stage,
consult Bloss (1981).

A universal stage (Figure 2.7) is an apparatus that
allows a thin section (Appendix A) to be rotated
about several axes so that selected mineral grains
can be precisely oriented in the optical path.
Procedures for using the universal stage are beyond
the scope of this book. Interested readers are referred
to Hallimond (1972) or Wahlstrom (1979).

General Care of the Microscope

Microscopes must be kept as clean and dust free as
possible. They should be picked up by the base and
arm only, never by the microscope tube, stage, or
substage, and the lenses should not be touched.
Great care should be taken when cleaning the
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Figure 2.6 Spindle stage. A mineral grain is mounted on the
spindle which can be rotated about a horizontal axis while
in immersion oil.

lenses, because optical glass generally is softer than
common glass and scratches easily. Dust should be
removed only with compressed air and a camel hair
brush. Oil, fingerprints, and related soil should be
removed with lens tissue or other clean soft cloth
intended for cleaning optical equipment. Be sure
that all dust and grit is removed before cleaning with
the lens tissue to avoid rubbing the dirt around on
the lens. If a little liquid is needed, just breathe on
the lens or dampen the lens tissue with distilled
water. Solvents such as acetone or alcohol should
not be used unless approved by the manufacturer
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Figure 2.5 Mechanical stage. A
mechanical stage is mounted on
the microscope stage (cf. Figure 2.1)
and securely holds a microscope
slide. The small knobs are turned
to move the slide. Detentes are
provided on the knobs to allow
the slide to be moved in uniform
increments and the size of the
increments can be selected by
using different knobs. Photograph
courtesy of Wild Leitz USA, Inc.

because they may dissolve the cement holding the
lenses together.

Lenses and other parts of the microscope should
be disassembled only by a qualified technician.

Adjustment of the Microscope

Focusing

The microscope is focused by turning the focusing
knobs mounted on the microscope base. Usually, if
the microscope is focused with one of the lenses, it
will remain approximately focused when another
lens is inserted. If the sample is not visible with the
high-power objective, the following procedure will
allow the sample to be brought into focus without
risking damage from inadvertently raising the stage
and sample up against the objective lens.

1. While looking at the objective lens and sample from
the side, raise the stage so that the sample almost
touches the high-power objective lens. Avoid getting
index of refraction oil on the lens if it is being used.

2. While looking through the microscope, lower the
stage to bring the sample into focus. If focus cannot
be achieved, the thin section is probably upside down.

On binocular microscopes, the spacing between
the oculars may be adjusted to match the distance
between the observer’s eyes. Also, one of the ocu-
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Figure 2.7 Universal stage. A thin section, mounted between glass hemispheres which are attached to the center of the universal
stage, can be rotated to orient a sample so that selected optical, crystallographic, or textural features can be examined.
Photograph courtesy of Nikon Inc., Instrument Division, Garden City, New York.

lars may be independently focused while the other is
fixed. The ocular with the crosshair usually is the
fixed ocular. To bring both oculars into focus, the
microscope is first focused for the fixed ocular and
then the focus of the adjustable ocular is manipu-
lated to match.

Adjusting the Oculars

The crosshair or other marking in the ocular is
brought into focus by turning the upper part of the
lens in or out of the tube. This adjustment is best
made with the microscope image well out of focus or
with nothing on the stage. This allows the focusing

to be done with the eye in a relaxed condition and
will avoid eyestrain.

Adjusting the Illuminator

Ideally, the intensity of illumination should be
adjusted by inserting or removing neutral gray filters
to preserve the same color balance at all intensities.
However, it usually is more convenient to adjust the
intensity of light with a rheostat control. The color
balance of the light changes as a consequence, but
this poses no problem for most work. The intensity
of the light should be adjusted so that the field of
view is well illuminated but not uncomfortably



bright. On some microscopes, the position of the
light bulb can be adjusted to provide uniform illumi-
nation. If a field diaphragm is provided, it is
adjusted per the manufacturer’s instructions to pro-
vide illumination to an area on the sample just
slightly larger than the field of view.

Centering the Objectives

The objective lenses must be centered so that they
coincide with the axis or rotation of the stage. When
the objectives are centered, the crosshairs are cen-
tered on the point about which the image rotates as
the stage is turned. The adjustment is accomplished
in most cases by moving the lenses from side to side
with two small machine screws located either in the
lens collar or adjacent to the lens mounting hole in
the rotating nosepiece. Some lenses are centered by
rotating rings built into the lens body. The pro-
cedure is as follows (Figure 2.8).

1. Focus on a thin section and rotate the stage. Find the
center of rotation, which is the stationary point about
which the image rotates. Move the slide (if needed) to
get a distinctive feature at the center of rotation.

2. Adjust the centering screws to move the crosshairs to
the center of rotation (like aiming a rifle at a target).

It will generally be necessary to recenter the lenses
periodically.

Figure 2.8 Centering the objectives. The centering mech-
anism is adjusted to move the cross hairs to the center of
rotation (CR) seen when the stage is rotated.
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On some microscopes, the location of the lenses
cannot be adjusted, and the stage is moved to pro-
vide the necessary alignment. With this system, it is
generally possible to have correct alignment for only
one lens. The high-power objective lens should be
accurately aligned and some misalignment tolerated
in the other lenses. The procedure is the same as
described in Figure 2.8 except that the stage, rather
than the lens, is moved to produce alignment.

Adjusting the Substage

In many microscopes, the substage can be adjusted
so that its axis coincides with the axis of rotation of
the stage. This adjustment can be made only after
the objectives have been centered. The procedure is
to insert the auxiliary condensor and stop the aper-
ture diaphragm down until it is almost closed. With
the low-power objective, only a small spot of light
will be seen somewhere near the center of the field
of view. Move the substage with its adjusting screws
until the spot of light is centered on the crosshairs.

For normal viewing through the microscope, the
best quality image generally is produced when the
aperture diaphragm is adjusted so that the field illu-
minated by the substage condensor is just slightly
larger than the field of view seen through the ocular.
This is most easily done by closing the diaphragm
until the image just starts to dim. For optimum per-
formance, the diaphragm should be readjusted for
each change of objective lenses.

If the substage can be raised and lowered, it
should be raised all the way to its upper stop so the
auxiliary condensor just clears a slide placed on the
stage. If the mechanism is loose or worn, the sub-
stage may creep downward because of vibration and
gravity and may therefore require periodic atten-
tion.

Alignment of Polars

Depending on the manufacturer, the lower polar
may pass light which vibrates either east-west or
north-south. (The convention will be to refer to the
field of view in terms of compass directions. North is
at the top, south at the bottom, and east and west to
the right and left, respectively.) The simplest way to
check this alignment is with a thin section containing
biotite (Figure 2.9). Biotite strongly absorbs light
that vibrates parallel to its cleavage. In plane light
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Figure 2.9 Checking alignment of the lower polar. As
shown in the figure, if the lower polar passes light vibrating
east—west, a grain of biotite will be darkest in plane light
(upper polar removed) if the cleavage is aligned east-west
and lightest when north—south. If the biotite is darkest on
the north—south, then the lower polar passes light vibrating
north—south.

(upper polar removed), biotite should be darkest
when the cleavage is oriented parallel to the vibra-
tion direction of the lower polar and lightest when
the cleavage is at right angles. Tourmaline also may
be used, but it is lightest when the long dimension is
parallel to the vibration direction of the lower polar.
On most microscopes, the lower polar will be cor-
rectly oriented when the index mark on the polar
mounting ring is placed at zero.

The upper polar may not be adjustable on stu-
dent-model microscopes and is set so that its vibra-
tion direction is at right angles to the lower polar.
When the upper polar is inserted into the optical
path, the polars are crossed and the field of view
should be black if nothing is on the microscope
stage. If the field of view is dark, but not entirely
black, then the polars are not oriented at exactly 90°
from each other. Unless the upper polar has been
broken loose or rotated in its mount, the problem
generally is that-the lower polar has been misad-
justed. Check to ensure that the ocular is properly
installed and the crosshairs are N-S, E-W. Also
check to see that the substage assembly is properly
installed. If readjusting the lower polar does not
produce an entirely dark field of view with crossed
polars, then a qualified technician should be con-
sulted.

It is essential that the microscopist know the
vibration directions of the lower and upper polar on
his or her instrument because measurement of a
number of optical properties depends on that knowl-
edge. The major microscope manufacturers have
adopted the convention of orienting the lower polar
east-west and that convention is followed here.
However, many older microscopes have the lower
polar oriented north-south. The reader using a
microscope whose lower polar is north-south may
either adapt by bearing in mind the convention used
on his or her microscope, or have a technician re-
orient the polars.

General Considerations

Extended periods of looking through the microscope
may lead to eyestrain or headaches for some individ-
uals. This problem can be minimized by carefully
adjusting the microscope, focusing accurately, and
taking a few simple precautions. The seating should
provide a comfortable head position. Avoid looking
down the microscope for long, unbroken periods of
time. If a monocular microscope is used, keep both
eyes open, and alternate looking down the micro-
scope with the left and right eyes. The illumination
reaching both eyes should be the same. It is some-
times useful to cut a hole in a piece of neutral-colored
tagboard or paper and slide it over the monocular
microscope tube. This will block the view and pro-
vide some illumination for the eye not looking down
the microscope.

SUGGESTIONS FOR ADDITIONAL READING

Bloss, F. D., 1981, The spindle stage: principles and practice:
Cambridge University Press, New York, 340 p.

Bradbury, S., 1984, An introduction to the optical micro-
scope: Oxford University Press, Oxford, 85 p.

Hallimond, A. F., 1972, The polarizing microscope: Vickers
Ltd., Vickers Instruments, York, England, 302 p.

Wahistrom, E. E., 1979, Optical crystallography, 5th Edition:
John Wiley and Sons, New York, 488 p.



3

Refractometry.

While there are a variety of ways available to
measure the refractive indices of minerals, by far the
simplest and most convenient is the immersion
method. With this method, the index of refraction of
the mineral is compared to the known index of an
immersion oil (Figure 3.1). If the indices of oil and
mineral are not the same, the light passing from the
oil into, the mineral is refracted and the mineral
grains appear to stand out. If the indices of oil and
mineral are the same, the light passes through the
oil-mineral boundary unrefracted and the mineral
grains do not appear to stand out. If the oil and
mineral are both colorless, the mineral grains may
be almost indistinguishable from the oil. This can
easily be demonstrated by placing a piece of com-
mon glass in water (n = 1.33) and in carbon tetra-
chloride (n = 1.52). Because the index of common
glass is about 1.52, it stands out in water but is nearly
invisible in carbon tetrachloride. By comparing the
index of an unknown mineral with the known index
of a variety of oils, it is possible to determine the
index of the mineral. In practice, grain mounts of
the unknown mineral are prepared as described in
Appendix A, and examined with plane light (upper
polar removed). The indices of the mineral and oil
are compared. If they do not match, additional
mounts are made until a match is obtained.

Relief

The degree to which mineral grains stand out from
the mounting medium is called relief (Figure 3.2). If
the mineral stands out strongly, the relief is high,
and the mineral and oil indices differ by roughly 0.12
or more. If the mineral grains do not appear to stand
out from the mounting medium, the relief is low,
and the indices of refraction are within roughly 0.04
of each other. Moderate relief is intermediate and

indicates that the indices of oil and mineral differ by
roughly 0.04 to 0.12. Because perception of relief is
subjective to some degree, and varies depending on
the adjustment of the microscope, these ranges
should be used only as approximate guides.

If the index of the mineral is higher than the oil,
the mineral has positive relief. If the index of the
mineral is lower than the oil, the mineral has negative
relief. Because positive and negative relief look alike,
a method is required to determine whether the index
of refraction of the oil is higher or lower than the

M6ilI""min

Figure 3.1 If the indices of mineral and oil are different,
light is refracted at the mineral-oil boundary and the
mineral grain stands out. If the indices of mineral and oil
are the same, the light passes unrefracted and the mineral
grain does not stand out.

25
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index of refraction of the mineral. There are two
convenient methods: the Becke line method and the
oblique illumination method.

Figure 3.2 Relief. (Top) High relief. (Middle) Moderate
relief. (Bottom) Low relief.

Becke Line Method

When the mineral grains in a grain mount are
slightly out of focus, a band or rim of light called the
Becke line should be visible along the grain boun-
daries in plane light (Figure 3.3). The rim of light
may be either on the inside or the outside of the
grain boundaries depending on exactly how the
microscope is focused. The Becke line is usually
most distinct if the aperture diaphragm is stopped
down somewhat and the intermediate power objec-
tive (e.g., 10X) is used. If the focus is raised so that
the distance between the sample and objective lens is
increased, the Becke line appears to move into the
material with the higher index of refraction. The
production of the Becke line involves the lens effect
and the internal reflection effect.

The lens effect depends on the observation that
most mineral fragments are thinner on the edges
than in the middle, so they act as crude lenses
(Figure 3.4). If the mineral has a higher index of
refraction than the oil, the grains act as converging
lenses and the light is concentrated toward the
center of the grain. If the grains have a lower index
than the oil, the grains act as diverging lenses and
the light is concentrated in the oil.

The internal reflection effect depends on the
requirement that the edges of the grains must be ver-
tical at some point. Moderately converging light
from the condensor impinging on the vertical grain
boundary is either refracted or internally reflected,
depending on the angles of incidence and the indices
of refraction. As can be seen in Figure 3.5, the result
of the refraction and internal reflection is to concen-
trate light into a thin band in the material with the
higher index of refraction.

Both the internal reflection effect and the lens
effect tend to concentrate light into the material with
the higher index of refraction in the area above the
mineral grain. It is convenient to consider the Becke
line to be a cone of light propagating up from the
edges of the mineral (Figure 3.6). If #incrat > o
the cone converges above the mineral, and if 7,,jnera
< ng, the cone diverges. If the microscope is crisply
focused on the grain then the Becke line is coinci-
dent with the edge of the grain or it may disappear.
If the stage is lowered so that light near the top or
above the grain is brought into focus, the Becke line
appears in the mineral if 750001 > Hoi, OT in the oil if
Amineral < Moy Hence, as the stage is lowered, the



Figure 3.3 The Becke line. ( Top left) Microscope focused on
grains of fluorite. (Bottom left) Microscope stage lowered.
The Becke line (B) has moved into the mineral grains
indicating that the fluorite has a higher index of refraction
than the immersion oil. ( Top right) Microscope focused on
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grains of fluorite. (Bottom right) Microscope stage lowered.
The Becke line (B) has moved into the immersion oil
indicating that the immersion oil has a higher index of
refraction than the fluorite. Field of view of all photographs
is 0.5 mm wide.
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Nmin < Noil

(b)

Figure 3.4 Formation of the Becke line by the lens effect.
(a) The mineral has a higher index, so it acts as a crude
converging lens concentrating the light above the mineral.
The normals to the boundaries are shown for one ray to

“illustrate refraction towards the normal on entering the
mineral and away from the normal when exiting, as pre-
dicted by Snell’s law. (b) The mineral has a lower index,
so it acts as a crude diverging lens and concentrates light
around the margins of the grain. The light is refracted
away from the normal on entering the mineral and towards
the normal on exiting.

Becke line moves toward the material with the higher
index of refraction. The reverse is true if the stage is
raised.

The careful observer may notice that the Becke
line often is paired with a dark band or shadow that
moves in the opposite direction as the stage is raised
or lowered. The dark band exists because the light
that might otherwise be present there is reflected or
refracted to form the Becke line.

Dispersion Effects

The dispersion of immersion oil is greater than the
dispersion of most minerals, so it is possible to
produce a match for the indices at only one
wavelength (Figure 3.7). Ideally, the object should

Nmin < Noil

(b)

1 2 3 4

Figure 3.5 Formation of the Becke line by internal reflec-
tion. (a) The mineral has a higher index than the oil.
Rays 1 and 4 are refracted into the minerals. Rays 2 and 3
are internally reflected because they strike the boundary at
greater than the critical angle. The Becke line (B) is
formed by the concentration of light inside the mineral
boundary. (b) The mineral has a lower index than the
oil. Rays 2 and 3 are refracted out of the mineral grain.
Rays 1 and 4 are internally reflected because they strike
the boundary at greater than the critical angle. The Becke
line (B) is formed by the concentration of light outside the
mineral boundary.

be to produce a match at the wavelength of the yellow
sodium vapor lamp (589 nm) (Figure 3.7a), because
that is the wavelength for which indices of refraction

- are usually reported.

If the dispersion curves intersect in the visible
spectrum, the oil will have higher indices of refraction
for wavelengths shorter than the match, and the
mineral will have higher indices of refraction for the
longer wavelengths. This results in the formation of
two Becke lines. One is composed of the shorter
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Figure 3.6 Movement of the Becke line as the stage is low-
ered. The Becke line can be considered to be formed of a
cone of light that extends upwards from the edge of the
mineral grain. (@) A mineral grain is immersed in oil
where ny; > npi,. The cone of light diverges above the
mineral grain. If the stage is lowered so the plane of focus
changes from F; to F,, the Becke line will appear to move
out of the grain and into the oil. (b) If nyy < Apin, the
cone of light forming the Becke line converges above the
mineral. If the stage is lowered so the plane of focus
changes from F; to F,, the Becke line appears to move into
the mineral grain.

wavelengths and it moves into the oil as the stage is
lowered. The other is composed of the longer
wavelengths and it moves into the mineral grain
as the stage is lowered. The color of the lines
depends on the wavelength at which the dispersion
curves cross. The relationships described below are
summarized in Table 3.1.

If the match is at 589 nm so that npiy = Rpmin)
(Figure 3.7a), then the mineral has the higher index
of refraction for wavelengths longer than 589 nm.
The light with these longer wavelengths, which will
be perceived as yellowish orange, will form a Becke
line that moves into the mineral as the stage is
lowered. For wavelengths shorter than 589 nm, the
oil has the higher index of refraction, and this light
will form a bluish white Becke line that moves into
the oil as the stage is lowered.
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Figure 3.7 Formation of colored Becke lines. (a) In-
dices of mineral and oil matched for light whose wave-
length is 589 nm. The longer wavelengths form a
yellowish orange Becke line that moves into the mineral as
the stage is lowered. The shorter wavelengths form a
bluish line which moves into the oil. (b) Indices of
mineral and oil matched at the red end of the spectrum.
The mineral has higher indices only for red light, so a red
line moves into the mineral, while a bluish-white line
moves into the oil as the stage is lowered. (c) Indices of
mineral and oil matched near the violet end of the spectrum.
The oil has higher indices only for blue and violet light, so
a blue-violet line moves into the oil and a yellowish white
line moves into the mineral as the stage is lowered.
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Table 3.1. Becke line relationships seen when the microscope stage is lowered

Condition Observation

Intepretation®

n,; higher for all wavelengths White line into oil
Ny = Amin for orange/red light
Roil = Rmin for yellow light

oil
Roil = Npmin for blue light
N,y lower for all wavelengths

Red line into mineral, bluish white line into oil
Yellowish orange line into mineral, pale blue line into

Blue-violet line into oil, yellowish white line into mineral
White line into mineral

R p(oily 2 N p(min)
M poit) = N D(min)
N p(oil) = MD(min)

Np(oil) < BD(min)
p(oity € M p(min)

2 npis the index for yellow light (589 nm).

If the match is near the red (long wavelength) end
of the spectrum, so that npy > fpmin (Figure 3.7b),
then only red light whose wavelength is longer than
the match can form a Becke line that moves into the
mineral as the stage is lowered. The remaining
portion of the spectrum, which will be perceived as
bluish white, will form a Becke line that moves into
the oil as the stage is lowered. The bluish white line
will be significantly brighter than the red line.

If the match is near the violet (short wavelength)
end of the spectrum, so that npyy < npgmia (Figure
3.7¢), then the oil has the higher index of refraction
only for violet and some blue light, and the bluish
violet Becke line formed of that light will move into
the oil as the stage is lowered. The mineral has the
higher index of refraction for longer wavelengths,
which will be perceived as yellowish white, so a
yellowish white Becke line will move into the mineral
as the stage is lowered. The yellowish white line will
be significantly brighter than the blue line.

If the dispersion curves for mineral and immersion
oil do not intersect in the visible spectrum, all of the
different visible wavelengths are refracted/reflected
the same at the mineral-oil boundary and form a
single white Becke line.

If a sodium vapor lamp or other monochromatic
light source is used, then only one Becke line can be
produced and it is composed of whatever wave-
length of light is used. If the indices of the mineral
and oil are matched for this particular wavelength,
then no Becke line is produced. If the indices of the
mineral and oil are not matched for this wavelength,
then a Becke line is produced and it moves into the
material with the higher index as the stage is low-
ered.

Oblique Illumination Method

The oblique illumination method of comparing the
indices of a mineral and immersion liquid involves
examining the ‘“‘shadows” cast by the grains when
part of the light coming up through the microscope is
blocked. The light can be conveniently blocked by
inserting a piece of cardboard (fingers also work)
between the illuminator and substage so that it
blocks about half of the light, or by partially insert-
ing one of the accessory plates into the accessory
slot. As the cardboard or accessory plate is inserted,
half of the field of view is darkened and the grains
become light on one side and darker on the other
(Figure 3.8). Commonly, if the grains are dark on
the side facing the darkened part of the field of view,
the index of the grains is lower than the index of the
oil. If the grains are light on the side facing the dar-
kened part of the field, then the index of the grains is
higher than the index of the oil. Note that this rela-
tionship may be reversed on some microscopes
depending on design and where the stop is inserted.
The petrographer should determine what the rela-
tionship is on his or her particular microscope using
a grain mount where the relative indices of grains
and oil are known.

The principles involved in producing shadows in
the oblique illumination method are similar to those
involved in producing the Becke line except that
only light coming from one side of the field of view
reaches the eye (Figure 3.9). Much of the light
reflected or refracted on one side of the grains is def-
lected far enough that it misses the objective lens.
Therefore, that side of the grain is dark. If the dis-
persion curves of grain and oil cross somewhere in



Figure 3.8 Oblique illumination. Part of the incident light
is blocked, so half of the field of view is darkened. (Top)
Apin > Ho- Mineral grains are bright on the side facing
the darkened portion of the field of view. (Bottom) n;,
< nq;. Mineral grains are dark on the side facing the dar-
kened portion of the field of view. These relationships may
be reversed, depending on where the light is stopped and
on the construction of the microscope.
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the visible spectrum, two sets of shadows will be
formed: one side of the grain will be illuminated by
light of wavelengths greater than the match, and the
other side will be illuminated by light of wavelengths
less than the match.

Practical Considerations

Determining the index of refraction of an unknown
mineral with grain mounts can be a tedious and frus-
trating task unless it is approached systematically.
The method recommended here for routine work
involves successively bracketing the index of the
unknown mineral until a match can be obtained.
With practice, a match can usually be obtained with
the preparation of as few as four or five grain mounts
as detailed in the following steps.

1. Prepare the first grain mount (see Appendix A) using
an immersion oil whose index of refraction is in the
middle of the available range. Examine the grains with
the microscope to determine the relief and whether the
mineral has a higher or lower index than the oil. Either
the Becke line or oblique illumination method can be
employed. If relief is very high, the oblique illumination
method may give better results. If the index of the
mineral is higher than the soil, then all indices less than
the oil can be eliminated from consideration. If the
index of the mineral is lower than the oil, then all the
higher indices can be eliminated.

2. Prepare the second grain mount using an index oil
somewhere in the middle of the remaining range of
possible indices. Examine for relief and whether the
mineral index is higher or lower than the oil. If
the relief in the first mount was moderate or low, the
second oil can be a little closer to the first, and if the
relief in the first oil was very high, the second oil can
be a little further away. The object is to bracket the
index of the mineral.

3. Prepare a third grain mount using an index oil some-
where in the middle of the now much-reduced range
of possible indices. Use the relief seen in the first and
second mounts as a guide in selecting the oil. If the
index of the mineral did not fall between the first and
second oil and the mineral showed very high relief in
the second oil, it may be advisable to use the oil at the
extreme end of the available range (i.e., either the
lowest or highest) to determine whether the mineral
actually falls within the range of available oils.

4. Make a fourth grain mount, again selecting an oil to
split the range of possible indices. With luck, the first
three steps will have provided a bracket narrow
enough to allow making a close match with the fourth
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Figure 3.9 Production of shadows
with oblique illumination. The
location of the dark shadows are
ruled. (a) Internal reflection
effect for n.;, > n,;. A shadow is
produced on the right side of the
grain since ray 1 is refracted so it
does not reach the objective lens.
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The left side is bright because ray 2
is internally reflected. (b) Internal
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nmin<ney Shadow is on the left side of the grain
because ray 2 is refracted away from
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for ny,;, > n,;. The shadow is on the
right side because rays 1 and 2 are
refracted away from the objective
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oil. If in doubt, select the fourth oil to further narrow
the bracket, rather than to produce an exact match.
5. Repeat until a match is obtained.

If the index of refraction is being determined to
confirm a tentative identification, then the first
mount should be made using the oil having the index
of the tentatively identified mineral.

If the unknown mineral is anisotropic, a number
of additional considerations are involved. There are
two or three indices of refraction to be determined
and the index of refraction displayed by any particu-

The shadow is on the left

side because rays 1 and 2 are
refracted away from the objective
lens.

lar grain on the slide depends on its orientation.
These complexities are dealt with in later chapters.

‘The practice of bracketing the indices of refraction

still applies, however.

Accuracy of the Immersion Method

The accuracy of the immersion method depends on
the accuracy to which the oils are calibrated, quality
of the microscope optics, and whether white or



monochromatic light is used. For routine work with
white light, accuracy of about =0.003 is possible. If a
sodium vapor lamp is used to provide monochroma-
tic yellow light, the accuracy can be improved to
about *£0.001. Improved accuracy can be obtained
by carefully controlling all the various factors
involved but it is not necessary for most mineral
identification purposes. The variation between dif-
ferent samples of the same mineral is often greater
than the errors involved in routine measurements.

Commercially available immersion oils can be
obtained in increments of 0.002, 0.004, or 0.005.
Intermediate indices can be obtained by mixing two
of the oils in various proportions. A simple and
moderately accurate method is to place equal-sized
drops of the different oils on a slide or watch glass
and then mix. More precise methods of measuring
the amounts of the two liquids to be mixed also can
be employed. If great accuracy is required, the index
of the mixed oil should be measured with a refract-
ometer, which is an instrument used to measure
refractive indices.

An important source of inaccuracy is contamina-
tion of the index oils. The usual culprits are inter-
changing droppers or bottle lids, or touching a
dropper to a dirty slide. The index of refraction of
an oil also may be altered if the container is left open
so that some of the constituents of the oil are allowed
to evaporate.

The indices of the oils also vary as a function of
the temperature. Most are calibrated for 20°C,
which is normal room temperature. If the tempera-
ture varies from that, a correction factor should be
applied. The temperature correction (dn/dT) and
temperature (7,) at which the oil was calibrated will
be printed on the bottle for commercially prepared
oils. The equation that gives the index of the oil for
temperatures other than 7, is

dn

np(T)=np + (T T,)(dT) 3.1

where n,, is the index at T, and T is the temperature

of the oil. The index of refraction decreases with

increasing temperature. The correction factor is

usually around —0.0004/°C, so a few degrees

variation from 20°C is not significant for routine
work.

If a heating stage is available, the temperature

variation of the oil can be used to advantage. A
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sample is prepared so that np, at 20°C is higher
than that of the mineral. The sample is then heated
until the index of refraction of the oil is reduced to
match that of the mineral. The index of refraction of
the mineral, which varies little as a function of
temperature, can be calculated from Equation 3.1 if
the temperature at which the match is obtained and
temperature correction factor are known. This
method is particularly appropriate in situations
where monochromatic light is used and a high degree
of accuracy is desired.

Determining Indices in Thin Section

It is generally not possible to determine indices of
refraction of minerals accurately in thin section, but
it is possible to make estimates or to establish limits.
The index of an unknown mineral can be compared
to the index of the cement (balsam, epoxy, etc.) or
to other known minerals in the thin section. The
index of balsam is 1.537. The index of epoxy
depends on manufacturer but is usually about 1.540.
The relief gives an indication of how close the index
of the mineral is to the cement. Becke lines form at
mineral-cement and mineral-mineral boundaries
and can be interpreted as described above.
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Optics of Isotropic Materials

In isotropic materials, the velocity of light is the
same in all directions. Materials that are optically
isotropic include gases, liquids, glasses, and minerals
in the isometric system. In each of these materials,
the chemical bonding is the same in all directions (at
least on the average), so the light passing through
them sees the same electronic environment regard-
less of direction. However, if the solids are strained
by bending them or by unevenly squeezing them,
some chemical bonds will be stretched and others
compressed and the normally isotropic materials will
become anisotropic. The so-called liquid crystals
used in- the displays of calculators and other electro-
nic equipment are anisotropic because they contain
strongly aligned asymmetric molecules that produce
an anisotropic structure. :

Isotropic Indicatrix

A geometric figure that shows the index of refraction
and vibration direction for light passing in any direc-
tion through a material is called an indicatrix (Figure
4.1). An indicatrix is constructed so that indices of
refraction are plotted on lines from the origin that
are parallel to the vibration directions of the light.
Consider ray a traveling along the X axis in Figure
4.1 and vibrating parallel to the Z axis. The index of
refraction for this ray is n, and is plotted on both
ends of the Z axis. For ray b which vibrates parallel
to the X axis, the index of refraction n, is plotted on
the X axis. Because the material is isotropic, s, must
equal n,, so the shape outlined in the X-Z plane is a
circle. The light traveling any other direction
through the material has the same index, so in three
dimensions the indicatrix is a sphére.

To find the index of refraction for a light wave tra-
veling in any particular direction, the wave normal is
constructed through the center of the indicatrix
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(Figure 4.2), and a slice is taken through the indica-
trix perpendicular to the wave normal. The index of
refraction of this light is the radius of the slice that is
parallel to the vibration direction of the light.

It should be obvious that the indicatrix is not
needed to tell that the index of refraction is the same
in all directions through an isotropic material. The
indicatrix is introduced here to prepare the reader
for its application with anisotropic materials.

Distinguishing Between Isotropic and
Anisotropic Minerals /

Isotropic and anisotropic minerals can be quickly
distinguished by crossing the polars. All isotropic
minerals are dark between crossed polars. Anisotro-
pic minerals are generally light unless they are in

Figure 4.1 Isotropic indicatrix. The indicatrix is con-
structed by plotting indices of refraction parallel to the
vibration direction of the light. Ray a vibrates parallel to
the Z axis, so its index of refraction (n,) is plotted along
the Z axis. Ray b vibrates parallel to X, so #n, is plotted
along the X axis. Since the indices of refraction for all
vibration.directions are the same, the isotropic indicatrix is
a sphere whose radius is the index of refraction.
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Figure 4.2 Use of the indicatrix (here shown in two dimen-
sions). The wave normal direction is plotted and a section
through the indicatrix is constructed perpendicular to the
wave normal. The radius of the section (n) is in the index
of refraction and the vibration direction is parallel to the
radius. The section is parallel to the wave front.

certain orientations. Isotropic minerals are dark
because they do not affect the polarization direction
of the light coming up from the lower polar. The
light that passes through the mineral on the stage of
the microscope is absorbed by the upper polar.
Occasionally, isotropic minerals may show bits of
light along edges or cracks because the polarization
of the light is modified somewhat by reflection (see
Chapter 1).

Anisotropic minerals do affect the polarization of
light that passes through them, so some light is
generally able to pass through the upper polar.
Because of a number of considerations that are dis-
cussed in following chapters, anisotropic minerals
appear dark or extinct every 90° of rotation of the
microscope stage. Anisotropic mineral grains that
happen to be extinct become bright if the micro-
scope stage is rotated a little. Also, if anisotropic
mineral grains are placed in one or two specific
orientations on the stage, they may behave as
though they are isotropic. While a few grains of an
anisotropic mineral may remain dark between
crossed polars as the stage is rotated, most will not
because it is highly unlikely that all will be so fortui-
tously oriented. If there are just a few grains, or
doubt exists as to whether the mineral is isotropic,
an interference figure, described in Chapters 6 and
7, can be obtained on a suspect grain. If the grain is
actually anisotropic, but remains dark between
crossed polars when the stage is rotated, an interfer-
ence figure called an optic axis figure will be pro-
duced. In addition, some minerals may be just
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slightly anisotropic and appear nearly black between
crossed polars. Weak anisotropism can be detected
by inserting the gypsum plate. If the suspect grain
displays an interference color different than the nor-
mal magenta color of the gypsum plate, it is aniso-
tropic. The development of interference colors and
the function of the gypsum plate are discussed in
Chapter 5.

Identification of Isotropic Minerals in Grain Mount

Determining the index of refraction is the primary
means of identifying isotropic minerals in grain
mount. Samples are prepared and the index of
refraction determined as described in Chapter 3.
Once the index is known, Appendix C and the
mineral descriptions can be consulted to determine
the identity. Unfortunately, the index of many
minerals varies depending on chemical composition
and different minerals may have the same index.
Hence, other information is often required to con-
firm an identification.

If samples of the unknown mineral are large
enough, it is important to determine the physical
properties (color, luster, streak, hardness, cleavage
or fracture, etc.) if possible. These properties are
often overlooked in the rush to get a sample on the
microscope. While none are diagnostic by them-
selves, they can help confirm a tentative identifi-
cation.

Color is often useful in identifying a mineral but
should be used with a certain amount of care. With
some minerals, the color of different samples may be
different because of chemical variation, the presence
of minute inclusions, or incipient alteration. The
color of isotropic minerals remains the same on
rotation of the stage.

While it is generally not possible to measure the
angles between cleavages accurately, it is easy to
determine if the mineral has cleavage and, with care-
ful observation, to ascertain which type of isometric
cleavage is present (Figure 4.3). The cleavages com-
monly found in the isometric crystal system include
cubic {001} (three at right angles), octahedral {111}
(four cleavages that outline an octahedron), and
dodecahedral {110} (six cleavages that outline a
dodecahedron). If the mineral lacks cleavage, then
the nrature of the fracture should be noted. Isometric
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(b)

Figure 4.3 Cleavages in isometric minerals as seen in grain
mount. (a) Cubic {001} cleavage. (b) Octahedral {111}
cleavage. (c) Dodecahedral {110} cleavage.

minerals do not systematically fracture into elongate
or splintery fragments.

Mineral characteristics described as structures
include the presence of inclusions, color banding or
variation, and the nature of the intergrowth with
other minerals, Because grain mounts are made of
crushed samples, textures or structures are usually
not recognizable.

Mineral association is often a valuable aid in
mineral identification. Even an introductory geology
student soon finds that certain minerals are com-
monly associated, whereas others are rarely or never
found together. Hence, educated guesses can often
be made concerning the identity of an unknown
mineral based on the identity of associated minerals.
A granite, for example, will contain quartz, K-feld-
spar, and plagioclase but will rarely contain olivine.
However, a certain amount of caution is called for.
Undue reliance on association as a guide in mineral
identification will blind the observer to unusual or
new associations or may prevent recognition of a
new mineral.

An estimate of hardness can sometimes be made
by rubbing the grains between two glass slides and
seeing whether the slides are scratched. Other
materials.also can be used.

Identification of Isotropic Minerals in Thin Section

It is not possible to determine refractive indices in
thin sections accurately, but estimates can some-
times be made, as described in Chapter 3. Lacking a
value for refractive index, other properties of the
mineral must be used. In addition to the characteris-
tics of the mineral described in the preceding sec-
tion, it also is possible to get some idea of the crystal
shape from the thin section. The shape seen in thin
section is the shape of a random slice through the
crystal. Allowance must be made for the fact that
different slices may produce quite different shapes.
Sections through cubic crystals commonly show as
three- or four-sided shapes. Sections through octa-
hedrons usually show as four- or six-sided shapes,
and sections through dodecahedrons usually show as
six- or eight-sided shapes. Cleavage in thin section
usually shows as straiglit lines or cracks in the grains.



S

Optics of Anisotropic Minerals: Introduction

Anisotropic minerals are distinguished from isotro-
pic materials because (1) the velocity of light varies
depending on direction through the mineral and (2)
they show double refraction. The light that enters
anisotropic minerals in most directions is split into
two rays with different velocities. The two rays
vibrate at right angles to each other. Each anisotro-
‘pic mineral has either one or two directions, called
optic axes, along which the light behaves as though
the mineral were isotropic. Minerals in the hexago-
nal and tetragonal systems have one optic axis and
are optically uniaxial. Minerals in the orthorhombic,
monoclinic, and triclinic systems have two optic axes
and are optically biaxial.

We can demonstrate that the light is doubly
refracted or split into two rays by placing a cleavage
rhomb of clear calcite on a mark on a piece of paper
(Figure 5.1). Two images corresponding to the two
rays are produced. If the calcite is viewed through a
piece of polarizing film whose vibration direction is
parallel to the short axis of the rhomb, only one
image is seen (Figure 5.1b). When the polarizing
film is rotated 90° so that its vibration direction is
parallel to the long axis of the rhomb, only the other

image is seen (Figure 5.1c). The two rays must there-

fore be plane polarized and vibrate at right angles to
each other. If the indices of refraction of the two rays
are measured, it will be found that one is higher than
the other. The ray with the lower index is called the
fast ray, and the ray with the higher index is called
the slow ray.

The reader needs to be cautioned for this and all
following discussions to clearly keep in mind the dif-
ference between propagation direction and vibration
direction. The propagation direction is the direction
that the light is traveling. The vibration direction
represents the side-to-side oscillation of the electric
vector of the plane polarized light.

Electromagnetic theory provides an explanation

®
® 0. @

Figure 5.1 Double refraction and the calcite experiment.
(a) A cleavage rthomb of clear calcite on a row of dots.
Two images are produced because the light is split into two
rays that vibrate at right angles to each other. (b) A
polarizing film with its vibration direction parallel to the
short diagonal of the rhomb passes one set of dots and
absorbs the other. (c) If the polarizing film is rotated
90°, the first set of dots is absorbed and the other passes. In
intermediate orientations, both sets will be visible with
subdued brightness.

37
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of why the velocity of light varies depending on
direction through the anisotropic mineral. As des-
cribed in Chapter 1, the strength of chemical bond-
ing and the density of atoms are different in different
directions. The light finds a different electronic
environment depending on direction, and the elec-
tron clouds about each atom vibrate with different
resonant frequencies in different directions. Because
the light velocity depends on the interaction
between the vibration of the electric vector and the
resonant frequencies of the electron clouds, we can
anticipate that velocity will vary with direction.
Electromagnetic theory also provides an explana-
tion of why the light entering an anisotropic mineral
is split into two rays vibrating at right angles to each
other. Consider a wave front propagating through
an anisotropic mineral (Figure 5.2). As always, the
vibration vector of the light must lie in (or tangent
to) the wave front. The wave front represents a pla-
nar section through the mineral. Within that plane
the average density of the electron clouds and,
therefore, the strength of the electric field varies
with direction. With appropriate mathematical
manipulations, it can be shown that a plot of the
electronic field strength within the plane of the wave
front is an ellipse. The axes of the ellipse, which rep-
resent the maximum and minimum field strengths,
are at 90° to each other and correspond to the
vibration directions of the two rays. Because the two
rays ‘“‘see” different electron cloud densities and
field strengths with different associated resonant fre-
quencies, their velocities and hence indices must be
different. However, there will always be one (in
uniaxial minerals) or two (in biaxial minerals) planes

through any anisotropic mineral that show uniform
electron cloud densities (i.e., a plot of the electric
field strengths is a circle). Lines at right angles to
these planes are the optic axes that represent direc-
tions in the mineral along which light propagates
without being split into two rays.

The mathematical rationalization of the foregoing
is rather long. Because the important point is that
the light is split into two rays with different
velocities, the reader will be spared several pages of
derivations. Readers wishing to pursue the topic are
encouraged to read Ditchburn (1976), Jenkins and
White (1976), or Phemister (1954).

Interference Phenomena

When an anisotropic mineral is placed between
crossed polars, it is generally light and may show
vivid colors. The colors seen between crossed polars
are called interference colors and are produced as a
consequence of light being split into two rays on pass-
ing through the mineral. For convenience of presen-
tation, we begin our explanation of how the
interference colors are formed with a description of
interference phenomena produced with monochro-
matic light and then progress to a description of
interference with polychromatic light.

Monochromatic Illumination

Consider a ray of plane polarized light that enters a
plate of an anisotropic mineral (Figure 5.3). When
light enters the anisotropic mineral, it is split into

Figure 5.2 Separation of light into two
rays. Atoms are closely packed along the
X axis, moderately far apart along the Y
axis, and widely spaced along the Z axis.
The strength of the electric field produced
by the electrons around each atom must
therefore be maximum, intermediate, and
minimum along the X, Y, and Z axes
respectively. Within a random wave front
(stippled), the strength of the electric field
must have a maximum in one direction,
and a minimum at right angles. Incident
unpolarized light must interact with the.
electric field and is split so it vibrates
parallel to the maximum and minimum
electric field strengths within the plane of
the wave front.
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two rays that vibrate at right angles to each other
and that have different velocities. The amplitude of
each ray can be determined by vector addition as
shown.

Figure 5.3 Development of retardation. The light entering
the mineral with thickness d is split into slow and fast rays.
In the time it takes the slow ray to pass through the
mineral, the fast ray will have traveled through the mineral
plus an additional distance A, which is the retardation.

Retardation

Because of the difference in velocity, the slow ray
lags behind the fast ray. The distance that the slow
ray is behind the fast ray after both have exited the
crystal is called the retardation (A). The magnitude
of the retardation depends on the thickness of the
crystal plate (d) and the differences in the velocity of
the slow ray (V,) and the fast ray (V,). The time it
takes light to travel a particular distance is equal to
the distance divided by the velocity. The time (z,) it
takes the slow ray to traverse the crystal is, there-
fore,

_d
L=v 5.1

However, during the interval of time ¢, the fast ray
not only went through the crystal but also went an
additional distance equal to the retardation. Hence,

d A
7% 5.2

where V is the velocity of light in air. By combining
5.1and 5.2, we get

2

d_d A
=4
Ve Ve V
which, by rearranging, gives
_JqV_V
3=y~

Because the value of V is essentially the speed of light

- in a vacuum, the two terms inside the parentheses

are equal to n, and ny, which are the indices of
refraction for the slow and fast rays, respectively.
Hence,

A =d(n; — ny) 5.3

This relationship is particularly important and forms
the basis of a great deal of what follows.

Birefringence

The term n,—n;, is called birefringence (5) and is the
difference between the indices of the slow and fast
rays. Its numerical value depends on the path fol-
lowed by the light through the mineral. Some paths
(i.e., along optic axes) show zero birefringence,
others show a maximum, and most will show an
intermediate value. The maximum birefringence is a
characteristic of each mineral. Birefringence also
may vary depending on the wavelength of the light.
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-The dispersion characteristics of the fast and slow
rays may be different, so birefringence may be dif-
ferent for different wavelengths of light. Unless
stated otherwise, numerical values of birefringence
are for light whose wavelength is 589 nm.

Interference of the Two Rays

The microscope is arranged so that plane polarized
light from the lower polar enters a mineral grain on
the stage where it is split into a slow ray and a fast
ray that vibrate at right angles to each other. When
they exit the top of the mineral, the fast ray will be
ahead of the slow ray by an amount equal to the
retardation. Interference phenomena are produced
when the two rays are resolved into the vibration
direction of the upper polar. What happens when

the two rays pass through the upper polar depends

on whether they are in or out of phase.

In Figure 5.4a, the slow ray is retarded exactly one
wavelength relative to the-fast ray (remember that
we are still dealing with monochromatic light) or

A =ik

where / is an integer. When the light reaches the
upper polar (crossed polars) a component of each
ray is resolved into the vibration direction of the
upper polar. When the two rays are in phase with
each other but vibrating at right angles, the resolved
components are in opposite directions so they des-
tructively interfere and cancel each other. No light
passes the polar and the mineral grain appears dark.

In Figure 5.4b, the retardation is equal to one-half
wavelength or

A =i+

where i is an mteger. As before, the rays are
resolved into the vibration direction of the upper
polar. However, both components are in the samie
direction, so the light constructively interferes and
light passes the upper polar.

An alternate way of treating the same phenomena
is to examine the vector sum of the two waves after
they exit the top of the crystal plate. If the retarda-
tion is an integer number of wavelengths (Figure
5.4a), the vector sum of the two waves is a plane
polarized wave vibrating parallel to the vibration
direction of the incident light. Because there is no
vector component of this wave that can be resolved
into the vibration direction of the upper polar, no
light is allowed to pass. If the retardation is (i + 1)\

(Figure 5.4b), the vector sum of the two waves is a
plane polarized wave vibrating parallel to the
vibration direction of the upper polar, and light is
allowed to pass with maximum intensity. For all
other amounts of retardation, the light reaching the
upper polar has either elliptical or circular polariza-
tion and some component of this light is allowed to
pass.

If the sample is wedge shaped instead of flat
(Figure 5.5), the thickness and retardation vary con-
tinuously along the wedge. When placed between
crossed polars, the areas along the wedge where the
retardation is equal to /A are dark and the areas
where the two rays are out of phase are light. The
brightest illumination is where the two rays are one-
half wavelength out of phase. For a colorless
mineral and ideal optical conditions with no losses
from reflection or absorption, the amount of light
that reaches the upper polar and is allowed to pass is
given by (Johannsen, 1918)

,180° A
3 5.4

where 7T is percent transmission, A and A are the
retardation and wavelength of the light, respect-
ively, and t is the angle between lower polar vibra-
tion direction and the closest vibration direction in
the mineral. If the mineral is placed so that T = 45°,
which yields the brightest illumination, this becomes

T= (sin2 18 4)100

T = [~sin

- sin 2t - sin 2(t — 90°)] - 100

5.5

Figure 5.5b graphically illustrates this relationship
for the monochromatic light passing through the
quartz wedge shown in Figure 5.5a.

Confusion is sometimes encountered here because
the light cancels when the rays are in phase, and the
light passes the upper polar when the two rays are
out of phase. This appears to contradict the dis-
cussion of interference in Chapter 1. Note, however,
that in Figure 1.6 the two rays of light are vibrating
in the same plane. When the two rays are in phase,
they constructively interfere. In the present case, the
two rays are in phase while vibrating at right angles to
each other. The components of these two in-phase
rays that are resolved into the vibration direction of
the upper polar end up being out of phase (they are
vibrating in opposite directions), hence the light des-
tructively interferes.

If thé upper polar is rotated so that it is parallel
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Figure 5.4 Interference at the upper polar. (a) The retardation (A) is one wavelength. When the vector components of
the two rays are resolved into the vibration direction of the upper polar, they are in opposite directions and cancel, so no
light passes. The vector S is the vector sum of the two waves and is at right angles to the vibration direction of the upper
polar. (b) Retardation is one-half wavelength. Vector components of both rays resolved into the vibration direction of the
upper polar are in the same direction, so they constructively interfere. Light passes the upper polar and the mineral appears
bright.
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View between
crossed polars
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wedge Figure 5.5 Interference pattern
formed by a quartz wedge with
monochromatic light. (@) Where
the retardation is an integer
number of wavelengths, the slow
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with the lower polar, the relations described in this
section are reversed. When the waves are in phase,
they contructively interfere when resolved into the
vibration direction of the upper polar, and they de-
structively interfere when they are one-half wave-
length out of phase. The reader is encouraged to go
through a construction similar to Figure 5.4 to
demonstrate this.

Polychromatic Illumination

If white light is used instead of monochromatic light,
all of the different wavelengths are present, and
each is split into slow and fast rays. For a given
thickness of mineral, approximately the same
amount of retardation will be produced for all wave-
lengths. Because the wavelengths are different, some
wavelengths reach the upper polar in phase and are
canceled, and others are out of phase and are trans-
mitted. The combination of different wavelengths
that pass the upper polar produces the interference
color. They are not an inherent property of a
mineral but depend on the retardation between slow
and fast rays and therefore on both the thickness and
birefringence of the mineral (Equation 5.3).

assuming ideal optical conditions.
Computed from Equation 5.5

If a quartz wedge is placed between crossed
polars, a range of colors is produced (Plate 1). At
the thin edge of the wedge, the thickness and retar-
dation are essentially zero, so all wavelengths cancel
at the upper polar (A = 0)) and the color is black or
dark gray. As the thickness increases, the color
changes from black to gray, white, yellow, red, and
then a repeating sequence of blue, green, yellow,
and red, with each repetition becoming progres-
sively paler. The color produced at any particular
point along the wedge depends on which wave-
lengths of light pass the upper polar and which are
canceled (Figure 5.6). If the retardation for all wave-
lengths is 250 nm, then the slow and fast rays for all
of the visible spectrum are substantially out of
phase. Over 80 percent of every wavelength of light
passes through the upper polar (Equation 5.5). The
light appears white, with a slight yellow cast, because
small amounts of both the red and violet ends of the
spectrum are canceled at the upper polar (Figure
5.6a). If the retardation is 500 nm, then a substantial
portion of the blue and green section of the spec-
trum is canceled at the upper polar and the light that
passes is perceived as red (Figure 5.6b). If the retar-
dation is 2500 nm, then a substantial part of each
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section of the spectrum is allowed to pass and the
light is perceived as a creamy white (Figure 5.6¢).
Because the thickness of the quartz wedge at vari-
ous points can be measured and the birefringence is
known, it is a simple matter to determine the
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Figure 5.6 Formation of interference colors with poly-
chromatic light. (@) The retardation for all wavelengths
of light is 250 nm. The slow and fast rays are largely out of
phase for all wavelengths, so all rays come through and
form a first-order white interference color. (b) Retarda-
tion for all wavelengths is 500 nm. Only a portion of the
red and violet ends of the spectrum are transmitted, and
500 nm light is completely blocked. The color is perceived
as first-order red. (c) Retardation for all wavelengths is
2500 nm. Wavelengths around 417, 500, and 625 nm are
canceled and wavelengths near 455, 555, and 714 nm are
passed with maximum intensity. The combination of trans-
mitted light is perceived as upper-order white.

amount of retardation or path difference between
slow and fast rays that corresponds with each inter-
ference color. These values are plotted along the
bottom edge of Plate 1.

Orders of Interference Colors

As we can see on Plate 1, the interference colors go
through a repeating sequence, with the change from
red to blue occurring at retardations of approxima-
tely 550, 1100, and 1650 nm. For convenience, these
boundaries are used to separate the color sequence
into orders. First-order colors are produced by retar-
dations of less than 550 nm, second-order colors are
for retardations between 550 and 1100 nm, and so
forth. First- and second-order colors are the most
vivid. The higher-order colors become progressively
more and more washed out so that, above fourth
order, the colors degenerate into a creamy white.

Anomalous Interference Colors

Certain minerals display anomalous interference
colors not shown in the interference color chart.
These colors are produced when birefringence and
retardation are significantly different for different
wavelengths of light. The combination of wave-
lengths that are in and out of phase is different than
if retardation is uniform for all wavelengths (Figure
5.7). A different complement of wavelengths passes
the upper polar and is perceived as a different inter-
ference color.

The color of a mineral can also influence the inter-
ference color, because some wavelengths of light are
selectively absorbed by the mineral. For example,
green minerals transmit green light and absorb other
wavelengths to various degrees. The interference
colors tend to look greenish as a consequence.

Determining Thickness of a Sample

Equation 5.3 provides- the basis for determining the
thickness of a sample. The equation contains three
variables: thickness, birefringence, and retardation.
If two can be determined, the third can be calcu-
lated. Retardation can be determined by examining
the interference color displayed by a mineral in grain
mount or thin section. The retardation correspond-
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Figure 5.7 Formation of anomalous interference colors.
(a) Mineral 1, which displays anomalous colors, his signifi-
cant variation in birefringence and retardation for differ-
ent wavelengths of light. Mineral 2, which shows normal
interference colors, has the same birefringence and retar-
dation for all wavelengths. (b) The complement of wave-
lengths that are transmitted by the upper polar for mineral
1 is different than for mineral 2, despite its having the same
retardation for 589 nm light. The interference color of 1
will, therefore, be different and, if not found in the normal
interference color sequence, is an anomalous color.

ing to that color is read from the bottom of the inter-
ference color chart. If the birefringence of the
mineral is known, it is a simple matter to calculate
the thickness. :

Thin Section

Quartz is an abundant and easily identified mineral,
so it is commonly used to determine the thickness of
thin sections. In a thin section, the interference color
for different quartz grains ranges from black to a
maximum color because birefringence varies from
zero up to a maximum of 0.009, depending on how
the grains happen to be oriented. It is the highest
interference color (i.e., the one furthest to the right
on the chart) that is of interest, because the quartz
grains showing that color are oriented to have the
maximum birefringence of 0.009.

Once the highest interference color for quartz has
been recognized, the retardation corresponding to
that color can be read from the chart, and a little
simple arithmetic yields the thickness (Equation
5.3). The arithmetic can be bypassed by using the
three sets of lines shown on the color chart. The
vertical lines are retardation lines, the horizontal lines
are thickness lines, and the diagonal lines are
birefringence lines. An example (Figure 5.8) illustrates
their use. Assume that the highest interference color
shown by quartz in a thin section is a pale first-order
yellow, indicating a retardation of about 315 nm.
Follow the 315-nm line straight up to where it
intersects the diagonal 0.009 birefringence line. The
thickness (0.035 mm) is read on the left side of the
diagram opposite the point of intersection.
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Figure 5.8 Use of the interference color chart (Plate 1).
Horizontal lines indicate thickness, vertical lines indicate
retardation (interference color), and diagonal lines are for
birefringence. (a) Determining thickness. Thickness is
indicated by the point where the retardation (interference
color) and birefringence lines intersect. (b) Determining
birefringence. Birefringence is indicated by the point
where the retardation (interference color) and thickness
lines intersect.
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Any mineral with fairly low birefringence such as
plagioclase, K-feldspar, gypsum, etc., can be used to
determine thickness, provided that the maximum
birefringence is known.

Grain Mount

The thickness of grains in a grain mount can be esti-
mated using the same technique employed for thin
sections. However, this method is less precise
because it cannot be assumed that all of the grains
are the same thickness. Also, minerals with cleavage
may not be randomly oriented, because they tend to
lie flat on cleavage surfaces. In practice, it is some-
times better to estimate thickness by one of the fol-
lowing methods.

1. Measure the dimensions of a number of grains using a
micrometer eyepiece calibrated as described in
Chapter 2. Because grains tend to lie flat on the slide,
the thickness will be somewhat less than either the
width or length measured with the micrometer eye-
piece.

2. Determine maximum and minimum dimensions
based on the size of sieves used to separate the grains
(Table 5.1). If the grains are equant, they must be
smaller than the sieve openings they pass through and
larger than the openings through which they will not
pass. The thickness of elongate or rodlike grains can
be estimated in the same manner, although the length
may be greater than the size of openings through
which they pass. Platy minerals give the most trouble,
because very thin grains can be trapped if their width
and length are larger than the sieve openings.

Table 5.1. Sieve openings

ASTM? Number Openings (mm)

80 0.177
100 0.149
120 0.125
140 0.105
170 0.088
200 0.074
230 0.062
270 0.053

* American  Society for Testiﬁg and
Materials.

Determining Birefringence from the Color Chart

Thin Section

If the thickness of a thin section is known, then the
birefringence of an unknown mineral can be deter-
mined. Because the maximum birefringence of the
mineral usually needs to be determined, grains of
the unknown showing the highest-order interference
color should be sought. In the example in Figure
5.8b, the interference color is assumed to be second-
order green corresponding to a retardation of 750
nm. Follow the retardation line corresponding to
that color up to where it intersects with the thickness
line (usually 0.03 mm for correctly made thin sec-
tions). The diagonal birefringence line that goes
through the point of intersection indicates the bire-
fringence (0.025).

Grain Mount

Because thickness is not generally known with cer-
tainty, it is difficult to make accurate estimates of
birefringence based on identifying interference col-
ors in grain mounts. An additional complication is
that grains may be over 0.1 mm thick, so high-order
interference colors are commonly encountered even
for minerals with moderate birefringence. As a con-
sequence, it is more difficult to identify which inter-
ference color is present. Nonetheless, if an estimate
of thickness can be made, and the interference color
recognized, an estimate of birefringence can be cal-
culated (Equation 5.3) or obtained from the curves
on the color chart (p. 327).

The reader should recognize that there is substan-
tial room for error in determining maximum bire-
fringence of a mineral based on recognizing
interference colors. If there are relatively few grains
of the mineral in the thin section, there is no assur-
ance that any grain will be correctly oriented to dis-
play the maximum birefringence. The thin section
may not be of uniform thickness and the thickness
usually is not precisely known. There also is diffi-
culty in recognizing precisely which interference
color is present. For routine mineral identification in
thin section, this method is quite adequate. If a pre-
cise value for birefringence is needed, then oil
immersion methods must be employed to measure
refractive indices. The techniques used to measure
refractive indices of anisotropic minerals are des-
cribed in Chapters 6 and 7.
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Recognizing the Different Orders
of Interference Colors

The first three orders of interference colors are suf-
ficiently similar that they may be difficult to dis-
tinguish at a glance. Colored minerals also tend to
mask interference colors and add to the difficulty. In
most cases, the order of an interference color up to
fourth order and sometimes higher may be deter-
mined by looking at the edges of grains, particularly
those situated along the margin of a thin section.
Many grains are thinner at their edges than in the
center, so the entire interference color sequence
may be present at the edge of the grain. The order of
the color in the center of the grain can be deter-
mined by “counting’ the colors in. If the color bands
are closely spaced it may only be possible to pick out
the dark bands formed by the red and blue colors
which mark the boundaries between the different
orders. Persons with color blindness may find this
method particularly useful.

First-order white and high-order white sometimes
are confused. First-order white is usually a clear
white that grades to bluish gray or yellow. High-
order white tends to be somewhat creamy colored
and may show pale pastel highlights of color due to
irregularities on grain surfaces. If in doubt, check by
inserting the gypsum plate: if the color is first-order
white, it will change to an upper first- or lower
second-order color; if the color is a high-order
white, little change in color will occur.

Extinction

Unless an optic axis is vertical, anisotropic minerals
go dark or extinct between crossed polars once in
every 90° of rotation of the microscope stage.
Extinction occurs when one vibration direction of
the mineral is oriented parallel to the lower polar
(Figure 5.94). No component of the incident light
can be resolved into the mineral vibration direction
oriented parallel to the upper polar, so all of the
light passing through the mineral is absorbed by the
upper polar and the mineral appears dark.

If the stage is rotated so that the vibration direc-
tions of the mineral are oriented in the 45° positions
(Figure 5.9b), a maximum component of both slow
and fast ray is available to be resolved into the
vibration direction of the upper polar. A maximum

Figure 5.9 Extinction. (a) When the vibration direc-
tions of the mineral grain are parallel to the lower and
upper polar, the mineral is dark or extinct between crossed
polars. (b) If the grain is rotated so that its vibration
directions are not parallel to the polars, then vector com-
ponents of both rays pass the upper polar and the mineral
appears bright.

amount of light passes and the mineral appears
brightest. The interference color does not change
with rotation other than to get brighter or dimmer.
The phase relation between slow and fast rays and,
therefore, the interference color, is unaffected by
stage rotation.

Equation 5.4 can be used to predict extinction. If
the angle T between mineral vibration direction and
lower polar direction is 0°, percent transmission for
all wavelengths is zero. If the angle between mineral
and lower polar vibration directions is 45°, then a
maximum amount of light is allowed to pass the
upper polar.

Many minerals are elongate or have easily recog-
nized cleavage. The angle between the length or
cleavage of a mineral and the mineral’s vibration
directions is a diagnostic property called the extinc-
tion angle. It is easily measured as follows.

1. Rotate the stage of the microscope until the length or
cleavage of the mineral grain is aligned with the
north-south crosshair (Figure 5.10a). Record the
reading from the stage goniometer.

2. Rotate the stage until the mineral grain goes extinct
(Figure 5.10b). It does not matter whether you rotate
to the right or left. Record the new reading from the .
stage goniometer.

3. The extinction angle (EA) is the angle of rotation
needed to make the mineral go extinct and is the dif-
ference in goniometer readings in 1 and 2. Note that if
the extinction angle determined with clockwise
rotation is EA, then the extinction angle determined
with counterclockwise rotation is 90° — EA. It is
usually the smaller of the two angles that needs to be
reported, although there are cases where it is necess-
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ary to specifically measure the extinction angle to the
slow (or fast) vibration direction. The technique to
determine which ray is which is discussed in a later
section.

Figure 5.10 Measurement of extinction angle. (a) Grain
oriented so that the cleavage or length is parallel to one of
the crosshairs. (b) Stage rotated so that the grain is
extinct. The extinction angle (EA) is the angle that the
stage was rotated to go from (a) to (b).

()
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If extinction angles on a number of different
grains of a mineral are measured, it usually is found
that they vary depending on exactly how the grains
are oriented. It is usually the maximum extinction
angle that is a diagnostic property.

Categories of Extinction

There are four different categories of extinction:
parallel extinction, inclined extinction, symmetrical
extinction, and no extinction angle.

If a mineral displays parallel extinction (Figure
5.11a), it is extinct when the cleavage or length is
aligned with one or the other of the crosshairs. The
extinction angle is 0°.

If a mineral displays inclined extinction (Figure
5.11b), it is extinct when the cleavage or length is at
some angle to the crosshairs. The extinction angle is
measured as previously described.

Minerals that have symmetrical extinction display
either two cleavage directions or two distinct crystal
faces (Figure 5.11c). Because there are two
cleavages or faces, two extinction angles can be mea-
sured, one from each cleavage or crystal face. If the
two extinction angles are the same, the mineral dis-
plays symmetrical extinction.

Many minerals do not have an elongated habit or
prominent cleavage. While they still go extinct once

Figure 5.11 Categories of
extinction. (a) Parallel
extinction. The grain is extinct
when the cleavage or length is
parallel to a crosshair. .

(b) Inclined extinction. The
mineral is extinct when the
cleavage or length is at an angle to
the crosshairs. (c¢) Symmetrical
extinction. Extinction angles EA
and EA; measured to the two
cleavages are the same. (d) No
extinction angle. Grains without
cleavages or a distinctive habit do
not have an extinction angle.
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in every 90° of stage rotation, there is no cleavage or
elongation to measure an extinction angle from.
Therefore, these minerals do not have an extinction
angle (Figure 5.11d). No amount of stage rotation or
head scratching will enable an extinction angle to be
measured if the mineral does not display a distinct
habit or prominent cleavages.

It is common to find that different parts of a single
mineral grain may go extinct at different points of
stage rotation. There are two causes for this behav-
ior: strain and chemical zonation. In rocks that have
been deformed, some of the grains may be bent or
strained. As a consequence of the bending, different
parts of a single grain are in slightly different orien-
tations and therefore go extinct at different times. If
the extinction in a grain follows an irregular or wavy
pattern it is called undulatory extinction.

A number of minerals, such as plagioclase, which
show solid solution, may crystallize so that the
center of the grain has a different composition than
the outer part. If the optical properties vary as a
function of composition, the center of the crystal
may go extinct at a different time than the outer part
as the stage is rotated. There is no special term for
this type of extinction, but grains displaying it are
said to be zoned.

Use of the Accessory Plates

It is frequently necessary to determine which of the
two rays coming through the mineral is the slow ray
and which is the fast ray. This can be done quickly
by using one of the accessory plates. The accessory
plates consist of pieces of quartz, muscovite, or gyp-
sum mounted in a holder so that their vibration
directions are known.

Consider the mineral grain shown in Figure 5.12a,
which is oriented on the stage so that its vibration
directions are in the 45° positions. The light passing
through the grain is split into two rays. When these
two rays leave the top of the mineral grain, the slow
ray is behind the fast ray by a distance equal to the
retardation A,. If the accessory plate with retarda-
tion A, is superimposed over the mineral so that the
slow ray vibration directions are parallel, then the
ray that was the slow ray in the mineral is the slow
ray in the accessory plate and is further retarded.
The result is a higher total retardation (A, = A; +
A,) of the two rays when they reach the upper

polar; therefore, a higher-order interference color is
produced.

In Figure 5.12b, the mineral is rotated so that its
fast ray vibration direction is parallel to the slow ray
vibration direction of the accessory plate. The ray
that was the slow ray in the mineral becomes the fast
ray in the accessory plate. The result is that the
accessory plate cancels some of the retardation pro-
duced by the mineral. The total retardation is A; =
A, — A, and the interference color produced at the
upper polar is therefore a lower-order color.

Many petrographic microscopes are constructed
so that the long dimension of the accessory plate is
oriented NW-SE. The fast ray direction of the
accessory plate is typically parallel to its length and
the slow ray direction is across its width. Hence,
when an accessory plate is inserted, the fast ray is
NW-SE and the slow ray NE-SW. Note, however,
that other conventions may be used and that some
manufacturers have constructed gypsum and mica
plates so that the optical element can be rotated in
its holder. In the discussion that follows, the
convention of having the slow ray of the accessory
plate oriented NE—SW will be followed.

The gypsum plate produces around 550 nm of
retardation. With white light, the interference color
is a very distinctive magenta color found right at the
boundary between the first and second orders. The
mica plate produces 147 nm of retardation, which
yields a first-order white interference color. As the
name implies, the quartz wedge is wedge shaped and
produces a range of retardation. The gypsum plate is
most commonly used to determine vibration direc-
tions, but the quartz wedge and mica plate also may
be used.

To determine which vibration direction in a
mineral grain belongs to the slow ray and which to
the fast ray, proceed as follows.

1. Rotate the stage of the microscope until the grain is
extinct. In this position one of the vibration directions
is parallel to the north-south and the other parallel to
the east—west crosshair (Figure 5.13a).

2. Rotate the stage 45° clockwise (Figure 5.13b). The
vibration direction that was parallel to the north-
south crosshair in step 1 is now oriented NE-SW. Use
the stage goniometer to measure the 45° accurately.
The grain should be brightly illuminated. Note the
interference color, find it on the color chart, and
record the retardation that corresponds with that
color (A,).

3. Insert the gypsum plate into the accessory slot (Figure
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5.13c). In most microscopes, the slow ray vibration
direction of the plate is oriented NE-SW. Determine
whether the interference color now shown by the
grain is higher or lower. In many cases, this can be
done by inspection. If the color went up, it should be
the color on the chart produced by a retardation of A,
+ 550 nm. If the color went down, it should be the
color on the chart produced by a retardation of A, —
550 nm. If the latter value is negative, use its absolute
value.

. Interpretation. If the color added (went up) then the
slow ray in the accessory plate (NE-SW) is parallel to

the slow ray in the mineral grain (also NE-SW). If the
color decreased, then the slow ray of the accessory
plate (NE-SW) is parallel to the fast ray in the
mineral grain:

color increases: slow on slow
color decreases: slow on fast

If the mineral displays a first-order white or gray inter-
ference color (e.g. A; = 200 nm), color addition with
a gypsum plate yields a second-order color (200 + 550
= 750 nm) while color subtraction yields a higher first-
order color (|200 — 550| = 350 nm). This may be con-
fusing because a higher-order color is produced in
both cases. The confusion is readily resolved by calcu-
lating the net retardation and hence interference
color which should be obtained for both addition and
subtraction as described in step 3.

Figure 5.12 Compensation with an accessory plate. (a) The sample is oriented in the 45° position and has produced retar- -
dation A,. If the accessory plate with retardation A , is inserted so that slow and fast ray vibration directions in accessory and
sample coincide, the total retardation A, is A; + A,. Since the retardation is higher, the interference color is -
higher. (b) The slow ray vibration direction in the sample is parallel to the fast ray in the accessory. The net retardation A;
is A; — A, and the interference color is lower with the accessory plate.
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Figure 5.13 Determining slow and fast ray vibration direc-
tions. (4) Mineral grain at extinction between crossed
polars. Vibration directions in mineral are parallel to the
crosshairs. (b) Mineral grain rotated 45° clockwise. The
vibration direction that was N-S in (a) is now NE-SW and
the grain is brightly illuminated. (c) Accessory plate
whose slow ray vibration is NE-SW inserted. If the inter-
ference color increases, the NE-SW ray in the mineral is
its slow ray. If the interference color decreases, the
NE-SW ray in the mineral is its fast ray.

The mica plate also can be used. It causes a
smaller change in color as it produces a change in
retardation of 147 nm rather than 550 nm.

With grain mounts, it is often useful to employ the
quartz wedge instead of the mica or gypsum plate.
Grains are often thin on the edges and display a
range of interference colors with the lowest-order
color along the edges and the highest-order color in
the center. As the quartz wedge is inserted thin end
first, the bands of interference colors along the edge
of the grain either move into or out of the grain. If
the lower-order color bands along the edge of the
grain move in and displace the higher-order color in
the center of the grain, colors are decreasing; the
slow ray vibration direction of the wedge is superim-
posed on the fast ray vibration direction in the
mineral. If the color bands move out so that the
higher-order colors from the center of the grain dis-
place the lower-order colors along the margin, col-
ors are increasing; the slow ray vibration directions
of mineral and quartz wedge are parallel.

Persons who are color blind also may find that the
quartz wedge is useful to them. The movement of
the color bands along the thin edges of grains,
whether in thin section or grain mount, can be
recognized even if the individual colors cannot be dis-
tinguished.

Sign of Elongation

The terms length fast and length slow are repeatedly
encountered in the mineral descriptions in the latter
part of this text. Length fast means that the fast ray
vibrates more or less parallel to the length of an
elongate mineral. Length slow means that the slow
ray vibrates more or less parallel to the length of an
elongate mineral. Length slow is called positive elon-
gation, and length fast is called negative elongation.
Sign of elongation is not the same as optic sign.
Optic sign is discussed in Chapters 6 and 7.

Not all minerals have a sign of elongation. If a
mineral does not have an elongate habit, then the
term clearly does not apply. The other case where a
sign of elongation cannot be assigned is if the vib-
ration directions are ~45° to the length of a crystal.

Relief

Minerals that display moderate to strong birefrin-
gence may display a change of relief as the stage is
rotated in plane light. It can be observed both in
grain mount and in thin section. The change of relief
is a consequence of the fact that the two rays coming
through the mineral have different indices of refrac-
tion. Consider the grain of calcite shown in Figure
5.14, which is immersed in an oil having an index n
= 1.550. If the stage is rotated so that the fast ray
vibration of the mineral is E-W, all the light coming
through the mineral is fast ray with n = 1.57.
Because this is nearly the same as the index of the
oil, the relief is low. If the grain is oriented so the
slow ray vibration direction is oriented E-W, all the
light coming through the mineral is slow ray with n
= 1.658. Because this is substantially different than
the index of the oil, the relief is high. In interme-
diate orientations, the relief appears to be interme-
diate. This is not because the index of the grain is
intermediate. There are two rays of light coming
through; one produces an image of high relief, the
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other produces a superimposed image of low relief.
The eye effectively averages the two images so that
we see an image of intermediate relief.

Because birefringence depends on the direction
that the light passes through a mineral, not all grains
of the mineral in a sample necessarily show the same
change of relief. Grains that are oriented to display
maximum birefringence show a maximum change of
relief as well as highest interference color. Note also
that a change of relief is seen only when the index of
the mounting medium is close to the index of one of
the rays. If birefringence is low, the change of relief
usually is not noticed.

There also are two different Becke lines pro-
duced, one for each ray. If both rays have indices
of refraction either higher or lower than the oil, the
two Becke lines are superimposed and are indis-
tinguishable. However, if the oil is selected so that
its index is between the indices of the slow and fast
ray, one Becke line moves into the grain, and the
other moves out as the stage is lowered.

Figure 5.14 Change of relief on rotation of an anistropic
mineral. (a) Calcite immersed in oil with n = 1.550. The
. calcite is oriented so that only fast ray with n = 1.57
passes, so the grain shows low relief. (b) The stage is
rotated so that only slow ray with n = 1.658 passes, so the
grain shows high relief.

N fast = yellow

(@)

slow = green

Figure 5.15 Pleochroism is seen in plane light. (a) The fast
ray is yellow, so when it is parallel to the lower polar (E-W)
the mineral is yellow. (b) The slow ray is green, so when
it is parallel to the lower polar the mineral is green.
Intermediate positions will have intermediate colors.

Pleochroism

Many colored anisotropic minerals display a change
of color as the stage is rotated in plane light (upper
polar removed). This change of color on rotation is
called pleochroism (or dichroism). It is produced
because the two rays of light are absorbed differ-
ently as they pass through the colored mineral and
therefore have different colors. In Figure 5.15, the
fast ray is yellow and the slow ray is green. When the
stage is rotated so that the fast ray vibration direc-
tion is parallel to the lower polar, the light coming
from the lower polar passes entirely as fast ray and
the mineral appears yellow. If the stage is rotated
90° so the slow ray is parallel to the lower polar, the
mineral appears green because all the light passes as
slow ray. In intermediate positions, both slow and
fast rays are present, and the color is intermediate.
It should be emphasized that pleochroism is seen
with the upper polar removed (i.e., in plane light)
and is not related to interference colors that are seen
between crossed polars.
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Uniaxial Optics

A cleavage rhomb of calcite can be used to illustrate
some of the optical properties of uniaxial minerals.
As described in Chapter 5 (Figure 5.1), if the clea-
vage rhomb is placed on a dot or other image on a
piece of paper, two images appear, each composed
of plane polarized light vibrating at right angles to
the other. If the calcite rhomb is rotated about a ver-
tical axis, one of the dots remains stationary, but the
other rotates with the calcite about the stationary
image (Figure 6.1). The image that moves behaves
in a manner very different from anything found with

isotropic materials, so it is called the extraordinary
ray or € ray. The stationary image is formed of light
that behaves as though it were in an isotropic
material, so it is called the ordinary ray or w ray.
The vibration vector of the ordinary ray always lies
in the {0001} plane and is at right angles to the ¢
axis. The extraordinary ray always vibrates perpen-
dicular to the ordinary ray vibration direction in a
plane that contains the ¢ axis (Figure 6.1b). If
instead of a cleavage rhomb, a slab of calcite cut in a
random direction is placed on the dot, two images

Figure 6.1 The double refraction of
calcite. (a) Two images are
produced when a clear cleavage
rhomb of calcite is placed on a
cross. The vibration directions for
the two images indicated by the
arrows are mutually perpendicular
(cf. Figure 5.1). If the calcite
rhomb is rotated, the image formed
of ordinary rays (w) remains
stationary, and the image formed
of extraordinary rays (€) rotates
about the stationary image. The
emergence of the ¢ axis is labeled c.
(b) The ordinary ray (w) pierces
the (001) plane (dark shading),

but the vibration vector shown by
the transverse arrows lies within
the (0001) plane. The extraordinary
ray (€) vibrates in a plane (light
shading) containing the ¢ axis and
the two rays.

53
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are produced for all cases except when the slab is cut
so the light travels along the ¢ axis. When the light
travels along the ¢ axis, only one image is produced;
the light does not become polarized. Therefore, the

¢ axis coincides with. the optic axis, which is a direc--

tion through the mineral along which the light can
propagate without being split into two rays.

If the indices of refraction of the two rays in cal-
cite are determined, it will be found that the index of
the ordinary ray (n,,) is a uniform 1.658, regardless
of direction through the crystal. The index of the
extraordinary ray, however, is variable and ranges
from 1.486 to 1.658. If the light is propagating per-
pendicular to the c axis, the extraordinary ray shows
the 1.486 index. If the light is propagating almost
parallel to the ¢ axis, it shows an index of just slightly
less than 1.658, and in intermediate directions, it
shows intermediate indices. Hence, birefringence is
zero for light propagating along the optic axis (¢
axis) and is a maximum for light propagating at rlght
angles to the optic axis.

The optical properties of other uniaxial mmerals
are similar to those of calcite. The amount that the
two images are split depends on the birefringence.
For minerals with low birefringence, like quartz, the
images show only slight separation even for very
thick sections of mineral.

Optic Sign

In calcite the extraordinary ray has a lower index of
refraction than the ordinary ray. In other minerals,
however, the extraordinary ray may have the higher
index. This provides the basis for defining the optic
sign. In optically positive uniaxial minerals, n. is
greater than n . In optically negative uniaxial miner-
als, n. is less than n,,. Or, alternately, if the extra-
ordinary ray is the slow ray the mineral is optically
positive, and if the extraordinary ray is the fast ray
the mineral is optically negative.

Because the index of the extraordinary ray is vari-
able, a few words on terminology are in order. The
term n refers to the maximum or minimum index of
the extraordinary ray. This is the value recorded in
the mineral descriptions in the latter part of this
book. The term n.' refers to an index for an extra-
ordinary ray that lies between n,, and n..

Crystallographic Considerations

Uniaxial minerals are all either hexagonal or tetra-
gonal. Their common characteristic is a high degree
of symmetry about the ¢ crystallographic axis. There
is uniform chemical bonding in all directions within
the (001) or (0001) plane, which is at right angles to
the ¢ axis, and different strength bonding between
these planes. The crystal structure of calcite illus-
trates this nicely (Figure 6.2) Calcite is constructed
of alternating layers of calcium ions and triangular
carbonate anion groups parallel to (0001). The
chemical bonding and electronic environment is
uniform in all directions within the planes of ions
and is very different from the bonding between the
planes.

Light that travels along the c axis is equally free to
vibrate in any direction within (001) or (0001)
(Figure 6.3). Because there are no preferred vibra-
tion directions in this plane, the light is not split into
two rays; it passes through the mineral just as it
would in an isotropic mineral. If light passes at some
angle to the ¢ axis, it finds a different electronic

@ Ca

& cos

Figure 6.2 The crystal structure of calcite consists of alter-
nating layers of Ca®* and CO3~ parallel to the (0001) crys-
tal plane. Light whose vibration vector lies in this plane
finds the same electronic vibration regardless of propaga-
tion direction through the crystal. Light that vibrates
across the (0001) plane finds a different electronic environ-
ment, depending on the angle made between the vibration
vector and the (0001) plane.



environment for different vibration directions and
the light is split into two rays with different veloci-
ties. The vibration vector of the ordinary ray is par-
alle] to the (001) or (0001) plane and the
extraordinary ray vibrates across these planes. The
ordinary ray has the same velocity regardless of path
because it always vibrates in the same electronic
environment. The velocity of the extraordinary ray
varies depending on direction. For light traveling
almost parallel to the ¢ axis, the extraordinary ray
vibrates almost parallel to (001) or (0001). It
encounters almost the same electronic environment
as the ordinary ray, so its index n.’ is nearly the

ris

Figure 6.3 Light propagating along the ¢ or optic axis
vibrates in the (001) plane and passes entirely as ordinary
ray (w), because the electronic environment is uniform for ail
vibration directions with (001). Light propagating at right
angles to the c axis is split into an ordinary ray whose
vibration vector lies in (001) and an extraordinary ray (€)
that vibrates parallel to the ¢ axis. The index for the extra-
ordinary ray is most different from n,,, so birefringence is
maximum. Light traveling in a random direction is com-
posed of an ordinary ray whose vibration vector lies in
(001) and an extraordinary ray that vibrates at some angle
to (001). The extraordinary ray has an intermediate index
n¢', so birefringence is intermediate.
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same as n,,. For light traveling at right angles to the ¢
axis, the extraordinary ray vibrates directly across
the (001) or (0001) planes and, therefore, has an
index n, most different from n,. For intermediate

‘directions, the extraordinary ray vibrates at an angle

to (001) or (0001), so it has an intermediate index
n¢'. Whether the extraordinary ray has a higher or
lower index than the ordinary ray depends on the
chemical bonding and crystal structure of the
mineral.

Uniaxial Indicatrix

As seen in the previous chapter, it is important to
know the indices of refraction and vibration direc-
tions of the two rays coming through an anisotropic
mineral. To provide that information, a geometric
figure called an indicatrix is used. The indicatrix is
constructed so that the indices of refraction are plot-
ted as radii that are parallel to the vibration direction
of the light. Figure 6.4a shows a unixial positive indi-
catrix. All light traveling along the Z axis, which is
the optic axis, has index n,, whether it vibrates paral-
lel to the X or Y axis or any other direction in the
X-Y plane. The X-Y plane of the indicatrix must
therefore be a circle whose radius is n,,. Light travel-
ing along the X axis is split into two rays. The ordin-
ary ray vibrates parallel to Y, so n,, is again plotted
along the Y axis. The extraordinary ray vibrates
parallel to Z, so n. is plotted along the Z axis. The
X-Z and Y-Z sections through the indicatrix are
identical ellipses whose axes are n,, and n.. If the
indices for light traveling in all directions are plot-
ted, the result is an ellipsoid of revolution whose axis
is the optic axis. If the mineral is optically positive
(n¢ > n,), the ellipsoid is prolate (i.e., stretched out
along the optic axis). If the mineral is optically nega-
tive (n, > n.) (Figure 6.4b), the ellipsoid is oblate
(i.e., flattened along the optic axis). In each case,
the circular section of the indicatrix is perpendicular
to the optic axis and has a radius equal to n,. The
radius of the indicatrix along the optic axis is always
ne.

A section through the, indicatrix that includes the
optic axis is called a principal section, which is an
ellipse whose axes are n,, and n.. A section through
the indicatrix perpendicular to the optic axis is the
circular section whose radius is n,. Any random cut
through the indicatrix produces an ellipse whose
axes are n, and n.’ where n.' is between n,, and n..
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Z = optic axis

Circular
section

section

Figure 6.4 Uniaxial indicatrix. Indices of refraction are
plotted parallel to vibration directions. (a) Uniaxial
positive. The indicatrix is a prolate spheroid whose axes
are n,, and n.. The circular section and a principal section
containing Y and Z are shown. (b) Uniaxial negative.
The indicatrix is an oblate spheroid. The circular section
and a principal section containing the X and Y axes are
shown. The axes are oriented to be consistent with the
convention used in biaxial minerals (Chapter 7).

Use of the Indicatrix

In practice, the uniaxial indicatrix is constructed so
the circular section has radius n,,, and the radius
along the optic axis is equal to n.. It is oriented
within the mineral so that the optic axis is parallel to
the ¢ crystallographic axis. The light is considered to
pass directly through the center of the indicatrix.
Determining the indices of refraction and vibration
directions of wave normals passing in a random
direction through the mineral requires the following
steps.

1. Construct the wave normal direction through the
center of the indicatrix (Figure 6.5a). Recall that the
wave normal is the direction that the wave fronts are
traveling.

2. Construct a slice through the center of the indicatrix
perpendicular to the wave normal (Figure 6.5b).
Unless it is perpendicular to the optic axis, the section
is an ellipse whose axes are n.' and n,,. The section is
parallel to the wave fronts for both rays.

3. Interpretation. The vibration directions are parallel
to the axes of the elliptical section and the indices are
the lengths of the axes. In Figure 6.5b, the ordinary
ray vibrates parallel to AB and has index n,. The
extraordinary ray vibrates parallel to AC and has
index n.'. If the angle 0 between the € wave normal
and the optic axis is known, the value of n.' can be

calculated from the equation
nll)

n' =

2
(1+ - 1)sin 6]*
né

which is the equation of the ellipse expressed in polar
coordinates. The extraordinary ray direction can be
determined by constructing a tangent to the indicatrix
from the wave normal and parallel to AC (Figure
6.5¢). The extraordinary ray goes through point D
where the tangent touches the indicatrix. The angle y
between the optic axis and the extraordinary ray is
given by the equation (Wahlstrom, 1979; Appendix
B):

n2
tan g = — cot (90 — 6) 6.2
ne

If the ray direction for ordinary and extraordinary
rays is specified instead of the wave normal direc-
tion, the following steps allow the wave normal
directions and indices of refraction to be deter-
mined.

1. Construct the ray direction through the center of the
indicatrix (Figure 6.6a) at angle ¢ from the optic axis.

2. Construct a surface tangent to the indicatrix at the
point where the rays pierce it (Figure 6.6b). The angle
¢ between the tangent surface and the optic axis is
given by the equation

n.2
cot ¢ = —% tan §

w

which is derived from Equation 6.2 by substituting ¢
=90 — 0 (cf. Figures 6.5d and 6.6d).

3. Construct a section through the center of the indica-
trix parallel to the tangent surface (Figure 6.6b). This
section is an ellipse whose axes are n, and n.’.



4. Interpretation. The indices of refraction and vibration
directions for the ordinary and extraordinary rays are
given by the axes of the elliptical section. The ordin-
ary ray vibrates parallel to AB and has index n,,. The
extraordinary ray vibrates parallel to AC and has
index n.'. The wave front.for the extraordinary ray is
parallel to the section through the indicatrix. The
wave front for the ordinary ray is perpendicular to the
ordinary ray direction (Figure 6.6¢).

Birefringence and Interference Colors

The birefringence, and therefore the interference
color of uniaxial minerals depends on the direction
that the light passes through the mineral. Four dif-
ferent cases will be examined. Three involve light
that is normally incident to the surface of a mineral
cut in different orientations and the fourth involves
inclined incidence. The three cases of normal inci-
dence apply when the microscope is set up for nor-

OA OA

OA
c R
-y,
(d)
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mal viewing (orthoscopic illumination). Inclined
incidence applies when the auxiliary condensor is
inserted to provide strongly convergent light (cono-
scopic illumination).

Case 1. Normal incidence on a sample cut perpen-
dicular to the optic axis. In Figure 6.7a, a section of
a mineral is cut so that the top and bottom surfaces
are perpendicular to the optic axis. This could be a
grain of an unknown in a thin section or in a grain
mount. Because the light entering the mineral has an
angle of incidence of 0°, the wave fronts are not
refracted and remain parallel to the surface of the
mineral section. A cut through the indicatrix parallel
to the bottom of the mineral gives the indices and
vibration directions of the light. In this case, the slice
through the indicatrix is a circular section with
radius n,. There is no preferred vibration direction,
so the light passes along the optic axis as an ordinary
ray and retains whatever vibration direction it had

Figure 6.5 Determining indices
and vibration directions for a
random wave normal (WN).

¢’ ray (a) The wave normal at angle 8 to
the optic axis (OA). (b) Elliptical
WN (wand¢)  section through the indicatrix
o ray constructed at right angles to the

wave normal. The section is
parallel to the wave front for both
waves, and the axes of the ellipse
indicate the vibration directions
and indices of refraction n,, and
n¢'. (c) The € ray pierces the
indicatrix at D, where a line
parallel to the € vibration direction
comes tangent to the indicatrix.
(d) Principal section through the
indicatrix showing the relations
between wave normals, rays, and
the section through the indicatrix.
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before entering the mineral. When placed between
crossed polars, the light is entirely absorbed by the
upper polar, so the mineral should appear dark on
rotation just like an isotropic mineral. In an actual
. microscope, however, the light is somewhat con-
verging. Even though the optic axis is vertical, some
of the light passes at an angle to the optic axis and,
therefore, experiences double refraction and deve-
lops retardation. The grain may not appear entirely
black, particularly if the mineral has high birefr-
ingence. If the aperture diaphragm is stopped down
to restrict the cone of light, the sample is more likely
to appear entirely black.

Case 2. In Figure 6.7b the mineral is cut parallel to
the optic axis. The indicatrix section is a principal
section with axes equal to n, and n.. The incident
light is split into two rays. The ordinary ray has
index n, and vibrates perpendicular to the optic
axis. The extraordinary ray has index n. and

(b)
el d
C
N
A
w wave front
e wave front
(c) (d)

€ wave front

vibrates parallel to the optic axis. The birefringence is
n¢—n,,which is a maximum. In a thin section or grain
mount where all grains of the mineral are the same
thickness, this grain would show the highest interfer-
ence color. Note that this is the only case where the
extraordinary ray and its wave normal are parallel.

Case 3. In Figure 6.7¢, the mineral is cut in a ran-
dom direction with normally incident light. As
always, the ordinary ray has index n, and vibrates
perpendicular to the optic axis. The extraordinary
ray has index n.' and vibrates in a plane containing
the optic axis. Because n' is intermediate, the bire-
fringence is intermediate. In a sample where all the
grains of the mineral are the same thickness, this
grain would show an intermediate interference
color. If the extraordinary ray path is determined as
described earlier, it will be found that it diverges
from the ordinary ray path.

This is the same geometry found with the calcite

Figure 6.6 Determining indices of
refraction and vibration directions
for a random ray direction through
an indicatrix. (a) Ray direction
for the w and ¢ rays constructed
through an indicatrix. (b) Tangent
surface constructed at the point
& where the rays pierce the
indicatrix. The elliptical section
through the center of the indicatrix
is parallel to the tangent surface.
A The axes of the elliptical section
indicate the indices and vibration
directions for the two rays, and is
parallel to the wave front for the
extraordinary ray. (c) Wave
front for the w ray (light stipple)
constructed at right angles to the w
ray. The € wave normal (WN,) is
perpendicular to the tangent
surface. (d) Principal section
through the indicatrix showing the
relation between wave normals,
rays, and the sections through the
indicatrix.

w wave front



experiment (Figure 6.1). In Figure 6.8, the indicatrix
(n,=1.658, n.=1.486) is constructed in the calcite
rhomb at a point where normally incident light
enters the rhomb from below. The section through
the indicatrix parallel to the wave fronts has axes
n,=1.658, n.'=1.566. The value of n.'=1.566 can
either be determined by measuring the length of the
section parallel to the ¢ vibration direction or by cal-
culation from Equation 6.1. The inclination y=50.8°
of the extraordinary ray from the optic axis can be
calculated from Equation 6.2 or can be determined
by construction as shown. From this, it can be seen
that the extraordinary ray diverges from the ordin-
ary ray by an angle of 6.2°. Because the image fol-
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lows the ray, the ordinary image emerges at point O
and the extraordinary image emerges at-point E.
Case 4. Inclined incidence. In Figure 6.9, the
mineral is cut in a random direction and the incident
and refracted light lie in a principal section of the
indicatrix. The refraction of the ordinary ray can be
determined by applying Snell’s law (Equation 1.3).
The angle of refraction (0) of the extraordinary
wave normal is more difficult to determine since the
index of the extraordinary wave (n.') varies depend-
ing on how much the light is refracted. Hence, we
must solve simultaneously for both the index n.’ and
the angle of refraction 8. This requires two equa-
tions that contain both terms. One equation that

w

OA

Figure 6.7 Normally incident light. The optic axis is labeled OA.

(a) Crystal cut perpendicular to the optic axis. The sec-

tion through the indicatrix is the circular section, so all light passes as ordinary ray and preserves whatever vibration direc-
tion it had before entering the mineral. (b) Mineral cut parallel to the optic axis. The section through the indicatrix is a
principal section with axes n,, and n¢, so the mineral displays maximum birefringence. This is the only case where the extra-
ordinary ray and wave normal coincide. (c) Mineral cut in a random direction. The section through the indicatrix is an
ellipse with axes n,, and n.’, so birefringence is intermediate and the w and € rays diverge.
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Figure 6.8 Use of the indicatrix to explain the double
refraction of calcite. The section through the indicatrix
parallel to the wave fronts has axes n, = 1.658 and n.’ =
1.566. The €-ray path is found by constructing a tangent to
the indicatrix parallel to the wave front at point e. The
extraordinary image, which follows the ray, must pass
through e and emerge from the top of the rhomb at £. The
ordinary ray emerges at O. The dimensions of the indica-
trix and the angle between @ and € rays are not drawn to
scale.

must be satisfied is Snell’s law, which for the present
. geometry gives

' sin 9,
sin O, 6.3

€

The second equation that must be satisfied is Equa-
tion 6.1 for the radius of the indicatrix (n."), which is
at right angles to the wave normal. It can be rewrit-
ten to suit the geometry in Figure 6.9a as:
ne . 5 Mo
1+ (%— )sin2 (A -0
¢

6.4

where A is the angle between the normal to the sur-
face and the optic axis. If values of 6. are selected,
the corresponding values of n.’ can be calculated
from Equations 6.3 and 6.4 and are plotted in Figure
6.9b. The point where the two curves cross corre-
sponds to the only values of n.' and 8. that satisfy
both equations. The € ray direction can be deter-

mined by constructing a tangent to the indicatrix
that is at 90° to the wave normal or by using Equa-
tion 6.2.

The birefringence in this case must be interme-
diate since n.’ is intermediate. In general, the inter-
ference color will be higher than if the same
birefringence were experienced with normal inci-
dence because the inclined path through the mineral
is longer (cf. Equation 5.3).

The most general case is where the incident and
refracted rays do not lie in a principal section. The
index of the extraordinary ray and its angle of refrac-
tion can be determined by a method similar to that
described in case 4. However, the procedure is more
complicated, because it involves dealing mathemati-
cally with angles and planes in three dimensions
rather than just two. Because this type of numerical
calculation will not be needed, the derivation will
not be persued here.

Extinction

Recall from the discussion in Chapter 5 that
anisotropic minerals go extinct between crossed
polars when the vibration direction of the two rays
in the mineral coincide with the vibration direction
of the lower and upper polars. The previous section
examined how the vibration directions in the mineral
can be determined. The object in this section is to
look at the relation between the vibration directions
and both cleavages and crystal outlines for a
variety of different cuts through both tetragonal and
hexagonal minerals.

In a thin section, cleavages typically appear as thin
parallel cracks in a mineral grain. If relief is high,
cleavages usually can be recognized, but if relief is
low, the cleavages may be difficult to see. Typically,
only those cleavages that are at a substantial angle
to the plane of the section are likely to be seen.
However, in Figures 6.10, 6.11, and 6.12, all cleavages
are shown so that the overall geometry can be seen.
When examining these figures, bear in mind that
cleavages not at a substantial angle to the plane of
the slice through the crystal would probably not be
seen if the slice were part of a real thin section.

Note also that Figures 6.10—6.12 contain infor-
mation about pleochroism and interference figures,
which are discussed in the following sections.
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Figure 6.9 Inclined incidence in a principal section. (a) The principal section of the indicatrix is shown where an inclined
ray of light enters the mineral. Refraction of the w wave normal (WN,,) is computed from Snell’s law. The @ wave front is
not shown but is perpendicular to the o wave normal. The angle of refraction (6.) of the ¢ wave normal (WN,) is deter-
mined in (b). The €-ray path is determined graphically (cf. Figure 6.8). (b) Simultaneous solution of Equations 6.3
(dashed) and 6.4 (solid). The intersection of the curves gives ne’ = 1.803 and 6¢ = 16.1°.

Tetragonal Minerals

Tetragonal minerals are typically prismatic and
either elongate or stubby parallel to the ¢ axis.The
faces are commonly combinations of prisms parallel
to the ¢ axis, pinacoids perpendicular to ¢, and pyra-
mids, although other forms are possible. The usual
cleavages are prismatic and pinacoidal. To illustrate
the extinction possible with common tetragonal crys-
tals, five sections through a typical elongate prisma-
tic crystal displaying both prismatic and pinacoidal
cleavage (Figure 6.10a) are described as follows.
Case 1. Figure 6.10b. The crystal is cut perpendi-
cular to the optic axis, so the light traveling through
the crystal follows the optic axis. The section
through the indicatrix is the circular section, so all the
light passes with index n,,. The two directions of the
prismatic cleavage are visible at right angles to each
other. The pinacoidal cleavage is parallel to the
plane of the section, so it is not seen. If the polars

-_Mineral
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are crossed, the section should be uniformly dark on
rotation, so no extinction angle can be measured.

Case 2. Figure 6.10c. The crystal is cut parallel to
the optic axis. Light travels through the crystal per-
pendicular to the optic axis. The pinacoidal cleavage
shows as cracks across the width of the crystal and
the prismatic cleavages show as parallel cracks along
the length. The section through the indicatrix is a
principal section with the ¢ axis parallel to the
length of the crystal and the w axis perpendicular to
the length. The extinction must be parallel because
the vibration directions for @ and € are parallel to
the length and across the width of the crystal. If the
mineral is optically positive (n, < n¢) it is length
slow, and if it is optically negative (n, > n¢) it is
length fast.

Case 3. Figure 6.10d, e, f. The crystal is cut on an
angle. As described earlier, the birefringence is
intermediate. All three cleavages may be visible.
The section through the indicatrix shows that
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c

Figure 6.10 Extinction in a typical tetragonal mineral. (@) Mineral showing trace of pinacoidal {001} (dashed) and pris-
matic {110} (solid) cleavage. (b) Section cut perpendicular to optic axis (c axis). The indicatrix section is circular, so the
grain behaves like an isotropic material. In plane light this grain would display the w color. The interference figure would be
an optic axis figure. (c) Section cut parallel to the c axis. The indicatrix section is a principal section, so birefringence is
maximum and extinction is parallel. In plane light the grain would display the @ color as shown (lower polar E-W), and if
rotated 90° would display the € color. The interference figure would be a flash figure. (d) Miter cut through the mineral.
Birefringence is intermediate. Extinction is parallel, as the axes of the indicatrix section are parallel to the trace of the
cleavages. (e) A diagonal cut produces a diamond-shaped section with intermediate birefringence. Vibration directions
are parallel to the diagonals of the diamond, so extinction is parallel to the pinacoidal cleavage and symmetrical to the pris-
matic cleavage. (f) A random cut produces a parallelogram-shaped section. Extinction is parallel to the trace of the pin-
coidal cleavage and asymmetric with respect to the prismatic cleavage. The grains shown in (d), (e), and (f) would all show
the w color in plane light as drawn. If rotated 90°, all would display a color intermediate between w and €. All three grains
would also yield off-center interference figures. Mineral color (pleochroism) and interference figures are discussed begin-
ning on page 65.
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the index for the extraordinary ray is intermediate. Rhombohedral cleavage

Depending on how the cut through the crystal is With rhombohedral cleavage, there ar€ three clea-
made, the extinction to the prismatic cleavage may vage planes that intersect at angles other than 90°
be parallel (Figure 6.10d), symmetrical (Figure (Figure 6.11a).

6.10¢), or anything in between (Figure 6.10f). The ¢ Case 1. The mineral is cut perpendicular to the
vibration direction lies within the acute angle made optic axis (Figure 6.116). This cut through the crys-
between the two prismatic cleavages. The w ray tal produces either a three- or six-sided outline with
vibrates parallel to the trace of the pinacoidal clea- cleavage parallel to the edges. Because the optic axis
vage, so extinction is always parallel to that cleavage. is vertical, the crystal displays uniform dark color on

rotation between crossed polars.
Case 2. The mineral is cut parallel to the optic axis

Hexagonal Minerals (Figure 6.11c). All three cleavage directions may be
The forms commonly found in hexagonal minerals visible, although the angles between them depend
are prisms, pinacoids, pyramids, and rhombohed- on exactly where the crystal is cut. If it is cut perpen-
rons, although a number of other forms are possible. dicular to one of the planes of symmetry, as shown
The common cleavages are prismatic, pinacoidal, in Figure 6.11c, then the extinction is symmetrical to
and rhombohedral. two cleavage traces and parallel to the third. If the

()

Figure 6.11 Extinction with rhombohedral cleavage {1011}. (a) Rhombohedral mineral showing the trace of the three
cleavage directions. (b) Section cut perpendicular to the optic axis. The indicatrix section is circular, so the mineral should
remain dark on rotation between crossed polars. All three cleavage directions should be visible. In plane light the color
would be the w color. The interference figure would be an optic axis figure. (c) Section cut parallel to the optic axis and
perpendicular to a symmetry plane (not shown). Extinction is parallel to one cleavage and symmetrical to the others, and
birefringence is maximum. If the section were cut in a random direction parallel to the ¢ axis, extinction would be neither
symmetrical nor parallel. In plane light the grain would display the color of the w ray (lower polar E-W) as shown, and the
color of the € ray if rotated 90° to place the € vibration direction parallel to the lower polar. The interference figure would
be a flash figure. (d) Cut in a random direction. All three cleavage directions are visible, but extinction is not parallel or
symmetrical to any of them. Birefringence is intermediate. In plane light the grain would display the color of the w ray as
drawn, and a color intermediate between w and ¢ if rotated 90°. The interference figure would be an off-center figure.
Mineral color (pleochroism) and interference figures are discussed beginning on page 65.
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cut is in any other orientation parallel to the ¢ axis,
then the extinction will typically not be symmetrical
or parallel to any of the cleavages.

Case 3. The mineral is cut in a random direction
(Figure 6.11d). This is the most commonly found
situation in thin sections. As can be seen from the
section through the indicatrix, the vibration direc-
tions are not generally parallel or symmetrical to any
of the cleavages. If, by coincidence, the section hap-

c

11070}

— {0001}

(a)

pens to be perpendicular to one of the symmetry
planes, the extinction will be essentially the same as
illustrated in Figure 6.11c.

Prismatic and Pinacoidal Cleavage

Figure 6.12a shows a crystal with three prismatic
{1010} cleavages which intersect at angles of 60° and
120°, and a {0001} pinacoidal cleavage at right
angles to the c axis.

Figure 6.12 Extinction in hexagonal crystals. (&) Prismatic cleavage {1010} is shown with solid lines and pinacoidal clea-
vage {0001} is shown with dashed lines. (b) Section cut perpendicular to the optic axis. The indicatrix section is circular,
so the grain should remain dark on rotation between crossed polars. In plane light this grain would display the w color. The
interference figure would be an optic axis figure. (c) Section cut parallel to the optic axis. The indicatrix section is a princi-
pal section whose axes are parallel to the length and width of the grain. Extinction is parallel and birefringence is a maxi-
mum. In plane light this grain would display the @ color as shown (lower polar E-W), and the € color if rotated 90°. The
interference figure would be a flash figure. (d) Cut in a random direction. Birefringence is intermediate and extinction is
parallel to the trace of the pinacoidal cleavage. Extinction to the traces of the prismatic ¢leavages will generally not be
parallel or symmetric unless the crystal is cut at right angles to a symmetry plane. In plane light this grain would display the w
color as shown, and a color intermediate between @ and € if rotated 90°. The interference figure would be an off-center
figure. Mineral color (pleochroism) and interference figures are discussed beginning on page 65.



Case 1. The mineral is cut perpendicular to the

optic axis (Figure 6.12b). The three prismatic.

cleavage planes may be visible but the pinacoidal
cleavage will not. The angles between the cleavages
are 60° or 120°. The grain remains uniformly dark on
rotation between crossed polars because the section
through the indicatrix is the circular section.

Case 2. The mineral is cut parallel to the optic axis
(Figure 6.12¢). This is essentially the same as for the
tetragonal mineral (Figure 6.10c). Extinction is par-
allel to both prismatic and pinacoidal cleavages.

Case 3. Random cut through the crystal (Figure
6.12d). It may be possible to see all of the cleavage
directions. The vibration direction of the ordinary
ray is always parallel to the trace of the pinacoidal
cleavage. The extraordinary ray vibration direction
usually is not parallel or symmetrical to the other
cleavages unless the section happens to be cut
perpendicular to one of the symmetry planes.

The reader should be cautioned that the examples
described here are representative of the habit and
cleavage found with many tetragonal and hexagonal
minerals, but by no means include all possibili-
ties. However, by studying these examples, and
sketching in the same manner used here, it should be
possible to get a good idea of the vibration directions
and cleavages for any section through a crystal.

Pleochroism

Pleochroism, or change of color on rotation in plane
light, occurs when the extraordinary and ordinary
rays are absorbed differently on passing through a
mineral and, therefore, have different colors. Col-
ored uniaxial minerals are usually pleochroic. To
describe the pleochroism, it is necessary to specify
the color of both the w and € rays. For example, in
common tourmaline (schorl), the pleochroism could
be described as w = dark green, € = pale green. An
alternative is to specify which ray is darker colored:
o > €, If the change of color is substantial, it is des-
cribed as strong pleochroism, and if there is rela-
tively little color change it is weak pleochroism. The
reader is cautioned that the description of colors is
somewhat subjective and that two observers may
describe the same color somewhat differently.

The following procedure can be used to determine
the color of each ray for uniaxial minerals.
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1. Cross the polars and search the sample for a grain that
shows the lowest-order interference color. The optic
axis is vertical, so all the light passes as ordinary ray.
These are grains such as those shown in Figures
6.10b,6.11b, and 6.12b.

2 Uncross the polar and note the color of the grain.
This color is the color of the ordinary ray. Because
there is no extraordinary ray present, the grain should
remain the same color on rotation of the stage.

3. Cross the polars and search the sample for a grain that
shows the highest-order interference color. The optic
axis is horizontal, and both ordinary and extraordi-
nary rays are present. These are grains such as those
shown in Figures 6.10c, 6.11c, and 6.12¢.

4. Uncross the polars. This grain should show the maxi-
mum change of color as the stage is rotated. The
extraordinary ray color differs from the ordinary ray
color, and is seen when the grain is in one of its
extinction positions (check by crossing the polars). In
Figures 6.10c, 6.11c, and 6.12c, the grains are
oriented to display the color of the w ray in plane light
(lower polar E-W). If rotated 90° to place the € vib-
ration direction E-W, the grains would display the
color of the € ray. :

Grains cut in a random direction such as those
shown in Figures 6.10d, e, and f, 6.11d, and 6.12d dis-
play the color of the w ray in plane light when the w
vibration is parallel to the lower polar as shown. If
rotated 90° to place the ¢’ vibration direction parallel
to the lower polar, they will display colors interme-
diate between w and €.

Interference Figure

The interference figure provides the basis for deter-
mining whether an anisotropic mineral is uniaxial or
biaxial and also for determining the optic sign. The
following procedure is used to obtain an interference
figure.

1. Focus on a mineral grain with the high-power objec-
tive.

2. Flip in the auxiliary condensor; refocus if needed and
open the aperture diaphragm.

3. Cross the polars.

4. Insert the Bertrand lens or remove the ocular and
look down the microscope tube. The image seen with
the ocular removed is smaller but somewhat crisper.
Instead of an image of the grain, the interference
figure consisting of a pattern of interference colors
and dark bands appears near the top surface of the
objective lens. The nature of the pattern depends on
the orientation of the mineral grain.
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Optic Axis Interference Figure

If the optic axis of the mineral grain is perpendicular
to the stage, the interference figure looks: like the
image in Figure 6.13. It consists of a black cross
superimposed on circular bands of interference col-
ors. The cross is formed of black bars called iso-
gyres. The point in the center where the two isogyres
cross is called the melatope, and it marks the emer-
gence of the optic axis. The interference colors
increase in order outward from the melatope. Those
nearest the melatope are low first order. Each band
of color is called an isochrome. If the optic axis of
the mineral is vertical, the interference figure does
not move or change as the stage is rotated. The
grains shown in Figures 6.10b, 6.11b, and 6.12b are
oriented to produce optic axis interference figures.

Melatope

Isochrome

Isogyre

Figure 6.13 Uniaxial optic axis interference figure.

Formation of Isochromes

The formation of the isochromes is illustrated in
Figure 6.14. The auxiliary condensor of the substage
provides strongly convergent light that passes
through the mineral and is collected by the objective
lens. Light following path 1 parallel to the optic axis
is not split into two rays and exits the mineral with
zero retardation to form the melatope. Light follow-

ing path 2 experiences moderate retardation because

the value of n.' is close to n,,. Light following path 3
at a greater angle to the optic axis encounters higher
birefringence and must traverse a longer path
through the mineral, so its retardation is proportion-
ately greater. Because the optic axis is vertical and
the optical properties are symmetric about the optic

axis, rings of equal retardation are produced about
the melatope.

The number of isochromes visible within the field
of view depends on the birefringence and thickness
of the sample. Samples that are thick or that have
high birefringence show more isochromes than thin
or low birefringence samples because retardation is
a function of both thickness and birefringence. The
number of isochromes in the microscope image also
depends on the numerical aperture of the objective
lens. Lenses of high numerical aperture can accept a
larger cone of light, so more of the higher-order
isochromes are visible.

The paths of light rays as they pass through the
mineral plate are somewhat simplified here. In fact,
each ray that enters the mineral is split into two rays
that are refracted differently and, therefore, leave
the top of the mineral plate at different points. As
seen earlier, in most minerals the divergence
between the rays is too small to be effectively illus-
trated and, even if the divergence is large, to show it
would unduly clutter the diagram.

Formation of Isogyres

Isogyres are formed where the vibration directions
in the interference figure correspond to the vibration
directions of the lower and upper polars. They are
areas of extinction.

Figure 6.15a schematically shows the vibration
directions for light that pierces the uniaxial positive
indicatrix of the mineral shown in Figure 6.14. The
vibration directions are determined using the pro-
cedure described in an earlier section. Ordinary rays
vibrate parallel to lines analogous to lines of lati-
tude. Extraordinary rays vibrate parallel to lines
analogous to lines of longitude.

Vibration directions for the strongly convergent
light passing through the mineral plate in Figure
6.15b can be projected into the interference figure.
The extraordinary rays vibrate along radial lines like
the spokes on a wheel and the ordinary rays vibrate
tangent to the circular isochromes. If the polars are
crossed, isogyres form where the vibration direc-
tions in the figure are parallel to the vibration direc-
tions of the polars.

Determining Optic Sign

The optic sign can be identified if it can be deter-
mined whether the ordinary ray is the fast ray or the
slow ray. If it is the fast ray, the mineral is optically



positive; if it is the slow ray, the mineral is optically
negative. Because the vibration directions of ordinary
and extraordinary rays in the interference figure are
known, one of the accessory plates can be used to
determine which is fast and which is slow. The pro-
cedure is as follows (Figure 6.16).
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. Obtain an optic axis interference figure.
. Insert the accessory plate into the slot above the

objective lens.

. Observe the interference colors. In two quadrants,

the interference colors increase; in the other two
quadrants, the interference colors decrease.

. Interpretation. Consider the southeast quadrant. In

Figure 6.14 Formation of
isochromes. (a) Light following

1 2 3
Objective
OA
Sample
Auxiliary condensor
3 2 1
(@)

path 1 experiences zero retardation
because it follows the optic axis
(OA). Paths 2 and 3 produce
progressively higher retardation
because both birefringence and
distance through the sample
increase as the inclination of the
light path to the optic axis
increases. (b) Optical properties
are symmetric about the optic axis,
so rings of equal retardation are
produced around the melatope
M).
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Figure 6.15 Formation of isogyres.
(a) Vibration directions on a
uniaxial positive indicatrix.
Ordinary rays (o) vibrate parallel
to lines of latitude and
extraordinary rays (€) vibrate
parallel to lines of longitude.

(b) Strongly convergent light
passing through the mineral exits
with a vibration pattern that is
symmetric about the melatope.

Extraordinary rays (dashed)
vibrate along radial lines and
ordinary rays (solid) vibrate
tangent to the circular isochromes.
\\ Isogyres are formed between
crossed polars in areas where the

\ vibration directions in the figure

this quadrant, the ordinary ray vibrates NE-SW par-
allel to the isochromes and the extraordinary ray
vibrates NW-SE. If the slow ray vibration direction of
the accessory plate is oriented NE-SW, it is parallel
to the ordinary ray vibration direction. If the colors
increase in the southeast quadrant, the ordinary ray
must be the slow ray and the mineral is optically nega-
tive. If the colors decrease in the southeast quadrant,
the ordinary ray must be the fast ray and the mineral
is optically positive. Because the vibration directions of
w and € are the same in the northwest quadrant, its
colors will increase or decrease the same as the south-
east quadrant. In the northeast and southwest quad-
rants, the extraordinary ray vibration direction is
parallel to the slow ray vibration of the accessory
plate, so if the colors added in the northeast and

\ are parallel to the vibration
directions of the lower and upper
polars.

southwest quadrants they will decrease in the north-
west and southeast quadrants and vice versa.

Either the gypsum or mica plate may be used to
determine the optic sign, provided there are not too
many isochromes. With the gypsum plate, first-
order gray with a retardation of 200 nm either
increases to second-order green (200 nm + 550 nm
= 750 nm) or decreases to first-order yellow (550 nm
— 200 nm = 350 nm). With the mica plate, first-
order gray would increase to first-order white or yel-
low and decrease to low first-order gray or black
as it adds or subtracts only 147 nm of retardation.

If there are numerous isochromes in the interfer-
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Figure 6.16 Determining optic sign. I indicates that colors increase and D indicates that colors decrease when the accessory
plate isinserted. (a) Optically positive. (b) Optically negative.

ence figure, it may be desirable to use the quartz
wedge to determine the optic sign. As the wedge is
inserted thin end first, the isochromes move (Figure

6.17). In the quadrants where the colors subtract,
the isochromes move outward as lower-order colors
from near the melatope displace higher-order col-

(b)

Figure 6.17 Movement of isochromes with insertion of the quartz wedge.
in the NE and SW quadrants and outward in the NW and SE quadrants.
in the NW and SE quadrants and outward in the NE and SW quadrants.

(a) Optically positive. Isochromes move inward
(b) Optically negative. Isochromes move inward
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ors. In the quadrants where the colors add, the
isochromes move in towards the melatope as higher-
order colors displace lower-order colors.

With the accessory plate inserted, the isogyres
adopt the interference color corresponding to the
retardation of the accessory plate. Because the isogyres
are areas of extinction, only one ray vibrating paral-
lel to the lower polar direction is present. This ray is
split on entering the accessory plate and develops
the retardation of the accessory plate.

Off-center Optic Axis Figure

If the optic axis is inclined somewhat from the verti-
cal, the interference figure will no longer be cen-
tered in the field of view. The isogyres still form a

cross centered on the melatope, but the melatope

swings in an arc around the center of the field as the
stage is rotated (Figure 6.18). The isogyres retain
their essentially N-S, E-W orientations and sweep
across the field of view centered on the melatope. If
the melatope is in the field of view, the optic sign can
be determined just as it was for the centered optic
axis figure. If the melatope is substantially out of the
field of view (Figure 6.19), the isogyres sweep across
the field in sequence as the stage is rotated. By not-
ing the direction of isogyre movement as the stage is
rotated, it is generally possible to identify which
quadrant is present in the field at any particular
time. If the quadrant is identified, the vibration
directions of the w and € rays can be recognized and
the optic sign determined by inserting an accessory
plate. However, there is a hazard in working with
interference figures that do not contain a melatope,
because you cannot be entirely certain whether the
mineral is uniaxial or biaxial. The grains shown in

Figures 6.10d, e, and f, 6.11d, and 6.12d are
oriented to produce off-center figures.

Flash Figure

If the mineral grain is oriented with the optic axis
horizontal, a flash figure is produced. As can be seen
in Figure 6.20, the vibration directions throughout
the field of view are nearly parallel. The € rays
vibrate approximately parallel to the trace of the
optic axis, and the w rays vibrate at approximately
90° to the optic axis. If the grain is oriented so that
the optic axis is either N-S or E-W most of the field
of view will be occupied by broad fuzzy isogyres. If
the stage is rotated a small amount (e.g., < 5°) (view
I1), the isogyres quickly split and move out of the
field of view in opposite quadrants corresponding to
the quadrants into which the optic axis is being
moved.

When the optic axis is placed in a 45° position
(NW and SE in view III, Figure 6.20a), the entire
field of view is occupied with interference colors and
the isochromes are concave outward. The color in
the center of the figure is the color normally dis-
played by the mineral between crossed polars. In the
quadrants that contain the optic axis, the colors
decrease away from the center because the bire-
fringence for inclined rays is less than for rays pass-
ing at right angles to the optic axis. The decreased
birefringence more than compensates for the slightly
longer path length for the inclined rays (Figure
6.20b). In the remaining quadrants, the interference
colors increase away from the center of the figure.

The number of isochromes depends on the thick-
ness and birefringence of the mineral. Thick or high
birefringence minerals display more isochromes

Figure 6.18 Off-center optic axis
figure. As the stage is rotated, the
melatope (M) sweeps around the
field of view. The isogyres stay
centered on the melatope and
retain their essentially N-S and
E-W orientation.



than thin or low birefringence minerals. If the cen-
tral part of the figure is first-order white, the quad-
rants containing the optic axis will be first-order gray
and the other quadrants will be pale first-order yel-
low.

The grains shown in Figures 6.10c, 6.11c, and
6.12c are oriented to produce flash figures.

The optic sign can be determined from a flash
figure as follows.

1. Rotate the stage until the isogyre fills the field of
view. The optic axis is now either parallel to the N-S
or to the E-W crosshair.

2. Slowly rotate the stage and note the quadrants from
which the isogyres leave the field of view. The optic
axis will be entering the quadrants from which the iso-
gyres exited.

3. If the isogyres left the field from the NW and SE
quadrants, continue rotating the stage to make a total
of 45°. This places the optic axis NW-SE. If the isogyres
left the field from the NE and SW quadrants, reverse
the direction of rotation so that they leave from the
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Figure 6.19 Off-center optic axis figure: melatope off the
field of view. (@) The isogyre gets wider away from the
position of the melatope (M). (b) Clockwise rotation of
the stage causes the isogyres to sweep across the field of
view in the sequence I to IV. The isogyres remain roughly
parallel to the crosshairs and move in the direction indi-
cated by the arrows.
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NW and SE quadrants, then continue rotating in the
new direction to make a total of 45°. Near the center
of the field of view, the extraordinary ray will now be
vibrating NW-SE parallel to the optic axis, and the
ordinary ray will vibrate NE-SW.

. Insert the accessory plate with slow vibration direc-

tion NE-SW and note the change in interference

the field of view the extraordinary ray vibrates paral-
lel to the optic axis and the ordinary ray vibrates
NE-SW parallel to the slow ray vibration direction of
the accessory plate. If the colors added, then the
ordinary ray is slow and the mineral is negative. If the
colors decreased, then the ordinary ray is fast and the
mineral is positive.

color.
5. Interpretation. With the optic axis oriented NW-SE,
a shown in view III of Figure 6.20a, in the center of

Using the flash figure to determine optic sign is
usually not a good practice. It is not possible to

D (b)

OA

Figure 6.20 Uniaxial flash figure. (a) The mineral is oriented with the optic axis horizontal. Vibration directions in the
figure are derived in the same manner as in Figure 6.15. In view I, the optic axis (OA) is oriented exactly east-west. The
isogyre is a broad, fuzzy cross because vibration directions in all but the outer parts of the four quadrants are essentially -
parallel to the vibration directions of the polars. In view II, the stage has been rotated a few degrees clockwise, and the
isogyres quickly split and leave the field of view (the isochromes are not shown). The isogyres exit from the quadrants that
the optic axis is being rotated into because only in the outer parts of those quadrants are the vibration directions oriented
N-S and E-W. View III shows the figure with the optic axis NW-SE. The isochromes are concave outward. Interference
colors decrease outward in the quadrants containing the optic axis and increase outward in the other quadrants. (b) If the
mineral is a 0.03-mm-thick piece of quartz with n, = 1.544, nc = 1.553, and & = 0.009, ray O at the center of the figure has a
retardation of 270 nm (upper first white). Paths such as A, B, and C, which are inclined 20° from the normal, are 0.032 mm
" long. Path A experiences & = 0.009 because it is at right angles to the optic axis and yields a retardation of 289 nm (pale first
yellow) (Equation 5.3). Path B has n.” = 1.552 (Equation 6.1), birefringence of 0.008, and retardation of 253 nm (middle
first white). Path C has birefringence intermediate between A and B, so its interference color is lower than 4 and higher than
B, hence the isochromes must be concave outward. Points O, A, B, and C are shown in view III above.



determine whether a mineral is actually uniaxial
with a flash figure because biaxial minerals also
produce very similar flash figures. The flash figure
does have some value, because it confirms that the
optic axis is nearly parallel to the microscope stage.
It is necessary to select grains in this orientation
when measuring s in grain mount.

Selecting Grains to Give Interference Figures

Optic Axis Figure

The optic axis figure, whether centered or slightly
off center, is normally used to determine whether a
mineral is uniaxial, and if so, its optic sign. The
melatope should be in the field of view to be certain
that the mineral is uniaxial. The optic axis of suitably
oriented grains must be nearly vertical, so these
grains display zero or low birefringence. They are
recognized as follows.

1. Arrange the microscope for orthoscopic illumination
(auxiliary condensor removed), use the low- or
medium-power objective and cross the polars.

2. Scan the slide for a grain of the mineral with the low-
est interference color, or ideally, for one which
remains dark on rotation. Grains shown in Figures
6.10b, 6.11b, and 6.12b are appropriately oriented.

3. Obtain an interference figure (high-power objective,
auxiliary condensor inserted, and Bertrand lens
inserted). If the grain is properly oriented, the mela-
tope will be in the field of view. If not, look for
another grain.

Flash Figure

A grain that produces a flash figure has its optic axis
parallel to the microscope stage. It experiences max-
imum birefringence and displays the highest-order
interference color of all grains of the mineral in the
sample. The grains shown in Figure 6.10c, 6.11c,
and 6.12c¢ are oriented to yield flash figures.

Determining Indices of Refraction

Grain Mount

The procedures used to measure indices of refrac-
tion in grain mounts are essentially the same as those
described for isotropic minerals. The indices of oil
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and mineral are compared using relief, Becke line,
and oblique illumination methods. However, two
different indices of refraction must be measured, n,,
and n., so it is necessary to select grains that are
oriented so that the light passes as only one or the
other of the two rays.

Determining n,,

Finding the index of the ordinary ray is easier because
one of the rays passing through every grain is an
ordinary ray with index n,. There are two ways of
selecting and orienting grains so that all of the light
passing through is ordinary ray.

1. Cross the polars and search for a grain whose optic
axis is vertical. As has been described earlier, this
grain has the lowest-order interference color and
remains uniformly dark with stage rotation. All of the
light passing through the mineral is ordinary ray with
index n,,. To confirm that the optic axis is actually ver-
tical, obtain an interference figure (high-power objec-
tive, auxiliary condensor, and Bertrand lens).
Determine the optic sign if that has not already been
done. If the optic axis is vertical, the melatope will be
in the center of the field of view. Uncross the polars,
return to the orthoscopic arrangement, and compare
the index n,, to the index of the oil. Repeat with new
grain mounts, using the bracketing technique des-
cribed in Chapter 3, until a match between oil and n,,
is obtained. The disadvantage of this method is that it
requires that grains be fortuitously oriented so that
the optic axis is vertical. Grains in this orientation are
sometimes difficult to find.

2. Every grain in the sample has one ray with index n,,.
The trick is to rotate the stage so that all the light
coming through is ordinary ray. The index can then
be compared with the oil. There are three methods
that can be used alone or in conjunction with each
other to place the w vibration direction parallel to the
lower polar vibration direction.

a. ldentify which of the two rays is the o ray with
one of the accessory plates. If the mineral is positive
o is the fast ray, and if it is negative o is the slow ray.
Identify the slow and fast ray vibration directions
using the procedure described in Chapter 5 and place
the ray corresponding to the ordinary ray parallel to
the lower polar vibration direction.

b. Scan the mount for a grain with low interference
colors so that the optic axis is reasonably close to ver-
tical. Obtain an interference figure. In most cases, it
will be an off-center optic axis figure. Rotate the stage
until an isogyre is superimposed on the crosshair that
is perpendicular to the lower polar (Figure 6.21).
Return to orthoscopic illumination (remove Bertrand
lens and auxiliary condensor). The ordinary ray vibra-
tion direction is now oriented parallel to the lower
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(@)

(b)

Figure 6.21 Orienting a grain using an interference figure
so that only an ordinary ray passes (lower polar E-W).
(a) The stage is rotated so that one arm of the isogyre is
bisected by the crosshair that is perpendicular to the lower
polar vibration direction. The vibration directions under
the crosshair correspond to the vibration directions in the
grain with orthoscopic illumination. (b) In orthoscopic
illumination, the grain is now oriented so that the ordinary
ray vibration direction in the grain is parallel to the lower
polar vibration directions. All the light now passes as
ordinary ray.

polar. As seen in the discussion of the interference
figure, the vibration directions of the light in the
center of the field of view are the same as the vibra-
tion directions found in the mineral in conventional
orthoscopic illumination.

c. If the mineral is pleochroic, the w ray vibration
direction can be identified by observing the color. In
plane light, rotate the stage until the mineral has the
color of the w ray determined as described in an
earlier section. The w ray can be placed exactly paral-
lel to the lower polar by crossing the polars and rotat-
ing slightly to get complete extinction.

Determining n
Accurate measurement of n. requires grains
oriented so that the optic axis is horizontal. If grains

are in any other orientation, only a value of n.’,
intermediate between n. and n,, can be measured.
The technique is to select grains with the optic axis
horizontal and then rotate the stage so the € ray
vibration direction is parallel to the lower polar. The
procedure to do this is as follows.

1. Scan the grain mount for grains that show the highest
interference colors with polars crossed. These are
grains with the optic axis close to horizontal. To con-
firm that the optic axis is horizontal, obtain an inter-
ference figure. If the optic axis is horizontal, a
symmetrical flash figure is produced.

2. Rotate the stage so that the € ray vibration direction
is parallel to the lower polar. There are two ways to
do this.

a. Use the accessory plate. If the mineral is opti-
cally positive-the extraordinary ray is the slow ray, if
negative it is the fast ray. From the extinction pos-
ition, rotate the grain 45° and insert an accessory plate
to determine which of the two rays is fast and which is
slow, as described in Chapter 5. Then rotate the slow
(for positive) or fast (for negative) vibration direction
so it is parallel to the lower polar. ‘

b. Use the flash figure. Starting with the broad
fuzzy isogyres occupying much of the field of view,
‘rotate the stage slightly clockwise. If the isogyres
leave the field of view from the NE and SW quad-
rants, the € ray vibration direction was oriented N-§
before rotation. If the isogyres leave from the NW
and SE quadrants, then the ¢ ray vibration direction
was oriented E-W. Place the ¢ ray vibration direction
parallel to the lower polar, return to orthoscopic iltu-
mination, and compare rn to the index of the oil.

Time sometimes can be saved by not being overly
concerned with grain orientation in the first few oils
used to identify n.. For example, if the mineral is
optically positive, n has the higher index. If even a
few grains show indices higher than the oil, then it is
clear that n. is higher than the oil and there is little
to be gained by searching out grains with the optic
axis horizontal. To enable a large number of grains
to be quickly scanned, the oblique illumination
method usually is more convenient than the Becke
line method.

Time also can be saved by determining the bire-
fringence (n, — n.) of the mineral, as described
earlier, and computing an approximate value for n
based on knowledge of n, and the optic sign. Oils
can then be selected accordingly. A further expedi-
ent is to make comparisons for both n, and n. from
the same grain mounts, particularly if the birefrin-
gence is relatively low.



It is sometimes found that minerals such as the
carbonates with good cleavages lie flat on their clea-
vage surfaces so that very few grains are oriented
with their optic axis horizontal. Hence, it becomes
more difficult to obtain- reliable values for n.
directly. Several methods can be used to get around
this problem. The first is just to prepare the grain
mounts with more grains to increase the odds of hav-
ing some correctly oriented. The second is to pre-
pare slides to hold the grains in random orientation.
Finely ground glass may be added to the mount to
prop up some of the recalcitrant grains, or gelatin-
covered slides may be used. The third method is to
calculate the value of n from values of n.’ (Bloss,

. 1961 after Tobi, 1956; Loupekine, 1947). The calcu-
lation method is the least desirable but may be use-
ful in identifying carbonates.

Thin Section

It is not practical to accurately measure indices of
refraction in thin section. However, estimates can be
made by using the Becke line to compare the indices
of an unknown mineral with the index of the cement
or other known minerals in the thin section, and by
examining the relief. It is generally more successful
to compare the indices of the unknown mineral with
the cement, rather than another anisotropic mineral
whose indices vary depending on orientation. To
make the comparison, grains need to be oriented so
that only the ordinary ray or only the extraordinary
ray is present. Grains in suitable orientations can be
selected using the same techniques employed for
grain mounts.

Spindle Stage

The spindle stage (Appendix A) allows a single grain
of the unknown mineral to be rotated about a hori-
zontal axis. This makes it possible to place the optic
axis of a uniaxial mineral horizontal so that an accu-
rate value of n. can be measured according to the
following procedure.

1. With orthoscopic illumination, rotate the spindle until
the grain shows maximum birefringence and the high-
est interference color. The optic axis should now be
horizontal.

2. Change to conoscopic illumination (high-power
objective, auxiliary condensor, Bertrand lens, crossed
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polars) and obtain an interference figure. When prop-
erly oriented, a symmetrical flash figure is observed.
Rotate the microscope stage to place the optic axis at
right angles to the lower polar using the technique
described in an earlier section on measuring indices in
grain mount.

3. Return to orthoscopic illumination. The grain should
be in an extinction position. If it is not, rotate the few
degrees needed to make it extinct. Uncross the polars
and compare the index 7, to the index of the immer-
sion oil using the Becke line method.

4. Rotate the stage 90° so that the optic axis is parallel to
the lower polar and all the light passes as € ray. Com-
pare the index n. to the index of the immersion oil.

5. Remove the index oil from the spindle stage using a
piece of blotting paper and repeat these procedures
using new index oils until matches are obtained for n,,
and n.. Use the bracketing techniques described in
Chapter 3.

This procedure presumes that it is already known
that the mineral is uniaxial. If this is not known, then
it will be necessary to obtain an interference figure
with the melatope in the field of view to determine
whether the mineral is uniaxial or biaxial. By chance
a grain may be mounted on the spindle in an
orientation that will allow a useable interference
figure to be obtained. A more reliable procedure,
however, would be to examine the unknown mineral
in a conventional grain mount or a thin section to
determine whether it is uniaxial or biaxial, then use
the spindle stage to accurately measure the indices
of refraction. Bloss (1981) describes a more precise
method of determining the orientations from which
the indices of refraction can be measured. It involves
analysis on a stereographic net of extinction angles
measured for different settings of the spindle stage.
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7

Biaxial Optics

It is useful at this point to compare crystallographic
and optical properties in isotropic, uniaxial, and
biaxial minerals. Isotropic minerals, which belong in
the isometric system, are all highly symmetric and
display the same chemical bonding and crystal struc-
ture in all directions. The unit cell has the same
dimension along all three crystallographic axes, and
only one index of refraction is necessary to describe
the optical properties for monochromatic light.

Uniaxial minerals, which belong in the tetragonal
and hexagonal systems, are less symmetric and dis-
play the same chemical bonding and crystal structure
in all directions at right angles to the ¢ crystallo-
graphic axis but different structure and bonding in
other directions. To describe their crystallographic
properties, it is necessary to specify two unit cell
dimensions: one along the ¢ axis, the other at right
angles. To describe the optical properties, it is simi-
larly necessary to specify two indices of refraction,
ne and ng,.

Biaxial minerals include the orthorhombic,
monoclinic, and triclinic crystal systems. They are
less symmetric than uniaxial minerals and vary in
crystal structure and chemical bonding in all direc-
tions. To describe their crystallographic properties,
it is necessary to specify the lengths of the unit cell
along all three crystallographic axes. Similarly, it is
necessary to specify three different indices of refrac-
tion. Various conventions have been used to identify
the three principal indices. One of the more popular
is o, B, and y. While there is precedent for using this
nomenclature, it is ignored here so that all indices of
refraction are identified with the symbol n and so
that the symbols for the indices are not confused
with the angles between the crystal axes, which are
usually identified o, B, and y. The convention in this
book is to identify the three indices n,, ng, and n,,
where n, < ng < n,. Other conventions that may be
encountered include n,, n,, n,; N;, Ny, N,; nX, nY,

nZ; ng, ny, ne; X, Y, Z; ny, ny, ns; and n,, Ry, .
The maximum birefringence of a mineral is always
n,—n,.

Two points need to be made to avoid confusion.
The first is that while it takes three indices of refrac-
tion to describe the optical properties of biaxial
minerals, the light that enters biaxial minerals is still
broken into two rays: one is the fast ray, the other
the slow ray. The second point is that the ordinary/
extraordinary terminology is abandoned in biaxial
minerals. Both rays behave as the extraordinary ray
did in uniaxial minerals. Because both rays are extra-
ordinary, the terminology presented in Chapter 5 is
used; the two rays are called the slow ray and the
fast ray. The index of the slow ray is identified n,’,
which is always between n, and ng (n, = n,’ = ng).
The index of the fast ray is identified n,’, which is
always between n, and 1 (n, < n,’ < ng).

Biaxial Indicatrix

The biaxial indicatrix is constructed and used in
much the same manner as the uniaxial indicatrix; the
major difference is that there are three principal
indices to be dealt with instead of two. To construct
the indicatrix, the three principal indices are plotted
along three mutually perpendicular axes (Figure
7.1): n, is plotted along the X axis, ng is plotted
along the Y axis, and n, is plotted along the Z axis.
In every case, n, is the smallest index and n, is the
largest index. The indicatrix is therefore a triaxial
ellipsoid elongate along the Z axis and flattened
along the X axis.

There are three principal sections through the
indicatrix: the X-Y, X~Z, and Y-Z planes (Figure
7.1a). The X-Y section is an ellipse with axes n, and
ng. The X—Z section is an ellipse with axes n, and n,,.
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Figure 7.1 The biaxial indicatrix.

certain radii equal to ng.

(b) The circular sections have radius ng. The primary optic axes (OA) are perpendicular to the
of biaxial negative indicatrix.

(c) An optic plane of biaxial positive indicatrix.
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The Y-Z section is an ellipse with axes ng and n,.

Random sections through the indicatrix also are
ellipses.

The indicatrix has two circular sections with radius
ng that intersect in the Y axis. Consider the X—Z
plane (Figure 7.1a). It is an ellipse whose radii vary

Optic normal

(@)

Circular
sections
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in length from n, to n,, so there must be radii with
lengths equal to ng. Radii shorter than ng are n,’ and
those longer are n,'. The length of the indicatrix
along the Y axis also is g, 50 the Y axis and the ng
radii in the X—Z plane define the two circular sec-
tions (Figure 7.1b). Directions perpendicular to the

OA

OA

Circular
sections

(€) (_—) (d)

circular sections and lie in the X—Z, or optic, plane.

Circular sections

)

a) The indices n, ng, and n,, are plotted along the X, Y, and Z axes, respectively. Prin-
B y p g p y

cipal sections are the X-Y, X-Z, and Y-Z planes. Within the X-Z plane, the radii of the ellipse vary from #, to n, with

(d) An optic plane



two circular sections are the primary optic axes' and
they both lie in the X-Z plane.

The X-Z plane that contains the optic.axes is
called the optic plane. The acute angle between the
optic axes is the optic angle or 2V angle. The axis
(either X or Z) that bisects the 2V angle is the acute
bisectrix or Bxa. The axis (either Z or X) that bisects
the obtuse angle between the optic axes is the obtuse
bisectrix or Bxo. The Y axis, which is perpendicular
to the optic plane, is called the optic normal.

The optic sign is defined based on whether the X
or Z axis is the acute bisectrix (Figure 7.1c, d). If the
acute bisectrix is X, the mineral is optically negative.
If the acute bisectrix is Z, the mineral is optically posi-
tive. In the special case where 2V is exactly 90°, the
mineral is optically neutral.

A slightly different convention is to identify the
angle between the optic axes bisected by the X axis
as 2V, and the angle between the optic axes bisected
by the Z axis as 2V,. The angles then can vary
between 0 and 180° with the restriction that 2V, +
2V, = 180°. If 2V, is less than 90°, the mineral is
positive, and if 2V, is greater than 90°, the mineral is
negative. This nomenclature is particularly useful in
describing optical data for minerals that change from
positive to negative as the chemical composition
changes.

The uniaxial indicatrixes may be considered
special cases of the biaxial indicatrix. If n, = ng, the
Z axis is the optic axis, the X-Y plane is the circular
section, and the optic sign is uniaxial positive (cf.
Figure 6.4a). If ng = n,, the X axis is the optic axis,
the Y-Z plane is the circular section, and the optic
sign is uniaxial negative (cf. Figure 6.4b).

Mathematical Relationships

The equation for the indicatrix is conveniently
expressed as

2 2
X y
S+t

1= 2
ny nﬁ nYz 7.1

where x, y, and z are the coordinates for some point
on the indicatrix surface. The length of any radius
(n') is the index of refraction for light vibrating par-

! The primary optic axes are hereafter usually referred to as
the optic axes. Secondary optic axes are defined with reference
to the ray velocity surfaces, which are described in Appendix
B.
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allel to the radius and whose wave normal is perpen-
dicular to the radius. It is given by the equation

1
sin?p sin?§ N cossz
n2 7.2

1

n =

2

sin?p cos?d
n2 ng

where p and & are the angles shown in Figure 7.2.
This is based on the equation of a triaxial ellipsoid
expressed in polar coordinates. Note that if n, = ng,
or ng = n,, the indicatrix is uniaxial and Equation
7.2 can be rewritten to give Equation 6.1, if allow-
ance is made for the different manner in which the
angles are defined in the two equations.

Figure 7.2 Angles used to describe the orientation of a
random radius (n') of the indicatrix.

The relationship between the optic angle and the
principal indices of refractios. s given by the equa-
tion (Wright, 1951)

naz (nyz - nﬁz)
ng® (n}? — ng) 7.3

where V, is half the angle 2V _.

A simple nomogram, based on Equation 7.3,
devised by Mertie (1942) (Figure 7.3) also can be
used to determine 2V from the principal indices.
Indices of refraction are plotted along the vertical
axis and 2V is plotted along the horizontal axis. The
value for n,, is plotted on the left side of the diagram
and n, is plotted on the right side. A line is drawn
between these two points and the value of ng pro-

cos® V, =
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jected to where it intersects the line at point A. The
value of 2V is read from the bottom of the diagram
directly below A. To avoid marking the chart, a
straightedge can be used instead of drawing lines.
For convenience, values of 2V, and 2V, also are
shown. Note that if any three of the variables in
Equation 7.3 are known, the fourth can be deter-
mined either by calculation or by using Figure 7.3.

Use of the Indicatrix

The biaxial indicatrix is used in the same manner as
the uniaxial indicatrix but, because of lower sym-
metry, involves a few additional considerations.

2Vy 180 150 140 130 120 110 100

In Figure 7.4, a wave normal WN is shown in a
random direction through a biaxial indicatrix. To
find the indices of refraction, vibration directions for
the slow and fast waves, and the ray paths the fol-
lowing procedure is used:

1. Construct a section through the indicatrix perpendi-
cular to the wave normal (Figure 7.4a). This section
through the indicatrix is parallel to the wave fronts
and is an ellipse, unless the wave normal is parallel to
an optic axis. The axes of the elliptical section indi-
cate the vibration directions and indices of refraction
n,' and n,’ for the fast and slow rays, respectively.

2. To find the point of emergence of the slow ray, con-
struct a line through the wave normal that is parallel
to the slow vibration direction and tangent to the indi-

90 80 70 60 50 40 30200
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Figure 7.3 The Mertie diagram. If three of the values n,, 1, n,, and 2V are known, the fourth can be determined. In the
example shown here, n, = 1.500, ng = 1.550, and n, = 1.650. The 2V angle must, therefore, be 75°, and the mineral is opti-
cally positive.



catrix as shown in Figure 7.4b. The slow ray emerges
at point @ where the tangent line touches the indica-
trix. The point of emergence of the fast ray (b) is
found in a similar manner. Because both tangent lines

are parallel to the vibration directions they are also

perpendicular to the wave normal. Note that both
rays behave as extraordinary rays.

The Biot-Fresnel rule also may be used to deter-
mine the vibration directions associated with a wave
normal (Figure 7.5). Two planes are constructed
through the indicatrix: one plane contains the wave
normal and one of the optic axes, the other contains
the wave normal and the second optic axis. The
vibration directions for light waves traveling along
the wave normal bisect the angles between the two
planes.

To find the vibration directions, indices of refrac-
tion, and wave normal directions for slow and fast
rays emerging at a particular point on the indicatrix
the following procedure is used:

1. Construct the ray path through the center of the indi-
catrix and construct a section through the indicatrix
parallel to a surface (7) tangent to the indicatrix at
the point where the rays pierce the indicatrix. The
indices of refraction and vibration directions for the
two rays are given by the lengths and orientations of
the axes of the elliptical section (Figure 7.6a).

2. The wave normals for the two rays are lines from the
origin that are perpendicular to the vibration direc-
tions (Figure 7.6b). The wave fronts for the two rays
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are surfaces perpendicular to the wave normals
(Figure 7.6¢). '

While it is possible to calculate values of n," and n,,’
for a random wave normal direction through the
indicatrix, that undertaking will not be pursued here.

X

Figure 7.5 Biot-Fresnel construction. The vibration direc-
tions associated with the wave normal (WN) bisect the
angles between planes constructed from the optic axes
(OA) to the wave normal.

Slow

Figure 7.4 Determining indices of
refraction and vibration directions
given the wave normal direction.
(a) Indicatrix with wave normal
(WN) and elliptical section
perpendicular to the wave normal.
The axes of the elliptical section
(n,’ and n,,) indicate the vibration
directions and indices of refraction
of the slow and fast rays. (b) Ray
directions associated with the wave
normal. Tangents to the indicatrix
are constructed through the wave
normal and parallel to the axes of
the elliptical section. The points of
tangency a and b indicate where the
slow and fast rays emerge from the
indicatrix.
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The graphical procedures that illustrate the principles
involved serve current purposes quite adequately.
We will examine the behavior of light passing
through a mineral plate in four cases: normal inci-
dence parallel to one of the principal axes of the
indicatrix, normal incidence parallel to an optic axis,
normal incidence in a random direction, and
inclined incidence. With normal incidence, the wave
normals are not refracted, so the wave normals for
slow and fast rays are parallel in the mineral. With
inclined incidence, the wave normals for the two
rays are refracted but by different amounts, because

Rays

Fast

\
Slow
o
1
X

(a)

the slow and fast rays have different indices of
refraction.

Normal Incidence Parallel to an Indicatrix Axis

Figure 7.7 illustrates the case where the incident
light passes parallel to the X indicatrix axis. The
indicatrix is situated so that it is cut in half by the
bottom surface of the mineral. Because this elliptical
section through the indicatrix is perpendicular to the
wave normal, its axes, which are n, and n along the
Z and Y axes, respectively, give the indices of refrac-

Figure 7.6 Determining indices of
refraction, vibration directions, and
wave normal directions, given a ray
direction. (a) Tangent surface
(T) constructed at the point where
aray pierces the indicatrix. An
elliptical section through the
indicatrix paraliel to the tangent
surface gives indices of refraction
and vibration directions. (b)
Wave normals WN," and WN,,’ are
perpendicular to the vibration
directions. (c) Wave fronts
(WF,' and WF,’) are perpendicular
to the wave normals.
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Figure 7.7 Normal incidence parallel to the X indicatrix

axis. The two rays vibrate parallel to the Y and Z indicatrix
axes and have indices g and n,.
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tion and vibration directions for the two rays. If the
construction is done to find the ray paths, it will be
found that they coincide with the wave normals.

Normal Incidence Parallel to an Optic Axis

Figure 7.8 illustrates the case where the mineral has
been cut so that one of the optic axes is perpendicu-
lar to the top and bottom surfaces of the mineral. The

-section through the indicatrix is one of the circular

sections, indicating that light waves propagate along
the optic axis with equal velocity regardless of
vibration direction and have index rg, which is the
radius of the circular section.

A unique feature about a biaxial optic axis is that
unless the light is vibrating parallel to the optic nor-
mal (Y axis), the ray and wave normal do not
coincide. If a beam of unpolarized light enters the
mineral, it forms into a hollow cone of light in the
mineral and a cylinder of light after exiting the top of
the mineral plate. The explanation of this pheno-
menon, called interior conical refraction, can be
found by determining the ray path associated with
each different vibration direction of the incident

=
/

1 (OA)

Circular secton (b)

Figure 7.8 Normal incidence parallel to an optic axis: interior conical refraction. (a) The section through the indicatrix is
a circular section, so all light has index nz with no preferred vibration directions. The wave normal for all light follows the
optic axis. Ray paths such as 1, 2, and 3 form a hollow cone of light within the mineral and a hollow cylinder above the

mineral. (b) Vibration directions for light in the cone.
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light. As described earlier, this is done by construct-
ing a. tangent to the indicatrix, which goes through
the wave normal and is parallel to the vibration
direction of the light. The ray paths for three differ-
ent vibration directions are shown in Figure 7.8a. In
each case, the wave normal is parallel to the optic
axis, but the associated rays are deflected (except for
ray 1 which vibrates parallel to the optic normal).
The pattern of vibration directions as seen from
above is shown in Figure 7.8b. The example shown
in Figure 7.8 is greatly exaggerated for illustration
purposes. With the thicknesses and birefringence
usually encountered, the radius of the cone is
actually quite small. For practical purposes, the light
can be considered to behave the same as light fol-
lowing the optic axis of uniaxial minerals which can-
not display conical refraction.

3
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Normal Incidence in a Random Direction

Normal incidence into a crystal plate cut in a random
direction is shown in Figure 7.9. Because the light is
normally incident to the bottom surface of the crys-
tal plate, the wave normals are not refracted. The
section through the indicatrix is an ellipse with axes
equal to n," and n,’, where n, < n,’ < ngand ng <
n,’ < n,. The vibration directions of the slow and
fast rays are parallel to the axes of the elliptical sec-
tion. The construction technique described in Figure
7.5 allows determination of the ray paths.

Inclined Incidence

As was seen in the uniaxial case, inclined incidence
is somewhat more complicated because the slow and

Figure 7.9 Normal incidence to a
crystal plate cut in a random
direction. The section through the
indicatrix is an ellipse with axes n,’
and n,’. The ray paths both diverge
from the wave normal (WN) as
shown.



fast wave normals are refracted different amounts
depending on their respective indices of refraction.
Only the restricted case where the incident and
refracted wave normals lie in one of the principal
planes of the indicatrix is described here. The most
general case where the refracted wave normals do
not lie in a principal plane of the indicatrix is solv-
able but is rather complex. Because little will be gained
for present purposes by going through the pro-
cedure, it will not be pursued.

Figure 7.10 shows the case of inclined incidence
where the incident and refracted wave normals lie in
the X—Z plane of the indicatrix. Every section
through the indicatrix for possible refracted wave
normal directions must have one axis along the Y
axis. Hence, one of the wave normals must have
index ng and vibrate parallel to the Y axis. The
refraction of this wave normal can be calculated
directly from Snell’s law. If the ray path associated
with this wave normal is determined, it will be found

n, =140
ng=175
n, =200

Mineral

Air
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that it is coincident with the wave normal. By ana-
logy to the uniaxial case, this ray behaves like the
extraordinary ray when propagating perpendicular
to the optic axis.

The angle of refraction of the second wave nor-
mal, which vibrates within the X-Z plane, can be
determined using the same method employed to
determine the refraction of the extraordinary ray in
uniaxial minerals (Figure 6.9). For the case des-
cribed here, Equation 6.1 may be rewritten:

Ny

h, =

nu2 s02 3
[1+(F—1)sm (A+65)]' 74

Y
where 6, and #, are the angle and index of refraction
for the second wave normal, and A is the angle
between the Z axis and the normal to the surface.

The index is identified n; because it will not be known
whether it is n,’ or n,” until the problem is solved.

=y

[=a}

o
T

Equation 7.5

Figure 7.10 Inclined incidence in the X-Z principal section of the indicatrix. (a) The light in wave normal » (WN,)
vibrates parallel to the Y indicatrix axis (in and out of the page) and has index of refraction ;. Its angle of refraction (16.6°)
is calculated from Snell’s law. The light in wave normal s (WN,) vibrates within the X-Z indicatrix plane. (b) Simulta-
neous solution of Equations 7.4 and 7.5 for n,=1.564 and 0, = 18.6°.
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Snell’s law also must be satisfied; for the geometry
shown in Figure 7.10 it can be written:

Lh
sin 6 ' 7.5

Simultaneous solution of Equations 7.4 and 7.5 is
shown graphically in Figure 7.10b.

n,

Crystallographic Orientation of Indicatrix Axes

Optically biaxial minerals include those in the ortho-
rhombic, monoclinic, and triclinic crystal systems.
Because the optical properties of minerals reflect
their crystal structure and symmetry, we can expect
that the optic orientation must be consistent with
mineral symmetry. '

Orthorhombic Minerals

Orthorhombic minerals have three mutually per-
pendicular crystallographic axes of unequal length.
These -axes must coincide with the three indica-

W

(b)

trix axes (Figure 7.11a), and the three mutually
perpendicular symmetry planes in the mineral must
coincide with the principal sections of the indicatrix.
However, it is not necessary for the X, Y, and Z
indicatrix axes to correspond with the a, b, and ¢
crystallographic axes, respectively. Any indicatrix
axis may correspond with any crystallographic axis.
For example, in aragonite, X = ¢, Y =a,and Z = b,
whereas in anthophyllite, X = a, Y= b, and Z = c.

Monoclinic Minerals

In monoclinic minerals, the b crystallographic axis
coincides with the single twofold rotation axis, and is
perpendicular to the single mirror plane. The @ and ¢
axes are perpendicular to b, lie within the mirror
plane, and intersect in an obtuse angle. One of the
indicatrix axes always coincides with the b crystallo-
graphic axis, and the other two lie within the (010)
mirror plane but are not parallel to either a or ¢
(Figure 7.11b), except by chance. The b crystallo-
graphic axis may be parallel to either the X, Y, or Z
indicatrix axis.

Figure 7.11 Relationship between crystal axes and indicatrix axes. The optic planes are shaded. (a) Orthorhombic. Crys-
tal axes and indicatrix axes coincide. (b) Monoclinic. The b crystal axis coincides with one of the indicatrix axes., The other
axes do not coincide except by chance. In this case b = ¥, so the optic plane is parallel to (010). If b = X or Z, then the optic
plane is at right angles to (010). (c¢) Triclinic. None of the crystal axes coincide with indicatrix axes except by chance.



The angle between the a or ¢ crystal axis and an
indicatrix axis is a positive angle if the indicatrix axis
falls in the obtuse angle between the a and c¢ axes
and a negative angle if it falls in the acute angle.
Using this convention, the B angle between the
a and c crystal axes is

B=90°+an (X,Y,0rZ)+c A (X, Y, or Z).

The optic orientation of the sample in Figure 7.11b
isXAa=—-5,Y=5b,Z A c= +15° The angle B
between a and ¢ must therefore be 90° — 5° 4 15° =
100°. The reader is cautioned, however, that other
conventions have been used. The most common is
that, when viewed down the b axis, angles measured
clockwise from the a and ¢ crystal axes are positive,
and negative if measured counterclockwise.

Triclinic Minerals

Triclinic minerals have three crystallographic axes of
different lengths, none of which are at right angles to
the others. Because there can be no symmetry elements
other than center, the indicatrix axes are not parallel
to the crystal axes (Figure 7.11c), except by chance.

Optic normal

Optic
plane

* Isogyre

(@)

The acute bisectrix (Bxa) is in the center of the field of view.

Isochrome
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Biaxial Interference Figure

Biaxial interference figures are obtained in the same
manner as uniaxial figures, with the microscope
arranged for conoscopic illumination. The high-
power objective is used, polars are crossed, and the
auxiliary condensor and Bertrand lens inserted. The
Bertrand lens can be omitted if the ocular is
removed. Biaxial interference figures are distinctly
different from their uniaxial counterparts for most
mineral orientations. This provides the basis for dis-
tinguishing between uniaxial and biaxial minerals.
The nature of the interference figure depends on the
orientation of the mineral grain. Five cases will be
examined: acute bisectrix vertical, optic axis verti-
cal, obtuse bisectrix vertical, optic normal vertical,
and random figures. In each case, the interference
figure consists of isochromes and isogyres.

Acute Bisectrix Figure

The acute bisectrix interference figure is obtained
when the acute bisectrix is oriented perpendicular to
the stage of the microscope (Figure 7.12). If 2V is
small enough, the melatopes marking the points of

4

(b)

Figure 7.12 Biaxial acute bisectrix interference figure. The melatopes (M) mark the points of emergence of the optic axes.

(a) Trace of the optic plane oriented east—west. (b) Optic

plane placed in a 45° position. With rotation from (a) to (b), the isogyres split and move across the field of view to form

hyperbolae centered on the melatopes.
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emergence of the optic axes are in the field of view.
The isochromes form an oval or figure-eight pattern
about the melatopes. The pattern of isogyres
changes as the stage is rotated.

Formation of Isochromes

A strongly convergent cone of light enters the
mineral from below. Only light that happens to fol-
low one of the optic axes emerges from the top of
the mineral plate with zero retardation (Figure
7.13). Light following any other path experiences
varying amounts of retardation depending on the
length of the path followed through the mineral and
the birefringence  experienced.  Retardation
increases outward from the optic axes. Light follow-
ing paths 1, 2, 3, and 4 has developed 600 nm of
retardation when it exits the top of the mineral and
defines the 600-nm isochrome. Closer to the mela-
topes, the light experiences lower birefringence and

900 nm
600 nm 2
300 nm
LN |

e

5 B

y

M
OA

has a shorter path through the mineral, so the retar-
dation is less. The retardation increases relatively
slowly from the melatopes towards the acute bisec-
trix because the increased birefringence is partially
compensated by the shorter paths followed by light
emerging near the acute bisectrix. Consequently,
the isochromes tend to be stretched out towards the
acute bisectrix. If white light is used, the isochromes
show the normal interference color sequence. If
monochromatic light is used, the isochromes consist
of dark bands where the retardation is an integer
number of wavelengths and bright illumination
where the retardation is 3/, 144, etc. The melatopes
in both cases are black because the retardation there
is zero.

The number of isochromes visible depends on the
partial birefringence between n, and ny (optically
positive) or ng and n, (optically negative) and the
thickness of the crystal. High birefringence and thick
crystal plates give rise to more isochromes. The

Figure 7.13 Formation of
isochromes. Light that propagates
along the optic axes (OA) emerges
at the melatopes (M) with zero
retardation. Light following paths
within the flattened cone outlined
by paths 1, 2, 3, and 4 develops

600 nm of retardation by the time it
exits the top of the mineral. Light
inclined further from the optic axes
develops greater retardation, and
light inclined at a lower angle from
the optic axes develops less
retardation. The isochromes are
developed along the bands of equal
retardation.



numerical aperture of the objective lens also con-
trols the number of isochromes. High numerical
aperture lenses intercept a larger cone of light, so
more isochromes are visible than with a lower
numerical aperture lens.

Vibration Directions and Formation of Isogyres

The vibration directions in the acute bisectrix figure
can be derived in the same manner employed for the
uniaxial figure. Figure 7.14 shows a biaxial negative
mineral. Vibration directions for a number of wave
paths determined from the indicatrix are projected
onto the top surface of the mineral and into the
interference figure. The approximate vibration
direction at any point in the interference figure can
be graphically derived from the Biot-Fresnel law, as
shown in Figure 7.15. To determine the vibration
directions at a point in the interference figure, lines
are constructed from the two melatopes to the point.
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Figure 7.15 Biot-Fresnel construction. The vibration
directions at selected points in an acute bisectrix figure
bisect lines drawn from the melatopes to the points.

Optic normal

-— Optic plane

(b)

Y

Figure 7.14 Vibration directions in the acute bisectrix interference figure. (a) Vibration directions for all paths emerging
from the biaxial indicatrix are determined as described in Figure 7.4 and have been projected onto the indicatrix.
(b) Vibration directions for a number of wave paths have been projected onto the upper surface of the mineral and are

shown as they appear in the interference figure.
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ON

The vibration directions bisect the angles made
between the construction lines. Kamb (1958) pro-
vided a more rigorous mathematical approach to
determine the vibration directions within the inter-
ference figure. Within the field of the interference
figure, isogyres are formed where the vibration
directions correspond with the vibration directions
of the lower and upper polars. The isogyres are
areas of extinction. If the lower polar passes E-W
vibrating light, only E-W vibrating light emerges in
the areas occupied by the isogyres, and this light is
absorbed by the upper polar.

The location and shape of the isogyres change as
the stage is rotated. If the optic plane is oriented
N-S or E-W (Figure 7.16a), the isogyres form a
cross. The isogyre parallel to the trace of the optic
normal is somewhat wider than the isogyre parallel
to the trace of the optic plane. The positions of the
melatopes are marked by a narrowing of the iso-
gyres. The narrowing in the vicinity of the melatope

Figure 7.16 Change of isogyres with rotation of the stage;
melatopes (M) in the field of view. The isogyres are
located where the vibration directions in the figure are
parallel to the N-S and E-W vibration directions of the
polars. (a) With the optic plane (OP) oriented E-W,
the isogyres form a cross that is wider along the trace of the
optic normal (ON). (b) With a few degrees of stage
rotation, the cross splits into two segments that pivot about
the position of the melatopes. (c) With the optic plane in
a 45° position, the isogyres form hyperbolae centered on
the melatopes.

may be obscured in minerals with Jow birefringence
because the low first-order gray in the vicinity of the
melatope may be indistinguishable from the extinc-
tion area of the isogyre. If the optic plane is rotated
away from N-S or E-W, the cross-shaped isogyre
splits into two separate isogyre segments that appear
to pivot about the positions of the melatopes (Figure
7.16b). When the trace of the optic plane is placed in
a 45° position, the isogyres form two hyperbolic
arcs whose vertices are the melatopes (Figure
7.16¢). These isogyres are typically narrowest at the
melatopes and fan out somewhat toward the edge
of the field of view. If the melatopes are outside the
field of view, no isogyres are visible in the 45° positions
(Figure 7.17). The pattern defined by the isochromes
remains fixed relative to the melatopes and rotates
as the stage is rotated. The pattern of extinction
forming the isogyres is superimposed on the iso-
chromes. When the optic plane is oriented N-S or
E—W, the mineral is in an extinction position.
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(a) (b)

() !

Figure 7.17 Change of isogyres in acute bisectrix figure with rotation of the stage; melatopes out of field of view (2V greater
than roughly 60°). (a) Optic plane on the E-W, melatopes off the field of view. (b) With rotation of 30°, the center of
the isogyres are tangent to the edge of the field of view. If 2V were larger, the isogyres would leave the field of view with less
rotation. (c¢) Optic plane in a 45° position. The isogyres are off the field of view, which is entirely occupied by isochromes.

Centered Optic Axis Figure

A centered optic axis interference figure is produced
when one of the optic axes is vertical. The melatope
corresponding to this optic axis is positioned
immediately beneath the crosshair. The other mela-
tope will be visible in the field of view if 2V is less
than roughly 30°, otherwise it will be outside the
field of view. If 2V is relatively small, the interfer-
ence figure looks like an off-center acute bisectrix
figure (Figure 7.18).

If 2V is greater than roughly 60°, the pattern shown
in Figure 7.19 is seen. When the optic plane is
oriented along the N-S or the E-W, only a single
arm of the cross pattern is within the field of view
and it narrows somewhat at the position of the mela-
tope. As the stage is rotated clockwise, the isogyre
pivots around the melatope counterclockwise, and
vice versa. When the trace of the optic plane is on
the N-S or E-W, the isogyre is straight. When the
trace of the optic plane is in a 45° position, the iso
gyre shows a maximum curvature and the position of
the acute bisectrix lies on the convex side of the iso-

gyre.

(b)

Figure 7.18 Centered optic axis figure with 2V less than
about 30°. Both melatopes are in the field of view.
(a) Optic plane E-W. (b) Optic plane in a 45° position.
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Figure 7.19 Centered optic axis figure with large 2V. Only one melatope is in the field of view. The isochromes are not

shown but form a pattern similar to that shown in Figure 7.18.

(a) Pattern of vibration directions; optic plane E-W. (b)

Stage rotated 224° clockwise. The isogyre pivots counterclockwise about the melatope (M). (c) Optic plane in a 45° pos-

ition. The acute bisectrix is on the convex side of the isogyre.

Obtuse Bisectrix Figure

Obtuse bisectrix interference figures (Figure 7.20)
are produced when the obtuse bisectrix is oriented
perpendicular to the microscope stage. Because the
angle between the obtuse bisectrix and the optic
axes must be greater than 45°, the melatopes are
outside the field of view. The pattern of isochromes

and geometry of vibration directions are essentially .

the same as those shown in Figures 7.13 and 7.14,
except that the melatopes are well out of the field of
view. The isogyres form a cross pattern when the
trace of the optic plane is N-S or E-W. Usually
between 5° and about 15° of stage rotation is needed
to cause the isogyres to split and leave the field of
view. Note that for 2V of near 90°, the acute and
obtuse bisectrix figures are very similar, and if 2V =
90°, there is. no distinction between them. If 2V is

small, the obtuse bisectrix figure looks much like an
optic normal figure.

Optic Normal Figure

An optic normal or flash figure is produced when the
optic normal is vertical. The pattern of vibration
directions within the figure is nearly rectilinear
(Figure 7.21a) and is very similar to that seen with
the uniaxial flash figure. When the X and Z indica-
trix axes are parallel to the lower and upper polars,
the field of view is occupied by a broad, fuzzy iso-
gyre because vibration directions at all but the outer
edges of the quadrants are N-S and E-W. If the
stage is rotated a few degrees (Figure 7.21b), the iso-
gyres split into two curved segments that leave the
field of view from the quadrants into which the acute
bisectrix s being rotated. For minerals with 2V of
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Figure 7.20 Obtuse bisectrix interference figure. (a) Pattern of vibration directions in the interference figure. With the
optic plane (OP) E-W, the isogyre forms a broad cross. The positions of the melatopes well out of the field of view are sche-
matically shown at M. Compare with Figure 7.14 for the acute bisectrix figure. (b) Less than ~15° of rotation causes the
isogyres to split and leave the field. The pattern of isochromes is similar to that seen with the acute bisectrix figure (Figure
7.13). (c) In a 45° position, the field is occupied by isochromes only.

nearly 90°, the diffuse cross-shaped isogyre does not
split into two curved segments; it simply dissolves as
the stage is rotated. The amount of rotation required
to cause the isogyres to completely leave the field of
view typically is less than 5°.

The pattern of isochromes (Figure 7.21¢) also is
similar to the uniaxial flash figure. If 2V is moderate
to small, the interference colors increase less rapidly
outwards along the trace of the acute bisectrix than
along the trace of the obtuse bisectrix. These vari-
ations often are difficult to see, however. If 2V is
large, all four quadrants of the figure show essen-
tially the same pattern of interference colors.

Off-center Figures

When none of the indicatrix or optic axes is vertical,
an off-center interference figure is produced. It is

easiest to interpret off-center figures when one of
the indicatrix axes is parallel to the stage of the
microscope and one of the principal sections of the
indicatrix is vertical. If the optic normal (Y axis) is
horizontal, the interference figure will be an off-
center acute bisectrix, optic axis, or obtuse bisectrix
figure, depending on which of these three axes hap-
pens to be closest to vertical. Figure 7.22a shows the
case where the acute bisectrix is close to vertical. As
long as the optic normal is horizontal, the figure is
symmetrical and is bisected by the optic plane.

If the acute bisectrix is horizontal, then the inter-
ference figure can vary anywhere between an obtuse
bisectrix figure and an optic normal figure. Figure
7.22b shows the case where the obtuse bisectrix is
within the field of view. The figure is symmetric
about the trace of the plane containing the optic nor-
mal and the obtuse bisectrix.
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Bxo

(a)

Figure 7.21 Optic normal (flash) figure. The optic normal (ON) emerges at the center of the figure. (a) Vibration directions
within the figure. If the bisectrixes are N-S and E-W, the field is occupied by a broad fuzzy cross because all but the outer
edges of the four quadrants are extinct. (b) Isogyres split and leave the field with very few degrees of rotation. The isogyres
exit the field from the quadrants into which the acute bisectrix is being rotated. (c¢) Isochrome pattern. In a 45° position
no isogyres are present. The quadrants containing the trace of the obtuse bisectrix have slightly higher interference colors
than the quadrants containing the acute bisectrix, but the difference may be difficult to see.

If the obtuse bisectrix is horizontal, the field of
view is bisected by the trace of the plane containing
the acute bisectrix and the optic normal. Figure
7.22c shows the case where the trace of the optic
plane is just outside the field of view. A single iso-
gyre marks the trace of the optic normal when it is
parallel to the E-W or N-S. If the trace of the optic
normal is placed in a 45° position, the isogyres may
be visible near the edges of the field of view, pro-
vided that 2V is not too large.

The most general case is where none of the indica-
trix axes are either parallel or perpendicular to the

stage. Figure 7.22d shows the case where the acute
bisectrix and one optic axis are reasonably close to
the edge of the field of view. As the stage is rotated,
isogyres sweep across the field of view. The thinner
end of the isogyre roughly points towards the pos-
ition of the melatope. The wide end of the isogyre
sweeps across the field more rapidly than the thin
end, and the sense of rotation of the isogyre is
opposite the rotation direction of the stage. Unless
the acute bisectrix or one of the optic axes is in the
field of view, off-center figures are not of any par-
ticular value in interpreting 2V or the optic sign.
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Determining Optic Sign bisectrix figure, one vibrates parallel to the Y axis

and has index ng (Figure 7.23). The other vibrates

Acute Bisectrix Figure parallfal to the obt}lse blsect_r!x and has index MBxo- 'If
' the mineral is optically positive, the obtuse bisectrix

is the X axis and ng,, = n,. If the mineral is optically
negative, the obtuse bisectrix is the Z axis and ng,,

Of the two rays of light that propagate along the
acute bisectrix and emerge in the center of the acute

Figure 7.22 Off-center interference figures.

(a) Optic normal (ON) horizontal, and the acute bisectrix (Bxa) and one
melatope (M) within the field of view.

(b) Acute bisectrix horizontal and obtuse bisectrix (Bxo) in the field of view.
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= n,. Our task is to determine whether the ray
vibrating parallel to the obtuse bisectrix is the fast or
slow ray. The steps required to do this are as fol-
lows.

1. Obtain an acute bisectrix interference figure. Rotate
the stage so that the trace of the optic plane is

NE-SW. If the melatopes are out of the field of view,
it may be-difficult to recognize the trace of the optic
plane, which is located in the quadrants from which
the isogyres leave the field of view (cf. Figure 7.17)
as the stage is rotated. Near the center of the figure,
the ray with index ng,, vibrates NE-SW, parallel to
the trace of the optic plane.

OA

Bxa

Figure 7.22 (continued) (c) Obtuse bisectrix horizontal and no melatope or indicatrix axis in the field of view. (d) Random
section. As the stage is rotated, the isogyres sweep across the field of view but are not parallel to the cross hairs.



2. Insert an accessory plate with its slow ray oriented
NE-SW and note the change of color in the centtal
part of the figure.

3. Interpretation. If the interference colors between the
melatopes decrease, the ray vibrating parallel to the
Bxo must be the fast ray, so-the Bxo is the X axis, the
Bxa must be the Z axis, and the mineral is optically
positive (Figure 7.23a). If the interference colors
between the melatopes increase, then the ray vibrat-
ing parallel to the Bxo must be the slow ray, so the
Bxo is the Z axis, the Bxa is the X axis, and the
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mineral is optically negative (Figure 7.23b). If the
trace of the optic plane is placed NW-SE, the areas of
addition and subtraction will be reversed.

If the interference figure has relatively few iso-
chromes, the gypsum and mica plates give color
changes that are easy to interpret.

If there are many isochromes, the color changes
produced by the quartz wedge are easiest to inter-
pret, because the isochromes move as the wedge is

Figure 7.23 Determining optic sign from the acute bisectrix figure. Rays vibrating normal to the trace of the optic plane
(OP) have index ng. The accessory plate is inserted with its slow direction parallel to the trace of the optic plane (NE-SW).
(a) Optically positive. Rays vibrating parallel to the trace of the optic plane have index n,’ (fast) between the melatopes and

n,’ (slow) outside the melatopes, so colors decrease (D) between the melatopes and increase (I) outside.

(b) Optically

negative. Rays vibrating parallel to the trace of the optic plane have index n,’ (slow) between the melatopes and n,” (fast)
outside the melatopes, so colors increase between the melatopes and decrease outside. If the optic plane is NW-SE, the

color changes are reversed.
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inserted (Figure 7.24). In areas where the colors
increase, the isochromes move into the figure
towards the melatopes as higher-order colors from
the edge of the figure displace lower-order colors
near the melatope. In areas where the colors
decrease, the isochromes move outward from the
melatopes toward the edge of the figure.

Obtuse Bisectrix Figure

An obtuse bisectrix figure can be interpreted in a
similar manner. The only difference is that the ray
vibrating parallel to the trace of the optic plane has
index ng,, instead of ng,,. If this ray proves to be
the fast ray, then the acute bisectrix is the X axis and
the mineral is negative. If this ray is the slow ray, the
acute bisectrix is the Z axis and the mineral is posi-
tive. As was the case with the acute bisectrix figure,
the trace of the optic plane is in the quadrants from

Figure 7.24 Movement of isochromes in acute bisectrix
figures with insertion of the quartz wedge. The trace of the
optic plane (OP) is parallel to the slow ray direction in the
quartz wedge. If the optic plane is placed NW-SE, the
directions of movement are reversed. (a) Optically
positive. (b) Optically negative.

which the isdgyres leave the field of view as the stage
is rotated (Figure 7.20).

If 2V is large, it may be difficult to distinguish
acute from obtuse bisectrix figures. Sign determi-
nation with these figures is impractical and an optic
axis figure should be obtained instead.

Optic Axis Fi igure

If both melatopes are in the field of view, an optic
axis figure can be treated the same as an acute bisec-
trix figure. If only one melatope is visible, then it can
be considered to be half of an acute bisectrix figure
with the acute bisectrix on the convex side of the iso-
gyre when the trace of the optic plane is oriented in a
45° position (Figure 7.25). If 2V is near 90°, it may
be difficult to interpret the curvature of the isogyre
unless the figure is accurately centered. In this case,
the sign should be recorded as either positive or
negative with 2V of around 90°.

Figure 7.25 Determining optic sign with an optic axis
figure. The optic plane is parallel to the slow direction in
the accessory plate. Interference colors decrease (D) on
the convex side of the isogyre for optically positive miner-
als and increase (I) for negative minerals. If the optic plane
is oriented NW-SE, the color changes are reversed.




Flash Figure

A flash figure also may be used to determine optic
sign because the vibration directions parallel to the
obtuse and acute bisectrixes can be identified (cf.
Figure 7.21). The stage is rotated so that the isogyres
exit from the NW and SE quadrants in order to place
the trace of the obtuse bisectrix NE-SW and the
acute bisectrix NW-SE. The accessory plate can
then be used to determine if ng,, is associated with
the fast ray or the slow ray. Using the flash figure is
not recommended, because 2V cannot be measured
from it, nor can it be used to distinguish uniaxial
from biaxial minerals.

Determining 2V
2V Versus 2E

Figure 7.26 shows the paths followed by light waves
that propagate parallel to the optic axes in a crystal

2E
Bxa
1
2v
Mineral
N Bxo

T\
/ N\

Figure 7.26 2E versus 2V. Within the mineral, the angle
between the optic axes is 2V. When light that is following
the optic axes exits the top of the mineral, it is refracted to
form the apparent optic angle 2E. The position of the
melatopes (M) within the interference figure depends on
the value of 2E.
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cut so that the acute bisectrix is vertical. The light
that follows the optic axes has index ng and is
refracted when it enters the air above the mineral
plate. The angle between the refracted optic axes is
a larger angle known as 2E. The size of 2E can be
calculated from Snell’s law, if 2V and ng are known:

sin £ ng

sin V. ny;

Since n,;, = 1, this becomes
sin E = nsin V 7.6

Mallard’s Method

Mallard’s method for determining 2V uses an acute
bisectrix figure. It depends on the observation that
the melatopes must be further apart for larger values
of 2V (and 2E). If 2V is small, the melatopes are
close together, and if 2V is larger, the melatopes are
further apart. Values of 2V can be calculated using
Mallard’s equation:

. D

sinV'= g 7.7
where D is half the distance between the melatopes
measured with a micrometer ocular and V is half of
the 2V angle (Figure 7.27). K is Mallard’s constant
whose value depends on the numerical aperture of
the objective lens, the magnification of the ocular,
and the micrometer scale used. Values of K can be
determined by examining the acute bisectrix figure
of a mineral for which 2V and n;; are known. Figure
7.27 shows an acute bisectrix figure with 2V = 45°
and nz = 1.50. The distance 2D between the mela-
topes measured with the micrometer eyepiece is 40

Figure 7.27 Measurements of the acute bisectrix figure
used in the Mallard and Tobi methods of determining 2V
Measurements are made with a micrometer ocular.
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units, so Mallard’s constant K, calculated from
Equation 7.7, is 34.84 in this example.

Tobi’s Method

Tobi’s (1956) method is much the same as Mallard’s
method except that a chart (Figure 7.28a) is used to
obtain values for 2E and 2V. The value

2D (NA)
2R (0.85)

is plotted on the left side of the diagram. NA is the
numerical aperture of the objective lens, 2D is the
distance between the melatopes, and 2R is the dia-
meter of the field of view (Figure 7.27). If 2D, 2R,
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and ng are known, then 2V can be read from the
chart, as shown in Figure 7.28b. If only 2D and 2R
are known, values for 2F can be read from the chart
as shown in Figure 7.28c.

It should be evident that visual estimates based on
the Mallard and Tobi methods can be made without
using either calculations or charts. Figure 7.29 shows
a number of interference figures for lenses with
numerical apertures of 0.85, 0.75, and 0.65, and
minerals with ns equal to 1.60. These figure provide
the bases for making visual estimates to within 10° or
15°, which is adequate for routine work.

For a given objective lens and value of n, the lar-
gest value of 2V (2V,..) (Table 7.1), which still
allows the melatopes to be within the field of view of

2v

ng

£ Figure 7.28 Determining 2V and
2E with Tobi’s method.
(a) Vertical lines are for ng,

D (NA)
————, an
2R (0.85)
diagonal lines for 2V and 2E.
Measurement of 2D and 2R is
shown in Figure 7.27.

(b) Determining 2V.
(¢} Determining 2E.

horizontal lines for




an acute bisectrix figure, can be determined by com-
bining Equation 2.1 and Equation 7.6:

NA = 1 $in Vinag 7.8

Note that if the melatopes are at the edge of the field

of view, then 2E must equal the angular aperture
(AA) of Equation 2.1.

Kamb’s Method

Kamb’s (1958) method is an updated version of the
Michel-Lévy method and is used when 2V is large
and the melatopes are outside of the field of view. It
involves measuring the angle of stage rotation
needed to cause the cross-shaped isogyre in the
acute bisectrix figure to split apart and leave the field
of view. It also may be used with moderate accuracy
for obtuse bisectrix figures and is the basis for dis-
tinguishing between obtuse and acute bisectrix
figures when 2V is large. The following steps are
needed to employ this method.

1. Obtain an acute bisectrix figure. In general, it will not
be possible to find one that is exactly centered. A
slightly off-center figure can be used, but the accuracy
becomes progressively worse the more off-center the
figure is. Rotate the stage until the isogyres form the
cross pattern (Figure 7.30).

2. Rotate the stage clockwise until the center of the iso-
gyres are tangent to the edge of the field of view and
record the amount of rotation required. In general,
one isogyre leaves the field before the other, so two
angles of rotation, r, and r,, must be measured.

3. Starting again with the isogyres in the cross position,
rotate the stage counterclockwise to measure r; and
r4, which are the angles of rotation needed to bring

Table 7.1. 2V angle (2V,,,) for melatopes at the
edge of the field of view for different numerical
aperture lenses and values of ng

2Vmax
ng NA =0.85 NA =0.75 NA = 0.65
1.40 75° 65° 55°
1.50 69° 60° 51°
1.60 64° 56° 48°
1.70 60° 52° 45°
1.80 56° 49° 42°
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first one, and then the other, isogyre tangent to the
edge of the field of view.
4. Compute an average value of ry, ry, r3; and ry. This
value 7 is plotted along the vertical axis of Figure 7.31.
5. Interpretation. The value of 2V is read from the bot-

Figure 7.29 Rapid estimate of 2V based on separation of
isogyres in acute bisectrix figures. The positions of the iso-
gyres are constructed for ng = 1.60 and an objective lens
with a numerical aperture of 0.85. The two circles in each
diagram show the field of view with 0.75 and 0.65 numeri-
cal aperture lenses.
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tom of the graph, provided that the value of ng is
known or can be estimated or guessed at. Note that a
relatively large error in the estimate of ng leads to
only a modest error in the value of 2V. Two sets of
curves are provided: one for objectives with a numeri-
cal aperture of 0.85, the other for objectives with a
numerical aperture of 0.65. For other numerical aper-
tures, interpolate between the curves. Note that the
curves work for both acute and obtuse bisectrix
figures. The size of 2V is less than 90° in acute bisec-
trix figures and greater than 90° in obtuse bisectrix
figures. The angle of rotation 7 may be used to dis-
tinguish between acute and obtuse bisectrix interfer-
ence figures. If 7 is greater than 30°, then the figure
has the acute bisectrix vertical. If 7 is between approx-
imately 5 and 15°, then the figure has the obtuse bisec-
trix vertical. Figures with intermediate values of 7
indicate a large 2V and could be either acute or
obtuse bisectrix figures, depending on the value of ng.

Wright Method

The Wright (1905) method is used with optic axis
interference figures and depends on the observation
that curvature of the isogyre in a 45° position is a

function of 2V (Figure 7.32). If 2V is 90°, the isogyre
forms a straight line in a 45° position. For smaller
values of 2V, the isogyres are progressively more
curved. If 2V is less than about 30°, both melatopes
are usually in the field of view. For 2V of less than
5°, the distance between the melatopes is very small
and the two isogyres look almost like the uniaxial
cross except for the small gap right in the middle.

To accurately orient the figure in a 45° position,
proceed as follows.

1. With an optic axis figure obtained, rotate the stage so
- that the isogyre is oriented due N-S. This places the
trace of the optic plane N-S. Unless the melatope is in
the center of the field of view, the isogyre will prob-
ably be to one side of the N-S crosshair.

2. Rotate the stage 45° clockwise using the stage gonio-
meter to measure the angle. The trace of the optic
plane will now be oriented NE-SW and the curvature
of the isogyre can be compared with Figure 7.32.
Note that this procedure orients the figure so that the
optic sign can also be determined (cf. Figure 7.25).

The Wright method is the most useful for estimat-
ing 2V, because grains oriented to give optic axis

Figure 7.30 Measurements in the
acute bisectrix figure for Kamb’s
method of determining 2V. The angle
i is the average of r,, r,, r, and r,.



figures are much easier to find than for acute bisec-
trix figures and the method is relatively insensitive to
values of ng. Accuracy is not as great as with the
more rigorous Mallard, Kamb, and Tobi methods,
but great accuracy often is not needed for routine
work. '

Selecting Grains to Produce Interference Figures

Optic axis figures are produced by grains that display
the lowest interference color in the sample, because an
optic axis is vertical. If the birefringence of the
mineral is low, appropriately oriented grains will
remain extinct with rotation of the stage. Minerals
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\ 2 0.85 1.60
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Figure 7.31 Curves for use with Kamb’s method of esti-
mating 2V. Measurement of 7 is shown in Figure 7.30.
Curves are shown for different values of ng, and 0.85 and
0.65 numerical aperture (NA) lenses. If 7 = 20°, ng = 1.70,
and NA = 0.65, then 2V = 56°. Assume that ng = 1.60 or
1.701if it is not known.
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with higher birefringence may show interference col-
ors, because some of the light passes through the
mineral at an angle to the optic axis and, therefore,
must experience some retardation. It is best to use
optic axis figures for routine work, because grains
that produce optic axis figures are easy to recognize,
and both 2V and the optic sign can be determined
from them.

Optic normal (flash) figures are produced if the
optic normal (Y) s vertical. Because the X and Z axes
are horizontal, birefringence is a maximum, and
appropriately oriented grains show the highest inter-
ference color of any grain in the sample. Although
the optic normal figure is not useful in determining
2V or the optic sign, it can be used to confirm that
the optic normal is nearly vertical.

Identifying grains that give acute bisectrix figures
is a trial-and-error proposition. It is often necessary
to obtain interference figures on many grains before
stumbling on one with the acute bisectrix nearly ver-
tical. Note, however, that the interference color dis-

-
oul;n

(b)

Figure 7.32 Isogyre curvature in optic axis interference
figures. (a) Both melatopes in the field of view. The pos-
ition of the second isogyre depends on the value of ng and
the NA of the objective lens. When 2V is 0°, the figure is a
uniaxial cross. (b) One melatope in the field of view.
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played by grains with the acute bisectrix vertical is
somewhere in the lower part of the range displayed
by the mineral in the sample. This is because the
birefringence must be less than about (n, — n,)/2.
Although it is sometimes time consuming to search
for suitably oriented grains, it may be desirable to do
s0, because these figures provide a more accurate
estimate of 2V than do optic axis figures.

There is no systematic way of recognizing grains
with the obtuse bisectrix vertical in orthoscopic illu-
mination. These grains must also be located by trial
and error. The birefringence displayed by minerals
with the obtuse bisectrix vertical is greater than
about (n, — n,)/2, so we can expect these grains to
show interference color somewhere in the upper half
of the range displayed by the mineral. Unfortuna-
tely, many other orientations also may give the same
birefringence.

The acute bisectrix, obtuse bisectrix, and optic
normal (flash) figure all form a cross pattern that
splits as the stage is rotated. If 2V is large, the acute
and obtuse bisectrix figures may look very much
alike because the melatopes are well outside the
field of view in both (cf. Figures 7.17 and 7.20).
Similarly, the flash figure may look like an obtuse
bisectrix figure. In some cases, these figures may be
distinguished by using Kamb’s method of determin-
ing 2V, which is described above. As a rule of
thumb, however, if less than 5° of stage rotation is
required to cause the isogyres to split and leave the
field of view, the figure is a flash figure. If between 5
and 15° is required, the figure is probably an obtuse
bisectrix figure, and if more than 30° is required, the
figure is probably an acute bisectrix figure. If
between 15 and 30° is required, it is uncertain
whether it is an obtuse or acute bisectrix figure,
although it is probable that 2V is large. Recall that if
2V = 90° there is no distinction between the acute
and obtuse bisectrixes. If there is doubt as to the
identity of the figure, an unambiguous figure such as
an optic axis figure should be used to determine the
optic sign and 2V,

Other Optical Properties of Biaxial Minerals

Pleochroism

To describe the pleochroism of biaxial minerals
completely it is necessary to specify three colors.

One color is for light vibrating parallel to the X indi-
catrix axis, the second is for light vibrating parallel
to the Y axis, and the third is for light vibrating
parallel to the Z axis. For example, the pleochroism
of some hornblende can be described as X = yellow,
Y = pale green, and Z = dark green. An alternate
nomenclature is n, = yellow, ng = pale green, and
n, = dark green. Because in this case the light
vibrating parallel to X is the least strongly absorbed
and the light vibrating parallel to Z is the most
strongly absorbed, it also can be described as Z > Y
> X.

One procedure that can be used to identify the
three different colors and their associated vibration
directions is as follows.

1. Identify the color associated with Y.

a. Cross the polars with orthoscopic illumination
and search for a grain with the lowest-order interfer-
ence color.

b. Convert to conoscopic illumination and obtain
an interference figure. If the optic axis is vertical, an
optic axis figure will be produced.

c. Rotate the stage until the isogyre is parallel to
the N-S crosshair (for E-W lower polar). This places
the optic normal (Y) parallel to the E-W.

d. Return to orthoscopic illumination without
rotating the stage and uncross the polars. The color of
the mineral is the color associated with Y, because
only light vibrating parallel to the optic normal passes
through the mineral.

2. Identify the colors associated with X and Z.

a. Cross the polars again with orthoscopic illumi-
nation and search for a grain that shows the highest-
order interference colors. As long as all the grains are
the same thickness, the grain with the highest-order
color has the X and Z indicatrix axes horizontal
because birefringence is a maximum.

b. Convert to conoscopic illumination and obtain
an interference figure. A flash figure confirms that the
X and Z axes are horizontal. Return to orthoscopic
illumination.

c. With one of the accessory plates, determine
which of the two rays passing through the mineral is
the slow ray and which is the fast ray (Chapter 5).
Rotate the fast ray direction parallel to the lower
polar.

d. Uncross the polars. The color of the mineral is
the color associated with X.

€. Rotate the stage 90°. The slow ray (n,) must
now be parallel to the lower polar, so the color of the
mineral is the color associated with Z.

The colors also may be identified in the course of
determining other optical properties of the mineral.
For example, grains oriented to give an acute bisec-



trix figure can be used to determine the color associ-
ated with Y, and either X or Z, depending on optic
sign. Similarly, the search for principal indices in
grain mounts requires that grains be oriented in such
a way that the X, Y, and Z colors can be recognized.

Extinction

There are too many different cleavages and crystal
habits to allow a complete description of all the dif-
ferent extinction characteristics possible with biaxial
minerals. Our approach here is to describe the
extinction for relatively simple examples and let the
reader work out the optics for specific cases. Note
that all cleavages are shown in the microscopic views
in Figures 7.33, 7.34, and 7.35, so that the geometry
can be more easily visualized. However, in most cases,
only those cleavages which are inclined at a substantial
angle to the plane of the section are likely to be seen
in an actual thin séction.

(c)
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Orthorhombic Minerals

The usual cleavages in orthorhombic minerals are
pinacoids and prisms parallel to the three crystallo-
graphic axes. Figure 7.33 shows a mineral that has
{110} prismatic and {001} pinacoidal cleavage. For
convenience of illustration, the c axis is placed paral-
lel to the long axis of the mineral. Sections cut parallel
to the long axis of the mineral show parallel
extinction. Cross sections cut parallel to (001) show
symmetrical extinction. Sections cut in a random
direction typically show inclined extinction to all
the cleavages unless the section happens to be
perpendicular to one of the principal sections of the
indicatrix, in which case the extinction is parallel to
the pinacoidal cleavages and symmetrical to the
prismatic cleavages.

Monoclinic Minerals

Monoclinic minerals offer substantially more vari-
ability than orthorhombic minerals because the sym-
metry is lower and the only constraint on the

Figure 7.33 Extinction in orthorhombic minerals. (a) Crystal habit showing trace of prismatic {110} (solid lines) and
pinacoidal {001} (dashed lines) cleavage. (b) Section cut parallel to the ¢ axis: parallel extinction. (c¢) Section cut
parallel to (001): symmetrical extinction. (d) Random section: neither symmetrical nor parallel extinction.
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orientation of the indicatrix is that one indicatrix
axis is parallel to the b crystallographic axis. The
usual cleavages are pinacoids (front, side, and basal)
and prisms. Figure 7.34 shows a mineral with {110}
prismatic and {001} pinacoidal cleavage. The indica-
trix is oriented sothatb = Y, cAZ = + 25°, and f =
100°. Sections cut parallel to (001) show symmetrical
extinction and intermediate birefringence. If the
mineral is cut parallel to (100), the optic plane is ver-
tical, extinction is parallel, and birefringence is
intermediate. If the material is cut parallel to (010),
the extinction angle measured to the prismatic clea-
vage is 25° and the angle measured to the pinacoidal
cleavage is 15°. For the optic orientation used here,
the birefringence is a maximum. Random sections
typically show inclined extinction to all the cleavage
directions. In general, monoclinic minerals show

either parallel or symmetrical extinction if (010) is
vertical, and inclined extinction in all other orien-
tations.

The extinction angle measured when (010) is hori-
zontal is a diagnostic property in minerals such as
the amphiboles and pyroxenes. It has commonly been
assumed that the extinction angle to prismatic { hk0}
cleavage decreases systematically from a maximum
with (010) horizontal to zero with (010) vertical for
sections cut with the ¢ axis horizontal. These sec-
tions are easily identified because the traces of the
prismatic cleavages are parallel (e.g., Figure 7.34b,
¢). The usual technique has been to find a number of
grains with parallel prismatic cleavage, measure the
extinction angle, and report the maximum angle as
the angle between ¢ and its nearest indicatrix axis.
However, if the optic plane is (010) and the obtuse

Figure 7.34 Extinction in monoclinic minerals. (a) Crystal habit showing trace of prismatic {110} (solid lines) and pina-
coidal {001} (dashed lines) cleavage. (b) Section cut parallel to (100): parallel extinction. (c) Section cut parallel to
(010): inclined extinction. (d) Random section: inclined extinction.



bisectrix is less than 45° from the ¢ axis, extinction
angles larger than ¢ A Bxo may be measured in inter-
mediate orientation (Su and Bloss, 1984). Fortuna-
tely, with this optic orientation, grains with (010)
horizontal are easily recognized because they must
display the maximum birefringence (e.g., Figure
7.34c). Grains that yield the maximum extinction
angle are typically oriented with an optic axis nearly
vertical and yield off-center optic axis figures and
low birefringence.

Triclinic Minerals

There are no restrictions placed on the orientation
of the indicatrix axes in triclinic minerals, so neither
parallel nor symmetrical extinction should be
expected except by chance.

Sign of Elongation

The sign of elongation depends on which indicatrix
axis is close to the long dimension of elongate
mineral grains or cleavage fragments (Figure 7.35a).
If the X axis is parallel to the length, the mineral is
length fast. If the Z axis is parallel to the length, the
mineral is length slow. If the Y axis is parallel to the
length, the mineral may be either length fast or
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length slow, depending on whether the Z or the X
axis happens to be closer to horizontal. -

Sections through platy minerals such as the micas
(Figure 7.35b) are length slow if the X axis is
oriented roughly at right angles to the plates and
length fast if the Z axis is roughly at right angles. If
the Y axis is at right angles to the plates, sections
through them may be either length fast or length
slow, depending on whether the X or Z axis happens
to be closer to horizontal.

Indices of Refraction

It is necessary to measure three different indices (n,,
ng, and n,) in biaxial minerals. This can be done in
grain mount or with a spindle stage. It is generally
not possible to measure indices in thin section.

Grain Mount
The procedure used to measure indices of refraction
of biaxial minerals in-grain mount is as follows.

1. Determine ng.
a. With orthoscopic illumination and crossed
polars, scan the sample for a grain that shows the low-
est interference color. This grain should have an optic

Figure 7.35 Sign of elongation.
(a) Elongate minerals or cleavage
fragments are length slow (+) if Z
is parallel to the length, length fast
(—)if Xis is parallel to the length,
and either if Y is parallel to the
length. (b) Platy minerals are
length slow if X is normal to the
plates, length fast if Z is normal to
the plates, and either if Y is normal
to the plates.
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axis vertical so that all light passes with index ng. Con-
firm that the optic axis is vertical with an interference
figure, determine the optic sign and an approximate
value of 2V, then return to orthoscopic illumination.

b. Uncross the polars and compare the index ng
with the immersion oil, using the Becke line or obli-
que illumination method.

c. Repeat until a match is obtained.

2. Determine n,.

a. With orthoscopic illumination and crossed
polars, scan the sample for a grain that shows the
highest interference color. This grain should have the
optic plane horizontal so that the two rays passing
through the mineral have indices n, and n,. Correctly
oriented grains yield optic normal (flash) figures.

b. In orthoscopic illumination, determine which
vibration direction is the fast ray with index n, by
using an accessory plate (Chapter 5). Rotate the fast
ray vibration direction parallel to the lower polar so
that all light passes with index n,.

¢. Remove the upper polar and compare the index
n, with the index of the immersion oil, using the
Becke line or oblique illumination method.

d. Repeat with new oils until a match is obtained.

3. Determine n,.

a. With orthoscopic illumination and crossed
polars, scan the sample for a grain that shows the
highest interference color. This grain should have the
optic plane horizontal, so that the two rays passing
through the mineral have indices n, and n,. Correctly
oriented grains yield optic normal (flash) figures.

b. In orthoscopic illumination, determine which
vibration direction is the slow ray with index n, by
using an accessory plate (Chapter 5). Rotate the slow
ray vibration direction parallel to the lower polar so
all light passes with index n,,.

c. Remove the upper polar and compare the index
n, with the index of the immersion oil, using the
Becke line or oblique illumination method.

d. Repeat with new oils until a match is obtained.

While ng is usually measured first, time can be
saved by comparing all three indices with each
immersion oil. Once ng is identified, oils needed to
match r, and n, can be selected based on knowledge
of the birefringence, 2V, and comparisons made in
earlier oils. Note that the grain used to compare n,
can be rotated 90° to compare n,,.

Spindle Stage

The spindle stage allows all three indices of refrac-
tion to be measured on a single grain, because the
grain can be rotated to place each indicatrix axis par-
allel to the stage of the microscope. The following
procedure is used to identify the indices.

1. Mount a grain on the spindle stage (Appendix A) and
obtain an interference figure.

2. Find the three orientations which place indicatrix axes
E—~W?2 parallel to the stage of the microscope. These
are recognized when an isogyre is orientated sym-
metrically along the NS crosshair. Beginning with the
spindle rotated fully counterclockwise, rotate the stage
to bring an isogyre directly through the center of the
field of view. Next, rotate the spindle a few degrees
clockwise and then rotate the stage to again bring
the isogyre through the center of the field. Repeat
these small adjustments until the isogyre is oriented
symmetrically along the N—S crosshair. This places one
of the three indicatrix axes E-W, parallel to the stage
of the microscope. Record the spindle and microscope
stage settings to make it easy to return to this
orientation. Based on the geometry of the interference
figure, determine which indicatrix axis (X, Y, or Z) is
oriented E-W (cf. Figure 7.24).

Continue the process of rotating the spindle in small
increments clockwise and adjusting the microscope
stage to find the other two orientations where an isogyre
is oriented along the N-S crosshair. Record these
orientations and, based on the geometry of the
interference figures, determine which indicatrix axis is
aligned E-W in each case.

3. Return to orthoscopic illumination with plane light and
compare the index of refraction for each of the three
settings (ny, ng, n,), to the index of refraction of
the immersion oil using the Becke line or oblique
illumination method. Repeat with new oils as needed
to systematically bracket each of the indices of refraction.

This presumes that it is known that the mineral
is biaxial. If that is not known, then a diagnostic
interference figure, either on the grain mounted on
the spindle, or in a conventional grain mount or thin
section, should be obtained to confirm the optical
character. A more precise method of finding the
orientations which allow measurements of the three
indices of refraction is described by Bloss (1981). It
involves analysis on a stereographic net, of extinction
angles measured for different settings of the spindle
stage.

Dispersion in Biaxial Minerals

The indices of refraction n,, ng, and n, vary for dif-
ferent wavelengths of light just as the index of iso-
tropic materials varies. Consequently, the value of
2V and orientation of the indicatrix can be expected

2 Provided that the lower polar is E-W.



to vary for different wavelengths of light. Variation
in the size of 2V is called optic axis dispersion and
variation in the orientation of the indicatrix is called
bisectrix dispersion or indicatrix dispersion. If the
dispersion is pronounced, color fringes may be
visible along the isogyres in interference figures;
their disposition may provide information regarding
which crystal system the mineral belongs to. The
amount of dispersion is termed weak, moderate, or
strong depending on how noticeable the color
fringes are.

Orthorhombic Minerals

Orthorhombic minerals can display only optic axis
dispersion because the orientations of the indicatrix
axes are fixed parallel to the crystallographic axes.
Figure 7.36a shows a hypothetical mineral in which
2V increases for longer wavelengths of light. Because
2V for red light is larger than that for violet light,
this dispersion is described as r > v. If 2V for violet
light is larger than that for red light, it is described as
v > r (Figure 7.36b). If r > v, a red fringe of color
may be seen on the sides of the isogyres facing the
acute bisectrix (optic plane in a 45° position), and

Blue fringe
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a blue fringe may be seen on the outside of the iso-
gyres. If v > r, the position of the fringes is reversed.
Note that the red fringes are formed where only the
isogyres associated with violet light are located (and
vice versa), because violet light in these areas is not
allowed to pass the upper polar but red light is.

An unusual form of dispersion called crossed axial
plane dispersion is found in some orthorhombic
minerals, such as brookite. As shown in Figure 7.37,
the optic plane for light with wavelengths longer
than 555 nm is the b—c crystal plane (100) and the
optic plane for light with wavelengths shorter than
555 nm is the a-b crystal plane (001). The mineral is
uniaxial for light with a wavelength of 555 nm. With
white light, the two optic planes at right angles to
each other are visible in the interference figure.
Because the locations of isogyres for one wavelength
are areas of illumination for others, the figure is
rather complex and does not show conventional
black isogyres. If monochromatic light is used, the
figure looks like a normal acute bisectrix figure, with
the position of the melatopes dictated by the wave-
length of light used. The positions of the isogyres for
several wavelengths of light are shown in Figure
7.37.

Red fringe

Figure 7.36 Optic axis dispersion.
M, and M, are the melatopes for
violet and red light, respectively.

The ruled and stipple patterns show
the locations of the isogyres for
violet light and red light,
respectively. The red fringes are
produced where the isogyres and

therefore areas of extinction for
violet light are located and vice
versa. The area of overlap is black.

The widths of the color fringes are
shown greatly exaggerated.

(a) The 2V for red is greater than
the 2V for violet (r > v). (b) The

2V for red is less than the 2V for
violet (r < v).
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Figure 7.37 Crossed axial plane dispersion. (a) The
optic plane for light with wavelengths longer than 555 nm
in brookite is the (001) crystal plane. The optic plane for
light with wavelengths shorter than 555 nm is the (100)
plane. The mineral is uniaxial for 555 nm light and the
optic axis is the b crystal axis. The subscripts v and r indi-
cate the indicatrix axes and optic axes for violet and red
light, respectively. (b) Acute bisectrix interference
figure. Location of isogyres and melatopes (M) for light
with 500-, 555-, and 675-nm wavelengths are shown.

Monoclinic Minerals

In addition to optic axis dispersion, monoclinic
minerals also may display bisectrix dispersion
because the indicatrix is free to rotate about the b
crystal axis for different wavelengths of light. There
are three cases, depending on which indicatrix axis
coincides with the b axis.

Inclined dispersion is produced when the optic
normal (Y) is parallel to the b axis (Figure 7.38a).
The orientation of Y is fixed for all wavelengths, but

the orientation of X and Z are free to vary within the
(010) plane, which is the optic plane for all wave-
lengths of light. Color fringes are symmetrical across
the trace of the optic plane.

Horizontal or parallel dispersion is produced when
the obtuse bisectrix is parallel to the b axis. The
optic normal (Y) and acute bisectrix must lie within
the (010) symmetry plane and are free to assume dif-
ferent orientations within (010) for different wave-
lengths of light. The optic plane pivots on the obtuse
bisectrix, which is parallel to the b axis. Color
fringes like those shown in Figure 7.386 may be
seen. The color fringes are symmetrical about the
trace of the optic normal in the figure.

Crossed bisectrix dispersion is produced when the
acute bisectrix is parallel to the b axis. The optic nor-
mal and obtuse bisectrix lie in the (010) symmetry
plane. The optic plane pivots on the acute bisectrix,
which is parallel to the b axis (Figure 7.38¢). The
pattern of color fringes does not show a plane of
symmetry but is symmetric by twofold rotation
about the acute bisectrix.

Triclinic Minerals

Because there are no constraints due to symmetry
on the orientation of the indicatrix, the orientation
of the optic axes for red light may be rotated in any
direction relative to the position of the correspond-
ing axes for violet light. The color fringes that may
be found in triclinic interference figures usually are
not arrayed with the symmetry found in monoclinic
or orthorhombic minerals.

In practice, color fringes may be difficult to see
and their symmetry is even more difficult to recog-
nize. If the fringes are recognized, they can be useful
in determining which crystal system a mineral
belongs to. If the pattern of colors shows two mir-
rors through the acute bisectrix, the mineral is
orthorhombic. If there is only one plane of sym-
metry to the color fringes, or the acute bisectrix is a
twofold axis of rotation, the mineral is monoclinic. If
the color fringes show no symmetry, the mineral is
triclinic. Caution is needed, however, because the
amount of dispersion is often small, and the color
fringes in triclinic and monoclinic minerals may look
like the fringes produced by orthorhombic minerals.
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Figure 7.38 Bisectrix dispersion in monoclinic minerals. The subscripts » and v indicate the indicatrix and optic axes (OA)
for red and violet light, respectively. The red color fringes (R) are found where only the isogyres for violet light (ruled) are
located, and the blue fringes (B) are found where only the isogyres for red light (stippled) are located. The area of overlap is
entirely extinct. The size of the fringes is greatly exaggerated for purposes of illustration. (a) Inclined dispersion. The b
axis is the Y indicatrix axis. The figure is symmetric across the trace of the optic plane (OP). (b) Parallel dispersion. The b
axis is the obtuse bisectrix (Bxo). The figure is symmetric across the trace of the optic normal (ON). (c) Crossed bisectrix
dispersion. The b axis is the acute bisectrix (Bxa). The figure is symmetric by twofold rotation about the Bxa.
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Identification of Minerals

Rapid identification of minerals in thin section or
grain mount requires a systematic approach tem-
pered with common sense and familiarity with a var-
iety of common rocks and minerals. This chapter
provides some general information to aid in identifi-
cation. Identification tables and charts are located in
Appendix C.

Chapters 9 ‘through 15 provide descriptions of a
variety of common minerals, and experience has
shown that this selection covers the large majority of
minerals found in most rocks. The reader is cau-
tioned, however, that there are over 3000 different
minerals and there is no assurance that an uncom-
mon mineral may not be present in any given rock.
More complete compilations of optical data are pro-
vided by Troger (1979), Fleischer and others (1984),
and Phillips and Griffen (1981).

Descriptive Features

A prodigious amount of terminology has been devel-
oped to describe minerals. Some commonly used
terms are as follows.

CRYSTAL SHAPE

acicular elongate needlelike grains
anhedral  without regular crystal faces
bladed elongate, slender

columnar shaped like a column; moderately elongate
grains with equidimensional cross section

equant equidimensional grains

euhedral  has well-formed crystal faces

fibrous individual grains are long slender fibers
lathlike flat elongate grains

prismatic  the dominant faces are those of a prism

subhedral has crystal faces but they are poorly formed
or irregular

tabular shaped like a book
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MODE OF AGGREGATION
columnar parallel arrangement of columnar grains

foliated more or less parallel tabular or platy grains
granular  equant grains, all about the same size
matted elongate grains in a random pattern
radiating  elongate grains that radiate out from a
center
Cleavage

In grain mount, the planar sides to the individual
grains indicate the presence of cleavage, and, with
careful observation, the number and approximate
angular relation between the cleavages can be deter-
mined. In thin section, cleavage may be difficult to
recognize in minerals with low relief, but careful
examination with the aperture diaphragm set to
enhance the relief may reveal the presence of fine
parallel cracks. The angle between the traces of dif-
ferent cleavages in thin section depends on how the
mineral has been cut, and examples are shown in
Chapters 6 and 7.

Twinning

Many minerals are twinned and the nature of the
twinning is often easily seen. Simple twins consist of
two segments that usually go extinct at different
points with stage rotation. Contact twins are joined
by a smooth twin plane separating the segments,
while penetration twins are generally joined on irre-
gular contacts. Polysynthetic twinning consists of
numerous twin segments joined on parallel twin
planes. If the successive twin planes are not parallel,
a cyclic twin may result.



Alteration

Most minerals are subject to alteration from weath-
ering, hydrothermal processes, or other causes. All
too often, the alteration obscures the identity of the
original mineral, but, in some cases—such as pinite
after cordierite, or iddingsite after olivine—the
alteration is a useful diagnostic property. If the alter-
ation is severe, the optical properties of the rem-
nants of the original mineral may be significantly
changed.

Association

Some minerals are commonly associated in certain
rocks or mineral deposits and other minerals are
rarely found together. A knowledge of common
mineral associations in a variety of rock types can
aid in making educated guesses as to the possible
identity of an unknown mineral. In addition, a
knowledge of associations may suggest the presence
of a mineral that might otherwise be overlooked.

While the use of association is valuable, it con-
tains a subtle trap, because it tends to blind the
observer to the possibility of an unusual or hitherto
unidentified mineral. When making a choice
between what “ought” to be present versus what the
evidence seems to indicate, the evidence should be
heeded.

The following lists show minerals likely to be
found in a variety of common rocks. This compila-
tion is far from complete and does not include any of
the unusual associations that both frustrate and
delight petrographers nor does it include any of the
myriad products of alteration or weathering that
may be present. The lists are organized so that the
major minerals come first, followed by accessory or
less common minerals.

IGNEOUS ROCKS
Felsic

quartz epidote group
plagioclase zircon
K-feldspar Fe-Ti oxides
biotite titanite
hornblende rutile
muscovite sillimanite
apatite tourmaline
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IGNEOUS ROCKS—continued
garnet topaz
fluorite xenotime
spinel monazite
Intermediate

plagioclase
calcic amphibole
K-feldspar
quartz

biotite

calcic clinopyroxene

orthopyroxene
apatite
epidote group

Mafic
plagioclase
orthopyroxene

calcic clinopyroxene

olivine
pigeonite

calcic amphibole
biotite
cummingtonite

Ultramafic
orthopyroxene

calcic clinopyroxene

olivine
garnet

calcic—sodic clinopyroxene

plagioclase

Feldspathoidal and related
rocks (syenites, nepheline
syenite, feldspathoidal

volcanics, etc.)
plagioclase
K-feldspar
nepheline
leucite
sodalite group
biotite
calcic amphibole

calcic—sodic amphibole

sodic amphibole

calcic-sodic clinopyroxene

sodic clinopyroxene
olivine

Vesicle fillings
calcite
aragonite
zeolites
chlorite
anhydrite

Fe-Ti oxides
zircon
titanite
rutile

spinel
tourmaline
xenotime
monazite
allanite

Fe-Ti oxides
apatite
epidote group
zircon

titanite

rutile

spinel

Fe-Ti oxides
perovskite
apatite

spinel

epidote group

calcite
analcime
cancrinite—vishnevite
perovskite
melilite
apatite
epidote group
Fe-Ti oxides
garnet
vesuvianite
spinel
corundum

pectolite
celadonite
prehnite
apophyllite
siderite
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METAMORPHIC RQCKS

Pelitic
quartz
plagioclase
muscovite
chlorite
biotite
garnet
andalusite
sillimanite
kyanite
staurolite
cordierite
K-feldspar

Mafic
plagioclase
epidote group
hornblende
anthophyllite
cummingtonite
cordierite
garnet
calcic clinopyroxene
biotite

Carbonate
calcite
aragonite
dolomite
quartz
wollastonite
tremolite-actinolite
richterite
hornblende
olivine
garnet

diopside-hedenbergite

biotite
epidote group
vesuvianite

Blueschist and related
quartz
plagioclase
muscovite
biotite
lawsonite
pumpellyite
sodic amphibole

sodic—calcic amphibole

garnet
chlorite
sodic pyroxene

chloritoid
corundum
Fe-Ti oxides
scapolite
apatite
zircon
epidote group
spinel
tourmaline
graphite
dumortierite
calcite

gedrite
chlorite
stilpnomelane
titanite
omphacite
apatite

zircon

spinel

Fe-Ti oxides

monticellite
humite group
brucite
periclase

talc

graphite
scapolite
prehnite
axinite
titanite
corundum
perovskite
Fe-Ti oxides

calcic-sodic pyroxene
aragonite

calcite

titanite

serpentine

epidote group
prehnite

apatite

zircon

Fe-Ti oxides

SEDIMENTARY ROCKS

Clastic

quartz muscovite

chalcedony biotite

K-feldspar glauconite

plagioclase hematite

clay zeolites

calcite plus many others
Carbonate

calcite glauconite

dolomite clastic material and

clay skeletal remains
Evaporite

calcite sylvite

dolomite ) sulfur

gypsum chalcedony

anhydrite clastic material

halite (see also Table 10.2)
Tactics

With practice, optical data can be measured quite
rapidly, but because of small grain size or lack of
grains in appropriate orientations, it is often not
possible to measure all of the optical information
that might be desired. However, in routine work,
identifications can usually be made without com-
plete data, and for many common minerals only
selected data needs to be obtained to confirm a ten-
tative identification. It is important to avoid blindly
accumulating optical data in hopes that an identifi-
cation will somehow turn up in the end. Use each
piece of information as a guide in each successive
step in the identification process. If a positive identi-
fication cannot be made with the available infor-
mation, then other techniques such as X-ray
diffraction or chemical tests should be employed.

The procedures described here can be used for
identifying a mineral, either in thin section or grain
mount if allowance is made for the fact that indices
cannot be measured in thin section and only detrital
habits and textures can be seen in grain mounts.
With grain mounts, the first mount should be used to
obtain as much optical information as possible, and
subsequent mounts should be used to pin down
indices of refraction. Proceed as follows.

1. Examine the hand sample of the mineral to determine
as many of the following characteristics as possible.
~a. Color
b. Luster



Streak
. Hardness
. Cleavage or fracture
Specific gravity
Crystal habit

Prov1de a tentative identification or list of possibili-
ties based on this information.
. Based on the identity of associated minerals, rock
type, or type of mineral deposit, make a mental list of
minerals that the unknown might be.

. Scan the slide to examine different grains of the
unknown mineral. Color, relief, twinning, crystal
shape; textures, and alteration usually provide the
best bases for distinguishing different minerals. Cross
and uncross the polars and rotate the stage as needed.
Recall that different grains of pleochroic minerals
may have quite different colors depending on how
they are orientated. Record the following infor-
mation. '

Color and pleochroism (if any)

. Relief relative to cement or immersion oil
Mineral habit, textures, and alteration

. Whether the mineral is isotropic or anisotropic

. Nature of twinning, if present

Nature of cleavage or fracture

. If the mineral is isotropic:

a. For grain mounts, determine index of refraction
with additional mounts, - then go to identification
tables and mineral descriptions to determine the iden-
tity.

b. For thin sections, go to identification tables and -
mineral descriptions.

. If the mineral is anisotropic:

a. Scan the slide to find a grain of the unknown
with the lowest interference color. Obtain an optic
axis interference figure and determine if the mineral is
uniaxial or biaxial.

(i) If the mineral is uniaxial (a) determine optic
sign, (b) return to orthoscopic iltumination and
record the color and relief associated with n,, and
check the Becke line. )

(ii) If the mineral is biaxial (a) determine optic
sign, (b) determine 2V, (c) determine dispersion
characteristics, if any, (d) rotate the stage to place
the optic plane at right angles to the lower polar
vibration direction. Return to orthoscopic illumina-
tion. Record the color and relief of the mineral
associated with ng and check the Becke line.

b. Scan the slide to find a grain of the unknown
with maximum interference color.

(i) In thin section, determine maximum bire-
fringence based on thickness and interference color.

(i1) Determine the relief and check the Becke
line associated with n, (uniaxial) or n, and n, (biax-
ial) by placing the appropriate vibration direction
parallel to the polarizer. Use the accessory plate to
distinguish slow and fast directions. At the same
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time determine the color associated w1th € (uniax-

ial) or X and Z (biaxial).

c. If the mineral is elongate or has cleavage:

(i) Measure extinction angles on a number of
grains.

(ii) Determine sign of elongation (length fast or
slow).

d. If crystallographic directions can be identified,
determine optic orientation.

e. Determine indices:

(i) For grain mounts, prepare additional mounts.
(ii) For thin sections, estimate indices based on
relief and Becke line, if possible.

f. Go to identification tables and mineral descrip-
tions to determine identity of the mineral. Allow for
the possibility that some of the optical data may be
atypical or incorrectly measured.

Use of the Identification Tables (Appendix C)

The optical data for minerals described in Chapters
9 through 15 are presented in Appendix C as
follows:

Table C.1 Color in thin section

Table C2  Opaque minerals

Table C.3 Index of refraction of isotropic or nearly
isotropic minerals

Table C.4  Indices of refraction of uniaxial minerals

Table C.5 Indices of refraction of biaxial negative
minerals

Table C.6 Indices of refraction of biaxial positive
minerals

Table C.7 Birefringence

Table C.8 Minerals that may display anomalous
interference colors

Table C.9 Isometric minerals that may display
anomalous birefringence

Table C.10  Tetragonal and hexagonal minerals that
may be anomalously biaxial

Table C.11  Normally birefringent minerals that may be
sensibly isotropic

Table C.12  Biaxial minerals that may be sensibly
uniaxial

Table C.13  Minerals that may produce pleochroic
halos in surrounding minerals

Figure C.1 2V and birefringence for biaxial minerals

Figure C.2  Average index of refraction versus average
birefringence

Note that Figure C.2 is printed on the reverse of the
interference color chart at the back of the book.
Table C.7, Figure C.2 and the mineral descriptions
in the chapters that follow all refer to the relief in
thin section. It is assumed that the cement used in
thin sections has an index of refraction of 1.54, which
is the index of refraction of Canada balsam and
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commercially available epoxies such as Petropoxy
(Palouse Petro Products, Route 1 Box 92, Palouse,
WA 99161, USA). However, some cements have an
index of refraction either higher or lower than 1.54.
If the cement is significantly different than 1.54, the
relief of minerals in thin section may be different
than what is reported in this book. If the index of
refraction of a mineral is being compared with the
cement in a thin section, it is important to know
what the index of refraction of the cement actually
is. If in doubt, consult the manufacturer.

If grain mount or spindle stage techniques are
employed, the most useful data are the tabulations
of the indices of refraction (Tables C.3 through C.7).
A cross-check of color, birefringence, and 2V, as
appropriate, may help narrow the list of possibilities.

For isotropic minerals in thin section, the
tabulations of color (Table C.1) and index of
refraction (Table C.3), supplemented by Figure C.2,
are typically most useful. Note, however, that only
a rough estimate of index of refraction can be made
from the relief in thin section.

For anisotropic minerals in thin section, Figure
C.2 is a useful starting point. The tabulations of
birefringence (Table C.7) and color (Table C.1) help
narrow the list of possibilities. For biaxial minerals.
Figure C.1, showing the optic angle, can be quite
useful.

Opaque Minerals

Some of the common opaque minerals are listed in
the identification tables (Appendix C, Table C.2)
and described in Chapter 9. These minerals can
sometimes be identified by shining a light on the top
surface of the sample and observing the color of the
reflected light through the microscope. This method
has serious drawbacks and it is not encouraged.
Small grains may easily be overlooked, the reflected
color may be imperfectly perceived, and inter-
growths between minerals like magnetite and ilme-
nite may not be recognized. If it is important to
know the identity of the opaque minerals, tech-
niques fitted to the task (reflected light microscope
with polished sections, X ray, or other) should be
employed, otherwise they should just be identified
as opaque minerals. Note that the reflected light col-
ors of the opaque minerals described in Chapter 9
may be different than the color seen through a ref-

lected light microscope. The interested reader is
encouraged to read Cameron (1961) or Craig and
Vaughn (1981) to learn more about reflected light
microscopy.

Non-minerals

Imperfectly prepared thin sections may contain a
variety of materials that can be mistaken for miner-
als or that complicate the identification process.
Some of the more common are bubbles, grinding
abrasive, and textile fibers (Figure 8.1).

Unless care is taken in preparing thin sections,
bubbles trapped in the cement are almost inevitable.

Figure 8.1 Non-minerals found in thin sections. ( Top) Textile
fiber. (Bottom) Hole (H) in a thin section partially occupied
by a bubble (B). The dark material around the edges of the
hole and scattered through the epoxy in the hole is grinding
abrasive (A). Field of view of both photographs is 1.2 mm
wide.



If a bubble has been trapped where a grain has been
plucked out, it can be mistaken for a high-relief iso-
tropic mineral. Small spherical bubbles may display
what looks like a uniaxial cross in orthoscopic illumi-
nation. Larger bubbles may be quite irregular, but
typically display curved or rounded boundaries due
to the surface tension of the cement.

Silicon carbide grinding abrasive appears as fine
angular opaque grains distributed throughout the
slide or concentrated in cracks or void spaces in the
sample. If the cement is not entirely cured before
grinding, abrasive may be embedded in the cement.

Textile materials from paper towels, clothing, and
other sources appear as elongate fibers that are typi-
cally kinked. These materials may display interfer-
ence colors between crossed polars because many
varieties are anisotropic. By carefully adjusting the
focus, it can usually be determined that these fibers
are in the cement either above or below the sample.
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Native Elements, Sulfides, Halides, Oxides,

and Hydroxides

NATIVE ELEMENTS

Sulfur

S

Orthorhombic
Biaxial (+)

n, = 1.958 -—-
n, = 2.245

d = 0.287

2V, = 69°

RELIEF IN THIN SECTION: Extreme positive relief.

COMPOSITION AND STRUCTURE: Structure consists of
eightfold rings of Sulfur atoms that are stacked one
atop the other along the ¢ axis and that are bonded
to each other by weak electrostatic bonds. Small
amounts of Se or Te may substitute for S.

PHYSICAL PROPERTIES: H = 13-21; G = 2.05-2.09; yel-
low in hand sample, sometimes with a reddish,
brownish, or greenish cast; white streak; resinous to
adamantine luster.

COLOR AND PLEOCHROIsM: Pale yellow or yellowish
gray in thin section and grain mount. Pleochroism is
weak; from light to dark yellow.

ForRM: Crystals may be skeletal or hopper types with
dypyramidal or thick tabular forms. Sulfur also
forms fine-grained aggregates and colloform or
encrusting masses.

cLEAVAGE: Cleavages on {001} and {110} are fair to
poor, but partings parallel to the four {111} dipyra-
mid faces may be prominent.

TWINNING: Twins are rare, but if present are usually
simple contact twins on {110}, {001}, or {101}.

OPTICAL ORIENTATION: X = a, Y = b, Z = ¢, optic
plane = (010). Extinction is symmetrical to the part-
ings and parallel or symmetrical to the cleavages in
the principal sections. Diamond-shaped cross sec-
tions are length slow to the long diagonal.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
do not vary significantly and birefringence is
extreme (0.287), so interference colors are high-
order white.

INTERFERENCE FIGURE: Basal sections yield acute
bisectrix figures with innumerable isochromes, but
the extreme birefringence makes figures difficult to
interpret. Optic axis dispersion is weak, v > r.

ALTERATION: Sulfur may alter to sulfate minerals
such as gypsum or anhydrite.

DISTINGUISHING FEATURES: Extreme relief and bire-
fringence and limited occurrence are characteristic.
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Sulfur melts at 112.8°C, so cements requiring high
temperatures to cure should be avoided.

OCCURRENCE: Found around fumaroles, volcanic
vents, and in hot spring deposits. Also found in eva-
porite deposits with sulfates, carbonates, and
halides, where it is probably produced by bacterial
reduction of sulfate minerals. Small amounts formed
by alteration of sulfide or sulfate minerals may be
found in hydrothermal ore deposits.

Graphite

C
Hexagonal
Opaque

COMPOSITION AND STRUCTURE: Graphite consists of
hexagonally packed sheets of C atoms that are
bonded to adjacent sheets with weak electrostatic
bonds. Graphite is usually quite pure.

PHYSICAL PROPERTIES: H = 1-2; G = 2.23; black in
hand sample; gray streak; metallic luster.

coLor: Opaque. Black with metallic luster in reflec-
ted light.

ForM: Figure 9.1. Graphite forms tabular hexagonal
crystals, scaly masses, fine-grained aggregates, or
fine disseminated flakes or scales.

CLEAVAGE: One perfect cleavage on {0001} is gener-
ally difficult to recognize in thin section because the
mineral is opaque.

Figure 9.1 Graphite (black) in slate. Field of view is 0.6 mm
wide.

DISTINGUISHING FEATURES: Opaque nature, black
color, softness (H = 1-2) with soapy feel. May be
mistaken for magnetite or ilmenite, but softness,
lack of magnetism, and cleavage distinguish it.

OCCURRENCE: A relatively common constituent in
regional and contact metamorphic rocks such as
marble, skarn deposits, gneiss, schist, phyllite, and
slate that originally contained carbonates or organic
material. Much less common as an accessory mineral
in igneous rocks.

SULFIDES

Pyrite

F852
Isometric
Opaque

COMPOSITION AND STRUCTURE: Pyrite has a cubic
structure similar to halite with S, pairs and Fe
instead of Cl and Na. Pyrite displays relatively little
substitution of other metals for Fe, but small
amounts of Ni, Co, and Mn may be present. Marca-
site is the orthorhombic dimorph of pyrite.

PHYSICAL PROPERTIES: H = 6-6}; G = 5.02; metallic
brassy yellow in hand sample; greenish or brownish
black streak; iridescent tarnish.

coLoR: Pyrite is completely opaque. It is pale brassy
yellow in reflected light as seen through a petro-
graphic microscope. :

ForM: Usually forms cubes {001}, pentagonal dodec-
ahedrons (pyritohedrons) {210}, or occasionally
octahedrons {111}. Pyrite also forms granular and
reniform encrusting masses that may have a radiat-
ing structure. Small, raspberry like aggregates com-
posed of innumerable spherical grains of pyrite are
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found in shale, coal, and other sediments and are
called framboids.

cLeEAVAGE: Cleavage on {001}, {011}, {111}, and
{311} has been reported, but it usually displays con-
choidal fracture.

TWINNING: Penetration twins called iron crosses with
twin axis [001] are relatively common, but unless the
crystal outline betrays it, twinning will not be recog-
nized.

ALTERATION: Pyrite commonly alters to Fe oxides
(hematite, limonite, goethite, etc.); and these
minerals may form pseudomorphs after pyrite.

DISTINGUISHING FEATURES: Sections through cubic
pyrite crystals are usually triangular, rectangular, or
square. Yellowish color in reflected light dis-
tinguishes it from magnetite, ilmenite, and hematite,
but it is easily mistaken for marcasite, pyrrhotite,
chalcopyrite, or other sulfides. Examining hand
samples with a hand lens or binocular microscope is
usually more productive than examining either thin
sections or grain mounts. Examining a polished sec-
tion with a reflected light microscope is encouraged
if the identity is important.

OCCURRENCE: Pyrite is the most common sulfide
mineral, is nearly ubiquitous in hydrothermal
mineral deposits, and is a common accessory
mineral in many igneous and metamorphic rocks.
Pyrite is also formed in such sediments as shale and
coal deposited in a reducing environment, where it
may occur as framboids.

Sphalerite

(Zn,Fe)S
Isometric
Isotropic
n=2.37-2.50

RELIEF IN THIN SECTION: Very high positive relief.

COMPOSITION AND STRUCTURE: The structure of the
zinc sulfides consists of layers of S atoms stacked one
atop the other with Zn and Fe placed between the
layers so that they coordinate with four S atoms. In
sphalerite, the layers of S are stacked in a slightly

opened version of cubic closest packing, whereas in
the polymorph wurtzite, the layers are stacked in an
open version of hexagonal closest packing. Samples
of natural sphalerite containing submicroscopic
domains with wurtzite stucture are anisotropic. The
amount of Fe that can be accepted in the structure
increases with increasing temperature and can be in
excess of 40 mole percent.

PHYSICAL PROPERTIES: H = 3-4; G = 3.9-4.1; light
brown, brown, or nearly black in hand sample,
darker with increasing Fe; white, yellow, light
brown streak; adamantine, resinous, or submetallic
luster.

coLor: Colorless, pale yellow, or pale brown in thin
section or grain mount without pleochroism.

ForRM: Crystals show tetrahedral or dodecahedral
forms, often with curved faces. It also forms coarse
to fine granular aggregates and is rarely fibrous.

CLEAVAGE: Dodecahedral {110} cleavage in six direc-
tions is perfect.

TWINNING: Multiple contact twins on octahedral
{111} faces are common but will not be seen unless
the sample displays birefringence.

INDICES OF REFRACTION AND BIREFRINGENCE: The
index of refraction increases from 2.37 for pure ZnS
to 2.50 with 40 percent Fe replacing Zn. Sphalerite
may display birefringence because of the inter-
growth of the sphalerite and wurtzite structures. The
birefringence increases in a linear fashion from zero
for 100 percent sphalerite structure to 0.022 for 100
percent wurtzite structure. Wurtzite is uniaxial posi-
tive with n,, = 2.356, and n, = 2.378, and has a simi-
lar appearance.

ALTERATION: Sphalerite may alter to oxides, hydrox-
ides, sulfates, or carbonates or Fe and Zn (limonite,
goethite, smithsonite, hydrozincite, goslarite, sider-
ite, etc.). '

DISTINGUISHING FEATURES: Extreme relief, isotrop-
ism, and six perfect cleavages are characteristic.
Garnet lacks cleavage.

OCCURRENCE: Sphalerite is a common constituent of
hydrothermal sulfide- deposits in association with
galena, pyrite, chalcopyrite, and other sulfides. It
rarely occurs ‘as an accessory mineral in felsic
igneous rocks and is occasionally found in coal beds.
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Pyrrhotite

Fe, .S (x=0-0.17)
Monoclinic (pseudohexagonal)
Opaque

COMPOSITION AND STRUCTURE: Pyrrhotite consists of a
slightly distorted hexagonal close-packed array of S
with Fe atoms in sixfold coordination between the
layers of S. As indicated by the formula, the Fe:S
ratio is slightly less than 1 and may vary because up
to 17 percent of the sites that would otherwise con-
tain Fe atoms may be vacant. Troilite, which is
found in meteorites, has a composition close to the
ideal FeS and is hexagonal. Above about 300°C,
pyrrhotite possesses a hexagonal structure but
reverts to a monoclinic or occasionally orthorhombic
structure at lower temperatures.

PHYSICAL PROPERTIES: H = 35-41: G = 4.6; metallic
bronze-yellow, sometimes with a brownish or
reddish cast; dark grayish black streak; weakly mag-
netic.

COLOR AND PLEOCHROISM: Opaque, even on thin
edges. Has a bronze color in reflected light as viewed
through the petrographic microscope.

ForM: Usually in granular aggregates or irregular
grains; tabular hexagonal crystals are uncommon.

CLEAVAGE: None. There is a {0001} parting, which is
generally not visible in grain mount or thin section.

TWINNING: Twins on {1012} are rare.

ALTERATION: May be replaced by pyrite, marcasite,
or other sulfides or oxidized to oxides, hydroxides,
sulfates, and carbonates of iron.

DISTINGUISHING FEATURES: The bronze color in
reflected light is different from that of pyrite, chalco-
pyrite, or marcasite but the difference may be diffi-
cult to discern. Identification based on hand-sample
properties, with a reflected light microscope or with
X-ray diffraction techniques, is more reliable than
with a petrographic microscope.

occURRENCE: Usually found in mafic igneous rocks
or in high-temperature hydrothermal sulfide
deposits.

Chalcopyrite

CuFeSZ
Tetragonal
Opaque

COMPOSITION AND STRUCTURE: The structure of chal-
copyrite is very similar to sphalerite, consisting of
essentially cubic close-packed S atoms. Cu and Fe
atoms are in fourfold coordination between the
layers of S atoms. Exhibits relatively little solid solu-
tion but inclusions of other minerals containing Ag,
Au, Pt, Pb, Co, Ni, Mn, Sn, Zn, or other elements
are common.

PHYSICAL PROPERTIES: H = 31-4; G = 4.1-4.3; metal-
lic brassy yellow in hand sample; greenish black
streak; often tarnished.

coLor: Opaque even on thin edges. Yellow-gold or
brassy yellow when viewed through the petrographic
microscope with reflected light.

FORM: Crystals are commonly tetrahedral, although
irregular grains and granular masses are more com-
mon.

cLEAVAGE: Cleavages on {011} and {111} are gener-
ally poor and not usually visible because the mineral
is opaque.

TWINNING: Multiple lamellar twins on {112} are
common but not usually visible.

ALTERATION: Often altered to oxides, carbonates,
sulfates, and hydroxides of Cu and Fe.

DISTINGUISHING FEATURES: The color of pyrite in
reflected light is typically lighter. Identification
based on hand-sample characteristics, with a
reflected light microscope, or X-ray diffraction tech-
niques is more reliable than identification with a
petrographic microscope.

OCCURRENCE: Chalcopyrite is a common mineral in
hydrothermal mineral deposits. It is occasionally
found as an accessory mineral in mafic igneous rocks
and rarely as a primary precipitate or secondary
mineral in sedimentary rocks.
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HALIDES

Halite
NaCl L_L ‘ -

Isometric
Isotropic |
_’ L
] 4| T
I f

|

n=1.544

RELIEF IN THIN SECTION: Low positive relief.

COMPOSITION AND STRUCTURE: The structure of halite
consists of alternating Na* and CI~ ions arranged in
a face-centered cubic lattice. The composition is
nearly pure NaCl. Although halite and sylvite are
isostructural, there is very little substitution of K*
for Na™. Bromine or iodine may substitute for chlor-
ine in small amounts.

PHYSICAL PROPERTIES: H = 2%; G = 2.16; colorless or
white in hand sample, may be orange, red, gray,
brown, blue, or yellow due to lattice imperfections
or inclusions; white streak; vitreous luster; has salty
taste and is soluble in water.

coLor: Usually colorless in thin section; may be
faintly colored if hand sample displays a strong
color. Zoning parallel to crystal faces may be appar-
ent.

ForM: Crystals are cubes. Halite also forms granular
aggregates and anhedral grains.

CLEAVAGE: Perfect cubic {001} cleavage forms cubic
or rectangular fragments.

TWINNING: May twin on {111} in synthetic crystals,
but twinning will not be apparent in thin section or
fragments due to isotropism. '

INDICES OF REFRACTION: Intimate intergrowths of
halite (n = 1.544) and sylvite (n = 1.490) may have
intermediate indices.

ALTERATION: Due to its solubility, halite is often
removed from rocks exposed to weathering, leaving
casts of cubic crystals.

DISTINGUISHING FEATURES: Low relief, cubic shape,
and cleavage distinguish halite from most other iso-
tropic minerals. Index of sylvite (1.490) is lower than
the cement usually used in thin sections, whereas

that of halite (1.544) is higher. Halite will usually be
lost from conventionally made thin sections because
it is highly soluble in water.

OCCURRENCE: Abundant in marine evaporite deposits
and commonly associated with calcite, dolomite,
gypsum, anhydrite, and sylvite, along with clay and
other detrital material. It is also found in deposits
from saline lakes (cf. Table 10.2).

Sylvite =

KCl1
Isometric “L*‘}f |
Isotropic 4+ - lf
n=1.490 )

. R S

RELIEF IN THIN SECTION: Moderate negative relief.

COMPOSITION AND STRUCTURE: The structure of sylvite
is the same as halite and consists of alternating K*
and Cl~ ionsin a face-centered cubic lattice. Sylvite is
almost pure KCI with very little substitution of Na™
for K* or Br~ for C1~.

PHYSICAL PROPERTIES: H = 2%; G = 1.99; colorless or
white in hand sample; may be grayish, bluish, or yel-
lowish. Hematite inclusions give it a red or orange
color. White streak; somewhat sectile; has a bitter
salty taste and is very soluble in water.

coLor: Usually colorless in thin section or grain
mount.

FORM: Crystals are usually cubes. Inclusions may be
arranged parallel to crystal faces. Sylvite also forms
anhedral grains or granular masses.

INDICES OF REFRACTION: Pure sylvite has an index n =
1.490. Indices intermediate between 1.490 and 1.544
are possible for submicroscopic mixtures of sylvite
and halite.

ALTERATION: Easily dissolved in water, sylvite will
usually be lost from conventionally prepared thin
sections. If rocks containing sylvite are exposed to
weathering most or all of it will be dissolved. Casts
of sylvite crystals are sometimes present but those of
halite are more common.

DISTINGUISHING FEATURES: Bitter taste and index
lower than cement distinguish sylvite from halite.
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OCCURRENCE: Sylvite is primarily restricted to eva-
porite deposits and is much less common than halite.
It is commonly associated with calcite, dolomite,
halite, gypsum, anhydrite, or other evaporite
minerals.

Fluorite

CaF,

Isometric
Isotropic
n=1433-1435

>\§ ,

AKX

RELIEF IN THIN SECTION: Moderately high negative
relief.

COMPOSITION AND STRUCTURE: Fluorite has a face-cen-
tered cubic structure with Ca?* occupying the cor-
ners and center of each face and F™ at the center of
the eight smaller cubes formed by cutting the cube in
half in all three directions. Most fluorite is relatively
pure CaF, although substitution of Sr, Y, or Ce for
Ca is possible.

PHYSICAL PROPERTIES: H = 4; G = 3.18; commonly °

colorless, blue, purple, or green, but almost any
color is possible; streak white; vitreous luster;
usually fluoresces in both short- and long-wave UV
light. Some may be phosphorescent.

coLor: Usually colorless in thin section or grain
mount, but pale colors corresponding to the hand-
sample color may be visible in some cases. Colored
samples may be blotchy or zoned parallel to the crys-
tal faces. Because the mineral is isotropic, there is
no pleochroism.

FORM: Cubes or cubes modified by octahedral or
dodecahedral faces are common. Fluorite also forms
anhedral grains or granular masses, or occasionally
columnar or fibrous aggregates.

CLEAVAGE: Perfect octahedral {111} cleavage (four
directions).

TWINNING: Penetration twins by rotation on [111] are
common but will not be visible in thin section or
fragments unless belied by crystal shape or color
zoning.

INDICES OF REFRACTION: Most fluorite has index n =
1.434 although substituting Y for Ca increases the
index to as high as 1.457.

'DISTINGUISHING FEATURES: The moderately high

relief, with n < cement, and octahedral cleavage dis-
tinguish fluorite from most similar minerals. Cryolite
(biaxial (4),2V, = 43°,ng = 1.338, 6 = 0.001) is the
most likely alternative, but it is birefringent and has
even lower indices of refraction. A simple staining
technique to aid identification has been described by
Sharp and others (1977).

OCCURRENCE: Fluorite is relatively common in some
hydrothermal mineral deposits associated with sul-
fide minerals and also is found as an accessory
mineral in granite, syenite, granite pegmatite, and
related igneous rocks. Sometimes occurs in veins in
carbonate sediments and may be found as detrital
grains or (rarely) as a cementing agent in clastic sedi-

ments.

OXIDES

Periclase =

MgO | I +—
Isometric

Isotropic\ ‘1’
n = 1.735-1.756

RELIEF IN THIN SECTION: High positive relief.

L

COMPOSITION AND STRUCTURE: The structure of peri-
clase is the same as that of NaCl with alternating Mg
and O arranged in a face-centered cubic lattice.
Most periclase is relatively pure MgO, but up to 10
mole percent Fe may substitute for Mg.

PHYSICAL PROPERTIES: H = 5}; G = 3.56-3.68; color-
less to grayish white in hand sample, sometimes yel-
low, brown, or black due to inclusions or high Fe
content; white streak; vitreous luster.

coLor: Colorless in thin section or grain mount.
High Fe varieties may be pale yellow or brown with-
out pleochroism.
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ForRM: Crystals are cubes or octahedrons but peri-
clase is more common as anhedral grains, sur-
rounded by fibrous brucite.

CLEAVAGE: Perfect cubic {001} cleavage.

INDICES OF REFRACTION: Pure periclase has n = 1.736.

With increasing Fe content the index rises to around
1.756.

ALTERATION: Typically alters to fibrous brucite or
other Mg-bearing hydroxides or carbonates.

DISTINGUISHING FEATURES: Isotropism with cubic
cleavage and high relief in thin section are character-
istic as is the alteration to fibrous brucite.

OCCURRENCE: Relatively uncommon mineral found
predominantly in high-temperature contact meta-
morphosed siliceous dolomite or dolomitic lime-
stone. It is usually associated with calcite, forsterite,
humite group minerals, serpentine, brucite, and
spinel.

Rutile

TiO,
Tetragonal
Uniaxial (+)

n, = 2.61-2.65

ne = 2.90-2.80
é 0.29-0.15

I

RELIEF IN THIN SECTION: Extreme positive relief.

COMPOSITION AND STRUCTURE: The rutile structure
consists of Ti at the center and corners of the tetra-
gonal unit cell with O arranged in between so that
each Ti is in octahedral coordination. Although
most rutile is nearly pure TiO,, significant amounts
of Fe, Ta, and Nb may substitute for Ti. Minor
amounts of V, Cr, or Sn also may be present.

PHYSICAL PROPERTIES: H = 6-61; G = 4.23-5.5; ada-
mantine to metallic reddish brown in hand sample,
sometimes black, bluish, or yellowish; streak pale
brown or grayish black.

COLOR AND PLEOCHROISM: Rutile is reddish brown,
pale brown, or sometimes almost opaque in thin sec-
tion and grain mount. Pleochroism is usually weak,
€ > w. Darker colors are associated with higher Fe,
Nb, or Ta content. May be color zoned.

FOrM: Crystals are elongate tetragonal prisms with
square or octagonal cross sections. Also as slender,
acicular, or hair like crystals, and anhedral grains.
Rounded and abraided grains are common in some
clastic sediments.

CLEAVAGE: Good prismatic {110} cleavage and fair
{100} cleavage may control the orientation of frag-
ments.

TWINNING: Contact twinning on {101} is common,
producing knee-shaped twins or, in some cases, cyc-
lic twins with six or eight segments.

OPTICAL ORIENTATION: Elongate sections show
parallel extinction. Crystals are length slow, but this
usually cannot be recognized due to the extreme

“birefringence.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction are substantially higher than indices of
routinely used index oils. Birefringence is extreme,
yielding upper-order white interference colors that
are generally masked by the color of the mineral.
Even basal sections will show high colors due to the
moderately converging nature of orthoscopic illumi-
nation.

INTERFERENCE FIGURE: Basal sections yield uniaxial
interference figures with innumerable isochromes
that are often brownish due to the inherent color of
the mineral. May be anomalously biaxial (+) with
2V, =10°

ALTERATION: Rutile generally shows no alteration
although alteration to titanite or leucoxene is poss-
ible. It often forms as an alteration product of other
Ti-bearing minerals.

DISTINGUISHING FEATURES: Color, extreme birefrin-
gence, extreme relief, and habit are characteristic.
Anatase and hematite are uniaxial negative, and
hematite is deep red and has a flaky habit. Cassiter-
ite is quite similar but has lower birefringence and
indices, and lighter color. Limonite may have a simi-
lar color but is sensibly isotropic.
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OCCURRENCE: Commonly occurs as an accessory
mineral in many igneous and metamorphic rocks. Is
also a common detrital mineral in clastic sediments.

Anatase : |

TiO,
Tetragonal

Uniaxial (—)
n, = 2.561
ne = 2.488
6 =

RELIEF IN THIN SECTION: Extreme positive relief.

COMPOSITION AND STRUCTURE: Anatase, like brookite,
is a polymorph of rutile, and, like rutile, the struc-
ture consists of TiO, octahedra. The difference
between the two structures is in which edges of the
octahedra are shared with neighboring octahedra.
Minor amounts of Fe may substitute for Ti, and
some substitution of Nb or Ta is reported.

PHYSICAL PROPERTIES: H = 5;—6; G = 3.90; yellowish
brown, red-brown, or black in hand sample, less
commonly green, blue, gray, or colorless; colorless
to pale yellow streak; adamantine to submetallic
luster.

COLOR AND PLEOCHROISM: Usually pale brown, red-
brown, or deep brown; sometimes green or blue;
rarely colorless. Pleochroism is usually weak, o > ¢
or € > w.

ForM: Crystals are elongate dipyramids, so sections
are usually rectangular or diamond shaped. Also
forms anhedral grains.

CLEAVAGE: Perfect basal {001} and pyramidal {111}
cleavages. Fragments are commonly triangular in
cross section.

TWINNING: Generally not found, although it is poss-
ible on {112}.

OPTICAL ORIENTATION: Diamond-shaped cross sec-
tions are fast parallel to the long diagonal. Extinc-
tion is parallel to basal cleavage {001} in all sections
and parallel, symmetrical, or inclined to {111}
dipyramid faces and cleavage, depending on how the
section is cut.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
are above the range of routinely used index oils and
produce extreme relief in thin section. The pub-
lished range of n,, is from about 2.55 to 2.60. Bire-
fringence is very high (0.07) and produces creamy
upper-order colors, which may be masked by the
mineral color.

INTERFERENCE FIGURE: Basal sections and fragments
on (001) yield uniaxial negative interference figures
with numerous isochromes that are often masked by
the color of the mineral. Dark-colored varieties may
be anomalously biaxial negative with a small 2V.

ALTERATION: May alter to rutile or be replaced by
leucoxene, which is opaque amorphous titanium
oxide. Leucoxene is gray or white in reflected light.

DISTINGUISHING FEATURES: Resembles rutile but is
distinguished by a different optic sign. Brookite is
another polymorph of rutile with similar appear-
ance, but it is biaxial positive, with indices n, =
2.58, ng =2.59, n, =270 and has strong crossed
axial plane dispersion with a small 2V (~0-30°).

OCCURRENCE: Minor constituent of igneous rocks
such as granite, granite pegmatite, and felsic vol-
canic rocks and occasionally found in hydrothermal
vein deposits. Is also a common alteration product
after other Ti-bearing minerals such as titanite or
ilmenite. Because anatase is relatively stable in the
weathering environment, it may be found as detrital
grains in clastic sediments.
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Cassiterite S

SHOZ

Tetragonal
Uniaxial (+)

n, = 1.990-2.010

ne = 2.091-2.100
5 = 0.09-0.10

o

RELIEF IN THIN SECTION: Very high to extreme.

COMPOSITION AND STRUCTURE: Has the same structure
as rutile with Sn atoms at the corners and center of
the tetragonal unit cell with O atoms in between, so
that the Sn is in octahedral coordination. Compo-
sition is usually close to SnO,, with minor to signifi-
cant substitution of Fe, Nb, or Ta.

PHYSICAL PROPERTIES: H = 6-7; G = 6.8-7.1; brown
to black in hand sample, rarely red, yellow or nearly
white; white, gray, or brownish streak; dull, or ada-
mantine to submetallic luster. .

COLOR AND PLEOCHROISM: Usually colored in shades
of brown, yellow, or red, occasionally green or
almost colorless. Fragments often appear almost
opaque due to the strong color. Pleochroism is weak
to strong in shades of yellow, brown, and red, € >
w. Color zoning is sometimes found.

ForM: Crystals are stubby tetragonal prisms with
dipyramid terminations, or acicular needles. Also
forms colloform or encrusting masses (wood tin) of
radiating or parallel subhedral to anhedral grains.

CLEAVAGE: Prismatic cleavages on {110} and {010}
are poor. Partings parallel to the pyramid faces
{111} are sometimes found.

TWINNING: Twinning is common on {101} forming
elbow twins or, in some cases, cyclic or polysynthetic
twins.

OPTICAL ORIENTATION: Crystals are length slow, and
extinction is parallel to prismatic crystal faces or
cleavages in sections cut parallel to the ¢ axis.
Extinction is inclined to twin planes.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction vary in a small range with higher
indices reflecting higher Fe content but are outside
of the range of routinely used index oils. Maximum
birefringence is very high (0.09-0.10) and in thin
sections gives up to fifth-order pale pastel colors that
are usually masked by the color of the mineral.

INTERFERENCE FIGURE: Basal sections give uniaxial
positive figures with numerous isochromes, and iso-
gyres that fan out toward the edge of the field of
view. Biaxial positive cassiterite with a small 2V has
been reported but is probably not common.

ALTERATION: Cassiterite is resistant to weathering or
other alteration and, consequently, is sometimes
found as a heavy mineral in clastic sediments.

DISTINGUISHING FEATURES: Very similar to rutile, but
can be distinguished because rutile has even higher
relief in thin section, higher birefringence, and is
commonly more strongly colored. Anatase is uni-
axial negative and length fast.

OCCURRENCE: Usually occurs as an accessory mineral
in silicic plutonic igneous rocks, and in high-temper-
ature hydrothermal deposits where it is typically
associated with tungsten and molybdenum minerals.
It is also found in granitic pegmatites and as a heavy
mineral in clastic sediments.

Corundum |

Al O,
Hexagonal (trigonal)
Uniaxial (=)

n, = 1.766-1.794
ne = 1.758-1.785
6 = 0.008-0.009

RELIEF IN THIN SECTION: High positive relief.

COMPOSITION AND STRUCTURE: Consists of layers of
hexagonal close-packed O atoms with aluminum
occupying two-thirds of the octahedral sites between
the layers of oxygen atoms. Most corundum is nearly
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pure Al,O3 but small amounts of other metals may
substitute for aluminum and are responsible for the
colored varieties of corundum. Sapphire (blue) con-
tains Fe?* and Ti**, ruby (red) contains Cr**, and
yellow and green corundum contain varying
amounts of Fe?* and Fe*™.

PHYSICAL PROPERTIES: H = 9; G = 3.98-4.10; gray,
blue, red, green, yellow, and many other colors in
hand sample; white streak; vitreous to adamantine
luster.

COLOR AND PLEOCHROISM: Usually colorless in frag-
ments or thin section, although pale colors corre-
sponding to hand-sample color may be displayed.
Colored samples usually display weak pleochroism,
w > €. o = shades of blue and purple, € = blue,
blue-green, yellowish green, yellow. Color zoning
and systematic distribution of inclusions are com-
mon.

ForM: Figure 9.2. Commonly occurs as well-formed
hexagonal crystals that taper at both ends or as tabu-
lar hexagonal crystals, less commonly as anhedral
grains.

Figure 9.2 Anhedral high relief corundum showing the
rhombohedral parting, with bladed biotite. Field of view is
1.7 mm wide.

CLEAVAGE: No cleavage is present but there is a pro-
minent basal parting on {0001} and a rhombohedral
parting on {1011}.

TWINNING: Multiple twinning is common on {0001}
and {1011}, producing a lamellar structure.

OPTICAL ORIENTATION: Elongate crystals are length
fast. Extinction is parallel to basal partings and
inclined to rhombohedral partings, except for cer-
tain orientations, where it is symmetrical.

INDICES OF REFRACTION AND BIREFRINGENCE: Rela-
tively pure corundum has indices n, = 1.768, n. =
1.760. Presence of small amounts of Cr or Fe
increases the indices slightly. Very Fe-rich cor-
undum is reported with indices as high as n, =
1.794, n. = 1.785. Birefringence of 0.008 to 0.009
produces first-order gray interference colors in stan-
dard thin sections. However, most thin sections con-
taining corundum are thicker than normal owing to
its great hardness, and higher-order colors are
usually encountered.

INTERFERENCE FIGURE: Basal sections yield uniaxial
negative interference figures with low first-order
colors. Upper first-order color isochromes may be
visible with thick sections or fragments. Some
corundum is biaxial, possibly because of twinning,
and 2V, may be as high as 50 or 60°.

ALTERATION: Corundum is commonly altered to fine-
grained aggregates of other aluminous minerals such
as muscovite, margarite, diaspore, gibbsite, andalu-
site, kyanite, and sillimanite.

DISTINGUISHING FEATURES: The high relief, low bire-
fringence, and uniaxial negative character are
characteristic. Twin lamellae are usually present.

OCCURRENCE: Although not very abundant, cor-
undum is widespread. Most commonly found in
silica-poor igneous rocks such as syenite and associ-
ated pegmatites and in high-grade Al-rich pelitic
metamorphic rocks. Is also found in Si-poor horn-
felses, metamorphosed bauxite deposits (emery),
xenoliths in mafic igneous rocks, and metamor-
phosed carbonate rocks. In igneous rocks, cor-
undum is not usually associated with quartz and is
often found with spinel or other aluminous minerals.
In pelitic metamorphic rocks, corundum is often
associated with sillimanite, kyanite, or other alumi-
nous minerals.

Locally, detrital corundum is an important con-
stituent of the heavy fraction of clastic sediments.
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Hematite

F8203
Hexagonal (trigonal)
Uniaxial (—) often practically opaque i

A, = 3.15-3.22
ne = 2.87-2.94 0001
& = 0.28 \ “

RELIEF IN THIN SECTION: Extreme positive relief.

COMPOSITION AND STRUCTURE: The structure of hema-
tite consists of layers of hexagonal close-packed O
atoms with Fe** in two-thirds of the octahedral sites
between the layers of O. Some Ti may substitute for
Fe as may minor amounts of Al or Mn.

PHYSICAL PROPERTIES: H = 5-6 (earthy varieties
softer); G = 5.26 (sometimes lower); color in hand
sample is metallic steel gray (specular hematite) or
red to red-brown (earthy varieties); red-brown
streak; weakly magnetic.

COLOR AND PLEOCHROISM: Deep red-brown in very
small crystals or along thin edges. Usually opaque.
Thin crystals are pleochroic with w = brownish red,
and € = yellowish red or brown (w > €). Metallic
black with red internal reflection in reflected light
using a petrographic microscope.

ForM: Well-formed crystals of specular hematite are
usually flat hexagonal plates or scales that look
micaceous in hand sample. More commonly found
as fine-grained anhedral aggregated or grains. Also
forms oolites in sedimentary rocks and reniform
masses with a fibrous or radiating structure.

CLEAVAGE: No cleavage but may have a pronounced
basal parting {0001}, or a rhombohedral parting on
{1011}, both of which are related to the twinning.

TWINNING: Lamellar twinning on {0001} and {1011}.
However, lamellar twinning is not usually visible
due to hematite’s opacity.

OPTICAL ORIENTATION: In grains that are sufficiently
thin to be transparent, extinction should be parallel

to the basal parting and to the top and bottom faces
of tabular crystals. Tabular crystals also should be
length fast. However, the extreme dispersion com-
monly prevents the grains from becoming. extinct
with stage rotation, and the mineral color and
extreme birefringence make determining the sign of
elongation impossible.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction are well beyond the range of routinely
used index oils. Dispersion of the indices is extreme.
Birefringence is extreme (0.28) but the color of the
mineral usually masks the interference color in
grains that are thin enough to be transparent.

INTERFERENCE FIGURE: Although hematite is uniaxial
negative, useful interference figures are generally
not obtainable due to the opacity, extreme bire-
fringence, and extreme dispersion.

ALTERATION: Relatively stable in the weathering
environment and is often the product of weathering
or other alteration of Fe-bearing minerals. May be
altered to Fe hydroxide minerals (limonite, goethite,
etc.) or siderite.

DISTINGUISHING FEATURES: Earthy varieties of hema-
tite resemble limonite and goethite, but hematite’s
anisotropic character distinguishes it from limonite
and its uniaxial character distinguishes it from goeth-
ite, which is biaxial. These characteristics usually
cannot be determined, however. It is distinguished
from other opaque minerals by red color on thin
edges. Identification with reflected light microscope,
X-ray diffraction, or other techniques is more
reliable than identification with the petrographic
microscope. :

OCCURRENCE: Hematite is a common alteration pro-
duct of other mafic minerals and is common as finely
disseminated grains in many clastic sedimentary
rocks, to which it gives a red color. Locally, it may
be a major constituent of sedimentary units. It is a
major constituent of Precambrian banded iron for-
mations, is a common mineral in some hydrothermal
mineral deposits, and (infrequently) is a primary
accessory mineral in igneous rocks.
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Ilmenite e
FeTi03

Hexagonal (trigonal)

Opaque

COMPOSITION AND STRUCTURE: Ilmenite has the same
structure as hematite and corundum and consists of
hexagonal close-packed O atoms with Fe?* and Ti**
in two-thirds of the octahedral sites between the
layers of O. There is continuous solid solution to
hematite with substitution of Fe** for Ti** and Fe3*
for Fe?*. Mg** and Mn®* also may substitute for
Fe?*.

PHYSICAL PROPERTIES: H = 5-6; G = 4.704.79;
metallic iron black in hand sample; black or reddish
black streak (red due to intergrown hematite); often
weakly magnetic due to intergrown magnetite.

coLor: Opaque in thin section and fragments. Very
thin edges may transmit light and have a deep red or
brown color. Metallic black in reflected light as
viewed through the petrographic microcope unless

altered to leucoxene, which is grayish white and’

looks somewhat like cotton wool.

ForM: Crystals are usually tabular parallel to (0001)
and may be skeletal. Sections tend to be elongate
rectangles. Also forms anhedral grains or granular
masses and is common as lamellar intergrowths in
magnetite. Lamellae of magnetite also are common
in ilmenite. Detrital grains are more or less equant.

CLEAVAGE: No cleavage, but partings parallel to
{0001} and {1011} associated with twinning are
common. Partings are generally not observed in
thin sections or fragments.

TWINNING: Simple twins on {0001} and multiple
lamellar twins on {1011} are not visible in thin sec-
tion or fragments because the mineral is opaque.

INDICES OF REFRACTION AND  BIREFRINGENCE:
Although opaque in thin section or grain mounts,
ilmenite is uniaxial negative with n,, in the vicinity of
2.7 and has very strong birefringence.

ALTERATION: Ilmenite may be altered to leucoxene,
which is an aggregate of titanium oxides. In hand
sample, leucoxene is usually grayish white although
it may show shades of red, yellow, and brown due to
the presence of Fe oxide and hydroxides.

DISTINGUISHING FEATURES: Ilmenite most closely
resembles magnetite, from which it may be difficult
to distinguish if grains are small or anhedral. Mag-
netite is strongly magnetic and euhedral crystals
usually show as triangular-, square-, or diamond-
shaped sections in thin section rather than elongate
rectangles. Hematite also is similar to ilmenite
because both may display rectangular sections. The
leucoxene alteration is distinctive, but other Ti-bear-
ing minerals also may alter to leucoxene. Identifi-
cation with conventional petrographic microscope is
uncertain; a reflected light microscope or other tech-
niques are much more reliable.

OCCURRENCE: Widespread accessory mineral in many
igneous and metamorphic rocks and is a common
heavy mineral in clastic sediments. Less common
constituent of hydrothermal mineral deposits.

Perovskite
CaTiO,
Pseudoisometric (monoclinic or orthorhombic)
Essentially isotropic Y|
n = 227-2.40 !
a
X

RELIEF IN THIN SECTION: Extreme.

COMPOSITION AND STRUCTURE: The idealized structure
of perovskite consists of a cube with Ca at the
center, Ti at each corner, and O at the midpoint of
each edge. Most perovskite is close to the idealized
composition, although substitution of Na, Fe?*, or
Ce for Ca, and Nb or Ta for Ti is possible. Other
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rare earth elements are commonly found in small
amounts.

PHYSICAL PROPERTIES: H = 51; G = 3.98-4.26; yel-
low, brown, or black in hand sample, white or gray
streak; adamantine to metallic luster.

COLOR AND PLEOCHROISM: Colorless to shades of
brown in thin section or as fragments, rarely gray or
green. Colored varieties may display weak pleo-
chroism Z > X.

ForM: Usually forms tiny cubic or octahedral crys-
tals.

CLEAVAGE: Poor cubic cleavage {001} is usually not
seen due to the small size of the grains but may be
seen on large grains.

TWINNING: Usually displays complex lamellar twin-
ning on {111} which is visible only in birefringent
varieties.

OPTICAL ORIENTATION: Although it appears to be
essentially isotropic, perovskite is biaxial positive
with 2V variable up to 90°. If perovskite is con-
sidered monoclinic, then b = Y, c A Z = 45°, and the
optic plane is {010}. If it is considered orthorhom-
bic, then the crystal axes are assigned differently and
X =a, Y =c¢ Z = b, and the optic plane is (001).
The axes shown in the figure above are based on the
orthorhombic interpretation.

INDICES OF REFRACTION AND BIREFRINGENCE: Bire-
fringence is very low (0.000-0.002) and yields dark
first-order gray colors in thin section. The interfer-
ence color usually is noticed because of variation
due to twinning. Small grains appear isotropic.

INTERFERENCE FIGURE: Because of small grain size
and very low birefringence, interference figures are
usually not obtainable. Perovskite is reported to be
biaxial positive with 2V = 90°, and r > v optic axis
dispersion.

ALTERATION: May alter to leucoxene, a fine-grained
white or gray aggregate consisting of Ti-bearing
minerals such as rutile, brookite, and anatase. May
be an alteration product after titanite and is com-
monly a constituent of leucoxene.

DISTINGUISHING FEATURES: Distinguished by extreme
relief, habit, and possible weak birefringence and
lamellar twinning. Brown spinel and garnet have

lower relief and a different habit and rutile has
extreme birefringence and a different habit.

OCCURRENCE: Perovskite is usually found as tiny crys-
tals in silica-deficient igneous rocks such as perido-
tites, pyroxenites, syenites, ijolites, and leucite-
bearing volcanic rocks. Is also found in carbonatites
and in metamorphosed carbonate rocks.

THE SPINEL GROUP

The members of the spinel group include the spinel,
magnetite, and chromite series. All have the general
formula A2"B3**,0, and consist of cubic close-
packed oxygen atoms with the metal cations in tetra-
hedral and octahedral sites between the layers of
oxygen. The spinel and chromite series have normal
spinel structure with the divalent cations (A?*) in
tetrahedral (fourfold) coordination and the trivalent
cations (B**) in octahedral (sixfold) coordination
with oxygen, even though the trivalent cations are
smaller. The magnetite series has an inverse spinel
structure with all of the larger divalent cations (A”*)
in octahedral sites and half of the trivalent cations
(B**) in octahedral sites and half in tetrahedral
sites.

The three major series of the spinel group are
defined based on the identity of the trivalent (B)
cation. In the spinel series, it is Al, in the magnetite
series Fe*, and in the chromite series Cr. The mem-
bers of each series are as follows:

Spinel Series

Spinel MgALO,
Hercynite FeAl,O,
Gahnite ZnAlL,O,
Galaxite MnALQO,
Magnetite Series
Magnetite FeFe,0,
Magnesioferrite MgFe,0,
Ulvéspinel FeFeTiO,
Franklinite ZnFe,0,
Jacobsite MnFe, O
Trevorite NiFe,O,
Chromite Series
Chromite FeCr,O,
Magnesiochromite MgCr,0,

Of these, only magnetite, chromite and the mem-
bers of the spinel series are common.
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Spinel Series

Isometric
Isotropic
Spinel MgALO, n=1714
Hercynite FeAl,O, n=1.835
Gahnite ZnAl,O, n = 1.805
Galaxite MnALO, n=1.920

RELIEF IN THIN SECTION: Very high positive relief.

COMPOSITION AND STRUCTURE: There may be exten-
sive solid solution among the members of the series.
Spinel is the most common member of the series,
and if it contains substantial Fe>* it is called pleo-
naste. Picotite is a variety of hercynite in which sub-
stantial Cr has been substituted for Al.

PHYSICAL PROPERTIES: H = 7L-8; G = 3.55-4.62;
hand-sample color is quite variable; white, gray,
green, or brown streak; vitreous to submetallic
luster.

Spinel: colorless, green, blue, red
Pleonaste: green to blue-green
Hercynite: dark green

Picotite: olive brown to brown
Gabhnite: blue-green, yellow, brown
Galaxite: red-brown, black

COLOR AND PLEOCHROISM: Color in thin sections or
fragments generally corresponds with hand sample
color. Some deeply colored samples may be practi-
cally opaque. Gahnite may show anomalous pleo-
chroism.

FORM: Crystals are usually octahedrons yielding
triangular, square, or diamond-shaped cross sections
in thin section. Subequant anhedral grains also are
common.

CLEAVAGE: None. A prominent octahedral parting
on {111} parallel to the octahedron faces is some-
times found.

TWINNING: Single (or sometimes multiple) twins on
the {111} contact plane (spinel law) are commonly

found. Unless betrayed by crystal shape, twinning
will not be visible because the mineral is isotropic.

INDICES OF REFRACTION: Indices of refraction vary in
linear fashion between the end member compo-
sitions. There are too many variables in the solid
solution to allow the index of refraction alone to be
used to determine composition. Some samples of
gahnite may show weak anomalous birefringence.

ALTERATION: Spinel minerals are relatively resistant
to weathering or other alteration although alteration
to various phyllosilicates and other minerals is
reported. Zn-bearing spinels may alter to sphalerite
and various phyllosilicates.

DISTINGUISHING FEATURES: Generally distinguished
by high relief in thin section, strong color, and iso-
tropic character. Different crystal shape and lighter
color distinguishes garnet from spinel. In grain
mounts it may be difficult to differentiate between
the spinel and garnet groups, and X-ray or other
techniques may be required.

OCCURRENCE: Common spinel (including pleonaste)
is relatively common in highly aluminous or silica-
poor metamorphic rocks associated with andalusite,
kyanite, sillimanite, corundum, cordierite, or ortho-
pyroxene, and in regionally metamorphosed carbo-
nate rocks associated with chondrodite, phlogopite,
calcite, and forsterite. Hercynite is commonly found
in metamorphosed iron-rich argillaceous sediments
and in some mafic and ultramafic igneous rocks as
well as in some granulites. Gahnite is usually found
in granitic pegmatite and in some hydrothermal
deposits. Galaxite is relatively rare and is found in
Mn-rich hydrothermal vein deposits associated with
Mn-bearing minerals such as spessartine and rhodo-
nite.



NATIVE ELEMENTS, SULFIDES, HALIDES, OXIDES, AND HYDROXIDES 133

Magnetite

FCF6204
Isometric
Opaque

COMPOSITION: Substantial amounts of Ti** may sub-
stitute for Fe3*, and there is complete solid solution
to ulvospinel (FeFeTiO,). Although extensive sub-
stitution of Mg, Mn, Zn, and Ni is possible, most
natural magnetite contains little of these elements.

PHYSICAL PROPERTIES: H = 51-6; G = 5.20; iron black
with metallic luster and black streak; strongly mag-
netic.

coLor: Opaque in thin section or as fragments. Gray
in reflected light as viewed through the petrographic
MiCroscope.

ForM: Crystals are usually octahedral, and in thin
section they produce triangular-, square-, trapezoi-
dal-, and diamond-shaped cross sections; dodec-
ahedral crystals are rare. Also found as anhedral
grains and granular masses.

CLEAVAGE: None, but a distinct octahedral parting
{111} is common although it generally will not be
visible because of magnetite’s opacity.

TWINNING: Single or multiple twins on {111} (spinel
law) are common, but unless betrayed by crystal
shape, twins will not be visible.

ALTERATION: Magnetite commonly alters to hema-
tite, limonite, or goethite in the weathering environ-
ment. Low-temperature oxidation of Ti-bearing
magnetite may result in the exsolution of lamellae of
ilmenite.

DISTINGUISHING FEATURES: Strong magnetism is
characteristic, but with the small grains found in
most rocks, it is hard to detect unless the grains are
separated from the rock. Magnetite is easily con-
fused with ilmenite and chromite, although chromite
is transparent along very thin edges, and ilmenite’s
crystal shape is different. Pyrite is usually cube
shaped and is yellowish in reflected light; hematite is
often reddish. Identification with a reflected light

microscope or hand-sample properties is ‘more
reliable than with the conventional petrographic
microscope.

OCCURRENCE: Magnetite is a widespread mineral and
is common as an accessory in most igneous and
metamorphic rocks. It may also form massive
deposits in contact metasomatic skarns and in mafic
layered igneous intrusions and anorthosites.
Although magnetite is susceptible to weathering, it
often forms a major constituent of the heavy fraction
of many sands and sandstones.

Chromite

FeCr,0Oy4

Isometric

Isotropic, opaque except along thin edges
n=190-2.12

COMPOSITION: Most chromite contains substantial
amounts of Mg substituting for Fe?* and there is
extensive solid solution to magnesiochromite
(MgCr,04). Zn, Al, Mn, and Fe** may also be pres-
ent.

PHYSICAL PROPERTIES: H = 5}; G = 5.09-4.43
(decreases with increasing Mg content); metallic
iron black, frequently pitchy; streak brownish black;
may be weakly magnetic.

coLor: Opaque. Magnesiochromite may be trans-
parent along thin edges, which are dark brown and
nonpleochroic. Light gray with slight brownish cast
as viewed through the petrographic microscope with
reflected light.

FORM: Chromite crystals usually have an octahedral
shape, which produces triangular-, trapezoidal-,
square-, or diamond-shaped sections. More com-
mon as anhedral grains or granular masses.

CLEAVAGE: None, but there may be a parting on
{111}. Fracture is uneven.



134 INTRODUCTION TO OPTICAL MINERALOGY

TWINNING: May be twinned on {111} (spinel law),
but twinning generally will not be visible.

INDICES OF REFRACTION: The index of refraction var-
ies between 2.12 (FeCr,0,) and 1.90 (MgCr,0,) for
the synthetic end members. However, the essen-
tially opaque character makes measuring the index
quite difficult.

ALTERATION: Chromite alters to limonite and other
oxides and hydroxides of Fe, Mg, and Cr, and to
chrome-bearing clays.

DISTINGUISHING FEATURES: Easily confused with mag-
netite and ilmenite. Chromite is much less magnetic
than magnetite, and ilmenite has a different crystal
shape. Some chromite is transparent along thin
edges. Positive identification with the conventional
petrographic microscope may be difficult and use of
reflected light microscope or other techniques is
recommended.

OCCURRENCE: Chromite is usually restricted to mafic
and ultramafic igneous rocks, such as peridotite,
pyroxenite, or dunite. It also may be found as a
detrital mineral.

HYDROXIDES

Brucite T

Mg(OH),

Hexagonal (trigonal)
Uniaxial (+) hg
n, 1.559-1.590 1
ne = 1.580-1.600 i

8 0.010-0.021

RELIEF IN THIN SECTION: Moderate positive relief.

COMPOSITION AND STRUCTURE: Brucite has a layered
structure consisting of two close-packed layers of
(OH)~ with Mg?* occupying three out of three of
the octahedral sites in between. These double layers
of (OH)~; are bonded to adjacent layers with weak
electrostatic bonds. A significant amount of Fe?*
and limited amount of Mn®* may substitute for
Mg?*.

PHYSICAL PROPERTIES: H = 23; G = 2.39; white, gray,
pale green, brown or blue in hand sample; white
streak; vitreous to pearly or waxy luster; slightly
greasy feel; somewhat sectile.

COLOR AND PLEOCHROISM: Colorless in thin section or
fragments.

FORM: Brucite usually occurs as foliated or swirled
masses and aggregates or as fibrous masses. Fibrous
brucite is called hemalite and is relatively uncom-
mon. The folia are tabular parallel to {0001}; and
the fibers are elongate at right angles to the c axis.

CLEAVAGE: Perfect cleavage on {0001} ; folia are flex-
ible.

TWINNING: None reported.

OPTICAL ORIENTATION: Extinction measured to tabu-
lar grains and the basal cleavage is parallel. Sections
through tabular crystals are length fast. Because
fibers are elongate at right angles to the c axis, they
are length fast.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction increase with increasing amounts of
Fe?* and with Mn®*. A manganiferous brucite with
n, = 1.59 and n. = 1.60 has been reported. Amaki-
nite [(Fe, Mg) OH,)] has n,, = 1.707 and n = 1.722.
Brucite displays relatively strong dispersion yielding
anomalous red-brown or blue first-order interfer-
ence colors in thin section.

INTERFERENCE FIGURE: Uniaxial positive figure may
be difficult to obtain due to small grain size. Clea-
vage flakes yield a centered figure. Some samples,
particularly fibrous varieties, may be biaxial positive
with a small 2V. Interference colors in the figure
may be anomalous due to strong dispersion.

ALTERATION: Brucite alters readily to hydromagne-
site (3MgCO;-Mg(OH),'3H,0), or occasionally to
serpentine, periclase, or other Mg-bearing minerals.

DISTINGUISHING FEATURES: Brucit¢ is most commonly
mistaken for talc, micas, or gypsum. Both talc and
the micas are biaxial negative and have higher bire-
fringence, and gypsum is biaxial positive. Chlorite
and serpentine are also similar but are usually a pale
green color, are usually length slow, and are biaxial.
Brucite may be stained to aid in rapid identification
(Haines, 1968).
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OCCURRENCE: Brucite is most commonly found in
marble, resulting from the alteration of periclase. It
also may be found in serpentinite and chlorite schist,
usually as small veins, along with talc, magnesite,
and other Mg-bearing minerals.

Gibbsite
Al(OH);
Monoclinic
zB=94.5°
Biaxial (+)

n, = 1.568-1.578
ng = 1.568-1.579
n, = 1.587-1.590
6 = 0.019-0.012
2V, = 040°

(010) Section

RELIEF IN THIN SECTION: Moderate positive relief.

COMPOSITION AND STRUCTURE: The structure of gibb-
site is very similar to that of brucite and consists of
APP* in octahedral coordination between two layers
of (OH) ™. Because aluminum is trivalent, only two-
thirds of the octahedral sites are occupied to main-
tain charge balance. The double layers of (OH) ™ are
bonded to each other by weak electrostatic bonds
which allows for the perfect cleavage between the
layers. The layers of (OH)™ are offset slightly to
produce the monoclinic structure. Small amounts of
Fe®* may substitute for AP*.

PHYSICAL PROPERTIES: H = 2431, G = 2.38-2.42;
white or gray to pale pink, green, or brown in hand
sample; white streak; vitreous to pearly or earthy
luster. :

COLOR AND PLEOCHROISM: Usually colorless or less
commonly pale brown in thin section or as frag-
ments. Pleochroism is either absent or very weak.

rORM: Crystals are usually pseudohexagonal plates.
Also found as lamellar aggregates, concretionary or

encrusting masses, and as fine-grained earthy
masses. Gibbsite is usually very fine grained.

CLEAVAGE: Perfect basal cleavage {001}. However,
fine grain size may preclude seeing it. Cleavage and
crystal shape may control fragment orientation.

TWINNING: Contact twins on {001}, {110}, or {100}.
Also twins with [130] as a rotation axis. However,
fine grain size generally precludes seeing the twin-
ning.

OPTICAL ORIENTATION: X = b, Y A a = +25.5 to
+34.5°, Z A ¢ = — 21 to —30°, the optic plane is per-
pendicular to (010). The trace of cleavage is length
fast, and the maximum extinction angle is about 25
to 35°. However, with heating the 2V angle closes to
0° on the Z axis and above 56°C opens again but in
an optic plane oriented parallel to (010), so that Y =
b and the extinction angle X A a is 40°.

INDICES OF REFRACTION AND BIREFRINGENCE: Most
gibbsite has indices near the lower end of the range
previously given. Maximum interference colors in
thin section are upper first order, although fine grain
size may only allow lower first-order colors.

INTERFERENCE FIGURE: Basal sections yield off-center
acute bisectrix figures with a small 2V (0-5°) at room
temperature. Optic axis dispersion is strong, r > v or
v >r. Fine grain size may make interference figures
difficult to obtain. Above 56°C, 2V, may be as large
as 40°.

ALTERATION: Generally quite stable in the weather-
ing environment. Gibbsite may be altered with
addition of silica to form kaolinite or other clay
minerals or be dehydrated to form boehmite.

DISTINGUISHING FEATURES: Gibbsite is very similar to
many clay minerals and, in the usual fine-grained
form, is practically impossible to distinguish from
them without X ray or other information. Coarse-
grained gibbsite is similar to the micas and talc,
which are biaxial negative and have higher birefrin-
gence. Boehmite and diaspore with which it often is
associated have parallel extinction, higher relief,
and larger 2V, while brucite displays anomalous
interference colors, has parallel extinction, and is
uniaxial.

OCCURRENCE: Gibbsite is most commonly formed as
a weathering product of feldspars or other alumi-
nous minerals. It is common in soils and is a major
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constituent of bauxite. It may also be formed as a
low temperature hydrothermal mineral in veins or
cavities in Al-rich igneous rocks.

Diaspore
aAIO(OH)
Orthorhombic
Biaxial (+)

n, = 1.700-1.702
ng = 1.715-1.722
n, = 1.740-1.750
6 = 0.040-0.048
2V. = 84-86°

ch

=]
&
x
=l

[}

(010) Section

RELIEF IN THIN SECTION: High positive relief.

COMPOSITION AND STRUCTURE: The structure of dia-
spore is analagous to corundum and consists of a
slightly distorted hexagonal close-packed array of O
atoms with AP* in octahedral sites between the
layers of oxygen. Fewer of the octahedral sites are
occupied than in corundum because H* ions bond
between two oxygens in adjacent layers to accom-
modate some of the negative charge. Small amounts
of Fe may substitute for Al, as may lesser amounts
of Mn.

PHYSICAL PROPERTIES: H = 61-7; G = 3.3-3.5; white,
gray, colorless in hand sample, or shades of green,
brown, yellow, pink, violet, or red; white streak,
vitreous or pearly luster; decrepitates strongly in a
flame.

COLOR AND PLEOCHROISM: Usually colorless in thin
section or as fragments. Fragments of colored varie-

ties may show pale colors and pleochroism with Z >
Y> X.

ForM: Crystals are usually tabular or occasionally
fibrous. It most commonly occurs as scaly aggregates
that are often very fine grained.

CLEAVAGE: Diaspore has a single perfect cleavage on
{010}, imperfect prismatic cleavage on {110} and
{210}, and a single poor cleavage on {100}. The
{010} cleavage tends to control fragment orien-
tation.

TWINNING: Not usually twinned although twinning
on {061} or {021} is possible.

OPTICAL ORIENTATION: X = ¢, Y = b, Z = a, optic
plane = (010). Extinction is parallel to the trace of
cleavage in principal sections. Elongate sections may
be either length fast or length slow, depending on
how they are cut.

INDICES OF REFRACTION AND BIREFRINGENCE: The high
birefringence “generally produces vivid third-order
interference colors in thin section. Cleavage flakes
usually lie flat on (010), produce maximum birefrin-
gence, and allow measurement of n, and n,.

INTERFERENCE FIGURE: Interference figures often are
difficult to obtain due to small grain size. Cleavage
flakes yield flash (optic normal) figures. Acute bisec-
trix and optic axis figures are obtained from grains
oriented to show the cleavage distinctly. Optic axis
dispersion is weak with v > r.

ALTERATION: Generally is not altered although it may
convert to corundum on heating and dehydration, or
with the addition of silica it may form kaolinite or
other clay minerals.

DISTINGUISHING FEATURES: Diaspore may be mis-
taken for sillimanite, which has a different habit,
lower birefringence, and lower indices of refraction.
Gibbsite, with which diaspore is often associated,
shows lower relief and inclined extinction. It is often
difficult to identify due to fine grain size, particularly
in bauxite and related occurrences.

OCCURRENCE: Diaspore is a major constituent of
bauxite, some laterites, and aluminous clays. It is
usually associated with gibbsite, boehmite, Fe
oxides and hydroxides, and some quartz. It is pro-
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duced by weathering of Al-bearing minerals. Dia-
spore is also commonly found in emery deposits and
other aluminous metamorphic rocks with corundum,
sillimanite, kyanite, and andalusite. Hydrothermal
alteration of aluminous rocks such as syenite and fel-
sic volcanics may also yield diaspore.

Boehmite

yYAlO(OH)
Orthorhombic
Biaxial (+) or (—)
1.640-1.648
1.649-1.657
n, 1.655-1.668
o 0.006-0.020
2V, > 80°

Ry
n,;

B

Nl

(010) Section

RELIEF IN THIN SECTION: Moderately high positive
relief.

COMPOSITION AND STRUCTURE: Boehmite can be con-
sidered a slightly distorted cubic close-packed array
of oxygen atoms with AI’* in octahedral sites
between the layers of O, similar to the spinel struc-
ture. Fewer octahedral sites are occupied than in spi-
nels because H* bonds between O atoms on
adjacent layers and balances part of the negative
charge. Small amounts of Fe and lesser amounts of
Mn and Cr may substitute for Al.

PHYSICAL PROPERTIES: H = 314; G = 3.01-3.06;
usually white or gray in hand sample; white streak;
vitreous or earthy luster.

coLor: Usually colorless in thin section and as frag-
ments.

FORM: Almost invariably as fine-grained aggregates.
Minute tabular crystals are usually visible only with
a scanning electron microscope.

CLEAVAGE: Perfect cleavage on {010} is rarely
visible.

OPTICAL ORIENTATION: The fine grain size has made
gathering optical data difficult. The orientation used
here is X = ¢, Y = b, Z = a, optic plane = (010).
Other orientations also are reported. Elongate
grains show parallel extinction and are reported to
be length slow or length fast.

INDICES OF REFRACTION AND BIREFRINGENCE: The
indices of refraction decrease with loss of water
caused by heating. Interference colors in thin section
are usually low or mid first order.

INTERFERENCE FIGURE: Fine grain size usually makes
it impossible to obtain an interference figure. Both
optically positive and negative boehmite has been
reported with a large 2V (>80°).

ALTERATION: Boehmite is not readily altered because
it is stable in the weathering environment. Dehy-
dration may result in formation of cubic alumina
(yAl,05), and addition of silica may result in forma-
tion of clay minerals.

DISTINGUISHING FEATURES: Due to boehmite’s fine
grain size, it is often difficult to positively identify by
optical means, and X ray or other techniques should
be employed. Identifications are usually made based
on occurrence and not on optical properties. Gibb-
site has lower refractive indices and inclined extinc-
tion, and diaspore has higher refractive indices and
birefringence.

OCCURRENCE: Boehmite is formed by the weathering
of aluminous minerals. It is characteristic of bauxite
where it is associated with gibbsite, diaspore, Fe
hydroxides, quartz, and some clay minerals. Boeh-
mite may also be a constituent of laterite and of alu-
minous clays and shales.
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Goethite
aFeO(OH)
Orthorhombic
Biaxial (—)

n, = 2.15-2.275
ng = 2.22-2.409
n, = 2.23-2.415
8 = 0.08-0.140
2V, = 0=27°

a | z
(001) Section

RELIEF IN THIN SECTION: Extreme positive relief.

COMPOSITION AND STRUCTURE: The structure of goeth-
ite is analogous to diaspore and consists of slightly
distorted hexagonal close-packed O atoms with Fe**
in octahedral interstices between the layers of O.
The H™ ions bond between two oxygens in adjacent
lay3ers. Small amounts of Mn** may substitute for
Fe’™.

PHYSICAL PROPERTIES: H = 5-5§; G = 4.3; dark

brown with yellowish or reddish cast in hand sample;
yellow-brown streak. Crystals are adamantine or
metallic, aggregates are usually earthy.

COLOR AND PLEOCHROISM: Yellow, orange-red, or
brownish orange in thin section; fragments may be
essentially opaque except on thin edges. Distinctly
pleochroic with X > Z > Y, or Z > Y > X in shades
of yellow, orange-red, or brown.

FOoRM: Grains are usually fibrous or acicular and may
form radiating botryoidal aggregates. Also found as
fine aggregates or disseminated grains.

CLEAVAGE: A single perfect cleavage {010} parallel
to the length of elongate grains may control frag-
ment orientation. Imperfect cleavage on {100}.

TWINNING: Generally not twinned, although cruci-
form twins are reported.

OPTICAL ORIENTATION: The optic plane is (001) with X
=b,Y = ¢, and Z = a for the yellow, green, and vio-
let portion of the spectrum and is (100) with X = b,
Y = a, and Z = ¢ for the red end of the spectrum.
Because the eye is most sensitive to yellow and
green light, the optical properties based on that part
of the spectrum are usually observed. Elongate
grains may be either length fast or slow depending
on how they are cut, but the extreme birefringence
and mineral color usually make determining the sign
of elongation difficult. Extinction is parallel to clea-
vage traces or the length of elongated grains.

INDICES OF REFRACTION AND BIREFRINGENCE: Maxi-
mum birefringence is extreme (0.08-0.140) and pro-
duces a high-order white color, which is masked by
the mineral color. However, sections oriented so
that (010) is close to horizontal have moderate bire-
fringence because ng and n, are relatively close and
may show bright first-, second-, or third-order col-
ors. ‘

INTERFERENCE FIGURE: Goethite displays crossed
axial plane dispersion. At room temperature, the
size of 2V varies strongly as a function of the wave-
length of light. 2V is about 27° for green light and the
optic plane lies in (001) with b = Bxa. The value of
2V decreases to 0° at 615 nm and is uniaxial for that
wavelength. For longer wavelengths, 2V opens
about the b axis in the (100) plane to about 23° for
red light. Isochromes and isogyres formed by the red
end of the spectrum are difficult to see because the
eye is not sensitive to those wavelengths, and the
interference figure will show numerous isochromes
on an orange or brownish field. Cleavage fragments
yield acute bisectrix figures.

ALTERATION: Goethite is stable in the weathering
environment and is generally not altered, although it
may be converted to hematite by dehydration.

DISTINGUISHING FEATURES: Goethite is often difficult
to distinguish from other iron oxide and hydroxide
minerals due to fine grain size and common inter-
growth with those minerals. Hematite is distinctly
redder and is usually practically opaque, and lepi-
docrocite is red-brown and has a larger 2V.

occURRENCE: Goethite is formed by weathering or
hydrothermal alteration of other Fe-bearing miner-
als, particularly oxides and sulfides. Goethite is a
common constituent of lateritic soils and in the
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supergene zone of hydrothermal sulfide deposits. It
also is a primary mineral in sedimentary iron
deposits. Limonite is a mixture of goethite and other
Fe oxides and hydroxides.

Lepidocrocite
yFeO(OH)
Orthorhombic
Biaxial (+)

n, = 1.94

n, = 2.51

6 = 0.57

2V, = 83

RELIEF IN THIN SECTION: Extreme positive relief.

COMPOSITION AND STRUCTURE: The structure of lepi-
docrocite is analogous to boehmite and consists of
cubic close-packed O atoms with Fe’* in octahedral
interstices between the layers of O. The H™ is
bonded between two oxygens in adjacent layers.
Some Mn>* may replace Fe3*.

PHYSICAL PROPERTIES: H = 5; G = 4.09; brown to red
in hand sample; orange streak; luster adamantine to
metallic for crystals, dull for aggregates.

COLOR AND PLEOCHROISM: Yellow, orange, or red in
thin section; fragments may be nearly opaque.
Strongly pleochroic Z > Y > X: X = light yellow to
yellow, Y = red-orange to red, Z = orange-red to
brown-red. Darkest when elongate sections are
parallel to the lower polar vibration direction.

ForRM: Crystals are tabular on {010}. Forms scaly
aggregates or occasionally acicular crystals elongate
parallel to the a axis.

CLEAVAGE: One perfect cleavage on {010}, also
imperfect cleavages on {100} and {001}.

TWINNING: None reported.

OPTICAL ORIENTATION: X = b, Y = ¢, Z = a, optic
plane = (001). Elongate sections are length slow
although the high interference colors and strong
mineral color may make determining the sign of

elongation difficult. Extinction is parallel to cleavage
in principal sections.

INDICES OF REFRACTION AND BIREFRINGENCE: Birefrin-
gence is extreme (~ 0.57) and yields high-order col-
ors that are masked by the mineral color.

INTERFERENCE FIGURE: Cleavage fragments and sec-
tions cut with the b axis vertical yield acute bisectrix
figures with very large 2V (~ 83°) and numerous
isochromes superimposed on an orangish field.
Optic axis dispersion is weak.

ALTERATION: Lepidocrocite is stable in the weather-
ing environment and is usually not altered.

DISTINGUISHING FEATURES: Fine-grained lepidocro-
cite is difficult to distinguish from other Fe oxide and
hydroxide minerals with which it usually is associ-
ated. Goethite has a smaller 2V, strong dispersion;
and is more yellowish, while hematite is more red
and is usually nearly opaque.

OCCURRENCE: Lepidocrocite is formed by the weath-
ering or hydrothermal alteration of Fe-bearing
minerals. It is a common constituent of lateritic
soils, along with goethite and hematite, and may be
found in the supergene zone of hydrothermal sulfide
deposits. Limonite usually includes fine-grained
lepidocrocite. ‘

Limonite

Amorphous
Isotropic or cryptocrystalline
n=2.0-24

RELIEF IN THIN SECTION: Extreme positive relief.

COMPOSITION AND STRUCTURE: Limonite is not a
mineral but a fine-grained mixture of various Fe
oxides and hydroxides. The common constituents
are goethite, hematite, lepidocrocite, clay, silica,
aluminum hydroxides, and manganese oxides and
hydroxides. It also may be composed of an amor-
phous gel of hydrated Fe.

PHYSICAL PROPERTIES: Highly variable; H =1-5}; G =
2.7-4.3; shades of yellow-brown and brown in hand
sample; yellow-brown streak; usually dull and
earthy luster.
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COLOR AND PLEOCHROISM: Usually dark shades of red,
yellow, or brown in thin section; fragments may be
nearly opaque. No pleochroism.

ForM: Usually an aggregate of extremely fine-
grained material or amorphous. Often forms collo-
form crusts or masses.

INDICES OF REFRACTION AND BIREFRINGENCE: The
index is quite variable (2.0-2.4) and may increase on
standing in index liquids. Some varieties show bire-
fringence, reflecting the fact that they contain goeth-
ite or other birefringent minerals.

DISTINGUISHING FEATURES: Limonite is the proper

term to apply to aggregates of fine-grained Fe oxides
and hydroxides whose mineralogy is not known.

OCCURRENCE: Limonite is produced by weathering or
alteration of Fe-bearing minerals.

REFERENCES

Haines, M., 1968, Two staining tests for brucite in marble:
Mineralogical Magazine, v. 36, p. 886-888.

Sharp, W. E., Carlson, E. L., and Kheoruenromne, I.,
1977, A stain test for fluorite: American Mineralogist, v.
62, p. 171-172.
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Carbonates, Borates, Sulfates, and Phosphates

CARBONATES

The carbonates are an important group of minerals
found in a wide variety of environments. They all
contain carbonate groups (CO4>~) which consist of a
single carbon atom in the center of three oxygens
arranged in a triangle. There are three important
groups of carbonate minerals: the calcite group, the
dolomite group, and the aragonite group (Table
10.1).

The structure of the calcite group is analogous to

the structure of halite with Ca** and CO5*~ in the’

place of Na* and Cl~. The unit cell is flattened to
rhombohedral symmetry by shortening the cube
along a diagonal through the center, which becomes
the ¢ crystallographic axis and the optic axis (Figure
6.2). The result is a structure that consists of alter-
nating layers of cations and carbonate groups
parallel to (0001). This structure can accommodate
cations up to about 1 A ionic radius, because the
cations are in sixfold coordination with oxygen in the
carbonate groups. Larger cations require the orthor-
hombic structure of the aragonite group.

The dolomite group is also rhombohedral and has
a structure that is essentially the same as the calcite
group, except that it must accommodate two dis-
tinctly different sized cations. This is done by

Table 10.1. Carbonate minerals

replacing one half of the Ca?* layers in the calcite
structure with Mg>* or Fe™.

The aragonite group, which is orthorhombic, con-
tains cations larger than about 1 A ionic radius. The
cations are arranged in layers in what amounts to an
open version of hexagonal close packing, with layers
of carbonate groups in between, so that the cations
coordinate with nine oxygens. The symmetry is
reduced to orthorhombic because the corners of the
triangular carbonate groups do not all point the
same way, but crystals often possess pseudohexago-
nal shapes.

Measuring n,, of the rhombohedral carbonates in
grain mount is relatively easy because all grains have
one ray with index n, regardless of orientation.
Determining n. is more difficult because the frag-
ments typically lie on the {1011} cleavage and allow
measurement of only n/(;071y. Note, however, if n,,
and n¢(71) are known, Equation 6.1 can be
arranged to solve for n. if it is assumed that the
angle between the extraordinary wave normal and
the optic axis is 44.6°, which is close to the angle
found for most carbonates lying on the {1011} clea-
vage. Loupekine (1947) has a series of curves that
allow graphical solution to the problem.

The approximate variation of n,, with composition
for the rhombohedral carbonates is shown in Figure -
10.1.

Calcite Group

Dolomite Group

Aragonite Group

(Rhombohedral) (Rhombohedral) (Orthorhombic)
Calcite CaCoO, Dolomite  CaMg (COs), Aragonite CaCO,
Magnesite MgCO;  Ankerite Ca (Mg, Fe) (CO;),  Witherite BaCO;,
Siderite FeCO; Strontianite  SrCO;

Rhodochrosite  MnCO;

Kutnohorite CaMn(CO;),

141
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Figure 10.1 Variation of n,, with composition in the rhom-
bohedral carbonates. After Kennedy (1947).

Calcite ¢

CaCO;

Hexagonal (trigonal)
Uniaxial (-)

n, = 1.658

ne = 1.486
5 = 0.172

RELIEF IN THIN SECTION: Moderate negative to high;
positive relief; marked change with rotation.

COMPOSITION: Most calcite, particularly that formed
in the sedimentary environment, consists of almost
pure CaCO;. However, elevated temperatures allow
substantial amounts of Mg, Fe, Mn, or Zn to substi-
tute for Ca. Mg-bearing calcite is the most common.
Small amounts of large cations such as Sr or Ba also
may substitute for Ca.

PHYSICAL PROPERTIES: H = 3; G = 2.71, higher with
substitution of Fe, Mg, or Zn for Ca; usually white
or colorless in hand sample, although a wide range
of colors is possible; white streak; vitreous luster,
effervesces vigorously in cold dilute HCL.

coLor: Colorless in thin section and grain mount.

ForRM: Figure 10.2. Crystals of calcite have many
habits but usually consist of combinations of scale-
nohedrons and rhombohedrons. However, in most
rocks, calcite forms anhedral grains or aggregates of
grains. Fossil shells and thin veins may be fibrous or
columnar.

Figure 10.2 Calcite with distinct cleavage in marble. Field
of view is 1.7 mm wide.

s

CLEAVAGE: Calcite has perfect rhombohedral clea-
vage {1011}, and fragments commonly lie flat on
cleavage surfaces. The angle between the cleavages
is 74°57".

TWINNING: Calcite commonly has lamellar twins on
the negative rhombohedron {0112}. The lamellae
are usually parallel to one edge of the cleavage
rhomb or along the long diagonal of the rhomb
(Figure 10.3). Simple twins also may develop on
{0001} and rare twins are found on {1011} and
{0221}. The lamellar twinning is often the result of
deformation and may sometimes be used to deter-
mine the orientation of the stresses that produced
the deformation. Samples also may be caused to
twin during cutting and grinding in the preparation
of thin sections or when samples are crushed to pre-
pare grain mounts.
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¢ Calcite Dolomite

Figure 10.3 Orientation of twin lamellae in calcite and
dolomite.

OPTICAL ORIENTATION: Extinction is inclined or sym-
metrical to cleavage traces (cf. Figure 6.11). The fast
ray vibration direction is parallel to the short diago-
nal of the rhombohedral faces. The angle between
the fast ray (€’) vibration diréction and the trace of
twin lamellae is greater than about 55°.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction vary in an approximately linear manner
with composition (Figure 10.1). The index n¢ (jo11)
for fragments lying on cleavage surfaces is 1.566 for
pure calcite and increases with substitution of Mg or
Mn. Because the birefringence is extreme (0.172),
interference colors in thin section are typically
creamy high-order colors even if the optic axis is
close to vertical. Twin lamellae may show as bands
of pastel pink or green, and zones of overlap of
inclined twin lamellae may not go entirely extinct
with stage rotation. Grains in thin section usually
show a marked change of relief with rotation of the
stage. Calcite displays low relief when the short dia-
gonal of the rhomb is parallel to the vibration direc-
tion of the polarizer and high relief when the long
diagonal of the rhomb is in the same position.

INTERFERENCE FIGURE: Optic axis figures are uniaxial
negative with numerous isochromes and thin, well-
defined isogyres. Due to the extreme birefringence
and the somewhat converging nature of orthoscopic
illumination, grains oriented to produce usable optic
axis figures will still display high-order interference
colors and can often be located only by examining a
number of grains. Some calcite, particularly from
metamorphic rocks, is biaxial negative with 2V, up
to about 15° or (rarely) higher. Fragments on (1011)
yield strongly off-center figures.

ALTERATION: Calcite may be altered to dolomite by
diagenetic processes and may be replaced by quartz,

opal, iron or manganese oxides, or other minerals to
yield pseudomorphs after calcite. It is also soluble in
many natural waters and may be removed from a
rock by solution.

DISTINGUISHING FEATURES: The cleavage, extreme
birefringence, change of relief with rotation, and
reaction with weak acid distinguish the rhombohed-
ral carbonates from most other minerals. The orth-
orhombic carbonates are biaxial and do not show
rhombohedral cleavage. Distinguishing among the
rhombohedral carbonates may be difficult. Calcite
shows lower indices of refraction than the other
rhombohedral carbonates and n. is substantially
lower than the index of cement (~1.537) in thin sec-
tion. The twin lamellae in calcite are more common
than in the other carbonates and are parallel to the
edge or long diagonal of the cleavage rhomb,
whereas dolomite and ankerite may show lamellae
parallel to both the short and long diagonal (Figure
10.3). Dolomite more commonly forms euhedral
rhombs in limestones and related sedimentary rocks
and may be cloudy or stained with iron oxides. For
additional criteria that may distinguish calcite from
dolomite, see the description for dolomite. For rapid
discrimination among calcite, dolomite, aragonite,
and gypsum in thin section, ‘a variety of staining
techniques have been developed (e.g., Friedman,
1959; Wolf and others, 1967; Warne, 1962).

OCCURRENCE: Calcite is a very common and wide-
spread mineral. It is an important mineral in many
sedimentary rocks as a cementing agent, as fossil
fragments, or as an essential constituent in limestone
and related rocks. Calcite is also commonly found in
metamorphic rocks derived from carbonate-bearing
sediments and is the major mineral in marble, where
it may occur with wollastonite, garnet, olivine, diop-
side, idocrase, tremolite, epidote, and other
calc-silicate minerals. Calcite in igneous rock is rela-
tively rare but may be found in silica-poor, alkali-
rich igneous rocks containing nepheline or other felds-
pathoids, as vesicle fillings in volcanic rocks, and as
rare calcite-rich intrusions called carbonatites. Hyd-
rothermal deposits commonly contain calcite as a
gangue mineral, where it may fill fractures and form
beautiful crystals. It is also common as a joint coat-
ing or fracture filling in almost any type of rock and
may be formed by the weathering or alteration of
calcium-bearing minerals such as plagioclase.
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Magnesite I

SN

MgCO:;
Hexagonal (trigonal)
Uniaxial (-)

n, = 1.700 N
n, = 1.509 N
5 = 0191

RELIEF N THIN SECTION: Low negative to high posi-
tive relief; marked change with rotation.

COMPOSITION AND STRUCTURE: Magnesite (MgCO,)
forms a complete solid solution series with siderite
(FeCQOs). There is also limited substitution of Mn
and Ca for Mg.

PHYSICAL PROPERTIES: H = 31-41; G = 3.01 (pure) to
3.48 (50 percent Fe); usually white or gray in hand
sample, may be yellow or brown if iron bearing;
white streak; vitreous to earthy luster. Fine granular
varieties are commonly intergrown with microcrys-
talline quartz or opal, which makes it difficult to
determine hardness and specific gravity. Reacts
vigorously with cold dilute hydrochloric acid only if
powdered. )

coLor: Colorless in thin section and grain mount;
may be cloudy.

FORM: Magnesite usually occurs as compact granular
aggregates that may appear chalky or like porcelain
in hand sample. It also forms lamellar or fibrous
aggregates. Crystals are rhombs {1011} sometimes
modified by basal pinacoids {0001} or may be pris-
matic.

CLEAVAGE: Perfect thombohedral {1011} cleavage,
like the other rhombohedral carbonates. Fragments
commonly lie on cleavage surfaces.

TWINNING: Typically not twinned although transla-
tion gliding on {0001} may occur.

OPTICAL ORIENTATION: Extinction is inclined or sym-
metrical to cleavage traces (cf. Figure 6.11). The fast
ray vibration direction is parallel to the short diago-
nal of the rhombohedral faces.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction vary in an approximately linear manner
with composition (Figure 10.1), as does the bire-
fringence. The index n.’ for fragments lying on clea-
vage surfaces is 1.602 and increases with increasing
Fe content. Interference colors seen in thin section
or grain mount are typically creamy high-order col-
ors, even if the optic axis is close to vertical. Due to
the extreme birefringence, grains in thin secton typi-
cally show a marked change of relief with rotation.

INTERFERENCE FIGURE: Basal sections yield uniaxial
interference figures with numerous isochromes, and
isogyres which broaden substantially toward the
edge of the field of view. Cleavage fragments yield
strongly off-center figures.

ALTERATION: Generally not significantly altered,
although Fe-bearing varieties may show red staining
or be altered to iron hydroxides and oxides.

DISTINGUISHING FEATURES: Magnesite is distinguished
from the other rhombohedral carbonates by lack of
twin lamellae, indices of refraction, and physical
properties.

OCCURRENCE: Magnesite occurs most commonly as
fine- to extremely fine-grained masses produced as
an alteration product of Mg-rich rocks such as ser-
pentinite, peridotite, pyroxenite, and dunite. In
metamorphic rocks, magnesite may occur as disse-
minated grains or stratified layers in talc, chlorite, or
mica schists, or as the result of the alteration of cal-
cite by Mg-bearing solutions. In sedimentary rocks,
magnesite occasionally occurs in evaporate deposits
either as the result of direct precipitation or of alter-
ation of calcite or dolomite during diagenesis. Mag-
nesite is infrequently reported as a primary mineral
in igneous rocks where it is associated with Mg-rich
silicates, and it is occasionally found as a gangue
mineral in hydrothermal sulfide deposits.
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Siderite T

FCCO:;

Hexagonal (trigonal)
Uniaxial (—-)

n, = 1.875

ne 1.633

é 0.242

nnn

RELIEF IN THIN SECTION: Moderate to high positive
relief, changes with rotation.

COMPOSITION AND STRUCTURE: Siderite (FeCOj)
forms a complete solid solution series with magne-
site (MgCO;) and rhodochrosite (MnCO;), and
most siderite contains significant amounts of Mg or
Mn substituting for Fe. Up to about 10 mole percent
Ca may substitute for Fe, as can minor amounts of
Co and Zn.

PHYSICAL PROPERTIES: H = 4-41; G = 3.96 (pure),
lower with substitution of Mg, Mn, or Ca, and with
50 mole percent Mg is approximately 3.48; generally
some shade of yellowish, reddish, or grayish brown,
sometimes grayish green or gray in hand sample;
white streak; vitreous luster. Reacts with slow effer-
vescence in cold dilute hydrochloric acid. Reacts
vigorously if powdered or if the acid is hot.

COLOR AND PLEOCHROISM: Colorless, ash gray, pale
yellow, or yellowish brown in thin section or grain
mount. Colored varieties may be pleochroic w > €,
so samples are darker when the long diagonal of the
rhomb is parallel to the lower polar vibration direc-
tion.

FORM: Usually occurs as coarse-grained anhedral
aggregates, as oolites, as nodular or botryoidal
forms composed of radiating coarse fibers, or as
earthy aggregates. Crystals are usually rhombohed-
rons {1011}, sometimes modified by a basal pinacoid
{0001}.

CLEAVAGE: Perfect rhombohedral {1011} cleavage
typical of the rhombohedral carbonates. Fragments
typically lie on cleavage faces.

TWINNING: May show lamellar twins on {0112} simi-
lar to calcite or (rarely) simple twins on {0001}.

Twin lamellae are usually parallel to the edges or

along the long diagonal of the rhombs.

OPTICAL ORIENTATION: Extinction is inclined or sym-
metrical to cleavage traces (cf. Figure 6.11). The fast
ray vibration direction is parallel to the short diago-
nal of rhombohedral faces.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction vary in an approximately linear manner
with composition (Figure 10.1). Fragments lying on
{1011} cleavage faces show index n.’ = 1.748 for
pure siderite. This value decreases to about 1.675 for
50 mole percent Mg and 1.725 for 50 mole percent
Mn. Interference colors seen in thin section or grain
mount are typically upper-order white and gray,
even if the optic axis is nearly vertical.

INTERFERENCE FIGURE: Basal sections yield uniaxial
negative figures with numerous isochromes, and iso-
gyres that fan out significantly toward the edge of
the field of view. Cleavage fragments yield strongly
off-center figures.

ALTERATION: Siderite is often altered to goethite or
less commonly to hematite or magnetite. Pseudo-
morphs after siderite by these minerals and others
are relatively common.

DISTINGUISHING FEATURES: Siderite has higher indices
than the other rhombohedral carbonates. The yel-
lowish or brownish color, if present, may be distinc-
tive, as is the common alteration to iron oxides or
hydroxides. Siderite may be mistaken for cassiterite,
which is optically positive and has higher indices and
lower birefringence, or titanite, which is biaxial and
usually has a darker color.

OCCURRENCE: Siderite most commonly occurs as dis-
seminated grains or fine-grained masses in sedimen-
tary iron formations where it is associated with clays
and various iron oxides, hydroxides, and silicates. It
also forms concretionary masses in many sedimen-
tary rock types. Some hydrothermal sulfide deposits
contain Mn-bearing siderite as a gangue mineral.
Siderite is also found in metamorphic iron forma-
tions and in carbonate rocks altered by Fe-bearing
solutions. It has rarely been reported in mica schists.
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In igneous rocks, siderite may be present in carbona-
tites and is occasionally found in fractures and amyg-
dules in basalt, diabase, and andesite.

Rhodochrosite

MnCO;

Hexagonal (trigonal)
Uniaxial (—)

n, 1.816 -

ne = 1.597

é 0.219

RELIEF IN THIN SECTION: Moderate to high positive
relief; changes with rotation.

COMPOSITION ~ AND  STRUCTURE:  Rhodochrosite
(MnCOs) shows complete solid solution with sider-
ite (FeCO3), and it may contain substantial amounts
of Zn, Mg, Co, and Ca. Kutnohorite [CaMn(CO3),]
is a dolomite group mineral intermediate between
rhodochrosite and calcite.

PHYSICAL PROPERTIES: H = 3}—4; G = 3.70, decreases
with Ca and Mg content, increases with Fe and Zn
content; usually shades of pink in hand sample, also
yellow, gray, or brown; white streak; vitreous luster.
Does not readily react in cold dilute HCI, but reacts
with effervescence when powdered or if the acid is
hot.

COLOR AND PLEOCHROISM: Colorless to pale pink in
thin section or grain mount; sometimes with color
zoning. Colored varieties are pleochroic in shades of
pink with w > €. The color is darkest when the long
axis of rhomb-shaped faces is parallel to the lower
polar vibration direction.

ForM: The rare crystals are rhombohedral {1011} or
scalenohedral and often rounded. It usually forms
coarse- to fine-grained aggregates or grains encrust-
ing other minerals.

CLEAVAGE: Perfect rhombohedral cleavage {1011}
like the other rhombohedral carbonates.

TWINNING: Lamellar twinning on. {0112} (like cal-
cite) is quite uncommon.

OPTICAL ORIENTATION: Extinction is inclined or sym-
metrical to cleavage traces (cf. Figure 6.11). The fast
ray vibration direction is parallel to the short diago-
nal of rhombohedral faces.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction vary in an approximately linear func-
tion of composition (Figure 10.1). Fragments of
pure rhodochrosite lying on {1011} cleavage sur-
faces display n.’ = 1.702. Indices increase with
increasing amounts of Fe, Co, or Zn and decrease
with Ca and Mg. Birefringence is extreme and pro-
duces creamy high-order colors in thin section and
grain mount, even if the optic axis is nearly vertical.
In zoned crystals, the darker-colored areas usually
display higher indices of refraction.

INTERFERENCE FIGURE: Basal sections yield uniaxial
negative figures with numerous isochromes, and iso-
gyres that fan out strongly toward the edge of the
field of view. Fragments lying on cleavage surfaces
yield strongly off-center figures.

ALTERATION: Rhodochrosite may be altered to vari-
ous dark-colored Mn oxides and hydroxides or may
be replaced by quartz or other minerals to form
pseudomorphs.

DISTINGUISHING FEATURES: Rhodochrosite is dis-
tinguished from the other rhombohedral carbonates
by its indices of refraction, pink color (if present),
association with other Mn-bearing minerals, and
alteration.

OCCURRENCE: Rhodochrosite usually occurs as a
gangue mineral in hydrothermal vein and replace-
ment deposits associated with sulfide minerals, other
carbonates, fluorite, barite, quartz, and other man-
ganese-bearing minerals. It is occasionally found in
Mn-rich sediments associated with siderite, and Fe-
bearing silicates and clay. Rhodochrosite may also
be found in the metamorphosed equivalent of the
Mn-bearing sediments and in high-temperature
metasomatic deposits.
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Dolomite-Ankerite

Hexagonal (trigonal)
Uniaxial (=)

Dolomite
CaMg(COy),

n, = 1.679-1.690
n, = 1.500-1.510
5 = 0.179-0.182

Ankerite

Ca(Mg,Fe)(CO),
n, 1.690-1.750
ne 1.510-1.548
o] 0.182-0.202

[}

I

RELIEF IN THIN SECTION: Low negative to high posi-
tive relief; changes with rotation.

compoSITION: Dolomite and ankerite are part of a
solid solution series that extends from dolomite
[CaMg(CO5),] to ferrodolomite [CaFe(CO3),]. The
boundary between dolomite and ankerite is arbi-
trarily set at 20 percent CaFe(COs),, and natural
ankerite may contain as much as 75 percent ferro-
dolomite. More Fe-rich compositions are apparently
not found in nature. A significant amount of Mn
may also be substituted, and there is substantial
solid solution between dolomite/ankerite and kutno-
horite [CaMn(CO3),]. Small amounts of Co and Zn
also may replace Mg, and larger cations such as Pb
or Ba may replace some Ca.

PHYSICAL PROPERTIES: H = 31-4; G = 2.86-2.93
(dolomite), 2.93-3.10 (ankerite), increasing with Fe
content; white, colorless, gray, yellowish brown to
brown in hand sample (darker with higher Fe con-
tent), less commonly pinkish if Mn or Co is present;
white streak; vitreous to pearly luster. Will vigor-
ously effervesce in dilute HCl'only if powdered or if
the acid is hot. Fe-rich varieties may become magne-
tic on heating.

coLor: Usually colorless in thin section or grain
mount, although weathered or altered iron-rich sam-
ples may be brownish due to the presence of iron
oxides and hydroxides.

FORM: Figure 10.4. Crystals are usually rhombohed-
rons {1011} and may have curved faces. It is more
common as coarse- to fine-grained aggregates, or
occasionally as fibrous or columnar aggregates or as
oolites.

Figure 10.4 Dolomite. (Top) Dolomite rhombs lining a
void. (Bottom) Subhedral dolomite in marble. Note the
thin twin lamellae approximately parallel to the short dia-
gonal of the cleavage rhomb. Field of view is 1.2 mm wide
for both photographs.

CLEAVAGE: Dolomite and ankerite have perfect
rhombohedral cleavage {1011} like the other rhom-
bohedral carbonates.

TWINNING: Lamellar twinning is moderately common
on {0221}, which produces lamellae that may be
parallel either to the long or the short diagonal of
the rhombohedral faces (Figure 10.3). Simple twins
may be found on {0001}, {1120}, {1011}, or {1010}.

OPTICAL ORIENTATION: Extinction is symmetrical or
inclined to cleavage traces (cf. Figure 6.11). The fast
ray vibrates parallel to the long diagonal of cleavage
rhombs.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction and birefringence vary in an approxi-



148 INTRODUCTION TO OPTICAL MINERALOGY

mately linear manner with composition (Figure
10.1). Fragments lying on cleavage faces show
n¢ qoin= 1.588 for pure dolomite. The substitution
of Mn for Mg in dolomite produces a somewhat
smaller increase in indices than does the substitution
of Fe. Because birefringence is extreme, interfer-
ence colors seen in thin section or grain mount are
typically creamy upper-order white or gray, even if
the optic axis is nearly vertical. Pastel colors some-
times show along the trace of twin lamellae.

INTERFERENCE FIGURE: Basal sections yield uniaxial
negative figures with numerous isochromes, and iso-
gyres that fan out broadly toward the edge of the
field of view. Fragments lying on cleavage surfaces
yield highly off-center figures.

ALTERATION: Dolomite may be pseudomorphically
replaced by other carbonates, quartz, pyrite, iron
oxides, etc. Iron-rich samples may be brownish due
to oxidation or weathering.

DISTINGUISHING FEATURES: Dolomite and calcite are
commonly found together in limestone, dolomite,
marble, and related rocks, and they may be difficult
to distinguish optically. The following features may
be used to help made the distinction:

1. Dolomite is more commonly euhedral.

2. Calcite is more commonly twinned.

3. Twin lamellae in calcite may be parallel or oblique to
the long diagonal or parallel to the edges of cleavage
rhombs but not parallel to the short diagonal. Twin
lamellae in dolomite may be parallel to both the long
and short diagonal of cleavage rhombs (Figure 10.3).

. Dolomite has higher refractive indices.

. Dolomite may be colorless, cloudy, or stained by iron
oxides, whereas calcite is usually colorless.

6. Dolomite has a higher specific gravity and is less reac-

tive with dilute cold HCI.

[

Iron-rich samples may be confused with magnesite
because the indices overlap, but magnesite does not
usually display euhedral crystals or twinning. In
some cases, it may be necessary to use chemical or
X-ray diffraction tests to distinguish them. It is often
convenient to stain the carbonate minerals in thin
sections to aid in their rapid identification (Fried-
man, 1959; Wolf and others, 1967; Warne, 1962).

OCCURRENCE: Dolomite is an important mineral in
limestone, dolomite, and evaporate deposits and
may be found in almost any carbonate-bearing sedi-
ment. In clastic and carbonate sediments, it is almost
always associated with calcite. In evaporites, it may

also be associated with halite, sylvite, gypsum, cal-
cite, anhydrite and related minerals.

Dolomite also is found in marble and other meta-
morphosed carbonates in association with calcite,
talc, forsterite, tremolite, actinolite, wollastonite,
and other calc-silicate minerals. It is also found in
hydrothermal mineral deposits.

Ankerite is less common than dolomite. It may be
found in iron-rich sediments as disseminated grains,
concretionary masses, or veins associated with sider-
ite, iron oxides and hydroxides, and clay minerals. It
may also be found in metamorphosed iron forma-
tions and in hydrothermal mineral deposits.

Carbonatites may contain dolomite or ankerite as
a primary igneous mineral. Hydrothermal alteration
of mafic and ultramafic igneous rocks may yield
dolomite or ankerite along with serpentine, talc,
magnesite, or other Mg-bearing minerals.

Aragonite

CaCO;,
Orthorhombic
Biaxial (—)
R, 1.530
n, 1.685
o 0.155
2V, = 18°

0Lo

(100) Section

RELIEF IN THIN SECTION: Low negative to high posi-
tive relief, depending on orientation. May show
marked change of relief with rotation.

COMPOSITION: Most aragonite is relatively pure
CaCQs,, although small amounts of large cations
such as Sr or Pb may substitute for Ca.

PHYSICAL PROPERTIES: H = 31-4; G = 2.94; usually
white or colorless in hand sample, also gray, yellow,
blue, green, violet, or rose-red; white streak;
vitreous luster. Effervesces vigorously in cold dilute
HCI.
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coLor: Usually colorless in thin section or grain
mount.

rForM: Common as radiating or columnar aggregates
of grains elongate along c. Crystals are typically
twinned, producing columnar crystals with pseudo-
hexagonal cross sections. Hot springs or cave
deposits are commonly stalactitic, encrusting, or col-
loform.

CLEAVAGE: A single cleavage on {010} is imperfect,
and prismatic cleavage on {110} is poor and not
usually seen.

TWINNING: Twinning is common in aragonite on
{110} and produces cyclic twins with six segments
which are visible in basal sections. Twinning on
{110} also may be polysynthetic and produces
parallel twin lamellae.

OPTICAL ORIENTATION: X = ¢, Y = a, Z = b, optic
plane = (100). Extinction is parallel to crystal elon-
gation and to the trace of the {010} cleavage in lon-
gitudinal sections. The fast ray vibrates parallel to
the length of columnar crystals and parallel to clea-
vage traces in both longitudinal and basal sections.

INDICES OF REFRACTION AND BIREFRINGENCE: The
indices of aragonite vary relatively little; however,
Sr-rich varieties may have indices as low as n, =
1.527, ng = 1.670, and n, = 1.676, and Pb-rich varie-
ties may have indices as high as n, = 1.540, ng =
1.695, and n, = 1.703. Birefringence is extreme
and yields creamy high-order white interference
colors in both thin section and grain mount for
most orientations except those with an optic axis
vertical.

INTERFERENCE FIGURE: Basal sections yield centered
acute bisectrix figures with isogyres which are rela-
tively thin at the melatopes and broaden substan-
tially toward the edge of the field of view, numerous
isochromes, and 2V, = 18°. Optic axis dispersion is
weak with v > r. Pb-rich varieties may have 2V as
large as 23°. Fragments lying on cleavage surfaces
yield obt/us’e bisectrix figures that look like flash
ﬁgureya’ecause of the small 2V,

ALTERATION: Aragonite commonly inverts to its poly-
morph calcite and pseudomorphs of calcite after ara-
gonite are common. It may also be replaced by
dolomite or other minerals.

DISTINGUISHING FEATURES: Aragonite is most easily

confused with calcite and the two may be difficult to
distinguish if fine grained. The features that dis-
tinguish it from calcite are lack of rhombohedral
cleavage, biaxial character, and slightly higher
indices of refraction. Aragonite cleavage fragments
yield obtuse bisectrix figures, while calcite fragments
yield off-center uniaxial figures. In thin section, the
two minerals may be stained to tell them apart
rapidly (Friedman, 1959). Aragonite also may be
mistaken for zeolites in cavities and vesicles in vol-
canic rocks, but zeolites have low birefringence, and
indices lower than the cements used in thin sections.

OCCURRENCE: Aragonite is found in carbonate-bear-
ing blueschist facies metamorphic rocks associated
with glaucophane, lawsonite, pumpellyite, and
related minerals, and in cave and hot springs
deposits of recent geologic origin. It also precipitates
directly from sea water as fine needles and forms
ooliths in calcareous muds, and is found in some
evaporite deposits. The shells of some marine ani-
mals are made of aragonite. In igneous rocks, it is
usually only found in cavities and vesicles in basalt
and andesite, where it is associated with zeolites.
Aragonite is also reported from the oxidized zone of
hydrothermal sulfide mineral deposits and from
iron-rich sediments associated with siderite and iron
oxides.

Strontianite

STCO3
Orthorhombic
Biaxial (—)

Ry 1.516-1.525
ng 1.664-1.686
n, 1.666-1.690
o) 0.148-0.165
2V, = 7-10°

([l

Nlm
1
|
]
~<
1
o
|
1
|

(010) Section
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RELIEF IN THIN SECTION: Low negative to high posi-
tive relief, depending on orientation; may show
marked change with rotation.

COMPOSITION AND STRUCTURE: Strontianite (SrCO;)
has the same structure as aragonite and consists of
layers of triangular carbonate groups parallel to the
basal plane (001) alternating with layers of Sr
cations. Most strontianite contains significant
amounts of Ca substituting for Sr. Substituting Ba
for Sr is also possible.

PHYSICAL PROPERTIES: H = 31;-G = 3.75; colorless,
gray, or white in hand sample, also yellowish,
brownish, or greenish, white streak; vitreous luster.
Effervesces readily in cold dilute HCI.

coLor: Colorless in thin section or grain mounts.

ForRM: Usually as granular masses or aggregates of
columnar, acicular, or fibrous crystals. The acicular
and fibrous crystals are elongate parallel to the ¢
axis, and the columnar crystals are often pseudohex-
agonal, like aragonite.

CLEAVAGE: Strontianite has good prismatic {110}
cleavages in two directions which intersect at about
64°.

TWINNING: Twins with {110} composition planes are
common and may be simple, polysynthetic, or cyc-
lic. ’

OPTICAL ORIENTATION: X = ¢, Y = b, Z = a, optic
plane = (010). Longitudinal sections and elongate
cleavage fragments are length fast with parallel
extinction to cleavage and long dimension. Extinc-
tion to cleavage in basal sections is symmetrical.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction increase with substitution of Ca and Ba
for Sr, up to about n, = 1.525, ng = 1.686, and n, =
1.690, with birefringence of 0.165.'High-order white
interference colors are found for most orientations
in both grain mount and thin section. Fragments
lying on cleavage surfaces display near-maximum
birefringence.

INTERFERENCE FIGURE: Basal sections yield centered
acute bisectrix figures with numerous isochromes
and a small optic angle. 2V, is 7° for pure strontia-
nite and only increases to about 10° for calcic sam-
ples. Fragments lying on cleavage surfaces yield off-
center obtuse bisectrix figures that look like flash

figures due to the small 2V. Optic axis dispersion is
weak, v >r.

ALTERATION: Alteration to celestite is sometimes
found.

DISTINGUISHING FEATURES: Strontianite resembles the
other orthorhombic carbonates, with extreme bire-
fringence and parallel extinction. Aragonite has
higher indices and only one prominent cleavage.
Witherite has higher indices and a larger 2V. Speci-
fic gravity and brilliant red flame test for Sr also may
be used to distinguish strontianite.

OCCURRENCE: Strontianite is usually found in veins,
cavities, and irregular masses in limestone or cal-
careous clays where it was deposited by hydrother-
mal solutions. It also sometimes occurs as a gangue
mineral in hydrothermal sulfide deposits.

Witherite ' X|c

BaC03
Orthorhombic
Biaxial (—)

1.529 X|e
1.676
1.677
0.148
2V, = 16°

=
X
[l

Twinned crystal

(010) Section

RELIEF IN THIN SECTION: Low negative to high posi-
tive relief, depending on orientation; may show a
marked change with rotation.

COMPOSITION AND STRUCTURE: Witherite has the ara-
gonite structure. Its composition is usually close to
pure BaCOj;, although small amounts of Sr or Ca
may substitute for Ba.

PHYSICAL PROPERTIES: H = 31; G = 4.30; usually col-
orless, white, or gray in hand sample, also pale
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yellow, brown, or green; white streak; vitreous
luster. Effervesces in cold dilute HCI.

coLor: Colorless in thin section and grain mount.

ForM: Crystals are stubby pseudohexagonal dipyra-
mids. The hexagonal shape is the result of cyclic
twinning on {110}, which produces six segments. It
also forms granular, columnar, or fibrous masses
that may have rounded or botryoidal shapes.

CLEAVAGE: There is a single distinct cleavage on
{010} and poor cleavages on {110} and {012}.

_ TWINNING: Witherite is always twinned on {110},
forming cyclic twins with six segments.

OPTICAL ORIENTATION: X = ¢, Y = b, Z = a, optic
plane = (010). Extinction is parallel to the cleavage
traces in principal sections. The fast ray vibrates
parallel to cleavage traces in both basal and longitu-
dinal sections.

INDICES OF REFRACTION AND BIREFRINGENCE: Because
there is relatively little compositional variation, the
indices for witherite do not vary significantly. Inter-
ference colors in thin section and grain mount are
usually upper-order white for most orientations
except those with an optic axis nearly vertical.

INTERFERENCE FIGURE: Basal sections yield centered
acute bisectrix figures with numerous isochromes
and 2V, = 16°. Fragments lying on the dominant
{010} cleavage yield centered flash figures. Optic
axis dispersion is weak, r > v.

ALTERATION: Witherite may alter to barite or may be
produced as an alteration product after barite.

DISTINGUISHING FEATURES: Witherite is similar to the
other orthorhombic carbonates, which are dis-
tinguished from the rhombohedral carbonates by
biaxial character and lack of rhombohedral clea-
. vage. Strontianite has lower indices and two good
cleavages. Aragonite has almost the same indices
and cleavage but has lower specific gravity. Arago-
nite fragments float in diodomethane (1.74 index oil)
and witherite fragments sink. The yellow-green
flame test of Ba is diagnostic.

OCCURRENCE: Witherite is usually found in low-
temperature hydrothermal veins and masses
deposited in limestone or other calcareous sediment.
It is commonly associated with barite and galena.

BORATES

Borax

N32B407‘ lono

Monoclinic
<f = 106.6°
Biaxial (-)
n, = 1.447
ng = 1.469
n, = 1.472
d = 0.025
2V, = 39-40°

(010) Section

RELIEF IN THIN SECTION: Moderate negative relief.

composITION: The composition of borax is usually
close to Na,B,05 - 10H,0, but it may dehydrate to
a crumbly mass of tincalconite (Na,B,O- - SH,0) on
exposure to air.

PHYSICAL PROPERTIES: H = 2-21; G = 1.71; white or
gray in hand sample, less commonly greenish or
bluish; white streak; vitreous luster. It is highly
water soluble and has a slightly alkaline taste.

coLor: Colorless in thin section or grain mount.

ForRM: Commonly found as granular aggregates.
Crystals are stubby prisms, often with eight-sided
Cross sections.

CLEAVAGE: Borax has three cleavages. A single clea-
vage on {100} is perfect and two cleavages on {110}
at nearly right angles are distinct.

TWINNING: Simple twins on {100} are rare.
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OPTICAL ORIENTATION: X = b, YAc = +33t0 +36°, Z
Aa = —16to —19°, optic plane normal to (010). The
maximum extinction angle is seen on sections cut
parallel to (010) and is 33 to 36° measured to the
trace of cleavage, with the fast ray vibration direc-
tion closer to the cleavage (length fast). Sections cut
parallel to (100) have parallel extinction with the
slow ray vibration direction parallel to the {110}

Table 10.2. Minerals found in evaporite deposits

INTRODUCTION TO OPTICAL MINERALOGY

cleavage (length slow). Basal sections yield extinc-
tion parallel to the trace of the {100} cleavage and
symmetrical to the prismatic {110} cleavage.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
do not vary significantly because there is little com-
positional variation. Birefringence is moderate and
yields up to lower second-order colors in standard

Mineral Indices’ Color
and Sign and in Thin
System Formula Cleavage n, ng n, ) Dispersion Orientation Section
KERNITE Na,B,04(0OH), {100} perf 1455 1.472 1487 0.032 Bi(-) X Aa = +38° Colorless
Monoclinic {001} perf 2V, =80° YAc=-19°
«B=109° r> vdistinct Z=b
ULEXITE NaCaB;O4(OH)e'SH,O {010} perf 1.493 1.506 1.519 0.026 Bi(+) X Ac = —69° Colorless
Triclinic {110} good 2V, =T73-78°YAc= +21°
za =90.3° {110} poor Z=b
zf=109.2°
<y =105.1°
TRONA Na;H(CO3),-2H,0 {100} perf 1416 1.494 1.542 0.126 Bi(—) X=b Colorless
Monoclinic {101} good 2V,=75° YAc=-T7T
«p=103° v > rdistinct ZAc = +83°
NAHCOLITE NaHCO;, {101} perf  1.377 1501 1.583 0.206 Bi(-) X A ¢ = +27° Colorless
Monoclinic {100} good 2V, =75 Y=b
«f=93.3° {111} good v>rweak ZaAaa=-24°
THENARDITE Na,SO, {010} perf 1.469 1.475 1.484 0.015 Bi(+) X=c Colorless
Orthorhombic {101} good 2V, =83 Y=5b
. {100} poor r>vweak Z=a
GLAUBERITE Na,Ca(SO,), {001} perf 1.515 1.535 1.536 0.021 Bi(-) X A ¢ = +30° Colorless
Monoclinic {110} poor 2V, =7 YAa= -8
<f=112.2° r>vstrong Z=5>
+ horizontal Varies with
temperature
CARNALLITE KMgCl;-6H,O none 1.466 1.474 1.495 0.029 Bi(+) X=c Colorless
Orthorhombic : 2v,=70° Y=0b
v>rweak Z=a
POLYHALITE K,MgCa,(SO,),-2H,0 {101} perf 1.547 1.562 1.567 0.020 Bi(-) ? Colorless
Triclinic 2V, = 62°-70°
<a = 104° v>r
<B=114°
<y =101° i
KIESERITE = MgSO,-H,0 {110}, {111} 1.520 1.533 1.584 0.064 Bi(+) ZAac=177° Colorless
Monoclinic perf; {111}, 2V,=55° Y=b
<f=116° {101}, {011} r > v moder-
fair ate
TINCALCO- Na,B,0,-5H,0 n,=1.461, n. =1.473 0.013 Uni(+) Colorless
NITE
Trigonal
SODA NITER NaNO; {1011} perf; n,=1.587,n,=1.336 0251 Uni(-) Colorless
Trigonal {1012},
{0001} fair

Also see halite, sylvite, colemanite, borax, calcite, dolomite, gypsum, anhydrite, and chalcedony.
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thin sections. Sections cut normal to an optic axis do
not go completely extinct and display anomalous
brown or blue interference colors due to the strong
crossed bisectrix dispersion.

INTERFERENCE FIGURE: Centered acute bisectrix
figures are obtained on sections cut parallel to (010).
This section produces lower first-order colors in thin
section because n, — ng = 0.003. Optic axis disper-
sion is strong (r > v), and crossed bisectrix disper-
sionris distinct. Isochromes typically have somewhat
anomalous colors. Fragments lying on cleavage sur-
faces yield strongly off-center figures.

ALTERATION: Borax readily alters to white crumbly
tincalconite on exposure to air.

DISTINGUISHING FEATURES: Borax is water soluble
and has a very restricted occurrence, distinctive
optic axis and crossed bisectrix dispersion, and
anomalous interference colors in some orientations.

OCCURRENCE: Borax is found in saline lake deposits
associated with other borates and halides, and in
desert soils as an efflorescence. Other minerals
found in evaporites are listed in Table 10.2.

Colemanite

Ca,B40,,-5H,0

Monoclinic
< =110.1°
Biaxial (+)
n, = 1.586
ng = 1.592
n, = 1.614
6 = 0.028
2V, = 56°

(010) Section

RELIEF IN THIN SECTION: Moderate positive relief.

composITION: The composition generally does not
vary significantly, although some Mg may replace
Ca.

PHYSICAL PROPERTIES: H = 4-41; G = 2.42; colorless,
white, gray, or yellowish in hand sample; white
streak; vitreous luster. Decrepitates on heating.

coLor: Colorless in thin section and grain mount.

FoRM: Often as massive, cleavable, or granular
masses. Crystals may be stubby prisms, gquant, or
rhomblike with many faces.

CLEAVAGE: A perfect cleavage on {010} is at right
angles to a good cleavage on {001}.

TWINNING: None reported.

OPTICAL ORIENTATION: X = b, YAc = —6°, ZAa =
+26°, optic plane perpendicular to (010). Sections
and cleavage fragments with (010) horizontal show
an extinction angle of 26° to the trace of the {001}
cleavage with the slow ray vibration direction closer
to the cleavage (length slow). Basal sections or clea-
vage fragments lying on the {001} cleavage show
parallel extinction with the slow ray vibration direc-
tion parallel to the trace of the {010} cleavage
(length slow).

INTERFERENCE FIGURE: Sections cut parallel to (100)
yield approximately centered acute bisectrix figures
with 2V, of about 56°. Cleavage fragments lying on
(010) and (001) yield obtuse bisectrix and off-center
flash figures, respectively.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction do not vary significantly. Interference
colors seen in standard thin sections range up to
middle second order.

ALTERATION: May be altered to calcite. Colemanite
also may be produced as an alteration product after
other borates.

DISTINGUISHING ~ FEATURES: Colemanite has a
restricted occurrence, and higher indices of refrac-
tion than many of the other borates with which it is
commonly associated.
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OCCURRENCE: Colemanite is found in saline lake
deposits associated with borax and other borate
minerals. Some of the more common associated
minerals are listed in Table 10.2.

SULFATES

Barite

BaSO,
Orthorhombic
Biaxial (+) !
ne = 1.634-1.637 |
ng 1.636-1.639 '
n, = 1.646-1.649
I 0.012
2V, = 36-40°

b

i T~

(010) Section

RELIEF IN THIN SECTION: Moderately high positive
relief.

COMPOSITION AND STRUCTURE: The structure of barite
consists of SO,>~ tetrahedra, which are bonded
laterally through Ba®* cations. Each Ba®* is in 12-
fold coordination with the oxygens in the sulfate
tetrahedra. Most barite is relatively pure BaSO,,
although small amounts of Sr may be present, and
there is a complete solid solution series with celestite
(SrSO,). Up to 6 percent Ca also may substitute for
Ba and minor amounts of Pb, Co, Hg, and Ra have
been reported.

PHYSICAL PROPERTIES: H = 3-31; G = 4.50; white,

yellow, gray, light blue, light green, red, or brown in-

hand sample; white streak; vitreous luster.

COLOR AND PLEOCHROISM: Usually colorless in thin
section and grain mount. Colored varieties may dis-
play pale colors with weak pleochroism (usually Z >

Y > X).

ForM: Crystals are typically tabular or, less com-
monly, prismatic parallel to the a or b crystal axes.
Crystals are often intergrown, forming rosettes or
platy aggregates. Barite also forms concretionary
masses with fibrous texture, and granular or cleav-
able masses.

CLEAVAGE: Barite has four cleavage directions; two
very good cleavages on {210} which intersect at 78°,
a fair to good cleavage on {010}, and a perfect basal
cleavage on {001} which intersects the other three at
90°.

TWINNING: Massive varieties may have deformation-
induced twinning on {110}, otherwise it is not
usually twinned.

OPTICAL ORIENTATION: X = ¢, Y = b, Z = a, optic
plane = (010). In sections cut parallel to the ¢ crystal
axis, extinction is parallel to cleavage and the slow
ray vibrates parallel to the long dimension of the sec-
tion (length slow). In basal sections, extinction is
symmetrical to the prismatic cleavages. Fibrous or
prismatic crystals are usually elongate along the a
axis and are length slow with parallel extinction.
Crystals elongate along b are relatively uncommon
and show parallel extinction and may be either
length fast or length slow.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction decrease slightly with addition of Sr
and increase with Pb. Interference colors in thin sec-
tion range up to first-order yellow.

INTERFERENCE FIGURE: Sections cut parallel to (100)
yield centered acute bisectrix figures with 2V of 36 to
40°, with weak optic axis dispersion (v > r). (100)
sections show very low birefringence (~0.002) and
parallel extinction. Cleavage fragments lying on the
dominant {001} cleavage produce obtuse bisectrix
figures.

ALTERATION: Barite may alter to witherite or may be
replaced by a variety of minerals such as quartz, cal-
cite, dolomite, or pyrite.

DISTINGUISHING FEATURES: Barite is most commonly
confused with gypsum, anhydrite, or celestite. Gyp-
sum has inclined extinction and negative relief,
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anhydrite has higher birefringence, and celestite has
larger 2V and lower indices.

OCCURRENCE: Barite is commonly found as a gangue
mineral in hydrothermal sulfide deposits and is also
found as concretionary masses, veins, or irregular
masses in limestone, dolomite, shale, or other sedi-
mentary rocks. Barite also is found in carbonatites.

Celestite (Celestine) X|c
i /

SrSO,

Orthorhombic
Biaxial (+)

n, = 1.621-1.622
ng = 1.623-1.624
n, = 1.630-1.632
6 = 0.009-0.010
2V, = 51°

(010) Section

RELIEF IN THIN SECTION: Moderate positive relief.

COMPOSITION AND STRUCTURE: The structure of celes-
tite is similar to barite and consists of SO2~ tetra-
hedra bonded laterally to Sr**, which are in 12-fold
coordination with oxygen. Although there is com-
plete solid solution to barite and limited solid solu-
tion to CaSQO,, natural celestite rarely contains more
than 2 or 3 percent Ba or Ca substituting for Sr.

PHYSICAL PROPERTIES: H = 3; G = 3.97, pale blue,
white, colorless, or less commonly reddish, green-
ish, or brownish in hand sample; white streak;
vitreous luster.

COLOR AND PLEOCHROISM: Usually colorless in thin
section or grain mount. Large grains of colored sam-
ples may display pale colors with weak pleochroism
usually in shades of blue, lavender, blue-green, or
violet with Z > Y > X.

ForM: Celestite crystals occur in a variety of habits
but are commonly either tabular parallel to (001) or
elongate along the a axis, less commonly elongate
along the b or c¢ axis. It also occurs as cleavable,
granular, earthy, or fibrous masses.

CLEAVAGE: Celestite has four cleavage directions.
The single perfect {001} cleavage is the most promi-
nent, two good prismatic {210} cleavages intersect
at 75°, and the single {010} cleavage is poor. -

TWINNING: Twinning is very rare in cé\estite.

OPTICAL ORIENTATION: X = ¢, Y = b, Z = a, optic
plane = (010). Cleavage fragments and sections with
(001) horizontal show symmetrical extinction to the
trace of the prismatic cleavages. Sections cut parallel
to the ¢ axis and cleavage fragments lying on one of
the prismatic {210} cleavage surfaces show parallel
extinction to the trace of cleavages. Sections cut
through tabular crystals are length slow as are grains
elongate along the a axis. Grains elongate along ¢
are length fast. Grains that are elongate along b may
be either length fast or length slow, depending on
how they are cut.

INDICES OF REFRACTION AND BIREFRINGENCE: The
indices of refraction display relatively little vari-
ation. Interference colors seen in thin section are
usually first-order gray and white, sometimes with a
slight tinge of yellow.

INTERFERENCE FIGURE: Sections cut parallel to (100)
yield centered acute bisectrix figures with 2V = 51°.
Optic axis dispersion is weak with v > r. (100) sec-
tions show parallel extinction and low (~0.002)
birefringence. Cleavage fragments lying on the
dominant {001} cleavage yield centered obtuse
bisectrix figures.

ALTERATION: Celestite may alter to strontianite or be
replaced by calcite, quartz, witherite, barite, or sul-
fur, sometimes pseudomorphically.

DISTINGUISHING FEATURES: Celestite is most easily
confused with barite or gypsum. Barite has higher
indices, slightly higher birefringence, and smaller
2V. Gypsum has inclined extinction.

occURRENCE: Celestite is usually found in sedimen-
tary rocks either in evaporite deposits associated
with gypsum, anhydrite and halite or as dissemi-
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nated grains, irregular masses, of veins in limestone
and dolomite. It also may be found in hydrothermal
vein deposits.

Gypsum
CaS0,-2H,0
Monoclinic

B =127.4
Biaxial (+)

n, = 1.519-1.521
ng = 1.522-1.526
n, = 1.529-1.531
6 = 0.010

2V, = 58°

(010) Section

RELIEF IN THIN SECTION: Low negative relief.

COMPOSITION AND STRUCTURE: The structure of gyp-
sum is layered parallel to (010) and consists of
strongly bonded layers of Ca** + SO,*~ alternating
with layers of H,O molecules. Hydrogen bonding
holds the water molecules to the CaSO, layers and,
because it is quite weak, produces the excellent clea-
vage on {010}. The composition deviates very little
from the ideal CaSO42H,0O, although trace
amounts of Sr or Ba may replace Ca.

pHYSICAL PROPERTIES: H = 2; G = 2.31; colorless,
white or sometimes gray, red, yellow, or blue in
hand sample; white streak; vitreous to pearly luster.

coLor: Colorless in thin section or grain mount.

ForM: Figure 10.5. Crystals occur in numerous habits
but are usually tabular parallel to (010); less com-
monly prismatic or acicular parallel to the ¢ crystal

axis. Gypsum also occurs as granular aggregates and
as fibrous masses called satin spar.

Figure 10.5 Foliated mass of gypsum (crossed polars). Field
of view is 1.7 mm wide.

CLEAVAGE: There are four cleavage directions in gyp-
sum. Cleavage on {010} is the most prominent, a
second cleavage on {100} is good, and two prismatic
cleavages on {111} are good and intersect at angles
of 42 and 138°,

TWINNING: Simple contact twins on {100} are com-
mon; twinning on {001} is less common.

OPTICAL ORIENTATION: X Aa = —15°,Y=5b,ZAc=
+52°, optic plane = (010). Above 91°C, X = b and
the optic plane is perpendicular to (010). Sections or
cleavage fragments lying with (010) horizontal yield
inclined extinction of 38° to the trace of the {100}
cleavage, with the fast ray vibration direction closer
to the cleavage. Extinction to the trace of the {111}
cleavage is 14°, with the slow ray vibration direction
closer to the trace of the cleavage. Sections through
tabular crystals cut with (010) vertical produce
parallel extinction to the trace of the {010} cleavage
and may be either length fast or length slow.

INDICES OF REFRACTION AND BIREFRINGENCE: Interfer-
ence colors in standard thin sections are like quartz
(i.e., first-order gray and white).

INTERFERENCE FIGURE: Interference figures obtained
from thin sections usually have relatively broad iso-
gyres superimposed on a first-order white field. 2V is
about 58° at room temperature, but decreases to 0°
(uniaxial) at 91°C. Above that temperature, 2V,
opens into an optic plane oriented perpendicular to
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(010). Optic axis dispersion is strong (r > v), as is
inclined bisectrix dispersion. Fragments lying on
(010) yield flash figures. Fragments on the other
cleavages yield off-center figures.

ALTERATION: Gypsum may be replaced by quartz,
opal, calcite, or celestite, forming pseudomorphs.
Gypsum is often produced as the result of hydrating
anhydrite.

DISTINGUISHING FEATURES: Gypsum may be confused
with anhydrite or barite. Anhydrite has higher
birefringence and positive relief in thin section,
whereas barite has parallel extinction and modera-
tely high positive relief in thin section.

OCCURRENCE: Gypsum is a common mineral in eva-
porate deposits, where it is associated with halite,
sylvite, anhydrite, calcite, and dolomite, as well as
clay and detrital material. In some cases, it is formed
by hydrating anhydrite, which results in a volume
increase that may crumple or disrupt bedding. It is
found as a precipitate from saline lakes, as an efflor-
escence on desert soils, and may precipitate around
fumaroles and volcanic vents. Occasionally, it is
found in the gossan or oxidized zone of hydro-
thermal sulfide deposits.

Anhydrite

CaSO4
Orthorhombic
Biaxial (+)

ny 1.570
1.576
1.614

0.044
2V, = Af°

=3
<= ™
[

<>

(100) Section

RELIEF IN THIN SECTION: Moderate positive relief.

COMPOSITION AND STRUCTURE: The structure of
anhydrite consists of SO,?~ tetrahedra that are

bonded laterally through Ca**, which are in eight-
fold coordination with the oxygen. The composition
typically shows little variation, although small
amounts of Ba or Sr may substitute for Ca.

PHYSICAL PROPERTIES: H = 3-31; G = 2.98; usually
colorless, white, or gray, less commonly blue, red,
or brown in hand sample; white streak; vitreous
luster.

COLOR AND PLEOCHROISM: Usually colorless in thin
section. Colored varieties may show light colors in
grain mount with weak pleochroism, Z > Y > X.

ForM: Figure 10.6. Anhydrite usually occurs as mas-
sive aggregates and as fibrous or radiating aggre-
gates. Crystals are usually blocky or thickly tabular
and elongate parallel to either the a or ¢ crystal axis.

Figure 10.6 Anhydrite. (Top) Tabular crystals. (Bottom)
Blocky crystals in chalcedony. Field of view is 1.7 mm wide
for both photographs.
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cLEAVAGE: There are three pinacoidal cleavages at
right angles. The {010} cleavage is perfect, {100} is
very good, and {001} is good.

TWINNING: Simple and repeated twins on {011} are
relatively common.

OPTICAL ORIENTATION: X = b, Y = a, Z = c, optic
plane = (100). Extinction is parallel to cleavages and
crystal faces in all principal sections. Fibers have
parallel extinction and if elongate parallel to the a
axis are either length slow or length fast, and if elon-
gate parallel to the c axis are length slow.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction show little variation. Sections cut
parallel to (100) show the highest interference col-
ors, which in thin section are lower third order. Ran-
domly cut grains usually display vivid second-order
colors.

INTERFERENCE FIGURE: Sections and cleavage frag-
ments oriented with (001) horizontal produce cen-
tered acute bisectrix figures with 2V, = 44° and
several orders of isochromes. Optic axis dispersion is
distinct, v > r.

ALTERATION: Anhydrite is readily altered by hyd-
ration to form gypsum and may be replaced by
quartz, calcite, dolomite, and other minerals.

DISTINGUISHING FEATURES: Anhydrite resembles gyp-
sum and barite. Gypsum has lower birefringence,
inclined extinction, and negative relief in thin sec-
tion. Barite has lower birefringence, higher indices
and cleavage is not at right angles.

OCCURRENCE: Anhydrite is a very common mineral in
evaporite deposits and is often associated with
halite, sylvite, calcite, dolomite, gypsum, and
related minerals, as well as clay and other detrital
material. It may either precipitate directly from
highly saline sea water or be produced by dehy-
dration of primary gypsum. It also is found in the
oxidized zone of hydrothermal sulfide deposits
associated with oxides, hydroxides, and carbonates
of iron, lead, copper, zinc, and silver. Infrequently,
anhydrite is found as an amygdule filling in basaltic
or andesitic volcanics where it may be associated
with zeolites, or in deposits around fumaroles or vol-
canic vents.

Alunite

KAL(SO,),(OH),
Hexagonal (trigonal)
Uniaxial (+)

n, = 1.572-1.620
ne = 1.592-1.641 \
5 = 0.010-0.021

A

I;
i

—_———-—n

RELIEF IN THIN SECTION: Moderate positive relief.

COMPOSITION AND STRUCTURE: There is extensive solid
solution between alunite and natroalunite [NaAl,
(SO,)2(OH)g], and most alunite contains significant
amounts of Na. Small amounts of Fe** may substi-
tute for AI**, and solid solution with jarosite [KFes
(SO4)2(OH)g] is limited.

PHYSICAL PROPERTIES: H = 31-4; G = 2.6-2.9; usually
white or grayish in hand sample, also yellowish,
reddish, or brownish; white streak; vitreous to
pearly luster. :

coLor: Colorless in thin section or grain mount.

FORM: Rare crystals are tabular parallel to (0001), or
rhombohedral yielding square or diamond-shaped
cross sections. The rhombohedrons are cubelike,
because the angle more between faces is 90.8°. Alu-
nite is more commonly found as granular, plumose,
or flaky aggregates and as disseminated grains. The
grain size is often too fine to obtain reliable optical
data.

cLEAVAGE: The basal cleavage on {0001} is distinct
and usually controls grain orientation in grain
mounts to some degree. A very poor rhombohedral
cleavage on {1012} also is present.

TWINNING: None reported.

OPTICAL ORIENTATION: Extinction is parallel to the
trace of the basal cleavage {0001} in all sections and
the fast ray vibrates parallel to the cleavage (length
fast). )

INDICES OF REFRACTION AND. BIREFRINGENCE: The
indices vary irregularly with composition. For rela-
tively pure alunite, n,, = 1.572 and n. = 1.592. Iron-
bearing samples have higher indices. Natroalunite
has indices in the same range as alunite. Interference
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colors seen in standard thin section range up to mid
second-order for most alunite, although some has
lower birefringence and produces only first-order
colors. It may be difficult to measure n. in grain
mount because cleavage strongly influences grain
orientation.

INTERFERENCE FIGURE: Basal sections and cleavage
flakes yield a uniaxial positive optic axis figure.

ALTERATION: Alunite is generally produced by the
alteration of alkali feldspar.

DISTINGUISHING FEATURES: Alunite is often relatively
fine grained, which makes it difficult to identify, and
X-ray diffraction or other techniques may be
needed. It is not unlike brucite but has a different
occurrence, and brucite commonly displays anomal-
ous interference colors.

OCCURRENCE: Alunite is a relatively common mineral
in altered volcanic rocks of intermediate and felsic
composition. It is usually produced by the action of
sulfur-bearing fluids on feldspar and is associated
with clay minerals and other products of feldspar
alteration, as well as fine-grained quartz. Alunite
may also be found in the oxidized and weathered
zone of hydrothermal sulfide deposits.

PHOSPHATES

Apatite

Cas(PO4)3(F,OH ,CI)
Hexagonal

Uniaxial (-)

n, = 1.633-1.667

ne 1.629-1.665

o) 0.001-0.007

RELIEF IN THIN SECTION: Moderately high positive
relief.

COMPOSITION AND STRUCTURE: The structure of apa-

tite consists of PO, tetrahedra bonded laterally
. L

through Ca®*, forming a hexagonal framework. The
F~, OH™, or CI™ are located in interstices between
the phosphate tetrahedra. The most important com-
positional variation is in the occupancy of the hyd-
roxyl site. There appears to be essentially complete
solid solution between fluorapatite [Cas(PO,);F],
hydroxylapatite [Cas(PO,);OH], and chlorapatite
[Cas(PO,)sCl]. In addition, some carbonate
[(CO50H)?*"] may be present, probably substituting
for PO, groups. Carbonate-bearing apatite is
called carbonate-apatite, or dahllite for OH-rich var-
ieties'and francolite for F-rich varieties. Most com-
mon apatite is intermediate between fluor- and
hydroxylapatite, usually with more fluorine than
hydroxyl. The phosphate tetrahedra is mfrequently
replaced by other tetrahedral groups such as SO,
Si0,*~, and CrO,*>~. Collophane is a term given to
ﬁne-grained cryptocrystalline material that contains
a substantial amount of apatite.

PHYSICAL PROPERTIES: H = 5; G = 2.9-3.5 (most
common apatite is 3.1 to 3.2); commonly found in
shades of green or gray with bluish or yellowish
tints, although almost any color is possible in hand
sample; white streak; vitreous luster.

COLOR AND PLEOCHROISM: Usually colorless in thin
section and grain mount. Strongly colored samples
may display pale colors corresponding to the hand-
sample color, with weak to moderate pleochroism
and absorption with € > o so that elongate grains
are darker colored when they are parallel to the vib-
ration direction of the lower polar. Collophane is
brown.

.

ForM: Figure 10.7. Apatite forms small euhedral to
subhedral elongate prismatic crystals with héxagonal
cross sections. Longitudinal sections through the
crystals are usually elongate-rectangular in outline
with the poor cleavage cutting across the length.
Also found as anhedral grains, and granular or col-
umnar aggregates. Collophane is usually brown and
essentially isotropic; forms colloform, encrusting,
spherulitic, oolitic, and related structures; and is a
major constituent of some fossil bone.

CLEAVAGE: The basal cleavage {0001} is usually rela-
tively poor,.and a prismatic cleavage {1010} is very
poor and is generally not observed. Cleavage does
not have a strong influence on fragment orientation
in grain mount.
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Figure 10.7 Apatite in sericitized plagioclase. Field of view
is 0.4 mm wide.

TWINNING: Twinning is quite rare but has been
reported on contact planes {1121}, {1013}, {1010},
and {1123}.

OPTICAL ORIENTATION: Elongate sections through
crystals show parallel extinction and are length fast.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
vary in a general way with composition (Figure
10.8). The indices for the end-member compositions
are:

Figure 10.8 General variation of n,,
and birefringence (8) with the
content of F, Cl, and OH in

apatite. Constructed by assuming a
linear variation between end
member optical properties. There
is too much variability in natural
apatite to allow the diagram to be
used to estimate composition (cf. 76
Taborszky, 1972; McConnel! and %3
Gruner, 1940).

INEALEALA
b T TNELAL

n, R d
Fluorapatite 1.633  1.629 0.004
Hydroxylapatite 1.651 1.644 0.007
Chlorapatite 1.667 1.666 0.001

Most common apatite has indices n,, = 1.633-1.650,
ne = 1.629-1.647, and & = 0.003-0.005. Carbonate-
apatite has significantly lower indices that are in the
range n, = 1.603-1.628, n. = 1.598-1.619, and
higher birefringence 6 = 0.007-0.017. Collophane
may be essentially isotropic with n = 1.58 — 1.63. In
thin section, the interference color of common apa-
tite is first-order gray, often with a slightly anomal-
ous blue cast to it. Small grains or grains cut so that
the optic axis is within roughly 45° of being vertical
may appear to be practically isotropic but can be
tested with the gypsum plate to detect their weak
birefringence. Carbonate-apatite has higher bire-
fringence and may produce interference colors up to
upper first or lower second order in thin section.

INTERFERENCE FIGURE: Basal sections in thin section-
yield uniaxial negative figures with diffuse isogyres
on a first-order gray field. Some varieties, particu-
larly carbonate-apatite, are biaxial with 2V, up to
20°, although they are not common. Interference
figures on small grains in thin section may be diffi-

_cult to obtain.

ALTERATION: Apatite is relatively stable in most geo-
logic environments and is not readily altered to

Cas(POy4)3Cl

/N
N VAVAS STAVAY N
AVAV SVAVAY STAVAN

a

Cas(POy)3F

Ca5(PO4)3OH
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other minerals; however, pseudomorphs of clay, tur-
quoise, serpentine, and other phosphate minerals
after apatite have been reported.

DISTINGUISHING FEATURES: Apatite is distinguished .

by its moderate to high relief, low birefringence, and
uniaxial character. In thin section it usually displays
a slightly pebbly surface texture. It is distinguished
from garnet by its weak birefringence. Topaz, silli-
manite;, and ‘mullite have higher birefringence and
are biaxial. Zoisite has significantly higher relief and
often displays anomalous yellowish blue interfer-
ence colors. Colored varieties of apatite may
resemble tourmaline, but apatite is darker when the
long axis of grains is aligned parallel to the vibration
direction of the lower polar, and ' tourmaline is
lighter. Apatite also resembles beryl, but beryl has
lower indices and lower relief. Andalusite is biaxial,
has somewhat higher birefringence, and shows more
distinct cleavage.

_OCCURRENCE: Apatite is present in a wide variety of
igneous and metamorphlc rocks as an accessory
mineral. .‘The grains are commonly small and are
most readily spotted by carefully scanning a slide
using the medium-power objective. The apatite in
most igneous rocks is fluorine rich, although chlor-
apatite is not uncommon in mafic rocks. Carbona-
tites often contain substantial amounts of apatite.
The apatite in skarns, marble, and calc-silicate
gneiss may be coarsely crystalline.

Apatite also can be found in sedimentary rocks. It
is relatively common as detrital grains in clastic sedi-
ments and often has an oval or somewhat elongate
shape. Chlorapatite or carbonate-apatite is the
major constituent of collophane in phosphatic lime-
stone, shale, and ironstone, and in some nearly pure
phosphate beds. Collophane commonly forms ooli-
tic, spherulitic, and related structures.

Monazite

(Ce,La, Th)PO,

Monoclinic
«f=104°
Biaxial (+)
n, = 1.777-1.800
ng = 1.778-1.801
n, = 1.823-1.849
& = 0.045-0.052
= 6-19°

C
2

(010) Section

RELIEF IN THIN SECTION: High positive relief.

COMPOSITION AND STRUCTURE: The structure of mona-
zite consists of slightly distorted PO,*~ tetrahedra
bonded laterally through cations that are in ninefold
coordination with oxygen. Any of the rare earth
elements may be present in monazite, but Ce
usually predominates. Si or S may substitute for
some of the P.

PHYSICAL PROPERTIES: H = 5; G = 4.6-5.4; yellow to
reddish-yellow or reddish-brown in hand sample;
white streak; resinous to waxy luster.

COLOR AND PLEOCHROISM: Pale yellow, pale green,
colorless, or gray in thin section. Pleochroism in thin
section is generally weak from lighter to slightly
darker yellow or greenish yellow. Fragments in grain
mount may be more strongly colored corresponding
to the hand-sample color and show the pleochroism
somewhat better: Y > X = Z, with X = light yellow,
Y = dark yellow, and Z = greenish yellow. Because
monazite often contains radioactive elements, it may
produce pleochroic halos in enclosing biotite or
other minerals.
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FORM: Monazite commonly occurs as small euhedral
crystals that may be equant, flattened parallel to
(100), or elongate parallel to the b axis. Longitudi-
nal sections often appear as four-, six-, or sometimes
eight-sided parallelograms.

CLEAVAGE: A single cleavage on {100} is distinct, and
a second at right angles on {010} is fair to poor.
Other poor to very poor cleavages are reported and
there is a basal parting on {001}. In samples without
significant alteration, the cleavages are usually not
very distinct, whereas relatively strongly altered
grains may show both cleavages and the basal part-
ing relatively well.

TWINNING: Simple twins on a {100} twin plane are
common; lamellar twinning on {001} is rare.

OPTICAL ORIENTATION: X = b, YAa = +Tto +24°, Z
A ¢ = +7 to —10°, optic plane is perpendicular to
(010). Maximum extinction angle seen in sections
-parallel to (010) is O to 10° with the slow ray nearly
parallel to the trace of the {100} cleavage. Cleavage
fragments lying on the {100} cleavage surface
usually do not have an elongation, although extinc-
tion is parallel to the {010} cleavage if it is displayed.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
of refraction generally increase with substitution of
Th and Si and decrease with alteration. Interference
colors in standard thin section range up to the upper
third or lower fourth order. Fragments lying on the
{100} cleavage show maximum birefringence, and
those resting on the basal parting show low interfer-
ence colors.

INTERFERENCE FIGURE: Basal sections and fragments
lying on the basal parting produce slightly eccentric
acute bisectrix figures with 2V = 6-19°. Fragments
lying on the {100} cleavage produce flash figures.
The high birefringence allows for numerous iso-
chromes. Optic axis dispersion is typically weak with
either r < v or (rarely), v < r. Horizontal dispersion
also is weak.

ALTERATION: Monazite is generally relatively stable
in the weathering environment and occurs as detrital
grains. It may alter to brownish limonitelike
material along cleavages and grain boundaries and
sometimes becomes clouded by minute opaque par-
ticles, which are possibly limonite.

DISTINGUISHING FEATURES: Monazite is recognized by
its high birefringence, high relief, and pale yellow
color. In small grains, it may be difficult to dis-
tinguish from zircon, epidote, titanite, or xenotime.
Zircon is uniaxial and generally not colored. Epi-
dote has a larger 2V and sometimes lower bire-
fringence. Titanite is often more strongly colored,
has higher birefringence, and has a larger 2V with
extreme dispersion. Xenotime has higher bire-
fringence and is uniaxial.

OCCURRENCE: Monazite is an accessory mineral in
granitic rocks, syenite, granitic pegmatites, and car-
bonatites. It also is formed in metamorphosed dolo-
mites and in mica schists, gneiss, and granulites.
Because monazite is relatively resistant to weather-
ing, it may be found as detrital grains in clastic sedi-
ments. It is infrequently found in hydrothermal vein
deposits.

Xenotime

YPO,

Tetragonal
Uniaxial (+)

n, = 1.690-1.724
ne 1.760-1.827
é 0.070-0.107

RELIEF IN THIN SECTION: High positive relief.

COMPOSITION AND STRUCTURE: The structure of xeno-
time consists of isolated PO,>~ tetrahedra bonded
laterally to Y** cations, which are in strongly dis-
torted eightfold coordination with oxygen. Rare
earth elements, particularly cerium (Ce) and erbium
(Er), may substitute for yttrium (Y), as may small
amounts of Ca, Zr, Th, or U. Phosphorus also may
be replaced by silicon or sulfur to a limited extent.

PHYSICAL PROPERTIES: H = 4-5; G = 4.3-5.1 (4.25
calculated for pure YPO,); yellowish or reddish
brown, or less commonly yellow, gray, salmon-pink,
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or greenish in hand sample; white streak; vitreous
luster. '

COLOR AND PLEOCHROISM: Colorless, yellow, or pale
brown in thin section with weak pleochroism.

o = pale pink, yellow-brown or yellow
€ = pale brownish yellow, grayish brown, or
greenish

Grains are slightly darker colored when the long axis
of prismatic grains is aligned parallel to the vibration
direction of the lower polar.

ForM: Usually found as elongate prismatic tetra-
gonal grains resembling zircon, and occasionally as
radial aggregates or rosettes. Detrital grains are
commonly elongate.

CLEAVAGE: Xenotime has good prismatic cleavage on
{100}. The two cleavage directions are at right
angles. The cleavages do not tend to have a strong
control on fragment orientation.

TWINNING: Simple contact twins on {101} are rare

and should produce elbow-shaped twins.

- OPTICAL ORIENTATION: In longitudinal section, the
extinction is parallel to both the trace of cleavage
and the length of crystals, and the elongation is
length slow.

INDICES OF REFRACTION AND BIREFRINGENCE: The
indices of refraction probably increase with the sub-
stitution of Th for Y. The birefringence is very
strong and yields high-order white interference col-
ors, which are often masked by the color of the
mineral. Basal sections also usually produce high-
order interference colors, due to the somewhat
converging nature of the light coming from the
condensor.

INTERFERENCE FIGURE: Interference figures are often
difficult to obtain, due to small grain size. Basal sec-
tions on sufficiently large grains produce uniaxial
positive optic axis figures with numerous iso-
chromes, and isogyres that broaden substantially
toward the edge of the field of view. Fragments lying
on the {110} cleavage yield flash figures.

ALTERATION: Not readily altered.

DISTINGUISHING FEATURES: In small grains, it may be
difficult to distinguish xenotime from zircon, mona-

zite, titanite, and rutile. Zircon has higher indices
and lower birefringence. Monazite is biaxial and has
inclined extinction and lower birefringence. Titanite
has a different habit, is biaxial, and has higher
indices of refraction. Rutile has higher indices and is
darker colored. Xenotime may be included in ferro-
magnesian minerals like biotite or hornblende and
may produce dark halos in the including mineral due
to the radioactive bombardment from decay of Th or
other radioactive elements in the xenotime.

OCCURRENCE: Xenotime is not uncommon as an
accessory mineral in granite, syenite, granodiorite,
pegmatite, and related rocks. It is often incorrectly
identified as zircon. In metamorphic rocks, it may be
found in mica schists and gneiss or, less commonly,
in marble. It also is found as detrital grains in placer
deposits, beach sands, and as a heavy mineral in
sandstone and related clastic sedimentary rocks.
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Orthosilicates

Olivine

(Fe,Mg),SiO,

Orthorhombic
Biaxial (+ or —)
n, = 1.636-1.827
‘ng = 1.651-1.869
n, = 1.669-1.879
& = 0.033-0.052
2V, = 46-98°

—|46-98°Y=c~— |

aiZ

(001) Section

RELIEF IN THIN SECTION: High positive relief.

COMPOSITION AND STRUCTURE: The structure of oli-
vine consists of isolated silicon tetrahedra bonded
laterally to divalent cations. There is complete solid
solution between forsterite (Fo, Mg,SiO,), and faya-
lite (Fa, Fe,Si0O,), and most olivine samples have
compositions intermediate between these two end
members. There also is complete solid solution to
tephroite (Mn,Si0,). Mn-bearing olivine also usually
is relatively Fe rich, but most common olivine has
relatively little Mn. Small amounts of Zn, Ca, Ni,
Cr, or Al also may substitute for the divalent cation.

PHYSICAL PROPERTIES: H = 61-7; G = 3.22-4.39.
Specific gravity increases and hardness decreases
with increasing Fe. Usually shades of olive or yel-
lowish green in hand sample. Oxidized samples may
be reddish to nearly black. White streak; vitreous
luster.

COLOR AND PLEOCHROISM: Usually colorless to pale
yellow in thin section or grain mount; darker colors
correspond to higher iron content. Larger fragments
may be somewhat darker colored. Altered and oxi-
dized fayalite-rich samples may be reddish to nearly
black due to the presence of limonite or other
impurities. Pleochroism of fayalite-rich samples is X
= Z = pale yellow, Y = orangish, yellowish, or
reddish brown.

rorm: Figure 11.1. In most metgmorphic and intru-
sive igneous rocks, olivine tends to form subequant,
anhedral grains or aggregates of grains. Euhedral
crystals are more common in volcanic rocks and sec-
tions usually are equidimensional, or slightly elon-
gate parallel to ¢ with six or eight sides. :

Figure 11.1 Olivine with iddingsite alteration along
cracks. The tabular crystals are plagioclase and the blocky
crystal to the lower right is augite. Field of view is 1.7 mm
wide.

'CLEAVAGE: Olivine has poor cleavage on {010} and

{110}, but these are not usually seen in thin section
nor do they control fragment orientation in grain
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166 INTRODUCTION TO OPTICAL MINERALOGY

mounts. Grains in thin section usually display a dis-
tinctive irregular fracture pattern.

TWINNING: Twinning is not common but may be
present as simple or multiple twins with diffuse
boundaries on composition planes {100}, {011}, or
{012}.

OPTICAL ORIENTATION: X = b, Y = ¢, Z = a, optic
plane = (001). Elongate crystals display parallel
extinction and may be either length fast or length
slow depending on how they are cut.

INDICES OF REFRACTION AND BIREFRINGENCE: Indices
and birefringence vary continuously between for-
sterite and fayalite (Figure 11.2). Olivine grains
from many igneous rocks are compositionally zoned '
with Mg-rich cores and more Fe-rich rims. The com-
positional zoning can sometimes be recognized by a
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Figure 11.2 Indices, birefringence (8), and 2V for olivine.
After Poldervaart (1950), Deer and others (1982), and
Laskowski and Scotford (1980).

change of birefringence. In sections cut parallel to
(001) the rim will have higher birefringence than the
core, and in section cut parallel to (100) the rim will
have lower birefringence than the core. Interference
colors in standard thin sections range up to the vivid
colors of the third order.

Indices of refraction can be used to estimate com-
position but caution is required because olivine is
often compositionally zoned and there is no ‘assur-
ance that all grains of olivine in a grain mount are
the same composition. Other techniques employing
a combination of optical data and X-ray data also
have been devised, but these techniques suffer from
the same problem. If the composition of olivine is
needed with any accuracy, it is probably best
obtained by electron microprobe techniques.

The indices of tephroite are n, = 1.770, ng =
1.807, n, = 1.817, and & = 0.047. It is optically nega-
tive with 2V, = 70°. The optical properties vary con-
tinuously between fayalite and tephroite. For Fe:Mn
= 1, the indices are n, = 1.815, ng = 1.853, n, =
1.867, with 2V, = 44°. Substituting Mg for Mn
results in a rather rapid decrease in the indices
(Mossman and Pawson, 1976).

INTERFERENCE FIGURE: 2V varies continuously with
composition (Figure 11.1). Between Fo,q, and Fogs,
olivine is biaxial .positive with 2V, = 82-90°.
Between Fogs and Fo,, olivine is negative with 2V,
= 90-46°. The 2V angle and optic sign can be used to
provide a rough estimate of composition. Olivine
from volcanic rocks may have somewhat smaller 2V
than olivine of the same composition from plutonic
rocks. Most common olivine in igneous-rocks is rela-
tively Mg rich, thus 2V is large, and optic axis figures
provide the most reliable means of determining sign
and 2V. Optic axis dispersion is weak with r > v if
optically negative, and v > r if positive.

ALTERATION: Olivine commonly alters to a number of
distinctive products including iddingsite and chloro-
phaeite, which are combinations of various miner-
als and and are not usually subject to rigorous
identification. Olivine also may alter to serpentine.
The alteration usually progresses from the periphery
and along cracks inward.

Iddingsite is a name given to fine-grained reddish-
or yellowish-brown material that consists of goeth-
ite, clay, chlorite, quartz, talc, and other minerals.
Despite the fact that iddingsite is an aggregate of



several minerals, it may display birefringence of 0.04
or 0.05 with indices n,,,, = 1.70 and n,; = 1.75 with
considerable variability. The interference colors are
usually well masked by the strong color of the
material.

Chlorophaeite is an essentially isotropic material
that is usually orangish or greenish. It also is a mix-
ture and appears to be composed of limonite and
chlorite or serpentine with other low birefringence
silicates. It displays an index in the range 1.5 to 1.6.

Magnesium-rich olivine often alters to serpentine,
which may either be chrysotile or antigorite. Perido-
tites and other rocks rich in olivine and pyroxene
may be partially or completely altered to serpenti-
nite, which consists of serpentine plus carbonates,
Fe-Mg silicates, and usually some disseminated mag-
netite.

Olivine from igneous rocks is often mantled by py-
‘roxene or hornblende as the result of normal mag-
matic reactions between the olivine and melt.

DISTINGUISHING FEATURES: Olivine is recognized by
its high birefringence, distinctive fracturing, lack of
cleavage, and alteration products. Clinopyroxenes
show somewhat lower birefringence, have recogniz-
able cleavage, often show lamellar twinning, and
have inclined extinction. Epidote has a cleavage,
inclined extinction, is aptically negative, and may
display a patchy, pistachio-green color.

OCCURRENCE: Relatively pure forsterite is generally
restricted to metamorphosed siliceous dolomites
where it is associated with calcite,. dolomite, diop-
side, epidote group minerals, grossularite, tremo-
lite, and related minerals. :

Olivine with intermediate Fe-Mg composition is
common in many mafic and ultramafic volcanic and
plutonic igneous rocks. It can be found in basalt,
gabbro, peridotite, pyroxenite, and is the principal
constituent of dunite. /

Relatively iron rich olivine is occasionally found in
less mafic rocks such as syenite, nepheline syenite,
phonolite, trachyte, andesite, and dacite. Fayalite is
infrequently found in certain granites and rhyolites,
in iron-rich metamorphosed sediments, and in vesi-
cles and other cavities in siliceous volcanic rocks.

Mn-rich olivine in the tephroite-fayalite series is
found in iron-manganese deposits, skarns, and in
metamorphosed Mn-rich sediments.
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Monticellite Y
|
Ca(Mg,Fe)SiO, '

Orthorhombic

Biaxial (—) " -

ng, = 1.638-1.654

ng = 1.646-1.664 ) —p
n, = 1.650-1.674 o =l L _ Lt

6 = 0.012-0.020 <] 110

2V, = 69-88° Pt

o

alz

(001) Section

RELIEF IN THIN SECTION: Moderately high positive
relief.

COMPOSITION AND STRUCTURE: Monticellite has the
same structure as olivine with isolated silicon tetra-
hedra bonded laterally through octahedrally coordi-
nated divalent cations, half of which are Ca?*. Most
monticellite comes close to the ideal composition
CaMgSiO,, but complete solid solution to synthetic
kirschsteinite (CaFeSiQ,) is possible and some mon-
ticellite contains up to 20 mole percent Fe substitut-
ing for Mg. It is also possible to substitute Mn for
Mg, and complete solid solution to glaucochroite
(CaMnSiO,) is probable although Mn is generally
not found in abundance in monticellite.

PHYSICAL PROPERTIES: H = 51; G = 3.05-3.27; color-
less to gray in hand sample; white streak; vitreous
luster.

coLor: Colorless in thin section and grain mount.

“FOrRM: Figure 11.3. Usually as anhedral, equant or

irregular grains. Crystals are elongate along ¢ and
yield equant to elongate polygonal cross sections with
eight or more faces.

CLEAVAGE: There is a single poor cleavage on {010}
that does not significantly influence fragment orien-
tation.
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Figure 11.3 Irregular high-relief monticellite grains in marble.
Field of view is 5 mm wide.

TWINNING: Monticellite may have cyclic twins on
{031} which, if euhedral, appear as six-pointed stars
in cross section.

OPTICAL ORIENTATION: X = b, Y = ¢, Z = a, optic
plane = (001). Elongate cross sections through
euhedral crystals may be either length slow or length
fast depending on how they are cut. The trace of
cleavage is length slow but the cleavage is usually
not visible.

INDICES OF REFRACTION AND BIREFRINGENCE: The
indices for pure synthetic monticellite are n, =
1.639, ng = 1.646, and n, = 1.653. The addition of
Fe or Mn increases the indices and birefringence in
an approximately linear manner. The indices of
kirschsteinite are n, = 1.674, ng = 1.694, n, =
1.735, and 2V, = 50°. The indices of glaucochroite
are n, = 1.686, ng = 1.723, n, = 1.736, and 2V, =
60°. The birefringence of most monticellite is in the
vicinity of 0.012 to 0.015, so interference colors in
thin section range up to first-order red.

INTERFERENCE FIGURE: Interference figures are biax-
ial negative with 2V, = 69-88°. 2V, for relatively
pure monticellite is generally greater than 80° and
decreases with increasing Fe or Mn. Optic axis dis-
persion is r > v.

ALTERATION: Monticellite may be altered to serpen-
tine or to other calc-silicates such as tremolite, calcic
clinopyroxene, and related minerals.

DISTINGUISHING FEATURES: Monticellite has lower
birefringence than olivine. The clinopyroxenes—
such as augite—display cleavage, have smaller 2V,
and are usually optically positive.

OCCURRENCE: Monticellite is found in contact meta-
morphosed or metasomatized siliceous dolomitic
limestones, most commonly adjacent to granitic
intrusions. It may be associated with calcite, dolo-
mite, diopside, tremolite, forsterite, wollastonite,
and related calc-silicate minerals. Monticellite also
may be found in mafic and ultramafic igneous rocks
where it may be found mantling grains or olivine, or
less commonly as isolated grains.

Humite Group

x(Mg,Si0,)-Mg(OH,F),

Norbergite
Mg,Si0,-Mg(OH,F),
Orthorhombic
Biaxial (+)

Ny 1.558-1.567

ng 1.563-1.579

n, 1.582-1.593

0.024-0.027
2V, = 44-50°

|101

Nl

(010) Section

Chondrodite
2(Mg,Si0,4)-Mg(OH,F),
Monoclinic

«B=109°

Biaxial (+)

n, = 1.592-1.617
ng = 1.602-1.635
n, = 1.621-1.646
é = 0.028-0.034
2V, = 71-85°

(010) Section



Humite
3(Mg,Si0,)-Mg(OH,F),
Orthorhombic

Biaxial (+)

n, 1.607-1.643

ng 1.619-1.653

n, 1.639-1.675

6 = 0.029-0.036
2V, = 65-84°

([T

Clinohumite
4(Mg,Si0,)-Mg(OH,F),
Monoclinic

«zB=101°

Biaxial (+)

n, = 1.628-1.668
ng = 1.641-1.679
n, = 1.662-1.700
& = 0.028-0.041
2V, = 73-76°

(010) Section

RELIEF IN THIN SECTION: Low to moderately high
positive relief.

COMPOSITION AND STRUCTURE: The structure is similar
to olivine and consists of a nearly hexagonal close-
packed framework of oxygen, hydroxyl, and fluor-
ine. The Si are in tetrahedral sites and the Mg are in
octahedral sites. The distribution of the cations is
arranged so that the structure consists of tabular
sheets with olivine structure that are parallel to
(100). The OH™ and F~ are located on the front and
back surfaces of the sheets, which are bonded to
adjacent sheets through octahedrally coordinated
Mg?*. In norbergite, the olivine sheets are one sili-
con tetrahedra thick, and in chondrodite, humite,
and clinohumite, the olivine sheets are two, three,
and four tetrahedra thick, respectively. The major
substitution is between F~ and (OH)™~ and substan-
tial amounts of fluorine are always present. There is
only limited substitution of Fe or Ti for Mg. Mn, Ca,
Ni, and Zn may be present in minor amounts.
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PHYSICAL PROPERTIES: H = 6-61; G = 3.15-3.35;
brown, yellow, orange, or red in hand sample; white
streak; vitreous luster.

COLOR AND PLEOCHROISM: Colorless, pale yellow, yel-
low, or orangish yellow in thin section and grain
mount. The darker color generally corresponds to
higher Fe or Ti content. Colored varieties show
weak pleochroism with X > Y = Z: X = pale yel-
low, orangish yellow, or yellow, Y = Z = paler yel-
low, pale orangish yellow, or colorless.

FORM: Figure 11.4. Usually found as rounded or
irregular shaped grains, or anhedral masses. Crystals
have diverse habits but are commonly platy parallel
to {100}, {010}, or {001}.

Figure 114 Rounded high-relief chondrodite in marble.
Field of view is 5 mm wide.

CLEAVAGE: Norbergite has no cleavage, humite has
fair cleavage on {001}, and clinohumite and chon-
drodite have a poor cleavage on {100}. The cleavage
does not tend to control fragment orientation and is
not usually evident in thin section.

TWINNING: Simple or multiple twins are common in
clinohumite and chondrodite and are sometimes
found in humite.

OPTICAL ORIENTATION: Norbergite and humite are
or