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PREFACE TO THE THIRD EDITION

The first edition of "The Microscopic Determination
of the Nonopaque Minerals" by Esper S. Larsen, Jr., was
published in 1921 as U.S. Geological Survey Bulletin 679
after more than 10 years of preparation. Preparation in-
volved not only compilation of data from the Tliterature,
but also new determinations of optical properties on about
500 samples. These new descriptions accounted for 126 of
the 294 pages of the 1921 edition.

The second edition, by Larsen and Harry Berman, both
then at Harvard University, published in 1934 as U.S. Geo-
logical Survey Bulletin 848, increased the data in Bulletin
679 by more than 50 percent. The second edition was repub-
1ished in Russia in 1965 (Petrov, 1965) with insertions of
newer data from the literature.

Assembly of new data on optical properties of minerals
was begun by Fleischer and Matzko in 1950, and compilation
in the present tabular format was begun in 1965. Insofar
as possible, data from the literature up to August 1, 1983
have been included in the tables. The introductory text
on methods was written by Wilcox, who also critically
reviewed and suggested minor modifications of the tables
as prepared by Fleischer.

The present edition, in holding to the objective of
mineral identifications, omits discussion of statistics of
mineral optics, as covered in Chapter 3 of the 1934 edi-
tion. Modern treatments of the Gladstone-Dale relation
and other aspects of the relations of refractive index to
density and chemical composition can be found in Allen
(1956), Jaffe (1956), Batsanov (1961), Anderson (1975),
Pabst (1975), Mandarino (1976, 1978, 1979, 1981) and Bloss
and others (1983). The Commission on New Minerals and
Mineral Names, International Mineralogical Association
(American Mineralogist, v. 67, p. 191-192), states for new
minerals, "It is recommended that the relationship between
chemical composition, density, and refractive indices, be
checked by the Gladstone-Dale rule.”
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Microscopic Determination of the Nonopaque Minerals
By Michael Fleischer, Ray E. Wilcox, and John J. Matzko

CHAPTER |. INTRODUCTION

Identification of an unknown min-
eral in former times was a haphazard
operation, involving determination of a
few optical, physical, and chemical pro-
perties for comparison with a woafully
incomplete set of properties of known
minerals. Today, not only can the diag-
nostic optical properties be determined
more reliably and the chemical composi-
tion more rapidly, but several X-ray
techniques are available for determina-
tion of diagnostic crystal structure.

Compilation of X-ray data in a form
useful for mineral identification has
proceeded apace and has far outstripped
the compilation of new optical data,
with the unfortunate result that the use
of the polarizing microscope in minera-
logic and petrologic investigations has
decreased markedly; in addition, the
time allotted in the curriculum of many
colleges for training in optical crys-
tallography has been reduced. The po-
larizing microscope nevertheless remains
a powerful and sometimes indispensable
tool in mineral identification, and to
help restore its usefulness the authors
have taken on the task of bringing up
to date the tables compiled by Larsen
and Berman (1934).

The tables, which appear
ters 3 and 4 herein, are a compilation
of properties of known minerals. They
have been updated by adding optical data

in chap-

that have appeared in the literature
since the 1934 edition and up until
August 1, 1983. The range of optical

properties of previously listed minerals
and isomorphous groups has been cor-
rected or extended, and the names and
data for newly discovered minerals have
been inserted. Methods for the measure-
ment of optical properties are outlined
in chapter 2.

Identification of an unknown by its
optical properties proceeds most effec-
tively in three stages: (1) measurement
under the microscope of selected key

properties; (2) elimination from further
consideration minerals not having these
properties; and (3) determination of
selected additional diagnostic proper-
ties to eliminate all but one or a very
few candidates. For confirmation of
that one mineral or a final choice
between remaining candidates, one may
then turn to X-ray or chemical analysis.

It is 1important that this process
of elimination using the tables be given
the same care and attention as the meas-
urements of the basic optical proper-
ties, for to overlook a possible candi-
date at this stage can jeopardize the
correctness of the eventual identifica-
tion. For the final stage, one should
consult published encyclopedic descrip-
tive mineralogies (for example, Deer and
others, 1962, 1963, 1978; Trdger, 1967,
1979; Winchell and Winchell, 1951) then
return to the microscope to determine
the needed additional diagnostic charac-
teristics.

Scope of the Tables

For each known mineral, tables 3 to
7 1ist optical properties readily deter-
minable by the polarizing microscope and
its accessories, and they also note cer-
tain nonmicroscopic but useful identify-
ing properties such as bulk color, fusi-
bility, hardness, and chemical behavior.
The minerals are grouped in separate
tables according to basic optical char-
acter (isotropic, uniaxial, or biaxial)
and according to optic sign (positive or
negative). For convenience in entering
the tables by means of optical data rou-
tinely obtained by the so-called immer-
sion method (see chap. 2), the minerals
in each table are arranged in order of

increasing refractive index. The tables
may also be entered with refractive
indices estimated from thin sections,

although a much greater number of Tlisted
minerals will usually have to be con-
sidered as possible candidates due to
the uncertainty of the estimate.



Need for Additional Data

Although the tables
and 4 have been updated,
many imperfections and cannot be re-
garded either as complete or entirely
correct. The reliability of the indivi-
dual Tistings varies widely and for some
minerals cannot be estimated, inasmuch
as the source literature does not supply
adequate descriptions of methods used.
Indeed, in too many cases it is pain-
fully evident that no set of minimum
standards was adhered to in carrying out
the original optical determination, much
less in the preparation and purification
of the minerals for chemical analysis.
Still remaining to be filled are gaps in
the knowledge of the ranges of optical

in chapters 3
they contain

properties of rare minerals, many of
which, Jjudging from their determined
chemical compositions, are members of
isomorphous series. Finally, there is

the certainty that some naturally occur-

ring minerals still wait to be dis-
covered and described optically.
Optical methods of mineral identi-

fication are wuseful not only as an
adjunct to the powerful methods of X-ray
and electron microprobe but in many
situations also as the most reliable and
rapid means of identification. However,
the gaps and flaws mentioned above 1in
available optical data of minerals are a
matter of concern particularly because
identification rests on the process of
elimination. One therefore must keep in
mind the possibility, remote as it might
be, that the unknown mineral under exam-
ination is not listed in the part of the
table 1involved. The use of optical
methods in the modern 1laboratory will
not reach full effectiveness until these
shortcomings are corrected. Fortunately,
basic optical data can now be obtained
with greater reliability and with con-
siderably 1less tedium than formerly,
thanks to the availability of more docu-
mented mineral specimens and more ad-
vanced development of instrumentation
and methods. Also, many of the diffi-
culties due to limited sample size that
plagued the early workers in descriptive
mineralogy are now avoidable because
optical, X-ray, and chemical analyses can

be carried out on extremely small sam-
ples, using the spindle stage, the
single-crystal X-ray goniometer, and the
electron microprobe.
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CHAPTER Il. DETERMINATION OF
OPTICAL PROPERTIES OF TRANSPARENT
MINERALS BY THE IMMERSION METHOD

Whereas the textures and interrela-
tions of minerals in rocks, so important

in petrologic interpretations, are well
seen in thin section, measurements of
principal refractive indices and other

necessary for reli-
able identification are better accom-
plished on individual fragments by the
so-called immersion method. Advantages
of this method include the ability to
manipulate crystal fragments  indivi-
dually without the handicap of inter-
ference from adjacent crystals.

For the dimmersion method, the
sample is crushed to separate the indi-

optical properties



vidual crystal units and expose fresh
surfaces, so that fragments can be
chosen and their refractive indices can

be compared under the microscope with
successive liquids of known refractive
indices until a match is found. In the

same mounts, birefringence, optic angle,
optic sign, pleochroism, and the rela-
tionships of optical directions to crys-
tallographic directions (extinction angle
and sign of elongation, and so on) may be
measured or estimated.

It is possible here to give only a
brief review of established procedures
and techniques; emphasis will be on
several practical techniques not yet
fully covered in most textbooks. For
details of the conventional techniques,
the reader is referred to textbooks such

as Bloss (1961), Mahlstrom (1969),
Hartshorne and Stuart (1969, 1970),
Burri (1950), Tatarskii (1965), Stoiber
and Morse (1972), Hutchison (1974,
especially p. 78-93, 247-263), Schumann
and Kornder (1973), McKie and McKie
(1974), and el-Hinnawi (1966). Several

useful works deal with problems encoun-
tered in special fields: industrial
chemistry and product control
(Hartshorne and Stuart, 1970; Chamot and
Mason, 1958; McCrone and Delly, 1973;
Lehr and others, 1967), ceramics (Insley
and Frechette, 1955; Dietzel and Kdppen,
1974), identification and characteriza-

tion of synthetic inorganic substances
(Winchell and MWinchell, 1964; Kordes,
1960; Lehr and others, 1967), and or-
ganic compounds (Winchell, 1954).
Refractive Index

Three techniques are especially
useful for determination of refractive

index, the primary basis for entry into
the tables: (1) central 1illumination
("Becke 1ine"), (2) inclined illumination
("Schroeder van der Kolk"), and (3) dis-
persion coloration ("dispersion stain-
ing"). A1l three techniques depend on
the same basic optic phenomenon: the
smaller the difference of index between
fragment and Tliquid, the less strongly
diverted the 1light rays passing through
an inclined interface. The techniques

in the manner of illumina-
tion and in the resulting observed
effects. Because the immersion 1liquids
are so important for the correctness of
the determination, their calibration and
use will be dealt with first.

differ only

Immersion Liquids

Sets of 1liquids ranging 1in index
from about 1.46 to 1.80 and separated by
regular index intervals, say 0.005 or
0.002, are available commercially. In
choosing the interval between 1liquids,
it may be kept in mind that the greater
initial cost of a set having the smaller
interval may be more than compensated by
the saving of time and the greater pre-
cision of results. The 1label on each
bottle in the set should show not only
the index of refraction for the D-line
of the spectrum, but also its coeffi-
cients of temperature and dispersion.
With some care and effort, sets of
liquids can be made up in the laboratory
from end members, as described by
Harrington and Buerger (1931), Butler
(1933), and Meyrowitz (1955, 1956).
Useful general discussions of possible
end-member 1iquids are given by Johannsen
(1918, p. 259), Burri (1950, p. 221),
Wilcox (1964), and Hartshorne and Stuart
(1970, p. 265).

The refractive index of a typical
organic immersion 1liquid decreases sig-
nificantly with increasing temperature--
on the order of 0.0004 to 0.0005 per
degree Celsius; the corresponding change
of index of the immersed crystal frag-
ment is an order of magnitude smaller,
thus negligible in the present agp11ca-
tion. A bottle label reading n 5°=1.534
indicates that the refractive 1index of
its contained liquid is 1.534 at 25°C in
light of the D-line (wavelength 589.3
nm). A further notation,

dn

T d@t = 0.00039/°C,
indicates the magnitude of the inverse
change of index with temperature. Thus,
after reaching the match between frag-
ment and liquid, it is necessary to make



an index correction for the difference
between the temperature of the immersion
mount itself and the temperature at
which it was calibrated. If, for in-
stance, the above 1liquid was found to
match the index of a fragment at 28°C,
the correction to be made would be 3x
0.00039, or 0.00117, to be subtracted

from 1.534 to give 1.53283, rounded for

the present application to 1.533. This
is the refractive index of the matching
liquid under these conditions and thus
of the index of the fragment.

The refractive index of each liquid
in the set must be rechecked from time
to time, depending on the stability of
the 1iquid and on the accurancy required
in use. Adequate for most mineralogical
laboratories is the Abbe-type refractom-
eter for indices up to about 1.70 with a

precision about +£0.0002. Although a
prism of special glass may be substi-
tuted to permit measurements to higher

than 1.80, the glass commonly used for
this purpose is a high-Tead glass that
is wvulnerable to corrosion from most
liquids used in this higher range. Less
expensive refractometers, such as that
designed by E.E. Jelley (1934; see also
Edwards and Otto, 1938), extend to 1.90,
are not damaged by liquids above 1.70,
and are precise enough (about *0.001)
for much work. Whatever the refractom-
eter, it too should be calibrated care-
fully according to the directions of the
manufacturer (see also Fisher, 1958).

In some applications it 1is neces-
sary to know the dispersion strength of
the immersion Tliquids. This property
may be expressed as the difference
between refractive indices at two stan-
dard wavelengths, such as the F- and

C-lines. A common expression of the
dispersive power of the 1liquid is the
coefficient:
ny - 1
VvV =
ne - I

Dispersion can be determined by measure-
ment of refractive indices of the 1liquid

at the wavelengths of the F-, D-, and C-
lines by minimum deviation on a goniom-
eter using a prism-cell, or on an Abbe

refractometer making corrections for the
dispersion of the glass of its reference
prism. Considerably more convenient,
however, is use of an Abbe refractometer
equipped with Amici prisms, whereby a
measure of the dispersion is obtained in
the course of determination of np in
white light.

Central Hlumination (“Becke Line”) Technique

The so-called Becke line test of the
refractive index difference between frag-
ment and immersion liquid is carried out
in illumination consisting of a narrow
cone of 1light symmetrically about the
axis of the microscope. The fragment in
liquid is brought into sharp focus. (If
anisotropic, the fragment should be
placed in a position of extinction, then
the upper polar 1is withdrawn.) As the
focus is raised slightly, that is, as

distance between objective 1lens and
object is increased, a bright-line (the
Becke line) forms at the edge of the
fragment and moves toward the substance

of higher 1ndex. Thus, 1f refractive
index of the fragment is higher, the
Becke 1ine moves inward; if lower, it
moves outward. As the focus is raised
further, the 1line fades and the image
blurs. The basis for this fading and
blurring has been variously ascribed to
the crude lens effect of the solid frag-
ment and to total reflection of rays by
the very steep interfaces at the edge of
the fragment.

Determination of the refractive
index of the fragment becomes a matter
of finding the matching liquid in a set
of graduated index 1liquids. As this
matching liquid is approached in succes-
sive 1iquids, the Becke line noticably
weakens but, up to a point, may be made
more visible by stopping down the sub-
stage aperture iris diaphragm. In a
liquid near the match and with white
light for illumination, the edges of the
fragment take on faint colors. Atten-
tion to the quality of these faint dis-
persion colors enables one to recognize
a close approximation of the true match
(Emmons and Gates, 1948). A more exact




match may be established using monochro-
matic 1ight, such as that of the stan-
dard sodium line (589.3-nm wavelength);
when the index of the solid and liquid
are the same in monochromatic light, the
Becke 1line disappears completely, and
the fragment becomes invisible except
for flaws and inclusions.

If the host fragment is crowded
with inclusions, precise results are not
attainable by the Becke line method, for
as the matching 1liquid is approached in
successive mounts, the still strong
Becke 1ines of the <crowded inclusions
coalesce to form a single bright 1line
that prevents recognition of the fading
and disappearance of the Becke line of
the host. A further difficulty, pos-
sibly related, arises from the so-called
"spurious Becke 1line," a 1ight line that
moves opposite to the true Becke 1line.
This situation is often encountered with

fragments  having appreciable 1light
absorption (body color) or unfavorable
fragment contour. Here at best one

finds only a broad minimum in the inten-
sity of the light lines through a series
of adjacent immersion Tiquids, leaving
in question the refractive index of the
true match.

Oblique illumination (Schroeder van der Kolk)
Technique

The oblique illumination technique,
details of which are given in most text-
books and in the excellent discussion by
Wright (1911, p. 92-95), is capable of
greater sensitivity than the Becke Tline
method. Briefly, to obtain oblique
illumination, the entering cone of light
is blocked on one side at the proper
level in the substage or in the micro-
scope tube to produce a sidelighting
effect that enhances the appearance of

relief (mismatch) of the fragment in
respect to the immersion 1liquid: one
edge of the fragment 1is highlighted

while the opposite edge is shaded. As

a general rule, the index of the frag-
ment is higher than the liquid if its
brighter side is toward the more bright-

ly illuminated portion of the field of

view, It 1s advisable, however, to

particular
system in

check the behavior of a
microscope and illuminating
this respect by use of a fragment of
known index in a 1liquid of known direc-
tion of mismatch.

In white light, as the indices of
liquid and fragment become more nearly
equal in successive mounts, the apparent
relief of the fragment decreases. At
match, one edge of the fragment is
bluish and the opposite edge reddish.
One Tearns to recognize the diagnostic
shades and intensities of colors that
are obtained on either edge when a match
has been reached, keeping in mind that
the quality of the colors is affected to
some extent by the natural body color of
the fragment as well as the spectrum of
the 1ight source. The match point is
more precisely defined with monochro-
matic illumination, for at match the
fragment completely disappears except
for flaws and inclusions. In order to
cancel disturbing effects due to differ-
ences in shape of opposite edges of the
fragment, it is helpful to observe the
fragment at the one position of the
microscope stage, then rotate the frag-
ment 180° on the stage and observe it
again to confirm that the relief effect
is in the same relation to the Tlighter
side of the field.

Dispersion Coloration Technique Using Central
Focal Masking

This method is rapid and in large
part free of misleading effects such as
the "spurious Becke line" encountered in
the central illumination method. Al-
though the precision of this method is
somewhat less than that of oblique mono-
chromatic illumination, it is quite ade-
quate for purposes of crystal identifi-
cation. In addition to its value for
determination of refractive indices, the
method enables rapid distinction between
different mineral species in a frag-
mental mixture and determination of the
kind and amount of undesired constitu-
ents in a product at successive stages



in a purification process. Details of
the method and its variants may be found

in descriptions by Cherkasov (1960),
Wilcox (1962, 1983), Brown and McCrone
(1963), Brown and others (1963), and

Hartshorne and Stuart (1970, p.
Similar color effects are obtained in
the "Grenzdunkelfeld" technique describ-
ed by Schmidt and Heidermanns (1958) and
in the early "dispersion staining" tech-
nique of Crossmon (1948). In the two
latter techniques, however, some Tlight
rays traverse the fragment at an appre-
ciable angle to the axis of the micro-
scope, leading to possible inaccuracies

when working with strongly anisotropic
substances.

437).

The immersion mount is 1illuminated
by a narrow beam of ordinary white
light, produced by severely restricting
the substage aperture diaphragm. With
a small opaque dot mask installed in the
objective near the focal point, the
image of the fragment appears on the
dark field in a color that indicates the
degree of match or mismatch with the

immersion 1liquid. These wuseful color
effects result from the appreciably
greater dispersion of the 1liquid over

that of the solid of similar refractive
index. Thus in figure 1, the refractive
index of the glass matches that of the
liquid for light of wavelength near that
of the D-line (5893 R or 589.3 nm) but
is progressively less than that of the
liquid at shorter wavelengths and great-
er at longer wavelengths.

The critical color effects begin to
appear as the index of the immersion
1iquid approaches to within about 0.01
of that of the fragment, depending on

the relative dispersive strengths of
fragment and 1liquid. In 1liquids of
index outside this range in either

direction, the fragment edges are imaged
brightly in the color of the source
light. To determine whether to go to a
1iquid of higher or lower index, one
simply observes the movement of the

single strong Becke 1line as the focus
is raised.

Under the microscope a fragment
immersed in a matching liquid and illu-

minated by a thin beam of white light
refracts the various wavelengths differ-

ently (fig. 2). Light beams of a wave-
w
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Figure 1. Dispersion of the refractive index of a typical

inorganic solid compared to dispersions of successive
members of a typical set of organic immersion liquids.

length close to the standard yellow
wavelength, 589.3 nm, are blocked by the
opaque dot at the focal point of the
objective, while beams of shorter wave-
lengths (more blue) and of longer wave-
lengths (more red) bypass the opaque dot
and combine again to form an image of
the fragment edges in deep violet color.
This violet image is the combined effect
of the spectral colors remaining after
the band near the yellows has been sub-
tracted. The field of view is otherwise
dark, because beams not passing through
inclined surfaces of the fragment edge
are also blocked by the opaque dot. By
raising the focus slightly, a red out-
line of the image moves inward and a
blue outline moves outward. (These, of
course, are the Becke lines for light of
the respective wavelengths.)

From figure 1 it can be further
deduced that, in a 1liquid of slightly
lower index, say by 0.002, the edges of
the fragment would be seen as noticeably
richer in reds; in this case a band in

the blue-green would have been sub-
tracted. Similarly the edges of the
fragment in a 1liquid higher by 0.002

would be seen as richer in blue.



Table 1 gives word descriptors of
the colors seen 1in different situa-
tions. Each person should learn the
color of the match as seen by eye, how-
ever. To this end, one may make a mount
of a solid in a 1liquid as <closely
matched as can be judged by inclined
illumination (described above) using
monochromatic sodium-D illumination, then
change to central focal masking illumina-
tion to observe and fix in mind the
quality of color seen at the match.

Techniques of Higher Precision

Very precise determination of re-
fractive indices beyond the third deci-
mal place is seldom required for identi-
fication of wunknown minerals. Should
greater precision be desired, for
instance in the characterization of
newly discovered minerals or in applica-
tions to crystal structures, a number of
techniques are available, each of which
requires special auxilliary equipment.
Perhaps the most rapid of these is the
wavelength-variation method introduced by
Wherry (1918), Posnjak and Merwin (1922),
and extended by Emmons (1929, 1943). A
precision of +,0001 refractive index is
estimated for this method, as refined by
Morse (1968) using a convenient substage
variable interference filter and immer-
sion liquids for which dispersion
strengths have previously been deter-
mined. A further extension of the method
enables determination of members of an
isomorphous series, such as the plagio-
clase series, for which dispersion char-
acteristics are also known.

Sueno (1933) and Micheelson (1957)
use wavelength-variation techniques,
adding glass powders of precisely known
index to the immersion mount of the un-
known substance to act in the role of
refractometer, thus eliminating the
necessity of temperature correction. In

the double-variation method of Emmons
(1929, 1943), both wavelength and tem-
perature are changed at will to match

solid and liquid at several wavelengths,
enabling one to determine not only the
refractive index of the solid at the D-
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Figure 2. Formation of violet image (spectrum minus
yellow band) of a fragment whose refractive index
matches the liquid for the yellow band of wavelengths of
light.

line, but also the dispersion curve.
For greater sensitivity in determination
of the index match between 1liquid and
immersed solid, Saylor (1935) developed
a double-diaphragm mask for the micro-
scope objective and substage. Used with
an ultrasensitive stage refractometer
(Saylor, 1966), this mask enables pre-
cision to the fifth decimal place 1in
determining the refractive index. Chao
(1976) attains precision to the fourth
place by interference microscopy.

Determination of Refractive Index of Optically
Isotropic Substances

Light in an optically isotropic
substance can vibrate in all directions
in a plane perpendicular to its direc-
tion of transmission, and the refractive



Table 1. Dispersion colors observed at edges of fragments on dark field with

central focal masking technique
[Modified from Cherkasov, 1960]

Observed color

Refractive
Matching Raising focus index
wavelength At np of
(nm) focus solid is
Moving Moving
in out
660 bright (none) bright
greenish greenish
blue blue less
625 sky blue (none) sky blue than
600 blue faint greenish liquid
dark blue
red
589 DEEP WEAK STRONG SAME AS
VIOLET RED BLUE LIQUID
575 purple red blue
540 reddish orange- bluish- greater
purple red violet
505 orange- orange weak
red blue than
violet
480 orange yellow weak
violet liquid
465 bright bright (none)
gold gold




index 1is the same regardless of the
directions of passage and vibration.
Hence the refractive index of such a
substance may be determined in a
straightforward manner by making a
series of 1immersion mounts of randomly
oriented crushed fragments to find the

matching 1iquid. Having found the liquid
that matches the fragments, an appro-
priate correction for the temperature may
be applied, as outlined in the section
entitled "Immersion Liquids."

Determination of Refractive Indices of Anisotropic
Substances

Light traveling in an anisotropic
substance 1is polarized, that is, its
vibrations are confined to two direc-
tions that are perpendicular both to
each other and to the direction of
transmission. Refractive indices depend
on vibration directions and may vary
between limits set by the extreme values
of the principal refractive indices,
determinations of which are necessarily
more involved than for an isotropic sub-
stance because the fragment first must
be properly oriented.

To aid in visualizing the behavior of
light in anisotropic crystals, one may
make use of the optical indicatrix, an
ellipsoid in which the length of a given
radius represents the refractive index
of the 1light wave vibrating in the di-
rection of the radius. Thus, the indi-
catrix of an isotropic substance is a
sphere. Anisotropic crystals may be
divided into two classes: uniaxial and
biaxial. The indicatrix of a uniaxial
crystal is an ellipsoid of revolution
(fig. 3A), having its axis (called the
optic axis) coincident with the crystal-
lographic symmetry axis c, perpendicular
to which is the circular section. Light
traveling in the uniaxial crystal at an
angle to the optic axis 1is polarized.
One wave (called the ordinary or 0 wave)
vibrates in the plane of the circular
section and has a refractive index w,
which is represented by the radius of
the circular section. The other wave
(called the extraordinary or E wave)
vibrates at right angles to that of w

(fig. 3A) and has a refractive index €'
which is represented by the radius of
the ellipsoid 1in vibration. The index w
js called the ordinary principal refrac-
tive index, and €' s called the extra-
ordinary refractive index. The extreme

value of €', obtained when light travels
perpendicular to the optic axis, is
designated as e, the extraordinary
principal refractive index.l Note that,

in this case, the other polarized wave
again has w as 1its refractive index.
Light traveling parallel to the optic
axis is not polarized and has the ordi-
nary principal refractive index w.
Crystals in which ¢ is greater than w

are saic to be optically positive (the
indicatrix is a prolate ellipsoid, such
as that of fig. 3A). Where ¢ is the
lesser index (an obTate ellipsoid), the
crystal is said to be optically nega-
tive.

The optical indicatrix of a biaxial
crystal (fig. 3B) dis an ellipsoid in
which the three unequal symmetry axes
represent the principal vibration direc-
tions X, Y, and Z of 1ight for the three
principal refractive indices: a, the
lowest; B8, intermediate; and v, the
highest,2  Such an ellipsoid has two
circular sections, the normals to which

here are called the optic axes. These
axes define the optic plane, and the
angle between them is the optic angle

2V. Tha optic plane
cipal vibration directions X and 7 as
bisectrices of the optic angle. The
crystal is said to be optically positive
when 2V is acute about Z and optically
negative when 2V is acute about X.

includes the prin-

10ther  symbols  for refractive

indices wused 1in some publications are,
for w: n ., ny, n0, or merely O,
for e:  n_, ng, nE, or E.

20ther symbols used in some publica-
tions are,

for a:  n,, ny, np, or merely X,

fcr 81 nB, ny, Ny, or Y,

fer y: ny, nz, ng, or Z.
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Figure 3. Indicatrices of anisotropic crystals. A, Uniaxial positive (a prolate ellipsoid of revolution, w<e). B, Biaxial positive

(2V,<90°).

Light traveling parallel to an
optic axis vibrates in the circular sec-
tion, is not polarized, and has B as its
refractive index. (Although optic axes
are customarily shown in the indicatrix,
as in figure 3, it should be kept in
mind that they really represent direc-
tions of travel and that the correspond-
ing fundamental vibrational elements are
the circular sections.) Light traveling
at an angle to the optic axes is polar-
ized into two waves vibrating at right
angles to each other. One wave vibrates
in the dihedral angle of the circular
sections that includes the bisectrix X,
and in the general case it has refrac-
tive index a', a nonprincipal index
between o« and B. The other wave vi-
brates in the other dihedral angle that
incTudes the bisectrix Z and has refrac-

tive 1index y' between Yy and 8. Light
traveling parallel to a symmetry plane
of the indicatrix, XY, XZ, or YZ, will

. 10

have one wave with a principal refrac-
tive index, vy, B, or a, and generally
ally the other wave with a nonprincipal
index. Light traveling paraliel to a
symmetry axis X, Y, or Z will have both
waves with principal refractive indices.

As can be seen from the foregoing

discussion, to determine a principal
refractive index of an anisotropic
crystal by the immersion method, the
crystal fragment must be oriented so

that the plane-polarized 1ight from the
polarizer of the microscope vibrates
parallel to the corresponding principal
vibration direction 1in the crystal. In
practice, one has a choice of (1) the
"method of random grain mounts," in
which properly oriented fragments are
sought in successive immersion mounts of
multiple fragments, (2) the coated-slide
technique, in which one seeks properly
oriented fragments among the scattered
fragments held on a thin film of adhe-



sive on a slide and then changes liquids
as necessary to reach a match, or (3) a
method wherein single fragments are
mounted on a spindie for orientation so
that each principal refractive index can
be determined in its vrespective posi-
tion.

The method of random grain mounts.
--This~  method, described 1in varying
detail 1in textbooks, 1is carried out
using Tloose-grain mounts in a chosen
succession of immersion 1liquids. It
needs no special auxiliary equipment but
does require a thorough and logical pro-
cedure to ensure useful results in a
reasonable time. The first step is to
examine the behavior of the interference
figures of a series of grains in a pre-
liminary immersion mount to ascertain
whether the unknown is uniaxial or bi-
axial., If uniaxial, every grain should
show the w-index at one or the other ex-
tinction position; one may, therefore,
make a series of mounts in liquids lead-
ing to a match of w. In another series
of mounts, the other principal index, €,
is to be sought from grains showing
highest interference <colors, the cor-
rectness of the orientation being con-
firmed finally by the interference
figure, which should be a symmetrically
behaving flash figure.

For a biaxial substance, successive
mounts may be made to match the index
of grains that show very 1littie or no
interference color on the rotation
between crossed nicols. This index is
B, confirmed by a centered optic axis
figure. Proceeding next  through a
series of mounts of progressively lower
index and observing fragments showing
relatively high interference colors,
the extreme low index is sought; this
will be the principal index, o, con-
firmed by an interference figure sym-
metrical about the crosshair that is
perpendicular to the vibration direction
of the polarizer. Helpful details in
the use of such symmetrically behaving
interference figures in this procedure
are given by Slawson and Peck (1936) and
by Stoiber and Morse (1972, p. 188-198,
211-214). (See also discussion in sec-

tion on "Spindle Stage," below). Simi-
larly, the highest index, vy, is sought
in grains showing high interference
colors in mounts of index successively
greater than B, again confirmed by the
appropriately symmetrical interference
figure.

If the unknown has marked cleavage
oblique to the principal vibration
directions, the chances are much reduced
of finding fragments oriented suitably
for determination of all principal
refractive indices. Further, if the
crushed sample contains two or more sub-
stances of overlapping optical proper-
ties, the wunsophisticated or impatient
investigator may settle on a set of
totally misleading principal refractive
indices and birefringence for the unknown
"substance.,"

The coated slide technique.--In this
technique, fragments of the unknown are
scattered over a glass slide thinly
coated with tacky material, such as gel-
atin  (Jlcott, 1960), thermal-setting
epoxy (Langford, 1962), thick water glass
(Lindberg, 1944), quick setting epoxy, or
other colorless adhesive not affected by
immersion 1iquids. Having once located
a suitably oriented fragment by use of
interference figures, the Tliquids can be
changed to find the match for the respec-
tive principal refractive index without
loss or disturbance of the fragment. In
many cases, this is a considerable im-
provement over the method of random
loose-grain mounts, in that new fragments
need not be sought for each change of
1iquid. But this technique suffers also
from the hazards and uncertainties
arising when the unknown is composed of
two or more substances of overlapping
optical properties.

Spindle Stage

Most satisfactory for entry into
the identification tables is a complete
set of pasic optical data from the un-
known crystal  fragment. For their
determination, the spindle stage is well
suited, enabling determination of all
principal refractive indices as well as

11



optic angle and relation of optical sym-
metry axes to cleavage.3 A succession
of fragments should of course be exam-
ined to establish the range of optical
properties of the unknown mineral and
whether the sample is composed of more
than one mineral species. Procedures
for the use of the spindle stage are
given by Rosenfeld (1950), Wilcox (1959),
Wilcox and Izett (1968), Hartshorne and
Stuart (1970), Bloss and Light (1973),
and Bloss (1981). The essentials will
be outlined in the following.

To carry out the determination on
the spindle stage, the crystal fragment
is cemented on the tip of the spindle
and placed on the base plate (fig. 4)
attached to the stage of the microscope.
With the fragment in the transparent
immersion cell, orientation 1is accom-
plished by rotation about the horizontal
(spindle) axis and vertical (microscope)
axis. At the orientation for each prin-
cipal refractive index, immersion liquids
are changed successively to arrive at the
match.

The adhesive for mounting the frag-
ment must be insoluble in the immersion
1iquids, and ordinary water-soluble car-

penter's glue works well for this if
mixed with an appropriate amount of
molasses, corn syrup, or similar sub-

stance to lengthen its period of tacki-
ness. The mineral fragments, crushed to
a convenient size (usually less than
0.2-mm diameter), are viewed under a
stereomicroscope, and the desired frag-
ment is  isolated. The tip of the
spindle is touched to a drop of the
adhesive, then brought into the field of
the stereomicroscope, holding the spindie
as nearly vertical as practical and bare-
1y touching it to the fragment (fig. 5A).

3The universal stage (Emmons, 1943)
also enables determination of these diag-
nostic properties to a high precision but
requires an array of peripheral equipment
as well as a much greater expenditure of
time.
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Figure 4. Spindal stage (modified from Wilcox, 1959).

With the fragment clinging to the spindle
tip, the mount may be breathed on gently,
whereupon the moisture-sensitive adhesive
flows onto the fragment to hold it more
securely. (Care must be taken, however,
not to moisten it so much that the adhe-
sive completely coats the fragment.) If
the fragment is out of line, as in figure
58, it may be gently nudged with a dis-

secting needle while viewed under the
stereomicroscope to move it into the
axis of rotation of the spindlie (fig.

5C).

~  After allowing a minute or two for
the adhesive to set, the spindle with
fragment thus randomly mounted s
clamped in the groove of the base plate,
then pushed forward to insert the frag-
ment into the immersion cell, and the
small scale for the spindle arm is put
in place. A trial immersion 1liquid is
introduced at the front end of the cell,
into which it moves by capillary action.
Under low power, the image of the frag-
ment is brought to the crosshair inter-
section by shifting the base plate.
Liquids can be changed by holding a tab

of blotting paper at the rear of the
cell along the shank of the spindle
(fig. 6). After the old 1liquid is



Objective

Spindle

|
' Adhesive
S— Fragment

Figure 5. Technique for mounting the
fragment on spindle: A, The spindle
with adhesive is touched to the
fragment. B, Fragment out of line.

C, Fragment nudged into line with the
spindle axis.

Figure 6. Withdrawal of liquid from immersion cell
using absorbent paper.
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removed, the new liquid is introduced at
the front of the cell as before. This
operation should be repeated once to
flush out old 1iquid trapped in the cell

and once again if the index change is
large.
Orientation of the fragment for

index determination may be carried out
conoscopically (Wilcox, 1959, p. 1277),
enabling at the same time an overview of
other optical properties such as optic
angle and optic sign. If the fragment
is too small or if interference figures
cannot he obtained, the somewhat more
time-consuming  orthoscopic procedure
(Wilcox, 1959, p. 1281; Bloss and Riess,
1973; Bloss, 1981) can be used.



For a biaxial crystal, the correct
orientation for dindex comparison is
recognized conoscopically by an inter-
ference figure having bilateral symmetry
along the crosshair perpendicular to the
plane of the polarizer, as pointed out
by Slawson and Peck (1936). Typical
examples are shown in figure 7, in which
the polarizer 1is NS. For any randomly
mounted fragment, there are three orien-
tations (within the upper hemisphere of
rotation) that satisfy this criterion
and at which the respective principal
refractive indices are to be determined.

It is advantageous to start with the
orientation for g, that is, the orien-
tation where the optic plane isogyre is
symmetrically disposed along the EW
crosshair. This isogyre 1is recognized,
even before reaching the symmetrical
setting, by its ‘“counterrotating" be-

havior (Stoiber and Morse, 1972, p. 122,
172) or by the presence of the melatope
itself, about which the isogyre pivots.

With this isogyre symmetrically along
the EW crosshair, the settings of
spindle stage arm and microscope stage,

at which g is to be determined, are
recorded.
One then proceeds toward the set-

ting for the next principal index by
small rotations about the spindle axis
followed by compensating rotations on
the microscope stage to keep the one
isogyre always well within the field of
view. Eventually another symmetrical
interference figure must be encountered,
with an 1isogyre lying either along the
EW crosshair, which is the desired set-
ting, or along the NS crosshair, in
which case the desired setting is made
by rotating 90° on the microscope stage.

The accessory plate may be used to
establish whether it is the vibration
direction of « or y that is now NS, and

the readings of spindle arm and micro-
scope stage are recorded., One proceeds
in the same manner to establish the set-
ting for the third principal index.
Converting now to orthoscopic illumina-
tion and a lower power objective, the
index of the 1liquid 1is compared with
each of the three principal indices at
its respective setting by means of one
of the index comparison techniques out-
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Figure 7. Examples of typical isogyre configurations to
be seen when a principal vibration direction is horizontal
EW; that is, when the crystal is oriented for comparison
of the corresponding principal refractive index with the
immersion liquid (polarizer NS).

lined in earlier sections. Liquids are
changed accordingly to find the matching
liquid for each index and, after cor-
recting for temperature, the principal
refractive indices are recorded.

The procedure for a uniaxial
tal is somewhat simpler, once having
established from an optic axis figure
that it is indeed uniaxial. Here one
simply places an isogyre along the EW
crosshair and, by incremental rotations
of spindle and stage, "follows" this
isogyre to the flash figure, The vibra-
tion direction of w is now NS and, con-
verting to orthoscopic illumination at
this setting, w may be compared with
the 1iquid. Rotating 90° to the other
extinction position similarly permits €
to be compared with the Tiquid.

crys-

Birefringence

The difference between the extreme
principal refractive indices, a and vy,
or w and €, ordinarily referred to as
the birefringence of the mineral, is
very helpful in identification. Bire-
fringence is especially useful for iden-
tification of an unknown that is a
member of an isomorphous series, for
birefringence usually remains within
relatively narrow limits while the
refractive indices may have a wide range.



In routine immersion work, bire-
fringence is wusually taken as the dif-

ference between the already measured
values of y and a, or of w and e.
Lacking these measurements, it can be

estimated from the order of interference
color observed between crossed polars,
giving due consideration to the orienta-
tion and the probable thickness of the
fragment. (This approach, of course, is
the basis for rapid recognition of many
minerals in thin section, where the
thickness is known.) Maximum birefrin-

gence may also be determined on the
spindle stage, following the suggestion
of Fisher (1960, p. 87), by mounting

the fragment on the spindle so that the
optic plane can be made horizontal
(flash figure), in which position the
maximum retardation, R, is determined at
the point where thicknesses is greatest
using a compensator.4 That thickness,
t, is measured with the ocular microm-
eter after rotating the fragment 90°
about the spindle axis to show it in
profile. Birefringence, B, is then B =
R/t.

41f the optic plane of the randomly
mounted fragment is oblique to the
spindle axis, it cannot be made hori-
zontal by simple rotation about the
spindle axis. With practice, however,
it is not difficult to correct the posi-
tion of the fragment by (1) rotating the
optic plane to verticality, (2) noting
the angle of the optic plane with the
spindle, (3) withdrawing the spindle,
(4) dipping the spindle tip in solvent
to remove the oil, (5) breathing gently
on the mount to soften the adhesive, and
finally (6) under the stereomicroscope
with a dissecting needle, nudging the
fragment the estimated amount necessary
to place the optic plane in line with
the spindle.
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Optic Angle and Optic Sign

The optic angle, usually designated
as 2V, 1is the angle between the two
optic axes (see fig. 3). A statement of
the numerical value of the angle is not
complete without an indication of optic

sign. A positive optic angle may be
shown, for example, as (+)2V=47°, 2V,=
47°, or 2Vy=47°. The size of the

optic angle can be calculated from the
relationships among the three principal
indices of refraction or can be measured
independently, thus offering a means of
checking on the consistency of the mea-
sured values of principal refractive
indices.

Calculation of Optic Angle

The relation of optic angle to the
principal refractive indices may be ex-

pressed as
2 2
= o /S x° - B~
2V, = 2 arc cos 5 T2 (1)
where 2V, 1is the angle between the two

optic axes across the bisectrix Z. A
simpler approximation,
2V, = 2 arc cos ¢/ Y =B (2)
- o
is accurate within a degree or two if
the optic angle or birefringence is
not too high (see also Wright, 1951;
Tr8ger, 1952).
Convenient nomograms based on the

exact equation (Mertie, 1941) are repro-
duced by Bloss (1961, p. 158) and by
Hartshorne and Stuart (1970, p. 393, and
folding plate). Knowing any three terms
of equation (1), the fourth term may
quickly be determined from the nomogram.
Thus, it is easy to determine not only
the nominal value of 2V, but also the
range of uncertainty due to the esti-

mated inaccuracies in the refractive
index determination, as illustrated by
the example in table 2 (see also



Table 2.

Range of calculated optic angles, taking into account a possible

+.001 error of refractive index determinations

2V by 2V by 2V by
a 8 Y exact approx. nomo-
formula formula gram
Measured refractive
indices (+.001) 1.534 | 1.545 | 1.560 | (+)81° 46" (+)81° 10 (+)82°
Lowest worst case 1.535 | 1.544 | 1.561 | (+)72° 40' | (+#)72° 10*' | (+)73°
Highest worst case 1.533 | 1.546 | 1.559 | (+)89° 24' 90° 00' | (+)89°
Range, lowest to highest 16° 44! 17° 50' 16°
Willard, 1961). Obviously it 1is more correction + 0.6
realistic and informative to state the Corrected calculated
calculated value as (+)2V.5371,=82°%8° than optic angle, 2V,= 59.3°,

to imply an unjustifiable precision, such
as (+)2VCa]c=81°46l .

An approximate value of optic
angle, quite adequate for much work, may
be obtained from figure 8A. This nomo-
gram is based on equation (2) using the
form proposed by Tr8ger (1952). Like
Trdger's nomogram, 1its error is con-
siderably less than the error resulting
from the wusual uncertainties in the
determination of the principal refrac-
tive indices themselves, especially for
minerals of low or moderate birefrin-
gence, Should high birefringence
justify refinement, a correction, to be
added algebraically to the approximate
value, may be obtained from figure 8B.

As an example, using the following

measurements of a specimen of augite:
a=1.680+0.001 y-8=0.019
B=1.686%£0.001 y-a=0.025

2V, (measured)=61°+2°

v=1.705£0.001 1=8_0.760
'Y"OL

From fig. 8A:
approximate 2V',=(+)58.7°
From fig. 8B:
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compared to value obtained from equa-

tion (1): 2V, (calc)=59.2°t11°,
Similarly, for a specimen of
hastingsite:
a=1.653+0.001 y-8=0.010
B=1.665+0.001 y-a=0.022

2V, (measured)=80°+2°

v=1.675:0.001  YT5=0.455
From fig. 8A:
approximate 2v',=(-)84.8°
From fig. 8B:
correction
Corrected calculated
optic angle, 2Vy=
compared to value

+ 0.6°

84.2°,
obtained from equa-

tion (1): 2Vy (calc)=84.2°+10.5°.

This relation between optic angle
and the three principal refractive
indices provides a useful test of the
internal consistency of the measured
results. If the value of optic angle
calculated from measured o, B, and vy

is not in reasonable agreement with the
optic angle, there must be an error in
one or more of the measured values, and
a recheck is in order. For tables 6 and
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Figure 8. Nomogram for determination of o

Add algebraically to approximate optic angle

ptic angle from ratio of partial birefringences, 1B 4, Approximate optic
angle. B, Correction to be added algebraically. Yo

7, this test has been run on the data as
reported; where agreement is poor, the

calculated value of optic angle has been
inserted in

parentheses below the
reported optic angle as a cautionary
signal. Also shown in the parentheses

is a tolerance angle based on

assumed
"worst case errors of *1

significant
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figure in the values reported for prin-
cipal refractive indices.b

SUnfortunately few data in the
literature are accompanied by estimates
of error. The "worst case" assumed
here may err on the side of charity for
many of the reported data and may be
too pessimistic for others.




Measurement of Optic Angle

means available to
of crystal frag-
mounts are the

Among several
measure optic angles
ments in immersion
following:

(1) direct measurement conoscop-
ically on the universal stage or spindle
stage by placing the optic plane perpen-
dicular to the rotation axis, then rotat-
ing from one melatope to the other across
an identified bisectrix. Somewhat 1less
reliably (Fairbairn and Podolsky, 1951),
the optic angle may be determined by
doubling the angle of rotation from one
melatope to a bisectrix;

(2) measurement of the angle
between stereographically plotted optic
axis positions, as determined conoscop-
ically by an extension of Mallard's
method on the spindle stage (Wilcox and
Izett, 1968; Noble, 1968);

(3) stereographic plotting of a
series of orthoscopic extinction posi-
tions, determined on the spindle stage,
from which the unique positions of the

optic axes may be inferred (Wilcox,
1960; Tocher, 1962; Bloss and Reiss,
1973; Bloss, 1981). This procedure is

analogous to the Berek-Dodge Method for
universal stage (Emmons, 1943, p. 28),
without requiring corrections of rota-
tions.

Whatever the method of determining
the optic angle, the identity of the

acute bisectrix, X or Z, must also be
determined to establish the optic sign.
Direct measurement of optic angle by
rotation from one optic axis to the other
is of course to be preferred when the
situation permits. On the wuniversal
stage, the optic plane may be brought
directly into position for the rota-
tional measurement, to which are applied
corrections for index difference between
mineral and hemispheres. On the spindle
stage, the fragment may be nudged into
position after the adhesive has been
softened, and no correction to the rota-
tional measurement is required. All
three methods provide greater accuracy
than can usually be obtained by calcula-
tion of optic angle from principal
refractive indices, particularly for
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substances of low or moderate birefrin-
gence.

Estimation of Optic Angle and Determination of
Sign

one may use the

For rough work,
(1911, p.

method developed by Wright
168) to obtain an estimate of optic
angle. This requires an optic axis
interference figure, that is, a melatope
near the center of the conoscopic field,
and judgment of the curvature of the
isogyre when the optic plane is at 45°
to the polars. The dark band of the
isogyre is distinctly curved for small

optic angles and straight diagonally
across the field for optic angles
approaching 90°. Estimates of optic

angle to within about 10° can be made
using figure 9, modified from Wright's

Figure 9. Curvatures of superimposed isogyres for cen-
tered optic axis figure of optic angles 20°, 40°, and 80°
(after Wright, 1911).



(1911) composite of superposed isogyres,
keeping in mind that objectives of
higher numerical aperature will display
a  greater length of disogyre (see
Winchell, 1965, p. 11). Determination
of optic sign is made on the same inter-
ference figure by placing the optic
plane in the diagonal position parallel
to the vibration direction of the slow
ray (high index) of the inserted acces-
sory plate. For an optically positive
crystal, insertion of the plate raises
the retardation color on the concave
side of the isogyre at the melatope.b

When both melatopes 1lie symmetri-
cally disposed in the conoscopic field,
one may use Mallard's method sensu
stricto, on the basis of separation of

the melatopes (Johannsen, 1918). When
the melatopes are not symmetrically
disposed, one may still estimate the

size of the optic angle by comparison of
their separation with the total diameter
of the conoscopic field of known angular

aperture, With one melatope and a
bisectrix in the conoscopic field, the
half-optic angle can be estimated in a

similar manner but with reduced preci-
sjon. When both melatopes 1ie outside
the conoscopic field of a near-centered
bisectrix figure or flash figure, the
optic angle may be estimated roughly by
the amount of rotation of the microscope

stage that is required to move the iso-
gyres from the crossed position to a
certain radial distance representing a

known angular aperture (Johannsen, 1918,
p. 472; Kamb, 1958). Inasmuch as it is
the darkest band of the diffuse and

6To avoid misreading the direction
of curvature, especially for a crystal
of large optic angle, a setting is first
made with the isogyre parallel to (not

necessarily on) the NS crosshair. The
stage is then rotated exactly 45° to
read the curvature of the isogyre. The

farther the melatope from the center of
the field, of course, the smaller is the
length of isogyre available on which to
estimate curvature and, in general, the
less precise is the estimate.
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varying isogyre that must be set at the
reference radial distance, the latter is
best chosen well within the field rather
than at the extreme outer edge, as done

in the theoretical treatment by Kamb
(1958). A useful discussion of this and
other conoscopic methods is given by

el-Hinnawi (1966, p. 114-136).

Dispersion of the Optic Axes

If the directions of the optic axes

change with wavelength, the mineral is
said to have dispersion of the optic
axes, a characteristic often helpful in

distinguishing it from otherwise similar
minerals. This property 1is included in
the tables together with the nominal
value of 2V for the standard yellow
light. For example, for the biaxial
positive minerals (table 6), wavellite
at B=1.524 shows 2V, as "60°, r > v wk,"
meaning that the optic angle for red is
slightly greater and for blue slightly
less than the 60° for yellow.

Dispersion of an optic axis may be
recognized in white 1light illumination
using a near-centered optic axis figure
with the optic plane 45° to the polars.
Because the melatope for each wavelength
(color) is a point of no illumination
and because these melatopes are now
slightly spread out along the trace of
the optic plane, the melatope for the
red wavelengths 1is represented by a
bluish color, while that for the blue
wavelengths is represented by a reddish
or, more commonly, brownish color. Thus,
if the concave side of the isogyre is
seen as bluish and the convex side red-
dish or brownish, it 1is concluded that
the optic angle for red is greater than
that for blue wavelengths, r > v.

Relation of Optical to Crystallographic
Directions

The orientation of the indicatrix
with respect to crystallographic ele-
ments, such as crystal axes, faces,
cleavages, and twin planes, can be of
much help in identification of an un-
known, particularly after the number of



candidates has been reduced to a manage-
able few on the basis of the observed
principal refractive indices, optic
angle, and sign., Firm establishment of
the relation of indicatrix axes to crys-
tallographic axes would require coordi-
nated optical and X-ray structural
investigation of the same crystal frag-
ment (see for instance Chao and Minkin,
1970). For many unknowns, however, much
can be inferred from the behavior of
interference figures of fragments 1lying
on a prominent cleavage (see for
instance Ehlers, 1980) and from such
readily determinable properties as
extinction angle and sign of elongation.

Extinction Angle

The extinction angle 1is the angle
through which the microscope stage must
be rotated to change it from a position
in which a specified crystallographic
direction is parallel to the crosshair
to the extinction position in which the
specified vibration direction is paral-
lel to the crosshair. The vibration
direction may be a principal symmetry
axis of the indicatrix, such as X or
Z, or, when the symmetry planes of the
indicatrix are oblique to the section,
merely an extinction position expressed
then as X' or Z'. If the extinction
angle is not given as such in tables 6

and 7, it often can be inferred from
the basic information provided in the
columns on "Optical orientation,"
"System," and "Cleavage." Helpful in
visualizing these relationships are the
admirable perspective sketches of typ-

ical crystals in Trdger (1979).
Extinction angles serve to distin-
guish between certain important minerals
or mineral groups, for instance, between
clinopyroxenes and clinoamphiboles using
the angle Z:c. Extinction angles serve
further to distinguish between members
in an isomorphous serijes, such as the
plagioclase series using X':a. On the
spindle stage the crystallographic
directions of a fragment may be inferred
by orienting and plotting the bounding
cleavage surfaces, from which the speci-
fied extinction angle can be read off

20

the stereogram. Alternatively the frag-
ment can be mounted with a recognizable
crystallographic zone axis parallel to
the spindle axis so that the extinction
angle can be read directly.

Sign of Elongation

The sign of elongation 1is positive
if a characteristic direction of elonga-
tion of the fragment or crystal is less
than 45° to the extinction position of
the slow wave (high index). A mineral
with two directions of good or excellent
cleavage will generally break into elon-
gate fragments. Thus, cleavage fragments
of most amphiboles show positive elong-
ation, since Z is at a low angle to c,
defined by the intersection of the exceT-
lent prismatic cleavages. For most
micas, both Y and Z 1ie in or very near
the plane of the one perfect cleavage,
so that cleavage flakes, viewed edge-on
in thin section or on the spindle stage,
show positive elongation. In  random
immersion mounts, of course, this rela-
tion is generally not seen because the
flakes lie on their cleavage.

Color and Pleochroism

The color of the hand specimen,
together with its luster, can be helpful
in sight-identification of some min-
erals. Caution is required here, how-
ever, because the color can be affected
appreciably by foreign inclusions,
internal flaws, fractures, or by varia-
tions of certain minor chemical constit-
uents. Under the stereo-microscope with
standard conditions of illumination,
small fragments may show characteristic
colors and lusters, enabling approximate

modal counts and removal of certain
species by hand picking.
In plane-polarized transmitted

1ight, the colors of small fragments are
diagnostic of certain mineral species.
Pleochroism, the change 1in color with
the change in direction of vibration of
the plane-polarized 1ight, is especially
useful in sight identification. Pleo-

chroism 1is customarily described in



terms of colors observed for Tight
vibrating parallel to the respective
axes of the indicatrix: 0 and E for
uniaxial crystals and X, Y, and Z for
biaxial crystals., (Strictly speaking
for monoclinic and triclinic crystals,
however, the principal axes of the indi-
catrix do not necessarily coincide with

the principal axes of the "absorption
ovaloid." Clinopyroxenes provide an
example, for which a more consistent
convention was proposed by Hess (1949,
p. 632).)

Depth of color for 1ight transmitted
through fragments in immersion mounts

increases with the thickness of the frag-
ment, so that the intensities of the
observed colors may not correspond

strictly to the pleochroic colors listed
in tables 4-7. An added complication
may arise 1in immersion mounts due to
changes in dispersion colors or relief
with rotation of the stage, for either
may simulate pleochroism or mask a faint
body color. These disturbing effects
can largely be eliminated by swinging in
the substage auxiliary condenser to
flood the crystal with light. One must
keep in mind, however, the differences
in the spectral distribution of the
source illumination from one microscope

to another. In addition, one must be
aware of the subjective nature of the
descriptive terms used in the tables;

these terms might be interpreted differ-
ently by different observers.

CHAPTER IIl. IDENTIFICATION TABLES
(TABLES 3-7)

List of Abbreviations

L DL DD LI L crystallographic axis a
) Z S albite
T absorption
L [ acicular
L D et Akermanite
Y T Almandine
R e L PP LT alkaline
AMOr eeeccrcn e e recccccacaa— amorphous
ANeeceemccccmcaceeao Anorthite, Andradite
ANOM===emcmmmcrcc e e cnncncaae anomalous
bememmcccccmceaaas crystallographic axis b
[ R before the blowpipe
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biaXemm=- meeemeseseseceeceeem————— biaxial

biref-w-- - ——— birefringence, birefringent
o —— mmmm————- crystallographic axis ¢
Ol T Calderite
CalCemmmmmrcmemccccccccaccacaan calculated
chareee=-- mteemccmmccemmmee—————— character
Clymemmamne B cleavage
[0F { PR e Celsian
COlSmmmmanamcmccccccceccccnen—- colorless
COMpPemwremntammmmm e —n————————— composition
compd=--- T Y compound
conCdemm= memm—cmesseceemce——- concentrated
conch-w== R e LT L conchoida
cryptocrystecececccacaan cryptocrystalline
cryst---- P crystalline
Crystneeemameeccccaacaaaax crystallization
CUD=wecce e ccccccccneccncccccncnen cubic
deCevewe= ey decomposed
dehydeememecocncencanaccacanaaa dehydrates
deligewecmaceanan deliquesces, deliquescent
detde-=-- S determined
diffeem-- memm—————— difficult, difficulty
dilecmccccccccnmcccccnmcmccc e dilute
dispe==-- e dispersion
T dissolved
diStemea~ e distinct
dodemcmannn S dodecahedral
Facmmauaa O extraordinary wave
effeccecaniaaas effervesces, effervescence
efflemwnm mmemeeemem————————— efflorescent
lommceccmiccccccacccccocccnnen elongation
ENeceeececccanmcmcccccaccccceaax Enstatite
eXt=emmmmmremcmcmccecceca————a extinction
exXtrecemmne emeemmsmeceee———e—————— extreme
Fomcemmeanuononmmmcmeem———————— fusibility
Flomemmmanm- e Fayalite
fibemewmcccencccccaccaaaas fibers, fibrous
fluOrewecciccoccneccncccccacan=a fluoresces
FOmmmmmmmawenccccacccccacananx Forsterite
freeeemccctecccccacccccacccaccnax fracture
FSmmmmemccracccecaceccncscocnax Ferrosilite
fUS-ecemcniaccecencc e fusible
[cJ—— e specific gravity
GEe==me—cmteccccmcmccceccccesnan Gehlenite
L T gelatinizes
GO0=me--cecenmmcccecmcccccncnaa—— Goldmanite
Grececcccccacccsmccccecccne== Grossularite
grp===c--ecsmeecccccecccmecccca—anan group
R hardness
heX=mmemcemmammccecceaccccceaaax hexagonal
hyge-===-veonemmecaccaamcannnn hygroscopic
iMperfemcecamecacacoccecccaananan imperfect
iNs0lmmmcammmcccmcccmcccnacannas insoluble
iSOmOr=-eecencceccccccecccaan-" isomorphous
1SO0teemecaunercnccnccncnccccnnana isotropic



Knemeomeecccccccccmcnncacacas Knorringite

laMecmmmmeccmccccccecae lamellar, lamellae
M3SS~—wemmmccccccca e ccccncecaa—aa massive
MClommoemmeccccccccecccccccccee monoclinic
Mem e e Meionite
1171 S R medium
MiCeccenrcccccccccccencccnccnans micaceous
1170 LTSS moderate
I refractive index
NEJe-sec-ccccesmccecaccaccccsnncax negative
P ordinary wave
OCtemmmme e octahedral
Optecceecaccccccaaaanan optical, optically
Orecccceccccccccccccncccncccccca Orthoclase
Of(e=cceccccccccccncccccccacannaaa organic
Orthececc e ccccacaaas orthorhombic
PClececceccccccccccmcccmcccccccaan percent
penete-ecccmcmcmcaccccccacaca- penetration
perCeeeececcccccconcccncanans perceptible
1] o TSR perfect
[ T T plane
pleoC-=ccemcccaaaa pleochroic, pleochroism
POl Ymeemommcccccccccccccmaan polysnythetic
POS=cecccscccscscncmaccnnmncennan positive
PriSececececmcmcmcccccccccaaas prismatic
PSeccccccceccccccncmeccccccaocanan pseudo
Pyeeeeecececccncccccccccccccme e Pyrope
pPyriMeccecccccccccccccccncccanaa pyramidal
Femmaccccmcaccaa-" optic angle in red light
reCtesecccccecccmccncacccacaan rectangular
SePNecccccccrccccacceccccccnacax separation
SElecememceeccccceccce————— mineral series
SOlemmcm e ccccccmceemccccccaeaeaa soluble
SOl Neccccmccccaccccncnmcccccmcnna solution
Spemecmcccmcccocoscccccnccaa- Spessartite
spher-ceeececcecaa- spherulites, spherulitic
§(me=ccmmmccmcccccemccmmcemccmeean- square
Streeccrrcccccccccccccccccccceccaae strong
SYMMee=mmmecccecocamcccacancax symmetrical
SYNthecmm e ccccccmccccccceaeee synthetic
tab-ceccmccmm e cccc e tabular
| (o) NS IR triclinic
tetemeamacm e cc e tetragonal
tetrahe-cecccaccmccacccccaaa- tetrahedral
treccccem el trace
trigeeececccc oo cccecccccaeos trigonal
tWememcmccmmccccccccccccccccac—a- twinning
Ueeeeccececcccccenerecnccaceceeene- usually
UN1dX~wmeccecccccccccccccccnacaas uniaxial
UNKeoooomccccc e ccccccccmcacne unknown
UVmmmemcccccmmcccccmc e cmcc e Uvarovite
UVemm e ultra-violet
L Z . optic angle in blue Tight
Val-ecemccscmccnccccccccacaccnaaax variety

volateecemcccaccnaaacacaaaaaayolatilizes

L weak
Xy ¥y Zeococcaaaa vibration directions for
a, B, Y, respectively
2Vymmmmmmem e e cceee optic angle about X
A P optic angle about Z
----------------------- perpendicular to
|| ==mccccccmcc e parallel to
P e L LT PR BT greater than
L T L LTS PP less than
N mmeeseecccccccacaaaa near, approximately
L mmmmeeeecececcccanaaa plus or minus
001, 0011 --=ecee-- Miller symbols for all

faces of a form

(conventional braces

have been omitted)
D angle with
ay; By, Y ====-- lowest, intermediate, and
highest principal refractive

indices of biaxial crystals,

respectively

Wy € =eeeeeee- ordinary and extraordinary
principal refractive indices

of uniaxial crystals

Arrangement of Data

The minerals are divided among five
tables according to their basic optical
characteristics: jsotropic minerals,
including mineraloids and natural
glasses, are in table 3; uniaxial posi-

tive minerals are in table 4; uniaxial
negative minerals are in table 5;
biaxial and positive minerals are in

table 6; biaxial negative minerals are
in table 7. The mineral names generally
follow those of Fleischer (1983), and
the chemical formulas attempt to convey
the type of compounds and interchange-
able elements without necessarily indi-
cating lattice positions or other struc-
tural aspects.

In table 3 the isotropic substances
are listed in order of increasing
refractive index, n, shown in the second
column., In the "first column, titled
"Other entries," arrows with values of

refractive index indicate the next
higher or lower Tlisting of the partic-
ular mineral. Since the determined



value of refractive index of the unknown
will generally fall between those of the
representative entries of that mineral
in the table, it is essential to give
close attention to the indications of
index variation shown 1in this column.
Known variations of index too small to
justify separate entries are indicated
by square bracket symbols, with or
without numerical values. The lack of a
variability notation in this column
opposite a mineral name, however, does
not mean that variability does not
exist, rather merely that none was found
in published descriptions, a point to be
kept in mind especially for the 1lesser
known minerals of complex composition.

Next in table 3 are columns for
crystal "System and habit" and for
"Cleavage or fracture." Here note that
the conventional enclosing braces denot-
ing forms are omitted from the Miller
symbols because of space limitations.
The "Color" column indicates the color
of fragments in reflected 1ight. "Hard-
ness, specific gravity, and fusibility"
are shown in the next column, and
finally in the "Remarks" column are
given various additional helpful proper-
ties, such as optical anomalies, weight
percentages of selected oxides of the
chemical analysis, and behavior in chem-
ical tests. Dilute acids are understood
unless otherwise specified.

In tables 4 and 5 the uniaxial min-
erals are listed in order of increasing
values of the ordinary principal refrac-
tive index, w, with the extraordinary
principal index, €, given in the adja-
cent column. In addition to the proper-
ties already mentioned for table 3, the
"Remarks" column of tables 4 and 5 gives
information on twinning, sign of elonga-
tion, and pleochroism.

In tables 6 and 7, the biaxial min-
erals are listed in order of increasing
intermediate principal refractive in-
dex, B, with the values of a and v in
adjacent columns and with birefringence
in another column. (Parentheses around
an index or birefringence indicate a
value calculated from the reported value
of optic angle). The column for "2V"
gives the reported value of optic angle,
and if this value does not appear to be

consistent with the reported values of

a, B, and vy, the calculated value of
optic angle 1is given 1in parentheses,
along with a plus-or-minus tolerance

based on possible errors of one in the
last significant figure of the reported
indices. (No calculated values are
shown for minerals of low birefringence,

since here normal errors in index would
lead to wide variations 1in calculated
optic angle). Also shown is the

reported dispersion of the optic angle.
The column for "Optic orientation" gives
diagnostic relationships between indica-
trix symmetry axes X, Y, and Z, and
crystallographic axes, a, b, and ¢, as
well as extinction angle and sign of
elongation. The statement "el clv pos,"
for instance, indicates positive elonga-
tion as seen with steeply dipping cleav-
age.

Because of the variations of opti-
cal character, some minerals are listed
in more than one table. For example, a
normally isotropic mineral that is weakly
anisotropic in some occurrences may be
lTisted in both table 3 (isotropic min-
erals) and in the appropriate table for
anisotropic minerals. Furthermore, in
some isomorphous series the optic sign
may reverse due to progressively changing
relations between the principal refrac-
tive indices. The melilite group, for
instance, passes from optically uniaxial
negative gehlenite through "isotropic"
melilite to uniaxial positive akermanite
and thus s listed in three tables. In
the olivine group, the magnesium-rich
members are optically positive, but as
the Fe/Mg ratio increases the optic
angle passes through 90° near Fajgp and
the remainder of the series is optically
negative. In table 6 (biaxial positive
minerals), therefore, an olivine group
mineral is entered at B-values of 1.651,
1.664, 1.674, and finally at 1.680, at
which poirt a switch to table 7 (biaxial
negative minerals) 1is indicated by the
notation  1.680 ... Due to thermal
history or other factors, the cross-over
in an isomorphous series may not take
place precisely at the same value of B-
index in every case; so that, with an
unknown of observed optic angle near
90°, likely candidates should be sought
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in both tables near the measured value
of B.

Use of the Tables for Identification

In all cases, a systematic and
thorough procedure must be carried out,
and the following approach is recom-
mended: For an isotropic unknown, one
enters the table at the determined value
of refractive index and then examines
the other properties given for minerals
of index within a reasonable range above

and below the determined refractive
index. Unfortunately for isotropic
crystals there are no other optical-

crystallographic parameters easily mea-
sured under the microscope, so one must
depend heavily on cleavage, hardness,
solubility, and so on. Those minerals
that correspond to the unknown in these
respects should be listed and considera-
tion then given as to whether X-ray,
chemical analysis, or another approach
will be most effective in making the
final assignment of identity.

For an anisotropic unknown, after
having determined the values of principal
indices, birefringence, optic angle, and
optic sign, the following steps are
recommended:

(1) enter the appropriate table at
the determined value of w or 8.

(2) proceed both above and below
in the table for a distance of at least
0.020 difference in index, 1listing the
names of those minerals whose values of
birefringence and optic angle are in
reasonable agreement with those of the
unknown.,

{3) for each mineral so 1listed,
check the remaining columns for distin-
guishing properties, returning to the
microscope or the original sample as
necessary to make diagnostic tests and
crossing out each nonconforming mineral.

(4) for the remaining candidate or
candidates, consult encyclopedic optical
descriptions for further distinguishing
properties.

(5) confirm or complete identifi-
cation if necessary by X-ray and chemi-
cal analyses.

Examples

Example No. l.--is crushed material
from cTusters of clear, colorless crys-
tals in small 1lithophysae in rhyolite.
Fragments mounted on the spindle stage
show:

o 1.611+.001
B 1.614+,001
vy 1.622+.001

Entering the table for biaxial positive
minerals (table 6) at B=1.614 and pro-
ceeding toward lower and higher values
of 8, the following minerals seem reason-
able possibilities (keeping in mind that,
due to chemical complexity, some of them
may be expected to vary in index even
though it is not so indicated in the
"Other entries" column).

Y-a 0.011%,002
2V, 65°+2° measured

Looking at the characteristics
listed in other columns of table 6,
tuhualite can be eliminated at once on
the basis of its "dark blue to black"
color; probably wuranopilite ("bright
yellow, straw yellow") can also be elim-
inated. In a simple hardness test, par-
ticles of the unknown 1leave scratches
when rubbed between two glass slides,
showing that it has a hardness of 5 or
greater; this finding confirms the elim-
ination of tuhualite and uranopilite, and
also eliminates crandallite, uralborite,
and buchwaldite. Under the microscope,
the unknown appears to show one perfect
cleavage, casting doubt on stokesite,
which should show two cleavages. As a
test of density, particles of the unknown
in a drop of methylene iodide (sp gr 3.3)
on a microscope slide are seen to rest at
the bottom of the liquid; this eliminates
stokesite (sp gr 3.19), afwillite (sp gr
2.62) and cuspidine (sp gr 2.86-3.05),
all of which should float. The unknown
is found to be insoluble eliminating
hydrophilite, and is unaffected by acids,
eliminating latiumite, afwillite, cuspi-
dine, and uranopilite. This leaves only
topaz which possesses all the observed
characters of the unknown. According to
the variation diagram given by Winchell
and Winchell (1951, p. 509), the optical
properties would imply a high fluorine
variety of topaz.



Other Bire-
entries B fringence 2V,
Cuspidine 1.595 .012 62°
Hydrophilite 1.605 .012 med
Latiumite 1.606 .014 83°-90°
Crandallite 1.607 .013 70°-75°
Uralborite 1.609 011 85°
Topaz 1.610 .011 67°
Buchwaldite 1.610 .009 (?)
Tuhualite 1.612 .013 60°-70°
Stokesite 1.613 .010 70°
(UNKNOWN IN QUESTION) 1.614 .011 65° + 2°
+.001 +.002
Topaz 1.618 .009 61°
Afwillite 1.619 .015 55°
Stokesite 1.621 .012 70°
Uranopilite 1.624 .011 small to large
Topaz 1.631 .099 48°




Example No. 2.--In a crushed sample
of a “coarse igneous rock as seen under
the stereomicroscope, fragments of the
unknown are clear and faintly honey-
brown in color. Mounted on the spindle
stage they show the following optical
properties:

optical

82+.001

a 1.6
g 1.691+.001
vy 1.6

96+.001

Y-(! 0014t . 002
2Vx 70°t2° measured

(73°%17° calc)

Biaxial negative minerals of similar

properties

in table 7 within

about 0.020 of this B-index form an
extensive 1ist as follows:

Other Bire-
entries B fringence 2V,

Bustamite 1.675 .015 53°
Gerstmannite 1.675 .013 50°-60°
Ferroaxinite 1.676 .011 69°
Bronzite,

orthopyroxene 1.680 .011 79°
Tinzenite 1.681 .014 large
Manganaxinite 1.687 .014 75°
Lavenite 1.690 .016 68°
Chlorophoenicite 1.690 .015 83°
(UNKNOWN IN QUESTION) 1.691 .014 70° + 2°

+,001 +,002

Tinzenite 1.693 .010 med
Bronzite,

orthopyroxene 1.695 .015 69°
Bustamite 1.695 .015 43°
Arfvedsonite 1.695 .015 69°
Kempite 1.695 .014 med
Ferroaxinite 1.695 .011 70°
Ferro-richterite 1.699 .016 35° (68° + 15°)
Tinzenite 1.701 .011 63°
Barylite 1.702 .013 70°
Bustamite 1.708 .015 34°
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At the outset it would appear doubt-
ful that the unknown could be bustamite,
due to the fairly large discrepancy in
optic angle., This doubt is confirmed on
fragments of the unknown on the spindle
stage. There they are seen to have two
good cleavages, whereas bustamite has
three cleavages, two good and one per-
fect. Members of the axinite group
(ferroaxinite, manganaxinite, and tinzen-
ite) with lavenite and gerstmannite are
similarly eliminated, inasmuch as they
have only one cleavage. Cleavage frag-
ments of the unknown show parallel ex-
tinction and positive elongation, elimi-
nating arfvedsonite and ferrorichterite,
which have inclined extinction. Although
barylite fragments should also show two
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good cleavages (001 and 100) and parallel
extinction, the elongation would be nega-
tive, since X=b. A scratch test of frag-
ments of the unknown between glass slides
shows their hardness to be between 5 and
6, eliminating kempite and chlorophoenic-
ite, having hardness 3.5, and confirming
the elimination of gerstmannite, having
hardness 4.5.

This leaves only orthopyroxene as a
viable candidate; and, indeed, under the
polarizing microscope the fragments show
the pleochroism common in many ortho-
pyroxenes: Z faint green, X faint red-
dish brown. An orthopyroxene with these
refractive indices would have composition
near En,4 (Deer, Howie, and Zussman, v.

2A, 1978, p. 109).
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