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NOTE TO THE SECOND EDITION

_ In this second edition of the bulletin on the microscopic determination of
the nonopaque minerals (U. 8. Geological Survey Bulletin 679) the first three
chapters have been left. essentially as they were in the first edition; the fourth
chapter of the first edition, which contained the new data, has been omitted, ag a
single publication of these data seemed sufficient; and the fifth chapter of the first
edition becomes the fourth in the new edition. The tables for the determination
of minerals from their optical properties have been brought up to date by more
than 500 new entries and 100 changes in old entries. About 250 new species
and old species not given in the previous edition are included. Of these new
data about 80 entries represent measurements made by the authors. Such data
are indicated in the tables by an asterisk (*).
" At the recommendation of several mineralogists, tables have been added
assembling the data of some of the mineral groups, including the alunite, am-
phibole, apatite, aragonite, barite, calcite, chlorite, epidote, feldspar, garnet,
melilite, mica, olivine, pyroxene, scapolite, spinel, tourmaline, vivianite, and
uranite groups and the zeolites.

Other new features of this edition are the addition of a column in the main
table to indicate the variability of the indices of refraction and other data given
for the mineral, and the addition of the calculations of 2E immediately below
2V.

VI



THE MICROSCOPIC DETERMINATION OF THE
NONOPAQUE MINERALS

SECOND EDITION

By Esrer S. Larsen and Harry BErMaN

CHarTER 1. ——INTRODUOTION
THE IMMERSION METHOD OF IDENTIFYING MINERALS

Optlcal methods of determining minerals with the petrographlc
microscope have long been used and have been carried to a high
state of development in studies of the minerals in thin sections of
rocks and ores, yet out of about 1,000 mineral species comparatively
few can be identified readily in thin sections. A mineral whose
optical properties are known can be accurately and qmckly identi-
fied, however, by the immersion method—that is, by immersing its
powder in liquid media whose indices of refractlon are known and
determining its optical constants. In this bulletin the authors give
a set of tables for the systematic determination of minersls ‘from their
optical constants, describe bneﬂy some methods for the rapid deter-
mination of optical constants, give the results of measurements of
the optical constants of more than 500 species for which data were
not previously available prior to the first edition, and present sta-
tistics on the optical properties of minerals.

The first tables prepared for general use in determinations of
minerals by the immersion method were those of Van der Kolk,!
published in 1900. Somewhat similar tables, prepared by A. F.
Rogers,? were published in 1906, and an optical mineralogy contain-
ing tables and description of all minerals for which optical data were
then available, prepared by N. H. and A. N. Winchell,? was published
in 1909.

1 Schroeder van der Xolk, J. O., Tabellen zur mikroskopischen Bestimmung der Mineralien nach ihrem
Brechungsindex, Wiesbaden, 1900; 2d ed., revised and enlarged by E. H. M. Beekman, 1906.

? Rogers, A. F., School of Mines Quart., vol. 27, pp. 340-359, 1906.
4 Winchell, N. H. and A. N., Elements of optical mineralogy, D. Van Nostrand Co., 1909.




2 MICROSCOPIC DETERMINATION OF NONOPAQUE MINERALS

NEW DATA

In attempting to employ the immersion method some years ago
the senior author assembled all the data then available for its use
with the petrographic microscope in determining minerals but found
them so incomplete that the method was applicable to but few species.
Since then he hasmeasured the chief optical constants of about 600 min-
eral species for which the data were lacking or incomplete, so that such.
data are now lacking for only about 30 very rare species. No attempt:
at great accuracy was made in these measufements, and compara-
tively few of the specimens studied represented analyzed minerals.
Only a small number of minerals of many isomorphous series were:
examined, in some series only a single member.

NEED OF FURTHER DATA

Much further work on the optical constants and more complete and
accurate data on nearly all the minerals are needed, as well as detailed
studies of isomorphous series and of the effect of solid solution.
Another need is a fuller appreciation of the fact that most minerals
are of variable chemical composition and therefore have variable
optical and other properties. The science of mineralogy needs also
good connected and consistent data on minerals. Chemical analyses,
crystallographic studies, and determination of physical properties,
optical constants, and paragenesis should be made on identical
material. A highly accurate determination of the optical or other
constants of a mineral is of comparatively little value unless the
data obtained are definitely tied to a chemical analysis. Greater
care should be taken in examining minerals for lack of homogeneity,
whether it is due to zonal growths or to admixed or included foreign
material. As few specimens of minerals are entirely free from foreign
bodies and without zonal growths or other elements of heterogeneity
no description of a mineral is adequate which does not show clearly
that its material has been carefully examined microscopically. Every
published analysis of a mineral should include a clear statement of the
approximate amount and the character of the foreign material it.
contains and of the degree or extent of zonal growths or other elements.
of heterogeneity, and this statement should be the result of a careful
microscopic examination of a sample of the same powder that furnished
the material for the chemical analysis.

ADVANTAGES OF THE IMMERSION METHOD

For determining the nonopaque minerals the immersion method has:
many advantages over other methods. It appears to excel greatly
the ordinary blowpipe methods in rapidity and accuracy, and the
quantity of material required is less than that required for tests by
any other method. One who has acquired the requisite skill can:
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measure the principal optical constants of & mineral in about half an
hour, and most minerals can be determined by partial measurements
in less time. In accuracy the method is nearly as reliable as a com-
plete chemical analysis, for it 1s about as common for two or more
minerals to have the same chemical composition as for two or more
minerals to have the same optical constants. All the optical prop-
erties of a mineral can usually be determined from a single grain or
crystal large enough to handle with a pair of delicate pincers, and in
addition the material can be examined for homogeneity when the tests
are made. Lack of homogeneity in material studied is one of the
«chief sources of error in mineralogic work.

The skill required to measure the optical constants is little if any
greater than that required to do reliable blowpiping. The worker
must have a good knowledge of optical mineralogy, such as may be
gained by any good course in microscopic petrography, and some
special training in the manipulation of immersed grains of minerals.
‘The equipment required is a good petrographic microscope and a few
inexpensive liquids whose indices of refraction are known.

OTHER SUGGESTED USES FOR THE METHOD

The optical method might be used with advantage in work done in
4 number of other branches of science than mineralogy and in some
industries. It should be much more generally used in chemistry, es-
pecially in analyses of artificial crystalline products, to determine
rapidly the exact nature of the material and its homogeneity, for
artificial products have as definite optical constants as minerals.
It should also be found valuable in many metallurgic processes, as
well as in the cement and ceramic industries and other industries in
which a knowledge of the exact nature of any material is desirable.

WORK AND ACKNOWLEDGMENTS

The senior author began his work on the tables in 1909, intending to
measure the constants of only a few of the commoner minerals, but the
desirability of having optical data on all the recognized species of
minerals became so apparent that he afterward undertook the task of
making all the measurements desired. Most of the work was done in
the laboratory of the United States Geological Survey at Washington,
D. C., but a considerable part was done at the University of California
at Berkeley, Calif., during the winter of 1914-15. The work of pre-
paring this new edition was done in Harvard University. To measure
the optical constants of 500 selected minerals is no great task, but
difficulties appeared continually as the work progressed, owing to the
frequent necessity of selecting suitable material from specimens con-
sisting largely of other minerals, to the large number of specimens that
were found to be incorrectly labeled, and to the difficulty of procuring
many rare minerals,
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The senior author wishes to express his sincere thanks to Messrs.
H. E. Merwin and Fred E. Wright, of the Geophysical Laboratory,
W. T. Schaller and C. S. Ross, of the Geological Survey, and E. T.
Wherry, formerly of the National Museum, for help and encourage-
ment in the work. Thanks are due also to Messrs. Ross and Schaller
for critically reading the manuscript and proof of this bulletin and
offering many helpful criticisms and suggestions and for furnishing
unpublished data on a number of minerals. The senior author wishes
also to express his appreciation of the generosity of the officials of a
number of museums and of several private collectors of minerals in
furnishing specimens of many rare and valuable minerals. He is
especially indebted to the late Col. Washington A. Roebling, of
Trenton, N.J., who very generously placed his remarkable collection
at the writers’ disposal; to the late L. P. Gratacap and the American
Museum of Natural History; and to Drs. Edgar T. Wherry and
William F. Foshag and the United States National Museum. Heis -
also grateful, for many valuable specimens of the rarer minerals, to
Prof. W. E. Ford and Yale University; Prof. Charles Palache and
Harvard University; the late Prof. A. S. Eakle and the University of
California; Prof. A. H. Phillips and Princeton University; Johns Hop-
kins University; the late Dr. Oliver C. Farrington-and the Field
Museum of Natural History; Mr. F. McN. Hamilton and the Cali-
fornia State Mining Bureau; the late Mr. F. A. Canfield, of Dover,
N.J.; Dr. Per Geijer, of Stockholm, Sweden; and Prof. A. Lacroix, of
Paris.



Crarrer 2—METHODS OF DETERMINING THE OPTICAL
CONSTANTS OF MINERALS

In this chapter the writers describe briefly the special methods
which they have found most satisfactory for the rapid determination of
the principal optical constants of minerals by the immersion method.

The chapter is not intended to be a complete discussion of optical
mineralogy, and in order to understand it properly, the reader should
have an elementary knowledge of crystallography and of the methods
of optical mineralogy.* Theoretical discussions are avoided as far as
possible, and no attempt is made to describe the methods of measuring
accurately the optical constants of minerals.’

THE CHIEF OPTICAL CONSTANTS AND THEIR INTER-
RELATIONS

The significant fundamental optical constants of crystals are the
principal indices of refraction, the crystallographic orientation of the
directions of vibration corresponding to these indices of refraction,
and the amount of absorption of light vibrating in these directions,
all for one or more standard wave lengths of light. For most mineralg
some of the constants, particulatly the last, are known only in a
qualitative way. The other properties commonly mentioned among
the optical constants—birefringence, optical character, optic axial
angle, dispersion of the optic axes, dispersion of the bisectrices, extinc-
tion angle, color, and pleochroism—are fixed by the fundamental
constants and are significant only because they are often easily
measured or estimated under the microscope.

Different symbols are used by different writers in referring to
certain optical properties. Those used here are perhaps as commonly
used as any in the textbooks listed below.* Refractive indices e,
-B, v have directions of vibration X, Y, Z; birefringence is represented
by B and equals y—a or w—¢ or e—w.

¢ Iddings, J. P., Rock minerals, John Wiley & Sons, 1011. Weinschenk-Clark, Petrographic methods,
McGraw-Hill Book Co., 1912. Winchell, N. H. and A. N., Elements of optical mineralogy, 3d ed., pt. 1,
John Wiley & Sons, 1928. Groth-Jackson, Optical properties of crystals, John Wiley & Sons, 1910. Dans,
E. 8., A textbook of mineralogy, 3d ed., John Wiley & Sons, 1921.

¢ A comprehensive treatment of the accuracy and limitations of the methods of optical mineralogy, based
upon theory and checked by observations, is given by Fred. Eugene Wright in The methods of petrographic-
microscopic research: Carnegie Inst. Washington Pub. 158, 1911. Albert Johannsen’s Manual of petro-
graphic methods, published by the McGraw-Hill Book Co., 1914, is an excellent compilation of the methods
that have been proposed for optical measurements with the microscope. Rosenbusch’s Mikroskopische
Physiographie, 2d ed., Band 1, Erste Hilfte, by E. A. Wiilfing, 1924; Groth’s Physikalische Krystallo-
graphie, 4th ed., 1905; and Tutton, A. E. H., Crystallography and practical crystal measurement, vol. 2,
London, Macmillan & Co., 1922, are valuable books of reference, as is also Duparc and Pearce’s Traité de
technique minéralogique et petrographique, pt. 1, 1909. The most precise treatment of the subject is given
in Pockels, F., Lehrbuch der Kristalloptik, B. F. Teubner, 1906.

5
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The relations that exist between the various optical properties are
of considerable significance, and the authors believe that they are
not sufficiently emphasized in the textbooks nor are they kept clearly
-enough in mind by workers in optical mineralogy. The best available
data on over 30 mineral species, or nearly 10 per cent of those for
which data were available before 1922, could be seen at a glance to
be strikingly inconsistent, and this happened even where the data
appeared to have a high degree of accuracy. The following exam-
ples will serve to illustrate.

Leucosphenite was said to be optically negative, but the values given
for the indices of refraction (o, =1.6445, 8,=1.6609, v, =1.6878) are
those of an optically positive mineral. Tests by the senior author
show that leucosphenite is optically positive.

Lawsonite was stated to have the following properties: a=1.6650,
$=1.6690, y=1.6840, 2V =84° 6’, optically +. The axial angle, as
computed from the indices of refraction, is 2V=54° It seems
probable that the axial angle is correct and that 8 should be about
1.6735.

The relation between the axial angle (2V) and the indices of
refraction is expressed by the equation:®

1 1

2 2 2T 2
Oos2V-—62262 ;or tan®? V, = C{ ‘:
g

The approximate formula ?
Cos?2 V/ 4=E_—a °
¥

holds fairly well if the axial angle is small or the birefringence not
too strong. The error in V’,, as computed from the approximate
formula, is shown in Figure 1. The calculated value of V', is along
the abscissa, and the correction to be added to this value is along the
ordinate. For all the curves the value of « is 1.500, and each curve
is for a particular value of y—a=B. The curves can be used to
correct calculations made by the approximate formula. In the
accurate equation a, 8, or v appear in the same power in both the
numerator and denominator, so that the value of the equation will

not be changed if they are replaced by P ]l:» and % - Hence to apply

¢ For the development of this equation see Johannsen’s Manual of petrographic methods, p. 103, 1914,
Rosenbusch (Wiilfing), Mikroskopische Physiographie, Band 1, Erste Hlfte, pp. 119-121, 1924; Groth-
Jackson, Optical properties of crystals, p. 143, 1910; Duparc and Pearce, Traité de technique minéralogique
et pétrographique, pp. 78-80, 1907. For tables and a graphic solution of this equation see Wright, F. E.,
QGraphical methods in microscopical petrography: Am. Jour. Sci., 4th ser., vol. 36, pp. 517-533, 1913.

7 For a graphic solution of this equation see Wright, F. E., The methods of petrographic-microscopic re-
search: Carnegie Inst. Washington Pub. 158, pl. 9, 1911. )



METHODS OF DETERMINING THE OPTICAL CONSTANTS 7

the correction from the curves to a crystal with « different from
1.500 it is necessary to calculate B’—-ioo (y—a). The value of
B’ need be calculated only approx1mately. To get the correct value
of V, from the indices of refraction the approximate value V’,

should be found from the equation Cos® V',= 5 —

- graph; then B’——lﬁ) (B—a) and from these two values the correc-

Z or from the

tion to be added to V’a may be read from Figure 1.

The formulae given above indicate the value for the angle about
a, which may be either the acute bisectrix (Bx,) or the obtuse bisec-
trix .(Bx,). By definition, if « is the acute bisectrix (Bx,) the

‘1'\

4%

©
o,

DEDUCT FROM Vg

= N
o o
X
AX

B

N2

& \&

o
L\
8 %\

i, = 0.050.
1 —d-0.020 T
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L0.100 — \\\
\
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FI1GURE 1.—The error in V'« a8 computed from the approximate formula Cos? V’a=;‘:

mineral is optically negative and 2V, is less than 90° (V,<45°).
As tan 45°=1, a mineral is optically negative if ai“’_}il-">%2_ _%

and optically positive if l - é‘<%2— vl

Cos 45°= ‘/— —=for an optically negative mineral from the approximate

Ve 5

or 2 (8—7) >(y— a) approximately.
- Similarly for an optically positive mineral 2 (y —8)> (y — a) approxi-
mately.

These approximations hold only where the birefringence is not too
strong. The following values of @, 8, and v are for crystals where
2V =90° and show the increasing error in the approximations as the
birefringence increases:

formula

a=1.5000 B=1.5099 ¥=1.5200
a=1.5000 B=1.5244 y=1.5500
a=1.5000 B=1.5476 ¥=1.6000
a==1.5000 $=1.5906 ¥=1.7000

a==1.5000 p=1.6297 v=1.8000
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The axial angle is commonly measured in air, and the apparent
axial angle so measured (2E) has the relation to the true axial angle
2V expressed by sin E=g sin V, where 8 is the intermediate index
of refraction of the mineral.®

In the preceding equations the values are given for light of a
particular wave length. As the wave length varies the indices of
refraction and consequently 2V will vary, and even the optical
character may change. This variation is called the dispersion of
the optic axes, and 2V may be given for different colors or it may be
given for one color—commonly the yellow light of sodium—and the
variation with color may be expressed by r<v (or r>v), meaning
simply that the axial angle is less (or greater) for red than for violet.

Not only do the values of the indices of refraction change with the
color of light, but the positions of two of the directions X, Y, and Z in
monoclinic and of all three in triclinic crystals change—that is, the
extinction angles vary with the color of light. This variation is
called dispersion of the bisectrices. Crossed, horizontal, and inclined
dispersion are simply phenomena due to dispersion of the bisectrices
as observed on the interference figure.

MEASUREMENT OF INDICES OF REFRACTION

The indices of refraction of a mmeral can be measured most con-
veniently and accurately on a polished surface with the total refrac--
tometer or somewhat less convemently on ‘specially prepared and
oriented prisms by the method of minimum deviation. Most min-
erals are not suitable for measurement by either of these methods,
either because suitable plates or prisms can not be prepared .or
because the mineral is zoned and so differs in its optical properties
at least as much as the error in the less accurate but much more
rapid embedding method.

THE EMBEDDING METHOD

Fairly accurate measurements of the principal indices of refrac-
tion can be made on a very small quantity of mineral by embedding
the powdered grains in media whose indices of refraction are known
and comparing and matching the indices of the media with each of
those of the mineral by either the method of central illumination
or the method of oblique illumination. The method of oblique
illumination is best used with an objective of low or moderate power
and can therefore be applied to a large number of grains very quickly.
The method of central illumination is best used with an objective of
moderate or high power.

8 For a graphic solution of this equation see Wright, ¥. E., op. cit., pls. 7 and 8, 1911.
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THE METHOD OF OBLIQUE ILLUMINATION 9

The index of refraction of a grain embedded in a liquid or other
body and that of the embedding material can be quickly compared
by observing their line of contact under the microscope and shading
a part of the field by placing the finger or a card beneath the con-
denser system, by tilting the mirror, or in some other way. A number
of devices have been recommended for this purpose, and some of the
newer microscopes have special slides inserted. The observation is
best made with a low or moderate power objective and without the
condenser lens.. With a low-power objective a mineral that has a
decidedly higher index than the liquid will have a dark border toward
the shaded side of the field and a bright border on the opposite side.
If the grain has a decidedly lower index of refraction the phenomena
are reversed and the bright border is on the shaded side of the field.
With the moderate-power objective and the condenser lens the phe-
nomenon depends on the position of the condenser. If the focus of
the condenser is above the object, the phenomena are as stated above;
if below the slide, the phenomena are reversed. It isbest to check the
system used by making the test on some known grain; a thin section
in which orthoclase, quartz, or some other known mineral is in contact
with Canada balsam is good for this purpose. ‘At the same time the
difference in index of refraction between the grain and liquid can be
estimated by the relief and the amount of shading required to bring
out the relief. This method is equally well adapted to thin sections
and has many-advantages over the Becke method or the method of
central illumination, as it ¢an be used with a low-power objective,
and by it every gmin in contact with the Canada balsam can be com-
pared with balsam in a very short time.. S

For 31mphc1ty, the grain may be considered 1sotroplc If mono-
chromatic light is used, and if the grain and liquid have the same
index of refraction for that light and are clear and colorless, the grain
will completely disappear. As most of the liquids commonly. used
have a stronger dispersion than most minerals, if the mineral and
liquid have the same index for sodium light the mineral will have a
higher index for the red end of the spectrum and a lower one for the
blue. Hence, if white light is used there is a concentration of reddish
light on one side of the grain and of bluish light on the other side.
For some of the immersion materials—notably cinnamon oil—the
dispersion is very great, and strongly colored borders are present even
where the index for sodium light of the grain and the liquid differ
in the second decimal place. The relative indices must be judged
from the intensities of the colors. In order for the worker to become
familiar with the color phenomena under various conditions it is well

¥ Wright, F. E., The methods of petrographic-microscopic research: Oarnegie Inst. Washington Pub. 158,
pp. 92-95, 1911,

.
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to immerse grains with known indices of refraction in oils of known
indices of refraction. For this purpose w of quartz or of calcite is.
constant.

THE METHOD OF CENTRAL ILLUMINATION

As the immersion method is ordinarily used nearly all fragments are
thinner on the edges than in the center, and if the fragments differ
from the surrounding material in refractive index they will act as
small imperfect lenses toward a beam of nearly parallel light emerging
from the condenser. If such a lenticular fragment has a higher index
of refraction than the embedding medium it tends to focus the light.
above its plane, and if the microscope is first focused on the grain and
then raised above focus the interior of the grain will appear more
highly illuminated. As the microscope tube is raised higher above
focus this highly illuminated area contracts and becomes brighter—
a bright line moves into the grain. If the tube is lowered below focus
the grain appears less highly illuminated than the rest of the field and
a highly illuminated halo surrounds it. As the tube is lowered this
halo moves out from the grain.

If the grain has a lower index of refraction than the embedding
medium it will have a virtual focus below its plane, the phenomena
are reversed, and the grain becomes centrally illuminated as the micro-
scope tube is lowered below focus.

In practice the test is best made with an .objective of medlum or
high power—one with 8-millimeter focus gives good results. The con-
denser may be in or out. The condenser system may be lowered or
the lower diaphragm closed. The most suitable arrangement for a
particular microscope and lens system can best be found by testing it
with grains embedded in media of known indices of refraction.

DISPERSION METHOD

‘The indices of refraction and the dispersion can be measured more
accurately (£0.001) by the dispersion’ method of Merwin.® The
mineral is embedded in a liquid with a somewhat higher index of
refraction than that of the mineral (for sodium light). The two
should match for some color of light, and this color is determined by
changing the color of light, using a monochromatic illuminator until
the two match. The mineral is then embedded in a liquid with a
somewhat lower index of refraction, and these two are matched for
some other color of light. In this way the index of refraction of the
mineral is determined for two or more colors of light, and as the
dispersion curve of most minerals is nearly a straight line, the index of

10 Posnjak, E., and Merwin, H. E., The system Fe;03—S03;—H:0: Am. Chem. Soc. Jour., vol. 44, p. 1970,
1922. Tsuboi, 8., A dispersion method of determining the plagioclase in cleavage flakes: Mineralog. Mag.,
vol. 20, pp.108-122, 1923.
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refraction of the mineral can be determined for sodium light or any
other color of light from a simple plot.

Emmons ! has recently described a method depending not only on
the dispersion of immersion media but also on the variation in index of
refraction of a liquid with change of temperature. By the proper
manipulation of the two variables, temperature and wave length, it is
possible to obtain the dispersion curve of a mineral, using only one
mount. The work is facilitated by combining all the necessary
instruments into a single unit.

IMMERSION MEDIA
GENERAL FEATURES

Immersion media should be nearly colorless, chemically stable, and
without disagreeable odor or other objectionable properties. They
should not dissolve or react with the mineral to be immersed. Low
volatility and for many purposes a moderate though not too great
viscosity are desirable. Each liquid should be miscible with the
liquids whose indices of refraction are above and below it, and two
liquids that are to be mixed should have approximately the same rate
of volatilization, as otherwise the mixture may change rapidly. The
index of refraction should not vary too greatly with changes of tem-
perature. A low dispersion is desirable for accurate work, but a rather
strong dispersion facilitates rapid determination.

The authors have found the set of media given in Table 1 satlsfac-
tory, and it covers the range of nearly all the minerals.

Satisfactory liquids cover the range of indices of refraction up to 1.87
and above that point low-melting mixtures that remain amorphous on
cooling may be prepared which cover the range up to 7, =3.17.
The values for the indices of refraction (n) are for sodium light except
where noted for the sulphur-selenium and selenium-arsenic selenide
melts and are those determined by the senior author at about 20° C.
for liquids purchased in the ordinary market. In the column marked

—(fi—? is given the change in the index of refraction for each degree '

centigrade change in the temperature. For all the media given the
index of refraction decreases as the temperature increases. These
values are mostly taken from the literature. The liquids are rather
inexpensive, excepting methylene iodide. All the liquids, except as
noted, will form suitable mixtures with those above and below in the
table in all proportions. Amyl alcohol is unfortunately a solvent for
a number of the minerals that have indices of refraction within its
range, and measurements with it must be made rapidly.

11 Emmons, R. C., The double dispersion method of mineral determination: Am. Mineralogist, vol. 13,
pp. 504-515, 1928; The double variation method of refractive index determination: Idem, vol. 14, pp.
414-426, 441-461, 1929.

163287—34——2
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TaABLE 1.—Refractive tndices of immersion media ®

T
n at 20° C. — Dispersion Remarks

Dissolves many of the minerals with
low indices.

Aceton®....eooaoaeooo.
Do.

Ethyl alcohol .__.
Ethyl butyrate....
Methyl butyrate
Ethy] valerate..
Amyl alcohol «._.

Dissolves many minerals with which it
is used.

Kerosene...o—caeeeeoooo..
Petroleum oil: ¢
Russian alboline.__.__
American alboline..._
adMonochlornaphtha-
lene.e
al]V[ onobromnaphtha-
ene.
Methylene iodide........- 1.737 to 1.741 .00070 | R a t h e r { Rather expensive. Discolors on expo-
strong. sure to light, but a little copper or tin
in the bottle will prevent this change.

Methylene iodide satu- L778 || aeeas [ ()
rated with sulphur. -
Methylene iodide, sul- 1,868 |occooeoeaoaens [ s TO
th’ and jodides. R
erine and iodides...._ 1.68 to 2.10
phur and selenium.._.

Sp]eniujn and arsenic | 2.72 to3 l7m ............... d0oemnee
selenide. . s

48;,- .:S%other list of immersion media has been given by R. C. Emmons (Am. Mineralogist, vol. 14, pp.

bV, T. Harfmgton and M., 8. Buerger used petroleum distillates prepared from kerosene, gasolene, etc.,
for the range from 1.356 to 1.45; the liquids with the lower indices are very volatile (Immersion liquids of
low refraction: Am. Mineralogist, vol. 16, pp. 45-54, 1931).

¢ Ordinary fusel oil may be used, but on mixing with kerosene it forms & milky emulsion, whlch settles
on standing, and then the clear liquid may be decanted off.

4 Any of the medicinal oils may be used such as Nujol.

* Hallowax oil is satisfactory.

/ To 100 grams methylene iodide add 35 grams iodoform, 10 grams ghur, 31 grams Snly, 16 grams Asls,
and 8 grams Sbls, warm to hasten solution, allow to stand, and filter off undissolved solids. See Merwin,
H.E, Medin of ﬁigh refraction: Washmgton Acad. 8ci. Jour., vol. 3, pp. 35—40, 1913. .

~ For fairly accurate work it is desirable to have a set of liquids from
n=1.400 to n =1.87, differing from each other by 0.010, and a set of
the solid media to carry the series up to #=2.72, the index of these
media differing by 0.020. . For less accurate work the set can be re-
duced to suit the requirements. The most important range is from
1.45 to 1.87, as B for about 80 per cent of all the known nonopaque
minerals falls within this range. There are only about 11 minerals
in which g is below 1.40 and only about 27 in which g is above 2.72.
Care should be taken to prevent contamination and evaporation of
the liquids. They are most conveniently kept in tall dropping bottles
that have the combined ground stopper and dropper with glass cap.
Howeyver, the oils with an index above about 1.75 tend to crystallize
around the glass stoppers, and these keep much better in cork-
stoppered bottles. A 15 cubic centimeter bottle is the smallest that
is kept in stock by dealers, and even that size is larger than is required
for the ordinary amount of work. It is best to keep the bottles at
Jeast half full, but with methylene iodide economy may dictate the
use of a smaller amount. The bottles should never be allowed to

stand without the stopper and cap in place. A convenient and easily
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made case for the bottles is composed of a covered box that opens on
hinges at one end. Ten bottles are kept in a 2-inch-board which has
10 holes just large enough to hold the bottles. The box is made to
take as many of these boards with the bottles as desired. The box
should be kept closed, as light affects some of the liquids, notably
methylene iodide.

With proper care a set of liquids made up as directed above will
remain constant, within the limits of error required for most deter-
minative work, for years. A set of 40 such liquids, used constantly
for five years and checked once or twice a year, has rarely shown a
change in any of the liquids of as much as 0.003. One or two liquids
that have methylene iodide as a constituent were nearly all used
up and had changed as much as 0.006. In general the liquids whose
indices of refraction are above 1.75 are less constant.

The embedding media whose indices of refraction are above 1.87
are solid at ordinary temperature and are not quite so convenient
nor accurate as are the liquids. They must not be heated too hot
nor too long or they will change considerably. A small electric
plate with three grades of heat is & convenient means for making
embeddings with these melts. In practice a very small amount of
the embedding medium is melted on a glass slip, a little of the powder
t0 be examined is dusted into the melt, and a cover glass is pressed
.down upon-it. In the highly colored melts that are rich in iodides
.or selenium the mineral must be powdered very fine, otherwise the
thick film of the melt is nearly opaque. Borgstrom ® has prepared a
series of immersion media made up of AsS and AsBr; in methylene
10dide which remain liquid in the region of n=1.90+.

PIPERINE AND IODIDES !?

Molten piperine dissolves the tri-iodides of arsenic and antimony
and forms solutions that are fluid at slightly over 100° C. and are
resinlike and amorphous when cold.

In general it has been found that the ‘arsenic and antimony iodides
available in the market are too impure to use in the preparation of
the piperine—iodide melts, although they are quite satisfactory for.
solution in methylene iodide where impurities are filtered out. Even
-small proportions of impurities give a dark or even an almost opaque
melt. The commercial iodides may be dissolved in hot xylene, fil-
tered hot, and allowed to crystallize out on cooling. The cooled
xylene, with part of the iodides still in solution, may then be used to
dissolve a new lot of iodides. However, the same procedure may
be used to make the iodides, as arsenic or antimony readily combine
-with iodine in hot xylene. By using iodides prepared in this way, and
‘with proper precautions to avoid overheating during solution of the

ia Borgstrém, L. H., Ein Beitrag zur Entwicklung der Immersionmethode: Comm. géol. Finlande
Bull. 87, pp. 58-63, 1929.

12 Merwin, H. E., Media of high refraction for refractive index determinations with the microscope:
“Washington Acad. Sei. Jour., vol. 3, pp. 35-40, 1913.
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iodides in the piperine, it is possible to procure melts of comparatively
light color and perfect transparency. If overheated, the piperine
decomposes, so it must be heated only slightly above the melting
point but enough for complete solution of the iodides. Piperine
recrystallizes readily after slight heating, but after continued heating
at a proper temperature a change takes place that renders it a perma-

nent amorphous resinlike material. Itisadvisable to heat the piperine
for about half an hour before adding the iodides.

/
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F1GURE 2.—Indices of refraction of mixtures of piperine and iodides

To make such preparations having constant indices of refraction
anywhere within the range n=1.68 to 2.10, mix three parts by welght
of SbI; to one part of Asl; add this mixture to the piperine in the
proper proportion, and heat carefully and stir in a test tube, large
porcelain crucible, or glass flask just above the melting point of
piperine until a homogeneous melt is obtained. A few grams of such
a melt are sufficient for a large number of immersions. The heating
may be done in a bath of crisco or paraffin, in an air bath, or over
but not in the low flame of a bunsen burner or on an electric plate;
stirring is essential to secure homogeneity. Such preparations can be
standardized on the goniometer by measuring a prism molded be-
tween two pieces of cover glass, or weighted quantities of the con-
stituents can be used and the refractive indices of the resulting
preparation obtained from Figure 2. The indices of refraction of
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such media increase rather rapidly on standing, and they are not
entirely constant for about a month. The total increase in this time
amounts to a few units in the third decimal place. After that time
the indices remain constant and reheating does not affect them. In
Figure 2 curve a shows the indices of freshly made preparations
and curve b the indices of the preparations after they have stood
until constant. The indices of refraction as measured in white light
in these melts (above n=1.70) are almost those for sodium light.

SULPHUR-SELENIUM MELTS

Melted sulphur and selenium in any proportion readily form a
homogeneous solution which has a constant index of refraction on
cooling and remains amorphous long enough to allow measurements
to be made. Suitable preparations with any index of refraction
from 2.05 to 2.72 can be made by mixing the constituents in the
proper proportion by weight and heating in a test tube just above
the melting point until homogeneous. The mixture must be stirred
and any sulphur that condenses on the upper part of the tube scraped
back into the melt. The refractive indices for melts with different
proportions of sulphur and selenium for light of different wave lengths
are given in Figure 3, and preparations having approximately any
index of refraction can be made by using weighed quantities of the
constituents.

The indices of refraction of melts that contain more than 50 per
cent of sulphur differ considerably according to the treatment, and
this difference, which is probably due to the presence of A and u
sulphur in different proportions, increases with the amount of sul-
phur.® By high heating and quenching the index of refraction may
even be raised 0.05 above that obtained by cooling in air.!* The
proper treatment is to heat a small amount of the material on an
object glass considerably above the melting point until the dark form
of sulphur is obtained, then to add the mineral grains, press down a
cover glass, and cool rather rapidly on a damp but not wet cloth or
on ‘an iron plate. It must also be remembered that sulphur is rather
volatile. If the mineral to be tested is not decomposed by heating,
it is well to mix the powdered embedding material and the mineral
and to cover with a cover glass before heating, or to add the grains
and cover before the final high heating. With proper care an accuracy
of about +0.01 can be attained.

Indices of refraction for sodium light below about 2.20 can be
readily measured in the sulphur-selenium melts, but above that
point, on account of the deep-red color of \the melts and the very

18 Merwin, H. E., and Larsen, E. S., Mixtures of amorphous sulphur and selenium as immersion media
for the determination of high refractive indices with the microscope: Am. Jour. Sci., 4th ser., vol. 34, pp.
42-47, 1912,

" The piperine-iodide melts are preferable within their range.
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strong dispersion of selenium, it is best to make the measurements
for the red light of lithium. This operation can be easily done by
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FIGURE 3.—Indices of refraction of mixtures of sulphur and selenium

placing over the eyepiece a color screen made by pressing a thin
film of the melt composed of 70 per cent selenium and 30 per cent
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sulphur between two glass plates, as such a film transmits chiefly
light that is about equivalent to lithium light. Such a film crystal-
lizes very slowly. Mixtures containing over 70 per cent selenium
transmit chiefly lithium light, and index measurements made in
such mixtures with white light give nearly the indices for lithium
light,. .
SELENIUM AND ARSENIC SELENIDE MELTS

Dr. Merwin * has found that mixtures of selenium and arsenic
selenide cover the range of indices of refraction from n,=2.72 to
n,=3.17. These mixtures melt at rather low temperatures and are
generally satisfactory, although they are deeply colored and measure-
ments must be made for red light. Measurements can be made with
these mixtures with a probable error of less than 0.02, but only under
the most favorable conditions. The mixtures can be made by heating
together metallic arsenic and selenium in weighed quantities or by
first making As,;Se; and then adding the proper proportion of selenium,
Thorough stirring is necessary to insure homogeneous melts. The
following table gives the indices of refraction for different wave
lengths of light for several mixtures of selenium and arsenic selenide.

Indices of refraction for miziures of selenium and arsenic selenide

T

60 per | 22.6 per
cent Se, | cent Se,
b Se 40 per | 77.4 per | AsiSes

cent cent
AsySe; | As3Ses

640

=11

2.78 2.9
660 2.74 2.8 3.08
680 2.71 2.83 3.01 3.17
700 2.68 2.80 2.97 3.13
720 2.66 2.7 2.94 3.10
740 2.64 L 2.7 2.92 3.07
760 2.02 2.73 2.90 3.05

Dr. Merwin has also stated that a mixture of 10 per cent tellurium
and 90 per cent As;Se; gives indices of refraction 0.04 higher than the
As;Se; but is almost too opaque to use with an ordinary tungsten
lamp. By means of direct sunlight or a ““pointolite’’ lamp even more
nearly opaque mixtures can be used.

HALOGENS OF THALLIUM

The halogen compounds of thallium, TICl, T1Br, TII have been
suggested by Barth ! as satisfactory immersion media of high refrac-
tion. The index range is large for mixed crystals of TIBr-TII (2.4-
2.8). 'These melts transmit a considerable range of the spectrum and
are in that respect superior to the sulphur-selenium melts of the same
index of refraction.

¥ Merwin, H. E., private communication. The data are preliminary.
18 Barth, Tom, Some-new immersion melts of high refraction: Am. Mineralogist, vol. 14, pp. 3568~361, 1928.
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METHODS OF STANDARDIZING MEDIA FOR MEASURING INDICES OF
REFRACTION

A number of methods of standardizing the embedding media by
the microscope have been devised,'” but the method that employs
the total refractometer or the method of measuring minimum devia-
tion with a prism are much more satisfactory, and with either method
accuracy to a few units in the fourth decimal place is easily attained.
The Pulfrich refractometer may yield quicker results than the
prism, but it can not be used with media whose indices are greater
than about 1.86, and even with reasonable care it may be seriously
injured by scratching or by corrosion from some of the liquids. The
liquids containing methylene iodide in particular should not be allowed
to remain on the hemisphere any longer than is necessary, and liquids
from which crystals may separate should not be used, as the crystals
may scratch the hemisphere.'

The Abbe refractometer is more sturdy and convenient for the
ordinary range of index liquids. Daylight can be used for illumina-
tion.

The method of minimum deviation with a prism is not quite so
rapid as that with the refractometer, but it can be used for the whole
range of embedding media.® Any hollow prism can be used, but
suitable prisms can be quickly made from two optically true glass
plates about 5 by 20 millimeters in size by fusing them together at
one corner in a blast lamp, taking care not to bend the glass, so as to
form a prism that has nearly the desired angle. About one in a hun-
dred of a good grade of petrographic object glasses is suitable. The
glasses can be very quickly tested by watching the reflection on all
parts of the glass of a cord in front of a window at a distance of about
10 feet. If the two surfaces are not parallel two reflections will be
seen; if they are not plane surfaces, the reflections will be distorted.

The unfused end of this prism can be pressed onto a small drop of
melted soft glass and a base to the prism thus made. Surface tension
will keep the liquids in place. Instead of being mounted on a glass
base the prism may be mounted in plaster of Paris coated with dental
cement to glaze it. The glass plates should fit closely together, and
it is well to cement the contact on the outside with dental cement to
make a tight joint.

C. S. Ross® has shown that better prisms can be made by grinding
a piece of glass to a rough prism of any desired angle by measuring

17 Johannsen, Albert, Manual of petrographic methods, pp. 265-270, 1914. Wright, F. E., Measurement
of the refractive index of a drop of liquid: Washington Acad. Sci. Jour., vol. 4, pp. 269-279, 1914.

18 For a description of the crystal refractometer and its use see Rosenbusch (Wiilfing), Mikroskopische
Physiographie, Band 1, Erste Hilfte, pp. 650-659, 1924. Groth, Physikalische Krystallographie, pp. 704-711,
1905. Duparc and Pearce, Traité de technique minéralogique et pétrographique, pp. 385-392, Leipzig, 1807.

1? For a description of this method see Groth, op. cit., pp. 27, 690-696, 1905; Duparc and Pearce, op. cit.,
PD. 26, 369-376, or any textbook on light.

2 Private communication.
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with 8 contact goniometer, grinding the edges of the two glass plates
so that they will fit tightly together, and cementing the glass plates to
the prism with bakelite so that a few millimeters of the glass plates will
project above the top of the glass prism. The edges of the glass
plates are also cemented with bakelite. It is convenient to have the
top of the prism slope into the angle between the plates and thus
make a tight receptacle for the ‘
drop of liquid.

A prism angle of about 60° is
best for liquids that have mod-
erate indices of refraction. A
much smaller prism angle—one
of 30° or less—must be used for
liquids that have high indices of
refraction. If a prism is to be
used for a series of measurements
a curve or a table should be con-
structed to show the index of
refraction corresponding to any
angle of minimum deviation.
For the mixture of sulphur and
selenium, the piperine prepara-
tions, or other solids, the prism
can be molded between fragments
of cover glass.

In Figure 4 the front and side
view of a prism made at the Har-
vard laboratory is shown. As
this prism has rendered excellent
service over a period of years, it is
recommended as a completely
satisfactory means of measuring 0 i
liquids by means of the minimum — —
deviation method. The device -
consists of a plate A, which fits
into the goniometer head by
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FIGURE 4.—Top and side views of brass frame for
prism for determination of the refractive indices
of liquids. One-third actual scale

is carefully fitted to the lower plate. The upper portion of the prism
and the plate upon which it rests are constructed of one piece of brass
to prevent unnecessary movement. The upper part of the prism is
cut at the desired angle, in this instrument about 50°, and sloped
somewhat, as shown in the side view, so that the introduced drop
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will tend to lie in the narrow portion of the prism. The glass plates,
beveled to fit closely together at one end, are held in place by two
brass' clamps, as shown in the figure. Canada balsam or a glass
cement will hold the glass. plates together.

The whole top portion of the prism may be removed from the plate
clamped to the goniometer, without altering the adjustment of the
prism. This convenience enables one easily to clean the prism. The
dimensions given are those for the prism in use at the Harvard
laboratories. '

MEASUREMENT OF ALL INDICES OF REFRACTION OF CRYSTALS

Most crystals have two (w and e) or three («, 8, and ) principal
indices of refraction, and for accurate work it is desirable to measure
them all. If it is not necessary to measure all of the indices it is best
to measure a .particular one, preferably B8, as otherwise any value
from the lowest to the highest may be measured. If 8 is measured
the others can be estimated from the birefringence and the axial angle.

The measurements of all the indices of refraction of & mineral can
be made very quickly and within the limits of sccuracy of the immer-
sion method if the powdered grains show no marked tendency to
lie on a particular face or cleavage, as do those of the micas, calcite,
and many other minerals. Grains of minerals with such cleavages
as the amphiboles, pyroxenes, and feldspars can generally be turned
to any orientation without much difficulty. To test the lowest and
the highest indices of refraction of such minerals against the embed-
ding media a grain should be chosen'that appears to show strong
birefringence, both the thickness of the grain and the interference
color being taken into account. The grain should be turned to
extinction and tested against the embedding medium, then turned to
the other extinction (or the lower nicol should be revolved 90°) and
tested again. This procedure should be repeated on a number of
grains, and with a little practice, unless the birefringence is extreme,
many of them will show the lowest index of refraction, equal to «, or
the highest index equal to v, within the limits of error of the immersion
method. For any grain or any orientation of a crystal plate 8 lies
 between the highest and the lowest values measured. Therefore 8

can be measured on a grain that shows no measurable birefringence.
Such a grain is nearly normal to an optic axis and is suitable for
- observing the optical character, the size of the axial angle, and the
dispersion of the optic axis. If the dispersion is considerable it will
give abnormal interference colors without extinction.

Uniaxial minerals may be considered simply as a small group of
biaxial minerals in which 8 is equal to « for a positive mineral and
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to v for a negative one. The lowest index of every grain of & uniaxial
positive mineral and the highest of a uniaxial negative mineral is
equal to w and can be measured on any grain.

It may be desirable to turn the grain over. This can be done by
shifting the cover glass with the point of a pencil. The movement can
be controlled better with a viscous immersion medium than with one
that is very fluid. Small cover glasses are more satisfactory than
large ones, as they are much more easily manipulated. A cover glass
- 11 milimeters in diameter, divided into quarters or even ninths, is
most used by the author. = By turning and transferring a single small
crystal to different media all the optical properties can be measured.

Some grains may be conveniently oriented by observing interference
figures. A section normal to the acute bisectrix will give 8 normal
to the plane of the optic axes, and in that plane o« foy a positive
mineral or v for a negative mineral. A section normal to the obtuse
bisectrix gives 8 and «y or «; one parallel to the plane of the optic axes
gives a and v. Any section normal to the plane of the optic axes
gives 8. .

Fibrous or prismatic fragments require & somewhat different
treatment. If their extinction is nearly or quite parallel they will
give one of the principal indices when turned with their length par-
allel to the plane of vibration of the lower nicol. The other two indices
can be measured across the fibers by measuring a number of fibers,
provided the mineral does not persist in lying on a particular face.
In that event it may be necessary. to roll a fiber, keeping it parallel
to the cross hairs, and to observe the maximum or minimum index
as it revolves. With a little practice this work can be done easily,
unless the mineral is composed of very thin, broad laths. The face
or cleavage on which a mineral tends to lie is likely to be normal to
one of the principal optical directions. This tendency may be tested
by an interference figure. On grains that show this tendency two of
the indices of refraction can readily be measured and the other index
can be obtained by turning the flake on edge. Winchell # proposed
inclosing a fibrous or lath-shaped mineral in a capillary tube and
turning the capillary.

Monoclinic minerals that are prismatic along (¢) or (a) show
parallel extinction for prisms that lie on any face parallel to crystal
axis b and nearly the maximum inclined extinction if turned parallel
to the face (010) which is normal to that axis. Prisms that lie on
a face parallel to axis b will give for the ray vibrating across the
prism the index of refraction (e, 8, or y) of the ray which vibrates
parallel to axis b. Prisms that lie on the face (010) will give the
other two indices of refraction and also the extinction angle, X
(Y or Z) to ¢ (or a). Triclinic fibers that have inclined extinction

? Winchell, A. N., Camsellite and szaibelyite: Am. Mineraloglst,' vol. 14, pp. 4849, 1929.
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are more difficult to measure, but with a little ingenuity measure-
ments can usually be made. The stronger the birefringence, how-
ever, the more accurate must be the orientation to obtain accurate
results.

Platy minerals, such as mica, are more difficult to manipulate,
and if their birefringence is considerable they require skill and
patience in order to get good results. Fortunately in nearly all such
minerals the rays corresponding to one index vibrate nearly or-quite
normal to the plate and those corresponding to the other two vibrate
in the plane of the plate and can be easily measured. The index
normal to the plate can be obtained by turning the plates and
keeping them on edge; this can often be done in a viscous liquid or
they may be measured as they are turned. It is sometimes helpful
to mix a little powdered glass with the mineral or to have grains
of varying size to separate the cover glass and object glass enough
so that the mineral plates can turn over. One of two plates that
are differently oriented and attached together may be more easily
turned on edge. Many such minerals can be cut with a knife across
the plates and the resulting fragments placed on the object glass
in the position desired. '

MEASUREMENTS OF AXIAL ANGLES

The following methods of estimating or measuring the axial angle
of mineral grains have been found most convenient by the author:
(1) Observing the curvature of the hyperbola in sections cut nearly
normal to an optic axis; (2) measuring or estimating the distance
between the hyperbolas on a section cut nearly normal to the acute
bisectrix; (3) computing the axial angle from the three indices of
refraction;? (4) measuring on the universal stage. All observations
are best made on grains immersed in a medium that has an index of
refraction approximately equal to that of 8 for the mineral.

From the curvature of the hyperbola of an interference figure
. the axial angle can be measured, under favorable conditions, with
an error of +3°% With a little experience a rough estimate can be
made by merely inspecting the curvature of the hyperbola. If the
bar appears straight, when turned to the 45° position the axial angle
is nearly 90°, and as the curvature becomes greater the axial angle
becomes smaller.

More accurate and rapid measurements can be made on sections
approximately normal to the acute bisectrix, provided the axial
angle is not so large that the hyperbolas are outside the field of the
microscope. Measurements of the axial angle in air (2E), by using

22 For an excellent discussion of measurements of axial angles, see Wright, F. E., The methods of petro-
graphic-microscopic research: Carnegie Inst. Washington Pub. 158, pp. 147-200, 1911.
13 Wright, F. E,, op. cit., pp. 155 et seq.
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a cross-grating ocular, can be made on such sections in a few minutes
with a probable error of only a few degrees.” A grain that is not
well oriented can commonly be turned by carefully touching the
cover glass. The Fedorov stage can be used to measure the axial
angle.

The axial angle can be computed from the values of the three
indiees of refraction according to the formula

1_1

2 2

Tan? V.,=T [;
F

or by the approximate formula

Cos? V'a = 6———0‘—
A 4
in which 2V, is the axial angle about a. For a discussion of these
formulae see page 6. As the error in measuring the indices of
refraction by the immersion method is considerable in comparison
with the birefringence of most minerals, this method is very rough
unless the birefringence is considerable.

DISPERSION OF THE OPTIC AXES

The dispersion formula »>v (or r<v) simply means that the axial
angle is greater (or less) for red than for violet light. For rapid work
the dispersion can best be observed on an interference figure which
shows at least one optic axis well in the field of vision. For ortho-
rhombic minerals or for monoclinic minerals in which the plane of
the optic axes contains the crystal axis b both hyperbolas must show
the same dispersion, but for other crystals the dispersion may be
.different for the two optic axes, and to determine definitely the
.dispersion both optic axes must be taken into account, or, better, the
.axial angles should be measured for different colors of light. For
-crystals in which both hyperbolas show the same dispersion, if r<l»
1s moderate the dark hyperbola should show on a sharp interference
figure a faint but distinctly perceptible reddish color on the concave
-side and bluish on the convex side. These borders are reversed if
r>v. If the dispersion is strong these borders become pronounced,
.and many minerals show no dark hyperbola but a series of colored
ones. If the dispersion is extreme the interference figure can hardly
be recognized in white light.

2 Wright, F. E., op. cit., pp. 155 et seq.
-2 A graphic solution of this equation is given in Wright, F. E., op. cit., pl. 9.
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OPTICAL CHARACTER

The optical character of a mineral can be conveniently determined
on grains that show the emergence of the acute bisectrix, the obtuse
bisectrix, either of the optic axes, or the optic normal (Y); it can
also be determined from the values for the indices of refraction. In
making any of the tests it is desirable to have the grains embedded

in a medium that has an index of refraction nearly that of the g8 B

index of refraction of the mineral grain, as otherwise the interference
figure will be distorted. Grains can be turned into the desired
position by gently shifting the cover glass. In a viscous liquid, such
as Canada balsam, even fibrous or micaceous minerals can readily be
turned to any desired orientation. A few grains of powdered glass
dusted through the embedding media will raise the cover glass so
that the grains or fibers can be turned. Highly viscous liquids like
Canada balsam, Peru balsam (n=1.593), bakelite varnish (n=1.63),
or AFS mounting medium (n=1.685) are good media in which
to turn fibers on edge. Sections that show the emergence of an optic
axis are by far the most serviceable, as they can easily be recognized
by their interference colors, which are low to zero, and in minerals
that have moderate or strong dispersion are abnormal. Moreover,
in such sections the acute and obtuse bisectrices can be distinguished,
unless the axial angle is very near 90°. The tests are made in the
usual way. The authors use the red of the first order for most tests,
but for minerals that are deeply colored, especially if they have very
strong birefringence or if the grains are embedded in a deeply colored
melt, the quartz wedge is more satisfactory. It is often convenient
or even necessary to determine the position of the optic plane and
make the test on the grain itself by observing an edge where it wedges
out. The tests can be made without a wedge or plate by observing
the indices in the two directions against the embedding media,
provided it is between the two or near one of them.

The optical character can be determined from the indices of refrac-
tion. If B— ais decidedly greater than y— g8 the mineral is optically
negative; if decidedly less it is positive. (See p. 7.) This relation
should be used chiefly as a check on the other data, but for some
fibrous minerals whose acute bisectrix is along the fibers it may be
the only means of readily determining the optical character.

OPTICAL ORIENTATION, DISPERSION OF BISECTRICES,
AND CRYSTAL SYSTEM

Crystal habit and prominent cleavage, twinning, and other phe-
nomena may be quickly observed under the microscope and their
relations to the optical characters determined. By observing the in-
terference figure the complete optic orientation of any grain, such as
one lying on a cleavage or a crystal face, can be roughly made out.
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This observation is especially suitable for determining the optical
position that corresponds to the direction normal to the grain. The
orientation in the plane of the section can best be obtained by meas-
uring extinction angles and determining the position of the slow ray
and the fast ray by means of a red of the first order or a quartz wedge,
or by testing the indices against the embedding medium. The dis-
persion of the bisectrices can be determined by measuring extinction
angles in different colors of light. For ordinary purposes it is suffi-
cient to observe the color phenomena in ordinary daylight when the
crystal is near extinction. If the dispersion is slight the extinction
should be sharp; if considerable there will be no sharp extinction but
abnormal interference colors over a range depending on the extent of
the dispersion.

It is commonly possible to determine the crystal system to which
a mineral belongs from the microscopic study. The fact that min-

“erals such as biotite may be sensibly uniaxial or may give sensibly
parallel extinction introduces some uncertainty.

Isotropic minerals are amorphous or isometric. Uniaxial minerals
are tetragonal or hexagonal. Biaxial minerals with parallel or sym-
metrical extinction are orthorhombic. Biaxial minerals with inclined
extinction for fragments normal to one principal optical direction
and parallel or symmetrical for those normal to the plane of the other
two are monoclinic. Biaxial minerals with inclined or unsymmetncal
extinction for all orientations are triclinic.

Monoclinic minerals elongated in the direction of crystal fiXes a or ¢
can be conveniently examined by rolling the fragments. When such
fragments are turned so as to give parallel extinction crystal axis b
and one principal optical direction lie across the length.. When the
fragments lie on a face normal to crystal axis b they should show
approximately the maximum extinction angle. In the conoscope an
interference figure should also appear in the center of the field of the
microscope. Such sections will give the characteristic extinction
angle X (Y or Z) Ac (or a). Pleochroism can be conveniently
observed at the same time. "

An adequate optical orientation of triclinic mmemls may be accom-
plished by the use of the Fedorov universal stage and the convenient
accessory, the Wulff stereographic net. Recently use has been made
of this method, but no uniformity in recording results has been hereto-
fore proposed. The logical method to record an optical orientation
seems to be the one wherein the optical elements are assigned coordi-
nate values on the same projection with the crystallographic elements
in the standard orientation. As an example of this method of indi-
cating the optical positions, Figure 5, ¢, below gives the orientation of
axinite, measured with # (111) parallel to the section—that is, the
normal to z is at the center of projection. However, this is not the
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accepted orientation for axinite, so the entire projection has been
shifted until  (010) and m (110) have assumed their normal position,
90° from the center of projection. Further, by convention, the form
b (010) is on the zero meridian; this involves one more simple shift of
the projection, so that the conventional position is obtained. (See
fig. 5, b.) The Wulff net greatly facilitates the changes required.

The data for the preparation of a table of coordinate angles, such as
given below for axinite, may be read directly from the net, for the
measurements made on the Fedorov stage are ordinarily not more
accurate than a degree or more. '

In the table the angles ¢ and p are those ordinarily used by crystal-
lographers to indicate the angular.positions of face poles on a projec-
tion. Thus ¢ is the angle from the zero meridian, read in a clock-

a

FIGURE 5.—Stereographioc projection of the optical elements of a triclinic mineral (axinite). Na, Np,
Ny are the poles of the vibration directions of the three indices of refraction. b=face (010), m=(110),
M=(110), z=(111). A and B emergence of the two optic axes. a, Projection on z(i11). b, Projection
with the prism zone vertical

wise direction. Counterclockwise from the zero meridian the readings

are negative. The angular values given are conventionally not

greater than 180°. The p values indicate the angular inclination of
the point from the center of the projection. These angles therefore
do not exceed 90° in value.

Optical orientation of axinite

] P ¢ P
b(010) - ______ 0 90 || Zee e —93 42
D G 53 55 || Ao 18 24
Yo L 156 72 || Boo . 65 90
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Extinction angles may be determined graphically when the positions
of the axial angle are placed on the projection. The graphic method
is recommended for such a determination, because, as before stated,
ordinary measurements on the Fedorov stage do not justify more
precise methods.

DISPERSION OF THE INDICES OF REFRACTION

The dispersion of the indices of refraction is easily measured by
Merwin’s dispersion method and is a significant diagnostic property.
[t should be used more than it is. :

OTHER TESTS

The optical properties are sufficient for the accurate determination
of most minerals, but the occurrence and association of the mineral
should be considered, a macroscopic examination made, and such
simple properties as hardness noticed. It may be desirable also to
determine the fusibility and the specific gravity or to make simple
chemical tests. Microchemical examinations have not received the
attention from mineralogists that they deserve. X-ray photographs
are valuable aids and in some determinations are indispensable.

163287—34¢—3



CraprER 3.—SOME STATISTICS ON THE OPTICAL PROPER-
TIES OF MINERALS

DISTRIBUTION OF MINERALS WITH REGARD TO
OPTICAL CHARACTER

The tables in chapter 4 contain data for about 1,200 mineral
species, but some species appear more than once, and there are about
1,700 entries. They are distributed as follows:

Per cent Per cent
TsotropiCa oo oo 14.9 Bxax1al+ e 30. 3
Uniaxial+ - ___ 6.8 | Biaxial— ... ... 31.8
Uniaxial — ... 13. 8 | Optical character unknown:... 2.4

Many of the-isotropic minerals are amorphous, and some minerals
that are placed under the uniaxial groups are strictly biaxial but
have small axial angles or their apparent uniaxial character is due
to aggregate polarization of fibers or lamellae. A few of those
included in the biaxial groups are uniaxial and appear biaxial on
account of strain.

The small number of uniaxial positive mmerals as compared with
uniaxial negative minerals is noteworthy. A significant feature of
the revised edition is the lowering of the percentage of minerals
entered as of optical character unknown.

DISTRIBUTION OF MINERALS WITH REGARD TO INDEX
OF REFRACTION AND BIREFRINGENCE

The distribution of the minerals with regard to their intermediate
index of refraction 8 is shown in Figure 6. For only 10 minerals, or
less than 1 per cent of the total number, is 8 less than 1.400, and for
only about 28, or about 2 per cent, is 8 greater than 2.70. For
about 54 per cent of all the minerals 8 is between 1.475 and 1.700.

The distribution of the minerals with respect to their birefringence
is shown in Figure 7. Curve 1 shows that the greater number of the
minerals have a birefringence of about 0.018 and that the number
rapidly decreases on both sides of this value. Curves 2 to 5 show the
distribution as regards birefringence of the minerals whose indices
of refraction B lie between certain values. The greater number of
minerals in which 8 is lower than 1.80 have birefringence of about
0.015. For minerals in which 8 lies between 1.80 and 2.00 the
greatest density of distribution is for a birefringence of about 0.035,
and for those in which g is greater than 2.00 there is no marked

28
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maximum for the curve. These curves show a striking tendency for
minerals which have high indices of refraction to have also strong
birefringence. This tendency is equally well shown by the per-
centage distribution of minerals which have birefringence greater
than 0.20.

Percentage of minerals with B between given values and with birefringence greater

than 0.2
Per cent Per cent
Bless than 1.80 - - ______________ B between 2. 2 and 2.6 .. ________ 10
8 between 1.80 and 2.0 ___.______ B greater than 2.6 ______________ 48
B between 2.0and 2.2 ___________ 14

RELATION BETWEEN INDEX OF REFRACTION, DENSITY,
AND CHEMICAL COMPOSITION

Gladstone and Dale long ago showed that

Every liquid has a specific refractive energy composed of the specific refractive
energies of its component elements, modified by the manner of combination, and
which is unaffected by changes of temperature and accompanies it when mixed
with other liquids. The product of this specific refractive energy and the density
is, when added to unity, the refractive index.?

OT}I
n—1

d

where K is the specific refractive energy of any substance and
k1, ks, p1, Pa, ete., are the specific refractive energies and the weight
percentages of the components of that substance. These components
may be the elements or radicals that enter into a compound or the
constituents of a solution. In general these relations hold rather
accurately for varying temperature, pressure, and concentration
in liquids and gases, but when applied to a substance in a different
state—as liquid and gas—the formula gives errors as great as 30
per cent. On the basis of the electromagnetic theory of light Lorentz

2+2 d =k. This

formula holds somewhat better for substances in a different state
but nevertheless gives a considerable error. Another formula recently

=K,and K=Fk, 17610 +k2100+etc y

and Lorenz independently derived the formula ~

proposed * is 10%3 oK.

Moreover, some substances, as oxygen in some organic compounds,
have two or more specific refractive energies, depending on the
structure of the molecule. :

9 Gladstone, J. H., and Dale, T. P., Researches on the refraction, dispersion, and sensitiveness of liquids:
Reoy. 8oc. London Philos. Trans., vol. 153, p. 337, 1864.
¢ Lichtenecker, K., Phys, Zeitschr., vol. 27, pp. 115139, 1926,
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When Gladstone’s law is applied to crystalline substances the

mean index of refraction 2w3+6 or a+g ty must be used and the

relations hold only approximately. The formula Yw% or YaoBv,
however, should be used where the birefringence is very strong.
In ,applying these formulae to minerals, additional difficulties are
introduced, as determinations of density are commonly unreliable,
and the chemical composition of the material for which the indices
of refraction are available may be imperfectly known. However,
the values shown in Table 2 for the specific refractive energies
n%l =Ic> of the chief constituents of minerals have been com-
puted by taking the average as derived from a number of minerals
for which the available data seemed fairly reliable. -

TaBLE 2.—Spectfic refractive energies (n%z =k> of the chief constituents of minerals:

Molecular k . Molecular k
weight weight
18 a8 0. 3355. 198 (¢0.202,40. 226.
b 0. 340,¢. 354 226 L1444
30 .31 228.4 | ¢.209, 4,232
52 . 503 326 . 149
62 . 181 328.5 .16
94 .189 464 .163
143 . 250 44 21T
187 .129 60 . 207
232 . 154 80 . 397
282 .124 111 . 147
416 16951 122.5 . 201
424 .120 151 . 145
25 . 238 152 .198
40.4 . 200 159. 5 ¢, 20041
56 .225 264.5 12
71 4,191, ¢, 224 108 .240
72 . 187 142 .190
75 .184 151 218
75 .184 182.4 .43
79.6 | 4,191, 2531 230 169
81.4 | 4,153,+.183 240 183
103.6 .143 268 . 205
128.4 134 320. 4 . 152, .222(7)»
153.4 127 334 177
216 L18 . 446 .133
223 d,137,0.175.i 80 177
70 . 9,220 100 .36
72 . 265 127 . 165
102 .193, /. 214 144 224141
152 .27 175.6 . 607
158 4,300, « 304.i 235 .133
160 4,308, «.36 i 286. 5 .134
a Water and ice. / Calculated from feldspar, feldspathoids, etc..
b Average. ¢ Isometric oxide.
¢ Alums, ete. b Monoclinic oxide.
d Calculated from compounds containing the oxide. ¢ Orthorhombic oxide.
¢ Calculated from the oxide.
Atomic & Atomic b
weight weight

1| 1.256 or 1.44 32 10.502, ¥ 1.00
.403 .303.

12 35.5
16 .203 80 .24
19 . 043 127 .226

{ Calculated from native sulphur. + Calculated from sulphides; values vary.
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These values are only approximate, but in a number of minerals
selected at random the value of k£ as computed from n and d and as
computed from that of its constituents agreed with few exceptions
within 5 per cent. A very few minerals show a much greater
difference.

As shown in the table for most radicals, the value of k is near 0.20.
For S, (NH,),0, TiO,, TeO;, and V,0;, it is higher, and for Cs,0,
BaO, PbO, ThO,, UO;, and F it is much lower. There is a tendency
for the value of % in each group to decrease as the molecular weight
increases, but there are many exceptions. The values of k for
BaO, SrO, and CaO show why related minerals of these three oxides
have about the same indices of refraction but very different densi-
ties. The values for Cb,Os; and Ta,0; show why the columbates
commonly have higher indices of refraction but lower densities
than the corresponding tantalates. The extremely low value for
fluorine accounts for the remarkably low indices of refraction and
comparatively high densities of the fluorides.

- Minerals containing any of the following radicals as essential con-

stituents are likely to show strong dispersion: (NH,),0, N,O;, UO;,

:Sb205, A5205, P205, V205, Fezo;;, anoa, MOOa, or TiOQ.

5\



CuartErR 4 —TABLES FOR THE DETERMINATION OF MIN-
ERALS FROM THEIR OPTICAL PROPERTIES

ARRANGEMENT OF THE DATA IN THE TABLES

In Table 3 the minerals are arranged in the order of their mean
indices of refraction (8 or w) and the birefringence is added.

- In Table 4 the minerals are divided into six groups—isotropic,
uniaxial positive, uniaxial negative, biaxial positive, biaxial negative,
or optical character unknown. The last group includes only a few
minerals, mostly very finely crystalline. As the indices of refraction
are the most characteristic and the most easily measured of the
optical constants, the minerals in each group are arranged in the order
of the intermediate index of refraction, g.

The data for each mineral are arranged along a horizontal line.
The left-hand column shows the variability. For biaxial minerals
the next three columns show the three indices of refraction in the
order a, v, 8. 'The birefringence is not given, for it can be determined
by subtracting « from «. After the indices of refraction the name of
the mineral is given, and beneath it the chemical composition. Then
follows the axial angle, 2V and 2E, and beneath it the dispersion of
the optic axis. 2E becomes indeterminate as it approaches 180°,
and so such values are not given. Next comes the optical orientation,
and beneath it the dispersion of the principal optical directions
(bisectrices). The crystal system is next given, and beneath it the
crystal habit. The next column shows the cleavage, and the next
the color of the mineral in the hand specimen. Then follows the
hardness, specific gravity, and fusibility. In the last column, under
remarks, is given the group to which the mineral belongs, the solubil-
ity, the pleochroism, twinning, and other properties. For isotropic
and uniaxial minerals the arrangement is the same, but some of the
columns are omitted. For a few minerals only one index of refraction
is known, and the birefringence (B) is then given.

The birefringence is said to be weak if it is less than 0.010, moderate
if between 0.010 and 0.025, strong if between 0.025 and 0.100, very
strong if between 0.100 and 0.200, and extreme if greater than 0.200.
The axial angle (2V) is said to be small if it is estimated to be less than
30°, moderate if between 30° and 60°, and large if over 60°. The
dispersion of the optic axis is said to be perceptible if a good inter-
ference figure shows faintly perceptible colored borders, weak if a

33
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little more easily seen, moderate if easily seen, strong if the hyperbolas
are rather broad, colored bands, and extreme if the colored hyperbolas
cover much of the field of the microscope. _

The attempt has not been made to describe all the phenomena ob-
served under the microscope but rather to give the chief optical con-
stants and any exceptional properties that are not simply manifesta-
tions of these optical constants. For example, the section {010} of &
monoclinic mineral with strong dispersion of the bisectrices will not
give sharp extinction in white light but a succession of abnormal
interference colors over an angle whose width depends upon the
strength of dispersion. Minerals that have strong dispersion of the
optic axis will give abnormal interference colors in white light on
sections nearly normal to an optic axis. In general, abnormal inter-
ference colors are due to strong dispersion. The positions of the
optical directions with relation to cleavage or other crystal direction
are easily determined, except in triclinic minerals, if the position of
the cleavage and of the principal optical directions in the crystal are
known. For example, gypsum has a very perfect cleavage {010}
and Y =b; hence cleavage pieces are parallel to the plane of the optic
axes and W111 show the emergence of Y.

Minerals for which new measurements were made for these tables
are marked with an asterisk (*). Under remarks the source of the
specimen examined is given. There are about 80 of these minerals,
and these new data have not in general been published elsewhere.

In Tables 5 to 24 we have assembled for some of the well-known
mineral groups the optical data that are most useful for distinguishing
between members of the group. The groups are arranged in alpha-
betical order, and the arrangement within the groups is much the
same as in Table 4.

COMPLETENESS OF THE DATA

- In the classification and nomenclature of the minerals Dana’s
“System of mineralogy” has been followed with few exceptions,
although that classification is now greatly in need of revision. With
the exception of the opaque minerals and a few others that are noted
in the index and elsewhere, all the species recognized in Dana’s
System, including the first three appendices, areincluded in the tables
as well as a considerable number of minerals not considered species
in the system and many subspecies of the better known groups.
Some minerals whose optical properties differ in different specimens
have been inserted in the tables several times. The indices of refrac-
tion of about 20 very rare minerals have been roughly estimated
from the chemical composition and specific gravity, and these esti-
mated indices have determined the position of the minerals in the
tables.
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TABLES FOR DETERMINATION OF MINERALS

It must be borne in mind that a large number of the minerals
are variable in all their properties through isomorphism and solid
solution. For the most species this variability is within moderate
limits, and if the properties of the end members are known those of
the intermediate members can be estimated. As yet only a few
mineral groups have been systematically studied and for many
groups the only available constants are for one or more imperfectly
placed intermediate members. Where the data were available the
end members are placed in the tables and, in many groups, one or
more intermediate members. Ultimately it is hoped that all optical
measurements will be closely tied to good chemical analyses. The
data given in the tables as a rule are commonly for particular speci-
mens, and other specimens, even from the same locality, may differ
somewhat in indices of refraction and other properties. If the axial
angle is large a comparatively small difference may change the optical
character and such minerals should be looked for in both the optically
positive and negative groups.

For more complete descriptions of the minerals the standard min-
eralogies should be consulted, particularly Dana’s ‘‘System of
mineralogy”’, Hintze's ‘“Handbuch der Mineralogie’’, Winchell’s
‘‘Elements of optical mineralogy’’, and Rosenbusch-Miigge’s ‘‘Mikro-
skopische Physiographie, Band 1, Zweite Halfte.”

TABLES

TasLe 3.—List of minerals arranged according to their intermediate indices of
refraction, B, and showing their birefringences '

8 Birefringence B Birefringence
P\ SR 1. 000 0.000 || Gearksutite... 1.454 0. 008
lee ... 1,309 .004 [ Wattevillite 1.466 .04
Malladrite 1.312 .003 1. 456 .028
Avogadrite 1,325 . 001 1. 466 .119
Villiaumite 1.328 Very wesk 1.456 . 000
Water..._. 1,333 .000 || Yttrofluorite.. . 1. 467 . 000
Hieratite. 1.339 .000 || Mendozite..... - 1. 4568 .028
ryolite......... 1. 339 .001 || Tschermigite.. . 1.459 . 000

Cryolithionite... 1.339 . 000 Chr{socolla(?) . 1.46% 11
folite. ... 1.349 .007 {| Opal.__...___. . 1.46 .000

Cryptohalite 1.370 . 000 Mallardlte_
Sellaite..._ 1,378 .012 || Tincalconite... - 1. 461 .013
Mirabilite. 1. 395 .004 || Melanophlogit - 1. 461 . 000
Chrysocolla(?). 1,404 Moderate. || Mendozite..... . 1. 461 .014
Termlerite ............ 1. 4034 . 000 || Lechatelierite. . 1. 462 . 000
........ 1, 406+ .000 || Picromerite...... . 1.463 . 015
Pachnolite ..... 1.413 .009 || Mendozite..... - 1.463 .012
Thomsenolite.. 1. 414 .008 || Aluminite.. . 1. 464 . 011
Natron ocoeczoocecooaos 1. 425 . 8&5’ ]Iim]:lsforalte. l1 :g(s) . 3&1)
alloysite. . 470+ .

Ralstonite L4277 { to weak. || Hatchettit 147 ‘03
() ¢1:1 RO 1.43 .000 || Gmelinite. . 1.47 . 004
Yttrocerite. . 1.434 .000 | Tridymite.. . 1.47 . 004
Fluorite. ... 1.434 .000 || Allophane.. - 1. 474 . 000
1: JRN 1,440+ .000 || Neotocite........ - 1,47+ . 000
Schalirerite. 1.440 .005 || Chile loewelte. .. - 1.470 . 036
Erionite. .. 1.44 .014 (| Paraluminite._. . 1,470 . 009
Hisingerite. 1. 44+ .000 || Borax..._..___ 1.470 . 026
Stercorite. 1.441 .030 || Boussingaultit, 1.470 .010
Taylorite.. 1.448 .012 ernite_._.__.. 1.472 . 034
govellfi‘t'e ............... i 122 ........... o3 Flokite.._.. . 1.473 . 882
secontite. . .01 . 1
Kalinite. -.----ooooooon 1.452 .g28 || Gmelinite... | vemeaf to . 008
Hexahydrite... 1.453 .030 || Ptilolite.... - 1.475 .003
Sul phohalite. 1. 454 .000 || Mordenite......oca--...! 1.475 004
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TasLe 3.—List of minerals arranged according to their intermediate indices of
refraction, B, and showing their birefringences—Continued

8 Birefringence B8 Birefringence
Carnallite_ . ......... 1.474 0.029 Harmotome....ccoce--o 1. 505 0. 0056
Laubanite. -- 1.475 .01l Vashegyite - 1. 505 . 000
Alunogen. . - 1.476 . 009 Mesolite... - 1. 505 . 001
Arduinite.. -- 1.476 . 004 Niter.... . 1. 505 .172
Thenardite. - 1.477 .013 Kainite.____. - 1. 505 .022
Creedite._. - 1.478 . 024 Nitromagnesite. - 1,606 17
- 1.478 .015 . || Thermonatrite_ . 1. 506 .104
- 1.479 . 004 Parasepiolite. - - 1. 508 .011
- 1.479 .015 Thaumasite .- 1. 507 . 039
. 1.48 .000+ || Sulphatic cancrmite- - 1. 507 . 007
. 1.48 .027 Bischofite 1. 507 .033
i - 1,480 .19 Tychite 1,508 . 000
Chabazite. - 1.480+ . 002 Manganesechalcanthite_| 1. 508 .019
Boothite.-. -- 1.48 .02 Ussingite......occeoaen 1. 508 . 041
Misenite... - 1.480 .01 Leuecite_____._. - 1.509 .001
Dietrichite. . - 1.480 .013 Nocerite....... - 1. 509 .023
Phillipsite. .. - 1.48 . 003 Larderellite_._ - 1. 509 . 068
QGoslarite. . .. - 1. 480 .027 Pirssonite..... . 1. 510 .071
Pickeringite. - 1. 480 007 Phillipsite...__.. . 1.51 . 003
Vashegyite.__ - 1.48 02 Petalite.._....___ - 1.510 .012
Hanksite. ... - 1.481 .02 Uranospathite... - 1. 510 .03
Darapskite. . .. -- 1.481 .095 || Epistilbite........ - 1.510 .010
Apjohnite..... - 1.482 . 004 Inyoite...... - 1.51 . 025
Natrolite. .. .eoeee---| g 1.482 .013 Hisingerite - 1. 51+ . 000
1.483 009 Pseudomesolite._._.-.-- 1. 510 . 002
1,483 000 Saponite..__..__....oo. 1. 510 .032
1.483 012 Cimolite._....o_.cocecen 1.51 . 000
1.485 004 Brewsterite.........---- 1.512 .013
1.485 000 Flagstaffite .....ccoooa- 1. 512 . 019
1,485 |occccccaooo Leonhardite......c.-a-- 1. 512 .011
1.486 . 003 Chrysotile..coeeoooemne- 1.512 .014
Oyanochroxte._, ........ 1.486 .018 Hydrotalcite........-.-- 1. 512 . 014
Aphthitalite..........._ 1.487 . 005 Faroelite. . .._........-. 1. 513 . 006
1.487 007 Northupite. . - 1. 614 . 000
1. 487 001 Okenite... 1. 514 .003 -
1.487 . 070 Ozocerite. 1. 516 L0256
Tamarugite......cce-u-- 1. 487 .012 Gonnardite. 1. 515 . 006
Hackmanite. .........-- 1.487 .000 Montmorillonite 1.516 . 023
Ettringite.. . . 1.488 014 Gaylussite.. ... -- 1,516 079
Halotrichite. - 1.488 010 Planerite. ... -- 1. 517 . 000
Vanthoffite.. - 1.488 004 Meerschaum. . . 1. 517 . 000
Douglasite... - 1.488 012 Syngenite__. 1.517 .018
Morenosite. . N 1. 489 025 Pollucite. . 1.518 . 000
Vashegyite. . . 1.49% 000 Davyne... 1. 518 . 003
Allophane. 1.49+ 000 Felsoebanyite. 1. 518 © . 017
. 1. 490 000 eifite....._._. 1. 518 . 004
1. 490 012 Newberyite. 1. 518 .019
1.490 .019 Scolecite.... 1.519 .007
1.400 038 Koenenite 1.52 .03
1,491 008 Halloysite 1. 62+ . 000
1.492 128 Bobierite. .. 1,62 . 033
7 1.492 .011 Hautefeuillite. 1.52 .03
Bianchite 1. 494 . 030 Chlorocalcite. 1.52 Weak.
Arcanite.. . ..cecoao.-- 1.494 . 004 Sepiolite.._... 1.52 L0100
Kreuzbergite. 1.495 .017 Carnegieite. . 1. 52 . 004
Noselite...... 1.495 . 000 Tachhydnte. - 1. 520 . 008
Dachiardite 1. 496 008 Microsommite. . 1. 521 . 008
Bolivarite__ 1.496 000 Natrodavyne._. 1.522 . 005
Struvite.... 1.496 009 Gypsum._._.. 1,623 . 010
Haiiynite... 1.496 000 Mascagnite. .. 1. 523 .012
Nitrocalcite. 1.498 . 039 Hatchettite... 1. 523 070
Stilbite...._.. 1.498 . 006 Cancrinite..---. 1. 524 . 028
Heulandite. -- 1.499 . 007 Laumontite. . .. 1. 524 .012
Levynite..__. 1.50 Strong Orthoclase........ 1. 524 . 008
Wellsite. ____... “1.50 . 005 Bischofite. . .cooeoocooan 1. 524 . 032
Bilinite - ......o-. . 1.500 Weak. Spadaite. .. _ooooeaeas 1.525 . 024
Rosiérésite. ... 1.5 . 000 Thomsomte ............ 1. 525 .013
AZUCite. .. ceee 1. 504 000 Bialite.. ... 1. 525 .02
Liskeardite._. . -... 1. 500 010 Anorthoclase (AbssAnas). 1.525 . 008
Phillipsite. .. ..... 1. 500 004 Kramerite._..o.oc---- 1. 525 . 029
Nahcolite_....-._- 1. 500 206 Chalcoalumite.......... 1. 525 . 009
Stevensite....-.-- 1,50k 000 Saponite...ccocnnan 1.525 . 037
Didymolite... X 1. 501 015 Pollucite. . ..ocooeceaaee 1. 525 . 000
Epidesmine..ccceceaaua- 1. 501 014 Sideronatrite. - ....---- 1. 525 .078
Nesquehonite-.-...-..- 1. 501 .114 Minasragrite.......---- 1. 525 . 030
Paraffin______....oo.... 1. 502 . 048 Hintzeite.._.. --z- 1. 526 . 042
Antigorite__._......... 1. 502+ .021 Microcline...... c—-- 1.526 . 008
Uranothallite...-.----- 1. 503 . 039 Hydromagnesite.. 1.527 .022
Prosopite....ooceaaoooo 1.503 009 Paternoite 1.528 . 039
Ulexite. .. 1. 504 029 Albite.__._. 1. 529 . 011
L1175 1. 504 172 Copiapite. - - wveeeeeee-- 1. 529+ . 066
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TaBLE 3.—List of minerals arranged according fo their intermediate indices of
refraction, B, and showing their birefringences—Continued

' Birefringence

8 B Birefringence
Botryogen.....ccceeoae. 1. 529 0. 055 Zepharovichite......... 1.55 0. 024
Kehoeite. . . 1. 534 . 000 Maizzonite (MansMezs) - - 1. 551 .013
1. 530 .022 Zirklerite. 1. 552 Weak.
1.530 .024 Alumohydrocalcite. 1. 553 . 085
.............. Andesine....... 1. 5563 . 007
1,53 . 025 Grothine. 1. 554 .018
1.53 Low. Lacroixite 1. 554 .018
1,532 .010 Bombicci 1. 555 . 041
1. 532 . 003 Vauxite 1. 555 .011
1. 532 . 056 Lepidol 1. 555 .023
- °1, 532 . 005 Halloysite. 1. 566 .
Fibroferrite- -.---...... 1. 633 . 042 Soumansite 1. 6565 (6]
Zinc-copper chalcanthite| 1.633 . 027 Saponite... 1. 655 .01
Bearlesite. ... 1.533 . 022 Rhomboclas: 1. 555 .102
Langbeinite. . - 1,533 . 000 Whewellite.. 1. 655 . 159
Hydroboracite. - 1. 634 047 Miloschite. . L5565 . 007
....... . 1,534 . 068 Julienite... 1. 556 . 089
- 1. 534 . 020 Wapplerite. () (4]
- 1.534 .027 Louderbackite. 1,558 037
. 1.535 .021 Serpentine..... 1. 558 . 000y
- 1. 535 . 000 Paravauxite... 1. 558 . 019
. 1. 535 . 002 Ferronatrite. .. 1. 558 . 053
. 1.535 |Verystrong. Metavariscite.. 1,558 031
...... . 1,635 .063 Beryllonite.....ooc... 1. 558 . 009
- 1. 635 . 060 Brucite. .- -ceeeeacaaeans 1. 559 . 021
....... - 1.5356 .02 Anemousit....ccaee.oo. 1. 550 . 008:
. 1.535 .010 Ferronatrite............ 1. 559 . 068:
. 1. 536 036 Friedellite. «coeeeeeenoe 1. 660 . 065
ite 1. 536 7. 026 Trudellite. - ccoveeeean-. 1. 560 . 065
. 1. 536 .132 Polyhalite..ceuoeeaeaae. 1. 560 . 020
1. 637 .015 Newtonite. 1. 560 . 020
g 1. 637 . 002 Jefferisite. . 1.560 .02
alcedony 1,537 .01 Colerainite. - 1.56 Weak..
Beidellite...ccocooaoooo. 1.537 . 042 Humboldtine. 1. 561 . 198
Chalcanthite........... 1. 537 . 029 Metavauxite. 1. 661 027
Ameletite ... ... Q)] Low. JezeKite. oo cceeeaaaans 1. 561 011
Cordierite. cceceeeacana. 1.538 . 008 Lepidolite. .c.ceeeennes . 1. 561 . 025
Mellit®. aeacooam oo 1. 539 .028 Phlogopite..-ccccaeamae- 1. 561 . 023
Marialite (pure)........ 1. 539 . 002 Morinite. .. ..-.o.o_.. - 1. 562 .012
Gismondite..-.......... 1. 639 .008 Nacrite...-cceevemaaae.. 1. 562 . 006:
Brugnatellite. .......... 1. 540 . 030 (01111} o 17 J 1. 662 .014
Deweylite.coococeanane 1.54 ? Faratsihite............. 1,56 Moderate..
Cornuite. .- occcooooaen 1. 4= . 000 Scacchite. ... ) IS, . 0001
Sulphoborite. . ......... 1. 540 017 Cordijerite. .... 1. 562 .01
AJKAItO. o e 1. 541 . 000 Labradorite. 1. 563 . 009~
Qordonite........__... 1. 541 .022 Dickite...... 1. 563 . 006
Telegdito. .auoeooeamanas 1. 542 . 000 Kossmatite 1,564 Strong
Halloysite..ccooccmaaaan 1, 5424 . 000 Anauxite. ... 1. 564 . 006
Nephelite. 1. 542 . 004 Polylithionite. .. 1. 565 . 022
Stichtite... 1. 542 . 026 Montmorillonite. 1,565 . 022
Dawsonite. 1,542 . 130 1. 665 . 000:
Copiapite... 1543 . 065 1. 565 L0100
Oligoclase. 1. 543 . 008 1. 565 . 005
Halite... 1. 544 - .000 1. 5654 .01
Quartz.. .. 1. 544 . 009 Elpidite... 1. 565 0146
Epididymite. 1. 544 . 002 Kaolinite. - 1. 565 . 005
Mooreite. . 1. 545 . 014 Gibbsite... 1. 566 .02¥
Errite.._.. 1. 545 .002 Radiophyllite. () ()
Anauxite._ 1.54 .01 Fluoborite... 1.566 . 038
Pholidolite. . 1, 545 . 042 Norbergite......--c-.... 1. 567 027
Eucryptite. - 1. 545 Low. Wernerite (MasoMeso) - - 1. 567 . 022
Brushite__.. 1. 545 .012 Collophanite.......... - 1,568 . 000
Hyalophane. 1.545 .005 Isoclasite...... 1.568 .015
Eudidymite. 1. 546 . 006 Epididymite 1. 569 . 004
Voglite. . 1. 547 .023 Griffithite. .. 1. 569 . 087
Copiapit 1. 547 0604 || Lacroixite. .
Cordierite_ 1. 547 .010
Fluoborite. 1. 547 . 025
Oxammite. 1, 547 . 156
Botryogen.. 1. 548 . 028
Centrallasil . 1. 548 .014 .013:
Gyrolite... - 1. 549 .013 .
Truscottite. - . 1. 549 . 021 Antigorite. 1.570 . 011
Radiophyllite. . ?) [69) Hoernesite. 1.571 . 033:
Edingtonite....... . 1. 549 .016 Roemerite. 1.571 . 059
Cobalt chaleanthite...__ 1,549 021 Variscite... 1,671 . 022
Coquimbite..... - 1. 550 . 006 Chlorite. 1.572 . 002
Chrysotile. - 1, 550 .011 Beidellite.. 1. 572 . 039
Saponite... - 1.55 .03 Leuchtenbetg 1.572 . 003,
Neotocite.. - 1. 55+ . 000 Englishite. .... 1.572 . 002,
Ascharite............... 1.55 .02 Nitrobarite............. 1.572 | . 000
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TaBLe 3.—List of minerals arranged according to their intermediate indices of
refraction, B, and showing their birefringences—Continued

B Birefringence B Birefringence
Manganlangbeinite. ... 1.572 0.000 || Custerite..cacaeceeaaaaa- 1.59 0.012
isi 17 S, 1.57+ .000 || «a Hopeite... 1.69 . 018
..... 1.572 .020 || Nontronite. 1. 590 . 020
..... 1.572 .020 | Muscovite.__. 1. 590 .033
- 1,572 .010 || Metavoltaite. 1, 591 .018
- 1.573 .031 || Hambergite._. 1. 591 .071
Bassetite. . . 1.574 .02 || Priceite__-_. 1. 591 .022
Biotite. . 1.574 .033 {| Hiddenite--.. 1. 592 .01
1.574 .029 || Catapleiite_ .- 1.592 . 036
1.674 .034 [| Colemanite... 1. 592 . 028
1. 576 . 030 || Torbernite. . 1. 592 . 010
1.575 .044 ! Alurgite.._. 1. 594 .04
1.575 .01 Astrolite.... 1. 594 .027
1.575 .024 || Fuchsite.... 1. 594 .04
1.675 .005 || Diabantite. .. 1. 5956 . 040
Jurupaite...--- - 1.67 .008 | Amblygonite. .. 1. 595 . 020
Leuchtenbergite. - 1.575 .015 || Crandallite...-- 1. 595 .010
Parsettensite. ... - 1.576 .030 || Szmikite_ ... 1. 595 .070
Ekmannite.- - 1.576 .008 || Cuspidine.... 1. 595 .012
Penninite- - 1.578 .003 || Leucophanite... 1.695 .027
Augelite.. 1,576 .014 || Manganophyllite. 1, 595 027
.Sphaerite_ 1.576 .026 || Johannite___.-- 1. 596 . 036
272 — 1.5677 .006 || Zunyite.__...... 1. 596 . 000
Kroehnkite. 1.578 . 057 || Meionite (pure) 1. 597 . 037
Fichtelite... 1,578 .06 Chrysocolla. ... 1. 697 .023
Penninite. 1.579 .002 || Cordierite......-- 1. 597 . 007
Cookeite. . 1.679 .021 )| Amesite.-.ccae--- 1.507 . 015
*Canbyite. 1.580 .020 || Lepidolite.-...- 1.508 . 045
Ripidolite. . 1. 580 .009 || Howlite. . -—ccoeeooo_- 1. 598 .019
Manandonite........... () R i](1)14 1]\3/Eex'y1 (higliixi] alka]ies). L ggg . ggg
. i ather angano {: S, 1 .
Cookelte..----mvooooeee 1.8+ { strong. || Milliste Py 1,508 -008
Coeruleolactite. . 1.580 . 008 1. 600 .021
Koninckite. -~ 1.58 . 000 1. 599 . 041
Bavenite.....c...-. emoen 1. 581 .010 1.60+ . 000
Beryl (low in alkalies).. 1. 581 . 006 1. 600 Strong.
Sheridanite......-c..... 1. 581 . 009 1.60 .033
Chlorite.... 1. 581 .010 1. 600 045
Muscovite.. 1. 581 .036 || Chloraluminite......... 1.60 .053
Beidellite_.. 1. 582 .028 || Zinnwaldeite....-....... 1.60 .03
Hydrobiotite. 1.582 .037 || Riversideite......o----- 1. 600 . 008
BHopeite._.coccacoaaas 1,582 .008 || Paragonite...-ccceceau--- 1.60 .03
Meionite (MagsMezs). .- 1. 582 .031 || Borickite._-ccceeeanaaa 1. 60+ . 000
‘Chrome clinochlore..... 1,582 isoni 1. 601 .010
«Cacoxenite. -...-- 1, 582 1. 602 . 048
Uranospinite.- 1,582 1. 602 .020
Prochlorite..- 1,582 1.603 .031
Alumian.._... 1,583 1,603 .021
Zonotlite. ... 1.583 1,603 .014
«4 Mooreite...- 1,584 1. 603 . 054
Anorthite. . ... 1. 584 1. 604 .011
Schroetterite. 1. 584 1.604 . 000
Natroalunite. 1. 585 1.604 . 032
Nontronite. .. 1. 585 1. 605 Low.
Wariscite. . ...-- 1. 585 1. 605 .02
Anthophyllite.. 1. 585 1.605 .023
Volchonskite. . . 1. 585 1. 605 . 100
‘Clinochlore. -..... 1. 586 1. 605 . 000
1. 586 1605 Jocoommcenanoan
1, 586 1. 606 . 025
1. 587 1.606 . 022
1. 587 1. 606 .044
1. 587 1. 606 . 005
1, 588 (¢9] .017
1. 589 1. 607 .036
1. 589 1,607 . 006
1. 589 1. 608 . 004
1.589 1.608 . 045
1. 59+ 1. 609 .021
1. 590 1.61 . 000
1. 590 1.611 .043
1. 590 1.61 .07
1,590 1.61 .025
1.59 1.61 . 007
1,59 1. 61+ .000
Z}ﬁéggon)i.tte ........... i ggo 1.61% . 000
Kornelite. . .oceeemeaana- .

Hisingerite. - .- -eveunn- 1. 59+ i gii‘z ' ggg
‘8ohlllophanite_ e i gg:l: l. 612 * 019
oromanganokalite... . d .
ConDarite -—-eeceemen-- 1. 59 L.612 . 004
QGarnierite..ooccoceeoooo 1.59 1.612 .029
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TanLe 3.—List of minerals arranged according to their intermediate indices of
refraciion, B, and showing their birefringences—Contitiued

8 Birefringence 8 Birefringence:
Anspaite..._.._....._.. 1,813 0.047 Richterite........._... 1.63 0.0%
Stokesite. .. 1.613 .010 Chrysocolla (?) - 1.63 .05
Soda tremolite. 1.613 .017 || Celadonite. - - 1.63 Nt
Monetite...__ . 1.614 . 031 Lazulite... . 1. 634 .03
Phosphophyllite.. 1.614 022 | Axermanite. - 1.633 L0068
Stilpnomelane. . 1.615 . 069 Fluorapatite. 1.633 .008
Zippeite..._. 1.615 012 1.633 . 006
Fluocerite. . 1.615 . 002 1.633 . 004
Lehiite. 1.616 . 027 1.634 .005
Tremolite. _ 1. 618 027 1.635 .011
Calamine.. 1.617 . 022 1. 635 .000
Cyanotrichite. 1.617 .067 1,635 .035
Chondrodite. 1.617 . 032 1.635 . 004
Glauconite_ _. 1.618 .022 1. 636 021
Chalcophyllite. 1.618 . 066 1.636 .014
Pargasite.. 1.618 .022 1,636 .037
Edenite-.. 1.619 . 019 1. 636 . 035
Chondrodite.. 1.620 . 036 . 1. 636 . 020
Delessite. 1.619 .014 . 1.636 . 028
Turquoise. 1.62 .04 - 1.637 . 028
Nontronite. 1.62 .015 - 1.637 . 022
Topaz...-. 1.620 . 008 - 1. 637 012
Churchite. . 1.620 .03t Cummingtonite. - 1,638 . 022
Bisbeeite. 1.620 .10 Pargasite. ... - 1.638 .019
Afwillite_.. 1.620 017 Anthophyllite. - 1,638 .018
Torbernite. 1.62 . 002+ || Lepidomelane. . 1. 638 . 052
Gillespite.- 1621 . 002 Glaucophane. . . 1.638 .017
Eucolite.. 1.621 . 003 Sal ammoniac. - 1.639 . 000
Zippeite. . 1.621 .010 Hydrothorite - 1,638 . 000
Lehiite_....__ 1.622 .009 Andalusite. . . 1,639 . 009
Pseudowavellite. 1. 622 . 009 Roscherite. . 1.639 .01
Arakawaite.._.... 1.622 . 040 Dehrnite... .. . 1.640 . 009
Metatorbernite 1.623 .002 || Pseudowavellite. - 1.64 . 015
Dehrnite..._. 1.623 .011 Picite_.._._. - 1.64 . 000
Merrillite. . 1.623 . 003 Thuringite. - 1,643 .01
Amblygonite. 1.623 .023 I} Jeremejovite. 1.64 Moderate?
Tikhvinite__._ 1.62 (¢3) 1.64 .02
Uranopilite 1.623 . 010 1. 644 . 000
Tremolite. .. 1.623 . 026 1. 644 .000
Uranocircite. 1.623 .013 1. 6402 .000
Celestite. - 1.624 . 009 1. 641 . 020
Lewistonite. 1.624 .01 1. 641 . 009
Soda margar{ phe: 1. 642 .024
ite).... . 1.625 . 032 1. 642 . 046
Destinezite 1.625 .050 | Serpierite.... 1.642 - 063,
Goyazite. - 1.625 .010 || Mullite (pure)- 1,642 - 015
Francolite. 1.625 Low. Hornblende. . 1. 642 . 024,
Parahopeite. . 1,625 .023 1.642 025
Georceixite. 1. 625 Weak. 1.642 . 035
Nepouite. . 1.625 037+ 1.643 . 004,
Roscherite. 1.625 | Moderate. 1. 643 . 104.
1.625 .033 1.643 .013
1.626 .014 1.643 [ . 035
1.626 . 021 1. 643 . 020
1. 626 .033 Dioptase. 1. 644 . 063
1.627 .025 Fairfieldite. 1. 644 .018
1.627 .045 Nontronite. 1.645 | .03
1.628 . 056 Rinkolite. ... 1.645 | .018
1.628 .019 Holmaquistite 1. 645 019
Glauconite. 1.628 . 008 Pargasite 1. 646 .019
Lausenite. . 1.628 . 056 1. 647 .018
Prehnite. 1.629 . 026 (4] : . 0%
Richterite. . 1. 629 .022 1.648 |: .064
Wollastonite . 1.629 .015 1.648 . 039
Mariposite_ ... 1. 634 .03 Daphnite.._ - 1.640 |, . 006
Homilite (altered)-- 1.63 .02 Herrengrundite 1. 649 .076
Chlorite....... 1. 630 .005 Mosandrite... . 1. 649 .012
Collophanite. 1,63+ .000 Phosphophyllite. 1,65 . 026
iotite. . ... 1.63 . 050 Egueiite...... 1,65 |; .000
Anthophyllite. . 1.630 .021 Koninckite. 165 | . 000
Podolite-... 1. 630 . 008 Bementite.. 1.650 | .026
Deltaite. . 1.630 . 010 Szaibelyite.._. 1. 650 .075
Edenite. . 1.630 .023 Homilite (altered).. 1.650 |, .02
Guildite._ 1. 630 . 061 Krausite..._.... 1.650 | .137
Hastingsite. 1.631 . 025 Greenalite_....... Les i . 000
Ectropite 1.63 .01 Tritomite (altered). 1.65 | . 000
Humite 1.632 . 030 Cummingtonite. . 1.650 |: .028
Dravite 1.632 L0198 Iddingsite. 1.650 |- . 047
Bement: 1.632 . 030 Friedelite 1.650 1. .027
Chalcophyllite. 1.632 . 057 Chloropal Les I .03
Picropharmacol 1.632 . 009 Epistolite.. 1:650. |i 07
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‘TaBLE 3.—List of minerals arranged according to their iniermediate indices of
refraction, B, and showing their birefringences—Continued

B Birefringence B Birefringence

Camsellite............-- 1,651 0.076 Enstatite.. cccoooeoaaoo- 1,669 0.009
Bityite..__._ - 1. 652 .011 Velardefiite.. ... 1. 669 .011
Tourmaline.. . 1. 652 .024 || Schorlite (tourmaline). . 1. 669 .031
Liroconite. .. - 1. 652 . 063 Hardystonite........_.. 1. 669 .012
Lovchorrite.... - 1.653 .000 || Borickite_ . . ..oca_... 1,67+ . 000
Enstatite (pure). - 1. 653 . 008 Olivine (FeO=11.9 per
Messelite-.--.... - 1. 653 . 040 {3 103 1.670 036
Friedelite.... - 1. 653 030 Siderophyllite........-. 1.670 052
Cabrerite.... - 1,664 07 1417 4 L 7T 1,67 014
Hureaulite... - 1.654 .013 Hibschite...oooccveacoo- 1.67 . 000
Jadeite....._.. - 1,654 1029 || Iron Akermanite.--..... 1.670 .012
-Clinoenstatite. - 1.654 .009 || Clinohumite. 1.670 032
Dioptase_..... - 1. 654 .053 || Clinohedrite. 1.667 007
‘Phenacite...._ . 1. 654 .016 || Titanohydroclinohum-
Plumbogummite. - 1.654 022 ite. ooooooo 1.670 . 032
‘Rhabdophanite.. . 1. 654 049 Crossite. 1.670 Weak.
Datolite...._.... - 1.654 044 Olivine.. 1.670 . 046
Manganapatite. . 1.655 004 || Viridine 1.671 029
Koninckite.... - 1. 6565 010 Strigovit 1.67 02
‘Wentzelite. .. - 1. 6556 011 Bromlite. - 1.671 146
Wilkeite..._. - 1. 6556 . 005 Hinsdalite. 1.671 019
Eosphorite. . - 1. 655 .029 Diopside. - 1.671 . 030
Uranochalcite. . - 1. 655 .007 || Fillowite.___ - 1.672 . 004
Euclase........ - 1. 655 .019 | Magnesium chlorophoe-
Palaite..._.... - 1. 656 . 008 nicite.... 1.672 . 008
Natrochaleite.. - 1. 656 .065 || Durangite. 1,673 . 048
Chondrodite... N 1. 656 .03 Hornblende. 1.673 .022
Reddingite. . R 1. 656 .032 || Spurrite.___. 1.674 . 039
Seybertite.._.. - 1. 657 .012 || Natrophilite. 1.674 .013
Velardeiiite.._. . 1. 657 .004 || Spodiosite. 1.674 . 036
Baldaufite...._ - 1. 657 .010 Lawsonite. 1.674 .019
‘Hiortdahlite._. - 1. 658 .013 1.674 L127
Annabergite... .- 1. 658 . 065 1.674 .022
Veszelyite..... - 1. 658 . 055 1.674 .014
Calcite (pure) . - 1. 658 172 1.675 . 022
Jadeite.. ... - 1. 659 013 1.675 . 000
Barrandite... . . 1.66 . 025 1.6756 .028
Hisingerite_ . - 1.66 . 000 1.675 .028
Plancheite..... - 1. 660 .070 1.675 . 044
Chlorite......... - 1. 660 .010 1.675 .039
Eosphorite. ... R 1. 660 . 010 1.675 . 085
Brandisite..._... - 1. 660 012 1.676 . 000
Tilasite........_. - 1. 660 035 1,676 . 081
Xanthophyllite. . - 1. 660 012 1.676 054
Stewartite__.___ - 1.66 06 1.676 011
Salmonsite...... - 1.66 .015 1.676 148
Triplite. . ..._... . 1.660 . 022 1.676 012
Fermorite....... . 1. 660 Weak. 1.677 013
Teucosphenite____. . 1.661 .043
Erythrite......... - 1. 661 .073 1.678 .010
Forsterite. - 1.661 . 040 1.678 . 031
Cahnite_ ... - 1. 662 .001 || Childrenite.. 1.678 041
Monticellite.._.... - 1. 662 . 017 Clinohumite. 1.678 .033
Dickinsonite.__. - 1. 662 013 Lithiophilite. 1,679 .011
Lindackerite__ .. - 1. 662 098 || Sincosite-.. 1. 680 .025
Seamanite - 1.663 .025 || Annite.... 1.68 .06
Magnesiohastingsite.._- 1.663 .017 || Soddyite.. 1.68 . 060
Friedelite- ... ... ... 1.664 .035 || Allanite_.... 1. 68 . 000
Ternovskite........ ' 013 |l Florencite.-. 1. 680+ 005
Sérandite........_. 028 || Harstigite. - - 1.68 . 005
‘Homilite......___. 02 || Diopside. . 1.680 .029
Triplite. - —ccceeeen .02 Olivine......_. 1.681 . 037
‘Torendrikite..__.. .02 Erythrosiderite.. ..« [--cceao .- Strong.
‘Cummingtonite.. . .029 || Annabergite..._. 1.68 .05
Auerlite (altered)-. .020 | Dolomite (pure)- 1.68 .18
Hornblende_.__... R . .046 || Schallerite..... 1,681 . 038
Lithiophilite...........- . .010 || Aragonite. 1.682 .155
‘Spodumene.__..__......2 . . 016 1.683 .055
Johnstrupite. . .012 1. 683 . 029
‘Gehlenite.... . 005 1.684 .161
‘Clinohedrite. . . 007 1. 684 . 036
Chlorapatite_........... . . 003 1.684 . .012
Plumbocaleite._.___.... . 177 1.685 .03
TRinkolite. : .019 1.685 .015
Boracite.... 011 i ggg . gég
%::;1:1?;,2‘ - (1);; Roscoelite. 1.685 . 094

plane. ... Uranopilite 1.68 .03
Symplesite. . . -068 | Schorlite.. 1.685 .033
Rinkite.._. . .018 Trichalcite. . 1,686 . 028
Zinkosite .012 || Titanoelpidi - 1. 686 .017




TABLES FOR DETERMINATION OF MINERALS

N

41

TaBLe 3.—List of minerals arranged according to their intermediate indices of
refraction, B, and showing their birefringences—Continued

B Birefringence B Birefringence
Dumortierite..--.--.-- 1. 686 0.011 Merwinite. . 1711 0.010
Tourmaline. g 1. 687 .046 Hastingsit 1.711 .015
Aegirite-augi 1,687 . 029 Gerhardtit: 1.713 .019
Riebeckite.. 1. 687 . 005 Pigeonite. 1.714 . 030
Rosenbuschite 1,687 . 029 Schoepite. 1.714 .045
Urbanite..... 1. 688 .031 Strengite .
Triphylite.. 1,688 . 004 ous) ... 1.714 .025
Zippeite. ..o 1,689 .109 Brandtit 1.716 .013
Hypersthene (14 per .|| Larnite. 1.715 .023
cent FeO) . ocemnncaen 1.689 .012 Iddingsite 1.715 .044
Cenosite....o__ocooooa-. 1.689 .038 Delvauxite. 1.718 . 000
Sincosite. 1. 690 .018 ‘Woehlerite . 1.716 . 026
Orangite (sltered tho- Ankerite_... 1.718 . 190
rit § .................. 1.69 ©.000 Vesuvianite. 1.718 . 005
Chlorophoenicite. . 1. 690 .016 Glaucochroite 1.718 . 050
Jeffersonite..... 1. 690 .028 Clinozoisite..- 1.717 . 004
Stilpnomelane 1.694 .09 Bastnaesite... 1.717 .101
Rhodizite..... 1.69 .00+ || Spinel (pure).. 1.718 . 000
Willemite. . 1. 691 .028 Ferroschallerite.. . 1.718 .018
Hornblende 1. 691 .026 Magnesium orthite. 1.718 018
Gehlenite... 1.691 .000+ || Pigeonite. .- 1,719 024
Pigeonite. 1,691 .021 Johannsenit 1.719 . 028
Femaghastmgsne. 1.694 .019 Bromellite.. 1.719 .014
Pharmacosiderite. 1.693 . 005 Epidote (12 per cent
Kaersutite.......- 1, 694 .032 iron epidote).......... 1,719 . 007
Spangolite. . 1.604 . 053 Ferrohastingsite 1.719 . 021
Riebeckite. .- ooonn-- 1.695 Low? Allanite. ..... 1. 724 . 000
Basaltic hornblende. 1.695 .031 Trimerite 1.720 . 010
Tarnowitzite......- 1. 695 .161 Cyanite.. .. 1.720 .018
Triphylite_.__.-.. 1. 695 . 005 Phosphuranyl 1.720 .029
Hastingsite....... 1. 695 . 025 pinel .. 1,720 . 000
Kempite.....c..-- 1. 695 .014 Clinozoi 1.720 .010
Barylite. . ——-- 1.696 .014 Adelite. - 1.721 .019
Gruenerite......-. 1.697 . 045 Xenotime 1.721 . 095
Euchroite_ . ...ccaoo.. 1.698 .038 Glaucochr 1.722 . 049
Ankerite (CaCOs, 52.6 Diaspore. .- 1.722 . 048
percent; MgCOa,36 7 Chloritoid 1,722 .011
FeCO0s, 10 1. 698 .185 Tarapacai 1.722 . 044
Tourmaline 1. 698 .040 Jeffersonite. 1.722 .023
Schefferite. .....ovcee--| 1.699 . 031 Lavenite. 1,723 . 047
Neptunite...---—--— 1.699 046 Pyrochroi 1.723 . 042
Stibiconite.-ccceaceaena- 1. 704 . 000 Rhodonite 1724 . 010
Polycrase...c..eeeeeeoo- 1.70 . 000 Connellite 1.724 .022
Kremersite...---.-- .- || Basaltic hornblende._ . 1.725 .072
Magnesite (pure)......- 1,700 .101 omilite. ..cocceemennan 1.725 .023
Crocidolite. - .cavmeen--- 1.700 . 006 Rowlandite............. 1.725 . 000
Arrojadite...o-.oceeeu-n 1.70 . 007 Phosphosiderite........ 1.726 .046
Gadolinite...c.ecmaeaaa- 1.70 . 022 Babingtonite.. ... 1,726 .033
Hainite..... ———- 170 Low. Triploidite- - -« -occen-- 1.726 . 005
Plancheite .. -«ceeemn-o- 1.70 .04 Magnesite (FeCOs, 16
Arfvedsonite..-a-.acea . L70 .021 percent). . .ceeeeaens 1.726 .199
Ancylite.. . ooceceaooo 1.700 .100 Tyrolite. - occceeccacaan] 1.726 .036
Olivine. ... oao... 1.701 . 040 Picrotephroite
Tinzenite.....cocaccnee 1.701 .011 (Mga1SiO4, 40.4;
Hudsonite.. ———— 1.702 .017 Mn;8i04, 59.6 per
Arandisite_. - 1.702 .000 . cent) . oocemceccaaon 1727 .029
Triphylite. _............ 1.702 | Moderate. Hypersthene (26 per
Hypersthene (FeO, 18 cent FeO) 1.728 .016
per cent). ..ceaccamnan 1.702 .013 1.728 . 055
Zoisite...... 1,702 . 008 1.728 L0156
Serendibite._ 1.703 . 005 1.729 . 025
Astrophyllite. 1.703 . 055 1.729 .010
Zoisite....-- 1.703 .018 1.730 . 080
Schallerite. . 1.704 . 025 1. 734 .01
Augite......._ 1.704 L0256 Piedmontite.... ... 1.73 .02
Pyrope (pure).. 1.705 . 000 Ottrelite. .o ccovocnmanns 173 .01
Tarbuttite.... 1,705 . 053 Augite (TiOz, 4.84 per
Graftonite.. 1.705 .024 t) 1.73 .021
Olivine.. 1.706 .037 1.73 . 056
Svabite.-... 1. 708 . 008 1.730 . 068
Barkevikite. . 1.707 .021 Babingtonite. . . 1.730 . 035
Berzeliite__... 1.707 . 000 Stibiconite (7). 1.73 L0l
Pumge]ly‘ite.- 1.707 .018 Jeffersonite.-.........__ 1.731 .028
Sapphirine. 1.707 . 006 Ferrohastingsite___..... 1.731 .027
Genevite_. . 1.707 . 009 Chalcomenite....._..... 1.731 .022
Vesuvianite. . ........... 1.708 . 003 Strengite.. ... R 1.732 . 032
Diopside hedenbergite.. 1.708 .024 Molybdite. - 1. 7334 .216
STV 4 17 1.709 . 082 Hematolite.._ —— 1.733 .019
Uranothorite- 1.710 . 000 Hydrocyanite - 1.733 .0156
Strengite_ ... L7 . 0356 Curtisite. . ..... - 1.734 .51
Zippeite (?)ecccceeeaa... 1.710 . 100 QGrossularite......._..._. 1.734 . 000
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TaBLE 3.—List of minerals arranged according to their intermediate indices of
refraction, 8, and showing their birefringences

8 Birefringence B Birefringence
oo mese e 1.734 0.013 || Mackintoshite.......... 1.77 0. 000
1.735 (6] Melanocerite (altered)._ LR . 000
1.735 .030 || Conichalcite 1.77 041
1,735 .01 Becquerellite - 1.77 02
1.736 .000 || Swedenborgite. - 1.772 019
1.736 .000 || Margarosanite. - 1.773 078
1.736 .024 || Scorodite. . - 1.774 032
1.736 . 110 || Barthite. - 1.774 013
1.737 .055 || Palmierite. - ?) Strong
1.737 .000 || Taramellite. - 1.774 .
1.738 .013 || Britholite.. - 1.775 005
1.739 .024 || Orientite.. - 1.776 037
1.739 . A]mandlte - 1. 778 000
1.740 - 1.778 023
- 1.740 1.778 073
Pilbarite. - 1,744 1.779 019
Caryocerite (alter - 1.74+ 1.779 000
Molengraaffite. - 1.74 1. ;go 6 gﬁ
opat . 1
Vilateite, ommemmmeoeeoo- ra |{ 178 s
Aurichaleite_._......... 1.74 . Gadolinite. 1. 78+
i - 1.741 |. .010 || Dumontite 1.78 Medium
- 1.742 .000 || Piedmontite. 1.782 . 082
- 1,742 .027 || Shattuckite.. 1.782 . 063
. 1.742 .022 || Roepperite. 1.786 . 046
idote... ... 1,742 .028 || Lessingite.. 1.785 |acecoumaaanan
Epidote (22 per cent Beraunite. . 1. 786 . 040
iron epidote) . - ... 1.742 027 1.788 218
Adamite..... - 1. 744 . 065 1.788 082
Iddingsite. - . 1.745 042 1,788 027
Pyreneite. - 1,745 003 1,788 023
Mixite._.. - 1.745 085 1.788 051
Libethenite. - 1.745 . 087 1. 790 . 000
Freirinite.. - 1.748 .103 179 .10
Berzeliite.. - 1,748 . 1,794 .26k
Chrysoberyl. - 1.748 010 1.79 . 020
Ankerite... - 1.749 . 202 1,792 . 035
Rutherfor 175 .08 || Tephroite.. 1.792 . 034
Molybdite. 1. 754 .21 b1 15 o1 RO Strong.
1.75 .08 1.793 . 054
1.75 .030 1.793 .022
1.754 . 000 1,793 .028
1.75 Low. 1.794 .
175+ . 1. 795 .035
1.752 .01 1.796 . 030
1,754 Very weak 1.799 . 050
Lamprophylh 8.. 1.754 - 1.80 Strong
Caracolite. - - 1,754 . 021 1 7 TR [, . 000
Arsenolite. - .| L5 . - @ ®
Vegasite. 1.755 .065 || Spessartite (pure - 1.800 . 000
Sursassite 1.755 .030 || Flinkite_._.__. - 1. 801 . 050
Joaquinite_._.... 1,755 .076 || Enigmatite._ - 1,80 . 006
Tritomite (altered). 1,757+ .000 || Ammoniojarosite... - 1.80 .05
Benitoite......... 1.757 .047 || Ferritungstite. . - 1.80 .08
Piedmontite. 1.757 .040 || Glockerite.-. - 1.80 .05
Azurite_.__ - 1.758 .108 || Gahnite. - 1. 8064 . 000
Yttrialite.. - 1.758 . 000 || Stibiconite. - 1,80 . 000
Stilpnomelane. . 1.76 .13 || Hercynite. - 1. 80+ . 000
Cordylite.... - 1,760 .183 || Almandite. - 1.801 . 000
Rhodolite. . - 1.760 . 000 - 1. 801 . 049
Langite.. - 1.760 - % gg; . 3%3
Cappelenite. . - (¢] { Tephroite. . . 1.807 . 048
Nagatelite. - 1,760 .015 || Olivenite.. - 1. 810 . 001
Berzeliite. - 1.761 2000 || Warwickite_. - 1. 810 .022
Gummite. . 1.762 034 || Hancockite - 1.81 . 042
Dihydrite.. - 1.762 .086 || Cornetite. ... - 1.81 .05
Dewindtite............. 1.763 Weak. || Arsenoklasite. 1.810 .029
Epidote (57 per cent Spessartite.... 1,811 . 000
iron epidote)-.—co---. 1.763 . 057 || Bodenbenderi () . 000
Hessonite__-- . 1.763 .000 || Gadolinite... 1.812 .023
Almandite. - 1.766 . 000 || Beckelite. . 1.812 000
Corundum. .. . 1. 768 . 008 || Spessartite. . 1.814 . 000
Diopside-acmite. . - 1. 768 . .04 Molybdophy] ite. 18156 . 054
Calcium larsenite - 1.769 .009 || Pascoite..... 1.815 . 050
Nordenskioeldine. - €3] Strong. || Acmite.... 1.816 . 060
Pleonaste. . - .ceucea- 177+ .000 || Borgstroemite_ 1.816 . 088
Aegirite (vanadiferous). 1.770 . .037 | Jarosite. .. ._......_.._| © 1,817 . 105
Holdenite...cccveeea-- 1.770 .016 || Rhodochrosite (pure). .- 1.817 2
Rossite_ ... 1.770 .130 || Leucochalcite...... 1,817 032
Leucophoenicite. . 1771 .031 || Naegite.._... 1.818 . 000
Piedmontite ...--oco-- L7711 .061 |l Cerite 1,818 . 400
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TaBLE 3.—List of minerals arranged according to their intermediate indices of
refraction, 8, and showing their birefringences—Continued

B Birefringence ] Birefringence
Becquerite..coocoeemona. 1.820 0.095 1.92 .14
Cornwallite. .. - 1.82 .04 1.920 0,071
Carphosiderite, " 1.82 .09 1.924 .04k
Rhodochrosite. - 1.826 .221 1,924 . 000
Malacon...... - 1.826 .000 1.923 . 000
Romeite..... - 1.83 000+ 1,923+ . 045
Almandite.. - 1.830 . 000 1.925 . 000
Iddingsite (?)-.coccacua- 1,83 072 1.925 .200
Siderite (MgCOs, 24 per 1.926 . 059
[0 113 R 1,830 . 234 1.93 Weak.
Higgensite 1.831 . 046 1.03% .20
Knebalite. . - 1.831 .047 || MetaroSsite.oeoooococeelocamaaa o Strong.
Natrojarosite. . 1.832 . 082 1.930 .063
Chalcosiderite... 1.834 .072 1.93 . 000
Manganfayalite. 1.836 .041 1.935 .116
Uvarovite........ 1.838 . 000 1,936 . 055
Linarite. . 1.838 . 050 1.94 . 000
Lime. .. 1,838 . 000 104+ . 000
Tagilite.. . 1.84 .16 1. 945 . 026
Scorodite. 1.84 Strong 1,048 .010
Rosasite.. 1.84 W17 1.95 .04
Dufrenite.. 1,840 .085 1. 950 . 040
Lautarite- 1. 840 . 096 1.85 .03
Dietzeite...--veeemauann 1.842 .032 19 1
Siderite (MnCOj, 16 per 1,955 .263
nt, 1.849 . 234 1.98 Weak.
1.849 . 228 1.960 . 055
1.85 .17 1,06+ . 000
1.86 .16 1,98 . 000
1.85 .04 1,98 .25
1.850 .003 S 1.961 .021
1. 852 .033 Hyalotekite. 1.963 .003
1.853 . 050 Tscheffkinite........_. 1,965 . 000
1.855 242 Tscheffkinite (altered?).| 1,07 .02
1.855 .25 Bayldonite. ..ccceaceea- 1.97 .04
1,857 . 000 Dixenite.... 1.97 Weak,
1.86 .07 Schafarzikite. cveecececfocaacaananns Weak.
1864 . 000 Calomel.___ 1.973 .683
1.88 .08 Powellite. .. 1.974 .010
1.86 .01 Walpurgite. 1.976 .134
Atacamite_. 1,861 . 049 Diaboleite. . 198 |ecoccmemano .
Fayalite.... 1.864 . 050 Hatchettolite 1.98 . 000
Caledonite. . 1.866 . 091 Schorlomite. .. 1.98 . 000
Romeite. . ....... 1.87+ . 000 || Uranosphaerite. 1.985 .10
Chalcolamprite. 1874 . 000 Lanarkite. ... 1,99 .09
Arseniosiderite. . 1.870 .078 Agricolite... 1,99 Very low
Synadelphite.._ 1.87 .04 Stibiconite. . 1,994 .
Clinoclasite. .. 1.870 .18 Cassiterite. ... 1.097 . 096
Tyuyamunite. - 1. 870+ .225 Bindheimite (?) 2.0 Strong.
Siderite (pure)... 1.876 .242 iikite .. -o--- 2.00 . 000
Plumbojarosite. 1.875 . 089 Ardennite__.. 2,0 .015
Malachite. ... 1.876 . 254 Pyrochlore. 2.00 . 000
Uvanite...... 1.879 . 240 Leadhillite_ _. 2.00 .14
Hemafibrite. . 1.88 .06 ‘Walpurgite. .. 2.00 .15
Tscheffkinite. _. 1,88+ .01 || Graphite_.... P,
Arsenlosiderite. . 1.88 Ri 21? g g% . (1)2
ather 3 .02
Chenevixlte............ 1.88 { strong. || Turanite._._. 2.01 102
Argentojarosite......... 1. 882 . 097 aeen -
Anglesite. .. 1. 882 .017 - e
Catoptrite.. (€] . 000 2,01 .
Dussertite... 1.87 .02 2.01 .02
Ellsworthite 1.89 . 000 2.01 .19
Dumontite. 1.89 .02 2.013 .016
Heterosite...... 1.89 .05 2.015 . 000
Andradite (pure; 1,805 . 000 2. 026 .016
Carnotite...__- 1. 895 .20 (?) . 000
i&rsgﬂosidem i ggg . Osg Cumengeite. . 2.026 Rai 061
anthinite.... . .24 ather
Trippkeit 1.90 .22 Voltzite. - ... 2.03 { strong.
Stibiconit: 1.9+ . 000 Pseudoboléite 2.03 .03
Ardennite 1.9+ .015 Kalovrotite. 2.04 .09
Titanite. . 1.907 .134 Sulphur. . 2.037 .288
Schultenite. 1.910° . 087 Uzbekite. 2.04 .06
Kasolite.. -ec... 1.910 . 055 Percylite. 2.05 . 000
Daubreeite....... 1.01 .01+ || Picotite._._.... 2. 054 . 000
Ivaiteo - eceecaa-. 1.01 Strong. Risorite__ 2,054 . 000
Ganomalite........._... 191 . 035 Boléite_ ... 2.05 .02
Nasonite..coeooocoo.oo 1.913 . 010 Fernandinite..._. 2.05 Strong.
Hugelite.-ccecaeacmaaa.. 1.915 .01 Eulytite...__.._.. 2.05 Very low.
Scheelite. ... oooococaa.. 1.918 .018 Pyromorphite...... 2. 050 .
Fourmarierite._.._...__ 1.92 .09 Calciovolborthite....... 2.05 .

163287—34—4
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‘TABLE 3.—List of minerals arranged according to their intermediate indices. of

refraction, B, and showing their birefringences—Continued

k-]

Birefringence

Barysilite._..
Cerusite....

Senarmontite.
Schneebergite. .
‘Hydrocerusite. .
Emmonsite.....-
Montanite....----
Calciossmarskite. .
Clarkejto........-
Trigonite.
Ramsayite
Rhagite- ...
Metahewett:
Fiedlerite....-
Curite.- .
Phosgenite.
Fergusonite.
Laurionite......
Ampangabéite. .
Yttrocrasite. ...
‘Penfieldite. .- -
Bismutosphaerite..

Matlockife-» '
Cuprotungstite. .
Goethite (impure)

Manganosite.
Georgiadesite.
Melanotekite.
Fergusonite.
Euxenite.....
Kleinite

Eschwegeite
‘Uhligite. . -
Hewettite_.

Kleinite (hexagonal)

Tripuhyite. ..
Lepidocrocite..-
Phoenicochroite
Eschynite_ ...
Weslienite....

[=3=1=]
8R3S

(=3
C=1

3
i

SEs888s8
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§V§888§53

.‘SBSEE‘J

o
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Manganite
Thorotungstite_..
Chloroxiphite.
Polycrase.
Tungstite
Endlichite.
Samarskite

Bromyr:

Cuprodescloizite..
Hetaerolite

Tapiolite.
Raspite.......-...
Mendipite...-.-

Descloizite.
Pyrobelonite
Goethite.._.......
Manganotantalite
Haematophanite..
Finnemanite
Monimolite
Knopite.......-
Brannerite
Hielmite....
Plattnerite
Cuprodescloizite..
QGeikielite.

Ochrolite......._.
Dysanalite
Ochrolite.......

Schwartzembergite.
Valentinite
Magnesioferrite.
Nadorite.......

Schwartzembergite.
Langbanite
Wolframite
Brackebuschite.

Sphalerite (pure)

Crocoite. ...
Perofskite.
Pseudobrookite.

Trevorite.

Ferberite____.._
Ferrocolumbite.
‘Wulfenite
Stibiotantalite.-
Stibiocolumbite.

Diamond.

Minium. ... loee..os

Magnetoplumbite
Quenselite

°

~

K

[

TRRER

=

BEBEREREN
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[
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TasLe 3.—List of minerals arranged according to their inlermediate indices of
refraction, B, and showing their birefringences—Continued

B8 Birefringence B Birefringence
gall]l;i)wstl; (’i‘"s"éé ..... 0] (? Orpiment............... g giax o gg;
p eri 3 per . 8191 .
at) ' 2.47x4 0.0p0 || Cinnabar.... (e .347
Pyrophanite 2.481 .271 || Cuprite. 2.849 . 000
Eglestonite. 2. 4914 . O Proustite. 2.979 L . 268
Btrueverite. 2. 50Li Moderate. || Xanthoco: 3. Extrems.
Senaite..... 2. 50Li Livingstonite. 3. Extreme.
Montroydite. 2.5L1 28 || Polybasite.. 3. Very strong.
Pucherite....._. 2. 50Li 10 Hematite... 3.0l .28
Anatase.. 2, 654 061 || Pyrargyrite... 3.084 .203
Smithite. 2. 581 12 || Hutchinsonite 3.176Na 110
Brookite. 2. 586 158 || Hematite-...... 3.2211 .28
Realgar...___.__ 2, 595 .15 Smithite.. 3.2717 Very strong.
‘Trechmannite. . 2.6Li Extreme. || Stibnite...... 4. 303 1.109
Koechlinite..... 2.61Li Tetrahedrite. >2.7214 . 000
Massicot. ... 2.61L; .20 || Tennantite..... >2.721 . 000
Ratile........ 2.616 . 287 || Chalcophanite.. >2.72L1 Extreme.
Arizonite. 2, 62Li Moderate. || Vrbaite......... >2.738Li | Very strong.
‘Tenorite...... 2.63red Strong. ﬁermesit{a_..- i% ;gm v Exttreme.
S 2.6331i . 040 iargyrite. ... . 721 ory strong.
Moissanite. ... .. { 2. 654»:.: .043 || Lorandite...... >2.72L1 Extreme.
‘Terlinguaite.... 2. 641 .32 Dufrenoysite.. . >2.72Ly | Very strong.
Litharge.._..._. 2.665Li .130 || Ilmenite.-..._... >2.72u1 | Very strong.
Hauerite........ 2. 6914 .000 || Sartorite........ Very high. ?
Alabandite. .. .. 2.70L; .000 || Pyrostilpnite. .. Very high. ()
Coceinite. .o ooooooooao 2.75 .30 i Frieseite..cocveoeuouas Very high. (69}
Abbreviations used in Table 4
abs____________absorption. isomor_________ isomorphous.
acico.o ... acicular. isobo o .___._ isotropie.
amor-_ ... amorphous. mic._.____.___ micaceous
anom. ... anomalous. mkd.__.________ marked
B birefringence. mod..___._.___ moderate
b.oboo oL before the blowpipe. F1070) + monoclinic.
biax.______.____ biaxial. oct . ____ octahedral.
cleav._________ cleavage. ()5 T optically.
conct.._._.____ concentrated. orth.__..______ orthorhombic.
conch.________ conchoidal. penet__._____._ penetration
deepd- ... decomposed. perfo oo ___. perfect
dif . difficult; difficultly. pere ... perceptible
Lo ITS) o JE dispersion. o) S plane
dist____...._.. distinet. pleoc_.________ pleochroism; pleochroic.
dodec-__..____ dodecahedral. Poly.eo . polysynthetic.
elong. __....._. elongation. priso.___.._.._ prismatic
exto oo extinction. o) T pseudo
extroo..o._.__. extreme. pyram_________ pyramidal.
Fo__ fusibility. rect. ... _._. rectangular.
il T fibers; fibrous. rhomboh..__... rhombohedral.
fuSeee oo fusible. 80l . soluble.
L ¢ S specific gravity. [T TR, square.
gelat. .. _.____ gelatinous; gelatinize. | tab......_..____ tabular.
H .. hardness. tetrag_.________ tetragonal.
hex._ ... ... hexagonal. . tetrah.________ tetrahedrons.
imperf___._____ imperfect. tre .- trace
157 S inclined. tric. ... triclinic.
indist......_... indistinct. trig- oo trigonal.
infus-...._..___ infusible. W twinning.
B 10Y:7s) insoluble. uniax. oo uniaxial.
isomet_._______ isometrie.
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The first column in Table 4 shows the extent and nature of the
variability of the values for the minerals given. The symbol A means.
that an entry has been made of the same mineral or one of an isomor-
phous series of which this mineral is a member, having a lower mean.
index of refraction. The symbol \, indicates that an entry has been.
made of the mineral, or a related isomorphous member of the series,
for which the mean index of refraction is greater. The symbol {-
denotes a variability in both directions according to the above method..
The symbol ., indicates the probable variability of a mineral entered’
in the tables, although no other entry has been made. The probable
variability in the other direction is indicated by the symbol ™, and
the double variability by the symbol .. The combination symbol v,
indicates the entry of a mineral or isomorphous member of the series.
of higher index of refraction and the probable variability toward a.
mineral of lower index of refraction. The combination symbol J:
indicates the entry of a mineral of lower index of refraction and the.
probable variability toward a mineral of higher index of refraction.
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DATA ON MINERAL GROUPS

TaABLE 5.—Alunite group

The minerals in this group are uniaxial, the aluminum members positive in
optical character, the ferric members negative. The birefringence of the jaro-
sites, the negative members, is greater than that of the aluminum minerals in
the group. In general mixed crystals are not formed. Basal cleavage is distinet.

Uniacxial positive
Mineral and composition w € g}’:g}?:

Alunite, e ammmnnn 1.572 L592| 260
K30.3A1:04.4503.6H20

NAtroalunite. . o oo cccccccecceeceeaaa. 1. 685 B=.01 2.6
Na30.3A1;05.450;.6H30

Goyazite_._____._ ememaman . ) 1.620 1.630| 3.2
251‘0 3A1203 2P305.7H30 )

(611004 1, 1.625 | B=weak 3.10

_ (Ba,Cs,Ce)0.2A1;04. P;05.56H;0 L. )

‘Svanbergite. . - ceoeooooeeooios . 1.626 1.640 3.62
28r0.3A1304. Pan 250;. 6H|O : :

Plumbogummite. . ... e 1. 664 el | 4
2Pb0.3A1305.2P105.7H;0 .

HinSAalte. oo oo e emei e reneacmaccmaeameema—aam—————— 1.671 1.689 3.65
2Pb0.3A1305.2803.P205.6H:0

Florencite. . oo ieaaaas 1.680 1.685 3.59
Ces03.3A1303.2P305.6H:0

Uniaxial negative

AmMmOoniojarosite . - oo cieccanicaaaes - 1.80 ) N/ T O
(NHy)30.3Fe203.4503:.6H3sO :

LR 1) X SO 1,820 1.716 3.2
KaO 3Fe301.4803.6H30

Natrojarosite . . oeoeeoeo oo occccccceean remceeame———— 1,830 1.750 3.2
Na;30.3Fe¢;03.4803.6H;0 &

Argentojarosite. ... .| 1882 1785 | 3.65
Ag30.3F6303.48 Oa 6H30

Plumbojarosite. - - 1.8756 1.784 3.63
Pb0.3Fe303.4805.6H;0 : '

Corkite. o emeocecmcoeanes . 1.93 B=low | 4.2+
2Pb0.3Fe30:.P30:.2803.6H;0

Beudantife. . ..ocooeeneceeeeeaennaa 1.96 | B=low or 4.1+
2Pb0.3Fe;03.A5205.2803.6H30 . . moderate

TasLE 6.—Amphibole group

The general formula 27 of the alkali and lime amphiboles is (Ca,Na);Nao~; Mg,
(Mg,Al)4(Al,81)3814023(0,0H,F);, with K replacing Na in part and Fe’’,Fe’’/,Mn,
and Ti replacing more or less Mg and Al

For those amphiboles free of calcium and sodium the formula (Mg,Fe);SizO;,
(OH), adequately expresses the composition.

In the following table the formulae are doubled in order to show better the
real variations in composition of the material for which optical data are given.
The table is divided into (A) the orthorhombic amphiboles and (B) the mono-
o, '14]03ei-$an, Harry, and Larscn, E. S, Composnion of the alkali amphiboles: Am. Mineralogist, vol. 16,

163287—34—16

Vd
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TasLe 6.—Amphibole group—Continued

clinic amphiboles. (B) is further divided into (1) the cummingtonite series, (2)
the tremolite-actinolite series, (3) the hornblende series, and (4) the soda amphi-
bole series. The third and fourth divisions might easily be further subdivided,
but for the present purposes a further subdivision seems inadvisable.

A. ORTHORHOMBIC AMPHIBOLES

The composition of the orthorhombic amphiboles is expressed by the formula
(Mg,Fe);Sig02(OH),. Probably only a portion of the Mg is replaceable by Fe,
for no member of this series high in iron is known.

The index of refraction and specific gravity increase with the iron content.
The birefringence is about 0.024-0.005. The Mg members are optically negative
and have large axial angles, but as the iron increases in amount the axial angle
increases and passes through 90°. (See No. 4 of table below.) Thus the iron-
rich members are optically positive. The orientation for all the members is
Y=0b, Z=c. .

B. MONOCLINIC AMPHIBOLES

© Cummingtonite series—The cummingtonite series has the composition (Fe,
Mg):Sig022(OH)2, which is similar to that of the orthorhombic members. The
Fe predominates, however, in the monoclinic series, whereas Mg predominates
in the orthorhombic series. Rarely Mn (and in one entry, No. 6, Zn) enters
into the composition. .

The axial angle about X is large, the dispersion is noticeable, and the bire-
fringence (0.035+0.005) is greater than that in the orthorhombic series. The
extinction Z Ac ranges from 11° to about 16°, increasing with the Mg content.
In all members Y=b. Pleochroism is not strong in yellow and brown, and the
absorption formula is X<Y<Z.

Tremolite-actinolite series—The tremolite-actinolite series has the composition
Ca,(Mg,Fe);SigOs(OH);. A slight amount of Al may replace the Si, with the
attendant addition of Na to the composition. The small amounts of Al and Na
thus introduced apparently have little effect on the optical properties.

The birefringence of this series (0.02540.005) is less than that of the cumming-
tonite series and somewhat greater than the birefringence of the hornblende
series. The axial angle is large about X; and the extinction angle ZAc ranges
from 14° to about 20°, increasing with the Mg content. Pleochroism is only
apparent in the members high in Fe. In all members Y=b5.

Hornblende series.—The amphiboles grouped together in the hornblende series
show a considerable variation in composition. The principal feature of the
composition which characterizes the series, as here grouped, is the presence of both
Ca and Na, the former predominating. Further, most of the members deficient
in silica belong here. The composition of the series may be expressed by the
formulae Ca4NazMg10AleiMO44(OH,F)4 and Ca4NazMggAlgsi12044 (0H,F)4 with
Fe'’ replacing Mg, and Fe’’’ replacing Al in part. Fluorine commonly enters
into the composition, as do Ti and Mn. Many of the members of this series
depart from the compositions expressed by the formulae above, but they are
entered here because of their intermediate composition between the second and
fourth groups.

The nomenclature of this series is complicated and unsystematie, as most of
the names are based on optical peculiarities rather than on the more fundamental
property of chemical composition. In this table composition is used as a basis for
nomenclature, according to the following system:

(1) Ca4Na,y(Mg,Fe)10AlSi;4044(0H,F),=edenite.

(2) CasNay(Mg,Fe)sAlsSi04(0H,F)=hastingsite. ~
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TaBLE 6.—Amphibole group—Continued

Intermediate members between (1) and (2) are designated pargasite. The
high iron members of the series are here called hornblende. Kearsutite is used for
the titanium-rich members and basaltic hornblende for those members containing,
appreciable Ti with less Mg+ Fe than hastingsite and less (OH) than the normal
amphiboles. .

The optical properties of this series are more varied than are those of the other
groups. The birefringence is in general less than that in the tremolite-actinolite
series and greater than that in the more alkalic amphiboles. There are, however,
striking exceptions to this rule. The extinction, Z/\¢, is very variable, and
Y =5 in most measurements. The axial angle (2V) is likewise variable.. Most of
the members are optically negative, but high Mg and Al members are optically
positive.

Soda amphibole series.—In the soda amphibole series are included all amphi-
boles in which the Na (4 XK) exceeds the Ca. Here, as in the hornblende series,
the composition shows considerable variability. The most alkaline members
may be expressed by the formulae NasFe'/;Fe’’’;Sig053(0OH) (riebeckite), and
Naz(Fe,Mg)(Fe,A)Sig02(0OH), (arfvedsonite). Ca enters into the composition
of many of the members here included.

The members of this series have a considerably lower birefringence than the
other amphiboles. Pleochroism is marked, commonly in blue and violet.

With increase of Na there is a change from the normal amphibole orientation,

50 that Z=b and X/\c is small. The optical sign is generally negative.
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TABLE 7.—Apatite group

¢ w Mineral name and composition Color g?:\(;}?;

1,609 | 1.620 | Dahllite . oo ececcemccccacaecmmealoccrcce - 3
7Ca0.2P;05.C02.%6H;0

1.620 | 1,623 | Merrillite. ..o 3.10
3Ca0.N3g;0.P:0s

B=low | 1.625 | Francolite. .o i eeceooo. White, ete..| 3.1

10Ca0.3P305.CaF3.C03.H20

1620 | 1.633 | VOGICKIIt® oo oooemcoeoe oo oceeeemee e eeme el
10Ca0.3P205

1.630 | 1.633 | Fluorapatite (pure) ... .- ... oo 3.2
9Ca0.3P305.Ca¥Fs

1.631 | 1.635 F Dahlite. . .ot eeeemeaee 3.08
7Ca0.2P;05.C03

1.650 | 1.655 | Wilkeite
20Ca0.3P305.C02.38102.3803

1.651 | 1.655 | Manganapatite.... 3.26

8(Ca,Mn)0.3P;05.Ca(F,0H);

1.664 | 1.667 | Chlorapatite
9Ca0.3P;05.CaCl;
1,672 | 1.684 | Svabite. .o e icee. Gray-green. ..
QCaO 3(As,P)205.Ca(F,0H);
1.698 | 1.706 | Svabite .. iiiciiicecilioaciann White....... 8.7
9Ca0.3As:05.CaF;
2.042 | 2.050 | Pyromorphite. .. .- iiicciaaeoos Green, ete...| 7.0
9Pb0.3P;05.PbCls
2,010 | 2.026 | Hedyphane. .. ..o oo White....... 5.7
4%Pb0.414(Ca,Ba)0.3P;05.PhCly
2.118 | 2,135 | Mimetite. .. i ieeqeccanc e |ocmcceaaan 7.1
9Pb0 3As105 PbCly
2.20 2.25 | Endlichite. . oo i Yellow..__.. 7.0
9Pb0.3(As,V)205.PbCl;
2.285 | 2.295 | Finnemanite ... ieeiimimicofeimmmceaaies 7.27
9Pb0.3A503.PbClz
2.299 | 2.354 | Vanadinite. ... .. iio... Red, ete.... T+
9Pb0.3V;05.PbCls
TABLE 8.—Aragonite group
Orthorhombic, biaxial negative
Name and compo- Axial angle Orienta- I il%e(;
a v sition PO | and disper- tion Cleavage oV~ Remarks
sion Sy
1.520 | 1.667 | 1.667 | Strontianite._..__. 7° | X=c..._| {110} nearly | 3.7
8r0.CO; r<v weak Z=a perf. {010}
trace.
1.526 | 1.671 | 1.672 | Bromlite_._____.__ 7° | X=c....[ {110} poor...{ 3.71 | CaO 17.6, BaO
(Ba Ca,Sr)0. r>p weak =b. | 48.54, Sr0 4.25,
CO, CO; 20.41 per
cent.
1.629 | 1.676 | 1.677 | Witherite_.__..... 16° | X=c....{ {010}{110}...] 4.3
BaO.COz r>v weak Z=a.
1.530 | 1.680 | 1.685 | Aragonite......... 18° | X=c....| {010}dist....| 2.94 | 99.01 per cent
Ca0.CO3 r<v weak Z= . pure.
1.540 | 1.695 | 1.703 | Tarnowitzite_..__. 23° | X=c....| {010} ... 3.02 | Ca:Pb=15:2.
(Ca,Pb)0.CO3 r>v Z=
1.804 | 2.076 | 2.078 | Cerusite..____..__ 8 | X=c..._| {1104021}...] 6.5
Pb0.CO: > vstrong Z=a.
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TaBLE 9.—Barite group

The members of this group have the following characteristics:

Orthorhombie.

Optically biaxial positive and a rather small axial angle, with the exceptlon

of anglesite, which has an angle of 60° to 75°.
The dispersion is r<v, varying in intensity.

is X=c and Z=a.

The orientation in all the members

The specific gravity is markedly different for the different members of the
group and is probably the most satisfactory means of identification if the material

available is suitable for the test.

. Spe-
. | Axialangle il
a 8 ¥ Mme;g;f:ﬂg com ands?gf]per- Cleavage gcr'a‘?_
ity
1.571 | 1,576 | 1.614 | Anhydrite.__._..__ 42° | {001} very perf., {010} perf., {100} lessso....[ 2.93
. Ca0.803
1,622 } 1.624 | 1.631 | Celestite........._. 51° | {001} perf., {110} nearly so, {010} less so....| 3.96
8r0.803
1.636 | 1.637 | 1.648 | Barite............._ 37%° | {001} {110} perf., {010} JeSS SO - cceumn-. 4.5
Ba0.80s
1.877 ] 1.882 | 1.804 | Anglesite........... 60°-75° | {001} {110} dist. . nnnn oo ooeecaeee 6.3
Pb0.80: Disp. strong
TaBLE 10.—Calcite group
Uniaxial negative
Mineral d o
neral name and com- cifte
] @ position Color grav- Remarks
ity
1.486 | 1.658 | Calcite (pure)............ Colorless...... 2.715
Ca0.CO;
1.500 | 1.681 | Dolomite (pure)-.......__|--... do.ceaeeo. 2.87
Ca0.Mg0.2C02
1.518 | 1.698 | Ankerite...._ . ... .o .|oo..o [ [ R 2.95 | CaCOQj52.6, MgCOj3 36.7, FeCOj3 10.7
Ca0.(Mg,Fe)0.2C0; per cent.
1,509 | 1.700 | MAgnesite.cessnzmnememncclacans do..oo... 2.96 | Pure.
MgO.COa
1.526 | 1.716 | Anketit@..cueo oo | [+ (o T 2.97 | CaCOs 52, MgCO; 26, FeCO; 22 per
CaO (Mg,Fe)O 2C0O: cent.
1.527 | 1.726 | Magnesite.... ..o _|--_._ doe.o...._ 3.09 | MgCO; 85, FeCO; 15 per cent.
(Mg,Fe)0.COs
1.547 | 1.749 | Ankerite ... .\ __________ 3.12 | CaCO;48.3, MgCO; 11.3, FeCO3 37.9,
CaO(Fe,Mg)0.2C0O3 MnCOs 2.5 per cent.
1,570 | 1,788 | Mesitite. .o ooceecmoouas fomccciaoceanas 3.43 | FeCO; 50, MgCO; 50 per cent.
(Fe,Mg)0.CO3
1.5697 | 1.817 | Rhodochrosite........__.. Pink_____..._. 3.70 | Pure.
MnO.COs
1.605 | 1.826 | Rhodochrosite.........._.]-..-_ do.oeeaooo. 3.74 | MnCO; 79.3, FeCOs 19.9, CaCOs 0.8
(Mn,Fe)0.COz per cent.
1.596 | 1.830 | Siderit@..wouucueaccacemcu|oamceecmaonoofeanan FeCO; 73.2, MnCO; 2.2, MgCOs 23.3,
(Fe,Mn,Mg)0.CO3 CaCOs; 1.3 per cent.
1.621 | 1.849 | Smithsonite..._........._ Colorless..._.. 4.398 | ZnCO; 97, FeCO3, CaCOs 3 per cent.
Zn0.CO;3
1,613 | 1.855 | Siderite. .o coomnococecan|omancccaccaaeaan 3.78 | FeCO; 90, MgCO3 5, CaCOs 5 per cent.
Fe0.CO;
1.60 | 1.855 | Sphaerocobaltite......... Red......._... 4.1
.CO;
1.633 | 1.875 | Siderite..............._.. Gray-brown.__| 3.89 | Pure.
Fe0.CO:
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TaBLE 11.—Chlorite group

Chemical characteristics.—The chlorites are essentially hydrous magnesium-
aluminum silicates, in which ferrous iron replaces more or less of the magnesium
and slight amounts of ferric iron, and in some varieties chromium replaces the
aluminum. Winchell has shown that the composition can be adequately ex-
pressed for most of the chlorites by assuming for the end members antigorite
(Ant), H;Mg;Si;0y, and amesite (At), HyMg,Al,Si0, together with their ferrous
equivalents, ferroantigorite and daphnite. Many of the so-called chlorites,
however, show serious diserepancies in composition when an attempt is made to
fit them into this series. It is here suggested that this apparent discrepancy is
due to the fact that some chlorites are intermediate in composition between the
true chlorites and the clintonite group. On this assumption most of the dis-
crepancies cease to exist. As this intermediate series has not been the subject
of an optical study, the few data available have not been included in this table.

Optical characteristics.—Many of the data in the table have been drawn from
the recent excellent chemical study of the chlorites by Orcel.?® Most of the new
analyses, for which optical data were given, are here used, but those chlorites
that seemed to be intermediate members, as above defined, were excluded.

The chlorites approaching antigorite aré generally low in birefringence (0.003-
0.009), whereas those nearer the amesite end of the series are higher (0.009-
0.015). Likewise, there is a slight increase in refringence from antigorite to
amesite. An increase in iron content at either end of the series, however, causes
an increase in the index of refraction. Absorption also increases with the higher
iron content. There seems to be little relation between composition and optical
sign or axial angle, which ranges from 0 to 30°. Most chlorites are optically
positive, with dispersion r<» and absorption X and Y >Z, in green and yellow.
When they are negative the dispersion and absorption formulae are reversed.
The acute bisectrix is in either case nearly normal to the plates.

Thus, a chlorite with low birefringence and comparatively low refractive index
may generally be called penninite or clinochlore, whereas one with a higher index
together with a low birefringence would probably be a ferrous member, such as
delessite. Likewise a chlorite with a low index of refraction and a compara-
tively high birefringence would be near amesite, and the corresponding high index
member would be daphnite.

The optical differences between the chlorites and micas are that (1) the bire-
fringence of the chlorites is considerably less, (2) all the micas are optically
negative, and (3) the chlorites are usually green, whereas the micas are generally
not so colored, under transmitted light.

The chlorites differ optically from the clintonites mainly in having a lower
birefringence and generally a lower index of refraction, but, as has been suggested
above, the two groups probably merge into each other.

8 Oreel, J., Recherches sur la composition chimique des chlorites: Soc. frang. minéralogie Bull., vol.
50, pp. 75-456, 1927. : :
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TaBLE 11.—Chlorite group—Continued

Optically positive

Composition

' Bire- Spe-
8 | Trin- Name o | o | Aichanle gfg_ Remarks
gence | Je |Xe_ it
Ant| At Mg | Al N y
1.562 | 0.014 | Chlorite..oceaoooeess 33|67 |-eceecfomnnnn PAYET | LS I Colorless. FesOs 1.74
1l 2,657 | Gl Fe0 105
1.571 .005 | Clinochlore....._.... 50 | 50 {ocecoi]omaann Small....... 3 reen. -
FezO:+CnOa 1.67 per,
cent.
1.572 .003 | Leuchtenbergite..... 50 PAVED (1 I Near]y colorless.
1.572 .003 | Chlorite......... B0 | B0 Joe oo ecmeefameaan MnO 1.06 per cent..
1.575 015 | Leuchtenbergite. 2V18°-19°...[ 2.656 | Amber colored.
1. 575 015 |..... [ 1) T 2E =28°-30°.| 2.736
1.576 Penninite.......ooooo| 60 [ 80 [oooooeemeofummmmcenanaaan 2.7 .
1.579 | .005 | Clinochlore V=0 2.675 | £1=0.2 Violet.
1. 580 . 008 | Sheridanite.. 25 2V=20°%_._| 2.680 FeO 1.24 per cent.
1.580 | .009 | Ripidolite... 50 Small....... 2.70 | Some FeO.
1.582| 011 | Chrome clinochlore..| 45
1. 587 .008 { Chlorite.. 29
1. 588 Prochlorite 33 Light green.
1. 589 40 Green.
1. 593 3
1.594 28
1,597 Pale green.
1.607
1.616 .
1.618 . .05
1.633 71 .79 .12
Optically negative
1. 578 ,003 | Penninite...o..—_... B0 | 80 |oeeuc|-oaen- 2V=0°._.._ 2.7 Abnormal interference;
. colorless.
1.500 | .003 | Kammererite........ 57 (43 ]0.08 |cooeet|oeeeemmeees . i‘;’g’ 0.55.
1. 594 .010 | Clinochlore_......._. 40160 .08} 0.07 | 2V=0°
1.60 .002 | Thuringite........... 25|75 4.9 038 [ccccmmcacanan
1. 637 .023 | Chlorite..........._.| 50| 50( .6 | 1.0 | 2V=15°....
1. 639 .006 | Brunsvigite......._.. 451656218 .07 |occmceaann
1. 649 .006 | Daphnite.....c...... 33|67 117.2 [.c.o-- Small....... Dark green. Pure Fe’’
member? X=pale
yellowish, Y and
: Z=olive-green.
1. 651 .003 | Aphrosiderite_...._.. 20|71 2.90
1. 665 .012 | Thuringite........_.. 25175130
1.667 . 009 Pxiotcl;h()rite (bava- | 20 [ 71 | 9.75
ite .
1.80 |Strong | Cronstedtite......._. 25|75)4.6 j......] 2V=0+_____ 3.34 | No AlOs. Abs.
strong. X=brown,
Y and Z=black.

TaBLE 12.—Epidote group

The general formula for the epidote group may be written Ca;(Al,Mn,Fe):Sis
0.:(OH).

Clinozoisite is the almost pure aluminum member, whereas epidote contains
more or less iron, and piedmontite has, in addition to iron, some manganese. The
calcium is in general not variable, although minor amounts of sodium are present,
and in hancockite some of the calcium is replaced by lead and stromtium. The
members of this group are monoclinic and elongated along the b axis, with the
exception of zoisite, which has a composition similar to that of clinozeisite but is
orthorhombic. Only small amounts of iron are found in zoisite. Allanite is a
related species containing rare earths.

The optical characters that are common to the group are as follows:

The plane of the optic axes is b {010}.
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TaBLE 12.—Epidote group—Continued

The optic angle (2V) is generally large. In the Al-Fe series an increasing con-
tent of Fe tends to decrease the axial angle somewhat.
The inclined dispersion is strong, with r <v for the optical positive and r >v
for the optically negative members.
The birefringence is moderate to fairly strong, increasing with the iron content.
The extinction is variable,from X A ¢==0° in zoisite to X A ¢= —7° in piedmontite.
Y=>b for all members. An optic axis emerges nearly normal to the basal cleavage.
The absorption and pleochroism are marked. The pleochroic colors are in red,
yellow, and green.

Optically positive

Spe-
Mineral name and Axial angle P cific
a 8 ¥ composition @v) Extinction grav- Remarks
ity '
1.700 | 1.702 | 1.708 | Zoisite, 0°-60° X=C.cceuua- 3.2 When iron is present
Pure Al member. zoisite may be op-
tically negative
with Y=¢ and
X=b.
1.700 | 1.703 | 1.718 Zogt%.--.éd.i ........ Medium small.| X=c._ooc_.|-cceae-
:Fe=30:1.
1.715 | 1.717 | 1.719 | Clinozoisite. 66° ... XAc==7°__]3.21
Pure Al member.
1.715 | 1.720 | 1,725 C%O?Mt&? ........ 90° o eeas XAc=(?)-..| 3.36
:Fe=14:1.
1,738 | 1.757 | 1.778 | Piedmontite......... 90°+ . oo eee .. XAe=-7°_.1 3.40 | Pleoc.: X=light or-
Little Mn'”’. ange-yellow, Y=
light phlox-purple,
Z=o0ld rose.
1.745 | 1.764 | 1.808 XAc=-6°._| 3.447 | Tunaberg.
1.756 | 1.789 | 1.829 XAc=—4°._[ 3.470 | Nas0=2.96 per cent.
1.750 | 1.782 | 1,832 XAc=—~7°__{ 3.453 | Ca:Mn=10:1. -
1.716 | 1.719 | 1.723 Erﬁiiopt:e..é.l. ......... 89° oo XAc=-1°._| 3.36 | Green.
:Fe=9:1.
1.727 | 1.738 | 1.751 Al(l%niiig.)..(xl..é ...... Medium large.|.............. ig— Bl}:lvgn dandxblacllx.
a,Fe)(Al,Cr, 3 ered. =pale
Fe'” Di)s8ia01s yellow, Y and Z=
(0OH) brownish red.
1.722 | 1.742 | 1.750 | Epidote.........._.. 80° e XAe=-2°._{ 3.4 Pleoc.: X =color-
Al:Fe=9:2. less, Y =pale green-
ish yellow, Z =
colorless.
1.733 | 1.755 | 1.768 | Epidote.... 74°.. XAc=—3°._| 3.433 | Abs.: Y>Z>X.
Al:Fe=5:2. Nordmark.
1.720 | 1.763 | 1.780 | Epidote._............ B9° meeeeeee XAc=—5°.| 3.4 | Green. Pleoc.: X=
Al:Fe=5:3. colorless, Y =pale
greenish  yellow,
Z=colorless.
<1.737 | 1.761 | 1.782 | Manganepidote..._._| 87° _........_. XAc=—4_..{ 3.425
Mn0=2.26perceﬁ?t.
AL:Fe=3:1.
1.788 | 1.81 | 1.830 | Hancockite_ ........_. {1 SO NN 4.03 | Brownishred. Pleoc.
(Pll\){,O)a,sS.r%)z(z(\(l),gt;, faint in reddish
n)3513012

brown. Abs.: 2>
X.
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* TaBiE 13.—Feldspar group
Orthoclase, celsian

Monoclinic. Carlsbad twins common.

Opti-| Axial Bpe-
« 8 v | Mineral name and composition| cal | angle Optical orlentation g
sign | (2V) : era
ity
1.518 | 1.524 | 1.526 | Orthoelase.....................{ = | 0-70° | YOrZ=b... .cceeeerecee 2.58
K20.A1;03.68i02 - XAa=5°
,1.518 | 1.525 | 1.527 | Natrosanidine.. ....._.__.....| e 531 I O R
: (Na,K)20.A120:.68i09
1.537 | 1.540 | 1.542 | Hyalophane__................. 5 75° | Z=boe oo 2.72
’ CeiOry XNAa=-2°
1,542 ] 1.545 ) 1.547 | Hyalophane. .aeeeveeeeamaaean. - 79° | 2=l 2.82
. CesOrr XANAa=-—18°
1.584 | 1.589 | 1.594 | Celsian. .. ... + 87° | Yebo it 3.38 -
Ba0.AL0,.28i03 ZAa=28°
Microcline

Monoclinic, characterized by a ﬁnefgrating of albite and pericline twins. Carlsbad twins are also common,

1.519 | 1.525 { 1.527 | Anorthoclase. . .oeeeeeceeene-- - 45° | Ext.{001}2°; ext.{010}10.6°...] 2.58
AbesOrss
‘1.522 | 1.526 | 1.530 | Microcline.......——.... e - 83° | On{001}=15° on{010}=6°.._[ 2.56
K30.A1303.68i03
Plagioclase

In powder the albite twins are common on the basal cleavage. Pericline
twins may be seen on {010} cleavage. Other twins are less noticeable. The
indices of refraction and the extinction angles on the {001} cleavage and to a less
extent on the {010} cleavage serve to determine the members in powdered
fragments. )

: : Axial
a 4 v Mineral name anQ composition Ogitglgal ttg{g’l;a I%'ib‘;" I'i’&t)‘l?n g?:g?ye
. .o ° ° o
1.525 | 1.520 | 1.536 | Albite (Ab). oo _.oooeooiciiiicceanann + 74 24 314 2.605
Na:0.A1:03.6810;
1539 | 1.543 | 1.547 | Oligoclase. ..oooceocceocooneecoceocnn - 86 6 1| 264
| AbgoAnzgy ’
1.550 | 1.553 [ 1.557 | Andesine......eeecoceoooaooooiieaaon + 88 8 2 2.678
AbgoAng
1.559 { 1.563 | 1.568 | Labradorite. .. oococceceooccoeococan-. + 79 21 9 2.70
AbiAng
1.566 | 1.572| 1.576 | Bytownite. ... o oo - s2| 33| 22| 2m
) AbxAng
.1‘ 576 | 1.584¢ | 1,588 | Anorthite .(An)._.-; ................... - 77 37 40 2,765
Ca0.A1,03.28i03

TABLE 14.—Garnel group

F Isometric.—Commonly isotropic but may be weakly birefracting with complex
twin grating. The garnets show a wide range in index of refraction, but they have
an equally wide range in chemical composition, and the index of refraction is not
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TasLe 14.—Garnet group—Continued

invariably sufficient to place accurately a member of the group. The specific
gravity is an additional help for identification, as are also the color and the
occurrence and associations, but some knowledge of the chemical composition
may be necessary. ‘The indices of refraction of the pyropes that contain some
iron overlap those of the grossularites, but the specific gravity of a pyrope is
considerably greater than that of a grossularite that has the same index of refrac-
tion. The manganese garnets have about the same range as the iron garnets.
The indices of refraction of the ferric garnets and the ferrous garnets overlap,
but the specific gravities of the ferric garnets are much lower. The titanium
garnets, in common with all titanium minerals, have high indices of refraction and
relatively low specific gravities. The general range of the different garnets is
given by the following list: :

Specific|

gravity Composition

Mineral name and composition n

................ ----| 1705 | 3.510 | Pure.

Grossularite. . ..o oiioecaeeeoooo 1.735 | 3.530 Do.

..................................... 1.742 | 3.713 | Crs0s 2.4, FeO 10.2, MgO 18.4, CaO 4.5,

3(Mg,Fe)0 Al03.38i03 | MnoO 0.5 per cent.
..................................... 1.749 Pyrope 60, almandite 24, grossularite 12,.
3(Mg,Fe Ca)0.(Al,Fe):02.38i03 andradife 4 per cent.
Rhodolte - - - - eoeeoee e 1.760 | 3.837 | FesOs 1.9, FeO 15.6, MgO 17.2, CaO 0.9
3(Mg,Fe)O.A],03.3SiOa per cent.
Hessonite. -« eeciccccaacaaaas 1.763 | 3.633 | Fe:03 7.2, MnO 0.1 per cent.
3(‘a0 (Al Fe);0:.35i01
Almandite.ooeo oo cccccececemaeaaa 1.766 Almandite 41.5, grossularite 24.5, pyrope
3(Mn,Fe,Ca)0.(Al,Fe)3:01.35i0, . 31, andradite 3 per cent.
Almandite... .cooooooaoo el 1.789 | 3.917 | Fe;0s 2.4, MnO 0.6, CaO 4.8, Mg0O 7.9
3(Fe,Ca,Mg)0.A1:03.38i 02 per cent. )
Spessartite. .. ..o cooooieeciacccaocan 1.794 | 4.153 | MnO 37.98, FeO 4.99, CaO 1.66 per cent.
3(Mn Fe)O A130,.35i03
.................................. 1.800 | 4.180 | Pure.
3Mn0 AhOa 38103
Almandite - oo oeaceaaas 1.801 | 4.093 | MnO 1.5, CaO 2.0, MgO 5.3 per cent.
3(Fe,Mg,Ca)0 A1303.38i02
SPeSSATtite oo e ieeencecccccccccnaccan 1,811 | 4,273 | FeO 11.1, MnO 32.2, CaO 0.6, MgO 0.2
3(Mn,Fe)0.A1:03.38i03 per cent.
Spessartite. .ooeooooeo oo 1,814 | 4.158 | Fe;031.26, FeO 15.02, MnO 25.24 per cent,
3(Mn,Fe)0 Al:04.38i02
Almandite. .. eeiaoaas 1,818 |occaees FeO 27.8, MgO 1.0, MnO 14.3 per cent.
3(Fe,Mn)0.A1;03.3Si0
Almandite ... .o ool 1,830 | 4.250 | Pure.
3Fe0.A1:01.35i0;
Uvarovite - oo cciciccccceneae 1.838 | 3.418 | A1203 5.9, Cry0; 22.5 per cent.
3CaO Cran 38103
Andradite. - cecooocioeaececceacaacaans 1.865 | 8.781 | Al;Os 6.1, Fe3Os 26.1, FeO 0.8, CaO 83.7
3Ca0.Fe0:.3810: per cent.
Andradite. .oao - eeceiiiiiiaccccaeaanan 1.895 | 3.750 | Pure.
3Ca0.Fe05.3510;
Melanite. .o cccccceccnaaceacean 1.94 3.7 TiOq 8.7 per cent.
3Ca0 (Fe Ti)203.3(81,Ti) 02
Schorlomite. . ..._._._...... 1.98 3.85 | TiO:16.9 per cent.
30a0.(Fe, T1);05. 3(8i,Ti) O3 i
Ivaarite eeea| 2.01 3.7 Ti0; 25 per cent.

3CaO (Fe,’l‘l)zos 3(8i,Ti)O2
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TABLE 15.— Melilite group

The melilites are composed of the following end members (Berman): Gehlenite,
Ca;Al,Si0;; dkermanite, Ca,MgSi;07; soda melilite, Na,SizO7; submelilite mole-
cule, CaSi;0;.

In addition to this isomorphous series the following members are closely related:
Hardystonite, Ca,ZnSi;0;; meliphanite, (Ca, Na)zBe(Al Si)2(0,F)7; leucophanite,
CaNaBeSiz(0,F);.

The following are the important optical characteristics in the melilite group:

The &kermanite end of the series is optically positive, and the gehlenite members
are negative. Some of the intermediate members are sensibly isotropic and show
abnormal interference colors.

The birefringence is generally weak, the iron members having a somewhat
greater birefringence than the magnesium-aluminum members. |

In the table below the compositions of the members of the group are given in
terms of the percentages of the end members as indicated above. (A, Gehlenite;
B, &kermanite; C, soda melilite; D, submelilite molecule.)

Spe-
€ @ Mineral name and composition ;:23_ Remarks
ity

1.571 | 1,595 | Leucophanite. ... .oo iooocoooiieoooooieaae 2.96 | Orthorhombic. X=¢. 2V=39°,
CaNaBeSii(0,F);

1.593 [ 1,612 | Meliphanite. ... o.o. 3.01
(Ca,Na)aBe(Al S1)2(0,F)

1.628 | 1,632 | Melilite. o ouooooomn ool 2.98 | FeO 2.18 per cent.
A=31, B=46, C=13, D=10

1.628 | 1,633 | Melilite ..o oo =..| 2.93{ FeiOs 3.80 per cent.
A =36, B=46, C=16, D=4

1.639 | 1.633 | Akermanite. ..o oo oo 3.12 | Pure artificial compound.

: Ca:MgSiz0;. B=100

1.636 | 1.647 | Gehlenite. ..o _oeo ool
A=51, B=37, C=12

1.663 | 1,657 | Gehlenite. - oo n e e|eeaeaa Fe203 1.59 per cent (velardefiite).
A=71, B=29

1.658 | 1.666 | Gehlenite. ... ... ... ... ___.__..... 3.04 | FesO3 1.43 per cent (velardeiiite).
A=79, B=20, C=1

1.658 | 1.669 | Gehlenite. . oo iieiiiciianae 3.04 | Pure artificial compound.
CajAl:Si0r. A=100

1.657 | 1.669 | Hardystonite....co oo ceaeeaes 3.4
Ca:Zn8i; 07

1.658 | 1.670 | Iron Akermanite ... . ... ... .._..... 3.23 Do.
CayFeSip 07

1.691 | 1.691 | Gehlenite. - ..o oeee oo ieeaas 3.0 | Fe;03 3.49 per cent (fuggarite).
A=56, B=35, C=9

163287—34——16
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TaBLE 16.—Mica group

The micas are characterized by the following physical and chemical properties:

1. An exceedingly perfect cleavage giving rise to thin elastic plates of hexagonal
outline. o » '

2. They are basic silicates of magnesium, aluminum, and potassium, with
or without magnesium, with little sodium and no calcium. Iron replaces both
the magnesium and aluminum. In the lithia micas, however, the lithium does
not replace the potassium but rather magnesium or aluminum.

3. The optical characteristics may be summarized as follows: The true micas
are all optically negative. 2V is generally small, but becomes 45° in muscovite.
The acute bisectrix (X) is nearly normal to the basal cleavage. The iron and
manganese micas are rather strongly pleochroic. The birefringence is generally
between 0.03 and 0.04.

—k
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TaABLE 17.—Olivine group

The composition of the olivines is represented by the formula (Mg,Fe,Mn,Ca)
'(Mg,Fe,Mn,Zn,Pb)Si0O,, with the following as the end compounds: Forsterite,
Mg,8i0q; fayalite, Fe,SiOy; tephroite, Mn,SiO,; monticellite, CaMgSiO,; glau-
-cochroite, CaMnSiO,; and the rare compound larsenite, PhZnSiO,.

Others to be found in the table below are more or less intermediate members.

The optical characteristics of the group are as follows

1. The orientation is X=5b, Y=c.

2. The less ferrous members are optically positive, and the dispersion is r<v,
whereas the iron-rich members are negative and have r>v.

3. The axial angle (2V) decreases and the birefringence increases with increas-
ing iron content.

4. The hirefringence is fairly strong (0.03-0.05).

5. Manganese acts much like iron in its effect on the optical properties.

6. Calcium tends to lower the index of refraction somewhat.

7. The iron-rich members have abnormal interference colors in blue and yellow,

Optically positive

Spe-
: Axial angle cific
a 8 ¥ Name and composition @v) grav- Remarks
ity
1.635 | 1.651 | 1.670 | Forsterite. . 85°... O Pure artificial compound.
Mg2SiOy
1.640 | 1.661 | 1.680 | Forsterite.__________...____. 004 .o 3.2 Mg:Fe=94.9:5.1.
(Mg, Fe)2Si04
1.653 | 1.670 | 1.689 | Olivine...._.......o......... LL3: 3.341 | Mg:Fe=88:12.
: (Mg, Fe)aSi0Oq
1.663 | 1.681 ] 1.700 | Olivine. .. cccecoeomaaaaas 90°. e 3.404 | Mg:Fe=83.8:16.2.
(Mg, Fe)28i04
Optically negative
1.651 | 1.662 | 1.668 | Monticellite_..__..__.._____. 75 e 3.2 Colorless. FeO 4.8, MnO -
CaMgS8iOy 1.6 per cent.
1.679 | 1.716 | 1.729 | Glaucochroite. .............. Medium large.| 3.41
(CaMnSiO,
1.680 ) 1.701 | 1.720 | Olivine_.. 1 .oocooooo ... 86°. .. 3.52 | Pale green. Mg:Fe="78:22.
(Mg, Fa)zS|04
1.681 | 1.706 | 1.718 | Olivine. oo oo ceeeaeee 3.46 | Mg:Fe=75:25.
(Mg, Fe)28i04
1.711 | 1.727 | 1.740 | Picrotephroite............... 85% e 4.0 Red,brown. Mg: Mn=40:60.
(Mg, Mn)28i0y .
1.758 | 1.786 | 1.804 | Roepperite..........co...._. i S, 4.0 |Mn:Fe:Zn:Mg=24:48:13:15.
(Mn, Fe,Zn,Mg):Si0,
1.759 | 1.786 | 1,797 | Tephroite. . ...cocoo...... 650, ececanas 41 Brown. Faint pleoc.: X=
(Mn,Mg)2Si0y4 reddish brown, Y=red,
Z=greenish blue. Mn:
Mg=92:8.
1.760 | 1.769 | 1.770 | Calcium larsenite........... 40°. s 4,42 | White. Ca:Pb=71:29.
(Ca,Pb)ZnSi0, ’
1.768 | 1.792 | 1.803 | Hortonolite......___........ 69°. e eeas 3.91 | Yellow to Dblack. Pleoc.
(Fe,Mg,Mn):SiOs faint: X and Z=greenish
yellow, Y =orange-yellow.
Fe:Mg:Mn=>57:38:5.
1.777 | 1.807 | 1.825 | Tephroite . ocoococoooeeoen.. (111 4.113 | Reddish brown. Practically
Mn;Si0, pure.
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TABLE 17.—Olivine group—Continued
Optically negative—Continued

Spe-
a g v Name and composition Ax'&l"}‘)ﬂgle gcrlg‘f Remarks
ity
1,805 | 1.838 | 1.847 | Knebelite. __.....__.__.._.__. 54° ... 4.1 Gray, etc. Fe:Mn:Mg=66r
(Fe,Mn,Mg):Si04 27:7.
1.808 | 1.836 | 1.846 | Manganfayalite..________._. Large. . ....._ 4.3 Fe:Mn=76:24.
(Fe,Mn):SiO4
1.823 | 1.864 | 1.873 | Fayalite______.._._.....____ BI® 4.3 | Yellow “to black, Nearly
(Fe,Mn,Mg),Si0s colorless in section. Ab-
normal blue and yellow in-
terference colors. Fe:Mn:
. Mg=87:7:6.
1.835 | 1.877 | 1.886 | Fayalite. . _._.._........__. 47° . 4.3¢ | Yellow to black. Nearly
FezSi0, colorless in section. Ab-
normal blue and yellow in-
terference colors, Nearly
pure Fe;SiOq.
102 |1.95 | 1.96 | Larsenite................_. Large........ 5.90 | White.
PbZnSiOy

TABLE 18.—Pyrozene group

The pyroxenes have a composition which may be expressed by the general
formula (Ca,Na,Mg) (Mg,Fe’’,Mn,Al,Fe’’’) (ALSi) SiOs.

The various end compounds corresponding to this formula are enstatite,
Mg;Si,05; hypersthene, (Mg, Fe),Si:04; clinoenstatite, Mg,Si;O; diopside,
CaMgSi,Os; hedenbergite, CaFe’’Siy0q; johannsenite, CaMnSi;Og; jadeite,
NaAlSi;0s; acmite, NaFe’’’Si;0q; Tschermak’s molecule, (Ca,Mg)Al,SiOs; and
spodumene, LiAlSi;Oq.

Many names have been given to pyroxenes intermediate in composition.
Aegirite, pigeonite, augite, etc., are such intermediate members. Schefferite
is. a manganese-bearing diopside. Jeffersonite contains manganese and zinc.
Commonly chromium, vanadium, or titanium enter into the composition.
These elements are comparatively rare and are noet included in the general
formula,

Wollastonite and the so-called triclinic pyroxenes are not included in the
tables because they do not seem sufficiently related, either chemically or opti-
cally, to ‘the monoclinic pyroxenes to warrant such a grouping. Further, there
is no evidence that isomorphism exists between the monoclinic pyroxenes and
the triclinic species, whereas the monoclinic members seem completely miscible
in each other (with the exception of spodumene). .

In the table the composition is given in terms of 24 oxygen atoms in order to
reduce fractional quantities and yet record the significant features of the analysis.
The axial angle (2V) and the dispersion are given about the bisectrix Z in all cases,
in order to show the systematic variation. Likewise the extinction angle, in the
monoclinic members, is given for Z/\¢ in all cases, for the same reason.

The table is divided into two main groups—the orthorhombic pyroxenes and
the monoclinic pyroxenes. The first group is arranged according to the increasing
amount of iron, which causes an increase in the index of refraction. The mono-
clinic pyroxenes are arranged according to the decrease in the amount of the
Mg+ Fe atoms. This arrangement shows the chemical gradation from clinoen-
statite to the diopside-hedenbergite series, which in turn grades into the soda
pyroxenes, of which the end compounds are acmite and jadeite. The monoclinic
pyroxenes are therefore divided into three groups, each of which has its special
optical characteristics. '
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TaBLE 18.—Pyrozene group—Continued

ORTHORHOMBIC PYROXENES

The orthorhombic pyroxenes have the composition (Mg, Fe)SiO;. They have
parallel extinction, generally with Y=>b and Z=¢. The birefringence is compara-
tively low. With an increase in iron—that is, from enstatite to hypersthene—the
following changes take place in the optical properties:

Index of refraction increases.

2V increases to 90° (about Z) for about 15 molecular per cent of iron and then
increases rapidly with additional iron, so that X becomes the acute bisectrix.

Birefringence increases.

The magnesium end of the series has no pleochroism, but an increasing iron.
content tends to make pleochroism more noticeable. The usual pleochroic colors
are X=pink to red, Y=yellow, Z=green. :

In this series the most reliable means of determining the composition seems to
be by refractive index. The orthorhombic symmetry serves to distinguish this.
series from the other pyroxenes.

MONOCLINIC PYROXENES

Clinoenstatite-pigeonite series.~—The clinoenstatite-pigeonite series may be.
expressed by the formula (Ca, Mg) (Mg, Fe)Si;Os.

M
The principal chemical characteristic is a ratio of Ef >1, without any appre-

ciable amount of soda or alumina.

The optical characteristics may be summarized as follows:

Opt. 4+ with a small axial angle (2V).

No marked variation in the extinction angle, which is Z/N\¢=40° + (clinoensta-
tite has ZA\c¢=22°).

Pleochroism is weak, but increases with iron content.

The small optic angle is perhaps the best means of identifying the members ot
this series.

Diopside-hedenbergite series.—The formula for the diopside-hedenbergite series.
is Ca(Mg,Fe,Mn,Zn,Al,Fe’’’) (A},Si),05.
The calcium-magnesium-iron members are the most common; schefferite has
some manganese, and jeffersonite has manganese and zinc. The chief chemical
Ca
‘ Mg, etc.
ever, certain pyroxenes containing aluminum and ferric iron, with no sodium,
are to be referred to this group. These are the augites, which are optically
similar to the nonaluminous members of the series. The so-called Tschermak
molecule enters into the composition of augite—that is, the molecular percentage
of silica is lower than that ordinarily found in the pyroxenes. Optically the
chief characteristics of the series are— _
The extinction Z/\¢ ranges from 38%° in diopside to 48° in hedenbergite, the
iron end of the series.

The birefringence ranges from 0.030 in diopside to 0.018 in hedenbergite.

The axial angle (2V) shows little variation from 60°; the dispersion is r>v
distinet for most of the members but is strong for the titanium-rich member.

The index of refraction increases with the increase in iron.

Pleochroism is noticeable only in the higher iron members of the series, and
then only weakly.

A combination of axial angle, extinction angle, birefringence, and index of
refraction serve to differentiate this series from the other monoclinic pyroxenes..

characteristics of the series are a ratio of =1, with no sodium. How-
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TaBLE 18.—Pyrozene group—Continued

The probable composition, within the series, can most easily be determined by
the index of refraction.

Soda-pyrozene series—The formula for the soda pyroxene series is (Ca,Na)
(Mg,Fe, Al Fe'’’")Si; 0.

The presence of sodium, with an equal molecular amount of aluminum (or
ferric iron) is the chief chemical characteristic of this series. Titanium, vanadium,
and chromium are present in some members. The series grades from diopside-
hedenbergite, with no sodium, to acmite-jadeite, with the maximum amount of
sodium. For simplification of- nomenclature the intermediate members of this
series are called aegirite. )

The optical characteristics of the series are as follows:

A large extinction angle, Z/A¢, which generally increases with an increase in
sodium. A . .

A large axial angle, which increases beyond 90° (about Z) as the sodium
increases.

A rather strong birefringence for the members rich in sodium and ferric iron
and a rather low birefringence for the aluminous members. ’

Pleochroism in green and yellow is common and in brown is less common, but
it appears to bear no simple relation to.composition.

The large axial angle (about Z), high index of refraction, and large extinction
angle serve to distinguish this series from the other monoclinic pyroxenes and to
differentiate between the members of the group.
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TaBLE 19.—Scapolite group

The composition in the scapolite group may be expressed by the two end com-
Pponents marialite (Ma), Na;Al;Sig0.NaCl, and meionite (Me), CazAl;SigOqs.

CaCO0;.

A small amount of SO; enters into the composition in some members.

'wise H;0 is commonly present. K,;O commonly replaces some Na,O, and this

Like-

replacement somewhat Jowers the index of refraction.
The optical properties of the group are as follows:
, 1. Uniaxial negative (pure marialite may be optically positive).

2. An increasing birefringence, refringence, and specific gravity, with an

2, increase in the Me component.
3. The index of refraction (w) is approximately a straight line function of the
molecular percentages of the two components.?®
L Elpﬁec Bire-
W € Name and composition grav- frin- Remarks
. ity |gence
hY
1.534 7] 1,522 | Marialite.__...oo.oooo. ool 0.012 | Orvald. K;O 4.25, Cl 0.01, COs 2.00, H3O 3.14
I MarsMess per cent.
1.550 | 1.542.] Marialte. .. ..o oo o |-coooi. . .008 |vEnterprise. C12.29, 803 0.23, COs 0.33 per cent.
| MauMex
‘ 1.550 | 1.540 | Marialite.....ocooooooolfeeoann. .010 | Kalpivaara.
. MazsMeg
. 1.552 | 1.643 | DIpYre. _oceecomemaeaanfaanols .009 | Olsbo. C12.89, 8030.22, CO31.14 per cent.
4 ManMes .
'1.554 | 1,541 | Dipyre..... [P I .013 | Pohtosvaara. ManSMesKMess.
ManMex
1.565 | 1,545 | Mizzonite. - .eeeeeeeonae. - '
MagsMes Zdar. K30 2.52, C11.30, COs 1.66, Ha0 0.67 per
cent.
1.569 | 1.550 | Mizzonite. ..ceueeeoneofouoeans .019 | Haliburton. C12.32, 802 0.98, CO: 1.69 per cent.
MasMen
- 1.570 | 1.545 | Mizzonite. . ..o oo o )i feceoo.. Kanda River. K:0 0.62, CO: 2.65, SO; 0.36, C}
MapMest 2.711 | .025 1.03 per cent.
o
1.575 | 1.552 | Mizzonite.. ........ ----| 2.698 | .023 | Nautauen. SMaiwMapKMes:.
MagpMen
"1.575 | 1.550 | Mizzonite. .. ocnoooeeo|ooaoo. .025 | Vahaive.
Mai:Mess
1.580 | 1.553 | Mizzonite. . .oocooooooo | .027 | Larinkari. C10.72, SO31.41, CO; 3.12, H;0 1.16
MaszMes: per cent.
1.581 [ 1,55t [ Mizzonite_........___._.. 2.676 { 030 | Studnice. C10.46; CO23.49, H20 0.27 per cent.
" MagMess ’
Bt d .
“:‘| 1.582 | 1.545 | Mizzonite. . ..o .. .| _..... .037 | Kristiansand. K30 1.31, CO: 3.54, H20 1.56 per
) MaxMen cent.
1\\ 1,583 | 1.549 | Mizzonite . ... .....__ 2,710 | .034 | Waldviertel. C10.17, CO24.50 per cent.
ooR MaswMeso
| .
1,584 | 1.554 | Mizzonite. . .oo.o.o.o... 2.716 | .030 [ Mansjo Mountains. Cl11.27, CO; 3.43, H:0 0.28
Mgy Mess per cent.
» 1,585 1 1.551 | Mizzonite. .. ..._.._..._. 2.715| .034 | Gulla Tal. Cl0.24, COz 4.55 per cent.
i May Mess
)
J]. 1.587 | 1.559 | Mizzonite . ...oo........ 2.748 | .028 | Laacher See. SO; 2.08, CO; 3.52, H20 0.80 per
i Magz:Mesr cent. .
1,588 | 1.553 | Mizzonite. ..o oo . 2.730.| .035 | Hesselkulla. Cl 0.10, CO; 4.61 per cent.
MazgMero
\ % Winchell, A. N., Am, Mineralogist, vol. 9, p. 108, 1924,
4y
»
f
mii
A
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TaBLE 19.—Scapolite group—Continued

Spe- Bi
A ire-
w € Name and composition clﬁc- frin- Remarks
8T8Y" | gence
ity | g
1.590 | 1.560 | Mizzonite.........._.... 2.755 | 0.030 | Laachér See. Cl 0.49, SO; 2.28, CO: 3.23, H;0
MazxMern A 0.21 per cent.
1.584 | 1,656 | Mizzonite. ... .._.....__ 2.702 | .038 | Mansjo Mountains. CO; 4.47, Cl1 0.31 per cent..
) MazMers
1.595 | 1.557 | Mizzonite. . .. ..o o foooaoo .038 | Pargas. COg4.74 per cent. °
MayMen
1.607 | 1.571 | Meionite. .. .o.oeeoooodoaoooos .036 | Vesuvius. C10.22, SO30.27, CO: 4.07 per cent.
MaizMess

TaBLE 20.—Spinel group

The spinels are isometric and octahedral in habit. Quantitative data on the
group are not yet as detailed as could be wished. The color and indices of re-
fraction serve to distinguish the members fairly well.

Spe-
Mineral name and composition n gcrlf‘f_ Color
ity
Spinel. ..o .o 1.718 3.6 | Intransmitted light nearly colorless.
MgO Al:O3(pure)
Spinel. - e 1.720 3.68 | Dark green.
(Mg,Fe,Naz, K3)0.(Al, Fe)20;3
Spinel. .o eaeenn 1.75 3.73 | In transmitted light nearly colorless.
MgO.AlOs(some FeO)
Pleonaste. ..o iee i 1.77 3.8 | Green.
(Mg,Fe)O Al;03
Hercynite. . ... ... ..____._ e 1.80 3.9 Do.
Fe0.A1:03
QGahnite. ... .. 1.80 4.55 Do.
Zn0,A1;03 )
Galaxite_ ... ... ... 1.923 4.23 { Reddish brown.
MnO.ALO; :
Picotite. oo oo oo .. 2.05 4.08 | Dark brown.
(Mg.Fe)O (A1,Cr)204 . )
Chromite.. .. ..o .. 2.07 4.5 Do.
(Fe,Mg)0.Cr;0:
Chromite. . ..o e 2.16 4.5 | Dark brown, nearly opaque.
Fe0.0r203 .
Trevorite. . - oooooooemeens U, 2.3(?) |-...-..| Black.
NiO.Fe203
Jacobsite. - . oo ieaia. 2.3+ 4.75 | Black, nearly opaque.
(MnO.Fe203)
Magnesioferrite....o.o..oocoooeoooeaoo.oo-.| 2.34Li | 4.6 | Darkred.
MgO.Fe:03 . .
Franklinite.. ..o oo oo 2.36Li | 5.1 | Reddish brown, nearly opaque.
(Zn,Fe Mn)O (Fe,Mn):03
Magnetite. ... ... oo e 2.42na | 5.17 | Black, opaque.
FeO.Fe:0:

— S
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TaBLE 21.—Tourmaline group

The composition of the members of the tourmaline group may be expressed
by the.general formula (modified from Machatschki ) (Na,Ca)R;(AL Fe)sB;SigOyr
{0,0H,F),,with R=Mg, Fe”, Fe’’’, Al, Li, Mn”, and in some members Cr.

In some tourmalines R=Mg entirely, or Fe entirely. Little Fe’’’ replaces
Al. Na and Ca are apparently completely replaceable in this series. The
lighter colored varieties usually have lithium and manganese present, with little
iron.

Optical characteristics: All tourmalines are optically negative and uniaxial.
The birefringence is moderate to strong, the high iron members having both a
stronger birefringence and a higher index of refraction. The colored and dark
members show marked pleochroism and absorption, with w > .

Spe-
] w Minperal name and composition gcrlgg_ Color Remarks
ity
1.613 | 1.636 | Dravite .. . __.._.oo_._.oooooon 3.038 | Brown....... Dabrova.
NaMgsAlsBsSisO27(0H),
1.621 | 1.641 | Calcium tourmaline (uvite)...... 8.054 |oocuuaccanann Ceylon.
’ CaMg:AlsB1SieO2(0H)3
1.623 | 1.642 | Rubellite ... .. _____.__....__ 3.020 | Red...---.... Penig. R=Li:Fe:Al=1:2:3.
(Na,Ca)RaA]eBaSuOn(OH F)2 (OH):F=3:1. ~
1.625 | 1.646 | Indicolite...ooaooveeoeon oo 3.086 | Bluish green.| R=Li:Fe’’: Mg Al=5:8:2:15.
NaR3AlsB3SisO2(OH, F); (OH):F=5:1
1.625 | 1.648 | Rubellite. ... ... .. 3185 [cceecaaaao Tsilaisina.
~ NaR3AlgB3Sis0(0H,F)s R=Li:Mn:Al=1:2:3.
1.633 | 1.655 | Tourmaline.................__... 3.089 | Black........ Na:Ca=2:
(Na,Ca)R3AlsB3Sis02(0H)3 R=Mg: Fe" Al=3:1:2,
1.633 | 1.662 | Tourmaline......._.__..c......... 3.10 J..._. do-...._. Na:Ca=12:1
(Na,Ca)R3AlsBsSis020(0H); R=Mg: Fe" Fe'"’=2:3:5.
1.636 | 1.662 | Tourmaline.........c.oocooooool 3.00 J--.-. (o 1) O, Na:Ca=7:
(Na,Ca)R3AlB3SisO2(0H)s R=Mg: Fe" Fe'”’=17:3:2.
1.636 | 1.662 | Tourmaline_...._.._....___.._... 3.08 |-.... do...o.... Na Ca=2:
(Na,Ca)RaAlgB3Sis02(0H)s R=Mg: Fe” Fe'"’=5:3:4,
1.639 | 1.671 | Schorlite-......ooocooecaooaos 3,212 [..... (s 1) M R=Mg:Fe'’=6:1.
NaRsAlaBaSuOn(OH)a
1.644 | 1,672 | Tourmaline ... __..o...oo.o..__ 3.104 |__... (s [ M Na:Ca=5:2
(Na, C&)R:«AthSioOzs(OH)a : R=Mg: Fe'': Fe'"’ =3:5; 8.
1.647 | 1,681 | Schorlite....._o..__....coooe.o.. 3.2¢4 |[..... {« (/SO Some TiOs. Andreasberg.
NaFe3AlsB1Sis027(0OH)
1.662 | 1.682 | Tourmaline. ... _...o.o._.o_._. 3.09 [-..-. [ [ T Na:Ca=4:3. R=Mg:Fe"’=2:6,
(Na, Ca)Ra(Al Fe)¢B3SigOar Al:Fe'’=6:1.
» 4
1.641 | 1.687 | Chromium tourmaline........... 3.3 |oa--- d0eeaee-. R=Cr:Mg:Fe"=7:6:2.
(Na,Ca) RaA]eBaSievOW(OH,Fh Na:Ca=2:1.
1.668 | 1.688 | Schorlite. ... .o ..o Jeaciiooaan U () R,
NaFe3AlgB3Sis027(0OH),

9'20 Machatschki, Felix, Die Formeleinheit des Turmalins: Zeitschr. Kryst., Band 70, Heft 3, pp. 211-233,
1929, )
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TaBLE 22.—Uranite group

The members of the uranite group are pseudotetragonal and have an axial
angle ranging from 0 to a small angle. They are negative in optical character-
and the acute bisectrix is normal to the more or less perfect basal cleavage {001}..
The minerals of the group have the characteristic yellow and green colors of ura--
nium minerals with a rather marked pleochroism.

. . Axial angle :
Mineral and composi- Specific
a 8 ¥ tion éizs‘;)zar?ilgn gravity Color Remarks

1.553 | 1.575 | 1.577 | Autunite.._...._.___.... 30° oo 3.1 | Yellow..
Ca0.2U0s.P,0:.8H0 >0,

1.560 | 1.582 | 1.587 | Uranospinite...........- 46° o ee.o 3.45 [...do.....
Ca0.2U03.A5;05.8H;0 |  r>v strong.

1.582 | 1.592 | 1.592 | Torbernite............... (1) 3.4-3.6 | Green...
Cu0.2U03.P20;:.8H;0

1.610 | 1.623 | 1.623 | Uranocireite. _._..._.._.. 10° ool 3.5 | Yellow- | Z=a. Pleoc. Has.
Ba0.2U0:.P:0;5.8H;0 green. also {100} {010}

cleavages.
1.585 | 1.630 | 1.630 Tgﬁgoerite.a_..ﬁ.6 ..... 04 s 3.23 | Yellow..| Also{100}cleavage.
3.A5:05.12H .
1.623 | 1.643 | 1.643 | Zeunerite._.._._...___._. 0° i 3.2 | Green..:
) Cu0.2UN3.As205.8H20

TaBLE 23.—Vivianite group

The members of the vivianite group have the following optical characteristics:

A large axial angle, which may be positive or negative, the dispersion changing;
with the change in sign of the angle.

X is normal to a perfect cleavage; the members of the group are all monoclinic;
Z inclined to ¢ about 30°.

The members of the group are usually deeply colored and pleochroic.
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TABLE 24.—The zeolites

The zeolites are here grouped together for convenience in identification. In
general, they form isomorphous series only over very narrow ranges. Unlike
those in tables 5-23, most of the species here entered are not isomorphously
related to each other. There is, however, a close similarity of chemical composi-
tion in the zeolites, which may be expressed by the general formula (Na,Ca),
Al,(A},81) 81,02 2s4+4y nH:0, which, it is believed, holds for most analyses of zeolites.
As complete substitution between Na and Ca is rare in the zeolites, the substitu-
tion (Al,Si) generally does not reach its limit z. The formula is based on the
assumption that Na replaces Ca, as shown by Winchell.3¢

The general optical characteristics of this class are a low index of refraction,
weak birefringence, and white to colorless, rarely colored.

Further, the zeolites are commonly fibrous; many are well crystallized. They
have a low specific gravity and give off water readily.

30 Am. Mineralogist, vol. 10, pp. 97, 112, 145, 166, 1925. -
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Abbreviations, list 0f. . ceeeceeommamnan s 45

Acknowledgments for afd.....oceeemmoooaoaan 3-4

Acmite..... 200, 201, 244

Actinolite. - oo i 172, 222, 223

Actinolite series. See Tremolite-actinolite
series.

At oot ieeas 195

Adelite . oo oo 131

‘Adularia=orthoclase.

Aegirite (aegiring) .......-... 197

Aegirite (vanadiferous) 198

Aenigmatite=enigmatite.

Aeschynite=eschynite.

Afwillite. oo U, 113

Alexandrite=chrysoberyl.

Allactite. . . . eee- 199
Allanite. ..ol 53, 56,134, 195, 232
Alleghanyite.- .. ._...co.oo..... ee-- 199
Allodelphite. ... .- 196
Allophane. .. 48, 49
Almandite. ... 57, 58, 59, 234
Alum - - - - 48
Alum BrouUD - - o e e ancmceccceceeaes .48
Alumian. o iaiioaioos 71
Aluminite_...... . 96
Alumohydrocaleite. - .oooeo o oceoeam o 159
Alunite. eeacmmecceeeacacena= 70
Alunite group.... - .- 219
AlUNOgen.- .o eieece———an
Alurgite. .

Amarantite. ... ecacccnaas 167
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