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PREFACE

THE aim of this book is to deal with the subject of mineralogy in such
a way as to meet the needs of those who wish to restrict their attention
to the utilitarian side of the subject. It will be seen from a glance
at the contents that the subject has not been treated in a narrow way.
In fact, anyone who wishes to understand the economic aspects of
mineralogy must make a fairly complete study of the scientific elements
of the subject. The scientific scope of economic mineralogy is as
wide as that of academic or pure mineralogy. Some aspects of the
subject that are treated elaborately and at considerable length in books
on pure mineralogy, the crystallographic aspect, for example, can
be treated quite simply and briefly from the economic point of view
without the sacrifice of essentials. On the other hand, many topics
call for notice from the economic point of view that do not receive
consideration in books on purely scientific mineralogy.

In the following pages, crystal symmetry is treated only as an intro-
duction to crystal optics. Crystal optics and the use of the polarizing
microscope are indispensable to the student who wishes to be well
equipped for determinative work in the examination of minerals,
and often lead to quick identification in instances where chemical
and general physical data of a satisfactory character are less readily
obtained. Laboratory methods of mineral separation and concentra-
tion merit the careful attention of students of economic mineralogy,
and a chapter is given to that subject.

A chapter is devoted to geological matters, for the purpose of
elucidating the origins and modes of occurrence of minerals.

In the description of mineral occurrences the attention of the reader
is in the main directed to accounts of those which are of importance
from the standpoint of the mining industry, and in a general way
the order in which they are taken is the order of their importance in

the world’s mineral production.
\/
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For the purpose of facilitating determinative work, minerals are
tabulated in the last chapter according to those of their properties
that are most readily observed.

In conclusion, I have to thank my friend Mr. L. J. Spencer of the
British Museum (Natural History) for the trouble he has kindly taken
to read and correct the proofs, and also for much help he gave me
when photographing the specimens (marked B.M.) shown in the photo-
graphic illustrations. For permission to photograph these specimens
my thanks are due to the Trustees of the Museum.

THOS. CROOK.

Kzw, SURreY,
1921.
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CHAPTER 1.

INTRODUCTION.

MiNErALS may be defined as the comparatively simple, homogeneous,
natural substances which enter into the composition of the earth’s
crust. They have fairly definite physical and chemical characters;
and, with one or two exceptions, e.g. mercury (quicksilver) and petroleum
they occur in the solid state.

The number of minerals recognized as distinct species may be esti-
mated roughly at about 1000 in number. Most of them are compara-
tively rare. It has been estimated that felspars, quartz, amphiboles,
pyroxenes, and micas, together make up not less than 92 per cent. of
the accessible portion of the earth’s crust. The remaining 8 per cent.
consists chiefly of a few common minerals, notably olivine, calcite, and
iron oxides. From this we see that only a few of the minerals recognized
as distinct species by mineralogists enter largely into the composition
of the earth’s crust. These occur in a number of characteristic associa-
tions called rocks, the study of which constitutes the science of petrology,
a branch of geology.

Rocks may be defined as those materials which, in the form of beds
and other masses, build up the crust of the earth. Usually they are
complex or heterogeneous, and can be resolved into two or more minerals,
as in granites, gabbros, mica-schists, and many other rocks; but
this is not invariably the case, and a rock may consist entirely or almost
entirely of one mineral, as is the case with rock masses of dunite (olivine
rock), serpentine, gypsum, rock-salt, crystalline limestone, magnesite,
dolomite, quartzites, and some other rocks.

As constituents of the earth’s crust, therefore, most minerals have
a sparse or limited distribution, some of them being so, rare that they
are only to be found at single localities. We need to remember, how-
ever, that the volume of the earth’s crust is enormous ; and a mineral
may be a comparatively insignificant constituent of it as a whole, and
yet occur as deposits of relatively large magnitude at certain localities.

C. M. A



2 ECONOMIC MINERALOGY

This is frequently the case with economic minerals, s.e. those minerals
which are mined or quarried as sources of metals and other useful
products.

The study of the distinctive features of economic minerals demands
a fairly wide and thorough knowledge of the elements of mineralogy as a
working basis. But whereas in purely scientific mineralogy the student
usually confines his attention to well-developed specimens showing
crystal form, he finds when he comes to the study of economic minerals
that he has to broaden his sympathies, and indeed has most commonly
to deal with minerals which, from a crystallographical point of view,
are in an imperfect condition. For this reason, the economic mineralo-
gist finds comparatively little scope for goniometry (crystal measure-
ment), and has to depend almost entirely on methods of study which
are applicable to massive specimens or complex mixtures of minerals.
Moreover, he takes a very great interest in the way minerals associate
with one another. He attaches much importance to the detailed
study of these associations of minerals, their modes of occurrence
and relation to one another, and endeavours to ascertain as far as
possible their order of formation and mode of origin, as these considera-
tions are of significance in enabling him to form some idea of the probable
extent and value of workable deposits.

Thus the mental bias of the economic mineralogist differs from
that of the academic mineralogist ; and whereas the latter regards the
development of excellent crystal form as the prime essential of a mineral
specimen, it is decidedly otherwise with the former, who pays great
respect to many an unlovely specimen which the ordinary collector of
minerals would despise. ]

In the following chapters, minerals have been considered with a
utilitarian bias; and an attempt has been made to deal with the
subject in an elementary but practical manner, according to the require-
ments of the numerous students whose aims are economic rather than
purely scientific.



CHAPTER 1II.

CRYSTALS AND THEIR SYMMETRY.

DEFINITION OF A CRYSTAL.—Crystals are the faceted shapes
‘which many solid substances tend to assume when they are formed
under conditions which offer freedom of growth, as on deposition from
solution by slow evaporation. Minerals frequently assume these
definite shapes, a knowledge of which is often of great use in identifica-
tion, since the crystal form of a mineral is one of the most important
of its characteristic features. ,

THE SYMMETRY OF CRYSTALS.—The distribution of faces
and angles on crystals is according to certain conditions of symmetry ;
and the degree of symmetry varies. Symmetry in crystals results
from the repetition of similar faces and angles. The degree of symmetry
in a crystal is expressed in terms of one or more planes, one or more
axes, and a point.

SN

N

/
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F16. 1.—AxIs and plane of symmetry. Fi1a. 2.—Principal axis of symmetry.

A plane of symmetry (figs. 1 and 2) is such that there is an equal

distribution of faces and angles on both sides of it; so that for cach
3



4 ECONOMIC MINERALOGY -

face or angle on one side there is a similar face or angle on the other;
and when the crystal is regularly developed, lines at right angles to the
plane of symmetry emerge from the crystal on opposite sides at corre-
sponding points. Some ecrystals have no plane of symmetry. A
crystal may have 1, 2, 3, 4, 5, 6, 7, or 9 planes of symmetry. No
crystal can have eight planes of symmetry, and none car have more
than nine.

An axis of symmetry (figs. 1 and 2) is a line or direction around which
there is a two-fold, three-fold, four-fold, or six-fold repetition of similar
faces and angles. Hence on turning a uniformly developed crystal
about an axis of symmetry through 360°, it comes twice, three, four
or six times into the same portion of space, according to the degree
of symmetry. No crystal can have an axis of more than six-fold
symmetry, and no five-fold axis occurs.

When one axis and one only of three-fold, four-fold, or six-fold
symmetry is present in a crystal, this is termed the principal axis;
and if a plane of symmetry is present at right angles to the axis, it is
called the principal plane of symmetry (fig. 2).

Even when there are no planes or axes of symmetry in a crystal,
we find, as a rule, that the faces and angles on the crystal occur in

pairs, so that for every face there is a
- similar one parallel to it on the opposite
side of the crystal (fig. 3). It is customary

\ to describe such crystals as centrosymmetrical,

1.e. as having symmetry with respect to a

point or centre, in order to distinguish them

from crystals in which a centre of symmetry

‘ is absent, and in which therefore the faces

F1o. 3.—Crystal showing only a are not necessarily all arranged in parallel
centre of symmetry. p 2irs.

Planes, axes, and a point or centre of symmetry constitute what
are called the elements of symmetry.

DEFINITION OF CRYSTAL FORM.—In any given crystal, a set of
faces which have the same disposition and properties in relation to
the elements of symmetry, constitutes what is called a crystal form.
The number of faces in a form therefore depends upon the degree of
symmetry, being higher as a rule when planes and axes of symmetry
are well represented than when these planes and axes are few or
absent.

A crystal may consist of one form only, though as a rule it consists
of a combination of two or more forms.
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NOMENCLATURE OF FORM-TYPES.—Crystal forms are numerous,
and are named according to their shapes and symmetry. In the
cubic system, owing to the high degree of axial symmetry, each type
has a distinctive name, and it is unnecessary to speak of pyramid
forms, prism forms, etc. In systems other than the cubic, however,
with one or two exceptions, the same name is used repeatedly in the
description of form-types; thus we have hexagonal pyramids and
prisms, tetragonal pyramids and prisms, and so on. We may here
conveniently define the terms which are used repeatedly in describing
those form-types which have certain features in common in crystals
other than those of the cubic system.

Pedion.—A pedion form consists of one plane only. Such forms
occur in hemimorphic (polar) crystals. In tourmaline, for instance
(see fig. 202), the faces are differently developed at the opposite ends
of the principal axis; and if, as is frequently the case, there is a
basal plane, 7.e. one at right angles to the principal axis, this con-
stitutes a pedion form. There is a possible class in the triclinic
system in which all the forms are pedions, owing to the absence of
centrosymmetry ; but crystals of this class are not known to occur
among minerals.

Pinakoid.—A form consisting of only a pair of parallel faces is called
a pinakoid form. All triclinic crystals consist of combinations of
simple pinakoid forms. Pinakoid forms can also occur in all other
systems except cubic, e.g. the pair of planes (basal planes) lving at
right angles to the principal axis in many hexagonal, trigonal, and
tetragonal crystals (see figs. 31, 173); and the planes lying at right
angles to the axes of symmetry in the orthorhombic and monoclinic
systems (see figs. 197, 241).

Pyramids and Bipyramids.—In the hexagonal, trigonal, tetragonal
and orthorhombic systems (see figs. 4, 5, 6, 38,) a simple form consisting

F16. 4.—~Hexagonal F1a. 6.—Tetragonal Fig. 6.—Orthorhombic
pyramid. pyramid. pyramid.

of three or more triangular faces, the apices of which meet at a point,
is called a pyramid form. The faces of a pyramid may be repeated



6 ECONOMIC MINERALOGY

owing to the presence of a centre of symmetry, and we then get a form
consisting of two pryamids having their bases on a plane of symmetry.
Such a double pyramid form is called a bipyramid (see figs. 23, 29). In
the monoclinic system, a group of faces corresponding to the bipyramid
in the above systems consists of a combination of two prism forms
(see fig. 47); whilst "in the triclinic system, the corresponding
group of faces consists of a combination of four pinakoid forms
(fig. 50). _

Prisms.—A prism is.a form consisting of three or more faces the
lines of intersection of which all lie in the same direction. In the
trigonal, tetragonal, and hexagonal systems, the prism forms consist
of 3, 4, and 6 faces respectively (see figs. 25, 31, 40) or twice these numbers
(see figs. 24, 30, 39) ; and the prism edges are in each case parallel to
the principal axis. In the orthorhombic and monoclinic systems,
a prism form consists of four faces (see figs. 44, 48). The corresponding
group of four faces making up a prism in the triclinic system (fig. 51),
consists of two pinakoid forms, the pinakoid being the highest simple

“form possible in the triclinic system.

Dome.—This is the name given to a roof-like form occurring in one

of the classes of the orthorhombic system. In its detached condition,

it is represented by two faces, sloping
equally from a common edge so as to
yield a form having two planes of
symmetry, one along and the other at
right angles to the common edge (see
fig. 7). . The term dome is also frequently
applied to certain prism-building forms
of the monoclinic and triclinic systems,
which have their intersecting edges hori-
zontal or obliquely inclined when the crystal is held in its conventional
position.

Sphenoid and Bisphenoid.—In the tetragonal and orthorhombic
systems there are certain wedge-shaped forms, of low symmetry,
which are termed sphenoids. A form consisting of a double wedge,
such as seen in figs. 27, 46, 240, is called a bisphenoid.

CLASSIFICATION OF CRYSTALS.—It has been found that all
possible crystals can be divided into thirty-two classes. Each of
these classes is characterized by certain conditions of symmetry by

which it can be distinguished from the rest. At one extreme we have
a class in which there are thirteen axes and nine planes of symmetry,
and in which one of the simple forms has forty-eight faces (fig. 8). At

F16. 7.—Dome.
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the other extreme there is a class in which none of the elements of
symmetry is present, and in which a simple form consists of one
face only.

For the purpose of this book, it is not necessary to enter into a
detailed consideration of the distinctive symmetry-conditions in all
the thirty-two possible classes of crystals, some of which are rarely
represented among minerals, whilst others are only known in artificial
salts, and still others have not yet been observed at all. Only
about twenty-two of the thirty-two classes are represented among
minerals, and some of these are unecommon, especially among economic
minerals.

For the practical purposes of mineralogy it is eonvenient to group
the classes into seven systems, viz. cubie, hexagonal, tetragonal, trigonal,
orthorhombiec, monoelinie, and trielinic. The symmetry characteristics
of these seven systems and the more important classes of each system
may be defined as follows :

CuBIic SYSTEM.
The essential characteristics of symmetry in the cubic system are

three equivalent axes of symmetry at right angles to each other, and
four equivalent axes of three-fold symmetry.

F1G. 8.—Hexaklsoctahedron, ¥16. 9.—Triakisoctahedron, F16. 10.—lcositetrahedron.

Galena (hexakisoctahedral) class.—In this class there are thirteen
axes and nine planes of symmetry. The three equivalent axes
of symmetry at right angles to each other are of four-fold
symmetry ; whilst in addition to these and the four equivalent axes
of three-fold symmetry there are six equivalent axes of two-fold
symmetry.

In this class there are seven sorts of simple forms, namely, the
hexakisoctahedron (fig. 8) bounded by forty-elght scalene triangles; the
triakisoctahedron (fig. 9) by twenty-four isosceles triangles; the
wositetrahedron (fig. 10) by twenty-four trapezoids: the octahedron
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(fig. 11) by eight equilateral triangles ; the tetrakishexahedron (fig. 12)
or four-faced cube, by twenty-four isosceles triangles; the rhombic
dodecahedron (fig. 13) by twelve rhombus faces; and the cube or
hexahedron (fig. 14) by six square faces. Examples are: galena

F16. 11.—Octahedron.  Fi16. 12.—Tetrakishexahedron. FI¢. 13.—Rhombic dodecahedron.
(fig. 142), garnet (fig. 189), fluorite or fluorspar (fig. 223), magnetite
(fig. 137), spinel, chromite, gold, silver, platinum, and copper.
Tetrahedrite (hexakistetrahedral) class.—In this class there are
only seven axes of symmetry. The three equivalent axes of symmetry

&7\

F16. 14.—Cube. F16. 15,—Hexakistetrahedron, F1a. 16.—Triakistetrahedron.

at right angles to each other are of two-fold symmetry. There are
also six planes of symmetry, but no centre of symmetry.

The characteristic simple forms of this class are the hexakistetra-
hedron (fig. 15) bounded by twenty-four scalene triangles; the triakis-

O N/ @

F1¢. 17.—Deltoidal dode- Fi1a. 18.—Tetrahedron. Fi1a. 19. —Pentagonal dode-
cahedron. cahedron.

tetrakedron (fig. 16) by twelve isosceles triangles; the deltoidal dodeca-
hedron (fig. 17) by twelve deltoidal faces; and the tetrakedron (fig. 18)
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by four equilateral triangles. The cube, rhombie dodecahedron, and
tetrakishexahedron also occur in this class. Examples are tetrahedrite
(fig. 133), diamond (fig. 182), zinec-blende (fig. 165), and boracite.

Pyrite (dyakisdodecahedral) class.—In this, as in the preceding class,
there are seven axes of symmetry, but only three planes of symmetry.
The three planes of symmetry intersect in the three equivalent axes
at right angles, which are axes of two-fold symmetry. The charac-
teristic simple forms are, the pentagonal dodecahedron (fig. 19) bounded
by twelve pentagonal faces; and the dyakisdodecahedron (fig. 20)
bounded by twenty-four quadrilateral faces. There are two varieties
of cach, distinguished from one another as right and left. The icosi-
tetrahedron, triakisoctahedron, octahedron, rhombic dodecahedron,
and cube also occur in this elass. Examples are pyrite (fig. 245),
cobaltite, and smaltite.

F1a, 20.—Dyakisdodecahedron. F1G. 21.—Pentagonal icositetrahedron.

Cuprite (pentagonal-icositetrahedral) class.—In this elass all thirteen
axes of symmetry are present; but there is no plane or centre of
symmetry. The characteristic simple form of this class is the pentagonal
wositetrahedron (fig. 21), bounded by twenty-four irregular pentagons.
The icositetrahedron, triakisoctahedron, octahedron, tetrakishexa-
hedron, rhombic dodecahedron, and eube also oceur. Examples are
euprite and sylvite (potassium chloride).

TETRAGONAL SYSTEM.

Among minerals, the essential characteristic of symmetry in this
system, with the exception of one class, is the axis of four-fold symmetry
(the prineipal axis). The exception is the class to which chalcopyrite
belongs; and this elass is characterized by three axes of two-fold
symmetry at right angles to one another, two of which are
equivalent.

Cassiterite (ditetragonal-bipyramidal) class.—In this class there are five
axes of symmetry, namely one four-fold, and four others at right angles
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to this, which are two-fold. There are also five planes of symmetry,
four of which intersect in the principal axis, the fifth being at right
angles to this axis. The simple forms are the ditetragonal bipyramid
(fig. 22), tetragonal bipyramids (fig. 23), ditetragonal prism (fig. 24),
tetragonal prisms (fig. 25), and basal pinakoids (figs. 24,25). Examples
are cassiterite (fig. 159), rutile, and zircon (fig. 204).

Fia. 22,—~Ditetragonal bipyramid. FiG. 23.—Tetragonal bipyramid.

Scheelite (bipyramidal) class.—In this class there is only one axis
of symmetry, which is four-fold, and one plane of symmetry at right
angles to it. The characteristic simple forms are tetragonal bipyramids
and prisms. Scheelite is an example (fig. 163).

N

F16. 24,—Ditetragonal prism. Fia. 25.—Tetragonal prism.

Woulfenite (pyramidal) class.—In this class there is only one axis
- of symmetry (the four-fold axis); and there is no plane or centre of
symmetry. The only difference between this and the preceding class
is in the absence of centrosymmetry. Hence instead of bipyramids
we get pyramids. Wulfenite is an example (fig. 156).

Chalcopyrite (scalenohedral) class.—In this class there are three axes
of two-fold symmetry at right angles to each other.” Two of these are
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equivalent ; the third axis corresponds to the principal axis of the higher
classes, and in it two planes of symmetry intersect. The characteristic

W N

F1a. 26,—Tetracgonal scalenohedron. F1G. 27.—Tetragonal bisphenoid,

simple forms are the tetragonal scalenohedron (fig. 26), and the
bisphenoid (fig. 27). An important example is chalcopyrite (fig. 132).

HexacoxNAL SysTEM.

The essential characteristic of symmetry in this system is the principal

axis of six-fold symmetry, which is present in all crystals belonging
to the hexagonal system.

& O

Fia. 28.—Dihexagonal bipyramid. I1a. 29.—Hexagonal bipyramid,

Beryl (dihexagonal-bipyramidal) class. —In this class there are seven
axes of symmetry, one of six-fold symmetry (principal axis), and six
of two-fold symmetry at right angles to it. There are also seven planes
of symmetry, six of which intersect in the principal axis and one is at
right angles to it. In this class the simple forms are the dihexagonal
bipyramid (fig. 28), hexagonal bipyramids (fig. 29), dihexagonal prism
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(fig. 80), hexagonal prisms (fig. 31), and basal pinakoid pair (figs. 30, 31).
Beryl is an example (fig. 31).

e e
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¥1¢. 30.—Dihexagonal prism. Fig. 31.—Hexagonal prism.

Greenockite (dihexagonal-pyramidal) class.—This class differs from
the last in having no centrosymmetry, and consequently no plane of
symmetry at right angles to the principal axis. Asa result of this we get
pyramid forms instead of bipyramids, and the basal planes constitute
two pedion forms. Otherwise the forms resemble those of the preceding
class. Examples are greenockite and zincite (fig. 171).

Apatite (hexagonal-bipyramidal) class.—In this class the axis of
six-fold symmetry is the only axis of symmetry present, and a plane
of symmetry at right angles to it, the only plane. The characteristic
forms are hexagonal bipyramids and prisms. Examples are apatite
(fig. 173), vanadinite (fig. 164), pyromorphite, and mimetite.

Nepheline (hexagonal-pyramidal) class.—In this class, of which
nepheline is the only representative, there is one axis of six-fold symmetry
but no plane of symmetry.

TRIGONAL SYSTEM.

The essential characteristic of symmetry in this system is the principal
three-fold axis which is present in all trigonal crystals.

Calcite (ditrigonal-scalenohedral) class.—In this class there are four
axes of symmetry, one of three-fold (principal axis) and three of two-fold
at right angles to it. There are also three planes of symmetry, inter-
secting in the principal axis. The simple forms are the ditrigonal
scalenohedron (fig. 32), a hexagonal bipyramid, rhombohedra
(figs. 33 to 36), the dihexagonal prism, hexagonal prisms, and the basal
pinakoid pair. Examples are calcite (figs. 210, 211), magnesite,
chalybite, rhodochrosite, smithsonite, corundum (fig. 181), haematite
(fig. 138), and bismuth. i ;
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Tourmaline (ditrigonal-pyramidal) class.—In this class there are

@ F16. 33.—Positive rhombohedron.

F16. 32.—Ditrigonal scalenohedron. F16. 34.—Negative rhombohedron.

three planes of symmetry intersecting in the axis of three-fold
symmetry. The crystals are polar (hemimorphic). The simple forms

= O

F14d. 35.—Obtuse rhombohedron. F1a. 36,—Acute rhombohedron.

F1a. 37— Ditrigonal pyramid. F1a. 38,—Trigonal pyramid.

are the ditrigonal pyramid (fig. 37), a hexagonal pyramid, a trigonal
pyramid (fig. 38), ditrigonal prism (fig. 39), a hexagonal prism, trigonal
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prisms (fig. 40), and the two basal pedions. Tourmaline (fig. 202),

pyrargyrite, and proustite are examples.

F16. 39.—Ditrigonal prism, F1c. 40.—Trigonal prism.

Quartz (trapezohedral) class.—In this class there are three axes
of two-fold symmetry at right angles to the axis of three-fold symmetry.
There is no centrosymmetry. The simple forms are the trigonal
trapezohedron (fig. 41), a trigonal bipyramid (fig. 42), a thombohedron,
the ditrigonal prism, a trigonal prism, a hexagonal prism, and the
basal pinakoid pair. Examples are quartz (fig. 196) and cinnabar.

Fia. 41.—Trigonal trapezohedron, F1a. 42.—Trigonal bipyramid.

Dioptase (rhombohedral) class.—In this class there is only one axis
of symmetry (the three-fold axis). There is also centrosymmetry,
but no plane of symmetry. The characteristic simple forms are
rhombohedra and hexagonal prisms of low symmetry, and the basal
pinakoid pair. Examples are dioptase (fig. 184), phenakite (fig. 194),
willemite, dolomite, and ilmenite (fig. 162).

ORTHORHOMBIC SYSTEM.

The crystals of this system are usually characterized by three inequi-
valent axes of two-fold symmetry at right angles to one another. In
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one class, however, there is only one axis of two-fold symmetry, in
which two planes of symmetry intersect.

Sulphur (bipyramidal) class.—Crystals of this class have three planes of
symmetry at right angles to each other, intersecting in three inequivalent
axes of symmetry. In this class the simple forms are the bipyramid
(fig. 43), prisms (fig. 44) including the so-called domes, and three
pinakoid forms (fig. 45). Examples are sulphur (fig. 243), orpiment,
stibnite, aréenopyrite (fig. 126), chalcocite, witherite, cerussite, barite
(fig. 236), celestite (fig. 238), anglesite, staurolite, olivine (fig. 193),
and topaz (fig. 200).

F16. 43.—Orthorhombic bipyramid. F1a. 44.—Orthorhombic prism.

Hemimorphite (pyramidal) class.—In this class there is only one axis
of two-fold symmetry, in which two planes of symmetry intersect.
The forms include a pyramid, a prism, two domes, two pinakoids,
the faces of which are parallel to the axis of symmetry. The third
pinakoid pair, the faces of which are at right angles to the axis of
symmetry, constitutes two separate pedion forms. Hemimorphite
is an example (fig. 169).

F16. 45.—Orthorhombic pinakoids. F1a. 46.—Orthorhombic bisphenoid,

Epsomite (bisphenoidal) class.—In this class there are the three
inequivalent axes of two-fold symmetry at right angles to each other,
but no planes of symmetry. The characteristic simple form is the
rhombic bisphenoid (fig. 46), consisting of a double wedge, the four
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faces of which are scalene triangles. The three prism forms and three
pinakoid pairs also occur. Epsomite is an example (fig. 240).

MoxNocLINIC SYSTEM.

Gypsum (prismatic) class.—In this,” the only monoclinic class of
importance, there is one axis of two-fold symmetry, at right angles to
which there is a plane of symmetry. The simple forms include prisms
and pinakoids. Unlike the orthorhombic bipyramid, which is a simple
form, the monoclinic bipyramid is made up of two prism forms (fig. 47).

¥16. 47.—Monoclinic bipyramid. F16. 48.—Monoclinic prism. Fi6. 49.—Monoclinic
pinakoids.
Fig. 48 shows a combination of prism and basal pinakoid pair. Fig. 49
shows a combination of three pinakoids. Examples are gypsum
(fig. 241), realgar, mica, orthoclase felspar (fig. 186), epidote borax,
and trona (fig. 217).

TRICLINIC SYSTEM.

Kyanite (pinakoidal) class.—In this, the only important class of
the triclinic system, there is no plane or axis of symmetry ; the only

F16. 50,—Triclinic bipyramid. F16. 51.—Triclinic prism. F16. 52.—Triclinic
pinakoids.

feature of symmetry present is centrosymmetry. All the simple
forms of this class are pinakoid pairs (figs. 50, 51, 52). The triclinic
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bipyramid (fig. 50) is made up of four pinakoid pairs. Examples are
kyanite (fig. 191), microcline, plagioclase felspar, rhodonite (fig. 152),
and axinite (fig. 176).

TWIN CRYSTALS.—In a fully developed simple crystal, all the
angles are salient. Many crystals, however, are seen to be made up
of two or more parts that have grown together in such a way that it
is necessary to move one part through an angle of 180° around a certain
axis in order to bring it into normal relation with the part adjacent
to it. These compound crystals usually show re-entrant angles, and
are known as twin crystals. The two parts of such a twin crystal
exhibit symmetry about a common plane (the twin plane) which is a
possible face, or a common axis (the twin axis) which is a possible edge.

Fia. 53.—Contact twin of magnetite. Fia. 54.—Contact twin FI1a. 55.—Interpenetrant twin
of orthoclase. of fluorite,

As a rule twin crystals are such that rotation of one part through
180° on the twin plane or around the twin axis would result in the
formation of a simple crystal. When the two parts of a twin crystal
are united by a twin plane, the twin is described as a contact twin
(figs. 53, 54) to distinguish it from the type of twin crystal known as
interpenetration twin (fig. 55) in which two individuals appear to penetrate
each other.

In some instances the twinning is repeated many times. As a
consequence of this, pseudo-symmetrical complex crystals may be
formed, and in these there may or may not be re-entrant angles. In
witherite, for instance, a pseudo-hexagonal form results from a repetition
of the twinning effect on the orthorhombic prism face, and a mimetic
crystal like that of fig. 215 is produced. This type of twinning is known
as repeated twinning. Other examples of it are cerussite (fig. 147)
and alexandrite (fig. 179). It is very common in the plagioclase

felspars, and is the cause of the striated appearance (twin striation)
CM. u
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on the basal cleavage so frequently seen in oligoclase and labradorite
(see figs. 187 and 188).

Two crystals may be attached to each other with their like edges
parallel, and are then known as parallel growths. Such parallel growths
and crystals that have grown in irregular juxtaposition should not be
confused with twin crystals.

THE FURTHER STUDY OF CRYSTALS.—The student should
obtain a set of models of the various crystal forms, and actual combina-
tions of these shown by crystals of the more important minerals, as
it is only by the use of such models that the symmetry of crystals
can be conveniently studied by the beginner. After that he can
more successfully study actual crystals, measure angles by means
of a goniometer and proceed to the study of mathematical crystallo-
graphy as outlined in books specially devoted to that subject.

Many students of economic mineralogy, however, may not have time
or inclination to go beyond the elementary study of crystal symmetry
as here briefly outlined. It is therefore worthy of note that, on
this simple consideration of crystal symmetry as a basis, one can
proceed to the study of crystal optics, a knowledge of which is of great
use in the examination and determination of minerals.



CHAPTER IIIL
THE GENERAL PHYSICAL CHARACTERS OF MINERALS.

MASSIVE FORMS OF MINERALS.

TrOUGH usually crystalline, minerals seldom show a good development
of crystal faces, owing to the fact that, as a rule, crystallization has
procceded around innumerable different centres of growth. In con-
sequence of this, the individual particles of the mass have not been free
to develop crystal facets, but have had to take on the shapes allotted
to them by their surroundings. Hence we find that minerals are
usually massive, i.e. consist of an aggregate of crystalline individuals
which show no definite shapes. These massive forms of minerals
receive different names according to the structure or mutual arrange-
ment of their parts and their mode of growth. The following are the
chief varieties of texture and modes of growth to which special names
are given among massive minerals

Granular.—This name may be given to any mass of mineral which
is made up of grains of more or less uniform size and coarseness of
texture. The terms coarse-grained, medium-grained, and fine-grained
are useful as indicating in a general way the variability in relative
size of the constituent grains.

Compact.—The term compact implies that a rock or mineral is
made up of a mass of microscopically small particles, e.g. certain iron
and manganese ores. A specimen with a compact texture usually
breaks with a fairly even and dull surface.

Brecciated.—Breccia consists of coarse and usually angular fragments
embedded in a comparatively fine-grained matrix. It is commonly
formed by crushing due to movement along fault-planes, etc., and
should be distinguished from a conglomerate of detrital origin,
in which waterworn pebbles are embedded in a matrix of sand.

Earthy.—This is a descriptive name for such easily friable minerals

as wad (bog manganese ore), which may soil the fingers.
14
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Powdery.—This indicates the loose or incoherent condition of some
minerals, such as kaolin.

Flaky or scaly.—These are useful terms for describing certain forms
of graphite, molybdenite, heematite, mica, and other minerals occurring
in the form of small thin plates.

Fibrous, e.g. the different varieties of asbestos (fig. 208).

Dendritic, v.e. branching growths such as those often assumed by
native copper (fig. 130).

Frliform.—This is the name given to a wiry condition, as exemplified
by mode of growth of native silver (fig. 158).

Reniform and mammiform.—The kidney-like surface sometimes
assumed by masses of h®matite is described as reniform (fig. 140).
When the curved surfaces are flatter and suggest mamms, they are
described as mammiform, mammillary, or mammillated.

Botryoidal.—A form similar to that of a-bunch of grapes (fig. 141)..

Nodular or concretionary, occurring in the form of rounded nodules,
embedded in a matrix ; e.g. nodules of calcium carbonate in clay, flint
nodules in chalk, etc. An aggregate of globules each of which shows
a well-marked concentric structure, is named pisolitic when the globules
are about the size of peas (fig. 123), and oolitic when the globules resemble
those of the hard roe of a herring.

Stalactitic—The icicle-like form assumed by mineral matter deposited
on the roof of a cave or other hollow (fig. 151).

Amorphous—Used in its strictly correct mineralogical sense, this
term implies absence of crystalline structure as well as crystalline
form, and in this sense it should only be used of such substances as
opal, which are in a non-crystalline condition. The term has a certain
vogue, however, in describing various compact or earthy forms of
minerals. It is used in the graphite trade, for instance, in describing
dull, compact graphite, to distinguish it from the well-crystallized
“ flaky * variety.

COLOUR.

As a rule, colour is a constant and characteristic feature only among
the more opaque minerals, which are chiefly those of metallic and
submetallic lustre, e.g. gold, silver, copper, galena, magnetite, pyrite,
pyrrhotite, chalcopyrite, hwematite, and wolframite. Many opaque
minerals, more especially the sulphides, readily suffer alteration when
exposed to atmospheric changes. Hence, in making observations
as to colour in such cases, care should be taken to see that the surface
examined is in a fresh unweathered condition. Otherwise, the charac-
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teristic colour and appearance may be dulled or more seriously modified
by the secondary compounds formed as a result of oxidation and other
changes ; though a knowledge of the nature of these changes is often
helpful to the experienced observer in making a diagnosis. We may
say therefore that the colour of opaque minerals is fairly constant and
characteristic.

It is otherwise with many of the more transparent minerals, such
as quartz, fluorite, and most gemstones, notably the varieties eof
corundum (ruby, sapphire, and others). The colour of these more
or less transparent minerals is often due to an inestimably small amount
of impurity which has been incorporated during growth. Some varieties
of smoky quartz are black in the mass, but become colourless and
transparent when heated in a Bunsen flame. Many minerals have
their colour readily destroyed by heat in this way; whilst in many
other cases the colour becomes radically changed, without any serious
change of chemical composition. In such cases colour is of little or
no diagnostic value.

In some transparent minerals, however, where the colour is due to
an essential constituent of the mineral, the colour is a more constant
and significant feature. Copper minerals, as well as those of chromium,
uranium, and several other metals, furnish good instances of this;
and in these colour is a feature of diagnostic value.

STREAK.

The streak of a mineral is the colour of its powder. The name arises
from the fact that the usual method of observing the colour is to make
a streak of the mineral by rubbing it on a plate of white, unglazed
porcelain. Such a piece of porcelain is called a streak-plate, one of
which should always be kept clean and ready for use by the practical
mineralogist, since the observation of streak is often a helpful factor
in identifying a mineral. Many minerals that appear quite black or
opaque in the mass, give a coloured streak, owing to the fact that the
minute particles of the powder are not opaque. A familiar example
of this is crystalline hmmatite, the powder of which has a characteristic
red colour, though a freshly fractured surface may appear almost black
and opaque.

It is among the more opaque minerals that the streak-test finds its
chief application. The great advantage of using a streak-plate is, that
it enables us to judge the colour of the powder of a mineral without
defacing a crystal, or by using a minimum amount of material.
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Some minerals are too hard to permit good streak-tests to be made
on a porcelain plate.  With these minerals, an alternative method for
observing streak is to crush a fragment to fine powder in a mortar.
This is a method of observation specially suitable for black varieties
of such minerals as rutile and cassiterite The brown colour of the
powder of black cassiterite is a useful characteristic; and taken in
conjunction with other physical evidences, notably the lustre and
specific gravity, affords strong evidence for identification.

LUSTRE.

In describing minerals, it is convenient to have a few terms by which
we can indicate the nature of the optical effect (apart from colour)
produced by the incidence of light on a fresh crystal or the freshly
fractured surface of a mineral. To this effect mineralogists give the
name lustre, a property which is determined partly by the degree of
transparency, and partly by the refractive power of a mineral.

Lustre is thus a complex property, but one which is found to be of
considerable value as a descriptive feature. When a high refractive
power and a high degree of opacity are combined in a mineral, we get
metallic lustre, a brilliant effect due to a copious reflection of the light
rays which fall on the surface. This lustre is well seen in metals and
metallic sulphides. With a lower degree of opacity, such as that shown
by wolframite and chromite, splinters of which are translucent, sub-
metallic lustre is obtained. The more transparent minerals yield a
vitreous lustre, ¢.e. a lustre like that of glass, when the refractive power
is low, as in quartz; and adamantine lustre when, as in diamond and
rutile, the refractive power is very high.

The chief types of lustre therefore are: metallic, submetallic, ada-
mantine, and vitreous. Less frequent types of lustre are those described
as resinous, waxy, greasy, pearly, and stlky, from the resemblance of
their appearances to the various substancesreferred to in these
adjectives.

HARDNESS.

The degree of ease with which a mineral can be scratched is usually
a fairly constant feature in any given mineral, but varies with different
minerals. This behaviour affords, indeed, a very useful piece of
evidence, which is readily obtained, in testing a mineral.

Some minerals, such as graphite, gypsum and mica, are very soft, and -
can be scratched by a thumb-nail. Other minerals, such as spinel and
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corundum, are extremely hard, and cannot be scratched by the hardest
steel.

The hardness of a mineral is determined by a rough comparison with
certain known minerals which are adopted as standards, and which
constitute what is called a scale of hardness. The ten minerals usually
employed for this purpose are as follows, in diminishing order of hard-
ness :

- 10. Diamond. 5. Apatite.
9. Corundum. 4. Fluorite.
8. Topaz. 3. Calcite.
7. Quartz. _ 2. Gypsum.
6. Orthoclase. 1. Talc.

The hardness of a mineral is expressed by a number. That number,
in the case of each scale mineral, is the number affixed above. Thus
quartz is said to have a hardness of 7. Zinc-blende is said to have a
hardness of 3} because it scratches and is not scratched by calcite,
whereas it will not scratch but is scratched by fluorite. Two minerals
which scratch one another may be regarded as having the same hardness.

The gaps between the successive pairs of minerals in the scale of
hardness are very irregular, and the scale is only useful as a means of
rough comparison. For practical purposes, a rough idea of the hardness
of most minerals can usually be obtained by testing with the tip of a
pocket knife. If it is necessary to determine the hardness more
accurately, the minerals of the scale should be used for comparison.
For field use it is convenient to carry small fragments of corundum and
quartz. These, with a pocket knife (hardness about 5}) and a thumb-
nail (hardness about 2}), enable one after a little experience to form a
fairly accurate idea of the comparative hardness of minerals.

In determining hardness, care should be taken to ensure, as far as
possible, the purity of the mineral tested, and the specimen should be
closely examined with a pocket lens. A soft mineral sometimes contains
small grains of a harder mineral, and the latter are apt to mislead the
observer in testing hardness. A good example of this is massive chalco-
pyrite (hardness 4}) which often contains particles of quartz (hardness 7).
Such a piece of chalcopyrite may scratch felspar by virtue of the
quartz present, although the mass itself is readily scratched by the
pocket knife. The importance of caution in this particular case is made
obvious by the fact that hardness is one of the distinctive tests between
chalcopyrite (4}) and pyrite (6}).

It is clear, therefore, that the test of hardness is one which, though
simple, requires care, especially when dealing with the minerals in a
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massive condition. ‘Minerals in this condition are much more liable to
admixture than are well-developed crystals. In fact, however, crystals
themselves often contain inclusions of other minerals.

CLEAVAGE AND PARTING.

True cleavage.—Cleavage is the name given to the property, which
some minerals possess, of splitting along one or more planes of structural
weakness. A plane of true cleavage is determined by the disposition
of the molecules of which the crystal is composed, and all parts of the
crystal manifest a tendency to split along this direction. Mica is a
well-known example of a mineral possessing one such plane of very
pronounced structural weakness or cleavage (fig. 56), whilst tremolite
shows two cleavages, which cause its crystals to split into prismatic
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Fi6. 56.—¥Platy cleavage in mica.
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F16. 57.—Prismatic cleavage in tremolite.

fragments (fig. 57).  Calcite shows three good cleavages in consequence
of which its crystals can be broken into rhombohedral fragments (fig.
212). A cube of galena breaks readily along three cleavage planes
which are parallel to the cube faces, 7.e. at right angles to each other,
yielding smaller cubes (fig. 146). A cube of fluorite, on the other hand,
breaks along four different cleavage planes parallel to the faces of the
octahedron, and can be broken so as to yield a good octahedron.

All these are examples of true cleavage, the tendency to which exists
equally at all points of any crystal in which the property of true cleavage
exists. The property is one which can often be used in identifying
minerals, since crystalline structure is frequently well developed even
when there is no evidence of the actual crystalline form. When present,,
cleavage is a characteristic, and supplies useful evidence bearing on
crystalline symmetry, especially when considered in connection with
the form and physical properties of cleavage plates and fragments. For
this reason cleavage is an important property in the study of economic
minerals. In the gem-cutting trade, as in diamond splitting, the
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property of cleavage is utilized to great advantage. It is, moreover,
largely to this property that some minerals, notably the micas, owe their
economic value.

It is customary to use the term perfect in describing the cleavage in
such minerals as mica, gypsum, calcite, and galena, in which cleavage
yields perfectly smooth surfaces.

Parting.—In some cases, crystals cleave readily along certain
planes which arenot true cleavage planes in the sense defined above.
Corundum is a good example of this. A
fresh, transparent crystal of corundum shows
no tendency whatever to cleave along definite
planes, but fractures conchoidally (for definition
of conchoidal fracture see below) much like
quartz.  Very often, however, crystals of
corundum cleave along the basal plane, and
also along rhombohedral planes, yielding three
parallel sets of striations on the base, as shown 7
in fig. 58. This behaviour is limited to those FIG. 58.—Partings in
crystals which have suffered alteration. In SRl
other minerals, as in magnetite, for instance, planes of ready separation
arise in consequence of twinning.

These planes are called partings. They differ from true cleavages
in that they are not essential to the mineral, and occur only in twinned
or altered crystals. Even in these they are restricted to certain planes,
whereas a true cleavage is possible at all points of a crystal.

Ordinary corundum, which owes its commercial value to its abrasive
properties, is less effective as an abrasive when partings are abundantly
developed. For the manufacture of the jewelled bearings of watches
and other instruments, it is still more important that the corundum
should in this respect be flawless; and it is obviously desirable that
sapphires and rubies—the gem varieties of corundum—should be free
from partings. Hence we see that the presence or absence of partings,
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in the case of this mineral, is a matter of considerable economie signifi-
eance.

FRACTURE.

When cleavage is absent, or but poorly developed, a crystal breaks
along a more or less irregular surface. The nature of this surface is
called its fracture. The different kinds of fracture usually recognized
are (1) Even fracture, when the surface is fairly regular; (2) Uneven
Jracture, when the surface is irregular ; (3) Conchoidal fracture, when the
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surface shows a series of curved lines suggesting the marks on certain
bivalve shells; (4) Splintery fracture, as in fibrous minerals;
(5) Hackly fracture, when very rough and jagged in appearance, as is
the broken surface of metals such as copper.

SPECIFIC GRAVITY.

The density of a substance is its mass per unit volume. The best
practical method of comparing densities is to use water as a standard
of comparison, calling its density 1. The relative density of a substance
compared with water is called its specific gravity.

For any given mineral, the specific gravity is fairly constant, some-
times remarkably so. Moreover, scarcely any two minerals have the
same specific gravity ; hence the determination of specific gravity in
any particular case is a factor of great importance in identifying a
mineral.

The most trustworthy of the various methods of determining the
specific gravity of minerals may be enumerated as follows :

(1) Direct hydrostatic weighing.
(2) Use of a specific gravity bottle.
(3) Use of a spring balance.

(4) Suspension in heavy liquids.

(1) Direct hydrostatic weighing.—By this method a piece of the
mineral is weighed, first suspended in air, and then in water. In each
case the weight recorded is not the real weight of the piece of mineral,

-but is less than that by an amount equal to the weight of the displaced
medium. The apparent weight in air is, owing to the extremely low
density of air, sufficiently near the real weight to make correction un-
necessary for ordinary purposes, so that we may take the air-weighing
as being practically the true weight. By subtracting from this the
apparent weight in water, therefore, we get the weight of the water
displaced by the piece of mineral. Hence we get :

Weight in air
Weight in air — apparent weight in water’
In making this determination the left arm of the beam of the balance
should be provided with a small wire basket, suspended from it by a
piece of fine wire, the basket and part of the wire support being immersed
in water. The extent to which the basket and its supporting wire are
immersed, should remain as constant as possible throughout the experi-
ment, so as to ensure that the difference between the two weighings will
represent the weight of the water displaced by the mineral. For the

Specific gravity of mineral =
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same reason, care must be taken to secure the proper wetting of the
fragment over its entire surface when ascertaining its apparent weight
in water, any air-bubbles that may be present being brushed or gently
rubbed off, or removed in vacuo.

By this method, specific gravities can be determined with accuracy
to the second place of decimals with very little trouble ; and this degree
of accuracy is quite adequate for determinative purposes in mineralogy.
Indeed, accuracy at the first place of decimals is usually quite sufficient
for determinative work.

By direct hydrostatic weighing, using a chemical balance, specific
gravities can be determined on fragments weighing not more than
0-050 grams. With such small fragments, however, special care is
necessary to secure accuracy at the second place of decimals; and the
error due to imperfect wetting or the presence of air-bubbles in such a
case is then obviously very serious. With such small fragments a
suitably small cup or spring clip conveniently takes the place of the wire
basket for holding the mineral.

The degree of accuracy varies with the density and volume of the
fragment used, the determination tending to greater accuracy for the
lighter than for the heavier minerals when similar volumes are taken.
This is especially true when the fragments are smnall, since the weight
of water displaced is small, and the error of weighing more significant.
For this reason, the degree of accuracy for small heavy fragments is
increased by determining the apparent weight of the fragment in some
heavy liquid, such as bromoform or methylene iodide of maximum
density, the exact specific gravity of this liquid having been carefully
determined beforehand.

(2) Use of a specific gravity bottle.—When the mineral is in the form
of sand or of numerous small fragments, it is convenient to use a small,
narrow-necked glass vessel which is provided with a carefully-fitted
glass stopper. For ordinary work it is sufficient to have a stopper with
a capillary bore to enable the cxcess of water to escape when the stopper
is inserted, so that the vessel can be obtained full of water without
air-bubbles, the vessel and stopper being carefully dried after the latter
has been inserted.

To determine the specific gravity of a sand, or broken fragments by
this means, we require to know :

(1) Weight of sand (w).

(2) Weight of the vessel full of water (w,).

(3) Weight of the vessel filled up with water after the sand has
been inserted (w,).
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With a knowledge of these three facts we can find the specific gravity
of the sand ; thus, since w=weight of the sand in air, and

(w+w,;) ~ w,=weight of an equal volume of water,
we get :
w

Specific gravity of sand = Tk

In making this determination the air-bubbles should be boiled off,
and the water cooled down again to normal temperature. It is desirable
that the sand should occupy about half the volume
of the vessel. For ordinary purposes, when there is
sufficient of the mineral, a bottle having a volume
of 25 c.c. may be used. For smaller amounts, the
capacity of the bottle. should be correspondingly
smaller.

(8) Use of a spring balance.—One of the readiest
methods of determining the specific gravity of a
piece of mineral is that of using a spring balance
such as the well-known Jolly balance. This balance
(see fig. 59) consists of a long spring (ab) suspended
from a screw pinch which is fixed at the upper end of
an adjustable rod (C). This adjustable rod fits into
a slot in the main upright (4) and can be fixed in
any required position by a screw clamp. Suspended
from the lower extremity of the spring are two pans
(c and d), the lower one of which is immersed in
g.  water throughout the experiment. The beaker carry-
ing the water is supported on a small sliding platform
(B), which can be fixed at any required level by
means of a secrew clamp which grips the main upright.

On the wire supporting the upper pan there is a
white cylindrical bead which is used as an index in
making the readings. In the figure the index is
Fro. 50—Jollys  Shown at m, below the upper pan. The front of the

spring balance.  yain upright carries a fixed graduated mirror to
enable the displacement of the bead to be measured. The correct
reading for any position of the bead is that made by placing the eye
on a level with the top of the bead and its reflexion in the mirror, and
noting the reading on the scale. The smallest division on the scale is a
millimetre, but in making the reading the observer should judge fractions
of this division as accurately as possible. ;
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Three readings are required, viz. :
(a) Reading with both pans empty.
(b) Reading with mineral in upper pan.
(¢) Reading with mineral in lower pan.

The extent to which the spring is stretched, and consequently the
displacement of the bead, is proportional to the stretching weight.
Hence, since b —a represents the displacement due to the weight of the
fragment in air, and b-c the displacement due to the weight of an
equivalent volume of water, we get :

Specific gravity:b_—a‘
; b-c
Care must be taken to wet the fragment properly, and avoid air-bubbles,
when making the “ ¢ ”’ reading ; and the extent to which the lower pan
is immersed must be the same for both readings.

The Jolly balance is very useful as a ready, cheap, and quickly-
operated means of ascertaining the approximate specific gravity of a
mineral fragment. It is capable of yielding results accurate at the
second plane of decimals for fragments weighing two or three grams.
For fragments having about the same weight, the degree of accuracy is
higher for minerals of low specific gravity, such as quartz and calcite,
than it is for minerals of high specific gravity, such as cassiterite,
wolframite, and uraninite.

Two or more springs are usually provided with the instrument, a coarser
one for use with large fragments, and a fine one for small fragments.

(4) Suspension in heavy liquids.—On account of its extreme sensitive-
ness, this is undoubtedly, where applicable, the best method of deter-
mining specific gravities with accuracy ; and it has the advantage of
being available for use with very small fragments. The following is a
list of the heavy liquids in use :

Maximum sp. gr.

Bromoform - - - about 285|500 ot ordinary temperature ;
Acetylene tetrabromide - » 300 ‘lqlﬂ“ itk ;) ly ~l'll Ir 4
Methylene iodide - -, 3-33| diute with benzolor xylol.
Cadmium borotungstate - » 3-25) Aqueous solutions at ordinary tem-
Mercury potassium iodide » 320 perature; dilute with distilled water.
Mercurous nitrate - - w43 ]Solid at ordinary temperatures, but
Silver thallium nitrate - » 45 % melt about 75° C., yielding clear
Thallium mercury nitrate R I liquids. Dilute with distilled water.

By placing a mineral fragment in one of these liquids, and adjusting
the density by dilution until the fragment remains suspended in any
position, we know that under these conditions the fragment and the
liquid have the same density. All we have to do then is to ascertain
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the specific gravity of the liquid. A useful apparatus for doing this for
liquids such as bromoform and methylene iodide is the Westphal
balance (fig. 60).

This balance consists of a steelyard arrangement carrying a glass
sinker which is loaded with mercury and acts as a thermometer. The
beam of the steelyard is brought into equilibrium by means of standard-
ized riders which enable the specific gravity of a liquid to be read off
directly to the third place of decimals.
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F1a. 60.—Westphal balance.

The arm carrying the sinker is divided into ten equal divisions,
numbers 1 to 10 from the fulecrum, and the sinker is suspended by a
very fine platinum wire at the tenth division. There are three kinds
of riders, one of which is the unit, another a tenth of this in weight, and
the third a hundredth. The unit-rider is such that the beam is in
equilibrium when the sinker is immersed in pure water at about 15° C.,
and when the unit-rider is placed at the tenth division, 4.e. that from
which. the sinker is suspended. When a unit-rider is placed on any of
the other divisions, it gives readings at the first place of decimals. The
tenth-rider, when placed at the tenth division, indicates 1 in the first
place of decimals ; and when placed on the other divisions gives readings
at the second place. 'Similarly, when the hundredth-rider is placed in
the tenth division, it indicates 1 at the second place of decimals, and
gives readings at the third place when placed on the other divisions.

Thus, if the beam is in equilibrium at 15° C. with 2 unit-riders at the



GENERAL PHYSICAL CHARACTERS 31

tenth division, a unit-rider at the seventh division, a tenth-rider at the
second division, and a hundredth-rider at the fifth division, the reading
for the specific gravity will be 2:725.

In the absence of a Westphal balance, the density of a liquid
can be ascertained in the ordinary way, suspending a sinker from one
arm of a chemical balance, and comparing its apparent loss of weight
in the heavy liquid with that in water, thus :

Specific gravity of heavy liquid
Apparent loss of weight in heavy liquid
T Apparent loss of weight in water

Another way of finding the density of a liquid used for the determina-
tion of specific gravities by the suspension method is to use mineral
fragments or artificial bodies of known specific gravity as indices. A
series of liquids in small tubes, each having its specific gravity indicator
or indicators, is of considerable practical value in determinative work,
as it often enables one to ascertain quickly the approximate specific
gravity of a mineral. It is especially important in the suspension
method to guard against air-bubbles on the surface of small fragments.

It frequently happens that the fragment of mineral of which we wish
to determine the specific gravity sinks in the heaviest liquid. Indeed,
the heaviest liquid which can be used conveniently in the determination
of specific gravities by the method of suspension is methylene iodide
(specific gravity 3:33). How then can we, by the method of suspension
in methylene iodide, ascertain the specific gravity of minerals having a
specific gravity greater than 3:337 Most of the minerals having a
metallic lustre fall into this category, and likewise many of the minerals
with non-metallic lustre.

This can be done by means of floats, various kinds of which have
been suggested by different workers. Small spring clips made of glass
can be used, but these are readily broken. Aluminium clips are better.
Clamped in one of these clips, a heavy mineral fragment can be suspended
in methylene iodide. Knowing the weight of the mineral fragment (w),
the weight of the float (w)), the specific gravity of the float (g,), and the
specific gravity of the liquid which just suspends the float and the
mineral fragment (G), we can find the specific gravity of the mineral (g)
by the following relation :

wow
W w, = (r'( + ');

9 4
. G.w
Sog= .
g (7. w,
w+w, —
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This is the best form of the equation from which to calculate the
value g, i.e. the specific gravity of the mineral fragment.

FUSIBILITY.

Minerals differ widely from one another in their temperatures of
fusion, and this fact often affords a useful test in distinguishing them
_from one another. The degree of fusibility of a mineral is tested by
taking an elongated fragment or splinter which has a fine edge or point,
and heating it in an ordinary or, if necessary, a blowpipe flame. The
splinter should be small, not exceeding about one millimetre in thickness,
and may be held in the flame by means of a pair of forceps. In this way
the splinter can be held so that it is well exposed to the high temperature
of the blowpipe flame.

As in the determination of hardness, so with fusibility, it is convenient
to have a scale of minerals of varying fusibility for use as a standard
of comparison. The scale usually employed consists of the following
minerals :

1. Stibnite (Antimonite).—Fragments several millimetres in diameter
fuse easily to a globule in an ordinary flame, and with extreme readiness
in a blowpipe flame.

2. Chalcopyrite—Splinters fuse to a globule slowly in an ordinary
flame, but readily in a blowpipe flame.

3. Almandine garnet.—Splinters do not fuse to a globule in an ordinary
gas flame, but fuse to a globule with little difficulty in a blowpipe flame.

4. Actinolite—Splinters are readily rounded on the edges in a blow-
pipe flame. Only the sharp points become fused to a globule with
readiness.

5. Orthoclase.—Splinters have their edges rounded with difficulty in
a blowpipe flame. Sharp points fuse to a globule with difficulty.

6. Bronzite—Very slightly fusible. Edges and points rounded with
great difficulty.

It is necessary to become familiar with the behaviour of the minerals
of this scale before determinations of fusibility can be made quickly.
In making tests, one should compare freely the behaviour of any mineral
under examination with the minerals of the scale, in order to get the
best approximation possible. As in the case of hardness, the degree of
fusibility of a mineral is expressed by a number, indicating approxi-
mately its position in the scale. When the finest points and sharpest
edges of a splinter give no signs of rounding in a blowpipe flame, the
mineral is said to be infusible. A
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Metals and metallic sulphides should not be held in platinum forceps
when testing fusibility as they may alloy with the platinum, and so
destroy the forceps. Fragments of such minerals should be held in
iron forceps or placed on charcoal.

Fragments of certain minerals expand considerably in volume by
intumescence or exfoliation when tested for fusibility, owing to the
presence of water. Other minerals (e.g. barite) detonate mildly, and
break up. In testing fusibility any colour-changes that fake place
should be noted. If the splinter becomes white, and is infusible, it
should be moistened with cobalt nitrate and re-heated (see p. 78);
and a separate one should be tested for alkalinity with a piece of litmus
paper (alkalies turn red litmus blue).



CHAPTER 1IV.

THE PRACTICAL ELEMENTS OF CRYSTAL OPTICS.

In this chapter it is proposed to consider briefly and simply those
aspects of crystal optics that are of practical importance in their applica-
tion to the use of the polarizing microscope in the optical examination
of minerals.

Nature of Light.

To explain the phenomena of light, it is convenient to assume that
the space separating the atoms and molecules of ponderable matter is
occupied by a medium which is susceptible to disturbances and capable
of transmitting these disturbances in the form of wave-motion. This
medium, the so-called ‘ wther,” is so highly attenuated that its
existence cannot be demonstrated, or its properties studied, by the
ordinary methods applied to the study of ponderable matter.

According to the wave theory of light, this imponderable eether
pervades all space, and light is propagated through it by transverse
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F16. 61.—Wave motion ; opposing waves F16. 62.—Wave motion ; supporting waves
resulting in diminished amplitude. resulting in increased amplitude.

wave-motion in a manner analogous to that by which wave disturbances
are propagated in water. Two waves of water whose crests and
troughs coincide, combine additively to produce a wave of greater
amplitude as shown in fig. 62, the amplitude being doubled if the
waves are equal. If, on the other hand, the crest of one wave coincides
with the trough of another, the amplitude is diminished, as shown in
fig. 61, and becomes zero if the waves are equal, in which case the
two waves annul each other. This phenomenon of the union of vibratory
34
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effects in wave movement is known as interference, and explains the fact
that two waves of light can unite to strengthen or nullify each other
according as the crest of one coineides with the crest or the trough of
the other. Two waves of light of equal length and amplitude destroy
each other, and yield darkness, if the crest of one coincides with the
trough of the other. This principle of interference is of great im-
portance in explaining the action of crystals under the microscope, as
will be seen below.

The length of a light wave is extremely small, and varies for different
colours. White light is compounded of lights of different colours, as
can be shown by its decomposition on allowing it to traverse a prism,
when a spectrum is obtained. At one end of the spectrum is the least
refracted red light, made up of longer waves. The refrangibility in-
creases as the wave length diminishes through orange, yellow, green,
and blue to violet, violet being the colour of greatest refrangibility
and shortest wave length. The wave lengths of the different colours
of the spectrum vary from 0-000768 millimetres for red light to 0:000382
millimetres for violet light.

Substances can be divided into two classes according to the way in
which they affect a ray of light, by virtue of the influence of their mole-
cular structure upon the @ther which permeates them. One of these
classes is named ¢sotropic or singly refracting, the other anisotropic or
doubly refracting. Before we go on to study the difference in behaviour
between these two classes of substances, it will be convenient to define
briefly the difference between ordinary and polarized light.

Ordinary and Polarized Light.
To explain the phenomena of ordinary light, it is convenient to regird
it as being due to vibrations of mther particles in all directions at right
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F1G. 63.—Representing vibrations of F1G. 64.—Representing vibrations
ordinary light in all azimuths at right of polarized light restricted to one
angles to direction of propagation, azimuth,

angles to the direction of propagation. Thus fig. 63 represents a ray
of ordinary light in which the direction of propagation is at right angles
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to the plane of the paper. The vibrations in such a ray are not limited
to any one direction in the plane of the paper, but take place in all
possible directions in this plane. When the direction of vibration is
restricted, so that instead of taking place in all directions at right
angles to the line of propagation, they take place in one direction only,
as represented in fig. 64, the light is said to be polarized.
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Fia. 65.—Polarization by reflection and refraction.

Polarized light can be obtained from ordinary light in various ways :
(1) by reflection (fig. 65), as from a plate of glass, at a certain angle
which varies with the nature of the

A substance, and which is known as the

angle of polarization (for crown glass
i D % this angle is about 56%°); (2) by

< B double refraction accompanied by
partial absorption, as by transmitting

light through a suitably cut plate of

C a strongly pleochroic mineral such as

F16. 66.—Polarization by absorption.

tourmaline (fig. 66); (3) by using a
nicol prism (see p. 40). Of these methods, the most efficient is that
involving the application of a nicol prism ; but pleochroic plates are
useful. For an explanation of pleochroism, see p. 52.

Isotropic or singly-refracting substances.

Amorphous (i.e. non-crystalline) substances, such as air, most liquids,
and unstrained glass, receive and transmit light rays of normal
incidence along any direction as single rays, without altering the
vibration-direction of the ray. Ordinary cubic minerals, such as
fluorite and rock-salt, act in the same way. The velocity of light
changes on entering a substance of this class, and refraction takes
place if the ray falls on the limiting surface obliquely ; but it pursues
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its course as a single ray. This inability of amorphous and cubic
substances to disturb the singleness of rays of light, arises from
the fact that the sether which permeates them has the same properties
in all directions. Hence these amorphous and cubic substances are
said to be isotropic or single refracting. For any direction of
propagation in an isotropic substance, the transmitted ray can
vibrate in all azimuths. Therefore, after a ray of ordinary light of
normal incidence has traversed a cubic crystal, it still has the properties
of ordinary light; and a ray of polarized light of normal incidence
traverses a cubic crystal as a single ray in all directions, generally with-
out any change of its vibration-direction.

Refractive index.

The phenomenon of refraction is well exemplified by the familiar
bent appearance of a stick when it is partly immersed in water and
held in an oblique position.

When light is refracted on passing from one medium to another, as
from air into water, the extent of the refraction depends on the difference
between the velocities of light in the two media. Let the line SE (fig.
67) represent a surface of water, the line A0 a beam of light in air
passing into water at the point 0. VOL is the normal, 7.c. a line at
right angles to the water surface.
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F16. 67.—Refractive index,

On entering the water the light travels more slowly, and the beam
A0 18 therefore bent towards OL. If the direction of the beam A0 be
changed, the direction OW will also change, but for all directions, the
ratio AV/W L, v.e. the ratio of the sine of the angle of incidence (AOV)
to the sine of the angle of refraction (WOL), is constant, and is called the
refractive inder. Hence the rule that the ratio of the sine of the angle
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of incidence to the sine of the angle of refraction is the refractive index of
a substance. This ratio has reference to air as the standard. Thus for
water at ordinary temperature the refractive index is sin ¢/sin » =1:333.
The refractive index of minerals is as a rule much higher than this, the
values ranging from 1-35 in cryolite up

X to 3:02 in cinnabar.
When light passes from an optically
rarer into an optically denser medium,
the ray is bent towards the normal;

— and for all angles of incidence, the
i N light can enter the denser medium.
B~ ~p’ As will be seen from a consideration

of fig. 68, however, it is otherwise
when light passes from the denser into
the rarer medium, as from water into
air. Under these conditions there is a
certain limiting angle of incidence for which the angle of refraction is
90°. When the angle of incidence exceeds this limiting value, as in the
ray BO in the figure, the light is unable to get into the rarer medium
and is totally reflected from the surface. This limiting angle of inci-
dence is called the critical angle. Its magnitude depends on the relative
refractive powers of the two media concerned. For water and air the
critical angle is about 48}°. For diamond and air it is about 241°.
It is to this fact that a well-faceted diamond owes its extraordinary
brilliance.

¥16. 68.—Total reflection.

Dispersion.

The refractive index of light varies with the wave length ; it is greater
for blue rays than for yellow, and greater for yellow than for red. In
consequence of this fact, white light is to some extent decomposed into
its constituent colours in traversing a transparent mineral, and this
phenomenon is called dispersion.

It is to dispersion that the so-called “ fire” of certain gemstones,
notably that of the diamond, is due. The dispersive power of the
diamond contributes greatly to the value of this mineral as a gem, and
is a feature by which it can be distinguished from quartz and some other
transparent stones that lack ¢ fire ”” owing to their low dispersive power.

A high dispersive power is a desirable feature in gemstones, to which
it adds great beauty. For some optical purposes, however, a high degree
of dispersion is undesirable. In making spectacles, for instance, quartz
(more commonly known as “ pebble ”” among opticians) is exceptionally
well suited on account of its low degree of dispersion. In fluorite (fluor-
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spar), the degree of dispersion is extremely low ; and fluorite is for this
reason used with great advantage in the manufacture of apochromatic
lenses.

Anisotropic or doubly-refracting substances.

For crystals other than those of the cubic system, the disposition
of the molecules is not the same for all directions, and in consequence
of this the properties of the pervading sther are not the same for all
directions. Hence the physical properties of such crystals vary with
the direction, and these crystals are said to be anisotropic.

F16. 69.—Double refraction by cleavage rhomb of ealcite. (From Tyndall’s ** Light *").

When light is transmitted through an anisotropic crystal along a
direction which is not an axis of optical symmetry (and this is the
general case for such crystals), it cannot continue as a single ray, but
necessarily becomes resolved into two rays, the vibration-directions of
which correspond to the axes of maximum and minimum elasticity for
that particular line of transmission. It is clear that, since refractive
index depends on velocity, the refractive indices of these two rays will
be different, and that as a rule they will traverse different paths.

Henee, corresponding to any given incident ray, there are, for non-
cubic or anisotropic crystals, generally two rays, the vibration-directions
of which are at right angles to each other. These two rays are trans-
mitted through the crystal with different velocities, and are therefore
as a rule differently refracted. It is for this reason that anisotropic
substances are said to be doubly refracting or birefringent.

The phenomenon of double refraction is exceptionally well shown by
caleite, in which the difference between the refractive indices for the
two rays is very pronounced. If a transparent crystal or cleavage
rhomb of caleite is held over an ink spot or other mark, a double image
is seen, due to double refraction. The production of two beams of
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light by sending a single beam through a piece of calcite is shown in
fig. 69.
The Nicol prism. .

In connection with the phenomenon of double refraction it is con-
venlent to consider the nicol prism, which is used as a means of obtaining
polarized light, and which is an 1ndlspensable part of
a petrological microscope such as is used in determina-
tive mineralogy.
~~B A nicol prism is made from a cleavage rhomb of the
clear and transparent variety of calcite known as
70 Iceland spar. A rhomb about three times longer than
broad is used. This is cut diagonally ; the two halves
are then cemented together by a layer of Canada
balsam ; and the end faces are slightly ground so as to
make them at right angles to the plane of section, as
shown in fig. 70, in which the plane of section lies
o ~ along the shorter diagonal.

D  Light incident at the end of such a prism is resolved
into two rays by double refraction. The more refracted
¥ie. 70—Nicol Of these two rays (the ordinary ray) is totally reflected
prism. from the plane of section because its angle of incidence
exceeds 69°4’, the critical angle for this ray. The other ray (the
extraordinary ray) falls on the plane of section at an angle less
than the critical angle; it is consequently able to traverse the layer
of Canada balsam and emerges at the other end of the prism. Since
the two rays resulting from double refraction are both polarized, with
their vibration-directions at right angles to each other, a nicol prism,
by eliminating one of these rays and allowing the other to pass yields
a beam of polarized light.

In a polarizing microscope there are two nicol prisms, one below the
stage (the polarizer), and another above the stage (the analyser). When
the two nicols have their vibration-directions at right angles to each
other, the light transmitted by the polarizer cannot pass through the
analyser, since it traverses the latter as ordinary rays which are totally
reflected. In this position the nicols are said to be crossed. By
examining minerals between crossed nicols we can tell whether they are
isotropic or anisotropic; and if anisotropie, it is generally possible to
ascertain whether the fragments are those of a uniaxial or a biaxial
mineral. This knowledge of the optical behaviour of fragments often
affords evidence of prime value in determinative work on economic and
other minerals.

e
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The polarizing microscope.
The polarizing microscope is indispensable in the study of the optical
properties of minerals. Its chief features may be described with
reference to fig. 71, which represents a very useful form of a microscope

L JNV«"\

F16. 71.—Polarizing microscope (rotating-stage pattern).
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with a rotating stage, manufactured by Messrs. Swift and Son of
London.

The coarse adjustment for focusing is effected by a rack and pinion
arrangement. The fine adjustment is made by means of a micrometer
screw, the milled head of which is divided to read to 001 mm. A
differential screw giving readings of 0-01 mm. can be fitted if required.

The eye-piece is provided with two cross-lines which intersect at right
angles in-the centre of the field, and is slotted for the insertion of a
micrometer, a gypsum plate, or a quartz wedge.

The objectives are fitted on a centring nose-piece ; a convenient form
is one that will carry three objectives, preferably a 1-inch, a }-inch, and-
a %-inch (oil immersion). With such an arrangement the magnification
can be altered with a minimum of trouble, by simply rotating the
nose-piece. )

‘The polarizing apparatus consists of two nicol prisms, one placed
below the stage (the polarizer), and one above the stage (the analyser).
Two analysers are provided ; one of these fits in a slot at the lower end
of the microscope tube, so that it can be moved in or out as required ;
this analyser is fixed with its short diagonal (i.e. its vibration-direction)
in a north and south direction in relation to the observed field of the
microscope. A second analyser, at the top of the tube, is provided for
use with the Bertrand lens ; it rests on a divided circle and clicks when
in the crossed position with the polarizer.

The polarizer can be rotated, and should click when in a crossed
position with the analyser. The crossed position is the one mostly
required for optical observations, and is recognized by the fact that it
is the position of total or maximum extinction of light when the field
is occupied by an isotropic body. The polarizer is mounted on a hinged
fitting, so that it can be swung out of the field, independently of the
condenser, when not required for use.

A Bertrand lens, for the observation of interference figures, is fitted
in a slot through the upper portion of the tube, and can be moved in
and out as required.

A sub-stage condenser with a screw-focusing adjustment is provided.
This is furnished with centring screws for adaptation according to the
requirements of the objective, and can be swung out of the field, inde-
pendently of the polarizer, when not required for use. The top lens
of the condenser can be pushed aside by means of a small lever, when not
required for obtaining interference figures or for special illumination.

Below the condenser is an iris diaphragm which is useful for the
observation of refractive indices by the shadow and bright-line methods
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and also for controlling illumination. Immediately below this diaphragm
is a rotating cell which accommodates stops for oblique illumination, and
which can be rotated so that light from any azimuth can be obtained.

%%

F1a. 72.—Polarizing microscope (fixed-stage pattern),

The mirror should be free to move, but not too casily, so that stable
illumination can be readily obtained.
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The frame of the instrument is hinged at about the level of the stage,
so that the axis of the microscope can be inclined if necessary.

More useful in many ways is the microscope in which the nicols rotate
instead of the stage; though this type is rather more expensive.
Different makers adopt different methods for rotating the nicols; fig.
72 shows a modern type of one of these instruments as manufactured
by Messrs. Swift and Son.

Interference colours.

When ordinary (non-polarized) white light falls with normal incidence
on a thin plate of a flawless and colourless crystal, and traverses the
plate along a direction of double refraction, the plate exhibits the same

N\ A\
> «@?

F16. 73.—Doubly refracting crystal Fie. 74.—Diagonal position of doubly
plate between crossed nicols (extine- refracting erystal plate between crossed
tion position). nicols, resulting in illumination.

optical effect when examined by means of a nicol prism as it does when
examined in ordinary light. If however, the incident light is polarized,
the conditions are then favourable for the production of coloured light
when the doubly refracted components of the polarized beam are
brought back into one and the same plane of vibration by means of a
nicol prism or other polarizing agency. 4

It is for use in this way that the polarizer and analyser of a minera-
logical microscope are mounted below and above the stage respectively.
Their action in producing coloured light when a thin crystal plate is
examined between crossed nicols may be briefly explained as follows :
In fig. 73 let PP and AA’ represent the vibration-directions of the
polarizer and analyser respectively, FF' and SS’ the vibration-direction
of a crystal plate. ~ When a polarized ray vibrating along PP’ passes
into the plate, it traverses the plate with its vibration-direction un-
altered, and is therefore rejected by the analyser. This is a position of
extinction, for which the vibration-directions of the crystal plate
coincide with those of the polarizer and analyser. For other positions,
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as shown in fig. 74, the ray from the polarizer is resolved into two rays,
one of which vibrates along FF’ and the other along SS’. On entering
the analyser, each of these two vibration-directions is again resolved
into two components, one of which passes through the analyser as
an extraordinary ray and emerges vibrating along AA4’, whilst the other
is not allowed to pass, since it enters the analyser as an ordinary ray.

The two rays produced by double refraction in the crystal plate
traverse the plate with different velocities ; hence on emerging from the
plate, the slow ray (SS’) will be behind the fast ray (FF’). If white
light is used, and if the plate is of suitable thickness, so that the amount
of retardation corresponds to a difference of one wave length of a certain
colour (or half a wave length if the nicols are parallel), rays of this colour
will be destroyed by interference, and coloured light will consequently
be produced. The colours thus produced by the action of thin crystal
plates on polarized white light are known as interference colours, and,
judged in relation to the thickness of the plate, they indicate the degree
of birefringence in the mineral.

The interference colours of thin crystal plates in polarized light
closely resemble the colours of Newton’s rings, and like the latter are
divisible into three or four orders of distinct colours. The more dis-
tinctive of these colours, and the relative retardations or phase differ-
ences in millionths of a millimetre corresponding to them for the 1st,
2nd, 3rd, and 4th orders are as follows :

Phase difference in | Colour between crossed | Colour between parallel
millionths of a mm. ’ Nicols. XNicols,
40 { Iron-grey. White.
First { 259 White. Light red.
order 1 332 Bright yellow. Blue.
l 551 Deep red. Yellowish green.
576 Violet. Greenish yellow.
feonil 664 Sky-blue, Orange.
747 Green. Light earmine red,
Sridy 910 Pure yellow. Indigo.
998 Bright orange red. ireenish blue.
1128 Light bluish violet. Yellowish green.,
Third ( 1258 Greenish blue. Flesh colonred.
order l 1376 Bright green. Violet.
1534 Carmine red. ireen,
1682 | Greyish blue. Greenish yellow.,
Fourth [ 1744 Bluish green. Lilac.
order l 1811 Light green. Carmine.
2007 Whitish grey. Bluish grey.
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The most striking colours are those of the first and second
orders. The colours of the third and fourth orders are progressively
less distinctive, and merge into the quite indistinct colours of
the higher orders, which are whitish in appearance due to mixing of
the colours. These colours may be studied with advantage by
examining a quartz wedge (see p. 62) between crossed and parallel
nicols. Quartz is a mineral of low birefringence (¢— w=0-009) and
gives the first order yellow in plates about 0-04 mm. thick. Rutile
is a mineral of extremely high birefringence (¢—w=0287), and its
colours may exceed those of the fourth order in plates not more than
0-01 mm. thick. Minerals of extremely high birefringence therefore
cannot be expected to show bright colours in the sections and fragments
usually examined ; and even when these fragments are suitably cut or
broken to show colour, the colour bands are as a rule very closely
crowded.

The table on p. 47 will serve to show the range of variation in bi-
refringence and interference colours among minerals. The second column
gives the birefringence, the third column the highest colours to be seen
when sections having a thickness of 0-04 millimetres are examined
between crossed nicols.

It will be seen from a consideration of the table that minerals with
a birefringence of 0-050 and upward show distinctive colours only in
very thin plates. Moreover the higher the birefringence the thinner
the plate requires to be. First and second order colours are seen in
fairly broad bands in quartz grains measuring as much as 0-5 mm. in
diameter ; but this is a sure sign of low birefringence. ~Grains of
monazite or zircon of this size usually show no appreciable interference
colour, and give only high-order whites.

The student should familiarize himself with the colour effects in sections
and grains of variable thickness, by examining known specimens. He
should also study the effect of cleavage and parting in regularizing the
interference effects in microscopical fragments where these planes of
separation determine the form of the fragments.

Uniaxial crystals.

In any crystal of the trigonal, tetragonal, and hexagonal systems, the
principal axis (i.e. the threefold, fourfold, and sixfold symmetry-axes
respectively) is a unique direction in the crystal. All directions equally
inclined to it have the same birefringence values, and generally the same
optical values in other respects. It is because of their possession of this
unique direction, which is usually one of complete optical symmetry,
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Mineral.

Apatite - - -
Pyromorphite - -
Orthoelase - -
Beryl - - -
Quartz- - - -
Corundum . -
Chrysoberyl - -
Celestite - - -
Rhodonite -
Gypsum - - -
Vanadinite . o
Zincite - - -
Topaz - - -
Andalusite S o
Barite - -

Kyanite -
Phenakite - S
Scheelite - -

Amblygonite -

Tourmaline - S
Alunite - - -
Mimetite - - s
Spodumene - -
Hemimorphite - -
Anthophyllite - -
Crocidolite - -
Borax - - -
Tremolite - - -

Colemanite - -
Realgar - o .
Phlogopite - -
Muscovite - -
Pyrophyllite - -
Monazite - - -
Tale - - -

Zircon - S 5
Cagsiterite - B
Strontianite - -
Calcite” - - -
Malachite - - -
Magnesite - -
Pyrargyrite - -
Chalybite - - -
Hematite - '
Nitratine - - 5
Proustite - - -
Cerussite - . .
Rutile - . -
Sulphur - - -
Cinnabar - - 3

]
Birefringence, i.e. the |

difference between Colour seen in plates about

the maximum and |
minlmum refractive
index values.

0-003
0:006
0-007
0-007
0-009
0-009
0-009
0-009
0-010
0-010
0-010
0-010
0-011
0-011
0-012

0-016
0-016
0016
0-018
0-020
0-020
0-020
0-021
0-022
0-024
0-025
0:026
0-027

0-030
0031
0-041
0:041
0-045
0-050

0-028 ‘
\
|

0-062 !
0096 j
0152
0172
0-200
0-202
0-203
0-241
0-250
0250
0270
0-274
0-287
0-290

0°04 mm. thick.

Bluish grey.
Yellowish white.
Pale yellow.

” ”
Bright yellow.

Om’r,xge.
Red.

Sky-blue.

2

Greo,x’lish blue.

” 11}

Yellowish green.
Yellow.

Orange.
Orange-red.
Red.

Reddish violet.

Indigo.

Blue.

Yellowish green.
Dull purple.

Light green.
Whitish grey.

Greys and

whites of

the higher
orders.

0:347 %

4

~
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that crystals of the trigonal, tetragonal, and hexagonal systems are
called uniaxial crystals.

In a uniaxial crystal, all directions of transmission excepting the
optic axis are directions of double refraction. The two rays produced
by double refraction have their vibration-directions at right angles to
one another, one of these vibration-directions in all cases being at right
angles to the optic axis, the other vibrating in the principal plane and
varying its vibration-direction with the direction of propagation. The
former is called an ordinary, the latter an extraordinary ray.

The refractive index of the ordinary ray is constant, but that of the
extraordinary ray varies, reaching its maximum or minimum when its
direction of propagation is at right angles to the optic axis. The
refractive index of the extraordinary ray (¢) may be higher or lower than
that of the ordinary ray (v); if higher the crystalis said to be optically
positive, if lower it is said to be optically negative.

A thin plate of a uniaxial crystal cut at right angles to the optic axis
acts towards a beam of parallel polarized rays of normal incidence in
the same way as a section of an isotropic substance. When rotated
between crossed mnicols it remains dark in all azimuths. Towards a
beam of convergent polarized rays, however, it acts very differently
from an isotropic section, since the obliquely incident rays are doubly
refracted. Under these conditions, with nicols crossed, it yields a
characteristic figure, whereas a section of an isotropic substance is quite
inert.

This figure, which is known as a uniaxial figure, consists of a black
cross with concentric rings (fig. 75). The production of a uniaxial
figure is readily understood if we map out the vibration traces of the
rays of the convergent beam as shown in fig. 76. The rays lying in
the planes 44 and PP have vibration-traces coinciding with those of
the analyser and polarizer; hence these rays suffer extinction and
produce a black cross as shown in fig. 75. The rays in the intervening
quadrants suffer double refraction, the amount of which increases from
the centre outwards as the rays become more oblique. If monochro-
matic light be used, a series of black rings is obtained, as shown in the
figure, the outer rings being closer together than those near the centre
of the figure. If white light be used a series of coloured rings is produced
corresponding to those seen in a quartz wedge between crossed nicols in
parallel polarized rays.

If the nicols are placed in the parallel, instead of in the crossed
position, a luminous cross takes the place of the black eross; but the
rings remain, though they change their position slightly.
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When such a uniaxial section is rotated between crossed nicols, the
cross and rings remain undisturbed, owing to the fact that all directions
at right angles to the principal axis have the same optical value.

F16. 75.—Uniaxial figure. F1a, 76,—Vibration-traces (unjaxial).

If the section is not exactly at right angles to the optic axis, we may
still get a good uniaxial figure, but it will be excentric or partial, and
the point of the intersection of the black cross will rotate round the
centre of the field. A little consideration will make it clear that when
the point of intersection of the cross falls outside the field of view, only
one bar at once will be visible, and on rotating the stage the bars will
move across the field without developing any curvature. This fact
usually permits a partial uniaxial interference figure to be distinguished
from a partial biaxial figure.

Biaxial crystals.

In orthorhombic, monoclinic, and triclinic erystals there is no sym-
metrical optic axis such as that possessed by uniaxial crystals. There
are, however, in each crystal belonging to these systems, two directions
which have some features resembling those of the optic axis of a uniaxial
crystal; but they are not axes of symmetry. We may therefore
distinguish them from the uniaxial optic axis by calling them un-
symmetrical optic axes. Because there are two of them in each crystal,
crystals of the orthorhombic, monoclinic, and triclinic systems are called
biaxial crystals.

The optic axes of biaxial crystals are inclined to one another, and the
acute angle between them is called the optic axial angle ; this angle is
usually a constant for any given mineral, but in some minerals of
variable composition it varies in a definite way with the composition.

CeM, L
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The line bisecting the acute angle made by the intersection of the two
optic axes in a biaxial crystal is called the acute bisectriz ; and the line
at right angles to this, which bisects the obtuse angle, is called the obtuse
bisectriz (broken lines in fig. 77). These are two important directions,
because they are the vibration-directions of the fastest and slowest rays
that the crystal can transmit. In a biaxial crystal, then, we get the
maximum birefringence in rays that are propagated along a direction
at right angles to the plane containing the optic axes, 4.e. the optic axial
plane. If the rays whose vibration-directions coincide with the acute
bisectrix have the greatest refractive index, the crystal is said to be
optically positive. If, on the other hand, the rays whose vibration-
directions coincide with the acute bisectrix have the least refractive
index, the crystal is said to be optically negative.

Fia. 77.—Bisectrices. F1a. 78.—Biaxial figure (normal position).

In biaxial crystals, the maximum refractive index is usually repre-
sented by the letter y, and the minimum by the letter a ; a third value,
that for rays whose vibration-directions are normal to the optic axial
plane, is represented by the letter 8. When, therefore, one refers in an

-unqualified way to the birefringence of a biaxial crystal, one refers to
the maximum value represented by the difference y —a; but it should
be remembered that the birefringence effect due to this maximum
value is only seen in sections and fragments that are parallel to, or
approximately parallel to, the optic axial plane. Just as in a uniaxial
crystal a section normal to the optic axis shows no birefringence in
parallel rays although the maximum birefringence (¢~ or w—e¢) of
the mineral may be very high, so in biaxial crystals the visible effect
in any given section may be very low although the value y —a may be
high. Itisimportant that this fact should be kept in mind in diagnosing
a mineral by optical tests; and where a mineral has a good cleavage,
the relation of this cleavage to the optical orientation of the crystal
should be studied. ;
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When a section or cleavage plate at right angles to the acute bisectrix
in a biaxial crystal is examined in a beam of convergent rays between
crossed nicols, it shows a characteristic figure (biaxial interference
figure, fig. 78), which is readily distinguished from a uniaxial figure.
The vibration-traces for the rays of a convergent beam in such a plate
are shown in fig. 79, in which the black dots represent the optic axes.
With the nicols crossed, the vibration-directions of the rays lying
parallel to and at right angles to the optic axial plane coincide with
those of the analyser and polarizer, and along these two directions we
get extinction. The two bars of the cross are dissimilar, however, and
in this respect differ from the uniaxial cross.

Fi1a. 79.—Vibration-traces (biaxial). Fia. 80.—Biaxial figure (diagonal position).

There is also a difference in the isochromatic rings. Instead of the
circular rings of the uniaxial figure, we get, in a plate of suitable thick-
ness, a set of oval rings around the point of emergence of each of the
optic axes. Embracing these are larger curves that sweep round both
axes as shown in fig. 78. When the degree of birefringence is low,
it is only in comparatively thick plates that the figures show two inde-
pendent series of rings around the optic axes. By thinning the plate
the relative retardation is reduced ; the independent sets of rings
consequently diminish in number, and for very thin plates no coloured
rings are seen at all, but only the black cross on a white or grey ground.
These changes can be studied very conveniently in cleavage plates of
muscovite mica of different thicknesses, since these plates are biaxial,
and the cleavage is practically normal to the acute bisectrix.

Unlike a centric uniaxial figure, a centric biaxial figure does not
remain unchanged when the crystal plate is rotated between crossed
nicols. When rotated through 45° from the position described above, the
bars of the biaxial cross are broken, and form two hyperbolic curves,
the apices of which pass through the optic axes as shown in fig. 80,
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On moving through 90°, however, the cross is restored. If the observa-
tions are made with parallel instead of crossed nicols, the black cross
and hyperbolic curves give place to a luminous cross and curves.

In sections that are not normal to the acute bisectrix, an excentric
biaxial figure is obtained. In such a partial figure when only one bar
is seen at once, this can usually be distinguished from a uniaxial bar by
the fact that it does not maintain parallelism of position with itself and
the vibration-directions of the nicols in its movement across the stage,
but curves round in a manner which furnishes quite a contrast with the
movement of a typical uniaxial bar. Much caution is necessary, how-
ever, when dealing with a partial biaxial
figure if the axial angle is very small.

A section normal or nearly normal to one
of the optic axes of a biaxial crystal shows
in a convergent polarized beam between
crossed nicols only a single bar with a
series of concentric rings (see fig. 81). This
bar moves round as the section is rotated,
and usually shows a slightly gibbous shape
on rotation, the hump being directed to-

¥16. 81.—Biaxial figure for a 5 o .
Ehitiof int Tight angles B on optic  wards the acute bisectrix. Such a figure is

' well seen in a cleavage fragment of a green

epidote ; and it is also seen to advantage in fragments of well-crystallized
sugar. These sections normal to an optic axis in a biaxial crystal have
the peculiar property of showing no extinction between crossed nicols
when examined in a beam of parallel polarized rays, in consequence of
the depolarizing action of such sections on a polarized beam. The
absence of extinction effects makes it possible to pick out these sections
very readily when making the ordinary observations in parallel rays
between crossed nicols.

In making observations on the optical figures of microscopic frag-
ments in a convergent polarized beam with nicols crossed, the observa-
tions should be repeated on many fragments, and the results interpreted
in the light of any observations that may have already been made
on the presence or absence of cleavage and on extinction effects in
parallel polarized rays.

Pleochroism.

A homogeneously coloured isotropic (cubic) crystal shows no variation
of colour when ordinary light traverses it in different directions, s.e.
there is no change of absorption with change of direction. Coloured
anisotropic crystals, on the other hand, show variation of absorption
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with change of direction, and they sometimes show a marked change
in colour from this cause when rotated in a beam of ordinary light. This
phenomenon is known as pleochroism. The presence or absence of
pleochroism in a mineral, and its nature when present, arec easily
observed, and often furnish useful evidence in determinative work.

In a uniaxial crystal, the extreme tints are seen along and at right
angles to the optic axis, as is well shown by suitably cut plates of tourma-
line and sapphire. Tourmaline is a rather exceptional case; for a
plate of it is usually opaque to rays incident normally on the basal
plane (ordinary rays), though it is fairly transparent to extraordinary
rays, and therefore to rays of ‘ordinary light incident normally to the
prism face. When a pleochroic uniaxial crystal is held with its optie
axis along or at right angles to the line of sight, it exhibits no colour
change on rotation about this axis.
~ In biaxial crystals, on the other hand, there is no axis of pleochroic
symmetry. A pleochroic orthorhombic erystal usually exhibits colour
variation when rotated with any of the three axes of symmetry at right
angles to the line of sight. This is shown very well by examining a
crystal of cordierite (iolite), or better still a cube cut from the crystal;
the colour seen through the basal pinakoid is blue, whereas the colours
seen throngh the other two pinakoids are bluish green and yellowish
green.

When examined in a convergent beam of ordinary rays, plates of
certain pleochroic crystals show characteristic absorption figures.
These as a rule are of little significance in uniaxial minerals; but in
certain biaxial minerals they yield striking and easily-observed effects.
“Amber”” mica (brown phlogopite) is quite the best instance of
such a mineral. This variety of mnica usually shows a fairly pronounced
axial angle; and if a sufficiently thick cleavage plate be held close to
the eye and examined against the sky, it shows a very good biaxial
absorption figure due to pleochroism, both optic axes being visible
(see fig. 82). By tilting the plate so that one optic axis only lies along
the line of sight, the absorption figure for one optic axis only is seen.
The latter effect is well shown in cleavage plates of epidote ; but these
are not so readily obtained as are cleavage plates of mica. Various
other minerals show these absorption figures very well, notably cordierite
and andalusite, but as a rule, these require to be very carefully cut, and
are rather expensive.

The above remarks on pleochroism refer, as already stated, to observa-
tions made by using ordinary light; and the colours thus observed
when a crystal plate is examined in parallel rays of normal incidence,
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are known as facial colours. When seen along a direction of double
refraction these facial colours represent the mixed colours arising from
the absorption of two rays vibrating at right angles to each other.

If instead of using ordinary light, a beam of polarized light from a
single nicol is allowed to pass through the crystal plate, the two colours
of which a facial colour is composed are seen separately on rotating the
nicol, and appear alternately with one another if the nicol is rotated so
that its vibration-direction comes into coincidence first with one and

F16. 82.—Biaxial absorption figure for brown phlogopite.

then the other of the two vibration-directions in the crystal plate.
These colours seen when a pleochroic crystal plate is examined in a beam
of polarized light are called axial colours.

* To observe axial colours it is usually necessary, but not-invariably so,
to use a nicol or a dichroscope (see below). One instance in which the
reflection polarization of the plate itself suffices to show these axial
colours is worthy of note. It is that of ““amber’ mica, which has
already been referred to as giving a good biaxial absorption figure. A
plate of this mineral shows axial pleochroism very well when it is rotated
in an obliquely incident beam of ordinary light.

In making observations on axial colours by means of a nicol, it is.
immaterial whether the nicol is placed between the plate and the source:
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of light or between the plate and the eye. Hence in using the micro-
scope for the observation of axial pleochroism, either the polarizer or
the analyser can be used, but not both. Examined in this way a plate
of a pleochroic uniaxial crystal cut at right angles to the optic axis shows
no change of colour (except in certain abnormal cases) when the polarizer
is rotated under it, since in all azimuths the colour seen is that of the
ordinary ray. All other sections show a change of colour, but the
contrast of the two axial colours reaches its maximum in sections parallel
to the optic axis, since it is in these sections that the extreme colour
effect of the extraordinary ray is observed ; and in a uniaxial crystal
the pleochroism is the same for all plates parallel to the prism edge.
Uniaxial crystals therefore yield two characteristic axial colours, one
corresponding to the ordinary, and the other to the extraordinary ray ;
and it is for this reason that the pleochroism of uniaxial crystals has been
called “dichroism,” though by some writers the terms ¢ dichroism ™
and pleochroism are used synonymously.

In biaxial crystals, the axial pleochroism is more complex, as might
be expected. It has already been noticed that if a cube of cordierite,
cut with its faces normal to the axes of symmetry, is examined in a
beam of ordinary parallel rays, the face colour seen through each pair
of faces differs from that seen through either of the other two pairs.
When examined in a beam of polarized light, each of these colours is
decomposed into two axial colours. Thus the basal pinakoid yields
grey and blue, the front pinakoid yellow and blue, and the side pinakoid
grey and yellow ; so that there are three characteristic axial colours, viz.,
grey, yellow and blue, corresponding to vibration-directions along the
acute bisectrix, the obtuse bisectrix, and the line normal to the optic
axial plane, respectively. It is for this reason that the pleochroism of
biaxial crystals has been called “trichroism.” It is, however, neither
necessary nor desirable to use the terms ¢« dichroism " and “ trichroism,”
especially as the pleochroism of many biaxial crystals is approximately
of the ““dichroic”” type. The more general term pleochroism is pre-
ferable.

Instead of using a nicol to examine axial colours, we may, if the
crystal plate is sufficiently large, use an ordinary cleavage rhomb of
calcite. The rhomb should be long enough to produce a double image,
and its ends can be rubbed down until they are at right angles to the
rhombohedral edge. A dichroscope consists of such a rhomb of calcite
mounted between two pieces of cork in a metal tube at one end of which
there is a small square aperture (fig. 83). This slides into another
metal tube which carries a small lens for focusing the images of the
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«

square aperture. The double image seen when a pleochroic plate is
examined by means of the dichroscope shows both axial colours at once,
so that the colours can be compared more effectively. The two images

are seen side by side, without overlapping, as shown to the left of the
figure.

|
%,

F16, 83.—Dichroscope.

The pleochroism of a uniaxial crystal is defined with reference to the
axial colours corresponding to the rays of maximum and minimum
refractive index, 7.e. those seen in sections parallel to the optic axis.
Thus we say of the pleochroism of tourmaline that o>e¢, meaning that
the absorption of the ordinary ray is greater than that of the extra-
ordinary ray ; and in any given case the actual colours may be stated.
The axial colours naturally vary with the colour of the crystal, but in
all coloured tourmalines the expression w>>¢ holds true.

The pleochroism of a biaxial crystal is defined with reference to the
three axial values corresponding to the rays of maximum, mean, and
minimum refractive index respectively. Thus in cordierite y=blue,
B=grey, and a=yellow ; or to state it more generally y>f>a.

Determination of refractive index.

To determine approximately the refractive index of transparent or
translucent mineral fragments by means of a microscope, the grains may
be mounted in liquids of known refractive indices, and the refractive
powers of the grains compared with those of the liquids in which they
are immersed. The following is a convenient set of liquids to use for
this purpose :

Refractive index. Refractive index.

Water - - - - 133 Monobrombenzol - - 1-561
Ethylene chloride - - 1450 Orthotoluidine - - 1571
Olive oil - - - 1469 Aniline - - - 1-583
Benzol - - - - 1-501 Bromoform - - - 1-590
Cedar oil - - - 1:5056 Cinnamon oil - - 1605
Monochlorbenzol - - 1-523 Moniodobenzol - 1-619
Ethylene bromide - - 1-536 -Monochlomaphthalene 1-635
Canada balsam - - 154 a-Monobromnaphthalene 1:655
Clove oil - - - 1-544 Methylene iodide - - 1740
Nitrotoluol - - - 1:546 Sulphur in methylene
Nitrobenzol - - - 1-852 iodide - - - 18

Dimethylaniline - - 1-558
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When the crushed fragments of a mineral are immersed in one of
these liquids, the degree of relief exhibited by the fragments serves to
indicate roughly whether the refractive index of the mineral approxi-
mates to, or differs widely from, that of the liquid. A colourless trans-
parent mineral fragment is practically invisible in a liquid having the
same refractive index; but its borders are very well defined if the
difference between the refractive indices is considerable ; and if the
difference is great, the shadow round the border of the grain becomes
thick. This can be very well seen by mounting fragments of fluorite
separately in ethylene chloride, cedar oil, and monobromnaphthalene ;
the fragments are very indistinct in ethylene chloride, well-defined in
cedar oil, and show heavy borders in monobromnaphthalene.

It is of practical importance to bear this fact in mind when examining
colourless fragments, and to vary the medium when there is reason to
suspect the presence of fragments that are indistinet or invisible owing
to the identity of their refractive index with that of the medium in
which they are mounted. By taking advantage of this fact, moreover,
one can sometimes blot out the chief constituent in a mixture of frag-
ments of different minerals, and thereby render more distinct, and less
liable to oversight, the fragments of some minor and less obvious
constituent. When a few fragments of colourless fluorite are mixed
with numerous fragments of quartz, for example, the fluorite might be
overlooked if the mixture is mounted in cedar oil, but if mounted in
nitrobenzol the quartz becomes practically invisible, and the few grains
of fluorite are seen alone in strong relief.

To aseertain whether the refractive index of a fragment is higher or
lower than the medium in which it is immersed there are two very
useful tests, namely, the shadow test and the bright-line test.  These two
tests can be applied together by using the one-inch objeetive ; but it
is very useful to make the bright-line test separately, using the quarter-
inch objective.

The shadow test is applied by using a low-power objective (a one-inch
objective is very convenient) and observing the position of the shadow
on the margin of a grain when the light is cut off from a portion of the
field of the microscope by tilting the mirror, or by introducing one’s
finger between the mirror and the stage.

To apply the shadow test experimentally, have the sub-stage condenser
in its normal, v.e. raised position. Mount a few fluorite fragments in
cedar oil, and tilt the mirror or insert a finger under the stage so as to
produce a shadow in the vicinity of the grain. It will be noticed that
the edge of the grain adjacent to the shadow is bright whereas the edge
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remote from the shadow is dark. If the fluorite fragments (n=143)
are mounted in water (n=1-33) instead of in cedar oil (n=1-50), the
positions of the dark and bright edges of the grain in relation to the
position of the shadow are reversed, .e., the edge remote from the shadow
is bright. Hence we get the following rule for the shadow test with the
condenser in its normal (raised) position: When the bright edge of the
grawn vs remote from the shadow, the grain has a higher refractive index
than the medium in which it is vmmersed ; when the bright edge of the grain
us adjacent to the shadow, the refractive index of the grain is lower than that
of the medium.

To apply the bright-line test, focus the edge of the grain, using the
}-inch objective. Then alternately raise and lower the objective from
the focused position, using the fine adjustment screw. It will be
observed that there is generally a bright line visible along the border
of the grain and that this bright line moves into the mineral or into the
liquid as the objective is moved away from the focused position. When
thé fragment has a higher refractive index than that of the liquid, the
bright line moves into the fragment when the objective is raised and
into the liquid when the objective is lowered. If the mineral fragment
has a lower refractive index than the liquid, the bright line moves into
the liquid when the objective is raised and into the mineral when the
objective is lowered.

The rule for the action of the bright line thus observed may be stated
briefly and mnemonically as follows: When the objective is lowered
from the focused position, the bright line moves into the medium of
lower refractive index; when the objective is raised (moved higher)
from the focused position, the bright line moves into the medium of
higher refractive index. This test, which is known as the bright-line
test, is a very useful one. The student should practise with known
fragments in known media of different refractive values until he is
satisfied that he can make trustworthy use of the test.

For isotropic minerals these observations on refractivity can be made
with or without polarizer, and no change takes place when the polarizer
is rotated. The same is true for sections of anisotropic crystals at
right angles to an optic axis. For all other sections of anisotropic crystals
there are two values for the refractive index, corresponding to the two
vibration-directions of the crystal plate; and both values should be
determined, the observations being made with the vibration-direction
of the polarizer first along one and then along the other of the two
vibration-directions. .

The behaviour of a birefringent plate towards the shadow test when
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polarized light is used is well seen by examining cleavage fragments of
calcite mounted in aniline. When the test is made with the short
diagonal of the nicol parallel to the short diagonal of the cleavage plate,
the result is the reverse of that obsained when the polarizer is rotated
through 90°, duc to the fact that the refractive index of the extraordinary
ray for calcite is lower than
that of aniline, whilst that

of the ordinary ray is higher
(fig. 84).

The observation of the
bright-line test, as already’ pt
described, can be applied to <
the bright border as seen in
the shadow test, using a 1-inch
objective. If the objective is
raised, the bright border moves
towards the medium of higher
refractive index, and this  Fic. 84.—Shadow test with cleavage fragments

of calcite.
affords a confirmatory test.

In consequence of the fact that the dispersion of highly refractive
liquids is usually much greater than that of minerals, colour fringes are
frequently seen in the place of the bright and dark edges, when making
the shadow test, if the refractive index of the fragment is near that of
the liquid. If the refractive indices of the fragment and the liquid are
the same for yellow light, the fragment will have a lower refractive
index for blue light and a higher refractive index for red ; and under
these conditions, if the shadow test is applied, the edge of the grain
adjacent to the shadow will be blue, and the edge remote will be orange-
coloured or reddish.

These colour fringes indicate that the grain has approximately the
same refractive index as the liquid in which it is immersed. To get a
definite result from the shadow method under these conditions, mono-
chromatic yellow light should be used in place of white light.

In determining the approximate refractive index of fragments or
grains by mounting in various liquids, it is convenient to apply the
shadow test first, using the 1-inch objective, then to confirm the result
by applying the bright-line test, using first the 1-inch and afterwards
the }-inch objective. The results should agree.

Minerals having refractive indices greater that 1-8 are best identified
by other methods, since the media having refractive indices greater than
1'8 cannot be recommended for use.
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Test for double refraction.

The test for double refraction in a section or fragment is its behaviour
between crossed mnicols. Amorphons substances, cubic crystals, and
sections at right angles to the optic axis of a uniaxial crystal, suffer
‘ extinetion ”” between crossed nicols, and remain dark when the stage
or the crossed nicols are rotated. Under these conditions sections of
biaxial crystals cut at right angles to an optic axis are illuminated, and
remain uniformly illuminated, when the stage or the crossed nicols are
rotated.

All other sections of anisotropic erystals exhibit an alternation of
extinction and illumination when rotated between crossed nicols, the
light being extinguished when the vibration-directions of the crystal
plate coincide with those of the nicols, and restored for other positions.
The maximum degree of illumination is obtained when the vibration-
directions of the crystal plate make an angle of 45° with those of the
nicols. Hence four times in a complete rotation such a crystal section
or fragment suffers extinction.

Angle of extinction.
If small crystals of tourmaline, apatite or zircon of typical prismatic
shapes, such as are frequently found in sands and soils, are mounted
in cedar oil and rotated between crossed nicols, it will be noticed that

F16. 85.—Parallel or straight ¥16. 86.—Symmetrical Fie. 87.—Obligue
extinction. extinction. extinction.

the light becomes extinguished when the prism edges of the crystals are
parallel to one or other of the vibration-directions of the nicols. This
is called parallel or straight extinction, and is shown by all uniaxial and
orthorhombic crystals which are elongated along the prism edge. Pris-
matic sections and cleavage fragments of monoclinic crystals in which
the sections or cleavages are at right angles to the plane of symmetry
also show straight extinction (fig. 85).

Pyramidal cleavages in uniaxial crystals, such as rhomboidal cleavage
plates of calcite, show extinction when the vibration-directions of the
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nicols bisect the angles of the rhomboidal plates. Basal sections of
barite (orthorhombic) act similarly. This is known as symmetrical
extinction (fig. 86).

Monoclinic and triclinic crystal sections and fragments with recti-
linear edges usually do not show either straight or symmetrical extinction,
and extinguish with the prism edges at some angle with the vibration-
directions of the crossed nicols. This type of extinction is known as
inclined or oblique extinction, and the angle less than 45° between the
prism edge and these directions (as measured from the position of the
cross-wires in the eye-piece) when the fragment is in the position of
extinetion, is called the angle of extinction (fig. 87). .

A good example of a mineral showing oblique extinction is kyanite, the
main cleavage plates of which show an extinction of about 30°. A
second good cleavage exists in this mineral. Plates resting on this less
perfect cleavage face show a practically straight extinction ; and though
such plates are seldom obtained in cleavage fragments, it is well to be
aware of their existence, as otherwise they are liable to be mistaken for
those of some other minerals. Where, as in this instance, two good
cleavages exist in a mineral, it is advisable to turn the fragment over,
and if possible to determine the extinctions on both cleavage faces,
since these extinction angles, considered with other optical evidence
in relation to the cleavages, often furnish a ready means of identifi-
cation.

Slow-ray and fast-ray vibration-directions.

We have seen that double refraction in a crystal plate is due to the
production of two rays, the vibration-directions of which are at right
angles to each other. These two rays travel through the crystals with
different speeds, v.e. one of the rays is relatively slow and therefore
more highly refracted ; the other is relatively fast and less highly
refracted. We have also scen that in uniaxial crystals the extraordinary
ray may be either more or less refracted than the ordinary ray, the
crystal being positive in the former case and negative in the latter. It
follows from this that a plate or wedge of a crystal of known optical sign
can be eut with its edges parallel to the vibration-direetions, in such a
way that we know which is the fast-ray and which the slow-ray vibration-
direction. Gypsum plates and quartz wedges cut in this way, and
mounted on glass slips, are very useful as a means of ascertaining the
fast-ray and slow-ray vibration-directions in sections and fragments of
minerals.

Gypsum plates are of uniform thickness ; they show a first order red
between crossed nicols, and the length of the plate is parallel to the fast-
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.ray vibration-direction. Quartz wedges are usually made with the
vibration-direction of the slow ray parallel to the length. For examining
thin sections, quartz wedges are made showing only five or six orders
of colour. For thicker plates, such as most cleavage plates, and for

4
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Fia. 88.—Graduated thick quartz wedge.
|QUARTZ
= 1GLass

F16.189.—Quartz,wedge.

sand grains, a thicker wedge is useful, showing up to thirty orders or
more. Such a thick wedge needs to be graduated, since, as already
shown, the higher colours are mixed and indefinable. Graduation-
marks at intervals corresponding to 1000 micro-millimetres of relative
retardation are convenient (fig. 88).

Compensation tests.

When one doubly refracting plate is superposed on another so that
the fast-ray vibration-direction of one coincides with that of the other,
then the relative retardation produced by the lower plate will be
increased as the light traverses the upper plate, the new relative
retardation being the sum of the two separate values. In this case we
get an additive effect, and if the superposed plates are examined between
crossed nicols the order of the colour obtained will be heightened, but
only definable if the total effect is sufficiently low. :

If the two plates are superposed in such a way that the slow-ray
vibration-direction of one coincides with the fast-ray vibration-direction
of the other, the effect is subtractive and the relative retardation is
~ diminished, the new resultant value being the difference between the
two separate values. In this case the order of the colour will be lowered,
and if the relative retardation of the two plates is the same, the result
of superposition between crossed nicols will be darkness, since the effect
of one plate will be exactly counterbalanced by that of the other. This
position is known as the position of compensation, and the gypsum plate
or quartz wedge is very useful for making the compensation test.

To illustrate the way of making this test, take a small crystal of zircon,
and put it in the position of extinction between crossed nicols. = Then
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turn the stage or the nicols through 45° into the position of maximum
illumination, and insert a positive quartz wedge (slow-ray vibration
parallel to the length) in the slot usually provided between the analyser
and objective of the microscope. If the long edge of the wedge lies
parallel to the prism edge, and the crystal is thin enough to show a
definite interference colour, it will be noticed that the order of the colour
increases, indicating that this is the additive position.

If now the crystal or polarizing system be turned through 90° so that
the wedge is inserted at right angles to the prism edge, compensation
will take place, and the order of the interference colours will get gradually
lower until the position of complete compensation is reached, indicating
that this is the subtractive position. This fact tells us that the vibration-
direction of the crystal parallel to the prism edge is that of the slow ray,
and since it is also that of the extraordinary ray, the crystal must be
positive.

The experiment should also be tried with a small crystal of apatite or
pale tourmaline, when it will be found that in this case the compensation
takes place with the long edge of the positive quartz wedge along and not
across the prism edge, showing that the crystal is negative. A mnemonic
for this test is that the wedge is in + relation with the prism when the
crystal is positive and in — relation when the crystal is negative.

This simple compensation test is therefore quite sufficient to tell us
the optical sign of a uniaxial prism. The optical orientation of biaxial
crystals is more complex, and other tests have to be applied to them to
ascertain the optical sign (see below) ; but in all crystals where there is
a prismatic cleavage, with straight extinction or a low extinction angle
it is useful to apply the compensation test, in order to ascertain whether
the direction of elongation of the cleavage fragment is that of the fast-
ray or slow-ray vibration.

Measurement of birefringence.

After a little experience with the polarizing microscope, one gets
familiar with birefringence cffects, and can tell roughly at a glance
whether fragments or sections have a low, moderate, high or extremely
high birefringence, and this often provides useful data in determinative
work. Occasionally it is convenient to measure approximately the
degree of birefringence, and for this purpose a quartz wedge is very
useful. The interference colour seen in a mineral section or fragment
between crossed nicols depends on the extent to which the slow ray ha
lagged behind the fast ray in its passage through the section. In
traversing unit thickness of the section, the fast ray is retarded by an
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amount vf/v, — 1(=n, — 1), where v is the velocity in vacuo, v, the veloeity
of the fast ray in the section, and », the refractive index of the fast ray.
The slow ray, of velocity v, is retarded by an amount vfv, —1(=n, —1)-
The difference between these two retardations is ny — n,, which we have
already defined as the birefringence. In other words, birefringence is
the relative retardation per unit thickness. Consequently in any
section of thickness 7' the relative retardation is expressed by the
equation R=T(n,~n,); therefore n,—n,=R/T. In this equation,
R can be found by the method of compensation with the quartz wedge
as described above.

If the section is thin enough to show a definite interference colour,
the relative retardation corresponding to the colour will be found on
the scale of Newton’s colours with corresponding phase differences such
as that given on p. 45. If the colour is a white of the higher orders
such as is frequently seen in grains and fragments, a thick graduated
quartz wedge must be used. Having found the relative retardation in
this way, the next thing to do is to measure the thickness of the section
by means of a micrometer screw gauge (the fine adjustment of the
microscope is usually provided with a screw gauge for this purpose).
The birefringence is then given by the ratio R/T.

This method is a very useful one for the approximate determination
of birefringences in microscopical work. The test should be applied with
judgment, and allowance should be made for the difficulty frequently
experienced in measuring thicknesses. The variation of the birefringence
effect with the direction of the section should also be kept in mind.
When these things are taken into account the determination is of
considerable practical use, especially in cleavage fragments or small
prismatic crystals the optical orientations of which are known In such
cases it often provides a decisive test.

The relation expressed by the equation given above is frequently
made use of by petrologists in determining the thickness of a section,
when numerous grains of a mineral of known birefringence are present.
This is done by noting the highest colour shown by the grains, and then
dividing the relative retardation corresponding to this colour by the
known maximum birefringence of the mineral. Having done this the
process can be reversed, and the birefringence of some other mineral
can be determined by dividing the relative retardation corresponding
to its interference colour by the thickness of the section.
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Determination of optical sign (sign of birefringence).

The sign of birefringence is readily determined in a section or fragment
showing a definite interference figure. For this purpose the gypsum
plate showing a first order red is very convenient for testing uniaxial
figures ; whereas for biaxial figures the quartz wedge is perhaps the
most convenient thing to use. When possible the determination should
be made on an interference figure showing the emergence of the optic
axis (if uniaxial), or the emergence of the acute bisectrix (if biaxial).
The test can generally be made with excentric figures, but a biaxial
figure of low angle is liable to.be mistaken for a uniaxial figure if the
acute biseetric is not in view.
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F16. 90.—Positive uniaxial figure. FI1G. 91,—Negative uniaxial figure.

In the case of a uniaxial figure, if the gypsum plate is inserted
diagonally across the centre of the figure as shown in figs. 90 and 91,
the arrangement of the colours at the apices of the quadrants, near the
point of intersection of the black bars, depends upon the sign of the
crystal. If negative, the fast-ray vibration-direction will lie in the
principal plane, and the slow-ray vibration-direction will lie at right
angles to the principal plane. Consequently, in the two opposite angles
of the quadrants lying along the plate the colour will be blue, since here
there is addition, whereas in the two angles of the quadrants lying at
right angles to the gypsum plate the colour will be yellow, since here
there is compensation (fig. 91). If the crystal is positive the distri-
bution of the colours is the reverse of this, i.e. the line joining the blue
patches lies across the gypsum plate, whereas the line joining the yellow
patches lies along it (fig. 90).

The rule for sign determination with a uniaxial figure, then, may be
given thus : If the diameter passing through the blue patches lies along
the gypsum plate (i.e. makes a negative sign with its length), the crystal
is negative. If the diameter joining the blue patches makes a positive

sign with the gypsum plate, the crystal is positive. [t is, however,
C.M. . E
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perhaps better to remember the reason for the rule, and to bear in mind
that the addition colour (blue) results when the fast-ray vibration-
direction lies along the principal plane (negative), and the compensation
colour (yellow) when the slow-ray vibration direction lies along this plane
(positive) .

With a biaxial figure it is convenient to use the quartz wedge, and to
note the position of the wedge in relation to the optic axial plane when
the wedge is inserted in the compensating position. To illustrate this
take a cleavage plate of muscovite, which is a negative mineral, and
obtain the biaxial figure by using the converging lens and the quarter-
inch objective. First of all get the black cross, and then turn the stage
or the nicols through 45° so as to obtain the hyperbolic brushes. The
centre of the field will now be illuminated ; and when the quartz wedge
is inserted it will lie either parallel to or at right angles to the optic
axial plane. If it lie along the optic axial plane, addition will result
and the colour will rise ; if it lie at right angles to this plane compensation
will take place.

If the experiment be tried on topaz, which is a positive mineral, the
reverse of this result will be obtained ; 7.e. compensation will take place
when the quartz wedge is inserted along the optic axial plane, and
addition when it is inserted at right angles to this plane.

The rule therefore for the sign determination with a biaxial figure
and a positive quartz wedge is as follows : If compensation takes place
when the wedge is inserted at right angles to (¢.e. + relation to) the optic
axial plane, the mineral is negative, if when parallel to (in - relation)
the crystal in positive.

Optical examination of opaque minerals.

Opaque minerals, whether in sections or loose grains, require to be
examined in reflected light. For this purpose light can be focused on
the object by means of a strong condenser; but the colour of the
mineral, and the nature of its surface, can usually be seen in bright
daylight by swinging off the mirror and examining by means of the
light reflected in the ordinary way from the surface of the fragment
or section.

It is convenient, especially when dealing with a complex ore in which
it is desired to study the texture of the specimen, to prepare a polished
surface or section of the specimen, in order to ascertain the relation
of the opaque minerals to one another and to the rock as a whole. The
comparative hardness of the opaque minerals shows itself in their
resistance to abrasion and the degree of readiness with which they take
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on polish. The harder grains polish more readily and tend to stand
out in relief when a section is rubbed on an abrading surface.

Where the grains are large enough, hardness tests ean be made on the
polished surface. The action of acids on the polished surfaces also affords
useful evidence, as the surfaces of grains susceptible to attack by acids
are quickly dulled, whereas those that resist attack keep their polish.

The following opaque minerals arranged according to eolour will serve
to illustrate the advantage to be gained by examining these opaque
minerals optically when possible :

Black or
greyish black. White. Yellow.
Magnetite. Silver. Gold (characteristic yellow).
Ilmenite. Bismuth. Pyrite 5 y
Psilomelane. Arsenopyrite. Marcasite }1 alsirapeiuTallo
Chalcocite. Smaltite. Pentlandite (yellowish bronze).
Bornite (brownish).  Niccolite. Pyrrhotite, (frequently bronze
Chromite. coloured).
Tantalite. Chalcopyrite (brassy yellow).

As illustrating the action of aeids it may be noted that, of the yellow
group enumerated above, gold is not attacked by a single acid, whereas
pyrrhotite is attacked by hydrochloric acid. Pyrite, marcasite, pent-
landite, and chalcopyrite are not attacked by hydrochloric acid, but are
strongly attacked by nitric acid ; they can therefore be distinguished
from pyrrhotite in a seetion or on a polished surface by treatment with
hydrochlorie acid.

In the black group again, magnetite, ilmenite, and psilomelane are
attacked by hydrochloric acid ; chalcocite and bornite by nitric acid ;
whilst tantalite and chromite are not attacked by either of these acids.

In the description of the minerals given in the latter half of this book,
the colour, hardness, and behaviour towards acids of the various opaque
minerals are mentioned, and a list of these minerals arranged according
to colour is given at the end of the book. It has already been pointed
out that opaque minerals are fairly constant in colour, and in this respect
differ markedly from transparent minerals, which frequently show much
variation in colour. Hence the colour of an opaque mineral may be
regarded as a fairly important diagnostic feature.

In the combined optical and ehemical examination of opaque minerals,
however, the student should not become too slavishly devoted to cutting
and polishing, an operation in which, as in ordinary rock-section cutting,
a great deal of time may be wasted. In many cases all the evidence
required i3 to be obtained by examining crushed fragments of the
specimen, after an attempt has been made to separate them as far as
possible by simple physical methods.



CHAPTER V
CHEMICAL EXAMINATION OF MINERALS

GENERAL CONSIDERATIONS.

Elements and compounds.—Chemists have by their methods of
analysis reduced the numerous different kinds of matter to some eighty-
three elementary forms, each of which has so far defied all attempts to
split it into simpler substances. These simpler forms of matter are
called chemical elements. On the opposite page is a list of the elements
at present known, with their symbols and atomic weights.

A number of these elements exist in a free state in nature, e.g. carbon,
copper, gold, mercury, platinum, silver, and sulphur. Most of them,
however, occur in a state of combination. These combinations of two
or more elements are called chemical compounds. The mineral halite
(common salt), for example, is a compound made up of the two elements
sodium and chlorine, neither of which occurs naturally in a free state.
Nearly all minerals-are chemical compounds.

Atoms and molecules.—We may define a chemical molecule of a com-
pound as the smallest particle which contains all the clements present
in the compound. An atom is the smallest particle of an element which
can be transferred from one molecule to another, 7.e. the smallest
particle which can take part in a chemical reaction. Chemists have
compared the weights of atoms by taking the atom of hydrogen as
representing the unit of weight. The weight of an atom of an element
compared with that of an atom of hydrogen is known as the atomic
weight of the element. It is now the custom, however, to state atomic
weights with reference to oxygen as the standard, reckoning this as 16, °
which is not quite exactly its atomic weight with hydrogen the unit of
weight. In the following list of elements, atomic weights are given with
reference to oxygen=16 (instead of 15-96) as the standard. The mole-
cular weight of a compound is the sum of the weights of ’cho atoms which
build up the molecule of the compound.
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Eiement.

Aluminium -
Antimony
Argon -
Arsenic
Barium -
Beryllium =
Glucinum
Bismuth -
Boron - -
Bromine -
Cadmium -
Caesium -
Calcium s
Carbon -
Cerium -
Chlorine -
Chromium -
Cobalt - -
Columbium =
Niobium
Copper -
Dysprosium
Erbium -
Europium® -
Fluorine -
Gadolinium -
Gallium -
Germanium -
Glueinum
Beryllium
Gold - -
Helium
Holmium -
Hydrogen -
Indium -
[odine - -
Iridium
Iron - -
Krypton -
Lanthanum -
Lead - -
Lithium
Lutecium
Magnesium -
Manganese -

CHEMICAL EXAMINATION
Table of Chemical Elements.

Symboi. a%}g;fg Element. Symbol e\tggi:
Al 27-1 Mercury - l Hg 200-6
Sb 120-2 Molybdenum Mo 96-0
A 399 | Neodymium j Nd | 1443
As 74-95 Neon - - Ne 20-2
Ba 137-35 Nickel - Ni 587
Be 9-1 Niobium = Nb 93-5

Columbium

Bi | 2085 | Niton - - | Nt | 2224
B | 110 Nitrogen N 140
Br | 799 Osmium - Os 190-9
Cd | 112-4 Oxygen - 0 160
Cs 132-8 Palladium - Pd 106-7
Ca i 40-1 Phosphorus P 31-05
C 12:0 Platinum Pt 195-2
Ce 140-25 Potassium - K 391
Cl 3545 Praseodymium Pr 140-6
Cr 52-1 Radium - Ra 226-4
Co | 590 Rhodium - Rh 102-9
Cb | 935 | Rubidium Rb 8545

Ruthenium - Ru 101-7
Cu | 636 Samarium Sm 150-4
Dy 162-5 Scandium - Se 44-1
Er I 167-7 Selenium - Se 79-2
Eu 152:0 Silicon - Si 283
F | 190 | Silver- - Ag | 1079
Gd ‘ 157-3 Sodium - Na 23-0
Ga 69-9 Strontium - Sr 87-65
Ge | 1725 Sulphur - S 32:05
Gl 91 Tantalum Ta 181-5

Tellurium - Te 127-5
Au 197-2 Terbium - Tb 159-2
He 40 Thallium - | 204-0
Ho 163-5 Thorium - Th 232-4
H 1-:008 | Thulium - Tm 1685
In 114-8 Tin - Sn 119:0
1 126-9 Titanium - Ti 481
Ir | 1931 Tungsten - W 184-0
Fe 55-85 Uranium U 2385
Kr | 829 Vanadium W 51-0
La 139-0 Xenon X 130-2
Pb 2071 Ytterbium - Yb 172-0
Li 6:95 Yttrium - Y 89-0
Lu 174-0 Zine - - Zn 6535
Mg 24-3 Zirconium - Zr 90-6
Mn 54-95
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Symbols and formulse.—The names of the elements are represented
by symbols. As will be seen from an inspection of the symbols given in
the above list of elements, the symbol consists of the initial of the
English or Latin name only,.or of the initial followed by the second or
some other more convenient letter. The symbol of an element is not
merely an abbreviation. When used alone it signifies a single atom
of an element. Compounds are represented by formule. A formula
indicates by symbols what elements are present in a compound. It’
tells us the proportionate number of atoms in a molecule of the com-
pound. If only one atom of an element is present, the symbol is used
alone ; if two are present, the number 2 is affixed to the symbol, and so
on. A formula serves the useful purpose of indicating the composition
of a compound, and enables us to calculate, from a knowledge of atomic
weights, the percentage chemical composition of a compound.

Estimation of percentage composition by weight from formulee.—
As a simple illustration of this we may take the mineral calcite (calcium
carbonate), which is a compound consisting of the three elements
calcium, carbon, and oxygen, the atomic weights of which are 40, 12,
and 16 respectively. For every calcium atom present there is one
carbon atom and three oxygen atoms. Hence the formula of calcite
is CaCO,, and its molecular weight is 40+12+ (16 x3)=100.  Its per-
centage composition by weight is therefore as follows :

Calecijum - - - - 40 per cent.
Carbon - - - - 12 ’
Oxygen® - - - - 48

As an alternative to this method of stating the percentage composition,
we can state it in terms of the two simpler compounds lime (CaO) and
carbon dioxide (CO,) which enter into its composition, thus :

CaO - - - - - 56 per cent.
Co, - - - 1- - 44

This method of stating percentage composition in terms of the oxides
which enter into their composition is one that is widely adopted for
minerals, and is preferable to that of stating the composition in terms
of elements, especially when the mineral consists of a complex compound
as in the case of a silicate.

Calculation of formulse from percentage composition found by analysis.
—Just as we can calculate percentage composition from a formula, so
we can, by reversing the operation, find out the formula of any compound,
the percentage composition of which has been determined by analysis.
To do this we divide the percentage weight of each constituent element
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or compound by the atomic or molecular weight of that constituent as
shown by the following two examples :

Percentage found

by analysis. At. Wt. Ratlo. Formula.
Gl {Pb 86:6 207 0-41 :
S 13-4 32 041 PbS.
Mol. Wt.
S CaO 326 56 0-58
Gypsum ¢ SO, 46-5 80 0-58 (CaS0,. 2H,0.
H,0 20-9 18 1-16

Isomorphism.—Certain minerals resemble one another very closely
in their erystalline form, and are said to be isomorphous (Gr. isos, equal,
and morphe, form). This property of isomorphism is displayed usually
by eompounds of closely related elements that are analogous in ecom-
position. A good example of it is provided by the group of rhom-
bohedral carbonates, comprising the minerals calcite (CaCO3), magnesite
(MgCOy,), chalybite (FeCO,), rhodochrosite (MnCOy;), and smithsonite
(ZnCO,).  All these minerals are trigonal ; they all exhibit a perfeet
rhombohedral cleavage, with closely similar rhombohedral angles. In
such a series one molecule can be replaced by a different but analogous
molecule without the crystalline form being seriously affected, and this
replacement. frequently takes place. Chalybite, for instance, usually
contains small amounts of caleite and magnesite as isomorphous replace-
ments. The mineral dolomite is a thombohedral carbonate consisting
partly of caleium carbonate and partly of magnesium carbonate
(CaCO4 - MgCO,); and the mineral ankerite [CaCOj, - (Mg, Fe, Mn)COy,]
contains four different but analogous kinds of carbonate molecules.

Among other notable examples of isomorphism the following may be
mentioned :

Halite (NaCl) and Sylvite (KCI).
Tetrahedrite (3Cu,S - 8h,S;), and Tennantite (3Cu,S - As,S,).
Pyrargyrite (3Ag,S - Sh,S;), and Proustite (3Ag,S - As,S;).

{ Rutile (Ti0,) and Cassiterite (SnO,),
Thorite (ThO,: 8i0,), and Zircon (ZrO,* Si0,).
Cerussite (PbCO,), Witherite (BaCO,), and Strontianite (StCOy,).
Barite (BaSO,), Celestite (SrSO,), and Anglesite (PbSO,).

THE QUALITATIVE EXAMINATION OF MINERALS.

The process of analysing a substance consists of treatment with
various known substances called reagents, for the purpose of producing
other substanees which can be identified by their distinetive properties.
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Qualitative analysis aims merely at ascertaining the number and kind
of elements or compounds present. Quantitative analysis goes farther
than this, and seeks to estimate the percentage weight of each consti-
tuent element or compound present.

As a rule, the evidence provided by a qualitative analysis, together,
with various items of physical evidence, is sufficient to enable 2 mineralo-
gist to identify a mineral with confidence. In making a qualitative
analysis of a mineral for the purpose of identification, a mineralogist
attaches greater importance to the use of the blowpipe than does the
chemist ; and indeed he is often content to limit his analysis to a series -
of ““dry " tests which the chemist as a rule uses only in a desultory and
preliminary style when he does not ignore them altogether. So far as
the chemist is concerned, this is due to the fact that experience gives
him a very thorough knowledge of the properties of solutions and precipi-
tates, and it is by the manipulation of these that he obtains his valuable
quantitative results ; hence he pins his confidence chiefly to  wet ™
methods of analysis ; moreover he largely limits himself to chemical
evidence in making his identifications. :

A mineralogist, on the contrary, usually obtains a considerable amount
of important physical evidence in the first place; and this in itself is
frequently sufficient either to establish the identity of a mineral, or at
least to justify a strong suspicion. Hence for the purpose of identifi-
cation he does not depend entirely on chemical evidence, but uses it
more by way of confirmation, and usually gets what chemical evidence
he requires by using the blowpipe and other methods of examination
in the “dry ” way.

Such qualitative evidence requires careful handling, and due allow-
ance should be made for effects which may be due to impurities. How-
ever, when used by way of confirmation only, it is less liable to lead to
error than when it is made the evidence in chief. ~After some experience,
one develops confidence in judging which items of such evidence are of
most value in the work of identification. Physical evidence and
qualitative chemical evidence, though usually effective for the purpose
of fixing identity, do not always suffice ; and in some instances a com-
plete quantitative analysis has to be made before the identity of a
mineral can be established.

Again, in economic mineralogy it is with mixtures of minerals that
one has mostly to deal, and even when the minerals present have been
ascertained, it may be necessary to have a chemically quantitative
estimation of the important constituent or constituents before it can
be ascertained whether the material is of any value. It is often possible
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however, by using physical methods only, to determine whether material
is likely to be of value, providing that it exists in sufficient abundance
to be worth mining.

APPARATUS REQUIRED.

Crushing apparatus.—For the breaking and dressing of large specimens
in a rough way, a geological hammer is required. The detachment of
small fragments from a specimen may be effected by
means of any small trimming hammer. Small hammers
with flat square faces are made specially for this purpose
and supplied by mineral dealers. A pair of pliers is a
very useful tool by means of which fragments can be
broken from a specimen with a minimum risk of injury.
If only a small amount of powder is required, this can be
scraped off with a file or knife. Before powdering a
fragment, it should be coarsely crushed, and suitable
pieces selected for testing fusibility.

The crushing is best done in a so-called ““diamond ”
mortar. This consists of a strong steel plate on the
upper surface of which is a shallow cylindrical depression (fig. 92). Into
this fits a hollow steel cylinder, and into this again a solid steel plunger
which should fit the cylinder well. Such a mortar is a very useful tool,
and enables one to crush a fragment to coarse powder without any
appreciable loss of the mineral. In this condition it
can be transferred to an agate mortar, and ground as
finely as possible by means of an agate pestle. If
coarse fragments are crushed directly in an agate
mortar, a considerable amount of the material may
be lost, especially when dealing with tough hard
minerals, the coarse fragments of which are ejected
from the mortar by the action of the pestle.

Burners.—For general use a Bunsen burner is best.

Fie. 03.—Grease  When used in blowpipe work, the luminous flame is

s required. A form of burner which is usually supplied
in blowpipe cabinets, and which is very useful to prospectors and
others who have not the resources of a laboratory to hand, is that
illustrated in fig. 93. It consists of a small cylindrical metal vessel
provided with a wick holder. The upper edge of the wick holder is
slightly inclined, and the upper end of the wick is trimmed so as to
be parallel to this edge. The reason for this is, that in blowpipe
operations on charcoal, the flame requires to be directed downwards.

Fi1G6. 92,—Mortar.
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The fuel used with such a burner is either oil or solid paraffin. In the
latter case, the paraffin has to be melted first, after which the heat given
out by the burning wick is sufficient to maintain the fuel in a molten
state. For portable use, as by a prospector, solid paraffin or broken
bits of candle should be used. This form of lamp is excellent for blow-
pipe work even in the laboratory. If oil is used, the vessel should have
a tight-fitting cap. Under difficulties, an ordinary
candle can be used for blowpipe work, but is not so
effective. i

The blowpipe.—Mouth blowpipes are made in
numerous forms, and choice as regards shape is a
matter of taste. In one of the most useful forms the
main tube of the blowpipe is made of brass, and is
about eight inches long. A detachable ivory mouth-
piece, though not necessary, is a desirable feature, as it
can be readily cleaned. A small tube screws into the
lower part of the main tube, at right angles to it, and is
provided with a detachable nozzle. It is important
that this tube should have a good median and cylin-
drical bore, which should be symmetrically continuous
with the slightly narrowing outlet bore in the detachable
nozzle. The orifice at the tip of the nozzle should be
circular and about half a millimetre in diameter. It is
upon the well-turned and finished character of the
outlet tube and nozzle that the efficiency of a blowpipe
depends. A large number of blowpipes are carelessly
finished in these respects, and it pays at the outset to secure one in
which these parts are well made. For the rest, it matters comparatively
little what the shape of the main tube and mouthpiece may be.

An excellent collapsible form of blowpipe, especially for portable use,
is represented in fig. 94. In this there is no detachable mouthpiece.
The outlet tube with its detachable nozzle fits over the lower end of
the main tube, from which it can be removed when the blowpipe is not
in use, and inserted in the mouthpiece.

Reduction and oxidation with blowpipe.—By using a blowpipe and
suitable luminous flame, reduction and oxidation can be effected as
required. To produce a reducing flame, the tip of the nozzle should
be brought almost into contact with the outer part of the flame. By
this means the flame can be deflected as shown in fig. 95; and when
the blast is properly regulated, the blowpipe flame thus produced is
luminous near its apex, owing to the presence of incandescent particles

—

F16. 94.—Blowpipe.
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of carbon. For this reason the luminous portion of such a flame is
capabie of absorbing oxygen and converting certain metallic oxides,
such as those of lead and silver, into a metallic state. Hence this flame
is called the reducing flame.

If, instead of merely deflecting the flame, one places the tip of the
nozzle well into it (fig. 96), and blows vigorously so as to let the blast
from the nozzie mix freely with the burning gas, the blowpipe flame
becomes non-luminous. Indeed, such a flame possesses no reducing power
initself. On the contrary, by virtue of the excess of air (i.e. oxygen) over
the amount required for the rapid consumption of the gas, this flame
permits substances heated in it to take up oxygen. A fragment of
metallic lead or tin, when heated in the tip of this flame, becomes
converted to oxide. Hence such a flame is called an oxidizing flame.

¥16. 95.—Reducing flame, F16. 96.—Oxidizing flame.

It is indispensable to efticient blowpipe work that one should under-
stand the significance of these two operations of reduction and oxidation,
and be able to use the blowpipe to reduce and oxidize substances as
required. A little well-directed practice is sufficient to develop this
ability. A good test is that of manganese in a borax bead. In this test
the bead is colourless in the reducing flame, and a port-wine colour in the
oxidizing flame ; and one should be able to colour it by oxidation or
decolorize it by reduction, at will, assuming that the requisite amount
of mineral has been used.

Some people experience difficulty in maintaining a constant blast
during a blowpipe operation. To make a continuous blast the cheeks
should be kept moderately inflated while breathing is going on normally.
This is rendered possible by the fact that the amount of air escaping
from the nozzle of a good blowpipe is less than that normally expired.
The practice of continnous blowing ean be acquired by first breathing
with cheeks inflated and mouth closed, without the blowpipe, and then
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trying the operation with the blowpipe in the mouth. After trying
this a few times, one should be able to apply the blowpipe to the flame
and blow continuously for some time.

Charcoal blocks.—Charcoal blocks should be rectangular in shape,
and a convenient size is 2x 1 x 1 inches. The charcoal should be of the
hard and compact variety. The lighter porous varieties should be
avoided, since they absorb the flux and give disappointing results.
It is usually convenient to cut a slight depression in the charcoal to give
better support to the material under treatment. Such a block as the

B Rl

O L
Fi16. 97.—* Open ** tube. Fia. 98.— Closed ** tubes.
one mentioned above can be used for numerous tests; but if a fresh
surface is exposed by scraping, care should be taken to see that this is
done effectively.

‘“Open ”’ tubes.—An ‘“ open ”’ tube consists of a piece of hard glass
delivery tubing about 15 em. long, open at both ends. The tube should
have an internal diameter of 5 or 6 mm. ; and it is an advantage to have
it slightly bent (as shown in fig. 97) so that the shorter limb is about
5 em. long.

‘““Closed”” or bulb tubes.—These are closed at one end only (fig. 98).
It is convenient to use the same sort of tubing as that used for “open”’
tubes and to have the * closed ”’ tube half the length of the open one,
i.e. about 7 or 8 cm. A quantity of straight tubes about 15 cm. long
should be kept in stock, and from these a number of ‘“open’ and
“closed ”” tubes can be made as occasion requires. A bulb tube is
a special form of ¢ closed " tube, the closed end of which has been blown
into a small bulb. For most purposes, however, the blowing of a bulb
is an unnecessary refinement. :
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Platinum wire.—A piece of platinum wire, about 0-5 mm. thick and
5 or 6 cm. long, looped at one end, is used for the borax and microcosmic
salt bead tests, which often provide important evidence. The loop
should be about 2x3 mm. in size. The unlooped end should be
fused into a piece of glass tubing about the size of a “ closed ”’ tube, as
this serves the purpose of a handle and facilitates manipulation.

Platinum foil and spoon.—For carrying out fusions with a larger
quantity of material than is required for bead reactions, a piece of
platinum foil 5 x3 cm. is very useful. Instead of foil a spoon about
1'5 cm. in diameter may be used, and is perhaps more economical, as
1t is subject to less wear and tear. Instead of a handle, it is cheaper to
have a slight projection on the lip of the spoon, so that it can be manipu-
lated by a pair of small tongs. The platinum spoon or foil is especially
useful for dissolving powders by fusion in hydrogen-potassium sulphate
or sodium carbonate. A small platinum crucible can often be used with
advantage.

Platinum-tipped forceps.—These provide a useful means of holding
a small fragment of mineral in the blowpipe flame to permit fusibility
and flame reactions to be tested ; but if acid is not applied in making
the test, iron forceps can be used instead.

Ivory spatula, for lifting and mixing powders. For most purposes
the clean blade of a knife serves quite well.

In addition to the above-mentioned apparatus which is used for dry
reactions, it is useful to have some of the apparatus that is employed

in wet analysis. The following are the items likely to be most used in
testing solutions :

Test tubes and test tube stand.

A few beakers.

Litmus paper.

Turmeric paper.

Glass filtering-funnel and stand.
Filter papers.

Wash bottle.

Dropping bottles.

Tripod stand with plate of wire gauze.
Crucible stand with ring and clay-pipe triangle.
Crucible tongs.

Porcelain dishes and crucibles.

Watch glasses.
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REAGENTS.

Sodium carbonate (Na,COg).—Sodium carbonate melts easily in the
blowpipe flame, and in this molten condition reacts-with most mineral
powders, forming soluble compounds of sodium which can be readily
dissolved and examined in the wet way. Many minerals can be reduced
to the metallic state by mixing with sodium carbonate and heating on
charcoal (see p. 86).

Charcoal sticks.—These are small sticks of porous charcoal, about the
size of a match, saturated with sodium carbonate. They cannot be
recommended for general use instead of charcoal blocks in determinative
mineralogy, but they are particularly useful when only very small
fragments or grains can be used. In such cases it is not practicable to
crush, and the particle can be picked up on the moistened tip of the
stick and reduced in the blowpipe flame. One of the best examples
of the utility of such a charcoal stick is the efficient way in which a
small fragmen